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Abstract

We describe solid state NMR measurements on frozen solutions of the complex of the 24-residue HIV-1 gp120
V3 loop peptide RP135 with the Fab fragment of the anti-gp120 antibogy 0sing rotational echo double reso-

nance (REDOR). In order to probe possible hydrogen bonding between arginine side chains and glycine backbone
carbonyls in the region of the conserved Gly-Pro-Gly-Arg (GPGR) motif of the V3 loop, RP135 samples were pre-
pared with'>N labels at they nitrogen positions of arginine side chains &A@ labels at glycine carbonyl positions
and3C-detected3C-1°N REDOR measurements were performed on peptide/antibody complexes of these labeled
samples. Such hydrogen bonding was previously observed in a crystal structure of the V3 loop peptide/antibody
complex RP142/59.1 [Ghiara et al. (199%Bience 264, 82—85], but is shown by the REDOR measurements to

be absent in the RP135/@.6omplex. These results confirm the antibody-dependent conformational differences in
the GPGR motif suggested by previously reported solid state NMR measuremenandfl backbone dihedral

angles in the RP135/@®omplex. In addition, we describe REDOR measurements on the helical synthetic peptide
MB(i+4)EK in frozen solution that establish our ability to det&%€-1°N dipole—dipole couplings in the distance

range appropriate to these hydrogen bonding studies. We also report the results of molecular modeling calculations
on the central portion RP135, using a combination of the solid state NMR restraints of WelikyMNatalSfruct.

Biol., 6, 141-145, 1999] and the liquid state NMR restraints of Tugarinov et\at. (Struct. Biol. 6, 331-335,

1999]. The dynamics calculations demonstrate the mutual compatibility of the two sets of experimental structural
restraints and reduce ambiguities in the solid state NMR restraints that result from symmetry and signal-to-noise
considerations.

Introduction as CXCR4 or CCR5 as part of the membrane fu-
sion process whereby viral RNA enters the host (Choe
The envelope glycoprotein gp120 is an essential part et al., 1996; Cocchi et al., 1996; Trkola et al., 1996;
of the molecular machinery that enables the HIV-1 Wu etal., 1996, 1997; Bazan et al., 1998; Dragic et al.,
virus to infect host cells. gp120 binds to CD4 re- 1998; Rizzuto et al., 1998; Berger et al., 1999). The
ceptors and to secondary chemokine receptors suchthird hypervariable, or V3, loop of gp120 is of par-
ticular interest because it is a major immunogenic site
*To whqm 'correspondence should be addressed. E-mail: ty- of HIV-1 (Matsushita et al., 1988; Javaherian et al.,
cko@helix.nin.gov 1989, 1990; Putney et al., 1991; Kliks et al., 1993;
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White-Scharf et al., 1993), because deletion of the V3 tibodies 59.1 and 50.1, revealed a more complex turn
loop renders the virus uninfective (Freed et al., 1991), structure (Ghiara et al., 1994; Stanfield et al., 1999).
and because the amino acid sequence of the V3 loopThis turn structure was described as a typ@-turn
determines the type of host cell that a particular strain followed by a fused type lll/type | turn (Ghiara et al.,
of HIV-1 can infect (Shioda et al., 1992; Cocchi etal., 1994). Both 59.1 and 50.1 were raised against the
1996; Berger et al., 1999) through interaction of the 40-residue, disulfide linked peptide RP70 that repre-
V3 loop with chemokine receptors. Although a crystal sents the entire V3 loop of gp120 of the MN strain.
structure of a ternary protein complex that includes the A recent solid state NMR study of the complex of
core of gp120 has been reported (Kwong et al., 1998; the 24-residue V3 peptide RP135, which derives from
Wyatt et al., 1998), the V3 loop was deleted from the the IlIB strain of HIV-1, with Fab fragments of the
gp120 construct in this structure in order to promote monoclonal antibody O revealed that the GPGR
crystallization. conformation in the RP135/5xomplex is both dif-
Experimental structural information about the V3 ferent from that in the RP142/59.1 and MP1/50.1
loop has been provided by liquid state NMR studies of complexes and inconsistent with the predicted type I
free V3 peptides (Chandrasekhar et al., 1991; Gupta p-turn (Weliky et al., 1999). 05 was raised against
et al., 1993; Zvi et al., 1995; Campbell et al., 1996; intact gp120 of HIV-1 strain IlIB. This solid state
Huang et al., 1996; Vranken et al., 1996; Vu et al., NMR study, which involved two-dimensional magic
1996, 1999; Ghiara et al., 1997; Jelinek et al., 1997; angle spinning (2D MAS) NMR exchange measure-
Sarma et al., 1997), crystal structures of complexes of ments (Tycko et al., 1996; Weliky and Tycko, 1996)

V3 peptides with Fab fragments of antibodies raised
against V3 peptides (Stura et al., 1992; Rini et al.,
1993; Ghiara et al., 1994, 1997; Stanfield et al., 1999),
liquid state (Tsang et al., 1997; Zvi et al., 1997; Zvi
and Anglister, 1998) and solid state (Weliky et al.,
1999) NMR studies of complexes of V3 peptides with
Fab fragments of an anti-gp120 antibody, and liquid
state NMR studies of the complex of a V3 peptide with
Fv fragments of an anti-gp120 antibody (Tugarinov

and constant-time double-quantum-filtered dipolar re-
coupling (CTDQFD) measurements (Bennett et al.,
1998b) on frozen solutions of a series of samples in
which the antibody-bound peptide was doubfC-
labeled at specific positions, placed strong constraints
on the dihedral angless and VW that define the peptide
backbone conformation in the GPGR motif. Symme-
try considerations and signal-to-noise limitations pre-
vented the determination of a unique GPGR backbone

et al., 1999). These structural studies have focussedconformation from the solid state NMR data (specif-

