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Abstract: Solid-state NMR measurements were performed on the complex of an 18-residue peptide derived
from the V3 loop sequence of the gp120 envelope glycoprotein of the HIV-1 MN strain with Fv fragments
of the human anti-gp120 monoclonal antibody 447-52D in a frozen glycerol/water solution. The peptide
was uniformly **N- and *2C-labeled in a 7-residue segment containing the conserved GPGR motif in the
epitope. 5N and 3C NMR chemical shift assignments for the labeled segment were obtained from two-
dimensional *3C—*3C and *>N—13C magic-angle spinning NMR spectra. Reductions in *3C NMR line widths
and changes in chemical shifts upon complex formation indicate the adoption of a well-defined, antibody-
dependent structure. Intramolecular 13C—3C distances in the complex, which constrain the peptide backbone
and side chain conformations in the GPGR motif, were determined from an analysis of rotational resonance
(RR) data. Structural constraints from chemical shifts and RR measurements are in good agreement with
recent solution NMR and crystallographic studies of this system, although differences regarding structural
ordering of certain peptide side chains are noted. These experiments explore and help delineate the utility
of solid state NMR techniques as structural probes of peptide/protein complexes in general, potentially
including membrane-associated hormone/receptor complexes.

Introduction amino acid composition of the V3 lodp2? In particular, single

In this paper, we report solid-state NMR studies of the amino acid substitutions are sufficient to alter the receptor
conformation of a peptide derived from the V3 loop of HIV-1 preference of th(_e virioh_Addition_aIIy, it has_ b(_een d_emonstratgd
gp120 bound to the Fv fragment of the neutralizing monoclonal that the V3 loop is required fpr viral as_somgtlon with chemoklne_
antibody 447-52D. These studies are motivated both by the '€Ceptors, and several studies have implied that the V3 loop is
biological significance of this system and by methodological directly involved in co-receptor binding of gp126?*° This
considerations. From the biological perspective, the V3 loop 1S Supported by the observation that antibodies that bind the
of gpl120 is an important component of HIV-1, as both a V3 _Ioop also_ block viral binding _to _th_e go-recepté_rjé?.v&
determinant of viral tropism and as the principal epitope for derived peptides were found to inhibit viral entry into target

several potent neutralizing antibodies.Viral entry into CD4+

cells requires the interaction of the viral envelope glycoprotein
gpl120 with cell surface receptors. This process involves the
binding of exposed regions of gp120 to both CD4 and to a

chemokine co-receptor, typically CCR5 or CXCR4. Co-

cells in a co-receptor-specific manrés’
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A highly conserved GPGR sequence at the tip of the V3 loop
is considered to play a key role in these intermolecular
associations, on the basis of mutagenesis sthtfieand its
inclusion in the epitope of neutralizing antibodfe4.18-24
Unfortunately, the crystal structure of a gp120/CD4/antibody
complex did not reveal information about the variable loops of
gpl120, since they were removed in order to promote crystal-
lization?® In addition to the V3 loop, a highly conserved
structure in theg19 andf20 strands of gp120 is critical for the
interactions with CCR5 and CXCR4:26.27

The structures of V3 peptides of the HI\{nl strain in
complex with anti-peptide HIV-1 neutralizing antibodies were
determined by X-ray crystallograpi§22-2* These structures
show a bound peptide conformation with a singteurn in one
complex and a double turn in another complex. A turn in the
GPGR region of the V3 loop would be consistent with early
predictions of gp120 structut€?8The structures of Vigs and
V3un peptides (differing by a two-residue insertion and sharing
only 56% sequence identity) in complex with the .&nti-
gpl2Qys antibody and with the 447-52D human antibody,
respectively, were solved by solution NMR studi&s’! Both
peptides in the complexes with the HIV-1 neutralizing antibodies
were found to formB-hairpins. However, the twg-hairpins
differ in the hydrogen bond network and the type of turn formed
by the GPG sequenééA similar V3yy loop structure is also
seen in a recent crystal structure of a 447-52f¥Y8omplex3?

When immobilized at the surface of chimeric viruses, V3 loop
peptides gain an increased tendency to form sequence-dependent
structures, which may differ from the antibody-bound conforma-
tions39-41

Solid-state NMR studies of a V3 peptide derived from the
[1IB strain of HIV-1 in complex with the Fab fragment of the
0.56 neutralizing antibody provided evidence that the;¥3
peptide appears unstructured in frozen solution and adopts a
well-defined structure in the presence of antibdgi§2 Using
selectively3C-labeled peptides in frozen solution, backbone
torsion angles in the GPGR region of the bound peptide were
constrained by data from 2D magic-angle spinning (MAS)
exchange spectroscopy and constant-time double-quantum
filtered dipolar dephasing (CTDQFD) measurements. In addi-
tion, potential intramolecular hydrogen bonding was probed
using 13C—15N rotational echo double resonance (REDOR).

In the present study, the conformation of ayw3peptide in
complex with the Fv fragment of the human anti-HIV-1 antibody
447-52D was studied by solid state NMR. The results described
in this paper are also of methodological significance, as they
represent the first solid state NMR study of a peptide/antibody
complex in which the peptide contains a uniformly labeled
segment. Results described below have implications for future
studies of other peptide/protein complexes, including complexes
with integral membrane proteins, such as peptide hormone
receptors® We show that high-quality two-dimension&C—

It has been suggested that the variation in antibody-bound V3 3C and'*N—13C solid-state NMR spectra can be obtained for

loop conformations may mimic the structures of key elements
in chemokines, implying a potential pathway for co-receptor
selection by gp126t

In contrast, solution NMR studies of uncomplexed V3-derived
peptides from various HIV-1 strains have indicated only a weak
propensity to form a defined structure in aqueous solifof?
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such systems and that these spectra contain information about
the bound peptide structure and conformational heterogeneity.
We also demonstrate that distance constraints can be obtained
from measurements ¢fC—13C dipole—dipole couplings using

the rotational resonance (RR) technique. Finally, we describe
attempts to obtaif®N—13C distance constraints with frequency-
selective REDOR (fsREDOR) that expose certain difficulties
in its application to certain biological systems. Our results are
generally consistent with solution NMRand X-ray crystal-
lographic? studies of the Vgn/447-52D complex. Compared
with solution NMR data, the solid-state NMR data provide new
information about differential ordering of amino acid side chains
within the epitope region of the bound peptide.

