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Scanning Force Microscopy
of Artificial Membranes
Andreas Janshoff[b] and Claudia Steinem*[a]


Visualization of biological membranes by scanning force micros-
copy (SFM) has tremendously improved the current understanding
of protein ± lipid interactions under physiological conditions. SFM is
the only tool to directly image processes on surfaces in aqueous
solution at molecular resolution. Besides being a supportive means
to confirm results on lipid phases and domains obtained from
fluorescence spectroscopy, calorimetry, and X-ray crystallography,
SFM has contributed distinct aspects on the formation of 2D
crystals of various membrane-confined proteins and morpholog-


ical changes of membranes due to the interaction of peptides and
proteins. This review will focus on recent results in SFM imaging of
artificial solid-supported membranes, their phase behavior as a
response to the environment, and changes in membrane morphol-
ogy induced by the partitioning of peptides and proteins.
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1. Introduction


Phospholipid bilayers form the basic framework of biological
membranes. Membrane phospholipids are not only the passive
structural matrix, but play an active role in signal transduction
and functional modulation and house a large number of
membrane proteins such as channels, ion pumps, and receptor
proteins, which regulate various cellular and subcellular func-
tions and activities. To understand the properties of biological
membranes, it is of great importance to study the structural
organization of lipids and membrane proteins as well as their
interplay. Since the invention of the scanning force microscope
operating in an aqueous environment,[1] this technique has
evolved as a routine tool for imaging biological samples and was
proven to be ideally suited for studying lipid bilayers immobi-
lized on atomically flat surfaces such as mica in an aqueous
environment. The general setup of a common scanning force
microscope is illustrated in Figure 1 A.


In principle, there are two main techniques to prepare solid-
supported lipid bilayers on mica or glass surfaces: (i) vesicle
spreading (Figure 1 B)[2] and (ii) Langmuir ± Blodgett transfer of
lipid layers.[3, 4] Both techniques can lead to almost defect-free
lipid bilayers that are easy to image by scanning force micros-
copy (SFM). In Figure 1 C, an SFM image of a lipid bilayer
obtained by vesicle fusion on mica is depicted. An area with a
large number of defects is shown allowing one to distinguish
between membrane-covered areas (bright areas) and uncovered
mica areas (darker areas). By measuring the height difference
between the membrane and the mica surface an accurate value
for the membrane thickness can be obtained.


Besides membrane topography, SFM of lipid membranes
offers the advantage of delivering spatially resolved information
about material properties such as viscoelasticity, friction, adhe-
sion, and surface charges. The detection of these membrane
properties has led to a more visual understanding of basic


membrane processes comprising issues of phase separation,
membrane ± peptide interactions, and the impact of membrane-
active compounds on the integrity of lipid bilayers. Moreover,
owing to the flat appearance of a lipid layer on mica surfaces,
high-resolution images of lipids and proteins can be obtained by
SFM.


This review will give an overview of the recent advances that
have been achieved in studying lipid bilayers and membrane
proteins as well as the interaction of proteins and peptides with
solid-supported bilayers through the use of SFM. In the last
chapter (Section 5), the application of laterally patterned lipid
membranes used for biosensing will be discussed. By means of
SFM these patterned membranes can be visualized and protein
adsorption can be monitored in situ.


2. Lipid bilayer structures


The fluid mosaic model has been the framework for our
understanding of biological membranes for more than two
decades.[5] It is viewed as a heterogeneous system that is
organized into lipid and proteinacious domains. SFM is ideally
suited for studying the lateral organization of lipid bilayers under
physiological conditions without specimen treatment. Lipid
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domains in binary mixtures were visualized by SFM, making use
of topography differences between the distinct domains.[4, 6±12]


Even if there were no height difference between the lipid
domains, differences in adhesion or viscoelasticity may account
for contrast between the two kinds of domains.[7, 13±15] For
instance, Lee and co-workers thoroughly investigated mixed
monolayers of 1,2-distearoyl-sn-glycero-3-phosphoethanol-
amine (DSPE)/1,2-dioleoyl-sn-glycero-3-phosphoethanolamine


Figure 1. A: Schematic drawing of a force microscope with a four-quadrant
position-sensitive photo detector. The deflection of the cantilever is detected by
the laser deflection reflected from the cantilever. The sample is positioned on a
piezo element that is movable in three dimensions. The piezo element allows
moving the sample in vertical dimension (z-piezo) and scanning the surface in the
x,y plane (x,y-piezo). There are two different modes : In the constant-height mode,
the cantilever deflection is detected without feedback control (applicable to very
smooth surfaces), while in the constant-force mode the z-piezo compensates for
possible cantilever deflections by changing the z position. B: Schematic drawing
of vesicles spreading on a hydrophilic glass or mica surface forming planar
bilayers. C: SFM image of a 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC)
bilayer on mica, obtained in contact mode. Image size is 5� 5 mm2. A region
displaying large defects was chosen to obtain the thickness of the bilayer, which
was 5.4 (� 0.2) nm.


(DOPE) and monogalactosyldiglyceride (MGDG)/DOPE by
SFM.[7, 13, 14] They found a direct correlation between the topo-
graphic contrast and the load applied by the SFM tip. DSPE/
DOPE and MGDG/DOPE monolayers on a DSPE monolayer
exhibit a significant height difference at loads lower than the
breakthrough force[16] of each type of domain and low topo-
graphic contrast at loads above the breakthrough force of both
lipid domains. With respect to lipid domains, Ca2�-induced phase
separation is of particular interest, since it is thought to play an
essential role in membrane fusion and protein activity.[17] Shao
and Yang investigated Ca2�-induced domains in 1-palmitoyl-2-
oleoyl-sn-glycero-3-phosphocholine (POPC)/1-palmitoyl-2-oleo-
yl-sn-glycero-3-phosphoglycerol (POPG) lipid bilayers and found
a reduced height of approximately 1 nm for POPC domains in
the presence of calcium ions.[12] Recently, Reviakine et al.[6]


visualized the Ca2�-dependent morphology of mixed 1,2-dipal-
mitoyl-sn-glycero-3-phosphocholine (DPPC)/1,2-dioleoyl-sn-
glycero-3-phosphoserine (DOPS) and DPPC/1,2-dioleoyl-sn-glyc-
ero-3-phosphocholine (DOPC) bilayers by SFM. In the absence of
Ca2�, large, well-defined DPPC domains were found in both
DPPC/DOPC and DPPC/DOPS bilayers, while in the presence of
Ca2� small isolated DPPC domains were found in DPPC/DOPS
mixtures. Ca2� had no effect on the organization of DPPC in
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DPPC/DOPC mixtures, and its effect was abolished by adding
DOPC to DPPC/DOPS bilayers. Ross et al.[18] explored the calcium-
induced formation of phosphatidylserine-enriched lipid domains
in Langmuir ± Blodgett (LB) monolayers composed of the binary
mixture of the two saturated lipids DPPC and 1,2-dipalmitoyl-sn-
glycero-3-phosphoserine (DPPS) in a molar ratio of 4:1 by means
of SFM in combination with time-of-flight secondary-ion mass
spectrometry (TOF-SIMS) and scanning electron microscopy.
Domain formation only occurred in the presence of calcium ions.
Since both lipids are in the gel state at room temperature and
have the same acyl chain composition, differences in top-
ography are marginal (0.03 nm). However, by means of lateral
force microscopy, in which one measures the lateral forces
exerted on the tip during imaging, lipid domains could be easily
visualized (Figure 2). There are often conflicting results about
Ca2�-induced lipid domain formation, mainly arising from the
fact that the occurrence of phase separation is indirectly
concluded from the results. The major advantage of SFM is that
it provides the most direct answer to the question of domain
formation and simultaneously addresses domain size, form, and
distribution in an aqueous environment.


Figure 2. Lateral force microscopy images of a lipid bilayer obtained in water.
First, a DPPC monolayer was deposited onto mica at a surface pressure of
45 mN mÿ1 by Langmuir ± Blodgett transfer followed by a second transfer of a
DPPC/DPPS monolayer in a molar ratio of 4:1 at a surface pressure of 30 mN mÿ1


on water subphase. A : Forward scan, B: backward scan.[18]


Besides domain formation in binary systems, it was shown by
means of SFM that different lipid phases in neat systems could
be visualized.[19, 20] It is known that short-chain alcohols and
other amphiphiles such as anesthetics may induce interdigitated
phases in gel-phase phosphatidylcholine (PC) bilayers by
reducing the energy barrier that is due to entropic losses
induced by the methyl group of the acyl chain pointing to the
water phase. By fusing either DPPC or DSPC vesicles on mica,
interdigitation induced by ethanol or propanol was visualized by
SFM (Figure 3).[19] Interdigitation led to a height reduction of
approximately 2 nm. Another interesting example is the obser-
vation of ripple phases by SFM.[21] A ripple phaseÐa phase in
which the bilayer becomes wrinkled with a periodic modula-
tionÐoccurring between the gel phase and the fluid phase has
been described for PC bilayers. Mou et al.[22] used SFM to study
ripple phases in supported 1,2-dimyristoyl-sn-glycero-3-phos-
phocholine (DMPC)/1,2-distearoyl-sn-glycero-3-phosphocholine
(DSPC) bilayers. Surprisingly, they found that tris(hydroxymethyl)-
aminomethane (Tris) induces ripple phases in supported dipen-
tadecanol/PC bilayers, which generally do not form ripple phases
at room temperature.


Figure 3. A : SFM image (2.5� 2.5 mm2) of DPPC membranes spread on a mica
surface after incubation in a 5 % (v/v) ethanol solution obtained in 20 mM NaCl
solution at room temperature. Ethanol-containing electrolyte was added to a
preformed DPPC bilayer and the solid-supported membrane was incubated at
55 8C for 15 min in a closed SFM cell. B: The height difference between the two
phases obtained from the average of 50 measurements is about (1.6� 0.2) nm.[60]


3. Imaging of membrane-confined proteins


The applicability of SFM to imaging biological objects in a
physiological environment has been demonstrated shortly after
its invention. Though higher resolution images can be obtained
by electron microscopy and X-ray crystallography, only SFM
allows the direct imaging of proteins and their substructures in a
native environment with a lateral resolution of 0.5 nm, which is
particularly interesting with respect to membrane-confined
proteins.


An easy and straightforward technique to image membrane-
confined proteins is to form a lipid bilayer with an appropriate
composition on an atomically flat surface and to add the
peripheral membrane protein of interest to the buffer to allow
for binding to the membrane. Recent work by Mueller et al.[23]


and Janshoff et al.[24] demonstrated the feasibility of this
technique to monitor the binding behavior of peripheral
membrane proteins. Mueller et al.[23] were able to image the
adsorption of myelin basic protein and cytochrome c to differ-
ently charged lipid bilayers. Myelin basic protein bound to acidic
neutral and basic bilayers forming differently shaped protein
domains, while cytochrome c only adsorbed to acidic bilayers
forming characteristic ring-shaped aggregates. Janshoff et al.[24]


investigated the binding of annexin I, a protein that belongs to a
family of structurally related eukaryotic proteins, which rever-
sibly bind membranes containing anionic phospholipids in a
calcium-dependent manner. More than 160 different isoforms
have been found in many organisms ranging from mammals to
molds.[25] Annexin I is capable of aggregating and even fusing
membrane vesicles.[26±29] However, the mechanism of membrane
aggregation is still a matter of discussion. One question with
respect to the association of annexin I with lipid bilayers is
whether it binds in a monomeric fashion or as a dimer to
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phospholipid bilayers and whether it solely binds to acidic
phospholipids. To address this question, Janshoff et al.[24] utilized
SFM on DPPC/DPPS Langmuir ± Blodgett bilayers immobilized
on mica to visualize annexin I binding. The addition of annexin I
to an almost featureless bilayer results in the appearance of
circularly shaped protein domains with an approximate size of
5 ± 7 mm on top of the bilayer, exhibiting an average height of
(3.2�0.3) nm (Figure 4). The height indicates that annexin I


Figure 4. A : SFM image (topography) of a Langmuir ± Blodgett bilayer composed
of DPPC as a first monolayer and a second DPPC/DPPS (4:1) monolayer deposited
onto mica after addition of 1 mM annexin I in 50 mM Tris (pH 7.4) and 1 mM CaCl2 .
The image size is 40� 40 mm2. B: Topographic image of a single lipid domain with
adsorbed annexin I. Image size : 3� 3 mm2. C: Height analysis of a topographic
image of annexin I domains adsorbed onto a DPPC/DPPS lipid layer. The
histogram displays a Gaussian-filtered version of a depth analysis. Two well-
separated height distributions attributed to the protein and the lipid layer,
respectively, are decomposed by fitting mixed Lorentzian/Gaussian functions to
the data shown as solid line. The height difference between the two peaks is
3.2 nm.[24]


binds in a monomeric fashion only to the DPPS-enriched
domains. Crystallization of the protein as it was observed for
annexin V on DOPC/DOPS membranes[6, 30±32] did not occur
within the time of an experiment.


If membrane-associated proteins form two-dimensional (2D)
crystals on the surface, SFM is capable of resolving single
proteins with subnanometer resolution. With this technique
Brisson and co-workers unraveled the molecular structure of
annexin V on DOPC/DOPS lipid bilayers[6, 30±32] (Figure 5), while
Mou et al.[33] reported on the successful imaging of cholera
toxin B oligomers directly grown on ganglioside GM1-containing


(10 mol %) lipid bilayers varying
in their lipid composition, includ-
ing gel-phase lipids such as DPPC
and fluid-phase lipids such as
1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphoethanolamine (POPE).


For integral membrane pro-
teins, reconstitution into these
artificial planar bilayers remains
difficult. An interesting example is
the reconstitution of a prepore of
a staphylococcal a-hemolysin mu-
tant in solid-supported egg PC
bilayers on mica.[34] After forma-
tion of the bilayer, the purified
protein was added to the bilayer
for 5 ± 12 days. By SFM the oligo-
meric state of the genetically en-
gineered mutant in the lipid bi-
layer was resolved. More promis-
ing in most cases and mostly
pursued to image membrane pro-
teins is to use 2D protein crystals
in order to get high-resolution
images of these species and their
arrangement in a lipid bilayer. Not
only naturally occurring mem-
brane fragments with a crystalline
arrangement of membrane pro-
teins are well suited, but also
recrystallization of membrane
proteins into well-ordered 2D
crystals allows to obtain high-resolution images of these
proteins. One prominent and extensively studied membrane
protein is bacteriorhodopsin, a light-driven proton pump in the
cell membrane of Halobacterium salinarium. Bacteriorhodopsin
is densely packed in the so-called purple membrane forming a
2D trigonal lattice in the membrane. The protein is composed of
seven closely packed transmembrane helices in which a retinal
chromophore is embedded. By SFM, high-resolution images of
the extracellular and cytoplasmic surface of purple membrane
were obtained showing distinct features, which can be assigned
to particular loops connecting the transmembrane helices.[35±41]


Cleaving the Schiff base of bacteriorhodopsin leads to structural
changes in the apoprotein. As observed by SFM, the bond
cleavage results in a disassembly of the purple membrane
crystal. SFM is not only an invaluable imaging technique, but also
a nanoscopic actuator to manipulate single molecules as was
demonstrated by combining SFM and single-molecule force
spectroscopy. Oesterhelt et al.[42] were able to extract individual
bacteriorhodopsin molecules helix by helix from the membrane
by using an SFM tip. Upon extraction, the bacteriorhodopsin
helices were found to unfold in an individual unfolding pathway.
Bacteriorhodopsin is not the only example of high-resolution
protein imaging. Hoh et al.[43] were able to image gap junction
plaques purified from rat liver immobilized on glass supports,
which is probably the first SFM work on a membrane protein


Figure 5. SFM images of an-
nexin V 2D crystals grown on
DOPS-containing solid-support-
ed membranes. A : Image size :
1.5� 1.5 mm2. B: Image size :
257� 318 nm2. The right part of
the white box surrounds six
annexin V trimers located at the
vertices of a hexagon ; a seventh
trimer is located at the hexagon's
center. In the left part of the box,
the trimers are labeled with
green and blue dots, respectively.
The trimers labeled with a blue
dot are rotated by 608 to the
trimers labeled with a green dot.
(The figure is courtesy of I. Re-
viakine and A. Brisson. Reprinted
with permission from ref. [30] .
Copyright 1998 Academic Press.)
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with convincing and reproducible images under nearly physio-
logical conditions. Other examples include the nuclear pore,[44]


the Escherichia coli water channel aquaporin Z,[45] porin OmpF
from E. coli, hexagonally packed intermediate (HPI) layers from
Deinococcus radiodurans,[40, 46, 47] and images of the photosys-
tem I complex.[48] Recently, high-resolution images of subunit-III
oligomers of chloroplast ATP synthase were obtained by Seelert
et al.[49] (Figure 6).


Figure 6. SFM images of the subunit-III oligomers of chloroplast ATP synthase.
Top: The distinct wide and narrow rings represent the two surfaces of the subunit-
III oligomer ; middle : close-up of the wide oligomer ends showing 14 subunits III ;
bottom: narrow oligomer ends. (The images are courtesy of D. J. Müller. Reprinted
with permission from ref. [49] . Copyright 2000 Macmillan Magazines Ltd.)


4. Interaction of peptides with membranes


The high lateral resolution of the scanning force microscope
offers the possibility to probe the lateral segregation of peptides
and lipids in biological membranes, which gives rise to different
biological activities. The length scale of domains induced by
peptides or other membrane-active compounds may be well
below 100 nm and is therefore difficult to probe with other
techniques such as fluorescence microscopy.


One of the first SFM studies on peptide-induced changes in
membrane morphology was provided by Mou et al.[50] reporting
on the aggregation of gramicidin A (gA) in supported gel-state
phosphatidylcholine bilayers. Membrane formation was ach-
ieved by spreading mixed gA/DPPC vesicles on mica varying in
the peptide-to-lipid ratio. Depending on the gA concentration,
SFM images of those bilayers revealed gA-induced point-like and
line-type aggregates with lateral dimensions of 3 ± 4 nm. These
aggregates appear as depressions, as expected from the differ-
ence in peptide length (gramicidin dimer (2.6 nm)) and bilayer
thickness (4 ± 5 nm). At higher gA concentrations (5 mol %), the
membrane morphology went through a percolation-type tran-
sition in which most of the line-type aggregates have been


interconnected, with point-like depressions still sustaining. Very
high gA concentrations (10 mol %) resulted in complex bilayer
morphology, albeit the planar character of the membrane still
remained.


Recently, Rinia et al.[51] reported on the formation of striated
domains induced by WALP peptides with the sequence acetyl-
GWW(LA)nWWA-ethanolamine (n� 5, 6, 8, 10) corresponding to
the peptides WALP16, -19, -23, and -27. WALP peptides are model
peptides exhibiting an alternate alanine ± leucine stretch of
variable length giving rise to a hydrophobic a helix flanked on
both ends by tryptophan residues. WALP peptides have been
successfully employed to study the
effect of mismatch between the
hydrophobic transmembrane re-
gions of integral membrane pro-
teins and the hydrophobic core of
the lipid bilayers. In Figure 7, SFM
images of striated domains in-
duced by WALP23 in DPPC bilayers
of different peptide concentra-
tions are shown. At low WALP23
content, line-type depressions pre-
vail along with the occurrence of
point-like depressions and striated
domains at the intersection of
more than two line-type domains
(Figure 7 A). The striated phase
consists of low and high lines with
a height difference of 0.3 nm. In-
creasing the amount of peptide is
accompanied by a rising number
of line-type depressions and stri-
ated domains in the bilayers (Fig-
ure 7 B). The structure is interpret-
ed in terms of a deformed bilayer.
The presence of the peptides per-
turbs the bilayer organization, re-
sulting in a decrease in the tilt of
the lipids between the peptide
arrays. These lipids therefore ap-
pear as high lines. The striking
similarity to the domain organiza-
tion observed by Mou et al.[50] for
gA in DPPC suggests that striated
domains are formed directed by
lipid rigidity or a general packing
geometry.


The impact of amphipathic pep-
tides on membrane morphology
has been demonstrated by SFM,
illuminating the mode of action of melittin and a virus-derived
peptide. Melittin, the major component of the bee venom of
Apis mellifera, belongs to one of the best-studied amphipathic a-
helical peptides.[52] It consists of 26 amino acids which are mainly
hydrophobic, though it also contains six positive charges, four of
which are located at the C terminus as Lys-Arg-Lys-Arg. Depend-
ing on conditions such as pH, ionic strength, and peptide


Figure 7. Formation of striated
domains induced by WALP23 in
DPPC bilayers. A: SFM image of
a DPPC bilayer containing
2 mol % WALP23. The image
size is 500� 500 nm2, the scale
bar 100 nm long. B: SFM image
at high magnification of a
striated domain, formed in a
bilayer of DPPC with 10 mol %
WALP23. The image size is
250� 250 nm2, with a scale bar
length of 50 nm. The inset
shows the 2D power spectrum
of this domain, from which it is
deduced that the average angle
between the lines within the
domains is 608 and their aver-
age distance 7.5 nm. (The im-
ages are courtesy of H. A. Rinia.
Reprinted with permission from
ref. [51] . Copyright 2000
American Chemical Society.)
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concentration, melittin is either monomeric or tends to form
oligomers (tetramers) in solution. The enormous toxicity of
melittin arises from its high membrane activity. Once bound to
the cell surface, melittin induces lysis of the cell by forming
defects in the lipid bilayer. It is still a matter of discussion
whether membrane partition of melittin proceeds either by
transmembrane-pore formation through a ªbarrel staveº mech-
anism or by membrane solubilization through a ªcarpet-likeº
mechanism (Figure 8 A).[53, 54] The ªbarrel staveº mechanism


Figure 8. A : Schematic representation illustrating the action of amphipathic
membrane-active peptides on lipid membranes. B: SFM images (1.5� 1.5 mm2,
height scale : 10 nm) obtained in tapping mode of POPC bilayers before (left
image) and 5 min after (right image) addition of 2 mM melittin. The lipid structure
is considerably altered, though the characteristic features in the figure on the left-
hand side are still discernable after membrane disruption. The very high globular
structures are vesicles attached to the lipid layer.[56]


describes the formation of a transmembrane channel, in which
the amphipathic helices form bundles with the hydrophobic
residues pointing to the membrane interior and the hydrophilic
side forming water-filled pores. Binding to the membrane is
predominately driven by hydrophobic interactions with the lipid
core. The ªcarpet-likeº mechanism, however, describes the
disruption of the membrane induced by an initial binding of
the peptide, resulting in an orientation perpendicular to the
surface normal and leading to a coverage resembling a carpet.
After reaching a certain threshold concentration, the membrane
can be permeated by dissolving small lipid aggregates covered
by the peptide, thereby increasing its solubility. This mode of
action is often accompanied by a change in lipid morphology
from lamellar to non-lamellar phases.[55]


Supporting the vast amount of spectroscopic data, SFM was
utilized to visualize for the first time morphological changes due
to rupture of the lipid membrane and the formation of peptide ±
lipid aggregates or mixed micelles confirming a ªcarpet-likeº
mechanism.[56] To monitor the interaction of melittin/phospho-
lipase A2 with POPC membranes, an area with a significant
number of defectsÐvisible as darker areasÐwas chosen (Fig-
ure 8 B) and imaged several times in intermittent contact mode
(tapping mode) to prove that no disruption of the POPC bilayer
due to imaging occurs. Imaging of the membrane did not result
in any morphological changes of the membrane. However,
addition of a 2 mM melittin solution results in a fast and
considerable change in membrane morphology. A lower, very
soft lipid structure of approximately 2 ± 3 nm height was
observed, which started to dissolve. Due to the softness of the
material, even tapping mode scanning manipulated the lipid
structures. Imaging an area after addition of melittin and
subsequent incubation for 10 min without imaging to prevent
structural changes of the membrane leads to the observation of
small globular structures with almost equal dimensions exhibit-
ing a mean diameter of (100�20) nm and a height of (18�
2) nm homogeneously distributed over the entire area. Steinem
et al.[56] concluded that these structures originate from a ªcarpet-
likeº dissolution process. The observed structures resemble
those observed by Santos et al. ,[57] who visualized filipin-induced
lesions in planar bilayers by SFM. Compared to the action of
phospholipase A2 on DPPC bilayers as investigated by Nielsen
et al.[58] and Grandbois et al. ,[59] who found that the enzyme
produces small indentations and channels within the lipid
membrane preferentially at the border of defects, the effect of
melittin without blocking remaining phospholipase activity is
much more vivid. It is proposed that the combined action of
melittin and phospholipase A2 results in an ongoing dissolution
process in which melittin forms defects, while any remaining
phospholipase activity can act at the borders of those defects.


A completely different mechanism was found for the impact
of the g-peptide, a C-terminal capsid protein cleavage product of
Flock House Virus (FHV). A Met!Nle variant (Nle�norleucine)
of the N-terminal 21 residues of the 44-residue g-peptide with
the amino acid sequence ASNleWERV-KSIIKSS-LAAASNI was
synthesizedÐcalled g1Ðand the influence on gel-state phos-
pholipid bilayers was investigated by SFM. Janshoff et al.[60]


demonstrated that g1 exerts a unique effect on neutral gel-
phase lipids: Treatment of DPPC bilayers with low mole fractions
of g1 results in a widespread change in morphology consistent
with acyl chain interdigitation of gel-phase phospholipids
(Figure 9). The height difference between the two kinds of lipid
phases is about (1.5� 0.2) nm. Most significantly, increasing the
amount of peptide led to an increase in area occupied by the
domains of lower height. Treatment of a DPPC bilayer with g1 at
0.02 mol % results in line-shaped domains, which comprise 2 ±
6 % of the bilayer surface area. At 0.1 mol % peptide concen-
tration the supported membranes are phase-separated with the
thinner domains occupying 15 ± 22 % of the total area. At
0.5 mol %, the ratio of normal bilayer to compressed area
reverses, and the lower domains cover 80 ± 90 % of the surface.
Above 0.5 mol % peptide, destruction of the bilayers sets in.
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Besides these few examples
showing the mode of action of
membrane-active peptides on
solid-supported membranes, a
large number of studies involv-
ing lipid ± peptide monolayers
transferred from the air ± water
interface to a solid support are
available. Among them, we se-
lected the example of surfac-
tant-associated proteins B (SP-B)
and C (SP-C), two components
of the pulmonary lung surfac-
tant, which are responsible for
proper lung function and the
transition between mono- and
multilayers. The pulmonary lung
surfactant is a complex mixture
of various lipids (content ap-
proximately 90 %) and four as-
sociated protein species form-
ing a thin film at the air ± water
interface at the inside of the
alveoli. The major lipid compo-
nent is DPPC, which is capable
of lowering the surface tension
to nearly zero, but is unable to
respread fast enough to regen-
erate the system. Thus, it is
assumed that SP-B and SP-C are
responsible for surface tension


reduction and, more importantly, a fast respreading from surface-
associated reservoir structures. SFM has been employed to
visualize these reservoirs, proposing a general mechanism of
the dynamics of the breathing cycle corroborated by other
techniques.


