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Abstract—This review contains a brief consideration of some theoretical aspects of photoaffinity (photoreactive) labeling
(PAL), and the most widely used photoreactive groups, such as arylazide, benzophenone, and 3-(trifluoromethyl)-3-
phenyldiazirine, are characterized in comparison. Experimental methodology is described, including modern approaches of
mass spectrometry for analysis of cross-linking products between the photoreactive probes and biomolecules. Examples of
PAL application in diverse fields of structural biology during the last five-ten years are presented. Potential drug targets,
transport processes, stereochemistry of interaction of G-protein-coupled receptors with ligands, as well as structural
changes in nicotinic acetylcholine receptor are considered. Applications of photoaffinity ganglioside and phospholipid
probes for studying biological membranes and of nucleotide probes in investigations of replicative and transcriptional com-
plexes, as well as photoaffinity glycoconjugates for detecting carbohydrate-binding proteins are covered. In combination
with modern techniques of instrumental analysis and computer-aided modeling, PAL remains the most important approach

in studies on the organization of biological systems.
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Photoreactive probing (photoaffinity labeling
(PAL)) is widely used in structure-function studies of bio-
logical systems because this approach allows direct verifi-
cation of the spatial proximity of molecular components
(reviews [1-11]). A probe, which most often is a natural
substance analog supplemented with a photoreactive
group (label, photophore), is introduced into a system
under study and subjected to irradiation. Photolysis of the
label results in a highly reactive intermediate capable of
covalent binding (cross-linking) with the nearest frag-
ment of a biomolecule. For detection of the cross-linking
product, i.e. the macromolecule and, finally, the site(s) of

Abbreviations: Bp) benzoylphenyl; Bpa) p-benzoylphenylala-
nine; CRF) corticotropin-releasing factor; DAT) dopamine
protein transporter; Dcp) diazocyclopentadien-2-ylcarbonyl;
ESI) electrospray ionization; GPCR) G-protein-coupled
receptor; GSph) gangliosides; ILBP) ileal lipid-binding pro-
tein; LC/MS) liquid chromatography/mass spectrometry;
MALDI) matrix assisted laser desorption ionization; MDR)
multiple drug resistance; MS) mass spectrometry; MS/MS)
tandem mass spectrometry; nAChR) nicotinic acetylcholine
receptor; Nab) 2-nitro-5-azidobenzoyl; Nap) 2-nitro-4-azi-
dophenyl; PAL) photoaffinity labeling; PC) phosphatidyl-
choline; SE) squalene epoxidase; TD) transmembrane domain;
Tfd) 3-(trifluoromethyl)-3-phenyldiazirine.

its modification, the probe has to contain a reporter
(radioactive, chromophore, fluorescent, or immunoreac-
tive) group. And this enables the detecting of specific
amino acid residues of a protein which are in contact with
the ligand. To obtain such information, structural biology
most often uses X-ray crystallography and high perform-
ance NMR approaches which are now supported by tech-
nologies of preparation of recombinant DNAs capable of
producing milligram quantities of polypeptides or
polynucleotides to be studied. However, in many cases
such a structural analysis is impossible or extremely diffi-
cult. In particular, this is especially true for studies on
complexes of transcriptional factors, ribosomes, proteins
of vesicular systems, local structures of cytoskeleton, and
integral signaling complexes. In such cases, PAL is the
most important approach for identification of subunits
and mapping the active site, in addition and combination
with studies by point mutagenesis and monoclonal anti-
body binding.

PAL was first proposed more than 40 years ago [12],
but now it again attracts attention due to elaboration of
more sophisticated photophores [4-8]. The development
of more effective methods for separating and detecting
fragments of macromolecules and also arising of pro-
teomics make markedly easier structural analysis of PAL
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products [13]. Combined with computer-aided molecular
modeling, the findings can be used for designing models
of ligand—receptor complexes [14]. A relatively new sub-
stituted Cys-accessibility scanning method (SCAM) [15]
makes possible studies on the interaction of ligands only
with water-available fragments of receptors. To overcome
this limitation, the method can be supplemented by label-
ing of the active site with ligands carrying reactive groups
[16]. But such an approach is difficult in the case of pep-
tidergic receptors. The main advantage of PAL is its
applicability for native proteins.

FUNDAMENTALS OF PHOTOAFFINITY PROBING

Photoaffinity probes need to fit the following
requirements: the probe must be chemically inert in the
absence of actinic light; the photophore has to be activat-
ed under mild conditions and its activation must not
damage the biosystem and its components; the lifetime of
the excited state of the label has to be shorter than the
lifetime of a ligand—receptor or another complex under
study; the activated probe has to nonspecifically react
with any neighboring group, including saturated CH-
chains of lipids and nonpolar amino acid residues, with
production of a tight covalent bond; the photophore must
not induce significant disorders in the biosystem organi-
zation; the photophore introduction into the initial sub-
stance molecule must not considerably decrease the bio-
logical activity; the probe has to contain a radionuclide
with a sufficiently high specific activity or an additional
label attached through an elongated linker; the probe has
to be available.

VODOVOZOVA

There are no “ideal” photophores fitting all of these
requirements. Compounds which on irradiation generate
carbenes and nitrenes (excited states of C and N), ben-
zophenone derivatives producing biradicals during pho-
tolysis, and also aryldiazonium generating a highly active
aryl cation suit these requirements best. After
Westheimer’s proposal of 1962 [12] to use the diazoacetyl
group for PAL, many efforts have been directed to find
different photophores (figure), and their properties are
still under investigation. We shall briefly consider some
features of photochemical reactions.

Absorption of certain wavelength light by a carbene-
or nitrene-generating molecule causes its transition into
an electron-excited state, which results in detachment of a
N, molecule and production of a highly reactive
uncharged intermediate capable of existing in a singlet (S,
electron spins are antiparallel) or triplet (T, spins are par-
allel) state [28]. The primary product of photolysis is a
zwitterion type S,-intermediate characterized by elec-
trophilic reactions. The lifetimes of the S,-states are short
(e.g., for phenylnitrene it is ~107° sec as shown by laser
flash photolysis [29]). Transition into the T,-state charac-
terized by one-electron radical reactions is a competing
process. The covalent binding of the singlet with an adja-
cent molecule is more probable because it attacks the elec-
tron pair in one stage. In the case of the triplet, the bond
is a result of two consecutive radical reactions; therefore,
there is an increased probability of a simple abstraction of
hydrogen atoms from the target molecule [30].

Carbenes are more reactive, i.e., less selective with
respect to different bonds than nitrenes. Usually S,-car-
benes including phenylcarbenes react very rapidly with
production of stable adducts with the majority of func-
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Chronology of reports about the application of different functional groups for photoaffinity labeling
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tional groups (OH, Ar, -C=C-, and even inactive CH-
bonds of alkanes): the rate constants of bimolecular reac-
tions are 1077-10° M~".sec”! [31]. Unsubstituted S,-aryl-
nitrenes rapidly rearrange intramolecularly into long-
lived electrophilic intermediates, such as benzazirine
and/or cyclic ketenimine dehydroazepine capable of
reacting with remote nucleophilic groups [29, 31], which
gives false results of PAL (Scheme 1).

A fundamental difference between singlet phenylni-
trene and phenylcarbene is confirmed by modern calcula-
tions using molecular orbital theory: 'PhN is prone to
cyclization because of existence of electron structures with
uncompleted envelopes [31]. Obviously, PhN;-groups have
been used for PAL more often than other groups due to
commercial availability of synthons for the preparation of
probes. Photochemical properties of 'PhN are influenced
by the substitutes. Perfluorophenyl nitrenes are more active
and not prone to cyclization [25, 31, 32]. Phenylazides can
be photolyzed under mild conditions (>300 nm), although
their absorption is characterized by A,,, < 280 nm and to
provide for PAL efficiency long-term irradiation (to 2 h) is
needed, which is undesirable in some cases.

