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ABSTRACT LAV44 and LAV15 (lymphad-
enopathy-associated virus) peptides of the CD4-
binding region of gp 120 per se bind to the CD4
receptor (Reed and Kinzel, Biochemistry 30:
4521–4528, 1991; Lasky et al., Cell 50:975–985,
1987). Depending on the environment, the LAV
peptides exhibit the ability to switch coopera-
tively between b-sheet and helical conforma-
tion when solvent polarity is changed past a
critical point. This property, which is depen-
dent on the amino acid sequence LPCR, is
crucial for receptor binding (Reed and Kinzel,
Proc. Natl. Acad. Sci. U.S.A. 90:6761–6765, 1993).
Structure determination with 2D-NMR-spec-
troscopy reveals that LAV6 peptide (sequence:
TLPCRI) has a well-defined structure, par-
tially exhibiting inverse g-turn conformation
in aqueous solution. Quantitative evaluation
of the NMR data discloses 90% trans-conforma-
tion for the peptide bond between leucine and
proline. The C- and F-angles fall into the typi-
cal range for amino acids located in turns. On
the other hand, the amino acid sequence
C-terminal to the LPCR tetrad has been shown
to fold atypically in the absence of these resi-
dues. All these results show that the short
sequence of LAV6 peptide, with the central
amino acids LPCR, displays a matrix-indepen-
dent structure and may, therefore, act as a
conformational template for forming second-
ary structure in the intact CD4-binding do-
main of gp 120. Proteins 29:203–211, 1997.
r 1997 Wiley-Liss, Inc.
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INTRODUCTION

A 15 residue1 sequence within the principal CD4-
binding domain of the env glycoprotein gp 120 from
HIV12 has the property of undergoing a highly
cooperative conformational change from b-sheet to
helix when medium polarity is lowered past a critical
point.1 This behavior is interesting for at least two

reasons: first, because the cooperative all-or-nothing
character of the transition correlates with the ability
of synthetic peptides containing this sequence to bind to
CD4-expressing cells, and second, because this behavior
is conserved thoughout the HIV1 strains tested despite
50% variability in the sequence, providing an ideal
model system for the interactions involved in governing
a precise case of protein folding/refolding in solution.
Previous work has shown that the helical form of the
peptide is a 310- rather than an a-helix,4 and that
there is no helix formation at all in the absence of the
N-terminal tetrad LPCR, the response to a reduction
in medium polarity then being simply an increase in
the content of b-sheet.3

The idea that the nascent chain of an unfolded
protein might begin to refold at specifically designed
points of collapse, or ‘‘nucleation sites’’5,6 was intro-
duced over 20 years ago and has been repeated in
various forms and guises since.7–11 Evidence exists,
on the one hand, that some short peptides are
capable of folding into a surprisingly well-defined
conformation in isolation,12–19 while on the other
hand, recent pulse labeling experiments have shown
that discrete secondary structure elements are
formed at the earliest observable point in the refold-
ing processes, within 5 ms.20,21 This strongly sug-
gests that the folding of these elements is catalyzed
by preformed micro-structures, i.e., nucleation sites.

As the 310-helix consists essentially of a series of
stacked, overlapping b-bends, it has been proposed
that a strongly favored b-bend sequence may act as a
conformational template, favoring the formation of a
310-helix which might then rearrange as an a-he-
lix.3,22 The LPCR tetrad is well placed to act as a
nucleation site as it is: a) possessed of a high
theoretical b-bend forming propensity23; b) associ-
ated with a C-terminal 310-helix; and c) an absolute
requirement for helical conformation in the peptide.

If this is the case, the LPCR sequence alone should
be capable of folding into a well-defined template
structure. We have used 1H-NMR to structurally
examine the LPCR sequence plus the native N- and
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C-terminal residues, and have observed it to have a
strong preference for a particular bend type confor-
mation in solution. Thus, a potential nucleation site
has been identified, shown to have the necessary
characteristics of independent folding, and demon-
strated to be essential for the subsequent correct
formation of a secondary structure domain.

