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Abstract Understanding protein folding requires complete
characterization of all the states of the protein present along
the folding pathways. For this purpose nuclear magnetic
resonance (NMR) has proved to be a very powerful technique
because of the great detail it can unravel regarding the structure
and dynamics of protein molecules. We report here NMR
identification of local structural preferences in human immuno-
deficiency virus-1 protease in the `unfolded state'. Analyses of the
chemical shifts revealed the presence of local structural
preferences many of which are native-like, and there are also
some non-native structural elements. Three-bond HN^HK

coupling constants that could be measured for some of the N-
terminal and C-terminal residues are consistent with the native-
like LL-structure. Unusually shifted 15N and amide proton
chemical shifts of residues adjacent to some prolines and
tryptophans also indicate the presence of some structural
elements. These conclusions are supported by amide proton
temperature coefficients and nuclear Overhauser enhancement
data. The locations of the residues exhibiting preferred structural
propensities on the crystal structure of the protein, give useful
insights into the folding mechanism of this protein. ß 2001
Published by Elsevier Science B.V. on behalf of the Federation
of European Biochemical Societies.
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1. Introduction

The ability of a polypeptide chain to fold fast to its native
state has given rise to a very important interdisciplinary prob-
lem of the current time, namely, the `protein-folding problem'.
The key to solving the protein-folding problem lies in an
accurate structural and dynamic characterization of all the
species along the folding pathways, including the native, the
partially folded intermediates and the fully denatured states.
X-ray crystallography and nuclear magnetic resonance
(NMR) spectroscopy have been extensively used for structure
determination of folded proteins but fully denatured proteins

have evaded detailed structural investigation because of their
heterogeneity and conformational £exibility. The primary dif-
¢culty from the NMR point of view has been the poor chem-
ical shift dispersions which hamper resonance assignments.
Nonetheless, relatively better spectral dispersion of 15N and
13CP resonances have been used by many authors to get res-
onance assignments in several unfolded proteins [1^13].

For proteins which fold readily to stable native states, the
unfolded states will have to be created by use of di¡erent
denaturing agents such as urea, guanidine hydrochloride, ex-
treme pH conditions, etc. For many small proteins, there is
strong evidence for a close structural correspondence between
equilibrium partly unfolded states, created as above, and ki-
netic intermediates during the folding process [14^17]. In such
cases, a systematic following of the residual structures as a
function of the perturbations taking the protein from fully
denatured state to the native state, allows stepwise monitoring
of the folding process. Under extreme conditions, the ob-
served residual structures represent local preferences and sug-
gest initial folding events during a folding reaction. In several
proteins native-like and/or non-native-like residual secondary
structures have been observed under such extreme denaturing
conditions [1,2,8,11,12,18,19].

Human immunode¢ciency virus (HIV)-1 protease is an as-
partyl protease that catalyzes the cleavage of several polypep-
tides yielding mature proteins that are required for the func-
tion of the acquired immunode¢ciency syndrome (AIDS)
virus [20^21]. The functional protease is a 22 kDa homodimer
that self-assembles from two identical polypeptide chains of
99 residues each. Extensive NMR structural and dynamic
studies have been reported on the folded protein, complexed
to di¡erent inhibitors [22^26]. However, to date, there have
been no reports on the unfolded state of the protein. Thus the
present study focuses on the `unfolded' state of a tethered
dimer (TD) construct of the protease, wherein, the C-terminal
of one monomer is covalently joined to the N-terminal of
another monomer by a GGSSG linker [27^28] resulting in a
single polypeptide chain of 203 amino acid residues. The chain
also carries two point mutations, C95M in the ¢rst half and
C195A in the second half. Complete backbone assignments
have been obtained for the denatured protein (in 6 M guani-
dine hydrochloride). The carbon chemical shifts, the HNHK

coupling constants and the nuclear Overhauser e¡ects (NOEs)
indicate the presence of some structural preferences. The lo-
cations of these residues at the dimer interface and the hydro-
phobic nature of the residues suggest that hydrophobic clus-
tering could be an initial folding event of the functional
protein.
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2. Materials and methods

2.1. Protein preparation
HIV-1 protease TD cloned in pET 11a expression vector was ob-

tained as a kind gift from Dr. M.V. Hosur, Bhabha Atomic Research
Centre, Mumbai, India. This clone carried C95M mutation in one of
the monomers. To avoid oxidation of the cysteine residue at the di-
merization domain during long three-dimensional (3D) experiments,
we mutated cysteine 95 in the other monomer (C195) to alanine. This
C195A mutation was achieved using standard polymerase chain
reaction techniques. The mutated gene was cloned back into pET
11a expression vector and expressed in Escherichia coli BL21 (DE3)
cells.

