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Neem–An Omnipotent Plant: A Retrospection
Goutam Brahmachari*[a]


Lead-In


Since the dawn of human civilisation man has depended upon
nature's blessings. Nature provides him with the essentials for
his survival like food, clothes, shelter and medicines. Medicinal
plants appear to be part and parcel of human society's fight
against a wide range of diseases. For thousands of years the
beneficial properties of the neem tree (Azadirachta indica
A. Juss.) have been recognised in India, and it is perhaps the
country's most useful traditional plant. Neem has been univer-
sally accepted as a wonder tree because of its diverse utility. In
addition to its therapeutic efficacies, neem has already estab-
lished its potential as a source of naturally occurring insecti-
cides, pesticides and agrochemicals. Due to the adverse effects
of synthetic insecticides on the environment, the need for eco-
logically safe alternative pest controls for agriculture has led
pest-control experts to turn their attention back to the plant
kingdom as a source of pesticides. Neem leads the list of
plants with the highest potential for this purpose. Worldwide
attention and a realisation of the long-term benefits that neem
promises, both in agriculture and healthcare, have resulted in
a surge of commercial interest. Neem-based materials are com-
patible with integrated pest management (IPM); neem prod-
ucts do not persist in the environment and are degraded by ul-
traviolet rays and rainfall. Many neem-based products tend to
have low mammalian toxicity and also less effect on nontarget
beneficial organisms than some of the more traditional pesti-
cides. Safe and economically cheaper uses of different parts of
neem have been reported in the treatment of various diseases
and also in agriculture over recent years and these are dis-
cussed in this article. Furthermore, the active chemical constit-
uents of various neem formulations are discussed. Commercial-
ly available neem products are also mentioned along with
their respective applications. Evaluation of the safety aspects
of different parts of neem and neem compounds along with
commercial formulations are also taken into consideration in
order to collate the systematic scientific knowledge on neem,
which is very useful for the larger interests of the world com-
munity.


Introduction


The neem tree is native to the Indian subcontinent and South-
east Asia. There are two closely related species, A. indica and
A. azedarch. The former is popularly known as Indian neem
(margosa tree) or Indian lilac, and the latter as the Persian lilac.
The taxonomic position of neem tree is as follows:


Order Rutales
Suborder Rutinae
Family Meliaceae
Subfamily Melioideae
Tribe Melieae
Genus Azadirachta
Species indica


The genus Azadirachta A. Juss. , which comprises three spe-
cies of Indo-Malayan origin,[1] has also been characterised in
detail.[1]


The tree was considered so valuable and miraculous that it
became a major component of the Indian ecosystem. Multidi-
rectional therapeutic uses of neem have been known in India
since the Vedic times. Almost all parts of the tree–stem, bark,
roots, leaves, gum, seeds, fruits, flowers, etc.–have been in
use as traditional medicine for house-hold remedies against
various human ailments from antiquity.[2] One of the Sanskrit
names of neem tree is ™Arishtha∫ meaning ™reliever of sick-
ness∫; in India the tree is considered as ™Sarbaroganibarini∫,
which means ™reliever of all diseases∫, and it is regarded as the
™village dispensary∫. Over 700 herbal preparations based on
neem are found in Ayurveda, Siddha, Unani, Amchi and other
local health traditions; over 160 local practices are known in
different parts of the country in which neem forms an impor-
tant or sole ingredient in curing human ailments or disorders.[3]
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Neem (Azadirachta indica A. Juss.) has universally been accepted
as a wonder tree because of its diverse utility. Multidirectional
therapeutic uses of neem have been known in India since the
Vedic times. Besides its therapeutic efficacies, neem has already
established its potential as a source of naturally occurring insecti-
cide, pesticide and agrochemicals. Safe and economically cheap-
er uses of different parts of neem in the treatment of various dis-
eases and in agriculture are discussed in this article. It further


deals with the active chemical constituents of various neem for-
mulations. Commercially available neem products are also men-
tioned along with their respective applications. Furthermore,
evaluation of safety aspects of different parts of neem and neem
compounds along with commercial formulations are also taken
into consideration. Systematic scientific knowledge on neem re-
ported so far is thus very useful for the wider interests of the
world community.
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Besides its therapeutic efficacies, neem has established its
potential as a source of naturally occurring insecticide, pesti-
cide, antimalarial agent and agrochemical. For thousands of
years, Indian farmers have been aware of the insecticidal prop-
erties of neem tree. Its branches were hung in granaries to
protect stored grain from pest attack. Historically, neem has
also been used in India for cosmetic and medicinal purposes.
For example, neem oil extracted from the seeds is used in
soap, wax and lubricants, and its twigs have been traditionally
used as toothbrushes. These spectacular properties of neem
have attracted the scientific communities, particularly the or-
ganic chemists, biologists, clinicians and agriculturalists,
around the world to undertake systematic research on this
unique plant in various directions. Since the 1970s, scientists in
Europe and the United States have been interested in neem
because of its insecticidal properties and its low toxicity to
mammals. In this connection, it would be appropriate to recall
the report entitled ™Neem–A Tree for Solving Global Prob-
lems∫ published in 1992 by the US National Academy of Scien-
ces.[4f] A number of review articles on neem have appeared,
thereby reflecting the importance and applicability of this ver-
satile medicinal plant.[4] The aim of the present article is mainly
to focus on the medicinal efficacies of various parts of neem
tree used directly or through commercially available products
along with their aspiring uses as cheap and eco-friendly agro-
chemicals, insecticides, pesticides and parasiticides reported in
recent years. A brief account of the evaluation of safety as-
pects of different parts of neem tree and neem compounds
along with commercially available formulations is also includ-
ed.


Uses of Neem as Traditional Medicine


Various parts of the neem tree have been used as traditional
Ayurvedic medicine in India.[5] Neem oil and the bark and leaf
extracts have been therapeutically used as folk medicine in the
treatment and control of leprosy, intestinal helminthiasis, respi-


ratory disorders, constipation, blood morbidity, rheumatism,
biliary infections, itching, skin ulcers and many more along
with a general health promoter.[6] A few medicinal applications
of various parts of neem are summarised in Table 1.[7]


However, apart from the Ayurveda records, there are several
reports on the biological activity and pharmacological actions
of neem based on modern scientific investigation.


Phytochemical Studies and Biologically Active
Chemical Constituents


Since the report on the isolation of nimbin from neem seed oil
by Siddique in 1942, more than 140 compounds have been
isolated so far from different parts of neem tree;[8] indeed, or-
ganic chemists, especially natural product chemists, are still
carrying out research on the active principles of A. indica. The
compounds may be divided into two major classes: isopre-
noids (like diterpenoids and triterpenoids containing protome-
liacins, limonoids, azadirone (27) and its derivatives, gedunin
(2) and its derivatives, vilasinin-type compounds and C-seco-
meliacins such as nimbin, salanin (16) and azadirachtin (1)) and
non-isoprenoids, which include proteins, amino acids, carbohy-
drates, sulfur compounds, polyphenolics such as flavonoids
and their glycosides, dihydrochalcone, coumarin and tannins,
aliphatic compounds, etc. Although a large number of com-
pounds have been isolated from various parts of neem, very
few of them have been studied so far for biological activity.[9]


Several reviews have already dealt with the chemistry and
structural diversity of the chemical constituents of neem and
also the biological activities of some of these constituents.[10]


Hence, these have been excluded from this review. Only a few
significant chemical constituents of neem are mentioned in
Scheme 1; biological activities of some of these are summar-
ised in Table 2.
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Table 1. Some medicinal uses of neem as mentioned in Ayurveda.


Part Medicinal uses


leaf leprosy, eye problems, intestinal worms, ano-
rexia, biliousness, skin ulcers


flower bile suppression, elimination of intestinal
worms and phlegm


twig relieves cough, asthma, piles, spermator-
rhoea, obstinate urinary disorder, diabetes


bark analgesic, antipyretic
fruit relieves piles, intestinal worms, urinary disor-


der, eye problem, diabetes, wounds and lep-
rosy


gum effective against skin diseases like ringworms,
scabies, wounds and ulcers


seed pulp leprosy and intestinal worms
oil leprosy and intestinal worms
root, bark, leaf, flower
and fruit together


blood morbidity, biliary afflictions, itching,
skin ulcer, burning sensation and leprosy
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Scheme 1. Structure of some useful neem compounds. Numbers in square brackets indicate reference numbers.
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Plausible Medicinal Applications: An Overview
of Pharmacological and Clinical Studies


Different parts of the neem tree have been used traditionally
in the treatment of a number of diseases. Nowadays, various
neem formulations available on the market are being used
against ailments. A vast number of clinical and pharmacologi-
cal studies on the different parts of neem and also on the
commercially available neem formulations have been carried
out. The results in almost all cases have been found to be
highly satisfactory.


Hypoglycaemic effect


A. indica is used for the treatment of diabetes in Indian folk-
lore. Aqueous extracts of neem leaves significantly decrease
blood sugar levels and prevent adrenaline- and glucose-


induced hyperglycaemia.[35a] Aqueous leaf extracts also reduce
hyperglycaemia in streptozotocin-induced diabetes, and the
effect is possibly due to the presence of a flavonoid, quercetin
(12).[35b] The leaf extract of A. indica has been reported to block
the effects of epinephrine on glucose metabolism and reduce
peripheral glucose utilisation in diabetic rats, and to some
extent in normal rats; this indicates the antihyperglycaemic po-
tential of the plant.[46] Khosala et al. and Gosain et al. studied
the hypoglycaemic effects of neem-leaf extract and seed oil in
normal and alloxan-induced diabetic rabbits.[47a,b] The effect,
however, was more pronounced in diabetic animals for whom
administration for four weeks after alloxan-induced diabetes
significantly reduced blood glucose levels. The hypoglycaemic
effect was found to be comparable to that of glibenclamide.
Pretreatment with A. indica leaf extract or seed oil administra-
tion started two weeks prior to alloxan partially prevented the
rise in blood glucose levels relative to control diabetic animals.
The results suggest that A. indica could be of benefit in diabe-
tes mellitus for controlling the blood sugar or may also be
helpful in preventing or delaying the onset of the disease. The
potent blood-sugar-lowering activity of A. indica leaf extract
was reported by Chattopadhyay on the basis of the experi-
mental results obtained from normal and streptozotocin-
induced diabetic rat models.[48] The antidiabetic effect of an al-
coholic extract of neem was also examined in experimentally
induced diabetes mellitus in rabbits.[49] ™Pancreas Tonic∫ (M/S
Botanical Indian Laboratories Private Ltd. , New Delhi) is a com-
mercially available herbal drug on the market as a dietary sup-
plement for diabetes mellitus.[50] The drug is composed of ex-
tracts of a number of plants including neem, and clinical stud-
ies of this herbal composition have revealed a good response
in human beings. ™Armycard capsules∫, which contain neem as
one of the components, are effective against all types of diabe-
tes and tend to enhance insulin secretion from the pancreas.[51]


Antiulcer effect


Neem-leaf extract has significant antiulcer and antisecretory ef-
fects in rats.[52] It has been found to reduce ulcer index, free
and total acidity and the volume of gastric secretion signifi-
cantly at 80 and 160 mgkg�1 doses. A clinical study with nim-
bidin, a bitter principle of neem, revealed its high effectiveness
in healing ulcers in the duodenum and also in relieving pain in
the epigastric region.[18,53] The nimbidin fraction of neem oil
(from seeds) contains stearic acid and palmitic acid, and these
two fatty acids are supposed to play a vital role in the ulcer-
healing properties of nimbidin.[54] An aqueous extract of neem
barks has been found to possess highly potent antiacid secre-
tary and antiulcer activity, and the bioactive compound has
been attributed to a glycoside.[55]


The drug ™Bhunimbadi Ghanasar∫, which contains neem as
one of its constituents, is very effective in relieving common
symptoms of ™amlapitta∫ (acid dyspeptic disease) without any
side effects.[56]


™Nimbatiktam∫ is the crude extract isolated from the seed
kernels or oil of neem. The active principle of this crude extract


Table 2. Biological activities of some active principles of neem.


Neem compounds Source Biological activity


nimbidin (a major crude
bitter principle extracted
from seed oil)


seed
oil


anti-inflammatory [11]


antiarthritic [12]


antipyretic [13]


hypoglycaemic [14]


diuretic [15]


spermicidal [16]


antifungal [17]


antibacterial [17]


antigastric ulcer [18]


antiviral [19]


antipsoriasis [19]


sodium nimbidinate anti-inflammatory [11, 12,19]


diuretic [19]


anticardiac failure [19]


azadirachtin (1) seed antimalarial [20]


locust antifeedant; very active
insect phagorepellent and sys-
temic growth disruptor [19,21,22]


gedunin (2) seed
oil


antifungal [23]


antimalarial [24]


polysaccharides anti-inflammatory [25]


polysaccharide GIa (3) antitumour [26]


nimbin (4) seed
oil


spermicidal [27]


nimbolide (5) seed
oil


antibacterial [23, 29]


antimalarial [30, 31]


margolone (6), margalonone
(7) and isomargalonone (8)


bark antibacterial [32]


cyclic tetrasulfide (9) leaf antifungal [33]


mahmoodin (10) seed
oil


antibacterial [4a]


flavanone compound (11) gum antifungal [34]


quercetin (12) leaf hypoglycaemic [35]


gallic acid (13), catechin (14)
and (�)-epicatechin (15)


bark anti-inflammatory and immuno-
modulatory [36]


salanin (16) fruit
pulp


spermicidal [37]


22,23-dihydronimocinol and
des-furano-6a-hydroxazadir-
adione


leaf insecticidal [38]


For structures see Scheme 1.
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has been identified as nimbidin (1.2% w/w). The drug showed
significant ulcer-healing capability without any notable side
effect.[57]


Salanin, a limnoid bitter principle of neem seed oil, also has
ulcer-healing activity. Salanin had protective activity against
aspirin-induced gastric lesions at oral doses of 10, 20 and
50 mgkg�1 in experimental animals.[37] Recently, Bandyopad-
hyay et al. studied the efficacy of a neem bark extract as a po-
tential therapeutic agent for the control of gastric hyperacidity
and ulcer along with its mechanism of action, standardisation
and safety evaluation.[58] The extracts dose-dependently inhibit
pylorus-ligation- and drug (mercaptomethylimidazole)-induced
acid secretion with ED50 values of 2.7 and 2 mg per kg body
weight, respectively. The extract is highly potent in the dose-
dependent blocking of gastric ulcer induced by restraint cold
stress and indomethacin with ED50 values of 1.5 and 1.25 mg
per kg body weight, respectively. Bark extract has been found
to be equipotent to the well-known drug ranitidine but more
potent than omeprazole in inhibiting pylorus-ligation-induced
acid secretion; however, in a stress ulcer model, bark extract is
more effective than ranitidine but almost equipotent to
omeprazole. The investigators suggested that the bark extract
inhibits H+-K+-ATPase activity in vitro in a concentration-
dependent manner similar to omeprazole. The bark extract
also prevents oxidative damage of the gastric mucosa by sig-
nificantly blocking lipid peroxidation and by scavenging the
endogenous hydroxyl radical, which is the major causative
factor for ulcer. The hydroxyl-radical-mediated oxidative
damage of human gastric mucosal DNA is also protected by
the extract in vitro. The pharmacological effects of the bark
extract are attributed to a phenolic glycoside.[58] A single raw
extract dose of 1 g per kg body weight (mice) given in one
day and application of 0.6 g per kg body weight per day given
orally over 15 days to a cumulative dose of 9 g per kg was well
tolerated and below the observed LD50. It is also well tolerated
by rats with no significant adverse effect.


Antimalarial activity


Neem has been found to possess antimalarial activity.[59] Ex-
tracts of neem seeds were studied for their effect on in vitro
and in vivo growth and development of the human malarial
parasite Plasmodium falciparum and found to have highly ap-
preciable results.[60] Interestingly, the antiplasmodium effect of
neem components was observed on parasites previously
shown to be resistant to other antimalarial drugs (chloroquine,
pyrimethamine); this suggested a different mode of action.[60]


Neem seed fractions are thus active not only against the para-
site stages that cause the clinical manifestation, but also
against the stages responsible for continued malaria transmis-
sion. The limnoids (meldenin, isomeldnin, nimocinol and nim-
bandio) isolated from the ethanolic extract of fresh neem
leaves have been found to demonstrate antimalarial activity
against chloroquine-resistant P. falciparum strain K1.


[61]


Antioxidant and anticarcinogenic activity


The antioxidant activity of neem seed extract has been demon-
strated in vivo during horse grain germination, which is associ-
ated with low levels of lipooxygenase activity and lipid perox-
ides.[62] Arivazhagen et al. evaluated the effects of garlic and
neem-leaf extracts on lipid peroxidation and antioxidant status
during administration of N-methyl-N’-nitro-N-nitrosoguanidine
(MNNG), a carcinogenic nitrosamine, in male Wistar rats.[63] Ex-
tracts of garlic and neem leaf were administered orally for five
consecutive days before intraperitoneal injection of MNNG. En-
hanced lipid peroxidation in the stomach, liver and circulation
of MNNG-treated rats was accompanied by a significant de-
crease in glutathione (GSH) and the activities of glutathione
peroxidase (GPx), glutathione-S-transferase (GST) and gamma-
glutamyl transpeptidase (GGT). Administration of garlic and
neem-leaf extracts significantly decreased the formation of
lipid peroxides and enhanced the levels of antioxidants and
detoxifying enzymes in the stomach, which is the primary
target organ for MNNG, liver and circulation. The results of
their study suggest that garlic and neem may exert their pro-
tective effects by modulating lipid peroxidation and enhancing
the levels of GSH and GSH-dependent enzymes.Reports are
available regarding the use of neem to treat patients suffering
from various forms of cancer.[64] The chemopreventive effects
of neem-leaf extract have been explored against oral carcino-
genesis induced by 7,12-dimethylbenz[a]anthracene (DMBA)
by modulation of lipid peroxidation, as revealed by reduced in-
cidence of neoplasm.[65] One patient with parotid tumour and
another with epidermal carcinoma responded successfully
when treated with neem seed oil.[66] Arivazhagar et al. also
speculated that garlic and neem leaves might significantly
alter cancer development at extrahepatic sites by influencing
hepatic 73-biotransformation enzymes and antioxidants.[67]


Dermatological applications


Neem is very effective against common skin diseases like acute
and chronic eczema, ringworm and scabies. The ethanolic ex-
tract of A. indica leaves demonstrated much more significant
antidermatophytic activity than the aqueous extract, when
tested in vitro against 88 clinical isolates of dermatophytes by
using the agar dilution technique. The MIC90 of the ethanolic
extract was 100 mgmL�1, whereas that of the aqueous extract
was 500 mgmL�1.[68] Nimbidin was found to be effective in vari-
ous skin diseases such as furunculosis, arsenical dermatitis,
ulcers due to burns, Herpes labialis infection, scabies and se-
borrhoeic dermatitis. A herbal gel formulation prepared from
the extract of A. indica, Centella asiatica, Aloe vera and Carbo-
pol 934P as the base was found to possess excellent pharma-
ceutical attributes and is very effective against the causative
organism responsible for the proliferation of dandruff.[69]


Clinical studies with dried neem-leaf extract showed its ef-
fectiveness in curing ringworm, eczema and scabies. A paste
prepared with neem and turmeric was found to be effective in
the treatment of scabies in nearly 814 people.[70] In 97% of
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these cases, the paste was found to cure scabies within
3±15 days of treatment without any adverse effect. Another
clinical trial showed that local application of a lotion prepared
from the 70% alcoholic extract of neem leaves by dissolving
the residue in propylene glycol in a ratio of 2:3 was most effec-
tive in all cases of acute and chronic eczema, ring worm and
scabies, particularly in persistent scabies.[71]


Hepatoprotective activity


Aqueous neem-leaf extract was found to offer protection
against paracetamol-induced liver necrosis in rats.[72] The ele-
vated levels of serum aspartate aminotransferase (AST), alanine
aminotransferase (ALT) and gamma-glutamyl transpeptidase
(GGT) indicative of liver damage were found to be significantly
(P<0.01) reduced on oral administration of the neem leaf
aqueous extract (500 mgkg�1).[72b] Paracetamol-induced liver
necrosis was also found to be reduced as observed macroscop-
ically and histologically.


Effects on central nervous system (CNS)


Fractions of acetone extract of leaf showed significant CNS-
depressant activity.[73] Leaf extract up to a dose of 200 mg per
kg body weight produces significant anxiolytic activity in
rats.[74] The plant showed analgesic properties in mice.[75] Pre-
treatment with the opioid antagonist naloxone and central
noradrenaline depletor DSP-4 attenuated the analgesia, where-
as the serotonin synthesis inhibitor PCPA potentiated the
same; this suggests that both central and peripheral mecha-
nisms and complex neutral pathways (opioid and non-opioid,
i.e. , monoaminergic) may be involved in this effect.[75]


Diuretic activity


The crude ethanolic extract of stem bark and root bark
showed hypotensive, spasmolytic and diuretic activities. The
chemical constituent, sodium nimbidinate, was found to be a
potent diuretic agent in dogs.[76] A 20 mg dose of sodium nim-
bidinate was found to be more potent than 12 g of urea. The
drug acted primarily upon renal tubules, retarded the excretion
of phenolsulfonphthalein, and caused reabsorption of electro-
lytes and water. A higher dose given orally was found to be ef-
fective.[77] Shah et al. conducted a clinical trial on nine patients
with congestive cardiac failure with anasarca to study the di-
uretic effect of sodium nimbidinate.[78] A dosage 250 mg per
day of sodium nimbidinate was administered through a deep
intramuscular pathway in the gluteal region. The injections
were continued for 2±3 days with an average of about 5 injec-
tions per patient. Four other patients were studied as controls
under identical stimulations with bed rest, low sodium diet ad-
equate digitalisation without any diuretic. Eight of the patients
showed a definite diuretic response, while the control group
did not show any diuresis. No toxic reaction was noted except


local discomfort or slight pain. In another study,[79] clinical trials
were conducted with sodium nimbidinate for diuretic activity
in 12 cases of congestive cardiac failure; results were encour-
aging in eight cases, and moderate response was observed in
four cases. In all cases no significant toxicity symptoms could
be diagnosed.


Spermicidal and contraceptive activity


Several researchers have examined the spermicidal and contra-
ceptive action of neem. Aladakatti et al. recently reported that
neem treatment for 48 days in albino rats resulted in a de-
crease in the total sperm count, sperm motility and forward
velocity.[80] The percentage of abnormal sperm was found to in-
crease, whereas the fructose content of caudal sperm of the
epididymis decreased. Such observations suggest that these
effects are probably due to an androgen deficiency caused by
antiandrogenic properties of the leaves of neem, thereby af-
fecting the physiological maturation of sperm. On the basis of
another set of experimental results from a rat model treated
with neem-leaf extract, Aladakatti and Ahamed suggested that
a morphological change in the sperm head of the spermatozoa
along with a decrease in the perforatonium or subacrosomal
material, post nuclear cap and the nuclear material near the
basal plate of the sperm head are probably due to androgen
deficiency and a general disturbance in carbohydrates or poly-
saccharides located in the sperm head.[81]


Oral administration of an aqueous extract of neem leaf also
shows antifertility effects in mice.[82] Neem oil proved to be a
spermicidal agent against rhesus monkey and human sperma-
tozoa in vitro, which is a novel method of contraception.[83±84]


Riar et al. investigated the in vitro spermicidal activity of the
volatile and odourless fraction of neem oil coded as NIM-76,
which is obtained by steam distillation.[85] The results showed
that the minimum concentration which inhibited spermatozoal
motility was 0.25 mgmL�1 for rat and 25 mgmL�1 for human
spermatozoa. The effect of the drug on spermatozoal motility
was found to be dose-dependant, but the activity was not al-
tered in the presence of vaginal or cervical mucosa. A hexane
extract of neem seed has been found to completely abrogate
pregnancy in rodents when given orally up to a concentration
of 10%, with no apparent side effect.[86]


The leaves of A. indica were found to have reversible antian-
drogenic properties in male rats.[87] Garg et al. studied the im-
munocontraception activity guided by fractionation and char-
acterisation of active constituents of neem seed extracts.[88] An
analytical HPLC method was developed for standardisation of
the fraction and preparative HPLC was used to isolate individu-
al components of the active fraction in quantities sufficient for
characterisation. The active fraction was identified to be a mix-
ture of six components comprising saturated, mono-, and
diunsaturated free fatty acids and their methyl esters. The anti-
fertility activity of the active fraction was reversible in nature
and it was fully active even at 5% concentration. For the first
time, this study proposed an active fraction from neem seeds
which was responsible for long-term and reversible blocking of
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fertility after a single intrauterine administration with high effi-
cacy and no systemic toxic effects.[88]


Salanin, an active principle of neem, possesses spermicidal
activity on human spermatozoa.[37] Spermicidal activity was
also noted in sodium nimbidinate. A 2.5 mg% dose of sodium
nimbidinate was found to kill all the rat sperm in 30 min in
vitro.[89] The lethal concentration for human sperm was found
to be 1000 mg% and 250 mg% at 5 and 30 min, respective-
ly.[89] Another compound related to sodium nimbinate was also
found to have a potent spermicidal action in rats up to
1:2000 dilution.[90] Praneem polyherbal pessary (PPP), which is
a formulation of purified ingredients from neem leaves, Sapin-
dus mukorossi (pericarp of fruit) and Mentha citrata oil, has
been reported to exhibit potent spermicidal action on human
sperm in vitro and in vivo.[91] When applied in the vagina
before mating, PPP prevented pregnancy in rabbits. The inves-
tigators argued that a combination of the three herbal ingredi-
ents resulted in an eightfold potentiation of the spermicidal
action.[91] The postcoital tests confirmed the spermicidal prop-
erties of PPP in females with high cervical mucous score
around mid-oestrus. It also prevented the migration of sperm
into cervical mucous in most women. The investigators also re-
ported in the same communication that pregnancy was pre-
vented by the intravaginal administration of PPP in 15 rabbits
studied, whereas 13 of the 15 animals in the control group
became pregnant. Praneem vilci, a highly purified oil of
A. indica seed, was also found to be safe when administered as
a single intrauterine instillation in 18 healthy tubectomised
women.[92] No untoward effect was observed. The menstrual
pattern and ovulatory status remained unaltered and the en-
dometrial biopsy was normal. In ten of the above women who
had also received the HSD-hCG vaccine, coadministration of
Praneem vilci did not prevent the antibody response to the
HSD-hCG vaccine.[92] To establish the efficacy of neem oil an-
other experimental trial was carried out in 225 female volun-
teers (aged 18±35), and the efficacy of intravaginal application
of 1 mL of the oil was highly satisfactory among 222 cases.[93]


The active compounds of the oil are assumed to be absorbed
through the vaginal mucosa into the circulation and exhibit
antifertility effects in addition to direct spermicidal activity.[93]


Other significant effects


Highly satisfactory external or internal uses of neem against
psoriasis, acne, external cuts, burns and wounds, indigestion,
constipation, stomach ache, gingivitis, sleeplessness, boils,
syphilis, diarrhoea, cholera, rheumatism, dental problems (viz. ,
pyorrhorea), small pox, measles, snake bite (traditionally used
among tribal people from Elakiri and Jawadhi Hills in Tamilna-
du, India, against snake-bite envenomation) and other diseases
have been reported by various researchers.[2a,b,21, 94±95] Nimbidin
gargle and dentifrices have been found to be effective in the
treatment of bleeding gums and pyorrhea.[96] Different parts of
neem plant exhibit anti-inflammatory, analgesic, antipyretic
and hypolipidaemic activities.[97] The water-soluble part of the
alcoholic extract of A. indica exerted significant anti-inflamma-


tory activity in the cotton pellet granuloma assay in rats.[98]


Levels of various biochemical parameters studied in cotton
pellet exudates were also found to be decreased, namely, DNA,
RNA, lipid peroxide, acid phosphatase and alkaline phospha-
tase, suggesting the mechanism for the anti-inflammatory ef-
fects of A. indica.[98]


Antihypertensive effects of neem have also been reported.[99]


A hydroalcoholic leaf extract of the plant caused a dose-
dependent hypotensive effect which did not alter the force of
contraction or heart rate at low doses in isolated frog heart,
but caused a temporary cardiac arrest in diastole at high
doses.[100]


Recently, the effect of an aqueous extract of A. indica has
been evaluated on perfused frog and rabbit heart, and the re-
sults are very satisfactory such that A. indica could be of bene-
fit against arrhythmia associated with coronary artery disease
(CAD).[101] Dose-dependent negative inotropic and chromotrop-
ic effects have been observed in both heart preparations along
with an increase in coronary blood flow in isolated rabbit
heart.[101]


Nimbidol, one of the phytochemicals of neem, has been
found to be an antiarthritic agent.[21a] Neem flower is used as
one of the constituents of the indigenous drug ™Amber
Mezhugu∫, which is useful against rheumatism.[21a] ™Onan Cutar
Tailam∫ (containing neem seed oil) is used in the Siddha
system of medicine for epilepsy.[102]


The significant in vitro and in vivo (in mice) potential of
aqueous extracts of neem leaves to inhibit dengue virus type-2,
which is predominantly involved in re-emerging dengue fever
and dengue hemorrhagic fever (DMF), has also been report-
ed.[103]


Very recently, Acharya et al. reported a preliminary study on
the effect of A. indica on bronchial smooth muscles.[104]


A. indica leaf juice (200 mgkg�1) was administered orally to
guinea pigs, and its highly significant protective effect on his-
tamine aerosol-induced bronchospasm was observed. There
was a 63% delay in the onset dyspnea in A. indica-treated ani-
mals compared to 16% in control animals.


Use as an Agrochemical


Besides therapeutic efficacies, applications of neem products
as agrochemicals are noteworthy. Addition of neem extract to
garden soil over a period of 28 days at regular intervals result-
ed in a significant increase in the population of nitrogen
fixers.[105] Plants grown in soils with 0.1% and 0.2% added
neem extract showed improved performance over the control
plants in terms of growth and vigour.[105] Uses of aqueous ex-
tracts of neem leaves, neem cake and Neemix (commercial for-
mulation of neem seeds) in agriculture are found to be highly
effective in promoting growth and the nitrogen-fixing capacity
of organisms without adversely affecting the diazotropic cya-
nobacteria of rice fields.[106] A urea±neem oil adduct ™Pusa
neem golden urea∫ (PNGU) is used as a nitrification-inhibiting
agent.[107] PNGU has been tested against commercial prilled
urea with a high-yielding rice variety Pusa 169, and the results
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indicate that PNGU at 120 bgNha�1 produced 1.7 tha�1 more
grain than the commercial urea.[107] Neem cake blending of
prilled urea (i.e. , neem-coated urea, NCU40) has been shown
to greatly enhance the utility of nitrogen applied as urea and
found to reduce fertilizer nitrogen requirement by 30% relative
to prilled urea alone, and it improves plant growth, yield and
fertilizer N-efficacy.[108] Very recently, Mukherjee et al. reported
that the application of neem cake at 3 Qha�1, 50% as basal
and 50% in top dressing after 10±12 days of sowing, along
with chemical fertilizers (30:40:40) kgNPKha�1 was effective for
rice variety Pusa Basmati-1.[109] The application of neem cake
with urea increases the seeding vigour. Neem cake also in-
creased the greenness and maintained it longer, which persist-
ed even after transplanting. Nursery diseases like sheath blight,
brown spot, stem borer and nutrient deficiencies were also
controlled by the neem cake and urea mixture at the recom-
mended seed land ratio (30 kgha�1).


Uses as Pesticide, Insecticide and Parasiticide
Agents


Due to ever-growing awareness of the hazardous side effects
of chemically synthesised pesticides and insecticides, more and
more emphasis is being given to the use of biopesticides. Sev-
eral countries have already banned or restricted the use of ap-
preciable numbers of such synthetic chemicals that have been
identified as highly toxic or hazardous. The World Health Or-
ganisation (WHO) has already called for an immediate ban on
the use of endosulfan, a hazardous synthetic pesticide that
causes serious eye, kidney and liver problems. The Government
of India has already banned the use of a number of highly
toxic and hazardous pesticides and imposed restriction on the
use of many others to prevent environmental pollution. The
multitudinal backlash against synthetic insecticides and the
need for ecofriendly and safe alternative pest control for agri-
culture have led pest-control experts to turn their attention to
plants as sources of pesticides. Botanical insecticides are rela-
tively safe and degradable and are readily available sources of
biopesticides. In this regard, neem has already emerged at the
top of the list of plants with the highest potential. The follow-
ing species of neem trees in the Meliaceae family have been
the subject of botanical pesticide research: Azadirachta indica
A. Juss. , A. excelsa Jack, A. siamens Valeton, Melia azedarach L.,
M. toosendan Sicb. and Zucc. and M. volkensii Gurke. The Melia-
ceae, especially A. indica (Indian neem tree), contains at least
35 biologically active principles of which azadirachtin (1) is the
most active insecticidal ingredient and is present predominant-
ly in the seed, leaves and other parts of the neem tree.[110]


Worldwide attention and a realisation of the long-term bene-
fits that neem promises in agriculture and healthcare have re-
sulted in a surge of commercial interest. Neem has experi-
enced ongoing development as an insecticide over the past
30 years, particularly in the USA and many countries in Europe.
At this point, it would be justified to mention a number of re-
search teams from Germany led by Prof. H. Schmutterer (Insti-
tute of Phytopathology and Applied Zoology, University of


Giessen, Germany), whose research on neem spans nearly fifty
years and has contributed immensely to the understanding
and development of neem as a potent alternative to synthetic
pesticides in the field of agriculture. Their contribution is per-
haps the most primary input for today's enormous interest in
neem research. Multidirectional biological efficacies on a varie-
ty of insects of economic importance and the possibility of
homemade insecticides using neem are the most significant
contributions from these teams.Neem produces many limnoid
allomones with known biological activities, which have been
extensively studied during the past 30 years and demonstrated
to have a remarkable effect against 413 species in 16 different
insect orders including Homoptera and aphids.[111±112] The bio-
logical activities of the neem allelochemicals include feeding
and oviposition deterrence, repellency, growth disruption, re-
duced fitness and sterility.[113] However, Saxena reported the
growth inhibitory and disrupting effects of neem derivatives
on homopterous insects to be more pronounced than either
the repellent or the antifeedant effect.[114] The same results
were found by Mourier et al. on cassava mealy bug (Phenacoc-
cus manihoti).[115] The strategy of using low levels of neem
products with the systemic mode of action has the added ben-
efit of not harming beneficial insects.[116]


The most common commercial formulations of neem availa-
ble are Neemix (W. R. Grace and Co.), which is effective against
leaf miners, mealy bugs, aphids, fruit flies, caterpillars and
psylla; and Align (AgriDyne), which is active against some
minor leaf rollers. Very recently, Kumar et al. studied the bio-
logical efficacy of eight commercial Indian neem formulations
(namely, Nimbecidine¾, Econeem Plus¾, Soluneem¾, Limonool¾,
Neemgold¾, Econeem¾, FortuneAza¾ and NeemAzal¾-F) in detail
and argued that there is a need for a balanced approach in
the development of commercial neem formulations of higher
azadirachtin content, which would be of interest in exploring
whether there is an optimum concentration level for azadirach-
tin that can be used in neem-based formulations.[117]


A herbal formulation from Dabur Ayurved Ltd. , India (AV/
EPP/14), containing neem as one of the components is an effi-
cient herbal ectoparasiticide.[118] Neem Azal-F (commercial
neem formulation),[119] Jawan (neem-based natural pesti-
cide),[120] Achook,[121a] Dazomet (neem-based natural pestici-
de),[121b] and extracts of different parts of neem have been suc-
cessfully used in controlling and causing mortality of nemato-
des.[122] Neem cake, neem leaves (powder or aqueous extract),
neem oil and extracts of neem seed or kernels have been
found to control phytopathogenic fungi on many plants such
as tomatoes, rice, cotton, soya, grapes, wheat, beans, roses
and cucumbers.[122b,123] An active chemical component of
neem, isolated from acetone extracts of neem gum and identi-
fied as 8-prenyl-5,7-dihydroxy-3’-(3-hydroxy-3,3-dimethylbutyl)-
4’-methoxyflavanone, has been proved to exhibit satisfactory
antifungal activities against Fusarium solani, Fusarium oxyspor-
um, Aspergillus niger, Aspergillus fumigatus, Alternaria alternata
and Phthium aphanodermafum.[34] In addition, the neem com-
pounds curcumin, 1-cysteine, nemicidine, nemol and vimicidin
have been proved to be antifungal and strong insect repel-
lents.[124] Ethanolic extracts of neem were found to possess
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moderate toxicity against housefly and this natural product
could be an alternative to the highly toxic synthetic insecticide
delta-methrin.[125] Neem itself and various neem formulations
are safe and ecofriendly insecticides.[126] Neem products have
been found to be effective repellent and antifeedant insecti-
cides against leaf borers, leaf folders, gall midge, grasshopper,
rice hispa, pulse beetle, predatory spider, citrus blackfly, house-
fly and bunch and psychid caterpillars.[127]


From ancient times neem leaf has been in use in India for
the storage of food grain. Recent experiments in different lo-
calities ranging from high humidity to saline coastal areas have
revealed that pulses and cereals can be stored in gunny bags
or in any other container along with neem leaves (20±25
leaves per gunny bag) and whole dried turmeric (10±20 fingers
per gunny bag); a combination of neem leaves and whole
dried turmeric has proved to be antifungal and a repellent to
insects.[125, 128] These neem formulations are technologically
very cheap, easily available, nonhazardous and can save about
30% of a country's food grain with minimal investment.[125]


Neem products are also reported to have mosquito-repellent
properties and larvicidal activity against mosquitoes. An aque-
ous crude extract of neem leaves has been found to exhibit a
potential larvicidal capability against Anopheles stephensi,[129]


whereas a methanolic neem seed kernel extract (at 0.02% con-
centration) has been found to reduce the rate of mosquito
egg hatchability and to suppress larval development, popula-
tion and adult emergence against Culex pipiens.[130] Neem oil
mixed with coconut oil and formulated neem cream are effec-
tive mosquito repellents that provide protection against Aedes
albopictus, Aedes aegypti, Anopheles stephensi, Anopheles culicif-
acies and Culex quinquefasciatus mosquitoes.[131] The neem
products have been found to be safe alternatives to insecti-
cide-impregnated coils for personal protection against mosqui-
toes; one application (2g per person) has been reported to
exert 68% efficacy for four hours.[131b]


Substances with pesticidal properties are found in all parts
of the neem tree. However, the greatest concentration of
these substances is found in the seeds. Azadirachtin (1), the
most active principle of currently available neem-based insecti-
cides and pesticides, is extracted from the seed kernels. In an-
other extraction process, neem oil is extracted from the seed
kernels. More than 60 insect pests may be affected by azadir-
achtin including aphids, beetles, caterpillars, lace bugs, leaf-
hoppers, leaf miners, mealy bugs, psyllids, thrips and whiteflies.
Azadirachtin shows a variety of modes of action. It has been
found to be a very active insect phagorepellent and systemic
growth disruptor, which induces dramatic changes in insect
growth, development and reproduction.[21b] Azadirachtin re-
duces the level of the insect hormone ecdysone, thereby dis-
rupting the insect's moulting process so that the immature
larvae cannot develop into adults; the immature larvae and
nymphs remain in an immature stage and die. Adults are not
killed by the growth-regulating properties of azadirachtin, but
mating and sexual communication may be disrupted which re-
sults in reduced fecundity. In addition, neem oil forms a coat-
ing on the insect's body that blocks the tracheal openings and
suffocates the insect. Neem oil is also known to prevent germi-


nation and penetration of some fungal spores. As azadirachtin
has a number of different modes of action, it is less likely that
insects or pathogens will develop resistance to neem products
compared to chemicals with a single mode of action.


Evaluation of Safety Aspects


A number of reports are available on the safety evaluation of
different parts of neem and its various biologically active prod-
ucts.[132] The details of these studies are beyond the scope of
this review; hence, only the major findings are presented here.


Safety evaluation of different parts of neem


Neem leaves : Neem-leaf extract was found in mice and guinea
pigs. Mice administered orally with methanolic extract of neem
leaves were affected by gastrointestinal spasms, apathy, hypo-
thermia and terminal convulsions resulting in death.[133] Intra-
venously administered aqueous leaf extract at a dose greater
than 40 mg per kg body weight produces toxic manifestations
leading to death in guinea pigs.[133] Panda and Kar evaluated
the safety of neem-leaf extract with respect to thyroid function
in male mice;[134] they studied the effect at two different dos-
ages (40 and 100 mgkg�1day�1) for 20 days. While the higher
dosage decreased serum triiodothyronine (T3) and increased
serum thyroxine (T4) concentrations, no significant alteration in
levels was observed in the lower-dosage group, indicating that
the high concentrations of neem extract can be inhibitory to
thyroid function, particularly in the conversion of T4 to T3,
which is the major source of T3 generation. A concomitant in-
crease in hepatic lipid peroxidation (LPO) and a decrease in
glucose-6-phosphatase (G-6-Pase) activity in the higher-dosage
group also indicated the adverse effect of neem extract de-
spite an enhancement in the activities of two defensive en-
zymes, superoxide dismutase (SOD) and catalase (CAT). Crude
neem-leaf extract has been found to show genotoxic effects in
mice. Awasthy et al. reported that oral administration of the
crude ethanolic extract to adult Swiss albino mice for 7 days at
5±20 mg/10 g body weight per day significantly increased the
incidence of structural and mitotic disruptive changes in meta-
phase chromosomes of bone marrow cells on days 8, 15 and
35 of observation.[135] It is also reported that crude neem-leaf
extract causes genotoxicity in male mice germ cell at a dose of
0.5±2g per kg body weight when administered for 6 weeks.
Some structural change in meiotic chromosomes along with
chromosome strand breakage or spindle disturbances and ab-
normal regulation of genes controlling sperm shape were ob-
served.[136] Brown Hisex chicks fed with a diet containing 2%
and 5% neem leaf from their 7th to 35th day of age developed
hepatonephropathy and significant changes in blood parame-
ters like erythrocyte count, haemoglobin concentration,
packed cell volume and mean corpuscular volume,[136] resulting
in a depression in body weight gain and efficiency of feed uti-
lisation.[137]


ChemBioChem 2004, 5, 408 ± 421 www.chembiochem.org ¹ 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 417


Neem–An Omnipotent Plant



www.chembiochem.org





Neem bark : A methanolic extract of neem bark showed oral
LD50 at about 13 gkg�1 in acute toxicity studies on mice.[133]


Stem bark extract shows lethal effect in three common snail
species, namely, Biomphalaria pfeifferi, Bulinus truncatus and
Lymnaea natalensis and also against fish, namely, Aphyosemon
giardneri.[138] Aqueous bark extract shows effective antiacid se-
cretory and antiulcer activity in rats ; detailed toxicity studies
have also recently been conducted in rats with the neem bark
aqueous extract.[139] As mentioned earlier, such extracts have
been found to be safe in rat models. A single dose of 1 g of
raw extract per kg body weight (mice) given in one day and
application of 0.6 g raw extract per kg body weight per day by
oral route over 15 days to a cumulative dose of 9 gkg�1 was
demonstrated to be well tolerated with no significant adverse
effect and was below the LD50.


[58]


Neem seed : Aqueous neem seed kernel extract exhibited
toxicity to Oreochromis niloticus (tilapia) and Cyprinus carpio
(carp).[140] About 60% mortality was noticed in white leghorn
chicks within a day of feeding powdered ripe neem berry
aqueous extract.[140, 141] An aqueous extract of neem seed
kernel (1 mL/100 g body weight daily of a 50 gL�1 solution)
produces trypsin inhibitory activity as observed in weanling
rats.[140±142]


Neem oil : Neem seed oil exhibited acute toxicity in rats and
rabbits with LD50 values of 14 mLkg�1 and 24 mLkg�1, respec-
tively; the possible target organs for toxic effects were the
CNS and the lungs.[125] Neem oil produces toxic effects in
humans in a number of isolated cases.[133,139,140,143,144,145] The oil
causes toxic encephalopathy, particularly in infants and young
children. The usual features are vomiting, drowsiness, tachyp-
nea and recurrent generalised seizures. Leucocytosis and meta-
bolic acidosis are significant laboratory findings.[146] Manage-
ment is aimed primarily towards the control of convulsions, al-
though supportive management is equally important. Howev-
er, use of neem oil (1%) in kerosene lamps for mosquito repel-
lency was found to be safe.[147] The safety aspects of this
personal protection method developed by the Malaria Re-
search Centre were evaluated by animal studies and clinical ex-
amination of population before and after exposure. Single ap-
plication of neem oil (1%) did not produce skin irritation in
rabbits or an adverse effect on guinea pigs after exposure to
aerosol. Clinical examination of 156 adults and 110 children did
not reveal any major adverse effects after one year of exposure
to 1% neem oil.


Neem compounds and commercial formulations


Nimbidin produces sub-acute toxicity in adult rats after daily
administration of 25, 50 or 100 mgkg�1 for six weeks.[133] Nim-
bidol was also found to be more potent than nimbidin at a
dose of 25 mg per 100 g body weight, given orally twice a day
for 4 days, in suppressing the injection of Ploasmodium gelli-
naecum in chicks.[148] The LD50 value of sodium nimbidinate
when administered by intraperitoneal route in mice was found


to 700 mgkg�1. The dogs tolerated up to 200 mg per kg body
weight by oral, intramuscular and intravenous routes. With a
large single dose (100 mg per kg body weight), proliferation of
endothelial cells in the glomerular apparatus was noticed, and
the renal tubules revealed cloudy swelling, fatty infiltration
and necrosis in the convoluted segment.[148] Nimbolide (5), a
major chemical component of neem seed oil, and nimbic acid
were found to be toxic to mice when administered intrave-
nously or intraperitoneally.[140,149,150] Lethal doses of nimbolide
and nimbic acid cause death in most animals by dysfunction
of the kidneys, small intestine and liver as well as by marked
and sudden drop of arterial blood pressure. Nimbolide shows
potent cytotoxic effect on NIE-115 neuroblastoma (mouse),
143B.TK-osteosarcoma (human) and Sf9 (insect) cultured cell
lines with an IC50 value of 4±10 mm.[151] Other limnoids like ep-
oxyazadiradione and salanin have cytotoxic effects at IC50


values of 27 and 112 mm, respectively. Azadirachtin is relatively
short-lived and easily degradable. Its mammalian toxicity is low
and it can be used up to and including the day of harvest
without protective clothing after the spray is dried. It is, how-
ever, toxic to fish and aquatic invertebrates. Raizada et al. per-
formed sub-chronic toxicological testing with azadirachtin to
document its safety for use as a pesticide.[152] Technical azadir-
achtin (12%) orally administered to male and female rats at
dosages of 500, 1000 and 1500 mgkg�1 day for 90 days did
not produce any signs of toxicity, mortality, changes in tissue
weight, pathology and serum and blood parameters. It can be
suggested that azadirachtin at the highest dose tested is well
tolerated by rats of both sexes. The highest dosage, 1500 mg
per kg body weight, can be used as a basal dose for the deter-
mination of the no observed effect level (NOEL) of azadirachtin
to calculate its safety margin. Rahman et al. studied the long-
term effects of Vepacide, a neem-based pesticide, on biochem-
ical profiles.[153] Vepacide caused increase in aspartate and ala-
nine aminotransferase in serum, kidney and lung, and these
enzymes decreased in liver in both male and female albino
Wistar rats when measured after 45 and 90 days of treatment.
The enzyme profiles elucidate that they increased in serum
and simultaneously decreased in liver; this indicates necrosis
of the liver. In other tissues, the level of enzymes increased, in-
dicating an adaptive mechanism due to chemical stress. As a
result of Vepacide treatment, the lung was more affected fol-
lowed by liver and then the kidney.Several studies were per-
formed with Margosan-O, a botanical insecticide derived from
neem seeds. However, no apparent toxic effects were observed
in rats or mice.[140] The LC50 value of Margosan-O is more than
2 mLkg�1 in albino rabbits when tested for acute dermal toxici-
ty.[133] Scott and Kaushik conducted microcosm trials with Mar-
gosan-O to assess the potential hazards of the product to
aquatic organisms. Residue analyses of the active ingredient,
azadirachtin, determined that it had a half life of 36±48 h in
water exposed to natural sunlight.[154] Two applications of Mar-
gosan-O at the recommended application rate for pests did
not harm aquatic invertebrates categorised as planktonic and
filter feeding (Culex sp. and Daphnia sp.). However, the benthic
invertebrate (Chironomus riparius) was affected by multiple ap-
plications of neem. These results show that the use of Margo-
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san-O and possibly other neem extracts in or near aquatic en-
vironments could lead to disturbances in benthic populations
and may cause decreases in numbers of organisms that are im-
portant in food web and nutrient cycling processes.


Summary and Outlook


The neem tree appears to be an omnipotent plant. It is a ver-
satile medicinal plant and the unique source of a vast number
of phytochemicals with diverse chemical skeletons. Work on
the biological activity and plausible medicinal applications of
these compounds is still insufficient and further extensive in-
vestigation is needed to exploit their therapeutic utilities
against various diseases. There is currently a global search for
nontoxic, safe and highly effective plant products with tradi-
tional medicinal use; hence, for prevention and treatment of
various diseases, the development of modern drugs from
neem should be pursued. In addition, different parts of neem
and their extracts have been found to be safe, cheap and eco-
friendly pesticides, insecticides, parasiticides and agrochemi-
cals. Neem-based materials are compatible with integrated
pest management (IPM); neem products do not persist in the
environment and are degraded by ultraviolet rays and rainfall.
In recent years, there has been an increasing trend and aware-
ness in neem research. In fact, the time has come to make
good use of centuries-old knowledge of neem through
modern scientific approaches and techniques, so that such a
unique gift of nature can be utilised to a greater extent. It is of
no doubt that the neem tree would be commercially exploita-
ble with great use and this requires more and more commer-
cial formulations. The neem tree may be regarded as an ™in-
dustrial plant∫ and it promotes a lot of small-scale industries in
India and other countries of the world. For this reason, further
extensive research and development on neem and its products
is needed. From the above discussion, it is thus evident that
owing to its unique properties and applications in various
areas of social need, this ™Divine tree∫ demands special atten-
tion and interest from the world community. More systematic
scientific investigation into neem directed towards the larger
interests of society would ultimately be a blessing for man-
kind.
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French Swimwear for Membrane Proteins
Charles R. Sanders,*[a] Amy Kuhn Hoffmann,[b] Don N. Gray,[b] Melvin H. Keyes,[b]


and Charles D. Ellis[a]


1. Use of Classical Detergents to Solubilize Membrane Proteins


Integral membrane proteins (IMPs) represent 20 ± 30% of all
proteins and well over 50% of the targets for existing drugs.[1, 2]


Native IMPs are embedded in the lipid bilayers of biological
membranes. The purification of IMPs requires that they first be
rendered water soluble. Once solubilized, IMPs may be ™recon-
stituted∫ back into lipid bilayers or can be directly characterized
in soluble form. For example, both 3D crystal growth and
solution NMR spectroscopy require the use of solubilized IMPs.
Traditionally, membrane proteins are maintained in soluble form
by using detergents,[3] which are able to dissolve lipid bilayers to
form water-soluble complexes with both lipids and IMPs (Fig-
ure 1). Such complexes of detergent with protein and possibly


lipid are referred to as ™mixed micelles∫–one of several different
classes of ™model membrane∫ media that can host membrane
proteins. The detergent and lipid (if present) components of
mixed micelles form a stabilizing annulus around the trans-
membrane domain of IMPs while allowing normal aqueous
solvation of extramembrane domains. Membrane proteins often
retain functionality under these conditions.


Detergents come in a variety of molecular topologies (Fig-
ure 2). Moreover, depending upon the detergent used and the
detergent/lipid ratio, different mixed micelle shapes and sizes
are possible. For simple micelles composed of a single detergent
type and no lipid or protein, micelle size is usually described in
the form of an ™aggregation number∫, which gives the average


number of detergent molecules per micelle.[3] However, aggre-
gation numbers measured for pure detergent cannot always be
used to predict the size of the mixed micelles formed by that
same detergent with a membrane protein. When the size of an
IMP approaches or exceeds the size of the micelle formed by a
certain detergent it is the properties of the IMP, especially the
transmembrane surface area, that will usually dictate mixed-
micelle size.[3, 4]


Detergents are distinguished from lipids because micelles do
not have an inner aqueous compartment (unlike liposomes) and
because detergent monomers have significant aqueous solubil-
ity. Indeed, at total concentrations below the ™critical micelle


concentration∫ (CMC) detergents
do not form micelles at all. Above
the CMC, additional detergent
goes into micelles and the free-
detergent concentration stays
constant at the CMC (Figure 1).[3]


Rapid exchange takes place be-
tween micellar and free deter-
gent molecules. To sustain mem-
brane-protein solubility, total de-
tergent concentration must be
kept above the CMC. Diluting a
solution containing IMP/deter-
gent mixed micelles below the
detergent's CMC normally results
in IMP aggregation and precipi-
tation.


The need to maintain a con-
centration of detergent well in
excess of the amount specifically
involved in membrane-protein


complexation is not always desirable. Excess detergent can also
interfere with protein ±protein or protein ± ligand interactions
that one might be attempting to reconstitute, detect, or
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Figure 1. Bilayers, membrane proteins, detergents, and micelles. For all figures, black indicates molecular hydro-
philicity, while gray indicates hydrophobicity.
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characterize. There are also advantages to be gained by
eliminating the need for high detergent concentrations in
studies involving the use of various forms of spectroscopy (e.g. ,
mass, vibrational, circular dichroism, or nuclear magnetic
resonance). These considerations underline the need for meth-
ods that can solubilize proteins in ways that maintain native-like
protein folding and function, but that avoid the use of classical
detergents. Here, we review recent progress in the development
of model membrane media that offer alternate routes to
solubilizing IMPs (see also ref. [5] for another recent perspective).


2. The Latest in Bicelles


Another disadvantage of using detergents to solubilize IMPs is
that membrane proteins are often less stable in micelles than in
lipid bilayers.[6, 7] This stems, in part, from the fact that the higher
molecular order and the lateral surface energy potential of lipid
bilayers relative to micelles play a role in stabilizing IMPs. The use
of bicelles,[8] also known as nanodiscs,[9] which partially maintain
the order of extended bilayers, might provide a more stabilizing
environment for soluble IMPs (Figure 3). The most commonly
used classes of bicelles involve the use of detergents to stabilize
the edges of the discs, and such bicelles would be subject to the
usual requirement for relatively high detergent concentrations.
In this regard, a welcome recent development is the use of
amphipathic protein scaffolds to stabilize the bilayer edges of
bicelles without the requirement for excess free material (Fig-
ure 3).[9±13] This implies that these ™membrane scaffold proteins∫
might allow studies at assembly concentrations that are much
lower than is feasible for detergent-stabilized bicelles. The use of


amphipathic proteins in bicelles may
also lead to more homogeneous size
distribution of the bicelle population. It
should be noted that bicelles tend to be
more complex than classical mixed
micelles in that they may exist over
more narrow ranges of temperature and
composition. For example, it now ap-
pears that, under some conditions,
bicelles that use small-molecule deter-
gents for edge stabilization convert into
Swiss cheese-like sheets (perforated
bilayers) above the gel-to-liquid crys-
tal-phase-transition temperature char-
acteristic of the primary lipid compo-
nent of the assemblies.[14±17] However,
there is emerging data that the new
amphipathic protein-stabilized bicelles
may retain the bilayered disc morphol-
ogy even above the phase transition (S.
Sligar, personal communication).


Another important development in
the use of bicelles has been the recent
demonstration that IMPs can be crystal-
lized from bicelles.[18] This development
complements innovations both in am-


Figure 2. A nonexhaustive gallery of detergent topologies.


Figure 3. Amphiphols, amphipathic proteins, lipopeptides, and bicelles.
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phiphile-based approaches to membrane-protein crystalliza-
tion[19, 20] and in the use of bicelle-related phases by NMR
spectroscopists as a medium for aligning both water-soluble and
membrane-associated proteins in order to gain access to
structurally useful dipolar coupling and chemical-shift-anisotro-
py data.[21±24] It should be emphasized, however, that under the
conditions found to be appropriate for crystallization and for
magnetic alignment, the ™bicelles∫ are most likely perforated
bilayer sheets rather than bilayered discs.[14±16, 25]


3. Lipopeptides


Lipopeptides have recently been introduced as IMP swimwear
by G. Prive¬ and co-workers in Toronto.[26] Extending the previous
development of amphipathic helices as detergent surrogates,[27]


they have designed molecules in which a helical amphipathic
peptide long enough to span a lipid bilayer is adorned on each
end by a fatty acid ester (Figure 3). These lipopeptides appear to
be able to solubilize IMPs by clustering concentrically around the
transmembrane domain of the resident protein. In these
complexes, the fatty acyl chains form the interface between
the hydrophobic protein surface and the amphipathic peptide
that mediates aqueous interactions. The IMP± lipopeptide com-
plexes appear to be favorable in terms of maintaining IMP
function and stability. Moreover, unlike classical detergents, the
free-lipopeptide concentration in the presence of protein ±
lipopeptide complexes is very low (�10�6M). While very early
in development, lipopeptides appear to offer distinct advan-
tages for some applications over both classical detergents and
amphipathic helical polypeptides.


4. Amphipathic Polymers: ™Amphipols∫


Several years ago Popot, Audebert, and Tribet in Paris introduced
single-chain polymers that were randomly decorated with polar
and apolar side chains.[28] These amphipathic polymers are
known as ™amphipols∫. Specific amphipols distinguish them-
selves from each other based on the identity of the parent
polymer, the length of the parent polymer, the nature of the
polar and apolar side chains, the degree of side-chain derivati-
zation, and the degree of heterogeneity both in side-chain
distribution and in main chain length. Amphipols are also in a
relatively early stage of development, with progress being
summarized in an excellent recent review.[29] Even so, it has been
shown that amphipols are able to maintain the solubility of IMPs
in the complete absence of excess free amphipol, even when the
apolar polymer side chains are relatively short. Such high affinity
for membrane proteins by amphipols relative to single deter-
gent molecules can be explained in terms of the smaller entropy
loss involved in association of an amphipol with an IMP versus
the much larger (unfavorable) entropy loss involved in the
association of the many individual detergents molecules re-
quired to coat the same amount of exposed hydrophobic
surface area.


Amphipols have been shown to confer considerable kinetic
stability to at least some membrane proteins.[29] Moreover, their
use in sustaining the functionality of IMPs even in the absence of


added lipid or detergent has been demonstrated.[30] A proto-
typical application of amphipols in a biochemical study of an IMP
has been published that yielded information on ligand binding
that could not readily be obtained in studies in which the same
protein was solubilized by using detergents.[31] Although not yet
clear from the data, it is very possible that entropy affects might
lead to higher thermodynamic stability for amphipol-stabilized
IMPs than when classical detergents are employed.


Most amphipols produced to date appear to have only a
modest propensity for disrupting lipid bilayers.[29] This suggests
that they may be used in cell biological or therapeutic
applications as nonperturbative protein-delivery agents. It has
been shown, for example, that amphipols can be used to deliver
an IMP to preformed lipid bilayers with moderate (ca. 25%)
efficiency.[32]


Looking ahead, perhaps the greatest problem for some
potential applications of amphipols is the high degree of
heterogeneity of amphipols and amphipol ±protein complexes.
Current synthetic amphipols are based on derivatization of
polymers that are not homogeneous in terms of length.[28, 29, 33]


Side-chain-modification patterns are also not identical from
amphipol to amphipol, but range from completely random to
partially ordered sequences. The degree to which molecular
heterogeneity will impact the productive use of amphipols
depends, of course, on the specific application. An obvious way
of avoiding this problem would be to develop structurally
homogeneous amphipols. This appears to have already been
accomplished in prototype form. The recombinant amphipathic
™membrane scaffold proteins∫ developed by Sligar and co-
workers (based on mimicking natural plasma lipoproteins) can
be regarded as a class of amphipols. These extended amphi-
pathic proteins have so far been used to stabilize bicelle-like
nanodiscs (with or without guest proteins).[9±13] However, it is
feasible that proteins of this same basic design might ultimately
serve as minimalist swimwear for IMPs even in the absence of
additional lipid or detergent.


Beyond the issue of molecular heterogeneity, amphipol ± IMP
complexes may also be heterogeneous both in terms of
stoichiometry and in modes of association within the overall
population of complexes.[29] Moreover, interchange between
modes is not necessarily rapid. In this regard it should be noted
that for classical detergent ± IMP mixed micelles, a great deal of
instantaneous heterogeneity is likely in terms of mixed micelle
sizes and exact protein ±detergent interactions. However, be-
cause of the small size and high solubility of detergent
monomers, interchange between modes is so rapid that, for
example, relatively slow spectroscopic techniques, such as NMR,
probably see only the average–a great advantage in many
cases. The degree to which amphipol ± IMP complex hetero-
geneity is actually a practical problem and whether or not
solutions to this problem can be developed remain to be seen.


5. Which Method for Solubilizing IMPs is Best?


Biological membranes represent chemically heterogeneous
environments involving hundreds of distinct lipid species.
Moreover, the composition of membranes from organism to
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organism can vary dramatically, even exotically (c.f. ref. [34]). This
is also true from cell to cell within a single organism or even from
organelle to organelle within a single cell. The notion that there
is a single model membrane medium that is best for all proteins
does not conform to biological reality. In general, the choice of
model membrane medium is made based on the medium that
best lends itself to a particular experimental approach or
application. Of course, there will often be a compelling need
to provide appropriate control data to demonstrate that the IMP
of interest retains native-like structural and functional properties
when in a particular model membrane environment. Fortunately,
it is already clear that a number of membrane proteins have
extremely liberal views regarding what they consider to be
appropriate swimwear. For example, E. coli diacylglycerol kinase
(40 kDa homotrimer with nine transmembrane helices) has been
functionally reconstituted in many different types of mixed
micelles, bicelles,[35] amphipols,[30] and even (as an insoluble
suspension) some organic solvent mixtures.[36]


The recent development of novel classes of model mem-
branes and methods for solubilizing membrane proteins reflect
the continuation of decades of innovation in this area. It can be
expected that such innovation, if patiently nurtured, will prove
critical for future breakthroughs in membrane-protein biology,
human therapeutics, and biotechnology.


Acknowledgements


This work was supported by US National Institutes of Health grants
SBIR R43 GM60071 (to M.H.K.) and RO1 GM47485 (to C.R.S.).


Keywords: amphiphiles ¥ bicelles ¥ detergents ¥ lipids ¥
membrane proteins ¥ micelles


[1] A. L. Hopkins, C. R. Groom, Nat. Rev. Drug Discovery 2002, 1, 727 ±730.
[2] C. R. Sanders, J. K. Myers, Ann. Rev. Biophys. Biomol. Struct. 2004, 33, 25 ±


51.
[3] M. Le Maire, P. Champeil, J. V. Moller, Biochim. Biophys. Acta 2000, 1508,


86 ±111.
[4] C. R. Sanders, K. Oxenoid, Biochim. Biophys. Acta 2000, 1508, 129 ±145.
[5] Y. Gohon, J. L. Popot, Curr. Opin. Colloid Interface Sci. 2003, 8, 15 ± 22.
[6] J. U. Bowie, Curr. Opin. Struct. Biol. 2001, 11, 397 ± 402.


[7] C. K. Engel, L. Chen, G. G. Prive¬ , Biochim. Biophys. Acta. 2002, 1564, 47 ± 56.
[8] C. R. Sanders, R. S. Prosser, Structure 1998, 6, 1227 ± 1234.
[9] T. H. Bayburt, S. G. Sligar, Proc. Natl. Acad. Sci. USA 2002, 99, 6725 ± 6730.


[10] T. H. Bayburt, S. G. Sligar, Protein Sci. 2003, 12, 2476 ±2481.
[11] T. H. Bayburt, J. W. Carlson, S. G. Sligar, J. Struct. Biol. 1998, 123, 37 ± 44.
[12] T. H. Bayburt, Y. V. Grinkova, S. G. Sligar, Nano Lett. 2002, 2, 853 ± 856.
[13] N. R. Civjan, T. H. Bayburt, M. A. Schuler, S. G. Sligar, Biotechniques 2003,


35, 556 ± 560.
[14] S. Gaemers, A. Bax, J. Am. Chem. Soc. 2001, 123, 12343 ± 12352.
[15] M. P. Nieh, C. J. Glinka, S. Krueger, R. S. Prosser, J. Katsaras, Biophys. J. 2002,


82, 2487 ± 2498.
[16] M. P. Nieh, V. A. Raghunathan, H. Wang, J. Katsaras, Langmuir 2003, 19,


6936 ± 6941.
[17] P. A. Luchette, T. N. Vetman, R. S. Prosser, R. E. Hancock, M. P. Nieh, C. J.


Glinka, S. Krueger, J. Katsaras, Biochim. Biophys. Acta 2001, 1513, 83 ± 94.
[18] S. Faham, J. U. Bowie, J. Mol. Biol. 2002, 316, 1 ± 6.
[19] S. Iwata, Methods and Results in Crystallization of Membrane Proteins,


International University Line, La Jolla, CA, 2003.
[20] P. Nollert, A. Royant, E. Pebay-Peyroula, E. M. Landau, FEBS Lett. 1999, 457,


205 ± 208.
[21] A. Bax, Protein Sci. 2003, 12, 1 ± 16.
[22] J. H. Prestegard, A. I. Kishore, Curr. Opin. Chem. Biol. 2001, 5, 584 ±590.
[23] C. R. Sanders, G. C. Landis, Biochemistry 1995, 34, 4030 ± 4040.
[24] J. H. Prestegard, H. M. Al Hashimi, J. R. Tolman, Q. Rev. Biophys. 2000, 33,


371 ± 424.
[25] P. A. Luchette, T. N. Vetman, R. S. Prosser, R. E. Hancock, M. P. Nieh, C. J.


Glinka, S. Krueger, J. Katsaras, Biochim. Biophys. Acta 2001, 1513, 83 ± 94.
[26] C. L. McGregor, L. Chen, N. C. Pomroy, P. Hwang, S. Go, A. Chakrabartty,


G. G. Prive¬ , Nat. Biotechnol. 2003, 21, 171 ± 176.
[27] C. E. Schafmeister, L. J. W. Miercke, R. M. Stroud, Science 1993, 262, 734 ±


738.
[28] C. Tribet, R. Audebert, J. L. Popot, Proc. Natl. Acad. Sci. USA 1996, 93,


15047 ± 15050.
[29] J. L. Popot, E. A. Berry, D. Charvolin, C. Creuzenet, C. Ebel, D. M. Engelman,


M. Flotenmeyer, F. Giusti, Y. Gohon, P. Herve, Q. Hong, J. H. Lakey, K.
Leonard, H. A. Shuman, P. Timmins, D. E. Warschawski, F. Zito, M. Zoonens,
B. Pucci, C. Tribet, Cell. Mol. Life Sci. 2003, 60, 1559 ±1574.


[30] B. M. Gorzelle, A. K. Hoffman, M. H. Keyes, D. N. Gray, D. G. Ray, C. R.
Sanders, J. Am. Chem. Soc. 2002, 124, 11594 ±11595.


[31] K. L. Martinez, Y. Gohon, P. J. Corringer, C. Tribet, F. Merola, J. P. Changeux,
J. L. Popot, FEBS Lett. 2002, 528, 251 ± 256.


[32] J. K. Nagy, H. A. Kuhn, M. H. Keyes, D. N. Gray, K. Oxenoid, C. R. Sanders,
FEBS Lett. 2001, 501, 115 ± 120.


[33] C. Duval-Terrie, P. Cosette, G. Molle, G. Muller, E. De, Protein Sci. 2003, 12,
681 ± 689.


[34] G. D. Sprott, J. Bioenerg. Biomembr. 1992, 24, 555 ± 566.
[35] L. Czerski, C. R. Sanders, Anal. Biochem. 2000, 284, 327 ± 333.
[36] O. Vinogradova, P. Badola, L. Czerski, F. D. Sonnichsen, C. R. Sanders,


Biophys. J. 1997, 72, 2688 ± 2701.


