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Abstract: An 800 ps molecular dynamics simulation of antamanide in chloroform has been used to study the influence of
fast angular and radial intramolecular dynamics on experimentally accessible homonuclear NMR cross-relaxation rates. Correlation
functions of the intramolecular motions, needed to compute the cross-relaxation rate constants, are derived from the molecular
dynamics simulation. The spatial restriction of the relative motion of two nuclei involved in the cross relaxation is described
by an angular and a radial order parameter in a molecule-fixed reference frame. It is found that the generally opposite effects
of angular and radial motion on cross-relaxation rates are separable to a good approximation. The applicability of the separation
is discussed for some analytical motional models. When internal motional processes and the overall rotational tumbling are
taking place on a similar time scale as the inverse Larmor frequency, systematic differences between NOESY and ROESY
cross-relaxation rates are predicted from the molecular dynamics simulation and interpreted in terms of order parameters
and internal correlation times. Possibilities for extracting information on internal motion by combining experimental NOE

and ROE cross-relaxation data are discussed.

1. Introduction

The widespread use of multidimensional NMR methods for
the elucidation of biomolecular structure in solution is based on
the interproton distance information contained in NMR cross-
relaxation rates' and provided by NOESY-type experiments.*
Such distance information, often supplemented by measured scalar
coupling constants,”® can be used for the determination of the
structure of molecules in this normal medium;*1° j e, solution
structures are obtained rather than the structures in a crystal that
are determined by X-ray methods. Experimental cross-relaxation
rates can be directly related to interproton distances only in the
absence of internal motion. For biomolecules under physiological
conditions, atomic fluctuations and side chain motions are im-
portant,'! and their effect on the cross-relaxation processes!? can
be significant.

The potential of NMR relaxation studies to characterize internal
motion was recognized many years ago'® and the extensive work
in this field over the last 3 decades was recently surveyed by
Kowalewski."* The experimental approach makes use of ana-
lytical motional models to fit the relaxation data. The models
normally describe restricted internal motion by either diffusive
or discrete lattice jump processes or by combinations of the two,!%16
Although parameterized analytic dynamic models provide a de-
tailed description of the motional properties, they may tend to
overinterpret the experimental information. Since the number
of model parameters often is as large as the number of observable
quantities, it is difficult to determine whether the model itself is
valid.

Another source of valuable information concerning the type
of possible motions and the feasibility of specific models is mo-
lecular dynamics simulations.!! An example is provided by the
computed carbon-13 nuclear magnetic relaxation rates obtained
from stochastic dynamic simulations of alkanes and aliphatic
amino acid side chains.!” Calculated and experimental relaxation
rates were compared and used to check the validity of various
analytical models for the internal motions.

An alternative, so-called model-free approach, circumvents
overinterpretation of experimental data by the description of the
internal dynamics by generalized order parameters and correlation
times of spin pairs. Experimental data have been interpreted in
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this manner by Lipari and Szabo.!S Olejniczak, Dobson, Karplus,
and Levy'? extended this study to proton NMR in lysozyme. They
estimated the relative contributions of angular and radial motions
to the order parameter by use of a molecular dynamics simulation
in vacuum. In a study of short-time correlation functions and
NMR relaxation of liquid acetonitrite, Westlund and Lynden-
Bell!® separated distance and angular terms of the intermolecular
dipolar correlation function and showed that they are approxi-
mately statistically independent. Farmer et al.!® examined the
influence of anisotropic global motion on NOESY and ROESY
cross relaxation in the presence and in the absence of internal
motion about one axis. Analogous molecular dynamics studies
of motional effects on other NMR parameters, such as vicinal
coupling constants? and ring-current-induced chemical shifts?!
have also been made where the effect of distance and angular
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motion was examined.

The present theoretical study analyzes the effect of subnano-
second internal motions on proton-proton cross relaxation. The
cyclic decapeptide antamanide (-Val'-Pro?-Pro*-Ala‘-Phe’-
Phe®-Pro’-Pro®-Phe’-Phe!-), infinitely dilute in chloroform, is used
as the example. This molecule was chosen because it is of in-
termediate size and because a number of recent experimental
investigations is documented.?>"** The analysis is based on an
800-ps molecular dynamics (MD) simulation, an order of mag-
nitude longer than those used in earlier cross-relaxation studies.
In section 2, an overview is given of NMR dipolar cross relaxation
and its dependence on motional processes on different time scales.
Details of the molecular dynamics simulation are given in section
3. In section 4, the molecular dynamics trajectory is evaluated
with respect to proton cross relaxation. Two order parameters,
one characterizing distance fluctuations and one reorientational
disorder, are introduced which allow the description of the effects
of internal mobility on NOESY and ROESY relaxation rates.
These effects are discussed for antamanide in section 5. In section
6, a protocol is proposed for the extraction of order parameters
and internal motional correlation times by a comparison of ex-
perimental NOESY and ROESY data.

2. Correlation Functions and NMR Cross-Relaxation Rates
In this section we relate the NMR dipole-dipole cross-relaxation
rate constants I', in laboratory-frame (NOESY) and rotating-
frame experiments (ROESY) to the motional correlation functions
which contain contributions from overall isotropic tumbling and
from intramolecular motion. In the laboratory frame, the transfer
rate constant T}°F of z magnetization from spin I, to spin I,

TNOE

{I;) LN (L) (1a)

is determined by the time-modulated dipolar interaction of spins
k and 1 and can be written in terms of the spectral densities Jj,(w)®

TNOE =g _%JH(O) + 3J(2wy) (2a)

where ¢ = (1/10)(uo/4m)2y*h?, u, is the magnetic field constant
[47-107 (V 5)/(A m)], v is the gyromagnetic ratio, and w, is the
Larmor frequency of the examined spin species. The corre-
sponding rate constant I'ROE, for the 2D ROESY experiment,®
where transversal magnetization components are allowed to
cross-relax in the presence of a spin-lock field

TROE

(L) —"5 (L) (1b)
is

(2b)

3
[ROE = q[-’m(o) + E-fm(wo)

The rate constants TNCF and T'§°F are experimentally accessible
through the cross-peak intensities in 2D NOESY and 2D ROESY
spectra.5®

Dipolar relaxation is determined by the well-known time-de-
pendent dipole coupling Hamiltonian

#HO(@r) =
2
@47/9) 4o h Trem & TR, Yon 080 A0 /ri0)
©

where 794, is an irreducible tensor operator of rank 2 and
Y., (613%(¢),63%(¢)) a spherical harmonics expressing the interac-
tion between the two spins I, and I, with separation r;. The
spectral density Ji,(w) can be written as the Fourier transform
of the correlation functions of the different spherical harmonics
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in eq 3. For motional processes in an isotropic medium, the
correlation functions become independent of the quantum number

m of the spherical harmonics Y5,,(8(),¢(#)) involved. We have
then

Ju@ = f “Cult) exp(-iot) dr (42)

with

ra(to + ri(to)

In the numerical calculation, the averaging expressed by the
angular brackets is evaluated as an average over the time ¢,,
assuming an ergodic process. The angle 653%(¢) is the angle made
by () with respect to the external static magnetic field applied
along the z axis.

It is assumed in the following analysis that the overall molecular
tumbling and intramolecular motions are uncorrelated. Although
this may not strictly be true in experiments and in the simulation,
it is expected to be a good approximation for large molecules and
internal motions that have little effect on the moments of inertia
of the entire molecule such as motions of individual side chains.
The correlation function Cy,(¢) can then be written as a product?’

Cult = 47r< Tl ) Y*zow'ab(:o))> (@)

Ck_l(t) = Ctumbling(t) C'kxjtemal(t) (5)
For isotropic diffusional tumbling, Ct“mbli"&(y) is given by
Ctumbling(t) = e—\r\/rc (6)

where 7. is the overall rotational tumbling correlation time, which
is related to the rotational diffusion constant D by 7, = 1/(6D).

