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ABSTRACT. We have prepared glycosylated analogues of the principal neutralizing determinant of gp120
and studied their conformations by NMR and circular dichroism spectroscopies. The 24-residue peptide
from the HIV-1,5 isolate (residues 368331) designated RP135, which contains the immunodominant

tip of the V3 loop, was glycosylated with both N- and O-linked sugars. The structures of two glycopeptides,
one with an N-linked3-glucosamine (RP13%) and the other with two O-linked-galactosamine units
(RP135%iga), were studied by NMR and circular dichroism spectroscopies. Molecular dynamics calculations
based on the NMR data obtained in water solutions were performed to explore the conformational substates
sampled by the glycopeptides. The data showed that covalently linking a carbohydrate to the peptide has
a major effect on the local conformation and imparts additional minor changes at more distant sites of
partially defined secondary structure. In particular, the trangieégpe turn comprised of the -Gly-Pro-
Gly-Arg- segment at the “tip” of the V3 loop is more highly populated in RR{35han in the native
peptide and N-linked analogue. Binding data for the glycopeptides with, @.3nonoclonal antibody
mapped to the RP135 sequence, revealed a significant enhancement in binding fas@R$wmpared

with the native peptide, whereas binding was reduced for the N-linked glycopeptide. These data show
that glycosylation of V3 loop peptides can affect their conformations as well as their interactions with
antibodies. The design of more ordered and biologically relevant conformations of immunogenic regions
from gp120 may aid in the design of more effective immunogens for HIV-1 vaccine development.

The envelope glycoprotein of HIVilis the 160 kDa  V5) domains that make up the gp120 polypeptide is V3. This
product of theerw gene which is cleaved into two non- disulfide-bridged loop of ca. 35 amino acids affects both viral
covalently associated subunits of 120 and 41 kDa (gp120 tropism and syncytia formation (Hwang et al., 1991) and is
and gp41). gp120 binds to the CD4 molecule expressed ona critical determinant of viral fusion (Page et al., 1992). In

T-cells whereas gp41 mediates fusion of the virus to the cell addition, antibodies to several epitopes within the V3 loop
membrane of the infected host cell. A high-resolution, three- from different viral strains possess neutralizing activity

dimensional conformational assignment of native gp120 has (Ropert-Guroff, 1990; Gorny et al., 1993). One of these
eluded structural biologists due to the size and complexity gntibodies designated @5which was raised to HIV-ls

of the protein. This information is vital for understanding jnfected cells, mapped to a 24-residue sequence in the center
the role played by different gp120 domains during attachment of the loop and was shown to prevent viral fusion and

and infection of T-cells or macrophages. - : ; :
syncytia formation (Rusche et al., 1988). This peptide,

_ Although the full-length structure has not been solved, denoted RP135, spans residues 3%nGly33! in the 11IB

individual segments of the molecule have been synthesized.

. isolate of HIV-1. This area of the V3 loop has been referred
and studied by X-ray crystallography and CD and NMR L . i
spectroscopies. One of the most widely studied segmentstO as the principal neutralizing determinant (PND). The

among the group of conserved (EC5) and variable (Vi center of this domain cpnta?ns the h'ighly conservgd segment
-Gly-Pro-Gly-Arg- which is considered the “immuno-
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® Abstract published i\dvance ACS Abstract#ugust 15, 1997. to PND sequences (de Lorimer et al., 1994; Vu et al., 1996)
1 Abbreviations: HIV-1, human immunodeficiency virus type 1; ' ' y '

AIDS, acquired immunodeficiency syndrome; NOE, nuclear Overhauser 8nd Sma"_' cyclic V3 peptides (Tolman et al., 1993), have
enhancement; dNM, deoxynorjirimycin; TFE, trifluoroethanol; mAbs, been studied by NMR spectroscopy. The consensus of these

monoclonal antibodies; PBS, phosphate-buffered saline; HBTuH2-(1  stydies was that the -Glv-Pro-Glv-Arg- seament forms a
benzotriazol-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate; HOBt Y y-AIg 9

1-hydroxybenzotriazole; DIEA, diisopropylethylamine; Pmc, 2,2,5,7,8-7 tran;ient@-type turn (primarily type I) which Was previously
pentamethylchroman-6-sulfonyl; BO&rt-butyloxycarbonyl. predicted from secondary structure analysis of a panel of
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245 PND sequences (La Rosa et al., 1990). In addition, the RP135,,
complex structures of two different antibodies bound to RPI35, on oH
peptide fragments from HIVqJy have been solved by X-ray oH R = %
crystallography (Rini et al., 1993; Ghiara et al., 1994). The ¥ =, 0 R

H

study by Rini et al. showed that a synthetic peptide fragment O pon
adopted ag-strand-type II—p-turn conformation when

bound to the Fab fragment of the isolate-specifc mAb 50.1,

whereas Ghiara et al. found an unexpected additional turn

for the -Gly-Arg-Ala-Phe- sequence in the complex between

a 24-residue peptide and the Fab fragment of another broadly
neutralizing antibody, 59.1. The RP135 sequence was also

studied by NMR in water and TFE solutions (2vi et al., 1992)

and in the presence of an Fab fragment off0(Bvi et al.,

1995a). In water, it was found to sample a random set of

conform_atlons although th? conserv,@diurr_l was observeq 18 V3 loop segment RP135 is shown with the crest of the loop
along with a nascent helical structure in the C-terminal (-Gly-Pro-Gly-Arg-) at the apex of the sequence. Residue§-Arg

domain (Zvi et al., 1992). In a subsequent study, a model Lys?2 constitute the P18 sequence (see text). Glycosylation sites
was proposed for the interaction of the peptide with th¢g0.5 are labeled.

