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A physics-based method, aimed at determining protein structures
by using NOE-derived distance constraints together with observed
and computed 3C* chemical shifts, is applied to determine the
structure of a 20-residue all-B peptide (BS2). The approach makes
use of 13C« chemical shifts, computed at the density functional level
of theory, to derive backbone and side-chain torsional constraints
for all of the amino acid residues, without making use of infor-
mation about residue occupancy in any region of the Ramachan-
dran map. In addition, the torsional constraints are derived dy-
namically—i.e., they are redefined at each step of the algorithm. It
is shown that, starting from randomly generated conformations,
the final protein models are more accurate than existing NMR-
derived models of the peptide, in terms of the agreement between
predicted and observed '3CP chemical shifts, and some stereochem-
ical quality indicators. The accumulated evidence indicates that, for
a highly flexible BS2 peptide in solution, it may not be possible to
determine a single structure (or a small set of structures) that
would satisfy all of the constraints exactly and simultaneously
because the observed NOEs and '3C chemical shifts correspond to
a dynamic ensemble of conformations. Analysis of the structural
flexibility, carried out by molecular dynamics simulations in explicit
water, revealed that the whole peptide can be characterized as
having liquid-like behavior, according to the Lindemann criterion. In
summary, a B-sheet structure of a highly flexible peptide in solution
can be determined by a quantum-chemical-based procedure.

protein structure determination | validation | refinement |
protein flexibility | molecular dynamics

We recently introduced a new physics-based method that
exploits distance constraints derived from nuclear Over-
hauser effects (NOEs) and '3C chemical shifts to determine the
structure of a 76-residue all-a-helical protein (the Bacillus subtilis
acyl carrier protein) at a high level of accuracy (1) without resorting
to other experimental data (such as vicinal coupling constants,
backbone residual dipolar couplings, etc.) or knowledge-based
information (for example, from automated chemical-shift predic-
tors, side-chain rotamer libraries, etc.). This methodology (2),
validated on 139 conformations of the human protein ubiquitin,
enabled us to offer a new criterion for an accurate assessment of the
quality of NMR-derived protein conformations and to examine
whether x-ray or NMR-solved structures are better representations
of the observed '*C* chemical shifts in solution. A detailed analysis
(2) of the disagreement between observed and density functional
theory (DFT)-computed *C* chemical shifts in these ubiquitin
conformations illustrated the accuracy of the calculations and,
more importantly, demonstrated that these disagreements reflect
the dynamic nature of the protein rather than inaccuracies of the
method. Our methodology has also been used (3) to show that
neutral, rather than charged, basic and acidic groups are a better
approximation of the observed *C* chemical shifts of a protein in
solution. Furthermore, the results obtained (3) indicated that
side-chain flexibility influences the computed 3C* chemical shifts
in ubiquitin and, hence, revealed the importance of a proper
consideration of side-chain conformations for an accurate refine-
ment of protein structures. Because automated servers are widely
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used for prediction of backbone torsional angles using observed
chemical shifts for a given protein sequence, we evaluated the
performance of our method compared with that of automated
servers (2). In particular, we considered a problem inverse to
structure prediction—i.e., we tested the sensitivity of these methods
to significant differences in protein conformation (in terms of
DFT-computed and observed chemical shifts). As a result, the
servers appeared to be much less accurate than our methodology,
which indicates that results obtained by using automated servers
may not be able to provide enough guidance in selecting the most
accurate conformations during protein-structure determination.