Diazirines are characterized by photoisomerization
into electrophilic diazo compounds [6]. The 3-(trifluo-
romethyl)-3-phenyldiazirine (Tfd) group [22] during
photolysis (~360 nm) produces more than 30% of diazo
compound, which can generate carbene upon the more

severe irradiation. Unlike PhnCHN,, diazo isomer of Tfd-
label displays no tendency for protonation and subse-
quent attacks by nucleophiles; therefore, side reactions
characteristic for phenyldiazirines (e.g. alkylation of
COOH-groups) are inhibited [22]. The Tfd-label has
important advantages and is a leader in PAL [7]. But the
following shortcomings should be noted: complicated
scheme of synthesis, possible loss of the labeled substrate
upon the introduction into the NH-bond (due to HF
detachment and subsequent hydrolysis with production of
ketone) [33], and also instability of some PAL products
under conditions of proteolysis during peptide mapping
[34], which seems to occur on the mapping by OH-bonds
of side chains of E, D, and Y [3].

Benzophenone (Bp) groups are often used for PAL
[8, 10]. Methods for expression in animal [35] and E. coli
[36] cells of proteins containing p-benzoylphenylalanine
(Bpa) have been developed which enable the study of
weak interactions of proteins or their intermediate com-
plexes. The popularity of Bp-groups (despite their large
volume) is explained by their higher chemical stability,
commercial availability, and photochemical properties:
being photoactivated at ~350 nm, they react with inactive
CH-bonds even in the presence of water (but the photol-
ysis needs more prolonged time, at least 30 min, and is
usually performed at 0°C). As distinguished from photol-
ysis of arylazides and diazirines, the generation of biradi-
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Ph N\ r\ hy 'gand receptor-CH ' Ph
C=0 —— — C—OH
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Photolysis of Bp-labeled ligand and subsequent interaction with receptor
Scheme 2
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cals from Bp is reversible, and this increases the labeling
efficiency of the substrate (receptor) due to multiple exci-
tation—relaxation cycles [8, 10] (Scheme 2).

However, in some physiologically active peptides
Bpa was markedly selective with respect to Met residues
in the receptors [37-41]; therefore, an original approach
was even proposed for scanning the binding sites of pep-
tidergic receptors coupled with the G-protein [42, 43].
This approach was based on a unique feature of Met: the
Met residue of the receptor labeled by the thiomethyl
group by Bpa-containing peptide released the labeled
peptide after the CNBr-cleavage, as shown in the Scheme
3 [37]. The molecular modeling gives the PAL radius of
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Met residues by the Bpa keto-function to be ~6-7 A [42]
and not 3.1 A [10].

The comparison of PAL efficiency for peptides [44]
and DNA [45] using probes carrying PhN;, a.-diazocar-
bonyl, Bp-, and Tfd-labels indicated the advantage of the
Tfd-label.

SCHEME OF PHOTOAFFINITY
LABELING EXPERIMENTS

When constructing the probe, it is desirable to retain
its biological activity at the level of the initial compound,
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Interaction of Bpa-labeled peptide with receptor Met residue and subsequent CNBr-cleavage. A is the N-terminal sequence of the recep-
tor; B is the C-terminal sequence of the receptor. * Labeled peptide, the radiolabeled peptide-ligand

Scheme 3
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but even 1000-fold less active derivatives can be useful in
searching for new drugs [10]. The probe has to carry a
radioisotope or another label (e.g., biotin [46, 47]) bound
through an elongated linker. Highly active radionuclides
('®I, ¥P) providing for the highest sensitivity of the
method are introduced into the probe immediately before
PAL.

The PAL products are identified on three levels [10].
On the macro level, proteins or their subunits to which the
probe is first of all bound are determined. This informa-
tion is important for studies on the organization of oligo-
subunit integral membrane receptors. This information is
usually sufficient for biomolecular screening when indi-
vidual candidates for drugs or large molecular libraries
prepared by combinatory organic synthesis are under
testing. On this level, the cross-linking products are
mainly analyzed by SDS-PAGE; the labeled polypeptides
are detected by radioautography or fluorography. Upon
detection of the purposeful protein (proteins), the bind-
ing specificity is proved: the labeling by the probe has to
be suppressed in the presence of 100-1000-fold excess
initial ligand [10].

On the semimicro level, the specifically labeled pro-
teins are isolated and subjected to enzymatic proteolysis
or chemical cleavage at specific amino acid residues, and
then separated by electrophoresis or HPLC to detect the
binding site on the peptide level. In fact, after the labeled
peptides have been isolated, the radiolabel is already not
necessary, because the peptides can be analyzed using
mass spectrometry approaches (MALDI or ESI) or
degradation by the Edman method in the case of suffi-
cient amount of the protein. Moreover, liquid chromato-
graphy/mass spectrometry (LC/MS) allows the analyzing
of peptide—protein cross-links on both macro- and semi-
micro levels even without a radiolabel [13, 34]. The iden-
tified binding site can be expressed, and the recombinant
peptide (peptides) can be used for investigation of ligand—
receptor interactions.

On the micro level, key amino acid residues of the
receptor which are involved in binding with the ligand are
conventionally determined using degradation by the
Edman method: the labeled peptide is subjected to auto-
mated or manual radiosequencing [48, 49]. The photola-
beled amino acid residues in peptide fragments are direct-
ly determined by tandem mass spectrometry (MS/MS)
[50].

USE OF PHOTOREACTIVE LIGANDS
FOR ELABORATION OF DRUGS

Data on the binding site structure of a purposeful
receptor facilitate the development of an optimal phar-
macophore. Modern technologies, such as combinatorial
chemistry, gene engineering approaches, and high-
throughput analysis methods have made PAL a tool for
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identification of drug/receptor pairs and also for investi-
gation of ligand-receptor interaction mechanisms [11].
In the 1990s various regulatory mechanisms were discov-
ered, including endogenous ligands and their receptors,
enzyme—substrate complexes. However, exact targets are
still unknown for many drugs, which are on the stage of
development or already used in practice. Consider the
reports for the last 5-7 years (for earlier years see review
[10]).

Search for potential targets of drugs. The first pho-
toaffinity analog of anandamide was synthesized with the
N;-group at the arachidonoyl terminal C-atom and had a
high affinity (K; = 0.9 nM) for the endocannabinoid
receptor CB1; this enables study of the binding site of the
endogenous ligand involved in CBI1 activation [51].

The preparation dandrolen inhibiting the Ca**
release from the sarcoplasmic reticulum (SR) of skeletal
muscles is a unique myorelaxant used in multiple hyper-
thermia—a congenital disorder in the muscular status
manifesting itself in response to volatile anesthetics. The
drug action mechanism was studied using [*H]azidodan-
drolen I [52] (Scheme 4). A specifically labeled ~160-kD
protein was detected by PAL in SR membranes of the
skeletal muscles and found by Western blotting to be
identical to the ryanodine receptor (RR) of the skeletal
muscles (RR1). RRs are the main class of intracellular
Ca’*-releasing channels. In subsequent PAL experi-
ments, the binding domain on RR1 was determined, and
the heart muscle was shown to contain a receptor isoform
(RR2) with an unavailable native conformation of the
dandrolen-binding site [53]. This site seems to be a target
for dandrolen derivatives, which are promising as drugs
for treatment of arrhythmia.