antibody, whereby at least 12 residues contacted the antibody ) )

surface with the -Gly-Pro-Gly-Arg- crest at the center of this ~ Hence, carbohydrate epitopes, particularly GalNAc, may
segment (Zvi et al., 1995a,b). These and other studiesServe as alternative targets in the design of protective
(Ivanoff et al., 1991) confirmed that the integrity of this vaccines against the immunocompromising effects of HIV

segment is a critical determinant for the infective properties infection.  Furthermore, since specific sugar epitopes may
of the virus. tend to be more broadly expressed among different isolates,

A major impediment to structural studies of the intact IMmunization with a cocktail combining carbohydrate,
protein is the complex and heterogeneous glycosylation PePtide, and/or glycopeptide constructs could produce anti-
pattern of gp120, where N-linked, complex and high- bod_les Wlth the pptentlal of being actlv_e _agalnst a wide
mannose carbohydrate chains (Feizi, 1989; Leonard, 1990)var|ety of viral _stralns. However, only_ a limited number of
along with a small number of O-linked glycans (Bernstein Structural studies have been done with gp120-derived gly-
et al., 1993) comprise approximately 50% of the molecular copeptides (Laczko et al., 1992; Vuljanic et al., 1996;
weight of the protein. The structures and functions of the Markert et al., 1996). _ o
individual N-linked glycan chains of gp120 have been studied Encouraged by our previous finding of the effects that
extensively and found to be associated with biological Simple O-glycosylation had on the structure and biological
properties specific for this protein (Fenouillet & Jones, 1996; activity of a smaller peptide containing the tip of the V3
Benjouad et al., 1994; Fenouillet et al., 1990). Gruters et 100P (Huang et al., 1996), we have now synthesized and
al. (1987) had shown that treatment of HIV-infected cultured Studied the structures of glycosylated analogues of RP135
lymphocytes with inhibitors of glucose-trimming enzymes and compa_red these to the conformations proposed fqr the
(castanospermine, dNM) caused a loss of the cytopathogenid'@ked peptide sequence. The RP135 sequence contains the
effects of virus on these cells. Completely deglycosylated Only N-linked glycosylation triplet (NXT/S, where X any
protein retains its ability to bind and infect CD& -cells, amino acid except proline or aspartic acid, X§rsee Figure
but the relative infectivity was reduced compared to the 1) located in the confines of the V3 loop itself, along with
glycosylated form (Fenouillet et al., 1989). While N-linked three potential O-linked sites (THf, Sef', and Th#29). We
sugars are not an absolute requirement for the interaction of?@ve used the core sugar which is directly attached to the
gp120 with its cellular receptor on T-lymphocytes, the intact PePtide backbone in natural glycoproteins, iglucos-
repertoire of glycans seems to be necessary for the creatiorfMine (GIcNAc) andx-galactosamine (GalNAc) for the N-
of the functional disposition of the protein (Fenouillet & 2and O-linked glycopeptides, respectively, in the synthesis
Jones, 1996) and for protecting the polypeptide from of glycosyl_ated ana!ogues of RP135 (Figure 1). The solution
denaturation (Papandreou et al., 1996). The role of O-linked conformation of a digalactosylated analogue (RRig35vas
sugars is, as of yet, not clearly understood. However, gp1203hown to be significantly different from t_hat of the un-
carbohydrates have a powerful effect on the antigenicity of 9lycosylated RP135 or ®-glycosylated peptide (RP1g§),
the protein. Monoclonal antibodies that neutralize virus have Particularly in the population of the turn structure surrounding
been shown to be dependent on the presence of particulafn® -Gly-Pro-Gly-Arg- crest. In addition, the RP13s
N-linked sites within the protein (Trkola et al., 1996; Warrier construct bound to the g35antibody with a higher affinity
et al., 1994). A more intriguing discovery was that mAbs than the unglycosylated sequence. This suggests that gly-
to particular sugar structures present on either N- and cosylation affects both the conformation and the biological
O-linked sites have been shown to inhibit viral infection of &activity ofimmunologically significant peptides from the V3
various human T-cell lines (Hansen et al., 1990, 1991). In "€gion of gp120.
particular, antibodies to the Tn structurbl-§cetylgalac-
tosaminee-Ser/Thr), an O-linked tumor-associated antigen MATERIALS AND METHODS
expressed on primary and subtype carcinomas but rare in Peptides. Peptides were synthesized by solid-phase syn-
normal tissue, were found to neutralize virus and block fusion thesis using Fastmoc technology (HBTU, HOBt, and DIEA
of HIV-infected cells with uninfected cells of both the for activation) on an ABI 433A peptide synthesizer employ-
lymphocytic and monocytoid origin (Hansen et al., 1990). ing N-methylpyrrolidone as the washing solvent or manually