primarily on the conformation of the V3 loop in the re-
gion of a highly conserved Gly-Pro-Gly-Arg (GPGR,
residues 319 through 322 in the following discussion)
motif, which is included in or close to the epitope of
a number of neutralizing antibodies directed against
HIV-1 (Matsushita et al., 1988; Javaherian et al., 1989,
1990; Larosa et al., 1990a,b; Stura et al., 1992; Rini
et al., 1993; White-Scharf et al., 1993; Ghiara et al.,
1994, 1997; Tsang et al., 1997; Zvi et al., 1997;
Zvi and Anglister, 1998). Theoretical studies had pre-
dicted a type lIp-turn conformation for the GPGR
motif (Larosa et al., 1990a; Hansen et al., 1996). This
prediction was consistent with NMR studies of free
V3 peptides, which generally show a fractional popu-
lation of type | and/or type Il turns in the GPGR motif
(Chandrasekhar et al., 1991; Gupta et al., 1993; Zvi
etal., 1995; Campbell et al., 1996; Huang et al., 1996;
Vranken et al., 1996; Vu et al., 1996, 1999; Ghiara
et al., 1997; Jelinek et al., 1997; Sarma et al., 1997).
Crystal structures of the V3 peptides RP142 and MP1,
which derive from the MN strain of HIV-1, bound
respectively to Fab fragments of the monoclonal an-

ically, the ¢ and ¥ angles for Gly321, the second
glycine in GPGR, were not determined uniquely). In-
stead, four possible GPGR conformations were found
to be consistent with the data (Weliky et al., 1999).
Although a unigue conformation was not determined,
the solid state NMR measurements, together with the
fact that monoclonal antibodies @.%nd 59.1 both
neutralize HIV-1 strain 11IB (Matsushita et al., 1988;
White-Scharf et al., 1993), suggested that the GPGR
conformation in gp120 is heterogeneous in the un-
bound form or dependent on the specific antibody in
the bound form. The conformational variability re-
vealed in the solid state NMR study also raised the
possibility that the conserved nature of the GPGR
motif may be a consequence of structural constraints
that pertain to the interaction of the V3 loop with
chemokine receptors, rather than structural constraints
that are present in unbound gp120.

Crystal structures of V3 peptides with Fab frag-
ments of the neutralizing monoclonal antibody 58.2,
which was also raised against RP70, have recently
been reported in which the GPGR motif adopts a type
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[, rather than type lI8-turn (Stanfield et al., 1999).  structures of the GPGR region of RP135 are derived
These crystal structures support the notion that the from a combination of the reported solid state (We-
GPGR conformation may be heterogeneous or de- liky et al., 1999) and liquid state (Tugarinov et al.,
pendent on complexation with other proteins. Most 1999) NMR restraints. The molecular modeling stud-
recently, liquid state NMR measurements have been ies demonstrate the mutual compatibility of the two
carried out on the complex of the V3 peptide P1053, sets of NMR restraints and reduce the ambiguity in
which consists of the central 18 residues of RP135, the solid state NMR restraints.
with Fv fragments of 0.6 (Tugarinov et al., 1999). The Appendix contains a theoretical treatment of
These measurements reveal the existencectdf @ep- 13C-15N REDOR measurements in the presence of
tide bond between Gly319 and Pro320 in the GPGR 1°N-1°N dipole—dipole couplings. The theoretical re-
motif, and an overall conformation of the bound pep- sults validate our analysis of the RP135f).bab
tide described as @-hairpin with a central type VI REDOR data.
B-turn. Bothcis andtrans conformations for Pro320
had been shown to be consistent with the solid state
NMR data (Weliky et al., 1999). The liquid state NMR  Materials and methods
data demonstrate that tBeturn in the P1053/06Fv
complex is in fact formed by the RGPG sequence Sample preparation
(residues Arg318 through Gly321), rather than the RP135 and MB@4)EK peptides were synthesized
GPGR sequence. Residues GIn317 and Arg318 of theusing solid phase methods on Perkin-Elmer/Applied
V3 loop in gp120 of strain 11IB are absent in gp120 Biosystems Model 433A and 431A automated synthe-
of strain MN, and are therefore absent in the crys- sizers. The amino acid sequence of RP135 is NNTRK-
tal structures (Ghiara et al., 1994; Stanfield et al., SIRIQRGPGRAFVTIGKIG, with the N-terminal as-
1999). Pro320 is in ransconformation in the crystal  paragine and the C-terminal glycine assigned residue
structures (Ghiara et al., 1994; Stanfield et al., 1999). numbers 308 and 331, in accordance with the se-
In this paper, we report additional solid state NMR quence of full-length gp120 of HIV-1 strain IIIB
measurements on frozen solutions of the RP13B/0.5 (Rusche et al., 1988; Javaherian et al., 1989). (For
Fab complex. These measurements are intendedcomparison, the sequence of the peptide RP142 in
to establish further the qualitative difference be- the crystal structure of Ghiara et al. is YNKRKRI-
tween GPGR conformations in the RP135f04dnd HIGPGRAFYTTKNIIGC.) The amino acid sequence
RP142/59.1 complexes. In the crystal structure of the of MB(i4+4)EK is Ac-AEAAAKEAAAKEAAAKA-
RP142/59.1 Fab complex, the typepHturn confor- NH>, with Ac and NH representing N-terminal acety-
mation depends on the presence of a hydrogen bondlation and C-terminal amidation. Isotopically labeled,
between the nitrogen of the Arg322 side chain and Fmoc-protected alanine was obtained from Cambridge
the backbone carbonyl oxygen Gly319 in GPGR (i.e., Isotopes. Isotopically labeled glycine and arginine
an i-to-H-3-side chain hydrogen bond). We report were obtained from Cambridge Isotopes; the latter was
measurements ofC-1°N dipole—dipole couplings,  converted to Fmoc-protected arginine as described
using the REDOR technique (Gullion and Schaefer, (Chang et al., 1980; Atherton and Sheppard, 1989).
1989, 1991; Pan et al., 1990; Garbow and Gullion, In syntheses of RP135, standard Fmoc synthesis and
1991; Anderson et al., 1995), that demonstrate the protocols with HOBT/DCC activation were followed,
absence of this hydrogen bond in the RP13%/¢&b except that coupling times after the labeled arginine
complex. We also demonstrate the absence of similar were extended and used excess HOBT to suppress side
hydrogen bonding between the side chain of Arg318 reactions due to the absence of side chain protection
and the backbone carbonyl oxygen of Gly321 (i.e., an on the labeled arginine. All isoleucine residues were
i-side chain-to--3 hydrogen bond). As a control, we  double-coupled. In syntheses of MB@)EK, HBTU
report REDOR measurements on a frozen solution of activation was used. Peptide resins were cleaved ac-
the helical synthetic peptide MB{4)EK (Marqusee cording to standard procedures. Peptides were purified
and Baldwin, 1987; Marqusee et al., 1989; Long and by preparative scale reverse-phase HPLC with a binary
Tycko, 1998) that confirm our ability to detééC-1°5N water/acetonitrile gradient and 0.1% trifluoroacetic
dipole—dipole couplings in the distance range relevant acid, using C18 columns. @®5antibody Fab frag-
to the putative hydrogen bonds. Finally, we report the ments were prepared and purified as described (Zvi
results of molecular modeling calculations in which et al., 1997; Zvi and Anglister, 1998). Solutions of
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the RP135/0.5Fab complex were prepared by mixing
solutions of the peptide and Fab in an approximately
equimolar ratio, with 10 mM phosphate buffer at pH
7.0, 0.05% Nal, and 10 mM CuNgEDTA to pro-
duce proton spin-lattice relaxation times of roughly
0.5 s in the frozen state. Final RP135fBab con-
centrations were approximately 2 mM. MB(i+4)EK
concentrations were approximately 4 mM. Solutions
of free RP135 and MB{4)EK were prepared in a
1.1 w/w mixture of water and glycerol with 10 mM
phosphate buffer at pH 7.0 and 10 mM CyR®TA.
Solutions were transferred into 6-mm-diameter magic
angle spinning (MAS) rotors, with sample volumes of
240ul, and frozen by immersion in ). Frozen sam-
ples were loaded into the precooled MAS NMR probe
for solid state NMR measurements without thawing.

