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ABSTRACT: The three-dimensional structures of the tuxpeptides, H-CGGIRGERA-OH, calledA),

and H-CGGIRGERG-OH, called(G), corresponding or close to the IRGERA sequence present in the
C-terminal region (residues 130.35) of histone H3, and their retranverso analogues HO-mMAreGriGGC-

NHa, called RI(mA), and HO-mGreGriGGC-Nkcalled RI(mG), have been studied by two-dimensional

IH NMR and molecular dynamics calculations in association with a monoclonal antibody generated against
L(A). At 25 °C, the affinity constants of the monoclonal antibody with respect to RI(mA) and RI(mG)
were 75- and 270-fold higher than those measured with the homolog@)sand L(G) peptides,
respectively. Due to the spontaneous epimerization of the mA malonic residue, RI(mA) gave rise to two
sets of resonances. With regard to the NH amide region, one set was similar to that for RI(mG) while the
second was similar to those for the parefgeptides.(A) andL(G). The antibody-bound conformations

of the two couples of- and retro-inverso peptides have been analyzed using molecular modeling
calculations based on the transferred NOE interproton distances. Folded structures appeared in both cases
with a type Il S-turn in the parent GGIR sequence and a tygetlurn in the retre-inverso reGr sequence.

A serious limitation to the use of peptides for therapeutic  The recent finding that retreinverso analogues, also
applications lies in their weak resistance to biodegradation. known as allp retro or retre-enantio peptides, can present
They are usually short-lived molecules which are rapidly equivalent or superior antigenic and immunogenic properties
degraded in vivo by proteases. It has been known for many compared with those of the corresponding parent peptides
years that the introduction of backbone modifications into is very promising and has many potential applications in the
peptides can affect the potency, enzymatic stability, and development of synthetic vaccines and new strategies in
conformational properties of the resulting analogues. In someimmunomodulation. We have previously studied the immune
cases, this strategy led to the production of analogues withcross reaction between paranpeptides and their corre-
advantageous biological and functional properties. The sponding alle retro peptide analogues in different antigenic
generation of structural mimics related to neuropeptides, systems, namely, the IRGERA hexapeptide corresponding
peptide hormones, peptide antibiotics, or more recently to C-terminal residues 130135 in histone H312, 13) and
peptides with potential use in vaccination has thus attractedthe major antigenic site of the foot-and-mouth disease virus
considerable attentiori{-4). The modifications introduced = (FMDV)! VP1 protein (4—16). The use of totally or par-
into peptides are for example the replacement-aimino tially retro—inverso peptides as antigenic targets for autoan-
acid byp-amino acid residues or by unnatural ones and/or tibodies in replacement of natural peptides or as ligands to
the modification of peptide bonds. Peptidomimetics contain- immune system receptors has also been found to be very
ing reduced peptide bondg(CH,—NH) and retre-inverso useful @7—20). It was shown, for example, that a single
modifications yy(NH—CO) instead of the natural peptide inoculation of the FMDV peptide 141159 in the retre-
bondy(CO—NH) have been particularly investigated, at both inverso form elicited neutralizing and protective antibodies
the structural and biological level§<11).
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in guinea pigs and pigslp, 16). An NMR analysis in monoclonal antibody (IgG1), abbreviated as mAb, was
aqueous solution showed that the retmaverso peptide generated from BALB/c mice immunized against the lipo-
analogue was more rigid than the pareiteptide 21). The some-coupled peptidgA) (13). It was selected because of
higher affinity of the retre-inverso peptide 141159 for the the wide variation of its apparent affinity consta&t which
antivirus, antiprotein, or antipeptide antibodies probably has was determined using the BlIAcore biosensor system (BIA-
to be related to these structural featur@d, (L5). core AB, Uppsala, SwedenlJ), to the different antigenic
We have previously established that the equilibrium peptides and their retreinverso analogues. The standard
affinity constant<, for the IRGERA retre-inverso analogue  procedure was used for immobilizing the cysteine-containing
to various monoclonal antibodies generated against the parenpeptides on the sensor chij3j. The carboxyt-dextran
peptide was 7#75-fold higher than that for the homologous matrix was first activated with 0.2 MN-ethyl-N'-[3-(di-
L-peptide (3). Understanding the fine mechanisms of this methylamino)propyl]carbodiimide (EDC) and 0.05 M
antibody—antigen interaction is important in the effort to hydroxysuccinimide. It was further modified by injecting
design synthetic antigens presenting an improved antibody2-(2-pyridinyldithio)ethane amine (PDEA) thiol coupling
affinity. In the study presented here, we have carried out reagent [15.L of 80 mM PDEA in 0.1 M borate buffer (pH