Evidence obtained from the probability-based secondary struc-
ture identification method of Wang and Jardetzky (4) suggests that
the reliability to distinguish an a-helix from a statistical coil based
on chemical-shift information follows the ranking 3C* > 13C’ >
THe > 13CP > N > 'HN, whereas a different trend ("H® > 13CP >
THN ~ BCe ~ BC’' ~ 5N) was found for the corresponding
reliability to distinguish a B-strand conformation from a statistical
coil. This trend raises the question as to whether a mainly B3Ce-
driven methodology can be used to predict high-quality all-B-sheet
structures and, if so, how well the corresponding *CP chemical-shift
predictions would be. Our physics-based method (1, 3) relies on the
hypothesis that an accurate protein structure prediction can be
carried out by simply identifying a set of conformations that
simultaneously satisfies two sets of constraints: () computed tor-
sional constraints for all amino acid residues in the sequence
(obtained from a comparison of computed '*C* chemical shifts with
the experimental ones), and (i) a fixed set of experimental NOE-
derived distance constraints. This approach makes use of 3C®
chemical shifts, computed at the density functional level of theory,
to obtain torsional constraints for all backbone and side-chain
torsional angles for each residue without assuming the occupancy
of any region of the Ramachandran map (1). The method used in
this work makes use of 100% of the observed '3C* chemical shifts
to derive torsional constraints for all of the residues in a protein, in
contrast to the traditional methods that use the 3C® chemical shifts
to identify only those portions of the backbone of the molecule that
correspond to well defined secondary structure, thereby making use
of only up to ~40% of the residues in proteins (5).

A 20-residue peptide capable of forming a three-stranded anti-
parallel B-sheet in aqueous solution—i.e., the BS2 peptide with the
sequence TWIQNpPGTKWYQNRPGTKIYT (Fig. 1), for which
both a complete set of 3C* chemical shifts and a reduced number
of NOEs were reported (6)—was chosen to determine whether our
method, previously shown to be able to compute a-helical struc-
tures (1), could also succeed in computing a B-sheet structure (and
at the same time predict observed '*CP chemical shifts). The BS2
peptide is one of three designed 20-residue peptides—namely, BS1,
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Fig. 1. Schematic representation of the BS2 peptide (6), with ionized N- and
C-terminal groups, shown in an ideal three-stranded antiparallel B-sheet
motif. All residues are named by using the single-letter code and a number
designating the position of each residue in the sequence. Dashed red lines
indicate the hydrogen bonds observed in MD simulations (see MD Simula-
tions). The two B-hairpins, | and Il, forming the observed conformation of the
BS2 peptide are indicated by two large dashed boxes.

Hairpin Il

BS2, and BS3—discussed by Santiveri ez al. (6). The three peptides
share the same sequence except for the two turn-regions (residues
6, 7 and 14, 15 in Fig. 1). The BS2 peptide represents an improved
B-sheet model (compared with the BS1 peptide) with the highest
population of residues in the three-stranded antiparallel B-sheet
conformation in aqueous solution (6). The stabilization of the
B-sheet structure was achieved by substitution of the Gly and Ser
turn residues of BS1 by D-proline and Gly in BS2. In contrast,
replacement of the D-proline residues of BS2 by L-proline (in the
BS3 peptide) destabilizes the BS3 structure to a statistical coil (6).
Experimental structure determination of small peptides—e.g.,
those containing <25 residues, which are able to fold as monomers
and do not contain disulfide bonds—is very valuable because such
determinations can provide important information for force-field
development (7) and evaluation (8). Moreover, small proteins can
also be useful for the design and improvement of search algorithms
aimed at an efficient exploration of the conformational space (9,
10). It should be noted that both of these applications require
knowledge of high-quality conformations representing the native
state. Until now, this approach has been confined mainly to
x-ray-derived structures rather than to NMR-derived ones because
it is often assumed that most of the NMR structures do not achieve
the accuracy of high-quality x-ray structures (11, 12), although
NMR-derived structures for ubiquitin are better representations of
the 13C* chemical shifts in solution than the x-ray structure (2).
The goal of this work was twofold. First, to determine whether it
is possible to obtain an accurate set of conformations that simul-
taneously satisfies the NOE-derived distance constraints and the
13Ce-derived torsional constraints for the BS2 peptide in solution
(6). To carry out such an analysis, two sets of conformations were
generated with our physics-based method—namely, by using the
observed 3C* chemical shifts together with either a full set or a
subset of NOE-derived distance constraints. Our second goal was
to obtain atomic-level information about the structure and flexi-
bility of the BS2 peptide in solution and, hence, to provide
cross-validation of the results obtained from the '3C®-derived
analysis and NOE-derived distance violations. For this second goal,
we carried out 20-ns MD simulations with explicit water starting
from four structures selected (arbitrarily) from the final ensemble
of conformations derived by using our new methodology (see
Materials and Methods). Characterization of the structural flexibil-
ity of molecules in solution is of fundamental importance for the
study of biological function, stability, and folding, and is a field of
active experimental (13, 14) and theoretical research (15, 16).
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Fig. 2. Bars indicate the rmsd between computed and observed '3C* chem-
ical shifts for each conformation from the following sets: Santiveri (red bars),
Run_1 (black bars), and Run_2 (green bars). Dashed horizontal lines (see values
in Table 1) designate the ca-rmsd values computed for each of these three sets
as described in Materials and Methods; the color used for each horizontal line
matches the set from which it was derived.