Materials and Methods

Sample Preparation.The V3unis peptide, corresponding to residues
310-329 of the V3 loop of the MN strain of HIV-1 (sequence
KRKRIHIGPGRAFYTTKN), was synthesized on an Applied Biosys-
tems 433A automated peptide synthesizer, using FMOC chemistry and
purified by reversed-phase HPLC (semipreparative Vydac C18 column,
acetonitrile/HO gradient). Note that the first seven residues ofiv3
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are numbered 310316 and the last 11 residues are numbered-319

256 t points, with an increment of 44.8s. 1N—13C spectra were

329 because of the absence of the two-residue insfertion that occurs inrecorded with 256,tpoints, with an increment of 5@s. Recycle delays

the 111B strain sequence. UniformfN- and**C-labeled amino acids

were 2 s. Total measurement times were 90 H6r-13C spectra and

(Cambridge Isotope Laboratories) were incorporated in the central 155 h for!>N—13C spectra.

IGPGRAF segment. The identity and purity of the peptide were

Rotational resonance (RR) spectra were obtained ahthe2RR

confirmed by electrospray mass spectrometry. The Fv fragment of the condition5°-52 Following CP,*3C magnetization was stored along the
447-52D monoclonal human antibody was expressed as two separatez axis, and a Gaussian-shapedpulse (14 ms, depending on the

polypeptide chains irEscherichia coliBL21(DE3)-pLysS cells and
refolded prior to complex formation as described elsewheihe
V3unig/Fv complex was formed by addition of a 20% molar excess of
the V3unis peptide to a 0.04 mM Fv solution in 10 mM phosphate, pH
5.0, and incubation fa2 h at 25E Gwith gentle agitation. The complex
was subsequently concentrated to 2 mM using a centrifugal filter with
a nominal molecular weight cutoff of 3000 Da. Samples for NMR
spectroscopy contained either 0250l of V3unig/Fv complex or 1.5
umol of V3unis peptide in 10 mM phosphate, pH 5.0. Glycerol (40%
v/v, sufficient to suppress solvent crystallization at low temperatures)
and CuNaEDTA (20 mM, to reducéH spin—lattice relaxation times

to ~1 s in frozen solutions) were added to the samples prior to loading
the final volume of 24QuL into Varian 6-mm MAS NMR rotors.
Samples were frozen by immersion in liquid &d maintained at80

°C or below at all times. The NMR probe was cooled to approximately
—155°C before MAS rotors were loaded into the probe.

NMR Spectroscopy.Solid-state NMR experiments were performed
on a Varian InfinityPlus-400 spectrometéi and'>N NMR frequen-
cies of 100.4 and 40.46 MHz, respectively), using a Varian/Chemag-
netics triple-resonance 6-mm MAS probe with a home-built variable
temperature stack to provide cold ijas to the sample space in the
probe. MAS frequencies were controlled to within 2 Hz, and MAS

required frequency selectivity) was used to invert the NMR line of
one carbon site (C1) selectively. Following the RR mixing perigsl
(80 kHz H decoupling), a nonselective’2 pulse was used to excite
13C free-induction decay (FID) signals,..SAt each trg, reference
signals,S, were also recorded, with no inversion of C1. Polarization
transfer from C1 to the second carbon site of interest (C2) was
monitored as build-up of the C2 peak area in an RR difference spectrum
(S — S1), normalized to the C1 peak arearak = 0. In cases of partial
spectral overlap in the C1 peak, the contribution from C1 to the inverted
peak area was estimated on the basis of chemical shift and line width
information. Experimental error was estimated from the root-mean-
squared noise within each difference spectrdfic zero-quantum
coherence relaxation time3.q) for each spin pair were estimated
from single-quantum relaxation timeg,{)) measured from spirecho
spectra obtained with echo delays from 0.2 to 7 ms using the equation
Tozg t = (TAW)L + (T2®@)~L CP and decoupling conditions in these
T, measurements matched those in the RR measurements. Typical
estimatedT,zq values were 1.82.5 ms. The dependence B€—13C
distance determinations ofzq is discussed in detail below. Total
experiment times were 2436 h for each RR curve.

13C-detected frequency-selective rotational-echo double resonance
(fsREDOR) experiments were carried out using the pulse sequence

tachometer signals for pulse sequence synchronization were filtereddescribed by Jaroniec et &5 with active rotor synchronization of
with a home-built phase-locked loop circuit. Sample temperatures under 7 pulses on thé>N channel. Gaussian-shaped selectivaulses were

MAS were calibrated using thPb chemical shift of solid PbNgF

and were found to be well below the glass transition of the glycerol/
H,O mixture (approximately-70 °C) at MAS frequencies below 8
kHz. Cooling of the MAS drive and bearing;jas was unnecessary

typically 2—5 ms in length and were applied simultaneously on both
15N and3C channels in the middle of the REDOR dephasing period,
rep. Dephased&) and referenceSy) spectra were recorded at each
7rep Value, withS spectra being acquired without the selectité =

at the relatively low MAS frequencies used here. Sample temperaturespulse. Dephasing due to the selectéd—13C dipole—dipole coupling

were typically—120+ 10 °C.

Ramped cross-polarization (CP) with average radio frequency (rf)
field strengths of 50 kHZ'EC) and 25 kHz ¥®N) were used in all cases
unless otherwise specified. Typical2 pulse lengths were ps (H
and*®C) or 10us (*°N). *H decoupling fields of 80 kHz were applied
during all t and & periods, with two-pulse phase modulation (TPPM)
during the t period?” Two-dimensional (2DY*C—3C spectra were
obtained with a rotor-synchronized 2D exchange pulse sequenee (10
15 ms exchange period with no rf pulses on tHeand3C channels,

was then monitored as the ratio of the sele¢f@&INMR peak areas in

S and § spectra (typically expressed as-1 S/Sy). Although T,
relaxation duringrep is generally considered to affestandS signals
equally and, therefore, to lea®'S, unaffected, the rapid relaxation

in the V3un1g/Fv complex in frozen solution under our experimental
conditions appears to attenua®e more strongly tharss, even for
relatively short (e.g., 2.35 A) fixed distances, making measurements
of structurally relevantSN—13C distances impossible, as discussed
below.