The internal correlation function G**™!(¢) can be expressed
in the form

q(x}ternal(t) =
4 i Yom(05'(t0 + £),00°(t0 + 1)) Y*5,,(00°(2),02° (%))
ru(to + 1) ri(to)

Py( t
= (= 2(cos XHE )) )
ria(to + O rii(to)

where the addition theorem of spherical harmonics has been used
to obtain the second equality. Here Py(x) = (3x%—1)/2 is the
second rank Legendre polynomial, and xy(¢) describes the angle
between the internuclear vectors ry(¢,) and r (¢, + ¢), defined
by the spherical coordinates r,;, 853°, and ¢ in a molecule-fixed
frame. The averages in the angular brackets can be calculated
from the coordinate sets obtained from the molecular dynamics
trajectory.

The product form of the correlation function in eq 5 has con-
sequences for the observability of intramolecular mobility: In the
case of internal motion that is much faster than the overall tum-
bling (Tinernat K 7.) but does not lead to a complete decay of
Cyermel(y) for t — =, the cross-relaxation rate is insensitive to
Timernar > The motional influence reflects the spatial restriction
of the motion of the internuclear vectors and can be characterized
in terms of order parameters. The radial dependence of the
cross-relaxation rate, for example, is manifested in this domain
by a (1/r})? term, On the other hand, if 7,y is of the same
order of magnitude as 7., the relaxation rate depends on the
internal motional time scale.

Slow conformational changes for 7, > 7. lead to an
averaging of the relaxation rate constants; that is

Fﬂ'erage = fxop(X) I‘H(X) dX (8)

S =2

where the integration extends over the conformational space X,
with the probability distribution p(X) for conformations X. In
Igerse, the radial average takes the form (1/r§,), since I'y(X)
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is proportional to ry(X)®. The cross-relaxation rate is again
insensitive to the rate of internal motion in this regime. The
tumbling time 7, therefore acts as a band-pass filter for the ob-
servable time scales of the internal motion. It should be noted
that slow internal motion can induce additional relaxation in
rotating frame experiments when isotropic components of the total
spin Hamiltonian, such as chemical shifts or scalar spin-spin
couplings, are modulated by these motional processes.?6%’

Slow conformational averaging of the cross-relaxation rates is
indeed relevant for antamanide. Experiments indicate backbone
conformational dynamics involving hydrogen bond breaking and
formation on a time scale of the order of 1075 s at room tem-
perature.? This fact prevents a direct quantitative comparison
of calculated and observed cross-relaxation rates since the 800-ps
molecular dynamics trajectory generally remained in the neigh-
borhood of a single backbone conformation X and therefore
samples only part of the experimentally accessible conformational
space X, of the antamanide molecule. The discussion in this paper
focuses on the rapid motions influencing the relaxation rate
constant I'y(X) for a backbone conformation X and its confor-
mational neighborhood.

3. Molecular Dynamics Simulation and Data Analysis

3.1. Atomic Model and Potential Function. The applied mi-
croscopic model of antamanide in a chloroform solution includes
explicitly all heavy atoms and all hydrogen atoms of the anta-
manide molecule. The empirical energy function contains terms
corresponding to internal bonded interactions (bond stretching,
angle bending, dihedral angle, and improper dihedral angle po-
tential terms) and external nonbonded interactions (van der Waals
and electrostatic terms). For the amino acid residues the force
field parameters of “parallh19” have been used. Chloroform was
represented by three chlorine atoms attached to an extended
carbon atom that contained the hydrogen atom. Bond length and
bond angle potentials are introduced; the parameters for the
nonbonded potentials were taken from ref 28. All degrees of
freedom of antamanide and of chloroform were allowed to vary
during the trajectory, except for the rapid stretching vibrations
of bonds involving hydrogen atoms with # ~ 3000 cm™!; they were
treated as rigid by use of the SHAKE algorithm.? An inte-
gration-time step of 1 fs in the Verlet algorithm was used to
compute the trajectory. An atom-based cutoff of 8§ A with a
switching function was used for all nonbonded interactions; a
shifting function was applied to the electrostatic interactions to
remove any discontinuity due to the truncation. The trajectories
were computed using the program CHARMM. %

3.2. Equilibration Procedure and Molecular Dynamics Simu-
lation. The initial coordinates for the heavy atoms of antamanide
were taken from the X-ray structure of ref 31. The hydrogen
positions were derived by the CHARMM subroutine HBUILD.
The initial structure was first refined in vacuum by energy min-
imization in the presence of harmonic proton—proton distance
constraints corresponding to the NOE cross-relaxation rates ob-
tained from 2D NOESY experiments,?* followed by further energy
minimization in the absence of the NOE distance constraints. The
antamanide molecule was then embedded in an equilibrated cubic
box of chloroform molecules with a side length of 24.25 A, and
the chloroform molecules overlapping with antamanide were re-
moved. There are 514 atoms in the resulting system, consisting
of one antamanide and 88 chloroform molecules. This would
correspond to a 0.1 M concentration of antamanide in chloroform.
Periodic boundary conditions were applied using the IMAGE
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Figure 1. (a, top) Stereographic stick and ball picture of the antamanide
structure after 400-ps MD simulation (all atoms). The dashed lines
correspond to hydrogen bonds. The numbering of the amino acid residues
proceeds clockwise with Pro® in the upper left and Pro? in the lower right
corner. (b, bottom) Schematic drawing of the antamanide cycle, which
emphasizes its pseudo-C, symmetry with ¢ designating a cis peptide bond,
t designating trans peptide bonds.

facility of CHARMM to remove spurious edge effects.?® The
system was equilibrated by periodically rescaling the velocities
for 100 ps at 300 K followed by 50 ps at 250 K. Molecular
dynamics without external NOE constraints was used during the
equilibration and the actual calculation of the trajectories. During
the equilibration period, the average temperature was allowed to
stabilize at 250 K. During the production trajectory with a total
length of 800 ps, the temperature first decreased slightly to 245
K and increased toward the end of the trajectory to 260 K. No
rescaling of the velocities was applied. The computation of the
complete trajectory required 250 h on a Silicon Graphics IRIS
220. The conformation of antamanide after 400 ps MD simulation
is shown stereographically in Figure 1.

3.3. Data Analysis. To compute the internal correlation
functions G1*™!(¢) in the molecule-fixed frame with eqs 5-7, it
is necessary to separate the internal motions from the overall
tumbling. For that purpose each conformation was translated
and reoriented to give the best mass-weighted least-squares fit
for all atoms with respect to a reference structure which was chosen
as the conformation of antamanide, shown in Figure 1, obtained
in the middle of the production trajectory (after 400 ps). Since
no large conformational excursions take place during the entire
800-ps trajectory, the molecule-fixed frame is unambiguously
defined by this method. The peptide bonds in the reference
structure of Figure 1 are trans except for the two bonds Pro*Pro?
and Pro’-Pro® which are cis. The structure shows five hydrogen
bonds: Val'NH-Phe’O, Phe’NH-Val!O, PheNH-Ala*0,
Phe?’NH-Phe®O, and Phe!°NH-Phe®O. The reference structure
has a root mean square deviation from the X-ray structure of 1.4
A for the main chain and 2.5 A for all heavy atoms. The cor-
responding root mean square deviations from the structure min-
imized with NOE constraints are 1.2 and 2.3 A, respectively. This
is to be compared with the differences between X-ray and
NOE-minimized structures; they are 1.2 and 1.4 A, respectively.