Received: November 25, 2003 [M830]








ChemBioChem 2004, 4, 427 ± 430 DOI: 10.1002/cbic.200300835 ¹ 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 427


Plant phenols and polyphenols have long
been regarded as a pool of natural
products with promising biological activ-
ities for the development of therapeutic
substances. Certain herbs, spices and
plant extracts, rich in phenolic com-
pounds, have been used for thousands
of years in traditional Eastern medicines.
The literature abounds in reports, in
particular by Japanese scientists,[1±3] on
the identification of polyphenols as active
principles of these alternative medica-
tions. The regular intake of fruits and
vegetables is today highly recommended
in the Western diet, mainly because the
polyphenols they contain are thought to
play important roles in long-term health
and reducing the risk of chronic and
degenerative diseases.[4, 5] Moreover, this
increasing recognition of the benefits
brought by plant phenols and polyphe-
nols to human health has sparked a new
appraisal of various plant-derived food
and beverages, such as olive oil, choco-
late, apple and citrus juices, coffee, tea
and wine. Their high content in phenolic
substances has recently fuelled numerous
investigations that, again, unveiled the
therapeutic significance of these natural
products, and yet the potential of poly-


phenol-based drugs has so far remained
untapped in Western conventional me-
dicinal approaches.
The reasons for this relative disapproval


of polyphenols by the pharmaceutical
industry are unclear. It is true that plant
polyphenols have long been considered
as structurally undefined and water-solu-
ble oligomers only capable of complexing
alkaloids and proteins (i.e. , tanning), and
chelating metallic ions in unspecific man-
ners. Hence, standard extraction proto-
cols of plant secondary metabolites usu-
ally involve a step to ensure the complete
removal of all polyphenolic compounds in
order to avoid ™false-positive∫ results in
screening against a given biomolecular
target.[6]


But what exactly is a polyphenol? The
Bate ± Smith ±Haslam definition has
somewhat broadened out over the
years.[7, 8] The term ™polyphenol∫ (syn veg-
etable tannins) refers to water-soluble
phenolic compounds having molecular
masses between 500 and 3000 ±4000 Da,
possessing 12 ±16 phenolic groups and
5±7 aromatic rings per 1000 relative
molecular mass, and expressing special
properties such as the ability to precip-
itate proteins and alkaloids. Today, many
simpler plant phenols are referred to as
™polyphenols∫, which now basically
means any structure that features at least
one di- or trihydroxyphenyl unit. Thus,
plant ™polyphenols∫ encompass several
classes of structurally and biosyntheti-
cally diverse natural products that com-
prise small- to medium-sized molecules
(�M � ca. 1500 Da) and oligomeric to
polymeric structures. Polyhydroxystil-
benes, such as resveratrol (6, vide infra),


and flavonoids, which include flavones,
isoflavones, flavanols, flavanones, chal-
cones, aurones and anthocyanins, are
examples of ™polyphenolic∫ small mole-
cules. Some of these simple plant phe-
nols, such as the flavanols, can oligomer-
ise through condensation and/or oxida-
tion reactions to furnish polyphenolic
proanthocyanidins (syn condensed tan-
nins) and complex theaflavins.[4, 7] The
metabolism of gallic acid (3,4,5-trihydroxy-
benzoic acid) leads to a myriad of poly-
phenolic ester derivatives of polyols,
mainly glucose, that can be regrouped
into two major subclasses, the gallotan-
nins and the ellagitannins (syn hydrolys-
able tannins).[8, 9] Red-brown algae also
produce polyphenolic oligomers, called
phlorotannins, that are derived from de-
hydrogenative coupling of phloroglucinol
(1,3,5-trihydroxybenzene).[7] Furthermore,
general phenylpropanoid metabolism fur-
nishes various derivatives of hydroxycin-
namic acids that express some polyphe-
nolic characters, among which are the
caffeic (3,4-dihydroxycinnamic) acid-de-
rived chlorogenic acids (syn caffetannins)
and rosmarinic acids (syn labiataetan-
nins).[1, 3, 4] In fact, any type of natural
polyol that is acylated by some polyhy-
droxyphenylcarbonyl unit, among the
most common are the caffeoyl, galloyl
and its dimeric hexahydroxybiphenoyl
units, is today classified under one or
other of the ™polyphenol∫ subclasses, as
long as it expresses some polyphenolic
tannin-like characteristics.
This entanglement of structure types is


far from providing a clear picture of the
plant polyphenol family. The inclusion of
many simple plant phenols in this family


Plant ™Polyphenolic∫ Small Molecules Can Induce
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by Activating Sirtuins: Will ™Polyphenols∫ Some-
day Be Used as Chemotherapeutic Drugs in
Western Medicine?
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can be attributed to an important prop-
erty that all phenols share to some extent,
that is, their ability to scavenge oxidative-
ly generated free radicals. This antioxidant
activity is frequently cited as the main
event responsible for the reduction of
age-related diseases, such as neurode-
generation, carcinogenesis and cardiovas-
cular diseases, including atherosclero-
sis.[5, 10] Besides this general mode of
action based on the chemical reactivity
inherent in the phenol function, plant
phenols and polyphenols can also physi-
cally and specifically interact with biomo-
lecules, including therapeutically signifi-
cant enzymes.[1±3, 10]


More evidence of such biomechanistic
implications of plant phenols in disease
control has recently been provided by
Howitz et al.[11] These researchers are
investigating the positive health effects
of calorie restriction, which is considered
as a mild stress that promotes defence
responses in a broad range of organisms,
from yeasts to mammals. They earlier
reported that the pace of ageing in
Saccharomyces cerevisiae is governed by
PNC1 (pyrasinamidase/nicotinamidase 1),
a calorie-restriction responsive gene that
depletes nicotinamide, a physiological
inhibitor of the silent information regu-
lator 2 (Sir2) protein (Figure 1).[12]


This enzyme belongs to
a large family of evolutio-
narily conserved nicotina-
mide adenine dinucle-
otide (NAD�)-dependent
deacetylases called sir-
tuins. In yeasts, the Sir2-
mediated deacetylation
of acetylated lysine resi-
dues, such as those found
in the N termini of his-
tones,[13, 14] promotes the
cleavage of the N-glycosi-
dic bond between nicoti-
namide and ADP-ribose in
NAD� (Scheme 1).[15] The
released nicotinamide
acts as a strong noncom-
petitive inhibitor of Sir2,
thereby negatively regu-
lating the activity of this
enzyme.[16] Furthermore,
this inhibition of Sir2 by
nicotinamide increases the recombination
of ribosomal DNA (rDNA) repeats, which
can cause the accumulation of extrachro-
mosomal circular rDNA up to levels that
are toxic for old cells, hence causing
aging. In S. cerevisiae, a single extra copy
of the SIR2 gene is sufficient to counteract
the adverse effect of nicotinamide while
extending lifespan by 40%.[16, 17]


Finding small molecules capable of
modulating the activity of sirtuins thus
appeared as a valuable idea for under-
standing the function of these silencing
enzymes better (Scheme 1). It is in a
library of plant ™polyphenolic∫ small mol-
ecules comprising stilbenes, chalcones,
flavones, isoflavones, flavanones, flava-
nols and anthocyanidins that Howitz
et al.[11] found several activators of sirtuins.
The first sirtuin they investigated was
SIRT1 (sirtuin-1), the closest human ho-
mologue of the yeast Sir2 enzyme that
also promotes cell survival by negatively
regulating the p53 tumour suppressor[18]


by deacetylation of its lysine residue 382
(K382). A fluorescent assay was per-
formed, by using the acetylated lysine-
containing synthetic epitope RHKK382(Ac)
of p53, to evaluate the modulation of
SIRT1 activity. The flavones quercetin (1)
and fisetin (2), the stilbenes piceatannol
(4) and resveratrol (6), and the chalcone
butein (5) stimulated SIRT1 from about
five- to thirteenfold (Scheme 2).
A total of 15 simple plant phenols were


found to activate SIRT1 by more than
twofold. A majority of these sirtuin-acti-
vating compounds, referred to as STACs,
display a meta-positioning of their phe-
nolic hydroxyl groups in their A ring trans-
oriented to a para-hydroxylated B ring
around the ethylene unit of the stilbene,
chalcone or flavone skeleton. When the A


Figure 1. Calorie restriction and other stimuli, such as heat and osmotic stresses, extend the life span in the
budding yeast S. cerevisiae by increasing the expression of PNC1, which encodes an enzyme that converts
nicotinamide into nicotinic acid. The resulting depletion of nicotinamide is sufficient to activate the NAD�-
dependent Sir2 histone deacetylase, which is thought to increase longevity by stabilizing rDNA. Reproduced
with permission from D. Sinclair.[11]


Scheme 1. Sirtuin-mediated deacetylation of acetylated lysine residues,
such as those found in the N termini of histones and in the active form of
the p53 tumour suppressor, produces 1-O-acetyl-ADP-ribose and nicoti-
namide, which in turn negatively regulates sirtuins.
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ring does not feature a meta-positioning
of its phenolic hydroxyl groups, then a
catecholic B ring appears necessary to
maintain significant activity. For example,
3,6,2�,4�-tetrahydroxyflavone (3) is a rather
poor activator of SIRT1, but fisetin (2)
(3,7,3�,4�-tetrahydroxyflavone) activates it
sixfold (Scheme 2). The screened cate-
chins (i.e. , flavan-3-ols) were all poor
activators, or even inhibitors, of SIRT1.
This lack of activity might be due to the
relative conformational flexibility of their
C ring, which does not have rigidifying sp2


centres at the 1-, 2-, 3-, or 4-locus. Thus,
the possibility of coplanarity between the
hydroxylated A and B rings appears to be
essential for activity. Of particular note is
the fact that the most potent STAC,
resveratrol (6 ; 3,5,4�-trihydroxy-trans-stil-
bene), is found in grapes and red wine,
and it is already known for its putative
mitigation of age-related diseases,[5, 10]


including cancer by inhibiting cyclooxy-
genase (COX)[19] and cardiovascular dis-
ease by stimulating the oestrogen recep-
tor.[20]


Evaluation of the effects of the identi-
fied STACs in vivo was first carried out
with the Sir2-expressing yeast S. cerevi-
siae. Butein (5), fisetin (2) and resveratrol


(6) increased its average lifespan by 31%,
55% and 70%, respectively. Since 6 had
no effect on the lifespan of a sir2 null
mutant, whereas it did increase that of a
pnc1 null mutant (Figure 1), it seems that
the extension of longevity is due to a
direct stimulation of Sir2. Furthermore, 6
was found to reduce the frequency of
rDNA recombination in a Sir2-dependent
manner, even in the presence of nicotina-
mide. Howitz et al.[11] then turned back to
SIRT1 with the aim of assessing if STACs
could stimulate it in vivo. Using an anti-
body that specifically recognizes the ace-
tylated form of p53-K382 (Ac-K382), they
found that human embryonic kidney
(HEK) and U2OS osteosarcoma cells treat-
ed with 0.5 �M resveratrol (6) showed a
marked decrease (up to 75%) in their level
of Ac-K382 and a concomitant increase in
their survival under DNA-damaging con-
ditions, such as ionizing and ultraviolet
radiation. Although higher concentrations
of 6 (�50 �M) had the opposite effect, it
remains clear that this phenolic stilbene
has the capability of promoting cell
survival in vivo by activating SIRT1.
This capability of SIRT1 to deactivate


the p53 tumour-suppressing enzyme un-
der DNA-damaging conditions might ap-


pear somewhat puzzling, for one of the
consequences of silencing p53 activity
will be, on the one hand, to diminish the
chances of a cell to become senescent or
apoptotic,[18] hence supporting the con-
tention that 6 can, in some systems, act
as a tumour promoter.[20] On the other
hand, delaying apoptosis can give cells
more time to repair damage and to
prevent unnecessary cell death under
various stress conditions. The extent of
deacetylation of p53 by SIRT1 is con-
trolled by several factors, such as cellular
concentrations of its cofactor NAD� and
of its reaction product and negative
regulator, nicotinamide, which could con-
ceivably be generated from the action of
SIRT1 on other acetylated targets. One
possible explanation of this apparent
SIRT1/p53 dichotomy would be that cells
are capable of subtly exploiting the
interplay between these two enzymes
to tip the scales towards either tumour
suppression or life-span extension,[21] de-
pending on the type and level of stress
they are subjected to. Calorie restriction
is an example of a low-intensity stress
that is known to promote the survival and
longevity of diverse sirtuin-expressing
eukaryotes. In plants, phenolic secondary
metabolites are often generated in re-
sponse to various attacks and environ-
mental stresses. Certain plant phenols,
such as the stilbenes, chalcones and
flavones screened by Howitz et al. ,[11]


might very well participate in the
plant defence mechanism by activat-
ing sirtuins. Howitz et al.[11] had another
enlightening thought, that is, that
fungi and animals living in a symbiotic
relationship with plants could stimulate
their own sirtuins using plant-derived
phenolic activators. Structural studies
are now needed to understand how a
simple plant phenol like resveratrol (6)
can activate sirtuins, while counteracting
the effect of nicotinamide. The work
reported by Howitz et al.[11] consti-
tutes an important new testimony to the
biological significance of plant phenols,
not only as mere antioxidants, but
also as specific modulators of protein
functions. This work opens up a novel
avenue of investigation towards a better
understanding of age-related diseases
by using plant phenols as chemical
probes.


Scheme 2. Plant phenolic sirtuin-activating compounds (STACs). The framed figures are the ratios of the rate
of deacetylation of the p53 ± 382 RHKK(Ac) synthetic epitope by SIRT1 in the presence of NAD� and the plant
phenol to the control rate in the absence of the plant phenol.
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While we are waiting for the develop-
ment of ™longevity drugs∫, we should
learn from fungi, and indeed recommend
the intake of phenol-rich plant-derived
food. And yes! we can add a few glasses
of wine to our diet! In 1934, De¬sire¬ Cordier
(1858 ±1940), founder of the famous
Cordier wine trading house, organized
the first ™longevity festival∫ in Saint-Julien-
Beychevelle (Me¬doc, France), after having
noted that life expectancy in this wine-
producing area near Bordeaux was 45%
higher than the national average. All the
centenarians from the Me¬doc came to
celebrate wine as the ™elixir of life∫. . .


Keywords: biological activity ¥ enzymes
¥ longevity ¥ natural products ¥ poly-
phenols ¥ sirtuins
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The Molecular Mechanism of Membrane Proteins
Probed by Evanescent Infrared Waves
Rebecca M. Nyquist, Kenichi Ataka, and Joachim Heberle*[a]


The catalytic action of membrane proteins is vital to many cellular
processes. Yet the molecular mechanisms remain poorly under-
stood. We describe here the technique of evanescent infrared
difference spectroscopy as a tool to decipher the structural changes


associated with the enzymatic action of membrane proteins.
Functional changes as minute as the protonation state of
individual amino acid side chains can be observed and linked to
interactions with a ligand, agonist, effector, or redox partner.


1. Introduction


Many fundamental cellular processes such as transport, signal-
ing, adhesion, motility, and energy transduction involve integral
membrane proteins. The functional prominence of membrane
proteins renders them favored targets in pharmaceutical design
and warrants a thorough basic understanding of the way they
work at the molecular level. Understanding of the physiological
mechanism of a membrane protein emerges from structural
details about key intermediate steps of enzymatic action.
Progress has been impeded by difficulties in nearly every step,
from heterologous expression and isolation to crystallization
difficulties that arise from the constraints posed by their
amphiphilic character.[1] The advent of novel crystallization
methods targeted specifically at membrane proteins has spurred
success in their crystallography.[2±4] Yet, many of the important
structural changes associated with the catalytic mechanism,
such as protonation-state changes of individual amino acid side
chains, often remain unresolved in the crystallographic models.
Therefore, an alternative technique must be used in conjunction
with crystallography to gain information about the coordinated
involvement of particular residues and the chronological
sequence of steps spanning the protein mechanism. Infrared
difference spectroscopy is such a technique and, when inte-
grated with the use of evanescent radiation, provides unique
capabilities to reveal specific structural changes associated with
membrane-protein function. In the following sections, the
principles of this technique and its implementation are dis-
cussed.


2. Infrared Difference Spectroscopy


IR radiation absorbed by molecules excites oscillatory motions of
the nuclei. These excited vibrational motions of groups of atoms
are called vibrational modes. The frequency of a vibrational mode
depends on the mass of the atoms involved and the nature of
the bonds connecting them. The frequency of particular
vibrations is often modulated by minute changes in the
environment surrounding the group, lending acute sensitivity
to IR spectroscopy.


The examination of membrane proteins with infrared spec-
troscopy is a particularly exacting task, and surmounting the
various challenges has been a major accomplishment spanning
the past 20 years. Most membrane proteins contain sufficient
atoms to give rise to approximately 104 vibrational modes. In
addition to the modes arising from the peptide backbone and
the amino acid side chains, there can be contributions from
chromophores or cofactors as well as water, buffer, lipids, and
detergent molecules present in the sample. Ultimately, this is an
intractable number of overlapping vibrational bands that
complicates the process of extracting details about the role of
individual groups involved in the molecular mechanism. This
task is simplified by the use of difference spectroscopy (reviewed
in refs. [5 ± 8]), which examines the differences in absorbance
before and after inducing a perturbation that alters the state of
the protein, usually simulating part of the physiological reaction
that produces an intermediate state. This reaction alters a subset
of the total vibrations; only those vibrations altered in the
transition appear in the difference spectrum. Resulting changes
to the absorbance spectrum can be less than 0.1% of the total
absorbance.
Thus, IR difference spectra represent the molecular vibrations


of the protein that become altered in the transition between
states. Figure 1 schematically illustrates the shapes of difference
band features and how they arise from the absorbance spectra
of the individual states. A negative band in the difference
spectrum reflects a particular molecular vibration that is present
in the initial state but absent in the intermediate state due to
changes in either the chemical nature of that bond or its
environment. This scenario is exemplified in Figure 1A by the
deprotonation of a carboxylic acid group, from for example, an
aspartic or glutamic acid residue. The carbonyl stretch of the
protonated carboxylic acid disappears from the spectral region
shown upon deprotonation in the intermediate state. By
contrast, when the strength of a hydrogen bond is modulated,
the resulting spectral shapes resemble those shown in Figure 1B.
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Figure 1. The origin of IR difference spectral shapes for the transition from an
initial state to an intermediate state, exemplified by using a carboxylic acid
moiety, for example, from an aspartic or glutamic acid side chain. A) The
transition from initial to intermediate state can effect a deprotonation. In the
initial state of the protein (top), a distinctive peak arises from the absorbance of
the C�O stretching vibration of the protonated carboxylic acid side chain. In the
intermediate state of the protein (middle), the peak is absent. The resulting
difference spectrum (bottom) shows a negative band. B) The initial to inter-
mediate state transition can change the strength of the hydrogen bonds
engaging the carboxylic acid moiety without deprotonation taking place. In the
initial state of the protein (top), the distinctive peak arising from the absorbance
of the C�O stretch of the protonated carboxylic acid side chain occurs at a
particular frequency. In the intermediate state of the protein (middle), the peak is
shifted to another frequency (here to lower frequency due to stronger hydrogen
bonding). The resulting difference spectrum (bottom) is sinusoidal.


Often two or more processes are coupled, giving rise to more
complex shapes.
The IR difference spectrum contains information about


specific structural changes to individual residues of the protein.
In order to extract this information, the vibrational bands must
be identified. Although the IR difference spectrum is greatly
simplified compared with the absorbance spectrum, the assign-
ment of each feature in the spectrum is still a formidable task.
Some amino acid vibrations prove relatively easy to recognize.
Aspartic and glutamic acids, for example, have a C�O vibration
of the COOH side chain appearing in a region that is free of most
other overlapping bands.[9] For this reason, the identification of
key carboxylic acid amino acids receives marked attention in IR
protein studies. Tyrosine also has a rather distinctive vibrational
signature.[10] Other amino acids give rise to bands that are much
more difficult to identify. Histidine, for example, has bands that
are both overlapped by a wide variety of others and also weak in
intensity.
Often the location and role of an amino acid implicated in a


molecular mechanism can be identified by comparing the IR
difference spectra of a protein altered by site-directed muta-
genesis and the wild-type protein. When a putative active
residue of the protein is altered, the mutant's resulting IR
difference spectrum may show specific bands that vanish or shift
in comparison to the wild-type's IR difference spectrum. In ideal
cases, the shifted or vanished bands arise only from the targeted
side chain. In less than ideal cases, however, these also result
from changes to the overall protein structure caused by the
mutation. Such occurrences can be minimized through the use
of conservative mutations, that is, those that replace the native


amino acid with one whose side chain preserves as closely as
possible the properties of the original residue.
Another band assignment strategy is the use of isotopically


labeled amino acid side chains to identify bands that arise from
specific amino acids. Replacement of an atom in a molecule by
its isotope leads to a frequency shift of the vibrational modes
involving that atom. These frequency shifts can help discriminate
the bands through a comparison of difference spectra for
isotopically labeled and unlabeled protein. There are several
ways that isotopes can be introduced into proteins. The solvent-
accessible protons within a membrane protein can be changed
to deuterons by replacing the water in the sample with D2O. In
membrane proteins expressed in bacterial systems, all one type
of amino acid within the protein can be labeled with 13C or 15N by
raising the bacteria in growth medium enriched in the isotopi-
cally labeled amino acid.[11] The resulting protein then has each
occurrence of that amino acid isotopically labeled. In the IR
difference spectra, all bands due to that type of amino acid
become altered relative to the unlabeled spectra. Isotope
labeling and site-directed mutagenesis therefore often make a
powerful tool when combined. With all of one kind of amino acid
labeled throughout the protein, IR spectral shifts are observed
for certain features. When these same shifted features also
disappear in the difference spectrum of the mutant protein, the
bands can be attributed to the targeted residue. One example of
a successful use of this method is the identification the role of
two redox-active tyrosines in Photosystem II,[12, 13] a photosyn-
thetic protein. The combination of the global isotopic labeling of
tyrosines and the site-directed mutation of both the individual
tyrosines and neighboring amino acids hydrogen bonded to
them resulted in assignment of bands in the redox difference
spectrum.


3. The Advantages of Using Evanescent Waves


Most commonly, IR spectroscopy is performed in the trans-
mission configuration, in which the IR radiation passes directly
through the sample. Membrane protein samples require water
to be present, and the strong water absorbance obscures too
much of the IR spectrum. One way of circumventing this
problem is the application of the attenuated total reflection
(ATR) technique (Figure 2 left). When the IR radiation is passed
through an IR transmissive crystal material, called an internal
reflection element (IRE), at greater than the critical angle, it is
totally internally reflected. A sample applied to the surface of this
IRE receives IR radiation from evanescent (i.e. , slowly fading
away) waves generated at the interface between the (optically
denser) IRE and the (optically rarer) sample.[14] These evanescent
waves provide the IR energy to excite the vibrations of the
sample. The decay of the intensity of the wave is exponential.
The depth to which the evanescent waves penetrate the sample
is characterized by the distance at which the intensity has
decayed to 1/e :


dp�
��n1


2��sin2 �� �n2�n1�2�1�2
(1)
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Here dp�penetration depth, ��wavelength, n1� refraction
index of the IRE, n2� refraction index of the sample, and ��
angle of incidence. By using an angle of incidence of 45�, ZnSe or
diamond as IRE, and water as sample, a penetration depth of
1.6 �m is calculated from the above formula (�� 10�5 m). If the
physical dimensions of the IRE are chosen such that six internal
reflections are used, an effective path length of 10 �m results.
This is comparable to the path length of commonly used
transmission cells with the significant advantage that the path
length is always constant in ATR experiments.
The above description is rather simplifying, and the calcu-


lation is meant to provide the experimentalist with a practical
gauge. The physical basis of evanescent waves is far more
complex and hence beyond the scope of this article. For greater
detail surrounding the physical aspects of evanescent waves, the
reader is referred to excellent treatments of this topic.[14±16]


If a sample is enriched at the surface of the IRE, only the
sample material is probed by the evanescent wave, provided
sample thickness is larger than the penetration depth of
radiation (Figure 2 right). Sample enrichment is usually achieved
by gently drying a concentrated membrane suspension on the
surface of the IRE. Under appropriate conditions (ionic strength
and pH) the resulting film does not dissolve when rewetted with
an aqueous solution. Water penetrates in between the mem-
brane layers, swelling the stack.[17] This swelling process can be
monitored in situ, and therefore the point at which long-term
stability of the hydrated membrane stack is reached can be
verified. Other methods of achieving sample enrichment within
the evanescent wave are the use of self-assembled monolayers
(SAMs)[18] or covalent binding of the sample to the surface of the
IRE.[19]


ATR/FTIR has long been commonly used in material science
and industrial applications.[20±22] The technique is, however,
particularly well suited to resolving some of the difficulties
surrounding the examination of membrane proteins. The great
advantage of using evanescent waves lies in the reservoir of


aqueous buffer. This can be exchanged for another
solution of differing pH or chemical composition. This
possibility of perfusion exchange permits spectra of
the same sample to be recorded under a wide variety
of solution conditions. However, the exchange process
must not alter the protein concentration within the
penetration depth of the evanescent wave. The
sample must be prepared in such a way that it is
adhesive to the IRE and can withstand exchange of the
solution. Membrane proteins are naturally well suited
for adhesion to the IRE; some can be purified with
their natural lipids, facilitating their adhesion to the
IRE. Other membrane proteins are purified in deter-
gent, which does not adhere to the IRE. In such cases,
detergent can be removed or exchanged for lipid[23] in
order to make the protein sample adhesive to the IRE.


4. Applications


Evanescent-wave IR spectroscopy has been widely
used to estimate the secondary structure of mem-


brane proteins.[16] This is an old technique that has become a
standard in many cases. However, only in a few cases has ATR/
FTIR difference spectroscopy been employed to identify the role
of specific residues in the molecular mechanism of membrane
proteins. Summarized here are examples from four membrane
proteins for which key molecular mechanistic details have been
gathered from this technique.


4.1. Bacteriorhodopsin: A prototypical proton pump


Bacteriorhodopsin is a haloarcheal membrane protein that
absorbs photons and uses the energy to pump protons out of
the cytoplasm.[24] Under oxygen-poor environmental conditions,
the resulting electrochemical gradient is used for the synthesis of
ATP. Although several chief mechanistic details remain unre-
solved, bacteriorhodopsin is one of the best-understood mem-
brane protein. For this reason, it is regarded as a model for
proton pumps, photosynthetic proteins, and G-protein coupled
receptors. Bacteriorhodopsin (bR, Figure 3A) lends itself partic-
ularly well to evanescent-wave IR difference spectroscopy
because it is purified with its native membrane facilitating the
adherence to the surface of the IRE for recording IR difference
spectra of the catalytic reaction cycle with the ATR sampling
technique.[17] The physiological reaction of bR can be triggered
with a laser pulse and it is cyclic; this allows for techniques to be
applied that require repetitive excitation of the enzymatic
reaction. Although the number of IR photons is significantly
lower with reflection spectroscopy than in conventional trans-
mission spectroscopy, IR difference absorption spectroscopy can
still be performed with the ATR technique, even with a time
resolution as high as 5 �s, by the integration of step-scan
spectroscopy.[17] A clear-cut kinetic separation of the photocycle
intermediates of bR was achieved by the controlled variation of
the pH of the aqueous solution in which the sample had been
immersed.[25] The clean representation of the IR difference
spectrum of a specific intermediate without contributions from


Figure 2. The geometric configuration of the path of the infrared radiation through the
membrane protein sample. The IR beam is totally internally reflected through an internal
reflection element (IRE). The membrane protein sample rests on this IRE and has a different
index of refraction. This index of refraction mismatch results in some of the IR radiation
leaking into the sample as an evanescent wave. This evanescent-wave IR radiation is used to
excite the molecular vibrations of the membrane protein samples. A buffer solution bathing
the sample can be exchanged for one of different pH, ionic strength, or chemical composition.
The schematic enlargement illustrates the penetration of the evanescent wave, which decays
exponentially from the surface of the IRE. The protein film (green) is generally much thicker
than the penetration depth of the evanescent wave (fading orange), and consequently, the
wave does not extend into the buffer solution (blue) bathing the sample, thereby avoiding the
problem of strong absorption of water.
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other intermediates is crucial for the assignment of vibrational
changes to certain reaction steps. Single proton transfer events
can be deciphered from the carbonyl region (Figure 3B) along
with their temporal sequence as determined by time-resolved
experiments. These results complement those obtained with the
conventional transmission technique,[26, 26] especially in the
ground-breaking experiments performed by the Gerwert
group.[28]


The pKa of amino acid side chains is assessed by pH-induced IR
difference spectroscopy in the ATR mode.[29, 30] Moreover, time-
resolved ATR/FTIR spectroscopy at various pH values leads to the
quantitative determination of the dynamic change in pKa of the
critical aspartatic acid, D96.[31] The apparent pKa of the carboxylic
side chain has been shown to decrease from an apparent pKa of
greater than 11 in the initial state of bR[29] to 7.1 in the N state.[31]


This parameter represents the basis for the understanding of
unidirectional proton transfer within a protein, and the advan-
tages offered by evanescent wave IR spectroscopy make this
quantitative information possible.


4.2. Cytochrome c oxidase: A respiratory protein


Cytochrome c oxidase is the terminal enzyme in the respiratory
chain of mitochondria and many bacteria.[32] It catalyzes the
conversion of dioxygen to water and, in so doing, transfers four
electrons from four reduced cytochrome c molecules, consumes
four protons for the chemical conversion of each dioxygen
molecule, and pumps four additional protons across the
membrane. The net movement of charge contributes to the
electrochemical gradient that is used to fuel ATP synthesis. A


team of heme and copper cofactors and a series
of conserved amino acids coordinate the trans-
fer of electrons, pumping of protons, and the
reduction of dioxygen. A schematic of the
catalytic reactions is shown in Figure 4A with
the crystallographic model of cytochrome c
oxidase from Rhodobacter sphaeroides. Evanes-
cent-wave IR difference spectroscopy has been
used to observe structural changes occurring in
transitions between three different states
termed R4, PM, and F and the fully oxidized
state O. These three intermediate states have
been created by chemical composition changes
of the aqueous buffer. We will focus here again
on the protonation reactions occurring during
electron transfer. An examination of the carbon-
yl region is given in Figure 4B. In this region,
only vibrations of protonated carboxylic acids
appear; this allows the role of a key glutamic
acid E286 to be elucidated. It was demonstrated
that this residue is protonated in both R4 and O
states and undergoes a change of hydrogen
bonding in the transition.[33] In addition, it
emerges from the difference spectra that the
E286 side chain is deprotonated in PM and


Figure 4. A) Schematic of the respiratory membrane cytochrome c oxidase from
Rhodobacter sphaeroides (PDB entry: 1M56) depicting some of the most
essential elements of the enzymatic machinery. These elements include three
copper atoms (two CuA and one CuB), and two heme cofactors (heme a and
heme a3). The catalytic task of this enzyme is the four-electron reduction of
molecular oxygen to water. Electrons are passed from cytochrome c from the
periplasmic side to the protein active site by the pathway shown in red arrows.
Four protons are taken up from the opposite side of the membrane (green arrow)
and another four protons are translocated across the whole protein (light blue
arrow). Together heme a3 and CuB form the active site, where molecular oxygen is
bound and chemically converted to water. The residue E286 is close to this
binuclear center and is involved in proton transfer to this site. B) ATR/FTIR
difference spectra in the carbonyl region for different states of cytochrome c
oxidase showing the R4�O (red trace), PM�O (blue trace), and F�O (green
trace) differences. The dashed line indicates the frequency of the C�O stretching
vibration of the carboxylic acid side chain of E286.


Figure 3. A) Crystallographic model of the three-dimensional structure of bacteriorhodopsin (PDB
entry : 1C3W). The green arrows denote proton-transfer reactions taking place between particular
amino acids and the retinal. The circled numbers indicate the sequence of the proton-transfer steps.
B) Time-resolved ATR/FTIR difference spectra in the carbonyl region of the photoreaction of
bacteriorhodopsin. The difference spectra of the respective intermediate states (L, M, N, and O versus
bR) were recorded under different environmental conditions to obtain clean difference spectra without
contributions from other intermediate states (see ref. [25] for further details). The band assignment
(dashed lines) illustrates the transient acid/base reactions of particular amino acids along with the
environmental changes in the vicinity of the respective carboxylic acid. Negative bands are due to the
deprotonation of an aspartic acid whereas protonation is indicated by a positive band.







Evanescent-Wave Infrared Spectroscopy of Membrane Proteins


ChemBioChem 2004, 3, 431 ± 436 www.chembiochem.org ¹ 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 435


unchanged, that is, remains protonated, in F.[34] Direct observa-
tion of such structural details about this key residue is only
possible with the ATR/FTIR technique.


4.3. Examples from receptors: Rhodopsin and nAChR


We turn now from proteins that fuel metabolism to one whose
role is processing information. Rhodopsin is a member of the
family of G-protein coupled receptors (GPRCs), membrane
proteins composed of seven transmembrane helices that
participate in numerous signaling pathways.[35] Rhodopsin is
regarded as a prototypical GPRC and it is the only one for which
a highly resolved crystallographic model exists.[36] Rhodopsin's
light-driven stimulus via its retinal chromophore makes it similar
to bR. In contrast, however, rhodopsin's catalytic task is not
creating an electrochemical gradient but rather activating the
cognate cytosolic G protein transducin. The absorption of light
induces structural changes in rhodopsin such that it is capable of
interacting with transducin. One of the specific changes,
protonation of a highly conserved carboxylic acid residue in
the cytoplasmic domain of helix III, has been elucidated by
evanescent-wave IR difference spectroscopy.[37, 38] IR difference
spectra for the light-activated catalytic cycle were compared in
the presence and absence of transducin. A comparison of the
transducin-mediated changes for the wild-type and mutants of
this glutamic acid residue, E134 in bovine rhodopsin, revealed
that the protonation of this residue is critical to the binding of
transducin to the activated form of rhodopsin (the MII state).
Another avenue to understanding the molecular mechanism


of a membrane protein is examining aspects of the structural
changes caused by inhibitors. Evanescent-wave IR difference
spectroscopy was used to examine the molecular basis of the
inhibition of suramin on rhodopsin.[39] Comparison of the IR
difference spectra for rhodopsin's light-activated catalytic cycle
in the absence and presence of suramin revealed that suramin
does not alter the structure of rhodopsin in its intermediate
states. Rather, the spectra indicate that suramin's mode of
inhibition occurs through a decrease of transducin's membrane
affinity, and thereby a decrease in transducin binding to
rhodopsin.
Acetylcholine receptor (AChR) proteins are a family of ligand-


gated ion channels that perform a central role in signal
transduction across postsynaptic membranes.[40] Binding of the
neurotransmitter acetylcholine causes a channel formed by the
five-subunit receptor to open; this results in the influx of specific
ions, usually cations, and thereby in a rapid change in the
electrical and secondarily metabolic state of the cell. Nicotine is a
potent agonist for nicotinic AChRs (nAChRs), that is, it has the
same action as acetylcholine. In the absence of a bound ligand,
the receptor can undergo a transition from its normal resting
state to a desensitized state in which ligand-binding affinity is
drastically reduced. Evanescent-wave IR difference spectroscopy
has been used to try to link this resting-to-desensitized transition
to a molecular mechanism by using a variety of ligands and lipid
environments.[41] Key band features of these evanescent-wave IR
difference spectra have demonstrated the involvement of
tyrosine, glutamic or aspartic acid, and tryptophane side


chains.[42] The results have led to a detailed model of the
structural changes that modulate ligand affinities.[41] In the
absence of a crystal structure, the evanescent-wave IR difference
spectra have provided a considerable amount of structural
information. In addition, the technique has also provided
clinically relevant informational about the interactions of nAChR
with local anesthetics.[43]


5. Outlook


Evanescent-wave IR difference spectroscopy is a means of
deducing the role of individual amino acids in the molecular
mechanism of membrane proteins. This technique shows
applicability for broader use in all classes of membrane proteins.
One of the major benefits of using this technique is the ease with
which it can be coupled to other techniques. Evanescent-wave IR
spectroscopy can be used in combination with electrochemical
and rapid-mixing methods.
Surface-enhanced spectroscopy, one of the next logical


advances in ATR methodology,[44] can be used to probe proteins
on the level of a single monolayer. For this purpose, we have
recently developed SEIDA (surface-enhanced infrared difference
absorption) spectroscopy and detected electrochemically in-
duced changes in a cytochrome c monolayer adsorbed onto a
modified gold surface.[45] Gold can be functionalized by standard
techniques to covalently attach virtually any protein to the metal
surface. SEIDA spectroscopy represents a nanotechnological
approach towards the investigation of single native membranes
and the molecular changes of their constituents upon an
external trigger. Even time-resolved experiments on protein
monolayers, as provided by step-scan spectroscopy, are possible
as recently performed in our laboratory.[46]


Keywords: attenuated total reflection spectroscopy ¥ bacterio-
rhodopsin ¥ cytochrome c oxidase ¥ IR spectroscopy ¥ mem-
brane proteins ¥ reaction mechanisms
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Loading of the Antigen-Presenting Protein
CD1d with Synthetic Glycolipids
Fredrik K. Wallner,[a] Liying Chen,[b] Annalena Moliner,[b] Mikael Jondal,[b] and
Mikael Elofsson*[a]


Introduction


Presentation of peptide antigens by major histocompatibility
complex (MHC) molecules and subsequent T cell activation are
fundamental and well-studied mechanisms of our immune
system.[1] Recent findings have made it clear that T cells also
recognize and respond to lipids and glycolipids in a specific
manner.[2,3] These nonpeptide antigens are presented by mon-
omorphic CD1 molecules, an enigmatic class of antigen-pre-
senting proteins that provide a unique solution to the chal-
lenge of displaying lipid antigens.[2,3] In humans there are two
groups of CD1 proteins, according to amino acid sequence ho-
mology. Group 1 consists of CD1a±c and group 2 of CD1d.[2,3]


CD1e is intermediate between the group 1 and 2 CD1 proteins
in terms of its homology and has not been studied extensive-
ly.[2] In mice, no homologues to group 1 CD1 molecules have
been found but CD1d proteins are expressed.[2,3]


Although few lipid and glycolipid antigens have been identi-
fied, it is clear that CD1 proteins have the capacity to present
both mammalian and microbial antigens, with resulting differ-
ent types of T cell responses.[2, 3] Group 1 CD1 proteins present
mycobacterial lipids and glycolipids for the generation of di-
verse, CD1-restricted T cell responses. Among these antigens,
structurally defined glycophospholipids[4,5] and mycolic acids
and their glucose derivatives[6] have been identified. Some
mammalian glycolipids like gangliosides[7] and sulfatide[8] have
also been identified as group 1 CD1-presented antigens. For
group 2 CD1 proteins, that is, CD1d, an a-galactosylated cer-
amide from a marine sponge is the best-studied antigen.[9] In-
jection of a-galactosylceramide (a-GalCer) into mice activates a
special population of NKT cells that express an invariant set of
T cell receptors.[9] This response generates a cascade of cyto-


kines, including IFN-g, which can completely eradicate some
tumors.[10] However, it is not clear what antigens CD1d normal-
ly presents.
The crystal structures of mouse CD1d[11] and human CD1b[12]


provide information on how CD1 proteins present lipid and
glycolipid antigens. The mCD1d structure shows a narrow hy-
drophobic groove with two deep pockets lined almost entirely
with nonpolar or hydrophobic amino acid side chains. This, to-
gether with the ligands found to bind CD1d and CD1b, indi-
cates a binding mode where a double-chained lipid inserts its
alkyl tails into the two pockets, while leaving the polar head
exposed for T cell recognition. The crystal structures of the
human CD1b protein in complex with glycolipids demonstrate
more flexibility in the binding mode with the possibility for a
third alkyl chain or accommodation of very long alkyl chains.
Although some studies have shed light on the CD1-restrict-


ed immune response, the limited number of known immuno-
logically active lipids and glycolipids restricts the possibilities
to fully explore the antigenic repertoire of CD1 and establish
the range of CD1-restricted immune responses.[2,3] Further-
more, with the exception of a-galactosylceramide,[13] the po-


CD1 proteins present mammalian and microbial lipid and glyco-
lipid antigens to different subsets of T cells. Few such antigens
have been identified and the binding of these to CD1 molecules
has mainly been studied by using responding T cells in cellular
assays or recombinant solid-phase CD1 proteins. In the present
study we use four different glycolipids, some of which contain
tumor-associated carbohydrate antigens, to develop a procedure
to easily detect binding of glycolipids to CD1 proteins on viable
cells. Two of these glycolipids are novel glycoconjugates contain-
ing a-d-N-acetylgalactosamine (a-GalNAc) that were prepared
by a combined solution and solid-phase approach. The key step,
a Fischer glycosylation of 9-fluorenylmethoxycarbonylaminoetha-
nol with GalNAc, furnished the a-glycoside 4 in 34% yield. Cells


were incubated with glycolipids and stained with monoclonal an-
tibodies specific for the carbohydrate part. The level of glycolipid
bound to cells was then determined by flow cytometry with a
secondary antibody labeled with fluorescein isothiocyanate. All
four glycolipids were found to bind to CD1d but with different se-
lectivity. The loading was dose dependent and could be inhibited
by an established CD1d ligand, a-galactosylceramide. Through
use of this procedure, glycolipids were selectively loaded onto
CD1d expressed on professional antigen-presenting cells for
future use as cellular vaccines. Moreover, the glycolipids described
in this study represent novel CD1d-binding ligands that will be
useful derivatives in the study of CD1d-dependent immune re-
sponses, for example, against tumors.
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tential for immune intervention with CD1-binding lipids and
glycolipids has not been explored. So far, most of the assays
for measuring ligand binding to CD1 proteins have been T cell
dependent, a method that makes it difficult to distinguish spe-
cific binding to the CD1 molecule from unspecific cellular bind-
ing based on hydrophobic interactions. Moreover, the failure
of an antigen to activate T cells cannot be attributed to loss of
critical interactions with the T cell receptor since reduced or
abolished CD1 binding can be the underlying reason. Direct
binding of lipids and glycolipids to soluble or immobilized CD1
molecules has been investigated in the absence of T cells by
using surface plasmon resonance analysis. This method offers
an alternative way of measuring CD1 binding in a cell-free en-
vironment.[14,15]


In this paper we describe a combined solution and solid-
phase synthesis of lipids carrying the immunologically relevant
saccharide a-d-N-acetylgalactosamine (a-GalNAc), with a re-
vised Fischer glycosylation as a key step in the synthesis. The
resulting a-GalNAc glycolipids and two previously described
lipids bearing tumor-associated carbohydrate antigens have
been used in the detection of binding to CD1d on viable cells.
The method relies on carbohydrate-specific monoclonal anti-
bodies for the detection of cell-bound glycolipids by flow cy-
tometry. In addition, new CD1d-binding structures were identi-
fied by using this strategy.


Results and Discussion


Synthesis of glycolipids


In order to study the binding of glycolipids to living cells that
display a wide variety of carbohydrate epitopes, glycolipids
with carbohydrate motifs not existing on normal cells were
needed. Preferably, such carbohydrate motifs should be immu-
nologically relevant and structural modifications through
chemical synthesis should be straightforward. GalNAc is a
common carbohydrate building block present in numerous
glycoconjugates. However, with the exception of the determi-
nant for blood group A, elevated levels of terminal a-GalNAc
monosaccharides are associated with malignancies, predomi-
nantly cancer, where this epitope is present both in glycolipid
and glycoprotein form.[16,17] Single a-GalNAc units attached to
Ser or Thr constitute the smallest tumor-associated carbohy-
drate antigens identified on mammalian cells.[17] Moreover, the
monosaccharide is commercially available and the chemistry
of this important carbohydrate is well studied,[18] thus making
this epitope a suitable candidate for this project. In order to
make sure that the saccharide protrudes from the CD1 protein,
aminoethanol was used as a spacer between the sugar and
the lipid. Two commercially available fatty acids, 2-(n-hexadec-
yl)-stearic acid and palmitic acid, were then attached to the
spacer through an amide bond to result in the two a-GalNAc
glycolipids 1 and 2. The 2-(n-hexadecyl)-stearic acid is an ana-
logue of the mycolic acids,[19] a class of microbial lipids known
to bind CD1 proteins.[6] The combined solution and solid-
phase synthesis of the two a-GalNAc-containing lipids 1 and 2
is summarized in Scheme 1.


a-Aminoethylglycosides of GalNAc have previously been
prepared through Fischer glycosylation with azidoethanol or
chloroethanol.[20,21] The sugar hydroxy groups are then protect-


Scheme 1. Combined solution and solid-phase synthesis of the single- and
double-chain a-GalNAc glycolipids 1 and 2. Reagents and conditions: a) N-
Fmoc-aminoethanol, boron trifluoride etherate, THF, reflux, 19 h; b) resin,
DMAP, dichloromethane, reflux, 24 h; c) 20% piperidine in DMF; d) 2-(n-hexa-
decyl)-stearic acid or palmitic acid, DIC, HOAt; e) 5% TFA in CH2Cl2. Fmoc=9-
fluorenylmethoxycarbonyl, THF= tetrahydrofuran, DMAP=4-dimethylaminopyr-
idine, DIC=diisopropylcarbodiimide, HOAt=1-hydroxy-7-azabenzotriazole,
TFA= trifluoroacetic acid.
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ed and in the case of chloroethanol the chlorine atom is sub-
stituted with an azide moiety. Finally the azide moiety is re-
duced to give the O-protected aminoethylglycoside. In a typi-
cal Fischer glycosylation the thermodynamically most stable
glycoside is formed by acid-catalyzed acetal formation with
the accepting alcohol as solvent.[22] This protocol is excellent
for glycosylations of simple alcohols, while in the case of
GalNAc more complex acceptors are generally glycosylated
with a 2-deoxy-2-azido-galactose donor to give the corre-
sponding a-glycoside.[18] Our aim was to use the Fischer glyco-
sylation protocol with more complex and crystalline acceptors,
for example, Fmoc-protected amino alcohols, in modest
excess, by using a suitable aprotic solvent. We found that the
reaction of five equivalents of the Fmoc-protected aminoetha-
nol with GalNAc (3) in the presence of four equivalents of
boron trifluoride etherate in refluxing THF for 19 h gave the
desired a-glycoside 4 in 34% yield (Scheme 1). Thus, the
spacer glycoside 4 can be assembled in one step from com-
mercially available starting materials in a preparatively useful
yield.
The first attempts to prepare glycolipids 1 and 2 were per-


formed in solution. Removal of the Fmoc group from 4 was
facile but the coupling of 2-(n-hexadecyl)-stearic acid to the
primary amine turned out to be sluggish. The problems most
likely originated from the large difference in polarity and
hence solubility between the amine and the fatty acid. Our
focus was then directed towards a combined solution and
solid-phase approach (Scheme 1). The spacer glycoside 4 was
attached to a polystyrene support functionalized with 2-chloro-
trityl chloride by using DMAP in dichloromethane, to give resin
5 with a loading of 0.2 mmolg�1 according to Fmoc quantifica-
tion. The linkage to the solid support most likely occurs
through the primary 6-hydroxy group of the GalNAc moiety.
Removal of the Fmoc group with piperidine in DMF gave the
resin-bound amino glycoside 6. Amine 6 was acylated with
palmitic acid or 2-(n-hexadecyl)-stearic acid by using DIC and
HOAt, to furnish the resin-bound glycolipids 7 and 8. Using a
large excess of the acids and monitoring the reaction with bro-
mophenol blue ensured quantitative yields in the acylations.
Cleavage of the glycoplipids with TFA in dichloromethane, fol-
lowed by flash chromatography, gave glycolipid 1 in 75% and
2 in 66% yield, based on the resin-bound Fmoc-protected
amine 5 (Scheme 1). In conclusion, we have developed a very
short and straightforward combined solution and solid-phase
method to prepare GalNAc-based glycolipids. The method can
be used to prepare a wide variety of glycolipids with different
saccharides, spacers, and lipids. In parallel to our study, a simi-
lar approach was employed in the preparation of glycolipid
organo- and hydrogelators.[23]


Loading CD1d on living cells with glycolipids


The a-GalNAc-bearing lipids 1 and 2 were used in the develop-
ment of a CD1-binding assay with living cells, together with
two previously synthesized glycolipids. Glycolipid 9[24] is a
lactam derivative of the ganglioside GM3[17] and glycolipid


10[25] is constructed from the disaccharide galabiose, which is
part of a tumor-associated antigen in Burkitt's lymphoma,[26]


and a nonnatural bis-sulfone lipid. The CD1-restricted antigens
that have been identified so far indicate that CD1 proteins can
accept considerable variation in both the lipid and carbohy-
drate structure (see ref. [2]). However, only a small number of
structurally defined antigens have been identified and compa-
rative studies of the binding of different glycolipids to CD1
molecules on cells have not been carried out. Thus, our set of
glycolipids addresses the impact of different lipid and carbohy-
drate structures on the binding to CD1 proteins as well as non-
specific binding or incorporation into the cell membrane. Cells
were incubated with glycolipids in 5% dimethylsulfoxide
(DMSO) buffer solution, washed, and incubated with monoclo-
nal antibodies specific for the carbohydrate structures. Subse-
quently the presence of glycolipids on the cells was analyzed
by flow cytometry by using a fluorescein isothiocyanate (FITC)
labeled secondary antibody and fluorescence-activated cell
sorting (FACS).
As a first step, a dose-response relationship in the binding


of the galabiose glycolipid 10 to EL-4 cells was established
(Figure 1). Loading of EL-4 cells was then examined for all four
glycolipids, 1, 2, 9, and 10 (Figure 2). To be able to estimate
nonspecific binding and CD1-unrelated incorporation into the
cell membrane, loading experiments were also carried out with
EL-4 b2-microglobulin-knockout cells. These cells lack all b2-mi-
croglobulin-associated proteins including the CD1 molecules.
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Cells were also stained with anti-CD1d antibodies to verify the
presence or absence of CD1d (Figure 2). All glycolipids resulted
in significantly higher loading of wild-type EL-4 cells compared
to EL-4 b2-microglobulin-knockout cells (Figure 2), a result indi-
cating that the loading is dependent on the CD1 proteins. In
a control experiment, the a-(2-acetamidoethyl)glycoside of
GalNAc, that is, an analogue to glycolipid 1 and 2 that carries
an acetyl group instead of a fatty acid, failed to load EL-4 and
EL-4 b2-microglobulin-knockout cells (data not shown). Thus,
the lipid parts of 1 and 2 are required for CD1d-dependent
loading of the cells. Interestingly, the highest selectivity for
CD1-dependent loading was obtained with the single-chain
glycolipid 1. Investigations of CD1d presentation of a-GalCer
derivatives and subsequent activation of NKT cells have also
shown that a single-chain glycolipid is capable of binding


CD1d and that the complex could activate NKT cells.[27] CD1c-
restricted T cell activation by single-chain isoprenoid glycoli-
pids from Mycobacterium tuberculosis was recently described.[4]


However, a glucose monomycolate analogue that possesses a
single acyl chain did not bind to CD1b in an experiment that
used surface plasmon resonance analysis.[14] The ceramide-
based glycolipid 9 gave a relatively high unspecific binding,
presumably due to the ability of this lipid, which naturally
occurs on mammalian cells, to bind directly to the cell mem-
brane. CD1b-restricted recognition of endogenous ganglio-
sides, that is, glycosylceramides containing sialic acid, has been
reported.[7] The carbohydrate-specific antibodies did not cross-
react with any epitopes present on the EL-4 cells (data not
shown). Importantly, these experiments also indicate that the
carbohydrate epitopes are exposed and accessible to the mon-
oclonal antibodies. The complex between the galabiose lipid
10 and CD1d is stable, since overnight incubation of the
washed cells in buffer at 37 8C did not significantly affect the
FACS result (data not shown). To further establish the CD1
selectivity, blocking experiments with the known CD1d ligand
a-GalCer[9] were performed. Cells preincubated with a-GalCer
in a suitable vehicle showed a lower loading of the glycolipid
2 and the inhibitory effect proved to be dose dependent
(Figure 3). The vehicle alone did not inhibit the loading of gly-
colipid 2 (data not shown). These results indicate that glycoli-
pid 2 binds to CD1d in the same manner as a-GalCer, that is,
by specific interactions with the CD1d protein.


Figure 2. Selective glycolipid loading of CD1d-positive EL4 cells. EL4 cells (black
bars) and b2-microglobulin �/� EL4 cells (gray bars) were incubated with
A) glycolipid 1 and 2, B) glycolipid 9, and C) glycolipid 10 (50 mgmL�1 of each)
as described in the Experimental Section. The expression of CD1d was meas-
ured by using an anti-CD1d antibody (bars labeled CD1d in A). Cells were
stained with the corresponding anticarbohydrate monoclonal antibodies after
loading and the MFI was measured as described in the legend to Figure 1.


Figure 1. Dose-dependent binding of glycolipid 10 to EL4 cells. EL4 cells were
incubated with different doses of glycolipid 10 (5, 50, and 500 mgmL�1) in a
phosphate-buffered saline (PBS) buffer containing 5% DMSO at 26 8C for 2 h,
followed by washing. Cells were then stained with the mouse monoclonal anti-
body MC2102, which recognizes galabiose, and with a secondary FITC-labeled
F(ab’)2 antimouse antibody, as described in the Experimental Section. A) The
mean fluorescence intensity (MFI) was measured with flow cytometry by using
FACS. B) FACS curves for different concentration of glycolipid 10 in PBS buffer
with 5% DMSO. Filled orange: 0; blue: 5; green: 50; red: 500 mgmL�1.
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The synthetic glycolipids employed in this study all have the
potential to be used for immune intervention since they carry
immunologically relevant carbohydrate antigens. It has been
observed that strong immune responses can be obtained if
dendritic cells (DCs) preloaded with glycolipid antigen are in-
jected into mice.[28] DCs are highly specialized antigen-present-
ing molecules that constitute a corner stone in our immune
system.[29] DCs from B6 and B6-CD1d-knockout mice were
loaded with glycolipid 2 as described for the EL-4 cells. Again,
highly selective binding was observed in the wild-type cells in
contrast to the results with the knockout cells (Figure 4). Im-


portantly, this experiment rules out glycolipid binding to other
b2-microglobulin-associated proteins than CD1d, since these
DCs originate from CD1d-knockout mice.
The CD1 proteins clearly have a role in innate and adaptive


immune responses but the true nature of this role is presently
not clear. A number of mammalian and microbial antigens
have been found to bind to class 1 CD1 proteins and to acti-


vate classical CD1-restricted and diverse T cell responses, but
for CD1d no natural lipid or glycolipid antigen has been identi-
fied. Even though a-GalCer has aided the study of the role of
CD1d in the generation of an immediate, innate type of
immune response, mediated by invariant NKT cells, it remains
unclear which glycolipid antigens CD1d normally presents. As
tumor-associated carbohydrate antigens can appear as a con-
sequence of the truncation of carbohydrate chains in glycoli-
pids, such structures could be potential endogenous ligands
for CD1d and important for the immune surveillance against
cancer. Furthermore, the possibility for cross-talk between the
innate and adaptive immune systems and activation of one of
the systems by MHC- or CD1-restricted T cell recognition is
poorly understood. Interestingly, it was found that immuniza-
tion of mice with a class I MHC-binding peptide carrying the
galabiose antigen (see 10) generated T cells, of which the gd


population could lyse cells loaded with glycolipid 10 in an
MHC-unrestricted manner.[30] A strategy based on immuniza-
tions with tumor-associated carbohydrate antigens bound to
different carrier molecules, such as MHC-binding peptides,
CD1-binding lipids, or proteins activating helper T cells, might
thus allow the selective activation of different effector mecha-
nisms in the immune system with distinct antitumor effects.


Conclusion


A short and straightforward combined solution and solid-
phase synthesis of a-GalNAc-bearing glycolipids was devel-
oped and single- and double-chain a-GalNAc lipids were pre-
pared. The protocol allows incorporation of different saccha-
rides, spacers, and alkyl chains and can easily be adopted for
parallel synthesis of glycolipid libraries. The capacity of these
and two other lipids carrying carbohydrate tumor-associated
antigens to bind selectively to CD1d on viable cells was tested
with a new rapid procedure that uses monoclonal antibodies
against the carbohydrate epitopes to measure cell binding of
the glycolipids by flow cytometry. All tested glycolipids
showed CD1d-selective binding on the EL-4 cell line as well as
on professional antigen-presenting cells, DCs. The fact that
DCs can be selectively loaded with glycolipids in a controlled
manner is promising, since injection of a-GalCer-treated DCs
has been shown to be more effective in generating an
immune response than direct injection of the glycolipid. In
contrast to methods relying on Tcell activation, the use of
monoclonal antibodies allows detection of CD1-specific, as
well as -unspecific, binding. However, the two different proce-
dures are complementary, as the present method detects bind-
ing to CD1 proteins and the assay of T cell activation estab-
lishes the immunogenicity of the particular glycolipid. More-
over, the lipid parts of glycoconjugates 1, 2, and 10 represent
novel lipid structures capable of binding CD1d. These lipids
can be used to construct CD1-binding molecules, a step to-
wards the ultimate goal of being able to modulate CD1-
restricted immune responses in vivo. The immunogenicity of
conjugates constructed with these lipids and which type of
T cell response they might generate remains to be established.


Figure 3. a-GalCer competition for CD1d presentation of glycolipid 2. EL4 cells
were first incubated with different doses of a-GalCer, then washed and further
incubated with glycolipid 2 (10 mgmL�1). Treated cells were washed and stained
for a-GalNAc expression as described in the legend to Figure 1.


Figure 4. Dose-response data for glycolipid 2 binding to dendritic cells. Imma-
ture dendritic cells from B6 (black bars) and CD1d �/� B6 (gray bars) mice
were incubated with different doses of glycolipid 2. This was followed by
washing and staining for a-GalNAc expression as described in the legend to
Figure 1.
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Experimental Section


General chemistry : Dichloromethane was distilled from calcium
hydride and THF from potassium. Solvent mixtures are reported as
v/v ratios. TLC was run on silica gel 60 F254 (Merck) and the spots
were detected in UV light and stained with 10% aq. H2SO4 and
heat. Silica gel (Matrex, 60 ä, 35±70 mm, Grace Amicon) and sol-
vents of analytical grade were used for flash column chromatogra-
phy. The NMR spectra were recorded on a Bruker DRX-400 spec-
trometer with [D6]DMSO or [D5]pyridine as solvents; residual DMSO
(dH=2.50 ppm; dC=39.51 ppm) and pyridine (dH=8.74 ppm; dC=
150.35 ppm) were used as the internal standards. Chemical shifts
and coupling constants were determined from one-dimensional
spectra; assignments were made by using COSY and HETCOR ex-
periments as well as the one-dimensional spectra. Positive fast-
atom-bombardment mass spectra were recorded on a Jeol
SX102A mass spectrometer. Ions were produced by a beam of
Xenon atoms (6 keV).


N-(Fluoren-9-ylmethoxycarbonyl)-O-(N-acetyl-2-amino-2-deoxy-
a-d-galactopyranosyl)-2-aminoethanol (4): Boron trifluoride dieth-
yl ether complex (0.11 mL, 0.88 mmol) was added to a mixture of
N-acetyl-2-amino-2-deoxygalactose 3 (50 mg, 0.22 mmol) and N-
Fmoc-aminoethanol (339 mg, 1.19 mmol) in THF (2 mL). The result-
ing solution was heated under reflux conditions for 19 h, the mix-
ture was allowed to cool to room temperature, the solvents were
evaporated, and the residue was concentrated in vacuo. After chro-
matography (SiO2, dichloromethane/MeOH (10:1!5:1) and tolu-
ene/MeOH (3:1)), 4 (36.8 mg, 34% yield) was obtained: 1H NMR
([D6]DMSO): d=7.89 (d, 2H, J=7.5 Hz; Fmoc), 7.68 (d, 2H, J=
7.4 Hz; Fmoc), 7.53 (d, 1H, J=8.9 Hz; NHAc), 7.41 (t, 2H, J=7.4 Hz;
Fmoc), 7.37±7.28 (m, 3H; Fmoc, NHFmoc), 4.61 (d, 1H, J=3.5 Hz;
H-1), 4.60±4.47 (m, 2H; OH-6 OH-4), 4.41 (br s, 1H; OH-3), 4.37±4.26
(m, 2H; Fmoc), 4.26±4.17 (m, 1H; Fmoc), 4.12±4.02 (m, 1H; H-2),
3.72 (br s, 1H; H-4), 3.67±3.42 (m, 5H; H-3, H-5, H-6, H-6’,
OCHHCH2N), 3.28±3.04 (m, 3H; OCHHCH2N), 1.83 (s, 3H;
COCH3) ppm; 13C NMR ([D6]DMSO): d=169.6, 156.2, 143.9, 143.8,
140.7, 127.6, 127.0, 125.1, 120.1, 97.8, 71.4, 68.2, 67.8, 66.6, 65.4,
60.7, 49.5, 46.7, 22.7 ppm; HRMS (FAB): m/z calcd for C25H30N2NaO8:
509.1900 [M+Na]+ ; found: 509.1913.


Resin 5 : The spacer glycoside 4 (48 mg, 0.099 mmol), polystyrene
functionalized with 2-chlorotrityl chloride (1% cross-linked poly-
(styrene-co-divinylbenzene), 75±150 mm, 100±200 mesh, 204 mg,
0.20 mmol), and 4-dimethylaminopyridine (14 mg, 0.12 mmol) were
dissolved/swelled in dichloromethane (3 mL). The mixture was stir-
red slowly under reflux conditions for 24 h. MeOH (2 mL) was
added and the resin was filtered and washed with dichlorome-
thane/MeOH (1:1, 3î4 mL). After drying under a high vacuum,
resin 5 (221 mg) was obtained with a loading of 0.22 mmolg�1 ac-
cording to Fmoc determination.[31]


N-palmitoyl-O-(N-acetyl-2-amino-2-deoxy-a-d-galactopyranosyl)-
2-aminoethanol (1): Piperidine (20% in DMF, 2 mL) was added to
resin 5 (95 mg, 0.021 mmol) and the mixture was shaken at room
temperature for 10 min. The resin was filtered, piperidine (20% in
DMF, 2 mL) was added, and the mixture was shaken for 2 h 15 min.
The resin was filtered and washed with DMF and dichloromethane
(3î4 mL each). Palmitic acid (36 mg, 0.14 mmol) and 1-hydroxy-
7-azabenzotriazole (12 mg, 0.087 mmol) were dissolved in di-
chloromethane (2.5 mL) and 1,3-diisopropylcarbodiimide (13 mL,
0.083 mmol) was added. The solution was stirred at room tempera-
ture for 20 min and added to the resin, followed by bromophenol
blue (2 mm in DMF, 10 mL). The mixture was shaken at room tem-
perature for 22 h 30 min, the solvent was filtered off, and the resin


was washed with dichloromethane, DMF, and dichloromethane/
MeOH (1:1; 3î4 mL of each). TFA (5% in dichloromethane, 2 mL)
was added to the resin and the mixture was left at room tempera-
ture for 30 min. The resin was washed with TFA (5% in dichloro-
methane, 2 mL), dichloromethane (3î4 mL), and dichloromethane/
MeOH (1:1, 4î4 mL). The combined filtrates were evaporated and
concentrated in vacuo, to yield crude product (11 mg). After chro-
matography (SiO2, dichloromethane/MeOH (5:1)), 1 (7.7 mg, 75%
yield from resin 5) was obtained: 1H NMR ([D5]pyridine): d=8.59 (d,
1H, J=8.3 Hz; NHAc), 8.42 (t, 1H, J=5.3 Hz; NHAcyl), 6.74±6.54
(2îbrs, 2H; OH-6, OH-4), 6.28 (br s, 1H; OH-3), 5.38 (d, 1H, J=
3.7 Hz; H-1), 5.30±5.22 (m, 1H; H-2), 4.52 (br s, 1H; H-4), 4.50±4.32
(m, 4H; H-3, H-5, H-6, H-6’), 3.99±3.61 (m, 4H; OCH2CH2N), 2.42 (t,
2H, J=7.5 Hz; COCH2-Alkyl), 2.17 (s, 3H; COCH3), 1.82 (p, 2H, J=
7.4 Hz; COCH2CH2-Alkyl), 1.42±1.19 (m; Alkyl-CH2), 0.88 (t, 3H, J=
6.8 Hz; Alkyl-CH3) ppm; 13C NMR ([D5]pyridine): d=174.1, 171.7,
99.8, 73.5, 70.8, 70.6, 68.8, 63.2, 52.1, 40.2, 37.1, 32.6, 30.4, 30.3,
30.2, 30.1, 30.1, 26.7, 23.7, 23.4, 14.7 ppm; HRMS (FAB): m/z calcd
for C26H50N2NaO7: 525.3516 [M+Na]+ ; found: 525.3536.


N-(2-n-hexadecyl-stearyl)-O-(N-acetyl-2-amino-2-deoxy-a-d-gal-
actopyranosyl)-2-aminoethanol (2): Piperidine (20% in DMF, 2 mL)
was added to resin 5 (114 mg, 0.025 mmol) and the mixture was
shaken at room temperature for 10 min. The resin was filtered, pi-
peridine (20% in DMF, 2 mL) was added, and the mixture was
shaken for 2 h 15 min. The resin was filtered and washed with DMF
and dichloromethane (3î4 mL each). 2-(n-hexadecyl)stearic acid
(50 mg, 0.099 mmol) and 1-hydroxy-7-azabenzotriazole (14 mg,
0.11 mmol) were dissolved/suspended in dichloromethane (2.5 mL)
and 1,3-diisopropylcarbodiimide (15 mL, 0.096 mmol) was added.
The mixture was stirred at room temperature for 20 min and
added to the resin, followed by bromophenol blue (2 mm in DMF,
10 mL). The mixture was shaken at room temperature for 20 h
30 min and the solvent was removed by filtration. The resin was
washed with dichloromethane (3î4 mL) and the coupling was re-
peated twice for 30 h and 22 h, respectively. The solvent was fil-
tered off, the resin was washed with dichloromethane/MeOH (1:1),
DMF, THF, and dichloromethane/MeOH (1:1; 3î4 mL of each). TFA
(5% in dichloromethane, 2 mL) was added to the resin and the
mixture was left at room temperature for 30 min. The resin was
washed with TFA (5% in dichloromethane, 2 mL), dichloromethane
(4î4 mL), and dichloromethane/MeOH (1:1, 4î4 mL) and the com-
bined organic solvents were evaporated and concentrated in
vacuo, to yield crude product (21 mg). After chromatography (SiO2,
dichloromethane/MeOH (20:1!10:1)), 2 (12.4 mg, 66% yield from
resin 5) was obtained: 1H NMR ([D5]pyridine): d=8.59±8.53 (m, 2H;
NHAc, NHAcyl), 6.77 (t, 1H, J=4.9 Hz; OH-6), 6.61 (d, 1H, J=
3.8 Hz; OH-4), 6.27 (d, 1H, J=6.6 Hz; OH-3), 5.38 (d, 1H, J=3.6 Hz;
H-1), 5.29±5.22 (m, 1H; H-2), 4.57±4.35 (m, 5H; H-3, H-4, H-5, H-6,
H-6’), 4.00±3.88 (m, 3H; OCH2CHHN), 3.68±3.58 (m, 1H;
OCH2CHHN), 2.55±2.47 (m, 1H; COCH-(Alkyl)2), 2.20 (s, 3H; COCH3),
2.01±1.89 (m, 2H; CH(CHH)-(Alkyl)2), 1.63±1.19 (m; Alkyl-CH2), 0.88
(t, 6H, J=6.8 Hz; Alkyl-CH3) ppm; 13C NMR ([D5]pyridine): d=177.1,
171.8, 100.0, 73.6, 70.9, 70.8, 69.4, 63.3, 52.1, 48.1, 40.1, 34.3, 34.2,
32.6, 30.6, 30.6, 30.5, 30.4, 30.1, 28.7, 28.6, 23.7, 23.4, 14.7 ppm;
HRMS (FAB): m/z calcd for C44H86N2NaO7: 777.6333 [M+Na]+ ;
found: 777.6334.


Cell lines and mice : EL4 cells are derived from a B6 (H-2b) thymo-
ma.[32] b2-Microglobulin �/� EL4 cells are derived from an EL-4 (H-
2b) lymphoma.[33] Cells were grown in RPMI medium supplemented
with 10% heat-inactivated fetal bovine serum, 2 mm glutamine,
penicillin (100 mgmL�1), and streptomycin (100 mgmL�1) at 37 8C in
5% CO2. B6 and CD1d �/� B6 mice[34] were bred and maintained
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in the animal house at the Microbiology and Tumorbiology Center,
Karolinska Institute, Stockholm, Sweden. Female mice were used at
an age of 6±12 weeks.


Generation of dendritic cells : Dendritic cells were cultured from
mouse (B6 or CD1d �/� B6) bone marrow, as described previous-
ly.[35] Briefly, female mice at an age of 6±12 weeks were sacrificed
and bone marrow was flushed from the large bones. Red cells
were lysed with ammonium chloride. Lymphocytes and Ia-positive
cells were removed with a set of monoclonal antibodies, including
GK1.5 (anti-CD4), HO2.2 (anti-CD8), B21±2 (anti-Ia), and RA3±3a/6.1
(anti-B220/CD45R) (hybridomas obtained from the American Type
Culture Collection, Rockville, MD), and rabbit complement (Calbio-
chem, Germany). The remaining population was placed in 6-well
plates (6±8î106 cells/well) in complete medium (RPMI 1640, 10%
fetal bovine serum, 2 mm glutamine, penicillin (100 mgmL�1), and
streptomycin (100 mgmL�1)), supplemented with rGM-CSF
(10 ngmL�1; PeproTech, UK) and rIL-4 (10 ngmL�1; Biosite,
Sweden). The medium was changed every second day. On day 2,
75% of the medium was aspirated after gently swirling the plates
and the remaining nonadherent cells, mostly in small, loosely at-
tached aggregates, were transferred to new 6-well plates. By
day 5±6, immature dendritic cells that appeared in large clusters
were collected and used for experiments.


Reagents and monoclonal antibodies : a-GalCer, (2S,3S,4R)-1-O-
(a-d-galactopyranosyl)-2-(N-hexacosanoylamino)-1,3,4-octadecane-
triol), and a suitable vehicle were provided by the Pharmaceutical
Research Laboratory, Kirin Brewery (Gunma, Japan). The glycolipid
was stored in the aqueous vehicle at a concentration of
200 mgmL�1. Three different anticarbohydrate monoclonal antibod-
ies, MC2102 with specificity for galabiose,[36] p5±3 with specificity
for GM3-lactam,[37] and the a-GalNAc-specific 2C4 (Dr. Bo Jansson,
Bioinvent Therapeutics, Lund, Sweden) were used. The F(ab’)2 FITC-
labeled rabbit antimouse (Dakopatts, Denmark) antibody was used
as the secondary antibody for flow cytometry by FACS. The FITC-la-
beled mouse anti-CD1d antibody was purchased from Pharmingen.


Glycolipid loading of cells and flow cytometry : Approximately
one million cells were incubated with glycolipids 1, 2, 9, or 10
(100 mL, 5, 50, or 500 mgmL�1 in PBS buffer with 5% DMSO) at
26 8C for 2 h (30 min for 10 ; with EL-4 and b2-microglobulin �/�
EL4 cells) or 30 min (with dendritic cells from B6 or CD1d �/� B6
mice). The cells were washed twice with PBS and stained with the
primary mouse monoclonal antibody, with specificity for the corre-
sponding carbohydrate. Subsequently, the cells were washed and
incubated with a rabbit antimouse F(ab’)2 FITC-labeled secondary
antibody for an additional 30 min at 0 8C. This was followed by
washing and fixation with 1% formaldehyde solution (200 mL). The
cells were then analyzed by flow cytometry with a Becton Dickin-
son FACScan system. Forward- and side-scatter gates were set to
exclude dead cells. The mean fluorescence intensity was measured.
Competition experiments were carried out with EL4 cells that were
first incubated with the CD1d ligand a-GalCer in the vehicle (0.002,
0.2, 10, or 20 mgmL�1) or with the vehicle alone. After washing,
cells were treated with the a-GalNAc lipid 2 (100 mL, 10 mgmL�1 in
PBS buffer with 5% DMSO) as described above.
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Introduction


Carbohydrates can serve as structural components of natural
products, energy sources or key elements in various biomolec-
ular recognition phenomena. Carbohydrate-mediated signal-
ling is especially important during bacterial and viral infections,
cell±cell adhesion in inflammation and metastases implanta-
tion, tissue differentiation, development and the regulation of
many other inter- and intracellular communication and signal
transduction events.[1±5] The molecules involved are character-
ized by a wide complexity, which contributes to their diversity
and biological activity. For example, multibranched structures
are commonly expressed on the surface of many types of
cancer cells as a result of aberrant glycosylation.[6]


Glycobiology research is often aimed at the development
and synthesis of glycomimetics that are able to modulate the
above-mentioned processes. As with putative physiological li-
gands for receptor structures, these artificial molecules are ex-
pected to influence the cell functions and can help to clarify
the properties and mechanisms of action of complex carbohy-
drates in living systems.[7±10] The synthesis of glycomimetics is
usually less difiicult than classical natural oligosaccharide syn-
thesis. Therefore, larger amounts of product and standardized
quality of preparation can be obtained. These products have
defined structure, which facilitates controlled structural varia-
tions.[11] Glycomimetics with non-natural glycosidic linkages (e.g.
C-glycosidic, thiourea bridges etc.)[12±16] are resistant to the action
of hydrolases, which is crucial for their in vivo applications. In
most cases the natural structures are replaced by artificial mul-
tivalent scaffolds terminating with carbohydrate moieties.[17]


Multivalent neoglycoconjugates are also gaining importance
in basic research. Their structures are designed to mimic sac-
charidic components of animal or bacterial cell walls and to
amplify interactions of weak ligands (e.g. carbohydrate±protein
interactions).[18±20]


We recently determined optimum carbohydrate ligands for
the recombinant soluble dimeric form of rat natural killer cell


protein-1A (NKR-P1A). NKR-P1 belongs to a family of lectin-like
receptors expressed mainly on natural killer (NK) cells and cyto-
toxic T lymphocytes. The isoform A is involved in activation of
cell cytotoxicity against tumour cells.[21] The physiological li-
gands of these receptors have not yet been unambiguously
identified. Different monosaccharides, oligosaccharides and
sugar derivatives were tested for their affinity for the recombi-
nant isoform A[22, 23] to define molecules and structures able to
trigger activation of the NK cells. By using direct binding ex-
periments, four carbohydrate binding sites were identified in
the binding groove of the NKR-P1A. 2-Acetamido-2-deoxy-d-
glucose (GlcNAc) had one strong, one intermediate, and two
weak binding sites. The single high-affinity binding site for
2-acetamido-2-deoxy-d-galactopyranose (GalNAc) was dif-
ferent from that for 2-acetamido-2-deoxy-d-mannopyranose
(ManNAc).[24] GlcNAc is a very common monosaccharide in
nature and is present in many glycostructures (e.g. chitin and
chitooligomers), is crucial for protein and lipid glycosylation,
and has a relevant role in the syntheses of the aberrant gly-
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GlcNAc-coated glycodendrimers, which are polyvalent glycomi-
metics, display strong in vitro affinity for the rat natural killer cell
protein-1A (NKR-P1A), a C-type lectin-like receptor of natural
killer (NK) cells in rats, humans and some strains of mice. Admin-
istration of these compounds in vivo results in a substantial in-
crease in the antitumour activity with involvement of the natural
cell immunity. To clarify the in vitro and in vivo fate of these mol-


ecules, we synthesized labelled glycodendron analogues of the
previously studied glycodendrimers. Labelling with fluorescent
tags enabled the localization of the glycodendrons in white
blood cells, tumours and other tissues by using different imaging
techniques such as fluorescence and confocal microscopy. These
studies are useful for probing the mechanism of action and fate
of artificial ligands and the cell receptors involved.
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cosylated molecules on cancer cell surfaces (multiantennary
structures). Hence, GlcNAc was chosen for use in the produc-
tion of glycomimetics similar to natural multivalent glycoconju-
gates. Moreover, GlcNAc is commercially available at a low
cost.[25]


Further studies, during which different kinds of multivalent
dendritic molecules were evaluated, led to the selection of the
GlcNAc-coated octavalent glycodendrimers (PAMAM�GlcNAc8),
which are based on a first-generation polyamidoamine (Star-
burst


¾


) scaffold with GlcNAc terminal substitution, that had dis-
played a very high affinity for the receptor tested.[26±28] These
well-defined multivalent neoglycoconjugates were able to
strongly stimulate an antitumour immune response in animal
cancer models in vivo, thereby implying both innate and acquired
immunity.[29, 30] Such a result underlined the importance of the
multivalency effect in biological systems and a possible role as
artificial ligands for lectin-like receptors (e.g. NKR-P1) in vivo.