chosen to maximize the intensity of one-bond cross-peaks), using a Data Analysis. NMR spectra were processed using NMRPipe and

combination of two synchronization conditions to obtain purely
absorptive line shapes as previously descrit§édThis proved neces-
sary for minimization of strong cross-peaks associated with MAS
sidebands of natural-abundance glycé#Glsignals and for the removal

of baseline distortions in the 2D spectra arising from phase-twisted
glycerol peaks. 2D'N—1°C correlation measurements employed a
shaped CP ramp with a 2-ms contact time aréCafield strength of
14.4 kHz for polarization transfer frorPN to 13C following the &
period. Dipolar dephasing for spectral editing in one-dimensional (1D)
15N spectra was accomplished with a rotor-synchronized-spafo
pulse sequence with a variable period ofl%bdecoupling preceding
the >N 7 pulse. All chemical shifts are given relative to tetramethyl-
silane {3C) or liquid NH; (**N). 33C—13C spectra were recorded with
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Zolla-Pazner, S.; Anglister, Protein Expression Purif2003 29, 291—
303.
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7930.

NMRDrawp® for 2D experiments or Varian Spinsight software for 1D
experiments. TALOS was used for estimation of Vigis ¢ andy
torsion angles fromM*C and!>N chemical shifts. Numerical simulation

of RR polarization transfer curves was performed using a program
written within the GAMMA®® environment, kindly provided by the
group of Prof. B. H. Meier. Dipoledipole couplings, chemical shift
anisotropy (CSA),J-couplings, couplings to a thirfC spin, andTzq

(50) Raleigh, D. P.; Levitt, M. H.; Griffin, R. GChem. Phys. Lettl988 146,
71-76.
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(56) Delaglio, F.; Grzesiek, S.; Vuister, G. W.; Zhu, G.; Pfeifer, J.; BaxJA.
Biomol. NMR1995 6, 277—293.

(57) Cornilescu, G.; Delaglio, F.; Bax, A. Biomol. NMR1999 13, 289-302.

(58) Smith, S. A.; Levante, T. O.; Meier, B. H.; Ernst, R. RMagn. Reson.,
Ser. A1994 106, 75—-105.

(59) Williamson, P. T. F.; Verhoeven, A.; Ernst, M.; Meier, B.HAm. Chem.
So0c.2003 125 2718-2722.

J. AM. CHEM. SOC. = VOL. 126, NO. 15, 2004 4981



ARTICLES

Sharpe et al.

K, ,RKRIHL,,,G, PGRAFYTTKN,,,

V3uws

V3,,,,/447-52D Fv
complex

T T T
150 100 50 0

*C chemical shift (ppm)

250 200

Figure 1. 13C MAS NMR spectra of Vgnis (sequence shown, with
uniformly 15N- and 13C-labeled segment underlined) in frozen glycerol/
H0 solutions for free V@nis (top) and the complex with Fv fragments of
the monoclonal antibody 447-52D (bottom). Spectra recordedl20 °C,
with 100.4 MHZ13C NMR frequency and 5.00 kHz MAS frequency. Spectra
represent 1024 scans, processed with 50-Hz Gaussian line-broadening.

relaxation were included as described by Williamson &t@SA values

and relative tensor orientations were assigned with SIM#®@b the
basis of the solution NMR structure of the M3@Fv complex (PDB

file 1N1Z).31 Note, however, that substitution of random relative tensor
orientations did not significantly alter the results obtained for distances
longer than 2.5 A In each set of simulations, the third (passive) spin

was chosen to be the most strongly coupled spin that was close to a

RR condition with either C1 or C2, on the basis of positions taken
from the solution NMR structure. Effects of couplings to the third spin
were insignificant in all RR measurements reported below.

For fitting each experimental RR data set, a series of simulations
were performed with incremented values of internuclear distange (

and Tzzq. The reduced,? deviation from the experimental data was
calculated ag? = [J(E — 1S — £)F04/N, whereg; is the uncertainty

in the experimental data poing, S is the corresponding simulated
data, andN is the number of data pointd.is a scaling factor (with
minimum value 0.5) that reflects uncertainty in the normalization of
Ei due to peak overlap and effects of inhomogeneous broadening (see
below).¢ is a vertical offset parameter (with maximum valsg that
accounts for contributions to the C2 signal in the RR difference spectra
from the MAS sideband line of C1. Bothand & were optimized to
minimize »? at eachry; and Tozq during data fitting. The upper
acceptable limity%max (95% confidence level), was determined from
the standarg,? distribution withN — 2 degrees of freedom, on the
basis of the minimum valug?min. For N = 10, %%max = 1.5¢%min; for N
=12, szax = 1-8)62min-

Results and Discussion

Chemical Shift Assignments.13C and'>N NMR chemical
shifts were measured and assigned entirely from solid state NMR
spectra, independently of available solution NMR data. Figure
1 shows one-dimensionafC MAS NMR spectra of Vgnis
and the Vin1g/Fv complex in a frozen glycerol/water solution.
Intense peaks at 63 and 73 ppm arise from natural-abundance
13C at the CHOH and CHOH groups of glycerol, respectively.
Significant changes in chemical shifts upon addition of the 447-
52D Fv fragment, as well as a narrowing of well-resolved peaks,
are apparent. These effects are seen more clearly in th&2D
13C NMR chemical shift correlation spectra in Figure 2. In
particular, the aliphatic region, expanded in Figure 2C and D,
and the CO/@. cross-peak region indicate an overall increase
in peptide order upon binding. Similar line narrowing was
observed in an earlier solid-state NMR study of a¥$eptide
in complex with the 0.8 antibody?2

V3 V3,1 /447-52D Fv
-
A% B¢
£
A323 o A323 ” 100
[150
5319, G321 el G319 [
: ’ - G321 el
il
150 100 50 180 100 50

20

*C chemical shift (ppm)

*C chemical shift (ppm)

Figure 2. 13C—13C NMR chemical shift correlation spectra of Mis, as the free peptide (A, C) and in the 447-52D Fv complex (B, D), in frozen glycerol/

H0 solutions. Intraresidue assignment pathways are shown in each case, with one-bond cross-peaks indicated by solid lines and two- or theee-bond cros
peaks indicated by dotted lines. Spectra recorded1&0 °C, with 100.4 MHz'3C NMR frequency and MAS frequencies of 6.00 (A, C) or 5.60 kHz (B,

D).
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Figure 3. (A) N—13C NMR chemical shift correlation spectrum of the W@s/Fv complex in frozen glycerol/tD solution. Assignments to directly
bonded nitrogercarbon pairs are indicated. (B3N MAS NMR spectra from dipolar dephasing experiments, with indicated perio#$-ef°N dephasing.
Each spectrum represents 51 000 scans, and all are shown on the same vertical scale. Spectra red®0é@ awith 100.4 MHz13C NMR frequency
and an MAS frequency of 5.6 kHz.