MATERIALS AND METHODS
Peptide Synthesis

The 6-residue peptide with the sequence TLPCRI
is part of the switch domain from the CD4-binding

region of gp 120, running from Thr 399 to Ile 404. It
was synthesized on an automated peptide synthesizer
(ABI 433) using standard Fmoc protocols.24,25 Peptide
chain assembly was performed using in situ activa-
tion of amino acid building blocks by 2-(1H-benzotria-
zole-1-yl)-1.1.3.3.-tetramethyluronium hexafluoro-
phosphate (HBTU; Nova Biochem GmbH, Bad Soden/
Ts, Germany). The purity was checked with reverse
phase-HPLC (Komasil C18, 5 µm) and MALDI (Finni-
gan MAT VISION2000). Both methods showed a
single signal, characteristic of a homogeneous sam-
ple. The lyophilized product was stored at 220°C.

Fig. 1. NH region of 1H-NMR spectrum at 278 K of 10 mM LAV6 peptide in 10 mM sodium
phosphate buffer, pH 4.5.

TABLE I. 1H SequentialAssignments for LAV6 Peptide†

Res. HN HA HB HG Others Shift Conf.

Thr 1 3.82 4.05 1.29 0.54 I
Leu 2 8.91 4.64 1.69, 1.62 1.56 HD* 5 0.93 20.3 90%
Pro 3 4.47 2.28, 1.89 2.02 HD1 5 3.84, HD2 5 3.64 20.06
Cys 4 8.55 4.62 3.17, 2.95 20.07
Arg 5 8.68 4.41 1.81, 1.72 1.60 HE 5 7.23, HH1* 5 6.92,

HH2* 5 6.50, HD* 5 3.16
20.07

Ile 6 8.02 4.04 1.79 1.40, 1.12 HD* 5 0.86 0.13

Thr 1 3.79 4.06 1.32 II
Leu 2 8.79 4.36 1.61 1.45 HD* 5 0.90 10%
Pro 3 4.53 2.35, 2.14 1.94, 1.77 HD1 5 3.57, HD2 5 3.46
Cys 4 8.78 4.68 3.23, 3.07
Arg 5 8.73 4.41 1.82, 1.73 1.60 HE 5 7.25, HD* 5 3.16
Ile6 8.00 4.04 1.79 1.39, 1.11 HD* 5 0.86
†Dissolved in 10 mM sodium phosphate buffer, pH 4.5 at 278 K. DSS is used as an external standard. The chemical shifts
for the trans-(I) and cis-conformation (II) are shown. Asterisks mark protons with degenerate chemical shifts.
Additionally, the CaH upfield shift relative to the random coil-values51 are shown in column 7 (shift).
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NMR Spectroscopy

Peptide samples were dissolved in 0.5 ml 10 mM
sodium phosphate buffer, pH 4.5 H2O/2H2O (9:1) to a
final concentration of 10 mM. All NMR experiments
were performed on standard Bruker AMX600 and
AMX400 spectrometers at 278 K. 2,2-dimethyl-2-
silapentane sulfonate (DSS; Sigma-Aldrich Chemie
GmbH, Diesenhofen, Germany) was used as an
external standard, accuracy 60.01 ppm. Tempera-
ture control and compensation in sample heating
between TOCSY and other spectra were ensured by

the VT1000 temperature unit calibrated for the
different experiments. The water resonance was
presaturated by continuous coherent irradiation at
the resonance frequency prior to the reading pulse.
Standard pulse sequences were used for double-
quantum-filtered correlated spectroscopy (DQF-
COSY),26 nuclear Overhauser enhancement spectros-
copy (NOESY),27 and total correlation spectroscopy
(TOCSY).28 Mixing time in NOESY experiments was
200 ms and 80 ms in the TOCSY experiments.
Quadrature detection was used in both dimensions