To assist biological research into the fates of glycodendrim-
ers in vivo and glycodendrons at the cellular level, labelled gly-
codendrons were synthesized.[31±35] The structure of PAMAM�
GlcNAc8 does not allow direct linking to a fluorescent label
(e.g. fluorescein) without structural changes. Therefore, we de-
cided to synthesize a 0.5 generation PAMAM derivative which
preserved the terminal tetravalent core of the original mole-
cule (PAMAM�GlcNAc4) but allowed the coupling to a fluores-
cent dye.


In this paper we describe the synthesis of the fluorescein-la-
belled PAMAM�GlcNAc4 and examples of their application in
glycobiology.


Results


Preparation of fluorescent labelled polyvalent glycoconjugates


One amino group of 1,6-hexanediamine was selectively pro-
tected with a tert-butoxycarbonyl (Boc) group.[36] The other
amino group was condensed with methyl acrylate in a conju-


gate addition, and the resulting methyl ester was cleaved with
ethylene diamine. These two steps were consecutively repeat-
ed to yield a molecule carrying four free terminal amino
groups. In each step the products obtained (2±4) were further
reacted without any purification (Scheme 1). The structural as-
signments were confirmed by NMR experiments. NMR data for
compounds 1±5 are given in Tables 1 and 2.


Scheme 1. a) Methyl acrylate, MeOH, 24±48 h, 4 8C; b) ethylene diamine, MeOH,
24±48 h, 4 8C.


Table 1. 1H NMR chemical shifts [ppm] of compounds 1±5.


1 2 3 4 5


(CH3)C 1.447 s 1.453 s 1.450 s 1.450 s 1.452 s
H-1 3.050 t 3.048 t 3.042 t 3.043 t 3.043 t
H-2 1.54[a, b] m 1.48[b] m 1.49[b] m 1.49[b] m 1.49[b] m
H-3 1.50[a, b] m 1.272± m 1.290± m 1.289± m 1.293± m
H-4 1.287± m 1.389 m 1.400 m 1.404 m 1.401 m
H-5 1.423[a] m 1.47[b] m 1.51[b] m 1.51[b] m 1.50[b] m
H-6 2.718 t 2.440 t 2.505 t 2.504 m 2.483 t
H-1’ ± ± 2.773 t 2.807 t 2.808 t 2.781 m
H-2’ ± ± 2.471 t 2.436 t 2.400 t 2.512 m
O-CH3 ± ± 3.678 s ± ± ± ± ± ±
H-1’’ ± ± ± ± 3.405 t 3.275 t 3.280 t
H-2’’ ± ± ± ± 2.957 t 2.579 t 2.601 t
H-1’’’ ± ± ± ± ± ± 2.795 t 2.815 t
H-2’’’ ± ± ± ± ± ± 2.483 t 2.390 t
O-CH3 ± ± ± ± ± ± 3.690 s ± ±
H-1’’’’ ± ± ± ± ± ± ± ± 3.289 t
H-2’’’’ ± ± ± ± ± ± ± ± 2.774 t


[a] Might be interchanged. [b] HMQC readouts.
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The four terminal amino groups of the product 5 were deriv-
atized with 2-acetamido-3,4,6-tri-O-acetyl-2-deoxy-b-d-gluco-
pyranosyl isothiocyanate,[37] and the resulting tetravalent glyco-
cluster 6 was purified by silica gel flash chromatography.


Glycocluster 6 was deacetylated to afford 7, and the Boc
group was then hydrolysed with 30 % trifluoroacetic acid (TFA)
in water to give 8. Final purification was performed on a Se-
phadex LH-20 column with MeOH as eluent (Scheme 2).


Labelling of the free amino group of 8 was performed in
N,N-dimethylformamide (DMF) (Schemes 3 and 4). It was im-
portant to use an excess (1.5 equiv) of the NCS-activated label
to achieve high yields. Unreacted fluorescent label could be re-
moved by extraction, and the yields were 75 % and 87 % for 9


and 10, respectively. Structural assignments were supported by
NMR experiments. NMR data for compounds 6±10 are given in
Tables 3 and 4.


The fluoresceinylated glycodendrons 9 and 10 were suitable
for tracing the fate of the compounds in vitro (Figure 1) and in
vivo (Figure 2).


Figure 1 shows two examples of lymphatic cell populations:
the first one (A-B) is a rat lymphoma cell line (RNK-16). It is


characterized by a very high ex-
pression of the NKR-P1A recep-
tor with a high affinity for hexos-
amines. As is obvious from
plate B, all the cells give positive
reaction with the labelled den-
drimers. When observing a
mixed population of mononu-
clear peripheral blood cells
(Figure 1, C-D), only large granu-
lar cells were labelled by the
fluorescein-bound PAMAM�
GlcNAc4. These data, which need
further confirmation, suggest a
possible selectivity of the
GlcNAc dendrimers for the NKR-
P1A-positive lymphocytes.


When injected in vivo (intra-
cardiac injection into a mouse),


the fluorescein-labelled PAMAM�GlcNAc4 distribution in the
mouse tissues was localized mainly in the liver, kidney, spleen
and cancer tissues. As shown in Figure 2, at an equivalent
dose, the fluorescence distribution in the spleen appeared to
be more selective and organized after the administration of la-


Table 2. 13C NMR chemical shifts [ppm] of compounds 1±5.


1 2 3 4 5


(CH3)3C 29.16 q 29.13 q 29.12 q 29.12 q 29.13 q
(CH3)3C 79.87 s 79.97 s 80.07 s 80.04 s 80.07 s
OCONH 158.43 s 158.69 s 158.81 s 158.74 s 158.80 s
C-1 41.38 t 41.59 t 41.71 t 41.63 t 41.69 t
C-2 27.59[a] t 31.24 t 31.25 t 31.28 t 31.33 t
C-3 27.65[a] t 28.34[a] t 28.04[a] t 28.10[a] t 28.16[a] t
C-4 30.97[a] t 28.01[a] t 28.51[a] t 28.59[a] t 28.26[a] t
C-5 32.57[a] t 28.34[a] t 27.90 t 28.23 t 28.63[a] t
C-6 42.14 t 55.03 t 54.81 t 54.78 t 54.78 t
C-1’ ± ± 50.66 t 51.07 t 51.16 t 51.20 t
C-2’ ± ± 33.50 t 34.58 t 34.69 t 34.77 t
COO ± ± 174.93 s ± ± ± ± ± ±
OCH3 ± ± 52.32 q ± ± ± ± ± ±
CONH ± ± ± ± 176.03 s 175.02 s 175.22 s
C-1’’ ± ± ± ± 40.52 t 38.77 t 38.96 t
C-2’’ ± ± ± ± 40.71 t 54.11 t 53.87 t
C-1’’’ ± ± ± ± ± ± 50.82 t 51.52 t
C-2’’’ ± ± ± ± ± ± 33.91 t 35.15 t
COO ± ± ± ± ± ± 175.02 s ± ±
OCH3 ± ± ± ± ± ± 52.43 q ± ±
CONH ± ± ± ± ± ± ± ± 175.57 s
C-1’’’’ ± ± ± ± ± ± ± ± 43.01 t
C-2’’’’ ± ± ± ± ± ± ± ± 42.29 t


[a] Might be interchanged.


Scheme 2. 1st step (5!6): CHCl3, RT, 24 h; 2nd step (6!7): NaOMe/MeOH, RT, 2 h; 3rd step (7!8): 30% TFA/H2O,
6 h, 4 8C.
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belled dendrimers (A), whilst the free dye stained all the struc-
tures nonspecifically (B).


Discussion


In vitro and in vivo biological assays with PAMAM dendrimers
of various multiplicities revealed that a minimum degree of
carbohydrate clustering was required to elicit a good reactivity
or biological response. Therefore, in this paper we have descri-
bed the synthesis of tetravalent glycodendrons with a free
amino group that is available for subsequent derivatization, for
example, labelling with a fluorescent dye. To obtain a sufficient
stability of these neoglycoconjugates it was necessary to avoid
the GlcNAc-b-O-glycosidic linkage, which is susceptible to the
hydrolytic attack of b-N-acetylhexosaminidases and lysozyme
present in the plasma and other body fluids.


As in the synthesis of PAMAM
glycodendrimers, thiourea bridg-
ing was used to attach the b-
GlcNAc units to free amino
groups. An orthogonally protect-
ed amino group was coupled to
a fluorescent label [5- and 6-car-
boxyfluorescein N-succinimidyl
ester (FLUOS) or fluorescein 5-
isothiocyanate (FITC)] after de-
protection.


The synthesis of the tetrava-
lent dendron with one free
amino group was accomplished
in seven reaction steps in an
overall yield of 22 %. The possi-
bility of labelling this molecule
(e.g. with a fluorescent tag)
makes it a suitable tool for func-
tional ligand±receptor interac-
tion studies where multivalency
is required.


When used for in vivo experi-
ments, such glycodendrons ena-
bled us to trace them in blood
cells and tissues by imaging
techniques (fluorescence and
confocal microscopy). In fact,
they were stable in body fluids,
as demonstrated by their capaci-
ty to reach and be taken up
by singular cells (in lymphatic
organs, blood and tumours).
Their capability to target certain
cell types (NKR-P1-positive cells,
heavily glycosylated tumour
cells) is especially evident when
we compare the different distri-
butions of the fluorescence after
administration of labelled den-
drons or free fluorescein (Fig-


ures 1 and 2). The glycodendrons maintained in vivo their mul-
tivalency effects in this system, as shown by the induction of
an increased expression of CD69 (early activation marker) on
splenocytes 24 h after parenteral administration in tumour-
bearing mice,[30] albeit to a lower extent compared with the
analogous glycodendrimer with double the amount of sugar
moieties (PAMAM�GlcNAc8).


[30]


Conclusion


In conclusion, the fluorescein-labelled PAMAM�GlcNAc4 glyco-
dendrons described in this paper appear to be very useful mol-
ecules for the investigation of biological mechanisms and for
tracing the fate of artificial ligands and the cells that they
target.


Scheme 3. Labelling of tetravalent glycodendron 8 with FLUOS (5-(and 6-)-carboxyfluorescein N-succinimidyl ester).


Scheme 4. Labelling of tetravalent glycodendron 8 with FITC (fluorescein 5-isothiocyanate).
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Experimental Section


NMR spectroscopy : NMR spectra were recorded on a Varian UNITYI-
NOVA-400 MHz spectrometer (399.90 MHz for 1H, 100.56 MHz for
13C) in CD3OD or D2O at 303 K. Chemical shifts were referenced to
the residual solvent signal (CD3OD: dH=3.330, dC=49.30) or inter-
nal acetone (D2O: dH=2.030, dC=30.50). The assignments were
based on COSY, HMQC and HMBC experiments performed by
using the manufacturer's software. Missing correlations in HMBC
spectra of compounds 9 and 10 prevented a rigorous structural
proof and the chemical shift determinations of carbonyls. Doubling
of some signals observed with 9 was due to the presence of re-
gioisomers in the starting material. Carbon chemical shifts were
obtained from HMQC.


MALDI-TOF mass spectrometry : A 10 mg mL�1 solution of ferulic
acid (Sigma) or a-cyano-4-hydroxycinnamic acid (Sigma) in aque-
ous 30 % acetonitrile/0.1 % TFA was used as a MALDI matrix. A 2 mL
aliquot of sample and the matrix solution (2 mL) were premixed in
a tube; 0.5 mL of the mixture was placed on the sample target and
allowed to dry at the ambient temperature. Positive ion MALDI-
TOF mass spectra were measured on a Bruker BIFLEX II mass spec-
trometer (Bruker±Daltonics) equipped with a SCOUT 26 sample
inlet, a griddles delayed extraction ion source and a nitrogen laser


(337 nm) (Laser Science). The in-
strument was operated in the re-
flectron mode, and the ion acceler-
ation voltage was set to 19 kV.
Spectra were calibrated externally
by using [M+H]+ peaks of peptide
standards MRFA (Sigma) (m/z=
524.26) or angiotensin I (Bachem)
(m/z=1296.69).


Chromatography : Flash chroma-
tography was performed on Silica
Gel 60 (40±63 mm, Merck). Thin-
layer chromatography was run on
precoated Silica Gel 60 F254 alumini-
um sheets (Merck); detection was
performed by using UV light
(254 nm) and charring with 5 %
H2SO4 in EtOH. Gel chromatogra-
phy was performed on Sephadex
LH-20 columns (100 î 2.5±5 cm)
eluted with methanol.


Synthesis of the 0.5 generation
tetravalent dendron with one
free terminal amino group
(Schemes 1 and 2): A solution of
the corresponding partially pro-
tected amine 1[36] or 3 in absolute
MeOH was added dropwise at 0 8C
under argon to a stirred solution
of methyl acrylate (5 equiv per
amino group) in absolute MeOH.
The sealed flask was stored in a
fridge (4 8C) and the flask was oc-
casionally shaken. After TLC
(CH2Cl2/MeOH, 9:1) had shown the
complete disappearance of the
starting amine (typically after 24±
48 h), the unreacted methyl acry-
late was evaporated in vacuo to
yield 2 or 4. A solution of ethylene
diamine (5 equiv per methyl ester


group) in absolute MeOH was added dropwise at 0 8C under argon
to a solution of the corresponding ester 2 or 4 in absolute MeOH,
and the above procedure was repeated.


N-(6-(N,N-Bis-2-(methoxycarbonyl)ethyl)aminohexyl)carbamic
acid tert-butyl ester (2): Prepared from 1 (6.19 g, 28 mmol) in
MeOH (60 mL) and methyl acrylate (12.8 mL, 140 mmol) in MeOH
(40 mL) according to the above procedure to give 2 (10.9 g, 98 %).
MALDI MS: m/z calcd for C19H36N2O6 ([M+H]+): 389.3; found: 389.1.


N-(6-(N,N-Bis-2-((2-aminoethyl)aminocarbonyl)ethyl)aminohexyl)-
carbamic acid tert-butyl ester (3): Prepared from 2 (10.5 g,
28 mmol) in MeOH (100 mL) and ethylene diamine (18.7 mL,
280 mmol) in MeOH (50 mL) according to the above procedure to
give 3 (11.8 g, 98 %). MALDI MS: m/z calcd for C21H44N6O4 ([M+H]+


): 445.3; found: 445.2.


N-(6-(N,N-Bis-2-((2-N,N-bis-2-((methoxycarbonyl)ethyl)aminoeth-
yl)aminocarbonyl)ethyl))aminohexyl)carbamic acid tert-butyl
ester (4): Prepared from 3 (11.5 g, 26 mmol) in MeOH (100 mL) and
methyl acrylate (23.2 mL, 260 mmol) in MeOH (60 mL) according to
the above procedure to give 4 (18.1 g, 89 %). MALDI MS: m/z calcd
for C37H68N6O12 ([M+H]+): 789.5; found: 790.0.


Table 3. 1H NMR chemical shifts of compounds 6±10.


6 8 9 10


(CH3)C 1.454 s ± ±
H-1 3.050 t 2.886 dd 3.25[a] , 3.20[a] m 3.34[a] m
H-2 1.49 m 1.644 m 1.47[a] , 1.38[a] m 1.393 m
H-3 1.296± m 1.309± m 1.156 m 1.154 m
H-4 1.404 1.468 1.233 m
H-5 1.50 m 1.524 m 1.49[a] , 1.42[a] m 1.494 m
H-6 2.504 m 2.504 dd 2.848, 2.752 m 2.90[a] m
H-1’ 2.815 m 2.811 m 3.09[a] , 3.00[a] m 3.17[a] m
H-2’ 2.426 m 2.424 m 2.48[a] , 2.38[a] m 2.516 t
H-1’’ 3.309 m 3.309 m 3.09[a] , 3.02[a] m 3.190 t
H-2’’ 2.617 t 2.614 t 2.44[a] m 2.705 t
H-1’’’ 2.826 t 2.824 t 2.624 t 2.850 t
H-2’’’ 2.410 t 2.406 t 2.162 t 2.293 t
H-1’’’’ 3.41[a] m 3.42 m 3.32± m 3.32± m
H-2’’’’ 3.60±3.77[a] m 3.60±3.77[a] m 3.50[a] 3.54[a]


sugar moiety
H-1 5.381 br s 5.364 br s 5.242 br m 5.253 br m
H-2 3.873 t 3.865 t 3.618 t 3.622 m
H-3 3.553 dd 3.542 dd 3.404 dd 3.409 m
H-4 3.42[a] m 3.41[a] m 3.235 m 3.242 m
H-5 3.44[a] m 3.43[a] m m 3.292 m
H-6 3.921, 3.749 2 dd 3.739, 3.913 2 dd 3.650, 3.514 2 dd 3.652, 3.519 dd
CH3-2 2.017 s 2.015 s 1.758, 1.748 s 1.754 s
CH3 2.041 s ± ± ± ± ± ±


fluorescent moiety
6.346 ddd 6.442 m
6.387 m 7.005 m
6.423 s 7.319 m
6.429 s 7.576 m
6.905 m
7.175 d
7.512 d
7.747 m
7.809 dd
8.032 d


[a] HMQC readout.
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N-(6-(N,N-Bis-2-((2-N,N-bis-2-((2-aminoethyl)aminocarbonyl)eth-
yl)aminocarbonyl)ethyl)aminohexyl)carbamic acid tert-butyl
ester (5): Prepared from 4 (3 g, 3.8 mmol) in MeOH (50 mL) and
ethylene diamine (5 mL, 76 mmol) in MeOH (10 mL) to give 5
(2.9 g, 85 %). MALDI MS: m/z calcd for C41H84N14O8 ([M+H]+): 901.7;
found: 902.1.


N-(6-(N,N-Bis-2-({2-N,N-bis-2-((2-(3-(2-deoxy-2-acetamido-3,4,6-
tri-O-acetyl-b-d-glucopyranosyl)thioureido)ethyl)aminocarbonyl)-
ethyl)aminocarbonyl)ethyl)aminohexyl)carbamic acid tert-butyl
ester (6): A solution of the selectively protected tetraamine 5
(0.8 g, 0.9 mmol) in CHCl3 (60 mL) was added dropwise to a solu-


tion of 2-acetamido-3,4,6-tri-O-
acetyl-2-deoxy-b-d-glucopyranosyl
isothiocyanate (2.5 g, 6.4 mmol) in
CHCl3 (80 mL). The mixture was
stirred at room temperature for
24 h. The solvent was removed by
evaporation and the residue was
purified on silica gel (MeOH/ace-
tone, 9:1) to afford 6 (1.41 g, 65 %).
MALDI MS: m/z calcd for
C101H164N22O40S4 ([M+H]+): 2454.0;
found: 2453.5.


N-(6-(N,N-Bis-2-((2-N,N-bis-2-((2-
(3-(2-deoxy-2-acetamido-b-d-glu-
copyranosyl)thioureido)ethyl)ami-
nocarbonyl)ethyl)aminocarbony-
l)ethyl)aminohexyl)carbamic acid
tert-butyl ester (7): NaOMe (2m
solution in methanol) was added
to the solution of 6 (1.4 g,
0.57 mmol) in methanol (30 mL) to
give approximately pH 9. The mix-
ture was stirred for 2 h until the
starting material 6 disappeared on
TLC (MeOH/acetone, 9:1). The reac-
tion mixture was diluted with
water (20 mL) and neutralized with
Dowex 50W-X2 (H+ form), filtered
and concentrated to give 7 (0.91 g,
81 % yield). MALDI MS: m/z calcd
for C77H140N22O28S4 ([M+H]+):
1949.9; found: 1949.8.


6-(N,N-Bis-2-((2-N,N-bis-2-((2-(3-
(2-deoxy-2-acetamido-b-d-gluco-
pyranosyl)thioureido)ethyl)ami-
nocarbonyl)ethyl)aminocarbony-
l)ethyl)aminohexylamine (8): TFA
(4 mL, 30 % aqueous solution) was
added to a solution of the tetrava-
lent cluster 7 (800 mg, 0.41 mmol)
in water (10 mL) at 4 8C. The mix-
ture was allowed to warm to room
temperature. The reaction was
monitored by TLC (isopropanol/
NH3(aq)/water, 7:1:2) and was com-
plete after 6 h. The mixture was
evaporated to half its initial
volume and then neutralized with
a saturated solution of NaHCO3.
The residue was lyophilized and
purified by gel chromatography on


Sephadex LH-20 (mobile phase MeOH) to give 8 (454 mg, 60 %).
MALDI MS: m/z calcd for C72H132N22O26S4 ([M+H]+): 1849.9; found:
1849.7.


General procedure for the preparation of fluorescent labelled
PAMAM glycodendrons (Schemes 3 and 4): The tetravalent den-
dron 8 (1 equiv) in DMF was added dropwise to a solution of fluo-
rescent label (FLUOS or FITC) (1.5 equiv) in dry DMF. The reaction
mixture was monitored by TLC (isopropanol/NH3(aq)/water, 7:1:2)
and was stirred in the dark over night at 20 8C. The solvent was
evaporated, and the residue was diluted with water and extensive-
ly washed with EtOAc. The water phase was lyophilized and puri-


Table 4. 13C NMR chemical shifts of compounds 6±10.


6 8 9[a] 10[a]


(CH3)3C 29.18 q ± ± ± ± ± ±
(CH3)3C 80.14 s ± ± ± ± ± ±
OCONH 158.81 s ± ± ± ± ± ±
C-1 41.70 t 41.66 t 40.0 t 44.9 t
C-2 31.33 t 30.32 t 28.2 t 28.1 t
C-3 28.17 t 27.88 t 25.7 t 25.8 t
C-4 28.21 t 28.47 t
C-5 28.66 t 28.20 t 23.8 t 23.6 t
C-6 54.81 t 54.73 t 53.2 t 53.3 t
C-1’ 51.15 t 51.15 t 49.7 t 49.8 t
C-2’ 34.78 t 34.82 t 29.9, 29.7 2 t 29.4 t
COO ± ± ± ± ± ± ± ±
OCH3 ± ± ± ± ± ± ± ±
CONH 175.28 s 175.30 s n.d.[b] ± n.d. ±
C-1’’ 38.99 t 39.00 t 36.7, 36.8 2 t 36.1 t
C-2’’ 53.76 t 53.76 t 51.5 t 52.0 t
C-1’’’ 51.42 t 51.39 t 49.3 t 49.7 t
C-2’’’ 35.14 t 35.14 t 32.4 t 31.2 t
COO ± ± ± ± ± ± ± ±
OCH3 ± ± ± ± ± ± ± ±
CONH 175.72 s 175.75 s n.d. ± n.d ±
C-1’’’’ 40.19 t 40.22 t 43.8 t 43.9 t
C-2’’’’ 45.68 t 45.76 t
C=S 185.53 s 185.55 s ± s n.d. ±
NHCO ± ± ± ± n.d. ± ±


sugar moiety
C-1 85.01 d 85.00 d n.d. d n.d. d
C-2 56.49 d 56.50 d 54.7 d 54.7 d
C-3 76.48 d 76.45 d 74.2 d 74.2 d
C-4 72.38 d 72.40 d 69.9 d 70.0 d
C-5 79.68 d 79.70 d 77.5 d 77.4 d
C-6 63.08 t 63.10 t 61.0 t 60.9 t
CO-2 174.95 s 174.99 s n.d. ± n.d. ±
CO-3 n.d. ± ± ± ± ± ±
CO-4 n.d. ± ± ± ± ± ±
CO-6 n.d. ± ± ± ± ± ±
CH3-2 23.30 q 23.24 q 22.3 q 22.3 q
CH3 20.77 q ± ± ± ± ± ±


fluorescent moiety
104.0 d 103.8 d
123.0 d 122.3 d
127.6 d 124.8 d
128.3 d 125.6 d
128.8 d 131.7 d
129.1 d 131.9 d
130.8 d
131.7 d


[a] All carbon chemical shifts are HMQC readouts. [b] Not determined.
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fied by gel chromatography on Sephadex LH-20 (mobile phase
MeOH) to give the fluorescent labelled tetravalent cluster 9 or 10.


Fluorescein-5 (and 6) -carb-(6-(N,N-bis-2-((2-N,N-bis-2-((2-(3-(2-
deoxy-2-acetamido-b-d-glucopyranosyl)thioureido)ethyl)amino-
carbonyl)ethyl)aminocarbonyl)ethyl)aminohexyl)amide (9): Pre-
pared from 8 (19 mg, 0.01 mmol) in DMF (5 mL) and FLUOS
(7.4 mg, 0.015 mmol) in DMF (5 mL) according to the general pro-
cedure to give 9 (17 mg, 75 %). MALDI MS: m/z calcd for
C93H142N22O32S4 ([M+H]+): 2207.9; found: 2208.0.


5-(3-(6-(N,N-Bis-2-((2-N,N-bis-2-((2-(3-(2-deoxy-2-acetamido-b-d-
glucopyranosyl)thioureido)ethyl)aminocarbonyl)ethyl)aminocar-
bonyl)ethyl)aminohexyl)thioureido)fluorescein (10): Prepared
from 8 (19 mg, 0.01 mmol) in DMF (5 mL) and FITC (6 mg,
0.015 mmol) in DMF (5 mL) according to the general procedure to
give 10 (20 mg, 87 %). MALDI MS: m/z calcd for C93H143N23O31S5


([M+H]+): 2238.9; found: 2239.1.


Fluorescence microscopy : Mononuclear peripheral blood cells
were prepared by Ficoll±Hypac 1083 density gradient separation,
then incubated for 5 min (Figure 1 C) and 15 min (Figure 1 B and
D) in the presence of fluorescein-labelled PAMAM�GlcNAc4, then
fixed in paraformaldehyde (3.7 %) and washed three times with cul-
ture medium without serum. Fluorescence microscopy and digital
image acquisition and analysis were performed with an Olympus
BX60 fluorescence microscope (Olympus Optical Co.), Olympus U-
TV1X camera and digital imaging microscope system AnalySIS (Soft
Imaging System, GmbH), with appropriate filters for fluorescein.[30]


Confocal microscopy : Mice, under general anaesthesia, were intra-
cardially given either fluorescein-labelled PAMAM�GlcNAc4


(0.0015 mg) or an equivalent dose of free fluorescent dye. After
90 min animals were sacrificed, and organ samples were taken to
evaluate the fluorescence distribution in the organism. Spleen was
harvested and frozen in nitrogen. Frozen sections (4-mm thickness)
were prepared and immediately evaluated. Thick slices of tissue
were freshly examined by confocal microscopy with a Bio-Rad
MRC600 confocal system and Confocal Assistant Version 4.02 soft-
ware for image acquisition and elaboration (Bio-Rad Laboratories


Figure 1. Examples of the fluorescein-linked PAMAM�GlcNAc4 dendron uptake by mononuclear cells expressing lectin-like receptors (NK cells, cytotoxic cells). A-
B) RNK16 (NK cell lymphoma), a cell line highly expressing the NKR-P1A receptors. All the cells were fluorescence-positive after a 15 min incubation with the fluores-
cein-linked dendrons: A) contrast phase; B) fluorescence. Controls with an unmodified fluorescein had shown a partial or negative staining depending on the
length of the incubation period (not shown). C±D) Mononuclear peripheral blood cells. In particular, the two photographs show a superficial binding (C) and an in-
tracellular uptake (D) of the fluorescein-labelled PAMAM�GlcNAc4 by large granular cells. Cells lacking the morphological characteristics of large granular cells
(arrows) appear negative even when granulated (D, the image was obtained by a merge of the contrast phase and fluorescence images).


Figure 2. Mouse spleen fresh section. The observation was performed 90 min
after intracardiac injection of the fluorescein-labelled PAMAM-GlcNAc4 (A) and
free dye (B), at an equivalent dose, into a mouse. The distribution of the fluo-
rescence appeared more selective when labelled glycodendrons were used rela-
tive to the wider nonspecific staining produce by the free dye (confocal micros-
copy, 20î magnification).
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and Todd Clark Brelje, USA), connected to a Nikon Diaphot inverted
microscope acquisition system (Nikon, Japan).[30]
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DDI-�FIA–A Readily Configurable
Microarray-Fluorescence Immunoassay Based
on DNA-Directed Immobilization of Proteins
Ron Wacker*[b] and Christof M. Niemeyer*[a]


We describe a chip-based immunoassay for multiplex antigen
detection, based on the self-assembly of semi-synthetic DNA±
protein conjugates to generate an easily configurable protein
microarray. The general principle of this microarray-fluorescence
immunoassay (�FIA) is similar to that of a two-sided (sandwich)
immunoassay. However, covalent single-stranded DNA± streptavi-
din conjugates are employed for the efficient immobilization of
biotinylated capture antibodies through hybridization to comple-
mentary surface-bound DNA oligomers. In a model system, we use
the DNA-directed immobilization (DDI) of antibodies to generate
an antibody microarray for the parallel detection of the tumor
marker human carcinoembryonic antigen (CEA), recombinant
mistletoe lectin rViscumin (rVis), ceruloplasmin (CEP), and comple-
ment-1-inactivator (C1A) in human blood serum samples. Detec-


tion limits down to 400 pgmL�1 are reached. In addition, we
describe a method for the internal standardization of protein
microarray analyses, based on the simultaneous measurement of
constant amounts of the blood proteins CEP and C1A, intrinsically
present in human serum, to compensate for interexperimental
variations usually occurring in microarray analyses. The stand-
ardization leads to a significantly higher data reliability and
reproducibility in intra- and interassay measurements. We further
demonstrate that the DDI-�FIA can also be carried out in a single
step by tagging of the analyte simultaneously with both capture
and detection antibody and subsequent immobilization of the
immunocomplex formed, on the DNA microarray capture matrix.
This protocol significantly reduces handling time and costs of
analysis.


Introduction


The development of miniaturized and parallelized immuno-
assays, based on antigen and antibody microarray technologies,
is currently of tremendous interest for a broad range of
applications in biomedical diagnostics,[1±3] where several param-
eters in an individual sample have to be determined simulta-
neously from a limited amount of material. While the microarray-
based analyses of nucleic acids has made large steps towards
routine application,[4] the fabrication and employment of protein
chip devices is hampered by the intrinsic instability of many
proteins. Although protein microarrays have, for instance, been
prepared for high-throughput antibody screening,[5] analysis of
antibody ± antigen interactions[6±8] or identification of the protein
targets of small molecules,[9] the stepwise, robotic immobiliza-
tion of multiple proteins at chemically activated surfaces is often
obstructed by the instability of most proteins, which usually
reveal a significant tendency towards denaturation, and thus loss
of functionality. To circumvent these obstacles, we have
developed the method of DNA-directed immobilization (DDI)
of proteins,[10] using covalent conjugates synthesized from
single-stranded DNA and streptavidin (STV) as molecular adapt-
ers for the tagging of biotinylated proteins with single-stranded
DNA oligomers.[11, 12] DDI provides a chemically mild process for
the site-selective adsorption of delicate proteins onto a solid
support, using DNA-functionalized substrates as an immobiliza-
tion matrix. Because the lateral surface structuring can now be
carried out at the level of stable nucleic acid oligomers, the DNA-


functionalized substrate can be fabricated and stored almost
indefinitely, and then functionalized with proteins of interest by
DDI immediately prior to its use in a microscaled fluorescence
immunoassay (�FIA). Since both the fabrication of the functional
protein conjugates and their immobilization on the solid support
are entirely based on self-assembly, the set-up of the DDI-�FIA is
readily configurable from the modular reagents employed: that
is, covalent STV± DNA conjugates, biotinylated antibodies and a
microarray containing complementary DNA capture oligomers.
An additional advantage of DDI in immunoassay applications is
that binding of the target antigen by antibodies can be carried
out in homogeneous solution, instead of in a heterogeneous
solid-phase immunosorption. Subsequently, the immunocom-
plexes formed are captured on the DNA microarray by nucleic
acid hybridization.[13]


We report here on the development of DDI-based �FIA for the
simultaneous detection and quantification of four different
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protein antigens–the tumor marker human carcinoembryonic
antigen (CEA), recombinant mistletoe lectin rViscumin (rVis),
ceruloplasmin (CEP), and complement-1-inactivator (C1A)–in
human blood serum samples. The �FIA is carried out either by
using three sequential incubation steps (Figure 1A) or as a


single-step capture assay (Figure 1B). DDI-based �FIAs allowed
us to detect low antigen quantities down to 400 pgmL�1, which
is comparable to the limits of detection reached in microplate-
based enzyme-amplified immunoassays. We used an internal
standardization method to reduce the experimental error of the
analysis, taking advantage of two proteins, CEP and C1A, which
occur intrinsically in human blood serum. The normalized DDI-
�FIA revealed an exceptional reproducibility. Moreover, we
demonstrate here that the single-step DDI-�FIA can be applied
for the simultaneous detection of antigens with satisfying
sensitivity and reproducibility, thereby significantly reducing
time and costs of analyses.


Results and Discussion


To facilitate the DNA-directed immobilization (DDI), four cova-
lent conjugates (HA ±HD), containing different base sequences,
were synthesized from the corresponding ssDNA oligonucleo-
tides (for sequences see Table 1) and recombinant STV by using
the heterobispecific sulfosuccinimidyl maleimido crosslinker,
as described previously.[12] The covalent DNA ± STV conjugates


can be used as versatile molecular adapters, allowing for
convenient tagging of biotinylated proteins with a single-
stranded oligonucleotide.[11±13] These conjugates, therefore, form
the basis of the readily configurable DDI-�FIA. To employ the
covalent DNA ± STV conjugates for the functionalization of a


DNA microarray with capture
antibodies, conjugates were
produced from HA ±HD and
one molar equivalent of the
biotinylated antibodies RAC,
GAL, SAC, and SCI, with specific-
ity for the tumor marker human
carcinoembryonic antigen (CEA),
recombinant mistletoe lectin
rViscumin (rVis), ceruloplasmin
(CEP), and complement-1-inacti-
vator (C1A), respectively. This
coupling leads to the formation
of antibody ± DNA conjugates
capable of hybridizing to sur-
face-bound complementary cap-
ture oligonucleotides (Figure 2).


Figure 2. Schematic representation of the modular preparation of functional
conjugates employed in the DDI-�FIA. A) Synthesis of four covalent STV±DNA
conjugates (HA, HB, HC and HD) from STV and 5�-thiolated oligonucleotides (A, B,
C and D ; for sequences see Table 1). B) Conjugation of HA ±HD with the
biotinylated antibodies anti-carcinoembryonic antigen (RAC), anti-ceruloplasmin
(SAC), anti-complement-1-inactivator (SCI), and anti-lectin (GAL) to generate
capture reagents A-RAC, B-SAC, C-SCI, and D-GAL. C) Conjugation of STV-Cy5 with
biotinylated RAC, SAC, SCI and GAL to generate fluorophore-labeled detection
conjugates. D) Parallel immobilization of the four capture reagents by hybrid-
ization with the fully complementary surface-bound oligonucleotides.


Figure 1. Schematic drawing of the sandwich immunoassay based on DNA-directed immobilization (DDI), as conducted
in this study. A) Sequential incubation of the different components of the assay. B) Single-step capture assay, carried out by
simultaneous tagging of the analyte with reagents both for capture and detection.


Table 1. Thiolated oligonucleotide library for the generation of DNA±protein
conjugates and the amino-modified complementary capture oligomers. The
sequences are shown in the 5� ± 3� direction.


Name Sequence Modification


tA TCCTGTGTGAAATTGTTATCCGCT 5� thio link (C6)
tB ACCTCAAGTGATCTACCTACCTCAG 5� thio link (C6)
tC CTCACATCCAACAATACAGGTCACAT 5� thio link (C6)
tD TGAGCGTTCGTGGGATAGT 5� thio link (C6)
cA AGCGGATAACAATTTCACACAGGA 5� amino link (C6)
cB CTGAGGTAGGTAGATCACTTGAGGT 5� amino link (C6)
cC ATGTGACCTGTATTGTTGGATGTGAG 5� amino link (C6)
cD ACTATCCCACGAACGCTCA 5� amino link (C6)
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As an immobilization matrix for the DDI-�FIA, microarrays
containing the fully complementary oligomers as capture probes
were produced (for sequences see Table 1). Fluorescent signals
were generated by using detection conjugates, made up of the
corresponding antibodies and Cy5-labelled streptavidin, as
illustrated in Figure 2.


In a first set of experiments, the entire set of capture
conjugates–A-RAC, B-SAC, C-SCI, and D-GAL (25 nM each)–
were simultaneously allowed to hybridize with the correspond-
ing complementary capture oligomer on the microarray. Sub-
sequent to hybridization, serial dilutions of samples containing
CEA and rVis in standardized human serum (BISEKO) were
incubated on the microarray. BISEKO contains 170 �gmL�1 of
C1A, a member of the serpin superfamily, and 90 �gmL�1 of CEP,
a copper-containing dehydrogenase. All four proteins were
simultaneously developed through tagging with the antigen-
specific Cy5 ± antibody conjugates (25 nM each). The fluores-
cence images obtained are shown in Figure 3. Quantification of


Figure 3. Fluorescence images of the microarrays obtained from DDI-�FIA
experiments. Antibody conjugates A-RAC, B-SAC, C-SCI and D-GAL (see Figure 2)
hybridize with their complementary capture oligomers (cA, cB, cC and cD),
spotted on the microarray in four quadruplets. Serial dilutions of CEA–
500 ngmL�1 (A), 100 ngmL�1 (B), 20 ngmL�1 (C), 4 ngmL�1 (D), 0.8 ngmL�1 (E),
0.16 ngmL�1 (F) and 0 ngmL�1 (G)–and of rVis–1000 ngmL�1 (A),
200 ngmL�1 (B), 40 ngmL�1 (C), 8 ngmL�1 (D), 1.6 ngmL�1 (E), 0.32 ngmL�1 (F),
and 0 ngmL�1 (G)–were dissolved in standardized human serum (BISEKO),
containing 170 �gmL�1 C1A and 90 �gmL�1 CEP, incubated on the array and
subsequently developed through the use of STV±Cy5 ± antibody conjugates.


the signals (Figure 4A) revealed a detection limit of about
3 ngmL�1 (15 amol�L) for CEA. The recovery rate, determined by
using a spiked sample containing 35 ngmL�1 (gray line), was
found to be about 70%. We had previously investigated the
detection of CEA by a DDI-based ELISA in the microtiter plate
format. This had revealed a detection limit of about 10 ngmL�1


(50 amol�L�1).[13] Thus, the results reported here demonstrate
that microplate-ELISA can be converted to the �FIA format,
leading to an increase in sensitivity. Moreover, these results
nicely demonstrate the robustness of DDI-based assays on
various platforms.


Quantification of rVis by DDI-�FIA, shown in Figure 4B,
revealed a detection limit of about 100 ngmL�1 (1.7 fmol�L�1).
The alterations in sensitivity reflect individual differences in the
kinetic and thermodynamic binding properties of the two
antibodies (RAC and GAL) employed in the immunoassay.
However, this result shows the extreme specificity of the
method, which permits the analysis even of weak signals
because of the very low and constant background level (see
also Figure 3).


In a second step of microarray data analysis, we normalized
the fluorescence signals for the detection of CEA with respect to
the values measured for the two blood proteins CEP and C1A in
the �FIA detection. Previous analyses of human blood samples
had indicated that these two intrinsically occurring proteins are
indeed suitable for standardization of �FIA experiments since
they occur in human blood samples in concentrations conven-
iently traceable by �FIA (data not shown). In this study, the
fluctuation of the signal intensities obtained for CEP and C1A in
the various serial dilutions (see signals of cB and cC in Figure 3)
point to one of the typical problems of protein microarray
analyses: statistical errors resulting from, for instance, variations
in the surface properties of the slides.[3] These variations in signal
intensity, which are directly proportional to the error in micro-
array analysis and also assay development, can be compensated
for by normalization through the use of internal standard
substances. Instead of using non-naturally occurring substances,
which need to be spiked to the sample of interest, here we use
the intrinsically occurring proteins CEP and C1A.


For normalization, the fluorescence signal intensities obtained
for the serial dilutions of CEA were divided by those obtained for
CEP or C1A, and the resulting values were multiplied with a
constant value of 100 for CEP or 1000 for C1A to generate
comparable arbitrary units of signal intensity. The resulting data
are shown in Figure 4-C and 4-D. Normalization of the fluo-
rescence signals of CEA by use of the C1A data, led to an
improvement in the detection limit to 400 pgmL�1 (2 amol�L�1)
of CEA with a spike recovery (35 ngmL�1, grey bar) of
approximately 110% for standardization values (Figure 4-C).
Similarly, the detection limit and recovery rate for CEA were
500 pgmL�1 (2.5 amol�L�1) and ca. 115%, respectively, for
normalization by use of the CEP data values (Figure 4D). The
normalization thus improved the detection limit about sevenfold
and the recovery rate was improved by about 20%. These results
indicate that the correlation of fluorescence signals of a given
analyte with signals of internal blood marker proteins is a
suitable method for compensation for interassay variations
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obtained, for instance, in the analysis of patient samples or in the
generation of calibration data with various batches of microarray
slides.


We further investigated the reproducibility of the DDI-�FIA by
carrying out the assay described in Figure 3 in duplicate
independent experiments with two DNA microarray slides (gray
and dark lines in Figure 5A). Both slides contained each capture
oligomer as 12 separated spots, thus allowing for the determi-
nation of standard deviations (error bars of either the gray and
dark lines in Figure 5A). The average standard deviation
obtained on a single slide was found to be about 4%,
demonstrating the high reproducibility of the DDI-�FIA, while
interassay deviations between the two slides were found to be
10%, thus indicating the problems accompanying microarray-
based analyses. After normalization, the average standard
deviation between the two slides was significantly improved
to about 6% and 5%, by using either C1A (Figure 5B) or of CEP
(Figure 5C) signals as an internal standard.


The above results clearly demonstrate the effectiveness of
internal standardization for interassay correction. Moreover, the
outstanding reproducibility observed here for the DDI-�FIA
confirms our earlier studies on the immobilization of antibodies
by DNA hybridization, which has already demonstrated the high
performance of this self-assembly technique.[11, 13] We reason that
the good performance of the DDI-�FIA observed here is due, in
addition, to the high quality of the dendrimer-coated microarray
slides, which have recently been evaluated in a competitive
study by others.[8]


One major advantage of DDI-based immunoassays is the
highly specific immobilization, mediated by the base-pairing of
complementary nucleic acids. This feature allows simultaneous
immobilization of many different DNA-tagged components site-
specifically on the DNA microarray. Consequently, DDI-based
immunoassays allow for the in-solution binding of antigen
targets by DNA-tagged antibodies and subsequent site-specific
capture of the immunocomplexes formed on the DNA-micro-
array. The advantage of this approach lies in the reduction of the
number of incubation steps, and thus the minimization of time
and costs of analyses. While we have recently demonstrated the
feasibility of this capture approach for a single immunocom-
plex,[13] we have extended this demonstration here to a multiplex
DDI-�FIA assay.


To investigate the multiplex DDI-capture assay, CEA quantifi-
cation was carried out in the presence of C1A or CEP and the
absence of rVis, by using the antibody conjugates described in
Figure 2. Serial dilutions of CEA in BISEKO were mixed with equal
amounts of the four capture conjugates–A-RAC, B-SAC, C-SCI,
and D-GAL (25 nM each)–as well as the four Cy5-labeled


Figure 4. Hybridization signals obtained in DDI experiments. Shown are the
fluorescence signal intensities obtained from detection of various amounts of CEA
and rVIS, described in the legend of Figure 1. A) Raw data obtained from
fluorescence quantification of CEA signals. The grey bar represents a spiked
sample containing 35 ngmL�1 of CEA, measured on a different slide. B) Raw data
obtained from fluorescence quantification of rVis signals. C) Signal intensities of
CEA after normalization by use of the data obtained from either C1A or CEP (D).
Note the improvement in the limits of detection and spike recovery rates.
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Figure 5. Hybridization signals obtained in DDI-�FIA experiments for the
detection of CEA. Shown are the fluorescence signal intensities of two
independent experiments, carried out on different microarray slides. A) Raw data
of fluorescence signals, indicating an inter-array deviation of about 10%.
B) Signal intensities of CEA after normalization by use of the signals obtained
from C1A or CEP (C). Note that the normalization improves the standard
deviation observed for the raw data.


detection conjugates (25 nM each). The mixtures were immedi-
ately applied to DNA microarrays, thus allowing for the capture
of the immunocomplexes formed in solution. The fluorescence
signal intensities obtained are shown in Figure 6 (raw data). The
limit of detection for CEA was 10 ngmL�1, as compared to
3 ngmL�1, obtained in the conventional three-step assay (see
Figure 4A). This indicates that the DDI-capture assay is less
sensitive, but the assay time was reduced from three incubation
steps to a single one. Normalization of the CEA signals with those
obtained from either C1A or CEP (gray and light gray curves,
respectively, in Figure 6) led to a roughly threefold improvement
in the limit of detection to about 3 ngmL�1 of CEA. To the best of
our knowledge, this is the first demonstration of a functional
multiplex one-step capture sandwich assay.


Conclusion


We report here on the development of a readily configurable
multiplex immunoassay, based on the DNA-directed self-assem-
bly of protein microarrays. Due to the recognition capabilities of
covalent single-stranded DNA ± STV conjugates, which are used
as versatile molecular adapters for the efficient and site-specific
DNA-directed immobilization of capture antibodies on DNA-
microarrays, this microarray fluorescence immunoassay (�FIA) is
readily configurable for a wide variety of applications. We
demonstrate here, in a model system, the simultaneous
detection and quantification of four different protein anti-
gens–the tumor marker human carcinoembryonic antigen
(CEA), recombinant mistletoe lectin rViscumin (rVis), ceruloplas-
min (CEP), and complement-1-inactivator (C1A)–in human
blood serum samples. The DDI-�FIA allowed us to detect low
antigen quantities down to 400 pgmL�1, which is comparable to
the sensitivity reached in conventional microplate-based en-
zyme-amplified immunoassays. Moreover, this assay also re-
vealed an extraordinary robustness and reproducibility, which
could even be improved by an internal standardization employ-
ing proteins, CEP or C1A, which intrinsically occur in human
blood serum. In particular, this normalization allows one to
compensate for interassay deviations resulting from the use of
various batches of microarray slides. Furthermore, we have also
demonstrated that the DDI-�FIA can be carried out in a single
step, taking advantage of the specificity of DNA-directed
immobilization of immunocomplexes formed in solution, there-
by significantly reducing the time and costs of analyses.


Experimental Section


Preparation of DNA±protein conjugates : The synthesis and
purification of the four covalent DNA ± STV conjugates (HA±HD in
Figure 2) was carried out from the corresponding thiolated oligonu-
cleotides (Table 1, Thermo Electron), as described previously.[12] In
brief, STV (10 nmol) was derivatized with maleimido groups by use of
a heterobispecific crosslinker (sulfo-SMCC, Pierce), treated with the
thiolated oligonucleotide (10 nmol) and subsequently purified by
anion-exchange chromatography. The one-to-one molar ratio of
oligonucleotide and protein moiety in the conjugate was verified by
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gel-electrophoretic and photometric analysis, and its concentration
was determined by absorbance measurements.[12]


As shown in Figure 2B, the adducts of the four conjugates (HA, HB,
HC and HD) and the biotinylated antibodies were prepared by
mixing 0.01 mM stock solutions of the conjugate and equimolar
amounts (0.01 mM stock solution) of biotinylated rabbit anti-
carcinoembryonic antigen RAC (Dako, biotinylated with NHS-Biotin
(Pierce) according to manufacturers' instructions), biotinylated goat
anti-lectin GAL (Viscum AG),[14] biotinylated sheep anti-complement-
1-inactivator SCI (Biotrend, biotinylated with NHS-Biotin (Pierce)) or
biotinylated sheep anti-ceruloplasmin SAC (Biotrend, biotinylated
with NHS-Biotin) in buffer A (10 mM Tris buffer, pH 7.5, containing
5 mM EDTA). After incubation for 15 min at room temperature, the
mixtures were diluted to 500 nM with buffer B (20 mM Tris-Cl buffer,
pH 7.5, 150 mM NaCl, 5 mM EDTA, 0.01% (w/v) Tween-20, 0.1 mgmL�1


reagent grade DNA (Roche), 800 �M D-biotin (Sigma) and 0.5% milk
powder (Oxoid)) and incubated for an additional 10 min. After this,
the capture conjugates were mixed together to a final concentration
of 25 nM each for the three-step assay, or 125 nM each for the one-
step assay.


For fluorescence detection, conjugates were prepared from strepta-
vidin covalently labeled with Cy5 fluorophore (STV± Cy5, Roche) and
biotinylated antibodies RAC, GAL, SCI, SAC (Figure 2-C). To this end,
0.01 mM stock solutions of the streptavidin ± Cy5 and equimolar
amounts (0.01 mM stock solution) of biotinylated antibodies were
mixed in buffer A, and after incubation for 15 min at room temper-
ature, the mixtures were diluted to 500 nM with buffer B and
incubated for an additional 10 minutes. Afterwards, the four STV±
Cy5 ± antibody conjugates were combined. The concentration of the
detection conjugates was 25 nM each in the three-step and 125 nM


each in the one-step assay.


Preparation of DNA microarrays : For the attachment of the capture
oligonucleotides complementary to HA±HD (Table 1), a solution of
the 5�-amino-modified oligonucleotides in water (0.3 nL, 10 �M,


Thermo Electron) was typically spotted onto 3DPro-
tein Slides (Chimera Biotec, Dortmund) by using a
piezo-driven spotting device (GeSiM), and the slides
were incubated overnight. Subsequently, the slides
were stored at �20 �C until use.


DDI and �FIA : To reduce non-specific binding of
the reagents, the DNA microarray was pretreated
for 30 min with blocking solution (Chimera Biotec
GmbH) and subsequently dried by centrifugation
with the aid of a microscope slide holder (Erie
Scientific). Adhesive hybridization chambers
(Schleicher & Schuell) were fixed on top of the
slide, and the DNA ± antibody conjugate solution
described above was allowed to hybridize for
120 min at room temperature (Figure 2D). The slide
was washed twice with buffer C (20 mM Tris-Cl
buffer, pH 7.5, 150 mM NaCl, 5 mM EDTA, 0.01%
(w/v) Tween-20), and serial dilutions of the antigens
were applied. The antigens used were carcino-
embryonic antigen (CEA, DAKO), typically ranging
from 500 ngmL�1 to 0.16 ngmL�1, and recombinant
mistletoe lectin rViscumin (rVis, Viscum AG), typi-
cally ranging from 1000 ngmL�1 to 0.32 ngmL�1,
diluted in standardized human serum (BISEKO),
containing 170 �gmL�1 C1A and 90 �gmL�1 CEP.
C1A and CEP were also used as internal standards.
The slide was incubated for 60 minutes at room
temperature. After antigen incubation, the slide was


washed twice with buffer C and the detection-conjugate mixture
was transferred into the hybridization chambers. Binding was carried
out at room temperature over 60 min.


For the one-step assay, the DNA ± antibody conjugates and the STV±
Cy5 ± antibody conjugates (final concentrations of 25 nM each) were
added directly to the antigen samples containing CEA in serial
dilutions. The mixture was incubated for 120 minutes on top of the
slide.


After reagent binding, the chips were washed twice for 5 min with
buffer C, followed once in double distilled H2O. The slides were dried
by centrifugation, and the fluorescence intensity of the signals was
measured with a microarray laser scanning system (Axon) with a 500
photomultiplier and 100% laser power. Signals were analyzed and
quantified with the aid of GenePix pro 4.1 software (Axon).
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Immunological Optimization of a Generic
Hydrophobic Pocket for High Affinity Hapten
Binding and Diels±Alder Activity
Andrea Piatesi and Donald Hilvert*[a]


Introduction


Immune recognition is based on
shape and chemical complemen-
tarity between antibodies and
antigens.[1±6] High-affinity interac-
tions are achieved by optimizing
receptors from the primary im-
munoglobulin repertoire by an
evolutionary process involving
somatic mutation and antigen-
driven selection for tight bind-
ing.[7,8] The programmable na-
ture of this system makes it a
reliable source of tailored recep-
tors for many applications, in-
cluding catalysis.[9±11]


Antibodies with catalytic prop-
erties are obtained when a mole-
cule carrying chemical informa-
tion about a particular reaction
mechanism is used to induce
the immune response. For exam-
ple, the endo hexachloronorbor-
nene derivative 1 is an excellent mimic of the transition state
for the [4+2] cycloaddition between tetrachlorothiophene di-
oxide (2, TCTD) and N-ethylmaleimide (3, NEM; Scheme 1). An-
tibodies that bind this compound catalyze the Diels±Alder re-
action efficiently and experience minimal product inhibition


[a] A. Piatesi, Prof. Dr. D. Hilvert
Laboratorium f¸r Organische Chemie
Swiss Federal Institute of Technology (ETH), ETH-Hˆnggerberg
8093 Z¸rich (Switzerland)
Fax: (+41)1-632-1486
E-mail : hilvert@org.chem.ethz.ch


Scheme 1. Diels±Alder cycloaddition catalyzed by 1E9.[12] The antibody was elicited in response to the tetrachloronor-
bornene derivative 1. It catalyzes the reaction between tetrachlorothiophene dioxide (2) and N-ethylmaleimide (3) to
give the high-energy intermediate 4, which breaks down to yield N-ethyltetrachlorophthalimide 5. Progesterone (6)
and the bicyclo[2.2.2]octene derivative 7 were used to raise antibodies DB3 and 39-A11, respectively, which are struc-
turally related to 1E9 and derive from the same germ-line genes.


Antibody 1E9, which binds a tetrachloronorbornene derivative
with subnanomolar affinity and catalyzes the Diels±Alder reac-
tion between tetrachlorothiophene dioxide and N-ethylmaleimide
with high efficiency, arose from a family of highly restricted
germ-line immunoglobulins that bind diverse hydrophobic li-
gands. Two somatic mutations, one at position L89 in the light
chain (SerL89Phe) and another at position H47 in the heavy
chain (TrpH47Leu), have been postulated to be responsible for
the unusually high degree of shape and chemical complementar-
ity observed in the crystal structure of 1E9 complexed with its
hapten. To test this hypothesis, the germ-line sequence at these
two positions was restored by site-directed mutagenesis. The en-
suing 160 to 3900-fold decrease in hapten affinity and the com-
plete loss of catalytic activity support the hypothesis that these
somatic mutations substantially remodel the antibody binding


pocket. Mutation of the highly conserved hydrogen-bond donor
AsnH35, which sits at the bottom of the active site and is a hall-
mark of this family of antibodies, is also catastrophic with re-
spect to hapten binding and catalysis. In contrast, residues in the
CDR H3 loop, which contributes a significant fraction of the
hapten-contacting protein surface, have a more subtle influence
on the properties of 1E9. Interestingly, while most changes in this
loop have neutral or modestly deleterious effects, replacement of
MetH100b at the floor of the pocket with phenylalanine leads to
a significant sevenfold increase in catalytic activity. The latter
result is surprising given the unusually close fit of the parent anti-
body to the transition-state analogue. Further fine-tuning of the
interactions between 1E9 and its ligands by introducing muta-
tions outside the active site could conceivably yield substantially
more active catalysts.
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because of the large structural change that ensues when the
initially formed product (4) spontaneously eliminates SO2.


[12,13]


Structural studies on one such antibody, 1E9, revealed an un-
usually high degree of structural complementarity between
the protein and transition-state analogue (Figure 1a).[14] Tight
packing is achieved through extensive van der Waals contacts


and p-stacking interactions (Figure 1b). In addition, the side
chain of AsnH35 at the base of the pocket provides a strategi-
cally placed hydrogen bond to the buried succinimide carbon-
yl group of the hapten. During catalysis, these interactions are
believed to preorganize and activate the substrates, on the


one hand, and stabilize the transition state enthalpically on the
other.[14,15]


The immunological origins of individual antibodies can pro-
vide valuable insight into the evolution of binding energy and
catalytic function.[16±19] The light and heavy chains of 1E9, for
example, derive from the highly restricted VK5.1 and VGAM3.8
gene families,[20] which are frequently used to bind small hy-
drophobic compounds. The encoded germ-line antibodies are
believed to possess a polyspecific active site that is optimized
for recognition of individual ligands during affinity matura-
tion.[16±19] Mature 1E9 differs from its germ-line precursors by
six somatic mutations in the light chain and eight in the heavy
chain (Figure 2). Only two of these substitutions, SerL89!Phe
and TrpH47!Leu, directly contact the bound hapten (Fig-
ure 1b), and it has been proposed that the ensuing structural
changes contribute significantly to the distinctive binding and
catalytic properties of 1E9.[14] As is typical for antibodies that
bind small molecules, residues of the complementarity-deter-
mining region (CDR) H3 of the heavy chain–specifically at po-
sitions H97, H100, and H100b–also make extensive contacts
with the hapten. Sequence diversity at these sites (Figure 2)
may account in part for the divergent properties of 1E9 and
other antibodies from the same germ-line families.[14]


To explore the relationship between hapten complementari-
ty and catalytic efficiency in 1E9, we have mutagenized the
residues that line the binding pocket, introducing amino acids
characteristic of the germ-line sequence or of structurally relat-
ed antibodies. Our results confirm the importance of somatic
mutations at positions L89 and H47 for binding and catalysis
by 1E9, as well as the role of the highly conserved AsnH35 as
an essential proton donor. They also show that, despite nearly
perfect shape complementarity in the starting antibody, signifi-
cant improvements in catalytic efficacy can still be achieved by
mutation within the active site.


Results


The effects of somatic mutations SerL89!Phe and
TrpH47!Leu on binding and catalysis


Mature 1E9 is closely related in sequence to antibodies like
DB3, which was raised against progesterone (6 ; Scheme 1),[21,22]


and 39-A11, which was generated against the bicyclo[2.2.2]oc-


Figure 1. The 1E9 antibody-combining site with bound hapten 1. a) Molecular
surface representation of the binding pocket showing the excellent shape com-
plementarity between protein and ligand.[14] Under the surface, the side chains
of the ligand-contacting residues of the antibody (PheL89, LeuH47, AsnH35,
ThrH97, ArgH100, MetH100b) plus AsnH52 at the edge of the active site are
shown in pink. b) View of the 1E9 binding site showing all the hapten-contact-
ing residues and their molecular interactions with the hapten.


Figure 2. Alignment of the amino acid sequences of the heavy (VH) and light (VL) chain variable regions of the structurally related antibodies 1E9, DB3, 39-A11 and
the germ-line genes VFM11 and Vk1A. Deviations from the 1E9 sequence are highlighted in bold. The heavy-chain germ-line gene of DB3 and 39-A11, VFM9, differs
from VFM11 at a single nucleotide; this results in replacement of MetH87 by threonine.[16] This mutation has no effect on hapten binding or catalysis in 1E9.[26] CDR:
complementarity-determining region.
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tene derivative 7 and catalyzes an unrelated Diels±Alder reac-
tion,[16,23] but it possesses a distinctively shaped active site.[14]


Structural comparisons of the three antibodies suggested that
the somatic mutations SerL89!Phe and TrpH47!Leu, which
are unique to 1E9, dramatically alter the configuration of the
binding pocket.[14] Introduction of phenylalanine at position
L89 eliminates a prominent cavity present in DB3 and 39-A11,
significantly improving shape complementarity between 1E9
and 1. The substitution of framework residue TrpH47 by leu-
cine is a particularly rare mutation[24] that allows the bulky side
chain of TrpH50, which is normally in contact with TrpH47, to
rotate about 1208 along its Ca�Cb bond. This conformational
change deepens the pocket and creates a flat surface that can
p-stack with the succinimide portion of the hapten or with the
maleimide substrate. To assess the effects of these changes,
the corresponding germ-line residues were introduced into the
mature antibody by mutagenesis and the resulting proteins,
PheL89Ser and LeuH47Trp, were characterized (Table 1). Incor-
porating serine at position L89 causes a 160-fold increase in Kd


for the hapten and complete loss of catalytic activity. Introduc-
ing tryptophan at position H47 leads to a 3900-fold loss in
hapten affinity and likewise inactivates the antibody.


AsnH35 as a strategic hydrogen-bond donor


AsnH35 is one of the hallmark residues of the VGAM3.8 gene
family. It has been postulated to play a key role as a hydrogen-
bond donor in ligand recognition and catalysis in 1E9.[14,15] His-
tidine and serine, which are commonly found at this position
in other antibodies,[24] could also conceivably serve as hydro-


gen-bond donors to the buried carbonyl group of the hapten
or the maleimide substrate. However, replacement of AsnH35
with either residue afforded catalytically inactive antibodies
possessing substantially decreased affinity (13 to 600000-fold)
for the hapten (Table 1). Both binding and catalysis are evi-
dently highly sensitive to the nature of the hydrogen-bond
donor at position H35.


The more exposed carbonyl of the bound hapten in the 1E9
complex does not interact directly with any antibody residue
(Figure 1). Conceivably, provision of a hydrogen bond to the
corresponding carbonyl of the dienophile might enhance its
dienophilicity and further augment catalytic activity.[15] To test
this idea, residue AsnH52, which is located on the outside
edge of the binding pocket, was replaced by lysine and argi-
nine. Simple modeling studies suggest that these substitutions
would position an ammonium or guanidinium group within
hydrogen-bonding distance of the solvent-exposed carbonyl
without inducing strain into the amino acid side chain or dis-
rupting binding of the hapten to the antibody. Nevertheless,
both mutants, AsnH52Lys and AsnH52Arg, are comparable to
the parent antibody with respect to hapten affinity and cataly-
sis (Table 1). It is possible that favorable interactions with
bound ligand are mitigated by solvation of the exposed side
chains.


Hapten-contacting CDR H3 residues


The sequence of 1E9 differs from that of the structurally relat-
ed antibodies DB3 and 39-A11 most extensively in CDR H3
(Figure 2).[14,16, 21] This loop is ten amino acids long in each anti-
body but exhibits high sequence diversity, reflecting its origin
from a different combination of D and J germ-line gene seg-
ments and different VDJ junctions. Because the length and
overall conformation of this segment is conserved between
the antibodies,[14] the side chains oriented away from the bind-
ing site play only an indirect role in ligand recognition, where-
as those directed into the active site subtly modify the shape
of the combining site. The latter point is illustrated by muta-
genesis experiments in which the three hapten-contacting
CDR H3 residues in 1E9 (ThrH97, ArgH100, and MetH100b)
were replaced by the amino acids found at the corresponding
positions in DB3 and 39-A11 (Table 1).


The side chain of ThrH97 contacts the portion of the hapten
that mimics the dienophile (Figure 1). Its replacement with ty-
rosine, as in the steroid binder DB3, causes a threefold increase
in Kd for the hapten and a fivefold decrease in kcat, whereas an
arginine at this position, as in 39-A11, only causes a modest in-
crease in the apparent Km value for NEM. In contrast, the side
chain of ArgH100 interacts directly with the diene component
of the hapten (Figure 1). Introducing a tryptophan at this posi-
tion, as in DB3, leads to a modest increase in Kd for the hapten
and small decreases in both kcat and KNEM.


More dramatic results were obtained at position H100b. This
residue serves as the floor of the binding pocket and provides
a large hydrophobic surface for binding the diene substrate
(Figure 1). In 1E9, the flexible aliphatic side chain of methio-
nine occupies this position, whereas in DB3 and 39-A11 the ar-


Table 1. Steady-state kinetic parameters and hapten affinity of 1E9 and
variants.[a]


variant kcat KNEM kcat/KNEM Kd


[min�1] [mm] [m�1min�1] [nm]


1E9 wt[b] 3.7�0.1 9.0�0.6 410 0.10�0.04
PheL89Ser n.d.[c] n.d. n.d. 16�2
LeuH47Trp n.d. n.d. n.d. 390�45
AsnH35Ser n.d. n.d. n.d. 1.3�0.3
AsnH35His n.d. n.d. n.d. 61000�13000
AsnH52Lys 2.8�0.1 9.2�1.1 300 0.13�0.06
AsnH52Arg 2.2�0.1 8.4�1.1 260 0.10�0.03
ThrH97Tyr 0.82�0.07 5.7�1.5 140 0.32�0.06
ThrH97Arg 3.9�0.3 15�3 260 0.12�0.02
ArgH100Trp 2.8�0.1 7.0�0.7 400 0.17�0.04
MetH100bPhe[d] 25�1 7.2�1.0 3500 0.08�0.07
MetH100bTrp 1.6�0.1 9.7�1.0 160 0.7�0.10


[a] Kinetic measurements were performed at 25 8C with TCTD (150 mm) in
sodium acetate buffer (pH 5.5, 50 mm) containing NaCl (20 mm) and ace-
tonitrile (2%, v/v). Fluorescence-quenching titrations were carried out at
15 8C in sodium acetate (pH 5.5, 20 mm) containing NaCl (100 mm).
[b] 1E9 wt is a recombinant chimeric Fab, which contains two point mu-
tations (MetH87Thr and GlyL63Ser) for high level production and exhibits
kinetic parameters within experimental error of those reported for the
original IgG;[26] all mutations were introduced into this background.
[c] n.d. , not detectable. [d] The kinetic parameters for the MetH100bPhe
were confirmed with protein isolated from two independent fermenta-
tion runs.
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omatic side chain of phenylalanine is employed. Unexpectedly,
substitution of MetH100b with phenylalanine resulted in a sub-
stantial sevenfold increase in kcat, from 3.7 min�1 to about
25 min�1, with little change in the apparent Michaelis±Menten
constant for NEM (Figure 3a, Table 1). Although the Kd values
for the hapten obtained in solution by fluorescence quenching
are the same within experimental error for this variant and the
parent antibody, surface plasmon resonance (SPR) measure-
ments indicate that MetH100bPhe binds the transition-state
analogue roughly two times more tightly (Figure 3b). Thus,
both antibodies exhibit the same rate constants for ligand as-
sociation [kon= (6.1�1.8)î104 s�1


m
�1 versus (5.8�1.6)î


104 s�1
m


�1] , but the variant has a dissociation rate constant
[koff= (2.6�0.1)î10�4 s�1] that is roughly half that of 1E9 itself
[(5.4�0.1)î10�4 s�1] . The discrepancy between the SPR and
fluorescence titration measurements probably reflects the dif-


ferent nature of interactions between the antibody and a solid
support on the one hand and a ligand free in solution on the
other.[25,26]


In contrast to the results obtained with MetH100bPhe, a re-
duction in ligand affinity and catalytic efficiency is observed
when an even bulkier tryptophan residue is introduced at posi-
tion H100b (Table 1). Although the complexity of the overall re-
action sequence makes the interpretation of structure±activity
relationships in this system difficult, the activity of the 1E9 var-
iants thus appears to correlate roughly with affinity for the
transition-state analogue.


Discussion


Antibody 1E9 shares its basic scaffold with a class of antibodies
that recognize small hydrophobic ligands. These include
DB3[21,22] and 39-A11,[23] which were raised against progester-
one (6) and a bicyclo[2.2.2]octene derivative 7, respectively. It
has been suggested[16] that the germ-line precursors of these
antibodies encode a generic hydrophobic binding pocket con-
taining a conserved hydrogen-bond donor and that its diversi-
fication during affinity maturation affords high-affinity recep-
tors for a large array of structurally diverse molecules. Consis-
tent with this idea, the crystal structures of these antibodies
reveal very differently shaped binding pockets,[14] commensu-
rate with their disparate functions.


Comparison of the 1E9, DB3, and 39-A11 crystal structures
suggested that a small number of mutations at the combining
site, like the SerL89!Phe and TrpH47!Leu substitutions in
1E9, lead to major changes in the shape of the antibody bind-
ing pocket.[14] The importance of these two somatic mutations
for the recognition of 1 by 1E9 is confirmed by our mutagene-
sis experiments. Reversion to the germ-line sequence leads to
100 to 1000-fold losses in hapten affinity (Table 1). Residual
binding may reflect relatively nonspecific interactions of the
ligand with the hydrophobic pocket. Preliminary experiments
suggest that these variants, like the germ-line precursor of 39-
A11,[16] have an expanded substrate specificity, binding 1 as
well as a range of structurally distinct steroid ligands with
moderate affinity.[27] Docking studies with mature 1E9 and the
anti-progesterone antibody DB3, which also weakly binds 1
but does not catalyze the Diels±Alder reaction between TCTD
and NEM, indicate that noncognate ligands bind randomly in
the nonpolar pockets, whereas only a single high-affinity bind-
ing mode is observed with the parent antibody and its correct-
ly shaped cognate ligand.[14] The loss of hapten affinity is also
directly associated with a loss in catalytic function. Both the
PheL89Ser and LeuH47Trp variants are catalytically inactive,
presumably because the remodeled active sites are unable to
preorganize diene and dienophile effectively for bimolecular
cycloaddition.


One of the highly conserved amino acids in this family of an-
tibodies is AsnH35, which is positioned to donate a hydrogen
bond to the carbonyl group of the ligand in each of the anti-
body±hapten complexes. This residue provides a key polar in-
teraction in an otherwise hydrophobic environment and helps
bind the cognate ligand in a specific orientation. As found pre-


Figure 3. Comparison of 1E9 and the MetH100bPhe variant. a) Plot of initial
rates versus NEM concentration for 1E9 (*) and MetH100bPhe (*). Measure-
ments were carried out in sodium acetate (pH 5.5, 50 mm), sodium chloride
(20 mm), and acetonitrile (2% v/v) at 25 8C. TCTD concentration was held con-
stant at 150 mm. b) SPR sensograms for 1E9 (a) and MetH100bPhe (c)
binding to immobilized transition-state analogue. Measurements were carried
out at 25 8C at a flow rate of 5 mLmin�1. The rate constants kon and koff were
calculated from the association and dissociation phases measured at several
Fab concentrations. The sensograms depicted were obtained at [Fab]=1 mm.
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viously with 39-A11,[28] AsnH35 is absolutely essential for the
catalytic activity of 1E9 (Table 1), presumably because it helps
to orient the maleimide for reaction and enhance its dienophi-
licity.[15] Even relatively conservative substitutions with serine or
histidine lead to major losses of activity. Unfortunately, as seen
previously with 39-A11,[28] attempts to further activate the di-
enophile by engineering additional hydrogen bonding interac-
tions with its solvent-exposed carbonyl group have not been
successful (Table 1).


While the residues at position H35, H47, and L89 have a pro-
found influence on the properties of 1E9, the hapten-contact-
ing CDR H3 residues, which constitute a large fraction of the
hydrophobic active-site binding surface (Figure 1), modulate
antibody complementarity more subtly. The small decreases in
hapten affinity and/or catalytic activity upon substitution of
the hapten-contacting residues H97 and H100 are hardly sur-
prising, but the sevenfold increase in kcat observed for the
MetH100bPhe mutant was unexpected in light of the snug fit
between hapten and protein in the starting structure. The rigid
aromatic side chain of phenylalanine may pack the substrates
better than the more flexible aliphatic side chain of methio-
nine or the bulkier side chain of tryptophan, reducing their ro-
tational and translational degrees of freedom. However, the
effect is very subtle, since hapten affinity is increased at most
twofold by this mutation.


Overall, our results suggest that a small number of somatic
mutations, coupled with minor adjustments in CDR H3 resi-
dues, are sufficient to convert a relatively nonspecific anti-
body-binding site into a highly selective receptor and catalyst.
Given the already excellent fit of 1 to the mature 1E9 antibody,
future improvements with respect to hapten binding and cata-
lytic activity will probably require mutations distant from the
active site. In vitro selection experiments with antibody libra-
ries displayed in various formats,[29±33] which have successfully
converted nanomolar binders to receptors with picomolar to
femtomolar affinities, will be particularly useful in this regard.
Insofar as 1 is a good mimic of the presumed Diels±Alder tran-
sition state,[14] a significant fraction of the binding energy
gained may well be manifest as higher catalytic efficiency.