Assignments of most’C signals from the unbound peptide basis of the assigne®C chemical shifts of directly bonded
could be made from the 2D spectrum in Figure 2A and C, carbons!®N chemical shift assignments could not be made for
despite the relatively broad lines, on the basis of the known the unbound peptide because of the broad lines iftiepectra
chemical shift ranges for carbon sites of the individual residues. of this sample.

The strongest cross-peaks are observed between directly bonded Structural Implications of Chemical Shifts and NMR Line
carbons, with a number of 2- and 3-bond correlations also Widths. 13C and'>N chemical shift assignments for Mg.s in
present. Signals from G319 and G321 were not resolved in bound and unbound states are summarized in Table 1. Chemical
spectra of the unbound Y815 sample. Likewise, overlap of  shift changes as large as 7.5 ppm are observed upon formation
intra-side-chain cross-peaks leads to large uncertainty in theof the complex with the 447-52D Fv, supporting a significant
chemical shifts for R322. Due to the narrower lines and chemical structural rearrangement within the labeled segment of the
shift changes, unambiguous assignments were more easily mad¥ 3yn1s peptide. Deviations of the CO,dC and @ shifts from

for the V3unig/Fv complex, as shown in Figure 2B and D. Here, random coil value® are plotted in Figure 4A. Although the
G319 and G321 have well-resolved C@/Cross-peaks, and  trend toward upfield @ shifts in the presence of the Fv might
intra-side-chain cross-peaks of P320 and R322 are bettersuggest an overgll-strand conformation, the CO angGhifts
resolved. Assignment of the F324 COaGand @B resonances  are not consistent with this interpretation. Thus, the labeled
used weak CO/& and CO/@ cross-peaks, which are not visible  segment in the bound peptide forms neitheroahelix nor a

at the contour levels in Figure 2B and D. This was surprising, singleg strand. Predictions of backbopeandy torsion angles
since @UCp cross-peaks for F324 are clearly identifiable in were obtained with the TALOS progratywhich compares the

the absence of the Fv, as indicated in Figure 2B. Cross-peaksexperimentally determine¢PN and 13C chemical shifts with
involving methyl carbons of 1316 are also unexpectedly weak shifts in a database of proteins with known high-resolution
in 2D spectra of the Vign1g/Fv complex. structures and known chemical shift assignments. These predic-

Site-specific assignment of G319 and G321 signals required tions are summarized in Table 2, which also lissndy torsion
the 15N—13C correlation spectrum shown in Figure 3A. In this angles extracted from a solution NMR structure of ayNB
spectrum, both intraresidue N#Cand sequential N/CO cross-  447-52D Fv complex (PDB file 1NIZ3t The TALOS predic-
peaks are observed, along with the R322 side chai#tNC tions are reported as ranges of values, encompassing acceptable
correlations. Identification of the G321 N/P320 CO and G319 matches to the TALOS database after discarding “outlier”
N/I1316 CO cross-peaks was sufficient to differentiate G319 and matches (no more than 2 outliers per residue, except for G321).
G321. Because of poor resolution between hes of G319 Agreement between TALOS predictions generated from the
and G321, the"®™N chemical shift assignment for P320 was solid state NMR data and torsion angles extracted from the
confirmed with?H—15N dipolar dephasing measurements, as solution NMR structure is reasonable for all residues except
shown in Figure 3B. In these measurements, signals from P320. Incomplete agreement is most likely due to incomplete
protonated®N sites decay more rapidly than those from representation of turn conformations in the TALOS database.
unprotonated sites (i.e., P320 amide) with increasing dephasingTALOS predictions for 1318 and F324 were not obtained
time. Assignments of the remainidgN chemical shifts for the because the TALOS algorithm requires chemical shift values
V3unig/Fv complex were made from the 2D spectrum on the for three sequential residues.

(60) Bak, M.; Schultz, R.; Vosegaard, T.; Nielsen, NJCMagn. Resor2002
154, 28—45.

(61) Wishart, D. S.; Bigam, C. G.; Holm, A.; Hodges, R. S.; Sykes, BJD.
Biomol. NMR1995 5, 67—81.
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Table 1. 13C and 15N NMR Chemical Shifts (ppm) for Isotopically Table 2. Peptide Backbone ¢ and vy Torsion Angles (°) in the
Labeled Residues of V3unis, Both as the Free Peptide and in the V3un18/447-52D Fv Complex
Complex with 447-52D Fv Fragments, Determined from 2D Solid TALOS oredictions f id-stat I NVR
State MAS NMR Spectra of Frozen Glycerol/H,O Solutions? VR Chomcal shife cires
residue and site V3unis V3unia/FV change upon complexation residue ¢ " 6 "
1316 N (127.7) G319 —125+ 26 151+ 23 -107 145
coO  (176.5) 1736 —2.9 P320 ~76+ 16 144+ 10 -72 65
Ca (60.5) 58.2 —2.3 G321 74+ 18 12413 87 25
cs (38.5) 37.0 -15 R322 -96+ 13 124+ 22 -105 79
Crl (26.5) 26.0 —0.5 A323 —100+ 25 119+ 16 —63 82
Cy2 (15.5) 17.4 1.9
Co (13.5) 1.2 —23 aFrom PDB file INIZ.
G319 N 121.3
co 1735 166.0 -7.5 - - e :
Ca 425 419 06 fB-turn with a cis proline in the GPGR motif, as observed for a