R

NI-G*=RP135

RE-K2 = P18,,,,

Ficure 1: Structures of RP135, RP1@a, and RP13ks. HIV-
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on PAL resin (Bachem). Protecting groups were as fol- length was 14.7%s. Processing was performed on the X32
lows: arginine, Pmc; serine and threoninerst-butyl; as- computer using shifted sine-bell apodization in both dimen-
paragine and glutamine, trityl; lysine, Bod\*-FmociN’- sions for the NOE data. All 2D spectra were baseline
(2-acetamido-2-deoxy-3,4,6-td-acetyl-p-glucospyranosyl)- corrected with a polynomial of order 3 in bolh andF».
L-asparagine andN*-FmocO-j3-(2-acetamido-2-deoxy-3,4,6- The data were transferred to a Silicon Graphics workstation
tri-O-acetyl-p-galactopyranosyl)-threonine were purchased where peak picking and calculation of peak volumes were
from Oxford Glycosystems, and*-Fmoc-O-3-(2-acetamido- done with NMRCOMPASS (Molecular Simulations Inc.).
2-deoxy-3,4,6-trio-acetyl{3-p-galactopyranosyl)-serine was NOESY peak volumes were calculated from the spectrum
synthesized by a slight modification of a previously described collected with a 250 ms mixing time and were divided into
route (Lining et al., 1989). These glycosylated amino acids three groups of strong (1=8.0 A), medium (1.9-4.0 A),
were incorporated into the peptides manually during the and weak (1.95.0 A), respectively. The temperature
solid-phase synthesis. Coupling steps in the manual synthesigoefficients of the amide protons were studied by collecting
were run under similar activation conditions as those for the TOCSY spectra at seven different temperatures between 5
automated runs, specifically, 1.0 mL of 0.5 M HBTU, 0.5 and 35°C in 5° increments and are reported in ppb/K.
mL of 1.0 M HOBt (solutions in DMF), and 0.091 mL of Molecular Modeling and Structure Calculatiandodel
DIEA, plus 10 equiv of Fmoc-protected amino acids. building and molecular dynamics simulations were performed
Cleavage of the peptides from the resin was performed with on an SGI Indigo workstation in the context of the QUANTA
a mixture of trifluoroacetic acid/thioanisole/water/ethanedi- molecular modeling package (version 4.1, Molecular Simula-
thiol (10:0.5:0.5:0.25) for 2 h. The peptides were precipitated tions, Inc.). The CHARMmM force field (Brooks et al., 1983,
in ether, filtered, and purified by reverse-phase (C18) HPLC version 23) was used for all calculations coupled either with
using a gradient of acetonitrile/water each containing 0.05% QUANTA or with a stand-alone version on a DEC Alpha-
TFA. The acetate protecting groups on the sugar were Server 2100 (Digital Equipment Corp., Marlboro, MA).
removed by brief treatment with freshly prepared 1 M Carbohydrate parameters were taken from the POLY-
NaOMe in methanol at C. The products were repurified SACCHARIDE.RTF residue topology file in CHARMm.
by C18 HPLC, affording pure glycosylated peptides as Sugar residues were linked to the peptide backbone by a
judged by FAB MS and NMR spectroscopy. PATCH command in QUANTA. Energy minimization was
Circular Dichroism Spectroscopy and FAB Mass Spec- typically computed until convergence (defined as an energy
trometry. CD spectra were recorded at room temperature gradient of 0.001 kcal mot A1), using the adopted basis
in the wavelength range 19@260 nm, on a JASCO Model Newton Raphson (ABNR) algorithm as implemented in
J-500A/DP501N spectropolarimeter, in Hellma QH cells with  CHARMm. Molecular dynamics simulations were carried
a path length of 1 mm. Peptide concentrations wergM5 out on structures eithén vacuousing a distance-dependent
in 10 mM phosphate buffer (pH 4.8 and 7.0), TFE, or TFE/ dielectric constantl¥ = r) or in a system hydrated with a
buffer mixtures. The instrument was calibrated using an 10 A sphere of preequilibrated water molecules. A shifted
agueous solution (60 mg/100 mL) of ammoniunR{—)- potential was used to a distance of 12 A with a nonbonded
10-camphorsulfonic acid (Aldrich Chemical Co.) using a 1 cutoff of 14 A. The nonbonded lists were updated every 25
cm path length cell (negative maximum at 290.5 nm with steps of dynamics. A typical dynamics run was carried out
an amplitude of—190.4 mdeg, [Qbos = —7910 deg by first heating the system from 0 to 300 K over 10 ps with
cn?-dmolt). Mass spectra were recorded on a Finnegan a time step of 0.001 ps. The system was then equilibrated
MAT SSQ 7000 electrospray ionization mass spectrometer.for 20 ps and a constant-temperature dynamics simulation
NMR Spectroscopy Peptide samples were 6.7 mM was then performed for 100 ps. The simulation trajectory
dissolved in either 90% ¥/10% B0, pure RO, or a was recorded every 1 ps and subsequently analyzed to
mixture of 60% TFE/HO. All spectra were recorded on a determine the behavior of the molecule. A SHAKE algo-
Bruker AMX500 spectrometer at 5, 10, and 26. The rithm was used to constrain bonds to hydrogen to within
temperature was controlled by a Eurotherm control unit 108 A.
interfaced to a Bruker X32 computer. The pHs of the  The restrained MD simulations were also carried out with
aqueous samples were adjusted to 4.8 with 10 mM phosphatea similar protocol as above, where the energy term for the
buffer. The RP13gk.. sample was also run at pH 2.9. DQF- distance restraints was added to the total potential energy of
COSY (Rance et al., 1983), TOCSY (Bax & Davis, 1985), the system as a harmonic potential function. An iterative
ROESY (Bothner-By et al., 1985), and NOESY (Macura & process was applied where additional NOEs were assigned
Ernst, 1980) experiments were acquired with standard pulsefrom partially overlapped regions of the spectra based on
sequences, and the water signal was suppressed by lowthe models generated from the simulations in water with
power presaturation during the relaxation delay and during unambiguous restraints. The best structures with lowest
the mixing time in the NOE experiments. TOCSY experi- violation from this stage of the calculations were again
ments were generally recorded with 2K data points and 32 energy minimized and subjected to restrained dynamic
64 scans pertvalue while the NOE experiments were 64 simulations at 278 K for 100 ps. The conformations with
scans per increment. The sweep width was 5050 Hz in eachlowest violation and lowest energy were extracted on the
dimension for the homonuclear experiments. Mixing times basis of analyzing the final simulation trajectories.
of 250, 350, 400, and 600 ms were employed for the NOESY  Antibody Binding ELISAs Details of this procedure are
experiments and 350 ms for the ROESY data with a spin described elsewhere (Garrity et al., 1997). Briefly, Dynatec
lock field of 2.5 kHz. 'TH—3C HMQC (Bax et al., 1983)  Immulon Il 96-well ELISA plates were precoated with 100
spectra were recorded using a BIRD pulse to suppressuL of a 1 mg/mL solution of peptides RP135, RPg% or
magnetization of protons bound t#C. The sweep width  RP13%g in 1 x Dulbecco’s PBS without Cagbr MgCl,
in the carbon dimension was 175 ppm, and'#@&90° pulse and incubated at 4C overnight. Plates were washed three
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Ficure 2: Circular dichroism spectra of RP135 (A), RP43h(B), and RP13ke (C) in 10 mM phosphate buffer, 50% TFEM, and
100% TFE. Panel D shows the overlay of the buffer spectra of the three peptides.

