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Abstract: The dynamical behavior of the 25-residue “zinc-finger” peptide xfin31 has been modeled through molecular dynamics
simulations in vacuum and in water, and by normal mode and by Langevin mode analyses. The effects of internal motion
on dipolar nuclear magnetic relaxation of C~H, N~H, and H-H spin pairs have been calculated, and the results for C-H pairs
are compared to experimental results. Calculated internal correlation functions for directly bonded C-H and N-H spin pairs
and for H-H spin pairs show rapid, subpicosecond initial decays followed by slower transitions to nearly constant “plateau”
values. The fast initial decay contains underdamped oscillations in the gas-phase analysis and in the molecular dynamics simulations
but is overdamped in the Langevin analysis. Quantum effects (estimated from the normal mode results) reduce the correlation
functions at early times by about 0.05 for directly bonded C-H and N-H pairs and by less than 0.01 for H-H spin pairs.
Correction factors relating cross-relaxation rate constants for inter-residue H-H spin pairs in rigid and nonrigid molecular
models display a reasonably narrow distribution with an average value near 1. Calculated order parameters from solvated
molecular dynamics simulations are in good agreement with experiment at most carbon positions. Implications of the results
for the interpretation of “model-free” analyses of NMR relaxation rate constants and for NMR-based structural refinements
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are discussed.

I. Introduction

Many features of the general relation between molecular motion
and NMR relaxation are well-understood,"? but only in the past
few years have systematic measurements on proteins become
available that allow comparisons between observed and calculated
behavior at many sites in the same molecule. In 1988 Wagner
and co-workers reported 1>C spin-lattice relaxation parameters
for the a carbons in BPTI;’ subsequently, relaxation parameters,
generally including spin-lattice and spin—spin relaxation rate or
time constants and steady-state nuclear Overhauser enhancements,
have been measured for *C-H and YN-H spin pairs in several
polypeptides and proteins.*'4

Explorations of the connections between models of internal
motion and relaxation parameters have been made for many
years,11319  Experimental relaxation parameters determined for
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proteins most often have been interpreted using the “model-free”
formalism proposed by Lipari and Szabo,® although extensions
to the basic formalism also have been used,?! and alternative
analytical procedures have been proposed.? The use of molecular
dynamics simulations for interpretation of NMR relaxation pa-
rameters began shortly after such simulations on proteins became
feasible,19%3-% but only recently have systematic solvated simu-
lations become accessible. Since the character of internal motions
as well as the nature of the average structure can be significantly
affected by solvation, comparisons between solvated simulations
and experiment permit new evaluations of the accuracy of the
simulations and enable detailed interpretations of molecular
motions leading to relaxation.

In the present work, solvated and vacuum molecular dynamics
simulations and normal mode and Langevin mode calculations
for a “zinc-finger” peptide are analyzed, and the results are
compared to recent experimental investigations of 1*C NMR
relaxation for backbone and side chain C-H spin pairs in the
peptide.”?” The simulations also address the effects of internal
motion on a set of 234 interresidue proton-proton NOESY
cross-peaks that were used to determine a solution structure for
the peptide.

II. Methods

The simulations were carried out on the 25-residue zinc-finger
peptide xfin31 (see Figure 1),?® using the AMBER 4 suite of
programs? with the all-atom force field*® and a TIP3 description
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Figure 1. Structure of xfin32 zine-finger peptide. Shown is a ribben
diagram of the structure of the peptide determined by NMR spectros-

copy.

for water.?! Parameters for the zinc coordination have been
described earlier’? and were based on EXAFS data on a zinc
finger’? and on X-ray data from other zinc—peptide complexes.**
Figure 1 shows a cartoon of the structure, which has a short stretch
of antiparallel 8 sheet near the N-terminus and a helix spanning
most of the C-terminal half of the molecule. As the figure in-
dicates, these two pieces of secondary structure are connected by
a short loop at the bottom (comprising residues Val 11 to Lys 13)
and by zinc coordination at the top. These connections appear
to give the domain a native structure like those found in globular
proteins; there is no evidence for major conformational heterog-
eneity.?®

Harmonic Calculations. OQur starting conformation was the
NMR-refined structure with the lowest total energy determined
from a recent calculation that used the methodology described
earlier®?? but with a considerably larger set of NMR-based
distance and angle restraints; details will be published separately.
For the normal modes calculations, this structure was energy-
minimized using a conjugate gradient procedure (without
NMR-related penalty functions) until the root-mean-square (rms)
of the elements of the gradient matrix was less than 10~ kcal /(A
mol). The rms deviation of the backbone heavy atoms (N, Cea,
C, and O) between the minimized and NMR-refined structures
was 0.74 A, and all of the hydrogen bonds present in the NMR
structure were maintained in the minimized structure. Gas-phase
normal modes were computed in the usual way by constructing
and diagonalizing a mass-weighted matrix of second derivatives
in Cartesian space.”**” The two lowest normal mode frequencies
were 8.1 and 9.7 cm™'; an additional 10 modes had frequencies
below 20 cm™, and 12 more modes had frequencies below 30 cm™.
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These distributions are similar to those described earlier for other
small proteins.’® Langevin modes, which solve the same problem
in the presence of a viscous continuum solvent and a white-noise
random force,® were computed as described earlier,*® with a
solvent viscosity of 0.9 cp. A total of 216 overdamped modes were
observed, which approximately corresponds to all gas-phase normal
modes with frequencies below 100 cm™ becoming overdamped
in the Langevin analysis; again, the distributions of damping times
and frequencies are similar to those reported earlier for other small
proteins*® and are not given here. For a given potential, the
magnitudes of fluctuations from the minimum-energy structure
are independent of the assumed solvent viscosity, but the rates
of decay of such fluctuations do depend upon this parameter.