two-dimensional transferred nuclear Overhauser enhance-8.5)], allowing the thiol reactive group of peptide analogues
ment experiments (TR-NOESY22) and molecular dynam-  to be coupled to the activated matrix. After the peptide
ics simulation to determine the structural properties of the immobilization run, the remaining reactive groups on the
two L-peptides, H-CGGIRGERA-OH, calladA), and H- sensor surface were deactivatgdab4 min pulse of 50 mM
CGGIRGERG-OH, called(G), and the two corresponding cysteine m 1 M NaCl (pH 4.3). Measurement of affinity
retro—inverso analogues, HO-mAreGriGGC-MNHcalled constants was performed as described previol&3y. The
RI(mA), and HO-mAreGriGGC-NH called RI(mG), when ELISA procedure was as described previous¥)(
bound to a monoclonal antibody directed agair(gt). To NMR ExperimentsThe optimal conditions for the TR-
our knowledge, only five two-dimensional NMR structural NOESY measurements were determined by considering an
studies of peptides and their retrmverso analogues have L(A)/mAb molar ratio from 10 to 100 with four mixing times
been reported so far, but only concern free peptides in (z,) ranging from 100 to 500 ms. The buildup cunab)
polar, aqueous, or micellar environmegtl(23—26). The for different NOE correlations showed that spin diffusion
TR-NOESY experiment has been used to determine thewas negligible for ar,, of 200 ms. The peptide/mAb molar
conformations of a wide range of small ligands in the protein- ratio was adjusted to 50/1 (i.e., 5 mM peptide and 0.1 mM
bound state by focusing on the easily detected NMR signalsmAb) in H,O and DO (95/5, v/v) at pH 7.0 (100 mM
of the free ligands37—30). phosphate buffer containing 0.02% sodium azide). These
conditions led to intense, negative transferred NOESY cross-
MATERIALS AND METHODS peaks assigned to the mAb-bound antig8f).(*H NMR
Peptides The sequence CGG, acting as a spacer, wasspectra were recorded on a Bruker DRX-400 spectrometer
added to the N-terminus of the IRGERA sequence. The Cysat 4 °C with TMPS4, as an internal reference. The two-
thiol group served as a linker to (i) the dextran matrix in dimensional TOCSY and NOESY data were acquired in the
BlAcore experiments (see below) and (ii) the carrier protein, pure-phase absorption mode with quadrature detection in both
bovine serum albumin (BSA), after treatment wibi dimensions using the State$PPl mode. The two-dimen-
succinimidyl 3-(2-pyridyldithio)propionate. The peptides and sional data sets were collected with a 5000 Hz spectral width
their retro-inverso analogues were synthesized by the using 2048 data points in th&, dimension and 512
stepwise solid-phase methodology on a multichannel syn-experiments in th&; dimension. The carrier frequency was
thesizer 81) using the tert-butyloxycarbonyl (Boc) or  set on the residual water signal. In all experiments, water
9-fluorenylmethyleneoxycarbonyl (Fmoc) chemistrd3). resonance was selectively suppressed by using the WATER-
Boc- and Fmoc-protected and b-amino acid derivatives ~ GATE sequenced/). The intensity of peaks was extracted
were purchased from Neosystem (Strasbourg, France). Thérom the NOESY spectrar = 200 ms) using XEASY
(R,9-2-methylmalonic acid monobenzyl ester, obtained by software 88), and the interproton distances were calculated
alcoholysis of 2,2,5-trimethyl-1,3-dioxane-4,6-dion&2)( taking the distance of 1.78 A between the two Cy$ig
reacted with the preformed peptide chain as a racemate. Afterprotons as a reference. Distance restraints were assigned as
acid cleavage from the resin, the different peptides were strong, medium, and weak and set as intervals of-2.8,
purified by reversed-phase middle-pressure liquid chroma- 2.5-3.5, and 3.5-5.5 A.
tography, but the two RI(mA) diastereomers could not be  Molecular Dynamics Calculation€Energy minimization
separated. The final purity was greater than 90% as checkedEM) and molecular dynamics (MD) calculations were
by analytical HPLC. The peptide identity was verified by performed on an Indy Silicon Graphics workstation using
matrix-assisted laser desorption/ionization mass spectrometryDYANA-1.4 (39) and DISCOVER (Molecular Simulations
(MALDI-MS) using a protein TOF apparatus (Bruker, Inc., San Diego, CA) and the consistent-valence force field
Wissembourg, France) and gave the expected results for allCVFF @0). A distancedependent dielectric constant equal
peptides (data not shown). To gain clarityresidues are  to 4 was applied with a 16 A cutoff radius to evaluate
represented by their one-letter uppercase abbreviations whileslectrostatic interactions. To impair the structural artifacts
one-letter lowercase abbreviations are usedbfoesidues. due to overestimation of Coulomb interactions in vacuo, the
Residues are numbered in the direction of the peptide net electric charges of the ionic Arg and Glu residues were
CO—NH bond. decreased to half of their initial value, while those of the N-
Monoclonal Antipeptide Antibody and Kinetic Analysis of and C-terminal charged groups were neglected. For each
mAb Binding As previously described, the mAb 4x11 derivative, a variable set of 3%0 backbonebackbone,
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2.3 x 10° M1 (13). As RI(mA) is a mixture of two