Results and Discussion

Assessment of the Structural Quality of the BS2 Peptide. In the
following subsections, we present the results of the analysis of
different ensembles of conformations of the BS2 peptide—namely,
the Santiveri set (6), the Run_1 set, and the Run_2 set, with 20, 10,
and 20 conformations, respectively. The Run_1 and Run_2 sets were
both determined by using the 13C*-derived torsional constraints but
with a different number of NOE-derived constraints (see Materials
and Methods).
Analysis in terms of the computed 3C* and '3CP chemical shifts. Fig. 2
shows a bar diagram of the root-mean-square deviations (rmsds)
between the computed and observed BC¢ chemical shifts for each
of the conformations from the following sets: Santiveri (as red
bars), Run_1 (black bars), and Run_2 (green bars). Analysis based
on the individual rmsds (indicated by bars in Fig. 2) or on the
conformationally averaged rmsd (ca-rmsd) (indicated by dashed
horizontal lines in Fig. 2) shows the importance of considering
torsional-angle constraints derived from the computed 3C* chem-
ical shifts for the purpose of structure determination. Thus, al-
though traditional methods and our method make use of NOE-
derived distance constraints, the use of computed torsional-angle
constraints for all residues in the sequence, not only those in
secondary structure elements, led to lower ca-rmsds for the en-
sembles obtained with both the full set of NOE constraints and its
subset, as shown in Table 1. The correlation coefficients (17), R, for
the ¥CP chemical shifts, shown in Table 1, are also consistent with
this conclusion.
Analysis in terms of NOE-derived distances and torsional angles. Analysis
of the distance violations indicated that the Santiveri set shows
similar distributions of NOE violations for the 20 conformations as
that of Run_2, although both sets show significantly higher maxi-
mum violations than that of Run_1 [see supporting information (SI)
Fig. 4]. Thus, as shown in Table 1, the maximum distance violations
are comparable for the Santlverl set (~2.4) and Run 2 set (~2.6),
whereas they are significantly lower (~0.9 A) for the Run_1 set.
Some large (>2 A) NOE-distance violations exist for the San-
tiveri set (Table 1). This analysis was carried out by using the
regularized geometry of the conformations from the Santiveri
set—i.e., all residues of the 20 conformations were replaced with the
standard ECEPP/3 geometry (18). The conformations resulting
from this regularization procedure are quite close, but not identical,
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Table 1. Results for the BS2 peptide

13CP correlation ca-rmsd,* Maximum distance Number of abnormally short
Conformation set* coefficient,” R ppm violation,s A interatomic distances"
Santiveri (20) 0.97 4.6 2.36 7.79 = 1.99 (~0.39)
Run_1 (10) 0.98 3.5 0.88 10.10 + 2.47 (~0.50)
Run_2 (20) 0.99 2.2 2.62 0.16 = 0.37 (~0.01)

Computed for each set of conformations listed in column 1; the number of conformations in each set is indicated, in column 1, in

parentheses.

*Santiveri denotes the original set of 20 conformations obtained by Santiveri et al. (6). The Run_1 and Run_2 sets were generated as

explained in Materials and Methods.