V3 peptide of the HIV-1 IlIB strain bound to the anti-gp120

P320 clzl) 176.6 11372'.3 03 monoclonal antibody 0/&2°
Ca 61.8 58.5 -33 13C MAS NMR line widths for each V@nis sample are
Cp 319 28.8 —-31 plotted in Figure 4B. Most backbone carbon sites in the labeled
gg 4212'?1 4212.‘31 :g'i segment exhibit a significant (18 ppm) reduction in line
' ' ’ width upon binding to the Fv. As suggested previo8i§?42
G321 N 112.2 hi d tide in th bound stat q
co 1735 172.3 19 this supports an unstructured peptide in the unbound state an
Ca. 425 43.1 0.6 the adoption of an antibody-dependent structure upon binding.
R322 N (121.7) Line widths for side chain carbon sites in the labeled segment
co (172.0) 175.5 35 of the V3un1s/Fv complex vary considerably, reflecting varia-
Ca. 55.0 504 —4.6 tions in the degree of side chain ordering. All P320, R322, and
cB 27.5 26.4 -11 A323 side chai b . hibit sharo li oA
Cy (22.5) 20.8 17 : side chain carbon sites exhibit sharp ines{28 ppm
C (42.5) 39.2 -3.3 line widths for @3, Cy, and @ of P320; @3, Cy, CJ, and &
C¢ 157.5 154.0 —-35 of R322; and @ of A323). Strong two- and three-bond cross-
,Z‘:Z (7825;'4 peaks for P320 and R322 are apparent in Figure 2D. These
A303 N 1314 results indicate well-ordered side chains and a homogeneous
o ies Y 1o structural environment for P320, R322, and A323. NOESY data
Ca 50.4 49.4 -1.0 obtained in solution show that R322 forms a number of
CB 17.8 16.4 -14 interactions with the F¥! Therefore, this residue is likely to
F324 N be tightly constrained in the complex. A similar scenario is seen
co arr.1) 173.8 —3.2 in the interaction of the Vigs peptide with the 08 Fv. In that
Ca 52.6 54.5 -1.9 s ) )
B 219 1.2 07 complex, three arginines form loop-to-antibody salt bridtes.
cy (136.8) Such interactions may also contribute to the mechanism of

_ — receptor binding by the V3 loop, because a role for basic amino
* Shifts are referenced to TMS*C) and NHy) (*N). Precision is acids in binding to the amino-terminus of the CCR5 cytokine
approximately+0.2 ppm. For values in parentheses, precision is ap-
proximately-+0.5 ppm. receptor has been demonstratéd.
In contrast, side chain carbons of 1316 and F324 in the
Analysis of thel®C chemical shifts of P320, as described by V3un1g/Fv complex exhibit relatively broad MAS NMR lines
Schubert et aF? indicates a trans conformation for the G319- (e.g.,~3.5 ppm for G of 1316) and relatively weak one-bond
P320 peptide bond. This eliminates the possibility of a type VI 13C—13C cross-peaks. €and @3 lines of 1316 are also broader

A4_ co 4] Ca I v/3,,,.,/447-52D Fv
V3unig
24 J 24
6 B V3, /447-52D Fv CO
0. J -.- lI .0 J e B B \'3,,,,/447-52D Fv Ca
r 1 g5 B V3., ,/447-52D Fv Cp
2 2
T 2 4 - V3, ..CO
g 4 4 = | Wumscg
B 3 B V3,y46C
2 . I GPGRAF E
o cp g2
2 £
04 0 ]
2 I G P G R A F
4

I GPGRAF

Figure 4. Secondary3C chemical shifts (A) anéfC MAS NMR line widths (B) for the free and Fv-bound Mgis peptide in frozen glycerol/D solutions.
Significant changes in chemical shifts and reductions in line widths occur upon complexation with the 447-52D Fv fragment. (Line width dataomissing f
sites with insufficient resolution to permit accurate measurement.)
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than other backbon®C NMR lines in the complex. A B/Cy
cross-peak for F324 could not be detected, amdO3 cross-
peaks for F324 are significantly weaker than other one-bond

cross-peaks. These observations strongly suggest conformational

disorder of the 1316 and F324 side chains. In solution, this
disorder may be dynamically averaged, producing a homoge-

neous time-averaged structure and sharp lines in solution NMR

spectra. In frozen solution, this disorder is static, producing a
distribution of isotropic chemical shifts and the observed MAS
NMR line widths. Side chain disorder need not preclude a role
in stabilization of the Vgni1s/Fv complex, since, for example,
the 1316 side chain may interact with the Fv through nonspecific
hydrophobic interactions within a binding pocket, permitting a
range of conformations and structural environments.

Itis instructive to compare the differential side chain ordering
inferred from solid-state MAS NMR line widths with the results
of the recent solution NMR study of the \g/Fv complex3!

In this study, site-specific spin relaxation data on intramolecular
interactions within the bound peptide were used to determine
the V3yn epitope, which was found to span residues-3325.

A bundle of bound peptide conformations that are consistent
with solution NMR constraints olH—H distances and torsion
angles was generated (PDB file 1NJO) following standard
protocols for structure determination in solution NMR. Calcula-

tion of the root-mean-squared displacements (rmsd) between

heavy atoms for individual residues in this bundle of conforma-
tions, using the MOLMOL prograrft, yields average rmsd
values of 0.44, 0.18, 0.89, and 0.83 A for 1316, P320, R322,

and F324, respectively. Thus, it appears that R322 and F324
might be more disordered than 1316 and P320. However, these

rmsd values may simply reflect variations in the availability of

structural constraints within the bound peptide, rather than
variations in structural order. Better definition of the side chains'
conformation could be obtained if the structure of the entire

Fv/peptide complex was solved and constraints on interactions
between peptide and Fv residues were included in the structure

determination, as was done for the &3 peptide in complex
with 0.53 Fv.3°

Very recently, Stanfield et al. have reported a crystal structure
(PDB file 1Q1J) of the Vgn/447-52D complex using the linear
peptide sequence CKRIHIGPGRAFYTFOIH, and the anti-
body Fab fragmen® In this crystal structure, residues 312
316 form g sheet, but the 1316 side chain is partially solvent-
exposed, possibly permitting several side chain conformations,
as suggested by the solid-state NMR line widths. The R322
side chain has a well-defined conformation and forms salt
bridges to the antibody, consistent with the solid state and
solution NMR results. The peptide is apparently poorly ordered
from F324 on and, therefore, may not be strongly associated
with the Fab on the C-terminal side of F324. This feature of
the crystal structure is also consistent with the solid state NMR
signals of F324 and the data on intermolecular interactions from
solution NMR. It should be noted that X-ray diffraction

measurements are generally more sensitive to disorder than

solution NMR measurements so that the epitope region of the
V3un peptide defined by its visibility in a crystal structure is

(62) Schubert, M.; Labudde, D.; Oschkinat, H.; Schmieded, Biomol. NMR
2002 24, 149-154.