SP-C is composed of 36 amino acids with a molecular weight
of 4 kDa and exists solely in a monomeric form adopting a
predominantly (approximately 70 %) a-helical structure. In most
species, SP-C is further modified with two palmitoyl groups
covalently linked to the cysteine residues at positions 5 and 6.
From SFM, TOF-SIMS analysis, and fluorescence microscopy it is
evident that three different structures exist in the plateau region
(54 mN mÿ1) of the isotherm of a SP-C, DPPC/DPPG (4:1)
mixture.[61±64] Flat patches of pure lipids with virtually no
fluorescence emission from protein- or lipid-attached dyes
covering about 80 % of the overall area and originating from
the former liquid condensed (LC) phase are separated from
regions showing three dimensional protrusions, which consist of
flat bilayer stacks with discrete step heights of 6 nm enriched in
SP-C (Figures 10 A and D).[65] An intermediate region originating
from the former liquid expanded (LE) phase can also be
distinguished.


SP-B is a protein with a molecular weight of 18 kDa under
nonreducing and 5 ± 8 kDa under reducing conditions. It con-
tains more polar and positively charged residues than SP-C,
rendering the protein less hydrophobic. Containing seven


cysteines, SP-B is a homodimer, forming three intramolecular
and one intermolecular disulfide bridges. Zasadzinski and co-
workers[66±68] reported first the influence of SP-B on the phase
behavior of lipid films, using fluorescence and Brewster angle
microscopy in conjunction with SFM. A thorough SFM study by
Krol et al.[69, 70] revealed that in SP-B-containing lipid films, SP-B is
located in the LE domains of the lipid matrix, altering the phase
behavior and reducing the line tension giving rise to frayed LC
domains. At higher surface pressure (50 mN mÿ1), the protein ±
lipid material forms three-dimensional protein-rich disc-like
structures (Figure 10 B) accompanied by a change in material
properties contrast from rubber-like to a more rigid appearance.
It was concluded that SP-B fluidizes lipid monolayers and
reduces the domain size of the condensed phase while it
stabilizes the film by moving the collapse to higher surface
pressure. Owing to the reduction of the LC domain size, SP-B
renders the collapse more reversible, since each domain
collapses independently, which facilitates respreading of materi-
al in the monolayer upon expansion. Remarkably, the protein-
rich phase is maintained even at elevated surface pressure.
Compared to the SP-C-containing system, protrusions are
limited in size and exhibit a globular or disc-like structure of
uniform height (8 ± 10 nm). Presumably, the protrusions are
bilayer patches mainly composed of peptide and anionic lipids
as displayed in Figure 10 C. Smaller protrusions permit faster
response to changes in surface pressure, therefore rendering the
system prepared for a dynamic response.


5. Spatially addressable membranes for
creation of rapid screening assays


Artificial solid-supported lipid bilayers may also be used as
biological components for biosensor devices providing a variety
of advantages over common techniques to immobilize bio-
logical molecules. They are inherently highly ordered structures,
which efficiently suppress undesired adsorption of molecules
and provide an effective barrier for most polar molecules.
Moreover, high coverage of the substrate can be achieved by
simple techniques, while the deposited membrane accommo-
dates receptor molecules, ionophores, carriers, and transmem-
brane proteins such as complex ion channels. Attempts have
been undertaken to create large arrays of spatially addressable
membrane patches to form the basis for a new generation of
rapid screening assays and sensor devices based on a highly
developed natural environment.[71±75] However, visualization of
the micrometer-sized membrane patches was solely performed
by fluorescence microscopy. Smaller structures in the nano-
meter-size regime require new detection techniques with a
lateral resolution beyond the resolution of an optical microscope
and a detection limit down to a few molecules. Particularly, the
combination of high-resolution scanning devices with structured
biomolecules on surfaces is advantageous, if the amount of
biomaterial is limited or the number of surface reactions is vast.
Conceivable applications include the detection of pico- to
nanomolar concentrations of proteins such as bacterial toxins
binding to cellular receptor molecules.


Figure 9. Formation of com-
pressed domains in a DPPC bilayer
on mica by treatment with in-
creasing amounts of g1-peptide :
A : 0.02 mol %, B: 0.1 mol %,
C: 0.5 mol %. The image sizes are
2.5� 2.5 mm2. (Reprinted with per-
mission from ref. [60] . Copyright
1999 American Chemical Society.)
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With the aim to achieve small individually addressable
membrane structures on solid supports and to utilize SFM to
distinguish between adsorbed nonspread vesicles and planar
lipid bilayers, Janshoff and Künneke[76] developed a procedure
employing a hydrodynamically coupled network of capillaries
based on molded polydimethylsiloxane (PDMS) elastomers.


Differing in their composition, the mem-
branes should enable one to detect
adsorption of proteins and peptides si-
multaneously by employing SFM. The
general technique of using microfluidic
networks on glass surfaces, first intro-
duced by Whitesides and co-workers[77, 78]


and termed micromolding in capillaries
(MIMIC), has been applied by Biebuyck
and co-workers[79, 80] to deposit micro-
structured protein films on surfaces.


The principle of forming membrane
patterns by microfluidic networks is out-
lined in Figure 11 A. Liposome suspen-
sions are applied to one side of the
capillaries through which they flow in a
laminar fashion and spread onto the glass
surface to form a uniform bilayer. After
removal of the elastomer, the membrane
stripes remain and are stable for days
without showing reunion with adjacent
membranes. SFM was used to identify the
structure and to provide the ultimate
proof for the formation of bilayers. Fig-
ure 11 B displays an SFM image obtained
in contact mode in liquids; it reveals that
indeed planar lipid bilayers have been
formed on the glass substrate. The aver-
age thickness of the DMPC bilayer is
(4.2�0.5) nm as deduced from a height
analysis (Figure 11 C).


These kinds of patterned lipid mem-
branes varying in their lipid composition
and immobilized on a solid support will
allow the simultaneous detection of pro-
tein binding to one particular membrane
stripe with the appropriate lipid mixture
by means of SFM in situ.


6. Summary and outlook


SFM of solid-supported lipid bilayers
provides insight into dynamic molecular
processes and reveals structural details
under native conditions not achievable
by optical microscopy. Particularly, imag-
ing of 2D crystals of proteins yields
structural information with a lateral and
vertical resolution that has only been
achieved by X-ray crystallography and
electron microscopy. Changes in bilayer


morphology that are caused by interactions with peptides,
membrane-active compounds, or environmental changes can be
observed without cumbersome preparation techniques. In
conclusion, SFM not only adds to the vast amount of spectro-
scopic techniques to study membrane ± protein interactions, but
also opens a new field of research from a material science point


Figure 10. A: Left : Isotherm of an SP-C-containing monolayer (DPPC/DPPG (4:1), 0.4 mol % SP-C) on a water
subphase (red) in comparison to a neat lipid mixture (DPPC/DPPG (4:1), black). Right : SFM image obtained in
contact mode under ambient conditions of an SP-C-containing film (DPPC/DPPG (4:1), 0.4 mol % SP-C)
transferred at 54 mN mÿ1 onto mica. While SP-B forms disc-like protrusions of one bilayer thickness, SP-C tends
to form extended plateaus consisting of stacked bilayers. B: Left : Typical compression isotherms of an SP-B-
containing monolayer (DPPC/DPPG (4:1), 0.2 mol % SP-B; red) and a DPPC/DPPG film (4:1; black) without
protein at 20 8C on a water subphase. Right : SFM image of an SP-B-containing film (DPPC/DPPG (4:1),
0.2 mol % SP-B) on mica transferred at a surface pressure of around 50 mN mÿ1 from a water subphase at
20 8C. The inset shows a magnification of the disc-like structures. Image size is 1.5� 1.5 mm2. C: Possible
scenario for the formation of disc-like protrusions of SP-B and negatively charged phospholipids together with
an explanation for the mechanistic role of SP-B in a lipid monolayer during compression. D: Proposed model
for the observed squeeze out of material supported by SP-C.[69]
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Figure 11. A: Schematic outline showing the procedure of generating individu-
ally addressable patterns of planar lipid bilayers. Step 1: Vesicle suspensions are
added to each of the flow-promoting pads on one side. The flow pads on the
other side ensure a sufficient flow of liposomes to completely cover the surface
with planar lipid bilayers working against depletion; step 2: incubation above the
main phase transition of the lipid or lipid mixture; step 3: rinsing with buffer and
removal of the PDMS stamp. B: SFM image of planar membranes formed by
vesicle spreading along the capillaries. Brighter stripes corresponding to the
DMPC bilayers are separated by darker stripes, which correspond to the glass
surface. The spacings exhibit a width of approximately 3 mm. The height scale is
20 nm. C: Height analysis of DMPC membrane stripes. Two well-separated height
distributions are decomposed by fitting mixed Lorentzian/Gaussian functions to
the data shown as solid line. The height difference between the two peaks is
4.2 nm, which corresponds to the height of a DMPC bilayer.[76]


of view. Not only topographical information may be spatially
resolved, but sometimesÐeven more importantlyÐviscoelas-
ticity, charge distribution, friction, and binding affinity can be
mapped, thus delivering a number of parameters that have been
so far unavailable. Future aspects comprise sensor applications
utilizing new lithographic techniques to obtain individually
addressable membrane compartments combined with the high
lateral resolution of scanning probe techniques.


C.S. thanks the Bundesland NRW for a Lise Meitner habilitation
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and H. Rinia for providing the excellent SFM figures.


[1] B. Drake, C. B. Prater, A. L. Weisenhorn, S. A. C. Gould, T. R. Albrecht, C. F.
Quate, D. S. Cannell, H. G. Hansma, Science 1989, 243, 1586 ± 1589.


[2] I. Reviakine, A. Brisson, Langmuir 2000, 16, 1806 ± 1815.
[3] P. Bassereau, F. Pincet, Langmuir 1997, 13, 7003 ± 7007.
[4] J. Solletti, M. Botreau, F. Sommer, W. Brunat, S. Kasas, T. Duc, M. Celio,


Langmuir 1996, 12, 5379 ± 5386.


[5] S. J. Singer, G. L. Nicholson, Science 1972, 175, 720 ± 731.
[6] I. Reviakine, A. Simon, A. Brisson, Langmuir 2000, 16, 1473 ± 1477.
[7] Y. F. DufreÃne, W. R. Barger, J. B. D. Green, G. U. Lee, Langmuir 1997, 13,


4779 ± 4784.
[8] V. VieÂ , N. Van Mau, E. Lesniewska, J. P. Goudonnet, F. Heitz, C. Le Grimellec,


Langmuir 1998, 4574 ± 4583.
[9] C. Gliss, H. Clausen-Schaumann, R. Günther, S. Odenbach, O. Randl, T. M.


Bayerl, Biophys. J. 1998, 74, 2443 ± 2450.
[10] K. Ekelund, L. Eriksson, E. Sparr, Biochim. Biophys. Acta 2000, 1464, 1 ± 6.
[11] S. W. Hui, R. Viswanathan, J. A. Zasadzinksi, J. N. Israelachvili, Biophys. J.


1995, 68, 171 ± 178.
[12] Z. Shao, J. Yang, Q. Rev. Biophys. 1995, 28, 195 ± 251.
[13] Y. F. DufreÃne, T. Boland, J. W. Schneider, W. R. Barger, G. U. Lee, Faraday


Discuss. 1998, 111, 79 ± 94.
[14] J. Schneider, Y. F. DufreÃne, W. R. Barger, Jr. , G. U. Lee, Biophys. J. 2000, 79,


1107 ± 1118.
[15] H. Takano, J. R. Kenseth, S. S. Wong, J. C. O'Brian, M. D. Porter, Chem. Rev.


1999, 99, 2845 ± 2890.
[16] The breakthrough force is defined as the force at which the tip breaks


through the upper leaflet of the lipid layer and touches the first
monolayer.


[17] L. Yang, M. Glaser, Biochemistry 1995, 34, 1500 ± 1506.
[18] M. Ross, C. Steinem, H.-J. Galla, A. Janshoff, Langmuir 2001, 17, 2437 ±


2445.
[19] J. Mou, J. Yang, C. Huang, Z. Shao, Biochemistry 1994, 33, 9981 ± 9985.
[20] Y. Fang, J. Yang, Biochim. Biophys. Acta 1997, 1324, 309 ± 319.
[21] D. M. Czajkowsky, C. Huang, Z. Shao, Biochemistry 1995, 34, 12 501 ±


12 505.
[22] J. Mou, J. Yang, Z. Shao, Biochemistry 1994, 33, 4439 ± 4443.
[23] H. Mueller, H.-J. Butt, E. Bamberg, J. Phys. Chem. B 2000, 104, 4552 ± 4559.
[24] A. Janshoff, M. Ross, V. Gerke, C. Steinem, ChemBioChem 2001, 2, 587 ±


590.
[25] J. Mollenhauer, Cell Mol. Life. Sci. 1997, 53, 506 ± 507.
[26] M. de la Fuente, V. Parra, Biochemistry 1995, 34, 10 393 ± 10 399.
[27] L. Oshry, P. Meers, T. Mealy, A. I. Tauber, Biochim. Biophys. Acta 1991, 1066,


239 ± 244.
[28] W. Wang, C. E. Creutz, Biochemistry 1994, 33, 275 ± 282.
[29] V. Gerke, S. E. Moss, Biochim. Biophys. Acta 1997, 1357, 129 ± 154.
[30] I. Reviakine, W. Bergsma-Schutter, A. Brisson, J. Struct. Biol. 1998, 121,


356 ± 361.
[31] I. Reviakine, W. Bergsma-Schutter, C. Mazeres-Dubut, N. Govorukhina, A.


Brisson, J. Struct. Biol. 2000, 131, 234 ± 239.
[32] I. Reviakine, W. Bergsma-Schutter, A. N. Morozov, A. Brisson, Langmuir


2001, 17, 1680 ± 1686.
[33] J. Mou, J. Yang, Z. Shao, J. Mol. Biol. 1995, 248, 507 ± 512.
[34] Y. Fang, S. Cheleey, H. Bayley, J. Yang, Biochemistry 1997, 36, 9518 ± 9522.
[35] H.-J. Butt, K. H. Downing, P. K. Hansma, Biophys. J. 1990, 58, 1473 ± 1480.
[36] H.-J. Butt, C. B. Prater, P. K. Hansma, J. Vac. Sci. Technol. B 1991, 9, 1193 ±


1196.
[37] D. J. Müller, F. Schabert, G. Büldt, A. Engel, Biophys. J. 1995, 68, 1681 ±


1686.
[38] D. J. Müller, C.-A. Schoeneberger, G. Büldt, A. Engel, Biophys. J. 1996, 70,


1796 ± 1802.
[39] D. J. Müller, J. B. Heymann, F. Oesterhelt, C. Möller, H. Gaub, G. Büldt, A.


Engel, Biochim. Biophys. Acta 2000, 1460, 27 ± 38.
[40] D. J. Müller, D. Fotiadis, A. Engel, FEBS Lett. 1998, 430, 105 ± 111.
[41] A. Engel, C.-A. Schoenenberger, D. J. Müller, Curr. Opin. Struct. Biol. 1997, 7,


279 ± 284.
[42] F. Oesterhelt, D. Oesterhelt, M. Pfeiffer, A. Engel, H. E. Gaub, D. J. Müller,


Science 2000, 288, 143 ± 146.
[43] J. H. Hoh, G. E. Sosinsky, J.-P. Revel, P. K. Hansma, Biophys. J. 1993, 65,


149 ± 163.
[44] K. N. Goldie, N. Pante, A. Engel, U. Aebi, J. Vac. Sci. Technol. B 1994, 12,


1482 ± 1485.
[45] S. Scheuring, P. Ringler, M. Borgnia, H. Stahlberg, D. J. Müller, P. Agre, A.


Engel, EMBO J. 1999, 18, 4981 ± 4987.
[46] D. J. Müller, D. Fotiadis, S. Scheuring, S. A. Müller, A. Engel, Biophys. J.


1999, 76, 1101 ± 1111.
[47] D. J. Müller, W. Baumeister, A. Engel, J. Bacteriol. 1996, 178, 3025 ± 3030.
[48] D. Fotadis, D. J. Müller, G. Tsiotis, L. Hasler, P. Tittmann, T. Mini, P. Jenö, H.


Gross, A. Engel, J. Mol. Biol. 1998, 283, 83 ± 94.







C. Steinem and A. Janshoff


808 CHEMBIOCHEM 2001, 2, 798 ± 808


[49] H. Seelert, A. Poetsch, N. A. Dencher, A. Engel, H. Stahlberg, D. J. Müller,
Nature 2000, 405, 418 ± 419.


[50] J. Mou, D. Czajkowsky, Z. Shao, Biochemistry 1996, 35, 3222 ± 3226.
[51] H. A. Rinia, R. A. Kik, R. A. Demel, M. M. E. Snel, J. A. Killian, J. P. J. M.


Van der Eerden, B. De Kruijff, Biochemistry 2000, 39, 5852 ± 5858.
[52] C. E. Dempsey, Biochim. Biophys. Acta 1990, 1031, 143 ± 161.
[53] Z. Oren, Y. Shai, Biopolymers 1998, 47, 451 ± 463.
[54] Y. Shai, Biochim. Biophys. Acta 1999, 1462, 55 ± 70.
[55] J. A. Kilian, Biochim. Biophys. Acta 1998, 1376, 401 ± 416.
[56] C. Steinem, H.-J. Galla, A. Janshoff, Phys. Chem. Chem. Phys. 2000, 2,


4580 ± 4585.
[57] N. C. Santos, E. Ter-Ovanesyan, J. A. Zasadzinski, M. Prieto, M. A. R. B.


Castanho, Biophys. J. 1998, 75, 1424 ± 1429.
[58] L. K. Nielsen, J. Risbo, T. H. Callisen, T. Bjornholm, Biochim. Biophys. Acta


1999, 1420, 266 ± 271.
[59] M. Grandbois, H. Clausen-Schaumann, H. Gaub, Biophys. J. 1998, 74,


2398 ± 2404.
[60] A. Janshoff, D. T. Bong, C. Steinem, J. E. Johnson, M. R. Ghadiri, Biochem-


istry 1999, 38, 5328 ± 5336.
[61] A. von Nahmen, M. Schenk, M. Sieber, M. Amreim, Biophys. J. 1997, 72,


463 ± 469.
[62] A. von Nahmen, A. Post, H.-J. Galla, M. Sieber, Eur. Biophys. J. 1997, 26,


359 ± 369.
[63] H.-J. Galla, N. Bourdos, A. von Nahmen, M. Amreim, M. Sieber, Thin Solid


Films 1998, 327 ± 329, 632 ± 635.
[64] M. Amreim, A. von Nahmen, M. Sieber, Eur. Biophys. J. 1997, 26, 349 ± 357.
[65] H.-J. Galla, N. Bourdos, A. von Nahmen, M. Amrein, M. Sieber, Thin Solid


Films 1998, 327 ± 329, 632 ± 635.


[66] M. M. Lipp, K. Y. C. Lee, J. A. Zasadzinski, A. J. Waring, Science 1996, 273,
1196 ± 1199.


[67] K. Y. C. Lee, M. M. Lipp, J. A. Zasadzinksi, A. J. Waring, SPIE J. 1998, 3273,
115 ± 133.


[68] M. M. Lipp, K. Y. C. Lee, A. J. Waring, J. A. Zasadzinski, Biophys. J. 1997, 72,
1 ± 21.


[69] S. Krol, A. Janshoff, M. Ross, H.-J. Galla, Phys. Chem. Chem. Phys. 2000, 2,
4586 ± 4593.


[70] S. Krol, M. Ross, H.-J. Galla, M. Sieber, S. Künneke, A. Janshoff, Biophys. J.
2000, 79, 904 ± 918.


[71] J. S. Hovis, S. G. Boxer, Langmuir 2000, 16, 894 ± 897.
[72] J. T. Groves, N. Ulman, S. G. Boxer, Science 1997, 275, 651 ± 653.
[73] P. S. Cremer, T. Yang, J. Am. Chem. Soc. 1999, 121, 8130 ± 8131.
[74] P. S. Cremer, J. T. Groves, L. A. Kung, S. G. Boxer, Langmuir 1999, 15, 3893 ±


3896.
[75] L. I. Kung, J. T. Groves, N. Ulman, S. G. Boxer, Adv. Mater. 2000, 12, 731 ±


734.
[76] A. Janshoff, S. Künneke, Eur. Biophys. J. Biophys. Lett. 2000, 29, 549 ± 554.
[77] E. Kim, Y. Xia, G. M. Whitesides, Nature 1995, 376, 581 ± 584.
[78] E. Kim, Y. Xia, G. M. Whitesides, J. Am. Chem. Soc. 1996, 118, 5722 ± 5731.
[79] E. Delamarche, A. Bernard, H. Schmid, A. Bietsch, B. Michel, H. Biebuyck, J.


Am. Chem. Soc. 1998, 120, 500 ± 508.
[80] E. Delamarche, A. Bernard, H. Schmid, B. Michel, H. Biebuyck, Science 1997,


276, 779 ± 781.


Received: February 7, 2001 [A 194]








CHEMBIOCHEM 2001, 2, 809 ± 811 � WILEY-VCH-Verlag GmbH, D-69451 Weinheim, 2001 1439-4227/01/02/11 $ 17.50+.50/0 809


Although many birds are regarded to be
unpalatable and/or malodorous,[1] the
toxicity of birds was long ignored and
up to now only a few examples are
known. Nevertheless, one unique case of
a ªtoxic birdº is known since antiquity. In
the Book of Numbers, Moses reports the
death of numerous Israelites after the
consumption of quail during their exodus
from Egypt.[2]


31 Now there went forth a wind from the
LORD and it brought quail from the sea,
and let them fall beside the camp,
about a day's journey on this side and a
day's journey on the other side, all
around the camp and about two cubits
deep on the surface of the ground.


32 The people spent all day and all night
and all the next day, and gathered the
quail (he who gathered least gathered
ten homers) and they spread them out
for themselves all around the camp.


33 While the meat was still between their
teeth, before it was chewed, the anger


of the LORD was kindled against the
people, and the LORD struck the people
with a very severe plague.


34 So the name of that place was called
Kibroth-hattaavah, because there they
buried the people who had been greedy.


According to Pliny the Elder (23 ± 79
A.C. , Naturalis historia) poisoning by
quails was also rather common in the
Roman Empire and, therefore, their con-
sumption was banned during the 1st
century. The origin of this disease called
coturnism (human poisoning after eating
European migratory quail (Coturnix cotur-
nix L.))[3] remained unknown for a long
time. As a matter of fact, quails are only
toxic during migration and, curiously
enough, only in certain flight directions.
In the western flyway, across West Africa
to Europe, quail are poisonous on their
way from Africa to Europe. On their
eastern route from the Great Lake region
of East Africa to Europe, the birds are not
toxic in spring, but clearly when they


return to Africa in autumn.[3] Owing to
this strict link of quail toxicity to the
migratory behaviour, the toxic principle is
obviously ingested during migration.
With respect to the symptoms of coturn-


ism (like, for example, muscle pain, lower
limb paralysis, vomiting, and discoloured
urine due to myoglobinuria),[3] already
medieval writers proposed feeding on
henbane (Hyoscyamus niger), aconite
(Aconitum napellus), hellebore (Vera-
trum ssp.) or hemlock (Conium macula-
tum) to be responsible for the birds'
toxicity. Although there is, as yet, no
rigorous proof for the molecular basis of
coturnism, recent analyses of typical quail
crops identified a wide variety of seeds
potentially toxic to humans, among them
Ballota nigra, Galeopsis sp. , Hyoscyamus
niger, Lathyrus sp. , Lolium sp. and Stachys
annua.[3] Considering the seasonal ± geo-
graphical pattern of the coturnism out-
breaks, today's research focuses on Sta-
chys annua which exhibits a geobotanical
differentiation in annual growth cycles
coinciding with the coturnism seasons.[3]


The seasonal toxicity of the European
migratory quail is not unique. Currently
about thirteen bird species are known or
believed to be toxic.[1, 4] Some of the
better documented examples are com-
piled in Table 1. The spur-winged geese
endemic to the African Niger river area
display an interesting defense. The birds


feed on beetles from the family of Meloi-
dae that produce cantharidin (Figure 1).[4]


Cantharidin, known since antiquity as an
aphrodisiac, is highly toxic, causes blister-
ing upon skin contact and may lead to


Chemistry and Ecology of Toxic Birds
Stefan Bartram and Wilhelm Boland*[a]


KEYWORDS:


alkaloids ´ batrachotoxins ´ chemical defense ´ chemical ecology ´ neurotoxins


[a] Prof. Dr. W. Boland, Dr. S. Bartram
Max-Planck-Institut für Chemische Ökologie
Carl-Zeiss-Promenade 10, 07745 Jena (Germany)
Fax: (�49) 3641-643670
E-mail : boland@ice.mpg.de


Table 1. Bird species reported to be toxic.[1, 4]


Bird species Toxin Origin Geographic distribution


European migratory quail Coturnix coturnix unknown unknown Africa/Europe


hooded pitohui Pitohui dichrous batrachotoxins unknown New Guinea
rusty pitohui Pitohui ferrugineus
variable pitohui Pitohui kirhocephalus
black pitohui Pitohui nigrescens


blue-capped ifrita Ifrita kowaldi batrachotoxins unknown New Guinea


spur-winged goose Plectropterus gambensis cantharidin beetles (Meloidae) North Benin


red warbler Ergaticus ruber unidentified alkaloids unknown Mexico


ruffed grouse Bonasa umbellus andromedotoxin mountain laurel North America
(Kalmia latifolia)


brush bronzewing Phaps elegans monofluoroacetate (?) Gastrolobium spp. Australia
common bronzewing Phaps chalcoptera Oxylobium spp.
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death when ingested in rather low con-
centrations. Cantharidin is a potent inhib-
itor of the protein phosphatase A2 (PPA2),
which is involved in the dynamic process
of protein phosphorylation and dephos-
phorylation controlling intracellular sig-
nalling and regulation.[5]


However, the most spectacular report
on a ªtoxic birdº providing the first
unequivocal identification of a toxic prin-
ciple was published in 1992 by Dum-
bacher et al.[6] During collection and han-
dling of the hooded pitohui (Pitohui
dichrous) (Figure 2), endemic in New
Guinea, the authors recognised that con-


tact with skin and feathers caused numb-
ness, burning and sneezing. Native New
Guineans referred to this species as
ªrubbish birdsº and avoided the bird due
to its bitter taste and allergenic potential ;
people may become nauseated from
simply smelling the bird.[7] Chemical anal-
ysis of feathers, skin and other tissues of
several species of the genus Pitohui
(family Pachycephalidae) revealed the
presence of the highly potent neurotoxin
homobatrachotoxin (Figure 1).