restraints was implemented in the calculations with a force diastereomers, the affinity constant is probably an average

constant scaled to 20 kcal mélA~2 The ¢ angle for the
non-glycineL-residues was constrained betweeh75* and
0°, and inversely between°(and 175 in the case of the

value which may indicate that one of the diastereomers binds
with higher affinity to mAb than the other one.
IH NMR AnalysisThe absence of negative NOEs for the

p-residues. On the basis of the NOE connectivities which free ligand reflects both the small size of the ligand and the

are specific for g-turn sequenced), we have introduced
the R5 NH-G2 CO hydrogen bond for thepeptides and
the r5 NH-r2 CO hydrogen bond for the retranverso
peptides by constraining the-+O distance between 1.5 and
2.4 A with a force constant scaled to 10 kcal mok 2 at
the beginning of MD simulations and reduced to 2 kcal thol
A-2 at the end of the calculations. As all the main chain
atoms have a-coordinate equal to zero in the DYANA-1.4
residue library 89), the p-amino acids were introduced by
changing only the sign of the non-zex@oordinate (4 and

short correlation time. Only a few and weak negative NOEs
were observed for the 10/1 peptide/mAb molar ratio. Their
number and intensity increased with the peptide/mAb molar
ratio up to a value of 75/1 and then decreased for a value of
100/1. Moreover, only one set of NH resonances, with
chemical shifts corresponding to the free ligand, was
observed for all of the peptide/mAb ratios, even for the
lowest value (10/1). These combined results show that the
chemical exchange rate is fast compared to the cross-
relaxation rate and should correspond to a dissociation

side chain atoms). The malonic acid residues were alsoconstanKp exceeding 10° M. Actually, TR-NOEs are very

introduced into the library from the Gly or Ala residue which
was modified using MOLMOL-2.5.1 softwarel?). Two
simulation runs were performed on the RI(mA) retioverso
peptide containing either th&R)- or (§-2-methylmalonic
residue.

weak forKp values of<107® M, and are smaller than those
for the free ligand in the case of intermedidfg values
between 10° and 10 M. This observation denotes that the
NOE is transferred from the bound state to the free ligand
via chemical exchange in agreement with the theoretical