Intestinal absorption plays a major role in cholesterol
homeostasis. The photolabeling with a diazirine deriva-
tive of [*H]cholesterol II and inhibitor of its absorption 2-
azetidinone III as arylazide (Scheme 4) revealed specific
receptors in the small intestine brush border membranes
(80- and 145-kD integral membrane proteins, respective-
ly) [54]. The two proteins share the same tissue distribu-
tion in the small intestine and none is of the earlier sup-
posed candidates for transporters (SR-BI, ABC
G5/ABC, ABC Al). Later the 145-kD receptor of 2-aze-
tidinone was identified as aminopeptidase N (CD13); by
PAL the annexin I1/caveolin 1 complex was shown not to
be a target of 2-azetidinone, as had been supposed on the
basis of immunoprecipitation data [55].

The ileal lipid-binding protein (ILBP, a 14-kD
membrane protein) is the only physiologically relevant
protein capable of binding bile acids in the cytosol of ileo-
cytes. The ILBP binding site was studied in detail using
labeling by diazirine 3- and 7-derivatives of [*H]cholyl-
taurine [56]. By MS MALDI data, C(3) of the substrate
was located near the sequence H'-T''-S'2. The contro-
versial position 7 was in contact with R'?, as shown by
chemical modification and NMR (*’N- and N/"C-
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Photoaffinity analogs of drugs and natural compounds used in molecular pharmacology studies
Scheme 4

labeled ILBP). Thus, the steroid core of bile acids is sub-
merged into the ILBP cavity, whereas the negatively
charged side chain is near the entrance.

Squalene epoxidase (SE) catalyzes the transforma-
tion of squalene to (3S)-2,3-oxidosqualene, which is a
key intermediate of acyclic lipid conversion to sterols in
plants, fungi, and vertebrates. Inhibition of SE regulates
biosynthesis of cholesterol and can also be used in the
designing of fungicides [57]. The structure of SE sub-
strates has to fit strict requirements. A competitive
inhibitor of SE (K, = 18.4 uM), [*H]trisnorsqualene alco-
hol IV diazoacetate, has been synthesized (Scheme 4)
[57]. Upon proteolysis of photolabeled SE (a 50-kD

recombinant) with selective reagents, CNBr and BNPS-
scatol, electrophoresis, and radiosequencing of the first
24 amino acid residues of an 8-kD peptide, labeled K>,
R* and D*7 were identified. The substitution of the
above-mentioned charged amino acid residues by volu-
minous residues P, F, or W (three triple mutants of SE)
caused a decrease in both the enzymatic activity and PAL
efficiency, and this confirmed the location of the SE sub-
strate-binding site [57].

A direct binding of the Newmann—Pick C1 type pro-
tein (NPC1) with cholesterol was found on the living cell
level [58]. NPC1 (a 180-kD glycoprotein; 13 transmem-
brane domains (TD) of which five consecutive ones form
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a sterol-sensitive domain (SSD)) plays an important role
in vesicular transport of cholesterol and other lipids from
late endosomes; disorders in the transport result in accu-
mulation of nonesterified lipids in lysosomes of neurons
and neurodegeneration of the central nervous system.
Upon photolabeling by [*H]7,7-azocholestane of intact
cells expressing NPC1 labeled by various fluorescent pro-
teins (NPC1-FP) and after immunoprecipitation, a *H-
labeled green NPCI1-FP displayed as a single band. PAL
was strongly inhibited by excess unlabeled sterol and also
as a result of SSD-affecting mutations associated with
the loss of functional activity. The PAL specificity was
also confirmed by other experiments; the totality of the
data suggested the low affinity of NPCI1 for cholesterol
[58].

Functioning of the cellular retinaldehyde-binding
protein (CRALBP), a water-soluble 36-kD protein from
the pigment epithelium of the eye retina which accepts
11-cis-retinol during the isomerization stage of the visual
cycle and carries it to 11-cis-retinol dehydrogenase, was
studied by PAL of CRALBP with 3-diazo-4-keto-11-cis-
retinal and subsequent topologic analysis by high per-
formance MS [59]. This probe was earlier used for map-
ping the ligand movement inside rhodopsin in response to
photosensitization [60]. Note that the radiolabel was
introduced (the bound retinal reduction to retinol by
NaB®H,) already after PAL [59]. By combination of
LC/MS and MS/MS eight amino acid residues (Y'”°,
F197, C198’ M208, K221’ M222, V223, M225) were identiﬁed,
four of which had been earlier predicted to exist.
Comparison of H/D-exchange and MS of apo-CRALBP
and its complex with 11-cis-retinal revealed hydropho-
bicity of the 198-255 sequence (shielded against
exchange). On the basis of crystal structures of three
homologous lipid-binding proteins, a structural model of
the ligand-binding domain was constructed where all
labeled amino acid residues covered the binding cavity of
the ligand, except M? located on a flexible loop in front
of the cavity. In total, 12 amino acid residues interacted
with the ligand [59].

The hexapeptide hexarelin is a synthetic peptide
stimulating the release of growth hormone during the
binding with the receptor coupled with the G-protein.
Hexarelin has been shown to bind with CD36 [61], which
is a scavenger receptor expressed in various tissues,
including the reticular-endothelial system cells. CD36 is
involved in endocytosis of oxidized low density lipopro-
teins (LDL,,). Bpa-labeled hexarelin bound covalently
with M'® of CD36, as shown by electrophoresis of frag-
ments produced by enzymatic and CNBr-cleavage.
Hexarelin is supposed to interfere in the absorption of
LDL, by macrophages, because the LDL_,-binding
domain on CD36 corresponds to Q'**-K'#. This seems to
explain the anti-atherosclerotic effect of such synthetic
peptides observed on mice with apolipoprotein E defi-
ciency [61].
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Transport processes. A drug-binding site has been
found in the pump protein LmrA eliminating metabolites
and/or xenobiotics from Lactococcus lactis cells [62].
LmrA is a member of a large family of membrane trans-
porters, ATP-binding cassettes (ABC); LmrA is responsi-
ble for multiple drug resistance (MDR) to the agents with
physicochemical properties similar to those of P-glyco-
protein (P-gp) substrates. The specific labeling of LmrA
in membrane vesicles by ['*I]arylazide derivative of
Rhodamine-123 was inhibited by various drugs [62],
whereas substances neutralizing MDR including
cyclosporin A equally inhibited photolabeling of both
LmrA and P-protein. After the treatment of labeled
LmrA in gel with protease from S. aureus V8 a 6.8-kD
peptide was identified which contained the (A3'*-E3%)
sequence from the fifth and sixth TDs, and this correlat-
ed with data of SCAM scanning indicating the sixth TD.

The substrate-binding domain(s) of P-gp were stud-
ied using a set of propafenone type (V) Bp-analogs [63]
(Scheme 4). By MALDI-MS data, the 3rd, 5th, 8th, and
11th TDs were labeled. On the base of a dimeric crys-
talline structure of the essential lipid MsbA transporter
from Vibrio cholerae, a homologous model was designed
for P-gp using molecular modeling methods, and then the
PAL data were projected onto a three-dimensional atom-
ic model of P-gp. The binding was found to occur on the
surfaces between two pairs of TDs formed between the N-
and C-terminal halves of P-gp: 3/11 TDs from the one
side and 5/8 TDs from the other side. Data on two bacte-
rial pump proteins, LmrA and MsbA [63], suggest that
the binding of the substrate(s) between the domains
should be a distinctive feature for removing transporters
with multiple drug specificity.