Experimental Section


Tetrachlorothiophene dioxide (TCTD)[34] and hapten 1[12] were syn-
thesized according to published protocols and gave satisfactory
spectroscopic data. N-Ethylmaleimide (NEM) was obtained from Ald-
rich. E. coli XL1-blue and TOPP2 strains were obtained from Strata-
gene (La Jolla, CA). Restriction endonucleases and T4 DNA ligase
were purchased from New England Biolabs (Beverly, MA) and Fer-
mentas (Vilnius, Lithuania), respectively. Polymerase chain reactions
(PCRs) were carried out with thermostable HotStarTaq DNA polymerase
from Qiagen (Basel, Switzerland). Oligonucleotides for mutagenesis
and sequencing were prepared by Microsynth (Balgach, Switzerland).
All nucleic acid manipulations were according to standard proce-
dures.[35] DNA sequencing was performed on an ABI PRISM310 Ge-
netic Analyzer from PE-Applied Biosystems (Foster City, CA).


Site-Directed Mutagenesis: Plasmid p4xH-1E9(MetH87Thr/
GlyL63Ser), which was previously constructed for optimized pro-
duction of the chimeric 1E9 Fab fragment in E. coli,[26] served as a


template for site-directed mutagenesis. Substitutions were general-
ly chosen to exploit the most frequently used codon for a particu-
lar amino acid among highly expressed genes in E. coli (Wisconsin
Sequence Analysis package, version 8, Genetics Computer Group,
Inc.). Except for the ArgH100Trp and MetH100bPhe mutants, site-
directed mutagenesis was accomplished by a standard overlap-ex-
tension PCR technique with the following primers: 1E9 VL flanking
sense (5’-GCGTACGCTGAGCTCGTGATGACCCAGACTCCACTCTCC-3’,
SacI site underlined) and antisense (5’-TTTGATCTCAAGCTTGGTGC-
CACCACCGAACGTCGGAAA-3’, HindIII site underlined); 1E9 VH flank-
ing sense (5’-GTGTTAAGCTGGGGATCCTCTAGAGGTTGA-3’, BamHI
site underlined) and antisense (5’-GGCTGAGGAGACGGTGACC-
GAGGTTCCTTG-3’, BstEII site underlined); PheL89Ser mutagenic
sense (5’-GATTTGGGAGTTTATTTCTGTTCCCAAAGTACA-3’) and anti-
sense (5’-TGTACTTTGGGAACAGAAATA-3’) ; AsnH35His mutagenic
sense (5’-TATGGAATGCACTGGGTGAAG-3’) and antisense (5’-
CTTCACCCAGTGCATTCCATA-3’) ; AsnH35Ser mutagenic sense (5’-
TATGGAATGTCCTGGGTGAAG-3’) and antisense (5’-CTTCACCCAG-
GACATTCCATA-3’) ; LeuH47Trp mutagenic sense (5’-GCTTTAAAGTG-
GATGGGCTGG-3’) and antisense (5’-CCAGCCCATCCACTTTAAAGC-
3’) ; AsnH52Arg mutagenic sense (5’-ATGGGCTGGATACGTCCCTA-
CACTGGA-3’) and antisense (5’-TCCAGTGTAGGGACGTATCCAGCC-
CAT-3’) ; AsnH52 Lys mutagenic sense (5’-ATGGGCTGGATAAAACCC-
TACACTGGA-3’) and antisense (5’-TCCAGTGTAGGGTTTTATCCAGCC-
CAT-3’) ; ThrH97Arg mutagenic sense (5’-TATTTCTGTGCAAGGGG-
GACTCGTATAGTGA-3’) and antisense (5’-CCTCACTATACG-
AGTCCCCCTT-3’) ; ThrH97Tyr mutagenic sense (5’-TATTTCTGTGC-
AAGGGGGACTTACATAGTGA-3’) and antisense (5’-CCTCACTAT-
GTAAGTCCCCCTT-3’). The mutagenized positions in the primers are
denoted in bold. Because of the proximity of the site of mutation
and the 3’ BstEII restriction site, the ArgH100Trp and MetH100bPhe
mutations were introduced in one PCR step by using mutagenic
antisense primers containing the restriction site in combination
with the 1E9 VH flanking sense primer. The antisense primers were
5’-GACGGTGACCGAGGTTCCTTGACCCCAGTAGTCCATAGCCCACACTAT-3’
for ArgH100Trp and 5’-GACGGTGACCGAGGTTCCTTGACCCCAG-
TAGTCGAAAGCCCT-3’ for MetH100bPhe (BstEII sites are underlined
and mutagenized positions denoted in bold). Constructs were con-
firmed by DNA sequencing with the HSEQF, HSEQB, and LSEQB pri-
mers, as previously described.[26]


Production, Purification, and Characterization of Chimeric Fab
Fragments: Large-scale antibody production was achieved by
transforming the TOPP2 E. coli strain with p4xH-1E9 (MetH87Thr/
GlyL63Ser) and its mutagenized derivatives, followed by high-den-
sity fermentation (2 L) in a BIOFLO3000 Bioreactor (New Brunswick
Scientific, Edison, NJ) as previously described.[26,36] The chimeric
Fab fragments were purified from crude periplasmic lysates by pro-
tein G affinity chromatography, followed by Mono S cation-ex-
change chromatography. Sample purity was assessed by SDS PAGE.
Protein concentration was determined spectroscopically at 280 nm,
by using molar absorption coefficients calculated as described by
Pace.[37] An e280 of 59000m�1 cm�1 was assumed for all but the
LeuH47Trp, ThrH97Tyr, and ArgH100Trp mutants, which had calcu-
lated extinction coefficients of 64500, 60500, and 64500m�1 cm�1,
respectively. With the exception of the MetH100bPhe mutant,
which was stored at �80 8C, all the Fab variants were stored at 4 8C
in 20 mm Tris-HCl (pH 7.2) containing EDTA 0.5 mm and NaCl
100 mm. The final yield of the chimeric Fab 1E9(MetH87Thr/
GlyL63Ser) was approximately 4 mgL�1, while that of the mutants
varied between 1.5 and 7 mgL�1.


Kinetic assays: The reaction between TCTD and NEM was carried
out at 25 8C in sodium acetate buffer (pH 5.5, 50 mm) containing
NaCl (20 mm) in the presence (typically 0.1 to 1.0 mm) or absence
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of antibody. The substrates were diluted from stock solutions in
acetonitrile; the final concentration of acetonitrile in the reaction
mixture was 2% by volume. Initial velocities were determined by
starch±I2 bleaching at 606 nm at several concentrations of NEM
while holding the concentration of TCTD constant at 150 mm.[26,38]


The data were corrected for the uncatalyzed reaction and fitted to
the Michaelis±Menten Equation:


vo=½Ab� ¼
kcat½NEM�
KNEM þ ½NEM� ð1Þ


here vo is the initial rate, [Ab] and [NEM] are the active site and
substrate concentrations, and kcat and KNEM are the apparent cata-
lytic rate and Michaelis constants at a fixed concentration of diene.


Hapten-binding assays: Hapten dissociation constants (Kd) for the
Fab mutants were determined as previously described.[26,39] Titra-
tion curves were recorded by stepwise addition of a ligand stock
solution to a diluted solution of the chimeric Fab fragment (26 nm)
and subsequent measurement of the fluorescence. With the excep-
tion of the LeuH47Trp, PheL89Ser, and AsnH35His mutants, a
hapten stock solution of 15 mm in buffer was used for all the Fab
variants. The LeuH47Trp and PheL89Ser mutants were character-
ized by using a 150 mm hapten stock solution in buffer, whereas a
15 mm hapten stock solution in neat acetonitrile was used for
AsnH35His. The excitation and emission wavelengths were 290 nm
and 340 nm, respectively, and the corresponding band passes were
8 nm and 16 nm. The high voltage of the detector was set to
900 V. These measurements were carried out in sodium acetate
(pH 5.5, 20 mm) and NaCl (100 mm) at 15 8C. The dissociation con-
stant (Kd) for the Fab±ligand complex was calculated by nonlinear
least-squares fitting of the observed fluorescence (F) obtained at
various ligand concentrations (LT) to Equation (2)


F ¼ FE�½ðET þ LT þ KdÞ
�½ðET þ LT þ KdÞ2�4 ETLT�1=2� 
 ðFE�FELÞ=2 ET


ð2Þ


here ET is the total Fab concentration, FE is the observed fluores-
cence intensity without any ligand, and FEL is the fluorescence in-
tensity of the Fab-ligand complex at infinite ligand concentration.


Surface plasmon-resonance measurements: The binding of
hapten to chimeric 1E9 Fab and the MetH100bPhe mutant was
monitored by the surface plasmon-resonance (SPR) technique with
a BIAcore 3000 instrument (Pharmacia, Uppsala, Sweden).[40,41] All
experiments were performed at 25 8C. The surface of the dextran
chip was activated with 1-[3-dimethylaminopropyl]-3-ethylcarbodi-
imide hydrochloride and N-hydroxysuccinimide in acetate (pH 4.0,
10 mm) and covalently linked to the borine serum albumin (BSA)±
hapten conjugate (SPR response: 4000 RU). Fab samples were di-
luted in HEPES buffer (pH 7.4, 10 mm) containing NaCl (150 mm),
EDTA (3 mm), and polysorbate 20 (0.005%, v/v) prior to SPR analy-
sis. The Fab fragments were injected in the presence of the immo-
bilized hapten at a flow rate of 5 mLmin�1. The association rate
constant (kon) was determined by measuring the rate of binding to
the hapten at three different Fab concentrations (1 mm, 0.6 mm,
0.4 mm). The dissociation phase (koff) was monitored after the asso-
ciation process was complete. The dextran matrix was regenerated
after each injection by using aq. HCl (100 mm). Rate constants
were calculated from the SPR data by using BIAevaluation 3.1 soft-
ware (Pharmacia, Uppsala, Sweden). A single-site binding model (A
+ B=AB) was assumed for the analysis.
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Membrane Protein ± Lipid Interactions in Mixed
Micelles Studied by NMR Spectroscopy with the
Use of Paramagnetic Reagents
Christian Hilty,[a] Gerhard Wider,*[a] Ce¬sar Ferna¬ndez,[a, b] and Kurt W¸thrich[a]


For solution NMR studies of the structure and function of
membrane proteins, these macromolecules have to be reconsti-
tuted and solubilized in detergent micelles. Detailed character-
ization of the mixed detergent/protein micelles is then of key
importance to validate the results from such studies, and to
evaluate how faithfully the natural environment of the protein in
the biological membrane is mimicked by the micelle. In this paper,
a selection of paramagnetic probes with different physicochemical
properties are used to characterize the 60 kDa mixed micelles
consisting of about 90 molecules of the detergent dihexanoylphos-
phatidylcholine (DHPC) and one molecule of the Escherichia coli
outer-membrane protein X (OmpX), which had previously been


extensively studied by solution NMR techniques. The observation of
highly selective relaxation effects on the NMR spectra of OmpX and
DHPC from a water-soluble relaxation agent and from nitroxide
spin labels attached to lipophilic molecules, confirmed data
obtained previously with more complex NMR studies of the
diamagnetic OmpX/DHPC system, and yielded additional novel
insights into the protein ± detergent interactions in the mixed
micelles. The application of paramagnetic probes to the well-
characterized OmpX/DHPC system indicates that such probes
should be widely applicable as an efficient support of NMR studies
of the topology of mixed membrane protein ± detergent micelles.


Introduction


By using modern NMR techniques, in particular transverse
relaxation-optimized spectroscopy (TROSY)[1] in combination
with appropriate isotope labeling,[2] mixed protein ±detergent
micelles can be structurally investigated in solution despite their
large molecular size.[3±8] To evaluate the relevancy of results thus
obtained to acquiring knowledge on natural systems, it is of
interest to investigate how the interactions of detergents with
the protein surface correspond to the situation in the natural
lipid bilayer. In a previous publication, we used intermolecular
nuclear Overhauser effects (NOE)[9] to identify the surface areas
of the outer-membrane protein X from Escherichia coli (OmpX)
that are in direct contact with dihexanoylphosphatidylcholine
(DHPC) detergent molecules.[10] The work presented in this paper
uses the effect of paramagnetic relaxation agents[11±13] on
individual resonances in the NMR spectra of OmpX and of DHPC
to further characterize OmpX/DHPC mixed micelles. Additionally,
the incorporation of nitroxide spin labels[14] into the micelles was
investigated with electron paramagnetic resonance (EPR) spec-
troscopy.[11]


Results


In this study on the surface solvation of the E. coli OmpX protein
reconstituted in micelles of about 90 molecules of DHPC, the
three paramagnetic compounds Gd(DOTA) (DOTAREM; Gd3�


chelated with 1,4,7,10-tetraazocyclododecane-N,N�,N��,N���-tetra-
acetic acid), 16-DSA (16-doxyl stearic acid), and 5-DSA (5-doxyl
stearic acid) were added individually in stepwise fashion to


solutions containing mixed micelles of [u-15N,70%-2H]-labeled
OmpX and unlabeled DHPC. At each step of the titration, a 2D
15N,1H-TROSY and a 1D 1H NMR spectrum were measured
(Figure 1). Upon addition of Gd(DOTA), 16-DSA, or 5-DSA, the
individual peaks in the 2D 15N,1H-TROSY spectrum of OmpX
showed different relaxation enhancements for the three para-
magnetic relaxation compounds; this was manifested by line
broadening and intensity reduction. Gd(DOTA) caused the
disappearance of resonances that were hardly affected by
5-DSA and 16-DSA, whereas other signals, which were not visibly
affected by Gd(DOTA) were broadened beyond detection by
5-DSA and 16-DSA (Figure 1). Thus, the reference 2D 15N,1H-
TROSY spectrum of OmpX recorded before addition of any
relaxation agent (Figure 1d) corresponds closely to the sum of
the spectra in Figure 1a and b, which were recorded in the
presence of Gd(DOTA) and 16-DSA, respectively. Similarly, the
resonances of the methyl end groups of DHPC are differently
broadened by the three paramagnetic compounds, and the line
shapes of the �CH3 groups located at the tips of the hydro-
phobic tails of DHPC and�N(CH3)3 groups at its polar head show
wide variations depending on the relaxation agent used (Fig-
ure 1, a ± c). For example, Gd(DOTA) affects mostly the�N(CH3)3
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resonance lines (Figure 1a), whereas 16-DSA affects mostly the
�CH3 resonances (Figure 1b).
In order to exclude possible effects on the relaxation data from


mutual interactions between multiple molecules of the para-
magnetic agents, we performed the titration within the con-
centration range in which relaxation enhancement is propor-
tional to the bulk concentration of the reagents. The titration
data for the methyl groups in DHPC are shown on the left-hand


side of Figure 2. Transverse-relaxation enhancements � were
calculated from linear fits of the line widths in the 1D 1H NMR
spectra with Equation (1), below. A similar analysis for two
residues of OmpX is shown on the right-hand side of Figure 2,
here the line widths were measured in 2D 15N,1H-TROSY spectra.
The two residues T97 and G7 are located in loop L3 and in strand
�1, respectively.[8] Since precise measurements of the width of
the broad OmpX lines were rather difficult, we used the volumes


Figure 1. Effects of the addition of three different paramagnetic relaxation probes to mixed OmpX/DHPC micelles in aqueous solution. For each paramagnetic probe, a
2D 15N,1H-TROSYand a 1D 1H NMR spectrum of OmpX/DHPC are shown, which present information on uniformly 2H,15N-labeled OmpX and unlabeled DHPC, respectively.
a) OmpX/DHPC in aqueous solution containing 28.4 mM Gd(DOTA). On the right, the molecular structure of Gd(DOTA) is shown, with a water molecule occupying the free
metal coordination site.[24] The asterisk and the circle in the 1D 1H NMR spectrum are explained in d) below. b) OmpX/DHPC with 4 mM 16-DSA. On the right, the structure
of 16-DSA is shown, with the site of the unpaired electron marked by a filled circle. c) OmpX/DHPC with 4 mM 5-DSA. In the structure of 5-DSA, the site of the unpaired
electron is indicated by a filled circle. d) OmpX/DHPC in the absence of a spin label. In the DHPC structure, the methyl end groups are drawn as filled circles. The
resonances of these methyl groups in the 1D 1H NMR spectra of DHPC are marked with an asterisk for the �CH3 groups, and with a circle for the �N(CH3)3 group. All
spectra were recorded at a 1H resonance frequency of 750 MHz with NMR samples containing 0.5 mM OmpX and 100 mM DHPC at 30 �C (see text for details).
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of individual amide group signals in the 2D 15N,1H-TROSY spectra
for quantitative analysis of the data. The decrease of the peak
volumes during titration was analyzed by fitting a single
exponential according to Equation (3), below (Figure 3). For
both OmpX and DHPC, the data of Figures 2 and 3 nicely confirm
the visual impression from Figure 1 that different molecular
regions are affected by the different relaxation agents used.
The effective relaxation enhancements on the protein by the


three paramagnetic agents are plotted versus the sequence
positions of the corresponding amide groups in OmpX in
Figure 4. As can be seen, the effect of Gd(DOTA) is largest for
residues located in the solvent-accessible loops L1 ± L4 of the
protein (Figure 4a). The shorter periplasmic turns are affected to
a lesser extent, with the exception of T1, and the �-strands show
only very small � values. 16-DSA is highly specific and affects only
the central parts of the �-strands (Figure 4b). Also, 5-DSA mostly
affects residues located in the �-strands, but sizeable � values are
seen for a larger range of amino acid residues (Figure 4c). To


visualize the different specificities of the three paramagnetic
compounds used, the data in Figure 4 have been mapped onto
the surface of the 3D structure of OmpX in DHPC micelles
(Figure 5).
To check that the two nitroxide spin labels were indeed


incorporated into the DHPC micelles, the EPR spectra of the spin
labels free in solution were compared with those in the presence
of DHPC and OmpX/DHPC micelles. Upon addition of DHPC or
OmpX/DHPC, the lines in the EPR spectra of 16-DSA or 5-DSA
broadened significantly, with the line broadening being larger
for 5-DSA than for 16-DSA (Figure 6). The spectra in Figure 6
were used to calculate effective rotational correlation times, �r,
for the two nitroxide spin labels in the different environments by
using Equation (5), below. The resulting data (Table 1) confirm
the visual impression from Figure 6 that the spin labels get
incorporated into the micelles so that their effective correlation
times are dominated by the overall tumbling motions of the
mixed micelles.


Figure 2. Titration of OmpX/DHPC solutions with paramagnetic relaxation enhancement agents. a) Gd(DOTA). b) 16-DSA. c) 5-DSA. On the left, the line widths ��1/2


(full width at half height) of DHPC resonances in the 1D 1H NMR spectra (Figure 1) are plotted against the concentration of the paramagnetic agents. The data for the
�CH3 resonances at 0.9 ppm (––�––) and the �N(CH3)3 group at 3.1 ppm (±±±�±±±) are shown (Figure 1). The � values obtained from linear fits (see text) are
indicated. On the right, line widths of the OmpX resonances for the amide groups of G7 (––�––) and T97 (±±±�±±±) are shown. The line widths were measured by
fitting a Gaussian function to cross sections along �2(1H) of the 2D 15N,1H-TROSY spectra used for the peak integration; the Gaussian function was chosen so as to
account for the application of a cosine window to the FID before Fourier transformation. Only line widths for peaks with a signal-to-noise ratio �5 could be determined,
and in all cases they are subject to considerable experimental error. Estimated relaxation enhancements � based on the linear fits are indicated. All these values are
within the range of values shown in Figure 4, which were obtained from analysis of peak integrals (Figure 3). In b), only one data point could be obtained for T97 of
OmpX due to its fast relaxation in the presence of 16-DSA.
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Figure 3. Decay of relative peak volumes, Vrel , in 2D 15N,1H-TROSY spectra of
OmpX/DHPC upon titration with paramagnetic relaxation enhancement agents.
a) Gd(DOTA). b) 16-DSA. c) 5-DSA. Normalized peak volumes for the amide groups
of G7 (––�––) and T97 (±±±�±±±) are plotted against the concentration of
the paramagnetic agents. The positions of G7 in the lipid-covered �-barrel and
T97 in a water-exposed loop are indicated in Figure 5. Single exponential fits were
used to fit the experimental data (see text). The resulting � values are indicated.


Discussion


The OmpX/DHPC system has previously been extensively
investigated by NMR, including the determination of the OmpX
structure[8] based on complete sequence-specific resonance
assignments,[3, 6, 15] and identification of protein surface ±DHPC


Figure 4. Paramagnetic relaxation enhancement, �, of the backbone 15N ± 1H
groups of OmpX estimated from the decay of the resonances in 2D 15N,1H-TROSY
spectra upon titration with paramagnetic relaxation-enhancement agents
(Figures 1 and 3): a) Gd(DOTA), b) 16-DSA, c) 5-DSA.


contacts from intermolecular 1H,1H NOEs.[10] The present paper,
therefore, provides an opportunity to compare the information
on protein solvation in DHPC micelles obtained from 1H,1H NOEs
with the use of paramagnetic probes, and to compare practical
aspects of the two approaches.
The ensemble of the paramagnetic relaxation enhancement


data in Figures 1 ± 5 and the previously identified surface areas of
the protein showing NOEs between polypeptide hydrogen
atoms and the�CH3 resonance of the hydrophobic tails of DHPC,
provide a qualitatively consistent view of OmpX solvation. The
protein surface showing NOEs to the hydrophobic end of DHPC
coincides quite closely with the regions affected by 5-DSA and
16-DSA. In contrast, as expected from its polar character (Figure 1),
Gd(DOTA) is located in the aqueous phase and affects on the one
hand mostly the �N(CH3)3 resonance of the polar headgroups of
DHPC, which are located near the surface of the micelles (Figure 2),
and on the other hand protein resonances in and near the loops
and turns of the protein (Figures 4 and 5). These results thus
confirm the prediction from the NOE studies that both ends of the
OmpX �-barrel are accessible to aqueous solvent.[10] These data
further substantiate the hypothesis that reconstitution in DHPC
micelles should also be a suitable procedure for functional
studies,[10] since the OmpX surface accessible for Gd(DOTA) (Fig-
ure 5a) can be expected to be accessible for interactions with a
wide variety of water-soluble compounds.
Based on relaxation enhancements with 16-DSA and 5-DSA


(Figures 4 and 5), the present study adds more detailed


Table 1. Rotational correlation times and hyperfine splittings obtained from
EPR measurements at 20 �C.


5-DSA 5-DSA 5-DSA 16-DSA 16-DSA 16-DSA
DHPC DHPC DHPC DHPC


OmpX OmpX


�r [ns][a] 0.24 2.06 2.27 0.14 0.42 0.45
a14N [G][a] 15.8 14.9 14.8 15.8 14.6 14.6


[a] Rotational correlation times, �r, and 14N isotropic hyperfine splittings,
a14N , obtained from the line separations and line shapes in the EPR spectra of
5-DSA and 16-DSA at 20 �C in aqueous phosphate buffer at pH 6.5, in the
same buffer after addition of 60 mM DHPC, and after further addition of
0.2 mM OmpX (computed with Equation (5) from the data in Figure 6).
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Figure 5. Mapping of the paramagnetic relaxation-enhancement � of the
polypeptide backbone amide groups (Figure 4) onto the surface of OmpX[8] in
mixed micelles with DHPC: a) Gd(DOTA), b) 16-DSA, c) 5-DSA. The protein is
shown as an all-heavy atom space-filling model. The viewing angles of the
drawings on the left and right differ by a rotation of 180� about a vertical axis. All
atoms of each amino acid residue are colored according to the � value measured
for its backbone amide group. The � values are linearly coded according to the
color intensities, with white corresponding to �� 0 and dark pink to �� �max .
The value for �max is independently chosen for each of the three paramagnetic
compounds in order to give an optimal dispersion of colors (for quantitative data,
see Figure 4). The residues G7 and T97, for which detailed data are given in
Figures 2 and 3, are identified in A and B. The figure was prepared with the
program MOLMOL.[25]


information on the positioning of the DHPC headgroups in the
mixed OmpX/DHPC micelles than was available from the NMR
studies without paramagnetic probes (see below). Thereby, the
interpretation of the paramagnetic relaxation effects on the
protein is greatly aided by the concurrently collected additional


Figure 6. X-band EPR spectra of the two nitroxide spin labels used in this study:
a) 5-DSA, b) 16-DSA. The solid lines represent the spectra of the free spin labels in
aqueous phosphate buffer solution. The broken lines show the spectra in the
presence of DHPC micelles in samples containing 20 mM aqueous phosphate
buffer at pH 6.5, 100 mM NaCl, 60 mM DHPC, 0.1% NaN3, and 0.1 mM spin label.
The spectra were measured at 9.6 GHz on a Bruker ElexSys E500 spectrometer at
20 �C.


information on the mixed micelles, that is, the relaxation
enhancement on the resonances of DHPC (Figures 1 and 2),
and the EPR data on the state of the two nitroxide spin labels
(Figure 6). The EPR measurements present conclusive evidence
that both spin labels are inserted into the micelles. That the spin
label in 5-DSA is located more closely to the polar DHPC
headgroups than the spin label in 16-DSA (Figure 1) is also
clearly shown by the NMR relaxation data (Figure 2). Further-
more, it is seen that the spin label in 5-DSA is motionally more
restricted, as evidenced by the fact that the correlation time for
16-DSA is significantly shorter than for 5-DSA (Table 1).[11, 16] For
both spin labels, almost identical EPR spectra were obtained for
DHPC micelles with and without OmpX (Table 1). This observa-
tion may suggest that the local environments experienced by
the spin labels at the respective positions within the micelle[17]


are similar, regardless of the presence of OmpX. However, we
cannot yet exclude the possibility that the EPR spectra of the
OmpX/DHPC sample are dominated by signals from empty
DHPC micelles present in the sample.
It is readily apparent that a larger area of the protein surface is


affected by 5-DSA than by 16-DSA (Figures 4 and 5). A more
detailed comparison of the relaxation enhancements with 16-
DSA, 5-DSA, and Gd(DOTA) (Figure 4) reveals two narrow bands
around the �-barrel near the ends of each �-strand where only
5-DSA, but not 16-DSA or Gd(DOTA), causes significant relaxa-
tion. That this region of the OmpX surface is in close contact with
DHPC headgroups was previously also suggested by intermo-
lecular NOEs from the protein to�N(CH3)3 groups of DHPC.[10] It is
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interesting that the association with the headgroups prevents
significant access of the spin label in 16-DSA and Gd(DOTA) to
the amide groups at both ends of the lipophilic central surface
area of OmpX. This appears to be related to the immobilization
of the molecular region near the nitroxide group in 5-DSA
(Figure 1) in the DHPCmicelles. Having established that the head
groups of DHPC are in contact with the protein surface at the
periphery of the dark pink areas in Figure 5c, it is then intuitively
apparent from the schematic view in Figure 7 why 16-DSA


Figure 7. Schematic representation of an OmpX/DHPC micelle, with OmpX
drawn as a rectangle representing the same orientation of the protein as in
Figure 5. Regions of the protein surface that are differently affected by the three
paramagnetic agents are identified as follows: gray shading, area affected by
Gd(DOTA); horizontally hatched, area affected by 5-DSA; cross-hatched, area
affected by 16-DSA and 5-DSA.


induces relaxation enhancement primarily in the central part of
the hydrophobic surface area of OmpX. The intermolecular 1H,1H
NOEs cover a larger part of the hydrophobic surface, nearly
identical to the area covered by 5-DSA (Figure 5c), since with the
conditions used, there was spin diffusion along the entire
hydrophobic tails of DHPC (Figure 1).[10]


The experiments with paramagnetic reagents require the
preparation of two or several 15N,2H-labeled protein samples, but
only low protein concentrations are necessary for recording the
highly sensitive 2D 15N,1H-TROSY and 1D 1H NMR spectra.
Because the relaxation-enhancement experiments are thus quite
efficient, the use of a combination of two to four paramagnetic
reagents with different solubilities in water and lipids may be a
favorable alternative for the characterization of mixed mem-
brane protein ±detergent micelles. For example, use of para-
magnetic agents may have added interest for work with
detergents that have less favorable NMR spectral features than
DHPC for the detection of intermolecular NOEs. Also, if the NOEs
are more difficult to observe, for example, when the protein is
not perdeuterated, the use of paramagnetic reagents is an
alternative. Even for systems without protein-resonance assign-
ments, NMR lines belonging to residues exposed to the aqueous
phase and the lipid phase should be readily distinguished, so
that the paramagnetic reagents could be used for an early global
characterization of the system.


Experimental Section


Preparation of OmpX solutions for NMR experiments : Production
of [u-15N,70%-2H]-labeled OmpX was accomplished by overexpres-


sion in E. coli BL21(DE3)pLysS cells harboring the plasmid pET3b-
OmpX. Cells were grown in minimal medium (1 L) containing
recycled heavy water with a deuteration level of 80%, glucose (4 g)
as the sole carbon source, and 15NH4Cl (1 g, � 98% 15N) as the sole
nitrogen source. Cells were harvested by centrifugation after reach-
ing an optical density of 0.7 at 600 nm. OmpX protein was purified
and refolded from inclusion bodies into DHPC (1,2-dihexanoyl-sn-
glycero-3-phosphocholine) micelles as described previously.[3] The
preparation yielded material for five NMR samples with a volume
of 0.5 mL (protein concentration 0.5 mM, solvent H2O/D2O
(95:5%), 20 mM phosphate buffer pH 6.5, 100 mM NaCl, 100 mM


DHPC).


Titration of the OmpX solutions with paramagnetic relaxation-
enhancement agents : Titrations were performed by stepwise
addition of a paramagnetic substance to a constant amount of
protein. Compounds used were 16-DSA (2-(14-carboxytetradecyl)-2-
ethyl-4,4-dimethyl-3-oxazolidinyloxy, free radical ; Aldrich) and 5-DSA
(2-(3-carboxypropyl)-4,4-dimethyl-2-tridecyl-3-oxazolidinyloxy, free
radical ; Aldrich), which were used in the 0 to 16 mM concentration
range, and Gd(DOTA) (DOTAREM; gadolinium chelated with 1,4,7,10-
tetraazocyclododecane-N,N�,N��,N���-tetraacetic acid; Laboratoire
Guerbet, France), which was used over the 0 ± 100 mM range.


Gd(DOTA) was added as an aqueous stock solution (0.1M or 0.5M).
Stearic acid compounds were dissolved in methanol in order to
provide aliquots of the necessary quantities. The solvent was
subsequently evaporated in a SpeedVac. The OmpX/DHPC solution
was then added to a given aliquot, which was dissolved by
sonication for about 15 min. This procedure was necessary, since
even the addition of a few microliters of methanol to the NMR
sample induced chemical shift changes in the 2D 15N,1H-TROSY
spectrum of OmpX; this indicates that methanol interacts with the
OmpX/DHPC micelles. The pH was maintained at 6.5 by addition of a
few microliters of NaOH (1M) after each titration step. The 2D 15N,1H-
TROSY spectra[18] for the titration were recorded with 16 transients
per increment, t1max(15N)�37 ms, t2max(1H)�48 ms, time domain data
size 85� 512 complex points. The 1D 1H NMR spectra were measured
with water presaturation, 128 accumulated transients, time domain
data size 2048 complex points. All spectra were recorded at 30 �C on
a Bruker DRX 750 MHz NMR spectrometer equipped with a triple
resonance TXI probe head with an actively shielded z gradient.


Estimation of relaxation enhancements � : The enhancement of the
nuclear spin relaxation caused by a paramagnetic substance can be
described by Equation (1):


R�R0� �c (1)


Here R and R0 are the effective relaxation rates in the presence and
absence of the paramagnetic compound, respectively.[19] The
™relaxation enhancement factor∫ � is specific for a given para-
magnetic compound and is independent of its concentration in the
bulk solution, c. Equation (1) can be written for both longitudinal and
transverse relaxation. But here we focus on transverse relaxation,
whereby the basis for the analysis are differences in the distribution
of sizeable � values in the structures of OmpX and DHPC when using
water- or lipid-soluble paramagnetic substances, thus discriminating
between the inside and outside of the mixed OmpX/DHPC micelles.


The relaxation effect of the paramagnetic compounds on individual
amide groups of the protein was monitored by measuring the decay
of the cross-peak volumes in a series of 2D 15N,1H-TROSY experi-
ments, which were measured with different concentrations of a
particular relaxation agent. The volume of a cross peak is propor-
tional to the magnetization present immediately before the
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detection of the signal, Md , and is calculated for zero evolution time
in the TROSY experiment.[20] Md can be calculated from the steady-
state magnetization M0 with the relation:


Md�M0exp(�RT) (2)


here T is the time during which the average effective transverse
relaxation R is active. For zero chemical-shift-evolution time in the
present experiments, T was 16.2 ms, which corresponds to the sum
of the durations of the INEPT and ST2-PT elements. By substituting
Equation (1) into Equation (2), the volume of a particular cross peak
from residue i at concentration c of paramagnetic agent, Vi(c), can be
written as:


Vi(c)�exp(��icT) (3)


Here �i is the relaxation-enhancement factor for residue i. The �i
values were estimated by fitting the experimental data with a single
exponential according to Equation (3). For Gd(DOTA), which was
added as an aqueous solution to the protein sample, the sample
dilution was accounted for by multiplication with the corresponding
dilution factors. Peak integrals were determined with the program
XEASY.[21]


The effects of the paramagnetic compounds on the �CH3 and
�N(CH3)3 groups of DHPC were monitored by analyzing the full
width at half height, ��1/2 , of the resonance lines in the 1D 1H NMR
spectra. ��1/2 was determined by fitting a Lorentzian to the
resonance lines in the spectra, which were processed without a
window function. Subsequently, the relaxation enhancements �were
obtained from a linear fit of ��1/2 versus the overall concentration of
paramagnetic agent by using Equation (4) for the transverse
relaxation R in Equation (1):


R�1/T2����1/2 (4)


EPR measurements : X-band electron paramagnetic resonance (EPR)
measurements were performed with the nitroxide spin labels 5-DSA
and 16-DSA. Spectra of free spin labels (0.1 mM) were measured in
aqueous solutions containing phosphate buffer (20 mM, pH 6.5), NaCl
(100 mM), and NaN3 (0.1%). Spectra of the spin labels in the presence
of DHPC micelles were measured with the same solution conditions
in the presence of DHPC (60 mM). Spectra of the spin labels in the
presence of mixed OmpX/DHPC micelles were obtained by further
adding OmpX (0.2 mM). All EPR experiments were measured at
9.6 GHz, with a sweep range of 0.008 T on a Bruker ElexSys E500
spectrometer at 20 �C.


Rotational correlation times, �r, were calculated from the line shapes
of the first-derivative EPR spectra with Equation (5):


�r�6.5� 10�10�H


������������
I�0�


I��1�


�
�


������������
I�0�


I��1�


�
� 2


� �
(5)


Here �H is the peak-to-peak field difference of the zero transition,
and I(�1), I(0) and I(�1) the peak-to-peak amplitudes of the �1, 0
and �1 transitions, respectively.[22, 23]


Abbreviations


DHPC, dihexanoylphosphatidylcholine (1,2-dihexanoyl-sn-gly-
cero-3-phosphocholine); 5-DSA, 5-doxyl stearic acid (2-(3-carb-
oxypropyl)-4,4-dimethyl-2-tridecyl-3-oxazolidinyloxy, free radical);


16-DSA, 16-doxyl stearic acid (2-(14-carboxytetradecyl)-2-ethyl-
4,4-dimethyl-3-oxazolidinyloxy, free radical) ; DOTA, 1,4,7,10-tet-
raazocyclododecane-N,N�,N��,N���-tetraacetic acid; EPR, electron
paramagnetic resonance; OmpX, outer-membrane protein X
from Escherichia coli ; TROSY, transverse relaxation-optimized
spectroscopy.
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Introduction


BNCT and the requirement for high density B compounds


The design and synthesis of boron-rich compounds suitable
for boron neutron capture therapy (BNCT) and also for elec-
tron-microscopy techniques like energy-filtering transmission
electron microscopy (EFTEM) and electron spectroscopic imag-
ing (ESI) have received increasing attention in recent years.[4, 26]


BNCT is a mode of radiotherapy that still holds great potential,
even though the first clinical trials were conducted as early as
the 1950s and early 1960s.[23] Basically, malignant tissues are in-
jected with suitable boron compounds and irradiated with
thermal neutrons; the 10B atoms then transform into energetic
4He and 7Li atoms, which destroy the surrounding tissues,
mainly by damaging the nucleus of each cell. Achieving an ad-
equate amount of boron in malignant cells constitutes one of
the major problems with this kind of therapy. The first com-
pounds used for BNCT contained a single boron atom, but it
was soon clear that a compound containing multiple boron
atoms would have an advantage over compounds with a
single atom. From compounds possessing comparable molar
toxicity, higher boron concentrations could be administered
with those having multiple boron atoms.[23] Hence, higher con-
centrations of boron within the tumour and a corresponding
relatively lower cytotoxicity could be achieved with com-
pounds containing multiple boron atoms.


Newly synthesised compounds for BNCT


Thus, the first carboranes were synthesised and they now rep-
resent a very promising tool for BNCT.[25,26,28] In the approach
described here, we have performed the next step in the syn-
thesis of molecules with high concentrations of boron by clus-


tering several carboranes into a single compound. Thus, our
product has the capacity to transport 40 boron atoms per mol-
ecule into cancer cells ; this represents a fourfold increase rela-
tive to another recently synthesised carborane derivative.[27]


Tetracarboranylketone 4 (see Scheme 1) is, amongst the car-
borane derivatives with 40 or more boron atoms (for example,
see ref. [13]), the one with the highest content of boron with
respect to the atomic mass (63%). Moreover, in contrast with
other constructs, (for example, see ref. [11]), 4 can be bound to
a biomolecule in a unique, specific position. Thus, glycosidic
derivatives that can be used for BNCT can be easily obtained.


EFTEM as a visualisation technique in BNCT


A major issue in BNCT is the spatial mapping of boron in tis-
sues, in order to evaluate the degree of segregation of boron
atoms inside the cells. EFTEM is an important tool that can
provide us with information in this regard. EFTEM is an elec-
tron-microscopy technique whereby inelastically scattered
electrons are selected through an energy filter, in order to


The synthesis of a new ortho-carborane derivative, tetracarbora-
nylketone 4, is reported here. Ketone 4 was prepared from a tet-
raalkynylated ketone by the addition of decaborane. The keto
group was then easily modified to yield the glycosides 17a and
18b, which contain glucose or galactose, respectively, and the
nucleotide 13b. In addition to ketone 4, which is acyclic, cyclic
ketone 8 was also synthesised. X-ray diffraction analysis of com-
pound 4 indicated the presence of two toluene guest molecules


per molecule of the host compound. Furthermore, compound 4
displays a rather low cytotoxicity. These novel products can be
used as building blocks to create a new class of biomolecules
containing high-density carborane clusters. Such molecules may
constitute powerful tools for applications like Boron Neutron Cap-
ture Therapy or Energy-Filtering Transmission Electron Micros-
copy.
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form a map of a particular element or elemental ratio. Previous
studies[2,6,18] of boron imaging in cells or tissues have been car-
ried out by using EFTEM. A spherical shape of the molecule
carrying boron and the presence of a relatively high number
of boron atoms in a small volume improves the detectability in
EFTEM.[1] The compact structure of, for example, 4 and its nu-
cleoside derivative 13b (see Scheme 1), is therefore appropri-
ate for EFTEM analysis. However, a boron load high enough to
exceed the boron EFTEM detection limit has to be achieved.
This limit is about 2000 ppm when boron is incorporated into
a carbon matrix, as pointed out in ref. [30] and approximately
100 ppm when boron is incorporated into a biological materi-
al.[17] It was recently shown that even a single molecule of
ortho-carborane, (CH)2(BH)10, can be visualised with high-reso-
lution transmission electron microscopy.[16] Nonetheless, not
much is known about the detection limit for biological probes,
even though 80 incorporated boron atoms per macromolecule
are expected to suffice for an EFTEM analysis.[19] The compact,
ball-like tetracarboranylketone 4 (with a diameter of about
1.4 nm) was designed to achieve a highly localised concentra-
tion of boron in the centre of the molecule. This enables, in
principle, the visualisation of a specific and spot-like signal by
EFTEM, a development that represents a clear advantage of 4
in comparison to molecules used in former studies,[13,19] in
which the coupling of boron atoms to the surface of macro-
molecules resulted in a distribution of those atoms over large
areas, thereby reducing their potential to be detected as single
labelled units.
Thus, the important novelty associated with tetracarboranyl-


ketone 4 lies in its versatility and potentially important applica-


bility. It can be modified by simple synthetic steps in order to
give, for example, a nucleoside derivative that could be useful
for electron-microscopy studies or a glycoside derivative for
BNCT-related purposes (Scheme 1). In addition, our approach
may constitute an interesting strategy for the synthesis of mol-
ecules with multiple, covalently attached gold or other labels.


Results and Discussion


Syntheses


Herein we report the synthesis and analysis of the new ortho-
carboranes 4 (acyclic), 8 (cyclic), 13b, 17a, 18b and 22
(80 boron atoms). We have also estimated the cytotoxicity of
compounds 4 and 5 on different cell lines. The first step of the
synthesis consisted of binding four alkynylated side chains to a
central ketone group (Scheme 2). The alkynylation of 1 was


performed in two steps with a 43% overall yield by using
propargylbromide as an alkynylating agent.
The overall yield of the carboranylation of 3 was 16%. When


it is taken into account that all four alkynyl moieties had to
react with the decaborane unit, the yield relative to the forma-
tion of a single carborane cluster was 63%. 5 was easily acces-
sible through reduction of 4 by lithium aluminium hydride,
with a yield of 84%.
An alternative route for the synthesis of a tetracarboranylke-


tone was to use 1,4-cyclohexanedione monoethyleneacetal 6
instead of 3’-oxoglutarate 1 (Scheme 3). The tetraalkyne deriva-
tive 7 was accessible in one step, with a yield of 44%. 7 was
converted into the tetracarboranyl derivative 8 in one step
with a 16% yield.
Unfortunately, the direct coupling of 5 to a biomolecule


failed. This was probably due to low reactivity of the hydroxy


Scheme 1. The versatile building block 4, with four carboranyl moieties, can be
used to label a biomolecule (for example, as in nucleotide 13b), a technique
that has potential applications for EFTEM. Alternatively, 4 can be conjugated to
saccharides (for example, as in 17 and 18) to form a product that is deliverable
into malignant cells for BNCT applications.


Scheme 2. Synthesis of the tetracarboranylalcohol 5 : a) Propargylbromide,
NaH, DMF, RT, 61%; b) TFA, CH2Cl2, then distillation under high vacuum, 71%;
c) B10H14 (5 equiv), CH3CN/toluene, 80 8C, 72 h, RT, 16%; d) LiAlH4 , RT, 84% yield.
DMF=N,N-dimethylformamide, TFA= trifluoroacetic acid.
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group in 5, given the steric hindrance of the four carborane
moieties. Therefore, we attached a small spacer molecule to 5.
This spacer had to be reactive enough to bind with the hy-
droxy group of 5, but at the same time, it had to contain suffi-
cient functionality to permit further reaction with a biomole-
cule. A good candidate was molecule 9, which has recently
been described in the literature,[10] even though its use as a
spacer is, to our knowledge, new (Scheme 4).
Spacer 9 has three useful fundamental features for our pur-


pose. Firstly, the reactivity of the bromomethyl group is
dramatically increased by the vicinity of the triple bond.
This should ensure good yields in the etherification reaction
with 5. Secondly, the triple bond
allows a rigid alignment of the
molecule, thereby keeping the
cumbersome benzyl groups out
of the centre of reaction. Thirdly,
the hydroxy function is pro-
tected with a benzyl group,
which can be readily removed
after etherification to leave a
reactive hydroxy group. This
could be used for successive
binding of 9 to other boron-rich
fragments or to a biomolecule.
Thus, 10 was prepared in a
single step with a 65% yield
(Scheme 4).
Following hydrogenolytic


cleavage of the benzyl group,
the triple bond was hydrogenat-
ed and compound 11 was ob-
tained. 11 was then converted
into the phosphoramidite 12,
which reacted with the 5’ hy-
droxy group of a nucleoside,
under the conditions applied for
automated DNA synthesis[13]


(Scheme 5).
The strategy employed to


couple a boron-rich alcohol like
5 to a saccharide was slightly
different. In this case, the spacer
used was 4-bromobut-2-ynol.[15]


In the first step, imidate-activated glucose or galactose reacted
with the spacer (Scheme 6). After separation of the resulting
anomeric mixtures, the anomeric constitution of the carbohy-
drates 15a or 16b was determined. In the second step, 15a
and 16b were conjugated to 5 to give, after deprotection, the
glucosylated and galactosylated carboranes 17a and 18b, re-
spectively (Scheme 6). In a very similar synthesis, the introduc-
tion of the bromobutynyl spacer into carborane 5 was success-
ful (Scheme 7). As a consequence, 22 was accessible by treat-
ment of 20 with a malonate. It has already been reported[22]


that double alkylation of even base-sensitive structures such as
carboranes is attainable with this ester by phase-transfer catal-
ysis.


Structure determination


The structures of the boron-containing compounds were veri-
fied by 1H, 11B and 13C NMR spectroscopy. In the 1H NMR spec-
trum, a broad signal was visible at d=0.35±3.35 ppm for the
protons attached to boron, as expected for carborane com-
pounds. In addition, the molecular composition of compound
4 was analysed with fast-atom-bombardment and high-resolu-
tion mass spectrometry. A solution of 4 in THF/toluene pro-
duced, after slow evaporation, transparent prisms which were
analysed by X-ray diffraction. The crystal structure that was de-
duced from these analyses is represented in Figure 1. More-
over, diffraction data indicated two molecules of toluene per
host molecule of tetracarboranylketone 4.


Scheme 3. Synthesis of the cyclic tetracarboranylderivative 8 : a) Propargylbro-
mide, toluene, aq. NaOH, phase-transfer catalysis with BnEt3NCl, RT, 44%;
b) B10H14 , toluene, 80 8C, 72 h, 16%. Bn=benzyl.


Scheme 4. Synthesis of tetracarbonylalcohol 11: a) Etherification of 5 to form 10 through phase-transfer catalysis, RT,
65%; b) Pd/C, EtOAc/H2O, RT, 84%.


Scheme 5. Coupling of boron-rich fragment 11 to a nucleoside: a) Cl[(IC3H7)2N]2PO(CH2)2CN (2 equiv), Huenig base
(3 equiv), CH3CN, RT, 53%; b) coupling with 3-O’-acetylthymidine, with subsequent oxidation by cumol hydroperoxide
in tetrazol/CH3CN, RT, 20 min, 33%; c) deprotection with triethylamine, 20 min, RT, 74%.


476 ¹ 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chembiochem.org ChemBioChem 2004, 5, 474 ± 482


M. Wiessler et al.



www.chembiochem.org





A further X-ray determination was performed to characterise
ketone 3 as a precursor of carborane 4. The deduced molecu-
lar structure is shown in Figure 2. As with molecule 4, the keto
group of 3 was positioned upon a crystallographic twofold ro-
tation axis.


Conclusion


In the present study, we have re-
ported the synthesis of a new
group of carboranes with a high
percentage content of boron (up
to 63%). All of the synthesised
carborane derivatives were
stable with respect to air and
humidity; they could be stored
at room temperature for several
months without any detectable
degradation. These molecules
can be used as building blocks
to create a new class of biomole-
cules that may be powerful tools
in applications like BNCT or
EFTEM. The ketone 4 has limited
water solubility, but preliminary
tests for alcohol 5 indicate a
more pronounced solubility, due
presumably to the hydroxy func-
tion. Compound 4 displayed a
rather low cytotoxicity (see Ex-
perimental Section for further
details). Further efforts should
be directed at increasing the sol-
ubility of these compounds,
since low water solubility is one
of the major handicaps of car-
boranes.[12,29] Nevertheless, 4
represents a valid reactive
handle for selective conjugation
of high-density carborane clus-
ters to molecules that recognise
biological targets.


Experimental Section


General : 1H, 13C and 31P NMR spec-
troscopy was carried out with a
Bruker AM250 spectrometer in the
Department of Spectroscopy of
the German Cancer Research
Center. 11B NMR spectroscopy was
carried out with a Bruker DRX200
spectrometer in the Inorganic
Chemistry Institute of the Universi-
ty of Heidelberg, Germany. Elec-
tron-spray-ionisation mass spectra
were collected with a Finnigan


MAT TSQ 7000 in the Department of Spectroscopy of the German
Cancer Research Center. Electron-impact (EI), chemical-ionisation
(CI) and fast-atom-bombardment (FAB) mass spectra were recorded
in the Institute of Organic Chemistry of the University of Heidel-
berg, Germany. Elemental analyses were carried out in the Micro-
analytic Laboratory of the Max-Planck Institute for Medical Re-
search in Heidelberg, Germany. Reagents and materials were used
without further purification and all the solvents were dried over


Scheme 6. Synthesis of the glycosylated carboranes 17a and 18b : a) Synthesis of 15a : 14 (R1=H, R2=OH), 4-bromo-
but-2-ynol, TMSOTf in CH2Cl2, �20 8C, 30 min, 41%; b) synthesis of 16b : 1. 14 (R1=OH, R2=H), 2-butyn-1,4-diol,
TMSOTf, CH3CN; 2. CBr4, Ph3P, CH2Cl2, �15 8C, 14% over two steps; c) 15a or 16b, aq. NaOH/toluene, BnNEt3Cl ; d) 20%
Pd/C, H2, acetone/water (10:1), RT, 17a : 7% over two steps, 18b : 30% over two steps. TMSOTf= trimethylsilyltrifluoro-
methane sulfonate.


Scheme 7. Synthesis of 22, a carborane derivative with 80 boron atoms: a) 5, 4-(2’-tetrahydropyranyloxy)-1-bromobut-
2-yne[14] under phase-transfer conditions, toluene/aq. NaOH, RT; b) H+ ionic exchange, MeOH, RT, 64% over two steps;
c) PPh3, CBr4, CH2Cl2, RT, 83%; d) phase-transfer catalysis in toluene/aq. NaOH, BnEt3NCl as the phase-transfer catalyst,
RT, 37%; e) TFA, RT, 1 h, 75%.
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molecular sieves before use. Most reactions were monitored by
thin-layer chromatography (Polygram Sil G/UV254, Macherey and
Nagel; aluminium sheet 60 F254 neutral, type E, Merck). Products
were isolated by column chromatography on silica gel (Macherey
and Nagel) or aluminium oxide gel (Alox, activity III, Merck).


Di-tert-butyl-protected 3-oxo-2,2,4,4-tetra(prop-2’-ynyl)glutarate
(2): 3-Oxoglutarate (252 mg, 0.976 mmol) 1 and propargylbromide
(0.70 mL, 6.26 mmol, 80% solution in toluene) were dissolved in
DMF (2 mL). NaH (182 mg, 4.17 mmol, 60% suspension in oil) was
slowly added at 0 8C. The solution was stirred overnight at RT, then
H2O (4 mL) was added and the resulting mixture was extracted
three times with diethyl ether. The combined organic layers were
washed with H2O, dried over Na2SO4 and evaporated. The residue
was purified by column chromatography on silica gel with petro-
leum ether/diethyl ether (19:1) to afford 2 (243 mg, 0.59 mmol,
61%): Rf=0.33 (petroleum ether/diethyl ether, 9:1) ; 1H NMR
(250.13 MHz; CDCl3): d=2.07 (t, J=2.7 Hz, 4H, 4CH), 2.95±3.13 (dd,
J=17.4 Hz, 8H, 4CH2), 3.75 (s, 12H, 6CH3) ppm; 13C NMR
(62.90 MHz; CDCl3): d=24.0 (4C-1’), 27.7 (6CH3), 62.5 (C-2, C-4),
72.2 (4C-2’), 79.0 (4C-3’), 84.1 (2CH), 167.5 (C-1, C-6), 196.7 (C-


3) ppm; elemental analysis: calcd (%) for C25H30O5 (410.5): C 73.15,
H 7.37; found: C 73.35, H 7.35.


1,1,3,3-Tetra(prop-2’-ynyl)propan-2-one (3): 2 (213 mg, 0.519
mmol) was dissolved in a mixture of CH2Cl2/trifluoroacetic acid
(1:1) and stirred overnight. The solvent then was removed under
vacuum and the residue was heated to 150 8C at 0.4 mbar. With
the start of gas production, a yellow solid was obtained. This solid
was dissolved in CH2Cl2 and the solution was concentrated and pu-
rified by column chromatography (petroleum ether/diethyl ether,
9:1) to afford 3 (77.3 mg, 368 mmol, 71%): Rf=0.48 (petroleum
ether/diethyl ether, 4:1); 1H NMR (250.13 MHz; CDCl3): d=2.04 (t,
J=2.7 Hz, 4H, 4CH), 2.48±2.68 (ddd, J=6.9, 17.3 Hz, 8H, 4CH2),
3.13 (q, 2H, 2CH) ppm; 13C NMR (62.90 MHz; CDCl3): d=19.6 (4C-
1’), 48.8 (C-1, C-3), 70.9 (4C-2’), 80.6 (4C-3’), 209.4 (C-2) ppm; HRMS
(FAB): calcd for C15H15O (210.3): 211.112 [M+H]+ ; found: 211.111.


1,1,3,3-Tetra-(1’,2’-dicarba-closo-dodecaboranylmethyl)propan-2-
one (4): 3 (50.0 mg, 237 mmol), decaborane (149 mg, 1.24 mmol)
and CH3CN (50 mL) were mixed in toluene (1.0 mL) and heated for
72 h at 80 8C under an argon atmosphere. A mixture of HCl (37%)
and methanol (5 mL, 1:1) was added dropwise. After heating under
reflux conditions for 15 h, the mixture was allowed to cool down
to RT. The organic phase was separated and purified by column
chromatography on Alox (petroleum ether/diethyl ether, 4:1) to
afford 4 (26.1 mg, 38 mmol, 16%) as a white powder: Rf=0.31 (pe-
troleum ether/ethyl acetate, 4:1); 1H NMR (250.13 MHz; [D8]THF):
d=0.35±3.35 (brm, 50H, 40BH, H-1, H-3, 4CH2), 4.10 (s, 4H, 4H-
2’) ppm; 13C NMR (62.90 MHz; [D8]THF): d=37.9 (4CH2), 48.6 (C-1,
C-3), 64.7 (4C-2’), 73.9 (4C-1’), 204.3 (C-2) ppm; 11B NMR
(64.21 MHz; [D8]THF): d=�2.61, �4.89, �9.46, �12.48 ppm; HRMS
(FAB): calcd for C15H53


10B8
11B32O: 681.811 [M�H]� ; found: 681.810.


1,1,3,3-Tetra-(1’,2’-dicarba-closo-dodecaboranylmethyl)propan-2-
ol (5): LiAlH4 (18.1 mg, 0.476 mmol) was added to a solution of car-
borane 4 (361 mg, 0.529 mmol) in THF (2 mL) under an argon at-
mosphere. The mixture was left for 30 min at RT and 30 min under
reflux conditions. After cooling, the reaction mixture was hydro-
lysed by dropwise addition of water (1 mL). Diethyl ether (5 mL)
was added, followed by dropwise addition of H2SO4 (10%) with
stirring at 0 8C, until the aqueous phase remained clear. The organ-
ic phase was separated and the aqueous phase was washed three
times with diethyl ether. The combined organic layers were
washed with water and a saturated solution of NaCl and then
dried over Na2SO4. The solution was concentrated and the residue
was purified by column chromatography on silica gel (petroleum
ether/diethyl ether, 4:1) to afford 5 (303 mg, 442 mmol, 84%) as
colourless crystals : Rf=0.088 (petroleum ether/diethyl ether, 4:1);
1H NMR (250.13 MHz; [D8]THF): d=1.00±3.50 (brm, 50H, 40BH, H-
1, H-3, 8CH2), 3.34 (m, 1H, H-2), 4.41, 4.47 (2s, 4H, 2H-2’, 2H-2’’),
5.22 (d, 1H, OH) ppm; 13C NMR (62.90 MHz, [D8]THF): d=39.9, 40.1
(CH2, CH2a), 42.1 (C-1, C-3), 63.6, 65.3 (2C-2’, 2C-2’a), 73.6 (C-2),
74.8, 75.7 (2C-1’, 2C-1’a) ppm; elemental analysis: calcd (%) for
C15H56B40O (685.0): C 26.30, H 8.24; found: C 26.48, H 8.33.


2,2,6,6-Tetra-(prop-2’-ynyl)-1,4-cyclohexanedione monoethylene-
acetal (7): NaOH (2.12 mg, 53.0 mmol) and benzyl triethylammoni-
um chloride (819 mg, 3.61 mmol) in water (4 mL) were added to
the solution of 1,4-cyclohexanedione monoethyleneacetal (6 ;
632 mg, 4.05 mmol) and propargylbromide (3.0 mL, 27 mmol, 80%
solution in toluene). The reaction mixture, which was scarlet red,
was vigorously stirred at 0 8C and turned brown after 15 min. After
44 h, water (15 mL) was added and the reaction mixture was al-
lowed to cool to RT. It was then extracted three times with diethyl
ether. The combined organic solution was washed with water,


Figure 1. Schematic SCHAKAL representation[14] illustrating compound 4. Selec-
tive atoms are numbered. Likewise, a guest molecule of toluene (C31�C36) is
shown.


Figure 2. Schematic SCHAKAL representation[14] illustrating compound 3.
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dried over Na2SO4 and concentrated under vacuum. The residue
was purified by column chromatography on silica gel (petroleum
ether/diethyl ether, 9:1) to afford 7 (249 mg, 807 mmol, 44%) as
a solid: Rf=0.32 (petroleum ether/diethyl ether, 4:1) ; 1H NMR
(250.13 MHz; CDCl3): d=2.04 (t, 4H, J=2.6 Hz, 4H-3’), 2.37 (s, 4H,
2H-3, 2H-5), 2.52 (dd, 4H, J=16.8 Hz, 4H-1’a), 2.73 (dd, 4H, 4H-
1’b), 4.04 (s, 4H, CH2CH2) ppm; 13C NMR (62.90 MHz; CDCl3): d=
26.9 (4C-1’), 39.1 (C-3, C-5), 49.5 (C-2), 64.3 (CH2CH2), 71.8 (4C-2’),
79.8 (4C-3’), 106.6 (C-4), 210.0 (C-1) ppm.


2,2,6,6-Tetra-(1’,2’-dicarba-closo-dodecaboranylmethyl)-1,4-cyclo-
hexanedione monoethyleneacetal (8): The solution of cyclohexan-
dione 7 (101 mg, 0.327 mmol), decaborane (235 mg, 1.73 mmol)
and CH3CN (165 mg) in toluene (1 mL) was stirred at 80 8C for 16 h
under an argon atmosphere. The reaction mixture was heated for
4 h under reflux conditions and was then allowed to cool to 80 8C.
To quench the excess of decaborane, a mixture of HCl (37%) and
methanol (6 mL, 1:1) was added dropwise. The reaction mixture
was heated for 16 h under an argon atmosphere, toluene (2 mL)
was added and the mixture was allowed to cool to RT. The organic
phase was separated and immediately purified by column chroma-
tography on Alox (petroleum ether/diethyl ether, 4:1) to give 8
(41.0 mg, 50 mmol, 16%) as a solid: Rf=0.31 (petroleum ether/
diethyl ether, 4:1) ; 1H NMR (250.13 MHz; CDCl3): d=0.90±3.50
(brm, 40H, 40BH), 2.50 (s, 4H, 2H-3, 2H-5), 2.94, 3.05 (2d, 8H, J=
15.9 Hz, 4CHa, 4CHb), 4.08 (s, 4H, CH2CH2) ppm; 13C NMR
(62.90 MHz; CDCl3): d=37.9, 43.6 (C-3, C-5, 4CH2), 54.3 (C-2, C-5),
64.7 (4C-2’), 65.4 (CH2CH2), 73.0 (4C-1’), 106.5 (C-4), 208.4 (C-
1) ppm.


(1,1,3,3-Tetra-(1’,2’-dicarba-closo-dodecaboranylmethyl)propan-
2-yl)-(4’’-benzyloxy-but-2’’-ynyl) ether (10): Carborane 5 (162 mg,
0.236 mmol) was added to the solution of 4-benzyloxy-1-bromo-
but-2-yne (9 ; 375 mg, 1.57 mmol) in toluene (1.0 mL). NaOH
(432 mg, 10.8 mmol) and benzyl triethylammonium chloride
(112 mg, 0.49 mmol) were dissolved in water (1 mL) and then
added to the above reaction mixture. The mixture was stirred for
1 h while carborane 5 dissolved. Water (10 mL) and diethyl ether
(10 mL) were added and the combined layers were stirred until the
aqueous phase remained clear. After separation of the organic
phase, the aqueous phase was extracted twice with diethyl ether.
The combined organic layers were washed with water, dried over
Na2SO4 and evaporated, then the residue was purified by column
chromatography on silica gel (petroleum ether/diethyl ether, 4:1)
to afford 10 (129 mg, 153 mmol, 65%) as a colourless powder: Rf=
0.28 (petroleum ether/diethyl ether, 7:3) ; 1H NMR (250.13 MHz;
CDCl3): d=1.00±3.50 (brm, 50H, 40BH, H-1, H-3, 4CH2), 3.44, 3.69
(2br s, 4H, 2H-2’a, 2H-2’b), 3.49 (m, 1H, H-2), 4.23, 4.30 (2 s, 4H,
CH2-1’’, CH2-4’’), 7.31±7.39 (m, 5H, 5Ar-H) ppm; 13C NMR
(62.90 MHz; CDCl3): d=38.9, 40.3 (4CH2), 41.8 (C-1, C-3), 57.6
(C-4’’), 61.8, 62.8 (2C-2’a, 2C-2’b5a), 62.0 (C-1’’), 72.6 (Bn-C), 72.6,
73.6 (2C-1’a, 2C-1’b), 80.5 (C-2), 80.5, 86.1 (C-2’’, C-3’’), 127.8,
128.4, 128.7, 136.8 (5Ar-C) ppm; HRMS (FAB): calcd (%) for
C26H66


10B8
11B32O2: 842.907 [M]


� ; found: 842.907.


(1,1,3,3-Tetra-(1’,2’-dicarba-closo-dodecaboranylmethyl)propan-
2-yl)-(4’’-hydroxy-butyl) ether (11): The ether 10 (105 mg,
0.125 mmol) and 20% Pd/C (14.2 mg) in acetone/water (3.3. mL,
9:1) were stirred for 4 h at RT under an H2 atmosphere. The catalyst
was filtered and the solvent was evaporated. The residue was puri-
fied by column chromatography on silica gel (petroleum ether/di-
ethyl ether, 1:1) to afford 11 (79 mg, 104 mmol, 84%) as a white
powder: Rf’=0.26 (petroleum ether/diethyl ether, 1:1) ; 1H NMR
(250.13 MHz; CDCl3): d=1.00±3.50 (brm, 55H, 40BH, H-1, H-3,
8CH2, CH2-2’’, CH2-3’’, OH), 3.26 (m, 1H, H-2), 3.58, 3.68 (2 t, 4H,


CH2-1’’, CH2-4’’), 3.62, 3.75 (2br s, 4H, 2H-2’a, 2H-2’b) ppm;
13C NMR (62.90 MHz, CDCl3): d=26.9, 28.6 (C-2’’, C-3’’), 38.4, 40.4
(4CH2), 42.0 (C-1, C-3), 61.7, 62.8 (2C-2’a, 2C-2’b), 62.3 (C-4’’), 72.7,
73.5 (2C-1’a, 2C-1’b), 76.0 (C-1’’), 81.7 (C-2) ppm; elemental analy-
sis : calcd (%) for C19H64B40O2 (757.1): C 30.14, H 8.52; found: C
29.80, H 8.11; HRMS (FAB): calcd (%) for C19H63


10B8
11B32O2: 755.884


[M�H]� ; found: 755.889.


b-Cyanoethyloxy-N,N-diisopropyl-(4’’-(1,1,3,3-tetra-(1’,2’-dicarba-
closo-dodecaboranylmethyl)-propan-2-yloxy)but-1’’-yloxy)phos-
phine (12): Chloro-b-cyanoethyloxy-N,N-diisopropylphosphine (18.2
mg, 77 mmol) was added to a stirred suspension of 11 (18.0 mg,
23.8 mmol) and N-ethyl-N,N-diisopropylamine (12 mg, 93 mmol) in
CH2Cl2 (1 mL) under an argon atmosphere. After 2 h at RT the reac-
tion mixture was diluted with ethyl acetate (5 mL) and quenched
with an aqueous solution of NaHCO3 (1 mL, 10%). The mixture was
shaken vigorously and the organic phase was then separated,
dried over Na2SO4 and evaporated. After purification by flash chro-
matography on silica gel (petroleum ether/diethyl ether, 1:1), 12
was obtained (12.1 mg, 12 mmol, 53%): Rf=0.26 (petroleum ether/
diethyl ether, 1:1) ; 1H NMR (250.13 MHz; CDCl3): d=1.00±3.50
(brm, 58H, 40BH, H-1, H-3, 4CH2, CH2-2’’, CH2-3’’, 2NCH, CH2CN),
1.17±1.26 (m, 12H, 4CH3), 3.27 (m, 1H, H-2), 3.55±3.86 (m, 10H,
4H-2’, CH2-1’’, CH2-4’’, CH2-O) ppm; 13C NMR (62.90 MHz, CDCl3):
d=20.6 (CH2CN) 24.6, 24.7 (4CH3), 29.7 (C-2’’, C-3’’), 38.3, 40.4
(4CH2), 42.0 (C-1, C-3), 43.0, 43.1 (2NCH), 57.7 (CH2O), 61.7, 62.8
(4C-2’), 63.1 (C-1’’), 72.9, 73.7 (C-1’), 76.0 (C-4’’), 81.8 (C-2), 118.0
(CN) ppm; 31P NMR (101.26 MHz, CDCl3): d=147.7 (dt, JP,1’’=
17.1 Hz, JP,CH2-O=20.0 Hz) ppm.


(3’’’-O-Acetylthymidine-5’’’-yl)-(4’’-(1,1,3,3-tetra-(1’,2’-dicarba-
closo-dodecaboranylmethyl)propan-2-yloxy)but-1’’-yl)-(b-cyano-
ethyl)phosphate triester (13a): 3-O-Acetylthymidine (10.2 mg,
35.9 mmol) and 1H-tetrazol (3.5 mg, 48 mmol) were added to a stir-
red solution of 12 (12.0 mg, 12.4 mmol) in CH3CN (0.15 mL) under
an argon atmosphere. After 2 h at RT, a CH2Cl2/ethyl acetate mix-
ture (5 mL, 1:1) was added. The organic phase was extracted with
aqueous NaHCO3 (10 mL, 10%) and H2O (10 mL), dried over Na2SO4


and evaporated. The crude residue was dissolved in CH3CN
(0.20 mL) and oxidised with cumol hydroperoxide (25 mg, 80% in
CH3CN). After 5 min, 2-propanol (0.20 mL) was added to quench
the reaction. The solvent was removed under vacuum and the resi-
due was purified by column chromatography on silica gel (diethyl
ether) to afford the triester 13a (4.7 mg, 4 mmol, 33%) as a diaster-
eomeric mixture: Rf=0.26/0.22 (diethyl ether) ; 1H NMR
(250.13 MHz; CDCl3, diastereomeric mixture): d=0.83±3.50 (m,
64H, 40BH, 2H-2’’’, CH3-5’’’, 2H-2’’, 2H-3’’, CH2CN, CH3CO, H-1, H-3,
4CH2), 3.32 (m, 1H, H-2), 3.56±3.65, 3.72, 3.90, 4.11±4.16, 4.27±4.35
(m, 12H, H-6’’’’, 2H-1’’, CH2OP, H-4’’’, 2H-5’’’, 4H-2’), 5.27±5.34 (m,
1H, H-3’’’), 6.32 (m, 1H, H-1’’’), 7.37 (m, 2H, 2H-4’’), 8.24 (m, 1H,
NH) ppm; 13C NMR (62.90 MHz; CDCl3, diastereomeric mixture): d=
12.6 (CH3-5’’’’), 20.9 (CH3CO), 22.7 (CH2CN), 26.1, 29.7 (C-2’’, C-3’’),
36.9 (C-2’’’), 38.1, 40.3 (4CH2), 42.0 (C-1), 62.0, 62.8 (4C-2’), 62.3,
68.1, 74.9 (C-4’’, C-1’’, CH2OP), 72.8, 73.6 (4C-1’), 73.7 (C-3’’’), 81.6
(C-2), 85.0, 85.1 (C-1’’’, C-4’’’), 111.6 (C-5’’’’), 116.2 (CN), 150.0 (C-2’’’’),
163.1 (C-4’’’’), 170.7 (CH3CO) ppm, C-5’’’ was not observed;


31P NMR
(101.26 MHz, CDCl3): d=�1.01, �1.04 ppm; MS (ESI): calcd for
C34H84B40N3O10P: 1159.1 [M+H]+ ; found: 1158.59.


(3’’’-O-Acetylthymidin-5’’’-yl)-(4’’-(1,1,3,3-tetra-(1’,2’-dicarba-
closo-dodecaboranylmethyl)propan-2-yloxy)but-1’’-yl)phosphate
diester (13b): The triester 13a (4.2 mg, 3.6 mmol) was treated with
triethylamine (0.5 mL) in CH2Cl2 (0.5 ml) for 20 min at RT. The solu-
tion was evaporated and purified on silica gel (CHCl3/MeOH/tri-
ethylamine, 80:20:2) to give 13b (3.2 mg, 2.9 mmol, 74%): Rf=0.11
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(CHCl3/MeOH, 9:1) ; 1H NMR (250.13 MHz; CDCl3): d=1.00±3.50
(brm, 62H, 40BH, CH3-5’’’’, 2H-2’’, 2H-3’’, 2H-2’’, H-1, H-3, 4CH2),
1.34 (t, 9H, 3CH3 (NEt3)), 3.07 (q, 6H, 3CH2 (NEt3)), 3.30±4.22 (m,
9H, 2H-4’’, 2H-1’’, H-1’’’’, H-4’’’’, 2H-5’’’’, H-2), 5.34 (m, 1H, H-3’’’’),
6.84 (m, 1H, H-6’’’’), 7.72 (m, 1H, NH) ppm; 31P NMR (101.26 MHz,
CDCl3): d = �0.45 ppm; HRMS (FAB): calcd for C31H80


10B32
11B8


N2O10P: 1105.71 [M�HNEt3]+ ; found: 1102.940.