Homobatrachotoxin is a member of a
family of steroidal alkaloid toxins, collec-
tively called batrachotoxins, which belong


to the most potent of all
naturally occurring nonpro-
tein poisons known for ver-
tebrates.[8] Batrachotoxins
bind to the receptor site II of
voltage-dependent sodium
channels in a wide variety of
tissues and depolarise elec-
trogenic nerve, cardiac and
skeletal muscle membranes
in nearly every vertebrate
and invertebrate tested so
far.[8] Binding results in a
persistent activation of the
channel, thus leading to de-
polarisation of the cell. Ob-
served symptoms in mice
include strong muscle con-
tractions, violent convulsions,
salivation, and dyspnoea and
death even at doses of less
than 0.1 mg per individual.


Interestingly, the terpenoid andromedo-
toxin (Figure 1, Table 1), supposed to be
responsible for the occasional toxicity of
the American ruffed grouse (Bonasa um-
bellus) in the winter, has the same target
and has also caused human death.[4]


Prior to the isolation from feathers of
the pitohui, batrachotoxins were consid-
ered to be unique to neotropical poison-
dart frogs of the genus Phyllobates.[8] The
skin of these brightly coloured frogs
(family Dendrobatidae) was widely used
by the indians from the Choco region in
Colombia for poisoning of blowgun darts.
Frogs removed from their natural envi-
ronment lost their toxicity, indicating that
the animals are not capable of synthe-
sising the toxins de novo. The second
generation of frogs raised in captivity
were completely nontoxic, but rapidly
accumulated dietary alkaloids unchanged
in their skin glands,[9] supporting the idea
that the wild frogs acquire their toxins
from an, as yet, unknown dietary arthro-
pod.[8]


The levels of homobatrachotoxin in
pitohuis are up to three orders of magni-
tude lower than in the frog skin and differ
between the individual species listed in
Table 1. The highest amount (>80 %) of
the toxin was found in the skin of the
hooded pitohui, ca. 13 % were associated
with the feathers and less than 4 % with
the muscles and other tissues. More
recent analyses of extracts from feather
and skin of the Pitohui birds by HPLC-
CIMS (CIMS� chemical-ionization mass
spectrometry) revealed the presence of
additional batrachotoxin congeners (Fig-
ure 1) not previously described.[10] Besides
batrachotoxinin-A, the corresponding
crotonate and the 3'-hydroxypentanoate
were identified as new compounds in
freshly extracted skin. The crotonate,
under base catalyis, can add water to
give a hydroxybutanoate in a biomimetic
(?) fashion and cleave directly by a retro-
aldol process to give the acetate of the
starting compound or undergo a concert-
ed [3,3] sigmatropic rearrangement to
afford the acetate of likely pseudoaxial
conformation (Scheme 1).


The HPLC-MS approach also led to the
discovery of a second poisonous bird
from New Guinea, the passerine bird Ifrita
kowaldi.[10] This bird displays a similar
spectrum of batrachotoxins, but is not


Figure 1. Toxic compounds isolated from ªtoxic birdsº.


Figure 2. Picture of a Pitohui bird (Pitohui dichrous) from New
Guinea. (Photograph : J. Dumbacher. Reproduced with permission
from ref. [14] . Copyright 2000 Wissenschaftliche Verlagsgesell-
schaft mbH.)
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related to the pitohui. The amounts and
relative proportions of batrachotoxins
may differ widely among the different
species and, especially, among their hab-
itats. In some areas of New Guinea,
pitohuis seem to be not poisonous at
all.[4, 10] These findings clearly reflect the
situation of the poison-dart frogs, quails
and goose and are, again, indicative of
sequestration of the toxin from the diet.
However, as is true for poison-dart frogs,
the source of the toxin is still a mystery.[7, 9]


No batrachotoxin-related alkaloids were
detected in the stomach of Pitohui or Ifrita
specimens, and no alkaloids were detect-
ed in ants, termites, millipedes, earth-
worms and grasshoppers belonging to
the diet of the Pitohui.[10]


The accumulation of toxins in feathers
and skin is assumed to protect the birds
against predators such as rodents, snakes,
raptors or arboreal marsupials. Pitohuis
emit a sour odour (see above) and are
brightly coloured (as are the poison-dart


frogs). The wings, tail and head of the
variable pitohui (P. kirhocephalus) are
black, the remaining portions of the body
display a contrasting orange-brown. The
strong odour along with the conspicuous
plumage may, therefore, serve as apose-
matic signals to predators.[10] Studies with
other birds displaying a similar conspicu-
ous plumage clearly showed a negative
correlation between visibility and edibil-
ity.[11]


Owing to the high level of the toxins in
the breast and belly feathers, the com-
pounds may be also transferred to the
eggs or nest material for protection
against egg-eating predators. The toxins
are clearly active against ectoparasites
since Pitohui birds display the second
lowest infection rate by ticks of all thirty
passerine genera that have been exam-
ined.[12] Homobatrachotoxin has also a
strong effect on chewing lice.[13]


It is surprising that such phylogeneti-
cally and geographically different species


such as toxic birds from New Guinea and
poison-dart frogs from Colombia and
Central America have independently
evolved the ability to sequester and to
tolerate the extremely neurotoxic batra-
chotoxins. The frogs appear to be insen-
sitive towards their own toxins due to a
genetically controlled modification of
their sodium channel protein in the
nerves and muscles.[9] The molecular basis
for the resistance of Pitohui and Ifrita
kowaldi is still unknown, but the evolution
of a similar mechanism appears to be
highly likely.
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Scheme 1. Base-catalyzed rearrangement of batrachotoxinin-A crotonate.
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Partially Folded Conformations in the Folding
Pathway of Bovine Carbonic Anhydrase II:
A Fluorescence Spectroscopic Analysis
Natalia A. Bushmarina,[a] Irina M. Kuznetsova,[a] Alexander G. Biktashev,[a]


Konstantin K. Turoverov,*[a] and Vladimir N. Uversky*[b]�


GdmCl-, urea-, and pH-induced unfolding pathways of bovine
carbonic anhydrase II have been analyzed by using changes
induced by different denaturing agents in intensity, anisotropy, life
time, and parameter A value of intrinsic fluorescence as well as
intensity and life time of ANS (ammonium salt of 8-anilinonaph-
thalene-1-sulfonic acid) fluorescence. The formation of several
stable unfolding intermediates, some of which were not observed
previously, has been established. This was further confirmed by


representation of fluorescence data in terms of a ªphase diagramº,
that is, Il1 versus Il2 dependence, where Il1 and Il2 are the
fluorescence intensity values measured at wavelengths l1 and l2 ,
respectively.


Introduction


Carbonic anhydrase (CA, carbonate hydro-lyase, carbonate
dehydratase, EC 4.2.1.1) is a zinc-containing enzyme catalyzing
with high efficiency the reversible hydration of carbon dioxide:


CO2�H2O ÿ! HCO3
ÿ�H�


This reaction, underlying many diverse physiological process-
es in animals, plants, archaebacteria, and eubacteria, may be
effectively inhibited by various substances including different
monovalent anions (for example bisulfite, formate, cyanate,
azide, sulfate, etc.), sulfonamides, phenol, imidazole, triazole, and
specific proteinacous CA inhibitors.[1] CA is an ubiquitous
enzyme found in human, all animals, and photosynthesizing
organisms examined for its presence. It was also discovered in
some non-photosynthetic bacteria.[1]


There are three evolutionary unrelated CA families, designated
as a, b, and g, whose representatives, all being zinc enzymes,
show slight sequence homology.[2] Thus, CA families represent a
good example of convergent evolution of catalytic function.[1] All
known carbonic anhydrases from animals belong to the a-CA
family. a-CA was also found in a few bacteria[2] and in the
unicellular green alga Chlamydomonas reinardtii.[3] However, no
a-CA has been found in higher plants. On the contrary, b-CAs
have been shown to be present in higher plants[4] and in several
bacteria.[2] Only one member of the g-CA family, CA of the
methanogenic archaebacterium Methanosarcina thermophila,
has been isolated to date.[5]


CAs isolated from the same species show a large hetero-
geneity determined both genetically and by ªconformationalº
modifications (for example by deamidation[6] or glycosylation[7] ).


In fact, seven genetically distinct a-CA isozymes, with sequence
length varying from 259 to 312 amino acid residues, have been
identified in mammalians. These isozymes are encoded by genes
located on four different chromosomes.[1] Isozymes have differ-
ent tissue distributions and intracellular locations, being cyto-
plasmic or membrane-bound. For example, human CA I is the
major non-hemoglobin protein of red cells, which is also found
in a number of other tissues, such as the colon, but is not as
widely distributed as CA II,[8] which is the most studied form. CA I
is also less active than CA II.[9] CA II has an exceptionally high CO2


hydration turnover.[9] This isozyme is traditionally purified from
red cells. However, it has a wide tissue distribution and is found
in many different organs and cell types.[8] All CA isozymes are
essentially different with respect to catalytic efficiency and
inhibitor-binding properties.
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There is an essential pharmacological interest in CA
because it was shown that this enzyme is the target
for drugs, such as acetazolamide, methazolamide, dichlor-
phenamide,[1] and the recently developed dorzolamide[10]


for the treatment of glaucoma. This is because carbonic
anhydrase inhibitors, both topical and systemic, lower intra-
ocular pressure by reducing HCO3


ÿ formation in the ciliary
process, thus lowering Na� transport and the flow of aqueous
humor.[11]


The crystal structures of human CA I and II, CA II from the
Indian buffalo, bovine CA III, and a truncated form of murine
CA V have been determined.[12] The overall structures of these
isozymes are very similar. The molecules are nearly spherical with
approximate dimensions of 5�4� 4 nm3. With the exception of
ca. 25 N-terminal amino acid residues, which are loosely
connected to the rest of the molecule, these a-CAs have been
considered as single-domain proteins. The preponderant secon-
dary structure is a ten-stranded, twisted b sheet, which is mostly
antiparallel. A few relatively short helices are located on the
surface of the molecule, and a-CAs have been classified as a/b
proteins.[13]


Thus, a-CAs belong to the class of single-domain proteins with
predominant b structure. It has been shown that these proteins
(and particularly human CA II and bovine CA B, or CA II) are
ideally suited for the investigation of the mechanisms of folding
and unfolding of a polypeptide chain.[14] ± [18] This is especially the
case for bovine carbonic anhydrase II, BCA II, as this protein
contains no cysteine or cystine residues, thus allowing unfolding
studies to focus exclusively on the successive conformational
changes without complications from sulfhydryl oxidation and
disulfide formation. As a result, the equilibrium unfolding of
BCA II induced either by pH,[15] urea,[17] or guanidinium hydro-
chloride (GdmCl)[14, 17, 18] has been intensively studied. It was
shown that the equilibrium unfolding pathway of BCA II is
characterized by the presence of several intermediate states. A
molten-globule state is accumulated at around pH 3.6,[15] or at
neutral pH and room temperature in the presence of moderate
GdmCl concentrations.[14, 17] At low temperatures, GdmCl-in-
duced unfolding of BCA II is characterized by the formation of
two partially folded conformations, the molten-globule state
and its precursor.[18]


In the present study we introduce fluorescence spectroscopic
measurements that further characterize the process of BCA II
unfolding induced by pH, urea, or GdmCl. To this end, changes
induced by different denaturing agents in intrinsic fluorescence
parameters (intensity, maximum position, anisotropy, life time,
and parameter A value) or ANS (ammonium salt of 8-anilino-
naphthalene-1-sulfonic acid) fluorescence parameters (intensity,
maximum position, and life time) are studied. In addition, the
method of ªphase diagramsº is applied to fluorescence data
analysis. The essence of this method is to construct the diagram
Il1 versus Il2 , where Il1 and Il2 are the fluorescence intensity
values measured at wavelengths l1 and l2 , respectively. This
approach allows us to describe the unfolding pathway of BCA II
in much detail and to detect the formation of several stable
unfolding intermediates, some of which have not been observed
previously.


Results and Discussion


GdmCl-induced equilibrium unfolding and refolding of BCA II


GdmCl-induced unfolding: Figures 1 and 2 show that the
fluorescence behavior of BCA II during the GdmCl-induced
equilibrium unfolding or refolding is a complex process. Figure 1
depicts GdmCl dependencies of intrinsic fluorescence intensities


Figure 1. GdmCl-induced changes in BCA II intrinsic fluorescence intensity at l�
320 nm, I320 (A), and l� 365 nm, I365 (B). Fluorescence was excited at 297 nm.
Black circles correspond to the unfolding experiments. Open and gray circles
correspond to the refolding experiments, which were initiated from 6.0 M or 1.2 M


GdmCl, respectively. Protein concentration was 0.1 mg mLÿ1. All measurements
were carried out at 23 8C.


measured at lem� 320 nm (Figure 1 A) and lem�365 nm (Fig-
ure 1 B). One can see that the fluorescence intensities decrease
with an increase in GdmCl concentration in a rather complex
manner. An initial drop of both intensities takes place within an
extremely narrow interval of denaturant concentrations (be-
tween 0 and 0.1 M GdmCl), which is accompanied by a rather
extended plateau followed by a further sigmoidal decrease. The
changes in fluorescence intensity are completed at ca. 2.5 and
ca. 1.0 M GdmCl for I320 and I365 , respectively. This means that
GdmCl-induced unfolding of BCA II (i.e. transition from the
native, N, to the unfolded state, U) is characterized by the
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formation of at least two equilibrium intermediate conforma-
tions, IGdmCl


1 and IGdmCl
2 , which are populated at around 0.1 and


1.0 M GdmCl respectively.
Figure 2 represents GdmCl-induced changes in parameter A,


in the anisotropy of intrinsic fluorescence, and in the intensity of
ANS fluorescence. Figure 2 A shows that between 0 and 0.1 M


GdmCl the parameter A value (A� I320/I365 , which is characteristic
of the shape and position of the fluorescence spectrum[19] )


Figure 2. A : GdmCl-induced changes in the intrinsic fluorescence of BCA II. The
circles represent parameter A [(I320/I365)297] , the triangles the degree of Trp
fluorescence anisotropy (r). Fluorescence was excited at 297 nm, the protein
concentration was 0.1 mg mLÿ1. B: GdmCl-induced changes in ANS fluorescence
intensity in the presence of BCA II. Protein and ANS concentrations were 0.1 and
0.02 mg mLÿ1, respectively. Fluorescence was excited at 350 nm. Black symbols
correspond to the unfolding experiments. Open and gray symbols correspond to
the refolding experiments, which were initiated from 6.0 M or 1.2 M GdmCl,
respectively. All measurements were carried out at 23 8C.


decreases. Soon after, this parameter starts to increase and
reaches a maximum at ca. 1.1 M GdmCl. However, a further
increase in denaturant concentration leads to a pronounced
decrease in the parameter A value, which is finished at ca. 2.5 M


GdmCl. As for the anisotropy of the intrinsic fluorescence, this
parameter gradually increases between 0 and ca. 1.6 M GdmCl. In


the range of 1.6 ± 3.0 M GdmCl, there is an essential decrease in
the anisotropy value, which reflects the unfolding of the protein
(see Figure 2 A). Thus, data on the GdmCl dependence of the
anisotropy reflect an accumulation of the third intermediate,
IGdmCl


3 , maximally populated at around 1.6 M GdmCl. Higher
anisotropy values characteristic of this intermediate may reflect
lower intramolecular mobility of tryptophan residues or protein
association.


Changes in ANS fluorescence intensity are frequently used to
monitor formation of partially folded intermediates during
protein unfolding and refolding.[20] The reason is that the
presence of large solvent-exposed hydrophobic patches is a
general property of a partially folded protein molecule. The
interaction of ANS with such exposed hydrophobic clusters in a
protein is accompanied by a considerable increase in the dye
fluorescence intensity and a pronounced blue shift of the
fluorescence maximum. Figure 2 B shows that an increase in
GdmCl concentration is accompanied by essential changes in
the intensity of ANS fluorescence. One can see that this
parameter reaches a maximal value at 1.5 ± 1.8 M GdmCl,
confirming the appearance of an intermediate IGdmCl


3 containing
the solvent-exposed hydrophobic surfaces.


Figure 3 also confirms the idea that GdmCl-induced unfolding
of BCA II is an exceptionally complex process. This picture was
designed by using the method of ªphase diagramsº elaborated
by Burstein for the analysis of fluorescence data.[21] It has been
shown that such an approach is extremely sensitive to the
accumulation of any intermediate state.[21, 22]


Figure 3 clearly shows that the phase diagram plotted for the
GdmCl-induced unfolding of BCA II consists of three linear parts,
corresponding to 0 ± 0.1, 0.1 ± 1.0 and 1.0 ± 6.0 M GdmCl concen-
tration. This reflects the existence of three independent
transitions: N$ IGdmCl


1 , IGdmCl
1 $ IGdmCl


2 , and IGdmCl
2 $U. Interestingly,


neither studies of parameter A nor representing data on the
GdmCl dependence of intrinsic fluorescence intensity in terms of
a phase diagram allows the detection of the IGdmCl


3 intermediate
(populated at around 1.6 M GdmCl). However, accumulation of
this intermediate is accompanied by an extensive increase in
ANS fluorescence intensity and the pronounced rise of the
intrinsic fluorescence anisotropy (see Figure 2). This illustrates
the importance of the multiparametric approach to the analysis
of conformational transformations in proteins.


The insensitivity of parameter A and phase diagram to the
formation of the IGdmCl


3 intermediate may be explained assuming
that three conformations, IGdmCl


2 , IGdmCl
3 , and U, coexist within 1.0 ±


2.5 M GdmCl. The value of parameter A that characterizes the
shape and position of the fluorescence spectrum for IGdmCl


3 is an
intermediate between those measured for IGdmCl


2 and U (not
shown). This makes IGdmCl


3 ªinvisibleº for approaches dealing with
the characteristics of the intrinsic fluorescence spectrum (pa-
rameter A and phase diagram).


IGdmCl
1 intermediate: Interestingly, a small increase in GdmCl


concentration is already accompanied by measurable changes of
BCA II fluorescence parameters. In fact, our data are consistent
with the appearance of the first intermediate state, IGdmCl


1 , at
around 0.1 M GdmCl, that is, well before a noticeable change of
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Figure 3. Phase diagrams representing unfolding (A) and refolding of BCA II
induced by GdmCl (B). Black circles correspond to the unfolding experiments.
Open and gray circles correspond to the refolding experiments, which were
initiated from 6.0 M or 1.2 M GdmCl, respectively. Concentrations of denaturant are
indicated next to the respective symbol. Each straight line represents an all-or-
none transition between two conformers, denoted as N, IGdmCl


1 , IGdmCl
2 , IGdmCl


3 , and U.


any other structural parameter takes place. The effect of small
denaturant concentrations on the activity of enzymes was
intensively studied over the last decade.[23, 24] It has been
reported that changes in enzyme activity may occur before
essential changes of the enzyme molecule as a whole can be
detected. This observation has been interpreted in terms of the
relative weakness of interactions involved in the stabilization of
enzyme active sites.[24] Our results show for the first time that
activity is not the only enzyme characteristic that may be
affected by low GdmCl concentrations.


Equilibrium unfolding intermediates IGdmCl
2 and IGdmCl


3 : The
nature of the IGdmCl


3 intermediate is certainÐit is the molten-
globule state. Earlier, a combination of several spectroscopic and
hydrodynamic techniques revealed that GdmCl-induced equilib-
rium unfolding of BCA II at room temperature is accompanied by
the formation of the molten-globule state, that is, a compact
denatured intermediate.[14, 17] The molten globule is accumu-
lated at 1.5 ± 1.8 M GdmCl,[14, 17] that is, at denaturant concen-
trations where the appearance of the IGdmCl


3 intermediate was
detected.


Figure 1 shows that a large part of the fluorescence intensity
of the native enzyme is lost around 1.0 M GdmCl, that is, under
conditions favoring accumulation of the IGdmCl


2 intermediate. It
has been demonstrated for the structurally homologous human
CA II that, due to energy transfer and quenching effects, the
quantum yields and lmax vary considerably for the different Trp
residues in the native state, but these differences almost
disappeared upon denaturation and partial unfolding.[16d] How-
ever, it has been established earlier that BCA II possesses native-
like near- and far-UV CD spectra[14b, 18] and even native-like
activity under these denaturing conditions.[14a, 18] This allows us
to assume that significant changes in the fluorescence intensity
in this case could still represent only small conformational
rearrangements, and IGdmCl


2 may be considered as the native-like
intermediate.


To better understand the origin of the equilibrium unfolding
intermediates IGdmCl


2 and IGdmCl
3 , data on BCA II refolding kinetics


may be considered. The refolding kinetics of this protein have
been studied by a variety of methods over a wide time range
(from milliseconds to hours).[25] It has been shown that this
process proceeds through three stages. In the first stage,
solvent-exposed hydrophobic clusters and a compact state of
the polypeptide chain are formed. In the second stage, hydro-
phobic clusters are desolvated and a rigid native-like hydro-
phobic core is formed. During the third stage the native state is
formed.[25] In other words, kinetic data revealed the accumu-
lation of two intermediates, the molten globule and essentially
native-like ones. We are assuming that IGdmCl


3 and IGdmCl
2 inter-


mediates resemble the molten-globule and native-like inter-
mediates observed in the kinetic pathway of BCA II refolding.
The accumulation of the native-like intermediate, IGdmCl


2 , in the
equilibrium unfolding of BCA II is described here for the first
time.


Time-resolved measurements of ANS fluorescence: Figure 4
represents ANS fluorescence decay curves measured for the
native state (Figure 4 A) and the IGdmCl


3 equilibrium intermediate
accumulated at around 1.5 M GdmCl (Figure 4 B). It can be seen
that the longest component of fluorescence decay for the ANS ±
native protein complex is characterized by t� 11.8� 0.5 ns,
whereas in the presence of 1.5 M GdmCl a ca. 1.25-fold increase in
this value is observed (t�13.7� 0.5 ns).


This observation confirms the assumption that IGdmCl
3 is the


compact denatured conformation. It is known that the fluo-
rescence decay of free ANS has an uni-exponential character,
whereas the formation of ANS ± protein complexes yields at least
a double-exponential fluorescence decay.[26] In this case the
shorter lifetime component of the fluorescence decay (t<6 ns)
is characteristic of the dye molecules that interact with the
surface of a protein molecule, while the longer lifetime
component (t>10 ns) refers to the protein-embedded ANS
molecules.[26] The good correlation between changes in the
longest lifetime component and overall conformational changes
of the protein molecule was shown. The value of this parameter
is sensitive to whether ANS interacts either with the native (N) or
with the compact denatured (D) protein molecule (tN�12 ns as
compared with tD�14 ns).[26]
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Equilibrium refolding of BCA II from concentrated GdmCl
solutions: Let us now consider the data concerning the
equilibrium refolding of BCA II from concentrated GdmCl
solutions (6 M GdmCl; see open symbols in Figures 1 ± 3). The
results presented in Figure 2 A may be interpreted in terms of
complete reversibility of BCA II unfolding. However, Figures 1
and 3 clearly show that Trp fluorescence intensities, I365 and I320 ,
are not restored completely upon the decrease in GdmCl
concentration. Moreover, ANS fluorescence intensity in at 1.5 ±
1.8 M GdmCl is lower during refolding (Figure 2 B). This means
that in diluted GdmCl solutions (below 1.0 M) only a relatively
small fraction of BCA II molecules is refolded successfully,
whereas the majority of protein precipitates when BCA II refolds
from 6 M GdmCl. This conclusion is in good agreement with the
recent study of BCA II refolding by quasi-elastic light scatter-
ing.[27] In fact, the efficiency of BCA II refolding from 5 M GdmCl
was strongly dependent on the final denaturant and protein
concentrations. Below 1.0 M GdmCl the majority of the protein
molecules formed large aggregates even though the final
protein concentration was as low as 0.1 mg mLÿ1.[27]


Reversible equilibrium refolding of BCA II from 1.2 M


GdmCl solutions: Interestingly, the situation is com-
pletely different when BCA II refolding is initiated from
moderate GdmCl concentrations, as represented by the
gray symbols in Figures 1 ± 3. These figures represent
data on the equilibrium refolding studies, in which the
process was initiated by dilution of BCA II from a 1.2 M


GdmCl solution. One can see that the first two tran-
sitions, N$ IGdmCl


1 and IGdmCl
1 $ IGdmCl


2 , are completely
reversible in these experiments. This means that con-
trary to the IGdmCl


3 conformer, formation of IGdmCl
1 and IGdmCl


2


intermediates are not accompanied by protein associa-
tion, at least at the BCA II concentrations studied (ca.
0.1 mg mLÿ1).