The correlation coefficient (17), R, (or Pearson coefficient) between computed and observed '3C8 chemical shifts for each of the sets in

column 1.
*Values computed as explained in Materials and Methods.
SFrom the NOE-classified intensities (6).

fiComputed by using WHAT IF (19) as an average for the conformations of Santiveri, Run_1, and Run_2 sets. An abnormally short
interatomic distance is defined (19) as the distance between two atoms that is shorter than the sum of their van der Waals radii minus
0.4 A. In parentheses is shown the per-residue number of abnormal short interatomic distances.

to the original ones, with all-heavy-atom rmsd values ranging up to
~0.2 A. SI Figs. 5 and 6 and the related discussion (see SI Text)
demonstrate that the maximum violations shown in Table 1 for the
Santiveri set result from deficient orientations of the side chains in
model 15 [out of 20 models reported by Santiveri et al. (6)] rather
than the regularization. It should be mentioned that large (>2 A)
NOE-distance violations were also obtained for the structures from
Run_2 (Table 1) because only a subset of NOE-derived distance
constraints was used to derive these conformations.

An analysis in terms of violations of the torsional-angle con-
straints used during the last step of the structure-determination
procedure was carried out for the ¢, §, and y torsional angles (86
angles) of all of the residues of the Santiveri, Run_1, and Run_2 sets.
The selected set of ¢, i, and y torsional angles belongs to the
minimal-rmsd model (2) in which the '*C* chemical shift of each
residue individually best matched the experimental one. This
analysis does not consider the w torsional angles because the
departure of the peptide unit from the planar frans conformation,
except for proline, is <10° (19). The percentage of agreement
(within a 30° tolerance range) obtained for Run_1 (56%), Run_2
(50%), and the Santiveri (42%) sets indicates that the latter
ensemble of conformations possesses a higher dispersion of the
backbone and side-chain torsional angles than that of Run_1 or
Run_2 set (see Fig. 3). This property is important because it has
been recognized for a long time (20) that a high-quality structure
determination should show a small rmsd among all conformers.
A comparison of some stereochemical quality indicators. The conforma-
tions from the Santiveri, Run_1, and Run 2 sets were analyzed by
using the PROCHECK server (11). The results reported in SI Table
2 reveal very similar distributions—i.e., within the standard devi-
ation—of the residues in the most favored and additional allowed
regions of the Ramachandran map. All of these ensembles of
conformations contain no residues in the generously allowed and
disallowed regions of the Ramachandran map.

Regarding the standard deviation of the w values, which obey a
Gaussian distribution with an average of ~178° and a standard
deviation of ~5.5° (19), only the Run 2 set (5.90°) is neither as
tightly constrained as the Santiveri set (0.02°) nor as undercon-
strained as the Run_1 set (7.16°).

There is a significant difference between the Santiveri, Run_1,
and Run2 sets in terms of the per-residue average number of
abnormally short interatomic distances (19)—namely, ~0.39,
~0.50, and ~0.01, respectively (as shown in Table 1). A similar
analysis carried out for seven small NMR-derived proteins (2) also
revealed a very large number (~0.8 per residue) of abnormally
short interatomic distances. However, the result obtained for the
Run_2 ensemble (0.01 per residue) is close to the ideal value of 0.0
that characterizes x-ray-derived structures. Consistent with these
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analyses, the computed nonbonded ECEPP/3 energy for all con-
formations in Run_2 is significantly lower (by at least two orders of
magnitude) than those computed from conformations of Run_1 or
Santiveri set, respectively. This indicates that, for a highly flexible
peptide in solution such as BS2, it might not be feasible to find a
small set of conformations showing distance violations of <0.9 A
(as with the Run_1 set of conformations) and simultaneously good
agreement between observed and predicted *C* chemical shifts
and without steric clashes (as with the Run_2 set of conformations).
Existence of atomic clashes, as in the Santiveri and Run_1 sets,
prevents the use of these conformations for unconstrained MD
analysis and, hence, a set (arbitrarily selected) of conformations
from the Run_2 was chosen for this purpose in the next section.