NMR spectroscopy

Solid state NMR measurements were carried out on a
Varian/Chemagnetics Infinity-400 spectrometer, using
a Varian/Chemagnetics triple-resonance probe with
a 6 mm MAS assembly. The variable-temperature
stack provided by Varian/Chemagnetics was exten-
sively modified to increase the flow rate and ther-
mal isolation of cooling gas to the probe, thereby
permitting MAS experiments to be performed at a
nominal temperature of£140°C for many consecu-
tive days with an Ny, consumption rate of approx-
imately 6 I/h. 13C-detected REDOR measurements
of 13C-15N dipole—dipole couplings were carried out
with the pulse sequence described by Anderson et al.
(1995). Transversé3C magnetization was prepared
by cross-polarization from protons, using a ramped
radio-frequency (rf) field on thé3C channel dur-
ing cross-polarization to minimize sensitivity to the
Hartmann—Hahn matching condition. As described
(Anderson et al., 1995), 18(ulses were applied to
13C nuclei at all multiples of the MAS rotation pe-
riod during the REDOR dephasing period, i.e., at all
times ng, wheretr is the MAS rotation period. The
dephased3C NMR signal S was measured with ap-
plication of 180 pulses to'>N nuclei at all times
(n+1/2)tr during the dephasing period. The unde-
phased3C NMR signal $ was measured without the
15N pulses. XY-8 phase cycling of the 18@ulses
was used on both channels (Gullion et al., 1990; Gul-
lion and Schaefer, 1991; Anderson et al., 1995). In
the experiments described belowg = 200 s and
180 pulse lengths were approximately L2 for both

13C and!®N. Proton decoupling fields during the de-
phasing period were 85 kHz in amplitude. Decoupling

fields during acquisition ofC NMR signals were ap-
proximately 70 kHz. Rf pulses were actively synchro-
nized with the square-wave tachometer signal from the
Varian/Chemagnetics MAS speed controller. Short-
term jitter in this tachometer signal due to noise in the
optical spin rate detection system in the probe was re-
duced to less than 0}5s by filtering with a home-built
phase-locked loop circuit, based on an MC14046B
chip. 180 pulse lengths on th€C and'®N channels
were optimized respectively by maximizing &nd
minimizing § in REDOR measurements on a sample
of polycrystalline leucine in which 5% of the mole-
cules weré3C- and'®N-labeled at the carboxylate and
amine positions. These optimizations were performed
at low temperature.

NMR data analysis

REDOR signal amplitudesi;Sand $ were extracted
from experimental spectra by integrating carboriy
peaks corresponding to the centerbands and sidebands
of order+1 and—1 and then adding the three inte-
grals from each spectrum. Uncertainties in the mea-
surements were estimated by integrating the spectral
intensity over equal frequency ranges in regions of
the spectra where nBC peaks were present and cal-
culating the root-mean-square integral for many such
regions. The theoretical REDOR dephasing curve in
Figure 5 was calculated from numerical simulations of
the orientationally averaged evolution of the nuclear
spin density operator under time-dependent dipole—
dipole coupling and rf fields, using a two-spinx44
matrix representation of the density operator and spin
Hamiltonian. Finite pulse lengths were included in
these simulations. Inclusion of realisfieN and13C
chemical shift anisotropies was found to produce ef-
fects on the simulated REDOR dephasing curves that
were negligible compared with the uncertainties in the
experimental signals due to noise in the spectra.