The overall rotational correlation time, 7., needed for the
computation of the NMR relaxation rates (see eqs S and 6), was
estimated from the rotational diffusion of the antamanide molecule
during the 800-ps trajectory. For this purpose, the three auto-
correlation functions C,(¢) = (e (0)e(r)), i = x, y, z, of the inertia
tensor of the molecule were analyzed. The quantities e, represent
the unit vectors pointing along the principle axes of the inertia
tensor of the antamanide molecule expressed in a laboratory-fixed
frame. The three rotational correlation functions C(¢) of the
molecule can be approximated by the same exponential function
Ci(t) = exp{-t/37;} with the correlation time 7, ~ 200 ps. Al-
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Table I. Backbone Torsional Angles: Averages and Root Mean
Square (rms) Fluctuations

rms X-ray NOE-mimimized
average fluctuation, structure, structure,

angle value, deg deg deg deg

@ -105.6 %12.7 -112.9 -116.2
¥ -177.0 £8.0 158.1 179.4
@ -89.2 %7.0 —63.9 -91.5
¥, 154.9 +6.4 161.2 127.5
@ -95.6 %53 -79.5 -113.5
Vs 53.1 £8.1 -20.5 38.8
@4 -111.4 %8.4 -103.4 -122.6
¥ —-53.5 £7.8 -21.8 37.0
@s 88.7 £8.1 70.2 -25.7
Vs -47.6 £11.3 29.5 62.0
@ -97.4 %17.3 -78.2 -130.9
Ve -177.3 +8.8 161.0 140.0
@ —-88.6 £6.7 -62.0 -43.9
Vs 153.2 %6.4 160.1 128.3
@5 -95.5 £5.5 -91.8 -114.3
Vs 53.0 £7.7 -3.8 43.3
@9 -110.1 %7.5 -101.1 -119.9
Yo —-54.5 %7.0 -21.8 -15.3
@10 88.3 +7.8 56.3 8.0
208 —42.5 %107 478 60.7

though only the very initial parts of the correlation functions can
be determined from the MD run, it appears that antamanide in
the computer simulation undergoes isotropic small-step rotational
diffusion. The factor 3 in the above relation for Ci(r) occurs due
to the fact that the decay constant 7 of (e;(0)e,(?)) is related to
the diffusional rate constant D by r = 1/2D while 7, in eq 6 is
given by 7. = 1/6D, and thus 7 = 373> From NMR relaxation
measurements, a value of 7, = 600 ps was found.?* The dis-
crepancy may arise from the poor statistics for the tumbling
process (due to the relatively short observation time) and possibly
from an inaccurate description of the interaction between anta-
manide and the solvent molecules. For the subsequent analysis
of NMR parameters, the experimental value 7. = 600 ps was used.

For the analysis of internal motions and NMR cross-relaxation
rates, 40000 conformations were selected at time intervals of 20
fs. The proton NMR frequency was set to wo/27 = 500 MHz,
which corresponds to a magnetic field strength of 11.74 T. The
spectral densities Jy(nw) (n = 0, 1, 2) were calculated by nu-
merical integration of eq 3, using the correlation functions Cy(¢)
obtained from eqs 5-7. An integration time limit of 400 ps was
introduced, since the correlation functions became more uncertain
with increasing delay time.

4. Parameter Fluctuations and Correlation Functions

This section describes the molecular dynamics trajectory of
antamanide in terms of average properties and histograms in view
of the analysis of NMR cross-relaxation rates in section 5.

4.1. Torsional Angle and Distance Fluctuations. The average
backbone torsional angles ¢; and ¥; and their fluctuations, cal-
culated from the molecular dynamics trajectory, are collected in
Table I. The values reflect the pseudo-C, symmetry of the
antamanide ring (Figure 1b) with ¢4 s =~ ¢;and ;s > ¢, 1 =
1, ..., 5. The largest deviations violating the pseudo-C, symmetry
are 8° for the pair ¢, and 5° for Y5,y ,0. For the backbone of
antamanide, the root mean square values of the fluctuations are
similar to those observed during vacuum simulations of the interior
of proteins,!! There are no backbone dihedral transitions (e.g.
flips of peptide bonds) during the trajectory. The fluctuation
behavior shows a pseudosymmetry similar to that of the structure.

A scatter plot of the distance fluctuations o(ry) = ((ry —
(ra))?)1/2 of proton pairs kl versus the average distances (ry) is
shown in Figure 2. The histogram at the bottom of Figure 2
represents the distribution of the interproton distances in anta-
manide with r; < 4.5 A, which contribute significantly to the
internuclear cross-relaxation rates. The maxima near 1.8, 2.5,

(33) McQuarrie, D. A. Statistical Mechanics; Harper & Son: New York,
1976; p 398.
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Figure 2. Correlation of proton—proton distances {r,;) of antamanide for
r < 4,5 A with the corresponding distance fluctuations o(ry) = {(ry -
{ra))®)'/2 calculated from the 800-ps MD trajectory. The two histo-
grams characterize the distribution of (r) (bottom) and a(ry) (right),
respectively. The numbered crosses refer to the proton pairs in Table II.

and 3.1 A correspond, among others, to geminal, gauche, and
antiperiplanar vicinal proton pairs, respectively. Figure 2 dem-
onstrates a nearly linear increase of the maximum fluctuation
amplitude with the average separation of the protons, though at
all distances the minimum fluctuations approach zero. This is
a feature characteristic of relatively rigid extended systems without
backfolded regions that could approach parts of the molecule
distant along the polypeptide chain. Thus, Figure 2 may be
atypical for a folded protein. Figure 2 gives also a histogram of
the distance fluctuations. It is peaked in the range between 0.05
and 0.1 A and decays rapidly toward larger fluctuations. The
average value of the fluctuation for the 356 proton pairs fulfilling
{rq) <4.5Ais3=0.24 A. It should be noted that the maximum
fluctuation amplitude strongly depends on the duration of the
trajectory and some values of Figure 2 may increase for longer
time scales. Large-amplitude side-chain motions are rare on the
time scale of the 800-ps molecular dynamics trajectory. As an
exception, occasional 120° rotations for the side-chain torsion angle
X, of Phe® (three transitions) and Phe® (two transitions) were
observed during the simulation.

Twelve illustrative proton pairs corresponding to different
distances are numbered in Figure 2 and identified in the first
column of Table II; the same numbering is used in subsequent
figures. Table II contains the numerical values of various
quantities discussed in the following for these and other selected
proton pairs. The first part of Table II contains 12 selected proton
pairs involved in larger scale motions. The second part shows some
selected intraresidual, sequential, and transannular backbone-
backbone proton pairs. It is apparent that all proton pairs with
a large fluctuation amplitude o(ry) involve at least one side-chain
proton; examples are the pairs Phe’H,~PheSH,, {1}, Phe®H; —
Pro’H;; {6}, PheSNH-PheSH;;, {3}, Pro®H;—Phe’H,, {10}, and
Phe’NH-Phe’H;; {12}. By contrast, pairs involving only main-
chain protons have small fluctuations, examples are Val'NH-
Phe’NH and Phe!°H,-Val!NH. The numbers in braces {-}, de-
fined in Table II, refer to the numbering of points in the figures.

The approximate symmetry in main chain dihedral angles,
introduced by the symmetrical initial conformation used for the
molecular dynamics simulation, is reflected in the distances and
fluctuation amplitudes shown in Figure 3. Symmetric pairs of
sequential interresidue backbone distances behave similarly. The
backbone remains approximately symmetric during the entire
simulation and this symmetry is retained also in the fluctuation
amplitudes a(ry).

