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Protein conformational dynamics have been extensively studied

using NMR spectroscopy by measuritg, 13C, and®N nuclear s ' ' ' ' ' '
spin relaxation rate constarit§&pin relaxation data frequently are 5 40 — 1 ;
interpreted using the model-free formalithat parametrizes the 400 L y

equilibrium distributions of bond vector orientations in a molecular
reference frame by generalized order parametrghis commu-
nication uses computer simulations of the villin headpiece helical
subdomain, HP38to investigate the temperature dependence of
internal motions of the backbone amide moiety in proteins. The
potential of mean force (PMF) for the-N\H bond vector is cal-
culated from constrained molecular dynamics (MD) simulations
using umbrella sampling. The PMF is found to be significantly tem-
perature-dependent, in contrast to the temperature-independent po- e
tential energy functions that have been proposed for the interpreta- 05 — T x
tion of the temperature dependenceSsf7 A simple analytical

imm i i i _ igure 1. Potential of mean force for the backbone-N bond vector of
expression is obtained that' describes the temperature dependerl’af_Ianine 49 of HP36 at 273 K {---), 289 K (-- -). and 305 K ). The
PMF. The parameters of this model are obtained from the PMF, system consisted of the peptide, 1840 water molecules, and two chloride

from values ofS derived from MD simulations, or from values of  ions. The simulation protocol used version-27 of the potential energy func-

; : ; _tion of the CHARMM prograri* with periodic boundary conditions, a 12
S derived from experllments. E’roper understanding of the temper A cutoff for evaluation of nonbonded interactions, and Ewald summation
ature dependence &fis essential to the use of NMR spectroscopy  to evaluate electrostatic interactions. The equations of motion were integrated
for investigating the role of conformational fluctuations in processes With ahe Ve”% glfgoBthrB. 'ﬁ time Stl.ep of |2 fls pas used W'”} coorgln?tes h
: P . saved every s. Umbrella sampling calculations were performed at eac
such as Ilganq .blndlng and .fol(.jmg of protefs. ) ) temperature using biasing potentiaig )= K(sin 6 — sin 6;)%, whereK
The probability,p(R2), of finding the N-H vector in a given is equal to 745.5 kcal mof and ) is 0, 10, 20C°,..., 18C. Thez-axis was
orientation in a molecular reference frame is given by: orthogonal to the equilibrium NH orientation. For each of the 19 windows,
’ two simulations of 170 ps were ggrformed. The biased histograms were
processed with the WHAM methédto yield the PMF. The inset shows
p(L2) = exp(—SW(RQ))/Z Q) the PMF at 305 K (- - - fitted with eq 3 ). Similar fits are obtained for
273 and 289 K.
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in which whereo. = (38 In W/aT)1=7, andf(6) expresses the dependence of
PMF on#6. The results from fitting eq 3 to the PMF are presented
Z= f exp(=AW(Q))dQ2 (2) in Figure 1. The best fit is given by, = 14.81+ 0.10 kcal/mol,
anda = —0.0103+ 0.0002 K1, for Ty = 289 K.
B =1KT), Q= {6,¢}, and d2 = sin 6 df d¢. W(Q2) represents The PMF is the change in Helmoltz free energ{f)) — A(0ey),

the conformational free energy of the bond vector in an  qye to reorientation of the ~NH bond vector from its equilibrium

orientation specified bg2 or, in other words, the PMF acting on  yajue, 6., = /2, which corresponds to an arbitrary choice of the

the N—H bond vector for various configurations of peptide and state of zero energy. Over the limited temperature range of the

solvent molecules. calculations, the change in entropgS(6), can be considered
The PMF for N-H bond vectors in the-helix region of HP36 constant. ThusAS(6) = —[W(0, To+AT) — W(O, To—AT))/(2AT)

were calculated at temperatures of 273, 289, and 305 K. Umbrella gng AE(9) = W(6,To) + ToAS(6). From the expression for the PMF

sampling was used because large energy barriers may prevent agjven in eq 3AS6) = —Woa f(8) andAE(6) = We(1 — oTo) f(6).

accurate sampling of the PMF in an unconstrained MD simulation The results of this decomposition are shown in Figure 2.

and model potential energy functions differ most strongly forlarge  The parameterA, has been introduced to characterize the

angular excursion$>’ The PMF was assumed to be axially sym-  temperature dependence of the order parangter

metric with W(Q) = W(6). The resulting PMF is shown in Figure

1. The simulation protocol is described in the caption. Overall din(1—9

peptide motion was eliminated by translating and rotating all mole- A= “dinT (4)

cules at each time step to remove displacements of the peptide center

of mass and to minimize root-mean-square deviations of the peptide The generalized order parameter is definetl as

backbone € atoms from a reference configurati®# other ap-

proaches have been descriBédt each temperature, the calculated )

