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Recent experiments have shown two-dimensional nuclear
Overhauser enhancement spectroscopy (NOESY) to provide a

powerful probe of the biologically relevant liquid crystalline phase
of phospholipid bilayerd? Analysis of NOESY cross-relaxation
rates quantifies the high degree of molecular disorder in biological
membranes, showing a finite probability of close approach

between even the most distant segments of neighboring lipid
molecules (e.g., the methyl groups in the choline headgroup and

the terminal methyl groups of the fatty acid chains). In addition

to providing information on lipid structure, these rates are sensitive

to the dynamics of membrane reorganization in the correlation
time range from pico- to microseconds.

In the following, we describe our analysis of a 10-ns molecular
dynamics (MD) simulation of a 1,2-dipalmitogk-glycerol-3-

phosphocholine (DPPC) bilayer, where the cross-relaxation rates
between lipid resonances have been determined from the relevan

autocorrelation functions for proterproton dipolar interaction.
The simulation results confirm the existence of direct magnetiza-

tion exchange between distant lipid segments and allow inter-

pretation of the underlying correlation function in terms of
librational, rotational, and diffusive motions. The correlation
function is extremely complex, with relaxation occurring on a

variety of time scales, demonstrating that understanding NOESY
cross-relaxation rates requires knowledge of both the probability

of close approach for proterproton interaction and the time scale
with which the internuclear vector relaxes. The simulation
suggests that lipid lateral diffusion is involved in the relaxation
of the dipolar interaction correlation function. Although the
present simulation is unable to sample motions on this time
regime, combining simulation results with plausible estimates of

the lateral diffusion rate results in excellent agreement between

model and experiment. The results confirm the experimental
observation that NOESY magnetization transfer in the lipid matrix
occurs primarily via an intermolecular mechanism. Finally, the

observation that cross-relaxation rates are sensitive to both the
structure and dynamics of lipid bilayers demonstrates the value

of these experiments in verifying the quality of MD simulations.

The NOESY experiment probes the transfer of magnetization,
occurring over a time interval referred to as the mixing time, from
a set of magnetically equivalent protons (producing resongnce
to a second set (producing resonajjcd he calculation of these
cross-relaxation rates from models was described Bgdnveiler
and Wright and is summarized here. The rates of magnetization
transfer,
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are determined by the spectral densily(w), wherew, is the
proton Larmor frequency, angl= (27/5)y*h?(ud/4)?, wherey

is the gyromagnetic ratio. The spectral density is given by the
Fourier transform of the sum of autocorrelation functions for the
magnetic dipole-dipole interactions between all spins of reso-
nances andj:

T = £[33;(2wp) — Y1,3;(0)]

(@)= [ Cy(t) cospt) dt
z Ho(Ti§(0)) Yool T (1)) @)

4
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whereY,o = [5/167]Y%(3 cog 6 — 1), andd is the angle between
the internuclear vectory;, and thez axis (normal to the
membrane). The summations ovendj include all magnetically
equivalent protons of each resonance.

The Cj(t) defined in eq 2 were calculated from the MD
simulation for all pairs of protons defined in Figure 1. The
simulation consisted of 72 DPPC molecules at full hydration with
a fixed average surface area of 62.9/Molecule, a constant
normal pressure of 1 atm, and a constant temperature 8€50
The simulation protocol is described in more detail in ref 4. For

ach lipid in the simulation cell, th€;(t) were calculated by

umming over all possible proton pairs (including periodic
images). Because the denominator of the correlation function
depends on the sixth power of the separation, the contribution
from distant pairs is negligible, and thus the simulated membrane
patch (with lateral dimensions of approximately 50 A square) is
sufficient for calculating th€;(t). Both the mean values @f(t)
and their standard deviations were obtained by combining the
results for the 72 lipids; a typical correlation function is presented
in Figure 2. The spectral density functions can be obtained directly
from theC;(t) by fast Fourier transform (FFT) numerical methods.
However, it is more instructive to fit th€;(t) to a sum of
exponential decay functions, allowing tigw) to be calculated
analytically in terms of the fit parameters.

Ci=Yae"™ I =Y 2ar/l+w) (3)

This approach reports the contributiond {dfrom various motions
within the bilayer as a function of their correlation times.

Figure 2 shows an example of a correlation function calculated
from the MD trajectory (symbols). The figure also shows a fit of
the data to a sum of four exponentials (solid line), with four
adjustable intensities, three adjustable rate constants, and one fixed
rate constant. Fit parameters for a variety of resonance pairs are
given in Table 1. Based on previous analysis of the time scales
of lipid dynamics? these relaxation rates can be approximately
attributed to various motions<1 ps, bond vibrations; 50100
ps, gauche/trans isomerization;-2 ns, molecular rotation and
wobble;>100 ns, lateral diffusion. The intensities, report the
relative weight of the various molecular relaxation processes to
the decay ofC;(t). If we neglect differences in the distribution
functions of protor-proton distances at close contast6 A),
then the sum of the intensities,, is a representation of the
statistics of protorr-proton interactions in the bilayer.