Urea-induced equilibrium unfolding and refolding of
BCA II


Contrary to the GdmCl-induced unfolding experiments,
we were unable to detect any intermediate during the
unfolding of BCA II by urea (cf. ref. [17]). In fact, we have
established that between 0 and ca. 5.5 M urea the protein
remains in its native state. Further increase in denaturant
concentration (from 5.5 to 6.5 M) leads to the complete
unfolding of the protein, detected by a decrease in the
anisotropy happening simultaneously with the decrease
in the parameter A values (data not shown). Moreover,
there is no characteristic increase in the ANS fluores-
cence intensity within the studied range of urea
concentrations (from 0.0 to 8.0 M). Finally, urea-induced
changes (if any) in all studied fluorescence parameters
were completely reversible (data not shown).


Effect of pH on BCA II fluorescence characteristics


Decrease in pH: The most complex picture was
observed for the pH-induced structural transformations


of BCA II (see Figures 5 ± 7). Figure 5 depicts pH dependencies of
I320 and I365 . One can see that as the pH decreases, both
parameters decrease initially and have a sharp minimum at
around pH 4.2. A further decrease in pH leads to an increase in
fluorescence intensities whose maximal values are around
pH 3.6. Finally, between pH 3.2 and 3.0 there is an additional
decrease in I320 and I365 .


Figure 6 A represents the pH dependencies of parameter A
and of the anisotropy of intrinsic fluorescence. This figure shows
that between pH 6 and 4.5 parameter A is unchanged. As the pH
decreases parameter A reaches a maximum at pH�4.0. There is
a pronounced plateau between pH 4.0 and 3.2, followed by an
decrease in parameter A. This takes place within a narrow pH
interval (from pH 3.2 to 3.0). A further decrease in pH is not
accompanied by changes in the parameter A value. The
anisotropy of intrinsic fluorescence increases between pH 4.5
and 4 and then gradually decreases until it almost reaches the
value for the native state. The effect of pH decrease on ANS
fluorescence intensity is shown in Figure 6 B. One can see that
this parameter has a maximal value at around pH 3.6.


Figure 4. ANS fluorescence decay curves measured for native BCA II (A) and its IGdmCl
3


intermediate (B). The figures represents the excitation lamp profile (curve 1), the
experimental decay curve (curve 2), the best-fit calculated fluorescence decay curve
(curve 3), and the deviation between the experimental and the calculated decay curves
(weighted residuals; curve 4). The protein/ANS molar ratio was 1:20. The protein
concentration was 1.0 mg mLÿ1. The excitation wavelength was 390 nm, the recording
wavelength was 480 nm. All measurements were carried out at 23 8C.
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Figure 5. Changes in BCA II intrinsic fluorescence intensity at l� 320 nm, I320 (A),
and l� 365 nm, I365 (B) induced by changes in pH value. Fluorescence was excited
at 297 nm. Black and open circles correspond to the unfolding and refolding
experiments, respectively. The protein concentration was 0.1 mg mLÿ1. All
measurements were carried out at 23 8C.


Interestingly, data presented in Figures 5 and 6 show that
BCA II is not completely unfolded even at extremely low pH. In
fact, at pH 2.0 parameter A and the anisotropy of intrinsic
fluorescence have native-like values. Moreover, under these
conditions ANS fluorescence intensity is relatively high (ca. 1�2 of
its maximal value).


Intramolecular mobility of tryptophan residues: The mobility
of the tryptophan residues can be estimated from fluorescence
anisotropy measurements. We have established that the tran-
sition of BCA II from the native to the intermediate state is
accompanied by a considerable increase in the fluorescence
anisotropy value r. Such an increase in fluorescence anisotropy
may be due to the decrease in the internal mobility of
tryptophan residues, or/and protein association.


Figure 7 represents Perrin plots (1/r versus T/h dependencies)
for the native (pH 7.5), compact partially folded (pH 3.6), and
completely unfolded BCA II in the presence of 8 M urea. It can be
seen that the slope of 1/r versus T/h dependence for the native
protein is essentially larger than for the partially folded BCA II.
This may reflect the association of partially folded BCA II
molecules. In order to analyse these dependencies in more
detail, the fluorescence decay curves were measured for native
(pH 7.5) and partially folded BCA II (pH 3.6). The fluorescence


Figure 6. A : Changes in intrinsic fluorescence of BCA II induced by changes in pH
value. A� (I320/I365)297 (circles), degree of intrinsic fluorescence anisotropy, r
(triangles). Fluorescence was excited at 297 nm. Protein concentration was
0.1 mg mLÿ1. B: Changes in ANS fluorescence intensity in the presence of BCA II
induced by changes in pH value. Protein and ANS concentrations were 0.1 and
0.02 mg mLÿ1, respectively. Fluorescence was excited at 350 nm. Black and open
symbols correspond to the unfolding and refolding experiments, respectively. All
measurements were carried out at 23 8C.


decay plot of the native protein shows bi-exponential character,
whereas three components are present in the fluorescence
decay plot of partially unfolded BCA II (data not shown). The
mean-square values of the fluorescence life time were deter-
mined to be equal to 4.5 and 3.3 ns for native BCA II and the pH-
3.6 intermediate, respectively. This gives 34 and 70 ns for 1exp ,
the rotational relaxation time. The rotational relaxation time of
the equivalent sphere, 10 , is equal to 46 ns. The rotational
relaxation time of the tryptophan residue intramolecular mobi-
lity (1IMM) was evaluated from Equation (11) (see Materials and
Methods) and found to be about 130 ns. Thus, though there is an
intramolecular mobility of tryptophan residues in native BCA II,
the dependence of 1/r vs. T/h is mainly determined by the overall
rotational motion of the macromolecule. Furthermore, compar-
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Figure 7. Perrin plots (1/r versus T/h dependence) for different conformational
states of BCA II : 1, native protein (pH 7.5) ; 2, pH-3.6 intermediate; 3, completely
unfolded protein in the presence of 8 M urea. The excitation wavelength was
297 nm. The recording wavelength of fluorescence anisotropy was 365 nm. The
solvent viscosity h was varied by changing the water/glycerol ratio. All
measurements were carried out at a protein concentration of 0.5 mg mLÿ1 and a
temperature of 23 8C.


ison of 1exp and 10 shows that the tryptophan residues in native
BCA II participate in the intramolecular mobility on the nano-
second time scale, that these motions are dependent on solvent
viscosity, and also that the pH-3.6 intermediate is a dimer.


Further analysis of Figure 7 shows that the value of the
intercept cut by the Perrin plot on the y axis (1/r '0� for both the
native BCA II and the pH-3.6 intermediate is equal to 8.0� 0.2.
This exceeds the corresponding value for low molecular weight
model compounds, such as N-acetyltryptophan, for which 1/r '0�
5.4�0.2. Therefore, in these two conformations the tryptophan
residues participate in the high-frequency intramolecular mo-
tions whose rotational relaxation time is much shorter than the
lifetime of the excited state.[28] Alternatively, these tryptophan
residues may be involved in the intramolecular mobility on the
nanosecond time scale whose rotational relaxation time does
not depend on solvent viscosity.[29] Finally, the fact that 1/r '0p.f.�
1/r '0native (p.f.�partially folded) indicates that the amplitude of
the high-frequency motions or the rotational relaxation time for
the intramolecular mobility on the nanosecond time scale,
whose rotational relaxation time does not depend on the solvent
viscosity, or both, are comparable in partially folded and native
BCA II.


Reversibility of pH-induced changes in BCA II: Open circles in
Figures 5 and 6 represent results of the experiments on the
equilibrium refolding of BCA II from the acid-unfolded confor-
mation (pH 2.0). These data show that changes in BCA II
fluorescence parameters are reversible only within the pH range
2.0 ± 3.0. A further increase in pH is characterized by an essential


discrepancy in the behavior of all studied parameters. Remark-
ably, there is a large increase in Trp fluorescence anisotropy at
pH 4.5 ± 4.6. All this may be due to the aggregation of partially
folded protein molecules.


Thus, our data on the fluorescence spectroscopic analysis of
BCA II unfolding illustrate the diversity of unfolding pathways for
a given protein at room temperature. In fact, the unfolding
process of BCA II may represent an ªall-or-noneº N$U tran-
sition, as observed for urea-induced unfolding. However, it may
also be more complex and involve accumulation of two (pH-
induced unfolding) or three partially folded intermediates
(GdmCl-induced unfolding). Interestingly, although the unfold-
ing behavior of BCA II has been studied for several decades,[15±18]


the formation of several intermediates, IGdmCl
1 , IGdmCl


2 , and IpH
1 , is


described here for the first time. Obviously, further structural
characterizations of these intermediates and the acid-unfolded
state of BCA II are required.


Materials and Methods


Fluorescence spectroscopic measurements: Fluorescence spectro-
scopic experiments were carried out in spectrofluorimeters with the
steady state and impulse excitation.[30] Fluorescence was excited at
the long-wave absorption edge where the contribution of tyrosine
residues is negligible. Fluorescence intensity was recorded at 320
and 365 nm. The position and form of the fluorescence spectra were
characterized by the parameter A� (I320/I365)297, where I320 and I365 are
fluorescence intensities at lem� 320 and 365 nm, respectively, and
lex�297 nm.[19] In some cases the whole spectrum was recorded.
The values of parameter A and of the fluorescence spectrum were
corrected by the instrument sensitivity. ANS fluorescence was
excited at 390 nm and recorded at 480 nm.


Phase diagram method: The method of phase diagrams was
elaborated by Burstein for fluorescence data analysis.[21] The essence
of this approach is to construct the diagram of Il1 versus Il2 , where Il1


and Il2 are the fluorescence intensity values measured at wave-
lengths l1 and l2 under the different experimental conditions for a
protein undergoing structural transformations. As fluorescence
intensity is the extensive parameter, it will describe any two-
component system by a simple relationship [Eq. (1)] .


I(l) � a1 I1(l)�a2 I2(l) (1)


I1(l) and I2(l) are the fluorescence intensities of the first and second
components, respectively, whereas a1 and a2 are their relative
contents (a1�a2 � 1). Excluding a1 (a1 � 1ÿa2), Equation (1)
could be rewritten as:


I(l) � (1-a2) I1(l)�a2 I2(l) � I1(l)�a2(I2(l)ÿ I1(l)) (2)


It is obvious that a2 may be determined from the fluorescence
intensity measurements at two different wavelengths, l1 and l2


[Eq. (3) and (4)] . Thus


I(l1) � I1(l1)�a2 (I2(l1)ÿ I1(l1)) (3)


I(l2) � I1(l2)�a2 (I2(l2)ÿ I1(l2)) (4)
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and


a2 �
I�l2� ÿ I1�l2�


I2�l2� ÿ I1�l2�
. (5)


This allows determination of the relationship between I(l1) and I(l2)
by substitution of a2 in Eq. (3) with the expression in Eq. (5), yielding
Equation (6),


I(l1) � I1(l1)� I�l2� ÿ I1�l2�
I2�l2� ÿ I1�l2�


(I2(l1)ÿ I1(l1))


� I1(l1)ÿ I2�l1� ÿ I1�l1�
I2�l2� ÿ I1�l2�


I1(l2)� I2�l1� ÿ I1�l1�
I2�l2� ÿ I1�l2�


I(l1)


(6)


or Equation (7),


I(l1) � a�b I(l2) (7),


with a and b defined by Equations (8) and (9).


a � I1(l1)ÿ I2�l1� ÿ I1�l1�
I2�l2� ÿ I1�l2�


I1(l2) (8)


b � I2�l1� ÿ I1�l1�
I2�l2� ÿ I1�l2�


. (9)


When applied to protein unfolding, Equation (7) predicts that the
dependence I(l1) � f(I(l2)) will be linear if changes in protein
environment lead to the all-or-none transition between two different
conformations. On the contrary, the nonlinearity of this function
reflects the sequential character of structural transformations. More-
over, each linear portion of the I(l1) � f(I(l2)) dependence will
describe the individual all-or-non transition.


Analysis of the fluorescence decay: To analyze the decay curves a
special program was elaborated. The fitting routine was based on the
nonlinear least-squares method. Minimization was accomplished
according to Marquardt.[31] P-Terphenyl in ethanol and N-acetyltryp-
tophanamide in water were used as reference compounds.[32]


Experimental data were analyzed with a multiexponential approach
[Eq. (10)] ,


I(t) �
X


i


ai exp(ÿ t/ti) (10),


where ai and ti are amplitude and lifetime of component i,
respectively;


X
i


ai � 1.


Evaluation of intramolecular mobility: The rotational relaxation
time of the intramolecular mobility (1IMM) of tryptophan was
evaluated on the basis of the experimentally determined relaxation
time (1exp) and the calculated value for a rigid macromolecule (10)
according to Equation (11).[33]


1


1exp


� 1


10


� 1


1IMM


(11)


The rotational relaxation time of a rigid sphere with a volume
equivalent to that of a protein is defined by Equation (12)


10 �
3hM


RT


�
1� w


nd


�
(12),


where h is the solvent viscosity, M the molecular weight, R the gas
constant, T the absolute temperature, w the hydration coefficient, nÅ


the specific partial volume, and d the specific solution density. The


limits of the 10 variation due to the molecular ellipticity were
evaluated on the basis of the data given in ref. [29].


The rotational relaxation time 1exp was evaluated on the basis of the
Perrin plot [Eq. (13)] ,


1


r
� 1


r '0


�
1� RT


Vh
hti
�
� 1


r '0


�
1� 3


hti
1exp


�
(13),


where r is the fluorescence anisotropy, r '0 the intercept cut by the
Perrin plot on the y axis, V the effective volume of the protein
macromolecule, and hti the root-mean square value of the
fluorescence lifetimes. The biexponential decay can be expressed
by Equation (14).


hti � a1t2
1 � a2t2


2


a1t1 � a2t2


(14)


Unfolding of BCA II induced by GdmCl and urea: The protein was
dissolved in 50 mM Tris buffer (pH 7.5) for the unfolding experiments.
Small aliquots of this stock solution were added to the reaction
mixture containing the desired concentrations of urea or GdmCl.
Before measurements, these protein solutions were incubated for
40 h at room temperature to reach equilibrium.


Refolding of BCA II induced by GdmCl and urea: Experiments on
the denaturant-induced equilibrium refolding have been performed
as follows. Initially, the protein was dissolved in 50 mM Tris buffer
(pH 7.5) containing 6.0 M (or 1.2 M) GdmCl or 8 M urea. These stock
solutions were incubated for 24 h. Then small aliquots of the stock
solutions were added to the reaction mixture containing the desired
concentrations of GdmCl or urea. The resulting protein solutions
were incubated for 40 h at room temperature to reach equilibrium
prior to measurements.


Unfolding and refolding of BCA II induced by pH changes:
Experiments on the pH-induced unfolding and refolding of BCA II
were performed in 50 mM Gly-HCl (pH range from 2.0 to 3.6, buffer A)
or 100 mM sodium citrate/citric acid (pH range from 3.0 to 6.0,
buffer B) buffer systems. Desired pH values were adjusted by using
0.1 M NaOH or HCl. The protein was dissolved and incubated for 24 h
in buffer A or B for the unfolding or refolding experiments,
respectively. Small aliquots of concentrated protein stock solutions
were added to the reaction mixture having the desired pH value. The
resulting protein solutions were incubated for 40 h at room temper-
ature to reach equilibrium prior to measurements.
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Wedgelike Glycodendrimers as Inhibitors
of Binding of Mammalian Galectins
to Glycoproteins, Lactose Maxiclusters, and Cell
Surface Glycoconjugates
Sabine AndreÂ ,[b] Roland J. Pieters,*[a] Ioannis Vrasidas,[a] Herbert Kaltner,[b]


Ichiro Kuwabara,[c] Fu-Tong Liu,[c] Rob M. J. Liskamp,[a] and Hans-Joachim Gabius[b]


Galectins are mammalian carbohydrate-binding proteins that are
involved in cell ± cell and cell ± matrix adhesion, cell migration, and
growth regulation with relevance to inflammation and tumor
spread. These important functions account for the interest to
design suitable low molecular weight inhibitors that match the
distinct modes of presentation of the carbohydrate recognition
domains of the different galectin subfamilies. Using 3,5-di-(2-
aminoethoxy)benzoic acid as the branching unit, wedgelike
glycodendrimers with two, four, and eight lactose moieties (G1 ±
G3) were synthesized. They were tested in solid-phase competition
assays with lactose maxiclusters and various N-glycan branching
profiles (miniclusters) as the matrix and also in cell assays.
Prototype galectins-1 and -7, chimera-type galectin-3, a plant (AB)2


toxin, and a lactose-binding immunoglobulin G fraction from
human serum were the carbohydrate-binding targets. Potent
inhibition and remarkable cluster effects were seen for the


homodimeric galectin-1, especially in combination with bianten-
nary N-glycans as the matrix. Remarkably, for the tetravalent G2
glycodendrimer, the inhibitory potency of each lactose unit reached
a maximum value of 1667 relative to free lactose. In haemaggluti-
nation experiments as a model for cell adhesion, galectin-3 was
markedly sensitive to increased sugar valency and a relative
potency per lactose of 150 was reached. The spatial orientation of
the carbohydrate recognition domains of the endogenous lectins
and the branching pattern of the carbohydrates of the glycoprotein
matrices used are both important factors in the design and
synthesis of glycodendrimers with galectin-selective properties.


KEYWORDS:


cell recognition ´ dendrimers ´ drug research ´
glycoconjugates ´ lectins


Introduction


When examining cell surface properties and characteristics of
serum proteins, a major common characteristic observed is the
presence of glycan chains. Initially primarily considered to impart
physicochemical attributes, such as increased solubility, or to
protect protein parts from proteolysis, their role in biological
information transfer is increasingly emerging. Knowledge ac-
crued over the last decade convincingly underscores the
relationship of glycan presentation and disturbed glycan chain
assembly and turnover with various diseases.[1] This is leading to
the timely concept to count custom-made carbohydrates
among pharmaceuticals of clinical potential.[2] Fittingly, the
incentive to chemically synthesize glycoconjugates, termed
neoglycoproteins when linked to carriers such as albumin or
neoglycoconjugates when linked to a non-protein backbone,
has shifted from their application to raise carbohydrate-specific
antibodies to the generation of reagents for research on lectin ±
carbohydrate recognition.[3] In this area, polymers containing
crucial sugar ligands have served as tools in drug targeting and
histochemistry.[4] The inherent drawback of the polymers is their
low potential for systemic distribution. Better results can be


expected by attaching carbohydrate derivatives to small linker
molecules such as 2-amino-2-(hydroxymethyl)-1,3-propanediol
(Tris)[*] or peptides containing amino acids such as aspartic acid
or lysine as the aglyconic core.[5] When the synthetic assembly
proceeds in an iterative fashion with a common branching point,


[*] A list of abbreviations can be found in ref. [47] .
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dendrimers will result with a regular increase in the number of
attachment points in each new generation.[6] To what extent
these glycodendrimers will compete with natural ligands for
lectins in clinically relevant biorecognitionÐfor example, inter-
ference with undesired lectin-dependent cell adhesion in early
stages of infection, tumor spread or inflammation,[7, 8]Ðis likely
to depend on several factors.


Factors to take into account for optimal inhibitor design
include the carbohydrate ligand presentation. In principle,
ligands can be part of a branched glycan in so-called miniclusters
or be more widely separated on a protein surface in maxiclus-
ters.[9] Other factors include the ways how carbohydrate
recognition domains (CRD) of lectins are arranged and home
in onto their ligands with distinct topology.[7] To experimentally
assess the potency of the glycodendrimers, assays have to be the
selected in which they are exposed to several topological
contexts. The positioning of the CRDs differs between lectin
families and even within a certain lectin family,[7, 8] and opens the
possibility for selective binding. To illustrate this specific CRD
arrangement, the endocytic C-type lectin of hepatocytes is
known to form regular complexes in the membrane, and
bacterial AB5 toxins also contain a well-defined orientation of
binding sites in solution. These rigid geometries have served as
templates for elegant drug design.[7, 9, 10] The situation is more
difficult for soluble lectins in mammals, because in general they
are not likely to assemble in high-order complexes in a
membrane. Despite this inherent challenge, the potential for
blocking endogenous b-galactoside-specific lectins by efficient
low molecular weight inhibitors affords a promising medical
perspective. The medical perspective for galectins, which are
endogenous Ca2�-independent b-galactoside-specific lectins
that all share a jelly-roll-like folding pattern and comprise an
important target group in our studies, is their role in cell ± matrix
and cell ± cell adhesion, cell migration and communication with
relevance to proliferation. In addition to the analysis of the
basic folding pattern, knowledge about arrangement modes
of their CRDs is available. In the galectins forming homodimeric
molecules (the so-called prototype galectins, for example,
galectins-1 and -7) the CRDs can be found at opposing
ends, whereas the only chimeric family member exists as a
monomeric molecule in solution (galectin-3).[8] In addition
to the three mammalian galectins, we included a tetrameric
plant lectin (the AB toxin Viscum album agglutinin (VAA)), and
the lactose-specific immunoglobulin G (IgG aÿ/b�) fraction from
human serum to extend the examination of the topological
aspect.


In this study, we assessed the capacity of glycodendrimers
with 3,5-di-(2-aminoethoxy)benzoic acid as the branching unit of
the backbone[11] to serve as inhibitors of sugar receptor binding.
Three generations of the dendrimer backbone were used which
resulted in glycodendrimers containing two, four, and eight
lactose units (Figure 1). Their relative inhibitory activities were
determined in a solid-phase inhibition assay involving binding of
the above-mentioned lectins to a matrix of glycosylated
proteins. Potencies were studied as a function of carbohydrate
presentation of the matrix glycoproteins. Several glycosylated
proteins were used as the matrix. We used a neoglycoprotein


and a lactosylated albumin (as an example of a maxicluster) and
deliberately selected natural glycoproteins carrying bi- to
triantennary glycan chains or a heterogeneous profile as
examples of miniclusters. The potency of inhibition of
galectin binding to surfaces of erythrocytes as a physiological
ligand panel was also determined in haemagglutination experi-
ments.


Results and Discussion


Structures of glycodendrimers, sugar receptors, and glycans
on the tested glycoproteins


The glycoinhibitors all contained a constant ligand structure (i.e.
lactose) that interferes with lectin binding. In the inhibition
study, structural variations in each of the three components in
the solid-phase competition assay were examined. The three
components were: 1) the glycodendrimer as the inhibitor,
interfering with the binding of 2) the carbohydrate-binding
protein to 3) the immobilized glycoprotein.


Firstly, glycodendrimer variation was achieved by linking
lactose to three generations of a dendrimer based on the 3,5-di-
(2-aminoethoxy)benzoic acid branching unit, which resulted in
glycodendrimers 2 ± 4 containing 2, 4, and 8 lactose units (G1 ±
G3), respectively (Figure 1). To ensure that the dendrimer itself
had a negligent protein-binding capacity, competitive inhibition
assays with haptenic sugar were regularly performed (see
below). Independently, the glycodendrimers were shown to be
devoid of nonspecific binding activity in inhibition assays
involving the mannose-specific plant lectin concanavalin A and
yeast mannan. The control experiments showed that the
interactions of the headgroups in the dendrimers with their
cognate receptor could thus be safely examined.


The second element in the study is the carbohydrate-binding
protein or lectin. The arrangement of CRDs can differ even within
a lectin family, as indicated in the Introduction section. There-
fore, it is not justified to simply extrapolate from one family
member to the other. Here, the structural features of the
representative galectins are presented. The prototype mamma-
lian galectin-1 and its homologues from other animals form
homodimers containing a 22-strand antiparallel b sandwich,
placing the two lactose-binding sites at opposing sides of the
dimer at a distance of about 46 �.[12] Galectin-7 belongs to the
prototype galectin subgroup and has been reported to be
monomeric in solution while crystallizing as a dimer.[13] Among
the galectins, the chimera-type galectin-3 is unique in having
eight to twelve collagenase-sensitive proline-, glycine-, and
tyrosine-rich tandem repeats of the length of a nonapeptide as a
short N-terminal stalk.[8] Although it lacks a typical dimer
interface, this does not mean that it will necessarily remain
monomeric when associating to a glycan surface. In fact,
primarily the N-terminal section of galectin-3 promotes aggre-
gate assembly on a surface, which can even lead to positive
cooperativity of laminin binding.[14] Besides the galectins, the
topological effects were further studied by using a b-galacto-
side-binding immunoglobulin G fraction from human serum
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(IgG aÿ/b�) and a potent plant haemagglutinin, the mistletoe
lectin (VAA) with two binding sites per galactoside-binding
B chain in the [AB]2 tetramer.[15]


As already referred to in the introduction, the third topological
parameter concerns the display of the carbohydrates on
glycosylated proteins. As a model matrix with maxiclusters, we
used lactosylated BSA (LacBSA), a neoglycoprotein with an
average of 28 sugar moieties as p-isothiocyanatophenyl deriv-
atives. To infer the importance of the branching modality of N-
glycan antennae (miniclusters), four types of natural glycopro-
teins with a well-documented glycosylation status were select-
ed. These glycoproteins contain either di- and triantennary
glycans or they cover the range of a complex heterogeneous N-
glycan profile. In detail, the human pentraxin serum amyloid P
component (SAP) carries a single complex-type biantennary N-
glycan exclusively at Asn 32 of each monomer.[16] The glycan
population of asialofetuin (ASF) consists of three glycosylation
sites with complex-type triantennary chains either containing an
N-acetyllactosamine terminus (74 %) or the Gal-b-(1!3)-GlcNAc
isomer in the outer Man-a-(1!3) arm (9 %) and a biantennary
chain (17 %), as well as three O-linked chains containing primarily


Gal-b-(1!3)-GalNAc-a disaccharide;[17] however, only the N-
glycan chains participate in carbohydrate-dependent crosslink-
ing of ASF by sugar receptors.[18] Since galectin functions include
mediation of (tumor) cell adhesion to the extracellular matrix
with laminin as a popular target molecule,[8] this glycoprotein
was further added to the test panel. Purified from Engelbreth ±
Holm ± Swarm (EHS) tumor, the murine laminin contains up to
27 % carbohydrate in its three protein chains. Glycan attachment
is distributed over a total of 73 potential N-glycosylation sites
with especially bi- and triantennary chains in the complex profile
including galectin-reactive poly(N-acetyllactosamine) elonga-
tions.[19] Another physiological ligand reported for galectin-3,
which is also called Mac-2 antigen based on its immunodetec-
tion on activated but not resident peritoneal macrophages,[20] is
the Mac-2-binding protein (Mac-2 BP).[20] Its N-glycosylation of
seven potential sites accounts for about 30 % of the molecular
weight of the gene product based on the shift of electrophoretic
mobility from 90 to 60 kDa after treatment with N-glycosida-
se F.[21] If, and to what extent, other galectins besides galectin-3
bind to this glycoprotein is another question of interest to be
answered by the assays.