NMR spin relaxation mediated by the dipolar coupling between
two spins depends upon the motions in the laboratory reference
frame of a vector connecting the two spins. In the present work,
internal and overall motions of the peptide are assumed to be
statistically independent (or timescale separated); therefore, a
correlation function for motions of r(r) can be expressed as the
product of a correlation function for overall rotational diffusion
and a correlation function for internal motions in a fixed molecular
frame of reference. For two spins at a fixed distance, the internal
angular correlation function that governs NMR spin relaxation
is given by

C(7) = (Py]&(0)-2(7)]) (D

in which f(7) is a unit vector in the direction of the vector r(r)
connecting the spins at time # in the molecular reference frame,
and { ) indicates an ensemble average. The correlation functions
were calculated from the normal and Langevin modes using a
Taylor series expansion®*! that expresses the correlation functions
in terms of the mean-square deviations of the cartesian coordinates
from their equilibrium positions. For a classical system connected
to a heat bath of temperature T, these fluctuations are given by*?

k
(a(0)g(r)) = aij:f cos(ar) @)

in which g; is the mass-weighted deviation of the ith coordinate
from its equilibrium position in a mode with frequency w. For
Langevin modes, the frequency may be complex, which leads to
damps;:l oscillatory decay. For quantum statistics, on the other
hand,

{q{0)gq(7)} = §;(h /2w) coth (hw/2kT) cos (wr) (3)

In the present case, the most important consequence of this change
is that fluctuations arising from modes of high frequencies never
drop below their zero-point values. As shown below, zero-point
motion effects can be significant for some types of relaxation
behavior.

Molecular Dynamics. The solvated molecular dynamics sim-
ulations were performed using periodic boundary conditions, a
temperature of 300 K, and a pressure of 1 atm. A time step of
1 fs was used for integrating Newton’s equations and nonbonded
forces were truncated at a distance of 12 A. Temperature and
pressure were regulated using a weakly coupled bath*! with re-
laxation parameters of 0.1 and 1.0 ps, respectively. The starting
conformation was the NMR-refined structure described above,
The peptide was embedded in a 50-A X 45-A % 37-A box con-
taining 2693 water molecules chosen to allow a shell of approx-
imately 9 A around the solute. The energy of the system was
minimized using a conjugate gradient algorithm, and the dynamics
steps heated the system to 300 K followed by 25 ps of equilibration
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and 100 ps of data collection. Coordinates were saved at 0.1-ps
intervals during the trajectory. The rms deviation of the backbone
heavy atoms (N, Ce, C, and O) between the NMR-refined
structure and the equilibrated structure at the beginning of the
100-ps trajectory was 0.34 A. All of the hydrogen bonds present
in the NMR structure were maintained in the equilibrated
structure.

For comparative purposes, a second simulation was run with
the same general procedure but in a smaller box with 1653 waters;
this trajectory was recorded for 125 ps. To examine the subpi-
cosecond behavior of the correlation functions, coordinates were
recorded at 0.002-ps intervals for a 5-ps section in the middle of
the second simulation. The molecular dynamics simulation in
vacuo was performed in a similar fashion except that no periodic
boundary conditions or pressure regulations were involved, a
distance-dependent dielectric with ¢ = r in angstroms was used,*
and data were recorded for 350 ps. The rms deviation of the
backbone heavy atoms between the NMR-refined structure and
the equilibrated structure at the beginning of the trajectory was
1.5161; as discussed below, the hydrogen-bonding pattern differed
between the solvated and vacuum simulations, so only qualitative
comparisons should be made between them.

Prior to calculation of the correlation functions, overall motion
of the molecule was removed by rotating the coordinate sets to
superimpose the instantaneous principal axis frames of reference.
In practice, the characteristic times over which the correlation
funtions have been calculated are short relative to the characteristic
time for overall motion; consequently, the procedure by which the
overall motion is removed from the molecule is not critical, and
nearly identical correlation functions were obtained for calculations
in which coordinate sets were superimposed by using a least-
squares fit of all atoms* or in which no attempt was made to
remove overall rotation.

The total internal correlation function for dipolar spin relax-
ation, including the effects of both angular and radial fluctuations,
is given by the following generalization of eq 1

C(r) = c(P[a(0)-p(n)]/[r(0)r(7)]*) C))

in which ¢ is a normalization constant. In the present work, we
chose ¢ = (r®%)-!, which ensures that C(0) = 1 and facilitates
comparison with experimental results. Equation 4 cannot be
directly applied in the calculation of correlation functions for spins
that are related by symmetry operations. For example, the
correlation functions for methyl C-H spin pairs and phenyl ¢ spin
pairs are determined by averaging the correlation functions
calculated scparately for each of the symmetry-related C-H spin
pairs using eq 4. Similar complications arise in the calculation
of correlation functions for H-H spin pairs when one or both of
the H spins are methyl protons. In the present work, correlation
functions for H-H pairs in which either of the spins were methyl
protons have not been determined; models for the effects of methyl
rotation on the dipolar relaxation of protons have been discussed
elsewhere 4346

Order Parameters and Effective Correlation Times. The square
of the order parameter, S2, is defined as

8?2 = limC(r) (5

7,

in which C(7) is given by eq 1 or 4 and 7_ is an intermediate time,
much less than the overall rotation time, by which C(7) becomes
constant. The existence of such a plateau assumes that the internal
correlation function decays to its limiting value on a timescale
short compared to overall rotation; this assumption is examined
below. The definitions of the normalization constant in eq 4 and
the order parameter in eq 5 are analogous to the definitions in
the Lipari-Szabo model-free internal correlation function®
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Cur(r) = () Sk + (1 - Skp) exp(-7/7)}  (6)

in which the square of the order parameter, S%, and the effective
internal correlation time, 7,, are obtained by analysis of experi-
mental data. For convenience, S? and S will be referred to
simply as order parameters.

In most cases, approximate plateaus in the correlation functions
calculated from eqs 1 and 4 were reached by 20 ps, and the order
parameters were estimated as

20.
s = fl 9ZSC(T) dr )

with C(r) given by eqs 1 or 4. Correlation functions calculated
from the Langevin mode analysis (eq 1) reached plateaus in much
less than 20 ps; consequently, values of S? calculated using eq 7
were equivalent to instantaneous values of C(7) at 20 ps. The
effective internal correlation times, 7., were calculated as?

re=(1-897 f1C() - 87 ¢ ®

with S? defined as in eq 7. Order parameters can also be estimated
by using the addition theorem for spherical harmonics to expand
eq 4 together with the property that

lim AN ONANGINER ANOINE %)

in which Q(¢) are the polar angles defining the orientation of r(z).
Using the above properties in eq 5 yields an asymptotic estimate
of the order parameter:

Si=c _i_z (Y lami/r)? (10)

For finite trajectories, C(7) calculated using eq 4 will be subject
to a statistical uncertainty that can be estimated as*’

A[C(N] = (N1 = C(N]127e/ tun)V/? (11)

in which 7., is the length of the trajectory, and the analysis
recognizes that the number of independent “samples” in the
trajectory is determined by ¢,,,/7.. In some cases, the decay of
a correlation function is dominated by infrequent jumps between
energy minima. If only a few such jumps are recorded in a
particular trajectory, the simulations provide only qualitative
information about the magnitudes of effective order parameters.
This is discussed more fully below.