times with 0.05% Tween 20 in sterile water to remove free coil). Curiously, RP13&. exhibits the strongest negative
peptide and blocked against nonspecific binding by incuba- band at 197 nm, indicative of a smaller proportion of
tion with 200 mL of 1% BSA for 30 min at 37C. After secondary structure than RP135 and RR&33However, it
washing, 2-fold dilutions starting at 1:25 of 120 mg/mL has been shown that spectra of this type may contain high
primary 0.5 mAb in PBS were allowed to bind fdl h at percentages ¢g#-turn (Johnson, 1988). As of yet, there are
37°C. Plates were washed three times and blocked againsio established rules which explain the effect glycosylation
nonspecific binding by incubation with 200 mL of 10% sheep has on the shape of the CD curves of peptides. Although
serum and 1% BSA solution for 30 min at 3C. After the NMR structure of RP13j. seems to be more well
washing, 100 mL of a 1:1000 dilution of secondary sheep ordered than its unglycosylated counterpaitli€ infra), a
anti-mouse IgGHRP was added to the plate, and the quantitative interpretation of the CD spectrum must await
mixture was incubated at 3T for 1 h. After washing, color  detailed analyses of the dichroic properties of various
development was performed usingphenylenediamine di-  carbohydrates in the context of specific peptide sequences.

hydrochloride substrate, and optical densities were deter- gy ctural Characterization of Glycopeptides by NMR

mined at 492 nm by a Dupont Vmax plate reader. Spectroscopy. NMR spectra of peptides RP1@5 and
RP135%iga Were collected at various conditions. Resonance
RESULTS assignments were made by established sequential strategy

methods (Wthrich, 1986). Assignment of the sugars was
straightfoward, starting with the well-resolved anomeric

Dichroism The CD spectra of the compounds used in the protons which resonate downfield of the water peak (Vliegen-

study are shown in Figure 2. A comparison of the spectra Nart et al., 1983).

collected in varying amounts of 10 mM phosphate and TFE  (A) Conformations in WaterA list of the chemical shifts
(panels A-C) are shown for each peptide along with an of RP13%¢ and RP13gg, is supplied in Tables 1 and 2,
overlay of the traces of RP135, RPAi35and RP13gy4 in respectively. Figure 3 summarizes the NOEs observed in
100% buffer (panel D). The shapes of the curves for all water solution for the N-glycosylated and digalactosylated
three of the peptides are generally similar whereas the peptides. In general, the peptides seem to be unordered in
absolute values of the molar ellipticities vary slightly among solution as was observed previously for RP135 (2vi et al.,
the analogues. Acquisition of additional secondary structure 1992). However, glycosylation does have a decided effect
is evident in each peptide with an increase in solvent on the structure and properties of these peptides. Relatively
lipophilicity (panels A-C). In panel D, the traces are severe overlap of amide resonances was observed for each
reminiscent of those observed in denatured proteins (randomglycopeptide (Figures 4 and 5). However, the spectra of

Structural Characterization of Glycopeptides by Circular
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Table 1: 'H Chemical Shifts of RP13f in H,O (pH = 4.8) at 5°C