1-Bromo-4-(2’,3’,4’,6’-tetra-O-benzyl-a-d-glucopyranosyl)but-2-yne
(15a) and 1-bromo-4-(2’,3’,4’,6’-tetra-O-benzyl-b-d-glucopyrano-
syl)but-2-yne (15b): 2,3,4,6-Tetra-O-benzyl-a-d-glucopyranosyl-tri-
chloroacetimidate[20] (1.23 g, 1.80 mmol) and 1-bromobut-2-yn-4-
ol[3] (373 mg, 2.50 mmol) were dissolved in CH2Cl2 (16 mL) and
cooled to �30 8C under an argon atmosphere. TMSOTf (72 mg,
0.32 mmol) was added dropwise to this mixture and then the reac-
tion mixture was stirred and allowed to warm up to RT overnight.
The solution was washed with a saturated solution of NaHCO3, the
organic phase was separated and the aqueous phase was extract-
ed twice with CH2Cl2. The combined organic layers were dried over
Na2SO4 and concentrated under vacuum. The residue was purified
by column chromatography on silica gel (petroleum ether/diethyl
ether, 17:3) to afford 15a (501 mg, 744 mmol, 41%) and 15b
(392 mg, 582 mmol, 32%): 15a : Rf=0.17 (petroleum ether/diethyl
ether, 17:3) ; 1H NMR (250.13 MHz; CDCl3): d=3.57±3.80, 3.94±4.03
(m, 6H, H-2’, H-3’, H-4’, H-5’, 2H-6’), 3.89 (t, 2H, J1,4=1.9 Hz, 2H-1),
4.30 (t, 2H, 2H-4), 4.43±5.00 (m, 8H, 4Ar-CH2), 5.04 (d, 1H, J1’,2’=
3.6 Hz, H-1’), 7.11±7.39 (m, 20H, 20Ar-H) ppm; 13C NMR (62.90 MHz;
CDCl3): d=14.0 (C-1), 54.7 (C-4), 68.4 (C-6’), 70.7, 77.5, 79.3, 81.6 (C-
2’, C-3’, C-4’, C-5’), 72.9, 73.4, 75.0, 75.7 (4Ar-CH2), 81.5, 82.1 (C-2, C-
2), 95.4 (C-1’), 127.5, 127.6, 127.6, 127.8, 127.9, 128.1, 128.3, 128.4,
137.8, 137.9, 138.2, 138.7 (20Ar-C) ppm; HRMS (FAB): calcd for
C38H39


81BrO6Na: 695.181 [M+Na]+ ; found: 695.181; calcd for
C38H39


79BrO6Na: 693.182 [M+Na]+ ; found: 693.182; 15b : Rf=0.20
(petroleum ether/diethyl ether, 17:3) ; 1H NMR (250.13 MHz; CDCl3):
d=3.43±3.76 (m, 6H, H-2’, H-3’, H-4’, H-5’, 2H-6’), 3.89 (t, 2H, J1,4=
2.0 Hz, H-1), 4.46±4.97 (m, 11H, H-1’, 2H-4, 4Ar-CH2), 7.12±7.40 (m,
20H, 20Ar-H) ppm; 13C NMR (62.90 MHz; CDCl3): d=14.0 (C-1), 56.3
(C-4), 68.8 (C-6’), 73.5, 74.7, 74.9, 75.6 (4Ar-CH2), 74.9, 77.6, 82.0,
84.6 (C-2’, C-3’, C-4’, C-5’), 81.7, 82.0 (C-2, C-3), 101.6 (C-1’), 127.6,
127.6, 127.6, 127.7, 127.7, 127.8, 127.9, 128.2, 128.3, 138.1, 138.4,
138.6 (20Ar-C) ppm; HRMS (FAB): calcd for C38H39


79BrO6Na: 693.183
[M+Na]+ ; found: 693.181; calcd for C38H39


81BrO6Na: 695.181 [M+
Na]+ ; found 695.183.


1-Bromo-4-(2’,3’,4’,6’-tetra-O-benzyl-b-d-galactopyranosyl)but-2-
yne (16b): 2,3,4,6-Tetra-O-benzyl-a-d-galactopyranosyl-trichloracet-
imidate[20] (3.51 g, 5.12 mmol) and but-2-yne-1,4-diol (879 mg,
10.2 mmol) were suspended in CH3CN (15 mL) and the reaction
mixture was cooled to �15 8C. TMSOTf (184 mg, 0.82 mmol) was
added dropwise. After 30 min, the reaction was quenched with
solid NaHCO3 (250 mg). The reaction mixture was allowed to warm
to RT and was filtered. The filtrate was concentrated under vacuum
and the residue was purified by column chromatography on silica
gel (petroleum ether/diethyl ether, 7:3). This intermediate (307 mg)
was dissolved in CH2Cl2 (3 mL) and CBr4 (327 mg, 0.986 mmol) was
added. Over 10 min triphenylphosphine (318 mg, 1.21 mmol) was
added in small portions. The solution was stirred for 24 h and then
concentrated under vacuum. The residue was extracted with dieth-
yl ether and filtered. The ethereal extract was concentrated under
vacuum and purified by column chromatography on silica gel (pe-
troleum ether/diethyl ether, 8:2) to yield 16b (56.0 mg, 80 mmol,
14%): Rf=0.09 (petroleum ether/diethyl ether, 8:2) ; 1H NMR
(250.13 MHz; CDCl3): d=3.51±3.60, 3.79±3.89 (2m, 8H, H-2’, H-3’,
H-4’, H-5’, 2H-1, 2H-4), 4.40±4.79, 4.91±4.96 (2m, 11H, H-1’, 2H-6’,


4Ar-CH2), 7.27±7.42 (m, 20H, 20Ar-H) ppm; 13C NMR (62.90 MHz;
CDCl3): d=14.1 (C-1), 56.0 (C-4), 68.7 (C-6’), 73.1, 73.5, 74.4, 75.0
(4Ar-CH2), 73.4, 73.4, 79.2, 82.1 (C-2’, C-3’, C-4’, C-5’), 81.4, 82.4 (C-2,
C-3), 101.7 (C-1’), 127.5, 127.7, 127.8, 128.1, 128. 2, 128.2, 128.3,
128.4, 137.8, 138.4, 138.5, 138.7 (20Ar-C) ppm; HRMS (FAB): calcd
for C38H40


79BrO6: 671.201 [M+H]+ ; found: 671.193; calcd for
C38H40


81BrO6: 673.199 [M+H]+ ; found: 673.199.


(1,1,3,3-Tetra-(1’,2’-dicarba-closo-dodecaboranylmethyl)-prop-2-
yl)-(4’’-a-d-glucopyranosyloxy-but-1’’-yl) ether (17a): Carborane 5
(31.1 mg, 45 mmol) was added to a solution of glucoside 15a
(41.2 mg, 61 mmol) in toluene (0.5 mL). A solution of NaOH
(108 mg, 2.7 mmol) and benzyl triethylammonium chloride
(22.0 mg, 96.9 mmol) in water (0.3 mL) was added and the reaction
mixture was stirred vigorously for 1 h. The reaction was quenched
with water (2 mL) and diethyl ether (2 mL). After a further 30 min
stirring, the organic phase was separated and the aqueous phase
was extracted twice with diethyl ether. The combined organic
layers were dried over Na2SO4 and evaporated under vacuum. The
residue of the benzylated glucoside was purified by column chro-
matography on silica gel (petroleum ether/diethyl ether, 4:1). The
product (Rf=0.39 (petroleum ether/diethyl ether, 3:1) in acetone/
water (10:1, 0.55 mL) was then treated with H2 and catalytic
amounts of Pd/C (2.6 mg, 20%) for 2 h at RT. The catalyst was fil-
tered off and the solvent was evaporated under vacuum. The
crude product was purified by column chromatography on silica
gel (CHCl3/MeOH, 9:1) to afford 17a (3.1 mg, 3.4 mmol, 7.4%): Rf=
0.21 (CHCl3/MeOH, 9:1) ;


1H NMR (250.13 MHz; CDCl3): d=0.83±3.30
(m, 54H, 40BH, H-1, H-3, 4CH2, 2H-2’’, 2H-3’’), 3.31±3.84 (m, 15H,
H-2, 4H-2’, 2H-1’’, 2H-4’’, H-2’’’, H-3’’’, H-4’’’, H-5’’’, 2H-6’’’), 4.84
(d, 1H, J1’’’,2’’’=2.6 Hz, H-1’’’) ppm; HRMS (FAB): calcd for
C25H74


10B8
11B32O7: 918.945 [M]


� ; found: 918.943.


(1,1,3,3-Tetra-(1’,2’-dicarba-closo-dodecaboranylmethyl)prop-2-yl)-
(4’’-b-d-galactopyranosyloxy-but-1’’-yl) ether (18b): 18b was syn-
thesised by the same method as described for 17a but with galac-
toside 16b (39.1 mg, 58 mmol), carborane 5 (18 mg, 26 mmol),
NaOH (208 mg, 5.2 mmol) and benzyltriethylammonium chloride
(13.2 mg, 58 mmol). 18b (7.2 mg, 7.8 mmol, 30%): Rf=0.17 (CHCl3/
MeOH, 9:1) ; 1H NMR (250.13 MHz; CDCl3): d=0.83±3.25 (m, 54H,
40BH, H-1, H-3, 4CH2, 2H-2’’, 2H-3’’,), 3.30±4.08 (m, 15H, H-2, 4H-
2’, 2H-1’’, 2H-4’’, H-2’’’, H-3’’’, H-4’’’, H-5’’’, 2H-6’’’), 4.24 (d, 1H,
J1’’’,2’’’=7.3 Hz, H-1’’’) ppm; 13C NMR (62.90 MHz; CDCl3): d=26.1,
26.8 (C-2’’, C-3’’), 38.3, 40.3, 40.6 (4CH2), 42.1, 42.1 (C-1, C-3), 62.0,
62.9, 63.0 (4C-2’), 62.7 (C-6’’’), 69.4, 75.4 (C-1’’, C-4’’), 69.8, 71.7,
73.4, 73.9 (C-2’’’, C-3’’’, C-4’’’, C-5’’’), 81.5 (C-2), 103.1 (C-1’’’) ppm;
HRMS (FAB): calcd for C25H74


10B8
11B32O6Na: 941.935 [M+Na]+ ;


found: 941.935.


(1,1,3,3-Tetra-(1’,2’-dicarba-closo-dodecaboranylmethyl)prop-2-yl)-
(4’’-hydroxy-but-1’’-yl) ether (19): Carborane 5 (40 mg, 58 mmol)
was added to a solution of 1-bromo-4-(2’-tetrahydropyranyloxy)-
but-2-yne[15] (27.2 mg, 117 mmol) in toluene (0.40 mL). A solution of
NaOH (110 mg, 2.7 mmol) and benzyltriethylammonium chloride
(26.4 mg, 116 mmol) in water (0.3 mL) was added to the organic
phase and the reaction mixture was vigorously stirred for 1 h. The
reaction was quenched with water (4 mL) and diethyl ether (4 mL)
and the reaction mixture was stirred until the turbidity disap-
peared. After separation of the two phases, the organic phase was
extracted twice with diethyl ether. The combined organic layers
were washed with water, dried over Na2SO4 and evaporated under
vacuum. The residue was dissolved in methanol (1.5 mL) and stir-
red together with ion-exchange resin (82 mg, DOWEX 50WX8, H+)
for 16 h. The product was then filtered, evaporated under vacuum
and purified by column chromatography on silica gel (petroleum
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ether/diethyl ether, 7:3!3:2) to afford 19 (28 mg, 37 mmol, 64%)
as a colourless foam: Rf=0.11 (petroleum ether/diethyl ether, 7:3);
1H NMR (250.13 MHz; CDCl3): d=1.00±3.50 (brm, 50H, 40BH, H-1,
H-3, 4CH2), 3.45 (m, 1H, H-2), 3.68, 3.76 (2br s, 4H, 4H-2’), 4.28±
4.34 (m, 4H, 2H-1’’, 2H-4’’) ppm; 13C NMR (62.90 MHz; CDCl3): d=
38.9, 40.4 (4CH2), 41.8 (C-1, C-3), 61.8, 62.9 (4C-2’), 61.8 (C-1’’), 72.6,
73.5 (4C-1’), 79.7, 88.3 (C-2’’, C-3’’), 80.9 (C-2) ppm; HRMS (FAB):
calcd for C19H59


10B8
11B32O2: 752.859 [M]


� ; found: 752.860.


(1,1,3,3-Tetra-(1’,2’-dicarba-closo-dodecaboranylmethyl)prop-2-yl)-
(4’’-bromo-2’’-butyn-1’’-yl) ether (20): Triphenylphosphine
(29.3 mg, 112 mmol) was added to a solution of carborane 19
(28.0 mg, 37.2 mmol) and CBr4 (23.2 mg, 70.0 mmol) in CH2Cl2
(0.5 mL) and stirred for 1 h. The reaction mixture was concentrated
under vacuum and purified by column chromatography on silica
gel (petroleum ether/diethyl ether, 4:1!7:3) to afford 20 (25.1 mg,
30 mmol, 83%): Rf=0.28 (petroleum ether/diethyl ether, 7:3) ;
1H NMR (250.13 MHz; CDCl3): d=1.00±3.50 (brm, 50H, 40BH, H-1,
H-3, 4CH2), 3.47 (m, 1H, H-2), 3.62, 3.70 (2br s, 4H, 4H-2’), 3.95
(t, 2H, J1’’,4’’=2.0 Hz, 2H-4’’), 4.32 (t, 2H, 2H-1’’) ppm; 13C NMR
(62.90 MHz; CDCl3): d=13.2 (C-4’’), 38.9, 40.5 (4CH2), 41.9 (C-1, C-
3), 61.9, 62.9 (4C-2’), 61.9 (C-1’’), 72.5, 73.5 (4C-1’), 80.8 (C-2), 80.6,
85.1 (C-2’’, C-3’’) ; HRMS (FAB): calcd for C19H58


10B8
11B32


79BrO: 814.774
[M�H]� ; found: 814.771; calcd for C19H58


10B8
11B32


81BrO: 816.777
[M�H]� ; found: 816.774.


Di-tert-butyl-protected 2’’’,2’’’-bis-(4’’-(1,1,3,3-tetra-(1’,2’-dicarba-
closo-dodecaboranylmethyl)prop-2-yloxy)-2’’-butyn-1’’-yl) malo-
nate (21): A solution of NaOH (93 mg, 2.3 mmol) and benzyltriethyl-
ammonium chloride (15.4 mg, 67.8 mmol) in water (0.5 mL) was
added to a solution of carborane 20 (22.4 mg, 27.4 mmol) and di-
tert-butylmalonate (2.75 mg, 12.7 mmol) in toluene (0.1 mL) and the
reaction mixture was vigorously stirred for 1 h. The reaction was
quenched with water (2 mL) and diethyl ether (2 mL). The organic
phase was separated and the aqueous phase was washed twice
with water. The combined organic layers were washed with water
and dried over Na2SO4. After concentration under vacuum, the resi-
due was purified by column chromatography on silica gel (petro-
leum ether/diethyl ether, 17:3) to afford 21 (8.2 mg, 4 mmol, 37%):
Rf=0.19 (petroleum ether/diethyl ether, 17:3) ; 1H NMR
(250.13 MHz; CDCl3): d=1.00±3.50 (brm, 122H, 80BH, 2H-1, 2H-3,
8CH2, 4H-1’’, 6CH3), 3.35 (m, 2H, H-2), 3.66, 3.76 (2br s, 8H, 8H-2’),
4.26 (m, 4H, 4H-4’’) ppm; 13C NMR (62.90 MHz; CDCl3): d=23.4
(2C-1’’), 28.0 (6CH3), 38.9, 40.3 (8CH2), 41.9 (2C-1’), 56.3 (C-2’’’)
61.6, 62.9 (8C-2’), 62.4 (2C-4’’), 72.6, 73.6 (8C-1’), 78.0, 83.3, 84.2 (C-
2’’, C-3’’, C-1’’’, C-3’’’), 81.0 (C-2) ppm; MS (FAB): calcd for
C49H136


10B16
11B64O6: 1686.8 [M]


� ; found: 1686.6.


2’’’,2’’’-Bis-(4’’-(1,1,3,3-tetra-(1’,2’-dicarba-closo-dodecaboranyl-
methyl)prop-2-yloxy)-2’’-butyn-1’’-yl) malonic acid (22): Malonate
21 (5.6 mg, 3.3 mmol) was dissolved in TFA (1.0 mL) and stirred for
1 h at RT. The solvent was removed by evaporation under vacuum
to give 22 (4.2 mg, 3 mmol, 75%) as a highly viscous, colourless oil :
Rf=0.21 (petroleum ether/diethyl ether, 2:1) ; MS (ESI): calcd for
C41H128


10B16
11B64O6: 1582.0 [M]


� ; found: 1582.1.


X-ray crystal structure analyses of molecules 3 and 4 : The reflec-
tions of both compounds were collected with a Nonius CAD4 dif-
fractometer by using MoKa radiation (l=71.073 pm, graphite mono-
chromated). The stability of reflection intensity was controlled by
monitoring three control reflections every 100 reflections.


Compound 3 : C15H14O, Mr=210.26, 1=1.13 gcm�3 ; colourless
prism of dimensions 0.4î0.3î0.25 mm, monoclinic space group
P2/n with lattice parameters a=9.734(2), b=5.0136(7), c=
12.774(4) ä, b=96.84(2)8, Z=2, unit cell volume V=619.0(2) ä3, ab-


sorption coefficient m=0.07 mm�1. Data collection: intensity data
of 1571 collected reflections in the range 2.5�2q�27.98 were
measured in the w�2q scan mode (measuring temperature of
263 K); 1488 reflections were unique, of which 1246 were assigned
to be observed; the data were Lorentz and polarisation corrected.
Structure solution and refinement: direct methods (SHELXS-97[21]) ;
refinement (against F2, SHELXL-97[21]) with 102 parameters converg-
ing at R1=0.037 and wR2=0.099 (I>2s(I)) ; max. and min. residual
electron densities were 0.22 and �0.16 eä�3, respectively. All hy-
drogen atoms were refined isotropically.


Compound 4 : C15H54B40O¥C7H8, Mr=774.6, 1=1.07 gcm�3 ; colour-
less prism of dimensions 0.5î0.4î0.4 mm, orthorhombic space
group Pbcn with lattice parameters a=22.615(8), b=9.957(2), c=
23.897(8) ä, Z=4, unit cell volume V=5381(3) ä3, absorption coef-
ficient m=0.05 mm�1. Data collection: intensity data of 6474 col-
lected reflections in the range 2.2�2q�28.08 were measured in
the w�2q scan mode (measuring temperature of 293 K); 6474 re-
flections were unique, of which 2957 were assigned to be ob-
served; the data were Lorentz and polarisation corrected. Structure
solution and refinement: direct methods (SHELXS-97[21]) ; refine-
ment (against F2, SHELXL-97[21]) with 404 parameters converging at
R1=0.088 and wR2=0.247 (I>2s(I)) ; max. and min. residual elec-
tron densities were 0.5 and �0.31 eä�3, respectively. All hydrogen
atoms were refined isotropically except those of the toluene guest
molecule, which were calculated. The toluene guest molecule was
disordered at two positions with 50% multiplicity (in one of both
disordered toluene positions, only the xyz coordinates were re-
fined). In the carborane clusters we could not distinguish one
carbon atom from the equivalent boron atoms. Therefore we re-
fined all five equivalent positions in the cluster as boron atoms,
each with a multiplicity of 120%.


CCDC-209845 (3) and CCDC-209846 (4) contain the supplementary
crystallographic data for this paper. These data can be obtained
free of charge via www.ccdc.cam.ac.uk/conts/retrieving.html (or
from the Cambridge Crystallographic Data Centre, 12 Union Road,
Cambridge CB2 1EZ, UK; fax: (+44) 1223-336033; or
deposit@ccdc.cam.uk).


In vitro toxicity studies : Cytotoxicity tests on C6 rat glial cells[5]


and A240286S human lung adenocarcinoma cells[8] were per-
formed under flavin-protecting conditions.[9] The cell strains were
cultivated, without antibiotics, in riboflavin-free[7] RPMI-1640
medium buffered with 3 mm NaHCO3/9 mm 2-[4-(2-hydroxyethyl)-
1-piperazinyl]ethanesulfonic acid (HEPES) and supplemented with
10% fetal calf serum (Integro, Zaandam, Holland). The parameter
measured was the IC50, that is, the dose capable of inhibiting the
cell growth by 50% after three days of incubation.[24]A 50 mm solu-
tion of 4 was prepared in tissue-culture-grade dimethylsulfoxide
(DMSO, Sigma). Concentration gradients for ketone 4 were estab-
lished, in quadruplicate, by serially diluting an initial mixture of 4
in RPMI-1640 full medium. The initial mixture resulted from the di-
lution of 1 volume of 4 (50 mm in DMSO) with 249 volumes of the
medium. The six negative control wells per test and cell strain con-
tained the highest DMSO concentration present in the test wells
(0.2% v/v). Tests were performed in 96-well tissue-culture plates
(Greiner, Frickenhausen, Germany) after collagen coating, with only
the internal 10î6 well area used. For greater homogeneity of test
results, the peripheral 36 wells of the plates were filled with phos-
phate-buffered saline. Each well was inoculated with either 0.9î
104 freshly trypsinised C6 cells or 3î104 A240286S cells. The calcu-
lated final concentrations of 4 were in the range 1.56±50 mm. Test
plates were incubated under 2.5% CO2 at 36.5 8C in a humidified
incubator for 72 h. After trypsinising the cells, cell numbers were
read from cell-size histograms produced by a Casy1 cell analyser
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by using Casystat software (Sch‰rfe System, Reutlingen, Germany).
Only C6 cells with diameters of 9±30 mm and A240286S cells with
diameters of 11.5±30 mm were considered. The effect of 4 was ex-
pressed as a percentage of growth inhibition. The results are
shown in Figure 3. The apparent IC50 of 4 in C6 and A240286S cells
was 48 mm and 59 mm, respectively.
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Figure 3. Growth inhibition (GI) of human A240286S lung adenocarcinoma
cells and rat C6 glial cells by ketone 4, after exposure for 72 h. Symbols repre-
sent mean values from three independent experiments, each one performed in
quadruplicate. The bars show the standard deviations.


482 ¹ 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chembiochem.org ChemBioChem 2004, 5, 474 ± 482


M. Wiessler et al.



www.chembiochem.org






Design, Synthesis, and Biological Evaluation of
Aminoboronic Acids as Growth-Factor Receptor
Inhibitors of EGFR and VEGFR-1 Tyrosine
Kinases
Toru Asano,[b] Hiroyuki Nakamura,*[a] Yoshimasa Uehara,[c] and
Yoshinori Yamamoto[b]


Introduction


The use of boron atoms in pharmaceutical drug design pos-
sesses a high potential for the discovery of new biological ac-
tivity.[1] A boron atom has a vacant orbital and interconverts
with ease between the neutral sp2 and the anionic sp3 hybrid-
ization states; this generates a new stable interaction between
the boron atom and a donor molecule through a covalent
bond.[2] Therefore, it is expected that the boron atoms intro-
duced into biologically active molecular frameworks would in-
teract with a target protein not only through hydrogen bonds
but also through covalent bonds, and this interaction would
produce potent biological activity (Scheme 1).[3] Among various
boron compounds synthesized, much attention has recently
been paid to boronic acid-containing peptides.[4] Fevig and co-
workers have developed boropeptides as thrombin inhibi-
tors,[5, 6] and Adams and co-workers have developed dipeptidyl
boronic acids as proteasome inhibitors.[7] In those boropep-
tides a carboxyl group has been replaced by a boronic acid
group.


Our strategy for the design of boron compounds is based
on their unique properties, which are different from conven-
tional biologically active compounds. Boron compounds pre-
sumably interact with a target protein through both hydrogen
and covalent bonds, as mentioned above. The distribution of
boron compounds in the body can be easily traced by using
a-autoradiography and inductively coupled plasma atomic-
emission spectroscopy (ICP-AES),[8] since boron atoms are not
normally found in the living body. Furthermore, the nuclear re-
action of the 10B isotope and a thermal neutron produces an
alpha particle and recoils a 7Li ion bearing approximately 2.4 MeV.
The alpha particle and lithium ion dissipate their kinetic energy
before traveling one cell diameter; this affords the potential
for precise cell killing (boron neutron capture therapy).[9] There-
fore, a boron-containing tyrosine kinase inhibitor[10] would be
converted from a cytostatic agent into a cytotoxic agent by ir-
radiation of the target tissue with thermal neutrons.


We focused on the active pharmacophore 1 of lavendustin
A[11,12] (Scheme 2). Lavendustin A is the EGFR protein tyrosine


[a] Prof. Dr. H. Nakamura
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Fax: (+81)3-59-92-10-29
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Department of Chemistry, Graduate School of Science
Tohoku University, Sendai 980-8578 (Japan)


[c] Y. Uehara
Department of Bioactive Molecules
National Institute of Infectious Diseases
Tokyo 162-8640 (Japan)


A series of aminoboronic acids was synthesized based on the
structure of lavendustin pharmacophore 1. Their inhibitory activi-
ties against the epidermal growth-factor receptor (EGFR) and vas-
cular endothelial growth-factor receptor-1 (VEGFR-1, Flt-1) pro-
tein tyrosine kinases, and various protein kinases, PKA, PKC, PTK,
and eEF2K were evaluated. Selective inhibition activities were ob-
served in a series of aminoboronic acids. 4-Methoxy-3-((2-
methoxyphenylamino)methyl)phenylboronic acid 10 inhibited
EGFR tyrosine kinase, whereas 4-(2,5-dihydroxybenzylamino)phenyl-


boronic acid 12 inhibited Flt-1 protein kinase, although lavendus-
tin pharmacophore 1 inhibited both EGFR and Flt-1 kinases at a
compound concentration of 1.0 mgmL�1. The selective inhibition
of EGFR by 10 is considered to be due to the substitution of the
dihydroxy groups on the benzyl moiety for a boronic acid group
at the para position, whereas the selective inhibition of Flt-1 by
12 is due to the substitution of the carboxyl group on the aniline
moiety in the lavendustin pharmacophore 1 for a boronic acid
group.


Scheme 1. Interaction of a carboxylic acid through hydrogen bonds (left) and
interaction of a boronic acid through both hydrogen and covalent bonds
(right) with a certain protein.
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kinase (PTK) inhibitor isolated from a butyl acetate extraction
of a Streptomyces griseolavendus culture filtrate.[11] The active
pharmacophore 1 is a secondary amine containing three phe-
nolic hydroxy groups and a carboxyl group. It is considered to
interact with EGFR-PTK through hydrogen bonds formed by
these functional groups. Inhibition activities would be expect-
ed to be higher by replacing those hydroxy and carboxyl
groups with boronic acid groups (Scheme 2). In this paper, we
report the synthesis of aminoboronic acids and the evaluation
of inhibition activities toward various protein kinases.


Results


The active pharmacophore 1 of lavendustin is composed of
two aromatic rings linked by a methyleneamino chain and it
was previously synthesized from 3-aminosalicylic acid and 2,5-
dihydroxybenzaldehyde by reductive amination.[12b] A series of
aminoboronic acid analogues 5±8 was synthesized from vari-
ous anilines 2a±d and aldehydes 3a±e in the presence of
NaCNBH3 in MeOH at room temperature or NaBH4 in EtOH
after the formation of the imine 4 (Scheme 3). Structures and
yields of the aminoboronic acids 5±8 are summarized in
Table 1.


Scheme 2. Introduction of a boronic acid group into the active pharmacophore
of lavendustin A.


Scheme 3. General synthesis of aminoboronic acids. Reagents and conditions :
i) NaCNBH3, MeOH, room temperature, ii) MeOH or EtOH, iii) NaBH4, EtOH.


Table 1. Structures and yields of the aminoboronic acids 5±8.


aniline R =


5a : 86% 5b : 81% 5c : 39% 5d : 16% ±[a]


6a : 20% 6b : 31% 6c : 74% 6d : 15% 6e : 73%b


7a : 58% 7b : 28% 7c : 39% 7d : 23% 7e : 90%


±[a] 8b : >99% 8c : >99% 8d : 47% 1: 50%[b]


[a] Not synthesized. [b] Already reported in ref. [11].
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Pentafluorophenylmethyl-3-boronophenylamine 9 and 5’-
borono-2’-methoxyphenylmethyl-2-methoxybenzylamine 10
were also synthesized by reductive amination from the anilines
2d or 2-methoxybenzylamine, and the aldehydes 3 f or 3d, re-
spectively. Furthermore, the aminoboronic acid 12, in which a
boronic acid group is introduced at the para-position of an
aniline moiety, was synthesized from aniline 2e and the alde-
hyde 3e. The reaction of 2e and 3e proceeded under reduc-
tive amination conditions to afford the corresponding pinacol
boron ester 11 in 60% yield. The deprotection of the pinacol
group was not an easy task. Although the oxidative cleavage
of the pinacol ester 11 with sodium metaperiodate was not
effective,[13] the transesterification of the pinacol from 11 to
phenylboronic acid under acidic conditions gave 43% of 12
(Scheme 4). This yield was increases to 81% by using KHF2 an
acid.[14] As an analogue of lavendustin A, the tertiary amine 13
was synthesized from 7e and salicylaldehyde in 19% yield by
using NaCNBH3 in MeOH (Scheme 5).


Discussion


The lavendustin pharmacophore 1 and the aminoboronic acids
5a±d, 6a±d, 7a±e, 8b±d, 9, 10, 12, and 13 were tested for the
inhibition of EGF-stimulated EGFR tyrosine kinase phosphoryla-
tion according to assay conditions described in the litera-
ture.[11,15] As a preliminary experiment, the inhibition assay of
EGFR tyrosine kinase was carried out at a compound concen-
tration of 10 mgmL�1. The compounds 1, 6b±c, 6e, 10, and 12,
which exhibited inhibitory activities higher than 50% at this
concentration, were tested at lower concentrations (10±
0.1 mgmL�1). The results are summarized in Figure 1. EGF(+)
corresponds to the maximum phosphorylation of the peptide
substrate by the EGF-stimulated EGFR tyrosine kinase and it is
plotted as 100%. EGF(�) corresponds to the phosphorylation
activity of EGFR tyrosine kinase without EGF stimulation. The
lavendustin pharmacophore 1 and the analogue 6e, which
have already been reported,[11,12a] showed high inhibitory activ-
ities against EGFR tyrosine kinase. The phosphorylation activi-
ties were on a level similar to that of EGF(�) at 10 mgmL�1,
and 50% inhibition was observed even at 0.1 mgmL�1. Com-
pounds 5a±d, derived from aniline 2a and boronic aldehydes
3a±d, did not show significant tyrosine kinase inhibition at a
concentration of 10 mgmL�1. Although compounds 6a and 6d
did not show inhibitory activity at 10 mgmL�1, moderate inhibi-
tion was observed in the case of the compounds 6b±c and
8c±d. Very interestingly, compound 10, which has a methoxy
group at the ortho position on the aniline moiety, showed a
high inhibitory activity similar to the lavendustin pharmaco-
phore 1 at 10 mgmL�1. Although the inhibitory activity at
1.0 mgmL�1 was a bit lower than that of 1, still more than 50%
inhibitory activity was observed. The introduction of a boronic
acid group into the para position of the aniline moiety in-
creased the tyrosine kinase inhibition, and compound 12 ex-
hibited a high inhibitory activity similar to the lavendustin
pharmacophore 1 at 10 mgmL�1. However, 7e, which has a
boronic acid group at the meta position on the aniline moiety,
did not show the expected tyrosine kinase inhibition. In case
of the tertiary amine 13, synthesized as an analogue of laven-
dustin A, no inhibition was observed at a concentration of
10 mgmL�1. Roques and co-workers had previously reported
that the third aromatic ring of lavendustin A is not necessarily
important for inhibition of the tyrosine kinase activity.[12b]


Inhibition specificity of the compounds was investigated
semi-quantitatively by using PKA, PKC, PTK, eEF2K, EGFR, and
Flt-1 (Table 2).[16,17] . The lavendustin pharmacophore 1, the ami-
noboronic acid 6b, and the analogue 6e showed selective
kinase inhibition of both EGFR and Flt-1. The selective inhibi-


Scheme 4. Synthesis of 9±12 and yields of the various routes to aminoboronic
acid 12. Reaction conditions i) NaCNBH3, MeOH, room temperature.


Scheme 5. Synthesis of 13, an analogue of lavendustin A.
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tion of EGFR tyrosine kinase was observed in the case of the
aminoboronic acids 6c, 8c, and 10. Presumably the substitu-
tion of the dihydroxy groups of the benzyl moiety in 1 for a
boronic acid group at the para position enhances the specific
inhibition of EGFR tyrosine kinase. Although compound 7e did
not show inhibition of EGFR kinase, specific inhibition activity
was observed in the Flt-1 kinase assay at a concentration of
10 mgmL�1. Compound 12 exhibited nonspecific inhibition ac-
tivity toward various protein kinases at a concentration of
10 mgmL�1, but specific inhibition activity of Flt-1 kinase was
observed at 1.0 mgmL�1. Since the compounds 6e, 7e, and 12
contain a 2,5-dihydroxybenzyl group, it is considered that the


selective inhibition of Flt-1 by
7e and 12 is due to the boronic
acid group on the aniline ring in
the molecules, the para-substi-
tuted boronic acid also increased
the inhibitory activity.


Conclusion


We have synthesized a novel
class of EGFR and Flt-1 protein
kinase inhibitors by the introduc-
tion of a boronic acid group into
the framework of the lavendus-
tin pharmacophore 1 in order to
allow dual interactions with pro-
tein kinases through both hydro-
gen and covalent bonds. Among
the aminoboronic acids synthe-
sized, selective inhibition of
EGFR and Flt-1 protein kinases
by aminoboronic acids 10 and
12, respectively, was observed at


a concentration of 1.0 mgmL�1. It is clear that a boronic acid in-
troduced into a known interaction site of the structural frame-
work of 1 plays a key role in inhibiting kinase activity. Accord-
ing to this, compounds 7e, 10, and 12 exhibit significantly
high inhibition activities, although they are not higher than
those of the lavendustin pharmacophore itself.


In vivo cytotoxicity studies of the aminoboronic acids 7e,
10, and 12 by using irradiation of neutrons as well as struc-
ture±activity relationship studies are now in progress in our
laboratory.


Figure 1. Inhibition of EGF-stimulated EGFR phosphorylation. Activities are expressed as a percentage of the maximum phosphorylation induced by EGF.


Table 2. Inhibition specificity of compounds 1, 6b, 6c, 6e, 7e, 8c, 10, and 12.


compounds c [mmL�1] PKA PKC PTK eEF2K EGFR Flt-1


1 10 � � � � ++ ++


1 � � � � ++ ++


0.1 � � � � � �
6b 10 � � � � + +


1 � �
6c 10 � � � � + �


1 � � � �
6e 10 � � � � ++ ++


1 � �
7e 10 � � � � � ++


1 � �
8c 10 � � � � + �


1 � � � � � �
10 10 + � � � ++ +


1 � � � � + �
0.1 �


12 10 + + + + + ++


1 � � � � � +


0.1 �


[a] The indications ++ , + , and � mean >80%, 50±80%, and <50% kinase inhibition activities in each
kinase assay, respectively.
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Experimental Section


Materials and methods : 1H NMR and 13C NMR spectra were re-
corded on a JEOL JNM-AL 300 (300 MHz), JEOL GSX 270 (270 MHz),
or VARIAN UNITY-INOVA 400 (400 MHz) spectrometer. 1H NMR
chemical shifts are reported in parts per million downfield from
CDCl3 (d=7.24), CD3OD (d=3.35) or (CD3)2SO (d=2.49) as internal
standard. 13C NMR chemical shifts are reported in ppm downfield
from CDCl3 (d=77.0), CD3OD (d=49.3) or (CD3)2SO (d=39.7) as in-
ternal standard. IR spectra were recorded on a Shimadzu FTIR-
8200A spectrometer. Analytical thin layer chromatography (TLC)
was performed on glass plates (Merck Kieselgel 60 F254, layer thick-
ness 0.2 mm or RP-18 F254s, layer thickness 0.2 mm). Samples were
visualized by UV light (254 nm) with FeCl3 and KMnO4. Column
chromatography was performed on silica gel (Merck Kieselgel 70±
230 mesh). All reactions were carried out under argon atmosphere
by using standard Schlenk techniques. Most chemicals and sol-
vents were of analytical grade and used without further purifica-
tion.


2-(N-Phenylaminomethyl)phenylboronic acid (5a): 2-Formylphe-
nylboronic acid (3a) (150 mg, 1 mmol) was added to aniline (2a)
(0.09 mL, 1 mmol) in methanol (10 mL). Sodium cyanoborohydride
NaBH3CN (124 mg, 2 mmol) was added with stirring, and the reac-
tion mixture was stirred at room temperature for 24 h. Afterwards
a saturated solution of NaCl (50 mL) was added to the reaction
mixture, which was then extracted with ethyl acetate(3î50 mL).
The combined organic layers were washed with brine (30 mL),
dried over sodium sulfate and concentrated to furnish the crude
product, which was further purified by column chromatography
with ethyl acetate/hexane (1:1). The product 5a (195 mg, 86%)
was isolated as a white solid. M.p. 127±130 8C; 1H NMR (300 MHz,
CD3OD): d=7.29±6.58 (m, 9H), 4.28 (s, 2H); 13C NMR (75 MHz,
CD3OD): d=156.6, 150.1, 129.8, 128.9, 126.8, 120.4, 118.5, 115.9,
114.7, 44.7; IR (KBr): 3047, 2964, 1600, 1500, 1460, 1251, 798, 754,
727, 690 cm-1; HRMS (ESI): [M+H]+ calcd for C13H14BNO2: 228.1198,
found: 228.1120; elemental analysis calcd (%) for C13H14BNO2


(�H2O): C 74.62, H 5.79, N 6.70, found: C 74.65, H 5.84, N 6.59.


3-(N-Phenylaminomethyl)phenylboronic acid (5b): By using a
similar procedure as for 5a, 2a (0.09 mL, 1 mmol), 3b (150 mg,
1 mmol) and NaBH3CN (124 mg, 2 mmol) gave pure 5b (183 mg,
81%) as a slightly yellow solid. M.p. 152±154 8C; 1H NMR (300 MHz,
CDCl3): d=8.21±8.14 (m, 2H), 7.65±7.52 (m, 2H), 7.28±7.21 (m, 2H),
6.81±6.72 (m, 3H) 4.45 (s, 2H); 13C NMR (100 MHz, CDCl3): d=
147.8, 138.7, 134.5, 131.8, 129.2, 128.2, 117.7, 112.9, 48.2; IR (KBr):
3408, 3005, 1600, 1506, 1429, 1350, 1269, 1201, 1066, 750, 723,
692, 586 cm�1; HRMS (ESI): calcd for C13H14BNO2: 228.1198 [M+H]+ ,
found: 228.1139; elemental analysis calcd (%) for C13H14BNO2


(�4=5 H2O): C 73.36, H 5.88, N 6.59, found: C 73.60, H 5.79, N 6.13.


4-(N-Phenylaminomethyl)phenylboronic acid (5c): By using a
similar procedure as for 5a, 2a (0.09 mL, 1 mmol), 3c (150 mg,
1 mmol) and NaBH3CN (124 mg, 2 mmol gave pure 5c (88.55 mg,
39%) as a white solid. M.p. 151±154 8C; 1H NMR (300 MHz, CD3OD):
d=7.67±7.54 (m, 2H), 7.35 (J = 7.5 Hz, 2H), 7.07±6.55 (m, 5H),
4.30 (s, 2H); 13C NMR (75 MHz, CD3OD): d=150.0, 134.9, 130.0,
129.9, 127.5, 119.3, 117.9, 116.6, 114.0, 48.7; IR (KBr): 3440, 1602,
1508, 1409, 1348, 750, 692 cm�1; HRMS (ESI): [M+H]+ calcd for
C13H14BNO2: 228.1198, found: 228.1310.


3-Methoxy-4-(N-phenylaminomethyl)phenylboronic acid (5d): By
using a similar procedure as for 5a, 2a (0.09 mL, 1 mmol), 3d
(180 mg, 1 mmol) and NaBH3CN (124 mg, 2 mmol) gave pure 5d
(41 mg, 16%) as a white solid. M.p. 93±95 8C; 1H NMR (300 MHz,
CDCl3): d=8.04 (d, J = 5.4 Hz, 2H), 7.20 (t, J = 7.2 Hz, 8.7 Hz, 3H),


6.96 (d, J = 8.7 Hz), 1H), 6.71 (d, J = 8.1 Hz, 3H), 4.37 (s, 2H),
3.91(s, 3H); 13C NMR (75 MHz, CDCl3): d=161.0, 148.4, 136.6, 129.1,
126.6, 122.2, 117.5, 113.2, 109.8, 55.3, 43.6; IR (KBr): 3410, 1602,
1504, 1340, 1249, 1136, 1026, 748, 692 cm�1; HRMS (ESI): [M+H]+


calcd for C14H16BNO3: 258.1303, found: 228.1216; elemental analy-
sis calcd (%) for C13H14BNO2 (�2=3 H2O): C 68.54, H 6.03, N 5.71,
found: C 68.50, H 6.27, N 5.79.


2-(N-3-Corboxyphenylaminomethyl)-2-phenylboronic acid (6a):
By using a similar procedure as for 5a, 2b (137 mg, 1 mmol), 3a
(150 mg, 1 mmol) and NaBH3CN (124 mg, 2 mmol) gave pure 6a
(54 mg, 20%) as a white solid. M.p. >300 8C; 1H NMR (300 MHz,
CD3OD): d=7.39±7.15 (m, 7H), 6.89±6.87 (m, 1H), 4.35 (s, 2H); 13C
NMR (67 MHz, CD3OD): d=170.1, 149.6, 145.2, 132.2, 129.7, 129.4,
127.4, 127.1, 120.8, 119.9, 116.5, 50.2; IR (KBr): 3064, 1685, 1602,
1375, 1292, 756 cm�1; HRMS (ESI): [M+H]+ calcd for C14H14BNO4:
272.1096, found: 272.1086; elemental analysis calcd (%) for
C14H14BNO4 (�1=2 H2O): C 64.099, H 5.000, N 5.343, found: C 63.838,
H 5.322, N 5.038.


3-(N-3-Carboxyphenylaminomethyl)-2-phenylboronic acid (6b):
By using a similar procedure as for 5a, 2b (137 mg, 1 mmol), 3b
(150 mg, 1 mmol) and NaBH3CN (124 mg, 2 mmol) gave pure 6b
(84 mg, 31%) as a white solid. M.p. >300 8C; 1H NMR (300 MHz,
CD3OD): d=7.71±7.56 (m, 1H), 7.40±7.12 (m, 6H), 6.81 (d, J =
7.2 Hz, 1H), 4.35 (s, 2H); 13C NMR (100 MHz, CD3OD): d=169.6,
148.3, 141.0, 133.0, 131.0, 128.0, 128.0, 125.6, 118.7, 118.4, 117.2,
116.3, 112.8, 47.9; IR (KBr): 3367, 1683, 1608, 1398, 1373, 754 cm�1;
HRMS (ESI): [M+H]+ calcd for C14H14BNO4: 272.1096, found:
272.1046.


4-(N-3-Carboxyphenylaminomethyl)-2-phenylboronic acid (6c):
By using a similar procedure as for 5a, 2b (137 mg, 1 mmol), 3c
(150 mg, 1 mmol) and NaBH3CN (124 mg, 2 mmol) gave pure 6c
(201 mg, 74%) as a white solid. M.p. >300 8C; 1H NMR (300 MHz,
CD3OD): d=7.59±7.23 (m, 5H), 7.14 (t, J = 7.8 Hz, 1H), 6.79 (d, J
= 8.1 Hz, 1H), 4.33 (s, 2H); 13C NMR (75 MHz, CD3OD): d=174.2,
149.9, 143.4, 134.8, 130.3, 129.6, 129.5, 127.5, 127.0, 124.7, 119.1,
117.0, 114.8, 61.3; IR (KBr): 3396, 3055, 1695, 1606, 1429, 1379,
1274, 761, 711 cm�1; HRMS (ESI): [M+H]+ calcd for C14H14BNO4,
272.1096, found: 272.1104.


3-Methoxy-4-(N-3-carboxyphenylaminomethyl)-2-phenylboronic
acid (6d): By using a similar procedure as for 5a, 2b (137 mg,
1 mmol), 3d (180 mg, 1 mmol) and NaBH3CN (124 mg, 2 mmol)
gave pure 6d (45 mg, 15%) as a white solid. M.p. 154±156 8C; 1H
NMR (300 MHz, CD3OD): d=7.52±7.47 (m, 2H), 7.24±7.17 (m, 2H),
7.09 (t, J = 7.5, 8.1 Hz, 1H), 6.78 (d, J = 7.8 Hz, 1H), 4.30 (s, 2H),
3.85 (s, 3H); 13C NMR (100 MHz, CD3OD): d=165.8, 159.1, 137.0,
135.2, 132.3, 129.6, 126.3, 123.2, 117.1, 109.3, 54.3, 51.2; IR (KBr):
3396, 1568, 1494, 1242, 758 cm�1; HRMS (ESI): [M+H]+ calcd for
C15H16BNO5: 302.1202, found: 302.1226; elemental analysis calcd
(%) for C16H18BNO5 (�1=3 H2O): C 62.111, H 5.651, N 4.530, found: C
62.138, H 5.850, N 4.556.


3-(2-(dihydroxyboranyl)benzylamino)phenylboronic acid (7a): By
using a similar procedure as for 5a, 2c (155 mg, 1 mmol), 3a
(150 mg, 1 mmol) and NaBH3CN (124 mg, 2 mmol) gave pure 7a
(157 mg, 58%) as a white solid. M.p. >300 8C; 1H NMR (300 MHz,
CD3OD): d=7.31±6.75(m, 8H), 4.35 (s, 2H); 13C NMR (75 MHz,
CD3OD): d=147.5, 145.3, 132.3, 131.7, 129.3, 129.1, 127.5, 126.5,
124.9, 121.9, 118.4, 51.5; IR (KBr): 3308, 1446, 1373, 1338, 1271, 754,
709 cm�1; HRMS (ESI): [M+H]+ calcd for C13H16B2NO4: 272.1267,
found: 272.1271.
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3-(3-(dihydroxyboranyl)benzylamino)phenylboronic acid (7b): By
using a similar procedure as for 5a, 2c (155 mg, 1 mmol), 3b
(150 mg, 1 mmol) and NaBH3CN (124 mg, 2 mmol) gave pure 7b
(76 mg, 28%) as a white solid. M.p. >300 8C; 1H NMR (300 MHz,
CD3OD): d=7.75±6.66 (m, 8H), 4.32 (s, 2H); 13C NMR (68 MHz,
CD3OD): d=149.1, 140.2, 133.8, 133.1, 130.2, 129.1, 128.5, 123.7,
119.6, 116.1; IR (KBr): 3405, 3309, 1602, 1429, 1361, 707 cm�1; HRMS
(ESI): [M]+ calcd for C13H15B2NO4: 271.1187, [M+H]+ calcd for
C13H16B2NO4: 286.1427, found: 286.2705.


3-(4-(Dihydroxyboranyl)-benzylamino)phenylboronic acid (7c): By
using a similar procedure as for 5a, 2c (155 mg, 1 mmol), 3c (150 mg,
1 mmol) and NaBH3CN (124 mg, 2 mmol) gave pure 7c (106 mg,
39%) as a white solid. M.p. >300 8C; 1H NMR (300 MHz, CD3OD):
d=7.73±6.58 (m, 8H), 4.23 (s, 2H). 13C NMR (68 MHz, CD3OD): d=
149.1, 143.5, 134.8, 129.1, 127.4, 126.9, 123.7, 122.9, 119.6, 118.9,
116.0, 115.4, 65.1; IR (KBr): 3306, 1610, 1481, 1409, 1342, 1112,
1018, 705 cm�1; HRMS (ESI): [M]+ calcd for C13H15B2NO4: 271.1187,
[M+MeOH-H2O]


+ calcd for C14H18B2NO4: 286.1427, found: 286.2705.


3-(3-(Dihydroxyboranyl)-6-methoxybenzylamino)phenylboronic
acid (7d): By using a similar procedure as for 5a, 2c (155 mg,
1 mmol), 3d (180 g, 1 mmol) and NaBH3CN (124 mg, 2 mmol) gave
pure 7d (69 mg, 23%) as a white solid. M.p. >300 8C; 1H NMR
(300 MHz, CD3OD): d=7.66±6.67 (m, 7H), 4.23 (s, 2H), 3.81 (s, 3H).
13C NMR (100 MHz, CD3OD): d=168.8, 148.4, 133.7, 133.2, 130.5,
127.9, 127.2, 125.5, 117.3, 116.7, 112.9, 108.7, 53.8, 41.5; IR (KBr):
3393, 1604, 1456, 1338, 1249, 1136, 1026, 700 cm�1; HRMS (ESI):
[M]+ calcd for C14H17B2NO5: 301.1293, [M+H]+ calcd for
C14H18B2NO5: 302,1373, found: 302.1400.


3-(2,5-Dihydroxybenzylamino)phenylboronic acid (7e): By using
a similar procedure as for 5a, 2c (155 mg, 1 mmol), 3e (138 mg,
1 mmol) and NaBH3CN (124 mg, 2 mmol) gave pure 7e (233 mg,
90%) as a white solid. M.p. >300 8C; 1H NMR (300 MHz, CD3OD):
d=7.11±6.49 (m, 7H), 4.24 (s, 2H); 13C NMR (68 MHz, CD3OD): d=
150.9, 149.2, 148.9, 129.1, 127.7, 124.0, 120.0, 116.7, 116.6, 116.3,
115.1, 115.0, 45.0; IR (KBr): 3390, 1496, 1456, 1224, 754 cm�1; HRMS
(ESI): [M]+ calcd for C13H14BNO4: 259.1016, [M+H]+ calcd for
C14H18B2NO5: 260.1096, found: 260.1098.


5-[3-(Dihydroxyboranyl)benzylamino]-2-hydroxybenzoic acid
(8b): By using a similar procedure as for 5a, 2d (153 mg, 1 mmol),
3b (150 mg, 1 mmol) and NaBH3CN (124 mg, 2 mmol) gave pure
8b (103 mg, 36%) as a white solid. M.p. >300 8C; 1H NMR
(300 MHz, [D6]DMSO): d=7.55±6.61 (m, 7H), 4.14 (d, J = 5.7 Hz,
2H); 13C NMR (100 MHz, [D6]DMSO): d=171.1, 155.6, 142.1, 138.6,
132.8, 132.0, 127.8, 126.7, 124.2, 119.9, 117.2, 116.8, 113.8, 51.4; IR
(KBr): 3500, 3000, 1654, 1398, 1161, 835, 796 cm�1; HRMS (ESI):
[M+H]+ calcd for C14H14BNO5: 288.1045, found: 288.1085.


5-(4-(dihydroxyboranyl)benzylamino)-2-hydroxybenzoic acid
(8c): By using a similar procedure as for 5a, 2d (153 mg, 1mmol),
3c (150 mg, 1 mmol) and NaBH3CN (124 mg, 2 mmol) gave pure
8c (63 mg, 21%) as a white solid. M.p. >300 8C; 1H NMR (300 MHz,
[D6]DMSO): d=7.96±6.75 (m, 7H), 4.20 (s, 2H); 13C NMR (100 MHz,
[D6]DMSO): d=162.9, 134.0, 133.1, 131.1, 127.7, 125.9, 119.1, 117.6,
116.1, 113.7, 64.9; IR (KBr): 3000, 1670, 1500, 1340, 1190, 980, 833,
797 cm�1; HRMS (ESI): [M+H]+ calcd for C14H14BNO5: 288.1045,
found: 288.1161.


2-Hydroxy-5-(3-(dihydroxyboranyl)-6-methoxybenzylamino)ben-
zoic acid (8d): By using a similar procedure as for 5a, 2d (153 mg,
1 mmol), 3d (180 g, 1 mmol) and NaBH3CN (124 mg, 2 mmol) gave
pure 8d (41 mg, 13%) as a yellow solid. M.p. 191±195 8C; 1H NMR
(300 MHz, [D6]DMSO): d=7.25±7.18 (m, 2H), 6.98±6.70 (m, 4H),


4.16 (s, 2H), 3.81 (s, 3H); 13C NMR (100 MHz, [D6]DMSO): d=172.1,
156.9, 152.9, 141.2, 127.9, 127.2, 121.9, 120.2, 117.4, 112.7, 111.2,
110.5, 55.3, 41.9; IR (KBr): 2800, 1606, 1496, 1340, 1253, 1026,
758 cm�1; HRMS (ESI): [M+H]+ calcd for C15H17BNO6: 318.1180,
found: 318.0824.


3-(Pentafluorobenzylamino)phenylboronic acid (9): By using a
similar procedure as for 5a, 2c (155 mg, 1 mmol), 3 f (123 mL,
1 mmol) and NaBH3CN (124 mg, 2 mmol) gave pure 9 (231 mg,
73%) as a white solid. M.p. 136±140 8C; 1H NMR (300 MHz, CD3OD):
d=7.23±6.71 (m, 4H), 4.42 (s, 2H); 13C NMR (68 MHz, CD3OD): d=
154.3, 150.6, 149.2, 146.3, 145.5, 142.5, 135.1, 134.9, 129.9, 124.9,
121.3, 42.3; IR (KBr): 3375, 1606, 1587, 1504, 1407, 1361, 1234,
1118, 1024, 935, 785, 736, 709 cm�1; HRMS (ESI): [M]+ calcd for
C13H9BF5NO2: 317.0646, [M+H]+ calcd for C13H10BF5NO2: 318.0726,
found: 318.0723.


4-Methoxy-3-((2’-methoxybenzylamino)methyl)phenylboronic
acid (10): By using a similar procedure as for 5a, 2-methoxybenzyl-
amine (219 mL, 1 mmol), 3d (180 mg, 1 mmol) and NaBH3CN
(124 mg, 2 mmol) gave pure 10 (265 mg, 88%) as a white liquid;
1H NMR (400 MHz, CD3OD): d=7.59±6.9 (m, 6H), 3.99 (s, 4H) 3.91±
3.87 (m, 9H); 13C NMR (125 MHz, CD3OD): d=159.1, 158.8, 137.0,
136.3, 131.9, 131.2, 130.3, 121.6, 121.5, 111.6, 111.4, 110.0, 56.0,
55.8, 55.7, 49.3; IR (KBr): 3000, 2349, 1593, 1439, 1115, 1026,
754 cm�1.


N-(2’’,5’’-dihydroxybenzyl)-4-(4’,4’,5’,5’-tetramethyl-1’,3’,2’-dioxa-
borolan-2’-yl)aniline (11): By using a similar procedure as for 5a,
2e (219 mL, 1 mmol), 3e (138 mg, 1 mmol) and NaBH3CN (124 mg,
2 mmol) gave pure 11 (205 mg, 60%) as a white solid. M.p. 186±
190 8C; 1H NMR (300 MHz, CD3OD): d=7.23±6.71 (d, J = 8.8 Hz,
2H), 6.75±6.54 (m, 5H) 4.31 (s, 2H), 1.34 (s, 12H); 13C NMR
(100 MHz, CD3OD): d=153.0, 151.1, 149.1, 137.1, 129.9, 127.8,
116.7, 116.1, 115.0, 113.0, 84.4, 43.3, 25.1; IR (KBr): 3350, 1604, 1359,
1267, 1190, 1087, 854, 821, 651 cm�1; HRMS (ESI): [M]+ calcd for
C19H24BNO4: 341.1798, [M+H]+ calcd for C19H25BNO4: 342.1878,
found: 342.1877.


4-(2’,5’-dihydroxybenzylamino)phenylboronic acid (12): The phe-
nylboranate 11 (171 mg, 0.5 mmol) was dissolved in methanol
(4.5 mL). Excess saturated KHF2 (78 mL, ~4.5M solution, 3.5 mmol)
was added slowly under vigorous stirring. After 2 h, methanol was
evaporated on a rotary evaporator, and phenylboronic acid was
added during concentration. Acetonitrile (4 mL) and pentane
(11 mL) were added to the aqueous solution, and phenyl boronic
ester was separated in pentane phase. The aqueous acetonitrile
solution was concentrated on a rotary evaporator. Hot acetonitrile
(10 mL) was added, and excess solid KHF2 was filtered off. The fil-
trate was concentrated to furnish the crude product, which was
further purified by silica gel TLC (chloroform/methanol (5:1)). The
product 12 (138 mg, 81%) was isolated as a brown solid. M.p. 113±
118 8C; 1H NMR (400 MHz, CD3OD): d=7.02±7.00 (m, 2H), 6.69±6.48
(m, 5H), 4.19 (s, 2H); 13C NMR (75 MHz, CD3OD): d=151.0, 149.8,
149.2, 130.4, 129.9, 127.8, 122.1, 118.6, 116.7, 116.3, 115.1, 114.7,
44.7; IR (KBr): 3519, 3343, 3251, 1600, 1506, 1446, 1261, 1234, 754,
696 cm�1; HRMS (ESI): [M]+ calcd for C13H14BNO4: 259.1016,
[M+H]+ calcd for C13H15BNO4: 260.1096, found: 260.1127.


3-((2’,5’-Dihydroxybenzyl)-(2’’-hydroxybenzyl)amino)phenylbor-
onic acid (13): Salicylic aldehyde (213 mL, 2 mmol) was added to
the aniline 7e (518 mg, 2 mmol) in methanol (20 mL). While stir-
ring, NaBH3CN (248 mg, 4 mmol) was added, and the reaction mix-
ture was stirred at room temperature for 4 h. A saturated solution
of NaCl (100 mL) was added to the reaction mixture, which was
then extracted with ethyl acetate (3î100 mL). The combined or-
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ganic layers were washed with brine (60 mL), dried over sodium
sulfate, and concentrated to furnish the crude product, which was
further purified by silica gel TLC (chloroform/methanol (4:1)). The
product 13 (138 mg, 19%) was isolated as a brown solid. M.p.
>300 8C; 1H NMR (300 MHz, CD3OD): d=7.05±6.45 (m, 11H), 4.50
(ds, 4H); 13C NMR (68 MHz, CD3OD): d=156.3, 151.0, 149.1, 129.2,
126,5, 125.4, 123.6, 120.3, 116.8, 115.7, 114.9, 52.3; IR (KBr): 3302,
1508, 1458, 1228, 750 cm�1; HRMS (ESI): [M]+ calcd for C20H20BNO5:
365.1435, [M+H]+ calcd for C20H21BNO5: 366.1515, found:
366.1523; elemental analysis calcd (%) for C20H20BNO5: C 65.780, H
5.520, N 3.840, found: C 65.742, H 5.924, N 3.862.


EGFR tyrosine kinase assay : Tyrosine kinase reactions were carried
out in a final volume of 20 mL containing HEPES buffer (20 mm,
pH 7.4), MnCl2 (5 mm), EGF (20 mgmL�1), the membrane fraction of
A431 cells (10 mg), angiotensin II (20 mg), and [g-32P]ATP (2.5 mCi).
The kinase activities were measured by a slight modification of the
method described by Onoda et al.[11] The compounds were dis-
solved in 10% DMSO at 1 mgmL�1 concentration and diluted with
distilled water. The A431 membrane fraction (EGF receptor) was in-
cubated with the compound, angiotensin II, and EGF at 25 8C for
30 min. In the case of EGF(�), the A431 membrane fraction was in-
cubated with angiotensin II and bovine serum albumin (BSA, 0.1%
in PBS, 2 mL). The kinase reactions were initiated by the addition of
[g-32P]ATP and cold ATP (total 5 mL), and the reaction mixture was
incubated at 0 8C for 15 min. The reaction was stopped by addition
of TCA (20%, 10 mL) and BSA (5 mgmL�1, 10mL). Precipitated pro-
teins were removed by centrifugation (15000 rpm, 10 min), and
the supernatants (35 mL) were spotted on Whatman P81 phospho-
cellulose papers (2 cmî2 cm). The papers were washed with phos-
phoric acid (75 mm) for 10 min (4î ), with EtOH for 5 min, and
then dried at room temperature. The radioactivity was counted
with a liquid scintillation counter.


VEGFR tyrosine kinase assay : VEGFR tyrosine kinase activity was
measured by using membrane fractions derived from Flt-1 overex-
pressing Tn5 cells. Briefly, membrane fractions (2 mg) were incubat-
ed with kinase assay buffer containing HEPES (50 mm, pH 7.4),
Triton X-100 (0.1%), MnCl2 (10 mm), MgCl2 (2 mm), DTT (1 mm),
NaF (1 mm), Na3VO4 (0.1 mm), and [g-32P]ATP (2.5 mCi, 10 mm) at
25 8C for 10 min and the reaction was terminated by addition of
SDS loading buffer. After being boiled for 3 min, the reaction mix-
ture was fractionated by SDS-PAGE (7.5% polyacrylamide gel), and
bands of phosphorylated Flt-1 were visualized by autoradiography.


Multiple protein kinase assay : Kinase activities of PKA, PKC, PTK,
and eEF2K were assessed as described.[16] NIH 3T3 cells trans-
formed with v-src were suspended in a hypotonic buffer contain-
ing 1 mm HEPES-NaOH (pH 7.4), 5 mm MgCl2, and 25 mgmL�1 each
of antipain, leupeptin and pepstatin A and allowed to stand on ice
for 10 min. After vigorous mixing for 1 min with a vortex mixer, the
concentration of HEPES-NaOH (pH 7.4) was brought to 20 mm.
Then the lysate was centrifuged at 500g for 5 min at 4 8C to obtain
the supernatant postnuclear fraction, which included protein kinas-
es and their substrate proteins. Additions were made to the super-
natant to give final concentrations of 1 mgmL�1 of protein, 20 mm


HEPES-NaOH (pH 7.4), 10 mm MgCl2, 0.1 mm Na3VO4, 1 mm NaF,
20 mm cAMP, 100 mm CaCl2. Solutions of protein kinase inhibitors
(3 mL) in DMSO were added to the postnuclear fraction (22 mL), and
the mixture was incubated for 10 min on ice. The kinase reaction
was initiated by adding [g-32P]ATP (5 mL, 75 mm, 10 mCi), and the
mixture was incubated for 20 min at 25 8C. At the end of the reac-
tion fourfold concentrated SDS-PAGE sample buffer (10 mL) was
added to the mixture, and phosphorylated protein was separated
by SDS-PAGE (9% polyacrylamide gel). To detect PTK activity, the


gel was further treated with NaOH (1n) for 2 h at 55 8C. The results
were visualized by autoradiography. The position of the substrate
protein band of each kinase was identified according to the sensi-
tivity to various protein kinase inhibitors or activators and phos-
phoamino acid analysis as described previously.[16]
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Autodisplay of Active Sorbitol Dehydrogenase
(SDH) Yields a Whole Cell Biocatalyst for the
Synthesis of Rare Sugars
Joachim Jose*[a] and Steffen von Schwichow[a, b]


Whole cell biocatalysts are attractive technological tools for the
regio- and enantioselective synthesis of products, especially from
substrates with several identical reactive groups. In the present
study, a whole cell biocatalyst for the synthesis of rare sugars from
polyalcohols was constructed. For this purpose, sorbitol dehydro-
genase (SDH) from Rhodobacter sphaeroides, a member of the
short-chain dehydrogenase/reductase (SDR) family, was expressed
on the surface of Escherichia coli using Autodisplay. Autodisplay is
an efficient surface display system for Gram-negative bacteria and
is based on the autotransporter secretion pathway. Transport of
SDH to the outer membrane was monitored by SDS-PAGE and


Western blotting of different cell fractions. The surface exposure of
the enzyme could be verified by immunofluorescence microscopy
and fluorescence activated cell sorting (FACS). The activity of whole
cells displaying SDH at the surface was determined in an optical
test. Specific activities were found to be 12 mU per 3.3� 108 cells for
the conversion of D-glucitol (sorbitol) to D-fructose, 7 mU for the
conversion D-galactitol to D-tagatose, and 17 mU for the conversion
of L-arabitol to L-ribulose. The whole cell biocatalyst obtained by
surface display of SDH could also produce D-glucitol from D-
fructose (29 mU per 3.3� 108 cells).


Introduction


Unnatural monosaccharides and polyalcohols are valuable
compounds in terms of organic synthesis or pharmaceutical
applications.[1, 2] Typical examples of such rare naturally occurring
compounds are sorbitol (D-glucitol) and D-tagatose. Sorbitol
serves as the starting point for the chemical synthesis of ascorbic
acid, the so-called Reichstein synthesis,[3] and can be used as an
artificial sweetener with reduced metabolism. In addition to
further pharmaceutical applications, sorbitol is widely utilized as
a plasticizer and exipient in tablet formulations.[4] Of all natural
sugar substitutes, D-tagatose, an isomer of galactose, is the most
similar in taste and physical properties to sucrose. Since D-
tagatose is poorly absorbed, it yields only 1.5 calg�1 instead of 4
compared to sucrose, and shows no laxative effect, there has
recently been great interest in this sugar substitute as a potential
dietary supplement.[5] Efforts have been made to produce these
valuable polyols by using chemical reactions. The chemical
route, however, is time-consuming, requires many steps and
costly chemicals, and often produces unnecessary by-products.[1]


Therefore, it does not seem worthwhile for production on an
industrial scale. Simple methods are required that would allow
increasing production of rare sugars and polyalcohols, and, in
particular, that would use substances which are cheap and
abundant in nature.[6] In this respect, biocatalysis using enzymes
with high regio- and stereoselectivity could afford a solution.
Biocatalysis has already been successfully employed to synthe-
size sugars and polyalcohols.[7, 8]


A surface display system, ™Autodisplay∫, has been developed
by our group for Escherichia coli, which allows expression of a
wide variety of proteins, including enzymes, on the cell sur-


face.[9±13] In biocatalytic applications, the cellular surface display
of enzymes has some interesting advantages. A substrate to be
processed has free access to its enzyme and does not need to
cross a membrane barrier. The enzyme itself needs no purifica-
tion, but can be applied in the form of a whole cell biocatalyst to
synthesis reactions. It can be removed again by a simple
centrifugation step. Moreover, when connected to a matrix, in
this case the cell envelope, enzymes are usually more stable and
active than as free molecules. Therefore, the aim of this study
was to combine the advantages of cellular surface display with
the benefits of biocatalysis in the synthesis of rare sugars and
polyalcohols.


The phototrophic bacterium Rhodobacter sphaeroides is
capable of utilizing a variety of sugar alcohols, including D-
mannitol and sorbitol.[14] One of the most interesting polyol
converting enzymes that have been isolated and characterized
from this organism is sorbitol dehydogenase (SDH; EC
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1.1.1.14).[15] SDH from R. sphaeroides belongs to the short-chain
dehydrogenase/reductase (SDR) family. It is a dimer with a
subunit molecular mass of 29000 kDa and is active on different
substrates with sorbitol being the preferred substrate
(Scheme 1).[16, 17] It also converts galactitol into D-tagatose and


Scheme 1. Preferred reactions of sorbitol dehydrogenase (SDH) from R. sphaer-
oides.[16]


L-arabitol into L-ribulose.[16] In the study reported herein, we
report on the Autodisplay of SDH in E. coli. The enzyme was
expressed in high numbers in an active conformation on the cell
surface. This resulted in a new whole cell biocatalyst, which was
investigated as regards its activity towards the enzymatic
formation of various sugar alcohols including D-glucitol, D-
tagatose, and L-ribulose.


Results


Construction of a SDH-autotransporter fusion protein


To obtain surface display of a recombinant passenger protein by
Autodisplay, it is necessary to construct an artificial precursor by
genetic engineering.[9, 11] The resulting precursor protein consists
of a signal peptide, which is cleaved off during transport across
the inner membrane, the recombinant passenger, the �-barrel
for outer membrane translocation, and a linking region in
between that is needed to achieve full surface access. For
Autodisplay we use the �-barrel and the linking region of the
AIDA-I adhesin and the signal peptide of the cholera toxin �


subunit (CTB).[13] The recombinant, cytoplasmic expression of
SDH from R. sphaeroides in Escherichia coli has been reported
previously.[17] We used the plasmid pMSFG12d7 ± 19 (described
in the previous report) for PCR amplification of the SDH gene.
The PCR reaction with the primers jj007 and jj008 added an XbaI
site at the 5� end and a BglII site at the 3� end, which were used to
connect the SDH gene, in frame, to the autotransporter domains
needed for Autodisplay. The autotransporter domains were
delivered by the plasmid pJJ369, which is a pBR322-derived high
copy number plasmid.[18] This plasmid directs the expression of
the AIDA-I autotransporter under control of the constitutive PTK


promoter. Insertion of the SDH-PCR fragment yielded plasmid
pJJ-SDH08 (Figure 1), which encodes a fusion protein consisting
of the CTB signal peptide, SDH, and the AIDA-I �-barrel, including
a linker region that previously proved to be sufficient for full


surface access. The fusion protein encoded by pJJ-SDH08 has a
predicted molecular mass of 77.3 kDa after processing by the
signal peptidase and was named FP77. After DNA sequence
analysis of the ligation product, pJJ-SDH08 was transformed into
E. coli UT5600, an OmpT-negative mutant, which proved to be
beneficial for Autodisplay,[19] and expression of FP77 was
analyzed. As a result of the cloning procedure, FP77 contains
four amino acids in addition to SDH; two are derived from CTB
and two are due to the introduction of the XbaI site (Figure 1).


Expression of the SDH-autotransporter fusion protein FP77
and surface display of the SDH domain


Most of the available E. coli host strains possess an outer
membrane protease (OmpT) that catalyses the sequence-specific
release of surface-exposed proteins.[20] As the linker in our SDH-
Aida� fusion protein contains an OmpT protease-specific cleav-
age site,[9, 11] it was necessary to use an ompT-negative strain
(UT5600) for SDH surface display. The expression of FP77,
encoded by pJJ-SDH08, was monitored by sodium dodecylsul-
fate polyacrylamide gel electrophoresis (SDS-PAGE) of outer
membrane-preparations followed by Western blot analysis. As
can be seen in Figure 2 (lane 2), a protein of the correct size
could be detected in outer membrane preparations of UT5600
pJJ-SDH08, but not in control cells (lane 1). Neither the
cytoplasmic cell fraction nor the inner membrane fraction,
obtained during outer membrane preparation with both strains,
contained a protein that was recognized by the SDH specific
antiserum (not shown).


To find out whether the SDH domain of FP77 is directed to the
surface, immunofluorescence microscopy was performed with
whole cells of E. coli UT5600 pJJ-SDH08.[9] A polyclonal anti-SDH
rabbit antiserum was used for specific labeling. Externally added
antibodies are too large to pass through the outer membrane of
E. coli. Therefore, if cells are labeled by the SDH-specific
antiserum, the enzyme must be exposed to the cell surface.
Figure 3 shows that UT5600 cells harboring pAT-SDH08 were
uniformly fluorescent after the addition of FITC-labeled secon-
dary antibody (anti-rabbit), whereas UT5600 cells without
plasmid, applied as control, were not (not shown). This clearly
indicates that the SDH passenger domain of the autotransporter
fusion protein AT-SDH08 was accessible by externally added
antibodies and therefore must be directed to the cell surface.


Overexpression of FP77


In order to increase the amount of FP77 within the outer
membrane, the corresponding gene was expressed under the
control of an inducible promoter. For this purpose, the SDH
encoding region was excised from plasmid pJJ-SDH08 by the
XbaI and BglII sites, and inserted into plasmid pETSH3.[13] This
plasmid encodes all domains necessary for Autodisplay but in
the context of a pET vector backbone. The commercially
available pET vector series consist of high copy number plasmids
that direct the expression of recombinant proteins by a
promoter which is recognized by T7 RNA polymerase.[21]


Accordingly, to achieve expression of the recombinant protein,
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the corresponding host strain must contain the gene for T7 RNA
polymerase. We supplied our host strain E. coli UT5600 with the
DE3 gene,[22] which encodes T7 RNA polymerase under the
control of an inducible lac promoter by phage transduction as


described in the experimental section. The resulting strain
UT5600(DE3) was transformed with plasmid pETSH3-SDH08 and
expression of FP77 was analyzed after differential cell fractiona-
tion. As shown in Figure 4A, induction with isopropyl-�-D-


Figure 1. A) Nucleotide and amino acid sequence of SDH as amplified by PCR using the primers jj007 and jj008. B) Structure of the fusion protein FP77 encoded by pJJ-
SDH08. The environment of the fusion sites is given as sequences. The four amino acids at the N terminus and the two amino acids at the C terminus that were added to
SDH due to the cloning procedure are shown in italics. The signal peptidase cleavage site is indicated. Restriction sites used for cloning are underlined. SP, signal peptide.
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Figure 2. Western blot analysis of outer membrane preparations from E. coli
UT5600 (lane 1) and UT5600 pJJ-SDH08 (lane 2). Molecular weights of prestained
marker proteins are indicated at the left. A rabbit antiserum specific for SDH from
R. sphaeroides and a horseradish peroxidase linked goat anti-rabbit IgG
secondary antibody were used for detection.