Simulation of the relaxation of methyl groups is complicated
by the superposition of the rotational motion of the methyl group
and the motion of the symmetry axis of the methyl group. If the
motion of the protons about the 3-fold symmetry axis is uncor-
related with other motions, the order parameter for the C-H spin
pair can be factored as®

§?2 = P,(cos 6)2S2 = 0.1107S3 (12)

in which 8 = 70.5° is the angle between the symmetry axis and
a C-H vector and S? is the order parameter of the symmetry axis.
Thus, the order parameter for the C-H vector can be estimated
from the correlation function for the C-C spin pair defining the
symmetry axis of the methyl group as well as by direct calculation
of the average correlation function for the three C-H spin pairs.
Similar considerations are applicable to the correlation functions
for H-H spin pairs when one or both of the H spins are methyl
protons. Appropriate models for the effects of methyl rotation
on the dipolar relaxation of protons have been described else-
where.*3:46

Proton NOESY Intensities. Determination of three-dimensional
structures by NMR spectroscopy is possible because the rate
constant for dipolar cross-relaxation between two protons depends
strongly upon their separation. A complete description of
magnetization transfer through a system of # protons requires the
solution of n coupled differential equations; consequently, the
cross-relaxation rate constant is related directly only to the initial
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9062 J. Am. Chem. Soc., Vol. 114, No. 23, 1992

35 T T T ; T T T

3.0

25

o

RMS/A

1
0 10 20 30 40 50 60 70 80 90 100
time / ps

Figure 2. Root-mean-square (rms) deviations relative to the NMR
structure of the xfin31 peptide. The lower and upper curves show the
rms deviations for the backbone heavy atoms and all atoms, respectively.

rate of development of a cross-peak in 2 NOESY experiment.
Proton NOESY cross-peak intensities frequently are interpreted
assuming that the proton pairs are rigidly attached to the molecule,
although considerable earlier work has addressed the effects of
internal motions of the spin pairs.2#48-0  For a macromolecule
in the slow tumbling regime, the cross-relaxation rate is dominated
by the spectral density at zero frequency, which is given by the
integral of the correlation function for combined internal and
overall motions. Assuming that overall motion can be described
by isotropic rotational diffusion with a correlation function pro-
portional to exp(-7/7,) and that . is much less than 7, the
overall rotational tumbling time, the ratio of the cross-relaxation
rate constants for mobile and rigid proton pairs approximately
is given by

Q = ((#/r)*)S* = RS? (13)

in which 7 is the distance between the interacting proton spins
in the rigid model and R measures the effects of radial fluctuations.
Although the values of S? and R depend upon the choice of the
normalization constant in eq 4, the product Q is independent of
the particular normalization employed; the normalization ¢ =
(r3)-2 has been used elsewhere.’® In the present work, F was
chosen to be the average interproton distance calculated over the
trajectory; thus, 0 £ S? <1 and R 2 1.

III. Results

A. General Features of the Simulation. The NMR structure
of xfin31 (Figure 1) has hydrogen bonds between Tyr 1 NH and
Phe 10 CO and between Phe 10 NH and Tyr 1 CO in the £ region
of the peptide; in addition, a series of backbone NH~CO hydrogen
bonds characteristic of a and 3,4 helices extend from residues
16-24.32 All hydrogen bonds present in the NMR structure were
maintained during the solvated MD simulations. The rms de-
viations between the heavy atoms in the NMR structure and the
structures along the MD trajectory averaged 1.22 A; the average
rms deviations for all atoms was 2.87 A. A graph of rms deviations
along the trajectory is shown in Figure 2. The structure of the
peptide in the vacuum simulation deviated more strongly from
the NMR structure: the hydrogen bonds between Tyr 1 and Phe
10 were present only transiently during the trajectory, and a
number of hydrogen bonds developed that were lacking in the
NMR structure or in the solvated simulation. The average rms
deviation between the heavy atoms and the NMR structure was
1.59 A; for all atoms the average rms deviation was 2.98 A. As
discussed below, formation of incorrect hydrogen bonds in the
vacuum simulation was correlated with distinct differences between
the order parameters calculated from solvated and vacuum sim-
ulations; thus, solvated MD simulations appear necessary for
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Lett. 1988, 236, 71-76.
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Table I. Order Parameters for N-H and C-H Spin Pairs?

residue NH C= C# Cr (o C Cf
Tyr 1 0.74 0.88 0.84 0.71 0.69
Lys 2 081 091 0.55 0.22 0.41 0.40

Cys3 084 085 081
Gly4 068 061

LeuS 073 092 081 0.26 0.38,0.23

Cys6 062 090 0.88

Glu7 083 089 082 075

Arg8 079 084 0.77 0.68 0.73

Ser9 0.80 090 0.1

Phe 10 0.79 091 0.80 0.70 0.68 0.75

Val 11 058 0.70 0.74 0.12,0.38

Glul2 074 079 0.64 0.37

Lys 13 0.76 0.82 047 0.37 0.31 0.28
Ser 14 0.82 0.84 047

Ala15 079 089 0.57

Leul6 0.85 091 084 0.66 0.24, 0.18
Ser17 084 088 082

Arg 18 0.83 089 0.50 0.07 0.16

His 19 0.83 089 0383 0.80 0.72
Gin20 083 0.89 081 0.50

Arg21 088 0.87 081 0.70 0.46

Val22 079 081 0.79 0.17,0.18

His23 0382 087 081 0.81 0.78
Lys24 0.77 078 0.75 0.66 0.57 0.28

Asn25 037 024 023

2Order parameters were estimated from a 100-ps solvated MD sim-
ulation using eqs 4 and 7. Only the order parameters for the C-H1
spin pairs are reported for methylene groups; the order parameters for
C-H2 spin pairs were similar. The mean absolute deviation between
C-H1 and C-H2 order parameters was 0.05; the largest difference
observed was 0.13 for Arg 8 C® spin pairs. The average uncertainties
in the order parameters, calculated using eq 11 and the data in Tables
I and III, are 0.04 for backbone N~H and C-H spin pairs and 0.06 for
side chain C-H spin pairs.

realistic simulations of NMR relaxation, at least for this small
protein.