(63) Faiman, G. A.; Levy, R.; Anglister, J.; Horovitz, A. Biol. Chem1996
271, 13829-13833.

(64) Koradi, R.; Billeter, M.; Wuthrich, KJ. Mol. Graphics1996 14, 51—55.

G319

H.C '
NH
0

P320 G321 R322

H.C

2!

Figure 5. Schematic representation of carbararbon distances constrained
by rotational resonance measurements on thgnysFv complex. Arrows
indicate the direction of:C spin polarization transfer for each C1/C2 pair:
(a) G319 CO/R322 ¢, (b) G319 CO/R322 @, (c) P320 CO/R322 &, (d)
G321 CO/R322 @, (e) G321 CO/R322 G, (f) R322 CO/R322 @, (9)
R322G/R32Cy, and (h) R322 G/R322 @.

likely to be shorter than the epitope region defined by spin
relaxation rate measurements in solution NMR.

Carbon—Carbon Distance Measurements in the Vgnais/
447-52D Complex. Constraints on intramolecula®C—13C
distances were obtained from RR measureniérson the Fv-
bound V3ni1s peptide. In these measurements, nuclear spin
polarization transfer from on¥C-labeled site C1 to a second
13C-labeled site C2 was measured in difference spectra, with
the MAS frequency set to the difference between the C1 and
C2 chemical shifts divided by the RR ordar The rate of
polarization transfer depends on the strength of the-C24
dipole—dipole coupling, which is proportional to the inverse
cube of the internuclear distance. In a peptide with multiple
uniformly 13C-labeled residues, the choice of €2 pairs for
which RR measurements are feasible is subject to the require-
ment that at least one of the two carbon sites have a well-
resolved*C MAS NMR line. The C+C2 pairs for which RR
measurements were performed on the.N3/Fv complex are
depicted in Figure 5. The@ = 2RR condition was used in
measurements reported below, because MAS frequerdes
kHz were not possible for the frozen samples in 6-mm MAS
rotors. Initially, we were concerned that analysis of RR data at
n = 2 might depend strongly on unknown parameters, such as
the relative orientations of the CSA tensors of C1 and C2 and
the positions of additiondfC labels. On the basis of exploratory
three-spin simulations with random tensor orientations (see
Materials and Methods), such dependences were found to be
minor. As discussed below, the dominant determinants of RR
data under our experimental conditions areand theT,zq spin
relaxation time (i.e., the characteristic time for dephasing of
two-spin zero-quantum coherence that develops during RR
polarization transfer due to incoherently fluctuating spin interac-
tions and incompletéH decoupling).

Figure 6 shows examples of spectra used to obtain RR
polarization transfer data, in this case for transfer fromt&
Cy of R322 at MAS frequency 6.686 kHz. One-dimensional
13C MAS NMR spectra with §) and without &) selective
inversion of the € line are shown in Figure 6A. RR difference
spectra$ — S) are shown in Figure 6B for several values of
the transfer periodgg. An increase in intensity of the)Cline
relative to the € line with increasingrrg is apparent in these
difference spectra, arising from the expected polarization
transfer. Figure 7A and B shows polarization transfer data for
the R322 ¢/R322 G and G319 CO/R322 £pairs, along with
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Figure 6. (A) St andS 3C MAS NMR spectra obtained at thre= 2 rotational resonance condition betweena®d G/ lines of R322 in the V@nis/FVv
complex in frozen glycerol/kD solution. Spectra are shown fagg = 0 ms, using a 2-ms Gaussianpulse to invert the €line in the S, spectrum. Each
spectrum represents 4096 scans and was processed with 100-Hz Gaussian line-broadening. (B) Rotational resonance difference spectradtghe indicat
values. (Negative signals near 30 ppm are generated by the off-resonance Gaussian pulSgsiytia measurements, which coincidentally excited the

n = 2 MAS sideband of these signals.)
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Figure 7. Experimental rotational resonance polarization transfer data and best-fit simulations forg®222C (A) and G319 CO/R322 £ (B) pairs
and corresponding reducgd maps obtained from fitting three-spin simulations over a gridipfand Tzq values (C, D). The darkest blue region in each
case indicates the best fit. Contour levels are shown with increments of 0.2, with minimum values of 0.2 (C) and 0.6 (D). Acegpalles are shown,
taking into account the uncertainty zq values. Best-fit parameters in A afezo = 1.5 ms,ri = 3.2 A1 = 0.2274,& = 0.04. Best-fit parameters in B
areTozo = 2.0 ms,rip = 3.0 A, 1 = 0.240,& = 0.10. (Tozo values are experimentally determined, not free parameters.)
best-fit simulations. As described above (see Materials and uncertainty inri2. A range of acceptable values foi; is
Methods), RR simulations incorporated the effects of CSA, obtained at each value @bzq, with an increase in the best-fit
dipole—dipole couplings, and@>,zq relaxation and were carried  ri2 value at largefT,zq. This is consistent with the results of
out over a grid of values afi; andTzo. They? maps in Figure previous RR studie¥ 67 Costa et al. have demonstrated that
7C and D show that uncertainty ifyzq contributes to the Tozqo and ri» can be determined independently from RR
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Figure 8. Slices taken from thg? maps for each rotational resonance measurement, as in Figure 7, at experimentally defErmiveldes. 95% confidence
limits are indicated by horizontal dotted lines.

polarization transfer data acquired as a function of MAS for each of the!*C pairs investigated by RR, with,zq set to
frequency, rather than transfer tiffleThis approach is not  the calculated values. Values @b and T,zq and the uncertain-
readily applied to the Vign1g/Fv system due to spectral overlap. ties in these values are summarized in Table 3 for all RR
Instead, thél,zq for each spin pair was calculated from single- measurements.