To identify the cocaine-binding site on the dopamine
protein transporter (DAT) in the neuronal membrane, a
set of '[-labeled and nonradioactive arylazide analogs of
cocaine and other blockers of the dopamine absorption
was used [64]. DAT is composed of 12 TDs, and the N-
and C-ends are oriented into the cytosol. The three-
dimensional structure of DAT is not resolved; it is unclear
how TDs produce conducting pathways for the substrates
and where the binding sites of substrate and inhibitors are
located. Analysis of proteolytic fragments of photolabeled
DAT (cleavage in gel by trypsin, chymotrypsin, protease
V8, or CNBr, epitope-specific precipitation) has revealed
a 4-kD binding site. More precise localization was estab-
lished by HPLC of radiolabeled peptides: the retention
times were compared with those calculated for the unla-
beled peptides and with data obtained for the photola-
beled synthetic peptides. By MS MALDI and MS/MS,
authentic sequences were detected in the HPLC fractions
of the proteolytic DAT fragments photolabeled by nonra-
dioactive ligands. Four of the five ligands bound with TD
1 and TD 2, most conservative for monoamine trans-
porters and, possibly, functionally important for the
transport of substrates. Introduction of a variety of struc-
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turally different ligands in this area suggests a general
mechanism for absorption of blockers and the involve-
ment of these TDs in formation of the binding site(s) and
the substrate translocation [64, 65].

Stereochemistry of G-protein-coupled receptor inter-
action with ligands. The ligand binding sites of the pep-
tidergic G-protein-coupled receptors (GPCR) belonging
to a large family of integral membrane glycoproteins sim-
ilarly built of seven helical TDs are mainly investigated by
site-specific mutagenesis. However, changes in the pri-
mary structure can influence details of the chimeric
receptor architecture and change the ligand behavior in
the binding cavity. In the 1990s PAL was successfully used
for mapping the ligand binding sites of such class 1 GPCR
representatives as the B-adrenergic receptor [66], pitu-
itary receptor of the gonadotropin-releasing hormone
(GnRH) [67], adenosine receptor [68], NKI-receptor
[69], urotensin 2 receptor [70] (the first three works were
performed using ArN;-labels and the other works with
Bpa-labels), etc.

The octapeptide hormone angiotensin Il (Angll;
Scheme 5), involved in the regulation of many functions
of the cardiovascular system, is highly specific to two dif-

D1-R2-V/3.-Y4-\/5-H6-P7-F38 Angll
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H
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Primary structure of angiotensin II (Angll) and its synthetic 'I-

labeled analogs containing Bpa in the third or eighth positions
(Bpa’-AnglI or Bpa®-Angll) or the Tfd-label (Tfd®-AngIl)
Scheme 5

ferent mammalian GPCRs, AT, and AT,. Virtually all
known functions of AnglI are due to its interaction with
AT,, whereas AT, is a physiological antagonist of AT,
involved in the regulation of the central nervous system
functions [71]. A model of the AT,—Angll complex creat-
ed on the basis of the retrospective analysis of the direct-
ed mutagenesis data combined with molecular modeling
[72] contradicts the comprehensive PAL studies with
['>T]AnglI derivatives labeled with Bpa instead of V? [73]
or F? [48] (Scheme 5). The authors [48, 73] proposed a
model with an extended conformation of the -structure
of AnglI in the binding pocket, its C-terminal amino acid
residue contacting F?3 and N?* of the seventh TD of
human AT, and its third amino acid residue contacting
the second extracellular loop (I'7?). Testing of biological
activities of cyclic analogs of Angll confirmed the activi-
ty of the extended conformation lacking a bend in the
central region of the peptide [74]. In works [48, 73], the
labeled peptide fragments were prepared by treatment
with a set of proteases (endoproteinases Glu-C, Arg-C,
and Lys-C, trypsin), glycopeptidase, and cyanogen bro-
mide in gel, and then were analyzed by manual radiose-
quencing. Moreover, Met-mutants of AT, by the identi-
fied contact points with Bpa-Angll probes were used
which released the ligand after PAL and treatment with
CNBr (see above). The membrane-bound model of AT,
was constructed [73] arranging the sequences according
to work [75] and on taking into account the organization
of TDs of the rhodopsin family proteins. AnglI is extend-
ed virtually parallel to TD in AT,, with the C-end sub-
merged into the membrane depth and the N-end left on
the surface. A similar organization of Angll was shown
for its complex with human AT,, and it is suggested to be
specific also for other peptidergic systems [76].

The same authors [42] showed that the Bpa®-analog
of ['"®I]AnglI bound with the M'?® and M'® residues in
the third TD of human AT, (363 amino acid residues).
Therefore, the reactivity and selectivity of two pho-
tophores, Bpa and Tfd [77], were compared on the exam-
ple of AT, labeling by Bpa®- and Tfd®-analogs of Angll
(Scheme 5). The two probes labeled similar CNBr-frag-
ments, but substitution of the Met residues by Ala result-
ed in a sharp decrease in the Bpa-probe efficiency, as dis-
tinct from the Tfd-analog.

So far PAL has been less frequently used to study the
ligand-binding sites of class 2 GPCRs. Bpa-ligands were
used in experiments with the receptors of parathyroid
hormone [78, 79], secretin [80], calcitonin [81], and with
the receptor of the intestinal vasoactive peptide [82, 83]
(see the review [84]).

Corticotropin-releasing factor (CRF), a neuroen-
docrine mediator containing 41 amino acid residues,
plays a key role in the regulation of production of adreno-
corticotropic hormone and other hormones of the anteri-
or pituitary. Two types of CRF receptors (CRFR) are
known which are the class 2 GPCRs: CRF,R and
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CRF,R. They are distributed in different tissues, mainly
in the brain, and are involved in various stress-mediated
reactions of the body. CRFRs are attractive pharmacolog-
ical targets, and the structure of their ligand-binding site
has been studied by various indirect approaches using
chimeric receptors, deletion-carrying mutants, and
mutagenesis [85]. A two-domain model of the CRF bind-
ing with CRF,R has been proposed: the C-terminal of the
ligand binds with the extracellular N-terminal of the
receptor and forms the main binding domain, whereas the
N-terminal of the ligand is slightly submerged into the
juxtamembrane domain exposed on the surface and acti-
vates the receptor. A three-domain model of binding has
been proposed from studies on the interaction of a set of
N-terminally shortened urocortins (urocortin is a CRF
analog consisting of 40 amino acid residues found in the
mammalian midbrain) with the soluble N-terminal
region of CRF,R [86]. This model was tested by PAL of
CRF,R with synthetic analogs of rat '»I-labeled uro-
cortin carrying Bpa in positions 0, 12, 17, or 22 [87]. All
analogs had high affinity for CRF,R and were full agonists
of urocortin. The peptide mapping (degradation with
proteases, chemical reagents, and endoglycosidase)
revealed that amino acid residues 12, 17, and 22 of uro-
cortin were bound not with the N-terminal region of
CRF,R (as believed earlier [86]) but with the juxtamem-
brane domain. The authors [87] think that the above-
mentioned amino acid residues are located on the nearest
to the membrane side of the ligand helix, whereas inter-
mediate amino acid residues on the other side of the helix
are in contact with the N-terminal of the receptor. Thus,
urocortin differently binds with the soluble N-terminal
fragment of CRF,R and the whole receptor expressed on
the cells. The PAL data have verified the two-domain
model and shown that the juxtamembrane domain struc-
tures the N-terminal residues of urocortin, which are
important for the adequate activation of the receptor [87].