There are numerous proton pairs for which the distance and
angle distribution of the trajectory shows a single peak. This
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Table II
label proton pair (r), A g, A S Sp S} S3S? TG s TGe/Tide TR s TROe/TROe I'Noe/TRGe i DS
1 PhesHm—PheﬁH,, 427 1.09 0.27 044 0.59 026 0.0012 -0.34 0.018 1.22 0.063 41
2 PhesHﬁz-Phe6H52 443 1.47 036 060 052 0.31 0.0044 -1.62 0.041 341 0.108 107
3 Phe!NH-PhefH,, 3.78 1.12 030 037 055 021 0.0146 -2.06 0.072 2.30 0.204 150
4 PhefH ~PhetH,, 3.74 0.67 0.16 0.31 059 0.18 0.0057 -0.75 0.022 0.66 0.259 43
5 Phe6H51—Phe6H“ 3.16 0.53 022 022 080 0.17 0.0214 -1.02 0.057 0.62 0.374 150
6 PhefH;,-Pro’H;, 4.48 1.24 036 0.54 0.57 031 0.0020 -0.79 0.024 2.11 0.085 86
7 Phe6H52—Phe6H; 4.20 0.08 036 036 1.00 0.36 0.0007 -0.20 0.008 0.46 0.100 104
8 PheH,,-Phe‘H,, 4.20 0.07 048 048 099 048 -0.0010 0.27 0.009 0.53 -0.115 33
9 Phe6H¢2—Phe6H; 2.46 0.09 0.15 0.15 1.00 0.15 0.0551 -0.59 0.122 0.30 0.453 98
10 ProfH,,~Phe’H,, 3.06 096 0.54 070 0.77 0.54 -0.0311 1.22 0.139 1.25 -0.224 3
11 ProsH“—Phe9H; 4.09 1.02 050 0.80 062 0.50 -0.0068 1.52 0.031 1.60 -0.217 5
12 Phe?NH-Phe’H,, 243 0.52 064 073 084 0.61 -0.1061 1.04 0.479 1.07 -0.222 5
Val'NH-Val'H, 2.95 0.07 093 094 099 093 -0.0296 0.94 0.1303 0.95 -0.227 1.5
Val!NH-PheNH 4,13 0.36 089 097 092 089 -0.0044 1.06 0.0190 1.07 -0.227 0.8
Phe!H _-Val'NH 3.46 0.09 094 095 099 094 -0.0114 0.95 0.0504 0.95 -0.227 0.4
Pro*H,-Pro’H, 2.08 0.14 091 095 096 091 -0.2577 0.99 1.1308 0.99 -0.228 0.8
Pro*H -Ala*NH 2.11 023 082 091 091 083 -0.2418 1.04 1.0653 1.04 -0.227 0.4
Pro’H -Ala*NH 2.83 0.17 090 094 097 090 -0.0397 0.98 0.1740 0.98 -0.228 0.5
Ala*NH-Ala*H, 295 007 094 094 099 094 -0.0295 0.95 0.1295 0.95 -0.228 0.6
Ala*NH-Phe’NH 2.52 022 0.84 091 093 084 -0.0814 1.00 0.3579 1.00 -0.228 0.4
Phe’NH-Phe’H, 2.34 0.10 0.89 091 098 089 -0.1159 0.93 0.5107 0.93 -0.227 1.5
Phe’NH-Phe!°NH 4.35 0.39 090 097 093 090 -0.0033 1.07 0.0143 1.07 -0.228 0.4
Phe’H,~Phe!'NH 3.47 0.09 092 093 099 092 -0.0111 0.93 0.0490 0.93 -0.227 2.0
PheSNH-PhefH, 2.94 0.08 092 093 099 092 -0.0300 0.93 0.1328 0.94 -0.226 2.7
Pro’H,-Pro®H, 2.08 0.13 092 095 097 092 -0.2542 0.99 1.1188 0.99 -0.227 0.5
Pro’H,—Phe’NH 2.10 022 084 092 091 084 -0.2472 1.03 1.0904 1.04 -0.227 0.4
Pro*H,—Phe’NH 2.83 0.16 091 094 097 091 -0.0390 0.97 0.1721 0.98 -0.227 0.7
Phe’NH-Phe’H, 2.94 0.07 094 095 099 094 -0.0307 0.95 0.1351 0.96 -0.227 1.1
Phe’NH-Phe!°NH 2.56 0.23 085 092 093 086 -0.0712 1.01 0.3135 1.01 -0.227 0.3
Phe’H ~Phe!°NH 3.49 009 095 096 099 095 -0.0110 0.97 0.0485 0.97 -0.227 1.0
Phe!°NH-Phe!°H,, 2.34 0.10 091 092 098 091 -0.1192 0.94 0.5252 0.94 -0.227 0.9
045 4.2. Correlation Functions and Order Parameters. To evaluate
L BH 10H, « the expressions for the cross-relaxation rates, given in section 3,
0.40} SNHA1ONH it is necessary to compute the correlation functions for individual
| GNH-IONH  JHL-5H, proton pairs from the molecular dynamics trajectory. The cor-
035 TNH-SKH = - relation defined by eq 7 refers specifically to the dipolar interaction
of two spins k and 1. A typical example is presented in Figure
— 030- 2H.SNH HarBH - 5a for the proton pair Val'NH-Phe’NH. It shows a fast initial
a x 7Hg 10H, = 1 .
= THg-TONH = e decay within a few picoseconds and then reaches a “plateau value”
= oosl BHy1ONH = | of 89% of the initial value. On a much longer time scale, a further
% HMaANH o 5NH-BNH THE-5NH = decrease of the correlation may be expected as a consequence of
0201 THeonH SN NH-10NH * slow motional processes that are not sampled by the trajectory.
T SHINH Figure 5b shows an example of a differently behaved correlation
g 4HaBNH function for the proton pair Phe®NH-Phe®H;, (3). Here a plateau
015r 2o, ¢ ] value is not reached within the time range shown in the figure.
7Ha8H ot The results can be represented by two correlation times, a short
0-10p EHaSM s T0HaINH g1y 10NH R one (r = 1 ps) describing the local motion (similar to that shown
o 9Hg-ONH « SHy-6NH % sNH : . : .
THG INH 3 i dNH o in Figure 5a) and a longer one that characterizes the phenyl ring
008 3% 3o 3% ) 25 rotation (7 = 100 ps). Since the phenyl ring flips represent rare
' ‘ ' ' ‘ ’ events on the 800-ps time scale, the probability distributions in
(e (Al Figures 4c—f and the decay behavior of the correlation function

Figure 3. Section of Figure 2 restricted to backbone proton pairs. The
pseudo-C, symmetry of the molecule is manifested in the pairing of the
Crosses.

indicates that there is a single-minimum potential function de-
scribing their short-time motion. Such behavior occurs particularly
for backbone protons. An example is the pair Val'NH-PheSNH
for which the almost Gaussian distance distribution and the skew
angular distribution are shown in parts a and b of Figure 4. On
the other hand, there are some proton pairs with double-peak
distributions, which reflect a local multiple minimum potential.
A typical case is presented in parts ¢ and d of Figure 4 for the
pair PheSNH-Phe®H;; {3}. The double minimum potential ori-
ginates from 120° flips of the x, torsion angle of the phenyl ring
of Phe® during the trajectory, although the statistics is rather poor
due to the small number of torsional transitions during the limited
observation time. In the case of the pair Pro®H;-Phe’H,, {10},
the two distinct sites are unequally populated (Figure 4e,f). The
behavior observed here for the interpair parameters is analogous
to that found for the positional fluctuations of atoms in proteins.3

in Figure 5b are subjected to large statistical errors.

The limiting value for t — = of the correlation function C(t)
of an arbitrary function f{¢) reflects the extent of invariant order
of the system with respect to f{¢) and can be characterized by an
order parameter S?!5 defined by

L O/ [OP
S? = lim =
i~= (|f(0)]*) an*

where by definition 0 < S? < 1. Thus, a correlation function of
the form of Figure Sa can be approximated by the expression

Clt) = (UPHS? + (1 - SHe /7 (10)

with 7 being an intramolecular correlation time that characterizes
the “effective” decay of correlation due to internal motion.!s

For the type of relaxation shown in Figure 5b, a two-step
disordering can be postulated involving two statistically inde-

®

(34) Ichyie, T.; Karplus, M. Proteins 1987, 2, 236.
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Figure 4. Distance and director distributions along the MD trajectory calculated in a molecule-fixed frame of the proton pairs Val! NH-Phe’NH (a,
b), PheNH-PhefH;; (¢, d), and Pro®H,,-Phe®H,, (e, f) in antamanide.

pendent processes with S, 7o and S%ows Taowe According to The dipolar correlation function G3*™2\(¢), defined in eq 7,
ref 35, we write for 7, « -rc consists of a sum of correlation functions of five individual

Clt) = (M) ShalShow + (1 = S e /me]  (11) functions
YZM(BEOI(I)’(’SEOIU))

(35) Clore, G. M.; Szabo, A.; Bax, A ; Kay, L. E; Driscoll, P. C.; Gro- fe) = ——" (12)
nenborn, A. M. J. Am. Chem. Soc. 1990, 112, 4989. ra(®)
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Figure 5. Internal correlation functions C™*2i(¢) (eq 7) of (a) proton
pair Val'!NH-Phe’NH and (b) proton pair PheNH-Phe®H,, in anta-
manide.

that can be determined from the trajectory. Assuming that
Ctemel(¢) has the form of eq 10, the spectral density is given by

Ju@) = [ Clgermi(r) e ein di (13a)
1 27, 1 270t
~ =)y ———+ (=)o - sp—— 13b
<rﬂl> s wir? <r§1>( ld)1 + wirl, (135)
where
11,1
Ttot Te Tl
and

3
i

mol 4 mol 2
<Y2m(0kl o )> (14)

-1
dr [ 1 2
Sz - —{ —
TS <,gl> E_z

The first term in eq 13b depends only on the order parameter S3
and not on the time scale 7 of the internal motions. The second
term, on the other hand, is a function of both S% and 7. S} is
a measure for the degree of spatial restriction of the internuclear
vector. It should be noted that the prefactor (1/7§)~! in eq 14
is not used in a related definition in ref 15.