2.2. NMR sample
15N-Labeled and 13C,15N-labeled HIV-1 protease mutant (C95M,

C195A) TD was produced by overexpression in minimal media and
puri¢ed using the procedure described elsewhere [26]. For NMR sam-
ple preparation, the protein was concentrated to V1 mM and ex-
changed with pH 5.2 NMR bu¡er consisting of 50 mM Na-acetate,
5 mM EDTA, 150 mM DTT and 6 M guanidine hydrochloride, by
ultra¢ltration.

2.3. NMR data acquisition and processing
NMR spectra were recorded at 1H Larmor frequency of 600.052

MHz using a three-channel Varian Unity+ spectrometer equipped
with pulsed ¢eld gradients. All spectra were recorded at 32³C.
NMR spectra recorded and the parameters used are listed in
Table 1.

For the triple resonance experiments used for resonance assign-
ments, the 1H and 15N carrier frequencies were set at 4.71 ppm
(water) and 119 ppm, respectively. The 13C carrier frequency was
set at 56.0 ppm for HNN [29], HN(C)N [29], HNCA [30], HN(CO)-
CA [31], 45.0 ppm for CBCANH [32], CBCA(CO)NH [33] and 174.0
ppm for HNCO [30], respectively. Prior to Fourier transformation
and zero-¢lling, data were apodized with a sine-squared weighting
function shifted by 60³ in all dimensions. For coupling constant esti-
mations, a high resolution transverse relaxation-optimized spectrosco-
py (TROSY) [34] was recorded with 4096 (t2)U512 (t1) complex time
domain data matrix and the data was zero-¢lled to a matrix size of
16 384U2048 complex points. The data was apodized by sine squared
functions shifted by 20 and 30³, respectively, along the t2 and t1
dimensions. Temperature coe¤cients for amide protons were mea-
sured from a series of TROSY spectra recorded at 3³C intervals be-
tween 25 and 46³C. A 3D nuclear Overhauser enhancement spectros-
copy (NOESY)-heteronuclear single quantum coherence (HSQC)
spectrum was recorded with 96 (t1), 48 (t2) and 1024 (t3) time domain
points. The data were apodized with a sine-squared weighting func-
tion shifted by 60³ in all dimensions. After zero ¢lling and Fourier
transformation the ¢nal matrix had 1024, 256 and 256 points along
the F3, F2 and F1 dimensions, respectively. Processing of spectra was
carried out using Felix 97 software (Molecular Simulations, San Die-
go, CA, USA). In all spectra, 1H, 13C and 15N chemical shifts were,
respectively, referenced to HDO (4.71 ppm at 32³C), indirectly to 2,2-
dimethyl-2-silapentane-5-sulfonic acid, and to trimethylsilyl sodium
propionate.

3. Results and discussion

3.1. Backbone resonance assignments
The traditional method of sequential assignment by stan-

dard triple resonance 3D methods (HNCA, HN(CO)CA,
CBCANH and CBCA(CO)NH) relies mainly on 13CK, 13CL,
1HK, 1HL and HN resonances and is used routinely when
resonance dispersion is very good. However, when these res-
onances are poorly dispersed, which is the case in denatured
proteins, the standard methods have limited success. Fortu-
nately, however, the residual chemical shift dispersion of 15N
is still large and experiments exploiting these dispersions are
likely to be more useful. In this context, we recently described
two new 3D triple resonance experiments, HNN, HN(C)N,
which correlate HN and 15N resonances sequentially along
the polypeptide chain of a doubly (13C,15N) labeled protein
([29] and references therein). Using these HNN and HN(C)N
spectra we could obtain complete 15N and HN resonance as-
signments for all non-proline residues in the HIV-TD protein.
An illustrative stretch of sequential connectivities is shown in
Fig. 1 and all the assignments are displayed in the TROSY
spectrum in Fig. 2. For residues P1, Q2, V3, T4, G94, T96,
L97 and N98 two sets of peaks are seen due to the asymmetry
introduced by the linker and the point mutations. Of these,
N198, N98, L197, L97, T196, T96 and G194, G94 have been
domain speci¢cally assigned. Subsequent to these 15N and
amide proton assignments, complete 13CK, 13CL and 13CP res-
onance assignments were obtained for all residues using the
standard HNCA HN(CO)CA, CBCANH, CBCA(CO)NH
and HNCO spectra. All the assignments have been deposited
in the BioMagResBank under the accession number 5062.