Studies on the structure of the nicotinic type acetyl-
choline receptor. The current model of molecular organi-
zation of nicotinic acetylcholine receptors (nAChR) is
designed based on cryoelectron microscopy data [88],
directed mutagenesis, and PAL [89]. Muscular and neu-
ronal nAChRs are allosteric cationic channels belonging
to the protein superfamily of “Cys-loop” ligand-depend-
ent ion channels, which are activated by an endogenous
neurotransmitter acetylcholine (ACh) (review [90]) and
play the most important role in synapse functioning. The
nAChR functioning is characterized by opening of the
channel pore upon ACh binding; the process goes for a
few milliseconds and results in a cationic current through
the channel and depolarization of the postsynaptic mem-
brane. Then nAChR is desensitized, and this state contin-
ues from a few seconds to minutes. The receptor can be in
the following conformations: rest (R, the channel is
closed), open (A, activated), intermediate (I), and desen-
sitized (D). The nAChRs from the electroorgan of the
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Torpedo electric ray and neuromuscular junctions of ver-
tebrates are pentameric heteromers (o,3yd) which carry
two ACh binding sites in the N-terminal extracellular
domain at the distance of ~30 A above the membrane (at
the boundary between the ay- and ad-subunits) and con-
tain cation-selective channel-forming elements inside.
Various amino acid residues lining the ACh binding site
were determined, and a model with seven binding loops
was proposed which was confirmed by a high resolution
crystal structure of the ACh-binding protein, the soluble
homolog of the ligand-binding nAChR domain [91]. The
ACh binding site includes three loops of the major com-
ponent (the a-subunit) and four loops of the additional
component (y- or 5-subunit). The TD consists of four o.-
helices (M1-M4): M2 covers the channel wall and the
other helices contact the lipid bilayer. The model is con-
sistent with the nAChR structure obtained by cryoelec-
tron microscopy at the resolution of 4 A [88].

Some examples of the application of PAL for studies
on the organization of the ligand-binding site of nAChR
are given below. Probes antagonists (such as [*H]DDF)
and agonists (such as [’H]DCTA and [*H]JACS) were
used:

o)
\N/ (0] ~ J\ |+/
*hag
Ny* N N,
DDF DCTA ACS

The DDF molecule is an effective photophore and,
according to its structure, probes the ammonium residue-
binding site; the ACh binding site was shown to consist of
at least three loops of the a-subunit [92]. The binding site
of the ACh ester function was located using its structural
analog [*’H]DCTA [93]; based on the dependence of the
nAChR (D) photolabeling on the probe concentration,
the apparent dissociation constants of PAL of the a.- and
B-subunits were calculated (2.2 £ 1.1 and 3.6 £ 2.8 uM,
respectively). Cyanogen bromide peptides of the labeled
a-subunit were separated by HPLC, treated with trypsin,
and subjected again to HPLC. The data of automatic
microsequencing were processed mathematically, and the
labeled amino acid residues were identified univalently
(@Y™, aC"?, aC'"?, aY"™). The same amino acid
residues were detected by PAL with the agonist [*H]nico-
tine [94]. Thus, the ester residue of ACh was shown to
interact with the C-loop.

Conformational changes in nAChR on binding with
ACh can be studied using time-resolved PAL (review
[90]). This method requires large quantities of protein
and has been elaborated just for nAChRs, which are pro-
duced in abundance by Torpedo. The key stage of the
method is the fast mixing of samples using a special
device before photolysis. Then the reversible ligand—
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receptor complex is “quenched” by flash photolysis [95]
or fast freezing (—196°C) followed by irradiation in the
steady state [96]. The quenching stage determines the
time resolution of these approaches (<5 and <1 msec,
respectively). The radiolabeling of a protein is measured
as the mixing time function: the subunits are separated by
PAGE and analyzed for the specific radiolabeling. The
subsequent stages of the protein extraction from the
membranes, enzymatic hydrolysis, purification of pep-
tides, and microsequencing are used to calculate the radio-
label introduction into the peptides and amino acid
residues. A less tedious procedure was proposed on the
base of photochemical reactions with the receptor in dif-
ferent states fixed electrophysiologically and subsequent
analysis by MS (electrophysiology-coordinated photo-
chemistry (ECP-MS)) [97]. Synchronized voltage pulses
(voltage-clamped oocyte) and irradiation enable the
labeling of small quantities of nAChRs expressed in
oocytes, but with lower time resolution (~500 msec)
determined by the buffer exchange in the oocyte-contain-
ing chamber. The oocyte membranes are solubilized, and
the labeled nAChRs are isolated by electrophoresis,
degraded enzymatically, and analyzed by capillary liquid
chromatography and ESI MS/MS. However, the ECP-
MS method has some limitations. Picomolar amounts of
the PAL product preclude quantitative evaluation of the
probe introduction. Moreover, usually only a small frac-
tion of proteins is labeled, and this significantly compli-
cates the MS-sequencing and especially the discrimina-
tion of the specific and nonspecific labeling. Finally, MS
analysis of hydrophobic fragments is difficult, and this
seems to explain the failure in detecting the amino acid
residues of M1-M3 TDs by photolabeling with hydropho-
bic probes [97].

Reorganization of the ACh binding site was studied
by flash photolysis combined with a stopped-flow setup,
at first with a competitive antagonist [*’H]DDF [98] (the
R — D transition), and then with agonists [’H]DCTA
[99] (A — I — D) and [*H]AC5 [100] (A - I — D). At
the receptor transition A — I — D, the y-subunit addi-
tionally framing the active site moves nearer to amino
acid residues Y'*°, C'2, C'*3, and Y'*® of the a.-subunit C-
loop [99]. The probe AC5 has high affinity (K; = 9 nM)
and is a full agonist of nicotine (ECs, 1.2 uM) with
respect to nAChR of Torpedo expressed in the oocytes
[100]. As judged from the radiolabel incorporation, the
photophore of the probe mainly reacts with the addition-
al components (the y- and d-subunits) in state D, and in
the transitional states R/A/I — with the a.- and y-subunits.
The docking of AC5 (on the model of the ACh-binding
protein) indicated that the steady PAL of the a-subunit
was possible only in the case of the more open ACh bind-
ing site. The probe induced the desensitization and subse-
quent narrowing of the binding site (the AC5 photophore
came nearer to the additional subunit), i.e., a tight pack-
age was formed corresponding to the steady state with a

high affinity for agonists [100]. The authors of work [90]
think that the use of the AC5 probe will facilitate the
choice between the two models of the nAChR allosteric
transitions, concerted and sequential, which are under
discussion.

Studies on the interaction of various nAChRs with
powerful blockers, a-neurotoxins (a-NT) from snake
venom represent a special line in pharmacology. There is
a model of the short-chain a-NTII complex with the
extracellular domain of nAChR [101] based on the 'H-
NMR structures of a-NTII and data on the interaction of
nAChR with o-NTII and homologous short o-NTs
obtained by labeling (spin, fluorescent, photoaffinity) and
mutagenesis. The main test at the docking was the assess-
ment of mobilities of the whole a.-NT molecule and the
side chains of Lys with or without photophores; at the
final stage, the models were reanalyzed and compared
with the experimental data. The results of some experi-
ments with PAL can be explained in the framework of this
model (e.g., cross-linking of the nAChR 6-subunit with
nitrodiazirine labeled K* and K* [102]).

