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Summary 

Spectral densities of the 15N amide in Escherichia coli ribonuclease HI, obtained from NMR relaxation 
experiments, were compared with those calculated using a molecular dynamics (MD) simulation. All 
calculations and comparisons assumed that the auto-correlation function describing the internal motions 
of the molecule was independent of the auto-correlation function associated with overall rotational 
diffusion. Comparisons were limited to those residues for which the auto-correlation function of internal 
motions rapidly relaxed and reached a steady state within 205 ps. The results show the importance of 
frequency components as well as amplitudes of internal motions in order to obtain a meaningful com- 
parison of MD simulations with NMR data. 

Fluctuations of protein structures at the atomic level 
have previously been investigated by examining the time- 
correlation functions or the spectral density functions 
calculated from molecular dynamics (MD) simulations 
(McCammon et al., 1979; Swaminathan et al., 1982; 
Brooks et al., 1983; Nadler et al., 1987). Generally, spec- 
tral densities have well-characterized frequency and am- 
plitude components which accordingly reflect the internal 
motions of proteins. However, calculated spectral den- 
sities have not been directly compared with the results 
obtained using NMR, because of the limited time scales 
available. Recently, MD simulations of up to a nano- 
second have been used successfully to estimate the com- 
plicated internal dynamics of protein molecules (Levitt 
and Sharon, 1988; Brunne et al., 1993). Moreover, NMR 
measurements of ~SN relaxation parameters have been 
performed and have been related to the internal mobility 
of proteins using model spectral density functions (Lipari 
and Szabo, 1982a,b; Kay et al., 1989,1992; Clore et al., 
1990; Barbato et al., 1992; Peng and Wagner, 1992a; 
Schneider et al., 1992; Stone et al., 1992; Cheng et al., 
1994; Kraulis et al., 1994; Tycko, 1994). 

Recently, comparisons have been made between gener- 
alized order parameters resulting from MD simulations 
and those obtained experimentally from NMR (Chandra- 
sekhar et al., 1992; Ericksson et al., 1993; Balasubrama- 
nian et al., 1994; Fushman et al., 1994; Yamasaki et al., 
1995). The generalized order parameters were obtained 
using a model-free analysis of the ~SN relaxation data by 
assuming simple motional models (Palmer et al., 1991; 
Mandel et al., 1995). Good agreement between simulation 
and experiment was obtained for globular proteins, where 
the NMR spectral densities themselves can be completely 
reproduced by combining only a single rotational correla- 
tion time of a protein molecule and internal motions that 
are given by MD simulations. In such a case, the spectral 
densities obtained by NMR experiments should be direct- 
ly comparable to those obtained from MD simulations 
without the use of a 'filter', i.e., a simple motional model. 
Additionally, systems whose auto-correlation function are 
not truncated due to insufficient time should be compar- 
able to the NMR experimental data, otherwise the calcu- 
lation cannot be assured to express accurate values of the 
spectral densities. 
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In this report, we compare values of  the spectral den- 
sity function obtained from N M R  experiments with those 
calculated from MD simulations. The auto-correlation 
function of an N-H vector was represented by a simple 
multiplication of the overall rotational diffusion of a 
molecule and internal motions of the protein (Balasubra- 
manian et al., 1994). The auto-correlation function will 
provide a valid description of the motion of the N-H 
bond vector if it reaches a steady-state value within the 
time course of  the simulation. The spectral density func- 
tion was then obtained by Fourier transformation of the 
auto-correlation functions. Experimental spectral densities 
were obtained using quasi-spectral density function 
(QSDF) analysis. The QSDF analysis provides a simple 
method for the determination of three spectral densities, 
J(0), J(c%), and J(coy + con), from three rates of relaxation: 
longitudinal, transverse and cross relaxation, coy and (oH 
are the nitrogen and proton angular frequencies, respect- 
ively (Farrow et al., 1995; Ishima and Nagayama, 1995a, 
b). This is a modification of the method developed by 
Peng and Wagner (1992a,b). 

The current study used results from the MD simula- 
tions and ~SN relaxation measurements of  Escherichia eoli 
ribonuclease HI  (RNase HI) described previously by 
Yamasaki et al. (1995). The MD simulation was carried 
out for 430 ps in water, without the truncation of long- 
range Coulomb interactions, in order to avoid artificial 

fluctuations (Saito, 1994). After an equilibration time of 
100 ps, the auto-correlation function for each N-H vector 
resulting from internal motions was calculated using the 
remainder of  the data in the range from 1 to 205 ps (Ya- 
masaki et al., 1995). To include the effect of  rotational 
diffusion, the 205 ps auto-correlation function was multi- 
plied by the auto-correlation function describing the ro- 
tational diffusion of the molecule. The time dependence 
of the auto-correlation function between 206 ps and 130 
ns was assumed to depend only upon the rotational diffu- 
sion of the molecule, i.e., in this period the auto-correla- 
tion function for internal motions was assumed to have 
the same value as that at 205 ps. The auto-correlation 
function describing the overall rotation of the molecule 
was assumed to be a single exponential decay. The corre- 
lation time for the overall rotation was determined by 
minimizing the difference in the spectral densities derived 
from the N M R  experiments and the MD calculations, 
using a grid search from 8 to 17 ns with steps of  0.1 ns. 