3.2. Analysis of chemical shifts and residual structures
13C chemical shifts of CP, CK and CL are useful indicators of

secondary structure in folded proteins [35^38]. In order to
detect the presence of residual structures in the unfolded pro-
tein, under the strong denaturing condition used, chemical
shift deviations from random coil values for 13CK, 13CL and
13CP resonances have to be calculated. However, there are
more than one set of random coil values published in the
literature and these di¡er because of the experimental condi-
tions used in arriving at those values. Wishart et al. [39] used
1 M urea, pH 5 and 25³C for their experiments on the pep-
tides chosen, whereas Schwarzinger et al. [40,41] derived an-
other set of values from peptide spectra recorded in 8 M urea,
pH 2.3 and 20³C so as to obtain a better data set for their
apomyoglobin protein. Schwarzinger et al. also observed that

Table 1
NMR experiments and their parameters

Experiment Time domain complex points Spectral width (Hz) Matrix size nt Time (h)

t1 t2 t3 SW1 SW2 SW3
15N TROSY 512 (N) 4096 (H) ^ 2300 8500 ^ 16 384U2048 4 3.5
15N HSQC-TOCSY 256 (N) 2048 (H) ^ 2300 8500 ^ 4096U2048 64 14.0
HNN 68 (N) 68 (N) 1024 (H) 2300 2300 8500 256U256U1024 4 29.5
HN(C)N 68 (N) 68 (N) 1024 (H) 2300 2300 8500 256U256U1024 8 33.5
HNCA 100 (C) 68 (N) 1024 (H) 6000 2300 8500 256U256U1024 4 45.5
HN(CO)CA 100 (C) 68 (N) 1024 (H) 6000 2300 8500 256U256U1024 4 44.5
CBCANH 80 (C) 68 (N) 1024 (H) 13 500 2300 8500 256U256U1024 4 33.5
CBCA(CO)NH 80 (C) 68 (N) 1024 (H) 13 500 2300 8500 256U256U1024 4 34.0
HNCO 50 (C) 50 (N) 1024 (H) 2500 2300 8500 256U256U1024 8 31.0
15N NOESY-HSQC 96 (H) 48 (N) 1024 (H) 8500 2300 8500 256U256U1024 4 31.0
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corrections will have to be applied for sequence e¡ects and
provided a set of rules for these corrections. We analyzed our
data using both the data sets and applied corrections as sug-
gested by Schwarzinger et al. [41]. It was observed that CP
chemical shift deviations were very sensitive to the choice of
the data set. This suggested that neither of the data sets would
be suitable for CP, since the present data has been acquired in
6 M guanidine hydrochloride and not in urea. Thus CP chem-
ical shift deviations could not be used to derive structural
information. The CL chemical shifts also did not have much
diagnostic value. On the other hand the CK chemical shift
deviations displayed similar patterns for either of the data
sets, though the magnitudes di¡ered slightly. The sequence-
dependent correction did make a signi¢cant contribution in
that many observed values calculated using the random coil
values as given by Wishart et al. [39] then appeared close to
the random coil values. This data is shown in Fig. 3.

