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In the 50 years since the first determination of the structures of
proteins, our understanding of the states that they adopt in solution
has enormously improved.' It is now well-established that proteins
populate a wide variety of different states in solution, many of which
are conformationally highly heterogeneous.' ~® Even in their native
states, proteins constantly undergo structural fluctuations on time
scales ranging from picoseconds to seconds and beyond.? ® It is
therefore indispensable to achieve an accurate description of the
inherent protein dynamics in order to account for biologically
relevant processes, including enzymatic activity®®'® and the
formation of biomolecular complexes.®'" This goal is challenging,
especially with respect to the treatment of dynamical regions of
proteins, such as loop or unstructured sections, which often play
important biological roles. A powerful strategy for characterizing
the structure and dynamics of proteins in solution is emerging from
methods that combine NMR and molecular dynamics simulations. >
Although these methods have offered encouraging results, it is still
unclear whether they can provide ensembles of structures with the
correct equilibrium statistical weights.

Here we address this fundamental question by showing that
molecular dynamics simulations with ensemble-averaged
restraints™'>'3 serve as a very accurate tool for calculating the free
energies associated with the equilibrium ensembles corresponding
to the native states of proteins. We adopted an approach in which
AMBER'* molecular dynamics simulations of ubiquitin are used
to generate a collection of structures, forming a reference ensemble
representing the state of the protein in solution. NMR observables
are then back-calculated from this ensemble and used as restraints
in CHARMM?-'* molecular dynamics simulations aimed at recon-
structing the distribution of structures of the reference ensemble.
Approaches using reference ensembles have proved to be very
powerful in structural biology'?'? since they allow for an objective
cross-validation analysis in which the atomic coordinates of the
conformations to be reconstructed are known exactly; thus, both
the average structure and the structural heterogeneity obtained from
the restrained simulations can be compared with great accuracy to
those of the reference ensemble. To define a reference representation
of the ubiquitin solution ensemble, we employed the AMBER99SB
force field,"® which has been shown to accurately reproduce the
native-state dynamics of ubiquitin;'* a comparison of the reference-
ensemble-calculated and experimentally measured S? order param-
eters and residual dipolar couplings (RDCs) is presented in Figure
S1 in the Supporting Information. As structural restraints, we
employed RDCs,'” which are particularly suitable for probing
protein structure and dynamics with sensitivity up to the millisecond
time scale.®'>'%1° We extracted 36 reference RDC data sets from
the reference ensemble as the best fit of 36 RDCs that were recently
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reported.® These reference RDCs are thus compatible with the type
of experimental data that can be measured with standard aligning
media. We used only RDCs for NH bond vectors, which are the
most commonly measured ones. The restrained ensemble was
generated by adding to the CHARMM?22 force field*® a pseudoen-
ergy term (see the Supporting Information) given by

E = z (Dﬁes _ D:l"ef)Z (1)

where the sum runs over the restrained (D'*) and reference (D)
ensemble-averaged RDCs. The restraints were imposed as averages
over M replicas of the protein molecule>'*'* and employed in
annealing cycles (see the Supporting Information for further details);
here we used M = 2, 4, 8, and 16. The restrained ensemble was
sampled at the end of each annealing cycle, where the system was
allowed to relax at 300 K.
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Figure 1. Analysis of the distributions of interatomic distances in the
restrained and unrestrained ensembles. The S matrix'? was calculated on
the distance distributions of backbone N atoms. (a) Comparison of the
unrestrained ensemble (CHARMM?22 force field®®) with the reference
ensemble (AMBERY9SB force field'®). (b) Comparison of the restrained
ensemble with the reference ensemble. Darker colors indicate regions of
lower structural similarity; these regions are mapped on the ubiquitin
structures for illustrative purposes by connecting lines in Figure S2. Data
are shown for the case of eight replicas; S results for ensembles generated
by employing 2, 4, 8, and 16 replicas are shown in Tables S1 and S2 and
Figure S3. (c, d, e) Representations of the reference ensemble, the
unrestrained ensemble, and the restrained ensemble, respectively; secondary-
structure elements are shown in yellow (/3 strands) and purple (o helices).