Histograms of order parameters S and correlation times 7y
are given in Figure 6. It is seen that the majority of proton pairs
shows order parameters above S% = 0.8. The correlation time
74 has been estimated by the expression!’

fomx Cu(®
™= J; de C:(O)_SEI]/(I_S%I) (15)

For the values shown in Figure 6, ¢,,,, has been set equal to 20
ps. Most of the internal correlation times 7, are in a range 0.5
< 1y < 1.5 ps. Some values larger than 20 ps are contained in
Table II. They have been obtained by back calculation of the
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Figure 6. (a) Histogram of the order parameter S as defined in eq 14.
(b) Histogram of the distribution of internal correlation times 7, as
defined in eq 15, for proton pairs in antamanide with a cutoff of 7y <
4.5 ps.

cross-relaxation rates using eqs 2 and 13b.

It should be noted that none of the correlation functions is
accurately fitted by a monoexponential decay toward a plateau
value. This is reflected also in an observed dependence of the
estimated correlation time 7, on ¢, using eq 15. However, for
many proton pairs the dominant decay takes place in the pico-
second range, which cannot be monitored in detail by means of
NMR relaxation experiments and is therefore uncritical for the
calculation of relaxation parameters. The 7, values given in the
histogram should be interpreted as upper limits of correlation times
that contribute significantly to the correlation function. For longer
time scale motion, as e.g. present for PheSNH-Phe®H,, {3} (Figure
5b), 7y directly affects the cross-relaxation rate. If a single
correlation time for the quantitative description of C5**™(¢) is
inadequate, the more general eq 13a has to be used for a numerical
evaluation. The simplified eq 13b, however, provides intuitive
insight into the interplay between the three quantities S, 7., and
T
The cross-relaxation rate constants of eqs 2a and 2b can be
expressed in terms of order parameters and correlation times by
means of eq 13b

TROP/ROE = SEIYOE/ROE(r,) + (1 - SHTNOV"%(ra)  (16)

where the rate constants TNOE/ROE(7) are defined by

1 67
I'NOE = —_ —_— e —_—
() q<rﬁ>( T 1+ 4w%1’2)

and
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1 37
TROE(r) = g — )| 27 + - 17
8o q<r6,d>( T 1+w5r2) a7

respectively. Because I'ROE(7) monotonously increases with in-
creasing 7 and 7, < T, it follows that I'ROF reaches its maximum
in the regime 7, > 7.. Such a monotonous behavior does not
apply for [;%%(7) as the following computations show.

Figure 7 gives a survey of the dependence of the cross-relaxation
rates in the laboratory and rotating frames on the relative tumbling
correlation time T, the internal correlation time 7wy, and the
order parameter S, Normalized rate constants I'}Ewqg!-
(1/7%)! and I‘§°Ew0q" (1/7%)"! have been computed by eqs 16
and 17 for two selected order parameters S = 0.7 and S% = 0.2.
The individual curves, plotted against 7wy, apply to a fixed product
Tr@Wo.

The vertical spread of the curves in Figure 7 indicates, for given
values of 7w, and SZ, the variation of the cross-relaxation rates
as a function of the intramolecular mobility time scale. Curve
1 gives the limit for slow internal motion, 7 wq, 7w/ 7. > 1, while
curve 5 indicates the limit for rapid internal motion, rywg, T/ 7.
<« 1. When one of these conditions is fulfilled, the cross-relaxation
rate becomes insensitive to the actual value of the correlation time
7. The two extreme curves 1 and 5 have identical shape and are
vertically scaled relative to each other by the order parameter S,

Parts ¢ and d of Figure 7 visualize the monotonous behavior
of I'ROF as a function of all parameters. Increasing overall mobility
will invariably decrease the cross-relaxation rate. On the other
hand, it is well-known that I'NE can change sign as a function
of rwp. Parts a and b of Flgure 7 demonstrate that it can also
change sign as a function of 7w, for fixed 7wy The interval
(Tewo)min < Tewo < (Tewg) max Within which this can occur depends
on the order parameter Sj;. The relative width of the interval is
1.4 for S} = 0.7, 3.0 for 32 0.2, and 7.8 for S% = 0.05. Such
dlfferentlal effects between NOESY and ROESY rates might be
exploited for an experimental determination of , and S as will
be discussed in section 6.

For rapid internal motion, 7y << 7., the second term in eq 16
involving 7, becomes negligibly small compared to the first term,
provided that S? is significantly different from zero and wyr,
517272, This implies that the NMR relaxation rates, computed
from eq 2a or 2b, become virtually independent of the rate con-
stants 1/7, of the fast internal processes and are determined by
7. and the order parameters S alone.!* Due to the limited length
of the MD trajectory, this situation corresponds to most of the
motional processes observed in the antamanide simulation. In
this limit, the actual cross-relaxation rate constant I'y; may be
related to a hypothetical cross-relaxation rate constant I} for
a rigid molecule with average distances (ry)

Py = ("u>6< >52 i (18)
™
where '} can be calculated via eq 2a or 2b using
27,
Ju(w) = (19)

<rkl>6 1+ wz‘r?,

This is true for cross relaxation in the laboratory frame and in
the rotating frame (eqs 2a and 2b, respectively). In this limit,
internal motion scales the two cross-relaxation rates uniformly.
More specific effects occur when the order parameter S fulfills
the inequalities S S 107/7. $ 0.1. Then, the second term in
€q 16 can no longer be neglected and cross relaxation becomes
sensitive to 1.

4.3. Radial and Angular Order Parameters. The order pa-
rameters S of the dipolar interaction between spins k and |, and
correspondingly the trajectory function ff}(¢) of eq 12, depends
on the variation of the internuclear distance r,ij(t) as well as on
the variation of the angular functions 88°(¢) and ¢5°(s).
Moreover, eq 13 shows that the cross- relaxatlon rate constant Iy,
depends not only on the order parameter S%, as defined in eq 14,
but also on the distance averaging through the factor (1/rf).

Brischweiler et al.

Because radial and angular variations have opposite effects on
the cross-relaxation rate, as will be shown below, it is desirable
to factorize S7 into separate radial and angular contributions. We
write S}, as the approximate product

S2 =~ SE'HS%]'H (20)

where S2,, represents the “radial order” and S, the “angular
order”. The quality of this approximation will be tested below.
The two new order parameters are defined by (cf. eqs 7 and 14)

2
1 1
St = <a> /<E> (21

. 4r 2
Sk = lim(Pcos xu@)) = 5 T (VinlBud)) P (22)

and

Both order parameters are confined to the interval [0,1].

The separation of radial and angular order parameters is useful
for describing the different influences of radial and angular order
on the NMR cross-relaxation rates. Rapid radial fluctuations
lead to an increased cross-relaxation rate since short distances have
a stronger weight in the average dipolar interaction (1/r3;) than
the larger distances. The following two inequalities are strictly

applicable:
2
1 1 1
—)z{=) (23)
<’§1> <"i1> (ra)®

The first inequality implies that for a given distance distribution
of a nuclear pair ki, the magnitude of the cross-relaxation rate
constant for the case 14 > 7. is always larger than or equal to
the rate for 7y « 7. (compare curves 1 and 5 in Figure 7a,b).
The second inequality signifies that for both motional regimes the
cross-relaxation rates are larger than or equal to the one attributed
to a rigid pair with the linearly averaged distance. The equality
signs apply only in the absence of internal motion.