Molecular modeling

The 18-residue peptide P1053, comprising the seg-
ment of RP135 from Arg311 through Gly328, was
modeled as follows. Four sets of hybrid distance
geometry-simulated annealing calculations (Nilges
et al., 1988, 1991; Kuszewski et al., 1992) were per-
formed with the XPLOR program (Briinger, 1992),
using restraints derived from both liquid (Tugarinov
et al., 1999) and solid state (Weliky et al., 1999) NMR
data. The final stage of each calculation was 800 steps
of Powell energy minimization during which charged
side chains were neutralized and nonbonded interac-



tions were approximated with a distance-dependent
dielectric coefficient together with Lennard-Jones and
hydrogen bond energies. In all calculations, 192 NOE
restraints and restraints on #0angles derived from
liquid state NMR measurements on the P10536:%
complex (Tugarinov et al., 1999) were applied. The
NOE force constant was 50 kcal/mof AThe dihedral
angle force constant was 200 kcal/mol 8€bhe solid
state NMR restraints o and ¥ angles of Pro320,
Gly321, and Arg322, derived from 2D MAS exchange
(Tycko et al., 1996; Weliky and Tycko, 1996) and
CTDQFD (Bennett et al., 1998b) measurements, were
represented as flat-bottomed potential functiong of
and ¥ with harmonic walls. The {{,¥) angles of
Pro320 were restrained to within 106f (—68°,146°)

and those of Arg322 were restrained to within°10
of (—141°,76°), corresponding to the best fits to the
solid state NMR measurements (minimayif) on the
RP135/0.B Fab complex in frozen solution (Weliky
et al., 1999). The four sets of calculations differed
only in the @,¥) potential minimum to which Gly321
was restrained (to within®. In the discussion below,
we refer to these minima of Gly321 at+62°,71°),
(62°,—71°), (—62°,151°), and (62,—151°) as minl,
min2, min3, and min4, respectively. In each set of
calculations, 50 structures were generated for analysis.
As previously discussed (Tycko et al., 1996; Weliky
and Tycko, 1996; Weliky et al., 1999), the multiple
minima for Gly321 arise from experimental signal-to-
noise limitations and from the fact that the solid state
NMR data are invariant to the substitutiany —
—b,—W. For glycine residues in particular, positive
values of¢ must be considered.

Results

REDOR measurements on the RP13%/@d&mplex

Solid state NMR measurements were performed on
frozen solutions of two RP135/@%ab complex sam-
ples. In sample |, the peptide was labeled witg at

the carbonyl position of Gly319 (i.e., the first glycine
in the central GPGR motif) ant?N at bothn nitrogen
positions of Arg322. This labeling scheme was chosen
to permit a test for the presence of hydrogen bond-
ing between the Arg322 side chain and the Gly319
carbonyl as observed in the RP142/59.1 Fab crystal
structure (Ghiara et al., 1994; Stanfield et al., 1999).
(Although thes nitrogen participates directly in the hy-
drogen bond in the RP142/59.1 Fab complex, this site
was not labeled in our experiments becati¥é,-Arg

317

®CO label
v
(a)
(b) *
R DA LR B LA
250 200 150 100 50 0
C shift (ppm)

Figure 1. 13C NMR spectra of frozen solutions of the RP13500.5
Fab complex in which the RP135 peptide is labeled W@ at the
carbonyl carbon of Gly319 antPN at bothn nitrogens of Arg322
(sample |, part a) and with3C at the carbonyl carbon of Gly321
and 1°N at bothn nitrogens of Arg318 (sample I, part b). The
13¢ carrier frequency is 100.8 MHz. Spectra are acquired with
cross-polarization, proton decoupling, and magic angle spinning
at 5.0 kHz. The nominal sample temperature-i540°C. Spectra
result from 7200 scans (a) and 6345 scans (b). The sharp peak at
169 ppm arises from the carbon¥iC label in both spectra. Other
signals are from natural-abundan&c. Asterisks indicate spinning
sidebands.

was not available from commercial sources.) In the
crystal structure, the internuclear distances between
the Gly319 carbonyl and the Arg33gnitrogens are
4.24 A and 5.88 A. As demonstrated below by mea-
surements on the MB(@4)EK peptide,'3C-15N dis-
tances in this range, particularly a 4.24 A distance,
are accessible by REDOR measurements, which is a
well-established method for detecting and measuring
heteronuclear dipole—dipole couplings in solid state
MAS NMR (Gullion and Schaefer, 1989, 1991; Pan
et al.,, 1990; Garbow and Gullion, 1991; Anderson
et al.,, 1995). In sample Il, the RP135 peptide was
labeled with13C at the carbonyl position of Gly321
and1®N at bothy nitrogen positions of Arg318. This
labeling scheme permits a test for the presence of hy-
drogen bonding between the Arg318 side chain and
the Gly321 carbonyl. GIn317 and Arg318 of RP135
are absent from RP142, the amino acid sequence of
which derives from gp120 of HIV-1 strain MN, so this
hydrogen bond was not possible in the RP142/59.1
complex. REDOR measurements on sample |l were
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Figure 2. 15N NMR spectra of a frozen solution of RP135 in glyc-
eroliwater with13C at the carbonyl carbon of Gly319 arl@N

at bothn nitrogens of Arg322 (a) and of aqueous frozen solu-
tions of RP135/0.6 Fab samples | and Il (b and c, respectively).
The 15N carrier frequency is 40.6 MHz. Spectra are acquired with
cross-polarization, proton decoupling, and magic angle spinning at
5.0 kHz. The nominal sample temperature-i$40°C. Spectra re-

sult from 200 000 scans (a), 8760 scans (b), and 6000 scans (c).

Signals at 70 ppm arise from tH&N labels. Signals near 115 ppm
arise primarily from natural-abundanéeN of the Fab.

motivated by the fact that an Arg318-Gly321 hydrogen
bond is possible for some, but not all, GPGR back-
bone conformations that are consistent with our earlier
solid state NMR measurements on the RP135/6db
complex (Weliky et al., 1999).