We first assessed the ability of the restrained simulations to
reproduce the structural heterogeneity of the reference ensemble
by employing the S-matrix method'? (Figure 1a,b). Since ubiquitin
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has 76 residues, S is here a 76 x 76 matrix in which each entry s;;
represents the difference between the distributions P and P of
the distance between the backbone N atoms of residues i and j in
the reference and restrained ensembles, respectively:

— ref res
sy = z P — Py 2)
3

where k runs over the bins used to plot the distance distributions
P and P (see Figure S6). The S matrix provides an accurate
characterization of both the local and global structural similarity
of two protein ensembles. Since each distribution is normalized
to 1, the s;; values range from O to 2. An s;; value of 0 corresponds
to identical distributions, whereas a value of 2 corresponds to
completely nonoverlapping distributions. We used the value s;
= 0.7 to characterize similar distributions (see Figure S6).

@ Vi (b)
- / 35
| /' 30
= \ /
S 10 \ B s e s v
£ \ [ 20
= \
& \ 15
o’ M2
2 :: o '2 M6
\ / T e
0+ 0 T T
0.0 0.5 1.0 1.5 2.0 7. 4 8 16
RMSD (A) Nrep

Figure 2. (a) Comparison of the free-energy landscapes of the reference
ensemble (green), the unrestrained ensemble (red) and the eight-replica
RDC-restrained ensemble (black). Free energies were calculated as a
function of the root-mean-square deviation (rmsd) between C* atoms from
a representative structure of the reference ensemble (see also Figure S5)
using the formula AG = —kT log[H(rmsd)], where H(rmsd) is the histogram
of rmsd values sampled during the simulations. (b) Analysis of the quality
(V) of the restrained ensemble as a function of the number of replicas (Vi)
used. Vis defined as the percentage of pairwise distances with s; > 0.7 (see
Table S2). The unrestrained ensemble (U) has the largest value of V, while
the reference ensemble (R) has the lowest value, which is essentially
identical to that of the restrained ensemble with eight replicas and 36
alignment media (M36); the results with six (M6) and two (M2) alignment
media show almost the same quality as those obtained with 36 alignment
media, suggesting that fairly accurate reconstructions are also obtained with
small numbers of alignment media.

The S matrix calculated for the unrestrained and reference
ensembles reveals a significant diversity in the two types of
sampling, with many regions presenting s; > 0.7 (Figure la). This
result is not surprising, considering the different parametrizations
of the CHARMM?22 and AMBER99SB force fields. When the
restraining term on the RDC values is added to the CHARMM?22
force field (Figure 1b), most of the regions that in the comparison
of unrestrained ensembles presented s; > 0.7 are found to have
much lower s; values. This level of accuracy is within statistical
errors, as it is comparable to that found in comparing the two halves
of the reference ensemble itself (Table S2 and Figure S4).

The results presented here indicate that the combination of NMR
restraints with a force field enables the accurate reconstruction of all
2850 distinct distance distributions between pairs of backbone N atoms
of ubiquitin. Since the S matrix is a stringent measure of similarity
between two ensembles,'? we conclude that the restrained ensemble
accurately reconstructs the reference ensemble. In order to verify
whether the free energy of the restrained ensemble also closely
reproduces that of the reference ensemble, we projected the free energy
on the root-mean-square deviation (rmsd) between Co. atoms using a
representative structure of the reference ensemble (Figure 2a). The
free-energy landscape of the reference ensemble itself has a minimum
at 0.75 A (Figure 2a, green line). In contrast, we found a free-energy
minimum at 1.45 A for the unrestrained CHARMM ensemble (Figure

2a, red line). Thus, the use of restraints enabled an almost complete
recovery of the reference free energy, with a minimum at 0.80 A
(Figure 2a, black line). Although the free-energy landscapes in Figure
2a were calculated using 36 alignment media, the use of a smaller
number of alignment media (see the Supporting Information) did not
compromise the quality of the reconstructed ensembles (Figure 2b)
and free energies (Figure S5); the best results were obtained in all
cases using eight replicas (Figure 2b and Tables S1 and S2).

In summary, we have presented evidence that the inclusion of
ensemble-averaged NMR restraints into molecular dynamics simu-
lations is a strategy that successfully guides the sampling of
conformational space toward the ensemble of structures populated
by a protein in solution, even if the force field used is not exact.
Although here we have used RDCs as restraints and presented the
case of ubiquitin, a protein that exhibits rather limited fluctuations
in its native state, the method that we have discussed is general
and can be implemented for a wide range of NMR observables,
including nuclear Overhauser effects,”’ paramagnetic relaxation
enhancements,?*** J couplings’ (including those through hydrogen
bonds?*), and S? order parameters.”'? With a careful choice of the
observables to be restrained, this type of approach should be capable
of providing an accurate representation of the dynamics of proteins
in solution under a variety of different conditions.
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