Fig. 2. 200 ms NOESY spectrum at 278 K of 10 mM LAV6 in 10 mM sodium phosphate buffer,
pH 4.5. Sequential CaH-NH connectivities (chaintracing) in the fingerprint region for all residues of
the trans form are shown. Additionally the NOE between NH of Arg5 and CaH of Pro3 is marked by
an arrow.
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employing the time proportional phase incrementa-
tion (TPPI) technique.29 The sweep width in v1 and
v2 was 6039 Hz. In one-dimensional experiments, 32
K data points were collected, and 4 K data points
were collected in v2 and 512 data points in v1, in
two-dimensional experiments. Zero filling to 1 K
data points in v1 was applied. The FID (free induc-
tion decay) was multiplied with a squared sinebell
function phase shifted by p/4 for TOCSY and NOESY
spectra, and a sinebell function phase shifted by p/32
for COSY spectra. Baseline correction to the 7th
order and phase correction to the 2nd order was
used. All data processing was done with the NDee
program package.30

Structure Calculation

Distance information was obtained from NOESY
spectra. Ring-protons from Pro3 were used to cali-
brate the intensities of the NOESY cross peaks. NOE
cross-peak intensities were divided into three catego-
ries according to their intensities: strong, 0.18–0.27
nm; medium, 0.18–0.33 nm; weak, 0.18–0.5 nm.31

Pseudoatom correction was used to adjust distances
that involve non-stereospecific atom groups like
methyl protons; in this case, 0.05 nm were added to
the upper distance limits.32 Dihedral angle con-
straints were obtained from 1D-NMR spectrum tak-
ing into account scalar 3JHNa coupling constants less
than 6.5 Hz using the Karplus equation.33 X-PLOR
3.1 package34 was used to obtain the initial three-
dimensional structure by restrained molecular dy-

namics calculation. For ab initio simulated anneal-
ing and refinement, standard protocols were used.35

Starting from an extended template structure, 50 ps
molecular dynamics at 1,000 K were used, followed
by cooling to 100 K in 30 ps and 200 steps of energy
minimization. In the final round of the refinement,
electrostatic and van der Waals’ interactions were
treated explicitly using the CHARMM potential,36 as
described previously.37 In order to be certain that no
artefacts could arise from the potential function
used, and that the fold is an intrinsic feature of the
sequence, two independent calculations, with and
without experimental restraints, were carried out.

Structural Analysis

The final structures were analyzed with respect to
stable idealized elements of regular secondary struc-
ture using the Define Secondary Structure of Proteins
(DSSP) program package38 and PROMOTIV.39 For
visualization of structure data, the SYBYL program
package, version 6.0 (TRIPOS Association) was used.

RESULTS AND DISCUSSION

LAV6 is a highly soluble peptide, and one- and
two-dimensional NMR spectra of a 10 mM peptide
solution showed very good resolution. Two sets of
NH-signals occur between 8.95 and 7.9 ppm (Fig. 1).
After integration, it was found that the ratio of the
main and the minor resonances is 9:1. This was
interpreted as originating from a major and a minor
structured species of the peptide. From the TOCSY

Fig. 3. Part of the aliphatic region of the NOESY spectrum (200 ms, 278 K) of 10 mM LAV6 in 10
mM sodium phosphate buffer, pH 4.5. A: The typical NOEs between CaH of Leu2 and CdH of Pro3 in
trans-conformation are marked. B: For the cis-conformation, the NOE between the a-protons of
Leu2 and Pro3 is characteristic and can be found in a lower intensity (10% cis-conformation).
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and DQF-COSY spectra, it was possible to identify
all spinsystems (Table I) and make the sequence-
specific assignment from NOESY spectrum via the
NH-CaH chaintracing for the main (Fig. 2) and the
secondary conformation. The backbone connectivi-
ties through NH resonances broke at Pro3, but in the
aliphatic region of the 2D spectra, the typical NOEs
for the cis- and trans-isomers at Pro3 were visible.40

The main signals (populated by 90%) show NOEs
between the a-proton of Leu2 and the d-protons of
Pro3, which are typical for the trans-conformation of
proline (Fig. 3A), whereas in the second set of signals
(populated by 10%), the NOE between the a-protons
of Leu2 and Pro3 is observed, as expected for the
cis-conformation (Fig. 3B). Therefore, the two sets of
NMR signals are clearly identified as resulting from
the cis- and trans-conformation of Pro3.