Structure calculations were performed using a simulated evaluation of the two-dimensional TR-NOESY spectra

annealing (SA) protocol which involved the exploration of

proposed by Campbell and Sykes in which the effects of

the maximum conformational space in determining the global different variables such as mixing time, fraction of bound
minimum energy conformation of the molecule. SA has been ligand, correlation time, internal motion in the free and bound
shown to be a useful procedure for the study of constrainedligand, and other contributions to spitattice relaxation rates

systems 43—45). Starting from the extended structure, we
performed the SA calculations according to a protocol
adapted from Nilges et akB), and the calculations consisted
of the following stages: (i) an initial EM of randomly

were examined4, 47). For a protein with a molecular mass

of 80 kDa, simulation predicted a fast buildup of near 5%
of the bound peptide followed by a rapid decay when the
fraction of bound peptide decreases. The interval of fraction

distributed atoms (300 steps of steepest descent, 300 stepsf bound peptide, for which the buildup of TR-NOEs and

of conjugate gradient, and 300 steps of the Newt@aphson

their maximum values should be observed, becomes more

method), (ii) 200 ps of restrained molecular dynamics at 1000 and more narrow when the size of the protein increases. Thus,

K with structure saving every 4000 iterations for 1.0 fs in

the larger the protein is, the smaller the amount of bound

each step so that a total of 50 structures were generatedligand required to achieve an intense TR-NOE is. For a very

and (iii) 5 ps of restrained molecular dynamics applied to
each structure during cooling from 1000 to 300 K in eight

high peptide/mAb ratio, the residence time of the ligand in
contact with the protein decreases till a certain threshold

stages, followed by a final EM stage (300 steps of steepestwhere it is too short for building up the TR-NOE. In the
descent, 300 steps of conjugate gradient, and 300 steps ofheoretical evaluation of the effects due to internal motions

the Newton-Raphson method).

RESULTS

mAb Affinity. The reactivity of mAb generated against
L(A) was measured in a direct ELISA format in which BSA-

on the buildup of the two-dimensional TR-NOE, Campbell
and Sykes have pointed out that the internal motions in the
free peptide contribute more to the overall relaxation of the
exchanging system than do motions in the bound peptide, a
consideration which may be overlooked given the fact that

conjugated peptides were used for coating plates. In thisit is the faster cross relaxation in the bound peptide that

ELISA format, mAb reacted equally well with botl{A)

determines the buildup rates of the TR-NO&)(

and RI(mA) peptides (OD values measured at 450 nm were The proton resonances have been assigned by a combina-

1.29 and 1.12, respectivelyl3 34). We determined the
kinetic rate and equilibrium affinity constants of the mAb
for the different peptides which were immobilized on the
chip. TheK, equilibrium affinity constant values far(A)
andL(G) were very similar, i.e., % 1® and 7x 10° M1,
respectively. It is noteworthy that the analogue H-CGGIR-
GERa-OH, called.(a), only differing fromL(A) in the
chirality of the C-terminal alanine, was not recognized by
the mAb. The latter bound more strongly to the two retro
inverso analogues, with 75- and 270-fold highgrvalues
for RI(mA) and RI(mG) than for the(A) andL(G) peptides,
respectively. We noted that the high&staffinity constant
was obtained with RI(mG), 1.2 10° M1, and approached

the K, value measured for the cognate protein histone H3,

tion of COSY, TOCSY, and NOESY experiments according
to established method4§), and the multiple Gly and Arg
residues have been sequenced on the basis of thigi Y
andoN(i,i+1) NOE connectivities. Probably because of fast
proton exchange with water, the G2 broad amide signal was
not identified for bothL-peptides. As expected, the NMR
spectrum for RI(mG) presents a single set of spin systems.
Due to the mixture of two diastereomers, the NMR spectrum
of RI(mA) is rather complicated with two sets of overlapping
spin systems (Figure 1). One set is closely similar to that
for RI(mG), and is assigned to the diastereomer that we call
Rla(mA). The second diastereomer is named RIb(mA).
The conformational differences between the parent pep-
tides and the retreinverso analogues can be qualitatively
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Ficure 1: CH—NH (top) and NH-NH (bottom) correlations in the TR-NOESY spectra for tff8) and L(G) parent peptides and for the
RI(mG) and RI(mA) retre-inverso peptides in the presence of 2% mAb 4x11 antibody @ Bnd QO (95/5, v/v) (pH 7.0 and 4C,

mixing time = 200 ms). The water signal is suppressed with the WATERGATE sequence using field gradient pulses. Distinction between
the two diastereoisomers [Rla(mA) and RIb(mA)] is delineated by the separated sequential assignment of,it#Hi@ )NNR-NOE cross-

peaks.