There are interesting features in the chemical shift devia-

tions shown above. First of all, although for a large number
of residues the chemical shifts are close to random coil values,
there are many residues for which the deviations are quite
substantial. These deviations represent individual (i,P) pro-
pensities, being negative for L structures and positive for K-
structures. We notice that residues 1, 3, 5, 7 at the N-terminal,
residues 21, 25 near the active site, residues 34, 37, 43, 44 near
the loops, residues 53, 55, 56, in the £ap area, residues 66, 69
on the outer surface, residues 79^84 around the active site and
residues 197, 198 of the second half which participate in the L-
sheet at the dimer interface exhibit high L-structure propen-
sities. Likewise, residues 8, 10, 24, 40, 61, 63, 65, 67, 68, 88, 90
and 92 exhibit high K helical propensities. Referring to the
native structural elements, also indicated in the ¢gure, it is
evident that the propensities at the N-terminal, the £ap and
the residues 88, 90, 92 are native-like and the rest are non-
native. It is very interesting to note that the six prolines at
positions 1, 9, 39, 44, 79, 81 have very signi¢cant in£uence on

Fig. 1. Illustrative sequential 15N connectivities in the HNN spectrum of HIV-TD protein. Appropriate strips at the correct HN chemical shifts
in the (F1,F3) planes have been taken. Both positive (thick) and negative (light) contours have been plotted.

Table 2
HN^HK coupling constants and amide proton temperature coe¤cients of selected residues in HIV-1 protease TD

Residue 3J(HN^HK) (measured) 3J(HN^HK) (random coil value) [48] Temperature coe¤cients (ppb/K), 3dN/dT

Q2 7.4 7.1 8.10
V3 7.8, 7.5 7.2 8.44, 9.48
T4 9.0, 8.8 7.9 9.40, 8.80
M95 7.2 7.1 7.60
T96 8.6 7.9 8.27
T196 9.0 7.9 8.43
L97 7.7 6.8 8.92
L197 7.5 6.8 9.56
N98 8.5 7.7 8.31
N198 7.6 7.7 8.06
F99 8.1 7.3 9.42
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the structural propensities. Prolines at 9, 39, 79 have in fact
forced non-native secondary structural propensities in the
neighboring residues.

In addition to the above, some of the amide and 15N chem-
ical shifts also indicate the presence of some preferred struc-
tural propensities : (i) 15N chemical shift of T80 is unusually
down¢eld (132.30 ppm). (ii) Likewise, amide proton chemical
shifts of lysine 43 and arginine 8 are quite up¢eld shifted.
Both the residues have tryptophans as near neighbors. It is
likely that K43 and R8 amides experience ring current e¡ects
from W42 and W6 tryptophans, respectively.

3.3. HN^HK coupling constants (J)
Three-bond HN^HK coupling constants provide valuable

secondary structural information in folded proteins. L-Struc-
tures are characterized by large coupling constant values in
the range 8^10 Hz, while K-helical structures are characterized
by values in the range 3^5 Hz. In unfolded proteins, however,
the heterogeneity and conformational averaging leads to aver-
age values of 6^7.5 Hz [19]. Nonetheless, values signi¢cantly
di¡erent from these average random coil values would indi-
cate de¢nite propensities for the structures.

The most common method for measuring the HN^HK cou-
pling constants relies on the HNHA experiment [42] or the

Fig. 2. 1H^15N TROSY spectrum of HIV-TD with sequence-speci¢c assignments. The linker residues are labeled with a pre¢x L. G194, A195,
T196, L197, N198 and F199 correspond to the residues in the second monomer of the TD. Rest of the residues in the two monomers are
equivalent.

Fig. 3. Secondary chemical shifts, corrected for sequence-dependent
contribution, for 13CK resonances of HIV-TD in 6 M guanidine hy-
drochloride. A negative value in v13CK, is indicative of L-type back-
bone conformation [35^38] and a positive value is indicative of K-
helical conformation. For interpretation of structural propensities
we consider only those deviations which are larger than 0.7 ppm.
The secondary structure elements in the folded protein (L-sheet by
thick arrow and K-helix by shaded box) are also shown.
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HNCA-J experiment [43]. In the former the coupling con-
stants are derived from the ratios of the diagonal to cross-
peak intensities in the di¡erent 15N planes of the 3D spec-
trum, and in the latter they are measured from peak multiplet
structures. While these work well for folded proteins with well
resolved peaks, they have serious problems for unfolded pro-
teins where chemical shift dispersion is poor and reliable es-
timation of the peak intensities or separations is di¤cult. Re-
laxation losses also contribute to the uncertainties in intensity
measurements in HNHA. Therefore we decided to measure
these coupling constants from a high resolution TROSY spec-
trum itself, where this information is contained in the ¢ne
structure of the correlation peaks; it is surprising that, at least