The energy barrier for the cis-trans isomerization
of proline compared to other peptide bonds is low-
ered from 20 kcal/mol to 13 kcal/mol.41 One reason
for this is the longer peptide bond between proline
and the preceding residue, which results from the
redistribution of charge and the lack of resonance
stabilization on loss of the NH proton.42 Therefore,
the type of the amino acids preceding and following
proline influence the cis-trans ratio of peptide bonds
involving prolines.43,44 For short oligopeptides, the
cis-trans equilibrium for X-Pro can vary between 3:7
and 1:9.43,45 The equilibrium is affected by the bulki-
ness of the side chain of X,46 and by the protonation-
deprotonation reaction of the carboxylic acid termi-
nus (in dipeptides), and therefore, of the pH of the
solvent.47,48 The LAV6 peptide shows a 1:9 cis:trans
ratio which is a rather high trans portion, but might
still be considered as within the extreme end of the
normal limits.

In proteins, only trans imides (X-Pro) are found at
the beginning or the end of helices, whereas cis
imides appear primarily in bends and turns (73%).49,50

This suggests a specific structural role for the type of
X-Pro bonding. Also, there are some strong sequence
preferences for cis and trans isomers in proline
containing proteins.51 In the case of cis proline, the
N-terminal neighboring position is strongly enriched
with the amino acids Tyr, Phe, Thr, and Leu (50%
occurrence for cis-Pro, compared with 16% for trans-
Pro and 14% for all X-Pro).51,52 With this in mind, the
cis:trans ratio of 1:9 for LAV6 (TLPCRI) where a Leu
preceeds the Pro is, in fact, unusually high. As shown
below, LAV6 has a well-defined set of structural
characteristics in solution. The unexpected high 90%
trans-isomer is a further indication of restricted
conformational freedom.

Tendencies for forming certain secondary struc-
ture elements were estimated from the NMR data
employing the CaH-chemical shift index53 and the
3JHNa coupling constants.33 Helical secondary struc-
ture and turns cause an upfield shift of the CaH
resonances compared to the random-coil values.54

The four central CaH resonances in LAV6 (Leu2 to
Arg5) were shifted slightly upfield (Table I). Addition-
ally the 3JHNa coupling constants of Leu2 and Cys4
(6.3 Hz, 6.1 Hz), which are correlated with the
torsion angle F in polypeptides,33 show turn- or
310-helix-typical F-angles in the LAV6 peptide.

Secondary structure prediction algorithms for the
residues Cys402 to Val414 of gp120 of HIV1 found a
high helix-forming potential.1 The N-terminus of
this area overlaps with the residues Cys4, Arg5, and
Ile6 of LAV6. This result fits very well with the
experimental findings in the LAV6 peptide (CaH-
chemical shift index, 3JHNa coupling constants) and
indicates that the small peptide itself has a potential
to form a helix-compatible structure and possibly
initiate the folding of the N-terminal helix in LAV44
or LAV15.

One hundred and two NOEs are observed in the
NOESY spectrum (Table II), of which 28 are interre-
sidual. Four NOEs are found between the protons of
Pro3 and Arg5 (Fig. 2: NH Arg5—CaH Pro3), evi-
dence for the spatially close position of these amino
acids. These four medium-range NOEs, together
with the NH-NH NOE between Arg5 and Ile6, and
the two torsion angles for Leu2 and Cys4, determine

TABLE II. NOE and Molecular-Dynamics Statistic*

Parameter Value

No. of NOE
Total 102
Intraresidual 0i–j 0 5 0 74
Sequential 0i–j 0 5 1 24
Medium range 0i–j 0 5 2, 3, 4, 5 4