guantumt3C T relaxation times obtained from spi@cho NMR As previously discussed by othé&S” 6% RR polarization
experiments. Values 0Of,zq, with error limits determined by  transfer measurements may also be affected by inhomogeneous
propagating the uncertainties of the individtal values, and broadening, particularly when the inhomogeneous line widths

the correspondings» ranges are indicated on thé maps in (65) Peersen, O. B.: Groesbeek, M.; Aimoto, S.; Smith, SJ.OAm. Chem.
Figure 7C and D. Figure 8 shows the dependencg afnri, So0c.1995 117, 7228-7237.
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Figure 9. Effects of inhomogeneous broadening'® MAS NMR lines on rotational resonance measurements. The results of numerical simulations are
shown for three Gaussian line widths (200, 320, 400 Hz), with uncorrelated inhomogeneous broadening of the C1 and C2 lines. (A) The maximuwmn polarizati
transfer from C1 to C2 at = 2 rotational resonance as a function of internuclear distance, expressed as a fraction of the maximum transfer simulated for
the case of ideal, narrow lines. (B) Apparent internuclear distance as a function of the true distance, obtained by fitting ideal polarizaticutvassio

curves simulated with inhomogeneous broadening and treating the overall normalization of the ideal curves as a free parameter.

Table 3. Carbon—Carbon Distances (A) in the V3yn1s/447-52D Fv Complex
Tqu

C1l c2 (ms)? 11, from solid-state NMR? I, in solution NMR structure® 1, in crystal structured
R322 & R322 ® 1.80+ 0.34 2.35+0.15 2.48 2.47
R322 & R322 & 1.55+0.13 3.55+ 0.25 3.74 3.74
R322 CO R322 ¢ 2.064+0.13 3.85+0.35 3.74 3.89
P320 CO R322 ¢ 2.51+ 0.36 3.40+ 0.40 3.27 4.72
G321 CO R322 ¢ 2.06+0.13 4.304+ 0.50 3.70 3.76
G321 CO R322 @ 2.064+0.13 3.404+ 0.40 3.59 3.60
G319 CO R322 @ 2.064+0.13 3.60+ 0.60 4.50 4.02
G319 CO R322 ¢ 2.06+ 0.13 3.35+£ 0.45 3.51 3.44

a Spin relaxation time for zero-quantum coherence, used in analysis of rotational resonané®dtgemined from rotational resonance d&tBrom
PDB file 1NIZ. 4 From PDB file 1Q1J.

in the3C MAS NMR spectra (186350 Hz for the V@inis/FV Table 3 also compares distances extracted from our RR
complex in frozen solution) are comparable to or greater than measurements with distances extracted from the solution NMR
the 13C—13C dipole—dipole coupling constants (120 Hz ab structure of the V@n/Fv complex, along with those from the

= 4.0 A). The major effect of inhomogeneous broadening is to crystal structure of the \{g/Fab complex. Ageement between
reduce the maximum value of the C2 signal intensity in RR solid-state NMR and solution NMR distances is good, especially
difference spectra. This effect is shown in Figure 9, which plots when uncertainty in the solution NMR distances is taken into
the maximum polarization transfer values extracted from account (e.g., the distance between G319 CO and R322 C
simulations that include uncorrelated Gaussian inhomogeneousanges between 4.01 and 5.52 A in PDB 1NJO0). In particular,
broadening of the C1 and C2 lines, assuming infifliteg. the relatively short{3 to 4 A) nonsequential distances between
Figure 9B shows the impact of inhomogeneous broadening onbackbone CO carbons of G319 and P320 and side chain carbons
determinations ofr1» derived by fitting ideal simulated RR  of R322 support the Wi loop structure derived from the
curves (i.e., curves simulated with no inhomogeneous broaden-solution NMR data, in which residues 31822 form the turn
ing) to curves simulated with inhomogeneous broadening, in a s-hairpin, flanked bys-strands formed by residues 312
treating the overall scaling of the ideal curves as a variable 316 and residues 323827. The V3in/447-52D Fab crystal
parameter in the least-squares fitting process. Appargnalues structure shows approximately the same conformation for the
in Figure 9B are less than true, values, with differences that IGPGRA segment, with roughly the same orientation and
increase with increasing,, as expected. Interestingly, for the conformation for the R322 side chain.

ranges of 1, values and inhomogeneous line widths considered |y Figure 10, the structures obtained for they3eptide in

in these simulations, the difference between apparent and truecomplex with 447-52D Fv (solution NMR, PDB 1NIZ) or Fab
r2 values is nearly.independent of the inhomogenec_)us line antibody fragments (X-ray crystallography, PDB 1Q1J) are
width. Values ofry; in Table 3 were corrected according to  compared with a model based on the solid-state NMR data
Figure 9B, which serves as a calibration curve for distance optained in this study. Residues 31824 are shown for the

determinations from RR data on inhomogeneously broadenedyo NMR structures, although the 1318 and F324 side chains
systems when the overall normalization of polarization transfer gre omitted from the solid-state NMR model, since no con-

values is treated as a variable parameter. straints on these atoms were obtained. The solid-state NMR

(66) Lam, Y. H.; Wassall, S. R.; Morton, C. J.; Smith, R.; Separovi&iéphys. merI (Figure 10B) \{vas constructed within MOLMOL. by
J.2001 81, 2752-2761. setting backbone torsion angles for G314823 to those in

(67) Costa, P. R.; Sun, B.; Griffin, R. @. Magn. Resor2003 264, 92—103. H i H H H

(68) Heller, J.; Larsen, R.; Ernst, M.; Kolbert, A. C.; Baldwin, M.; Prusiner, S. Tz_able_2 and adjusting the R32_2 side chain Conformatlor_] to agree
B.; Wemmer, D. E.; Pines, AChem. Phys. Lettl99§ 251, 223-229. with distance measurements in Table 3. Backbone torsion angles

(69) Lansbury, P. T.; Costa, P. R.; Griffiths, J. M.; Simon, E. J.; Auger, M.; P ~ ; ;
Halverson, K. J.; Kocisko, D. A.; Hendsch, Z. S.; Ashburn, T. T.; Spencer, for F324 were set to typlcaﬁ strand values, consistent with