Figure 1 shows one-dimensiortdC NMR spectra
of frozen solutions of sample | (Figure 1a) and sample
Il (Figure 1b), obtained with cross-polarization, MAS
at 5.0 kHz, and proton decoupling. TH&C carrier
frequency is 100.8 MHz. Most of the signal intensity
arises from natural-abundant&C nuclei, due to the
approximately 50 kDa molecular weight of the com-
plex. The single!3C label at glycine carbonyls of
RP135 contributes a sharp line at 169 ppm in both
spectra. As shown previously (Weliky et al., 1999),
observation of this chemical shift and linewidths of
1.5-2.0 ppm for the glycine carbonyls indicate that
the peptide is bound and well structured in the frozen
solutions.

Figure 2 shows one-dimension&N NMR spec-
tra of frozen solutions of free RP135 labeled at the
Gly319 carbonyl and Arg32f nitrogens (Figure 2a),
sample | (Figure 2b), and sample Il (Figure 2c),
obtained with cross-polarization, MAS at 5.0 kHz,
and proton decoupling. THEN carrier frequency is
40.6 MHz. In all three spectra, tHeN labels con-
tribute a single peak at 70 ppm. The decrease in
linewidth from 9.4 ppm in Figure 2a to 5.3 ppm in
Figure 2b is further evidence that the peptide remains
bound and structured in frozen solutions of the com-
plex. The fact that the) nitrogen peak in Figure 2c
is broader than that in Figure 2b may indicate that the
two ) nitrogens of Arg318 have a larger chemical shift
difference than those of Arg322 in the RP135f0Fab
complex, or that the Arg318 side chain is disordered in
the complex. The broad peak at 115 ppm in Figures 2b
and 2c arises primarily from natural-abundance amide
15N nuclei. The ratio of natural-abundance amide to
labeledn nitrogen signal areas is 1.2:1.0 in Figure 2b
and 1.5:1.0 in Figure 2c. For a 1:1 complex, the
expected ratio would be approximately 0.9:1.0. This
suggests that samples | and Il contain an excess of
antibody Fab.

In the REDOR measurements on the RP13%/0.5
Fab complex}3C NMR spectra were obtained with
(S1) and without (9) application of a train of rotor-
synchronized 180pulses at thé°N NMR frequency
during the REDOR dephasing period (Gullion and
Schaefer, 1989, 1991; Pan et al., 1990; Garbow and
Gullion, 1991; Anderson et al., 1995). Figure 3 shows
REDOR sum and difference spectra for sample | (Fig-
ure 3a) and sample Il (Figure 3b), where the sum
spectra are $+ S; and the difference spectra arg S
— $. These spectra were obtained with a dephasing
period of 61.2 ms, i.e., 3G& with tr 200 ps.

For a single!C-15N pair with an internuclear dis-
tance of 4.24 A(Sp — S1)/(So + S1) would ideally

be 0.85 with a dephasing period of 61.2 ms. The
ratio of natural-abundance carboriyC signal to la-
beled carbonyf3C signal in § is expected to be
approximately 6:1. Assuming that only the labeled
carbonyl signal is dephased BYC-1°N couplings

in S1, (S0 — S1)/(So + S1) should be approximately
0.07 if a hydrogen bond between2N-labeled argi-
nine side chain and &C-labeled glycine carbonyl,
similar to what has been observed in the RP142/59.1
Fab complex (Ghiara et al., 1994), is present in the
RP145/0.8 Fab complex. In fact, the experimen-
tal (So — S1)/(So + S1) values in Figures 3a and 3b,
determined by integrating the spectral intensities in
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Figure 3. 13C-detected REDOR sum and difference spectra for RP136/ab samples | and Il (a and b, respectively). The period36rl>N

dephasing is 61.2 ms. The MAS frequency is 5.0 kHz. The total number of scans is 34560 (a) and 38016 (b). The absence of signals above
the noise level in the difference spectra indicates the absence of la3€ekN pairs with the internuclear distance of approximately 4.2 A
expected if the labeled arginine side chain were hydrogen bonded to the labeled glycine carbonyl. In contrast, hydrogen bonding between the
Gly319 carbonyl and the Arg322 side chain has been observed in the crystal structure of a different V3 peptide/antibody complex, namely the
RP142/59.1 Fab complex (Ghiara et al., 1994).

the sum and difference spectra over the range from lutions of MB(i+4)EK have demonstrated that the
160 ppm to 185 ppm, are 0.0280.019 and 0.0024  helix content near and below the glass transition tem-
+ 0.0053. The stated error limits represent the rms perature of the solution (approximatety60°C) is
area over a 15 ppm spectral range in regions ot¥e roughly 90% (Long and Tycko, 1998). Solid state
spectra where there are no NMR signals. In addition, NMR measurements on frozen solutions, using the 2D
no sharp peaks at 169 ppm are visible above the noiseMAS exchange technique (Tycko et al., 1996; Weliky
level in either of the difference spectra. We therefore and Tycko, 1996), have provided support for a primar-
conclude that hydrogen bonds do not exist between theily a-helical conformation in pure glycerol/water and
side chain of Arg322 and the carbonyl of Gly319 or a heterogeneous helical conformation with substantial
between the side chain of Arg318 and the carbonyl of 310-helix content in frozen solutions containing 5.1 M

Gly321 in the RP135/0fFab complex.

The analysis above assumes that homonuéfdar
15N dipole—dipole couplings in the doubly labeled
arginine side chains do not affect the REDOR mea-
surements. This assumption is justified in the Appen-
dix, which presents a theoretical discussion of the
effects of homonuclear couplings.