Dihedral angle restraints 2
Average energy

Etot 37 6 33 kJ mol21

Ebond 40 6 2 kJ mol21

Eangle 112 6 14 kJ mol21

Einproper 7 6 2 kJ mol21

EVDW 2120 6 3 kJ mol21

ENOE 145 6 16 kJ mol21

Eelec 2147 6 25 kJ mol21

RMSD of ideal geometry
Bond 0.000 6 0.000 nm
Angle 0.95 6 0.06 deg
Improper 0.47 6 0.07 deg
NOE 0.008 6 0.000 nm

RMSD
Backbone 0.048 nm
Heavy atoms 0.123 nm

*Energy contributions of the calculated structures of LAV6 and
deviations from the standard geometry, Etot, total energy;
EVDW, van der Waals’ energy; ENOE, effective NOE energy term
resulting from a soft square-well potential function. The nega-
tive electrostatic energy (Eelec) is evidence for the validity of the
structure determination procedure.59 All calculations were
carried out using the standard X-PLOR force-field and energy
terms.34 The values are mean values of 80 refined structures.
The RMSD (root mean square deviation) for all calculated
structures is given for the peptide backbone and all atoms
excluding hydrogen (heavy atoms).
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the secondary structure of LAV6. An NOE between
the g-protons of Pro3 and Arg5 was expected from
structure calculations, but was not clearly observ-
able in the NOESY spectrum because of t1-noise in
the relevant region (thin line in Fig. 4).

A restrained simulated annealing (SA) and SA
refinement produced a well-defined three-dimen-
sional structure of LAV6 (Figs. 5, 6B; Table II). In all
structures none of the restraints was violated (vola-
tion ,0.05 nm). The RMSD (root mean squre devia-
tion) for 80 calculated structures was 0.048 nm for
the backbone of the peptide and 0.123 nm for all
non-proton atoms, evidence for a homogeneous and
well-defined family of structures.

The structural data were analyzed with the DSSP
(define secondary structure of proteins) program
package.38 In almost all resulting LAV6 structures
(82%), a characteristic chirality from residue Leu2 to
Cys4 was found. The dihedral angle a(i) [defined
between Ca(i–1), Ca(i), Ca(i 1 1), Ca(i 1 2)] for Leu2
and Pro3 was negative [2180° , a(i) , 0°] and posi-
tive [0° , a(i) , 180°] for Cys4, respectively. A bent
structure around Cys4, i.e., a region with a curva-
ture of more than 70° was found in 28% of all
structures. An idiosyncracy of the DSSP program is

that chirality is only given for amino acids with one
N-terminal and two C-terminal flanking residues;
for this reason, a value for Arg5 and Ile6 would not
be given, even where chirality is clearly present. But
the C-terminal residues are involved in forming
secondary structure, as shown by the participation of
these residues in turn patterns: in 38% of all LAV6
structures, the program found an inverse g-turn for
residue Pro3 to Cys4, and in 68%, the beginning of
the inverse g-turn starts one position later (Cys4-
Ile6).

This is, in fact, a lower limit for the turn structure
present, as the DSSP program defines a g-turn as
three consecutive residues (i, i 1 1, i 1 2) which form
a hydrogen bond between CO of residue i and NH of
i 1 2, where the F, C angles are only defined for
residue i 1 1.38 This is an overly restrictive defini-
tion, as the distance between the hydrogen bonding
partners is often reported to be longer than ideal,
and this hydrogen bond is not of major importance to
the stability of the turns.55,56 In the case of LAV6, the
difference between the resulting structures with and
without the inverse g-turns at the two positions is
very small. In the structures where no inverse g-turn
was classified, the distance for the protons forming

Fig. 4. One representative structure of LAV6 with all visible NOEs between Leu2 and Pro3 used
for structure calculations (thick lines). Because of the t1-noise in the NOESY spectrum, the NOEs
between the g-protons of the two residues cannot be resolved and used for structure calculations
(thin line).
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the hydrogen bond is only a little longer than 0.22
nm, the distance up to which DSSP defines an
inverse g-turn.38 The global geometry, however, for
all structures is equal. The RMSD (root mean square
deviation, Table II) and the Ramachandran plot for
the family of structures (Fig. 6) with well-defined F,
C angles for all residues is evidence for this.