The majority of general purpose anesthetics act via
modulation of responses of ligand-dependent ion chan-
nels, in particular, nAChR. The binding site of etomidate,
which is one of the strongest intravenous anesthetics used
in medicine, was identified by PAL of nAChR with
[*H]azietomidate VI (Scheme 4) [103]. The sequencing
of the enzymatic hydrolysis fragments revealed labeled
amino acid residues in the o- and d-subunits of both the
ion channel domain and the ACh binding site. The inten-
sity and distribution of the cross-links depended on the
state of nAChR (D or R).

PHOTOAFFINITY LIPID PROBES
IN MEMBRANE STUDIES

PAL with lipid probes in membranes and other
lipid—protein complexes is characterized by the absence
of highly specific lipid—protein interactions similar to lig-
and-receptor interactions. However, there are multiple
contacts with lipid molecules, which form the matrix of
these systems. As a result, the probes are mainly spent for
cross-linking with lipids that leads to generation of poly-
meric products (in particular, due to secondary radical
processes), which are difficult to separate on analyzing
lipid—protein cross-links. Difficulties in analysis of
hydrophobic products by MS were already mentioned.
Nevertheless, a great deal of valuable information con-
cerning the organization of membrane systems has been
obtained by PAL (reviews [3, 4, 9]).

MS of the cross-linking products of phospholipid
probes carrying photophores in different positions of the
acyl chains [104] reveals the maximum binding in the
model membrane with methylene which is three C-atoms
shifted towards the polar head of the phospholipid com-
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pared to the photophore position. This corresponds to
lipid bilayer packing at temperatures higher than that of
the phase transition.

Photoaffinity ganglioside probes. Gangliosides
(GSph) are glycosphingolipids that carry one or several
sialic acid residues (obligatory components of the plasma
membranes of eukaryotes) and are especially abundant in
the nervous tissue [105]. GSph are located on the outer
side of the bilayer exposing oligosaccharide determinants
on the cell surface. GSph play an important role in inter-
cellular recognition, modulate cell growth and differenti-
ation, function as receptors, and are involved in informa-
tion transmission (reviews [106-108]) and apoptosis
[109]. The carbohydrate moiety of the GSph molecule is
determining in such interactions, but probes with the
photophore in the nonpolar (ceramide) moiety allow
investigation of membrane rearrangements caused by lig-
and binding with the receptor where GSph either binds
immediately with the protein, or acts as a cofactor. The
label introduction into the ceramide moiety does not dis-
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turb the structure of the carbohydrate residue, and the
probe retains the specificity of the initial GSph.

In the plasma membrane, glycolipids are mainly
located in discrete domains, the so-called rafts, which are
enriched with sphingomyelin, cholesterol, phosphatidyl-
choline with saturated acyl chains, and a number of func-
tionally associated proteins (reviews [110, 111]). Rafts are
postulated to be involved in the mechanisms of signal
transduction, cell adhesion, and lipid—protein sorting; the
ganglioside GM 1 serves as a marker of the rafts [110]. PAL
of caveolin VIP21 (the major protein of caveolae) in kid-
ney and tumor cells with the [’H]GM 1-probe VII carry-
ing 2-nitro-4-azidophenyl (Nap) in the fatty acid w-posi-
tion (Scheme 6) was the first direct proof of glycolipid—
protein interactions inside the membrane domains [112].

Schemes for syntheses of GSph-probes with the Nap
amino group in the ®-position of the C,-residue and *H
in the carbohydrate Ac-groups of GM1 VIII and GM3 X
or at C-6 of the terminal Gal in GM1 VII and GD1b IX
(Scheme 6) have been reported [113]. Probe VIII was first
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Photoaffinity ganglioside probes
Scheme 6
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used for determination of specific proteins implicated in
the incorporation of exogenous GSph in human fibro-
blasts [114]. The probes VII-X labeled tyrosine kinase Lyn
from the Src family, a myristoylated protein bound with
the membrane from the cytoplasmic side [115], and also
the cell adhesion protein TAG-1 [116], which is the major
protein in neuronal rafts (it is involved in pathfinding of
axons). TAG-1 is bound with the outer monolayer of the
cell membrane through glycosyl phosphatidylinositol
(GPI). Thus, GSph in the membrane depth are in contact
with hydrophobic anchors of the above-mentioned pro-
teins through the terminal parts of the ceramide residues.
Because PAL of TAG-1 was similar for probes with dif-
ferent carbohydrate residues (GM3, GM1, GDI1b) [116],
a question arose whether the polar heads of GSph are
involved in the interaction with the extracellular part of
TAG-1. After PAL of neurons with the GM1 XI probe
bearing the Nap-photophore at C-6 in the terminal Gal
and *H in the sphingosine residue (Scheme 6) [117], the
cell surface was biotinylated and the rafts were isolated.
Of the radiolabeled 135- and 35-kD proteins prepared by
immunoprecipitation, the first was immunologically
identical to TAG-1. Thus, the GM1 head contacted in
the rafts with the exoplasmic domain of TAG-1 or carbo-
hydrate residue of the GPI-anchor [117].

PAL of intact cultured neurons with especially high
level of GSph was performed using the GM 1-probe with
the ['*I]Tfd-label XII (Scheme 6) under conditions
excluding endocytosis [118]. By two-dimensional gel
electrophoresis, a 55-kD protein was revealed with p/ ~ 5,
which carried a considerable fraction of the radioactivity
of the raft proteins; this protein was identified as tubulin
by immunoprecipitation and western blotting. Because
radioactivity of the labeled protein was lost during
saponification, the probe was concluded to be cross-
linked with the palmitoyl membrane anchor of tubulin.
The absence of PAL with the phosphatidylcholine probe
bearing the same residue of Tfd-labeled fatty acid con-
firmed the specificity of the tubulin binding with GM1.
Tubulin is known to be involved in signal transduction
mediated by G-proteins, and the rafts are shown to con-
tain G-proteins. It seems that the interaction of these two
protein families in the rafts influences the signal trans-
duction, and the GMI1 interactions with tubulin modu-
late this process [118].

PAL of the activator protein of GSph GM2 degrada-
tion by lysosomal B-hexosaminidase A was performed
using Tfd-analogs of GM2 which carried the photophore
in the ceramide residue at different distances from the
polar moiety and '“C in the NAc-group of sialic acid XIII
(Scheme 6) [119]. The tryptic hydrolyzate was separated
by HPLC, and the resulting radioactive peptides were
analyzed by MS MALDI and sequenced by MS ESI. The
two probes were specifically cross-linked with the ten-
member hydrophobic peptide V'*-L'®, shown by X-ray
crystallography to be the most mobile. The activator pro-

tein was concluded to interact with GM2 through this
peptide extracting GSph from the membrane and pre-
senting its carbohydrate moiety into the active site of the
enzyme. The authors emphasize that MS measurements
must be performed accurately [119].

The GSph-binding site of the tetanotoxin C-frag-
ment was identified using the GD1b-probe XIV (Scheme
6) labeled with ['**I]arylazide by the carbohydrate moiety
[120]. The glycerol part of the terminal sialic acid did not
affect the toxin reception; therefore, it was subjected to
modification. The proteolysis fragments were analyzed by
MS MALDI.