to our knowledge, this simple strategy has not been used in
the literature. When we analyzed the ¢ne structures in our
spectra we discovered that for most residues, there were two
sets of peaks with small chemical shift di¡erences (comparable
in magnitude to coupling constants) and this indicated a small
non-equivalence between the two halves of the TD. For a few
residues at the N-terminal and C-terminal, however, the two
sets of peaks are very well separated (Fig. 2) and hence they
could be analyzed unambiguously for the coupling constant
values. Fig. 4 shows a few cross-peaks (A) and a few cross-
sections (B) through some of the peaks. The measured J val-
ues for all the resolvable residues are listed in Table 2. It is
interesting to note that the J values show a certain enhanced

Fig. 4. A: A selected region from high resolution 1H-15N TROSY spectrum of HIV-TD showing the ¢ne structures in the cross peaks. B: 1D
cross-sections through a few cross peaks showing the HN^HK J-splitting.

Fig. 5. A: Strips at the amide proton chemical shifts (F3) of N198 and K43 residues from the 1H^15N NOESY-HSQC spectrum of HIV-TD in
6 M guanidine hydrochloride. Although no speci¢c assignment of the NOEs is given, it is clear that some of the NOEs are intraresidue and
others interresidue, in nature. B: Temperature dependence of a few amide protons and their linear ¢ts to derive the temperature coe¤cients.
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propensity for L-structures for these residues, and this is con-
sistent with the conclusions derived from the chemical shift
analysis.

3.4. NOEs
The 3D NOESY-HSQC spectrum showed a number of

NOEs from amide protons to K, L and other side chain pro-
tons. Although a large number of these could not be analyzed
in a meaningful manner because of insu¤cient resolution in
the spectra, the NOEs emanating from some of the amides
distinctly seen in the HSQC spectra such as Q2, N198, K43,
etc. could be readily followed. Fig. 5A shows strips belonging
to the amides of K43 and N198. Clearly, a number of NOEs
are seen, some of which would be intraresidue and others
interresidue correlations, to K, L and other side chain protons.
Considering that in the native folded protein, the N-terminal
of ¢rst half and the C-terminal of the second half are engaged
in a short L-sheet formation, the above observation supports
the conclusion that the residues at the N- and C-terminal have
a high propensity for the native-like L-structures. Further-
more, an important observation was the absence of any
NOE from the amide of T80 which occurs at a distinct posi-
tion in the HSQC spectrum. This suggests that the segment
79^84 which seemed like corresponding to a contiguous
stretch of L-type residual secondary structure on the basis of
chemical shift deviations, does not seem to be so on the basis
of NOE data. The peptide in this region may be £exible,
which may be the reason for the absence of NOEs. It remains
a puzzle why the 15N of T80 is so unusually down¢eld shifted.

3.5. Amide proton temperature coe¤cients
For the residues in the two halves of the dimer, which

produced distinct peaks, we measured the amide proton tem-
perature coe¤cients by recording TROSY spectra in the tem-
perature in the range 25^46³C at 3³ intervals. The chemical
shift data were then analyzed by linear regression to estimate
the slope and hence the temperature coe¤cients. A few illus-
trative ¢ts are shown in Fig. 5B and all the measured temper-
ature coe¤cients are listed in Table 2 along with the coupling

constants. We observe that the temperature coe¤cients are
mostly greater than 8 ppb/K which is the characteristic value
for random coils [19]. This rules out the presence of any
persistent secondary structure.

3.6. Implications for protein folding
Fig. 6 shows the locations of all the above local structural

preferences on the crystal structure of the HIV-1 TD molecule
(PDB ID: 1G6L) [44]. These indicate potential nucleation
sites and possible initial structures during the folding of this
protein. Of course, when folding is initiated by dilution to
reduce the denaturant concentrations, di¡erent molecules
can proceed along di¡erent potential energy channels (see re-
views [45^47]) making and stabilizing di¡erent types of sec-
ondary and tertiary contacts. It is interesting to observe that
much of the preferred structural propensity is in residues at
the dimer interface and this includes the cavity at the active
site. A large number of these residues are hydrophobic in
nature suggesting that hydrophobic clustering may be a strong
driving force for the initial folding events of the protein.
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