Angular fluctuations reduce the cross-relaxation rate because
the angular term P,(cos xy) of the dipolar correlation function
is reduced by motional averaging. The angular term is maximal
and equal to 1 in the absence of angular motion (x,, = 0) and
smaller than 1 whenever such motion occurs (except for x, = ).

In eq 20 strict equality holds only when the radical and angular
motions are statistically independent. As will be shown below,
the correlation between radial and angular dynamics is usually
weak in real molecules, due to the presence of many motional
degrees of freedom. Even in cases where the correlation is sig-
nificant, eq 20 may provide a good approximation (see section
4.4), Separation of radial and angular motion for heteronuclear
atom pairs is discussed in ref 36.

The effect of the degree of correlation between the two order
parameters S%,.and S, on S is indicated in Figure 8 where the
product S}, HS, u for dlfferent proton pairs is plotted against the
total order parameter S for antamanide computed from the
molecular dynamics traJectory For S% > 0.5, there are very few
significant deviations; for $%, < 0.5 the deviations are somewhat
larger. Both positive (i.e. $7,S2;, > S%) and negative deviations
are found. The linear regression correlation coefficient is 0.996.
The relatively minor deviations of the points from the diagonal
indicate that the interdependence of the two order parameters is
weak for most of the proton pairs and that the influences of angular
and radial fluctuations are separable for this example. In Figure
9, the contributions of angular and radial fluctuations to the order
parameter, and thus to the cross-relaxation rate, are §1ven for
various proton pairs in antamanide. The points with S ,, below
0.6 belong to pairs that involve at least one of the Phe® s1de-cha1n
protons. All backbone pairs are restricted to S2,;, Sq g > 0.9, in
agreement with the fluctuations listed in Table I. It is obvious
that there is little correlation between the magnitudes of the two
order parameters.

(36) Henry, E. R.; Szabo, A. J. Chem. Phys. 1988, §2, 4753.
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Figure 7. Effect of variable r.wy, Tuwy, and S on THOE4™ and TROEA™  Five curves are shown for rw, = 100 (1), 10 (2), 1 (3), 10! (4), and 1072
(5) as a function of rw,. Parts a and b refer to the quantities T *Fwyc while parts ¢ and d show the behavior of T8 w,c Where ¢ = (1/r%)~'¢™! for

S? = 0.7 and 0.2, respectively. T'NCE and T'ROF are defined in eqs 16 and 17.
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Figure 8. S2,,S3, plotted versus S} to check the product approximation
of eq 20 f?Ar the proton pairs in antamanide with average distances smaller
than 4.5 A.

The numerical values of the order parameters S3 ) and S%,
obtained in the present analysis are upper limits, since not all
aspects of proton motion are well represented. First, proton bond
stretching is suppressed by using SHAKE to allow an integration
time step of 1 fs (cf. section 3). This is expected to be a small
effect. Second, there is the limited time range of the simulation
which leads to an underestimate of slow large scale motion (e.g.
ring flips).

A qualitative relation between the radial fluctuation o(ry) =
((ra = (ra))»"/? and the radial order parameter S, is expected
since large amplitude fluctuations contribute to a reduced order
parameter and vice versa. Figure 10a shows that there indeed
is a qualitative correlation of the two quantities. The exact relation
seems to depend on the nature of the motions involved. To clarify

1.0 PR TR

0.9+

2 087 ® 0
Sru -

0.7+ . -_.J' i
06} .4 1 ) E

L -3 - 4
| I
30

0.2 0.4 08 0.8 1.0

2
Sa,u

Figure 9. Correlation plot of angular and radial order parameters S
and S2,, for the proton pairs used in Figure 8.

the dependence, we show in Figure 9a the results from three model
calculations. The nearly straight solid line corresponds to a
Gaussian distribution of the fluctuation amplitudes

1
plry) = m exp[-(ru = ru0)?/ Qo(r)H]  (24)

with a cutoff at a 5% amplitude level. The dash—dotted line
corresponds to a uniform distance distribution (square well) within
an interval Ar corresponding to o(ry) = Ar/+/12. The dashed
line refers to a two-site jump model with equal populations in the
two sites. For small fluctuations, all three models agree well with
the MD data. For larger fluctuations, the data become more
sensitive to the distribution function. For example, the order
parameter S? for the two-site jump model is always larger than
0.5. The good fit obtained with the Gaussian model for S?,, =
0.7 is not surprising since the distributions in r, are in fact nearly
Gaussian in many cases (see Figure 4). Points in the lower right
corner correspond to pairs involving the aromatic protons of Phe®.
These values can be interpreted as arising from two-site exchange
between harmonic wells with a Gaussian local fluctuation dis-
tribution. For the pair PheSNH-PheSH,, {3}, this behavior is shown
in Figure 4c.
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Figure 10. (a) Correlation of relative radial fluctuation (a(ry)/{ry})?
and radial order parameter S?,.. The crosses represent the results of the
MD simulation of antamanide. The solid line corresponds to a Gaussian
radial distribution, the dash-dotted line to a square well distribution, and
the dashed line to an equipopulated two-site distribution. For radial order
parameters close t0 1, all three distributjons can be approximated by the
linear relation Sf'kl = 1-8.14 (o(r)/{ru))? (b) Quantification of ine-
quality eq 22 (1/rf) 2 (1/rmp)* 2 1/(ry)® by plotting 1/S2 vs
(1/7%)){ry)®. The curves correspond to the same models as shown in part
a.

The points in the upper right of Figure 10a can be traced back
to unequally populated multiple site systems. For example, the
pair Pro®H;,~PheH,, {10} exhibits a double peaked distribution
with the dominant maximum centered at 2.7 A and a second much
smaller maximum at 7.0 A (see Figure 4e,f). The second max-
imum influences the variance a(r) but has virtually no effect on
the order parameter S2,, which is dominated by the distribution
near the smaller value of » = 2.7 A. This is a consequence of the
strongly nonlinear averaging of (1/r})? and (1/7{,) that deter-
mine S2,,.

Figure 10b shows a graphical presentation of the inequalities
of eq 23 applied to the MD data and to the three analytical
distance distributions used in Figure 9a. Radial order parameters
above 0.85, corresponding to 1/S? < 1.18, show excellent
agreement with all three distribution models, which are very
similar in this range. For smaller S? the results are more de-
pendent on the details of the distance distribution. Under favorable
circumstances this graph can be used to estimate S? from ex-
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perimental data (see section 6).

4.4. Order Parameters for Simple Analytical Models. We
compute in this section the radial, angular, and total order pa-
rameters for four motional model systems that involve discrete
jumps between two or three equally populated sites in order to
check the validity of the product approximation of eq 20.

The models discussed in the following are limiting cases that
are not directly comparable to situations in antamanide but
nevertheless illustrate the range of validity of the product ap-
proximation.

(i) General Expressions. We assume a general discrete lattice
jump model where a proton pair has N different possible sites,
each characterized by an internuclear vector r,, measured in a
molecule fixed frame, and by its probability p, i = 1, ..., N.

The order parameter can be calculated from eq 7

P,(cos x(1))
St = 1/ lim { 2228 XD
= \ P(ty + 1) (ty)
N XN Py(cos x;)
= [Zpr1 lim X p P(tolitott) ——5—  (25)
i=1 t—eija] rir}
where P(i,t|/,) is the conditional probability for the proton pair
to be at site j at time ¢, if it was at site i at time ¢,, and cos x;;
= rer;/Irlr]. Since lim, ..P(i,to|j,to+t) = p; for a stationary
stochastic process, we have

N N Pyfcos xy)
ST = [Zpr 1 Eppy——— (26)
i=1 ij=1 r,3rj3
Analogously, S and S? are calculated according to
N
S3 = ,_lezijz(cos Xi) @7
ij=
and
N N 2
8t = [Zpr [ py7] (28)
i= =

(ii) Three-Site Model with Equal Populations. We assume a
molecular fragment corresponding to the C*H-CfH part of an
amino acid residue and suppose that the C°H fragment can assume
three equally populated rotational positions in trans and gauche
relations to C*H. Assuming tetrahedral bond angles and rec =
1.54 A, rcy = 1.09 A, one finds based on egs 26-28 the following
order parameters for the H,~H; vector

S§2=0937 S = 0.624
and
S25% = 0.584 S? =0.582

The product rule is well satisfied in this case.