Figure 1. Structures of the glycodendrimers used in this study (2 ± 4) displaying two (2�G1), four (3�G2), or eight (4�G3) lactose units. They were obtained by
coupling the protected lactose isothiocyanate 1 to the amino groups of three generations of dendrimers based on the 3,5-di-(2-aminoethoxy)benzoic acid branching
unit.
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Solid-phase inhibition assays


To prevent any negative influence on the lectin structure by
immobilizing them on a plastic surface and also to mimic a cell
surface with glycan ligands, we chose to attach the (neo)-
glycoproteins to the surface of microtiter plate wells. The coating
density was adjusted to yield a comparable high signal intensity
(OD490�0.8 ±1.5) in the assays for all tested matrix constituents.
Under these conditions, non-carbohydrate-dependent back-
ground binding of lectins was rather low. This observation
corroborated the already mentioned controls excluding non-
carbohydrate-dependent binding of the synthesized dendrim-
ers. Routinely, total binding was nonetheless reduced in each
case by the residual carbohydrate-independent signal intensity.
This difference was defined as 100 %. As a measure of relative
potency of the inhibitors to interfere with binding, the concen-
tration that reduces the original signal by 50 % (IC50 value) was
determined. Exemplary illustrations of the shape of inhibition
curves when adding increasing concentrations of glycoden-
drimer are given in Figure 2. With respect to using ASF as an
inhibitor for comparison, it should be kept in mind that the N-
acetyllactosamine disaccharide present in the terminal position
of ASF's N-glycan chains surpasses lactose as an inhibitor for
galectins-1 and -3 (by a factor of 3.5 ± 11.3 in inhibitory potency),
while the effect of the penultimate sugar unit is less conspicuous
with only a factor of 1.6 for the plant lectin, as also reflected in


Figure 2. Inhibition by glycodendrimers G1 (^), G2 (~), and G3 (*) of the binding
of lectins to immobilized glycoproteins. The following combinations of lectin and
glycoprotein matrix were used : top panel, left : VAA and LacBSA ; right: VAA and
laminin; middle panel, left : galectin-3 and LacBSA ; right : galectin-3 and MAC-2
BP; bottom panel, left : galectin 1 and laminin; right : galectin-7 and SAP.


DG values derived from isothermal titration calorimetry.[22] No
precipitate formation of sugar receptor ± glycodendrimer com-
plexes was observed during the incubation period under the
given experimental conditions, similar to studies with starburst
glycodendrimers and cluster glycosides.[23] Thus, this potential
source of error due to the inherent change of the concentrations
of the reactants in solution could be excluded. This is a relevant
observation because isothermal titration calorimetry studies
have shown that receptor cross-linking and/or precipitation
seems to be a determining factor for enhanced multivalent
binding. However, those studies were conducted at receptor
concentrations of at least one order of magnitude higher than
our highest working concentration.[24]


When the five different (neo)glycoproteins were tested as
matrix, all of them fulfilled the expectation to be a galactose-
dependent binding partner. A brief survey of the data readily
indicates that the topology of glycan presentation and not just
the mere presence of galactosides on the glycopoteins is the
important factor (Table 1). As shown in Figure 2, the sugar
content of the dendrimer is often positively related to the
inhibitory capacity. To infer the actual average potency of a
lactose unit beyond the algebraic increase in sugar density,
Table 1 also presents the normalized data with respect to carrier-
free lactose (set to 1).


Especially the G2 glycodendrimer was an effective inhibitor in
two structural contexts, reaching normalized potency values of
1875 for inhibiting the binding of plant lectin VAA to the ASF
matrix and 1667 for the galectin-1 and SAP combination. It is
noteworthy that calculations of the distances between the sugar
residues in the biantennary N-glycan chain and the dendrimers
for adjacent lactose units revealed them to be remarkably similar,
with values close to or about 20 �. A further increase in the
valency to eight lactose units in G3 in these cases clearly reduced
the extent of inhibitory capacity. This result indicates that
optimal inhibition does not simply correlate with high valency,
but requires a distinct mode of presentation. The inhibition
experiments also showed a remarkable dependence on the
matrix structure. Whereas the G2 glycodendrimer has the above-
mentioned relative potency of 1667 in the inhibition of galectin-
1 binding to the biantennary glycan SAP, this number is only 76
with the maxiclusters of LacBSA as matrix. Several examples of
this phenomenon can be observed in this table. A conspicuous
cluster effect (relative potencies of 463 and 250 at best) was also
seen for the IgG fraction, with preference for the minicluster
matrix display of SAP and ASF (relative potencies up to 463, right
column of the first three blocks of Table 1).


Between the different galectins-1, -3, and -7 it is seen that,
irrespective of the matrix, the best inhibition is observed for
galectin-1 followed by galectin-3 and galectin-7. We also
investigated how the noncovalent association in the chimeric
galectin-3 affects the inhibition. This was probed by trimming
galectin-3 proteolytically (using a collagenase) up to the
C-terminal CRD. The reduced aggregation of the galectin
reduced the binding to the matrices more than the binding to
the glycodendrimer and resulted in a drop in the IC50 value to
4.3 mM in the case of G3 with ASF as the matrix. Relative to lysine-
based cluster glycosides,[23b] the glycodendrimers used here
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Table 1. Determination of the IC50 values and the relative inhibitory capacity (relative potency, rel. pot.) of wedge-like glycodendrimers (G1 ± G3) and a glycoprotein (ASF) in a


solid-phase assay with surface-immobilized (neo)glycoproteins and five different labeled sugar receptors in solution.[a]


Matrix: 0.05 mg LacBSA 1 mg LacBSA 0.25 mg LacBSA 0.05 mg LacBSA 0.05 mg LacBSA
Probe: VAA galectin-1 galectin-3 galectin-7 IgG(aÿ/b�)


(1.5 mg mLÿ1) (10 mg mLÿ1) (5 mg mLÿ1) (30 mg mLÿ1) (1 mg mLÿ1)
Inhibitor Lac units IC50 [mM] rel. pot. IC50 [mM] rel. pot. IC50 [mM] rel. pot. IC50 [mM] rel. pot. IC50 [mM] rel. pot.


per molecule


D-Gal 1 2500 0.4 40 000 0.03 60 000 0.01 35 000 0.14 100 000 0.03
lactose 1 1000 1 1100 1 500 1 5000 1 3000 1
ASF 9 0.8 1205 (133) 2.6 423 (47) 9.4 53 (5.9) 13 385 (43) 31 96 (11)
G1 (2) 2 360 2.8 (1.4) 50 22 (11) 140 3.6 (1.8) 300 17 (8.5) 50 60 (30)
G2 (3) 4 0.7 1429 (357) 3.6 306 (76) 20 25 (6.3) 135 37 (9.3) 18 167 (42)
G3 (4) 8 1.5 667 (83) 1.7 647 (81) 26 19 (2.4) 56 89 (11) 17 176 (22)


Matrix: 0.5 mg SAP 0.5 mg SAP 0.5 mg SAP 0.5 mg SAP 0.5 mg SAP
Probe: VAA galectin-1 galectin-3 galectin-7 IgG(aÿ/b�)


(1.5 mg mLÿ1) (15 mg mLÿ1) (10 mg mLÿ1) (30 mg mLÿ1) (5 mg mLÿ1)
Inhibitor Lac units IC50 [mM] rel. pot. IC50 [mM] rel. pot. IC50 [mM] rel. pot. IC50 [mM] rel. pot. IC50 [mM] rel. pot.


per molecule


D-Gal 1 20 000 0.38 200 mM ± 30 000 0.03 95 000 0.06 200 000 1
(�20 % inhib.)


lactose 1 7500 1 180 000 1 800 1 6000 1 200 000 1
ASF 9 8.4 893 (99) 6.3 28 571 (3175) 42 19 (2.1) 19 316 (35) 11 18 182 (2020)
G1 (2) 2 no inhib. ± 120 1500 (750) 20 40 (20) 1900 3.2 (1.6) 4 mM ±


up to 4 mM (�20 % inhib.)
G2 (3) 4 1350 5.6 (1.4) 27 6667 (1667) 4 200 (50) 450 13 (3.3) 1800 111 (28)
G3 (4) 8 430 17 (2.2) 34 5294 (662) 1.7 470 (59) 54 111 (14) 54 3704 (463)


Matrix: 1 mg ASF 1 mg ASF 1 mg ASF 1 mg ASF 1 mg ASF
Probe: VAA galectin-1 galectin-3 galectin-7 IgG(aÿ/b�)


(1.5 mg mLÿ1) (10 mg mLÿ1)(5 mg mLÿ1) (30 mg mLÿ1) (10 mg mLÿ1)
Inhibitor Lac units IC50 [mM] rel. pot. IC50 [mM] rel. pot. IC50 [mM] rel. pot. IC50 [mM] rel. pot. IC50 [mM] rel. pot.


per molecule


D-Gal 1 5000 0.6 70 000 0.06 55 000 0.02 4500 0.18 55 000 1.82
lactose 1 3000 1 4000 1 1000 1 800 1 100 000 1
ASF 9 2.6 1154 (128) 1.2 3200 (354) 6.3 159 (17.6) 21 38 (4.2) 0.6 158 730 (17 544)
G1 (2) 2 200 15 (7.5) 240 17 (8.5) 260 3.8 (1.9) 1100 0.7 (0.36) 200 500 (250)
G2 (3) 4 0.4 7500 (1875) 45 89 (22) 23 43 (11) 270 3.0 (0.75) 153 654 (163)
G3 (4) 8 2.2 1364 (170) 13 308 (39) 22 45 (5.7) 108 7.4 (0.93) 86 1163 (145)


Matrix: 0.5 mg laminin 0.5 mg laminin 0.5 mg laminin 0.5 mg laminin 0.5 mg laminin
Probe: VAA galectin-1 galectin-3 galectin-7 IgG(aÿ/b�)


(3 mg mLÿ1) (10 mg mLÿ1)(20 mg mLÿ1) (30 mg mLÿ1) (15 mg mLÿ1)
Inhibitor Lac units IC50 [mM] rel. pot. IC50 [mM] rel. pot. IC50 [mM] rel. pot. IC50 [mM] rel. pot. IC50 [mM] rel. pot.


per molecule


D-Gal 1 900 0.56 200 mM ± 15 000 0.03 15 000 0.13 100 mM ±
(�6 % inhib.) (�45 % inhib.)


lactose 1 500 1 300 000 1 400 1 2000 1 no inhib. ±
up to 200 mM


ASF 9 0.34 1471 (163) 6.3 47 619 (5291) 2 200 (22) 15 133 (15) 1.1 ±
G1 (2) 2 100 5 (2.5) 900 333 (167) 200 2 (1) 4 mM ± no inhib. ±


(�27 % inhib.) up to 4 mM


G2 (3) 4 2.7 185 (46) 162 1852 (463) 32 12.5 (3.1) 450 4.4 (1.1) no inhib. ±
up to 1.8 mM


G3 (4) 8 0.09 5556 (694) 56 5357 (670) 8.6 46.5 (5.8) 151 13 (1.7) no inhib. ±
up to 0.9 mM


Matrix: 0.25 mg Mac-2 BP 0.25 mg Mac-2 BP 0.25 mg Mac-2 BP 0.25 mg Mac-2 BP
Probe: VAA galectin-1 galectin-3 galectin-7


(2.5 mg mLÿ1) (15 mg mLÿ1) (10 mg mLÿ1) (25 mg mLÿ1)
Inhibitor Lac units IC50 [mM] rel. pot. IC50 [mM] rel. pot. IC50 [mM] rel. pot. IC50 [mM] rel. pot.


per molecule


D-Gal 1 12 000 0.5 200 mM ± 12 000 0.025 120 000 0.01
(�8 % inhib.)


lactose 1 6000 1 200 mM ± 300 1 1500 1
(�12 % inhib.)


ASF 9 4.2 1429 (159) 0.4 ± 17 17.6 (2) 5 300 (33)
G1 (2) 2 4000 1.5 (0.75) no inhib. ± 100 3 (1.5) 800 1.9 (0.9)


up to 4 mM


G2 (3) 4 900 6.7 (1.7) no inhib. ± 3.6 83 (12) 1.8 mM ±
up to 1.8 mM (�24 % inhib.)


G3 (4) 8 86 70 (8.7) no inhib. ± 0.7 429 (54) 65 23 (2.9)
up to 0.9 mM


[a] The numbers in parentheses express the relative potency of each lactose unit in the more than univalent inhibitor compared to carrier-free lactose. The results present
average values from at least four independent experiments.
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were significantly more active for galectins. A similar order of
potency has been observed for starburst glycodendrimers with
identical sugar content.[23a]


In addition to the neoglycoprotein and the two model
glycoproteins, we used two selected components of the
extracellular matrix. The results are compiled in the last two
blocks of Table 1 with laminin and Mac-2 BP, respectively, as the
matrix. Galectin-1 proved to be a strong binding partner for both
Mac-2 BP and laminin, requiring lactose concentrations of over
100 mM to reach inhibition. Large multivalency effects with G2/
G3 (463-fold and 670-fold increases, respectively) were observed
for the laminin matrix, but for Mac-2 BP the inhibitory capacity of
the glycodendrimers (up to the milimolar range) was insufficient.
Interestingly, Mac-2 BP had a strong affinity not only for galectin-
3,[25] but also for galectin-7 (see last block of Table 1). With the
lectin in solution, sugar units in G3 proved to be 54-fold more
active than free lactose in the case of galectin-3 (Table 1). As
already outlined, these last two glycoproteins have been
included to mimic cell surface properties. In the next step, we
tested the three glycodendrimers as inhibitors of lectin-medi-
ated cell interactions.


Cell assays


Agglutination of erythrocytes by lectins is a classical activity
test.[26] It simulates the mediation of cell interactions by lectins. In
contrast to binding to a surface, here the lectin connects two
opposing surfaces, adding a new topological constraint. With
standard trypsinized, glutaraldehyde-fixed rabbit erythrocytes,
all lectins were active as erythrocyte adhesion molecules. After
routinely normalizing inhibitory capacity to free lactose, the
strongest multivalency effects were seen for galectin-3 and the
plant lectin VAA (Table 2). The enhancement of inhibitory
capacity of each sugar unit in the G3 glycodendrimer relative
to lactose free in solution was 144-fold for galectin-3 and 446-
fold for VAA. In view of a potential role of galectin-3 in the
metastatic cascade, this finding has potential practical relevance.
As described in the Introduction, it was an aim of this study to
find inhibitors sensitive to the CRD presentation. The haem-
agglutination experiment represents a comparison between the
crosslinker galectin-1 with binding sites on opposite ends to an
aggregate of monovalent galectin-3 molecules. The differences
in the relative inhibitory potencies (Table 2) show the preference
of the glycodendrimers for the latter.


For VAA, the strong inhibitory effect of G3 was also seen in
other cell adhesion assay systems (data not shown). Consistently,
blocking of tumor cell (SW480) binding to nitrocellulose-
immobilized lectin was observed. In a flow cytofluorometric
assay with two human tumor cell lines of different histogenetic
origin, that is, B-lymphoblastoid and colon adenocarcinoma
cells, we also observed an enhanced potency of G3. Trends of
potency with galectin-3 were also reproduced in the flow
cytometric assay. Importantly, the glycodendrimers did not
reduce the viability of the cells upon exposure.


Conclusions


Matching optimal topological features in protein ± carbohydrate
interactions with appropriate ligand clustering is a central aim in
the design of small soluble compounds capable of targeting
drugs or interfering with adhesion processes. The simple
expectation that any form of clustering will necessarily lead to
affinity enhancements has not been borne out by several
experiments involving plant lectins or glycosyltransferases,[27]


influenza virus strains,[28] or bacteria.[29] For inhibition of influenza
virus haemagglutination the comb-branched or dendrigraft
modes of ligand presentation were found to be superior to
other types of dendritic polymeric inhibitors.[28] Spatial vicinity of
sugar residues slowing the dissociation rate appears to have to
meet further requirements which are even less predictable for
both soluble and membrane-associated lectins. Naturally, the
choice of the assay and its inherent conditions, for example, time
scale, ligand presentation and static or dynamic set-up, will have
an influence on the outcome, as shown recently for multivalent
concanavalin A ligands by cell agglutination or surface plasmon
resonance spectroscopic detection.[30] To mimic the situation in
which a pharmaceutical compound comes into contact with the
lectin prior to the lectin encountering a natural target, for
example, on endothelial cells, we preincubated lectin and
dendrimer for 15 min before adding this mixture to the test
surface (microtiter plate well, cell suspension).


The experiments clearly prove that the known difference in
binding-site presentation in the galectin subfamilies is of
importance for the effective design of glycodendrimer inhibitors.
Equally important is the nature of the matrix ligands. Relating
our data to the biological roles of the galectins, it is likely that the
differences in matrix and glycodendrimer preference of the
various galectins point toward different functions of these


Table 2. Determination of the minimal inhibitory concentration (MIC) and the relative inhibitory capacity (relative potency, rel. pot.) of wedge-like glycodendrimers (G1 ± G3) and


a glycoprotein (ASF) in lectin-mediated haemagglutination.[a]


Probe: VAA (0.2 mg mLÿ1) galectin-1 (2 mg mLÿ1) galectin-3 (50 mg mLÿ1) galectin-7 (2 mg mLÿ1)
Inhibitor Lac units MIC [mM] rel. pot. MIC [mM] rel. pot. MIC [mM] rel. pot. MIC [mM] rel. pot.


D-Gal 1 50 000 0.25 12 500 0.1 50 000 0.03 50 000 0.015
lactose 1 12 500 1 1250 1 1500 1 750 1
ASF 9 10.5 1190 (132) 8.4 149 (16.5) 42 35.7 (4.0) 10.5 71.4 (7.9)
G1 (2) 2 58.8 213 (106) 98.0 12.8 (6.4) 49 30.6 (15.3) 490 1.5 (0.8)
G2 (3) 4 53.8 232 (58.0) 44.8 27.9 (7.0) 5.4 278 (69.4) 112 6.7 (1.7)
G3 (4) 8 3.5 3571 (446) 10.8 116 (14.5) 1.3 1154 (144) 29.1 25.8 (3.2)


[a] The numbers in parentheses express the relative potency of each lactose unit in the more than univalent inhibitor compared to carrier-free lactose. The results present
average values from at least two independent experiments.
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homologous proteins. Expression of more than one galectin by a
cell, as shown by RT-PCR fingerprinting for 61 human tumor lines
and biochemical and immunological assays,[31] is not simply a
case of genetic redundancy. Hence, it is desirable to introduce
selectivity of binding when, for example, trying to block galectin-
dependent cell adhesion in order to avoid side effects. In this
context we showed that our glycodendrimers appear to be
especially effective for the homodimeric (prototype) galectin-1
based on the solid-phase assay. However, in the context of the
haemagglutination experiments a preference for the chimeric
galectin-3 was observed. Before considering further tests for
application, the concern about side reactivity to endocytic C-
type asialoglycoprotein receptors will have to be addressed to
avoid rapid clearance from the serum. Interestingly, lysine-based
cluster glycosides, which have high affinity for these lectins on
hepatocytes and macrophages,[32] had only minor inhibitory
efficiency for galectins.[23b] Tailoring the carbohydrate structure
to the preference of the target lectin will further contribute to
the selectivity of new inhibitors. To this end, the recently
developed strategies for establishing and screening carbohy-
drate libraries,[33] for preparing glycopeptides efficiently,[34] and
for spectroscopically determining the saccharide topology when
they are bound to a galectin, will be helpful.[35] It is worth noting
that the development of these galectin-selective probes will also
find application in cyto- and histochemistry.[36]


Experimental Section


Reagents: Galectin-1 was purified from bovine heart, murine
galectin-3 and human galectin-7 after recombinant expression,
using the plasmids prCBP35s, kindly provided by J. L. Wang (East
Lansing, MI, USA), and E. coli JA221 cells or pQE-60/hGal-7 (establish-
ment of an NcoI cleavage site required to switch from Ser 2 to Ala 2 in
the protein sequence) and E. coli M15[pREP4] cells obtained from
Qiagen (Hilden, Germany), respectively; the plant lectin from
commercially available dried mistletoe leaves and the lactoside-
binding immunoglobulin G fraction, further subfractionated by
removing any a-galactoside-specific activity (aÿ/b�), by affinity
chromatography on lactosylated Sepharose 4B, derived from ligand
coupling to divinyl-sulfone-activated resin, as crucial step, as
described previously.[37] Digestion of the collagenase-sensitive N-ter-
minal domain of galectin-3 was performed with an equal amount of
collagenase D (Roche Diagnostics, Mannheim, Germany) overnight
at 4 8C in a buffer solution containing 75 mM Tris-HCl, pH 7.0, 75 mM


NaCl, and 10 mM CaCl2 , as described previously.[38] Biotinylation of the
carbohydrate-binding proteins was carried out with the N-hydroxy-
succinimide ester derivative (Sigma, Munich, Germany) under
activity-preserving conditions.[15a, 23] The neoglycoprotein with an
average content of 28 lactoside moieties attached as p-isothiocya-
nato derivatives per molecule of carbohydrate-free bovine serum
albumin was synthesized following an established protocol.[3c] Serum
amyloid P component was purified from human serum by affinity
chromatography on mannosylated Sepharose 4B and was subjected
to neuraminidase treatment,[39] while commercial fetuin was chemi-
cally desialylated,[40] as routinely checked by mobility shifting in gel
electrophoretic analysis. Murine EHS laminin[19b] and recombinant
human Mac-2 BP produced in human embryonic kidney cells[21e]


were kindly provided by R. Timpl (Munich, Germany). The glycoden-
drimers were synthesized as described,[41] coupling protected lactose


isothiocyanate 1 (see Figure 1) to our dendrimer scaffolds based on
3,5-di-(2-aminoethoxy)benzoic acid repeating units carrying 2, 4, and
8 amino groups, respectively. The acetate-protected lactose isothio-
cyanate 1 was prepared starting from lactose following an estab-
lished method.[42] Covalent coupling of 1 to the polyamino
dendrimer scaffolds was achieved in CH2Cl2 in the presence of
iPr2NEt. Basic deprotection of the carbohydrate hydroxy groups
resulted in the lactose dendrimers 2 ± 4, which were characterized by
NMR spectroscopy and MS.


2: 13C NMR (5 % CD3OD/D2O, 75.4 MHz): d�184.2 (C�S), 169.0 (C�OI),
160.0 (C3/5), 132.2 (C1), 109.3, 107.6 (C2/6�C4), 104.0 (CGal


anom:�, 84.2
(CGlc


anom:�, 79.0, 77.0, 76.3, 76.1, 73.5, 72.8, 71.9, 69.6 (8 CHLac), 67.3 (CHa
2�,


62.0 (CHGlc
2 �, 61.0 (CHGal


2 �, 53.8 (CH3O), 44.8 (CHb
2� ; MS (ESI): m/z :


1021.3 [M�H]� .


3: 13C NMR (5 % CD3OD/D2O, 75.4 MHz): d� 184.3 (C�S), 169.7,
(C�OII), 168.5 (C�OI), 160.1 (C3/5�C3'/5'), 136.4 (C1'), 132.0 (C1), 107.2,
106.0 (C2/6�C2'/6'�C4�C4'), 104.0 (CGal


anom:�, 84.3 (CGlc
anom:�, 79.1, 76.9,


76.3, 73.5, 72.8, 71.9, 69.5 (all CHLac), 67.2 (CHa
2�CHa'


2 �, 62.0 (CHGlc
2 �,


61.0 (CHGal
2 �, 53.7 (CH3O), 44.7 (CHb


2�, 40.4 (CHb'
2 � ; MS (ESI): m/z : 1057.4


[MÿGlc�2 Na]2�, 1116.9 [M�2 H]2�, 1127.4 [M�H�Na]2�, 1138.9
[M�2 Na]2�, 2091.7 [MÿGlc�Na]� , 2253.8 [M�Na]� .


4 : 13C NMR (5 % CD3OD/D2O, 75.4 MHz): d�184.3 (C�S), 169.8 (br, all
C�O), 160.2 (C3/5�C3'/5'�C3''/5''), 136.8 (br, C1�C1'�C1''), 107.3 (br, C2/


6�C2'/6'�C2''/6''�C4�C4'�C4''), 104.0 (CGal
anom:�, 84.3 (CGlc


anom:�, 79.1, 76.3,
73.5, 72.8, 71.9, 69.5 (all CHLac), 67.2 (br, CHa


2�CHa'
2 �CHa''


2 �, 62.0, 61.1
(2 CHLac


2 �, 54.0 (CH3O), 44.9, 40.4 (br, CHb
2 �CHb'


2 �CHb''
2 � ; MS (ESI):


m/z : 1465 [Mÿ2 Glc�3Na]3�, 1472 [Mÿ2 Glc�4 NaÿH]3�, 1480
[Mÿ 2 Glc�5 Naÿ 2 H]3�, 1519 [MÿGlc�3 Na]3�, 1526 [Mÿ
Glc�4 NaÿH]3�, 1534 [MÿGlc�5 Naÿ 2 H]3�, 1574 [M�3 Na]3�,
1581 [M�4 NaÿH]3�, 1588 [M�5 Naÿ 2 H]3�, 2207 [Mÿ
2 Glc�4 Naÿ 2 H]2�, 2289 [MÿGlc�4 Naÿ2 H]2�, 2371 [M�4 Naÿ
2 H]2�.