Correlation functions calculated from the 100-ps solvated MD
trajectory using eq 4 are shown in Figure 3 for the C-H and N-H
spin pairs of Phe 10 and Leu 16. The correlation functions were
characterized by a very rapid decay in the first few tenths of
picoseconds; a slower decay was observed for times greater than
1 ps. Plateau were generally reached in the correlation functions
by 20 ps for backbone spin pairs; the plateaus were less well defined
for some C-H spin pairs of side chains. For example, the order
parameters calculated using eqs 7 and 10 differed by more than
0.1 for only 2 of the 50 backbone C-H and N-H spin pairs but
differed by this much for 15 of the 65 side chain C-H spin pairs.

The subpicosecond behavior of the correlation functions is
illustrated in Figure 4 for the Ca-H spin pair of Ala 15: high
frequency oscillations were observed for the MD simulations and
for the normal mode analysis, but the oscillations were overdamped
in the Langevin calculation. The period of oscillation in Figure
4 corresponds to a vibrational frequency of about 1100 cm™! and
suggests that bending modes in this frequency regime contribute
to the correlation function decay at short times. The similarities
between the short time behavior of the correlation functions
calculated from the normal mode analysis and from the MD
simulations suggest that the damping effect of viscosity was ov-
erestimated in the Langevin analysis. Similar behavior has been
noted in earlier studies.’!

B. C-H and N-H Spin Pairs. Values of the order parameters
determined from the C-H and N-H correlation functions cal-
culated using eq 7, the asymptotic values of the order parameters
calculated using eq 10, and the effective correlation times cal-
culated using eq 8 are given in Tables I-III for the 100-ps solvated
MD simulation. Uncertainties in the order parameters shown in
Table I were estimated using eq 11 to be 0.04 for backbone spin
pairs and 0.06 for side chain spin pairs. As discussed below (cf.
Table VIII), the differences between order parameters determined

(51) Xiang, T.; Liu, F.; Grant, D. M. J. Chem. Phys. 1991, 95, 7576~7590.
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Figure 3. Correlation functions for C-H spin pairs of Phe 10 and Leu 16, calculated using eq 4. Correlation functions for Phe 10 §, Phe 10 ¢, Leu
16 §,, and Leu 16 §, are the averages of the correlation functions for the symmetry-related C-H spin pairs.
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Figure 4. Short-time correlation functions for the C—H spin pair of Ala
15. The correlation functions were calculated from solvated MD (heavy
solid curve), vacuum MD (light solid curve), gas-phase normal mode
analysis (heavy dashed curve), and Langevin analysis (light dashed
curve).

Table II. Asymptotic Order Parameters for N~H and C-H Spin
Pairs?

residue NH C* CF C c? c C
Tyr1 069 087 083 0.69 0.68
Lys2 079 091 0.51 0.15 0.29 0.28
Cys3 083 086 081

Glya 067 0.66

LeuS5 072 092 082 029 0.40, 0.16
Cys6 061 087 0388

Glu7 082 088 081 074

Arg8 079 085 078 0.70 0.77

Ser9 081 090 0.81

Phe 10 079 091 0.80 0.71 0.70 0.74
Val11 060 0.56 0.65 0.26,0.23

Glu12 066 070 0.55 0.17

Lys13 075 079 037 0.28 0.23 0.21
Ser14 081 0.86 0.44

Ala15 079 088 028

Leu16 0.86 091 0.86 0.61 0.17, 0.19
Ser17 085 0.88 0.82

Arg 18 085 090 026 0.5 0.16

His 19 0.85 091 0.82 0.78 0.70
GIn20 083 087 078 034

Arg2l 0.87 086 080 0.70 0.28

Val22 082 0.84 080 0.27,0.25

His23 0.2 0.87 0.84 0.81 0.78
Lys24 079 077 074 0.64 0.49 0.19
Asn25 029 038 0.35

2Order parameters were calculated from a 100-ps solvated MD tra-
jectory using eq 10. As discussed in the caption to Table I, only the
order parameters of the C~H1 spin pair of methylene groups have been
reported.

Table III. Effective Internal Correlation Times for N-H and C-H
Spin Pairs®

residue NH C* C# oy (o c !
Tyr 1 07 08 04 1.9 2.9
Lys 2 03 20 70 70 4.0 31
Cys3 12 56 43

Gly 4 46 5.8

Leu 5 25 17 23 31 2.8, 3.6

Cys6 37 01 13

Glu 7 1.1 31 29 29

Arg 8 1.7 56 4.1 4.6 3.0

Ser 9 25 18 21

Phe 10 1.4 2.7 31 32 40 30
Val 11 3.6 79 43 171,52

Glu 12 4.2 5.1 39 59

Lys 13 38 68 76 6.6 5.0 4.6
Ser 14 36 36 0.2

Ala 15 19 17 68

Leul6é 3.0 36 27 25 5.9, 6.4

Ser 17 3.0 42 27

Arg18 37 27 176 68 5.9

His 19 3.7 40 37 2.5 3.0
Gln20 35 17 13 438

Arg 21 0.6 47 36 54 6.1

Val 22 4.1 49 36 56,56

His 23 1.5 52 3.2 1.0 1.7
Lys 24 4.3 60 49 3.6 4.5 5.3
Asn25 63 60 58

9 All values are in picoseconds. Effective correlation times were de-
termined from a 100-ps solvated MD simulation using egs 4, 7, and 8.
As discussed in the caption to Table I, only the effective correlation
times for the C-H1 spin pairs of methylene groups have been reported;
correlation times for C-H2 spin pairs were similar to the reported val-
ues.