PMF is adequately described by a parabolic potenti£f) O (0 S= 4_” 1a'% m(Q)[l]Z (5)

— 0e¢2. 1213 Assuming a linear temperature dependence of the PMF: 5 mZZ 2

W(O,T) = W, f(O)[1 + a(T — Ty 3) where Y,M(Q) are the second-order spherical harmonics. The
11158 = J. AM. CHEM. SOC. 2003, 125,11158—11159 10.1021/ja035605k CCC: $25.00 © 2003 American Chemical Society



COMMUNICATIONS

N
o
=]

o
o

= 5

°

£ s

?g \%100
£ =

= e

D

& Y 50
<

T 0

0 3n/4

n/4 n/2 3n/4 n/4 /2
0 0

Figure 2. Entropic and energetic contributions to the PMF evaluatdd at
= 289 K. The dashed line depictsS(0) andAE(6) obtained from the PMF.
The solid line represents the entropic and energetic contributions obtained

from the fit toW(6,T) using eq 3, respectlvely given yS(0) = —Wpa(6
— Oeg? and AE(6) = Wo(1 — aTo)(O — Oeg>
ensemble averagd' ,"(Q)[s equal to

Y,(Q)0= [dQY,"(Q)p(Q) (6)

Generalizing eq 3 t8W(Q,T) = W, f(2)[1 + o(T — To)] and using
egs 4-6 yields,

A

Ao =1-aT,

(@)

in which Aq is the value ofA calculated foro. = 0, i.e. for a
temperature-independent potential with the same valgsnd
f(R2). The contribution to the heat capacity from reorientational
fluctuations is given by:

C,= TdSp (8)
in which the conformational entrop$,, is given by®16.17
$= —kfp(Q) In p(2) d2 9)
Substitutingp(R2) into eq 9 yields
Colr=r, = KOCpH:TO, a=0 (10)

Equations 7 and 10 show that is directly related to the
temperature-dependent effective potential for reorientation of the
N—H bond vector. Measurements 8fand A therefore provide
information about the effective potential and about contributions
of reorientational fluctuations to heat capacity.

MD simulations of HP36 in the absence of any constraints have
been run at five temperatures, 275, 279, 289, 295, and 305 K. Val-
ues of S have been calculated from the trajectories at each temp-
erature and used to calculateusing eq 4. The values &andA
were used to evaluai®, o, andAp using eqs 57. Figure 3 sum-
marizes the resulting values §fA, We, a, andA, for HP36. Values
of Wo = 11.34 2.5 kcal/mol andx = —0.0084 0.004 K1 deter-
mined in this manner for residue Ala 49 agree with values obtained
from directly fitting the PMF. Figure 3 also shows that the distri-
bution of @ from the unconstrained simulations agrees withptd
obtained from the PMF, although a narrower rangé xf sampled.
Thus,W(6,T) given in eq 3 adequately describes the simulated un-
constrained dynamics of backbone-N bond vectors in HP36.
Average values ofx = —0.011+ 0.006 K andWp = 9 + 2
kcal/mol, obtained from experimentally determined valueS afid
A for residues in the helices of HP3@&lso agree with simulated
values.
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Figure 3. Wb, a, andAg calculated with eq 47 using values oS andA
obtained from five 1-ns MD simulations at five temperatures. The system
consisted of the peptide, 1840 water molecules and two chloride ions. The
simulation protocol used version-27 of the potential energy function of the

residue

CHARMM program4 with periodic boundary conditions, a 12 A cutoff
for evaluation of nonbonded interactions, and Ewald summation to evaluate
electrostatic interactions. The equations of motion were integrated with the
leapfrog algorithm. A time step of 2 fs was used with coordinates saved
every 200 fs. Values of? are shown for 289 K; as indicated by the large
error bars, independent simulations have not converged for the loop between
helix 1 and 2. In the same panel;helical regions of HP36 are indicated
with black boxes. The distribution of the values @for the N—H bond
vector of Ala 49 from these simulations (bars) is compared with the
probability p(¢) obtained from the calculated PMF (solid line)Tat= 289

K; for clarity only the region between/4 and 3t/4 is shown.

In summary, a temperature-dependent effective potential energy
function for internal motion of protein backbone amide bond vectors
has been developed and validated using computational simulations.
The parameterg, anda that define the potential can be obtained
from the experimental temperature dependence of the generalized
order paramete® Information on the effective potential is essential
for studies of configurational fluctuations in proteins using NMR
spectroscopy.
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