Figure 3. Immunofluorescence microscopy of E. coli UT5600 pJJ-SDH08. Trans-
mission (A) and fluorescence (B) view of whole cells treated with the SDH-specific
rabbit antiserum and an FITC-labeled secondary anti-rabbit antibody as obtained
by confocal laser scanning microscopy. The visual field is identical for both parts.
Because an antibody is too large a molecule to pass through the outer
membrane, labeling of whole cells with the SDH-specific antiserum indicates the
surface exposure of SDH.


thiogalactopyranoside (IPTG) resulted in huge amounts of FP77
within the outer membrane of UT5600(DE3) pETSH3-SDH08
cells. IPTG induces the production of T7 RNA polymerase, which


is then presumed to start transcription of the artificial SDH-
autotransporter gene.[21] The amount of FP77 was even higher
than that of the natural outer membrane proteins OmpA and
OmpF/C. Degradation products of different sizes were detected
in Western blot experiments with the SDH-specific antiserum
(Figure 4B), presumably due to the extremely high level of
expression. Cells of UT5600(DE3) pETSH3-SDH08 not induced
with IPTG also exhibited small amounts of FP77, whereas
controls cells (UT5600 without plasmid) did not. The small
amount expressed under noninducing conditions might be due
to the well-known leakiness of the lac promoter used in these
experiment for controlling the expression of T7 RNA polymerase.
Interestingly, when the outer membrane preparations were
resolved in nonreducing sample buffer (without 2-mercapto-
ethanol) prior to SDS-PAGE, an additional protein band double
the size of FP77 was detected (Figure 4A). As it was labeled by
the SDH-specific antiserum, it appears to consist of dimers of
FP77. Natural SDH has been reported previously to be a dimer.[17]


As the �-barrel used for outer membrane anchoring of
recombinant proteins in Autodisplay is not fixed within the
membrane but freely motile, the dimers of FP77 detectable with
nonreducing sample buffer might be due to a passenger (SDH)
driven dimerization. A similar dimerization has been reported
previously in Autodisplay of bovine adrenodoxin.[11] The possi-
bility that proteins expressed from monomeric genes can
spontaneously form functional protein dimers at the cell surface,
is a special feature of the Autodisplay system and represents a
fundamental advantage in comparison to other protein display
systems.


Recently we reported a new method for monitoring the
surface display of recombinant proteins by fluorescein-malei-


mide-labeling of their cysteines.[13]


We used this new detection tool to
verify surface exposure of the SDH
domain in over-expressed FP77. The
SDH domain contains three cysteines
(Figure 1), whereas the autotrans-
porter domains are devoid of any
sulfhydryl groups.[19] Whole cells of
UT5600 were treated with 2% of
2-mercaptoethanol to resolve any
disulfide bonds before they were
incubated with fluorescein-malei-
mide for 15 min, as described in the
experimental section. As fluorescein-
maleimide cannot pass the outer
membrane, it can only react with
surface-exposed cysteines by Michael
addition of the sulfhydryl group to
the double bond of maleimide.[13] The
fluorescence of whole cells of UT5600
pETSH3-SDH08 as well as of control
cells (UT5600 without plasmid) treat-
ed in the same way, were analyzed by


flow cytometry. As can be seen in Figure 5, the relative
fluorescence of whole cells of UT5600 pETSH3-SDH08 increased
to a mean value of 300 in comparison to a mean value of 9


Figure 4. SDS-PAGE (A) and Western blot analysis (B) of outer membrane preparations from E. coli UT5600(DE3)
(lanes 1,2) and UT5600(DE3) pETSH3-SDH08 (lanes 3,4,5,6). Molecular weight markers are indicated. IPTG � and � :
cells were induced with IPTG (1 mM), or not, prior to outer membrane preparation. 2-ME � : sample buffer contained
2-mercaptoethanol ; 2-ME � : sample buffer without 2-mercaptoethanol. Natural outer membrane proteins (Omp)
F/C and A are marked by arrows.
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obtained with control cells. This clearly indicates that the SDH
domain in over-expressed FP77 is accessible at the cell surface.


Enzyme activity of surface displayed SDH


The optical test as described by Schneider and Giffhorn was used
to measure the activity of whole cells displaying SDH.[15] This test
is based on the alteration of absorption at 365 nm by NADH,
which is produced in equimolar amounts to the number of
polyol molecules oxidized during SDH reaction. We supplied a
suspension of whole cells of UT5600 pETSH3-SDH08 with an
OD578 of 1, with reduction equivalents (NAD� for oxidation of
polyols, NADH for reduction of sugars), incubated for 5 min at
30 �C for temperature adjustment, and started the reaction by
adding the substrate in a final concentration of 0.2 M for sugars
and 0.1 M for polyols. Alteration of absorbance at 365 nm was
measured for 3 min. Whole cells of E. coli UT5600 were used as
controls and were applied and treated similarly. Each experiment
was repeated independently at least three times. As can be seen
in Figure 6, whole cells of E. coli displaying SDH were able to
oxidize D-glucitol, D-galactitol, and L-arabitol, whereas D-mannitol
was not accepted as a substrate. To calculate the enzymatic
activity, the slope of reaction obtained by SDH-displaying cells
was set against the slope of reaction of control cells for every
assay with a different substrate. Using the molar absorption
coefficient of NADH at 365 nm, enzymatic activity of 12 mU was
determined for D-glucitol, 7 mU for D-galactitol, and 17 mU for L-
arabitol. The number of cells within the reaction assay was
determined to be 3.3� 108 cells by plating out adequate
dilutions on agar plates. Using this value we calculated a specific
activity of 34 pU for D-glucitol, 21 pU for D-galactitol, and 52 pU
for L-arabitol as a substrate for every single cell of E. coli pETSH3-
SDH08. The sugar reducing activity of cells displaying SDH was
determined with D-fructose as a substrate. The activity of a
solution of UT5600 pETSH3-SDH08 cells with an OD578 of 1 was
calculated to be 29 mU for D-fructose as a substrate, which
means a specific activity of 88 pU per single cell. These data
indicate that the SDH enzyme expressed at the cell surface of E.


coli by Autodisplay is highly active
and can be used for the conversion
of various substrates.


Comparison of its specificity
with that of the purified enzyme
as described in the literature,[16]


revealed some interesting features
of the new whole cell biocatalyst
obtained by cellular surface display
of SDH (Table 1). The relative activ-
ity towards D-galactitol, yielding
D-tagatose (Scheme 2), was in-
creased by a factor of almost 4
(16% purified enzyme versus 61%
whole cell biocatalyst). The con-
version rate for L-arabitol, yielding
L-ribulose, was even higher than
that for D-glucitol when the whole
cell biocatalyst was used, whereas


the purified enzyme showed only 8% conversion of L-arabitol in
comparison to D-glucitol. This showed that relative activity
increased by a factor of 19. Taking these results together,
Autodisplay of SDH from R. sphaeroides in E. coli yields a whole


Figure 6. Enzyme activity of whole E. coli cells displaying SDH. An optical test
according to Schneider and Giffhorn[15] was used to determine the biocatalytic
activity of UT5600(DE3) pETSH3-SDH08 cells. The increase in absorbance at
365 nm was followed photometrically in the presence of NAD� (1.8 �mol) and a
100 �L cell suspension in Tris ± HCl buffer (100 �mol, pH 9.0, 0.9 mL). Reaction was
started by the addition of substrate (100 �mol, 100 �L). Controls were prepared
similarly, but UT5600(DE3) cells without plasmid were applied instead. For ease of
understanding, the course of absorbance is only given for one control reaction.
�� substrate L-arabitol ; �� D-glucitol, �� D-galactitol, �� D-mannitol, ��
control cells with D-glucitol as substrate.


Figure 5. Flow cytometric analysis of the surface display of SDH, which contains three cysteines. E. coli UT5600(DE3)
pETSH3-SDH08 cells were labeled with fluoresceine-maleimide and analyzed by flow cytometry[13] (B). The mean
fluorescence of these cells, X≈ , was significantly increased in comparison to the mean value of fluorescence of
UT5600(DE3) cells without plasmid (A), which were treated identically and applied as a control.


Table 1. Substrate specifity of purified SDH from R. sphaeroides and substrate
specifity of whole cells of E. coli displaying SDH at the surface.


Substrate Relative enzyme activity [%]
Purified enzyme[a] Whole cell biocatalyst


D-Sorbitol 100[b] 100[b]


Galactitol 16 61
L-Arabitol 8 153
D-Mannitol ± ±
D-Fructose 100[c] 100[c]


[a] According to Schauder et al.[16] [b] Set as 100% for oxidation reactions.
[c] Set as 100% for reduction reactions.
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Scheme 2. Substrates and products of the new whole cell biocatalyst obtained
by Autodisplay of SDH from R. sphaeroides in E. coli in addition to D-glucitol and
D-fructose.


cell biocatalyst with high activity towards the conversion of
L-arabitol to L-ribulose, and the conversion of D-galactitol to
D-tagatose.


Discussion


In the investigation reported herein we were able to show that
Autodisplay is an adequate tool to express SDH from R.
sphaeroides in a functional state at the surface of E. coli. The
SDH-autotransporter fusion protein was expressed from an
artificial, monomeric gene. As SDH had previously shown to be a
functional dimer,[16] dimerization at the cell surface was a
prerequisite for activity. In outer membrane preparations of
cells displaying SDH, a protein band with an apparent molecular
weight double that of the monomeric SDH-autotransporter
fusion protein was detectable, which indicates that, within the
outer membrane, a passenger (SDH) driven dimerization of SDH-
autotransporter fusion proteins occurred (Figure 7). This seems
to be a special feature of Autodisplay and has been reported
previously for Autodisplay-mediated surface display of bovine
adrenodoxine,[23] which is also a functional dimer. This might be


Figure 7. Schematic illustration of the passenger-driven dimerization of SDH-
autotransporter proteins at the surface of E. coli.


due to the fact that the �-barrel used for outer membrane
translocation and which eventually serves as a membrane
anchor in Autodisplay,[18] is freely motile and cannot resist an
affinity of passenger proteins. This is a clear advantage of
Autodisplay in comparison to other display systems and could
also allow the expression of heterodimeric or -multimeric
proteins, for example antibodies or receptors, without the need
to place a connecting peptide in between the monomers, as
currently applied, for example for so-called single chain anti-
bodies.


The enzymatic activity of whole cells of E. coli displaying SDH
was easy to detect. A quantity of 3.3� 108 cells within a reaction
volume of 1 mL exhibited a maximum activity of 29 mU if D-
fructose was used as a substrate. Since it would be possible to
significantly increase both the cell density and the reaction
volume, production on an industrial scale could be feasible. It is
not possible to determine the specific activity of the whole cell
biocatalyst by dividing its enzyme activity by its protein content,
because the vast majority of proteins are inside the cell and do
not interfere with enzyme activity. Therefore, we determined the
activity per single cell to be 34 pU with D-glucitol as a substrate.
The specific activity of purified, recombinant SDH towards
D-glucitol has been reported to be 106.5 Umg�1 protein.[17] By
using this value, the number of substrate molecules converted
by a single enzyme molecule is calculated to be 3089, given a
molecular weight of the enzyme of 29000 kDa. For activity of
34 pU, about 6600 of these enzyme molecules would be
necessary or, in other words, the activity of one single cell of E.
coli UT5600 pETSH3-SDH08 corresponds to 6600 free enzyme
molecules.


We also tried to estimate the number of SDH molecules on the
surface of one single E. coli cell by using fluorescein-maleimide
coupling to SDH.[13] For this purpose beads coated with different
but known numbers of FITC molecules were used to set up a
calibration curve in the flow cytometer. The calibration curve
gives the number of FITC molecules to obtain a certain mean
value of relative fluorescence under constant measuring con-
ditions. Using this calibration curve, a mean value of relative
fluorescence of 300, as obtained with SDH-displaying cells
(Figure 5), corresponds to 469000 FITC molecules per single cell.
SDH possesses three cysteines. Given that each cysteine has
coupled to a fluorescein-maleimide molecule, it can be calcu-
lated that there are about 150000 SDH molecules per single cell.
This obviously large discrepancy, 6600 molecules determined by
enzyme activity versus 150000 molecules determined by
cysteine labeling, can be explained in two different ways. Either
the vast majority of SDH enzymes expressed at the cell surface
are inactive or the activity of all SDH enzyme molecules has been
significantly (about 23-fold) decreased. At this point, it is
important to note that in Autodisplay the passenger proteins
are N-terminally fixed to the �-barrel by the linker region. This
fixation could restrain flexibility thus causing reduced substrate
conversion. On the other hand, the N-terminal constraint could
alter the conformation of the enzyme and result in altered access
to the active site. The increased relative activity towards D-
galactitol and L-arabitol of the surface displayed SDH could be
due to altered conformation of the enzyme or altered accessi-
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bility of the active site. The influence of the N-terminal fixation
on the structure and the activity of the passenger protein in
Autodisplay appear to be important aspects and could be
examined by changing the linker region between passenger and
�-barrel. This is currently under investigation.


Another reason for the reduced enzymatic activity of surface
displayed SDH could be the presence of lipopolysaccharide (LPS)
at the cell surface close to the enzyme's active site. The sugar
molecules of LPS could serve as competitive inhibitors of SDH
resulting in the reduced overall enzyme activity. This could be
overcome by using mutant strains of E. coli that are unable to
produce the O-specific side chain of LPS.[24]


We did not determine the configuration of the products
generated by the whole cell biocatalyst. This has been deter-
mined for the native SDH in the case of D-tagatose, D-fructose,
and D-glucitol.[16] It seems very unlikely that the N-terminal
fixation of SDH in Autodisplay, although able to alter access to
the active site, could change its stereoselectivity. Therefore we
propose that the whole cell biocatalyst generates products
identical to those produced by the native enzyme from defined
substrates.


D-Tagatose and L-ribulose seem to be the most interesting of
the compounds produced by the whole cell biocatalyst obtained
by SDH surface display. The use of D-tagatose as a sweetener in
foods and beverages, especially in diabetic foods, and as a
dietary supplement is steadily increasing.[5] Feasible enzymatic
processes for D-tagatose production are rather limited.[1] Cur-
rently, isomerisation of D-galactose into D-tagatose by L-arabi-
nose isomerase is mainly used.[6] L-Ribulose can be used for the
synthesis of modified nucleosides, which have been shown to be
potent antiviral agents and are also usable in antigen therapy.[1, 2]


Enzymatic processes are available to produce L-ribulose from L-
arabinose and ribitol.[25] However, L-arabinose is expensive and
also provides a low yield of L-ribulose. Here, the whole cell
biocatalyst obtained by surface display of SDH could provide an
alternative.


In order to use cells displaying SDH at the surface in industrial
syntheses, however, solutions must be found to inherent
technical obstacles. Both SDH catalyzed reactions, oxidation
and reduction, require a cofactor (NAD or NADH) and as surface
display precludes support from cellular metabolism, an efficient
cofactor recycling scheme needs to be established. One
possibility could be the coexpression of a second enzyme that
facilitates cofactor regeneration, for example lactate dehydro-
genase.[2] In this case a second substrate, lactate or pyruvate,
needs to be added. As we have to deal with living bacterial cells,
cellular uptake of these substrates as well as added polyols could
occur during extended reaction times. This indicates the need to
reduce cellular metabolism and uptake during product synthe-
ses, a problem which is under current investigation. Never-
theless, it also suggests an advantage of the whole cell
biocatalyst obtained by autodisplay of SDH, which selectively
converts substrates that are not able to pass the membrane
barrier and therefore are excluded from other whole cell
bioconversions. It should be noted that alternative schemes,
for example the production of D-tagatose by ketol isomer-
ization,[6] have optimum atom economy and can profit from


existing large-scale industrial experience in high fructose corn
sirup (HFCS) production from glucose by glucose isomerase.
Nevertheless, surface display of SDH and the whole cell
biocatalyst thereby obtained provides new enzymatic access
to the production of D-tagatose and L-ribulose and suggests the
construction of new whole cell biocatalysts for carbohydrate
interconversions by autodisplay of other enzymes in active
conformations.


In summary, we were able to express SDH from R. sphaeroides
in an active form on the surface of E. coli by Autodisplay. The cells
obtained by this strategy can be used as whole cell biocatalysts
for the synthesis of rare sugars such as D-tagatose and L-ribulose.
The cells can also serve as the starting point for the development
of new enzymatic activities by directed evolution,[26] using the
short chain dehydrogenase SDH as a scaffold. This is currently
being investigated in our laboratory.


Experimental Section


Bacterial strains, plasmids, and culture conditions : Escherichia coli
strains UT5600 (F� ara14 leuB6 azi-6 lacY1 proC14 tsx-67 entA403
trpE38 rfbD1 rpsL109 xyl-5 mtl-1 thi1 �ompT-fepC266)[19] and
UT5600(DE3) [(F� ara14 leuB6 azi-6 lacY1 proC14 tsx-67 entA403
trpE38 rfbD1 rpsL109 xyl-5 mtl-1 thi1 �ompT-fepC266) (DE3)] were
used for the expression of autotransporter fusion proteins. UT5600
was chosen as a recipient strain for site-specific integration of �DE3
prophage[21] so as to combine the properties of the established host
strain with the possibility of expressing target genes from pET
vectors, which are under the control of the T7 promoter and can be
induced with isopropyl-�-D-thiogalactopyranoside (IPTG).[22] There-
fore, the strain was grown in LB supplemented with maltose (0.2%)
and MgSO4 (10 mM) to reach an OD578 of 0.5. �DE3 (108 pfu), helper
phage (B10, 108 pfu), and selection phage (B482, 108 pfu) were then
mixed with host cells (1 �L). The mixture was incubated at 37 �C for
20 min, plated onto agar plates, and incubated at 37 �C overnight. E.
coli TOP10F� (F� {lacIq Tn10 (TetR)} mcrA �(mrr-hsdRMS-mcrBC)
�lacZ�M15 �lacX74 recA1 deoR araD139 �(ara-leu)7697 galU galK
rpsL (StrR) endA1 nupG) and the vector pCR2.1-TOPO, which were
used for cloning of PCR products, were obtained from Invitrogen
(Groningen, the Netherlands). Plasmid pMSFG12d7 ± 19, which
encodes SDH from R. sphaeroides,[17] was kindly provided by F.
Giffhorn (University of Saarland, Saarbruecken, Germany). Plasmid
pJJ369, which encodes the AIDA-I autotransporter domains, has
been described previously.[18] Plasmid pETSH3 is a derivative of
pJJ369 encoding the identical autotransporter domains, but is under
the control of a T7 RNA polymerase recognizable promoter.[13]


Bacteria were routinely grown at 37 �C on Luria-Bertani (LB) agar
plates containing ampicillin (100 mgL�1). For differential cell fractio-
nation and outer membrane preparations, cells were cultured in the
presence of ethylenediaminetetraacetate (EDTA, 10 �M) and 2-mer-
captoethanol (10 mM) in liquid LB medium.


Recombinant DNA techniques : For the construction of plasmid pJJ-
SDH08 which contains the gene encoding the SDH-autotransporter
fusion protein, the SDH gene was amplified by PCR from plasmid
pMSFG12d7 ± 19[17] by using oligonucleotide primers jj007 (5�-
GCTCTAGAATGCGGCTCGACGGCAAGACC-3�) and jj008 (5�-GAA-
GATCTGCTCATCCAGTTGCCGCCGTC-3�), introducing a XbaI and
BglII restriction site, respectively. Preparation of plasmid DNA,
ligation, restriction digestion, transformation procedures, and DNA
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electrophoresis were performed according to standard proce-
dures.[27]


Differential cell fractionation and outer membrane preparation :
Bacteria were grown overnight and a sample (1 mL) of the culture
was used to inoculate LB medium (20 mL). Cells were cultured at
37 �C with vigorous shaking (200 rpm) for about 5 h until an optical
density at 578 nm (OD578) of 0.7 was reached. After harvesting and
washing with Tris ± HCl (0.2M, pH 8), differential cell fractionation was
performed according to a modification of the method of Hantke[28]


and has been described in detail elsewhere.[11, 12] The outer
membrane proteins were washed, dissolved in water, and prepared
for SDS-PAGE.


For inducible expression, cells were grown overnight in LB medium
containing ampicillin (50 mgL�1) and a sample (1 mL) of this
overnight culture was used to inoculate LB medium (20 mL). Cells
were cultured at 37 �C under vigorous shaking (200 rpm) until an
OD578 of 0.6 was reached and IPTG (1 mM; Roth, Karlsruhe, Germany)
was added for induction. After 60 min cells were harvested and outer
membranes were prepared according to the rapid isolation method
of Hantke as described above.


Specific anti-SDH rabbit antiserum : Purified SDH from R. sphaer-
oides, which was prepared according to the method of Schauder
et al. ,[16] and which had a final specific activity of 49 Umg�1, was used
to immunize two rabbits. After a second boost with the enzyme
preparation after 4 weeks, the antiserum of both rabbits was
collected and their specificity tested with Western blot experiments
without further purification. Both antisera were highly specific and
could be used best in a dilution of 1:5000.


SDS-PAGE and Western blot analysis : For SDS-PAGE, outer
membrane isolates were diluted 1:2 with sample buffer which
consisted of Tris ± HCl (100 mM, pH 6.8) containing SDS (4%),
bromophenol blue (0.2%), 2-mercaptoethanol (2%), and glycerol
(20%), boiled for 5 min, and analyzed on 12.5% acrylamide gels. For
Western blot analysis, gels were electroblotted onto polyvinylidene-
difluoride (PVDF) membranes and the blotted membranes were
blocked in PBS with dried-milk powder (3%) overnight. For
immunodetection, membranes were incubated with the SDH-
specific antiserum, diluted 1:5000 in PBS with bovine serum albumin
(3%) for 3 h. The immunoblots were washed three times with PBS,
the secondary antibody was added, and the blots were incubated for
2 h at room temperature. Antigen ± antibody conjugates were
visualized by treatment with horseradish peroxidase linked goat
anti-rabbit IgG secondary antibody (Sigma, Deisenhofen, Germany),
diluted 1:2000 in PBS. A color reaction was achieved by adding a
solution consisting of 4-chloro-1-naphthol (3 mgmL�1) in ethanol
(2 mL), PBS (25 mL), and H2O2 (30%, 10 �L).


Spectrophotometrical enzyme assays : SDH activity was measured
spectrophotometrically at 365 nm by determining the change in
NADH concentration according to Schneider and Giffhorn[15] . For this
purpose, cells from an overnight liquid culture were used to
inoculate a fresh culture. After induction with IPTG and harvesting
by centrifugation, cells were suspended in the appropriate buffer to
reach an OD578 of 10. This suspension (100 �L) was used routinely in
the standard assay for substrate oxidation[15] containing Tris ± HCl
(100 �mol, pH 9.0) and NAD� (1.8 �mol) in a final volume of 0.9 mL at
30 �C. The reaction was started by addition of D-glucitol (100 �mol,
100 �L; Sigma ± Aldrich, Steinheim, Germany) or other polyols
(Sigma ± Aldrich, Steinheim, Germany). For substrate reduction,
0.9 mL of the assay at 30 �C contained potassium phosphate
(100 �mol, pH 6.5) and NADH (0.28 �mol), with a cell suspension
adjusted to an OD578 of 10 (100 �L). The reaction was started by the


addition of D-fructose (200 �mol, 100 �L; Sigma ± Aldrich, Steinheim,
Germany).


Whole cell immunofluorescence : For whole cell immunofluores-
cence, cultures of E. coli strains, containing the respective expression
plasmid, were grown at 37 �C overnight and cultured in a dilution of
1:20 at 37 �C until they reached an OD578 of 2.0. Cells were harvested,
washed three times with PBS, and suspended in PBS with fetal calf
serum (FCS, 3%) to reach an OD578 of 1.0. A sample (50 �L) of cell
suspension was then transferred onto round cover slips and
incubated at 37 �C until the slips were completely dry. The cover
slips were placed into a 24-well plate with the cells facing up, and
fixed for 20 min with formaldehyde (2.5%, in PBS). After washing
three times with PBS and blocking with FCS (1%, in PBS) for 5 min,
SDH-specific rabbit antiserum (15 �L) diluted 1:5000 in PBS was
added and the cover slips were incubated on ice for 1 h. Washing
three times with PBS for 15 min was followed by addition of FITC-
labeled secondary anti-rabbit antibody (50 �L; Sigma, Deisenhofen,
Germany) and incubation on ice for 1 h. Finally, cells were washed
three times for 15 min with PBS (500 �L), and the cover slips were
transferred onto microscope slides and fixed with mounting
medium. Analysis was carried out under a confocal laser scanning
microscope (Bio-Rad, Munich, Germany).


Flow cytometric analysis : For flow cytometric analysis, cultures of E.
coli cells with or without plasmid were grown at 37 �C overnight and
cultured in a dilution of 1:20 at 37 �C until they reached an OD578 of
0.6. Expression of the target gene was then started by addition of
IPTG. Cells were harvested, washed three times with PBS, suspended
in PBS, and incubated with the SDH-specific antiserum, diluted
1:5000 in PBS, for 1 h. After the cells were washed again three times
with PBS, the secondary FITC-linked goat anti-rabbit IgG secondary
antibody (Sigma, Deisenhofen, Germany) was added and the mixture
was incubated for 1 h at room temperature. Cells were then washed
three times with PBS and suspended in PBS to reach a final OD578 of
0.05 for subsequent FACS analysis. For each experiment at least
10000 cells were counted with a FACSCalibur Cytometer (Becton
Dickinson, Heidelberg, Germany) using 488 nm as the excitation
wavelength and FACS-FLOW (Becton Dickinson, Heidelberg, Germa-
ny) as sheath fluid. The threshold trigger was set on side scatter to
eliminate background noise and analyze intact cells.


Labeling cysteines on the surface of intact cells :[13] For this purpose
cells were induced with IPTG for 60 min and samples (1 mL) of a cell
suspension with an OD578 of 1.0 were washed with PBS three times.
Cells were then incubated with fluorescin-5-maleimide (500 �M) for
15 min at room temperature. After stopping the reaction and
removing excess labeling reagent by repeated washing with buffer,
cells were diluted to reach a final OD578 of 0.05 and subjected to flow
cytometry using a FACSCalibur flow cytometer.
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Exploring Recombinant Flavonoid Biosynthesis
in Metabolically Engineered Escherichia coli
Kevin T. Watts, Pyung Cheon Lee, and Claudia Schmidt-Dannert*[a]


Introduction


Flavonoids are ubiquitous plant natural products that play a
variety of roles in plants, such as UV protection,[1] defense
against pathogens,[2] and coloration.[3] The uncovering of an in-
creasing number of health benefits associated with flavonoids
present in fruits, vegetables, red wine, and green tea has re-
sulted in an explosion of research on the medicinal properties
of these compounds over the last few years.[4] The proven me-
dicinal activities of flavonoid compounds range from scaveng-
ing of harmful oxygen species, enzyme inhibition, and anti-
inflammatory and estrogenic activities, to cytotoxic antitumor
activities.[5]


The recognition of flavonoids as health-promoting nutra-
ceuticals has also spurred on research attempting to elucidat-
ing the complex metabolic networks of flavonoid biosynthesis
with the aim of enhancing and altering flavonoid composition
in dietary plants.[6] Most plant flavonoid biosynthetic enzymes
that have been characterized on a molecular level were previ-
ously individually expressed in Escherichia coli as functional en-
zymes.[7±9] Coexpression or engineering of these plant flavo-
noid biosynthetic genes in bacteria has not been reported.


Flavonoids are synthesized from an activated phenylpropa-
noid starter unit and three malonyl coenzyme A (malonoyl-
CoA) extender units. Phenylpropanoids are phenolic acids,
such as 4-coumaric, caffeic, and ferulic acid (Scheme 1), that
are used in the formation of lignins, coumarins, and other
plant natural products, including flavonoids.[10] The first step in
phenylpropanoid biosynthesis is deamination of l-phenylala-
nine by phenylalanine ammonia lyase to produce trans-cin-
namic acid. trans-Cinnamic acid is hydroxylated by cinnamate-
4-hydroxylase at the para position of the benzyl ring to form
4-coumaric acid, which is then activated by 4-coumaroyl :CoA
ligase to make 4-coumaroyl-CoA. Naringenin chalcone is syn-
thesized from a single activated 4-coumaroyl-CoA starter unit


by sequential addition of three acetate extender units derived
from malonyl-CoA. These addition steps are catalyzed by a
type III polyketide synthase, chalcone synthase.[11] Naringenin
chalcone is then converted into the three-ringed flavanone
structure naringenin. This conversion occurs spontaneously in
vitro or is catalyzed by the enzyme chalcone isomerase in
vivo.[12]


While we were preparing this manuscript another group
published[13] a report on the construction of a hybrid flavonoid
biosynthetic pathway in E. coli from a combination of yeast,
bacterial, and plant genes. Our approach differs from that de-
scribed in this previous report because we engineered a flavo-
noid biosynthetic pathway in E. coli by using only Arabidopsis
thaliana genes. We also report the cloning and partial in vivo
characterization of a new tyrosine ammonia lyase from Rhodo-
bacter sphaeroides. Some plant PAL isoenzymes are known to
deaminate both phenylalanine (PAL activity) and tyrosine (TAL
activity).[14] The first example of a bacterial TAL was cloned re-
cently from Rba. capsulatus. This enzyme is the first PAL/TAL-
type ammonia lyase to be found in bacteria.[15] We substituted
TAL from Rba. sphaeroides 158 for Arabidopsis PAL and C4H
and were able to detect for the first time high-level production
of naringenin in E. coli. We measured a 250-fold increase in
production over that previously observed when no tyrosine
was fed to the culture medium. This result opens up the possi-
bility of further metabolic engineering of flavonoid biosynthet-
ic pathways in recombinant E. coli.


[a] K. T. Watts, Dr. P. C. Lee, Prof. C. Schmidt-Dannert
Department of Biochemistry, Molecular Biology
and Biophysics, University of Minnesota
1479 Gortner Avenue, St. Paul, MN 55108 (USA)
Fax: (+1)612-625-5780
E-mail : schmi232@tc.umn.edu


Flavonoids are important plant-specific secondary metabolites
synthesized from 4-coumaroyl coenzyme A (CoA), derived from
the general phenylpropanoid pathway, and three malonyl-CoAs.
The synthesis involves a plant type III polyketide synthase, chal-
cone synthase. We report the cloning and coexpression in Escher-
ichia coli of phenylalanine ammonia lyase, cinnamate-4-hydroxy-
lase, 4-coumarate :CoA ligase, and chalcone synthase from the
model plant Arabidopsis thaliana. Simultaneous expression of all
four genes resulted in a blockage after the first enzymatic step
caused by the presence of nonfunctional cinnamate-4-hydroxy-
lase. To overcome this problem we fed exogenous 4-coumaric
acid to induced cultures. We observed high-level production of


the flavanone naringenin as a result. We were also able to pro-
duce phloretin by feeding cultures with 3-(4-hydroxyphenyl)pro-
pionic acid. Feeding with ferulic or caffeic acid did not yield the
corresponding flavanones. We have also cloned and partially
characterized a new tyrosine ammonia lyase from Rhodobacter
sphaeroides. Tyrosine ammonia lyase was substituted for phenyl-
alanine ammonia lyase and cinnamate-4-hydroxylase in our
E. coli clones and three different growth media were tested. After
48 h induction, high-level production (20.8 mgL�1) of naringenin
in metabolically engineered E. coli was observed for the first
time.
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Results


Cloning and assembly of the Arabidopsis naringenin path-
way in E. coli


PAL and C4H were cloned into the medium-copy-number plas-
mid pACMod (Table 1) under the control of the arabinose pro-


moter (pACMod-PAL/C4H). 4CL
and CHS were cloned into the
high-copy number plasmid
pBADMod2, again with the ara-
binose promoter (pBADMod2-
4CL/CHS). This modified pBAD
plasmid also contains the arabi-
nose repressor, AraC, which is
important for controlling gene
expression from the arabinose
promoter.[19] These two plasmids
(pACMod-PAL/C4H and pBAD-
Mod2-4CL/CHS) were cotrans-
formed into E. coli BW27784, a
strain that overexpresses a chro-
mosomal low-affinity, high-
capacity arabinose permease
(AraE).[17] After 24 h induction,
culture supernatants and pellets
of cultures grown in modified
M9, Luria-Bertani (LB), or Terrific
broth (TB) medium were extract-
ed and analyzed by HPLC. The
only product detected in the cul-
ture supernatants and cell pel-
lets was trans-cinnamic acid (Fig-
ure 1B), with the majority found
in the supernatants. This result
indicates the presence of a
blockage after the first enzymat-
ic step catalyzed by PAL
(Scheme 1). When we checked
the protein expression levels by
SDS-PAGE, we found recombi-
nant proteins (PAL, C4H, 4CL,
and CHS) in both the soluble
and insoluble fractions (data not
shown).


Since trans-cinnamic acid was
not hydroxylated to 4-coumaric
acid by the second enzyme in
the pathway, C4H, it appeared
that this cytochrome P450 mon-
ooxygenase is nonfunctional in
E. coli. To investigate whether
the blockage was in fact caused
by nonfunctional C4H and
whether the subsequent en-
zymes in the pathway were
functional, exogenous 4-couma-
ric acid was fed at induction to
recombinant E. coli expressing


pACMod-PAL/C4H + pBADMod2-4CL/CHS grown in modified
M9 medium. After 24 h induction, the culture was harvested
and naringenin was detected by HPLC (Figure 1C) in both the
culture supernatant and cell pellet, with the majority in the
culture supernatant. The naringenin was identified by LC-MS/


Scheme 1. Engineered flavonoid biosynthetic pathway in E. coli. Substrates can be biosynthetically derived or fed
directly into recombinant E. coli expressing 4CL and CHS. Enzyme abbreviations: PAL, phenylalanine ammonia lyase
(Arabidopsis thaliana) ; C4H, cinnamate-4-hydroxylase (A. thaliana) ; 4CL, 4-coumaroyl :CoA ligase (A. thaliana) ; CHS,
chalcone synthase (A. thaliana) ; TAL, tyrosine ammonia lyase (Rhodobacter sphaeroides) ; CHI, chalcone isomerase.
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MS (m/z : 271.1) through comparison of the obtained fragmen-
tation pattern with that of an authentic standard and literature
data.[20] No residual 4-coumaric acid was detected, which indi-
cates that 4-coumaric acid can be efficiently transported and
metabolized by E. coli expressing functional 4CL and CHS. High
levels of trans-cinnamic acid were detected because functional
PAL was still present in the assembled four-gene pathway.


To confirm that 4CL and CHS function in a background
devoid of PAL and C4H, 4-coumaric acid was fed in the same
way to E. coli expressing only the pBADMod2-4CL/CHS plas-
mid. Naringenin was produced and no trans-cinnamic acid
could be detected (Figure 1D) by HPLC or LC-MS after 24 h in-
duction. No naringenin was detected in control cultures con-
taining pBADMod2-4CL/CHS not fed with 4-coumaric acid
(data not shown).


Feeding with additional phenylpropanoid precursors


As with 4-coumaric acid, feeding experiments were performed
with caffeic, ferulic, and 3-(4-hydroxyphenyl)propionic acids.
These compounds were fed to cultures of E. coli cells harboring
pBADMod2-4CL/CHS to examine the substrate specificities of
4CL and CHS in vivo.


Caffeic and ferulic acids were not converted into the corre-
sponding chalcone or flavanone (eriodictyol and homoeriodic-
tyol, respectively) in modified M9 or TB medium, as deter-
mined by HPLC (data not shown). However, HPLC and LC-MS
analysis showed that cultures fed with 3-(4-hydroxyphenyl)pro-
pionic acid produced both the expected product, phloretin
(m/z : 273.1), and the 4-coumaric acid product (naringenin;
Scheme 1) in equal but small amounts after 24 h cultivation. A
large amount of 4-coumaric acid (m/z : 163.0) had accumulated


after this time period but no 3-
(4-hydroxyphenyl)propionic acid
was detected (Figure 2).


To determine whether phlore-
tin was converted into naringe-
nin by E. coli or during the ex-
traction process, phloretin was
fed at induction to control cul-
tures containing an empty
vector (pBADMod2). After 24 h,
the culture was extracted and
found to contain phloretin but
no detectable naringenin. The
extraction was carried out with
the pH value adjusted to 9.0 and
without any such adjustment;
both extractions gave identical
results. Next, we tested whether
E. coli metabolizes 3-(4-hydroxy-
phenyl)propionic acid into 4-
coumaric acid by feeding 3-(4-
hydroxyphenyl)propionic acid to
control E. coli cultures containing
the empty vector pBADMod2.


After 24 h, no 4-coumaric acid was detected, only 3-(4-hydroxy-
phenyl)propionic acid was found. E. coli cultures expressing
either 4CL or CHS alone were individually fed with 3-(4-hydrox-
yphenyl)propionic acid. The E. coli cells expressing only 4CL
converted 3-(4-hydroxyphenyl)propionic acid into 4-coumaric
acid, which suggests there may be an unknown E. coli enzyme
that acts on the CoA ester of 3-(4-hydroxyphenyl)propionic
acid. In the presence of CHS alone, only 3-(4-hydroxyphenyl)-
propionic acid was detected after induction; no conversion
was observed.


Cloning and expression of Rba. sphaeroides TAL


We attempted to clone the recently described TAL from Rba.
capsulatus[15] to overcome the blockage caused by the lack of
function of C4H in E. coli. The Rba. capsulatas TAL is known to
convert tyrosine into 4-coumaric acid, which is required for the
formation of the chromophore of a photoactive yellow pro-
tein.[21] We repeatedly failed to amplify a product of the ex-
pected size from genomic DNA by following the procedures
described in the literature. We then conducted a BLAST search
with the available Rba. capsulatus TAL sequence as a query and
identified a hypothetical protein (GenBank accession no.
ZP 00005404) from Rba. sphaeroides with 51% amino acid
identity with the published TAL. We amplified the gene corre-
sponding to this protein from genomic DNA and cloned it into
pUCMod for expression under control of a constitutive lac pro-
moter. E. coli cells containing pUCMod-TAL were able to pro-
duce 4-coumaric acid but not trans-cinnamic acid (the deami-
nation products of tyrosine and phenylalanine, respectively), as
determined by HPLC and LC-MS. Production of 4-coumaric


Table 1. Strains and plasmids used in this study.


Strain or plasmid Relevant properties or genotype Source


Strains
E. coli JM109 recA1 supE44 endA1 hsdR17 (rk


�mk
+) gyrA96 relA1 thi [16]


D(lac-proAB)[F’traD36 proAB+ lacIq lacZDM15]
E. coli BW27784 lacIq rrnB3 DlacZ4787 hsdR514 D(araBAD)567 [17]


D(rhaBAD)568 D (araFGH) f (D araEp PCP18-araE)
Rba. capsulatus 1710 type strain DSMZ[a]


Rba. sphaeroides 158 type strain DSMZ[a]


Plasmids
pUCMod cloning vector, constitutive lac promoter, Ampr [18]
pACMod cloning vector, Tetr, Cmr [18]
pBADMod1 cloning vector from pBAD-Thio/TOPO, Ampr this study
pBADMod2 cloning vector, Ampr this study
pBADMod1-PAL Arabinose inducible PAL from A. thaliana this study
pBADMod1-C4H Arabinose inducible C4H from A. thaliana this study
pBADMod1±4CL Arabinose inducible 4CL from A. thaliana this study
pBADMod1-CHS Arabinose inducible CHS from A. thaliana this study
pACMod-PAL/C4H Arabinose inducible PAL and C4H, Tetr this study
pBADMod2-4CL/CHS Arabinose inducible 4CL and CHS, Ampr this study
pUCMod-TAL constitutively expressed TAL from Rba. sphaeroides this study
pACMod-TAL constitutively expressed TAL from Rba. sphaeroides, Cmr this study


[a] DSMZ, Deutsche Sammlung von Mikroorganismen und Zellkulturen GmbH.


502 ¹ 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chembiochem.org ChemBioChem 2004, 5, 500 ± 507


C. Schmidt-Dannert et al.



www.chembiochem.org





acid was highest in TB medium, followed by modified M9 then
LB medium (data not shown).


We subcloned TAL into pACMod to allow coexpression with
pBADMod2-4CL/CHS in E. coli. Transformation of pACMod-TAL
into E. coli resulted in the production of 4-coumaric acid


(2.30 mgL�1), found in the culture supernatant after 24 h culti-
vation in modified M9 medium (Figure 3B).


Production of naringenin in E. coli through a three-gene
hybrid pathway


To establish a functional hybrid pathway for naringenin pro-
duction, pACMod-TAL and pBADMod2-4CL/CHS were cotrans-
formed into E. coli BW27784. E. coli cells expressing this three-
gene pathway (TAL + 4CL + CHS) were grown in modified
M9, LB, or TB medium and the culture medium was extracted
after 24 h induction (Figure 3C and data not shown). Naringe-
nin was detected in all culture supernatants and cell pellets ex-
amined, with the majority found in the culture supernatants.
E. coli cells expressing the TAL-4CL-CHS hybrid pathway


were cultured in modified M9 or TB medium to monitor narin-


Figure 2. Phloretin production in E. coli cells fed with 3-(4-hydroxyphenyl)pro-
pionic acid. A) HPLC chromatogram showing the accumulation of 4-coumaric
acid (1) and production of both phloretin (2) and naringenin (3). B) Selective
ion chromatogram of the culture fed with 3-(4-hydroxyphenyl)propionic acid
with peaks at the masses of 4-coumaric acid, phloretin, and naringenin. Ab-
sorbance was monitored at 290 nm. The insets show the UV/Vis spectra of the
compounds with the indicated HPLC peaks. The absorbance maximum of
phloretin is at 287 nm.


Figure 1. HPLC analysis of extracts from supernatants of cultures containing
E. coli cells coexpressing Arabidopsis PAL, C4H, 4CL, and CHS. The cells were
cultured in modified M9 medium and analyzed after 24 h induction. A) Stan-
dard compounds, 4-coumaric acid (1), trans-cinnamic acid (2), and naringenin
(3). B) E. coli pAC-PAL/C4H + pBAD-4CL/CHS. C) E. coli pAC-PAL/C4H + pBAD-
4CL/CHS fed with 4-coumaric acid. D) E. coli pBAD-4CL/CHS fed with 4-couma-
ric acid. Absorbance was monitored at 290 nm. The insets show the UV/Vis
spectra of the compounds with the indicated HPLC peaks. The absorbance
maxima of 4-coumaric acid, trans-cinnamic acid, and naringenin are at 310,
275, and 290 nm, respectively.


ChemBioChem 2004, 5, 500 ± 507 www.chembiochem.org ¹ 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 503


Recombinant Flavonoid Biosynthesis



www.chembiochem.org





genin production levels during growth. Samples were removed
from the cultures 12 h after induction with arabinose for quan-
tification of naringenin by HPLC. Naringenin production was
highest in TB and the product was found almost exclusively in
the culture media, which accounted for more than 90% of the
total amount produced. Naringenin was not detected in either
medium at induction but the amount present increased over
time. In TB medium (Figure 4A), 1.45, 7.65, 13.5, and
20.8 mgL�1 naringenin was detected 12, 24, 36, and 48 h after
induction, respectively. In modified M9 medium (Figure 4B),


0.93, 4.89, 7.39, and 7.53 mgL�1 naringenin was detected at
the same time intervals after induction. The amount of product
in the cell pellets reached a maximum 36 h after induction in
modified M9 medium (0.43 mgL�1) and 48 h after induction in
TB (0.73 mgL�1) and accounted for 5.8 and 2.9% of the total
yield at those times, respectively.


Discussion


Previous work has demonstrated that the enzymes involved in
flavonoid biosynthesis in Arabidopsis interact both in vitro and
in vivo.[22] In an effort to conserve these interactions in vivo in
our heterologous system, we coexpressed all Arabidopsis en-
zymes necessary for naringenin production in E. coli. We deter-
mined that the entire pathway was functional, except the step
catalyzed by cinnamate-4-hydroxylase. C4H is a P450 cyto-
chrome monooxygenase (CYP73A5) and this class of enzyme
requires a complementary reductase for activity (reduced nico-
tinamide-adenine dinucleotide phosphate (NADPH) reductase).
Recombinant C4H activity has previously only been demon-
strated in vitro with a complementary NADPH reductase
enzyme.[7,23] The E. coli flavoproteins flavodoxin (Fld) and
NADPH flavodoxin reductase (Fpr) have been shown to func-
tion as an electron-transfer system for some microsomal cyto-
chrome P450 enzymes both in E. coli and in vitro,[24] but were
not sufficient to activate C4H.


We were able to overcome the failure of this enzymatic step
(hydroxylation of trans-cinnamic acid to 4-coumaric acid by
C4H) by cloning a new bacterial tyrosine ammonia lyase from
Rba. sphaeroides 158. This enzyme is only the second bacterial
tyrosine-specific ammonia lyase to be isolated and character-
ized.[15] In contrast to known eukaryotic PAL isoenzymes with
TAL activity, which include the yeast PAL used in a previous
study on flavonoid production in E. coli, this new bacterial TAL
appears to be specific for tyrosine; only 4-coumaric acid accu-
mulates in recombinant E. coli cells, no trans-cinnamic acid is
detectable (Figure 3B). Further characterization of this TAL in
vitro is necessary to determine the kinetic constants of the
enzyme and to test its substrate specificity. By substituting TAL
for PAL + C4H to produce a shortened naringenin biosynthet-
ic pathway consisting of TAL, 4CL, and CHS, we were able to
produce significant amounts (20.8 mgL�1) of the flavonoid nar-
ingenin in recombinant E. coli. The naringenin was found
almost exclusively in the culture supernatant and the amount
produced is 250 times higher than that reported[13] when the
medium is not supplemented with tyrosine.


We were also able to produce naringenin by feeding exoge-
nous 4-coumaric acid to the shortened naringenin biosynthetic
pathway and we extended this approach to produce phloretin,
a compound not usually formed through this pathway. The
substrate specificity of Arabidopsis 4CL isoforms has been in-
vestigated in vitro with several substrates, such as caffeic and
ferulic acid,[9] but not with 3-(4-hydroxyphenyl)propionic acid.
We tested these same substrates by feeding them to our
system in vivo and found that the products expected from caf-
feic and ferulic acid were not formed. This outcome is possibly


Figure 3. HPLC analysis of extracts from supernatants of cultures containing
E. coli transformants expressing Rba. sphaeroides TAL alone or together with
Arabidopsis 4CL and CHS in modified M9 medium after 24 h induction.
A) Standard compounds 4-coumaric acid (1), trans-cinnamic acid (2), and nar-
ingenin (3). B) E. coli pAC-TAL + pBADMod2. C) E. coli pAC-TAL + pBAD-4CL/
CHS. Absorbance was monitored at 290 nm. The insets show the UV/Vis spectra
of the compounds with the indicated HPLC peaks.
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the result of the substrate specificity of the Arabidopsis CHS
isoenzyme used, or limited transport of the substrates into
cells. We were able to produce small but detectable amounts
of phloretin from 3-(4-hydroxyphenyl)propionic acid by using
this feeding strategy. The concurrent production of equally
small amounts of naringenin and the build-up of 4-coumaric
acid indicate, however, that this process is not efficient in vivo.
We determined that the 4-coumaric acid produced in cultures
fed with 3-(4-hydroxyphenyl)propionic acid results from the
action of 4CL and unknown E. coli enzyme(s) that convert acti-
vated 3-(4-hydroxyphenyl)propionic acid into 4-coumaric acid.
E. coli is known to degrade a variety of aromatic acids, al-
though some pathways are not complete in K-12 laboratory
strains.[25] Furthermore, a soluble thioesterase present in E. coli
has been reported to catalyze rapid hydrolysis of aromatic co-


enyzme A esters (including 4-
coumaroyl-CoA) to the corre-
sponding free acids and thus
prevent their accumulation.[26]


We do not know why 4-couma-
ric acid accumulated in our cul-
tures without a concurrent in-
crease in naringenin production.
A build-up of 4-coumaric acid
was not seen in the same re-
combinant E. coli cultures when
they were not fed 3-(4-hydroxy-
phenyl)propionic acid or were
fed 4-coumaric acid. One possi-
ble explanation is that the acti-
vated 3-(4-hydroxyphenyl)pro-
pionic acid substrate or the
phloretin product inhibits CHS
activity in vivo. This hypothesis
remains to be investigated.


We have demonstrated that
high-level production of flavo-
noids in a bacterial host is possi-
ble. This result opens the door
to further extension of the flavo-
noid pathway in E. coli with the
many known biosynthetic genes
to produce pathways for the
synthesis of significant quantities
of other important plant-derived
flavonoid compounds, such as
flavonols, flavones, isoflavonoids,
condensed tannins, and antho-
cyanin pigments. We have also
demonstrated that exogenously
supplied phenylpropionic acids
are readily taken up and con-
verted into the corresponding
flavonoids by recombinant E. coli
cultures. Thus, phenylpropionic
acids, which are abundantly
available from agricultural waste


products and are currently exploited in processes such as mi-
crobial vanillin production,[27] could serve as inexpensive pre-
cursors for more highly valued flavonoid compounds. In vivo
feeding with exogenous precursor compounds will provide an
elegant method to determine the catalytic functions of CoA li-
gases and type III polyketide synthases, isoenzymes and engi-
neered variants of the known enzymes 4CL and CHS, and also
the large number of as yet unidentified bacterial and plant ho-
mologues uncovered in genome sequencing projects.


Experimental Section


Chemicals : Caffeic acid, ferulic acid, and 3-(4-hydroxyphenyl)-pro-
pionic acid were purchased from Sigma Aldrich (St. Louis, MO).
Naringenin, 4-coumaric acid, phloretin, and arabinose were pur-


Figure 4. Growth and naringenin production of recombinant E. coli expressing Rba. sphaeroides TAL together with
Arabidopsis 4CL and CHS in TB (A) and modified M9 (B) medium. Squares represent growth, circles and triangles
represent naringenin detected in the culture supernatant and cell pellets, respectively. Data points are mean values
calculated from measurements taken from three independent cultures.
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chased from ICN (Aurora, OH). trans-Cinnamic acid was obtained
from Acros Organics (Morris Plains, NJ). All solvents used were of
HPLC grade and were purchased from Fisher Scientific (Pittsburgh,
PA). HPLC-grade water was purchased from Mallinckrodt Chemicals
(Phillipsburg, NJ). T4 DNA ligase and Vent DNA polymerase were
obtained from New England Biolabs (Boston, MA). Restriction en-
zymes were purchased from NEB or Promega (Madison, WI). SuRE/
Cut buffers from Roche (Indianapolis, IN) were used as the restric-
tion enzyme buffers.


Strains and culture conditions : All cloning and DNA manipulation
was carried out in E. coli JM109 cells by using standard techni-
ques.[28] Cells were grown at 30 8C with shaking at 300 rpm. Follow-
ing sequencing, plasmids were transformed into E. coli strain
BW27784[17] (Table 1), provided by the E. coli Genetic Stock Center
(New Haven, CT). Rba. capsulatus (DSM no. 1710) and Rba. sphaer-
oides (DSM no. 158) were obtained from the DSMZ (Braunschweig,
Germany). Rba. capsulatus was grown anaerobically at 30 8C under
direct light in modified Van Niel's medium (ATCC medium 1676) for
more than 5 days. Rba. sphaeroides 158 was grown aerobically at
30 8C in LB medium for 3 days. Genomic DNA was prepared with a
Wizard Genomic DNA kit (Promega, Madison, WI). E. coli cells har-
boring either the Arabidopsis pathway (pACMod-PAL/C4H +
pBADMod2-4CL/CHS) or the TAL pathway (pACMod-TAL + pBAD-
Mod2-4CL/CHS) were grown in modified M9, LB, or TB medium,
supplemented with tetracycline (12.5 mgmL�1) or chloramphenicol
(50 mgmL�1) and carbenicillin or ampicillin (100 mgmL�1), to an
optical density of 0.4±0.6 at 600 nm. The cultures were induced
with arabinose (0.2% m/v). M9 medium was modified by the addi-
tion of yeast extract (1.25 gL�1) and glycerol (0.5% v/v) to standard
M9 medium.[28]


Plasmid construction and gene cloning : pBADMod1 was con-
structed from pBAD/Thio-TOPO (Invitrogen, Carlsbad, CA) by elimi-
nation of the NcoI/PmeI fragment by long-range PCR. Primers with
the sequences 5’-GGCGCGCCTTAAACAAAATTATTTCTAG-3’ and 5’-
TAATTAAGGTCTCCAGCTTGGCTG-3’ were used to introduce unique
AscI and PacI sites downstream of the arabinose promoter. pBAD-
Mod2 was constructed in the same way, with primers (5’-
GGTACCCTCGAGGTTTAAACAAGCTTCGCTTCTCTGAGTAGGAC-3’ and
5’-CCATGGGCGGCCGCGAATTCGTCGACCTCTGAATGGCGGGAG-3’) se-
lected to eliminate the arabinose promoter and terminator and in-
troduce a multiple cloning site. pUCMod and pACMod have been
described previously.[18]


Phenylalanine ammonia lyase (Genbank accession no. AY303128),
cinnamate-4-hydroxylase (U71080), 4-coumaroyl :CoA ligase
(U18675), and chalcone synthase (AF112086) were cloned from a
pFL61 Arabidopsis thaliana cDNA library purchased from the Ameri-
can Type Culture Collection (ATCC, Manassas, VA; no. 77500). The
cDNA sequences included forward primers containing a 5’-AscI site,
followed by an optimized Shine±Dalgarno sequence (5’-AGGAG-
GATTACAAAATG-3’) and the start codon for each gene, then an ad-
ditional 10±15 nucleotides corresponding to the respective gene
sequences. Reverse primers containing a PacI site for directional
cloning into pBADMod1 were used. PCR was carried out with Vent
polymerase under the following conditions: 94 8C for 2 minutes, 30
cycles at 94 8C for 30 seconds, 50 8C for 30 seconds, 72 8C for 1
minute, and a final extension step at 72 8C for 4 minutes. PAL and
C4H were subcloned, along with the arabinose promoter, from
pBADMod1 into pACMod by using the NcoI and EcoRI sites, respec-
tively. This process led to pACMod-PAL/C4H. 4CL and CHS were
subcloned into the NcoI and XhoI sites of pBADMod2, respectively,
to create pBADMod2-4CL/CHS.


Tyrosine ammonia lyase (hypothetical protein no. ZP 00005404)
was cloned from Rba. sphaeroides 158 genomic DNA into the XbaI/


SmaI sites of pUCMod by using the primers described above (for-
ward primer with a Shine±Dalgarno sequence and start codon).
The PCR conditions were the same as those given above except
that dimethylsulfoxide (10% v/v) and betaine monohydrate (final
concentration 1m) were added. TAL was later subcloned into the
BamHI site of pACMod to create pACMod-TAL.


Feeding experiments : Cultures (5 mL) of E. coli transformants har-
boring pACMod-PAL/C4H + pBADMod2-4CL/CHS, pBADMod2-
4CL/CHS, or pBADMod2 alone were grown overnight then inocu-
lated (1:100) into modified M9 medium (50 mL) supplemented
with tetracycline and carbenicillin, or with carbenicillin alone. Cul-
tures were induced with arabinose, supplemented with 4-coumaric
acid, trans-cinnamic acid, caffeic acid, ferulic acid, or 3-(4-hydroxy-
phenyl)propionic acid (5 mg), and allowed to grow for an addition-
al 24 h before harvest. E. coli controls containing the plasmid
pBADMod1-4CL or pBADMod1-CHS were tested as described
above, with 3-(4-hydroxyphenyl)propionic acid as the supplement.


Growth curves : Cultures (5 mL) of recombinant E. coli pACMod-
TAL + pBADMod2-4CL/CHS were grown overnight and inoculated
(1:200) into modified M9 or TB medium (250 mL) supplemented
with chloramphenicol and carbenicillin. These cultures were har-
vested (10 mL) at induction (taken as the zero time point for pro-
duction) and samples (10 mL) were removed 12, 24, 36, and 48 h
after induction. Samples were centrifuged for 25 minutes at
4000 rpm and 4 8C to remove the cells from the culture medium.
Cell pellets were washed once with deionized water and frozen,
along with the culture supernatants, at �20 8C prior to extraction.


Extraction conditions : Methanol (5 mL) was added to thawed cell
pellets and the mixture placed in a sonicating water bath for 1 h at
4 8C. Cell debris was removed by centrifugation and the methanol
was decanted into a fresh conical tube. Water was added to give a
final volume of 15 mL. The pH value of the water/methanol mix-
ture was adjusted (to approximately 9.0) to spontaneously convert
chalcones into the corresponding flavanones[12] to aid detection
and quantification of the products. The mixture was left to stand
for 1 h at room temperature then extracted with ethyl acetate (2î
15 mL). The pooled organic phase was frozen at �80 8C for more
than 2 h then allowed to warm to room temperature before resid-
ual water was removed. The ethyl acetate was removed under
vacuum and the product resuspended in acetonitrile (100±200 mL).


The pH value of the culture supernatant (10 mL) was adjusted as
described above and the sample incubated at room temperature
for 1 h then extracted with ethyl acetate (2î10 mL). The pooled
organic phase was frozen and dried as described for the cell pel-
lets. The product was resuspended in acetonitrile (100 mL). All sam-
ples were stored at �20 8C prior to HPLC and MS analysis. Extrac-
tion of 4-coumaric acid, 3-(4-hydroxyphenyl)propionic acid, and
phloretin was conducted as described above but without adjusting
the pH value of the culture medium prior to extraction.


HPLC analysis : Pellet and culture supernatant extracts (10 mL)
were applied to a Zorbax SB-C18 column (4.6î250 mm, 5 mm; Agi-
lent Technologies, Palo Alto, CA) and eluted with an isocratic
mobile phase (water/acetonitrile/acetic acid (69.3:30:0.7) ; flow rate,
1 mLmin�1) by using an Agilent 1100 HPLC system equipped with
a photodiode array detector. Compound peaks were identified by
comparison of the retention times and UV/Vis spectra of the sam-
ples with those of standard compounds. Data obtained by integra-
tion of the peaks of known amounts of standard were compared
to the peak areas of the unknown compounds for quantification.


LC/ESI-MS and LC/MS/MS : LC-MS was carried out with an LCQ
mass spectrophotometer (Thermo Finnigan, USA) equipped with a
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Zorbax SB-C18 column. The same elution conditions were used as
those applied in the HPLC analysis. Mass fragmentation spectra of
standards and the extracted compounds were monitored over a
mass range of m/z=60±400 with a negative ESI interface.[29] Parent
molecular ions were further fragmented by MS/MS analysis with an
ESI interface at the optimal energy for collision-induced dissocia-
tion (25±30%). Negative ion data for standard compounds were as
follows: 4-coumaric acid, m/z=163.1; trans-cinnamic acid, m/z=
146.9; naringenin, m/z=271.1; phloretin, m/z=273.1.


Acknowledgements


This investigation was supported by a grant from the David and
Lucile Packard Foundation (grant no. 2001-18996). Kevin T. Watts
was supported by a National Institute of General Medical Scien-
ces/National Institutes of Health Biotechnology Training Grant
(grant no. T32 GM08347).


Keywords: biosynthesis ¥ flavonoids ¥ heterologous
expression ¥ natural products ¥ polyketides


[1] a) K. Bieza, R. Lois, Plant Physiol. 2001, 126, 1105±1115; b) J. Li, T. M. Ou-
Lee, R. Raba, R. G. Amundson, R. L. Last, Plant Cell 1993, 5, 171±179.


[2] a) R. A. Dixon, N. L. Paiva, Plant Cell 1995, 7, 1085±1097; b) R. Hain, H. J.
Reif, E. Krause, R. Langebartels, H. Kindl, B. Vornam, W. Wiese, E.
Schmelzer, P. H. Schreier, R. H. Stocker, K. Stenzel, Nature 1993, 361,
153±156.


[3] K. Springob, J. Nakajima, M. Yamazaki, K. Saito, Nat. Prod. Rep. 2003, 20,
288±303.


[4] a) M. V. Eberhardt, C. Y. Lee, R. H. Liu, Nature 2000, 405, 903±904;
b) C. A. Rice-Evans, D. Bagchi, Antioxid. Redox Sign. 2001, 3, 939±940;
c) R. A. Riemersma, C. A. Rice-Evans, R. M. Tyrrell, M. N. Clifford, M. E. J.
Lean, Qjm-Mon. J. Assoc. Phys. 2001, 94, 277±282; d) G. Paganga, N.
Miller, C. A. Rice-Evans, Free Radical Res. 1999, 30, 153±162.


[5] a) S. Dhanalakshmi, R. P. Singh, C. Agarwal, R. Agarwal, Oncogene 2002,
21, 1759±1767; b) J. B. Harborne, C. A. Williams, Phytochemistry 2000,
55, 481±504; c) P. G. Pietta, J. Nat. Prod. 2000, 63, 1035±1042; d) M.
Jang, L. Cai, G. O. Udeani, K. V. Slowing, C. F. Thomas, C. W. Beecher,
H. H. Fong, N. R. Farnsworth, A. D. Kinghorn, R. G. Mehta, R. C. Moon,
J. M. Pezzuto, Science 1997, 275, 218±220; e) N. Bhatia, J. Zhao, D. M.
Wolf, R. Agarwal, Cancer Lett. 1999, 147, 77±84.


[6] a) Y. Tanaka, S. Tsuda, T. Kusumi, Plant Cell Physiol. 1998, 39, 1119±1126;
b) R. A. Dixon, P. A. Howles, C. Lamb, X. Z. He, J. T. Reddy, Adv. Exp. Med.
Biol. 1998, 439, 55±66; c) R. A. Dixon, C. L. Steele, Trends Plant Sci. 1999,
4, 394±400; d) G. Forkmann, S. Martens, Curr. Opin. Biotech. 2001, 12,
155±160; e) W. Jung, O. Yu, S. M. C. Lau, D. P. O'Keefe, J. Odell, G. Fader,


B. McGonigle, Nat. Biotechnol. 2000, 18, 208±212; f) M. E. Verhoeyen, A.
Bovy, G. Collins, S. Muir, S. Robinson, C. H. de Vos, S. Colliver, J. Exp. Bot.
2002, 53, 2099±2106.


[7] M. Hotze, G. Schrˆder, J. Schrˆder, FEBS Lett. 1995, 374, 345±350.
[8] a) W. Schulz, H. G. Eiben, K. Hahlbrock, FEBS Lett. 1989, 258, 335±338;


b) S. Tropf, B. Karcher, G. Schrˆder, J. Schrˆder, J. Biol. Chem. 1995, 270,
7922±7928.


[9] J. Ehlting, D. Buttner, Q. Wang, C. J. Douglas, I. E. Somssich, E. Kombrink,
Plant J. 1999, 19, 9±20.


[10] a) B. Winkel-Shirley, Plant Physiol. 2001, 126, 485±493; b) B. Weisshaar,
G. I. Jenkins, Curr. Opin. Plant Biol. 1998, 1, 251±257; c) N. L. Paiva, J.
Plant Growth Regul. 2000, 19, 131±143.


[11] M. B. Austin, A. J. P. Noel, Nat. Prod. Rep. 2003, 20, 79±110.
[12] J. N. M. Mol, M. P. Robbinst, R. A. Dixon, E. Veltkamp, Phytochemistry


1985, 24, 2267±2269.
[13] E. I. Hwang, M. Kaneko, Y. Ohnishi, S. Horinouchi, Appl. Environ. Micro-


biol. 2003, 69, 2699±2706.
[14] J. Rosler, F. Krekel, N. Amrhein, J. Schmid, Plant Physiol. 1997, 113, 175±


179.
[15] J. A. Kyndt, T. E. Meyer, M. A. Cusanovich, J. J. van Beeumen, FEBS Lett.


2002, 512, 240±244.
[16] C. Yanisch-Perron, J. Vieira, J. Messing, Gene 1985, 33, 103±119.
[17] A. Khlebnikov, K. A. Datsenko, T. Skaug, B. L. Wanner, J. D. Keasling, Mi-


crobiology 2001, 147, 3241±3247.
[18] C. Schmidt-Dannert, D. Umeno, F. H. Arnold, Nat. Biotechnol. 2000, 18,


750±753.
[19] L. M. Guzman, D. Belin, M. J. Carson, J. Beckwith, J. Bacteriol. 1995, 177,


4121±4130.
[20] R. J. Hughes, T. R. Croley, C. D. Metcalfe, R. E. March, Int. J. Mass Spec-


trom. 2001, 210±211, 371±385.
[21] M. A. Cusanovich, T. E. Meyer, Biochemistry 2003, 42, 4759±4770.
[22] a) B. Winkel-Shirley, Physiol. Plantarum 1999, 107, 142±149; b) I. E. Bur-


bulis, B. Winkel-Shirley, Proc. Natl. Acad. Sci. USA 1999, 96, 12929±
12934.


[23] P. Urban, C. Mignotte, M. Kazmaier, F. Delorme, D. Pompon, J. Biol.
Chem. 1997, 272, 19176±19186.


[24] a) C. M. Jenkins, M. R. Waterman, Biochemistry 1998, 37, 6106±6113;
b) M. S. Dong, H. Yamazaki, Z. Guo, F. P. Guengerich, Arch. Biochem. Bio-
phys. 1996, 327, 11±19; c) H. J. Barnes, M. P. Arlotto, M. R. Waterman,
Proc. Natl. Acad. Sci. USA 1991, 88, 5597±5601.


[25] E. Diaz, A. Ferrandez, M. A. Prieto, J. L. Garcia, Microbiol. Mol. Biol. Rev.
2001, 65, 523±569.


[26] T. Beuerle, E. Pichersky, Anal. Biochem. 2002, 302, 305±312.
[27] E. Marasco, C. Schmidt-Dannert, Appl. Biotech. Food Sci. Policy 2003, 1,


145±147.
[28] J. Sambrook, D. Russell, Molecular Cloning±A Laboratory Manual, Vol. 3,


3rd ed., Cold Spring Harbor Laboratory Press, Cold Spring Harbor, NY,
2001.


[29] P. C. Lee, A. Z. Momen, B. N. Mijts, C. Schmidt-Dannert, Chem. Biol. 2003,
10, 453±462.


Received: October 7, 2003 [F783]


ChemBioChem 2004, 5, 500 ± 507 www.chembiochem.org ¹ 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 507


Recombinant Flavonoid Biosynthesis



www.chembiochem.org






508 ¹ 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim DOI: 10.1002/cbic.200300784 ChemBioChem 2004, 5, 508 ±518


Development of Novel 1,2,3,4-Tetrahydroiso-
quinoline Derivatives and Closely Related Com-
pounds as Potent and Selective Dopamine D3


Receptor Ligands
Ulrich R. Mach,[a] Anneke E. Hackling,[a] Sylvie Perachon,[b] Sandrine Ferry,[b]


Camille G. Wermuth,[c] Jean-Charles Schwartz,[d] Pierre Sokoloff,[d] and
Holger Stark*[a]


Based on N-alkylated 1,2,3,4-tetrahydroisoquinoline derivatives,
which are structurally related to the partial agonist BP 897, a series
of novel, selective dopamine D3 receptor antagonists has been
synthesised. Derivatisation included changes in the arylamide
moiety and the tetrahydroisoquinoline substructure leading to
compounds with markedly improved selectivities and affinities in
the low nanomolar concentration range. From the 55 structures


presented here, (E)-3-(4-iodophenyl)-N-(4-(1,2,3,4-tetrahydroisoquin-
olin-2-yl)butyl)acrylamide (51) has high affinity (Ki(hD3)� 12nM)
and a 123-fold preference for the D3 receptor relative to the D2


receptor subtype. Its pharmacological profile offers the prospect of
a novel radioligand as a tool for various dopamine D3-receptor-
related in vitro and in vivo investigations.


Introduction


Classification of dopamine receptor subtypes distinguishes two
G-protein-coupled receptor families : the D1-like receptors,
including D1 and D5 receptor subtypes, which activate adenylyl
cyclase; and the D2-like receptors comprising D2, D3 and D4


receptor subtypes, which inhibit adenylyl cyclase.[1] Within the
D2-like receptors, the D2 and D3 subreceptors bear the highest
amino acid sequence homology resulting in a pronounced
likeness in binding behaviour.[2]


Dopamine receptor subtypes show distinct localisations in the
central nervous system (CNS); this suggests specific functions for
each subtype.[3] It has been shown that most clinically effective
antipsychotic agents such as haloperidol (1) or pimozide (2)
share high affinities for D2 and D3 receptor subtypes, indicating
their prominent therapeutic relevance in this pathological
process (although the atypical antipsychotic clozapine (3) shows
a high affinity at D4 receptors, clinical testing of D4-receptor-
selective ligands has brought about mainly unpromising results)
(Scheme 1).[4±6] Typical antipsychotics have a number of serious
adverse side effects, which are thought to be promoted by the
blockade of dopamine receptors in the striatum where the D2


receptor subtypes are predominantly located.[7] The dopa-
mine D3 receptor, however, is found in high abundance in the
limbic system where blockade of dopamine receptors is
incidental with a loss of acute schizophrenic symptoms. Addi-
tionally, this brain region is associated with other psychiatric or
neurological disorders, such as Parkinson's disease or drug
abuse.[8] A more profound knowledge of the pathological
characteristics of these conditions requires the development of


dopamine D3-receptor-selective ligands, which primarily might
be beneficial as pharmacological tools but also in the therapy of
these diseases.[9, 10] Some antagonists with varying D3 receptor
preference have been identified, for example SB-277011 (4).[11]


More recently, the antagonist phenylpiperazine derivative
FAUC 365 (5) was reported, which has a remarkable 7200-fold
selectivity for D3 over D2 receptors.[12, 13]


The aim of this study was the development of antagonist
analogues of BP 897 (6), which is a partial agonist at dopamine
D3 receptors (Scheme 1).[8] To facilitate the determination of
structure ± activity relationships, we differentiated three ele-
ments in the key structure: 1) the lipophilic basic or amine
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moiety, a phenylpiperazine in BP 897, 2) the spacer, usually a
linear tetramethylene chain, and 3) the hydrophobic residue,
often connected through an amide bond, which has proven
to be favourable for high receptor affinity and also allows
various facile derivatisation reactions.


In order to evaluate structural requirements for high-
affinity binding, the amine element was structurally reduced
to the essential requirements of a basic nitrogen connected
to an aryl group through an aliphatic linker. This phenyl-
alkylamine scaffold was further diversified by introducing
higher degrees of rigidity with varying geometry and
hydrogen-bonding capabilities (7 ±15, Table 1).


Within this series, several structures displayed dopa-
mine D3 receptor affinities in the low nanomolar concen-
tration range. 2-Aminoindane compounds have been re-
ported as ligands with strongly diverging intrinsic activ-
ities,[14, 15] whereas 1,2,3,4-tetrahydroisoquinolines demon-
strated mostly antagonist properties.[11, 16] Therefore, the
1,2,3,4-tetrahydroisoquinoline ring was chosen as the lead
core structure for antagonist development.


Table 1. Structures and receptor binding of compounds with amine variations.


Binding Ki (x≈� SEM)[a] [nM] Ki(D2)/Ki(D3) Binding Ki (x≈� SEM)[a] [nM] Ki(D2)/Ki(D3)
No. NR1R2 D2


[b] D3
[c] No. NR1R2 D2


[b] D3
[c]


7 5000 6000 1 14 8400 10000 1


8 612� 84 123�23 5 15 2200 98 23


9 540� 10 177�16 3 16 840� 30 44�7 19


10 1300� 110 1200�170 1 17 1000 413� 84 3


11 1000� 400 70� 11 16 18 830� 93 42.7� 4.7 19


12 78� 32 5.7� 1.3 14 19 4500 2500 2


13 5500 1500�300 4 20 8400 5600 2
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Hence, two pathways of derivatisations were selected: 1) the
1,2,3,4-tetrahydroisoquinoline structure was varied with regard
to aryl substitution, enlargement or substitution of the aliphatic
ring, change in geometry and flexibility or exchange of the aryl
moiety by other potential bioisosteric groups; 2) the arylcarbox-
amide residue was varied (e.g. by aryl substitution). Replacement
of the naphthamide group by diversely substituted (E)-cinna-


mide residues resulted in enhanced affinity and preference for
the D3 receptor, as for ST 198 (43), which is a useful pharmaco-
logical tool for D3-receptor-related investigations in vitro and in
vivo.[17±19] Additionally, a number of iodinated compounds have
been prepared as potential dopamine D3 receptor-selective
radioligands, for example, applicable in single-photon emission
computed tomography (SPECT) investigation.[20] Here, the para-


Table 1. (cont.)