(iii) Two-Site Model with Equal Populations. The model again
refers to a C*H—-CPH fragment. In this case we assume, however,
that one of the two gauche rotamers remains unpopulated. This
leads to the order parameters

$2=0916 S =0.745

and
S25% = 0.683 S? =0.704

The deviation between the product and S? is slightly larger in this
case and correlation effects are noticeable. Nevertheless, the
product approximation remains useful,

(iv) General Two-Site Jump Model. We assume an internuclear
vector r that can jump between two energetically equivalent
positions r; and r;. The jump corresponds to a radial change 2¢
= |Ir,| - Ir;]| and a rotation by an angle x with cos x = (r,-ry)/
|ry]|rs]. The product of the order parameters S2S3 and the integral
order parameter S? have been computed for pairs ¢ and x. The
resulting plots are shown in Figure 11. A comparison of the plots
demonstrates that the order parameter S2, defined in eq 10, is
rather insensitive to correlations of the radial and angular fluc-
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tuations as long as 82 > 0.6. For this case, the deviations between
S282 and S? are smaller than 0.1. For small order parameters
S?, the deviations become more significant. Normally, there are
several motional modes that affect the same internuclear vector
and correlation effects are smaller than for the extreme single jump
process, where distance and angle are altered at the same time,
as assumed here. This can be seen from the good agreement
obtained over a wide range of $2 values for antamanide in Figure
8. It should also be noted that for large angular flips x, the concept
of order parameters becomes less meaningful because of the
nonlinearity and periodicity of P,(cos x). For instance, x = 180°
may induce a large conformational change, but it does not affect
the angular order parameter and the cross-relaxation rate constant.

(v) Double Sphere Diffusion. In the diffusion model to be
discussed here, both protons involved in the cross-relaxation process
are allowed to diffuse freely and independently within spheres of
radius 7 with center separation 4. Figure 12 shows the dependence
of §?, S%, 8%, and SS? for this model as a function of 2r/d. For
each point in the plot, 10000 different internuclear vectors were
constructed from random pairs of vectors r; and r, between the
two spheres. The figure demonstrates that the product approx-
imation is well fulfilled. The slightly irregular form of the curves
is due to the limited number of sampling points (100 points per
sphere). A particular feature of this model is that the radial order
parameter is systematically smaller than the angular order pa-
rameter (S? < S%). This contrasts with the results of molecular
dynamics simulation for the majority of the proton pairs in an-
tamanide (see Figure 9) and suggests that in the simulations there
is correlation in the atomic motion that restrains the variation in
interparticle distances. Protein simulations have shown this to
be true for nuclei that are separated by distances of the range
considered here.*

5. Cross-Relaxation Rates in Antamanide

In this section we consider the influence of intramolecular
motion on the measurement of average internuclear distances in
molecules through cross-relaxation rates, using antamanide as an
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Figure 12. Order parameters for double sphere diffusion as functions of
the ratio of the diameter 2r to distance d of two equal spheres. The
approximation of the function S%(2r/d) by the relation S? = 1.01 -
0.16(2r/d) — 1.06(2r/d)?, obtained by fitting the data, is also shown.

example. For a rigid and isotropically rotating molecule, the
cross-relaxation rate constant from NOESY or ROESY spectra
can be interpreted quantitatively by a calibration of the experi-
mental rate constants with spin pairs of known distance. Often
geminal proton pairs are used for this purpose. The internuclear
distance is then proportional to the ratio of the sixth root of the
inverse cross-relaxation rates

rg = [Fgeminal/rk.l]l/srgeminal (29)

Deviations from eq 29 are expected in the presence of intra-
molecular motion, as has been discussed in a previous molecular
dynamics analysis of this problem.!? Figure 13 correlates the sixth
root of the inverse cross-relaxation rate constant for various proton
pairs calculated from the spectral densities obtained from the
antamanide trajectory with the linearly averaged internuclear
distance from the same trajectory. In Figure 13a the NOESY
cross-relaxation rate constants, computed from eq 2a, are plotted;
in Figure 13b, the ROESY cross-relaxation rate constants from
eq 2b are shown. The straight line, corresponding to eq 29,
connects the origin with the points for the geminal protons in the
molecule. It is seen that for most proton pairs the NOESY and
ROESY cross-relaxation rates lead to an underestimation of the
distance with deviations up to 0.3 A for the NOESY
[Pro®H;,-Phe’H,{11}] and 1.0 A for ROESY [Phe’Hg—
PheSH,,{2}]. The origin is found in the fact, mentioned in section
4, that the geminal proton pairs experience predominantly angular
fluctuations which reduce the cross-relaxation rate (the distance
fluctuations are negligible), so that the rates for other proton pairs
appear to be correspondingly larger. It is possible to correct for
this effect by scaling the slope of the calibration line. A numerical
fit yields a scaling factor of 1.016 for both NOE-derived (Figure
13a) and ROE-derived distances (Figure 13b) (of proton pairs
not involved in side-chain transitions) with which the measured
distances have to be multiplied. It is not unlikely that molecules
of comparable flexibility (e.g. other cyclic peptides) behave sim-
ilarly so that the same scaling of distances might be applicable.

There are also cross peaks significantly above the straight lines
in Figure 13. They belong to proton pairs with very high angular
mobility and strongly averaged dipolar interaction. This occrrs
in particular for cross peaks associated with the protons . the
mobile phenyl ring of Phe?, e.g. PhefH,—PheSH,, {8}. So. .« NOE
cross peaks even change their sign as a consequence of strong and
relatively slow internal fluctuations. These proton pairs are in-
dicated in Figure 13a in the lower graph. For these pairs,
—(T}OE4m)-16 s plotted as a function of {ry). They all represen:
intraresidue proton pairs of Phe®, such as Phe®Hg —Phe®H;; {5}
and PhefH,,~PheSH, {9}. The sign change occurs due to a dif-
ferential scaling of tlge terms Ji4(0) and J,(2wp) in eq 2a by the
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Figure 13. Correlation of cross-relaxation rate constants and average
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intramolecular dynamics (see eqs 17 and 18). In the corresponding
ROESY spectrum (Figure 13b) a sign change of the cross-peak
intensities cannot occur (cf. eq 2b). By use of geminal protons
for distance calibration in ROESY, an underestimation of in-
ternuclear distances occurs more often than for NOESY. This
feature reflects a delicate competition between the second term
in eq 17 and S2. In the case of NOESY, the second term has a
stronger influence which results in a decrease of the cross-re-
laxation rate. In the case of ROESY, the effect of S? dominates
and the second term in eq 17 is of minor importance. Qualitative
differences in the behavior of a proton pair in NOESY and in
ROESY can unambiguously be attributed to the presence of
medium fast motional processes.

To analyze the influence of the order parameters on the ac-
curacy of distances determined from cross-relaxation rates, it is
convenient to introduce the relative cross-relaxation rate constants
YNOEK = FNVOEm/FNOEm and Yroew = FROEH/FROEH where

%Em and I‘ROE 4 are computed based on average internuclear
distances (r,) extracted from the trajectory, and using egs 19,
2a, and 2b, with the assumption that the molecule is rigid, while
T'$i8g o and g 4 are obtained from eqs 2-7, using the molecular
dynamics trajectory.

Parts a and b of Figure 14 correlate ZNOE“ and Ygog» e
spectively, with the total order parameter SZ. Although S% reflects
the degree of intramolecular motion and larger deviations of vy
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constant 'yil OF = pNOE dy“/ TNOEstat and SZ and (b) between yROE =

TROEdym ) TROEstat and 82 of the proton pairs displayed in Figure 13.

from 1 are associated with smaller S3, it is not a good measure
of the influence of motion on cross relaxation. In particular, the
relative cross-relaxation rate constant 4, can be larger or smaller
than 1, irrespective of S§;. This is true for both NOE and ROE
cross-relaxation rates.