Photoaffinity phospholipid probes. Phosphatidyl-
choline (PC) is the major phospholipid of cell mem-
branes of eukaryotes. The PAL sensitivity of proteins in
the lipid bilayer can be enhanced by introducing highly
active nuclides into the probe. A whole series of studies
was carried out after elaboration of synthesis of the PC
analog with the (SnBus;)Tfd-label (Scheme 7), which
could be easily radio-iodinated producing probe XV with
very high specific radioactivity [121]. Glycoproteins from
the envelopes of rabies and vesicular stomatitis viruses
were found to contain domains interacting at low pH with
hydrophobic regions of model membranes and, putative-
ly, acting as fusion peptides; differences in the behaviors
of these peptides and the fusion peptide of influenza viri-
on suggested a difference in the fusion mechanisms [122].
The fusion peptide of the influenza virion located in the
N-terminal domain of the membrane-bound hemagglu-
tinin HA, subunit and exposed for penetration into the
cell membrane was shown to be a very small fragment (1-
22 amino acid residues) [123]. PC presenting to 50% of
mitochondrial membrane phospholipids was supposed
[124] to specifically interact with proteins. In yeast mito-
chondria, probe XV specifically labeled a 70-kD protein;
upon the isolation by two-dimensional gel electrophore-
sis and MS of the tryptic hydrolyzate, this protein was
identified as a product of the gene gut2 (60% correlation
in peptide mapping), the FAD-dependent mitochondrial
glycerol-3-phosphate dehydrogenase. (It is interesting
that the sequencing revealed an N-terminal sequence of
six amino acid residues different from the predicted one,
and the authors introduced changes into the database of
yeast proteins.) The yeast line with the gut2 deletions was
not specifically labeled. PAL by probe XV was observed
only under conditions of availability of the inner mito-
chondrial membrane, along with the parallel enhance-
ment of PAL of the P; carrier protein (the inner mem-
brane marker). The enzyme was assigned to peripheral
proteins because it was extracted from the membrane on
destruction of hydrophobic but not electrostatic interac-
tions. The interaction with the inner mitochondrial
membrane is thought to be associated with regulation the
activity of this protein [124].

The diazocyclopentadien-2-ylcarbonyl (Dcp) group
proposed earlier as an effective carbene-generating label
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[24] was found to be easily radio-iodinated with retention
of photochemical properties [125]. The Dcp group was
comparable with the Tfd label in the ability to insert into
the CH-bond of cyclohexane during photolysis; the PC-
probe carrying the ['*I]Dcp-label in the ®-position of
the acyl chain selectively labeled the HA,-subunit in the
influenza virion membrane [125]. This probe was used to
study topography of the oligosubunit membrane sector F,
H*-ATPase of the mitochondrial inner membrane. In the
proteoliposomes containing the active enzyme, a- and c-
subunits contacted with lipids (data of electrophoresis
and MS MALDI) [126].

Bipolar probes XVI [127] and XVII [128] were used
for precise probing of the central region of membranes
(Scheme 7). The phosphatidylethanolamine analog XVI
was easily introduced into the lipid bilayer without affect-
ing its packing (as shown by electron microscopy); the
transmembrane location was verified by reagents for
amino groups. The probe efficiently labeled gramicidin A
in proteoliposomes, as well as hemagglutinin (the HA,-
chain) of the influenza virus during the virion fusion with
liposomes carrying [*H]XVI initiated at pH 5 [127]. The
integral protein TD center was selectively modified for
the first time with PC-probe XVII: the label was intro-
duced into V¥ and M*' of glycophorin A (131 amino acid
residues) incorporated into liposomes [128].

Arylazide analogs of sphingolipids, ceramide XVIII,
glucosylceramide XIX, and sphingomyelin XX (Scheme
7) were used for monitoring lipid transport in mammalian
cells [129]. Probe XVIII was included in the metabolism
with production of the corresponding sphingolipids.
Electrophoresis showed that the sorting and metabolism
of sphingolipids occurred with involvement of different
protein pools depending on the lipid and cell type.
Sphingomyelin-labeled proteins were mainly found in the
rafts of the cytoplasmic membrane.

A large collection of works was performed using
PtdIns-Bp-probes (Scheme 7) to study mechanisms of
signal transduction, vesicular traffic, and endo- and exo-
cytosis [10]. Thus, 14-kD human profilin regulated
rearrangements in the cytoskeleton of actin. Probe XXI
photophore reacted with A' in the N-terminal helix of
profilin [130]; molecular modeling with consideration of
the maximal extension of the probe linker indicated that
the C-terminal helix amino acid residues R'*> and R3¢
electrostatically interacted with the 4,5-biphosphate
residue. With probes XXI and XXII it was established
[131] that phospholipase C isoenzyme 61, as opposed to
other isoforms, has a substrate-contacting hydrophobic
region which is unlike the active site responsible for the
enzyme binding with PtdIns-enriched membranes; this
region is homologous to plextrin (the so-called plextrin-
homologous domains were found in various polypeptides
involved in cell signaling and formation of cytoskeleton).

Contents of annular lipids in membrane proteins
were proposed to be analyzed by mathematical approxi-

mation of the dependence of the probe XV (Scheme 7)
linking on the basis PC concentration [132]. As differen-
tiated from EPR, this approach does not require large
amounts of protein and can be used for oligomeric pro-
teins. The stoichiometry of lipid—protein interactions in
model proteoliposomes was determined for three
ATPases of the P-type family: 17 PC molecules for the
plasma membrane Ca>"-pump, 18 for the sarcoplasmic
reticulum Ca**-pump, and 24 and 5.6 PC molecules for
the a- and B-subunits of Na*,K*-ATPase, respectively
[132].

PHOTOAFFINITY NUCLEOTIDE PROBES

Protein—nucleic interactions are studied using dNTP
analogs containing a photophore bound by different
length linkers with a heterocyclic base. The analogs are
introduced into the oligonucleotide with [5'-32P]primer
using DNA polymerases. On irradiation, the primer cova-
lently binds with DNA polymerase (classic labeling).
Moreover, upon cross-linking, dNTP analogs can be sub-
strates in the reaction of primer elongation in the pres-
ence of template (catalytic labeling). Thus, the interac-
tion of the transcriptional factor TFIIIB with DNA was
studied using dTTP analogs containing 4-azidobenzoyl
bound through linkers with the fifth position of uracil
[133]. Data on the dNTP-binding sites of DNA poly-
merases obtained through studies on replicative complex-
es using photoaffinity primers are presented in review
[134].

On introduction of the 2-nitro-5-azidobenzoyl
(Nab) group into the fourth position of dUTP, the
nucleotide retained its substrate properties with respect to
HIV-1 reverse transcriptase [135], eukaryotic DNA poly-
merases o and 3, and also the Klenow fragment of E. coli
DNA polymerase 1 [136]. Some dUTP-probes carrying
the Nab group connected by different length linkers with
the fifth position of uracil (Nab-x-dUTP, where x is the
number of atoms in the linker chain) were used to study
interactions of DNA-polymerase § and subunits of the
human heterotrimeric replicative protein A (RPA) with
partial DNA-duplex containing 5'-terminal tip of the
primer chain [137-139]. The substrate efficiency of the
Nab-x-dUTP probes (x = 2, 4, 7-13) relative to ther-
mostable DNA polymerase increased with increase in the
linker Iength [140]; this enzyme is interesting as an object
for studies on the accuracy of DNA replication; the intro-
duction of analogs into the 3'-end of the primer did not
inhibit the further growth of the chain in the presence of
natural dNTPs.

A high sensitivity of PAL is needed for detection of
proteins involved in the recognition and repair of dam-
aged regions of DNA in cell extracts. The efficiency of
cross-linking with proteins significantly depended on the
photophore nature and its position in the heterocyclic
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base [141, 142]; perfluoroarylazide-carrying probes were
used (Scheme 8). The interaction of excision repair pro-
teins with DNA-intermediates synthesized in situ with
involvement of endogenous DNA polymerase in extract
of mouse embryo fibroblasts was studied using a dCTP-
probe containing 4-azidotetrafluorobenzoyl bound with
an exo-amino group [141]; but PAL was mainly targeted
at the complementary chain of the template. The primer
containing the dUTP-probe XXIII (Scheme 8) with 4-
azido-2,5-difluoro-3-chloropyridyl group modified
DNA polymerase 3 with the best yield; therefore, the
authors used the dCTP-probe with this photophore XXIV
as a substrate for endogenous DNA polymerase in extract
from HeLa cells [142]; the PAL level of the proteins
strongly depended on the efficiency of photoreactive
DNA synthesis.