Solid-phase assay: Attachment of the (neo)glycoproteins to the
surface of microtiter plate wells proceeded from 50 mL per well at
4 8C overnight from phosphate-buffered saline solution (concentra-
tions for each matrix type are given in Table 1), and residual protein-
binding sites were blocked by an incubation step using 100 mL of this
buffer containing 1 % carbohydrate-free bovine serum albumin for
1 h at 37 8C. Following thorough washes, the mixture containing
lectin and any tested glycoinhibitor which had been preincubated
for 15 min at room temperature was added to a well and kept for 1 h
at 37 8C. Omission of labeled probe, of any inhibitor, and inhibition
with 0.5 mg mLÿ1 ASF plus 75 mM lactose were routinely carried out
in parallel assays to determine blank and 100 % values. Following
thorough washes to remove unbound probe, signal generation to
determine the extent of protein ± carbohydrate binding was per-
formed using streptavidin ± peroxidase (Sigma, Munich, Germany;
0.5 mg mLÿ1) and o-phenylenediamine (1 mg mLÿ1)/H2O2 (1 mL mLÿ1)
as indicator substances, as described previously.[23] The concentra-
tion of inhibitor required for 50 % inhibition (IC50) was determined to
compare the potencies of the tested substances.


Cell assays: Haemagglutination with trypsin-treated, glutaralde-
hyde-fixed rabbit erythrocytes to determine the minimal inhibitory
concentration of a glycosubstance at a constant lectin concentration
(see Table 2) was performed as described previously.[43] For the
fluorometric analysis cell batches of identical passages of the human
colon adenocarcinoma line SW480, obtained from the American
Type Culture Collection (Rockville, MD, USA), and the human
B-lymphoblastoid line Croco II, established and maintained as
described,[44] were carefully washed with Dulbecco's phosphate-
buffered saline solution containing 0.1 % carbohydrate-free bovine
serum albumin to remove any trace of glycoproteins originating
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from the serum of the culture medium. Following the incubation
step with biotinylated lectin and inhibitor for 30 min at 4 8C (4�105


cells per assay) and thorough washing steps to remove unbound
probe, automated flow cytofluorometric analysis in a FACScan
instrument (Becton ± Dickinson, Heidelberg, Germany) with the
fluorescent marker streptavidin ± R-phycoerythrin (Sigma, Munich,
Germany; used at 1:4 dilution) was performed as described
previously.[45] Interference of tumor cell adhesion to VAA immobilized
onto nitrocellulose squares (Schleicher and Schuell, Dassel, Germany;
0.2 mm) by glycodendrimer was determined in assays with 7�105


tumor cells per 200 mL and incubation periods of 1.5 or 3 h at 37 8C, as
described previously.[46]
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Cooperativity between Electrons and Protons
in a Monomeric Cytochrome c3 :
The Importance of Mechano-Chemical Coupling
for Energy Transduction
Ricardo O. Louro,[a] Teresa Catarino,[a] Jean LeGall,[b] David L. Turner,[c] and
AntoÂ nio V. Xavier*[a]


To fully understand the structural bases for the mechanisms of
biological energy transduction, it is essential to determine the
microscopic thermodynamic parameters which describe the prop-
erties of each centre involved in the reactions, as well as its
interactions with the others. These interactions between centres
can then be interpreted in the light of structural features of the
proteins. Redox titrations of cytochrome c3 from Desulfovibrio
desulfuricans ATCC 27774 followed by NMR and visible spectro-
scopy were analysed by using an equilibrium thermodynamic
model. The network of homotropic and heterotropic cooperativities
results in the coupled transfer of electrons and protons under
physiological conditions. The microscopic characterisation allows
the identification of several pairs of centres for which there are


clear conformational (non-Coulombic) contributions to their
coupling energies, thus establishing the existence of localised
redox- and acid ± base-linked structural modifications in the
protein (mechano-chemical coupling). The modulation of inter-
actions between centres observed for this cytochrome may be an
important general phenomenon and is discussed in the framework
of its physiological function and of the current focus of energy
transduction research.


KEYWORDS:


cooperative phenomena ´ cytochromes ´ electrostatic
interactions ´ heme proteins ´ NMR spectroscopy


1. Introduction


Current studies on proteins involved in energy transduction
processes, such as cytochrome c oxidase and the bc1 complex,
reveal the importance of redox-linked acid ± base equilibria,[1]


also called redox-Bohr effects.[2] However, detailed studies of
these large transmembrane complexes are difficult to perform
and soluble systems of smaller molecular weight are coming
under scrutiny in order to probe the relationship between the
microscopic thermodynamic properties and the structural
features.[3±6] The monomeric tetrahaem cytochromes c3 from
sulfate-reducing bacteria have been successfully used to
develop analytical methods for the determination of the
microscopic thermodynamic properties of proteins contain-
ing multiple redox and acid ± base centres that display
coupling between electrons and protons.[7±11] The presence
of four closely packed haems together with pH-linked
changes of the redox potentials in a soluble protein with ca.
15 kDa makes it a good target for experimental and theoretical
studies.[12±14]


The free energy change associated with charge transfer to a
redox centre can be described as a sum of several terms
[Eq. (1)]:[15]


DGredox � DGcen�DGel�DGlig�DGconf (1)


Equation (1) comprises bonding interactions (DGcen), electro-
static interactions (DGel), differences in ligand affinity (DGlig) and
conformational energy differences (DGconf). The identification of
the relative importance of these terms in controlling the
reduction potentials of metalloproteins is an active field of
research where both experimental[16±18] and theoretical ap-
proaches are being applied.[19±21] Experimentally, the problem is
usually addressed by comparing closely related proteins or point
mutants of a protein,[16, 18] which is problematic because
replacing even a single residue can cause extensive changes in
protein properties.[22] Here we consider a different approach. The
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microscopic thermodynamic characterisation of this multicentre
protein allows the study of modifications in the DGredox value of
one centre when a single charge is introduced or removed from
another functional centre of the same protein. The analysis of
the microscopic thermodynamic properties of Desulfovibrio
desulfuricans ATCC 27774 cytochrome c3 (Ddc3) shows that
substantial conformational terms contribute to the interactions
between some pairs of centres. These effects are discussed with
respect to their general importance in establishing the proper-
ties in multicentre proteins required to achieve the desired
function, and in the particular case of this cytochrome, to
perform a concerted two-electron step coupled to the transfer of
protons.


2. Results


The NMR spectra of cytochrome c3 display discrete signals for the
five macroscopic oxidation stages corresponding to the fully
oxidised state (stage 4), the states with three oxidised haems
(stage 3), two oxidised haems (stage 2), one oxidised haem
(stage 1) and the fully reduced state (stage 0).[10] The signals for
each stage are resolved as a consequence of the slow


intermolecular electron transfer and fast intramolecular electron
exchange on the NMR time scale.[7] Under these conditions, the
paramagnetic shift for each haem in each stage is determined by
the relative fraction of oxidation of that haem in that stage. In
addition, at the temperature used, the pH dependence of the
signals at intermediate redox stages indicates fast equilibrium
between the acid and base forms, although some coalesced
peaks showed residual line broadening.[10]


The thermodynamic model used to analyse the experimental
data was extended from that applied in previous studies on
different cytochromes c3


[11, 13, 23] in order to incorporate one extra
acid ± base centre, which was necessary to fit the bell-shaped pH
dependence of the NMR spectroscopic data. The chemical shifts
observed for the paramagnetic NMR signals of methyl groups
181 of haems I, II and IV and methyl group 121 of haem III,
together with the fit of the model are reported in Figure 1
(IUPAC ± IUB nomenclature for the haem substituents is used,


Figure 1. Paramagnetic chemical shifts of haem methyl groups M181 I, M181 II,
M121 III, M181 IV at oxidation stages 1 (&), 2 (*), 3 (~) and 4 (!). The continuous
lines are calculated from the fit of the six-centre model to the experimental data.


and the haems are labelled with Roman numerals according to
the order of covalent attachment to the polypeptide chain). The
entire data set is fitted well and, although the signals of methyl
groups 181 of haems I and II in stage 1 appear to have larger
deviations, this is a consequence of relatively large error bars
resulting from linewidths typically greater than 1 ppm at half
height. The order of oxidation of the four haems can be
determined immediately from these plots, and at pH 8 it is the
same as that reported previously at 275 K.[24] However, it is now
clear that haems I and II change their order of oxidation twice in
the experimental pH range, as can be appreciated from the
marked bell-shaped pH dependence of their oxidised fractions at
stage 1, which is caused by the combined effects of two different
acid ± base centres with different pKa values. The presence of
these two redox-linked acid ± base centres is not readily
apparent from the results of the redox titrations followed by
visible spectroscopy alone (Figure 2). The thermodynamic pa-
rameters determined from the fit of the data are reported in
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Figure 2. Visible redox titration performed at 298 K and pH 6.3 (*) and 8.4 (&).
The lines were calculated from the fit of the model to the experimental data using
the parameters reported in Table 1.


Table 1. Diagonal terms are the free energies of oxidation of the
four haems (I ± IV) and of deprotonation of the two acid ± base
centres (V and VI) in the fully reduced and protonated form of


the cytochrome. Off-diagonal terms are the interaction energies
between each pair of centres. These interaction energies indicate
how the free energy of one centre in each pair is modified by
oxidising or deprotonating the other. Since the reference state
chosen is the fully reduced and protonated form, a negative
interaction energy indicates positive cooperativity, that is,
oxidation or protonation of one centre facilitates the oxidation
or protonation of the other.


For each acid ± base centre at each macroscopic redox stage,
Table 2 reports the solution pH for which the protonated and


deprotonated forms are equally populated, that is, the mid-point
of the titration curve. These values were calculated iteratively
from the thermodynamic parameters, since the existence of
cooperativities in the intermediate redox stages modifies the pH
dependence of the acid and base forms from a simple
Henderson ± Hasselbalch equation. These values differ from
those determined at 283 K in the absence of salt as expect-
ed,[25, 26] since the equilibrium thermodynamic properties of
tetrahaem cytochromes depend on ionic strength[27] and
temperature.[13]


The microscopic thermodynamic data reported in Table 1 can
also be used to determine the pH-dependent macroscopic redox
potentials associated with the four sequential one-electron steps
necessary to fully reduce or oxidise this protein (Figure 3).[10] The
first and second reduction steps are separated by ca. 80 mV,
whereas the last two steps, more negative by ca. 100 mV, have
redox potentials separated by less than 30 mV throughout the
pH range studied.


Figure 3. The pH dependence of the macroscopic redox potentials of Ddc3 at
298 K, calculated from the parameters listed in Table 1. The lines, numbered 1 to 4,
refer to the four sequential macroscopic steps of oxidation of the cytochrome.


3. Discussion


According to Coulomb's law, which applies to a medium of
uniform polarisability with a fixed separation of charges, the
electrostatic interaction between charged centres is propor-
tional to the inverse of the distance with a sign that depends
only on the relative signs of the charges of the interacting
particles, that is, repulsive coupling between pairs of haems
(electrons) or of acid ± base groups (protons), and attractive
coupling between haems and acid ± base groups. The latter
effect is sometimes called the electroneutrality principle.[28]


However, in the presence of conformational changes associated
with the redox or acid ± base transitions, such a simple
correlation may not hold since changes in the distance between
the interacting centres and in their environment introduce
additional terms in the observed coupling which shall be
referred to as ªnon-Coulombic effectsº.


Table 1. Thermodynamic parameters determined for Ddc3.[a]


Haem I Haem II Haem III Haem IV Centre V Centre VI


Haem I ÿ 237 (4) 2 (4) 48 (5) 3 (5) ÿ 110 (15) 6 (13)
Haem II ÿ268 (4) 23 (7) ÿ 7 (5) ÿ35 (7) ÿ 59 (4)


Haem III ÿ 207 (7) 60 (4) 11 (8) ÿ 70 (7)
Haem IV ÿ195 (7) 20 (6) ÿ 56 (4)


Centre VI 408 (17) ÿ 13 (12)
Centre V 445 (17)


[a] The reference state is the fully reduced protonated form of the protein.
Diagonal terms are the energies of oxidation (Haems I to IV) and of
deprotonation (centres V and VI). Off-diagonal terms are the energies
involved in the pairwise interactions. All values are reported in units of
millielectronvolt (meV). The values in brackets are the standard errors
associated with each parameter.


Table 2. Macroscopic pKa values of each acid ± base centre defined by the
model.[a]


Stage 0 Stage 1 Stage 2 Stage 3 Stage 4


Centre V 7.1 5.9 4.8 5.0 5.0
Centre VI 7.6 7.1 6.6 5.7 4.6


[a] Values were calculated for each of the macroscopic stages of oxidation.
Stage 0 corresponds to the fully reduced protein and stage 4 to the fully
oxidised protein.
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Although the relative positions of the haems are known from
the X-ray crystal structure,[29] the nature and position of the
acid ± base groups responsible for the redox-Bohr effect has yet
to be determined unequivocally. Electrostatic calculations per-
formed by using the crystal structure obtained at low pH as a
basis have identified propionate 13 of haem I, propionate 13 of
haem IV, and histidine 76 as likely candidates for the acid ± base
groups participating in the redox-Bohr effect in this protein.[26]


These calculations are supported by the values determined for
the heterotropic interaction energies (see Table 1). Indeed: i) A
very large negative value was determined for the interaction
energy between centre V and haem I, suggesting the assignment
of propionate 13 of haem I to centre V; and ii) relatively large and
similar negative interaction energies were obtained between
centre VI and haems II, III and IV, which indicates that both
propionate 13 of haem IV and histidine 76 are likely to contribute
to the effect assigned to centre VI, since no single acid ± base
group is close to all these three haems. It should be recalled that
negative values of the interaction energy in Table 1 indicate a
positive cooperativity between the centres, and thus the values
discussed above have the sign expected from Coulomb's law.


To analyse the coupling energies between the redox and
acid ± base centres further, the interaction energy between each
pair of centres are plotted versus distance in Figure 4 by using
the coordinates available from the crystal structure of the
oxidised form of the protein.[29] Homotropic couplings (haem ±
haem and proton ± proton) are plotted in Figure 4 A and
heterotropic couplings (haem ± proton) are plotted in Figure 4 B.
Due to the repulsive nature of the former and the attractive
nature of the latter, the scales of the two panels have opposite
signs. The two solid lines were calculated for the distance
dependence of charge ± charge interactions by using Coulomb's
law and values for the dielectric constant (e) of 15 and 80, the
consensus values for protein interior and bulk solvent, respec-
tively.[18, 30] In Figure 4 B, a pair of points is plotted for each
coupling involving centre VI, one using the coordinates of
histidine 76 and the other using the coordinates of propio-
nate 13 of haem IV. As noted above, both of these groups are
likely to be involved in the interactions attributed to centre VI,
but the lack of features in the NMR spectroscopic data indicates
that their pKa values cannot be resolved. The two residues are
expected to contribute quite different proportions to different
interactions,[26] with one of the groups being dominant in each
case. Thus, the true positions of the points in the figure should
be lower in the energy scale since the plotted values are the
observed totals. This analysis also supports the assignment of
propionate 13 of haem I to the redox-Bohr effect associated with
centre V, which shows a strong coupling with haem I and weaker
couplings with the other haems.


The area defined by the two lines in each of the panels of
Figure 4 should encompass the distance dependence for
electrostatic couplings observed for a small molecule such as
Ddc3, in which there is substantial solvent exposure of the
centres. Part of the scatter in the data points may be due to local
variations in the dielectric constant, but the existence of several
points outside these boundaries indicates that the interactions
in cytochrome c3 are not described by Coulomb's law. In


Figure 4. Plot of interaction energies between pairs of centres versus distance.
A : Homotropic interactions: Closed symbols refer to haem ± haem interactions
and open symbols refer to acid ± base centre interactions. B: Heterotropic
interactions. For centre VI, the two alternatives discussed in the text are plotted ;
distances to the average position of the carboxylate oxygen atoms of
propionate 13 of haem IV are represented by squares, and distances to the ring N3
atom of histidine 76 as triangles. Interactions between the haems and centre V,
assumed to be propionate 13 of haem I, are represented by circles. The vertical
bars indicate the standard errors of the fitted parameters (see Table 1). The two
curves in each panel were calculated by using Coulomb's law for effective
dielectric constants (e) of 80 (lower) and 15 (upper).


particular, some cases such as the interaction between haems I
and II and between haems I and IV show an apparent dielectric
constant larger than that of the solvent. Large values for the
apparent dielectric constant have been predicted from electro-
static calculations by using the structure of cytochrome c3 ,[12]


and were also reported for other systems.[31] In the latter case,
they were interpreted as resulting from the contribution of the
overall protein dipole to the charge ± charge interaction. How-
ever, for some interactions, such as that between haems II and IV,
and the interaction between acid ± base centre V and haems III
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and IV, the overall coupling takes a sign which is not even
compatible with positive values for the effective dielectric
constant considering a unique structure. These observations
demonstrate that there are other contributions to the inter-
actions between centres. Such contributions must involve
modifications in the structure, including movement of charges,
or rearrangement of hydrogen bond networks, all linked to the
redox or acid ± base transitions and will be referred to collectively
as mechano-chemical couplings. These couplings add a non-
Coulombic term to the overall interaction energy that cannot be
predicted by electrostatic calculations based on one set of
atomic coordinates. This effect is most clearly evident in the
cases where the experimental sign of the coupling is reversed
when the non-Coulombic term outweighs the ordinary electro-
static interaction. However, non-Coulombic terms may also
enhance interactions, giving the appearance of unusually low
effective dielectric constants.


As mentioned above, an electrostatic analysis based on a
single structure of the protein such as those reported in the
literature for cytochromes c3


[26] can neither predict the negative
value for the coupling energy between haems II and IV, nor the
positive coupling energies between centre VI and haem I and
between centre V and both haems III and IV, since it does not
account for the structural modifications associated with either
acid ± base or redox transitions.


On the basis of currently available structural data for the
reduced and oxidised forms of other cytochromes c3 ,[3, 5, 32] the
mechano-chemical effects observed do not appear to involve
changes of the overall folding of the polypeptide chain.
However, a difference in the water content or side chain
movements in the interior of the protein could account for the
non-Coulombic contributions to the experimental data. Indeed,
recent detailed NMR spectroscopic structural studies of the
oxidised and reduced forms of cytochromes c3 isolated from
D. vulgaris (Hildenborough) and D. gigas,[3, 5] and X-ray crystallo-
graphic studies of D. africanus,[32] show that the redox-linked
differences involve highly localised modifications, which may be
a common situation.[33] However, the low sequence homology
between the various cytochromes c3 precludes the use of these
structures as bases for discussing the origin of the conforma-
tional effects in Ddc3. This discussion must await a detailed
structural characterisation of the oxidised and reduced forms of
this protein, which is beyond the scope of the present article.


Structural modifications that reduce or reverse the electro-
static coupling between specific pairs of charged centres as
observed in these data narrow the range of redox potentials and
pH in which the transitions for the haems and acid ± base centres
occur. Furthermore, the structural modifications provide the
necessary flexibility for maintaining or enhancing the electro-
static interaction between other coupled pairs, in particular
heterotropic couplings, allowing the full set of centres to operate
within physiologically accessible conditions of reduction poten-
tial and pH.


Table 3 lists the order of oxidation of the haems for the
cytochromes c3 that have been studied in detail. It indicates pairs
of haems that display conformational effects in their coupling
energies that favour positive cooperativity, as well as the haem


with the largest redox-Bohr effect. Despite the structural
similarities among the various cytochromes, the order of
reduction for their haems is different. It is also apparent from
Table 3 that in all cases there is cooperativity between two
haems that favours a concerted two electron step, although it
does not always involve either the same pair of haems in the
structure, or in the relative order of oxidation. Moreover, haem I
is always dominant in the redox-Bohr effect. These two features,
common to all cytochromes c3 so far characterised thermody-
namically at the microscopic level, result in a concerted two-
electron step, and electron/proton coupling, respectively. The
resulting energy transduction performed by these soluble
proteins was named ªproton thrustingº[34] to distinguish it from
the ªproton-pumpingº activity of transmembrane protein com-
plexes. This coupled transfer of two electrons associated with
proton transfer in the physiological pH range is fundamental for
the ability of cytochrome c3 to accelerate the oxidation of
hydrogen by hydrogenase, with subsequent transfer of electrons
to the membrane-associated nine-haem cytochrome.[35] These
two proteins are the up- and downstream physiological partners
of Ddc3 in the respiratory chain leading to the reduction of
sulfate.[36±38]


4. Conclusion


The present study of cytochrome c3 from D. desulfuricans attains
a new level of complexity and biological relevance in under-
standing the thermodynamic properties of multicentre proteins.
Although evidence for the participation of two protons in the
redox-Bohr effect in one cytochrome c3 had already been
presented,[2] this is the first case for which the experimental
data has allowed the parameters of two distinct acid ± base
centres to be resolved within the model. However, further
structural data is required to distinguish whether the centres
modelled correspond to the acid ± base groups identified in the
previous section or describe the combined effect of partial
contributions from additional groups, as observed for the Bohr
effect in haemoglobin.[39] Nevertheless, it is noteworthy that two
acid ± base centres with pKa values in the physiological pH range
are well resolved in a cytochrome that was isolated from an
organism with a flexible bioenergetic metabolism, capable of


Table 3. Order of oxidation (from left to right) of the haems for different
cytochromes c3 .[a]


Protein Order of oxidation of the haems


Dvc3 III II I IV
Dgc3 I II III IV
Ddc3 II I IV III


[a] Roman numbers refer to the order of attachment of the haems to the
polypeptide chain. Closely spaced numbers correspond to haems that have
similar redox potentials and display a tendency towards positive cooper-
ativity as a result of non-Coulombic effects. The number in bold indicates
the haem with the strongest redox-Bohr effect. The order reported in this
table refers to the midpoint of the titration curves for each haem, which
includes contributions from the off-diagonal terms of Table 1 as well as the
diagonal terms. Data refers to cytochromes isolated from Desulfovibrio
vulgaris (Dvc3),[10] D. gigas (Dgc3)[13] and D. desulfuricans (Ddc3; this work).
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using either sulfate or nitrate as terminal electron acceptors.[40] It
is likely that the physiological pH value of the periplasm is
different for the two types of respiration that produce sulfide
and ammonia, respectively. The difference between the pKa


values associated with each of the centres broadens the total
range of pH in which coupled transfer of electrons and protons is
efficient, as can be observed in Figure 3. Thus, broadening the
range of pH at which efficient proton thrusting can be achieved
may be an adaptation to the variety of environmental conditions
of growth of this organism, which was isolated from the rumen
of sheep.[40]


A corollary of the adaptation of our thermodynamic model to
this more complex protein is that similar adaptations may yield
valuable analyses of other multicentre redox enzymes, either
soluble, such as hydrogenase, xanthine oxidase, and nitro-
genase, or membrane-bound such as cytochrome c oxidase.
Structures are available in at least one state for some of these
proteins, which could help in focusing the search for relevant
structural modifications. Also, the thermodynamic properties of
some of these systems have been studied for quite some time
and a great variety of experimental results is available in the
literature.[41] In this context, it was recently observed that
cytochrome c oxidase from bovine heart mitochondria releases
a proton upon reduction of haem a.[42] This observation defies an
electrostatic interpretation since the uptake of a negative charge
should increase the affinity for a positive charge and not the
reverse. However, a substantial non-Coulombic contribution to
the overall coupling energy, such as those reported in the
present work, can account for this observation.[43]


The present work shows that mechano-chemical coupling
arising from local redox-linked and/or acid ± base-linked con-
formational changes can be an important factor in controlling
the thermodynamic properties of proteins involved in energy-
transducing processes. The results show a selective modulation
of the electrostatic interactions that would be expected from
Coulomb's law. This may prove to be a general phenomenon,
whereby biological processes are controlled by modulating and
channelling electrostatic forces.


Experimental Section


Sample purification: Cytochrome c3 from D. desulfuricans
ATCC 27774 (Ddc3) was obtained as previously described.[24]


NMR spectroscopy: Samples containing 1 ± 2 mM of protein and
0.1 M potassium chloride in aqueous solution were poised at partially
oxidised conditions and at different solution pH values using the
procedures reported in the literature.[13] Measurements were per-
formed in the pH range 4.6 ± 8.6 (meter readings not corrected for
the isotope effect).


NMR spectra were recorded in a Bruker DRX 500 spectrometer at
298� 0.1 K. NOESY experiments were collected with 1024� 512
points, a 20-ms mixing time and an 800-ms water pre-saturation
pulse. The 2D maps were zero-filled to 2048� 1024 points and
multiplied by cosine functions in both dimensions. The chemical
shifts and the linewidths of the signals of one methyl group of each
haem having a large paramagnetic shift were measured in all


experiments. The positions of the four methyl group signals
were followed throughout redox titrations of the protein by
observation of the exchange cross-peaks between the different
redox stages.[7]


Redox titrations followed by visible spectroscopy: The titrations
were performed using a Shimadzu 1201 spectrophotometer placed
inside an anaerobic glove box under an argon atmosphere. The cell
holder was adapted to allow stirring of the sample by using a bar
magnet and the temperature was maintained at 25� 0.2 8C by using
an external circulating bath. Solution potentials were measured
using a combined Pt/Ag/AgCl electrode, calibrated before each
titration with freshly prepared saturated solutions of quinhydrone at
pH 7 and 4 and checked at the end for stability. Experiments were
performed at pH 6.3 and 8.4 using 0.1 M Tris-maleate buffer and ca.
2 mM of cytochrome. The following redox mediators were added to
the sample to ensure good electrode response according to the
recommendations reported in the literature:[44] anthraquinone-2,6-
disulfonate, anthraquinone-2-sulfonate, indigo disulfonate, indigo
trisulfonate, indigo tetrasulfonate, methyl viologen, neutral red,
diquat, methylene blue, phenosafranine and safranine O. The final
concentration of each mediator was 4 ± 8 mM. Each titration con-
sisted of a stepwise reduction using a solution of ca. 2 mM dithionite,
followed by oxidation using a solution of ca. 2 mM ferricyanide, and
the pH was checked for changes at the end. After each addition of
titrant, ample time was allowed for a stable measurement of redox
potential to be reached, and a spectrum of the sample was taken in
the range 600 ± 400 nm. The optical contribution of the mediators
was subtracted by measuring the height of the peak at 552 nm
relative to the straight line connecting the two isosbestic points that
flank the strong a band of Ddc3. Three experiments were performed
at each pH and the results averaged after linear interpolation of the
data. No hysteresis between the reductive and oxidative parts of the
curves was observed. Due to the very low redox potentials of the
haems in cytochrome c3 , the end point of the titrations at the low
potential end is not always clear, thus the signal amplitude at 552 nm
was normalised approximately to give the overall fraction of reduced
haems.