appreciated by considering the difference between the amide(i,i+1) and medium to intense intraresidaBl(i,i), SN(i,i),
chemical shifts, which are very sensitive to the environment, and yN(i,i) TR-NOEs. Otherof(i,i), py(i,i), and yd(i,i)

in the homologous positions (Figure 2), although the amide intraresidue TR-NOEs (not shown) probably reflect a
chemical shifts represent only an average value over manyconstrained orientation of most of the side chains in the
folded and unfolded conformations in water. The two parent complex. In Figure 3 is shown for the mAb-bound antigens
peptides.(A) and L(G) only exhibit very small differences the conventional representation for the NOE connectivities,
(Figure 2a), and the same is true iqA) and L(a) except classified according to their relative intensities. Most of the
for the modified C-terminal residue (Figure 2b). This NN(i,i+1) connectivities are visible in every four cases, but
observation seems to indicate that all three peptides havethe absence of consecutive strong NN{1) andaN(i,i+1)
quite similar conformational properties. As already men- TR-NOEs, and of weak consecutigg(i,i+3) andaN(i,i+3)
tioned, the retreinverso peptides RI(mG) and Rla(mA) TR-NOEs, allows us to exclude any helical B¢strand
exhibit quite similar NH resonance frequencies (Figure 2f) structure 44). The simultaneous occurrence of intense NN-
and therefore exhibit the same NH perturbation profile (14,R5), strongaN(G3,14), and wealkN(G3,R5) TR-NOEs
compared with the parent peptidgA), with opposed for both L(A) and L(G) indicates af-turn (G2G3I4R5
perturbations for the residues in positions G3 or G7, 14 or sequence) in the-peptides. Similarly, the strong NN-
i6, E7 or €3, and R8 or r2 on one hand, and for arginine in (G4,r5) and weak NN(e3,r5) TR-NOEs for both retro
position 5 on the other hand (Figure 2c,d). It is surprising inverso peptides RI(mG) and Rla(mA) are typical ¢f-gurn
that, at variance with Rla(mA) and RI(mG), the distribu- (r2e3G4r5 sequence). Due to partial overlapping of the NH
tion of the amide proton resonances for the RlIb(mA) isomer signals for the RI(mA) diastereomers, and also to its probable
is identical to that for the parent peptidéA) (Figure 2e). weaker mAb affinity, only very few TR-NOEs could be
Sincednn is sensitive to the NH environment, it is suggesting quantified for RlIb(mA).

that RIb(mA) andi(A) have a similar chemical environ- Three-Dimensional Structuréviolecular calculations on
ment. We therefore may infer that the diastereomers RIa-L(A) L(G), Rla(mA), and RI(mG) came up against two main
(mA) and RIb(mA), which only differ in the chirality of the  gjfficulties: (i) the CG terminus of the flexible CGG
terminal malonic residue, have quite different conformational extension as a linker to the dextran matrix in BIAcore
behaviors. experiments is not tightly recognized by the antibody and
The NH-NH and CH-NH NOESY correlations aty, = gives rise to a small number of very weak TR-NOEs, and
200 ms (Figure 1) illustrate weak to intense sequeithid (i) the Gly C*H, protons have not been stereospecifically
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assigned even when they are magnetically nonequivalent [G7
C%H, of RI(mG) and Rla(mA)] (the same holds true for the FiGURE 3: SchematiéH—H TR-NOE connectivities for the(A)

CPH. group). In these cases, a pseudoatom was created wit"dL(G) parent peptides and for the RI(mG) and Rla(mA) retro

. Inverso peptides in the presence of 2% mAb 4x11 antibody,{d H
a reduced force constant to take the corresponding NOEs,ng DO (95/5, viv). The TR-NOE intensities are classified as