0
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Human apurine/apyrimidine endonuclease 1
(APE]1) is one of main components of the excision repair
system of DNA bases which hydrolyzes DNA from the 5'-
side from the damaged site; APE1 has also 3'-5"-exonu-
clease activity which is increased to mispaired nucleotides
and corrects DNA synthesis during the repair. Conditions
for using dCMP-probes for PAL in reconstructed systems
and cellular/nuclear homogenates are established: the
dCMP-analog of probe XXIV is relatively resistant to
exonuclease degradation and can be used in APE1-con-
taining systems, contrasting to the probe XXV analog
(Scheme 8) [143].

The interaction was studied between the proteins
involved in the excision repair of nucleotides (RPA and
Xeroderma pigmentosum of the complementary group A
(XPA)) and DNA-duplexes containing bulky pho-
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Photoaffinity analogs of nucleotides
Scheme 8
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tophore-carrying substitutes [144]. Probe XXVI or
dUMP-analogs of probes XXIII and XXIV (Scheme 8)
were linked to the 3'- or 5'-terminal nucleotides in the
single-strand nick; the primary recognition of damages,
which is the key stage of recognition, was under study.
RPA and XPA differed in the sensitivity to the resulting
structures. Their roles were discussed from the standpoint
of the model of cooperative binding of proteins with
nicks.

PAL is also used to study functions of the transcrip-
tional complex. Introduction of the ArN;-photophore by
v-phosphate does not abolish the affinity binding of
NTPs. This underlies an approach for modification of
RNA polymerase [145]: the reaction mixture containing
the template and enzyme is supplemented with the NTP-
probe and one or two radioactive NTPs; the synthesized
transcript contains the photophore on the 5-end and
irradiation results in covalent binding with RNA poly-
merase. Thus, the “yield corridor” of RNA can be stud-
ied, i.e., the “footprint” of the product replacement along
the enzyme with its moving off the catalytic site where the
biosynthesis occurs. During the irradiation, p-azidoani-
line derivatives produce electrophilic derivatives of p-
benzoquinonediimine [146] capable of selective reacting
with amino acid residues; however, if the photophore is
bound immediately with y-phosphate, the reagent can be

split from the oligonucleotide in the course of modifica-
tion. The bond is not broken if the photophore is bound
with y-phosphate-NH-(CH,),-NH-spacer (n = 2, 4, 6)
[147]. Some probes are synthesized with different pho-
tophores (4-azidophenyl, Nab, and 4-azidotetrafluo-
robenzoyl) and spacer size (n =2, 3, 4) [148]. The phos-
phoroamidate bond in the perfluorinated ATP analog can
be hydrolyzed, as differentiated from the other deriva-
tives. Unperfluorinated ATP-probes are substrates of
RNA polymerase II, but their functional fragments dur-
ing the irradiation generate long-lived intermediates: p-
benzoquinonediimine derivatives or nitrosocompounds
[148].

PHOTOAFFINITY GLYCOCONJUGATES

In some works associated with the synthesis and
application of photoaffinity glycoconjugates for studies
on interactions of carbohydrates with proteins (first of all,
with lectins which are involved in many cell processes
implicated in recognition mechanisms (review [149])),
products of PAL were detected by immunoreactive meth-
ods or by approaches based on the biotin/avidin system.
This made easier tedious purification procedures and
allowed the researchers to isolate sought products from

OH
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S (0] N
H  H H
OH O

HN NH
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7 HO OH
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0 0 0
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Photoaffinity glycoconjugates
Scheme 9
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sophisticated biological systems, including intact cells.
Another specific feature of carbohydrate probe designing
is determined by the low affinity for proteins of carbohy-
drates as they are; therefore, it is more reasonable to bind
the photophore to the sugar residue not directly but
through a spacer. (High affinity interactions with lectins
are provided for by multiple point contacts during the
generation of carbohydrate clusters by dendritic oligosac-
charides or flexible polymeric glycoconjugates [149].)

A new 33-kD lectin produced in rat cell nuclei in
response to stress was identified using an a.-D-Glc conju-
gate with lysyl-lysine labeled by p-azidobenzoyl and a
voluminous digoxin residue as a reporter group (detection
by Western blotting) [150]. Later, on constructing the
probes the authors [151] introduced carbohydrate deter-
minants which provided for multiple point contacts:
Man, or a synthetic neoglycopeptide with three terminal
residues GalNAcP were bound with Lys-Lys labeled by
the Nap-group and digoxin. A mannose-binding protein
was detected in bovine serum, the binding subunits of the
asialoglycoproteins were identified in the plasma mem-
branes of rat hepatocytes, and the monitoring of lectins
was performed in human sera during the progression of
juvenile chronic arthritis [151]. However, the authors
warn about the danger of artifacts, such as a specific bind-
ing of some animal proteins with digoxin tag.

Probes have been synthesized (in particular, probe
XXVII (Scheme 9) [152]) with the hexose residue (D-
Man or D-Glc) bound through 4-OH with the Tfd-label
by the 2-aminopropyl residue. The latter was bound with
biotin through a number of different length linkers built
with alternating tartrate, oligoethylene glycol, and/or
succinate. Upon the detection by chemiluminescence,
the labeled protein could be isolated by cleavage of the
tartrate residue with periodate. An integral membrane
protein, glucose transporter, exemplified that for probing
of carbohydrate proteins on the intact cell surface using
the streptavidin detecting system the linker had to con-
tain no less than 60-70 atoms. Before the detecting, the
sought protein was isolated from the mixture of cell pro-
teins by immunoprecipitation [152].

The probe for detecting galectins, a combination
with chemically selective binding and visualization, pres-
ents a new approach for PAL of lectins [153]. Galectins
belong to the family of lectins that specifically bind with
the structures containing monovalent [(-galactosides
[149]. Probe XXVIII (Scheme 9) is a lactose analog; 3'-
OH is chosen for introduction of the Bp-label consider-
ing the crystalline structure of galectins 1 and 3; the
diethylene glycol spacer compensates for the hydropho-
bicity of the photophore. The method is based on the
copper-catalyzed selective 1,3-cyclic binding of azides to
alkins. The reaction is “bioorthogonal”, i.e., it does not
occur with the groups specific for biosystems. After the
irradiation (360 nm, 30 min), the probe mixture with
galectin is treated by the rhodaminyl-containing alkin

BIOCHEMISTRY (Moscow) Vol. 72 No. 1 2007

XXIX (Scheme 9). On the electrophoregram, the visuali-
zation is realized by scanning of laser-excited fluores-
cence. The selective PAL of galectins 1 and 3 in the mix-
ture with cytochrome ¢ and glyceraldehyde-3-phosphate
dehydrogenase has been demonstrated [153].

Examples of photoaffinity probing for studies on var-
ious biological systems have been presented. In the late
1990s and early 2000s, the number of reports in this field
was slightly decreased, but for the recent three-four years
the number of works increased. Obviously, PAL com-
bined with new powerful analytical methods and comput-
er modeling remains a most important and promising
approach in structural biology.

The author is grateful to Dr. J. G. Molotkovsky for
his valuable comments and recommendations on reading
the manuscript.
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