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Protein Dynamics

NMR-Based Protein Potentials**
Da-Wei Li and Rafael Briischweiler*

The quality of molecular mechanics force fields is vital for the
accurate in silico characterization of proteins. However, the
development of better force fields has been a formidable
challenge. Important improvements in force fields have been
made recently; for example, CHARMM?22/CMAP" and
Amber’s ff99SBP have been validated for several proteins
by comparison of experimental NMR data, including spin
relaxation data"! and dipolar couplings, with those pre-
dicted by molecular dynamics (MD) simulations. Another
type of NMR observable is the chemical shift whose relation-
ship to three-dimensional (3D) protein structures is increas-
ingly well understood.”! A recent comparison of calculated
and experimental protein “C chemical shifts suggests that
there is considerable room for additional improvements of
the force field."

In spite of their capacity to rigorously cross-validate MD
trajectories, NMR parameters of proteins have not been used
to actively guide the improvement of protein potentials. For
each new combination of force-field parameters, weeks of
computing time are required to generate new MD trajectories
of whole proteins, thereby rendering a systematic exploration
of force-field parameters prohibitively expensive. Therefore,
past force-field developments have mostly relied upon
quantum chemical calculations and spectroscopic data of
small molecules and protein fragments.

Herein, we introduce a new approach for the optimization
of force fields that is applicable to fully intact proteins for
which NMR chemical shifts (or other NMR parameters) are
available. To overcome the computational cost barrier, we re-
weight a parent trajectory performed with the original force
field (V,,) for a new test force field (V,.) by using
Boltzmann’s relationship [Eq. (1)]:

pnew(j) :pold(/.) 67V ‘‘‘‘‘‘ (])/kT/erom(f)/kT (1)

where p,,(j) and p,.,(j) are the relative weights and V,,,(j)
and V,,,(j) are the potential energies of a snapshot j for the
old and new force field, respectively; k is Boltzmann’s
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constant and T is the simulation temperature. Although re-
weighting is a common tool for enhancing conformational
sampling,” it has not been used for force-field optimization
directly applied to intact proteins.

Our approach starts with the calculation of chemical shifts
of all carbon nuclei Ca, CB, and C’ for each snapshot of the
parent MD trajectory, which are then stored for subsequent
analysis. Time-averaged chemical shifts are calculated with
equal weights, p,;(j) = 1/N, for all N snapshots and compared
with the experimental chemical shifts by means of the root-
mean-square deviation (RMSD) in ppm. The force field is
then iteratively revised using the downbhill simplex minimiza-
tion algorithm, which in turn changes the weight of each
snapshot according to Equation (1) and thereby allows a
systematic improvement of the agreement between the
experimental chemical shifts and the back-calculated average
shifts from the new weights p,,,,,(j). In this way, a vast number
of trial potentials can be screened for entire proteins through
the reuse of the parent trajectories, thus providing an increase
in analysis speed by a factor of 10° or more, depending on the
trajectory lengths.

We demonstrate the method by deriving the new force
field, ff99SBnmr1, from ff99SB? by modifying the potential
of the backbone dihedral angles using the MD trajectories of
four trial proteins (Figure 1). We then cross-validate the
performance of ff99SBnmr1 for an additional 18 proteins. The
proteins were selected based on the availability of 1)a
relatively high-resolution X-ray crystal structure (< 2.1 A for
19 out of 22 proteins), and 2)the availability of NMR
chemical shift assignments.

a) mm — mm D) mm — =]
o o
60

o =

@© @

z 0 =2

5—_60 >
-120 -1

-180 -120 60 0

180 -120 -60 O 60 120 180 60 120 180
¢ldeg @/deg
c) 7 v d) 7
= 6 1 = &
£ | 2+
T 4 w4
23 2 9
X s 2
= S
S50t50%0 6 60 TA0 T80 180720 60 0 60 720 780

¢/deg w /deg

Figure 1. Comparison between the NMR-optimized potential for pro-
tein backbone dihedral angles defined by ff99SBnmr1 (b) and ff99SBH
(a). Two-dimensional maps (a,b) and one-dimensional projections
along ¢ (c) and y (d) dihedral angles for ff99SBnmr1 (solid line) and
ff99SB (dashed line).
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The optimized dihedral angle potential of the ff99SBnmr1
force field is first tested by MD simulations of the four trial
proteins. The sums of the RMSDs for the chemical shifts of
the carbon atoms drop significantly from initial values of 3.30
(interleukin-4), 3.94 (engrailed homeodomain), 2.17 (GB1),
and 3.11 ppm (ubiquitin), to 3.12, 3.64, 2.14, and 3.03 ppm,
respectively. Figure 1 compares ff99SBnmrl with ff99SB.
Whereas the differences are small for positive ¢,y angles,
ff99SBnmr1 is mostly lower than ff99SB by up to 1.16 kcal
mol™" for the negative ¢,; angles, which has a stabilizing
effect on regular secondary structures.