into account. When we started from the extented structure, strong, medium, or weak and represented by lines with decreasing
50 structures were extracted from a 200 ps duration of thicknesses.
restrained MD at 1000 K and submitted to a cooling SA
protocol @3) as outlined in Materials and Methods. About practically the same conformational properties in the mAb-
half of them for which thep dihedral angles adopt negative bound state and appear to be composed of the rather rigid
values for theL-residues and positive values for the pllI'-folded G2G3I14R5 and extended GG6E7R8A/GY9 se-
residues have been retained. Due to the small number of TR-quences, while the G2 and G6 residues allow a local flex-
NOEs collected for the RIb(mA) stereomer, molecular ibility. Pairwise superimposition of the G2G3I4R5 backbone
simulation has not been performed in this case. The set ofatoms for the three-dimensional structures having the lowest
TR-NOE distance restraints for Rla(mA) has been indepen- energy after SA calculations corresponds to rmsd values of
dently applied to both stereomers containing tRe 6r (S)- 0.6 and 0.7 A for the.(A) andL(G) peptides, respectively.
2-methylmalonic acid residue. Figure 4 is a superposition Similarly, pairwise superimposition of the extended G6E7R8A/
of the eight modeled structures with minimum energy for G9 backbone atoms results in rmsd values of 0.7 A )
the five investigated derivatives. The central part of each andL(G).
peptide has a rather rigid conformation, whereas both N- Retro-Inverso PeptidesOnly RI(mG) and the Rla(mA)
and C-termini are much more flexible, in agreement with diastereomer gave significant and numerous TR-NOEs that
the small number of TR-NOEs collected for these regions. could be used for MD simulations. Thigand v dihedral
In Table 1 are listed the, v, and y; values (with their angles defining the turn in the r2e3G4r5 sequence (Table 1)
standard deviation) for the averaged structures calculatedare in favor of the typ€ |3-turn having the consensus values
from the structures retained for the SA process. The in- of 60° and 30 for ¢ andy, respectively, and 90and O for
creased or decreased flexibility of the segments may be¢ and vy, respectively. In the absence of configurational
appreciated from the magnitude of the estimated standardassignment of the terminal 2-methylmalonic acid residue,
deviations. the TR-NOEs for Rla(mA) have been applied to both
L-Parent PeptideThe ¢ andy dihedral angles defining  diastereomers containing either ti®-(or (9-2-methylma-
the turn in the G2G3I4R5 sequence (Table 1) closely fit the lonic acid residue. Pairwise superimposition of the r2e3G4r5i6
consensus values of 6and—130 for ¢ andy, respectively, backbone atoms for the three-dimensional structures having
and —90° and O for ¢ andy, respectively, typical for the  the lowest energy after SA calculations (Figure 4) corre-
type II' B-turn. In agreement with their quite similar NH sponds to an rmsd value of 0.3 A for both RRe) and
resonances (Figure 2a), th¢A) and L(G) peptides have  RI(mG), and 0.5 A for RI(r§-A). The RI(mG) conformation



Peptide and Retrolnverso Peptide Antigens

L (A)

L(G)

RI (mG)

mG1

RI (mR-A) RI (mS-A)

Ficure 4: Superposition of the CGGIRGE and eGriGGC sequences
of the eight lowest-energy structures for the mAb-bound IRGERA
L- and retre-inverso nonapeptides, issued from simulated annealing
and restrained MD calculations. All structures are superimposed

on the GGIR and riGG sequences having the lowest-energy structure

by least-squares fitting of the backbone atoms.

partly fits those for RI(fR-A) and RI(nS-A), but gives a
smaller rmsd for RI(rR-A) (0.5 A) than for RI(n&-A) (1.0

A). In addition, the SA simulations show a larger disorder
for the N-terminal mA residue when calculations were
performed with the&s-enantiomer (standard deviation equals
112 for they torsion angle value instead of Bbserved in
the case of theR-configuration) (Table 1). This result
suggests that the Rla(mA) stereomer, having the higher mA
affinity, probably contains theR)-2-methylmalonic acid
residue which leads to fewer restraint violations and has the
same absolute chirality as theAla residue in a retre
inverso peptide. The stereomer RIb(mA) with weaker
mAb affinity is thus assigned to RI@&A). RI(mG) and
RI(mR-A) exhibit quite similar conformational properties.