Analysis of the Flexibility of the BS2 Peptide. '3C* conformational shifts
analysis. Protein flexibility can be estimated (15) based on analysis
of so-called conformational shifts, defined as the deviations of the
observed 3C* and '*CP chemical shifts from the statistical-coil
values (21, 22). The conformational shifts were shown to reflect a
wide range of conformational changes (23). Thus, the upper limit
of the time scale of the motions affecting chemical shifts varies from
microseconds to milliseconds for 3C and N nuclei and from
hundreds of nanoseconds to hundreds of microseconds for protons.
In contrast, the lower time limits of conformational changes af-
fecting 'H, 13C, and >N chemical shifts were shown to be on the
picosecond time scale. The more flexible regions of a protein are
expected to possess smaller average conformational shifts than the
less flexible ones (15). This leads to the idea that changes in
conformational shifts (CS) would be inversely proportional to the
amplitude of backbone motions (15).

The CS for the BS2 peptide were computed as the deviation (24)
of the conformationally averaged 3C chemical shifts from the
corresponding statistical-coil values, for each amino acid residue
from the 10 and 20 conformations of the Run_1 and Run_2 sets,
respectively. They were used to calculate the average of the absolute
value of the CS per strand ((CS)) for the N-terminal (residues 2-5),
central (residues 8-13), and C-terminal (residues 16-19) strands.
The results from the Run_1 set indicate that the C-terminal strand
((CS) = 2.0 ppm) is more flexible than either the N-terminal strand
({(CS) = 2.9 ppm) or the central strand ((CS) = 3.1 ppm). Further
analysis of the (CS) from the Run_2 set gives qualitatively similar
results (1.8, 2.5, and 1.0 ppm for the N-terminal, central, and
C-terminal strands, respectively), hence indicating that the C-
terminal strand is the most flexible one. However, the most flexible
part of the BS2 peptide appears to be the turns—namely, (pPro-6,
Gly-7) and (pPro-14, Gly-15) showing an average, over both turns,
of (CS) ~ 0.6 and 1.5 ppm for the Run.1l and Run2 sets,
respectively. The conformational shift analysis does not suffer from
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Fig. 3.
NMR-derived conformations (represented by ribbon diagrams) of the BS2
peptide obtained by Santiveri et al. (6). Side chains are represented by thin
blue lines. (b) Same as in a for the 10 NMR-derived conformations after Run_1.
(c) Same as in a for the 20 NMR-derived conformations after Run_2.

Sets of conformations of the BS2 peptide. (a) Superposition of 20

limitations of >N relaxation measurements, such as peak overlap or
broadening, poor signal intensity, insensitivity to internal fluctua-
tions (that are slower than overall tumbling), etc. (16). However,

1894 | www.pnas.org/cgi/doi/10.1073/pnas.0711022105

values computed by using the conformational shift analysis rely
heavily on the set of statistical-coil chemical shifts used, which are
usually determined from oligopeptides in solution and, in some
cases such as alanine, are a topic of debate. These oligopeptides
display a predominantly flexible backbone, although the side chains
frequently adopt a nonstatistical-coil arrangement (25, 26), which
might significantly influence the '*C* chemical shifts (3, 27).
Accurate determination of molecular flexibility based only on 3C*
conformational shifts may be biased by the preferential side-chain
orientation observed in oligopeptides.

MD analysis. To study flexibility of the BS2 peptide in solution, we
also carried out ~20-ns MD runs starting from each of the four
arbitrarily selected conformations (models 7, 9, 10, and 11 shown in
SI Fig. 7) chosen from the 20 structures generated in Run_2.
Because we are interested in studying the near-equilibrium dynam-
ics, only the snapshots from the first 7 ns of each MD run (SI Fig.
8) were selected for further analysis. Details of the simulations are
given in Materials and Methods.

SI Table 3 contains the atomic fluctuations of the backbone
atoms computed per residue for the four BS2 models. If we consider
the average fluctuations for each of the three B-strands of the
peptide, the largest average fluctuation (0.79 A) over the four MD
runs takes place for residues 16-19 pertaining to the C-terminal
strand, which indicates a larger relative flexibility of this part of the
molecule. The average atomic fluctuations per strand are similar for
the N-terminal and the central strands (0.69 and 0.63, respectively).
This result is in qualitative agreement with the conclusion drawn
from the analysis of the '*C* conformational shifts.