Pro3, one of the central amino acids, takes part in
all observed medium-range NOEs, and is thus in-
volved in building up the LAV6 secondary structure.
It is important to note that Pro3 itself is not able to
form this structure, because short-range interac-
tions dominate the conformational properties of pro-
line containing peptides.57 In Pro-X dipeptides, pro-
line stabilizes an extended structure rather than a
bent one, if X has a small sidechain like X 5 Gly, Ser,
or Ala. Bent structures are favored for bulky
sidechains, for example X 5 Leu, Val, Phe, Asp,
Asn.58–60 The reason for this is a minimization of the
backbone-backbone interaction in the case of small
sidechains, and the possibility of separation of the
sidechains in the bend conformation for bulky
sidechains.58 In the case of LAV6, Pro3 is followed by
Cys4. The size of the sidechain of Cys is comparable
with that of Ser, and therefore an extended conforma-
tion would be expected. In contrast, the experimen-
tal structure of LAV6 shows a change of the chirality
from Leu2 to Cys4 visible in a bent arrangement
(seen in Fig. 5) with less conformational freedom.
Additionally the F- and C-angles for Pro3 are within
allowed narrow ranges at one side of the b-region
(Fig. 6B).61 This demonstrates that the structure is
not merely determined by the presence of Pro3 and
the following residue alone, but by the combination

Fig. 5. Ten superposed structures of backbone atoms were
obtained from restrained molecular dynamics calculation (A: with
sidechains; B: backbone). These structures showed the lowest
energy and a bend structure for the central residues LPC, with a
negative chirality for Leu2 and Pro3, and a positive chirality for
Cys4, after analyzing the structures with the DSSP (define
secondary structure of proteins) program package.38

Fig. 6. Ramachandran plot of LAV6 for 80 calculated structures with distance and angle
restraints from NMR spectra (B) and without structural restrains (A). X Pro3, M Cys4, V Arg5,
Q Ile6. The extreme difference in the areas occupied in the Ramachandran plot, after the NOEs are
included, indicates the defined nature of the peptide structure in solution.
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of all amino acids. Therefore, LAV6 has a complex
structure with important properties of medium-
range interactions in solution which are able to play
a specific role in the context of the CD4 binding
domain of gp120. The high conservation of the tetrad
LPCR for nearly all known mutants of the HIV1
gp120 protein, as taken from the SwissProt data
bank, is evidence for the importance of this se-
quence, and thus the described structure is of gen-
eral importance for the interaction of HIV1 with
CD4.

CONCLUSION

The peptide TLPCRI has been found to adopt a
discrete bend structure in solution. The core of this
sequence, the tetrad LPCR, is found at the N-
terminus of the 15-residue switch domain of gp120,
which retains the ability to bind to CD4-expressing
cells.1 In the native protein, the LPCR tetrad is
followed C-terminally by residues which alter their
secondary structure from b-sheet to a 310-helix in a
cooperative manner when medium polarity is re-
duced; this conformational switch appears necessary
for CD4 binding.3 When the N-terminal LPCR resi-
dues are not present, the switch domain is incapable
of folding into a 310-helix, even when the medium is
totally apolar.3 The LPCR tetrad thus has all the
characteristics of a nucleation site,5–11 inducing cor-
rect protein folding: a) the tetrad with flanking
residues can adopt a defined, stable structure in
isolation in solution; b) the F-angles adopted sponta-
neously are compatible with those of a 310-helix; c)
native folding of subsequent residues in the domain
does not occur without this sequence.

It is of special interest that with this sequence, we
not only have a ‘‘smoking gun,’’ so to speak, in that it
has been shown that the micro-structure is required
for proper folding, but also evidence that nucleation
sites may, in some cases, play an active role even
after initial chain folding is completed, acting as
latent triggers for functional conformational change.
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