DISCUSSION

According to the results obtained by the ELISA, mAb
generated against thepeptide cross reacted equally well
with the L- and RI peptides. In contrast, BIAcore measure-
ments showed that the affinity constdftof the mAb was
75-fold higher with RI(mA) than with the homologougA)
peptide (3, 34). The lack of direct correlation between OD
values in ELISA and th&, values measured in the BlAcore

Biochemistry, Vol. 40, No. 19, 2005725

instrument may be due to the low diffusion rate in microtiter
wells, leading to fast antibody reassociation and very low
apparent rates of dissociatiod? 49, 50). The different
microenvironments of the peptides either in the dextran layer
of the sensor chip or as BSA conjugates coated on the plastic
surface of the ELISA plate might also be responsible for
the observed differences. In the BIAcore system, the peptide
is immobilized on the sensor chip while the antibody
preparation is injected at a constant flow rate over the course
of 7 min. The equilibrium affinity constants determined in
these conditions can be very different from those measured
in the TR-NOE experiments when the ligand is in solution
and in a large excess with reference to the mAb. Khe
values measured in the BlAcore instrument are around
10 7=10"° M. The binding affinity constants measured by
TR-NOESY and in the BIAcore system thus differ 3—5
orders of magnitude. The NMR and BlAcore binding affinity
measurement scales are not quantitatively comparable. Ac-
cording to the BlAcore affinity magnitudes, no signal should
be observed in TR-NOESY experiments. It is notable, on
the other hand, that no TR-NOE effect was observed for the
p-Ala9 analogue, which is not recognized by the mAb. The
fact that the TR-NOE effects observed for the other antigens
are the result of some secondary weak binding site thus has
to be discarded. Despite the discrepancy between the NMR
and BlAcore results, the conformational results, as issued
from our NMR and MD simulation, are qualitatively coherent
and consistent with ELISA and BlAcore results.

The antibody-bound structure determination by SA simu-
lations from TR-NOESY experiments reveals that the folding
modes of the - and retro-inverso peptide antigens are quite
different. TheL-peptides exhibit two regions with a defined
structure: agll’-folded GGIR sequence and an extended
GERA sequence, connected by a glycine residue allowing a
local flexibility. It is remarkable that thgll’-turn involves
the CGG extension introduced as a linker into the liposomes,
or into the sensor chip in BIAcore experiments. On the
contrary, the retreinverso peptides exhibit@’-folded reGr
sequence, topologically equivalent tggkfolded sequence
in the homologous-peptide, which is located in the central
part of the antigenic sequence. Among the different structures
assumed by antibody-bound peptides, théurn is an
important structural motif for antibody recognitioBl( 52).

We may infer that, in the BIAcore experiments, the turn in
the L-peptide antigens is close to the dextran chip, and

btherefore probably less accessible to the circulating antibody

than the turn in the retreinverso analogues. Furthermore,
the turn in the retrerinverso peptides is an intrinsic property
of the antigenic sequence, whereas that in ithmeptides
depends on the nature of the linker. In histone H3, the
IRGERA sequence is preceded by ARR, and the chirality
of RRIR is probably not compatible with the type B-turn
assumed by GGIR5Q). The fact that the same antibody is
capable of recognizing different conformations illustrates the
flexibility of the antibody in induced fit antigenantibody
association. However, we have no experimental information
about the respective disposition of theeptide or retre-
inverso peptide and the antibody binding site.

In a previous study on antibodies raised against histone
H3 or the IRGERA peptide, it was noted that the substitution
of the p-enantiomer for either E7, R8, or A9 drastically
altered the antigenicity of the modified resulting analogues.
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Table 1: Average, v, andy: Values (Degrees) of All the Retained SA Structures forithand RI Nonapeptides in the Presence of the
mAb 4x11 Antibody