from eqs 7 and 10 were consistent with the uncertainties in the
order parameters estimated from eq 11. Generally, the order
parameters were relatively large (>0.8) for the backbone C-H
and N-H spin pairs and decreased montonically for C-H spin
pairs along side chains. The terminal residues and the loop region
(Val 11 to Lys 13) had lower than average order parameters for
backbone spin pairs. Order parameters for Lys 2 and Arg 18 did
not decrease montonically along the side chains; however, these
trends were not statistically significant and were not observed in
the second solvated MD simulation. The order parameters for
the backbone N-H spin pairs were, on average, 0.06 unit smaller
than the order parameters for the backbone C-H pairs; only for
Gly 4 and Asn 25 were the order parameters significantly greater
for the N-H pairs. While this result appears counterintuitive
because the nitrogen atom is involved in the peptide bond, which
has partial double bond character, similar conclusions have been
inferred from experimental investigations of the !*C relaxation
of N-methyl amino acids in cyclosporin.* The effective internal
correlation times (Table III) ranged from 0.2 to 7.0 ps and had
a weak tendency to be longer for side C-H spin pairs than for
backbone C-H and N-H spin pairs. Further interepretation of
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Figure 5. Order parameters for backbone C-H spin pairs. Shown are
results for S? calculated from classical Langevin analysis (upper dashed
curve), quantum Langevin analysis (lower dashed curve), vacuum MD
simulation (dotted curve), and solvated MD simulation (solid curve).

the results presented in Table III is difficult because the effective
correlation times are weighted averages (cf. eq 8) of the very fast
(<1 ps) and slower (>1 ps) components of the correlation functions
evident in Figure 3.

Graphs of the parameters for the Ca—H spin pairs determined
by solvated and vacuum MD simulations and by classical and
quantum mechanical Langevin calculations are shown in Figure
5. The trends in the order parameter along the backbone sequence
of the peptide were similar for each calculation. Order parameters
were generally high (>0.8) within elements of secondary structure
and were reduced at the termini relative to the interior of the
peptide. The order parameter for Gly 4 was reduced compared
to the order parameters for flanking residues, and the loop region
between Val 11 and Lys 13 had somewhat lower order parameters
than either the 8 or helical elements of secondary structure.
Overall, the order parameters for the classical Langevin analysis
were greater than the order parameters for the quantum-me-
chanical Langevin analysis by approximately 0.05 unit; similar
results were observed for N-H and side chain C-H spin pairs.
This difference appears to arise primarily from zero-point motion
in bending modes which is (necessarily) present in the quantum
calculation but nearly absent in the classical analysis. Interestingly,
the decrease in order parameter for Gly 4, compared with flanking
residues, was less pronounced in the quantum-mechanical Langevin
analysis than in the classical Langevin analysis or in the MD
simulations. Both Langevin analyses gave higher order param-
eters, compared to the solvated MD simulation, for the loop and
terminal regions of the peptide; similar results were observed for
side chain C-H spin pairs. These results suggest, reasonably, that
larger amplitude motions of the termini, loops, and side chains
in the peptide are not adequately described as the superposition
of small-amplitude damped harmonic motions.

Although the trends in order parameters for the vacuum and
solvated MD simulations were similar for most backbone C-H
spin pairs of the peptide, dramtic differences are observed for the
two terminal residues. The order parameter for Tyr 1 was much
less for the vacuum simulation than for the solvated simulation;
the pattern was reversed for Asn 25. As discussed above, the
hydrogen bonds between Tyr 1 and Phe 10 were not stable in the
vacuum simulation; the increased mobility of the terminus that
accompanies loss of the hydrogen bond was reflected in the lower
order parameter in the vacuum simulation. Additionally, Asn 25
formed backbone and side chain hydrogen bonds in the simulation
performed in vacuo that were not present in either the NMR
starting structure or in the solvated MD simulation; the decreased
mobility that accompanies formation of the hydrogen bonds ac-
counted for the higher order parameter observed in the vacuum
simulation. As one would hope for simulation performed with
a realistic solvent description, the solution structures derived from
the NMR data strongly support the hydrogen bond pattern seen
in the solvated simulations and not that observed for the vacuum
calculation.

Palmer and Case

Table IV. Experimental and Calculated Order Parameters for
C-H Spin Pairs®

solvated vacuum quantum
residue experiment MD MD Langevin Langevin
Tyr1 .0.74 £ 0.04 0.88 0.66 0.92 0.87
Lys2 0.87 £ 0.04 091 0.87 0.95 0.90
Cys3 0.880.03 0385 0.86 0.95 0.90
Gly 4* 0.61 0.78 0.89 0.87
Leu5 0.88 +0.05 092 0.87 0.94 0.89
Cys6 0.97 £0.05 0.90 0.87 0.94 0.89
Glu7 0.85%0.04 0.89 0381 0.93 0.88
Arg8 098 = 0.09 0.84 0.85 0.96 0.91
Ser9  0.86 £ 0.03 0.90 0.86 0.93 0.88
Phe 10 0.74 £ 0.03 091 0.88 0.94 0.89
Val 11 0.81 £ 0.03 0.70 0.80 0.90 0.85
Glu 12 0.79 £ 0.03 0.79 0.83 0.93 0.88
Lys 13 0.80 %= 0.03 0.82 0.88 0.94 0.89
Ser 14 0.82 = 0.02 0.84 0.90 0.94 0.89
Ala 15 0.86 £ 0.04 0.89 0.88 0.94 0.90
Leu 16 0.88 £ 0.04 091 0.90 0.95 0.90
Ser 17 0.89 £ 0.03 0.88 0.90 0.94 0.89
Arg 18 0.88 £ 0.03 0.89 0.90 0.95 0.90
His 19 0.88 = 0.04 0.89 091 0.95 0.90
Gln 20 0.84 £ 0.06 0.89 0.92 0.95 0.90
Arg 21 0.82 = 0.03 0.87 0.89 0.94 0.89
Val 22 0.78 £ 0.04 0.81 0.87 0.94 0.89
His 23 0.74 = 0.06 0.87 0.85 0.95 0.90
Lys 24 0.50 £ 0.02 0.78 0.82 0.94 0.89
Asn 25 0.30 % 0.02 0.24 0.73 0.86 0.81

7 Experimental values of the model-free order parameters, Sy, were
determined by analysis of NMR relaxation data using eq 6 and are
taken from Table III of ref 7. Calculated order parameters were esti-
mated using eq 7. The uncertainties in the order parameters calculated
from the solvated and in vacuo MD simulations are estimated using eq
11 to be 0.04 and 0.02, respectively. ®The order parameter was not
measured experimentally for the C* of Gly 4.
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Figure 6. Comparison of experimental and theoretical order parameters.
Experimental values and uncertainties in the order parameters for
backbone a carbon spins are taken from ref 7 and shown as open circles;
the solid line was drawn through these points using a three-point
smoothing function. Similarly smoothed calculated values from the
solvated MD simulation are shown with a dashed line. The order pa-
rameter for Gly 4 was not included when smoothing the data because it
was not determined experimentally.