We carried out an analysis of the values of the generalized
Lindemann parameter (Ar), which provides information about
solid vs. liquid-like behavior of the system (28). The characteristic
Ap =~ 0.15 corresponds to the transition between solid-like (A, <
0.15) and liquid-like (Ar > 0.15) behavior. The BS2 peptide in
solution can be considered as a predominantly liquid-like system
because the A value computed for all heavy atoms and for the
backbone heavy atoms are similar and ~0.24 [average over the four
models used for the MD runs; see SI Text (Details of the Methods)).
Itis interesting to compare this result with the Lindemann Ay values
obtained for ubiquitin (29), which are 0.14 and 0.29 for the heavy
atoms of the backbone and those of the side chains, respectively.
Furthermore, there is a wide dispersion of the Ar, values among the
residues with the lowest values of ~0.13-0.15 depending on the
model.

Lifetimes of the backbone hydrogen bonds, which can be con-
sidered as an additional indicator of conformational changes, were
computed for each of the four models (see SI Table 4). All of the
backbone hydrogen bonds observed in the MD simulations of
the BS2 peptide are shown in Fig. 1. In general, the lifetimes of the
hydrogen bonds between strands 1 and 2 within hairpin I are similar
to those of strands 2 and 3 within hairpin II. The only significant
difference appears for the much shorter (13-88%) lifetime of the
hydrogen bond between residues Thr-20 and Lys-9 compared with
the lifetime of the bond between residues Gln-12 and Thr-1 (99%).
This observation leads to the conclusion that the C terminus of the
BS2 peptide appears to be more flexible than the N terminus.

The results of the hydrogen-bond analysis also indicate that the
amide hydrogens of residue Thr-8 can form two backbone hydrogen
bonds with the carbonyl oxygen of Asn-5 and pPro-6, and likewise
Thr-16 with the carbonyl oxygen of Asn-13 and pPro-14. The
interstrand hydrogen bonds (Thr-8. .. Asn-5 and Thr-16. .. Asn-
13) exist for almost the entire length of the simulation (70-90%),
whereas the lifetimes of the hydrogen bonds between threonines (8
and 16) and D-prolines (6 and 14) are ~20% (see SI Table 4). As
seen from the MD runs, each turn as a whole fluctuates with respect
to the average structure (see SI Fig. 9), leading to significantly larger
atomic fluctuations for these parts of the peptide compared with the
B-strands (as shown in SI Fig. 9). The average atomic fluctuations
for the two turns and three strands are 1.01 and 0.64 A, respectively,
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in agreement with conclusions derived from the (CS) analysis of
Run_1 and Run_2 sets.

Conclusion

In this work, we demonstrated that an accurate all-B-sheet structure
can be determined by simply identifying a set of conformations that
simultaneously satisfy a set of constraints—namely, '3Ce-
dynamically derived torsional-angle constraints for all amino acid
residues in the sequence—and a fixed set of NOE-derived distance
constraints. In particular, two sets of conformations for the BS2
peptide were determined here by using different numbers of
NOE-derived distance constraints. As expected, use of the 13Ce-
derived torsional constraints led to noticeably lower ca-rmsds for
both sets compared with the Santiveri models. Analysis of the
accuracy of these sets, as a measure of the closeness with which the
calculations reproduce the structure in solution, in terms of the
NOE-derived distance violations, the 3Cf chemical shifts, and
some stereochemical quality factors, indicates that our self-
consistent physics-based method is able to produce a more accurate
set of conformations than that obtained with the traditional meth-
ods. Further, the results suggests that, for a flexible molecule in
solution, it may not be possible to determine a single structure (or
a small set of structures) that would satisfy all of the constraints
exactly and simultaneously. This is a consequence of the well known
fact (30) that NMR parameters, such as the observed NOE-derived
distances and the 13C chemical shifts, correspond to a dynamic
ensemble of conformations and, therefore, may not be reproduced
exactly by a limited set of static structures (2, 31).