residue NH oH pH yH others

Asn-1 4.347 2.984, 2.905 yNH 8.949

Asn-2 8.998 4.841 2.865, 2.786 yNH, 7.049, 7.750

Thr-3 8.450 4.288 4.209 1.185

Arg-4 8.544 4.308 1.847,1.800 1.672 O0CH, 3.194; NH 7.246

Lys-5 8.553 4.308 1.804,1.734 1.437 OCH, 1.662;¢CH, 2.975;eNH3~ 7.606

Ser-6 8.500 4.446 3.814

lle-7 8.386 4.189 1.838 1.442,1.166 yCH3 0.889;0CH; 0.869

Arg-8 8.539 4.367 1.758, 1.620 1.521 0CH,3.171; NH 7.246

lle-9 8.475 4.130 1.798 1.462,1.166 yCH; 0.875;0CH; 0.850

GIn-10 8.697 4.347 2.035, 1.936 2.312 O0NH 6.970, 7.645

Arg-11 8.648 4.387 1.837,1.748 1.640 O0CH, 3.171; NH 7.246

Gly-12 8.475 4.140, 4.070

Pro-13 4.426 2.270,1.984 2.031 0CH, 3.631

Gly-14 8.653 3.932

Arg-15 8.278 4.268 1.787,1.700 1.561 0CH, 3.161; NH 7.220

Ala-16 8.426 4.249 1.284

Phe-17 8.352 4.604 3.063, 3.004 (2,6)H 7.215; 4H 7.295; (3,5)H 7.330

Val-18 8.193 4.130 1.956 0.889

Thr-19 8.430 4.327 4.110 1.195

lle-20 8.440 4.149 1.838 1.482,1.186 yCHz 0.909;0CHj; 0.850

Gly-21 8.613 3.913

Lys-22 8.278 4.328 1.804,1.734 1.373 O0CH, 1.662;¢CH, 2.978;eNHz" 7.606

lle-23 8.480 4.209 1.838 1.580, 1.185 yCHs 0.908;0CH; 0.850

Gly-24 8.294 3.779, 3.689

N-NAG 8.347 1H 5.058 2H 3.813 3H 3.596 4H 3.497; 5H 3.525; 6H 3.767; CQIC#96
Table 2: *H Chemical Shifts of RP13§. in HO (pH = 4.8) at 5°C

residue NH oH pH yH others

Asn-1 4.339 2.975

Asn-2 8.992 4.865 2.876, 2.797 yNH, 7.046, 7.738

Thr-3 8.405 4.280 4.220 1.197

Arg-4 8.506 4.319 1.790, 1.651 1.513 0CH, 3.193; NH 7.268

Lys-5 8.503 4.304 1.792,1.750 1.434 OCH; 1.679;¢CH, 2.975;eNH3" 7.608

Ser*-6 8.709 4.615 3.884, 3.726

lle-7 8.516 4.22 1.826 1.454,1.156 yCH; 0.881;0CH;3 0.843

Arg-8 8.604 4.367 1.730, 1.612 1.513 0CH, 3.183; NH 7.268

lle-9 8.521 4.102 1.806 1.485,1.177 yCH;0.861;0CH;0.836

GIn-10 8.697 4.359 2.046, 1.948 2.323 ONH, 6.967, 7.659

Arg-11 8.656 4.378 1.849, 1.750 1.631 0CH, 3.173; NH 7.248

Gly-12 8.501 4.147, 4.042

Pro-13 4.438 2.264,1.987 2.030 O0CH, 3.627

Gly-14 8.634 3.924

Arg-15 8.289 4.280 1.770, 1.691 1.552 O0CH, 3.153; NH 7.213

Ala-16 8.422 4.260 1.296

Phe-17 8.331 4.635 3.094, 3.015 (2,6)H 7.235; 4H 7.286; (3,5)H 7.325

Val-18 8.210 4.260 1.987 0.920

Thr*-19 8.733 4576 4.260 1.256

lle-20 8.447 4.145 1.834 1.488,1.206 yCH;30.940;0CH;0.876

Gly-21 8.560 4.003, 3.756

Lys-22 8.439 4.299 1.750, 1.792 1.417 OCH; 1.679;eCH, 2.975;eNH3" 7.608

lle-23 8.447 4.141 1.860 1.510,1.217 yCH;30.919;0CH;0.874

Gly-24 8.772 3.957, 3.865

S-NAG 8.057 1H 4.853 2H 4.141 3H 3.805 4H 3.904; 5H 3.817; 6H 3.727, 3.728; GROR7

T-NAG 7.850 1H4.774 2H 4.062 3H 3.845 4H 3.944,; 5H 4.019; 6H 3.785; CE£XCB607

RP13%iga (Figure 4) were more resolved than the RRJ35

of Gly*? and the H protons of Pré& indicated that the Gy
Pro bond in both glycopeptides was in ttians configura-

tion.

Although a large number ofinn(i, i + 1) and strong

of dun(i, i + 3) ordags(i, i + 3) or longer range noncontiguous

any preference for ordered helicessheet motifs under
these conditions. Bottn(i, i + 1) and dn(i, i + 1) NOEs

are expected for peptides fluctuating between different
peptide (Figure 5), suggesting that the diglycosylated struc- backbone conformations (Dyson & Wright, 1991). Whereas
ture is more ordered in solution than the N-terminal glyco- the peptides show no strong preference for known secondary
sylated peptide. Sequential NOE connectivities betwegn H structural folds, the propensity to formpatype turn around

the conserved -GPGR- crest of the V3 loop was evident in

both peptides.

At 5°C both RP13Re and RP13§ga

displayed characteristic NOEs around these residues, indica-
tive of aS-type Il turn [strongdun(i, | + 1) between Gl
consecutived,n(i, i + 1) correlations were observed through- and Ardg®, strongdun(i, i + 1) between Prg and Gly*4, and

out the sequences of both peptides, there was no evidenceveak dyn(i, i + 2) correlations between Pfoand Arg®
(Figures 4 and 5)]. A very weak interaction between'fro
NOEs. These results indicate that the peptides do not showH; and GIy¥*NH suggested that a small population of a
reverse turn of type | was also present in solution. These
results are consistent with previous data on the NMR
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Ficure 3: Schematic representation of the NOEs observed for the
glycopeptides RP13j. and RP13Rke. The thickness of the bars
indicates the intensity of the correlation.
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FiIGurRe 4. NOESY spectrum (300 ms mixing time) of the
fingerprint and NH-NH regions of RP13&ya (A and B). Relevant
peaks are labeled. Tid-acetylgalactosamine units are abbreviated
NAG.