Order parameters and effective internal correlation times for
the backbone «, Val 8, Leu 5 4, side chain methyl, and aromatic
C-H spin pairs have been experimentally determined by NMR
spectroscopy.’?’ Comparisons of the experimental and theoretical
order parameters are presented in Tables IV-VI; a graph of
calculated and experimental order parameters is given in Figure
6. The solvated MD simulation reproduced the main features
of the experimental results for the backbone C-H spin pairs,
including the reduced order parameters for the loop region and
the C-terminus. The main differences are that the order param-
eters of Tyr 1, Phe 10, and Lys 24 were higher in the simulation
than the experiment. As discussed above, two hydrogen bonds
exist between Tyr 1 and Phe 10 in the NMR structure and in the
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Table V. Experimental and Calculated Order Parameters for Side Chain Methine and Aromatic C-H Spin Pairs?

residue experiment solvated MD vacuum MD Langevin quantum Langevin
Tyr 1 C? 0.77 £ 0.03 0.71 0.43 0.86 0.84
Tyr 1 Ce 0.71 £ 0.03 0.69 0.41 0.87 0.85
Leu 5 C” 0.48 £ 0.03 0.26 0.34 0.75 0.70
Phe 10 C? 0.79 + 0.04 0.70 0.47 0.84 0.80
Phe 10 C¢ 0.95 £ 0.04 0.68 0.46 0.84 0.81
Phe 10 Cf 0.91 = 0.04 0.75 0.71 0.88 0.83
Val 11 C# 0.63 £ 0.03 0.74 0.79 0.87 0.82
Leu 16 C* 0.99 £ 0.07 0.84 0.73 0.83 0.78
His 19 C? 0.86 = 0.04 0.81 0.73 0.90 0.85
His 19 C¢ 0.90 + 0.04 0.78 0.67 0.89 0.82
Val 22 C# 0.55 £ 0.05 0.79 0.85 0.92 0.88
His 23 C? 0.78 £ 0.04 0.81 0.60 0.81 0.76
His 23 C: 0.73 £ 0.03 0.78 0.59 0.78 0.73

2 Calculated order parameters were estimated from eq 7. Uncertainties in the order parameters for the solvated and in vacuo MD simulations are
estimated to be respectively 0.06 and 0.03 using eq 11. Experimental values of the model-free order parameters were determined from NMR
relaxation data using eq 6 and are taken from Table 111 of ref 7 and Table IV of ref 27. 2 The order parameter for Leu 16 C7 could not be measured
experimentally; instead the order parameter was estimated as the average order parameter measured for the two methyl C® C-H spin pairs divided

by a factor of 0.1107 (eq 12).

Table VI. Experimental and Calculated Order Parameters for Methyl C-H Spin Pairs®

solvated MD vacuum MD
residue experiment C-H c-C C-H c-C
Leu 5 C? 0.044 £ 0.003, 0.062 % 0.004 0.38, 0.23 0.031, 0.028 0.12, 0.19 0.042, 0.042
Val 11 C7 0.063 % 0.004, 0.091 £ 0.006 0.12,0.38 0.072, 0.084 0.31, 0.58 0.084, 0.088
Ala 15 C# 0.160 £ 0.010 0.57 0.100 0.74 0.101
Leu 16 C* 0.127 £ 0.008, 0.093 & 0.006 0.24, 0.18 0.076, 0.076 0.38, 0.42 0.081, 0.083
Val 22 C7 0.069 % 0.004, 0.086 + 0.006 0.17,0.18 0.072, 0.074 0.38, 0.28 0.086, 0.087

?Calculated order parameters for methyl C-H spin pairs were obtained directly from the correlation function for the C~H spin pairs using eq 7
(columns headed C-H) and indirectly from the correlation functions for the C—C symmetry axes of the methyl groups using egs 7 and 12 (columns
headed C-C). Experimental values were obtained by analysis of NMR relaxation data using eq 6 and are taken from Table V of ref 27.

solvated MD simulation; the experimental results suggest that the
rigidity of these hydrogen bonds was overestimated in the simu-
lation. The order parameters determined from experiment and
from the solvated MD simulation for the side chain C-H spin pairs
(Table V) agreed qualitatively. Good agreement was obtained
for Tyr 1, Val 11, Leu 16, His 19, and His 23, but the simulation
substantially overestimated the order parameters for Val 22 and
underestimated them for Leu 5 and Phe 10. Detailed comparisons
of experimental and theoretical values of the internal correlation
times have not been attempted for reasons presented above and
because experimental values could not be determined with suf-
ficient precision.»?” However, the apparent experimental internal
correlation times for many backbone and side chain methine
carbons were greater than 20 ps, so that motions on timescales
not sampled adequately in the present simulations may be im-
portant in determining NMR relaxation rates in solution and may
account for the discrepancies between experimental and calculated
order parameters for side chain C-H spin pairs.