Binding Ki (x≈� SEM)[a] [nM] Ki(D2)/Ki(D3) Binding Ki (x≈� SEM)[a] [nM] Ki(D2)/Ki(D3)
No. NR1R2 D2


[b] D3
[c] No. NR1R2 D2


[b] D3
[c]


21 5000 5000 1 28 1000 1000 1


22 700� 250 500� 100 1 29 1200� 300 180� 40 7


23 3000 2500 1 30 2500 2300� 1100 1


24 20000 8400 2 31 2200� 800 840� 140 3


25 4000 110� 200 4 32 2500 93� 20 27


26 4200� 251 1016� 143 4 33 610�20 74� 75 8


27 3630 831 4


[a] Mean� SEM values were determined by at least three separate experiments. [b] Ki values for D2 receptors were measured on human D2L receptors by using
[125I]iodosulpiride. [c] Ki values for D3 receptors were measured on human D3 receptors by using [125I]iodosulpiride.
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substituted cinnamide derivative 51 has low nanomolar
affinity (Ki� 12.2nM) and more than 120-fold preference for
the D3 receptor. (Z)-Cinnamide isomers were not taken into
consideration in this study, since comparable Z isomers
were reportedly less effective for dopamine D3 receptor
affinity than their corresponding E isomers.[21]


Results and Discussion


Two synthetic routes were chosen as key pathways for
most of the compounds described, depending on whether
the amine moiety was to be varied or a modification of the
hydrophobic residue was desired.


A linear strategy (Scheme 2) involved alkylation of the
appropriate secondary amines with N-(4-
bromobutyl)phthalimide. Quaternary am-
monium compounds, which were ob-
tained from tertiary, pyridine-derived
amines, were reduced to the tertiary
amines. Subsequent cleavage of the
phthalimide group with hydrazine led to
primary amine compounds which, on
treatment with naphthalene-2-carboxylic
acid chloride, resulted in the correspond-
ing amides 7 ±10, 17 ±24 and 32.


A second approach (Scheme 3) started
with naphthalene-2-carboxylic acid chlo-
ride and 4-aminobutyl diethylacetal and
gave the corresponding amide in high
yield. Mild acid hydrolysis of the acetal
group resulted in the deprotected alde-
hyde, which served as one of the sub-
strates for reductive amination to afford the final products 11±
16, 25 ±31 and 33.


Starting with the primary amine 34, synthesised according to
Scheme 2, a number of variations in the arylcarboxamide
structure were performed as shown in Scheme 4. Treatment
with the appropriate carboxylic acid chlorides resulted in the
desired amides 35 ±41 and 43 ±54.


Scheme 5 shows a possible route to [125I]- or [123I]-radiolabelled
ligands. The iodo substituent of compound 51 is easily
exchanged by a trialkylstannyl group in the presence of a
palladium catalyst.[22] The stannylated compound 55 can be
reversibly transformed with radioactive iodine, which is gener-
ated in situ from radiolabelled NaI and chloramine T, to give the
corresponding radiolabelled derivative of compound 51.[23]


Additionally, compounds 56 (by using N-(3-bromopropyl)-
phthalimide), 57, 60 and 61 were prepared according to
Scheme 2. Compound 58 was prepared by treatment of 34 with
methyl-2-isothiocyanatobenzoate
in a tandem ring-closure reaction.
Comparable reaction conditions
with the oxygen analogue meth-
yl-2-isocyanatobenzoate led to
acyclic compound 42. Further
treatment with potassium hydrox-
ide in methanol afforded the ring-


closed product 59. Structure 62 was synthesised according to
the final step in Scheme 2 by using (E)-cinnamoyl chloride for
amidation.


Secondary aliphatic amines that were not commercially
available were prepared by various methods. The precursor of
17 was prepared as described in the literature;[24] the 1-sub-
stituted 1,2,3,4-tetrahydroisoquinolines 63 ±66, which are pre-
cursors for compounds 19 ±22, were prepared according to the
Bischler ± Napieralski procedure as shown in Scheme 6.[25]


Scheme 4. Reagents : i) CH2Cl2 , RCOCl, K2CO3.


Scheme 2. Reagents : i) a) H3CCN, K2CO3, appropriate nitrogen-containing compound
(in case of pyridine derivatives: a) and then b) MeOH, NaBH4); ii) H2N�NH2, EtOH;
iii) naphthalene-2-carboxylic acid chloride, CH2Cl2 , K2CO3.


Scheme 3. Reagents : i) CH2Cl2 , K2CO3; ii) EtOH, HCl, HOAc; iii) ClCH2CH2Cl, HNR1R2, HOAc, NaBH(OCOCH3)3 .


Scheme 5. Reagents: i) (tBu3Sn)2 , Pd(PPh3)4 ; ii) NaI, chloramine T.
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Scheme 6. Reagents: i) 2 N KOH; ii) toluene, ZnCl2 , POCl3 ; iii) ThF, NaBH4.


Tetrahydrobenzo[c]azepines 67 and 68, which are precursors
for 25 and 26, respectively, were prepared by modified Schmidt
reactions on �-tetralones (Scheme 7).[26]


Scheme 7. Reagents : i) conc. HCl, NaN3; ii) THF, LiAlH4.


Tetrahydrobenzo[f][1,4]oxazepine, required for compound 27,
was prepared by amidation of 2-methoxybenzylamine with
chloroacetic acid chloride, subsequent ether cleavage with
boron tribromide and ring closure under mild basic conditions,
followed by metal hydride reduction as described above. The
heteroaromatic derivatives 69 and 70, which are precursors for
compounds 29 and 30, respectively, were obtained by modified
Pictet ± Spengler reactions (Scheme 8).[27, 28] The aminothiazole
scaffold, a proposed phenol bioisostere in compound 31,[29] was
available by Hantzsch thiazole synthesis.[30]


Scheme 8. Reagents: i) 0.01M HCl, H2C(OEt)2 , reflux.


From the series of substituted 1,2,3,4-tetrahydroisoquinolines
derivatives (Table 1), compounds 19 ±24 had negative effects on
affinity relative to 1-unsubstituted compounds. Despite the
similarity between the phenyl- and benzyl-substituted frag-
ments and apomorphine, an agonist with considerable affinity
for dopamine D2-like receptors, these rather bulky substituents
were not tolerated by the receptor. Different substitution
patterns on the aromatic moieties had only minor influence on


binding behaviour. Thus, separation of enantiomers was not
considered.


Substitution with electron donors on the aryl moiety of the
1,2,3,4-tetrahydroisoquinoline structure (16, 18) led to slightly
enhanced affinities for the D3 receptor relative to that of
compound 15 and a maintained preference for the D3 receptor.
In contrast, substitution with an electron-withdrawing nitro
group (17) resulted in deteriorated affinity.


Compounds with a more rigid, seven-membered ring (25 ±27)
suffered a decreased affinity for the D3 receptor, possibly as a
result of an unfavourable orientation of the nitrogen atom in
relation to the aromatic residue. Replacement of the phenyl
substructure by other aryl structures led to diverse binding
profiles. The heterocyclic analogue 29, which features thiophene
as a potential bioisostere of the phenyl ring, has a slightly
decreased affinity. Replacement by a basic imidazole resulted in
a complete loss of binding (30). Unexpectedly, the 2-amino-
thiazole analogue 31, which bears the same heteroaromatic
moiety as the D3 receptor agonist pramipexole, displayed a clear
decline of affinity by one order of magnitude relative to the
parent 1,2,3,4-tetrahydroisoquinoline compound 15. Longitudi-
nal enlargement of the aromatic moiety seems to be well
tolerated as indicated by compounds 32 and 33, although only
in a restricted manner, as shown with the bulky naphthalene
derivative 28.


Among the series of modifications on the aryl structure at the
carboxamide element (Table 2), compounds with differently
substituted aryl (35 ±39) or heteroaromatic residues (40 ±42)
directly connected to the carbonyl group display binding values
comparable to those of 15. While the dopamine D3 receptor
preference of compound 39 is as good as that of compound 15,
the former has lower Ki values. This series may suggest that
improved binding can be incidental with an elongated and rigid
geometry of the arylcarboxamide residue, leading to the
cinnamide derivatives 43 ±55. This derivatisation proves to be
most favourable with the compounds described here, since
binding values in the low nanomolar concentration range can be
achieved, especially for cinnamides sharing a linear conjugated
structure. Compound 43 (ST 198) not only has strongly en-
hanced affinity and a noticeably higher preference for the
dopamine D3 receptor relative to compound 15, but also
displays low affinities for other human dopamine receptor
subtypes and a variety of non-dopaminergic receptors.[19]


Substituents in the �-position are tolerated (45), although their
maximum size seems to be rather limited (46).


The series of substituted cinnamides confirms that elongated
residues provide improved affinities, whereas in most cases
increased bulkiness or additional hydrogen bonding is accom-
panied by a decrease in affinity (54). However, compound 55
maintains a remarkable nanomolar affinity considering the bulky
trialkylstannyl substituent. While structure 51 proves to have the
wanted pharmacological affinity profile with a low nanomolar Ki


value and over 120-fold selectivity towards the D3 receptor, the
chloro analogue 49 possesses a comparable affinity accompa-
nied by a lower dopamine D3 receptor preference.


More divergent modifications were performed on compounds
56 ±61 (Table 3) with phthalimide and structurally related
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groups. Some of these groups are known elements in other
ligands with remarkable affinities for dopamine D2-like recep-
tors.[31] Although affinity could be improved (56�57�58�59),
the low selectivity ratios were discouraging for further develop-
ment. Compound 62 presents another new promising lead for
further development, since its D3 receptor affinity is even higher
than that of compound 43, but it possesses a lower selectivity
ratio (cf. also 2-naphthalene derivative 12).


Exemplary functional mitogenesis assays on compounds 15,
16 and 43 verified 15 and 43[19] as full antagonists, since
quinpirole-induced mitogenesis was completely blocked by
these compounds, whereas the dimethoxylated tetrahydroiso-
quinole derivative 16 had a low intrinsic activity of 20%,
demonstrating partial agonist properties.


Conclusion


Possibilities for derivatisation of N-(4-(1,2,3,4-tetrahydroisoqui-
nolin-2-yl)butyl)arylcarboxamides that simultaneously maintain
high affinity and D3 receptor subtype preference appear to be
rather limited. In this study, potent dopamine D3 receptor
antagonists with Ki values in the low nanomolar concentration
range and up to 120-fold preference for the D3 receptor subtype
were designed and synthesised. These compounds are suitable
as pharmacological tools.[17, 18] A new iodinated compound (51,
ST 283) was developed and a convenient and facile method for
its radiolabelling was applied.[23] Based on the lead structure 15


(ST 80), remarkable improvements in affinity and selectivity were
achieved mainly by alterations of the arylamide residue to
cinnamide derivatives. Compound 43 (ST 198) has already
proven to be a valuable tool for pharmacological investigations
concerning the dopamine D3 receptor in vitro and in vivo.[17±19]


Further modifications and alterations will concern compounds
32, 33 and 62, since their binding values indicate that their basic
substructures are interesting bioisosteres of the 1,2,3,4-tetra-
hydroisoquinoline scaffold.


Experimental Section


General procedures : Melting points were determined on an
Electrothermal IA 9000 digital or a B¸chi 512 melting point apparatus
and are uncorrected. 1H NMR spectra were recorded on a Bruker
DPX 400 Avance (400 MHz) spectrometer. Chemical shifts are ex-
pressed in ppm downfield from internal Me4Si as reference. 1H NMR
data are reported in the following order: multiplicity, approximate
coupling constants in Hertz (Hz) and number of protons. Elemental
analyses were measured on Perkin ± Elmer 240B or 240C instruments
and were within �0.4% of theoretical values for all compounds
(except 55). Chromatographic purifications were done with Merck
silica gel (43 ± 60 �m) or by accelerated, rotary chromatography on a
Chromatotron 7924T (Harrison research) and glass rotors with 4 mm
layers of silica gel 60PF254 containing gypsum (Merck). All reactions
were monitored by thin-layer chromatography (TLC), performed on
silica gel PF254 plates (Merck). Spectral data and elemental analyses


Table 2. Structures and receptor binding of arylcarboxylic acid derivatives.


Binding Ki (x≈� SEM)[a] [nM] Ki(D2)/Ki(D3)
No. R D2


[b] D3
[c]


35 6-bromonaphth-2-yl 1000 105� 20 10
36 6-cyanonaphth-2-yl 260� 33 47� 1 6
37 4-acetylphenyl 500� 100 48� 8 10
38 4-(phenylcarbonyl)phenyl 700� 300 60.5� 3.5 12
39 4-iodophenyl 630� 230 28� 3 22
40 2-oxochromen-3-yl 650� 100 93� 20 7
41 3-methyl-1H-inden-2-yl 800 93� 18 9
42 2-(methoxycarbonyl)anilino 70� 13 65� 6 1
43 (E)-cinnamyl 780� 30 12� 0.5[d] 62
44 trans-2-phenylcyclopropyl 1600� 200 158� 7.8 10
45 (E)-2-fluoro-3-phenylacryl 189� 22 12.1� 2.5 16
46 (E)-2-methyl-3-phenylacryl 920� 110 26� 2 35
47 phenylethinyl 165� 1 17� 1.5 10
48 2-phenylethyl 910� 70 190� 22 5
49 (E)-3-(4-chlorophenyl)acryl 293� 61 11� 2 26
50 (E)-3-(4-nitrophenyl)acryl 290� 76 38� 11 8
51 (E)-3-(4-iodophenyl)acryl 1500� 400 12.2� 0.6 123
52 (E)-3-(3-iodophenyl)acryl 1700 34� 7 50
53 (E)-3(2-iodophenyl)acryl 1100� 650 150� 50 7
54 (E)-3-(3-iodo-4,5-dimethoxyphenyl)acryl 800 400 2
55 (E)-3-(4-(tBu3stannyl)phenyl)acryl 910� 103 255� 5 4


[a] Mean� SEM values were determined by at least three separate experiments. [b] Ki values for D2 receptors were measured on human D2L receptors using
[125I]iodosulpiride. [c] Ki values for D3 receptors were measured on human D3 receptors using [125I]iodosulpiride. [d] pA2 7.5 determined by Schild plot with
quinpirole.[19]
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are shown only for parent compounds, those describing different
reactions or methods, and for the most potent compounds.


Method A : General procedure preparation of arylcarboxylic acids
(7 ± 10, 17 ± 24, 32, 35 ± 54 and 62) by amidation : A mixture of the
appropriate amine (1.5 mmol), triethylamine (152 mg, 1.5 mmol) and
dry CH2Cl2 (10 mL) was stirred and a solution of the arylcarboxylic
acid chloride (1.8 mmol) in dry CH2Cl2 (10 mL) was added dropwise.
Stirring was continued until no amine could be detected by TLC. The
solvent was removed under reduced pressure and the products were
obtained in 48 ± 95% yield by crystallisation from ethanol or
precipitation as salts of oxalic acid.


Method B : General preparation of naphthoic acid amide deriva-
tives by reductive amination (11 ±16, 25 ± 31 and 33):[32] A mixture


of the appropriate secondary
amine (2 mmol) in dry ClCH2CH2Cl
(15 mL), glacial acetic acid (1.5 mL),
NaBH(OCOCH3)3 (850 mg, 4 mmol)
and N-(4-oxobutyl)naphthalene-2-
carboxamide (1 g, 4 mmol) was
stirred at room temperature under
an argon atmosphere overnight.
The mixture was carefully
quenched with NaOH and the
product extracted with CH2Cl2 .
The combined organic layers were
treated with brine, dried over Na2-


SO4 and concentrated in vacuo.
The crude yellow oil obtained was
purified by column chromatogra-
phy and the corresponding salt
precipitated in 4 ± 34% yield on
addition of oxalic acid.


N-(4-(N�-Benzyl-N�-methylamino)-
butyl)naphthalene-2-carboxa-
mide (7): The title compound was
prepared as a colourless solid by
method A (48% yield for the last
reaction step). M.p. 132 ± 133 �C;
1H NMR ([D6]DMSO): �� 1.6 (m,
2H), 1.85 (m, 2H), 2.6 (s, 3H), 2.95
(t, J� 7.13 Hz, 2H), 3.35 (dt, J�
6.13 Hz, 2H), 4.19 (s, 2H), 7.42 (m,
5H), 7.6 (m, 2H), 7.96 (m, 4H),
8,44 ppm (s, 1H); EI MS: m/z :
441.0 [M�] ; elemental analysis :
see Supporting Information.


N-(4-(Indan-2-ylamino)butyl)-
naphthalene-2-carboxamide (11):
The title compound was prepared
as a colourless solid by method B
(10% yield for the last reaction
step). M.p. 149 ± 151 �C; 1H NMR
([D6]DMSO): �� 1.67 (s, 4H), 3.05
(m, 4H), 3.31 (m, 4H), 4.02 (m, 1H),
7.2 (m, 4H), 7.60 (m, 2H), 8.01 (m,
4H), 8.45 (s, 1H), 8.71 ppm (s, 1H);
EI MS: m/z : 358 [M�] ; elemental
analysis: see Supporting Informa-
tion.


N-(4-(N�-Indan-2-yl-N�-propylami-
no)butyl)naphthalene-2-carboxa-


mide (12): The title compound was prepared as a colourless solid by
method B (14% yield for the last reaction step). M.p. 65 ± 67 �C;
1H NMR ([D6]DMSO): ��0.92 (t, J� 7.2 Hz, 3H), 1.08 (m, 2H), 1.71 (m,
4H), 5.99 (m, 6H), 5.52 (m, 4H), 4.21 (t, J� 8.1 Hz, 1H), 7.23 (m, 4H),
7.64 (m, 2H), 8.0 (m, 4H), 8.41 (s, 1H), 8.78 ppm (s, 1H); EI MS: m/z :
400 [M�] ; elemental analysis: see Supporting Information.


N-(4-(1,2,3,4-Tetrahydroisoquinolin-2-yl)butyl)naphthalene-2-car-
boxamide (15): The title compound was prepared as a colourless
solid by method B (18% yield for the last reaction step). M.p. 163 ±
164 �C; 1H NMR ([D6]DMSO): �� 1.71 (t, J� 6.95 Hz, 2H), 1.85 (m, 2H),
3.1 (m, 4H), 3.42 (m, 4H), 4.3 (s, 2H), 7.2 (m, 4H), 7.6 (m, 2H), 7.95 (m,
4H), 8.45 (s, 1H), 8.7 ppm (t, J�5.14 Hz,1H); EI MS: m/z : 448.52 [M�] ;
elemental analysis: see Supporting Information.


Table 3. Structures and receptor binding of miscellaneous compounds.


Binding Ki (x≈� SEM)[a] [nM] Ki(D2)/Ki(D3)
No. Structure D2


[b] D3
[c]


56 6500 5600 1.2


57 400�80 233�35 1.7


58 37�6 77�19 0.5


59 37�3 42�4 0.9


60 17280�6410 4525�940 4


61 2030�5230 5230�1225 0.4


62 326�47 8.5�1.3 38


[a] Mean� SEM values were determined by at least three separate experiments. [b] Ki values for D2 receptors were
measured on human D2L receptors by using [125I]iodosulpiride. [c] Ki values for D3 receptors were measured on
human D3 receptors by using [125I]iodosulpiride.
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N-(4-(2,3,4,5-Tetrahydro-1H-benzo[c]azepino)butyl)naphthalene-
2-carboxamide (25): The title compound was prepared as a
colourless solid by method B (31% yield for the last reaction step).
M.p. 125 �C; 1H NMR ([D6]DMSO): �� 1.54 (m, 2H), 1.75 (m, 2H), 1.88
(s, 2H), 2.89 (s, 2H), 2.95 (s, 2H), 3.33 (m, 2H), 3.44 (m, 2H), 4.42 (s,
2H), 7.17 (m, 1H), 7.27 (m, 2H), 7.38 (d, J� 7.3 Hz, 1H), 7.60 (m, 2H),
7.98 (m, 4H), 8.44 (s, 1H), 8.71 ppm (t, J�5.4 Hz, 1H); EI MS: m/z : 372
[M�] ; elemental analysis: see Supporting Information.


N-(4-(4,5,6,7-Tetrahydrothieno[3,2-c]pyridin-5-yl)butyl)naphtha-
lene-2-carboxamide (29): The title compound was prepared as a
colourless solid by method B (16% yield for the last reaction step).
M.p. 195 �C; 1H NMR ([D6]DMSO): �� 1.69 (br s, 2H), 1.85 (br s, 2H),
3.16 (s, 2H), 3.29 (br s, 2H), 3.42 (s, 2H), 3.57 (br s, 2H), 4.15 (s, 2H),
5.56 (br s,1H), 6.89 (d, J�5.1 Hz, 1H), 7.42 (d, J� 5.1 Hz, 1H), 7.61 (m,
2H), 7.98 (m, 4H), 8.45 (s, 1H), 8.70 ppm (s, 1H); EI MS: m/z : 364 [M�] ;
elemental analysis: see Supporting Information.


N-(4-(2-Amino-4,5,6,7-Tetrahydrothiazolo[5,4-c]pyridin-6-yl)bu-
tyl)naphthalene-2-carboxamide (31): The title compound was
prepared as a colourless solid by method B (6% yield for the last
reaction step). M.p. 56 ± 58 �C; 1H NMR ([D6]DMSO): �� 1.00 (m, 3H),
1.68 (m, 7H), 1.90 (m, 1H), 2.16 (m, 1H), 2.67 (m, 2H), 2.82 (m, 1H),
2.91 (m, 1H), 3.08 (m, 2H), 3.18 (m, 2H), 3.38 (m, 2H), 3.66 (m, 1H),
6.86 (brm, 2H), 7.61 (m, 2H), 7.98 (m, 4H), 8.44 (s, 1H), 8.68 ppm (m,
1H); EI MS: m/z : 380.50 [M�] ; elemental analysis: see Supporting
Information.


N-(4-(1,2,3,4-Tetrahydro-5-oxo-5H-chromeno[3,4-c]pyridin-2-yl)-
butyl)naphthalene-2-carboxamide (32): The title compound was
prepared as a colourless solid by method A (60% yield for the last
reaction step). M.p. 177 ± 178 �C; 1H NMR ([D6]DMSO): �� 1.65 (m,
4H), 3.17 (m, 4H), 3.37 (d, J�5.6 Hz, 2H), 3.71 (s, 2H), 7.42 (m, 2H),
7.59 (m, 3H), 7.74 (d, J� 7,8 Hz, 1H), 7.97 (m, 4H), 8.43 (s,1H),
8.66 ppm (s, 1H); EI MS: m/z : 426.51 [M�] ; elemental analysis: see
Supporting Information.


(E)-N-(4-(1,2,3,4-Tetrahydroisoquinolin-2-yl)butyl)cinnamide (43):
The title compound was prepared as a colourless solid by method A
(72% yield for the last reaction step). M.p. 163 ± 164 �C; 1H NMR
([D6]DMSO): �� 1.54 (m, 2H), 1.73 (m, 2H), 3.05 (m, 4H), 3.22 (m, 2H),
3.37 (m, 2H), 4.25 (s, 2H), 6.62 (d, J�15.9 Hz 1H), 7.22 (m, 4H), 7.40
(m, 4H), 7.55 (d, J� 7.0 Hz, 2H), 8.18 ppm (t, J�5.4 Hz, 1H); EI MS:
m/z : 334.46 [M�] ; elemental analysis: see Supporting Information.


(E)-3-(4-Iodophenyl)-N-(4-(1,2,3,4-tetrahydroisoquinolin-2-yl)bu-
tyl)acrylamide (51): The title compound was prepared as a colour-
less solid by method A (82% yield for the last reaction step). M.p.
148 ± 149 �C; 1H NMR ([D6]DMSO): �� 1.53 (m, 2H), 1.75 (m, 2H), 3.03
(m, 4H), 3.35 (s, 2H), 4.25 (s, 2H), 6.66 (d, J�15.9 Hz, 1H), 7.18 (m,
4H), 7.36 (m, 3H), 7.76 (m, 2H), 8.23 ppm (t, J� 5.48 Hz, 1H); EI MS:
m/z : 460.36 [M�] ; elemental analysis: see Supporting Information.


(E)-3-(4-(Tri(tert-butylstannyl)phenyl)-N-(4-(1,2,3,4-tetrahydroiso-
quinolin-2-yl)butyl)acrylamide (55): A mixture of the 4-iodo
derivative 51 (124 mg, 0.27 mmol) and dry 1,4-dioxane (10 mL) was
treated with hexa(tert-butyl)ditin (240 mg, 0.41 mmol) and a catalytic
amount of tetrakis(triphenylphosphine)palladium and heated at
reflux under an argon atmosphere in the absence of light for 18 h.
After cooling to room temperature, the mixture was filtered and the
filter washed with ethyl acetate. The combined filtrates were
evaporated under vacuum and purified by chromatotron chroma-
tography (CHCl3/NH3) to afford the title compound (50% yield) as a
yellow oil. 1H NMR ([D6]DMSO): �� 1.81 (m, 9H), 1.04 (m, 6H), 1.28
(m, 7), 1.49 (m, 11H), 2.6 (m, 2H), 2.77 (m, 2H), 3.18 (m, 2H), 3.50 (m,
2H), 6.59 (d, J� 15.78 Hz, 1H), 7.06 (m, 4H), 7.35 (d, J�15.84 Hz, 1H),
7.45 (m, 4H), 8.12 ppm (m, 1H); EI MS: peaks of isotopic distribution


were resolved by using the peak match method; all peaks uniquely
resolved; main peak m/z : 624.3 [M�] ; average m/z : 623.5.


N-(4,4-Di(ethoxy)butyl)naphthalene-2-carboxamide : A mixture of
4-aminobutyldiethyl acetal (16.1 g, 100 mmol) and K2CO3 (27.6 g,
200 mmol) in dry CH2Cl2 (80 mL) was treated with naphthalene-2-
carboxylic acid chloride (19 g, 100 mmol) dissolved in dry CH2Cl2
(40 mL) under basic conditions and stirred for 3 h. After the solvent
was evaporated in vacuo, water (100 mL) was added. The mixture
was vigorously stirred until the entire product precipitated as a
colourless solid in 97% yield. M.p. 65 �C; 1H NMR ([D6]DMSO): ��1.1
(t, J�7.0 Hz, 6H), 1.6 (m, 4H), 3.31 (m, 2H), 3.45 (m, 2H), 3.57 (m, 2H),
4.50 (br s, 1H), 7.58 (m, 2H), 7.98 (m, 4H), 8.43 (s, 1H), 8.61 ppm (t, J�
5.47 Hz, 1H).


N-(4-Oxobutyl)naphthalene-2-carboxamide : Glacial acetic acid
(5 mL) and HCl (2 M, 5 mL) were added to a mixture of N-(4,4-
di(ethoxy)butyl)naphthalene-2-carboxamide (1.26 g, 4 mmol) in
ethanol (10 mL). After stirring at room temperature for 2 h, the
mixture was concentrated in vacuo, water was added and the
product extracted into CH2Cl2 . The organic layers were treated with
brine, dried over Na2SO4 and evaporated to dryness to afford the title
compound (90% yield) as a colourless oil. The product was used
straightaway in following reactions without further purification.


Coupling of 2-(4-bromobutyl)isoindole-1,3-dione with secondary
amines (57, 60 and 61): The appropriate secondary amine
(2.7 mmol) was dissolved in dimethylformamide. 2-(4-Bromobutyl)-
isoindole-1,3-dione (762 mg, 2.7 mmol) and K2CO3 (746 mg,
5.4 mmol) were added and the mixture was heated at reflux for
2 h. The hot suspension was filtered and the residue was washed
with acetone. The filtrate was evaporated to dryness and purified by
column chromatography (CH2Cl2 , 10% MeOH) to afford the product
as a colourless oil in 56 ± 70% yield.


Cleavage of phthalimide protecting group (preparation of 34):[33]


Phthalimide 57 (2.7 g, 8 mmol) was dissolved in methanol (50 mL),
hydrazine hydrate (0.5 g, 10 mmol) was added and the solution was
heated to reflux. After 2 h, HCl (6 M, 5 mL) was added to the hot
solution and the heating at reflux was continued for 1 h more. After
cooling down to room temperature the mixture was filtered, the
residue was washed with cold methanol and the volatiles were
evaporated under vacuum. The product was purified by column
chromatography (CHCl3, 1% MeOH/NH3) to give the title compound
as a slightly yellow oil in 86% yield.


2,3,4,5-Tetrahydrobenzo[c]azepine derivatives


2,3,4,5-Tetrahydro-1H-benzo[c]azepan-1-one :[26] Sodium azide (2.6 g,
40 mmol) was added to a stirred solution of �-tetralone (2.9 g,
20 mmol) in ice-cooled concentrated HCl (50 mL). The mixture was
allowed to warm to room temperature and stirring was continued
overnight. After completion of the reaction, the mixture was poured
onto ice. Basic pH was accomplished by addition of K2CO3. The
mixture was extracted with CH2Cl2 and the combined organic layers
were dried over Na2SO4 and concentrated in vacuo. The crude
product obtained was purified by chromatotron chromatography
(petroleum ether (PE)/CH2Cl2 1:1) to afford the title compound (84%
yield) as a slightly yellow oil. 1H NMR ([D6]DMSO): �� 1.88 (m, 2H),
2.74 (t, J� 7.1 Hz, 1H), 2.90 (q, J�6.3 Hz, 2H), 7.25 (d, J� 7.4 Hz, 1H),
7.33 (t, J�7.5 Hz, 1H), 7.41 (t, J� 7.4 Hz, 1H), 7.50 (d, J� 7.5 Hz, 1H),
8.01 ppm (s, 1H); EI MS: m/z : 161.20 [M�] ; elemental analysis: see
Supporting Information.


2,3,4,5-Tetrahydro-5-methylbenzo[c]azepan-1-one : The title com-
pound was prepared in 77% yield from 3,4-dihydro-4-methylnaph-
thalen-1-one (3.2 g, 20 mmol) by using the method described for
2,3,4,5-tetrahydrobenzo[c]azepan-1-one.







H. Stark et al.


516 ¹ 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chembiochem.org ChemBioChem 2004, 5, 508 ±518


2,3,4,5-Tetrahydro-1H-benzo[c]azepine (67): A solution of the benza-
zepanone (2.4 g, 15 mmol) in dry THF (25 mL) was added to an ice-
cooled, stirred suspension of lithium aluminium hydride (LiAlH4, 2 g,
52.5 mmol) in dry THF (70 mL). The mixture was stirred at room
temperature for 30 min and then heated at reflux for 2 h. Remaining
LiAlH4 was hydrolysed with H2O under ice cooling and separated by
filtration. The product was extracted with ether and the solvent was
removed in vacuo. Purification was accomplished by column
chromatography (CH2Cl2 , MeOH/NH3 9:1) to afford the title com-
pound (45% yield) as a yellow oil. 1H NMR ([D6]DMSO): ��1.61 (t,
J�4.5 Hz, 2H), 2.86 (t, J �5.1 Hz, 2H), 3.02, (t, J�5.0 Hz, 1H), 3.78 (s,
2H), 7.11 ppm (m, 4H); EI MS: m/z : 147.22 [M�] ; elemental analysis:
see Supporting Information.


2,3,4,5-Tetrahydro-5-methyl-1H-benzo[c]azepine (68): The title com-
pound was prepared in 39% yield from 2,3,4,5-tetrahydro-5-meth-
ylbenzo[c]azepan-1-one (2.6 g, 15 mmol) by using the method
described for 67.


2-Bromo-N-(2-methoxybenzyl)acetamide : A solution of 2-bromo-
acteyl bromide (8.9 g, 44 mmol) in dry CH2Cl2 (40 mL) was added
dropwise to stirred mixture of 2-methoxybenzylamine (6 g, 44 mmol)
and triethylamine (4.45 g, 44 mmol) in dry CH2Cl2 (80 mL) and the
stirring was continued for 1 h. Solids were removed by filtration. The
volatiles were evaporated under vacuum to afford the title
compound (95% yield) as an orange solid, which was used in the
next step without further purification. 1H NMR (CDCl3): ��3.85 (s,
2H), 3.90 (s, 3H), 4.46 (d, J� 5.88 Hz, 2H), 6.90 (m, 2H), 7.10 (m, 1H),
7.30 ppm (m, 2H).


2-Bromo-N-(2-hydroxybenzyl)acetamide : A solution of 2-bromo-N-
(2-methoxybenzyl)acetamide (5.16 g, 20 mmol) in dry CH2Cl2
(100 mL) was cooled to �78 �C. A solution of BBr3 in CH2Cl2 (1 M,
20 mL, 20 mmol) was added dropwise at a temperature maintained
below �70 �C. The solution was allowed to warm to room temper-
ature and was stirred for 24 h. To quench the reaction, the solution
was again cooled down to �78 �C and dry methanol (20 mL) was
added. The mixture was then allowed to warm up to room
temperature, the volatiles were evaporated in vacuo and the oily
residue was purified by column chromatography (MeOH/ CH2Cl2 9:1)
to afford the title compound (88% yield). 1H NMR (CDCl3): �� 3.88 (s,
2H), 4.37 (d, J� 6.54 Hz, 2H), 6.90 (m, 2H), 7.23 (m, 2H), 7.32 ppm
(br s, 1H).


2,4-Dihydro-1H-benzo[f][1,4]oxazepin-3-one :[34] A mixture of
2-bromo-N-(2-hydroxybenzyl)acetamide (4.86 g, 20 mmol) and
K2CO3 (5.5 g, 40 mmol) in dry acetonitrile (80 mL) was stirred at
60 �C for 48 h. Solids were separated by filtration and the mixture was
dried under vacuum. The residue was partitioned between CH2Cl2
and water. Evaporation of the organic layer yielded the pure product
(60% yield). 1H NMR (CDCl3): �� 4.37 (s, 2H), 4.68 (s, 2H), 7.16 (m,
2H), 7.22 (m, 1H), 7.28 ppm (m, 1H).


1,2,3,4-Tetrahydrobenzo[f][1,4]oxazepine :[35] A solution of 2,4-di-
hydro-1H-benzo[f][1,4]oxazepan-3-one (1.62 g, 10 mmol) in dry THF
(10 mL) was added dropwise to a suspension of LiAlH4 (1.4 g,
37 mmol) in dry THF (20 mL). The mixture was heated at reflux for
12 h. Remaining LiAlH4 was hydrolysed with water under ice cooling
and separated by filtration. The product was extracted with ether
and the solvent was removed in vacuo. Purification of the residue by
column chromatography (CH2Cl2 , MeOH/NH3 9:1) afforded the title
compound (54% yield) as a dark yellow oil. 1H NMR (CDCl3): ��3.10
(t, J� 4.29 Hz, 2H), 3.84 (s, 2H), 3.93 (m, 2H), 6.96 (m, 2H), 7.08 ppm
(m, 2H).


2-Phenylpiperidine :[36] Platinum oxide (PtO2, 0.9 g, 4 mmol) was
added to a solution of 2-phenylpyridine (9.9 g, 6.4 mmol) in
methanol (30 mL) and glacial acetic acid (5 mL) and the mixture


was hydrogenated at 10 bar for 62 h. The solution was separated
from the solids by filtration and then evaporated in vacuo. On
addition of diethyl ether, inorganic salts were precipitated and
separated. After evaporation, remaining traces of phenylpyridine
were removed by trituration with hexane to afford the title
compound (80% yield) as a yellow oil.


4,5,6,7-Tetrahydrothieno[3,2-c]pyridine :[28] 2-Thien-2-ylethanam-
ine (0.64 g, 5 mmol) was dissolved in propan-2-ol (10 mL) and HCl
(1 M, 0.6 mL). After the addition of formaldehyde diethyl acetal
(0.83 g, 8 mmol), the mixture was heated at reflux for 2.5 h.
Precipitation from the hot solution was completed in an ice bath
to afford the product (84% yield) as colourless crystals. M.p. 218 �C;
1H NMR ([D6]DMSO): �� 3.04 (t, J�5.9 Hz, 2H), 3.42 (t, J� 6.0 Hz,
2H), 4.16 (s, 2H), 6.93 (d, J� 5.2 Hz, 1H), 7.45 ppm (d, J�5.2 Hz, 1H);
EI MS: m/z : 139 [M�] ; elemental analysis: see Supporting Informa-
tion.


4,5,6,7-Tetrahydro-3H-imidazo[4,5][c]pyridine :[27] Histamine dihy-
drochloride (0.74 g, 5 mmol) was dissolved in HCl (0.01 M, 40 mL).
After the addition of formaldehyde diethyl acetal (0.52 g, 5 mmol),
the mixture was heated at reflux overnight. More formaldehyde
diethyl acetal (0.21 g, 2 mmol) was added and reflux was continued
for 6 h to complete the reaction. The mixture was evaporated to
dryness. The solid obtained was stirred in ethanol overnight to give
pure product (96% yield) as colourless crystals. M.p. 270.0 �C; 1H NMR
([D6]DMSO): �� 2.96 (t, J�5.5 Hz, 2H), 3.41 (t, J�5.8 Hz, 2H), 4.27 (s,
2H), 9.01 (s, 1H), 10.14 (br s, 2H), 13.22 ± 15.67 ppm (br, 1H); EI MS:
m/z : 123 [M�] ; elemental analysis: see Supporting Information.


4,5,6,7-Tetrahydrothiazolo[5,4-c]pyridin-2-amine :[30] An ice-cooled
solution of 4-piperidone hydrate hydrochloride (1.5 g,10 mmol) in
aqueous HBr (48%, 10 mL) was treated dropwise with bromine (1.6 g,
10 mmol). The mixture was stirred for 30 min, after which unreacted
bromine was evaporated under vacuum. The remaining mixture of
crystals and liquid was treated with thiourea (0.76 g, 10 mmol) and
stirred for 1 h at reflux. After cooling down, the precipitated crystals
were separated by filtration. On concentration of the filtrate, further
product could be isolated to afford the title compound in 80% total
yield.


1,2,3,4-Tetrahydro-7-nitroisoquinoline :[24] 1,2,3,4-Tetrahydroisoqui-
noline (1.33 g, 10 mmol) was dissolved in sulfuric acid (5 N, 2 mL) and
then evaporated to dryness to afford a solid residue. This sulfate was
added to a solution of potassium nitrate (1.26 g, 12.5 mmol) in
sulfuric acid under ice cooling and stirred for 12 h at room
temperature. The mixture was poured onto cooled aqueous
ammonia and neutralised. The product was extracted with CH2Cl2
and the organic layers were treated with brine. Evaporation of the
volatiles afforded a yellow oil, which was crystallised as the
hydrochloride salt from ethanol/diethyl ether to give the title
compound in 72% yield.


1,2,3,4-Tetrahydrochromeno[3,4-c]pyridin-5-one :[37] Water (3 mL)
and concentrated sulfuric acid (12 mL) were added to a well-stirred
mixture of phenol (4.34 g, 45 mmol) and ethyl-4-oxopiperidin-3-
carboxylate (2.56 g, 15 mmol) under cooling conditions. After 3 h of
stirring, the mixture was heated to 50 �C for 4 h and stirred for 10 h at
room temperature. To complete the reaction, phenol (4.34 g,
45 mmol) was added and the mixture was heated to 60 �C for 8 h.
The precipitated solids were separated by filtration, and the aqueous
filtrate was adjusted to pH 10 by the addition of NaOH and then
extracted with CHCl3. The organic layers were dried over Na2SO4 and
evaporated to dryness. The remaining colourless crystals of the title
compound (16% yield) were used in the next step without further
purification.
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1-Substituted 1,2,3,4-tetrahydroisoqinolines


N-(2-Phenylethyl)benzamide :[38] Phenethylamine (6.0 g, 50 mmol) was
dissolved in KOH (2 N, 50 mL) and benzoyl chloride (8.43 g, 60 mmol)
was added dropwise. The amide precipitated as a colourless solid
and was separated from the solvent by filtration. The solid was
washed with water until the filtrate was neutral. Recrystallisation
from ethanol led to colourless crystals of the title compound (73%
yield), which were used in the following step without further
purification. 1H NMR ([D6]DMSO): �� 2.82 (t, J�7.8 Hz, 2H), 3.47 (m,
2H), 7.23 (m, 5H), 7.47 (m, 3H), 7.79 (m, 2H), 8.56 ppm (t, J� 5.2 Hz,
1H).


3,4-Dihydro-1-phenylisoquinoline (Bischler ±Napieralski cyclisation):[25]


N-(2-Phenylethyl)benzamide (4.5 g, 20 mmol) was treated with zinc
chloride (70 g, 70 mmol) and POCl3 (21.5 g, 140 mmol) in toluene
(50 mL) and heated at reflux for 8 h. The mixture was hydrolysed with
NaOH (2 M) under ice cooling. The organic layer was separated and
the aqueous phase was extracted three times with ether. The organic
layers were evaporated to dryness to afford the title compound (52%
yield) as a yellow oil, which was used in the next step without further
purification. 1H NMR ([D6]DMSO): ��2.72 (t, J�7.5 Hz, 2H), 3.70 (t,
J�7.2 Hz, 2H), 7.12 (d, J� 7.6 Hz, 1H), 7.31 (m, 3H), 7.43 (m, 3H),
7.52 ppm (m, 2H).


1,2,3,4-Tetrahydro-1-phenylisoquinoline (63): 3,4-Dihydro-1-phenyliso-
quinoline (0.68 g, 3 mmol) was suspended in THF (10 mL) and added
dropwise to NaBH4 (0.45 g, 12 mmol) in THF (10 mL). The mixture was
stirred for 30 min and heated at reflux for 1 h. After hydrolysis with
water, the reaction mixture was extracted with THF. The organic layer
was washed with brine, dried over Na2SO4 and evaporated to
dryness. The product crystallised spontaneously in 60% yield. 1H NMR
([D6]DMSO): ��2.72 (m, 1H), 2.91 (m, 1H), 3.10 (m, 1H), 4.98 (s, 1H),
6.64 (d, J�7.7 Hz, 1H), 7.00 (t, J �6.2 Hz, 1H), 7.10 (m, 2H), 7.27 ppm
(m, 5H).


Pharmacology


Binding studies : Human D2L and D3 receptors were expressed in stably
transfected Chinese hamster ovary (CHO) cells.[9, 37] In brief, these cell
lines were cultured in Dulbecco's Modified Eagle Medium supple-
ment in 10% foetal calf serum in an atmosphere of 5% CO2. Cells
were harvested from culture dishes in the presence of 0.2% trypsin,
centrifuged at 2000g for 5 min and homogenised in 10 mM Tris-HCl,
pH 7.4, containing 5 mM MgCl2 by using a Polytron. The homogenate
was centrifuged at 20000g for 15 min at 4 �C and the pellet was
resuspended by sonication in 50 mM Tris-HCl, pH 7.4, containing:
NaCl, 120 mM; KCl, 5 mM; CaCl2 , 2 mM and MgCl2, 8 mM incubation
buffer. Membranes were used either immediately or after storage at
�70 �C. Membranes (200 �L) diluted in incubation buffer supple-
mented with 0.2% bovine serum albumin were added to polystyrene
tubes containing 0.1 nM [125I]iodosulpiride and drug diluted in
incubation buffer (100 �L). Nonspecific binding was determined in
the presence of 1 �M enomapride. Incubations were run at 30 �C for
30 min. Reactions were stopped by vacuum filtration through
Whatman GF/B glass-fibre filters coated in 0.3% polyethylenimine
with automated cell harvester (Brandel ± Beckman, Gaithersburg,
MD/USA). Filters were rinsed three times with ice-cold incubation
buffer (5 mL) and counted by liquid scintillation in 5 mL of ACS II
(Amersham). Ki values were calculated from IC50 values according to
the Cheng ± Prusoff equation from at least three separate experi-
ments and expressed as mean� standard error of the mean (SEM).[39]


Functional receptor tests : NG 108-15 cells expressing the human D3


receptor were cultured in Dulbecco's Modified Eagle Medium
supplemented in 10% foetal calf serum in an atmosphere of 5%
CO2 and plated in collagen-coated 96-well plates. After a 24 h culture
time, cells were washed twice with culture medium without foetal


calf serum and incubated for 16 h with 1 �M forskoline and quinpirole
in increasing concentrations, in the absence or presence of
compounds at 1.5, 3, 30 or 300 nM. Then, [3H]thymidine (1 �Ci per
well) was added for 2 h and cells were harvested by vacuum filtration
through Whatman GF/C glass-fibre filters by using an automated cell
harvester. The filters were rinsed 15 times with 200 �L of phosphate-
buffered saline. Radioactivity was counted by liquid scintigraphy in
5 mL of ACS (Amersham).
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Synthesis of Metal-Carbonyl±Dendrimer±
Antibody Immunoconjugates: Towards a New
Format for Carbonyl Metallo Immunoassay
Nathalie Fischer-Durand,[a] Michõle Salmain,[a] Bogna Rudolf,[b]


Anne Vessiõres,*[a] Janusz Zakrzewski,[b] and Gÿrard Jaouen[a]


Introduction


Bioorganometallic chemistry is emerging as an independent
research field.[1±7] This type of chemistry concerns biologically
significant species containing at least one direct metal±carbon
(M�C) bond. Development in this field has led to the discovery
of new potential therapeutics.[8±10]A recent review described
the important biological role played by CO in mammals.[11] CO
gas, for instance, has physiological properties such as antiin-
flammatory effects, and metal carbonyl complexes such as
[Ru(CO)3Cl(glycinate)] show promise as CO-releasing molecules
for use in medical applications, particularly those dealing with
the cardiovascular system.


In the analytical research field, metal carbonyl complexes
have been linked to bioactive flavonoids to allow the study of
flavonoid±protein interactions in molecular signaling events by
Fourier transform infrared (FTIR) spectroscopy.[12] Herein, we
describe the application of metal carbonyl complexes in the
field of immunoanalysis, where they are used as infrared
probes for quantification of molecules present at trace level.


A decade ago, we designed a nonisotopic immunoanalytical
method named carbonyl metallo immunoassay (CMIA). The
technique involves quantification of compounds containing
transition metal carbonyl labels, which can be detected by
FTIR spectroscopy. The CMIA method was initially developed
for the quantification of antiepileptic drugs.[13] A metal carbon-
yl probe (alkyne-(Co)2(CO)6, CpMn(CO)3, PhCr(CO)3, or CpFe(-
CO)(L) ; L= ligand)[14] was chemically attached to the hapten to
form a tracer. This tracer competed with the analyte for specif-
ic antibody binding in a liquid-phase immunoassay. The re-
maining free tracer was extracted with an organic solvent and
quantified by FTIR spectroscopy. This approach takes advan-
tage of the specific and intense absorption bands of the metal
carbonyl label in the mid-infrared spectral range


(1800±2200 cm�1), where few others vibrators absorb. The
assay format is well suited to therapeutic drug monitoring but
is not sensitive enough to detect pesticides such as chlortolur-
on[15] and atrazine[16] in environmental matrices, compounds
for which the maximum admissible concentration is set at
0.1 mgL�1 by European guidelines. The low sensitivity of the
technique is caused by the lack of signal amplification during
the course of the experiment. In contrast, conventional tech-
niques such as HPLC and GC, which use sample pretreat-
ment,[17±19] or immunoassays like ELISA, which use an enzyme
as a label, involve signal amplification.[20] Consequently, it
seemed necessary to modify the CMIA format to improve the
sensitivity of the method by increasing the intensity of the IR
signal.


The intensity of the FTIR signal is proportional to the quanti-
ty of metal carbonyl units present in the analyzed sample.[21]


Therefore, the only way to increase the signal is through metal
carbonyl multilabeling of one of the protagonists of the assay,
that is, the hapten or the antibody. Haptens such as pesticides
or drugs are small molecules so multilabeling of these com-
pounds would be detrimental to antibody±hapten recognition
efficacy. Therefore, the antibody macromolecule, which be-
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We report the preparation of metal-carbonyl±dendrimer±anti-
body conjugates. These metal-carbonyl-multilabeled antibodies
are designed to be used in a new solid-phase-format carbonyl
metallo immunoassay (CMIA). A fourth-generation polyamidoa-
mine dendrimer was labeled with 10±25 (h5-cyclopentadienyl)iron
dicarbonyl (h1-N-succinimidyl) entities. An antibody was chemi-
cally modified at its carbohydrate chains by a site-directed pro-
cess used to preserve the antigen±antibody binding site. The anti-
body was then coupled with the dendrimer labeled with 10 metal


carbonyl groups. An average of 1.4 labeled dendrimers were
grafted per antibody molecule. These metal-carbonyl±dendrimer±
antibody conjugates were used as new universal detection re-
agents that recognize their specific antigens. The antigens were
spotted onto nitrocellulose membranes and detected by using
the conjugates in combination with Fourier transform infrared
spectroscopy. A detection level in the range 5±200 pmol per
membrane was achieved. This approach opens the way to a new
CMIA format.
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longs to the immunoglobulin G (IgG) family and has a molecu-
lar weight of around 150 KDa, seems the protagonist of choice
for metal carbonyl multilabeling. We have shown previously
that random multilabeling of monoclonal IgG by treatment
with N-succinimidyl esters of organometallic complexes[22,23] is
not a reliable way of multilabeling as it sometimes leads to
complete loss of hapten recognition. This problem is probably
the result of coupling of some metal carbonyl units at the hap-
ten±antibody binding site.[24] In the late 1980s, Diamandis
achieved fluorescence signal amplification by preparing carrier
proteins labeled with a large number of europium chelators.
These multilabeled proteins were used as detection reagents
and were linked to antibodies either directly[25] or through the
avidin±biotin system[26] in an effort to design fluorometric im-
munoassays for biological compounds. More recently, this
group has designed a new detection reagent in which the car-
rier protein is replaced by polyvinylamine.[27]


Starburst polyamidoamine (PAMAM) dendrimers are well-de-
fined polymers[28] with a high number of terminal primary
amine groups that have found promising biomedical applica-
tions in the last decade. For example, these polymers have
been used as carrier molecules to increase the specific activity
of radiolabeled antibodies for targeted drug therapy and diag-
nosis.[29±34] It has also been shown that immunoclusters com-
posed of antibody±dendrimer±fluorescein conjugates com-
plexed with antigens provide an amplified fluorescent signal.[35]


These results prompted us to use the fourth-generation (G4)
PAMAM dendrimer as a carrier of a large number of metal car-
bonyl complexes for site-directed conjugation to an antibody.
We took advantage of the carbohydrate moieties located in
the crystallizable fragment (Fc) of every IgG molecule, which
can be oxidized to aldehyde groups and then used to perform
reductive amination of the antibody with several dendrimers.
This process led to a multilabeled antibody. Specific chemical
modifications at the carbohydrate sites are well known to have
no effect on the remote antibody±antigen binding site integri-
ty.[36]


We labeled the dendrimer PAMAM G4 with the iron carbonyl
complex (h5-cyclopentadienyl)Fe(CO)2(h


1-N-maleimide), com-
monly named Fp-maleimide, and successfully conjugated the
labeled molecule to goat antirabbit IgG. Preliminary immuno-
logical assays on nitrocellulose membranes were run by using
this new universal metal-carbonyl±dendrimer±antibody detec-
tion reagent and FTIR detection.


Results and Discussion


The new format we propose for CMIA is a solid-phase competi-
tive immunoassay (Figure 1). The assay involves a biocompati-
ble solid support that is able to bind the antigen or the
hapten and is compatible with IR detection by transmission or
reflection. Two labeling strategies can be considered: metal
carbonyl probes can be attached either to the primary rabbit
antihapten antibody for direct detection of the immobilized
hapten (Figure 1A), or to the secondary goat antirabbit anti-
body used to detect the first hapten±antibody interaction (Fig-


ure 1B). The second strategy is preferable because multilabel-
ing of the goat antirabbit antibody opens the way towards a
new class of universal detection reagents for use in immunoas-
says involving primary antibodies produced in rabbits. We de-
cided to use the PAMAM G4 dendrimer as a carrier of multiple
metal carbonyl labels because this commercially available com-
pound is water soluble and has 64 surface primary amino
groups available for nucleophilic reaction with transition-metal
carbonyl reagents and oriented attachment to the glycosylated
moieties of an antibody. This polymer, with a calculated molec-
ular weight of 14215, is also well suited to the purification
techniques generally used for biomolecules, that is, dialysis, ul-
trafiltration, and size-exclusion chromatography.


Preparation of organometallic dendrimers


Controlled labeling of the amine groups on the surface of the
dendrimer (Scheme 1A) was achieved by treating PAMAM G4
in methanol with Fp-maleimide prepared as described previ-
ously.[37] Initial Fp-maleimide/G4 ratios varying from 24 to 47
were tried and reactions were run at room temperature
(Table 1). When 32 molar equivalent or less Fp-malemide was
used (i.e. no more than half as many Fp-malemide units as sur-
face amine groups on the dendrimer), only about 10 amino
groups were labeled per dendrimer molecule, even with a pro-


Figure 1. The new solid-phase CMIA: Metal carbonyl multilabeling of the pri-
mary antipesticide antibody (A) or the secondary antibody (B). The metal car-
bonyl probes bound to the surface of the antibody are quantified by FTIR spec-
troscopy. Hapten: the molecule to be tested
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longed reaction time (entries 1 and 2). The number of Fp
labels attached was increased to 25 solely by increasing the in-
itial Fp-maleimide/G4 ratio to 47 (entry 3). Experiments per-
formed at 37 8C did not have improved labeling efficiency
(data not shown). The labeled dendrimers bearing n Fp groups
(G4-Fpn) were coarsely purified by lipophilic gel-permeation
chromatography on Sephadex LH-20 in methanol to separate
G4-Fpn from unreacted Fp-maleimide. This purification step
was followed by aqueous gel-filtration chromatography on Su-
perdex 200 in phosphate buffer at pH 7.2. PAMAM dendrimers
behave as if they were heavier than globular proteins of the
same molecular weight, as has been described for PAMAM G5
dendrimers.[38] For example, myoglobin has a molecular weight
of 17000 and eluted at 17.5 mL, whereas PAMAM G4, which


has a lower molecular weight (14215), eluted earlier (16 mL).
The typical chromatographic profile of G4-Fpn shown in
Figure 2 indicates that a heterogeneous mixture of organome-
tallic dendrimers was produced under our reaction conditions:
the elution profile contains one broad peak (13.9 mL) corre-
sponding to heavy compounds, and one sharp peak (16.1 mL)
corresponding to lighter labeled dendrimers. The broad peak
was not suited to our purpose because its elution volume is
too close to that of IgG (11.5 mL) and we planned to use the
same gel-filtration column to separate IgG-(G4-Fpn)x from
excess G4-Fpn in the next purification step. So we chose to
work with the lighter fraction for conjugation of the dendrim-
ers with goat antirabbit IgG. This fraction of organometallic
dendrimer (G4-Fpn) was characterized by FTIR and UV/Vis spec-
troscopy. The IR spectrum of a dried spot of G4-Fpn on a nitro-
cellulose membrane showed two intense bands at ñCO=2000
and 2049 cm�1, which are characteristic of the Fp group. The
number of Fp groups bound per dendrimer molecule was de-
termined by spectrophotometric measurements. The Fp con-
centration in the sample was calculated by taking a direct
reading of the absorbance at 370 nm (eFp=600m�1 cm�1), and
the concentration of residual primary amino groups was deter-
mined by using two colorimetric assays: the trinitrobenzene
sulfonic acid (TNBS) assay[39] and a modified version of the nin-
hydrine assay.[40] The dendrimer labeled with 10 Fp units per
G4 (G4-Fp10) was chosen for studying the conditions required
for coupling with secondary antibodies.


Coupling of goat antirabbit IgG with labeled dendrimers:
Preparation of IgG-(G4-Fpn)x


Labeled dendrimer G4-Fp10 was coupled to antirabbit antibody
(IgG) as shown in Scheme 1B: Carbohydrate moieties located
in the Fc region of the IgG molecule were oxidized by treat-
ment with NaIO4 to give IgG(CHO)n. Wolfe et al.[41] have shown
that the number of oxidized sites generated by NaIO4 is pH de-
pendent and varies between 1 at pH 7 and 8 at pH 3, with a
strong effect between pH 4 (4 sites) and pH 3 (8 sites). Another
important factor is the concentration of the oxidizing reagent.
The same authors recommend the use of 5±10 mm periodate
to avoid overoxidation and precipitation. Whatever conditions
we used, aldehyde groups were produced during the first 30±
60 minutes. Reductive amination of the antibody was then per-
formed by treatment with the labeled dendrimer in the pres-
ence of NaBH3CN as a reducing agent. In the literature, this
step is commonly run at a pH value above 9 but degradation
of PAMAM dendrimers has been observed at pH 9,[42] which
precluded use of these conditions. In light of these facts, we
tried three combinations of pH value: pH 4.3 for oxidation and
8 for reductive amination, or pH 3.6 for oxidation and 8 or 7.2
for reductive amination. These trials were compared to a
fourth experiment in which both oxidation and reductive
amination were performed at physiological pH.


An antirabbit IgG solution in buffer at pH 3.6 or 4.3 was oxi-
dized by treatment with NaIO4 (10 mm) for 1 h at room tem-
perature in the dark. The resulting IgG(CHO)n was quickly sepa-


Scheme 1. Synthetic route to labeled PAMAM G4 dendrimer and the IgG conju-
gate. a) MeOH; b) NaIO4 (see Table 2) ; c) G4-Fpn (7 equiv), NaBH3CN.


Table 1. Synthesis of metal-carbonyl-labeled dendrimers containing Fp-
maleinimide.


Fp-maleimide/G4 Reaction Number of Fp units
initial ratio time [h] per G4 molecule


1 32 18 10
2 24 72 11
3 47 72 25


Figure 2. Elution profile of G4-Fpn passed through a 25 mL Superdex 200
column at 0.4 mLmin�1.
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rated from the oxidizing reagent by gel filtration with concom-
itant buffer exchange and was allowed to react with G4-Fp10 in
phosphate buffer at pH 7.2 or 8 at room temperature for 1 h.
NaBH3CN was then added to reduce intermediate imines to
stable secondary amines. At the end of the reaction time, etha-
nolamine was added to block reaction of the remaining free al-
dehyde groups. The crude immunoconjugate was purified by
size-exclusion chromatography on a Superdex 200 column. A


typical chromatographic profile is shown in Figure 3. Heavy
compounds corresponding to the expected conjugates eluted
between 8 and 13 mL. Fractions that eluted between 8.4 and
12.1 mL were pooled and concentrated. The G4-Fp10/IgG ratio
was determined by taking absorbance readings at 365 and
280 nm. Standard curves obtained by plotting A365 and A280


versus concentration of G4-Fp10 were used to determine both
the concentration of G4-Fp10 bound to IgG and its contribution
to the absorbance at 280 nm. This G4-Fp10 contribution was
subtracted from the total absorbance at 280 nm to obtain the


IgG concentration (A280=1.4 for 1 mgmL�1 IgG solution). The
results are summarized in Table 2. Oxidation at pH 4.3 (fol-
lowed by reductive amination at pH 8) led to attachment of
0.9 G4-Fp10 units per IgG molecule. Oxidation at pH 3.6 (and re-
ductive amination at pH 8) increased this value to 1.4 G4-Fp10


per IgG molecule. When the experiment was run at pH 7.2 for
both oxidation and coupling, 0.6 G4-Fp10 units were attached
per IgG. The best pH combination (oxidation at pH 3.6 and re-


ductive amination at pH 8) was applied to conjugate the
highly labeled dendrimer G4-Fp25 with IgG. The dendrimer/IgG
ratio dropped abruptly to 0.5 with this change in labeling,
which suggests that the steric hindrance generated by the
presence of a high number of Fp residues prevents efficient
coupling of IgG to the remaining free amine groups of the la-
beled dendrimer. Such poor conjugation between highly func-
tionalized dendrimers and an enzyme has already been ob-
served.[43] This result can be rationalized by looking carefully at
the topology of the reaction protagonists. PAMAM G4 is spher-
ical and has a theoretical diameter of 4.5 nm.[28] This value be-
comes even greater when Fp groups are grafted onto the sur-
face of the molecule. The crystal structure of an intact IgG
shows that the two heavy chains of the Fc region are folded
and form a hollow ring with carbohydrate moieties inside.[44]


The external diameter of this region is about 6.5 nm so access
to generated aldehydes is restricted. Consequently, one can
anticipate that no more than two PAMAM G4 dendrimers, one
on each side of the hollow ring, can be linked to one IgG mol-
ecule through the glycosylated residues.


IR analysis of IgG-(G4-Fpn)x on a nitrocellulose membrane
gave a spectrum containing the two ñCO bands at 2052 and
2000 cm�1 characteristic of the Fp group, which confirms the
presence of the metal carbonyl units on the antibody mole-
cule.


Immunoreactivity of the labeled antibodies IgG-(G4-Fpn)x


The next step was to check the effect of the presence of such
bulky substituents on the immunoreactivity of these labeled


antibodies. An immunological assay was performed on nitro-
cellulose membranes with commercial rabbit IgG as the anti-
gen (Figure 4). This test is the key step for the development of
the new CMIA format and corresponds to the revelation step
shown in Figure 1B since we assume that the first hapten±anti-
hapten antibody interaction at the membrane surface is classi-
cal.


Nitrocellulose was chosen because it is a well-known sup-
port used for protein blotting or transfer and for immunoblot-
ting. Nitrocellulose is transparent in the mid-infrared spectral
range, as shown in Figure 5 (spectrum A), and is both easy to
handle and cheaper than a gold support.


Figure 3. Chromatographic profile of IgG-(G4-Fpn)x obtained through purifica-
tion on a 25 mL Superdex 200 column eluted at 0.4 mLmin�1.


Table 2. Number of G4-Fpn units linked to the IgG molecule when the two-
step reaction was carried out at various pH values.


pHox 4.3 pHox 3.6 pHox 3.6 pHox 7.2
Compound pHamin 8 pHamin 8 pHamin 7.2 pHamin 7.2


G4-Fp10 0.9 1.4 1.1 0.6
G4-Fp25 ± 0.5 ± ±


pHox=pH value in the oxidation step; pHamin=pH value in the amination
step.


Figure 4. The interaction between rabbit IgG and goat antirabbit IgG-(G4-
Fp10)1.4 at a nitrocellulose surface can be detected by FTIR spectroscopy.
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We used a membrane coated with rabbit IgG to demon-
strate the feasibility of our approach. A second membrane was
coated with the same quantity of b-lactoglobulin (b-LG), which
is not recognized by goat antirabbit IgG. This second mem-
brane was used to assess nonspecific interactions with the
support. After drying, the two membranes were incubated
with 4% goat serum to block unoccupied sites and minimize
nonspecific interactions. The membranes were incubated with
Fp-labeled antirabbit IgG solution, washed several times with
phosphate-buffered-saline-Tween, dried, and analyzed by IR
spectroscopy (Figure 5, spectra B and C). The spectrum of the
membrane coated with rabbit IgG (spectrum B) contains the
two ñCO bands characteristic of the Fp label, which indicates
that the Fp-labeled antirabbit IgG bound to the membrane.
The spectrum of the membrane coated with b-LG (spectrum C)
shows very weak bands. The difference between the intensities
of the absorbance peaks at 2052 cm�1 in spectra B and C is
4.46î10�3 a.u. This result clearly demonstrates that specific in-
teractions occurred between the antigen and the labeled anti-
body and that few nonspecific interactions with the membrane
took place.


In a second experiment, decreasing quantities of rabbit IgG
(40±0.1 mg) were spotted onto membranes with concomitant
increasing quantities of b-LG so that the total amount of pro-


tein adsorbed per membrane remained the same (40 mg). Un-
occupied sites on the membranes were blocked with goat
serum. The membranes were then incubated with Fp-labeled
antirabbit IgG, washed, and dried. The absorbance at
2052 cm�1 decreased with decreasing quantity of coated anti-
gen (Figure 6), which demonstrates that this absorbance can
be related to the amount of specific antigen bound to the
membrane. The new reagent enabled the amount of solid-
phase-immobilized rabbit IgG to be measured with a detection
level in the range 5±200 pmol per membrane. To the best of
our knowledge, this is the first example of the use of nitrocel-
lulose membranes for quantitative immunodetection of a
tracer by FTIR spectroscopy. On the basis of this preliminary
result, we can envisage the development of an immunoassay
on a solid support with quantification through FTIR detection.


Conclusion


We have prepared and characterized PAMAM G4-(Fp)n den-
drimers with 10±25 organometallic Fp groups per dendrimer.
The number of Fp groups per molecule is dependent upon the
initial reaction conditions. These labeled dendrimers were suc-
cessfully coupled to oxidized immunoglobulin G. Coupling of
the dendrimer with the fewest labels led to an immunoconju-
gate with 1.4 G4-Fp10 per IgG, whereas use of G4-Fp25 led to at-
tachment of 0.5 G4-Fp25 per IgG. This result suggests that the
size of the G4 dendrimer and the steric hindrance around the
remaining free NH2 groups of the polymer govern the efficacy
of conjugation of this molecule with IgG. Nevertheless, we
have achieved signal amplification since about 14 Fp units
were grafted onto one antibody molecule, compared to the
1:1 ratio achieved with the CMIA format used previously.


Preliminary immunological assays were carried out on nitro-
cellulose membranes, which are cheap, easy to handle, and
transparent in the mid-infrared spectral range. The following
results were obtained:
1) Chemical modification of a goat antirabbit IgG with a bulky


Fp-labeled PAMAM G4 dendrimer did not affect antigen
recognition of the Fp-labeled antibody.


2) Only weak nonspecific interactions between the membrane
and the Fp-labeled antibody molecules were observed.


3) Quantitative detection of the metal carbonyl tracer on ni-
trocellulose was achieved.


The development of a new format for the carbonyl metallo
immunoassay on biocompatible solid supports can now be en-
visioned. This new solid-phase format is solvent free, whereas
the old format uses isopropyl ether and carbon tetrachloride
as solvents.The metal carbonyl dendrimer linked to a second-
ary antibody is a new universal detection reagent that could
be of general interest in the field of immunoanalysis.


Experimental Section


Materials : PAMAM G4 dendrimer was purchased from Aldrich. Fp-
maleinimide was synthesized as described previously.[37] Goat anti-


Figure 5. FTIR spectra of nitrocellulose membranes; detection by transmission.
A) Untreated nitrocellulose membrane. B) Rabbit-IgG-coated membrane incu-
bated with Fp-labeled antirabbit IgG solution. C) b-LG-coated membrane incu-
bated with Fp-labeled antirabbit IgG solution.


Figure 6. Absorbance at 2052 cm�1 (ñCO) of the Fp label (corrected by measure-
ments taken from the blank) versus amount of rabbit IgG on the membrane.
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rabbit IgG (product no. R3128), rabbit IgG (product no. I5006), goat
serum, and b-lactoglobulin were purchased from Sigma. Sephadex
LH20 and Superdex 200 gel-filtration media and a Hi Trap fast-de-
salting ready-to-use column were purchased from Amersham Bio-
sciences. Aqueous solutions of proteins and modified dendrimers
were concentrated by ultrafiltration with a Centricon-10 or Centri-
con-30 device (Millipore±Amicon Bioseparation). Dialysis of crude
IgG±dendrimer±Fp conjugates was performed with a Slide-A-Lyzer
Dialysis Cassette 10000 MWCO (Pierce). Nitrocellulose membranes
(pore size, 0.45 mm) were purchased from Bio-Rad (product no.
162-0117). A peristaltic pump (Minipuls 3, Gilson) was used to
maintain a 0.4 mLmin�1 flow rate during gel-filtration chromatog-
raphy on a Superdex 200 column. UV/Vis spectra were recorded on
a UV/mc2 spectrometer (Safas).


Buffers : NaPB buffer (10 mm, pH 7.2) contained NaH2PO4 (0.2m,
11 mL), Na2HPO4 (0.2m, 39 mL), and NaCl (0.15m) diluted with de-
ionized water (final volume, 1 L). NaPB buffer (10 mm, pH 8.0) con-
tained NaH2PO4 (0.2m, 2.6 mL), Na2HPO4 (0.2m, 47.4 mL), and NaCl
(0.15m) in deionized water (final volume, 1 L). KPB buffer (pH 7.2)
contained KH2PO4 (0.95 g), K2HPO4 (3.2 g), and NaCl (3.8 g) in de-
ionized water (500 mL). Ethanolamine¥HCl (1m, pH 9.6) solution
was produced by adding ethanolamine (300 mL) to deionized
water (5 mL) and adjusting the pH value by addition of concentrat-
ed HCl.


FTIR spectroscopy : FTIR spectra were recorded on a bench-top
spectrometer (Bomem Michelson MB 100 FT) equipped with a
liquid-nitrogen-cooled mercury-cadmium-telluride detector and a
membrane holder (6 mm diameter) positioned perpendicular to
the beam. FTIR data were manipulated on a PC with the WinBomem-
Easy program. Typically, 44 scans were coadded in about 1 min
and the resulting interferogram was apodized with a cosine func-
tion and then Fourier transformed to yield a 4 cm�1 resolution
spectrum. The baseline-corrected absorbances were calculated by
the Quant method included in the program.


Methods : All experiments were conducted in the dark.


Preparation of G4-Fpn conjugates : PAMAM G4 (1.43 mmol, 250 mL) in
methanol (2 mL) was incubated with various amounts of Fp-malei-
nimide under the conditions listed in Table 1. The solution was then
passed through a 16 mL Sephadex LH 20 column. The organome-
tallic dendrimer was eluted with methanol and fractions were con-
centrated under vacuum (not to dryness as this process appeared
to be damaging).[42] NaPB (600 mL, pH 7.2) was immediately added
and the crude product was purified on a 25 mL Superdex200
column in sample volumes of no more than 200 mL. Labeled den-
drimer was eluted with NaPB (pH 7.2) at 0.4 mLmin�1. Fractions
were pooled and concentrated by ultrafiltration. The concentrated
solution of organometallic dendrimer was stored at �20 8C.


Analysis of G4-Fpn conjugates : The concentration of Fp groups
bound to G4 was measured spectroscopically by recording the ab-
sorbance at 370 nm (e370=600m�1 cm�1). The concentration of
dendrimer residual amino groups was assayed by two methods:
the TNBS assay[39] and a modified version of a ninhydrine test de-
scribed by Luo et al.[40] This second assay was carried out as fol-
lows: A calibration curve was constructed for G4 (17 nmolmL�1) in
ethanol. This solution (80±250 mL) was combined with ninhydrine
(750 mL, 0.4 wt% in ethanol) and diluted with ethanol to give a
final volume of 1 mL. These standard solutions where heated at
75 8C in a water bath for 5 min without evaporation and cooled
before dilution with ethanol (1 mL). The UV absorbance at 590 nm
was measured. The G4-Fpn conjugates were assayed at two dilu-
tions in duplicate.


Preparation of IgG-(G4-Fpn)x conjugates : NaIO4 (0.1m) in citric acid
(10 mm, 36 mL) was added to a solution of goat antirabbit IgG
(2.46 mg) in NaPB (200 mL, pH 7.2) and the pH value was adjusted
to 3.6 with citric acid (10 mm, 124 mL). This solution was incubated
for 1 h at RT then quickly purified on a 5 mL Hi Trap fast-desalting
column (NaPB, pH 7.2). Oxidized IgG solution was concentrated on
a Centricon-30 device and transferred into NaPB (240 mL, pH 8.0).
This solution was treated with G4-Fpn (7 molequiv) and the pH
value was adjusted to 8.0 with Na2HPO4 (0.2m). The resulting solu-
tion was incubated for 1 h at RT then NaBH3CN (2.5m) in NaPB
(20 mL, pH 8.0) was added. The incubation was continued for 1 h at
RT, then overnight at 4 8C. Ethanolamine¥HCl (50 mL, pH 9.6) was
added and the solution was incubated for 2 h at RT then dialyzed
against NaPB (pH 7.2) for 24 h at 4 8C. After concentration to 150±
200 mL, the crude solution was passed through a 25 mL Superdex
200 column and compounds were eluted at 0.4 mLmin�1 with
NaPB (pH 7.2).