REDOR measurements on MB4)EK

The MB(i+4)EK peptide was originally designed
by Marqusee and Baldwin (Marqusee and Baldwin,
1987; Marqusee et al.,, 1989), and called-4)EK

by them. This 17-residue, polyalanine-based pep-
tide was among the first relatively short synthetic

peptides to show high helix contents in agqueous so-

lutions. Solid state NMR measurements and low-

temperature CD measurements on glycerol/water so-

urea (Long and Tycko, 1998). Here we report REDOR
measurements on a frozen glycerol/water solution of
MB(i+4)EK, with no urea. The peptide is labeled with
15N at the amide nitrogen of Alag8 and witC at

the carbonyl carbons of Ala4 and Alal0. Assuming
an a-helical conformation, the Ala8-Ala4 and Ala8-
Ala10 15N-13C distances should be approximately
4.2 A and 5.6 A, respectively, based on examination
of a-helical segments of proteins with known high-
resolution structures. Thus, the distances are about the
same as expected for the arginine-glycine hydrogen
bonds discussed above.

Figure 4 shows one-dimensionaN (Figure 4a)
and13C (Figure 4b) MAS NMR spectra of a frozen
solution of 1°N,13C,-MB(i+4)EK at a spinning fre-
quency of 5.0 kHz. The twd3C labels give rise to
a single peak at 177 ppm with a 2.0 ppm linewidth,
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Figure 4. 15N NMR (a) and!3C NMR (b) spectra of a frozen glyc-
erol/water solution of the synthetic 17-residue peptide MBJEK,
labeled with!®N at Ala8 and!3C at the carbonyl carbons of Ala4
and Ala10. 15N and 13C carrier frequencies are 40.6 MHz and
100.8 MHz. Spectra are acquired with cross-polarization, proton
decoupling, and magic angle spinning at 5.0 kHz. The nominal
sample temperature is140°C. Spectra result from 28800 scans
(a) and 600 scans (b). Strong signals between 50 and 70 ppm in
(b) arise from natural-abundanégC of glycerol. Asterisks indicate
spinning sidebands.

similar to previously reported spectra of douBRC-
labeled MB(H-4)EK. The relatively sharp carbonyl
line indicates the predominance of a single type of he-
lical conformation. Thé®N label gives rise to a single
line at 130 ppm with a 5.2 ppm linewidth. The broader
15N line reflects the generally greater sensitivity of
amide >N chemical shifts to small conformational
variations and other structural disorder in the frozen
solution.

Figure 5 shows!3C-detected REDOR $S(Fig-
ure 5a) and & (Figure 5b) spectra of the frozen
15N, 13C,-MB(i +4)EK solution with a 38.8 ms RE-
DOR dephasing period. The carbonyl signal intensity
in the § spectrum is clearly less than in the Sec-
trum, demonstrating the REDOR dephasing effect.

(a)

®CO labels
\4
(b)
v
I T 1 1 7T l T 1 171 I T 1 17 ‘ T T 1 I 1T 1T 7T
250 200 150 100 50
*C shift (ppm)

Figure 5. 13C NMR spectra of the triply labeled MB{4)EK sam-

ple obtained with a REDOR pulse sequence, both with (a) and
without (b) the application of>N pulses. The period for REDOR
dephasing is 38.8 ms. Each spectrum results from 3600 scans. The
difference in intensity of the carbonyl signal at 177 ppm is due
to 13C-15N dephasing when th&N pulses are applied. Asterisks
indicate spinning sidebands.

Figure 6 shows the dependence ef, measured by
integrating the carbonyfC signal intensities in spec-
tra such as in Figure 5 over the range from 172 ppm
to 182 ppm, on the dephasing period. The simulated
dephasing curve in Figure 6 was calculated with the
assumption that 40% of the carborffC nuclei are
coupled to &°N nucleus at a 4.2 A distance, 40% are
coupled to &°N nucleus at a 5.6 A distance, and 20%
are not coupled t6°N nuclei. The uncouplet’C nu-

clei probably include natural-abundance carbddg
nuclei that are more than 6 A away from i\ label

at Ala8 in helical MB(i+4)EK molecules and®C la-

bels in MB(H4)EK molecules that are non-helical, in
roughly equal numbers. The good agreement between
the simulated REDOR dephasing curve and the experi-
mental data supports the predominance ofitielical
conformation in frozen solutions of MB{i4)EK with-

out denaturant (Long and Tycko, 1998) and establishes
our ability to detect°N-13C dipole—dipole couplings
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Figure 6. REDOR dephasing curve for the triply labeled
MB(i+4)EK sample. The ordinate represents the ratio of carbonyl
signal intensities with (§ and without ($) the application of5N
pulses. Filled circles are experimental data points. The solid line
is a simulated dephasing curve, assuming that 40% of the carbonyl
13¢C nuclei are dephased by dipole—dipole coupling® with an
internuclear distance of 4.2 A, 40% are dephased by couplitgto
\iv5ith an internuclear distance of 5.6 A, and 20% are not coupled to
N.
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in the range that is relevant to the RP135§0Fab
measurements described above.

Molecular modeling

Structure calculations were performed combining lig-
uid state NOE and J coupling restraints (Tugarinov
et al., 1999) and solid state NMR dihedral angle re-
straints (Weliky et al., 1999) to refine the structure
of the antibody-bound V3 loop peptide. Energetic
and structural results of the calculations are plotted in
Figure 7. Any interatomic distance exceeding the cor-
responding NOE restraint distance by 0.5 A or more
was considered a violation, as was any dihedral an-
gle more than % outside the corresponding restraint
range. The fact that the lowest-energy structures for
the minl, min2, and min4 calculations exhibit no re-
straint violations demonstrates the compatibility of the
liquid state and solid state NMR measurements. The
calculations also suggest that one of thel() pairs

for Gly321 that is consistent with the solid state NMR
measurements, namely min3, may be ruled out in light
of the liquid state NMR measurements. No structures
satisfying all NOE and dihedral angle restraints were
found in the min3 calculations. In addition, the lowest-
energy structures for min3 exhibit strain in bonds,
angles, and dihedral angles (Figures 7b and 7¢) and
consistently higher total potential energies than those
of the other three sets of calculations. Figure 8 shows

321

the lowest-energy structures for the minl, min2, and
min4 calculations.