The accuracy of correlation functions for the C-H spin pairs
of methyl groups depends strongly on the degree to which tran-
sitions between rotomers are sampled during the simulation.
Typically, only two—four transitions between rotomer positions
occurred for each methyl group during the solvated simulations;
between transitions, angular displacements within a rotomer had
an rms magnitude of approximately 15°. As a consequence, nearly
all of the order parameters determined directly from the correlation
functions for C~-H bond vectors were greater than the maximum
theoretical value of 0.11 predicted by eq 12 and were also greater
than the experimental values. For the same reasons, much better
agreement was obtained using order parameters calculated in-
directly from correlation functions for the C—C symmetry axes
of the methyl groups using eq 12. The experimental value of the
order parameter for the § methyl group of Ala 15 was significantly
greater than 0.11, and significant differences were observed be-
tween order parameters for some of the geminal methyl groups
(Val 11 and Leu 16 in particular). The order parameters cal-
culated from the methyl symmetry axes using eq 12 do not re-
produce the experimental differences between the order parameters
for geminal methyl groups. As discussed elsewhere,?’ relatively
show (>50-100 ps) motions may be important for NMR spin
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Figure 7. Correlation functions for selected H-H spin pairs. Values of
the asymptotic order parameters calculated using eq 10 are indicated by
arrows on the right-hand side of the graph, with curves A-D going from
top to bottom: A, HN Arg 18 — NH His 19; B, HB82 Leu 5 — Hé His
23; C, NHe Arg 8 — He His 19; D, NH Lys 12 — He Tyr 1.

Table VII. Values of S?, R, and Q for Inter-Residue H-H Spin
Pairs®

spin pairs n 2 R Q
backbone-backbone 68 0.78 £0.15 1.4 £ 0.7 098 £ 0.24
backbone-side chain 96 0.71£0.16 1.8% 1.6 109+ 0.40

70 0.65+£0.18 22£22 1.16+£0.44

20rder parameters were calculated from the 100-ps solvated MD
simulation using egs 4 and 7. The values of R and Q were calculated
using eq 13. Values in the table give the mean and standard deviation
for the distribution for n spin pairs of the types indicated.

sidechain—side chain

relaxation of certain methyl 13C spins, including the Ala 15 8
carbon. The present simulations were too short to sample such
motions.

C. H-H Spin Pairs. Correlation functions calculated from the
100-ps solvated MD trajectory using eq 4 are shown in Figure
7 for selected inter-residue H-H spin pairs. Their behavior was
qualitatively similar to that for C-H and N-H spin pairs: a very
rapid decay in the first few tenths of picoseconds was followed
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Figure 8. Distributions of S?, R, and Q for 234 H-H spin pairs (see text). Twenty-six of the values for R were greater than 2.5 and are not shown
in the graph; seven of the values for Q were greater than 2.0 and are not shown.

by a slower decay that generally reached an approximate plateau.
Curve D is illustrative of a minor fraction of spin pairs whose
correlation functions were strongly influenced by transitions that
were poorly sampled during the time course of the present sim-
ulation. Statistics on the H-H behavior is given in Table VII for
a set of 234 inter-residue pairs actually used in the NMR structure
refinement. Spin pairs in which either of the spins is a methyl
proton have been excluded from the reported results. Graphs of
the corresponding distributions of S?, R, and Q are given in Figure
8. The average values of S? decreased and the average values
of R increased in proportion to the number of side chain protons
present in the H-H spin pairs; the average values of Q tended
to increase slightly. The widths of the distributions of all three
quantities increased in proportion to the number of side chain spins.
As shown in Figure 8, the distributions of S?, R, and Q are skewed;
26 H-H spin pairs had values of R > 2.5 and 7 spin pairs had
values of Q > 2.0. Three values of R were greater than 10, and
two values of Q were larger than 3.5. In the absence of spin
diffusion, apparent distances are proportional to the inverse sixth
root of cross-peak intensities; these distributions imply that 97%
of distance estimates obtained from the initial rates of development
of NOESY cross-peaks would have relative errors of less than 12%
due to neglect of internal motions; the remaining distance estimates
would err by 12-25%. Comparable results for the distribution
of Q have been obtained in simulations of lysozyme.>* In actual
practice, errors are probably less than these estimates since fixed
distance calibrations (which are also affected by internal motion)
are used. The essential point is that the distribution of Q is
reasonably narrow.

Finally, Table VIII gives information relevant to the statistical
uncertainties of the calculated order parameters. The difference
between order parameters calculated at 20 ps and the asymptotic
values had a mean less than 0.02 and a standard deviation of
0.04-0.06. Similarly low means but larger standard deviations
(ranging from 0.08 for the backbone to 0.18 for side chains) were
obtained from the comparison of independent simulations. Sta-
tistically, the standard deviations of the differences between order
parameters determined by two independent simulations should
be equal to the square root of the sum of the squares of the
individual uncertainties (e.g., as estimated by eq 11 and reported
in Table I). Thus, within the limitations imposed by the length
of the simulations, the calculated order parameters were statis-
tically well-behaved and did not appear to be systematically biased
by the methods used to calculate order parameters from the
trajectories. These conclusions apply primarily to the distributions
illustrated in Figure 8 and Table VII; individual correlation
functions, especially for side chains, may have poor reproducibility
because of inefficient sampling of relatively rare events (see curve
D in Figure 7).

IV. Discussion

As has been recognized for many years, NMR spectroscopy
holds the promise of providing both structural and dynamical
information about proteins at a high level of atomic detail. This
recognition has been tempered by the realization that individual

Table VIII. Comparison of Order Parameters Calculated from
Different Simulations®

comparison spin pairs (AS?) & r
S?vs §2 N-H and all C-H 002 0.06 096
N-H and o« C-H 001 0.04 096
H-H -0.01 0.06 095
duplicate simulations N-HandallC-H 0.0t 0.15 0.77
N-H and o C-H 001 0.08 0.8t
H-H -0.01 0.18 0.56

2Shown are the mean, (AS?), and standard deviation, o, of the dis-
tribution of differences between order parameters calculated using dif-
ferent methods. The first set of entries compares eq 7 to eq 10. The
second set of entries compares order parameters estimated from two
different solvated MD simulations. The spin pairs for which the com-
parisons are made are indicated in the second column of the table.
Also shown are the linear correlation coefficients, », for the compari-
sons.

measurements (such as a single cross-peak in a proton—proton
NOESY spectrum) can be difficult to interpret since the spectral
properties of a molecule depend upon both its average structure
and its dynamical behavior. A promising way around this dif-
ficulty involves simultaneous analysis of a variety of experimental
data (for protons and heavier nuclei) along with the use of the-
oretical models for the expected behavior of proteins in solution.
The analysis reported here was driven by two advances in tech-
nology: the ability to measure 3C relaxation parameters at natural
abundance at many sites in a biomolecule’ and improvements in
computational methods that make solvated simulations of proteins
accessible.