Determination of the ratio G4-Fpn/IgG : The concentrations of IgG
and G4-Fpn were measured spectroscopically by recording the ab-
sorbance of the sample at 280 and 365 nm, respectively. Standard
curves of absorbance at 365 and 280 nm were plotted as a func-
tion of the quantity of G4-Fpn and used to determine both the
concentration of G4-Fpn bound to IgG and the contribution made
by G4-Fpn to the absorbance at 280 nm. This contribution was sub-
tracted from the total absorbance to obtain the IgG concentration
(A280=1.4 for 1 mgmL�1 solution).


Immunological tests on nitrocellulose membranes : Rabbit IgG solu-
tions (0.1±40 mg IgG) were spotted onto punched nitrocellulose
disks (6 mm diameter) with the amount of b-LG solution necessary
to coat each membrane with the same total amount of protein
(40 mg). Two other membranes were coated with b-LG (40 mg), one
to provide a reference IR spectrum (reference) and the other for
measuring nonspecific interactions (blank). Membranes were air-
dried for 45 min then incubated with blocking buffer (KPB + 4%
goat serum, 500 mL per membrane) for 90 min at RT. Each mem-
brane was then incubated for 2 h at RT with Fp-labeled goat anti-
rabbit IgG (0.8 nmol) in diluted blocking buffer (KPB + 3% goat
serum, 150 mL), except for the reference membrane, which was in-
cubated without antibody. Each membrane was washed three
times with KPB + 0.1% Tween 20 (1 mL per membrane, first a fast
soaking, then two 5±10 min soakings). The washing step ended
with a fast soaking in KPB (1 mL per membrane). The membranes
were air-dried for 2 h before their IR spectra were recorded.
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Selective Inhibition of HIV-1 Reverse
Transcriptase (HIV-1 RT) RNase H by Small RNA
Hairpins and Dumbbells


Rami N. Hannoush,[a, b] Sandra Carriero,[a, c] Kyung-Lyum Min,[a] and
Masad J. Damha*[a]


We present here the design of a novel class of RNA inhibitors of the
RNase H domain of HIV-1 RT, a ribonuclease activity that is essential
for viral replication in vivo. Specifically, we show that small RNA
hairpins and dumbbells can selectively inhibit the RNase H activity
of HIV-1 RT without affecting other cellular RNases H (e.g. , E. coli
and human RNase H). These results suggest that the inhibitors do
not interact with the nucleic acid binding site of RT RNase H, as this
region should be well conserved among the various enzymes. The


most potent inhibitors displayed IC50 values in the 3 ± 8 �M range.
Remarkably, the DNA polymerase activity, an intrinsic property of
HIV RT, was not inhibited by the hairpin and dumbbell aptamers, a
property not previously observed for any nucleic acid aptamer
directed against RT RNase H. The results described here suggest a
noncompetitive binding mechanism, as outlined in the differential
inhibitory characteristics of each of the nucleic acid aptamers
against the bacterial, human, and viral RNase H homologues.


Introduction


Reverse transcriptase (RT) plays a central role in the life cycle of
the human immunodeficiency virus (HIV),[1] and has been a
prominent target in the development of antiviral agents that
suppress HIV.[1±3] Current anti-HIV therapeutics (e.g. , nucleoside
and non-nucleoside reverse transcriptase inhibitors) are directed
against the polymerase activity of HIV-1 reverse transcriptase
(HIV-1 RT). Unfortunately, prolonged clinical use of these com-
pounds gives rise to drug-resistant forms of HIV-RT, prompting
widespread research to generate new anti-HIV-1 RT drugs.


HIV-1 RT has three distinct enzymatic activities : namely, an
RNA-dependent DNA polymerase activity, a DNA-dependent
DNA polymerase activity, and an RNase H activity. The last of
these cleaves the viral RNA strand of a DNA/RNA heteroduplex
intermediate, thereby permitting the viral DNA to be released
and invade the host cell's genetic material. A search for
alternative treatments and more specific antiviral agents has
led to a relatively new class of RT inhibitors termed the
oligonucleotide reverse transcriptase inhibitors (ONRTIs).[4±7]


The pioneering work by Gold and co-workers led to the
discovery of RNA pseudoknots with very potent inhibition
profiles.[6] The RNA ligands were selected from a randomized
pool of RNA molecules by high-affinity binding to the target
protein by the use of SELEX (Systematic Evolution of Ligands by
Exponential Enrichment).[7] These RNA pseudoknots, or ™apta-
mers∫, inhibit HIV polymerase activity at the low nanomolar
range by binding competitively to the primer ± template junc-
tion of the enzyme.[6, 8] In fact, most of the oligonucleotide
inhibitors shown to inhibit RT activity do so by competitively
inhibiting the polymerase function of the enzyme, without
specificity for its RNase H domain.[9±11]


Andreola et al. have described 35-nt aptamers, based on a
G-quartet motif, that inhibit both the RNase H and the DNA
polymerase activities of HIV-1 RT equally well (IC50� 500 nM for
both activities) and therefore show poor discrimination between
these two sub-domains of the multimeric enzyme.[9] The premise
of these aptamers and their selection by SELEX relies upon the
presence of sequences rich in guanosine content that are
capable of forming G-tetrads prior to enzyme interaction and
subsequent inhibition. Other investigators have reported potent
aptamers and some of the selected sequences inhibit HIV-1
activity in human cell culture.[12]


There are several other published examples of HIV-1 RT
inhibitors that block both the DNA polymerase and the RNase H
activities. Among these is N-(4-tert-butylbenzoyl)-2-hydroxy-1-
naphthaldehyde hydrazone (BBNH), studied by Parniak and co-


[a] Dr. R. N. Hannoush, Dr. S. Carriero, Dr. K.-L. Min, Dr. M. J. Damha
Department of Chemistry, Otto Maass Chemistry Building
McGill University, 801 Sherbrooke Street West
Montre¬al, Que¬bec H3A 2K6 (Canada)
Fax: (�1) 514-398-3797
E-mail : masad.damha@mcgill.ca


[b] Dr. R. N. Hannoush
Present address:
Department of Chemistry and Chemical Biology, Harvard University
12 Oxford Street, Cambridge, MA 02138 (USA)


[c] Dr. S. Carriero
Present address:
CTBR BioResearch, 87 Senneville Road
Senneville (Montre¬al), Que¬bec H9X 3R3 (Canada)


Supporting information for this article is available on the WWW under http://
www.chembiochem.org or from the author.







M. J. Damha et al.


528 ¹ 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chembiochem.org ChemBioChem 2004, 5, 527 ± 533


workers.[13] Illimaquinone, a natural product of marine origin,
inhibits the RNase H activity of HIV-1 RT while also hindering the
RNase H functionality of HIV-2 RT, MLV-RT, and Escherichia coli
[14, 15] Most recently, a diketo acid, 4-[5-(benzoylamino)thien-2-yl]-
2,4-dioxobutanoic acid, has been shown to bind the RNase H
domain selectively and to inhibit it with an IC50� 3.2 �M, with
only a modest effect on DNA polymerization (IC50�50 �M).[16]


In pursuit of novel antiviral agents, our laboratory has initiated
the examination of nucleic acid duplexes as inhibitors of
RNase H.[17] Initial investigations revealed that 18 base-pair
RNA/RNA and 2�,5�-RNA/RNA duplexes inhibited RNase H by
competitively suppressing binding of the DNA/RNA substrate to
HIV-1 RT.[17] Although high-affinity binding was observed in vitro,
the bimolecular natures of such complexes make them difficult
to develop into effective therapeutics since they would not
remain in their duplex state following administration. The RNA/
RNA and RNA/2�,5�-RNA duplexes also hindered E. coli RNase H
activity, suggesting that such duplexes may undesirably obstruct
cellular RNase H function. Furthermore, the presence of free
termini makes them exceedingly susceptible to degradation by
ubiquitous cellular nucleases, predominantly of the 3�-exonu-
clease type.[18]


We demonstrate here that small RNA hairpins and dumbbells
can selectively inhibit the RNase H activity of HIV-1 RT without
affecting other cellular RNases H (e.g. , E. coli and human
RNase H). Importantly, we find that these RNA hairpin and
dumbbell duplexes do not disrupt the DNA polymerase activity,
a property not previously observed for any nucleic acid aptamer
directed against RT RNase H.


Results and Discussion


For rapid generation of RNA molecules that are able to inhibit
HIV-1 RNase H activity, we used solid-phase synthesis to prepare
a series of RNA hairpins and dumbbells.[19] Specifically, we used a
combinatorial-type approach, in which solid-support beads are
split during chain assembly to generate a library of structurally
diverse hairpins (see Supporting Information).[20, 21] The RNA
dumbbell 9 was synthesized by chemical ligation by following
slight modifications of recently published procedures.[22] Repre-
sentative hairpin structures are listed in Table 1. These small
RNAs retain specific helical (A- or B-form) conformations and the
hairpins have displayed ample resistance against a variety of
nucleases.[23] Compounds 1, 2, 4, and 6 contain the highly
stabilizing 3�,5�-linked rUUCG tetraloop structure extensively
studied by Tinoco, Varani, and co-workers.[24, 25] The tetraloop
residues in compounds 3 and 7 are connected by 2�,5�-
phosphodiester linkages and collectively fold into a distinct
rigid structure that is unlike the native tetraloop.[26] The nicked
dumbbell 8 exhibited biphasic thermal melting profiles, con-
sistent with the presence of nicked double hairpin structures
with diverse sequence composition. Thermal dissociation of the
ligated dumbbell 9 (and hairpins) displayed a cooperative,
unimolecular transition, indicating that cyclization had been
realized in the case of the dumbbell RNA (Table 1).


A systematic study of the inhibitory properties against HIV-1
RNase H (Figure 1), resulted in the identification of hairpins 1 and
6 among the most potent (Table 1, IC50� 8 ± 26 �M). Substitution
of the RNA tetraloop with a more flexible DNA loop (d-uucg;
hairpin 5) completely abolished activity, suggesting that HIV-1 RT
distinguishes and recognizes the unusually folded and rigid 3�,5�-
rUUCG loop structure[24, 25] as a signal for binding to its substrate.
In fact, base mutations within the loop region (UUCG to UACG)
of the RNA hairpins completely abolished hairpin activity.


Replacement of the native loop structure with a 2�,5�-linked
rUUCG loop leads to inhibitor 3, with an approximately threefold


Table 1. Potency (IC50)[a] and melting temperature (Tm)[b] of hairpin and dumbbell
inhibitors in enzymatic assays.


Code Oligonucleotide[c] IC50 (�M) Tm [�C]


1 R4RR4 25.8 71.8


2 R4RR4 26.2 45.2


3 R4RR4 69.3 68.9


4 D4RD4 � 100 54.6


5 R4DR4 � 100 63.4


6 R6RR6 7.8 n.d.[d]


7 R6RR6 29.7 n.d.[d]


8 nicked dumbbell 40.4 43.0, 76.6


9 ligated dumbbell 3.3 87.0


[a] IC50 values (�1 �M) are the average of 2 ± 3 independent measurements, each of
which was calculated from a plot of the outstanding undegraded 5�-[32P]-RNA
versus the concentration of RNA hairpin or dumbbell oligonucleotide. [b] Tm values
(�0.5 �C) for nicked and ligated dumbbells represent the average of three
successive runs (buffer: 10 mM Na2HPO4, 0.1 mM Na2EDTA, pH 7.0). [c] RNA residues
are represented by capital letters, whereas small letters indicate DNA residues.
Capital underlined letters represent 2�,5�-RNA residues (e.g. UC� 5�-U2�p5�C2�p). The
triangle represents a nicked stem (i.e. , no linkage exists between the neighboring
T residues, resulting in open 5�-OH and 3�-monophosphate ends). [d] n.d.�not
determined.
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decrease in potency in relation to compound 1 (Table 1; IC50�
69 �M), signifying that while the 2�,5�-UUCG loop is well tolerated,
the enzyme attains more favorable interactions with the native
tetraloop structure (see also 6 vs. 7; Table 1). Further evidence
suggesting that HIV RT RNase H interacts with the loop arises
from mutation experiments conducted within the 2�,5�-UUCG
loop. For example, mutation of the 2�,5�-UUCG loop to 2�,5�-
UACG completely abolishes inhibitory activity. This mutation
would be expected to disrupt loop conformation because its
position is central to intraloop tertiary folding.[26]


No decrease in potency was observed upon replacement of
the native 3�,5�-internucleotide linkages in the stem of hairpin 1
with 2�,5�-phosphodiester linkages to produce the correspond-
ing hairpin analogue 2 (Table 1, 1 vs. 2). This is consistent with
the observation that 1 and 2 each display a global A-type helical
arrangement (CD data; not shown), which has been shown to be
the preferred helical geometry for effective RNase H bind-
ing.[17, 27] Consistent with the notion that the activity of these
inhibitors is dependent on helical conformation is the observa-
tion that hairpin 4, in which the stem is a B-form DNA duplex and
the loop is 3�,5�-UUCG, displays no activity (Table 1).


The degree of inhibition appeared to correlate directly with
stem length as well. Specifically, when the stem was composed
of six base pairs (hairpin 6) rather than four base pairs (hairpin 1)
a threefold enhancement in potency was evident (Table 1). This
suggests that longer RNA/RNA duplexes are better accommo-
dated in the RNase H domain of HIV-1 RT. Incorporation of a
second stabilizing loop motif by the creation of a ™double
hairpin∫ (i.e. , ™nicked dumbbell∫ 8) structure did not increase the
inhibitory potency; rather, biological activity was severely
compromised (Table 1; compare 1 to 8). Contrarily, the ligated
dumbbell 9, which also contained two UUCG loop motifs, was
the most potent of all the molecules studied (Table 1, IC50�
3.3 �M and Figure 1a). From these observations, we propose
that HIV-RT requires only one loop structure for ample recog-


nition and binding, but a longer and
uninterrupted stem region is requisite for
grasping and positioning of the substrate
within its binding domain. Regardless, the
second loop motif of the dumbbell may
play an essential role in vivo, by stabilizing
the structure against ever-prominent exo-
nucleases present in the biological milieu.


At a low concentration of inhibitors (i.e. ,
5 �M), neither the nicked form of the dumb-
bell (i.e. , 8) nor the most potent short RNA
hairpin (1) displayed any inhibitory activity
(Figure 2). Conversely, both the longer RNA
hairpin (6) and the ligated RNA dumbbell
(9) effectively inhibited the HIV-1 RT RNa-
se H-mediated degradation of the RNA
strand (Figure 2a). Nonetheless, the activity
of the RNA dumbbell 9 maintained nearly
double the potency of hairpin 6 (Figure 2b).


In an effort to verify the specificity
of HIV-1 RT RNase H inhibition and to


Figure 2. a) Autoradiogram comparing the RNase H inhibitory potency of
hairpin RNAs 6 and 1 with that of nicked (8) and RNA dumbbell (9) at low
inhibitor concentration (5 �M). HIV-1 RT was incubated with a 5�-[32P]-RNA/DNA
heteroduplex substrate (see Experimental) and was supplemented with 5 �M of
cold hairpins, nicked dumbbell, or ligated dumbbell. b) Chart demonstrating the
inhibitory potency of hairpin and dumbbell RNAs at low inhibitor concentration
(5 �M). The % degraded RNA was determined by densitometric quantitation of the
remaining radiolabeled RNA in the autoradiogram (Panel a).


Figure 1. a) Inhibition of HIV-1 RT RNase H (p66/p51 heterodimer) by hairpin (6) and dumbbell aptamer (9).
b) Specificity of inhibition detected by RNA aptamers.
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substantiate the potential use of hairpin and dumbbell
structures as anti-HIV agents, we tested their ability to
inhibit both bacterial and mammalian homologues of
RNase H. The same 5�-[32P]-RNA/DNA heteroduplex that
was used in the inhibition profiles above was utilized in
this assay. Duplexes were incubated with E. coli RNase H
or human RNase H (type II) either in the absence or in the
presence of the hairpin (6) or ligated RNA dumbbell (9)
inhibitors (Figure 1b). RNase H inhibition was monitored
by comparing the amount of undegraded RNA present in
the reaction to that in the absence of any inhibitor.
Neither the RNA hairpin (6) nor the dumbbell (9)
structures had any effect on the bacterial or human
RNase H-mediated degradation of the RNA template
strand, indicating an effect remarkably specific toward
the retroviral RNase H domain (Figure 1b).


In order to exclude the possibility that the RNA
structures were acting as polymerase inhibitors and
indirectly affecting the RNase H function of RT, the
compounds were tested directly against the DNA poly-
merase activity of the enzyme. The effects on both the
RNA-dependent and DNA-dependent polymerase reac-
tions were tested with either a 5�-[32P]-DNA primer/RNA
template or a 5�-[32P]-DNA primer/DNA template complex
(Figure 3). Indeed, the results obtained indicated that
neither the DNA-dependent nor the RNA-dependent DNA
polymerase functionalities of HIV-1 RT was compromised in
the presence of either hairpin (1, 2, 6 ; data not shown), or
nicked and ligated forms of the dumbbells (8, 9 ; Figure 3).
These results indicate that the RNA hairpin and dumbbell
molecules do indeed act as aptamers toward HIV-1 RTand,
most importantly, they inhibit its RNase H functionality
without any consequence on its polymerase activity.


Finally, to confirm that the RNA aptamers were binding
specifically to the RNase H domain of HIV-RT, we con-
ducted a UV crosslinking experiment between the most
potent hairpin (6) or dumbbell (9) and either the HIV-1 RT
heterodimer (p66/p51), containing both the DNA poly-
merase and RNase H domains, or the homodimer (p51/
p51) consisting of only a functional DNA polymerase
domain. The p66 monomeric subunit of HIV-1 RT is
proteolytically processed to form both a p51 and p15
subunit, resulting in an RNase H-deficient product.[28] In
the virion particle, p66 is always found in stable
association with the p51 subunit, and it is this resultant
heterodimeric entity that displays the full functionality of
the HIV-1 reverse transcriptase.[29, 30] By taking advantage
of the natural photoreactivity of the RNA bases at 254 nm,
it may be possible to form a stable, localized complex (i.e. ,
crosslink) between the RNA dumbbell aptamers and the RNase H
domain located in the C-terminal portion of the p66 subunit.
Generally, when a covalent crosslink is formed between an
enzyme and its oligonucleotide substrate, the complex exhibits
an altered and retarded electrophoretic mobility in relation to its
unbound state. In the case of hairpin 6, the oligonucleotide was
radioactively labeled at the 5�-terminus so that a complex could
easily be visualized by autoradiography (Figure 4a, b). However,


in the case of the RNA dumbbell 9, both the 5�- and the 3�-
termini of the molecule are engaged in a circularized structure,
so introduction of a terminal radiolabel was not feasible. In this
case, complex formation was detected by monitoring of the
change in the electrophoretic mobility of the protein subunits
themselves on a denaturing SDS gel, followed by staining of the
protein complex (Figure 5). The results clearly demonstrate that
the hairpin or ligated RNA dumbbell do not form a covalent
complex with the p51/p51 homodimer, which lacks the RNase H


Figure 3. Inhibition of DNA synthesis catalyzed by HIV-1 RT DNA-dependent (DDDP) or
RNA-dependent (RDDP) DNA polymerase activity by nicked (8) and ligated (9) RNA
dumbbells. Polymerization reactions were conducted for 15 minutes both in the absence
(�) and in the presence (�) of cold RNA dumbbells. In the absence of inhibitor, a new, full-
length DNA oligonucleotide product was formed both from the RNA primer (RDDP activity ;
lane 3) and from the DNA primer (DDDP activity ; lane 2). Owing to its higher mass to
charge ratio, the newly synthesized DNA complement (30 nucleotides) exhibits a retarded
electrophoretic mobility relative to its corresponding 18-nucleotide primer on a denaturing
gel. In all cases, the band corresponding to the full-length complementary DNA product
synthesized by the DDDP activity was highly diffused.


Figure 4. a) Gel-shift binding assay to determine formation of [HIV-1 RT]/[hairpin 6]
complex. Binding of HIV-1 RT to [32P]-labeled-hairpin 6 was carried out in the presence of
increasing concentration of the p66/p51 RT. Lane 1: control lane with no enzyme present.
Lanes 2 ± 7: binding of hairpin to HIV-1 RT [at amounts of 1 ng (lane 2), 2 ng (lane 3), 5 ng
(lane 4), 10 ng (lane 5), 20 ng (lane 6), and 100 ng (lane 7)] . The gel autoradiograph was
exposed to an X-ray film. b) UV crosslinking experiment with hairpin 6 and HIV-1 RT. Lane 1:
hairpin 6 alone. Lane 2: p51/p51 HIV-1 RT homodimer and hairpin 6. Lane 3: p66/p51
HIV-1 RT heterodimer and hairpin 6.
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Figure 5. UV crosslinking analysis of HIV-1 RT with ligated RNA dumbbell 9.
Lane 1: molecular weight markers (in KDa). Lane 2: HIV-1 RT p66/p51 heterodimer
(no dumbbell inhibitor). Lane 3: HIV-1 RT p51/p51 homodimer (only polymerase
domain–no RNase H domain) irradiated with UV in the presence of RNA
dumbbell 9. Lane 4: HIV-1 RT p66/p51 heterodimer (both polymerase domain and
RNase H domain) irradiated with UV in the presence of RNA dumbbell 9.


binding domain (Figure 4b, lane 2 and Figure 5, lane 3). Con-
versely, aggregate formation with the p66/p51 heterodimeric
species was manifest, as evidenced by the presence of a more
slowly migrating product complex on the SDS-PAGE (Figure 4b,
lane 3 and Figure 5, lane 4). Furthermore, the covalent complex
formed between the p66 subunit and the RNA dumbbell 9
displayed a molecular weight consistent with the expected value
of about 75 KDa. These findings clearly ascertain that 6 and 9 do
not bind the DNA polymerase region of HIV-1 RT, and are instead
highly specific toward the RNase H domain of the enzyme.


At present, we do not know exactly how our compounds
inhibit HIV RT RNase H, but we suspect that inhibition does not
arise from a competitive effect. This is because the polymerase
and RNase H domains in HIV RT overlap, so it is conceivable that
an inhibitor binding to this region of the enzyme might block
both activities. Secondly, the fact that the hairpins do not inhibit
E. coli and human RNase HII implies an allosteric or noncompe-
titive effect on HIV-RT RNase H activity. This is a reasonable
assumption, since E. coli and HIV RNase H are close homologues
and lack a dsRNA binding domain. To elaborate, the intrinsic
binding affinity of these enzymes towards RNA duplexes follows
the order: human� E. coli�HIV.[17, 31] The complete absence of
inhibition for both E. coli and human homologues at the
concentrations of hairpin/dumbbell used here (i.e. , 25-fold
higher concentration of aptamer vs. IC50 with HIV RT), however,
indirectly suggests that the inhibitor does not interact with the
nucleic acid binding site of RT RNase H, as this region should be
well conserved among the various enzymes. This observation is
even more profound given that the human enzyme generally
binds A-form duplexes more tightly, exhibiting a 10- to 20-fold
greater affinity than the bacterial enzyme.[31] Thus, if the
inhibition were to arise from a competitive effect, then one
would expect the human enzyme to be most susceptible,
perhaps even more so than that observed with the retroviral
counterpart. We propose that the loop rather than the A-form
helical arrangement is the main determinant of inhibition by our


hairpin and dumbbell constructs, and this is consistent with a
high inhibitory profile for nucleic acid structures containing RNA
vs. DNA loops linking the helical stems. Furthermore, the results
described here suggest a noncompetitive binding mechanism,
as outlined in the differential inhibitory characteristics of each of
the nucleic acid aptamers against the bacterial, human, and viral
RNase H homologues.


Conclusion


In summary, we have designed highly specific RNA-based
inhibitors of HIV-1 RT that are capable of selectively hampering
the RNase H-mediated activity of the retroviral enzyme. The
most potent construct, a ligated RNA dumbbell consisting of a
10-base-pair stem and two flanking rUUCG loop motifs, dem-
onstrated potent inhibition of RNase H with an IC50 in the 3 �M


range, without any consequence on the RT's polymerase activity.
Preliminary nuclease stability assays on the hairpin inhibitors
support the notion that they are highly stabilized against cellular
nucleases; this makes them good candidates for in vivo studies.
Importantly, the RNA inhibitors did not inflict any effect on
mammalian RNase H activity (human RNase H type II) ; this
signifies that such compounds should not interfere with cellular
RNase H function were they developed into clinically useful anti-
HIV agents.


Experimental Section


RNA aptamers and enzymes : Hairpins and dumbbell oligonucleo-
tides were synthesized by standard phosphoramidite chemistry by
published protocols,[19, 21, 32] and full details will be published else-
where.[20] The p66- and p51-kDA subunits of HIV-RT were prepared by
cloning into a pBAD/HisB prokaryotic expression vector (Invitrogen)
between the XhoI and HindIII sites of the plasmid. The RT p66/p51
heterodimers and p51/p51 homodimers were purified as described
previously by Fletcher and co-workers.[33]


UV melting denaturation measurements : Tm values for nicked and
ligated dumbbells (Table 1) were obtained as described previously[32]


and represent the average of three successive runs and are within
�0.5 �C. The buffer used was 10 mM Na2HPO4, 0.1 mM Na2EDTA,
pH 7.0.


Inhibition of the RNase H activity of HIV-1 reverse transcriptase :
The hybrid substrate for RNase H was prepared by labeling the 5�-
hydroxy termini of the RNA sequence 5�-GAUCUGAGCCUGGGAG-
CU-3� by the transfer of 32P from [�-32P]-ATP in a reaction catalyzed by
bacteriophage T4 polynucleotide kinase. This labeled RNA was
annealed to its complementary unlabeled DNA sequence, 5�-
AGCTCCCAGGCTCAGATC-3�, to form the [32P]-RNA/DNA hybrid
substrate. Variable amounts of cold RNA hairpins and nicked and
ligated RNA dumbbells were pre-incubated in 10 �L of 50 mM Tris-
HCl (pH 8.0), containing 60 mM KCl, 2.5 mM MgCl2, and 1.5 nM p51/
p66 heterodimeric RT at 37 �C for 15 minutes. The reactions were
initiated by the addition of [32P]-RNA/DNA hybrid duplex substrate
(50 nM final concentration), and the individual assay tubes were
incubated for a further 15 min at 37 �C. An equal volume of gel
loading dye (98% deionized formamide containing 10 mM EDTA,
1 mgmL�1 bromophenol blue, and 1 mgmL�1 xylene cyanol) was
added to the samples, and the reaction products were denatured by
heating at 100 �C for 5 minutes. The degradation products were
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resolved on a 16% (19:1 crosslinking of acrylamide/bis-acrylamide)
polyacrylamide sequencing gel (7 M urea) and visualized by auto-
radiography. The extent of cleavage of the 18-nt RNA portion of the
RNA/DNA hybrid was determined quantitatively by densitometric
analysis (UN-SCAN-ITsoftware, Silk Scientific) of the disappearance of
the full-length RNA and/or the appearance of any smaller degrada-
tion products. The IC50 values for RNA aptamer inhibition of HIV-RT
associated RNase H activity is the amount of aptamer molecule
required to inhibit the HIV-1 RT RNase H mediated degradation of a
substrate DNA/RNA hybrid by 50%, and were calculated from plots
of the residual undegraded 5�-[32P]-RNA versus dumbbell concen-
tration.


E. coli and human RNase H inhibition assays : RNA aptamer
molecules were tested for their ability to inhibit either the E. coli or
human (type II) RNase H activities. RNase H-mediated degradation
assays were supplemented with 60 �M of cold RNA aptamers under
conditions identical to those used for HIV-RT RNase H. The degra-
dation products were quantified from the autoradiogram by use of
the UN-SCAN-IT software program.


UV crosslinking of RNA aptamers to HIV-1 RT: Homodimeric (p51/
p51) and heterodimeric (p66/p51) HIV-1 RT enzymes (500 ng) were
incubated with RNA hairpin 6 or ligated RNA dumbbell 9 (50 pmol) in
50 mM Tris (pH 7.8), 50 mM KCl, and 5 mM MgCl2 for 30 min at 37 �C.
The reaction mixtures were placed on ice and irradiated with a
handheld UV light (�� 254 nm) for 15 min. Samples were denatured
by addition of 2� sample loading buffer (4% SDS, 20% glycerol,
10% 2-mercaptoethanol, 125 mM Tris, pH 6.8, and bromophenol
blue) and heated at 100 �C for 5 min. Protein complexes were
partitioned on a 12% SDS-PAGE gel run at constant voltage (160 V).
The 32P-RNA hairpin ± protein complexes were visualized by auto-
radiography, whereas dumbbell ± protein complexes were visualized
by staining as follows. Firstly, the gel was fixed with fixing solution
(12% (w/v) trichloroacetic acid, 3.5 (w/v) 5-sulfosalicylic acid) for
30 min and then stained with Coomassie¾ Brilliant Blue G/perchloric
acid solution (0.04% (w/v) Brilliant Blue G in 3.5% (w/v) perchloric
acid); Sigma ± Aldrich) for 60 min and finally rinsed with distilled
water. Complexes were run alongside molecular weight markers
consisting of ovalbumin (45 KDa), bovine serum albumin (66 KDa),
phosphorylase B (97 KDa), and myosin (220 KDa).


Gel-shift binding assay : The binding of hairpin 6 to HIV-1 RT was
measured by electrophoretic mobility shift assay (native conditions).
The 5�-[32P]-labeled hairpin was heated to 95 �C and then left to
anneal slowly at room temperature for one hour. The binding
reaction assays consisted of 50 mM Tris/HCl, pH 7.8, 50 mM KCl, 10%
glycerol, various amounts of HIV-1 RT and 0.3 pmol of the labeled
annealed hairpin in a final volume of 25 �L. The reaction mixtures
were incubated for 20 min at room temperature, and then analyzed
on a 6% polyacrylamide (non-denaturing) gel in 25 mM Tris/glycine/
1 mM EDTA, pH 8.0 at 160 V for about 1 hr. The gel autoradiograph
was exposed to an X-ray film. Complex formation between the [32P]-
labeled hairpin and HIV-1 RT was detected (with increasing enzyme
concentration) from the apparent retarded electrophoretic mobility
of the hairpin as a result of its association with the enzyme.


Inhibition of HIV-1 reverse transcriptase DNA polymerase activity :
The assays described below were performed in order to determine
whether the inhibition of HIV-1 RT RNase H activity by RNA dumb-
bells was specific to this domain of the protein, without inhibition of
its DNA-dependent or RNA-dependent DNA polymerase activity (i.e. ,
HIV-1 RT-mediated synthesis of DNA).


(a) RNA-dependent DNA polymerase activity assay : The unlabeled,
30-nt RNA template, 5�-AUCUCUAGCAGAGGCGCCCGAACAGGGA-
CA-3� (threefold molar excess), was annealed to a 5�-[32P]-end labeled


complementary DNA primer–5�-TGTCCCTGTTCGGGCGCC-3�–in a
separate reaction vessel. The RNA aptamers (80 �M) were pre-
incubated with the enzyme at room temperature for 20 min prior to
reaction. Polymerase reactions were carried out in a 10 �L volume,
containing 50 mM Tris-HCl (pH 8.0), 60 mM KCl, and 2.5 mM MgCl2. The
reaction was initiated by the addition of RNA template/5�-[32P]-DNA
primer complex and deoxynucleotide triphosphates (dNTPs, 200 nM


final concentration of each) and incubated at 37 �C for 15 minutes.
The polymerase activity was deactivated by the addition of an equal
volume of formamide loading dye (98% deionized formamide
containing 10 mM EDTA, 1 mgmL�1 bromophenol blue, and
1 mgmL�1 xylene cyanol) and denatured by heating at 100 �C for 5
minutes prior to gel analysis (16%, 7 M urea). The gel was visualized
by autoradiography and the amount of DNA synthesized was
quantified by densitometric analysis by use of the UN-SCAN-IT
software program.


(b) DNA-dependent DNA polymerase activity assay : The ability for
RNA aptamers to inhibit DNA synthesis from a DNA template stand
was assessed under conditions similar to those used above in the
RNA-dependent DNA polymerase assay. The 5�-[32P]-DNA primer
above was annealed to a threefold molar excess of DNA template, 5�-
ATCTCTAGCAGAGGCGCCCGAACAGGGACA-3�. All other condi-
tions for polymerization and analysis were identical to those
described above.
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New Rapamycin Derivatives by
Precursor-Directed Biosynthesis


Philip A. S. Lowden,*[a, b] G¸nter A. Bˆhm,[d]


Su Metcalfe,[e] James Staunton,[d] and Peter F. Leadlay*[c]


Rapamycin (1) is a polyketide macrolide produced by Strepto-
myces hygroscopicus that displays potent immunosuppressant
activity. In recent years there has been great interest in the
chemistry[1] and biology[2] of rapamycin, and of the structurally
similar immunosuppressants FK506 and FK520. We now describe
results that promise to broaden the scope for biosynthetic
engineering of new rapamycin and FK506/FK520 derivatives.
Feeding studies have confirmed the largely polyketide origin


of rapamycin,[3] and have shown that the unusual trisubstituted
cyclohexane ring arises from shikimate.[4] The entire biosynthetic
gene cluster for rapamycin was sequenced by Leadlay, Staunton
and co-workers in 1994.[5] The rapamycin polyketide synthase
(PKS) is a type I mixed PKS/non-ribosomal peptide synthetase
(NRPS) system in which 14 polyketide chain-extension modules
are housed in three giant multimodular proteins (RAPS1 ±3). An
NRPS-related multienzyme (pipecolate-incorporating enzyme)[6]


inserts pipecolate and (probably) ensures closure of the macro-
cycle.
The genes encoding the rapamycin PKS (RAPS) have proved


an excellent resource for combinatorial biosynthesis, owing in
part to the diverse chemical functionality of the polyketide
product. DNA from the rap PKS genes encoding individual and
multiple enzyme activities[7] and even whole chain-extension
modules,[8] has been spliced into the genes for other PKSs to
generate functional, hybrid PKSs. In contrast, despite the
potential clinical value of the products, this technology has not
yet been extensively applied to engineer the biosynthesis of
novel rapamycins.[9]


We previously identified 4,5-dihydroxycyclohex-1-enecarbox-
ylic acid (2) as the most likely starter unit for the rapamycin PKS
(Scheme 1).[10] We have proposed that this substrate is activated


by the PKS loading module as an acyladenylate followed by acyl
transfer to the 4�-phosphopantetheine cofactor of an acyl-
carrier-protein domain in the loading module. Reduction of the
C�C bond is proposed to occur at this stage, catalysed by the
enoylreductase domain of the loading module. However, the
significant incorporation of 4,5-dihydroxycyclohexanecarboxylic
acid[11] hinted at a relaxed substrate specificity in the loading
module. The flexibility of secondary metabolic enzymes has
been exploited for the production of modified natural products
of many kinds,[12] including the use of alternative PKS starter
units.[13] This concept has already been applied to the generation
of rapamycin analogues by feeding pipecolate analogues to S.
hygroscopicus,[14] with their incorporation enhanced by disrup-
tion of a putative lysine cyclodeaminase gene responsible for
pipecolate biosynthesis.[15]


In a preliminary survey of the substrate tolerance of the
loading module, a series of 21 carboxylic acids was fed to the
rapamycin-producing strain of S. hygroscopicus. These included
monocyclic, polycyclic and branched aliphatic acids, substituted
benzoic acids and heterocyclic acids. After four days' growth, the
mycelia were extracted with methanol, and the extracts were
analysed by reverse-phase HPLC and tandem electrospray mass
spectrometry. In most cases there was no difference from the
normal metabolite spectrum, consisting of rapamycin and small
amounts of deoxy- and/or demethyl-rapamycins, due to incom-
plete post-PKS processing. However, new metabolites were
present in significant amounts after feeding cyclohexanecarbox-
ylic acid (metabolite 3), cycloheptanecarboxylic acid (metabolite
4) and cyclohex-1-enecarboxylic acid (metabolites 5 and 6,
isomers that interconvert in polar solvents; Figure 1). New
metabolites ofMW�851 and 897 were also seen at relatively low
concentration after feeding cyclohex-3-enecarboxylic acid and
3-methylcyclohexanecarboxylic acid, respectively. In all cases,
small amounts of related metabolites were observed due to
different combinations of post-PKS processing steps.
All new metabolites possessed the characteristic rapamycin


triene chromophore with �max at 277 nm. Preliminary structural
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Scheme 1. Dihydroxycyclohex-1-enecarboxylic acid (2) is the starter unit for the
rapamycin PKS. Post-PKS processing steps are highlighted in boxes.







536 ¹ 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chembiochem.org ChemBioChem 2004, 5, 535 ±538


characterisation was feasible from the fragmentation patterns in
negative ion electrospray MS. The dominant fragmentations of
rapamycin derivatives are retro-aldol cleavage at C27�C28 and �
elimination of the pipecolate moiety across C33�C34
(Scheme 2). MS data for the new metabolites are summarised
in Table 1. From these data it is clear that the C1�C27 fragment
remains intact in 3 and 4, but in 5 and 6 it probably lacks the


C-27 methoxy group, which is known to be attached at a late
stage in biosynthesis. In all cases, the data for the C28 ±C42
fragments are inconsistent with simple incorporation of the
added precursors. The data can be explained by an additional
hydroxylation of each precursor ring and by reduction of the
C�C bond in cyclohex-1-enecarboxylic acid.
The structures of 3 ±6 were analysed in detail by 1H and


13C NMR (see Supporting Information for assignments), by
comparison to the published NMR assignments for rapamycin[16]


and through 1H,1H (COSY) and 1H,13C correlations (heteronuclear
multiple quantum coherence (HMQC), heteronuclear multiple-
bond correlation (HMBC)). Interpretation of the NMR spectra for
rapamycin is complicated by the presence of a minor rotamer
(�20%). We did not observe any increase in the amount of this
rotamer for any of 3±6, and our NMR analysis was confined to
the major rotamer. For 3, 4 and 5, most of the signals from C1±
C36 could be assigned by direct comparison with the spectra for
rapamycin. Complete assignment of the C1 ±C36 signals was
possible from the 2D NMR data. In 5 and 6, the C27 carbinol and


Figure 1. HPLC traces of crude methanol extracts of S. hygroscopicus after
feeding: A) cyclohexanecarboxylic acid ; B) cycloheptanecarboxylic acid ;
C) cyclohex-1-enecarboxylic acid.


Scheme 2. The dominant fragmentations of rapamycin observed in the
electrospray mass spectrum.


Table 1. Negative ion ESMS fragmentation data for rapamycin and new metabolites 3±6.


Compound Yield of analogue [mgL�1] Yield of rapamycin [mgL�1] MW [M�H]� for C1 ±C27 [M�H]� for C28 ±C42/C43
rapamycin 913 590 321
3 5 0 883 590 291
4 3.6 1.4 897 590 305
5 2.7 1.2 853 560 291
6 1.2 1.2 853 560 291
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methoxy signals were absent, and a new CH2 group was
observed that exhibited cross-peaks consistent with C-27.
Significantly, in each case the carbinol signals for C39 and C40


were absent, and a single new carbinol signal was present,
consistent in each case with a monohydroxylated ring in the
starter unit. Assignment of the regio- and stereochemistry of this
ring was complicated by severe overlap of methylene signals. By
using the previously assigned C36 signals and the new carbinol
signals as anchor points, it was possible to trace 1H,1H and 1H,13C
coupling networks consistent with the structures shown in
Scheme 3. Strong cross-peaks over three bonds were assumed to


indicate an antiperiplanar orientation of the 1H,1H or 1H,13C pairs.
Both regio- and stereochemistry could be confidently assigned
to 3, but only the regiochemistry of 4 could be determined due
the less well defined conformation of seven-membered rings.
The regiochemistry and relative stereochemistry (trans) of the
starter unit ring could be determined for 5 and 6, but not the
absolute stereochemistry.
The NMR data also revealed the nature of the isomerisation


between 5 and 6. Significant changes were observed in NMR
signals around the tetrahydropyran ring. The HMBC spectrum
revealed that 6 contains an oxepane ring (Scheme 4) created by
hemiacetal formation at C9 instead of C10. This has precedent in
the chemistry of rapamycin, whose oxepane isomer is observed
at a concentration about 5% that of rapamycin.[17]


The presence of the hydroxyl group on the starter unit-derived
ring in 3 ±6 reveals a novel hydroxylation activity. It is unlikely
that this hydroxylation occurs after polyketide chain synthesis,
since cyclohexanecarboxylic acid and cyclohex-1-enecarboxylic


acid do not give the same result, even though C�C reduction
occurs during incorporation of the latter precursor.
Immunosuppressant activity of the rapamycin derivatives was


determined by measuring, as previously described,[15, 18] their
ability to induce specific cell-cycle arrest at G1 in human 536
cells, a lymphocyte cell line immortalised by Epstein ± Barr virus
infection. ID50 values for inhibition of DNA synthesis after 24 h
were as follows: rapamycin, 0.1 nM; 3, 2 nM; 4, 3 nM; 5, 200 nM;
and 6, 100 nM.
Our choice of starter-unit analogues was governed largely by


commercial availability and cost, but these initial results will
allow a more systematic explora-
tion of the range of substrates
accepted using designed, syn-
thetic analogues. Since in vivo
studies may be complicated by
differences in cell permeability
and alternative metabolic fates
of substrates, a quantitative anal-
ysis of the substrate specificity of
the rapamycin PKS will require in
vitro experiments on purified
enzymes.
However, our results clearly


demonstrate that the loading
module of the rapamycin PKS
must possess a degree of flexi-
bility in the molecular recogni-


tion of substrates, despite competition from the natural starter
unit. These results suggest that transfer of the rapamycin loading
module onto other modular PKS systems should allow the
introduction of diverse novel functionality into other polyketide
metabolites, as shown previously by fusion of the avermectin
PKS loading module onto the erythromycin PKS.[19]
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Evaluation of Distance Metrics for
Ligand-Based Similarity Searching


Uli Fechner and Gisbert Schneider*[a]


Ligand-based similarity metrics are frequently and successfully
employed for diversity analysis and the selection of activity-en-
riched subsets in early-phase virtual screening and compound-
library design.[1±4] As they come in many varieties, it is not trivi-
al to choose the most appropriate concept for the task at
hand. Fundamentally, these methods rely on representative ref-
erence structures (also termed ™query∫ or ™seed∫ structures),
molecular descriptors that are correlated with biological activi-
ty, and an appropriate similarity metric. ™Retrospective screen-
ing∫ provides a means of evaluating these factors. The basic
idea is to select a subset from a large pool of compounds (typ-
ically a compound database or a virtual library) and try to max-
imize the number of known actives in the subset, thereby
forming a ™focused library∫.[5] Subset selection is based on the
pairwise similarity between the query structure and each mole-
cule in the pool. The result of this calculation is a list ranked
by similarity. Such a retrospective screening experiment can be
rated by the enrichment factor, ef [Eq. (1)] .[5, 6] A method that is
superior to a random selection of compounds returns an ef>1.


ef ¼
�
Sact
Sall


�
=


�
Pact
Pall


�
ð1Þ


Pall is the total number of compounds in the database
(™pool∫), and Sall is the number of molecules in the subset. Pact
is the number of ™active∫ molecules in the pool, and Sact is the
number of actives found in the subset.In this study, we exam-
ined the influence of seven similarity measures on the enrich-
ment of actives using a pharmacophore-based correlation
vector descriptor and 12 different datasets. In particular, we
evaluated to what extent different similarity measures comple-
ment each other in terms of the retrieved active compounds.
The knowledge gained will provide a basis for prospective sim-
ilarity searching studies.
All molecules were extracted from the COBRA database (ver-


sion 2.1), which is a collection of reference molecules for
ligand-based library design compiled from recent scientific lit-
erature.[7] Twelve subsets were compiled from the 4705 COBRA
compounds, containing ligands that bind to angiotensin con-
verting enzyme (ACE, 44 compounds), cyclooxygenase 2
(COX2, 93 compounds), corticotropin releasing factor (CRF) an-
tagonists (63 compounds), dipeptidyl-peptidase (DPP) IV (25
compounds), G-protein coupled receptors (GPCR, 1642 com-
pounds), human immunodeficiency virus protease (HIVP, 58
compounds), nuclear receptors (NUC, 211 compounds), matrix
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metalloproteinase (MMP, 77 compounds), neurokinin (NK) re-
ceptors (188 compounds), peroxisome proliferator-activated re-
ceptor (PPAR, 35 compounds), beta-amyloid converting
enzyme (BACE, 44 compounds), and thrombin (THR, 188 com-
pounds). All molecules of one subset were considered as
™active∫ at a time, and the respective remainder of the COBRA
database as ™inactive∫. The choice of these subsets was based
on different levels of specificity. This means that we included
sets of ligands binding to individual receptor subtypes (e.g. ,
BACE, THR) as well as very loosely defined classes of bioactive
compounds (e.g. , GPCR, NUC). This concept reflects the idea of
current chemogenomics approaches that try to design focused
libraries at such different levels of specificity.[8] The group of
nuclear receptors, for example, consists of more than 60 pro-
teins like PPAR, CAR, LXR, and FXR, and comprises a variety of
biological functions.[9] It can be useful to design compound li-
braries even at this coarse level in order to de-orphanize recep-
tors of the same family or identify multiple compound activi-
ties within the same receptor class.[10]


In the present study, compounds were encoded by the CATS
descriptor, which belongs to the category of atom-pair descrip-
tors,[11] and encodes topological pharmacophore informa-
tion.[12]


A lot of different similarity metrics exist. In this study, seven
such metrics were compared (Table 1). We selected six estab-
lished metrics that are frequently employed for chemical simi-
larity searching and added the spherical distance to this list be-
cause it has not been used for this purpose before. As the
CATS descriptor is composed of non-binary values, the formu-


lae for continuous variables were employed for all similarity
metrics.[13]


We calculated the enrichment factors for the 12 datasets
from the first five percent (235 compounds) of the screened
database. Apart from in the GPCR dataset, we were able to
considerably increase the percentage of active compounds,
obtaining an average efx 4. The greatest enrichment factor
(ef=12) was yielded for the ACE dataset with the Soergel dis-
tance. This might be a consequence of the close structural sim-
ilarity of the ACE ligands that were used as reference. In con-
trast, the GPCR set represented a very loosely defined compila-
tion of molecules containing modulators of all classes of
GPCRs.
Enrichment factors for the same dataset but different similar-


ity metrics varied only slightly. The deviations ranged from
zero (DPP-IV, GPCR, MMP, NK, and BACE) to a maximum of two
units (ACE and HIVP). For almost all datasets, the Manhattan
and the Soergel distances yielded the overall highest enrich-
ment factors. It must be stressed that the homogeneity of the
enrichment factors of different similarity measures does not
reveal information about the homogeneity of the retrieved
active molecules. The enrichment factor discriminates only be-
tween ™active∫ and ™inactive∫. Thus it is not advisable to com-
pare the performance of different similarity searching methods
exclusively by means of the enrichment factor. The enrichment
factor represents a measure for quantification of a similarity
search, but it does not comprise qualitative considerations.
Therefore, we then analyzed which active molecules were re-
trieved by each similarity metric.
Retrospective screening with the seven different similarity


metrics yielded seven similarity-ranked lists. The active com-
pounds (™hits∫) that were found within the first 5% of each list
were extracted. Then we stepwise united the hits found in the
individual lists. This procedure led to the retrieval of signifi-
cantly more hits than found by any single similarity metric.
Figure 1 illustrates this gradual rise for the NUC dataset. Six-
teen of these actives were retrieved by each similarity metric,
examples are darglitazone 1, a PPAR-g ligand,[14] and com-


Table 1. Similarity measures for continuous variables. A and B are objects
(here: molecules), i and j are attributes of these objects, n is the total
number of attributes of an object, xjA the value of the jth attribute of object
A, SA,B denotes the similarity between objects A and B, and DA,B the distance
between objects A and B.


Name Equation Range


Manhattan distance
DA,B=


Pj¼n
j¼1


jxjA�xjB j
0 to ¥


Euclidian distance
DA,B=


ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPj¼n
j¼1


ðxjA�xjBÞ2
s


0 to ¥


Tanimoto coefficient


SA,B=


Pj¼n
j¼1


xjAxjBPj¼n
j¼1


ðxjAÞ2 þ
Pj¼n
j¼1


ðxjBÞ2�
Pj¼n
j¼1


xjAxjB


�0.33 to +1


Soergel distance


DA,B=


Pj¼n
j¼1


jxjA�xjB jPj¼n
j¼1


maxðxjA ;xjBÞ


0 to 1


Dice coefficient


SA,B=
2
Pj¼n
j¼1


xjAxjBPj¼n
j¼1


ðxjAÞ2 þ
Pj¼n
j¼1


ðxjBÞ2


�1 to +1


Cosine coefficient


SA,B=


Pj¼n
j¼1


xjAxjBffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPj¼n
j¼1


ðxjAÞ2
Pj¼n
j¼1


ðxjBÞ2


r
�1 to +1


Spherical distance DA,B=acos (AN*BN)
[a,b] 0 to p


[a] AN=
A
jAj=


Pj¼n
j¼1


�
xjAffiffiffiffiffiffiffiffiffiPi¼n
i¼1


x2iA


r �
. [b] BN=


B
jBj=


Pj¼n
j¼1


�
xjBffiffiffiffiffiffiffiffiffiPi¼n
i¼1


x2iB


r �
.


Figure 1. The ™cumulative percentage∫ of active compounds found among the
top-ranking 5% of the similarity-ranked list that results from a retrospective
screening (white bars). The NUC subset of the COBRA database was selected as
an example. A) Manhattan distance, B) Euclidian distance, C) Tanimoto coeffi-
cient, D) Soergel distance, E) Dice coefficient, F) Cosine coefficient, G) Spherical
distance. Black bars show the percentage of actives that were retrieved by the
respective similarity metric and no more than one additional similarity metric.
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pound 2, an estrogen receptor ligand.[15] In contrast, structures
3 (Mifepristone; an antiprogestine and glucocorticoid receptor
antagonist ; R: bile acid conjugate),[16] 4 (LG-100364, a ™rexi-
noid∫ binding to the PPAR-g/RXR heterodimer),[17] and 5 (Ada-


palene, a selective retinoic acid receptor b antagonist)[18] repre-
sent hits that were mutually retrieved only by the cosine coef-
ficient and the spherical distance. None of the other similarity
metrics claimed these known nuclear receptor ligands among
the top five percent of the ranked lists. This demonstrates that
it might be wise to combine individual results for a focused li-
brary rather than considering only those compounds that are
jointly retrieved by each metric. It should be stressed that such
a retrospective screening with a heterogeneous set of query
structures, as in our NUC example, will result in a focused li-
brary reflecting the same level of specificity. In this study it
was demonstrated that this approach is applicable to the
design of libraries that are focused on a receptor class and not
a single receptor subtype.
™Cumulative percentages∫ for all seven similarity metrics al-


lowed for the retrieval of up to 74% of the actives in the first
five percent of the database in the case of ACE. The increase
of the cumulative percentages for all seven metrics compared
to the employment of only the Manhattan distance ranged
from additional 5% (COX2) to 28% (NUC and MMP) with an
average of 19% over all 12 datasets.
Each similarity metric alone proved to be able to retrieve


and increase the percentage of active compounds in a focused
library. Nevertheless, their respective definition of ™distance∫ in
chemical space (in this study, a topological pharmacophore
space) has a strong impact on the structural diversity among
the highest-ranking active compounds. This is illustrated by
black bars in Figure 1. These black bars indicate the percent-
age of active compounds that were retrieved by both the re-
spective similarity metric and exactly one other metric. It
should be stressed that the example shown in Figure 1 does
not justify general conclusions to be drawn concerning the
usefulness of a similarity metric, as their pair-wise performance
differed for the various sets of ligands investigated here. We
conclude that different similarity metrics complement each
other. Therefore, it might be advantageous to employ several


molecular descriptors and similarity metrics in parallel and ben-
efit from a unification of the various definitions of ™chemical
similarity∫. This idea supplements earlier findings by Bradshaw
and co-workers who demonstrated that combining different


similarity metrics can lead to improved en-
richment of actives by applying ™fusion rules∫
to the individual ranked lists.[19] In the present
study we demonstrate that unification of the
sets of highest-ranking compounds that were
retrieved with the different similarity metrics
can serve the same purpose.
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Exploitation of photolabeling compounds for obtaining covalent
modifications at peptide ligand±protein receptor sites has
attracted the attention of biochemists for about two decades.[1]


In particular, the introduction of the Bpa (para-benzoylpheny-
lalanine) residue (Scheme 1),[2] with a photoactivable aryl ketone


side chain, has led to a number of investigations of synthetic
peptide ±protein interactions.[1±10] The use of a benzophenone
photoprobe has a series of distinct advantages: i) it is chemically
more stable than other types of photoactivable reagents; ii) it
can be manipulated in ambient light and can be activated in the


350 ±360 nm spectral region thus avoiding protein-damaging
wavelengths; iii) it reacts preferentially with unreactive C�H
bonds even in the presence of water and nucleophiles and in
particular it shows a remarkable site specificity; iv) the efficiency
of cross-linking via the photogenerated triplet state is high
because only a small amount is lost to hydrolysis. In addition,
useful and more specific characteristics of Bpa are its full
compatibility with peptide-synthesis methodologies, including
the solid-phase approach, and its ability to work with the E. coli
translational machinery so that it can be incorporated into
proteins with high efficiency.[10]


Beside this intermolecular application of Bpa directed at
mapping the interphase and specifically amino acid-to-amino
acid contact points between ligand and receptor, recently we
have studied the intramolecular quenching of the Bpa photo-
excited triplet state by a nitroxide free radical linked to peptide
templates by time-resolved EPR with pulsed-laser excitation.[11, 12]


The systems investigated have been 310-[13, 14] and mixed 310/�-
helix forming peptides having in the amino acid sequence a Bpa
residue along with a helicogenic, stable free radical 2,2,6,6-
tetramethylpiperidine-1-oxyl-4-amino-4-carboxylic acid (TOAC)
residue[15] (Scheme 1) incorporated at different relative positions.
Upon interaction with the excited triplet, the TOAC nitroxide
radical spin sublevel populations assume values that differ from
the Boltzmann equilibrium values.[11, 12] This spin-polarization
effect produces EPR emission lines whose time evolution reflects
the triplet quenching rate. In particular, in a series of short
peptides labeled with Bpa and TOAC at selected positions in the
310-helix, a radical-triplet interaction was observed in all cases.
Interestingly, the EPR signal of the terminally protected peptide
Boc-Bpa-Aib-Gly-Leu-Aib-(Gly)2-Leu-TOAC-Gly-Ile-Leu-OMe (Boc,
tert-butyloxycarbonyl ; Aib, �-aminoisobutyric acid), in which the
Bpa and TOAC residues are separated by a large number of
amino acids (including two helicogenic Aib residues),[16, 17]


exhibits the same features as those shown by the shortest
peptides investigated, though of significantly lower intensity.
This peptide is also the [Boc-Bpa0 TOAC8 Leu11-OMe] analogue
of the membrane-active lipopeptaibol antibiotic trichogin
GA IV[18±25] (Scheme 1).


The ultimate goal of this novel EPR approach was to obtain
information on the intramolecular distance between the two
probes in bulk solution and, indirectly, on the type of secondary
structure adopted by the peptide template under these
conditions and to compare this to the preferred folding of the
same compound in the membrane environment.


However, it is evident that, for meaningful information on the
intermolecular regioselectivity of the ligand ± receptor interac-
tions and on the assessment of the intramolecular interprobe
distances as well, the rigidity (or, at least, a very limited flexibility)
of the photoprobe is crucial. It is also clear that, in the Bpa
residue, this property is governed significantly by the amount of
conformational space that can be explored by the side-chain -
CH2 ±benzophenone moiety (namely, by the amino acid �1 and
�2 torsion angles).[26] In this context, here we describe the 3D
structure and the conformational behavior of the above-
mentioned trichogin analogue as determined by an X-ray
diffraction analysis (part of this work has been reported in a


[a] Dr. M. Saviano, Dr. R. Improta, Prof. E. Benedetti
Institute of Biostructures and Bioimaging, CNR
via Mezzocannone 6, 80134 Napoli (Italy)
Fax: (�39)081-551-4305
E-mail : msaviano@unina.it


[b] Prof. E. Benedetti
Department of Biological Chemistry, Universita¡ di Napoli ™Federico II∫
via Mezzocannone 6, 80134 Napoli (Italy)


[c] Dr. B. Carrozzini, Dr. G. L. Cascarano
Institute of Crystallography, CNR, Department of Geomineralogy
University Campus, 70125 Bari (Italy)


[d] Dr. C. Didierjean
Lcm3b, Groupe de Biocristallographie, Universite¬ Henri Poincare¬
Nancy I, Faculte¬ des Sciences
B. P. 239, 54506 Vandoeuvre-le¡s-Nancy Cedex (France)


[e] Prof. C. Toniolo, Dr. M. Crisma
Institute of Biomolecular Chemistry, CNR, Department of Organic Chemistry
Universita¡ di Padova, via Marzolo 1, 35131 Padova (Italy)


Scheme 1. Chemical structures of the �-amino acids Bpa and TOAC, and primary
structure of the lipopeptaibol antibiotic trichogin GA IV.
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preliminary form in ref. [27]). The molecular structures of the two
independent molecules A and B in the asymmetric unit are
illustrated in Figure 1.


Helical molecules with right-handed screws are observed for
both conformers A and B (Table 1). The general backbone
conformational features of A and B differ only for some
parameters. At the N terminus of molecule A, the carbonyl
oxygen of the Boc protecting group (O0�A) is involved in a 1�4
intramolecular H-bond with the peptide nitrogen (N2A) of Gly2;
this gives rise to a type-III C10-ring structure (�-turn)[28] (Table 2).
In addition, the O0�A atom accepts a H-bond from the peptide
nitrogen (N3A) of Leu3; this leads to the formation of a C13-ring
structure (�-turn).[29] Thus, the structure starts as a 310/�-helix,
but switches to a pure �-helix that consists of five consecutive �-
turns which include the H-bonds between Bpa0 (O0A) and Aib4
(N4A), Aib1 (O1A) and Gly5 (N5A), Gly2 (O2A) and Gly6 (N6A),
Leu3 (O3A) and Leu7 (N7A), and Aib4 (O4A) and TOAC8 (N8A).
The carbonyl O5A atom of Gly5 is not involved in the intra-
molecular H-bonding scheme, but rather in an intermolecular
H-bond with the Ow1 water molecule. This H-bond changes the
peptide folding into a type-III �-turn (Gly6 O6A�Gly9 N9A)
followed by a type-I �-turn (Leu7 O7A� Ile10 N10A). At the C
terminus, a H-bonded �-turn further stabilizes the helical
structure (Leu7 O7A� Leu11 N11A). The carbonyl O7A atom,
as discussed above for the O0�A atom, is a double acceptor of
intramolecular H-bonding. The C-terminal Leu11 residue is in a
semiextended conformation.


The backbone conformation of molecule B differs from that of
molecule A for the intramolecular H-bonding network. At the N


terminus of molecule B, the carbonyl oxygen of the Boc group
(O0�B) does not participate in either the intra- or the intermo-
lecular H-bonding scheme. The carbonyl O0B and O1B atoms of
Bpa0 and Aib1 residues are involved in two consecutive 1�4
intramolecular H-bonds with the peptide nitrogens (N3B and
N4B) of Leu3 and Aib4, respectively. These conformations are a
type-III (I) and a type-I �-turn, respectively. The peptide nitrogen
N5B atom of Gly5 is not directly involved in the intramolecular
H-bonding scheme. Rather, it donates a H-bond to the cocrystal-
lized Ow1 water molecule, which, in turn, is H-bonded to the O2B
carbonyl oxygen atom of Gly2. As a result, the water molecule
acts as a bridge between the N5B and O2B atoms (water-
mediated, hydrogen-bonded �-turn[30] ). Here too, as in molecule
A, a perturbation of the regularity in the H-bonding scheme
alters the peptide folding. Thus, the O3B atom is a double
acceptor of intramolecular H-bonding, with formation of a type-
III �-turn (Leu3 O3B�Gly6 N6B) and an �-turn (Leu3 O3B�
Leu7 N7B). Then this 310/�-helical structure switches to an �-
helix that consists of four consecutive �-turns, including the


Figure 1. Side view of the X-ray diffraction structures of the two crystallo-
graphically independent molecules A and B in the asymmetric unit of the [Boc-
Bpa0, TOAC8, Leu11-OMe] trichogin GA IV analogue with residue numbering.


Table 1. Selected backbone and side-chain torsion angles [�] for the two
independent molecules of the [Boc-Bpa0, TOAC8, Leu11-OMe] trichogin GA IV
analogue.


Torsion
angle


A B Torsion
angle


A B


�0� �178.4(6) �174.5(7)
�0 � 55.6(9) � 64.3(10) �0


1 � 179.6(8) � 70.7(8)
�0 � 39.6(9) � 48.3(9) �0


2,1 � 103.6(11) 103.4(10)
�0 179.0(7) �177.5(71) �0


2,2 73.0(10) � 77.9(9)
�1 � 49.2(10) � 52.1(10)
�1 � 45.8(9) � 46.6(10)
�1 �178.8(7) �174.3(7)
�2 � 73.9(11) � 67.2(11)
�2 � 38.0(12) � 19.3(13)
�2 176.2(8) �176.6(8)
�3 � 60.9(9) � 98.0(10) �3


1 �59.4(9) � 63.8(13)
�3 � 49.1(9) 9.2(11) �3


2,1 �65.7(10) � 55.7(15)
�3 179.8(6) 178.7(7) �3


2,2 172.1(7) 174.9(12)
�4 � 55.6(8) � 49.2(10)
�4 � 47.3(8) � 44.4(9)
�4 �177.9(6) �176.9(7)
�5 � 66.6(9) � 71.5(9)
�5 � 34.6(10) � 23.5(9)
�5 176.5(6) 172.9(6)
�6 � 66.0(10) � 66.8(10)
�6 � 45.1(10) � 44.1(10)
�6 178.7(7) 174.6(7)
�7 � 59.8(8) � 63.0(8) �7


1 179.9(7) 177.1(7)
�7 � 40.4(8) � 45.1(8) �7


2,1 � 168.6(9) �174.7(8)
�7 176.7(7) �176.9(6) �7


2,2 67.9(10) 62.5(10)
�8 � 53.9(9) � 56.8(8)
�8 � 39.7(9) � 41.8(8)
�8 �175.1(8) �174.4(7)
�9 � 79.7(14) � 67.2(12)
�9 � 17.5(17) � 28.2(14)
�9 �179.0(12) 178.6(9)
�10 � 90.9(13) � 85.2(9) �10


1,1 �57.9(13) � 61.8(10)
�10 � 40.9(20) � 25.2(12) �10


1,2 165.8(13) 174.5(11)
�10 �166.6(15) �178.3(12) �10


2 164.6(13) 163.0(10)
�11 � 67.0(19) �108.6(15) �11


1 �83.1(19) � 71.6(17)
�11 159.6(13) � 113.7(10) �11


2,1 176.6(13) �178.5(14)
�11 165.3(16) �176.3(11) �11


2,2 �65.1(22) � 66.1(18)
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H-bonds between Aib4 (O4B) and TOAC8 (N8B), Gly5 (O5B) and
Gly9 (N9B), Gly6 (O6B) and Ile10 (N10B), and Leu7 (O7B) and
Leu11 (N11B). The peptide nitrogen N10B atom of Ile10 also
participates in a type-III �-turn with the O7B atom of the Leu7
residue (bifurcated H-bond). The Leu11 residue is found in the H
(high-energy) region of the conformational space,[31] with the
O11B atom involved in an intermolecular H-bond with the Ow2


water molecule.
In addition to the backbone conformational differences,


molecules A and B show diverging side-chain torsion angles
(�) for the Bpa0 residue. In molecule A, the Bpa0 side chain has a
�1 value close to 180� (t conformation), whereas the �2,1 angle is
close to �90�, while in molecule B the side chain has a �1 value
close to �60� (g� conformation), whereas the �2,1 angle is close
to 90�. In both molecules, the TOAC piperidine ring adopts a
twist conformation with a planar geometry around the nitroxide
moiety.[15]


The packing mode of the terminally protected dodecapeptide
is characterized by two N-H ¥¥¥ O�C� intermolecular H-bonds
(N0A-H ¥¥¥ O10B�C�10B and N0B-H ¥¥¥ O10A�C�10A) and three
intermolecular H-bonds involving separately the two independ-
ent peptide molecules and the Ow2 water molecule (N1A-H ¥¥¥
Ow2, Ow2-H ¥¥¥ O9B�C�9B, and Ow2-H ¥¥¥ O11B�C�11B). These in-
termolecular interactions, occurring along the b direction, link
together A and B molecules in a head-to-tail fashion, thus
producing rows of A-to-B H-bonded peptide molecules. These
rows are linked in the ac plane by H-bond interactions with the
other water molecule (N5B-H ¥¥¥ Ow1, Ow1-H ¥¥¥ O5A�C�5A and


Ow1-H ¥¥¥ O2B�C�2B). This crystal structure is further stabilized by
van der Waals interactions between the hydrophobic groups.


In summary, we have reported here the solution by the direct
method of X-ray crystallography of a large peptide structure
containing as many as 208 non-H atoms, without the help of any
heavy atom and in a noncentrosymmetric space group. This
trichogin GA IV analogue is folded in mixed 310/�-helical
conformations closely related to those already published for a
different analogue[22] and trichogin itself,[21] thus emphasizing
the limited plasticity of this lipopeptaibol.


However, in our view, the most important finding of the
crystallographic work described in this communication is the
remarkable flexibility of the Bpa side chain. Although the
backbone conformation would be quite similar (highly helical)
in the two independent molecules(the �,� torsion angles
diverge by less than 10�, and the (Bpa) C� ¥¥¥ C� (TOAC) distance
is 12.16 ä in molecule A and 12.40 ä in B), the separation
between the Bpa side-chain carbonyl carbon and the midpoint
of the N�O bond in the almost-rigid TOAC residue differs by as
much as 10.96 ä in the two molecules (from 7.59 ä in molecule A
to 18.55 ä in B). Thus, this significant variation should be almost
entirely ascribed to the markedly different Bpa side-chain torsion
angles �1 and �2 that characterize the -CH2-phenyl group of the
benzophenone moiety. It is worth noting, however, that this
finding is not surprising in view of the well-known side-chain
flexibility exhibited by the closely related Phe residue in peptides
and proteins.[32, 33]


In conclusion, our results strongly support the view that,
despite the unquestionable usefulness of the Bpa residue as a
photoprobe, caution should be exercised in extrapolating the
analytical results of photo cross-linking experiments and photo-
physical data to Bpa proximity, that is, to protein mapping and
intramolecular distances, respectively. However, in this context, it
is also very important to remember that peptide ligands quite
often show a much reduced conformational flexibility when
bound to a protein receptor site. In particular, this advantageous
situation has been recently assessed in a work closely related to
that reported in the present communication, namely the X-ray
diffraction structure of a Bpa-containing peptide-substrate
mimic in complex with the enzyme tyrosine phosphatase B.[34]


In this crystal structure, the only one published for a Bpa-bound
peptide prior to that of the trichogin analogue discussed here,
the Bpa residue adopts a backbone conformation close to the �-
sheet structure, and, more importantly, its side chain is rigidified
to the g� conformation because the bulky aromatic residue
occupies a largely hydrophobic patch in the interior of the
enzyme.


In any case, it is our contention that the availability of benzo-
phenone-based, side-chain conformationally restricted �-amino
acids would be extremely useful to biochemists and biophoto-
physicists. Work is in progress in our laboratories to this end.


Experimental Section


The synthesis and chemical characterization of Boc-Bpa-Aib-Gly-Leu-
Aib-(Gly)2-Leu-TOAC-Gly-Ile-Leu-OMe have already been reported.[12]


Table 2. Intra- and intermolecular H-bond parameters.


Type Donor Acceptor Length [ä] Angle [�] Symmetry
(N ¥¥¥ O) (C��O ¥¥¥ N) operation
(O ¥¥¥ O) (C��O ¥¥¥ O)


Intra-
molecular


N2A O0�A 2.926(9) 131.7(5) x, y, z
N3A O0�A 3.087(7) 156.8(5) x, y, z
N4A O0A 2.877(7) 165.3(5) x, y, z
N5A O1A 3.165(8) 140.9(6) x, y, z
N6A O2A 2.946(9) 148.4(6) x, y, z
N7A O3A 2.988(7) 162.8(5) x, y, z
N8A O4A 3.113(7) 157.7(5) x, y, z
N9A O6A 3.19(1) 116.7(5) x, y, z
N10A O7A 3.056(9) 116.4(5) x, y, z
N11A O7A 3.062(9) 171.8(5) x, y, z
N3B O0B 2.993(9) 118.6(5) x, y, z
N4B O1B 3.315(9) 116.2(6) x, y, z
N6B O3B 2.842(9) 122.3(6) x, y, z
N7B O3B 3.259(7) 166.9(6) x, y, z
N8B O4B 3.020(7) 153.1(5) x, y, z
N9B O5B 2.970(8) 141.1(5) x, y, z
N10B O6B 3.373(9) 147.5(6) x, y, z
N10B O7B 3.067(8) 116.7(4) x, y, z
N11B O7B 3.082(9) 162.9(5) x, y, z


Inter-
molecular


N0A O10B 2.794(7) 136.3(6) 1³2�x,� 1³2� y,1� z
N0B O10A 2.96(1) 134(1) 1³2�x, 1³2� y,1� z
N1A Ow2 2.949(8) x, y, z
N5B Ow1 2.804(8) x, y, z
Ow1 O5A 2.833(7) 135.9(5) x, y, z
Ow1 O2B 2.698(9) 128.1(6) x, y, z
Ow2 O9B 2.87(1) 124.4(7) 1³2� x,� 1³2� y,1� z
Ow2 O11B 2.62(1) 157(1) 1³2� x,� 1³2� y,1� z
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Colorless single crystals of this terminally protected dodecapeptide
were grown by slow evaporation at room temperature from a
methanol solution. Data collection was carried out on a Nonius
MACH3 X-ray diffractometer at the Laboratoire de Cristallographie et
de Mode¬lisation des Mate¬riaux Mine¬raux et Biologiques at the
University of Nancy (France) with a Nonius FR591 rotating anode
generator. Crystallographic data are listed in Table 3. The peptide


crystallizes as a dihydrate with two independent peptide molecules
in the asymmetric unit, for a total of 208 non-H atoms, in the
orthorhombic space group P212121. In spite of several efforts to solve
the structure by using a variety of programs, only the SIR 2002
program,[35] with the default procedure was successful (i.e. , only
space-group symbol, cell parameters, unit cell content, and exper-
imental structure factors were supplied). The program was able to
find the correct solution in few trials (trial 34), spending 26 min of cpu
time (Compaq XP1000 Unix Workstation). For each trial, SIR 2002
computes a figure of merit able to discriminate the correct solution
among the different trials.


Refinement of the structure was performed by full-matrix least-
squares procedures with the program SHELXL 97.[36] All non-H atoms
were refined anisotropically. H-atoms were calculated and during the
refinement they were allowed to ride on their carrying atoms, with
Uiso set equal to 1.2 times the Ueq of the attached atom.


CCDC-223140 contains the supplementary crystallographic data for
this paper. These data can be obtained free of charge via
www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cambridge
Crystallographic Data Centre, 12 Union Road, Cambridge CB2 1EZ,
UK; fax: (�44)1223-336033; or deposit@ccdc.cam.ac.uk).
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Table 3. Crystallographic data for the [Boc-Bpa0, TOAC8, Leu11-OMe]
trichogin GA IV analogue.


empirical formula C72H112N13O18 ¥H2O
formula weight (a.m.u.) 1465.77
crystal system orthorhombic
space group P212121


a [ä] 10.871(5)
b [ä] 39.468(4)
c [ä] 40.693(5)
V [ä3] 17460(9)
Z 8
�calcd [gcm�3] 1.103
independent reflections 17947
observed reflections 10469 [I� 2�(I) ]
solved by SIR 2002
refined by SHELXL 97
S 1.506
Final R indices [I� 2�(I) ] R1�0.0900, wR2� 0.2350
R indices (all data) R1�0.1319, wR2� 0.2615
T [K] 293
Radiation (� [ä]) CuK� (1.54178)
��max/min 0.480/�0.466