Next, the new force field was cross-validated with 18
proteins of different topology and size (Figure 2). For all but
one protein, ff99SBnmrl yielded either improved or equal
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Figure 2. Cross-validation of the new force-field ff99SBnmr1 and com-
parison with the parent force-field ff99SB. Back-calculated RMSDs for
the Ca, CB, and C' chemical shifts for 18 proteins (filled circles) and
the four trial proteins (open circles) were determined for trajectories
using ff99SBnmr1 and ff99SB. Points on the diagonal indicate identical
performance whereas points on the lower half indicate improved
performance of ff99SBnmr1 over ff99SB. The DNA binding domain of
S. Aureus VraR is indicated by an arrow.

results compared to those of ff99SB. The exception is the
hypothetical protein JW2626 (2EA9), which starts out with
one of the highest RMSDs for its chemical shifts. For all but
one protein the initial 3D structure corresponds to the
crystalline state, whereas for the remaining proteins all
chemical shifts were determined in solution; therefore a
large RMSD can be indicative of systematic differences
between the structures in solution and in the crystalline
environment. In such cases, a simulation length of 30 ns may
be too short for adequate sampling of the solution-state
ensemble. Larger changes can also occur for NMR structures,
as is the case for the DNA binding domain (2RNJ) of S.
Aureus VraR, which shows a major improvement in the
RMSD of its chemical shifts using the new force field
(Figure 2). The average improvement found for the 18
proteins used for cross-validation is similar to the one of the
four trial proteins, thus providing evidence that the new
potential is not the result of overfitting and that it is
transferable between globular proteins of variable topologies
and sizes.
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The availability of complete sets of chemical shifts for
over 5000 proteins from the BioMagResBank (BMRB)F!
makes this class of NMR parameters particularly attractive
for force-field validation and refinement. Other experimental
data that are complementary to chemical shifts, such as
residual dipolar couplings and spin relaxation parameters, can
be used for the same purposes (see the Supporting Informa-
tion). Experimental NMR parameters are frequently used as
pseudo-energy constraints during computer simulations of
proteins to obtain better conformational ensembles.”) The
approach presented herein employs a novel strategy by using
NMR information only to optimize the MD force field, and
subsequent simulations employ the optimized force field
without requiring the inclusion of NMR constraints.

Our results for 22 proteins with a cumulative simulation
length of 1.76 ps indicate that the potential for the protein
backbone dihedral angles determined by ff99SBnmrl repre-
sents a significant overall improvement over ff99SB. This
improvement is made possible by the efficient screening of
candidate force fields through the re-weighting technique in
which chemical shifts are used as local probes throughout the
proteins. Continued advances in protein force fields are vital
to achieving a predictive understanding of protein function at
the atomic level by computer simulations. The approach
presented herein should be useful for enhancing other force
fields for proteins and other biomolecules, such as nucleic
acids and carbohydrates.

Experimental Section

All simulations were performed with Amber 9% at 300 K with
explicit solvent (SPC/E water) under PME periodic boundary
conditions using the protocol described previously™ 'l (see also the
Supporting Information).

The experimental NMR chemical shifts data are either taken
from the BMRB (entries 6475, 15536, 4094) or, in the case of GBI,
obtained from S. Grzesiek. Ca, CB, and C’ chemical shifts were
predicted using the program SHIFTS."!

The four trial proteins were interleukin-4 (PDB structure 1THIK
as initial structure, and 40 ns trajectory lengths), engrailed homeo-
domain (1ENH, 100 ns), B1 immunoglobulin-binding domain of
streptococcal protein G, GB1, (1IPGA, 100 ns), and ubiquitin (1UBQ,
100 ns). The first two proteins are o helical and the other two have
o+ folds. For each of the 18 test proteins (see the Supporting
Information) two 30 ns MD trajectories were performed, one with
ff99SB and one with ff99SBnmrl, using the same MD simulation
protocol as described for the trial proteins.
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