residue torsion angle L(A) L(G) RI(mG) RI(MR-A) RI(MSA)
ClorC9 @ 113+ 64 100+ 62 126+ 31
Y 117+ 73 116+ 52
1 168+ 82 —99+ 76 178+ 46 161+ 92 168+ 91
G2orG8 @ —174+ 81 —172+ 28 173+ 13 —133492 —164+ 77
P —56+ 95 —148+ 73 524 101 106+ 104 115+ 84
G3orG7 @ 69+ 10 74+ 10 —874 72 —127+ 78 —162+ 64
P —130+ 30 -101+17 21432 —694 105 —704+ 103
14 or i6 ¢ —90+ 32 -97+32 91+ 13 99+ 34 924 22
P 6+ 23 —-3+17 44+ 70 —12+ 67 —19+ 60
11 105+ 78 175+ 94 794 77 —884 95 554 99
R5or 15 @ —157+5 —154+ 4 14545 135+ 8 1294 20
Y 154+ 78 101+ 57 -91+8 —86+3 —704+ 60
11 —1724+ 66 —130+ 89 152+ 80 123+ 57 137+ 56
G6 or G4 @ —117+ 38 151+ 86 81+ 4 82+ 3 7947
Y 77+ 16 157+ 73 1847 18+5 15+ 9
E7 ore3 @ —159+ 2 —157+2 50+5 51+2 53+ 4
Y 132+ 83 115+ 92 42+ 4 4144 4144
11 164+ 65 —171+52 153+ 95 —105+ 99 113+ 105
R8 or r2 @ —158+ 4 —156+ 3 86+ 31 105+ 15 96+ 6
Y 95+ 70 94+ 51 724 34 -93+6 —744 14
11 130+ 93 —149+ 46 123+ 55 96+ 58 166+ 89
A9 or G9/mA1l or mG1 ¢ —178+ 69 175+ 68
Y —110+5 —714112
1 164+ 82 117+ 65 63+ 91
Therefore, the C-terminal E7, R8, and A9 residues are strictly R8/r2 R8/r2
required for mAb recognition. On the contrary, replacement
of R5 withL-lysine orp-alanine was found to change neither  gg/ga G6/G4
the antigenic nor immunogenic properties of the resulting
peptides 84). Pairwise superimposition of the extended AYmR-A1 AY/mR-Al

G6E7R8A9 backbone atoms ir{A) for the three-dimen-

sional structure having the lowest energy after SA calcula- E7/e3 E7/e3
tions with those of the G4e3raReAl sequence in RI(IR-

A) shows that the side chains for each couple of the three
essential E7 or €3, R8 or r2, and A9 oRM1 residues are
similarly orientated with respect to the backbone (Figure 5).
Figure 5 also shows that the Glu and Arg side chains are
less flexible in RI(nR-A) than in the L(A) parent peptide, a
feature which is probably related to the fact that RR#)

is significantly tightly recognized compared to theeptide

by the antibody. This observation, together with the fact that E7
the antiger-antibody interaction accommodates an inversion
of the amide link, would suggest that the side chains of the FIGURE 5: Comparison between the best lowest SA three-

antigen are more directly involved in the mAb contact than dimensional structure of the GERA sequence ofitipeptide with
the peptide backbone atoms that of the GerrR-A sequence of the retreéinverso peptide.

Stereoview showing that the side chain of a given residue (E7 or
e3, R8 or r2, and A9 or R-Al) is pointing to the same direction
FINAL COMMENTS when comparing the mAb-bound structureL¢f) and RI(mR-A)
(top). Because the peptide bonds were inverted, only that@ns
In this study, we have shown that tfigurn behaves asa  were taken into consideration for superposition. Superposition of

secondary structural template allowing adequate presentatiorsix lowest-energy structures for the 689 sequence in(A) and
of the essential side chains to the antibody binding site. the MR-A1—G4 sequence in Rlaf@A) (bottom). For both
Indeed. tha - and retre-inverso IRGERA pebtides. recoa- stereoviews, the backbone skeleton is depicted with thin lines and
h ’ : pep e g side chains are depicted with thick lines.
nized by the same monoclonal antibody, form two distinct
B-turns of different types, which involve two distinct regions  On the other hand, SA simulations have shown that the side
of the antigenic peptides. Thepeptides do present a type chain for each of the three essential Glu7 (glu3), Arg8 (arg2),
II" B-turn at the N-terminus, but this region contains the CGG and Ala9 (nR-Alal) residues has the same orientation in
linker and could be not essential to antibody recognition in both theL- and retre-inverso peptides with respect to the
this case. On the contrary, the folded typgiturn in the backbone. This observation could explain why the retro
retro—inverso analogue concerns the four central epitope inverso peptides are more tightly recognized than their
residues, and the equilibrium affinity constaqtmeasured respective parentpeptides. Finally, SA simulations suggest
for the RI(mG) analogue approaches that for the intact that the R)-2-methylmalonic acid that mimics the-Ala
histone H3. The retreinverso peptides are thus able to N-terminal residue should be assigned to Rla(mA) which is
mimic favorably the antigenic site in the complete protein. the diastereomer having the high&stvalue.

L{A) Rla(mR-A)

r2
G4

mR-Al
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