The structures in Figure 8 are dictated by both the
liquid state and the solid state NMR restraints. There is
little direct overlap between the two sets of contraints.
The liquid state data restrain tigeangles of residues
313-316, 318, and 323-327, while the solid state
data restrain the dihedral angles of residues 320-322.
Liquid state NOE restraints on the distances between
H, of Pro320 and Iy of Gly321 and between Hof
Gly321 and H, of Arg322 place limits on the pos-
sible ¥ angles of Pro320 and Gly321, respectively,
but these limits are not sufficiently restrictive to per-
mit a precise comparison of the liquid state and solid
state NMR data. The solid state NMR data place the
stronger restraints on the GPGR conformation, while
the liquid state NMR data restrain the conformation
of the flanking sequences and establisktig con-
formation for Pro320 through observation of NOEs
between thex protons of Gly319 and Pro320. Since
the RP135/0.6 Fab complex remains intact in frozen
solution (as supported by the reduction in solid state
NMR linewidths upon complexation described above)
and since the solid state NMR measurements are car-
ried out on the epitope region of RP135 (i.e., the
region that interacts with the antibody binding site),
we believe that the peptide conformations probed by
the liquid state and solid state NMR measurements are
essentially identical. The existence of structural mod-
els that are consistent with both sets of measurements
supports this belief.

The liquid state NMR measurements of Tugarinov
et al. (1999) do not provide direct restraints on the
andW angles of Gly321. Structural models for P1053
bound to the Fv fragment of (3Feported by Tugari-
nov et al. (1999) have values for Gly321 (called
Gly1l4 by Tugarinov et al.) in the range from 56
to 99°. While most of these structures have positive
W values for Gly321, two of the reported structures
(models 7 and 18 in PDB file 1B03) havevalues of
—104 and —145°. These two structures correspond
closely to min2 and min4 and are also in best agree-
ment with the restraints od of Pro320 and$ of
Arg322 derived from solid state NMR (Weliky et al.,
1999).

Discussion and conclusions

The REDOR measurements on the RP13%/(-8b
complex demonstrate that the hydrogen bond between
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Figure 7. Energies and restraint violations for the 20 structures of lowest energy found for each of thedfauinima for Gly321 consistent

with solid state NMR measurements (Weliky et al., 1999): minl (solid), min2 (dot), min3 (short dash), min4 (long dash). The structures are
sorted in order of increasing total potential energy. Plots in each panel indicate total potential energy (a), sum of bond and angle energies (b),
sum of dihedral, improper dihedral, and dihedral restraint energies (c), sum of van der Waals, electrostatic, and hydrogen bond energies (d),
NOE restraint energy (e), and the sum of NOE violations exceeding a 0.5 A tolerance and dihedral violations excéeiiegaaée (f).
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Figure 8. (a) Eight RP135 conformations of lowest energy found for each of three Glg3RIpairs consistent with solid state NMR mea-
surements (Weliky et al., 1999). These structures are derived from a combination of liquid state (Tugarinov et al., 1999) and solid state (Weliky
et al., 1999) NMR restraints on the antibody-bound RP135 peptide conformation. All structures were oriented by best-fitting main chain atoms
(N, CO, and @) of residues 311 to 318 and 324 to 328. The structures were then separated into three sets for display, corresponding to three
sets of structure calculations. Only main chain atoms are shown, with nitrogen atoms colored blue, oxygen atoms red, and carbon atoms gray
(minl calculations), green (min2 calculations), or orange (min4 calculations). For clarity, oxygen atoms are not shown for residues 316 to 323.
C, of Gly321 is colored purple in each structure. (b) Stereoview of the main chain conformation of residues 316 to 323 for the lowest-energy
structures of the min1, min2, and min4 calculations. Structures are oriented as in (a), with the Pro321 ring shown in addition. Graphics were
generated using Molscript (Kraulis, 1991) and Raster3d (Merritt and Bacon, 1997).
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the Arg322 side chain and the Gly319 carbonyl ob- higher-energy structures when the liquid state NMR

served in the RP142/59.1 Fab crystal structure (Ghiara restraints are included and can therefore be excluded.

etal., 1994) is absent in the RP135fFab complex. In general terms, these calculations demonstrate how

In the RP142/59.1 Fab complex, this is the i-te3i precise local structural restraints from solid state NMR

hydrogen bond that forms the type ftturn in the measurements can aid in the refinement of global

GPGR motif. The absence of this hydrogen bond con- structures determined from liquid state NMR mea-

firms the earlier solid state NMR (Weliky et al., 1999), surements, and how liquid state NMR measurements

liquid state NMR (Tugarinov et al., 1999), and crystal- can remove some of the ambiguities in solid state

lographic (Stanfield et al., 1999) evidence for confor- NMR measurements that are associated with symme-

mational diversity in the GPGR region in complexes try properties of nuclear spin interaction tensors or

of V3 loop peptides with neutralizing monoclonal an-  signal-to-noise limitations.

tibodies that recognize the V3 loop of HIV-1 gp120.
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Appendix

Effects of>N-15N coupling ont3C-15N REDOR
measurements

In this Appendix, we analyze the effects of dipole—
dipole coupling between the tw&N-labeledy ni-
trogens of arginine on REDOR dephasing of3g-
labeled glycine carbonyl carbon. In the putative
arginine-glycine hydrogen bond described above, the
13C15N distances are approximately 4.24 A and
5.88 A, so that the heteronuclear dipole—dipole cou-
plings differ by a factor of 2.67. ThéN-1°N dis-
tance is approximately 2.38 A. Thus, the homonuclear
15N-15N dipole—dipole coupling exceeds the stronger
13C-15N coupling by a factor of roughly 20, in the
case of a non-spinning sample. In the REDOR mea-
surements described above, MAS with rotation period
tr = 200pus is used. Rotor-synchronized F8fulses
are applied td3C and'®N nuclei to recouple the het-
eronuclear coupling. THEN pulses have the potential
of recoupling the homonuclear coupling, as occurs in
the radio-frequency-driven recoupling (RFDR) tech-
nigue (Bennett et al., 1992, 1998a,b; Gullion and
Vega, 1992). One then wonders whether #i8l-