structures of V3 loop peptides. Most intriguing was the
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Ficure 5: NOESY spectrum (300 ms mixing time) of the
fingerprint and NH-NH regions of RP13%. Relevant peaks are
labeled. TheN-acetylglucosamine unit is abbreviated NAG.

peptide. Comparison of the data observed for RRg3bith

the 15-residue, galactosylated &8 peptide (Figure 1)
we studied previously (Huang et al., 1996) shows that under
identical conditions, the correlations are stronger in the longer
sequence evident by stronggk(i, i + 2) NOE interactions
between Pr& and Gly** which may argue that flanking the
turn with O-glycosylation sites has a somewhat “additive”
effect on the dispostion of the turn in solution. The details
of the NMR structural evaluation around -Gly-Pro-Gly-Arg-
for the RP13R)s sequence confirmed that the turn was only
observed at 3C.

(B) Temperature CoefficientsAmide temperature coef-
ficients were studied by collecting a series of TOCSY
experiments at different temperatures (see Materials and
Methods). Values of 7410.4 ppb/K were observed for
RP13%¢ and 7.0-13.3 ppb/K for RP13&,., indicating that
no definitive hydrogen bonds or solvent-shielded amide

behavior of the two peptides as the temperature was raisedresonances are present under the experimental conditions.

to 10°C. The diagnosti@.n(i, i + 2) NOE for the -Gly-
Pro-Gly-Arg- turn in RP13&s disappeared but was still
evident by careful analysis of RP13&. Since characteristic
peaks for a type lI-turn in previous NMR studies of
different V3 loop peptides (Vranken et al., 1996; Chan-
drasekhar et al., 1991; de Lorimer et al., 1994; Vu et al.,
1996) including the unglycosylated RP135 (Zvi et al, 1992)
were observed only at®, our results confirm the stabilizing

These large values are surprising in light of the fact that the
turn structure in the -Gly-Pro-Gly-Arg- crest seems to be
populated in this medium. There is evidence, however, that
the presence of reverse turns is not always contingent on a
defined hydrogen bond between tile residue CO and the
amide ofi + 3 (Rose et al., 1985). Relative to the rest of
the sequence, the residues exhibiting the smallest coefficients
were Ard® and Val®, whose values were 7.75, 7.55 and 7.00,

effect of the sugar moities on the secondary structure of the7.13 for RP13ks and RP13gga, respectively.
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A Table 3: Peptide N-Acetylgalactosamine (NAG) NOEs from
o2 RP13%igal
' NAG H2 peptide H intensity NAGH peptide H intensity
H1 I?°NH  weak NH TONH  strong
0.0 T CH; strong TaH weak
£ 10 20 T¥aH medium T°BH  medium
2 T®SBH  strong T9CH; weak
< TNH  very weak V8 CH; weak
02 G?'NH  very weak P°NH  weak
S BH strong SNH medium
SPaH medium KNH  weak
0.4 SNH  very weak SaH very weak
KSaH  very weak 8pH very weak
B H3 TNH veryweak —COCHz T¥NH strong
SNH  very weak G'NH medium
02 I”NH very weak P°NH  weak
KSNH  very weak
§ H5 T®CH; strong RNH  veryweak
< oo aNAG refers to the sugar bound to the Ser Thri® site for NOEs
10 20 to residues Lys-Arg?® or Val'®—Gly2., respectively. Numbering is for
RP135 (1-24).
-0.2
shifts in RP13§ga (Figure 6B) suggests that the the afore-
04 mentioned helical propensity in this region of the peptide is
disrupted by O-glycosylation.
FicurRe 6: Chemical shift index maps of RP1g (A) and (D) Sugar-Peptide Interactions.Unlike RP13%¢, nu-

RP135i5a (B). Bars above the origin areorotons which resonate .
downfield of random coil values, and bars below are those which merous enhancements were observed between the peptide

resonate upfield of these values. backbone and the carbohydrates at each glycosylation site
of RP1354a. Table 3 lists the sugatpeptide NOEs for each
(C) Conformation in TFE SolutionBoth CD and NMR glycosylation site and the intensity of the particular correla-
studies were performed on the glycopeptides with the tion. A total of 17 and 12 NOEs between carbohydrate
addition of various percentages of TFE. Salient features of Protons and the peptide backbone were observed around the
the NMR of RP13gs in 60% TFE/HO solution are  Thr'® and Set glycosylation sites, respectively. From the
summarized below. In Comparison to the spectra in aqueouslarge number of interactions observed, it was evident that

solution, strongerdyn(i, i + 1) and weakedu(i, i + 1) the glycosidic torsion angles for the two sugars sample a
connectivities were observed along with the additional Preferred region of space around their respective sequences.
medium-rangel.n(i, i + 2) correlations, viz., GRA/Gly4, This effective reduction in conformational flexibility has been
Alal®/Val's, Phé”/Thr, lle29Lys??, and Ly$%Gly?* (very demonstrated in several recent structural studies of O-linked

weak). These data suggest that the conformers sampled byglycopeptides (Andreotti & Kahne, 1993; Liang et al., 1995;
the C-terminal half of this glycopeptide in TFE solution have Live et al., 1996; Urge et al., 1992; Lee, et al., 1996). As
a preference for the region of space (nascent helix). This shown in Figure 5, stronger NOEs were observed around
is in accord with previous studies on similar constructs the Thi®glycosylation site compared with the Seite. For
(Gupta et al., 1993). In contrast, the additonal, medium- €xample, a strong NOE was observed between the amide
range correlations described above were not observed in theproton of Th® and theN-acetyl group on galactosamine
NMR spectra of RP13g, in 60% TFE/HO, which sug- ~ Whereas the SBNH and its covalently attached sugar amide
gested that the presence of the carbohydrate lowers theProton displayed a weaker, albeit medium-strength NOE. The
propensity to form helical structures in the vicinity of the data suggest that there is more local rigidity around thé“Thr
glycosylation site. segment than near the 8@osition, a result which is further