Modelling: The thermodynamic model previously presented[10] was
extended to six charged and interacting centres to analyse the NMR
spectroscopic and visible experimental data. It defines free energies
of oxidation for each of the four haems and free energies of
deprotonation for two acid ± base centres, as well as the magnitude
of the coupling energies between each pair of centres. The energies
of oxidation and of deprotonation can be easily related to standard
reduction potentials and pKa values by using standard thermody-
namic equations.[23] This parameterisation is sufficient to describe the
experimental data, and the thermodynamic parameters were
determined by simultaneous fit of the model to the NMR spectro-
scopic and visible data by using the Marquardt method.[45] Attempts
to reduce the number of parameters resulted in a marked decrease in
the goodness of the fit, and analysis of the covariance matrix reveals
that all parameters are adequately defined by the available data. In
addition to the thermodynamic parameters, the chemical shifts of
the haem methyl groups in the fully oxidised molecule in the
different protonation states and the normalisation of the visible
titration curves were also optimised. The dipolar field generated by
the unpaired electron in each oxidised haem was calculated
separately as previously described[46] by using the 13C NMR data
reported in the literature[47] together with the crystal structure.[29]


These data were used to correct the paramagnetic chemical shift of
each haem methyl group for extrinsic effects resulting from the
oxidation of the other haems in the protein.[11] The linewidths of the
NMR signals at half-height were used to estimate the uncertainty of
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each measurement and the visible redox titrations were considered
to have an uncertainty of�2 % of the total amplitude of the reduced
minus oxidised optical signal.
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Exploiting Conformationally Constrained
Peptidomimetics and an Efficient
Human-Compatible Delivery System in Synthetic
Vaccine Design
Rafael Moreno,[b] Luyong Jiang,[a] Kerstin Moehle,[a] Rinaldo Zurbriggen,[c]


Reinhard Glück,[c] John A. Robinson,*[a] and Gerd Pluschke*[b]


Peptide and protein mimetics are potentially of great value in
synthetic vaccine design. The mimetics should function by
stimulating the immune system to produce antibodies that
recognize the intact parasite. Also the mimetics should be
presented to the immune system in a way that leads to efficient
antibody production. Here we investigate the application of cyclic
peptidomimetics presented on immunopotentiating reconstituted
influenza virosomes (IRIVs), a form of antigen delivery that is
licensed already for human clinical use, in synthetic vaccine design.
We focus on the central (NPNA)n repeat region of the circum-
sporozoite (CS) protein of the malaria parasite Plasmodium
falciparum as a model system. Cyclic peptidomimetics of the
NPNA repeats were incorporated into both an IRIV and (for
comparison) a multiple-antigen peptide (MAP). Both IRIV and MAP


delivery forms induced mimetic-specific humoral immune
responses in mice, but only with the mimetic-IRIV preparations
did a significant fraction of the elicited antibodies cross-react with
sporozoites. The results demonstrate that IRIVs are a delivery
system suitable for the efficient induction of antibody responses
against conformational epitopes by use of cyclic template-bound
peptidomimetics. Combined with combinatorial chemistry, this
approach may have great potential for the rapid optimization of
molecularly defined synthetic vaccine candidates against a wide
variety of infectious agents.


KEYWORDS:


antibodies ´ immunochemistry ´ peptides ´
peptidomimetics ´ virosomes


Introduction


There is great interest in the use of peptide and protein mimetics
in the design of novel synthetic vaccine candidates. Due to their
inherent flexibility, linear peptides often elicit antibodies that
bind to denatured proteins but that less frequently recognize
conformational epitopes in native protein structures. This,
together with their often weak ability to elicit antibody
production when administered as conjugates in human-com-
patible adjuvants (for example, alum), has so far limited the
application of peptides as synthetic vaccine candidates. We
investigate here a new approach to synthetic vaccine design,
through the use of conformationally constrained cyclic pepti-
domimetics displayed on the surface of influenza virus like
particles, called immunopotentiating reconstituted influenza
virosomes (IRIVs). IRIVs have been used already to present viral
proteins to the immune system, for example, the IRIV-based
hepatatis A vaccine Epaxal-Berna was the first liposomal vaccine
to receive a product license for human use from a national
authority.[1, 2] We set out here to show that IRIVs, as a human-
compatible adjuvant, are also capable of presenting peptidomi-
metics in multiple copies to the immune system and of eliciting
efficient pathogen cross-reactive antibody responses.


As a model system we have chosen the central (NPNA)n repeat
region of the circumsporozoite (CS) protein of the malaria


parasite Plasmodium falciparum. Sporozoites attenuated by X
irradiation can induce a protective humoral immune response
against a malaria challenge.[3] The dominant antibody target is
the approximately 45 kDa CS protein,[4±6] which includes a central
region containing 41 tandem repeats of a tetrapeptide, 37 of
which are Asn-Ala-Asn-Pro (NANP) and four of which are Asn-Val-
Asp-Pro (NVDP). Linear, tandemly repeated NANP peptides were
shown earlier to elicit antibodies in mice and rabbits that
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recognize the native CS protein and block sporozoite invasion of
hepatocytes.[6±9] These findings were a prelude to vaccination
studies in humans with linear synthetic (NANP)3 peptides
conjugated to tetanus toxin. However, the immune response
generated in this way was not strong enough for these
conjugates to be useful as a malaria vaccine.[10] Presently, the
structure of the (NANP)n repeat region in the CS protein is still
unknown, although theoretical studies suggest it is likely to
adopt a stable and repetitious conformation,[11±13] possibly based
on b-helical turns or similar structures.[14]


Conformation plays a key role in the ability of peptides to elicit
antibody responses against folded proteins. In this work, we
have prepared cyclic peptidomimetics of the NPNA repeats, and
covalently linked them to IRIVs. IRIVs consist of spherical,
unilammelar virus-like particles prepared from a mixture of
phospholipids and influenza virus surface glycoproteins.[2, 15]


However, no nucleic acids are present. The hemagglutinin
membrane glycoprotein of the influenza virus plays a key role in


the mode of action of IRIVs. This major antigen of the influenza
virus is a membrane fusion inducing component, which
facilitates antigen delivery to immunocompetent cells.[16] We
show that, at least in this case, compared to alum-adjuvanted
constructs of the peptidomimetic with a multiple-antigen
peptide (MAP), the IRIV delivery system more efficiently elicits
parasite cross-reactive antibodies. The approach appears to be
well suited for the design of molecularly defined synthetic
vaccine candidates, in a form that is directly suitable for human
clinical testing.


Results


Design and synthesis of mimetics: The mimetic 1, described in
earlier work,[17] contains an NPNA motif linked through flanking
alanine residues to a template. This mimetic was coupled
through a succinate linker to a regioisomer of phosphatidyl-
ethanolamine (PE', 1-palmitoyl-3-oleoyl-phosphatidylethanol-
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amine), to afford the conjugate 2, ready for incorporation into
IRIVs. In addition, 1 was incorporated into the MAP construct 3,
as described previously.[17] The mimetic 4 contains a larger loop
with two intact NPNA units. The mimetic 4 was also coupled
through a linker to PE' to give 5, and to a MAP to give 6.[18] To
determine how strongly immunogenic the template is in the
mimetics 1 and 4, the molecule 7 was prepared and incorpo-
rated into a MAP to give 8.


Antibody responses elicited by a peptidomimetic formu-
lated with alum or with IRIVs: First, antibody responses elicited
by the MAP construct 3 adsorbed onto alum, and by IRIVs loaded
with 2, were compared in BALB/c mice. After three immuniza-
tions, sera from all immunized animals contained mimetic-
specific antibodies, as demonstrated by enzyme-linked immu-
nosorbent assays (ELISAs) with immobilized 3 (Table 1). None of
the sera exhibited cross-reactivity with the template ± MAP
construct 8 (see Figure 1), which indicates that the immunoge-
nicity of the template itself was negligible.


The binding of antibodies to the CS protein was analyzed by
immunofluorescence assays (IFAs) with P. falciparum sporozoite
preparations (Table 1). The IRIV formulation elicited significant
anti-sporozoite responses in all animals immunized. In contrast,
half of the animals immunized with the alum formulation
generated no detectable anti-sporozoite antibody response and
in the others the IFA titers were very low. The IRIV formulation


Figure 1. Anti-peptidomimetic IgG ELISA responses against template-bound
peptidomimetics (closed symbols) and template 8 (open symbols) in mice
immunized three times with 3 ± alum (group a) or 2 ± IRIV (group b). Mice were
preimmunized with Inflexal and received three doses of mimetic (50 mg)
intramuscularly. Each curve represents the data from an individual mouse.


thus elicited a higher proportion of parasite-binding antibodies
among the total antimimetic antibodies than the alum formu-
lation (compare Figures 2 A and B).


Figure 2. Mean ELISA and IFA (A and B, respectively) IgG serum responses in mice
immunized three times with peptidomimetics. Group a received 3 ± alum,
groups b and c received 2 ± IRIV, and group d received 5 ± IRIV. Bars represent the
mean reactivity plus SE. SE� Standard error.


In a second series of experiments the immunogenicity of cyclic
peptidomimetic 4 was analyzed. After three immunizations with
IRIV-loaded 5, significant ELISA and IFA titers were seen in sera
from all immunized mice (Table 1). While the ELISA titers were
only slightly higher than those elicited by IRIV-loaded 2, the IFA
titers were significantly higher (compare Figures 2 A and B). The
mimetic 4 was thus superior to 1 in eliciting a high proportion of
parasite cross-reactive antibodies. None of the anti-5 ± IRIV


Table 1. Antibody responses in mice immunized with peptide mimetics
coupled to IRIV or adsorbed onto alum.


Mouse no. Immunogen Sporozoite IFA titer ELISA titer[a]


group a[b] 3 ± alum
1 10 6386
2 10 4004
3[c] ± 1651
4[c] ± 3445


group b 2 ± IRIV[d]


5 200 1052
6 400 1126
7 200 1258
8 400 1658
9 1000 1187


group c 2 ± IRIV[d]


10 400 591
11 200 1094
12 40 482
13 400 1073
14 500 1803
group d 5 ± IRIV
15 400 2966
16 4000 4209
17 4000 684
18 4000 1810
19 2000 3032
20 4000 1112
21 1000 881
22 2000 1357
23 4000 1694
24 4000 1088


[a] ELISA titers were calculated at effective dose 20 % values with
GENESIS LITE software. [b] One animal died after the second immunization.
[c] Animals 3 and 4 showed no IFA reactivity. [d] In group b the phospholipid
to 2 ratio was 38:3, in group c it was 7.6:3.
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antisera cross-reacted with the template ± MAP conjugate 8 in an
ELISA (data not shown).


Binding properties of mimetic-specific mAbs: ELISA titers of
sera of individual mimetic ± IRIV immunized mice did not
correlate strictly with IFA titers (Table 1; Figure 3). This suggested
that only a subset of antibodies elicited against the peptidomi-
metics cross-reacted with the CS protein on the cell surface of


Figure 3. Distribution of anti-peptidomimetic IgG ELISA and anti-sporozoite IgG
IFA titers in ten mice (group d) immunized three times with 5 ± IRIV after one
preimmunization with Inflexal. ELISA titers correspond to effective dose 20 %
values calculated with GENESIS LITE software. Every pair of bars represents one
animal.


the sporozoites. To investigate this further, we generated
monoclonal antibodies (mAbs) against both the mimetics 1
and 4. Three hybridoma cell lines secreting anti-2 mAb and six
lines secreting anti-5 mAb were isolated. The cross-reactivities of
the mAb produced by the three anti-2-specific clones (desig-
nated mAbs 1.7, 1.15, and 1.26) and by the six anti-5-specific
clones (designated mAbs 2.1, 3.1, 3.2, 3.3, 3.4, and 3.5) were
analyzed (Table 2). One of the anti-2 mAbs (mAb 1.26) and four of
the anti-5 mAbs (2.1, 3.1, 3.2 and 3.3) cross-reacted with
P. falciparum sporozoites in IFAs (Figure 4). All mAbs bound to
the peptidomimetic used for immunization but not to the
respective second mimetic or to the template structure in 8
(Table 2).


Conformations of the mimetic 4: The solution conformation
of 1 has been described earlier.[17] The conformation of 4 in
aqueous solution was investigated by NMR spectroscopy with


Figure 4. mAb 1.26 immunofluorescence labeling of P. falciparum sporozoites
with an FITC-labeled secondary antibody. Sporozoites are indicated by white
arrows.


the same methods (at 290 and 300 K and pH 5.0). The one-
dimensional NMR spectra indicated the presence of one major
conformer and two minor ones (in a ratio of 77:15:8), with the
latter two most probably arising due to cis ± trans isomerism at
Asn ± Pro peptide bonds, in analogy to earlier studies.[14, 17] The
minor forms were not considered further. Although the peptide
backbone groups (NH, C(a)H) could be assigned, extensive
overlap prevented residue-specific assignments of side-chain
Asn resonances. This together with a sparcity of long-range
NOEs thwarted attempts to calculate solution structures based
on NOE restraints.


Nevertheless, NOESY spectra revealed strong dNN(i,i� 1) con-
nectivities between Asn5 and Ala6, as well as between Ala6 and
Asn7. These, together with high field shifted resonances and a
relatively low temperature coefficient for the Ala6 NH group (d�
7.82 and d/D�ÿ3.7 ppb Kÿ1) suggest a b turn is formed by the
four residues Asn3-Pro4-Asn5-Ala6. A b-turn structure, however,
may not be the whole story. The dNN(i,i� 1) connectivities show
that the Ala6 NH group is close to the peptide NH group of the
preceeding Asn (as expected in a b turn) and the following Asn
residue. This could occur if the Ala6 residue is in the a region of
f/y space, with the Asn3 CO moiety within (or close to)
hydrogen-bonding distance of both the Ala6 NH and the Asn7 NH
groups as shown in a model in Figure 5. This leads to the
intriguing possibility that conformations are present in which a
(perhaps distorted) b turn is extended by one residue to create a
five-residue conformational unit (NPNAN) with Ala in a helical
state. Additional studies are needed with new peptidomimetics
to confirm these hypotheses. It should be noted that similar
conclusions concerning a five-residue NPNAN motif were reached
earlier, in studies of linear tandemly repeated NPNA peptides.[14]


This type of helical turn was not observed earlier for 1.[17]


Discussion


The inherent flexibility of linear synthetic peptides is a well-
known drawback in their use as vaccine components. Antibodies
elicited by linear peptides often bind linear epitopes in the
denatured protein but do not recognize conformational epito-
pes in native protein structures. There is, therefore, increasing
interest in the design of constrained synthetic peptide and


Table 2. Binding properties of peptidomimetic-specific monoclonal antibod-
ies.


mAb[a] Mimetic[b] Isotype Binding to
2[c] 5[d] 8[e] sporozoites[f]


1.26 2 IgM � ÿ ÿ �
1.7 2 IgG � ÿ ÿ ÿ
1.15 2 IgG � ÿ ÿ ÿ
2.1 5 IgG ÿ � ÿ �
3.1 5 IgG ÿ � ÿ �
3.2 5 IgG ÿ � ÿ �
3.3 5 IgG ÿ � ÿ �
3.4 5 IgG ÿ � ÿ ÿ
3.5 5 IgG ÿ � ÿ ÿ
[a] mAbs were derived from three separate fusion experiments. [b] Mice
were immunized with IRIV loaded with the respective mimetics. [c] ELISA
reactivity to conjugate 2. [d] ELISA reactivity to conjugate 5. [e] ELISA
reactivity to conjugate 8. [f] IFA reactivity to P. falciparum sporozoites.
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Figure 5. A model of the postulated helical b-turn region from Asn3 to Asn7 in 4.
Color code: Nitrogen atoms, blue ; oxygen atoms, red; hydrogen atoms attached
to nitrogen atoms, light blue. The chain termini are green. The Asn7 backbone HN
group is shown within hydrogen-bonding distance to the Asn3 CO group.


protein mimetics, which mimic conformational B-cell epitopes.
One approach in the design of b-turn and b-hairpin mimetics is
to attach the turn or hairpin of interest to a template, to
generate a cyclic constrained peptidomimetic.[19] Precedence
suggests that such cyclic peptidomimetics may also be more
resistant to proteolytic degradation. In this work, we have
prepared template-bound cyclic peptidomimetics of reverse-
turn conformations that seem to be important in the conserved
central (NPNA)n repeat region of the CS protein of the malaria
parasite P. falciparum.


Short linear peptides containing tandemly repeated (NPNA)n


motifs adopt only transiently b-turn conformations based on the
NPNA cadence in aqueous solutions.[14] Stabilization of the b turn
has been achieved both by C(a)-backbone methylation of
proline[13, 20] and by incorporation into cyclic peptidomimet-
ics,[17, 21] without abolishing the ability of the analogues to elicit
sporozoite cross-reactive antibodies. However, it is still uncertain
how multiple tandemly repeated reverse turns based on the
NPNA cadence might fold into a supersecondary structure in the
native CS protein. In this respect, the possibility that the repeat
conformational unit is not just the b-turn-forming tetrapeptide
NPNA, but rather a five-residue NPNAN unit (see above and
Dyson et al.[14] ), with the Ala residue in the helical region,
deserves mention, since this could form the basis for a tandemly
repeated conformational unit in the folded CS protein.


We have shown previously that the template-bound cyclic
peptide 1 containing the sequence ANPNAA elicits sporozoite
cross-reactive antibodies under conditions where a linear
peptide containing the same sequence failed to induce a
detectable cross-reactive immune response.[17] While this estab-
lished the feasibility of using cyclic peptidomimetics to induce
CS protein cross-reactive antibodies, it became clear that a
suitable delivery system is required to induce high titers of cross-
reactive antibodies. The presentation of the peptidomimetic on


the surface of an IRIV, in an undistorted conformation, and in
multiple copies, seemed ideally suited to allow cross-linking of
surface Ig receptors and generate an efficient antiparasite
directed immune response. Furthermore, the IRIV technology
has been licensed already for human clinical use.[2, 15]


In this work, we show that immunization of mice with the 2 ±
IRIV formulation induced anti-sporozoite responses that were
superior to those elicited by an alum-adjuvanted mimetic ± MAP
construct 3. The alum-adjuvanted 3 formulation induced high
titers of antimimetic antibodies but hardly any sporozoite cross-
reactive immune response. Alum, the adjuvant most commonly
used for vaccines in humans, had thus apparently favored the
generation of antibodies against conformations of the NPNA
motif that do not resemble the native CS protein.


The 5 ± IRIV immunogen elicited significantly higher sporo-
zoite cross-reactive IFA titers than the 2 ± IRIV immunogen.
However, antimimetic ELISA titers were comparable with both
constructs. This demonstrates that 4 elicits a higher proportion
of sporozoite cross-reactive antibodies in the total antimimetic
antibody population than 1 does. This conclusion is strength-
ened by the properties of the antimimetic mAbs isolated here,
which demonstrate that only a portion of the antimimetic
antibodies are sporozoite cross-reactive and confirm that
peptidomimetic 4 has superior immunogenic properties. Al-
though the small (1) and large (4) loop mimetics analyzed are
closely related in sequence, none of the antimimetic mAbs
generated cross-reacted with both structures. This indicates, that
the relevant conformational epitopes presented by the two
structures are significantly different from each other, but close
enough to the conformation(s) of the CS-protein repeat unit to
elicit sporozoite cross-reactive antibodies. Interestingly, NMR
studies of the mimetic 4 suggest that helical-turn conformations
(Figure 5), based on the five-residue NPNAN motif, may be
present in 4 but not 1.[17] Finally, the results also demonstrate
that the template structure used had negligible immunogenicity.


The IRIV could in principle be loaded simultaneously with
several different peptidomimetic B-cell epitopes and with linear
peptides as T-cell epitopes.[22] Based on these results, IRIVs
appear to have great potential in the design of molecularly
defined combined synthetic vaccines, including those targeted
against multiple antigens and development stages of P. falcipa-
rum, or indeed against other infectious agents. Furthermore, an
IRIV-based synthetic peptide vaccine would be expected to be
safe, since IRIV-based protein vaccines have already shown a very
good safety profile in humans.[2] The concerted application of
combinatorial peptidomimetic chemistry with the use of IRIVs as
an efficient human-compatible delivery system, may prove to be
of great value in the design of molecularly defined synthetic
peptide vaccines against a wide variety of infectious agents.


Experimental Section


Synthesis of mimetics : The mimetic 1 and the MAP conjugate 3
were prepared as described earlier.[17] The mimetics 4 and 7 were
prepared as described for 1, by solid-phase peptide synthesis with
the same building blocks and with macrocyclization in solution. For
the preparation of 2 and 5, the mimetic (10 mg) was coupled to PE'
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(11 mg, 2 equiv) with HATU (5.8 mg, 2 equiv), HOAt (2.1 mg, 2 equiv),
and iPr2EtN (7.8 mL, 6 equiv) in NMP (700 mL) overnight at room
temperature. The solvent was then evaporated, and the product was
purified by chromatography (silica gel, CHCl3/MeOH/AcOH/H2O�
9:6:0.5:0.5) to afford product (11 mg). MS (ESI): for 2 m/z : 1599.4
[M�Na]� ; for 5 m/z : 2039.5 [M�Na]� . The MAP constructs 6 and 8
were prepared by the same method used for 3.[17] HATU�2-(1H-7-
azabenzotriazol-1-yl)-1,1,3,3-tetramethyluronium hexafluorophos-
phate, HOAt�7-aza-1-hydroxy-1H-benzotriazole, NMP�N-methyl-
pyrrolidine.


Preparation of mimetic-loaded virosomes : For the preparation of
PE' ± mimetic ± IRIV, a solution of purified Influenza A/Singapore
hemagglutinin (4 mg) in PBS was centrifuged for 30 min at 100 000 g
and the pellet was dissolved in phosphate buffered saline (1.33 mL)
containing 100 mM octaethyleneglycolmonodecylether (PBS-OEG).
Phosphatidylcholine (32 mg; Lipoid, Ludwigshafen, Germany), phos-
phatidylethanolamine (6 mg) and the PE ± mimetics 2 or 5 (4 mg)
were dissolved in a total volume of 2.66 mL of PBS-OEG. The
phospholipids and the hemagglutinin solution were mixed and
sonicated for 1 min. This solution was then centrifuged for 1 hour at
100 000 g and the supernatant was filtered (0.22 mm) under sterile
conditions. Virosomes were then formed by detergent removal with
BioRad SM BioBeads (BioRad, Glattbrugg, Switzerland). Mice in
groups a and b received 2 ± IRIV that differed in the ratio of
phospholipids to mimetic ± PE conjugate. In group a the phospho-
lipid to 2 ratio was 38:3 and in group b the ratio was 7.6:3 (w/w).


Mouse immunogenicity studies : BALB/c mice were preimmunized
intramuscularly with commercial whole virus influenza vaccine
(0.1 mL; Inflexal Berna, Berna Products, Bern, Switzerland) on
day 21. Starting on day 0, they received at three-weekly intervals
three doses of either 3 ± alum (Alhydrogel 85), 2 ± IRIV, or 5 ± IRIV
intramuscularly at doses of 50 mg of mimetic. Blood collected two
weeks after the third immunization was analyzed by ELISA and IFA.


Generation of antimimetic monoclonal antibodies. Mice, which
had been immunized intramuscularly twice with 2 ± IRIV or three
times with 5 ± IRIV, received an intravenous booster injection three
days prior to fusion. Spleen cells were fused with PAI mouse
myeloma cells by use of polyethylene glycol, Mw�1500, according to
the methods described.[23] The hybrids were selected in HAT medium
and cells secreting peptidomimetic-specific antibodies were identi-
fied by ELISAs.


ELISAs : ELISA microtiter plates (Immunolon 4B, Dynatech, Embrach,
Switzerland) were coated at 4 8C overnight with a solution (50 mL,
5 mg mLÿ1) of mimetic ± MAP constructs in PBS (pH 7.2). Wells were
then blocked with 5 % milk powder in PBS for 1 h at 37 8C, and
washed three times with PBS containing 0.05 % Tween-20. Plates
were then incubated with two-fold serial dilutions of mouse serum or
hybridoma cell supernatants in PBS containing 0.05 % Tween-20 and
0.5 % milk powder for 2 h at 37 8C. After washing, the plates were
incubated with alkaline phosphatase conjugated goat antimouse
IgG (g-chain specific) antibodies (Sigma, St. Louis, MO) for 1 h at 37 8C
and then washed. Phosphatase substrate (1 mg mLÿ1 p-nitrophenyl
phosphate (Sigma)) in buffer (0.14 % Na2CO3 , 0.3 % NaHCO3 , 0.02 %
MgCl2 ; pH 9.6) was added and incubated at room temperature. The
optical density (OD) of the reaction product was recorded at 405 nm
after an appropriate time with a microplate reader (Titertek Multiscan
MCC/340, Labsystems, Finland). Titration curves were registered and
analyzed with GENESIS LITE 2.16 software (Life Sciences Ltd. , Basing-
stoke, UK). Effective dose 20 % values (ED20 %) were calculated for
each curve and the corresponding titers were set as endpointtiters.


Immunofluorescence assays : Air-dried unfixed P. falciparum salivary
gland sporozoites (strain NF54) attached to microscope glass slides
were incubated in a moist chamber for 20 min at 37 8C with serum
diluted in PBS. The slides were then washed five times with PBS
containing 0.1 % bovine serum albumin (PBS-BSA) and dried.
Fluorescein isothiocyanate (FITC) labeled goat antimouse IgG (Fab-
specific) antibodies (Sigma), optimally diluted in PBS containing
Evans-Blue (0.1 g Lÿ1; Merck, Germany), were added. After incubation
for 20 min at 37 8C the slides were again washed five times with PBS-
BSA, dried, mounted with glycerol, and covered with a cover slide. A
Leitz Dialux 20 microscope with 12.5/18 ocular and a 40x/1.30 oil
fluorescence 160/0.17 objective was used to detect fluorescence
staining at 495 nm excitation and 525 nm emission wavelengths.