15N coupling may interfere with the detection of the
13C-15N coupling in a REDOR measurement. To ana-
lyze this problem theoretically, consider the following
Hamiltonian for a spin system consisting of oh€
nucleus (spin I) and twéN nuclei (spins $and S)
during the REDOR pulse sequence:

HO = o1z + 0s1()Sz1 + ws2(H)S2
+ dis(H)1;S;z1 + dss(t)

i (A1)
[Szlszz — Z(SHSzf + 5152+)1|

The terms on the right side of Equation Al repre-
sent the chemical shift of spin |, the chemical shift of
spin §, the chemical shift of spin & the heteronu-
clear dipole—dipole coupling between spins | and S
and the homonuclear dipole—dipole coupling between
spins § and S, respectively. For simplicity, coupling
between | and Bis ignored. H(t) is taken to be the
Hamiltonian in an interaction representation with re-
spect to the pulse sequence applied to the | and S
spins. This pulse sequence consists of’lj@dses ap-
plied to the | spin at integer multiples ok and to the
S spins at half-integer multiples akg, i.e., at times
equal to(n + 1/2)tr. Pulse durations are assumed to
be negligibly short. The chemical shift and coupling
coefficients are time-dependent because of MAS and
because of the pulse sequence. The periodseftd

and ds(t) is tr. The period oty (t), wsi(t), andwsy(t)

is 2tr, and these chemical shift coefficients average
to zero over one period. The net spin evolution over
one period of H(t) is described by the operator t{R
which can be written as:

U(2tr) = Uis(21r)Uss(2TR) (A2)
t
Ust) = exp[—i/dt’ [ws1(t)Sz1
0 (A3)

+ ws2t)Sz2 + dis(t)12S2]

Uis(2tr) = exp(—idislzSz1) (A4)
2TR
Uss(2tR) =Texp[ —i / dt dss(t) [Sz1Sz2
L 0
= ZUs0 7 (514 (A5)

+ S1-S21)Uis(®) ]

~exp[2i(DS1+:S2- + D'S;-Sp1)1R]

|

— os2(t) + dis(t)]]

t

i / dt [ws1(t)

0

21R
1

D = —/dtdss(t) exp
R
0

8t
(A6)

Usg(2tR) is the evolution operator for the homonu-
clear coupling in an interaction representation with
respect to the other terms in H(t). D represents the
effective homonuclear coupling strength, recoupled by
the S-spin pulse train. In an analysis of the RFDR tech-
nigue for a two-spin, homonuclear system, D would be
a scalar. Here, D is an operator on the | spin because
the state of the | spin affects the time dependence of
the local magnetic field at;Sand hence affects the
extent of RFDR recoupling.



Assuming that transverse magnetization is initially
prepared on | and that signals from | are detected, the
NMR signal after 2N rotation periods is

SIN)=Tri 5,5, {1+ [Uis(2tr) Uss(2tR)]N
Ix [Uss(2tr)~2Uis (2tr) 1"

1
Trs s, {[exp(i 4)—2'8821)

exp[2i(D-S14+Sp— + D* S1-Sp4)R] }

2
N

x [exp[—Zi(D+Sl+SQ

N
+ D% S1-S24)1R] eXP<i¢—;Sz1>} }
= %Trsi,sz {exp(i%Sﬂ) (A7)

N—1 ,
k]_[0 exp[2i(D_e¢isk/25, S,

+ D* ¥isk/25;_ Sy, )R]
N—1 o

x I exp[—2i(D+e"'>Isk 125,S,_
k’=0

+De K28y S )ig]

_N
exp <| %&1)

In Equation A7, D. = (+|D|+). The product
over the index k is evaluated in increasing order. The
product over the index’kis evaluated in decreasing
order.

The quantitie$d|s| and|D4 tr| represent the mag-
nitudes of the REDOR and RFDR recoupling effects,
respectively. fiD1tr| < 1 and|¢is| > |Ditrl, i.€.,
if the recoupled heteronuclear coupling is much larger
than the recoupled homonuclear coupling, then
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N—1 _
k]_[o exp[2i(D_e '¢isk/25, S,

+ D* g4isk/25;_ S, )R]

~ exp{Zi |:D_Sl <SS (Nzle—i¢|sk/2> (A8)
k

=0
N—1 . ,
+D S-Sy | X €915K72 | 1
k'=0
1

x

and similarly for the productinvolving D. (More rig-
orously, it may be necessary to break the product over
k into several pieces {ND. tr| ~ 1.) In this limit, the
NMR signal becomes

S(N) = Trs, {exp(iNdisSz1}
2 cogNdis/2)

The signal in Equation A9 is simply the REDOR sig-
nal in the absence of the S-spin homonuclear coupling,
with +¢;s/2 being the net precession angle of spin |
due to coupling to spin{Sover a period 2r.

The derivation of Equation A9 depends on the as-
sumption that REDOR recoupling dominates RFDR
recoupling. In fact, in the limit of negligibly short 180
pulses, numerical simulations of RFDR recoupling be-
tween twol®N spins with an internuclear distance of
2.38 A, CSA widths of roughly 1.5 kHz, antk =
200us indicate a characteristic time for RFDR recou-
pling on the order of 300 ms. The characteristic time
for REDOR recoupling for a 4.2 A3C-15N distance is
on the order of 20 ms, as shown in Figure 6. Thus, we
expect the derivation above to apply in this case. Nu-
merical simulations of the REDOR experiment for the
full three-spin system (i.e., one carboRyC and two
15N nuclei, with one!3C-15N distance of 4.2 A and a
15N-15N distance of either 2.4 A or 1000 A, with finite
180 pulses, and with®N CSA widths up to 4.1 kHz)
also indicate that th€N-°N coupling does not affect
the13C-15N REDOR dephasing curve significantly.

(A9)