A qualitative measure of the presence of secondary Supported by the molecular modeling (see below). However,
structure in peptides and proteins is the chemical shift index & certain measure of “stability” is conferred on the neighbor-
(CSI) of Wishart and Sykes (Wishart et al., 1992). These ing residues around both sites. In contrast, the analysis of

data are shown in Figure 6. An upfield shift with respect to the RP13Re structure showed that the only strong correlation
empirically determined “random coil” values for the,H to the sugar residue was between AblH, and the NAG-

proton chemical shifts in a protein is indicative of a helical H2. Weak NOEs were observed between Aslhi, /NAG-
propensity for that residue whereas a downfield shift suggestsNH and Ast Hi/NAG-H1'. This showed that the amide
ap-strand extended structure. The CSls for RR&36igure  linkage of the Ashprefers to be fully extended with H2' of
6A) and RP135y, (Figure 6B) are similar with the exception the glucosamine residue but does not interact with the peptide
of the chemical shifts of the glycosylated residues (6 and backbone.

19) and small deviations in the C-terminal residues between Conformational Studies of Glycopeptides by Molecular
glycopeptides. Noteworthy are the indices for Marhrt®- Modeling. Calculations were carried out on these glyco-
lle?° . In previous studies of the intact consensus V3 loop peptides without initial restraints to examine the conforma-
(Vranken et al., 1995), CSils for the corresponding residuestional space explored by each analogue. Compared to the
were negative, indicative of more helical character in this N-linked glycopeptide RP13B, a higher proportion of
segment of the peptides. A positive CSlI for these chemical 5-turn-containing structures were sampled around the -Gly-
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Pro-Gly-Arg- segment by RP13&,, based on the analysis

of the simulation trajectories. This suggests that the two
O-linked sites stabilized the conserved turn motif in this
peptide while simple N-terminal glycosylation has little, if
any, structural effects. Restrained molecular dynamics
studies with NOE-derived distance constraints were only
performed on RP13Rjy since the NOESY spectra of
RP135%¢ were similar to those observed for unglycosylated
RP135. Analysis of the final restrained dynamics simulation
trajectory for RP13&ya showed that all conformers fell into

a stationary state after 10 ps of simulation; the total energies
of respective conformers in the stationary state were within
the fluctuation of+4%. Because of the limited proten
proton distance data available for these linear peptides, the
simulated conformers showed relatively large variations in
conformation. However, a well-defined local structure was
observed around both glycosylation sites. Several structures
were extracted which displayed the lowest restraint violations
and energies. The depiction of the average structure from
20 final conformers is shown in Figure 7A. Tifeturn is
evident and well-defined in this glycopeptide.

Calculated depictions of the residues surrounding each
glycosylation site in RP13R, are shown in Figure 7B. In
both the restrained and unrestrained calculations of the
RP13%gas Structures, the serine site exhibited more confor-
mational mobility than the threonine site. The RMSD was
0.35 A for the atoms included in the \&IThrl%-||e20
sequence and slightly higher for the BySef-lle” site (0.41
A). This is consistent with the NMR results in which
different degrees of sugapeptide interactions were ob-
served for the two sites. Figure 7B shows that the galac-
tosamine unit at the threonine site is in close contact with
several peptide atoms whereas the galactosamine attached
to Sef assumes a more apical position and the surrounding
peptide backbone is distanced from the sugar, allowing more
rotational freedom around the glycosidic bond. In a direct
comparison with the shorter peptide R8y (Huang et al.,
1996, Figure 1) the RMSD for all backbone atoms for
RP1354awas 2.12 A, which is 0.6 A lower than the RMSD
for the backbone atoms of P§8-g. In addition, the RMSD
of the -Gly-Pro-Gly-Arg- crest was reduced from 0.6 A for
P18s-g to 0.4 A for RP135q,, providing additional proof
that the two glycosylation sites in RPXga not only
decrease the flexibility of the peptide structure overall but
also have a remote effect on the -Gly-Pro-Gly-Arg- region.

Calculations of the glycosidic torsion angles for both sites
revealed that the THtsite sampled a smaller range of torsion
angles than the Sesite. The glycosidic torsion angleg [
is defined as H¥C1— O1-Thr—Cg andy as C+0O1-
(Thr)—CB—Hp as defined by Vliegenhart et al. (1983)]
sampled—40° to —62° and 26 to 4 for Ser(GalNAc) and
Thr(GalNAc) ¢ angles, respectively, ane9° to 10° and—7°

to —2@ for Ser(GaINAc) and Thr(GalNAc)) angles, FiIGure 7: (A, top) Ribbon diagram of the best-fit average structure
respectively, further confirming that the preferred space o Rp13g,, from several molecular dynamics calculations in water
occupied by the rotation about the suggeptide linkage is  based on NOE restraints using the protocol outlined in Materials
very well defined in this system. and Methods. The sugar rings are shown in ball and stick
ELISA Assays for Anibody Bincingie have shown that | Presenlaton, UL st e GFCR seqner e showr
O-linked glycosylation interacts locally with the peptide from the calculated structure of RP13ashown in (A): Top, serine
sequence and affects the secondary structure of the moleculesjte: hottom, threonine site.
In order to further characterize the biological relevance of
the attached sugars, the glycopeptides were tested for theiseries of antibody dilutions which extend to a saturable (or
binding to the 0.8 mAb, and the data from triplicate ELISA  near-saturable) end point. The bar graph (panel D) represents
assays are summarized in Figure 8. The graphs represent ¢he optical densities for the 1:200 antibody dilution point of
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Ficure 8: Results of ELISA antibody binding assays as described in Materials and Methods. Curves of optical density vsidilegion
shown for binding of gp160 (A), RP13& (B), and RP135 (C). (D) Bar graph from the data of a 1:200 dilution of antibody. V1 is an

additional control.

the test peptides.