Further analysis of the per-residue average '3C* conformational
shifts from the Run_1 and Run_2 sets enabled us to conclude that
the third, C-terminal strand in the B-sheet of the BS2 peptide is the
most flexible strand although less flexible than the turns. In line
with these results, the MD simulations carried out for the BS2
peptide yielded a plausible atomic description of the motion of this
peptide in solution, as revealed by both the pattern of hydrogen
bonds and the generalized Lindemann parameter, and also pro-
vided additional evidence for greater flexibility of the C-terminal
strand. The fact that the observed *C* chemical shifts, supple-
mented only by NOE-derived distance constraints, provide accu-
rate information for validation and refinement of protein struc-
tures, and site-specific information about the flexibility of the
molecule in solution, may be very useful for NMR spectroscopists
and theoreticians interested in analyses of the stability and protein-
folding mechanism.

Although the present method is more CPU-time-demanding
than traditional methods to solve protein structure, such as the one
used by Santiveri et al. (6), the higher computational cost does not
constitute a real problem because of the increasing availability of
computer clusters with large numbers of faster processors. Con-
ceivably, advances in computational capabilities will enable us to
estimate, at the quantum-chemical level, the weight factor of each
conformation of the ensemble, and hence, convert the ca-rmsd into
a Boltzmann-average rmsd. This development will constitute a
significant advance in the interpretation of the ensemble-averaged
experimental quantities.

Materials and Methods

Sequence of the BS2 Peptide. The BS2 peptide studied here has the following
sequence: TWIQNpPGTKWYQNpPGTKIYT (Fig. 1), where pP denotes p-proline.
Replacement of the p- by L-proline (the BS3 peptide) leads to a complete desta-
bilization of the p-sheet motif (6).

NMR Data for the BS2 Peptide. A total of 130 NOE-derived distances for which
NOE classified intensities are provided [from table ST4 of Santiveri et al. (6)], and
20 3C* and 18 '3CP chemical shifts [referenced to 3-(trimethylsilyl) propionate
sodium salt (TSP)] [from table ST1 of Santiveri et al. (6)], were used in this work.
Only the experimental data for aqueous solution (at pH 3.5 and t = 10°C) reported
by Santiveri et al. (6) were used here. We assumed that there was no assignment
error in any of the constraints, and that 100% of the NOE-derived distances had
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zero distance-constrainterrors. The latter assumptions were adopted because the
accuracy of the structure determination is very sensitive to NOE-derived distance
errors (31).

Existing Set of Conformations for the BS2 Peptide. A set of 20 conformations of
the BS2 peptide was originally derived by Santiveri et al. (6), using traditional
NMR methods. This ensemble of conformations was used here only for compar-
ison purposes and is referred to as the Santiveri set. Whether the use of traditional
methods, combined with chemical-shift-based torsional-angle constraints de-
rived from automated server predictors, could lead to better results than those
obtained by Santiveri et al. goes beyond the current analysis.

Run_1 and Run_2 Set of Conformations. A full set of 130 NOE-derived distances
(6) was used to determine 10 conformations of Run_1. A subset of 118 NOE-
derived distances—i.e., after removing the last 12 from the full list of 130—was
used to determine 20 conformations of Run_2. This subset of 12 NOEs was chosen
because it does not significantly affect the B-sheet twist (6). In both runs, the 20
3C* chemical shifts were used, as explained below under Protein Structure
Determination. We did not study the influence of the selection of the subsets of
NOE-derived distances on the results obtained for the Run_2 set because such
analysis goes beyond our current computational capacity.

Conformational Shifts. The '3C® conformational shifts for each amino acid in the
sequence was computed as the difference between the observed (or the com-
puted conformationally averaged) '3C* chemical shifts and their corresponding
statistical-coil value, as reported by Wishart et al. (24). The reported statistical-coil
value (24) (63.3 ppm for Pro) was adopted for b-Pro.

Protein Structure Determination. A recently introduced physics-based method
(1), aimed at determining protein structures in solution, is used here to obtain the
most probable set of conformations of the 20-residue BS2 peptide that satisfies
both the observed '3C* chemical shifts and a set of NOE-derived distance con-
straints. The procedure used to determine Run_1 and Run_2 sets of conformations
consists of the following steps.