The solvated simulations reported here are in good agrement
with experiment for two principal criteria. First, the “drift” of
the structure away from that estimated from NMR data is ac-
ceptably small and is consistent with that seen in other protein
simulations. All of the backbone hydrogen bonds found in the
NMR structure are preserved in the simulations, and two inde-
pendent simulations yielded distributions of order parameters
essentially identical to within their expected uncertainties (cf. Table
VIII). Second, order parameters computed for C-H spin pairs
are in good agreement with experiment, although for some side
chain positions, the statistical uncertainty in the simulation results
makes this a weak comparison. Nevertheless, as Figure 6 shows,
the general agreement of calculated and observed relaxation
parameters along the backbone is quite good, suggesting that the
simulations indeed reflect the molecular motions involved in these
relaxation processes. The major limitation of the present results
arises from the relatively short timescales (~ 100 ps) involved.
While the short-time behavior seen in these calculations appears
realistic, these results do not address the question of the importance
of slower motions on NMR parameters. Simulations now in
progress here and elsewhere will address this issue.

The normal mode calculations (either with or without consid-
eration of the effects of solvent viscosity) show overall qualitative
agreement with the molecular dynamics results, but the magnitude
of the fluctuations about the average structure is smaller than in
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the MD results (cf. Figure 5). The harmonic calculations do allow
an estimate of quantum effects, and these appear to be nonne-
gligible for 13C and SN relaxation: the order parameters arising
from vibrations are about 0.05 lower when zero-point motion is
considered than in a classical calculation. The behavior has been
noted before’2 and will be important for precise comparisons of
simulation with experiment. The vibrations responsible for this
change appear to be mostly bending vibrations with frequencies
in the 1000-1500-cm™! range. Both solvated and vacuum dy-
namics indicate that the initial decay of C(7) is oscillatory; in this
respect the white-noise Langevin treatment appears to overstate
the effects of viscous damping. It should be remembered, however,
that NMR relaxation is insensitive to the details of atomic cor-
relations on this timescale.

All the correlation functions show a rapid, vibrational con-
tribution, followed by slower decay to a plateau value (cf. Figures
3 and 7). This has implications for the interepretation of internal
correlation times determined from a model-free analysis of ex-
perimental data. Consider a reasonable but hypothetical case of
B3Ca relaxation in which the model-free analysis yields S = 0.85
and 7, = 50 ps. About half the difference of S? from 1 is likely
to arise from vibrational effects, with a very short time constant;
the effective timescale for the remaining, slower motion (which
is probably of greater physical interest) would then be 100 ps,
since the model-free 7. is essentially a weighted average of the
vibrational and slower motion time constants (eq 8). Note that
for side chain carbons, the initial fast decay can reduce S? to 0.8
or even less (cf. Figure 3). Detailed comparisons of 7, values from
experiment and simulation are made difficult at present by the
limited precision with which they can be determined experi-
mentally’ and by the relatively short timescale of the present
simulations, which precludes study of the nature of correlation
functions in the 50-100-ps range (and longer).

The simulations reported here also are germane to the inter-
pretation of proton NOESY cross-peaks in terms of distances for
use in NMR structural refinements. Overall, the results are
encouraging: the ratios of relaxation rate constants estimated from
the full simulations to those that would be appropriate for a rigid
molecule with the same average distance are distributed with a
mean near 1 and a standard deviation of about 0.2-0.4 (Table
VII, Figure 8); in addition, the fraction of proton NOESY peaks

(52) Bruschweiler, R. J. Am. Chem. Soc. 1992, 114, 5341-5344,

for which the internal motion corrections are substantial is small,
$o a conservative application of distance constraints is appropriate.
Hence, aside from methyl groups, neglect of the effects of internal
motion should lead to relatively small errors in the derived dis-
tances. We and others have shown that relatively simple models
for methyl motion that capture most of the essential physics can
be incorporated into estimates of relaxation rate constants.*5+46

Several limitations of this analysis of predicted proton NOESY
intensities must be noted. First, the conclusions are based on
relatively short simulations and may not include important con-
tributions from longer processes. Second, the present results also
apply directly only to a zinc-finger peptide, although the results
are in general accord with simulations on larger proteins. 505354
Third, complications arising from anisotropic rotational tumbling,
which can systematically affect relaxation behavior, have not been
considered.>>5¢ Finally, correction factors given by eq 13 apply
only to individual relaxation matrix rate constants; under many
circumstances, multispin effects can make important contributions
to observed cross-peak intensities, and systematic errors can arise
from neglect of such multispin effects. This point has been ex-
tensively discussed in the recent literature, and a variety of methods
are available to account for multispin effects.” The results
presented here suggest that once the multispin complications are
taken into account, the resulting distance estimates should be
acceptably accurate for most structural studies.
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Abstract: (1,1,3,3-Tetramethylallyl)lithium (1), prepared by cleaving the corresponding phenyl sulfide 2 at =92 °C with lithium
1-(dimethylamino)naphthalenide or by reacting the trimethyltin derivative 3 with CH,Li in THF/diethyl ether/TMEDA at
-78 °C, adds rapidly to naphthalene and 1-(dimethylamino)naphthalene at =78 °C to give mixtures of the corresponding
1-substituted 1,2- and 1,4-dihydronaphthalenes. Carbon-13 NMR studies show 1.TMEDA to be a contact ion-pair with
Li*-coordinated TMEDA disymmetrically sited with respect to the delocalized allyl counterion. Carbon-13 NMR line-shape
analysis shows the barrier to allyl rotation C,C,(C,C;) to be AH,* = 14 kcal/mol with AS* = 13 eu. Analysis of the N-CH,
3C NMR of contained TMEDA shows two dynamic processes take place, one a reorientation of coordinated Li* within the
ion-pair (m) with AH,* = 7.9 kcal/mol and AS,* = -5.3 eu and the other the exhcange of TMEDA between its free and

complexed states (bi) with AH;* = 4.9 kcal/mol and ASy;

The influence of alkyl substituents on stability of = conjugated
carbanions' is not well understood in part because few highly

=29 eu.

alkylated carbanions have been prepared, let alone investigated.?
We recently described a convenient synthesis of (1,1,3,3-
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