Comparisons were made to both thethe peptide, our results being consistent with the work of

underivatized RP135 sequence and monomeric gp120. TheMarkert et al. (1996).
data show that the diglycosylated construct bound the MAb  The studies where V3 constructs were explored by NMR

not as well as gp120, but better byl5-fold than the free
RP135. Binding to 08 was reduced slightly for the
N-glycosylated peptide relative to RP135.

DISCUSSION

Glycosylation has been shown to have varying effects on
the structure and function of small peptide models. With
regard to peptide analogues from the V3 loop of gp120,
previous studies have shown that mono- and disaccharide

N-linked to an asparagine in small (8-residue) constructs from

V3 had a stabilizing effect on the -Gly-Pro-Gly-Arg-turn

as determined by CD and FT-IR spectroscopies (Laetko
al., 1992) while N-glycosylation with a singfeglucosamine

(at the residue corresponding té M RP135) of complete,
disulfide-bridged V3 loops from HIV-1 and HIV-2 subtypes
did not affect the binding of these constructs to antisera from
HIV-1 infected patients (Markert et al., 1996). In addition,
glycosylation with O-galactosamine at the threonine C-
terminal to the -Gly-Pro-Gly-Arg- crest (THrin RP135) of

a 17-residue peptide from 3 did not have an effect on

S

or X-ray crystallography all suggest a reverse turn in the
segment which includes -Gly-Pro-Gly-Arg-. The two crystal
structures where an antibody which recognizes this portion
of the loop was complexed to a peptide from the MN strain
[mAb 50.1 (Rini et al., 1993) and mAb 59.1 (Ghiara et al.,
1994)] both showed that the -Gly-Pro-Gly- segment adopts
a turn-like conformation in the bound peptides. However,
in the study by Ghiara et al., a second turn motif is observed
which includes residues -Gly-Arg-Ala-Phe- leading to a
double turn or “S™-like disposition of the six residues at the
tip of the loop. Although the V3 loop from the MN strain
lacks the dipeptide insert corresponding to Glarg*t in
RP135, the complex structure of mAb 59.1 with the peptide
RP142 (Ghiara et al., 1994) demonstrates that these residues
would not interact with 59.1. Hence, this mAb neutralizes
a broad range of isolates including Hl. The majority

of the bonded and nonbonded contacts made with 59.1
originate from the highly conserved Gly-Pro-Gly-Arg-Ala-
Phe segment, implying that small, constrained molecules
which position these moieties in the proper orientation may

the backbone structure of the peptide as determined bybe useful as more broadly neutralizing immunogens or

limited NMR studies (Vuljanic et al., 1996). The present
work shows that a significant conformational stabilization
and modulation of binding properties can be achieved by
simple Oe-galactosaminylation of a highly immunogenic
sequence of gp120. Mono-N-glycosylation did not have a
significant effect on the structure or binding properties of

inhibitors of viral fusion (Ghiara et al., 1994). In fact, a
very recent study by the same group showed that replacement
of the alanine in this sequence byaminoisobutyric acid
restricts the conformational flexibility of the peptide as
demonstrated in both the solid and solution states (Ghiara
et al., 1997).
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In this study, we have stabilized this turn by simple, turn and rigidifying the backbone conformations proximal
chemical modification witla-galactosamine. In effect, we to the glycosylation sites. These structural adjustments
have used a covalent attachment of a sugar as a conformaresulted in an enhanced binding to a mAb which was raised
tional restraint, reminscent of the constraints imposed by to HIV-1,s-infected cells and mapped to the unglycosylated
cyclization. A study by Tolman et al. (1994) showed that epitope sequence. Studies such as this may be valuable in
cyclic decapeptides which included the crown of the V3 loop determining whether the presence of carbohydrates affects
from both the MN and 1lIB strains could be used to raise the three-dimensional conformation of gp120 subdomains.
broadly neutralizing antisera, but the authors caution that the Additionally, covalently linked glycans may enhance epitope-
data were inconsistent with the development of therapeuticsspecific antibody binding of these subdomains and prove
from these constructs. We have shown that cyclo-(GIn-Arg- useful in the design of glycopeptide-based vaccines.
Gly-Pro-Gly-Arg-Ala-Phe) does not bind several mAbs
specific for the crown of the 11IB V3 loop (Huang et al., SUPPORTING INFORMATION AVAILABLE
unpublished). Both studies showed that the cyclic -Gly-Pro-
Gly-Arg- segments assume type/liturns. Thus, limiting dynamic simulation calculations and energies of several

the flexibility around this turn is not the sole requirement refined structures and one figure showing CD data at pH

for antibody binding. These data, along with the information 70 on :

X : X . peptides RP135, RPAg5and RP13§;. (4 pages).
provided herein and that gleaned from the many NMR studies o e ring information is given on any current masthead page.
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