We are grateful to the Swiss National Science Foundation and the
Commission for Technology and Innovation for supporting this
work.
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Photolabile precursors of biologically active molecules (caged
compounds) have been developed to allow temporally and
spatially controlled release of bioactive compounds by rapid
photolysis.[1] Caged compounds can be used to photochemically
trigger an enzymatic reaction within an enzyme crystal and are
thus valuable tools for studying protein dynamics at the atomic
level by time-resolved X-ray crystallography.[2] Real-time-re-
solved X-ray crystallographic studies of fast biological processes
have been applied mainly to a series of naturally light-sensitive
proteins by using rapid data collection techniques (Laue
diffraction) combined with high-intensity synchrotron X-ray
beams.[3] However, caged ligands can also be used as photo-
chemical triggers to capture transient structural species within
enzyme crystals, provided photofragmentation reactions are
fast, synchronous, and homogeneous throughout the crystals.
The few successful examples which have been described so far
concern enzymes whose reaction rates in the crystal were slow
enough to allow both completion of the photolytic reaction and
generally of the Laue data collection.[4] Alternatively, enzyme
mutants may be produced to further increase the reaction
intermediates' lifetime.[5] Unfortunately, a series of technical
pitfalls are associated with this method, including difficulties
with the Laue method (essentially sensitivity to crystal disorder)[6]


as well as photochemical[7] and radiochemical damages[8] to the
studied protein induced by intense UV light pulses and/or X-ray
beams.


The study of fast enzymatic reactions by crystallography using
caged compounds will require alternative methods such as
kinetic crystallography,[3] where cryotechniques[9] are used to
slow down and eventually completely stop the enzymatic
reaction. Recently, the use of caged GTP was combined
successfully with low-temperature crystallography on the Ras
protein (p21ras),[10] the photochemical fragmentation reaction
being achieved at room temperature before rapid cooling of the
crystal. However, achievable cooling rates of macromolecular
crystals do not allow to apply this procedure to rapid enzymatic
reactions,[11] such as those catalyzed by cholinesterases. Accord-
ingly, we developed several caged cholinergic ligands to allow
the photoregulation of the cholinergic activity.[12]


Here, we demonstrate the photofragmentation of caged
compounds even at cryogenic temperatures as low as 100 K
both in flash-cooled amorphous solution and in complex with a
crystalline enzyme. This method allows to overcome the
previously mentioned pitfalls. While the selected temperature
does preclude any enzyme catalysis to proceed, there is no need
for a synchronized photofragmentation on a rapid time scale,
and low levels of photolyzing light can be used to minimize the
radiation damages. Most importantly, this technique, in combi-
nation with appropriate temperature profiles, opens the possi-
bility to trap reaction intermediates in protein crystals that can
be studied by monochromatic X-ray crystallography.[13]


As a first example, we investigated the photolysis of a caged
cholinergic ligand, ortho-nitro-a-methylbenzyl arsenocholine (1;
Scheme 1), which possesses a potential advantage in future
dynamic X-ray crystallographic studies on cholinesterases by


Scheme 1. ortho-Nitrobenzyl derivatives 1 and 2 representing caged arseno-
choline and caged deoxythymidine monophosphate, respectively.


allowing the photolytic release of a cholinergic ligand containing
a heavy atom. At room temperature, the photochemical
fragmentation of 1 was demonstrated to be a fast and efficient
photolytic reaction.[14] The formation of both arsenocholine and
ortho-nitrosoacetophenone was shown to be concomitant with
the consumption of the caged compound 1 during photolysis
(data not shown), in agreement with the presumed fragmenta-
tion process (Scheme 2).[15]


Cryophotolysis of compound 1 in flash-cooled solution at
100 K was performed by applying successive Xe flashes (see


[a] Dr. D. Bourgeois, Dr. T. Ursby
Institut de Biologie Structurale
41 Rue Jules Horowitz
38043 Grenoble Cedex (France)
and
European Synchrotron Radiation Facility
B.P. 220, 38043 Grenoble Cedex (France)
Fax: (�33) 476-882-542
E-mail : bourgeoi@lccp.ibs.fr


[b] Prof. Dr. M. Goeldner, A. Specht, Dr. L. Peng
Laboratoire de Chimie Bioorganique, UMR 7514 CNRS
FaculteÂ de Pharmacie, UniversiteÂ Louis Pasteur Strasbourg
BP 24, 67401 Illkirch Cedex (France)
Fax: (�33) 390-244-306
E-mail : goeldner@bioorga.u-strasbg.fr


[c] Dr. M. Weik, Prof. Dr. J. Kroon
Bijvoet Center for Biomolecular Research
Utrecht University
3584 CH Utrecht (The Netherlands)







846 � WILEY-VCH-Verlag GmbH, D-69451 Weinheim, 2001 1439-4227/01/02/11 $ 17.50+.50/0 CHEMBIOCHEM 2001, No. 11


Scheme 2. Proposed mechanism for the photofragmentation of ortho-nitro-
benzyl derivatives.


Experimental Section). Figure 1 shows the difference UV spectra
recorded during cryophotolysis by reference to the nonphoto-
lyzed sample. The increase in the negative peak around 260 nm,
which is indicative of a fragmentation of the starting compound
1, is proportional to the formation of a positive peak around


Figure 1. Difference UV spectra showing progressive photolysis of caged
arsenocholine 1 at 100 K after 0, 1, 2, 3, and 10 flashes, respectively (see labels).
The spectrum recorded after one flash is shown as a dashed line.


310 nm. This latter peak is characteristic of the nitroso derivative,
which allows a quantification of the photolytic reaction. The
peak formed initially around 400 nm decreases after subsequent
photolysis and might be tentatively attributed to an aci-nitro
intermediate (Scheme 2), suggesting also a photosensitivity of
this intermediate.[16] Most importantly, exposure to one flash led
to a ca. 50 % conversion of 1, and a maximum of ten successive
flashes were sufficient for a complete photofragmentation as
assessed by a stationary difference spectrum and the absence of
residual absorbance at 260 nm in the non-difference spectrum.
Independently, we checked that the photochemical experiment
can be achieved under cryogenic conditions by using gentle
laser photolysis at 355 nm (data not shown). A key advantage of
laser photolysis relative to flash lamp photolysis is that, at
355 nm, the laser source produces only a negligible temperature
elevation of the sample. This is particularly true in the presence
of proteins, which strongly absorb light at 280 nm emitted by Xe
sources. Even though the sample was kept at 100 K during


photolysis, we cannot exclude that local heating occured as a
consequence of UV photon absorption that may serve to carry
forward the fragmentation reaction.


In a second example, we performed a cryophotolytic experi-
ment at 100 K of the caged deoxythymidine monophosphate
(caged dTMP) 2 (Scheme 1). Similar results were obtained by UV
spectroscopic analysis indicating a complete fragmentation of
compound 2 to dTMP and ortho-nitrosoacetophenone (data not
shown).


To compare the identity of the products from the photolytic
reaction under cryogenic conditions with those from photolysis
at room temperature, we performed HPLC analyses of the
products of the cryophotolysis experiments. We used a high
concentration of caged ligands (up to 15 mM) to mimic the
situation occurring in protein crystals and to obtain sufficient
material for HPLC analyses (see Experimental Section). These
analyses confirmed the conversion of 1 to arsenocholine and of
2 to dTMP, as well as the formation of the nitroso derivative in
both cases (Figure 2). The conversion of either 1 or 2 was not


Figure 2. HPLC analysis of the cryophotolysis reaction of 1 (a) and 2 (b) at 100 K.
a) A sample of caged arsenocholine 1 was exposed to excess (50) Xe flashes. The
retention times for 1 and ortho-nitrosoacetophenone are 9.2 and 15.0 min,
respectively. b) A sample of caged dTMP (2) was exposed to 40 successive Xe
flashes. The retention times for dTMP, 2, and ortho-nitrosoacetophenone are 9.0,
25.3, and 27.1 min, respectively. The nitroso derivative is detectable at 320 nm (see
insert).


complete (about 40 % and 58 % for 1 and 2, respectively),
although UV spectroscopic analysis indicated a total photolytic
conversion (Figure 1). We then performed photolysis of 1 either
at lower concentration (7.5 mM) or at higher temperature (160 K)
and the observed profiles showed increased conversion in both
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cases: 65 % and 82 %, respectively (data not shown). The
occurrence of a precipitation phenomenon that could explain
this discrepancy and would be in agreement with the observed
HPLC results, however, seems unlikely under the flash-freezing
conditions used.


To extend this method to the study of functional proteins, we
applied the cryophotolysis experiment (100 K) on trigonal
crystals of Torpedo californica acetylcholinesterase (Tc AChE)[17]


containing the caged arsenocholine derivative 1. The formation
of the enzyme ± inhibitor complex was demonstrated by X-ray
crystallographic analysis.[18] The UV difference spectrum ob-
tained after 100 successive Xe flashes at 100 K shows the
appearence of a peak around 310 nm (Figure 3), suggesting the


Figure 3. Difference UV spectra recorded before and after photolysis of a crystal
of T. californica AChE ± caged arsenocholine complex at cryogenic temperature
(100 K).


likely formation of the nitroso derivative within the enzyme
crystal, corresponding to the desired uncaging of the enzyme
inhibitor. In an attempt to assess the formation of the nitroso
compound in the enzyme crystal, we performed successive
cryophotolysis experiments on twenty different crystal com-
plexes. After solubilization of the crystals, we performed HPLC
analyses on the combined material. Unfortunately, the obtained
profiles did not allow the detection of any interpretable signal
from the background noise.


The present study demonstrates for the first time an efficient
photofragmentation reaction of caged ligands at 100 K in a glass
formed from a buffered solution and within a protein crystal. The
latter photofragmentation reaction will be applicable to any
crystal of a protein ± caged ligand complex and is therefore of
general interest. For instance, the cryophotolysis at 100 K of NPE-
caged ATP has been demonstrated to occur within crystals of the
enzyme thymidylate kinase after x-ray analysis.[19] This method
opens up new possibilities for studying reaction intermediates of
functional proteins, provided that the intermediates build up in
the crystal when a suitable temperature profile is subsequently
applied.


Experimental Section


General: A Zorbax C18 column (4.6� 250 mm) was used for HPLC
analyses of 1 and a Hypersil C18 column (3.9�300 mm) was used for
HPLC analyses of 2. Xe flashes (1 ms) were generated at a frequency
of 1 Hz from a xenon lamp (Rapp OptoElectronic, Hamburg,
Germany) with a 265 ± 380 nm bandpass filter and focused to
4 mm2 (energy 20 mJ mmÿ2, unless otherwise indicated). Laser light
of 355 nm wavelength was obtained from the third harmonic of a
passively q-switched YAG laser (Nanolase, Meylan, France), delivering
gentle light pulses at a 10 kHz frequency, with an average output
power of 0.75 mW per 0.01 mm2. Difference UV spectra were
recorded after each flash with a CCD spectrometer (Ocean Optics,
Dunedin, USA), using a Deuterium monitoring light (Oriel, Stratford,
USA). The output power of the lamp is in the lower microwatt range.
A shutter was used to minimize the exposure of the sample to the
lamp (a few seconds per recorded spectrum), so that residual
photolysis by the monitoring light was negligible.


Cryophotolysis experiments: Caged arsenocholine 1: A 15 mM


solution of 1 in 50 mM MES buffer, pH 6, containing 25 % glycerol,
in a 0.1 ± 0.2 mm cryoloop (Hampton Research, Laguna Miguel CA)
was flash-cooled at 100 K (Oxford Cryosystems, Oxford, UK) and then
exposed to successive Xe flashes.


Caged dTMP 2 : The same procedure as for 1 was applied using a
solution of 13 mM 2 in 50 mM MES buffer, pH 6, 25 % glycerol.


Preparation of HPLC samples: Samples from the cryophotolysis
experiments were dissolved at 25 8C in 100 mL water. To obtain
sufficient material for HPLC analysis, the above-mentioned experi-
ments were repeated ten times for caged arsenocholine 1 (15 mM)
and twenty times for caged dTMP 2.


HPLC analyses of cryophotolysis products: Caged arsenocholine 1:
Samples (100 mL) were injected into a C18 column equilibrated with
32 % (v/v) acetonitrile in a 0.1 % aqueous trifluoroacetic acid (TFA)
solution, at a flow rate of 1 mL minÿ1. The compounds were detected
by their UV absorption at 270 nm.


Caged dTMP 2 : Samples (100 mL) were injected into a C18 column.
Elution was performed at a flow rate of 1 mL minÿ1 with a 0.1 %
aqueous TFA solution for 10 min before using a linear gradient to
100 % (v/v) acetonitrile over 30 min. The compounds were detected
by their UV absorptions at 260 and 320 nm.


Photochemical conversion: The yields of the photochemical con-
version were deduced from a HPLC calibration by using caged
arsenocholine 1, dTMP, caged dTMP 2, and ortho-nitrosoacetophe-
none as references.


Cryophotolysis of caged arsenocholine 1 in AChE crystals: A
crystal of Tc AChE (0.2�0.2� 0.05 mm3) was soaked in a solution of
7 mM 1 in 0.1 M MES buffer, pH 5.8, 36 % (w/v) PEG 200, for 2 ± 3 days
and then rinsed (30 s) in 0.1 M MES buffer, pH 5.8, 36 % PEG 200 (w/v),
20 % glycerol. This crystal was flash-cooled to 100 K and exposed to
100 successive Xe flashes (5 mJ).
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Cytochrome P450 is a vital enzyme in oxidative biotransforma-
tions, responsible for the detoxification of biological systems and
for the synthesis of sex hormones.[1] Recent experimental
results[2] demonstrate that, despite previous reports,[3, 4] the
active species of the enzyme, compound I (Cpd I, 1; Scheme 1),
might have never been detected since it does not seem to
accumulate during the catalytic cycle even at low temperature.
To date, the only characterized Cpd I of a cysteinate enzyme
belongs to chloroperoxidase (CPO).[5] However, here too the
geometry of the species is unknown, and the precise identity of
the ground state is still debated.[5, 6] Thus, a key species of one of
the most important enzymes of biological systems is known to
exist, but eludes detection.


We present here theoretical calculations of the so far most
extensive and most realistic Cpd I model,[7, 8] with an account of
the interaction types exerted by the apoprotein environment.
We assign the ground state of Cpd I (1) as 2A2u, thereby settling
previous theoretical disagreements and hopefully contributing
toward an eventual resolution of the experimental controversy.
The calculations project the unusual nature of this Cpd I that
behaves as a chameleon species by adopting its electronic and
geometric features to the protein environment to which it has to
accomodate.


Our benchmark system 2 (Scheme 1) involves octamethyl
porphyrin and an axial cysteinato ligand. From an electronic
point of view, methyl substituents are good representations of
the side chains in 1, while avoiding complications due to internal
rotations of the long side chains. Noncovalent interactions
revealed by mimetic systems,[9] mutation studies,[10] and X-ray
crystal structures of P450 enzymes[3, 11] were taken into account
as follows: a) Embedding of 2 in a polarizing medium of a low
dielectric constant (e�5.7) serves to mimic the effect of
polarization by the dipoles of the protein pocket near Cys 357
(using the numbering system in P450cam).[11] b) An internal NH ´´´ S
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hydrogen bond of cysteinate was augmented by two external
NH3 molecules (Scheme 2), thus accounting for the three
hydrogen bonds observed in the native enzyme (with Leu 358,
Gly 359, and Glu 360).[3, 11] c) Interactions of amino acid residues
with the porphyrin and the NHCys group in the native enzyme[11]


were internally accommodated by the cysteine itself (see below).


Fe


O


S
HN


CH2


H(i)


CHHOOC


H(e)-NH2


H(e)-NH2


H(e)-S = 2.66 Å


Fe-S-H(e) = 101.9
H(e)-S-H(e) = 104.0


Scheme 2. Model 2 of compound I, with internal (i) and external (e) NH ´´´ S
hydrogen bonds. The external distances and angles were taken from ref. [8] .


All calculations on 2 used the hybrid density functional
UB3LYP, coupled with the LACVP double-z quality basis set and
the iterative solvent code in the JAGUAR package.[12] All
geometries were fully optimized and double-checked with the
Gaussian 98 package[13] that has a superior optimizer. Additional
comparative calculations were carried out on 3, 4, and on 4
containing a pristine porphine. Both 3 and 4 were calculated also


with polarized double- and triple-z
basis sets (LACVP* and LACV3P*) in
JAGUAR[12] and characterized by full
frequency calculations. Only the key
results will be discussed here.


The located conformations for 2
(2 a ± 2 c) are shown in Figure 1. In 2 a
the ligand establishes NH ´´´ NPor hydro-
gen bonds and CH ´´´ NPor interactions
with the porphyrin (Por). Due to the
partial positive charge on the C-H
hydrogen atoms, these latter interac-
tions are of similar nature to NH ´´´ NPor


hydrogen bonds. In 2 b, the cysteine
couples with the heme by CH ´´´ NPor


contacts and with the side alkyl groups
by C�O ´´´ H3C interactions. In 2 c, the
cysteinato ligand is extended upright


and its CH2 group maintains CH ´´´ NPor interactions. All the
conformations possess internal NH ´´´ S and CO2H ´´´ NCys hydro-
gen bonds within the cysteine. In the isolated molecular state,
2 b is the most stable, whereas with medium polarization it is 2 a.
Screening of the protein database reveals that the cysteinato
ligand in P450 species is invariably oriented in a folded
conformation, akin to 2 a. The NHCys group in the native enzyme
is coordinated by hydrogen bonding to a few residues (e.g. ,
Phe 350, His 355), which exert an electron-withdrawing effect
that contributes to stabilize the sulfur anion. The internal OH ´´´
NCys hydrogen bond provides this feature. In the native enzyme,
the heme nitrogen atoms are ligated by CH ´´´ NPor interactions
(with residues 357 and 359) and NH ´´´ NPor hydrogen bonds (with
residues 356 and 359). In 2 a, the NH2 and CH2 groups of the
cysteine interact with the porphyrin in an analogous manner to
the native interactions.


Figure 2 shows the key geometric parameters and energy
separation of the ferro- and antiferromagnetic states for 2 a ± c in
the isolated state (e�1) and in a polarizing environment (e�
5.7). The average FeÿN bond (2.013 ± 2.018 �) exhibits no
sensitivity to the polarization and is not shown. It is seen that
the FeÿO bond is marginally elongated by the polarization, while
the protrusion of the iron above the ring (DFe-Por) generally
decreases. In contrast, the FeÿS bond length is very sensitive to
all interactions. It is shortest for the upright conformation, 2 c,


Figure 1. Conformations of 2 and their relative energies in kcal molÿ1 (values for ferromagnetic states are given without parentheses, for antiferromagnetic states in
parentheses). Dotted lines indicate the various interactions discussed in the text.
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Scheme 1. The native compound I (1) and its models (2 ± 4) studied herein.
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and gets elongated by hydrogen bonding to the porphyrin ring
in 2 a and 2 b. The polarization shortens the FeÿS bond for all the
conformations, and for the antiferromagnetic state of 2 a by as
much as 0.132 �. The two conformations of the simpler model
3 a, b exhibit very close features to 2 a ± c. Very similar ones are
found for compound 4 containing porphine instead of octa-
methyl porphine (4(porphine))[8] and for 4. Thus, the polarizing
environment unequivocally shortens the FeÿS bond. In contrast,
the specific hydrogen bonding to porphyrin acts in opposition
and lengthens the FeÿS bond, since this
interaction disfavors the thiolate (Sÿ) form.[8]


For 4(porphine), NH ´´´ S hydrogen bonding
causes by itself a small shortening of ca. 0.022
and 0.013 �, respectively, on the ferro- and
antiferromagnetic states, in general accord
with experimental data for mimetic com-
plexes.[9] The choice of the basis set had an
effect on the geometry of 3 : mproving the
basis set to a polarized triple-z quality caused a
small FeÿS shortening (of 0.03 and 0.034 � for
the ferro- and antiferromagentic states, respec-
tively). Assuming additivity of all these effects
leads to an estimate of the FeÿS bond length,
such that for the ferromagnetic (antiferromag-
netic) states of the three conformations of 2,
rFe-S ranges between 2.569 (2.580) � for 2 a to
2.546 (2.582) for 2 c. Thus, the FeÿS bond is
predicted to be significantly longer than in FeIII-S
complexes (2.2 �),[14] but shorter than that in
the isolated molecular state. In accord with
these findings, the computed IR frequency of
the FeÿS bond in the isolated molecular state
of 3 is 241 cmÿ1, substantially lower than our
calculated value of 347 cmÿ1 for the resting


state (which is the FeIII ± water complex[1] ). Due to the
redox mesomerism[1, 14±16] that typifies the FeÿS
linkage of Cpd I, the net bond shortening elicited
by the noncovalent interactions is associated with
bond strengthening.[8] In 4 (3 a, b), the bond energy,
which is D�6.9 (5.8, 6.3) kcal molÿ1 for the isolated
molecule, increases with the polarization effect,[17]


and this is expected to be further augmented by the
NH ´´´ S hydrogen bonding. Thus, in accord with
experimental observation, the polarity of the prox-
imal pocket of the protein and its hydrogen bonding
capability are needed to sustain the FeÿS bond.[10]


The considerable conformational freedom of the
cysteinato ligand in 2 (Figure 1) and 3 indicates that
the conformational choice of the native enzyme is a
consequence of the structure of the cysteine helix in
the proximal pocket and not of any strong inherent
preference of the cysteinato moiety itself. All con-
formers share a common electronic structure with an
antiferromagnetic (2A) ground state, possessing three
unpaired electrons, two in dxz(p*) and dyz(p*) orbitals
of the Fe�O moiety and the third one in an orbital
that has a mixed porphyrin/sulfur character. The


antiferromagnetic state (2A) is further stabilized by the polar-
ization effect (Figure 2).


To appreciate the cooperativity of polarization and NH ´´´ S
hydrogen bonding on the stability of the cysteinato group
against oxidation,[10] we show in Figure 3 A the group density
distribution for the two extreme conformations 2 a and 2 c in the
various environments. In the isolated molecule, the cysteinato
ligand carries 62 ± 68 % of this unpaired spin density, that is,
sulfur is almost fully oxidized (S .). Medium polarization reduces


Figure 2. Key geometric parameters for model compounds 2 a ± c and 3 a, b. The parameters
are shown for the pair of ferromagnetic (4A) and antiferromagnetic (2A) states ; in each line, the
first data pair refers to the isolated molecule (e� 1), and the second pair in square brackets to
the molecule in a polarizing environment (e� 5.7). At the bottom, energy differences (in cmÿ1)
for the ferromagnetic and antiferromagnetic states are shown (negative values indicate a more
stable 2A).


Figure 3. Electronic structures of 2 a and 2 c. A: Group spin densities (data are given for a pair of
ferromagnetic and antiferromagnetic states ; the first pair refers to the isolated molecule (e� 1), the
second (in square brackets) to the molecule in a polarizing environment (e� 5.7), and the third pair (in
curly brackets) includes the effect of two external hydrogen bonds). B: The singly occupied a2u orbital. C:
Averaged atomic spin densities on porphyrin positions for the antiferromagnetic state of 2 a.







CHEMBIOCHEM 2001, No. 11 � WILEY-VCH-Verlag GmbH, D-69451 Weinheim, 2001 1439-4227/01/02/11 $ 17.50+.50/0 851


this spin density to 42 ± 58 %. Hydrogen bonding exhibits two
effects. The minor one is caused by the hydrogen bonding to the
porphyrin, as in 2 a, while the major effect is due to the hydrogen
bonding to the cysteine as in 2 c. The hydrogen bond in 2 a
drives spin density away from the ring toward sulfur. The NH ´´´ S
bonds in 2 c exert the more dramatic effect. These interactions
shift the spin density to 56 ± 69 % on the porphyrin moiety,
thereby restoring the S :ÿ nature of the ligand. Thus, under
conditions which mimic critical interactions in the protein
pocket, Cpd I has an antiferromagentic ground state and an
unpaired electron located more heavily on the porphyrin ring,
but has also a significant spin density on sulfur, as predicted first
by Moessbauer spectroscopy.[15] Figure 3 B shows the Kohn ±
Sham orbital[16] that contains this unpaired electron, and it is
apparent that this orbital is an antibonding combination of the
porphyrin a2u and the s hybrid of the sulfur ligand. In this
respect, the antiferro- and ferromagnetic pair of states of Cpd I of
P450 is unequivocally 2,4A2u, aÁ la Groves' original ªgreenº Cpd I
model.[1] However, the significant sulfur contribution, its varia-
bility and sensitivity to the NH ´´´ NPor and NH ´´´ S hydrogen
bonds, certainly marks this as unique among the known Cpd I
species.


2 a ± c have C1 symmetry where no restriction exists on orbital
mixing.[15, 16] Thus, while the singly occupied orbital in Figure 3 B
conserves its local a2u character in the UB3LYP calculation, a
mixed-orbital character manifests itself in lower lying orbitals of
the porphyrin. Figure 3 C shows the spin density distribution
only on the porphyrin moiety and for the antiferromagnetic state
of 2 a (the same applies to the ferromagnetic state whose spin
density is polarized, too). Thus, even though the large spin
densities on the nitrogen atoms and the Cm positions mark a
predominant 2A2u nature of the ground state, the significant
contributions on Ca (hyperfine coupling constants for the bare
2 a in MHz are: Cm�ÿ12.90; Ca��5.53; Cb��0.06; N�
ÿ5.85) might be taken as an underground ªA1uº character. This
contention is supported by recent INDO/S/CI calculations on an
extensive model of compound I.[7b] An experimental probe that
focuses on the cation radical situation of the porphyrin may yield
information as though the species has a mixed A2u ± A1u


character. This perhaps explains the resonance Raman assign-
ment of CPO(I) as a ªgrayº A1u state.[6, 15] However, the proper A1u


states, with an unpaired electron located in an a1u orbital, were
computed[18] to be ca. 21 kcal molÿ1 higher in energy than the A2u


states.
Our discussion of the interplay of the NH ´´´ S and NH ´´´ NPor


hydrogen bonding and the FeÿS bond flexibility projects the
unusual nature of Cpd I, whose molecular features are shaped by
the host environment. This implies, in turn, that Cpd I of different
cysteinate enzymes should exhibit somewhat different charac-
teristics, and presumably also different reactivities, depending
on the structure of the protein pocket and its specific side chains.
However, in all environments the ground state will be an
antiferromagnetic 2A2u type.
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