The model correlation function with three adjustable decay
times and one fixed decay time was obtained by starting with a
single-exponential model, adding additional exponential functions,
and subsequently using tketesf to determine if the addition of
parameters was statistically significant. We found that fitting the
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Table 1. Exponential Fit Parameters for ti@(t) Correlation Functions Calculated from the MD Trajectory

peak as au/as 71(pS) alas 72(PS) aslas 73(PS) aulas 74(NS) I' (MD) Ira

1:3 1.8x 10°® 0.478 13.2 0.305 149 0.179 1335 0.038 170 —0.008 —0.007
1.5 8.7x 10°8 0.293 5.0 0.210 55 0.343 932 0.154 170 —0.002 —0.003
1:10 7.9x 1077 0.370 11.6 0.224 121 0.337 1187 0.069 170 —0.007 —0.006
355 3.3x 10°® 0.495 38.3 0.219 269 0.233 1755 0.052 170 -0.021 —0.012
3:10 1.4x 107 0.338 21.6 0.341 180 0.295 1987 0.025 170 —0.047 —0.044
5:10 2.2x 1075 0.427 11.6 0.389 98 0.182 949 0.002 170 —0.006 —0.017

aThe sums of the, are denoteds and are given in units 2. The T are calculated on a per proton basis and are reported in units-.of s
NOESY NMR spectra of DPPC at 5@ were acquired and analyzed as described previdddixperiments were conducted at 10 kHz MAS
spinning speed to obtain better agreement between peak intensity in the MAS center band and the number of protons per resonance. Furthermore,
we employed an enhanced peak integration routine for integration of partially superimposed resonances. Small deviations from expected center
band intensities were corrected by calculating effective number of protons per center band resonance.

2 decorrelation in lipids is due to lateral diffusion (i.e., increasing
NN G o intermolecular separations). Table 1 shows clearly that the
J o, L0 6. absolute value dfj is influenced by the fast relaxation processes
1WW\/\A}A c\<°5v7°ﬂ”7°sw'*< 5 and cannot always be taken as proportional to the number of close
S o o contacts; i.e., the ratio afy/as is not uniform.
Figure 1. Structure of DPPC. The numbers refer to the peak assignments  The MD simulation analysis allows th®y (1), Jj(w), andT; to
given in ref 1. be separated into inter- and intramolecular contributions. Compar-
040 ing the intramoleculaCj(t) in the inset of Figure 2 with the
complete correlation function (also in Figure 2) leads to a
0.08 - qualitative explanation of the experimental finding that intermo-
T 0060 lecular contributions are dominant in determining the cross-
= ; relaxation rate. The magnitude of the intramolecular correlation
5200“ function is observed to be approximately a factor of 10 less than

002 - the complete correlation function. Additionally, the intramolecular
i

C(t) has completely decayed on the time scale of 5 ns, while the
000t ] : : . intermolecular contribution has the slowly decaying residual tail
) ) ) ns that contributes most of the magnitude Bf. Calculating the

Figure 2. Correlation functionC;(t), for resonances 3 and 5. Raw data  crgss-relaxation rate for this resonance pair (using eq 3) results
points calculated from the MD simulation are represented as symbols, ; 5 intramolecular contribution of 0.56%. By this same method
and the solid line gives the best fit of the data to a sum of exponential the intramolecular contribution was calculated for the other,
functions (inset shows the intramolecular contribution). In carrying out resonance pairs and is always less than 10% (in most caid3
the fits, each data point was weighted by the inverse of its standard in accord with the experimental results in Table 4 of ref 1 T,hese
deviation. The small plateau value of the correlation function, arising calculations acain demonstrate the importance of bbth the
from intramolecular vectors onXao(f({)/r ()3, was calculated from magnitude anc%l relaxation time of the cgrrelation function in
the MD simulation and subtracted from the correlation function. gnituad A h

determiningl’; and highlight the complex nature of the analysis

. . . . . .. of NOESY experiments on fluid bilayers.

simulation data to four exponentials can provide four intensities i X i i

(a,) but only three decay times in a statistically significant manner. 10 Summarize, the simulation results confirm that cross-
This is not surprising since the slowest exponential represents a'€/axation is predominantly intermolecular and suggest that lateral
relaxation process that has been only partially sampled during diffusion of lipid molecules is a necessary component in relaxing
the MD simulation; therefore, its decay constant cannot be deter- the dipolar interaction correlation function to zero. Although, the
mined unambiguously. Assuming that the slowest relaxation arisesdiffusion process cannot be sufficiently sampled in a 10-ns MD
from lateral diffusion and that this motion is independent of the Simulation, the magnitude of the resulting decay can be estimated

lipid segments involved, we fixed identical values mfwhen by examining how far the correlation function remains to be

fitting each MD correlation function. Table 1 gives the best-fit '€laxed. Additionally, the present analysis demonstrates the
parameters obtained assuming= v~ = 170 ns, where is the potential for collaboration between laboratory and computational
frequency in a simple-jump model of lateral diffusion based on €Xperiments. In the present work, we have focused on extracting
experimental measurements of the diffusion coefficelhis information from simulation that is useful for the interpretation

simple assumption results in excellent agreement between the®f €xperimental results. Conversely, since the NOESY experiment
experimental and simulation cross-relaxation rafggsee Table is probing intermolecular structure and dynamics, it can provide

1). From these data, it is clear that the major contribution to the & Néw tool to verify the quality and integrity of MD simulation
cross-relaxation rate is made by the slowest motions; i.e., the fasto" lipid bilayers. In the past, simulations have relied primarily
motions determin&;; only by the extent to which they relax the  ©n “H NMR order parameters profiles and electron density
correlation function. Thus, determining the magnitude of the distributions to assess bilayer structure; however, these data do

slowest exponentiak, from the simulationC(t) is critical in not provide information on the lateral organization of the
calculating a cross-relaxation rate. In this sense, our analysis of émbrane. In addition to structural data, the NOESY experiment
lipid NOESY experiments is similar to the “model-free” approach prlgwdes time-resolved dynamic information that complements
of Lipari and Szabbfor the interpretation of protein NMR, where € rtglaxatlon previously employed for validating MD simula-
the effect of all fast motions is contained within a single param- tions® The NOESY experiment can also provide atomic level
eter, &, analogous tay in the present description. The processes information on the interactions of membranes with a variety of
responsible for the slow relaxation, however, are different. While Solute molecules, including peptide species.
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