The lack of correlation seen in Figure 14 is caused by the
opposite effects of radial and angular motion. It is therefore of
advantage to separate the radial and angular contributions. One
may try to correlate the v, with the ratio Sn H/S '+ Figure 15
shows that for S3,,/S? K <1 the ratio yy is predommantly smaller
than 1, while for Sn " /Sr w > 1, the ratio vy, is mostly larger than
1. In the range 0.5-1.2 for NOESY and 0.2-1.3 for ROESY,
there is nearly linear relation for a majority of proton pairs.
However, some proton pairs with large deviations are apparent.
There are again proton pairs that exhibit strong deviations of
opposite sign for NOE and ROE cross relaxation, such as the pairs
Phe’Hp,-PheSH;, {2} and PheNH-Phe‘H,; {3}. Nevertheless the
general correlation is apparent in contrast to the missing correlation
with S in Figure 14,

6. Analysis of Intramolecular Motion via Cross-Relaxation
Measurements

Since there is a significant influence of intramolecular motion
on cross-relaxation rates, their measurement can provide infor-
mation on intramolecular motion. If only a single measurement
is available, it is not possible to separate the various factors, such
as the mtemuclear separation (ry), the order parameters Sty S
and S2,, and the correlation time 7. However, in principle, the
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NOE and ROE cross-relaxation rate constants I'l°F and I'ROE
can be measured as functions of the magnetic field strength B,
and provide information that may allow a separation of the various
factors. In addition, the overall tumbling correlation time could
be varied by changing the viscosity of the solvent to displace the
time-scale window for the observation of intramolecular motion.
In this section, we examine the feasibility of using such information
by means of model calculations.

The spin-lattice and rotating-frame relaxation times 7', and
T, of a spin k can be quite sensitive to intramolecular motion.
However because T,y and T, refer to a single spin, the con-
tributions from interactions with different neighboring spins and
of different relaxation mechanisms cannot be distinguished readily.
This is a severe problem for the interpretation of proton relaxation
times. To avoid this difficulty, many studies of protein motion
have focused on carbon-13 and nitrogen-15 relaxation times.*’-*
At not too high magnetic fields, where relaxation by chemical
shielding anisotropy can be neglected, the dominant relaxation
mechanism is the dipolar interaction with the directly bonded
proton(s), and relaxation rates can be interpreted unambiguously
in terms of the motion of the CH or NH vector(s). The relevant
heteronuclear dipolar interactions are one-bond interactions that
are sensitive only to local intramolecular dynamics. At high

(37) Nirmala, N. R.; Wagner, G. J. Am. Chem. Soc. 1988, 110, 7557.
(38) Clore, G. M.; Driscoll, P. C.; Wingfield, P. T.; Gronenborn, A. M.
Biochemistry 1990, 29, 7387.
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magnetic fields, relaxation by chemical shielding anisotropy be-
comes nonnegligible and makes the interpretation more difficult.

The use of homonuclear cross relaxation or protons for dynamics
studies might be attractive for two reasons: (a) the cross-relaxation
rate monitors exclusively a single-pair interaction irrespective of
the complexity of the interaction network; (b) long-range NOE’s
and ROE’s are a potential source of information concerning dy-
namical processes of a more collective nature, for example fast
segmental motions, which have hitherto been inaccessible by NMR
relaxation measurements, Thus, such proton studies may be useful
to examine a wide range of behavior.

To obtain a measure for intramolecular motion that is inde-
pendent of the magnetic nuclear dipolar interaction strength, a
ratio between two measured rates can be used. In the present
case, it is convenient to compare measurements in the laboratory
and rotating frame. The ratio

w = TROF/T{O® (30)

calculated from egs 2a, 2b, and 12 is plotted in Figure 16 for two
correlation times 7., two order parameters S, and ten ratios 7,/ 7,
as a function of the resonance frequency wy/2x. It should be noted
that py is independent of the quantity S§,,, introduced in eq 11.
The case 7. = 0.6 ns represents a small biomolecule (e.g. a peptide,
such as antamanide) while the case 7, = 6 ns corresponds to a
medium size protein. The four graphs show that rapid internal
motion leads toward curve 10 in Figure 16 that is asymptotically
independent of the internal correlation time 1,y and depends ex-
clusively on wqr.. Figure 16 demonstrates that py, has informative
behavior if both of the following two conditions are fulfilled

@ 0.1 < 1y/7. < 10
(ii) 0.1 < wyrldt < 10

Inequality i is necessary for the relaxation rates to depend on 7
and inequality ii to guarantee that the NOESY and ROESY rates
differ sufficiently due to their different spectral intensity con-
tributions (eq 2). From the previous section it can be concluded
that the proton pairs involved in the side chain motion of Phe®
fulfill both inequalities.

Although the magnetic field dependence is characteristically
different for different values of S% and 7/, it might not be easy
to apply the method in practice and to obtain accurate enough
values for the two quantities due to sensitivity problems. However,
careful measurements would allow one to detect and to localize
intramolecular motion at least qualitatively and to obtain limits
for both S% and for 7/ 7..

If in favorable cases values for S and 7, have been determined
from such an analysis and additionally the average distance (r)
is available from other sources (e.g. X-ray data), an approximate
value for S? can be obtained from the empirical relationship
between 1 /SE and (1/r%)+(r)8 visualized in Figure 10b. By use
of the product approach, an estimate for the angular order pa-
rameter is given by S3 =~ S2/S%. A systematic evaluation of these
parameters for different regions of the molecule could be used
to improve the understanding of the nature of motion in bio-
polymers. It would also be of interest to combine such NMR
results with motional information from X-ray diffraction and
incoherent neutron or light scattering to test the consistency of
the interpretation of the various experiments.

7. Conclusions

In this paper we have extended the time scale and analysis of
molecular dynamics simulations to determine the influence of rapid
intramolecular motional processes on nuclear relaxation. An
800-ps molecular dynamics simulation of the cyclic decapeptide
antamanide in chloroform was used for the study. The results
demonstrate that most of the effects of the calculated intramo-
lecular motion on relaxation behavior can be described by using
a product approximation which separates radial and angular order
parameters and an effective internal correlation time. Such a
simple description summarizes the information of intramolecular
mobility obtainable from NMR in the time range considered.
Comparisons with analytic models indicate under what conditions
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the product approximation is satisfied, although the simplifying
assumptions of the models about the internal motions are not fully
realistic. A procedure has been proposed to extract motional
parameters from a combination of NOESY and ROESY ex-
periments in cases where intramolecular motion can be charac-
terized by correlation functions with a monoexponential decay.

A limitation of this study, as well as earlier work based on
shorter simulations, is that the simulations are not long enough
to include the full range of motions of importance to NMR re-
laxation. Extensions are conceivable in several directions, some
of which require substantially increased computer power. (i) To
cover the slower motional processes by direct MD trajectories
would require an increase in the length of the simulations by
several orders of magnitude; this is feasible in principle but ex-
pensive at this time. Alternatively, special methods (e.g. potentials
of mean force) might be used to overcome the time scale problem
for specific groups. (ii) In order to study the effects of other
biomolecular motional features, not displayed by cyclic peptides
of the size of antamanide, similar studies of medium-size proteins
would be attractive; some work of this type is being done by C.
B. Post (private communication) based on a simulation of lyso-
zyme. (iii) Some of the results could also be influenced by the
chosen initial molecular structure and the choice of potential.
Averaging over an ensemble of MD trajectories for different initial
structures would be of interest, as would be the use of the new

all-hydrogen potential that has been developed at Harvard. As
a part of such a larger scale simulation effort, it is important that
also more detailed experimental information is available to adjust
the computational model. The most relevant measurements in
this context are relaxation studies of various kinds and sophis-
tication that allow to deduce correlation and cross-correlation
functions of intramolecular motional processes within the limits
mentioned in this paper. Of particular value are measurements
that are sensitive to individual pair interactions such as advanced
cross-relaxation studies in the context of 2D spectroscopy. By
a joint program of improved simulations and extensive experiments,
it should be possible to obtain a more detailed picture of the
internal motions in biologically relevant molecules that might be
of importance for their function.
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