(i) The variable-target-function (VTF) approach with a simplified soft-sphere
potential function (32) was used to generate an ensemble of conformations
at random that simultaneously satisfy a set of distance constraints derived
from the experimental NOEs and the torsional constraints derived from the
13C« conformational shifts. A clustering procedure was carried out to select a
small subset of the total number of the VTF-derived set of conformations—
namely, those possessing a maximum NOE-derived distance violation lower
than 1 A—by using the minimal spanning tree (MST) method (33).

(ii) The 3C* and '3CP chemical shifts were computed at the DFT level for each
conformation of the set obtained in step i. The DFT procedure was applied to
each amino acid X in the sequence by treating X as a terminally blocked
tripeptide with the sequence Ac-GXG-NMe in the conformation of each
generated peptide structure. The '3C*and '3CE chemical shifts for each amino
acid residue X were computed (26) at the B3LYP/6-311+G(2d,p) level of
theory, whereas the remaining residues in the tripeptide were treated at the
B3LYP/3-21G level of theory—i.e., by using the locally dense approach (34).
Allionizable residues were considered neutral during the quantum-chemical
calculations (3). The isotropic shielding values, calculated with the Gaussian
98 package (35), were referenced with respect to a tetramethylsilane (TMS)
13C chemical-shift scale, as described in ref. 26. Conversion of the computed
TMS-referenced values for the '3C* chemical shifts to a TSP reference was
carried out by adding 1.25 ppm in place of 1.82 ppm (36), as discussed by Vila
et al. (2). Examination of the chemical shifts of each residue of all of the
clustered conformations considered here enabled us to identify a new min-
imal-rmsd model (2), in which the '3C* chemical shift of each residue individ-
ually best matched the experimental one, thereby providing a new set of ¢,
i, and x torsional-angle constraints.

(iii) Only one conformation among all of the selected conformations described
in step / was selected. This conformation possessed the lowest rmsd between
the computed and observed '3C* chemical shifts. The selected conformation
was used as a starting one in a conformational search with Monte Carlo with
minimization (MCM) (37) carried out with two types of constraints: the
original fixed set of NOEs and the new set of ¢, ¢, and x torsional angles
derived in step ii. This time, instead of using a simplified soft-sphere potential
function, we used a complete force-field containing the following terms:
(a) the internal potential energy, as described by the ECEPP/3 force field (18);
(b) the solvent free energy calculated by using a solvent-accessible surface
area model (38); and (c) additional energy terms aimed at penalizing viola-
tions of the distance and torsional-angle constraints (39). Finally, a clustering
procedure was carried out to select a small subset of the total number of the
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MCM-derived set of conformations by using the MST method (33) and
assuming a specific rmsd cutoff for all heavy atoms.

(iv) Steps ii and iii were repeated iteratively by using the set of conformations
obtained in step iii and, hence, allowing us to obtain an updated set of ¢, ¢,
and y torsional-angle constraints. At any stage of the procedure, a tolerance
range A, with 20° = A = 35°, for the torsional constraints was adopted.
Variation of the torsional angles within a tolerance range A is considered
acceptable and hence is not subject to energetic penalties. Among all of the
conformations generated in the final use of step iii, only one conformation
is selected, because it is characterized by the lowest rmsd between the
computed 3C* chemical shifts and the observed ones. Thus, the procedure of
step iii, applied to such a conformation, led to a new set of structures. The
final number of conformations in this set is determined by the cutoff rmsd
value adopted for the clusterization procedure in step iii, that is 0.3 and 0.4
A for Run_1 and Run_2, respectively. As a consequence, the Run_1 set (10
conformations) is tighter than that of Run_2 (20 conformations), as seen in
Fig.3band c.

NOE Analysis. The evaluation of the total number of violations and maximum
violations (shown in SI Fig. 4) for the Santiveri, Run_1, and Run_2 sets, respectively,
was carried out only with the full set of 130 NOEs.
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Methods).
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MD Simulations. All MD simulations were carried out by using the AMBER 8.0
package (40) and the AMBER parm99 force field. For details of the MD simula-
tions and trajectory analysis, see S/ Text (Details of the Methods).
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