R. G. S.; Tidor, B.; Griffin, R. GNat. Struct. Biol.1995 2, 990-998. the secondary shift data in Figure 4. Overall, there is good
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particular, there is a striking similarity in the overall geometry
of the central GPGR motif, including the R322 side chain.
Nitrogen—Carbon Distance Measurementsin principle,
the resolution if®N and3C MAS NMR spectra of the Vigu1s/
Fv complex is sufficiently high to permit measurements of
I5N—-13C distances with the fSREDOR technicftfe®® In
fsREDOR, one monitors the build-up 8IC NMR signals in a
difference spectrum as a result of dephasing fri—13C
dipole—dipole couplings during a pulse sequence petiggh.
Selectiver pulses on thé>N and!3C channels at the midpoint
Figure 10. Structural models for residues 31824 of the Vv peptide of the Trep period permit observation of selected internuclear

in complex with Fv or Fab fragments of the 447-52D antibody. (A) Solution . P .
NMR structure determined by Sharon et al. (PDB file 1N¥Z)B) Structural distances. Normalization of dephased sigrialsio undephased

model with backbone torsion angles and distance constraints from solid- Signals,, is commonly believed to eliminate distortions of
state NMR measurements as described in this paper. The 1318 and F324the build-up curves that might otherwise arise from transverse
side chains are not shown, since no constraints on these atoms have beegp; ; i

obtained in this study. (C) Crystal structure determined by Stanfield et al. §p|n relaxation duringreo, because bOtB+ ands, are expected
(PDB file 1Q1J)3? In the latter case, F324 is not shown, since no electron to be d_amped equally by trans_verse spin relaxafidwonethe- )
density was seen for this residue. Molecular structures were prepared usingless, Figure 11A shows experimental data for a polycrystalline
MOLMOL®* and were aligned to give a minimum backbone RMSD for model compound (uniformly*N- and 13C-labeled L-valine

residues 319323. The @ atoms of G319 and R322 are labeled on each hydrochloride) that demonstrate a strong attenuation of normal-

model. ized fsSREDOR difference signals as transverse spin relaxation
A 1.0+ o NCB rates are increased by reduction %f decoupling fields. It
e NCyl appears that the fsSREDOR signal is attenuated when the
0.8+ 0 ® NC2 effective relaxation rates become comparable to or greater than
o o el . . the 15N—13C coupling strength. Earlier fSREDOR studies have
@ os s .:" ¢ ‘egeeenlsl, not explored this regime of rapid transverse relaxatfon,
u?— 04 . g'n o gt ® aIthqugh a reduction in the value AS/S, has been reported irj
o« 0o ® ;"c-.. :.‘.'.-‘-‘-‘c o, previous REDOR e_xperlme_n_ts when low proton decoupling
~ o2 . .3""‘ & o T Ogo levels were used: This unanticipated effect prevented measure-
¢ o oo ments of long-range™®™—13C distances in the Mgaus/FVv
00- Bt complex. As shown in Figure 11B, one-bond distances
SR P - o (*>N—13C coupling constant: 1200 Hz) could be measured
with fsREDOR, but two- and three-bond distances (coupling
Trep (Ms) constants< 250 Hz) produced essentially zero fSREDOR
10. difference signals. The underlying cause for the observed
B - m R322Ne/CE attenuation of fSREDOR difference signals remains to be
08 % { : 233%2 %mﬁpszo cp discovered.
o 08 Conclusion
= 04 This study demonstrates that constraints sufficent to generate
U.)g 02l I an experimentally based molecular structural model can be
« - i obtained from solid-state NMR measurements on uniformly
0.0 { I labeled peptides in the context of a peptide/protein complex.
02 | ‘ In particular, this is the first example dfC—13C distance
measurements on a peptide/protein complex with a uniformly
04 0 5 10 15 '2'0 labeled peptide. Our results demonstrate the utility of the RR
T technique for such measurements. Although RR has been applied
ReD (MS) in a number of earlier structural studies of biomolecular systems,
Figure 11. (A) Experimental fSREDOR data for two- and three-béfd— RR has only recently been demonstrated as a structural tool for

13C distances in polycrystallinevaline hydrochloride. Gaussianpulses .
for frequency selection were 2.75 ni$1 decoupling fields were 80 kHz uniformly labeled compounds, and results to date have been

(®) or 50 kHz ). EffectiveC T, relaxation times, determined from the  limited to model system¥. Although the fSREDOR technique
decay of theS signals with increasingrep, were 7.5 (@), 10.0 (G/1), has been applied successfully to high-molecular-weight biomo-

and 14.9 ms (C(2) at 80 kHz decoupling, and 3.4)@nd 6.6 ms (C(2) at | lar m# th ifficulti n ntered in r m
50 kHz decoupling. Reduction i, attenuates the fSREDOR signals. (B) ecular syste ¢ the difficulties encountered our attempts

_1 i i
Experimental fSREDOR data for the M@1e/447-52D Fv complex in frozen to measure long-rangéN—*°C distances with fSREDOR may

glycerol/H:O solution. Gaussiam pulses were 5 ms, aniH decoupling have implications for future structural studies under experimental
zf’\'lds%eé? 80 kHz. A“h%ugh fZFﬁEDﬁ)RR%?% Iggggigfzeﬂt _Wi;hRaE%ngébond conditions similar to those described above.

- istance were obtained for the pair, fs . ; : . ; :
signals for two-bond (P320 N/P32(5and three-bond (G321 N/P32@L The Van_atl.ons |n1-3C_ MAS NMR line widths for side Cham
distances were strongly attenuated. The effediGeT, value for P320 @ carbons within the epitope region of the boundw{g peptide
\év%% Skﬁth:Agaf:gqv:ZLi;cquwed at100.4 NMR frequency and (70) Mehta, A. K.; Hirsh, D. J.; Oyler, N.; Drobny, G. P.; Schaefed. Magn.

Reson200Q 145 156-158.

; (71) Yang, J.; Weliky, D. PBiochemistry2003 42, 11879-11890.
agreement between the three structures, with RMSD values Of(72) Jaroniec, C. P.; Lansing, J. C.; Tounge, B. A.; Belenky, M.; Herzfeld, J.;

0.65-0.87 A for pairwise comparisons of backbone atoms. In Griffin, R. G. J. Am. Chem. So@001, 123 12929-12930.
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