The time course used to estimate the auto-correlation 
function was determined with a resolution of 1 ps; inter- 
nal motions faster than 1 ps were assumed to make a 
negligible contribution to values of the spectral densities, 
because the rotation of the molecule contributes more to 
the spectral densities than these internal motions. For the 
same reason, the noise between 206 ps and 130 ns was 
estimated to be negligible. Of the 155 residues in RNase 
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Fig. 1. Values for J(0) (11), J(60 MHz) (17) and J(540 MHz) (41,) plotted against residue number for RNase HI, obtained from (A) NMR experiments 
and (B) MD simulations. Results from 600 MHz NMR measurements were taken from Yamasaki et al. (1995). Errors in the spectral densities 
were less than 10% for J(0) and J(60 MHz) and are not shown in the figure. Errors for J(540 MHz) are shown in Fig. 3. The data at 60 and 540 
MHz correspond to the Larmor frequencies of ]SN and (~H plus ]SN), respectively. 
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Fig. 2. Correlation between the calculated (MD simulation) and 
experimentally determined values of the spectral density function at 
0 (n), 60 (El) and 540 (r MHz. 

HI, 92 had auto-correlation functions describing internal 
motions which reach a steady state within 205 ps. Resi- 
dues were judged to have reached their steady-state values 
when the standard deviation of their auto-correlation 
function between 150 and 205 ps was less than 0.02. 

Figure 1 shows values of the spectral density function 
from N M R  experiments (Fig. 1A) and MD simulations 
(Fig. 1B). The rotational correlation time for the calcu- 
lated spectral densities was estimated to be 12 ns, which 

is close to the value of 10.9 ns determined by Yamasaki 
et al. (1995) using the model-free analysis. To determine 
the rotational correlation time, the experimental values 
for J(0), as well as J(60 MHz) and J(540 MHz) were used. 
The calculated J(0) and J(60 MHz) had almost identical 
values for all residues shown in Fig. 1. This indicates that 
the calculated spectral densities are determined almost 
completely by the rotational correlation time. This is 
reasonable, because most of the auto correlations of the 
represented residues reached steady state within 10 ps. 

The correlation coefficient between the values of two 
spectral density functions derived from N M R  experiments 
(Fig. 1A) and MD simulations (Fig. 1B) was 0.995 (Fig. 
2). This indicates that the simulated values of the three 
spectral densities are of the same order as the NMR-  
derived values. However, the individual correlation coeffi- 
cients between the experimental and the simulated values 
for J(0), J(60 MHz) and J(540 MHz) were very poor: 
0.54, 0.077 and 0.11, respectively. In particular at 540 
MHz, the experimentally determined values were more 
scattered than the simulated values (Fig. 1), and the aver- 
age value was smaller. 

There are a number of possible explanations for the 
observed difference between the experimental and simu- 
lated values of J(540 MHz). First, the assumption used in 
the QSDF, that the values for J(c%) and J(c%-oN) are 
equivalent to the J(c% + oN) values (Ishima and Nagaya- 
ma, 1995a,b), may not be valid for many of the residues, 
as shown by the scatter in the experimental J(540 MHz) 
values. We compared the experimental J(540 MHz) values 
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Fig. 3. Plot of (A) 1 - S 2 values; and (B) the experimentally determined value of J(540 MHz). The 1 - S 2 values were taken from the data of 
Yamasaki et al. (1995). Data are shown for the residues as illustrated in Fig. 1. 
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with the NMR order parameters (S 2) in the model-free 
analysis (Yamasaki et al., 1995) in order to examine 
whether or not the QSDF assumption was one of the 
reasons for the observed discrepancy. Figure 3 shows 
values for J(540 MHz) and the (1 -S  2) terms. The para- 
meter S 2 indicates the restriction of internal motions in 
proteins. Figure 3 shows that there is a correlation in the 
residue profile between the values for J(540 MHz) and 
those for (1 -$2). The correlation is positive, which indi- 
cates that the measured J(540 MHz) values are mainly 
increased by internal motions. The existence of this corre- 
lation does not support the possibility that the assump- 
tion in the QSDF is not valid for many residues. 

Second, experimental errors may increase the scatter in 
the NMR-derived J(540 MHz) values relative to those de- 
termined from the simulation. There are many factors 
that affect the experimental data of individual residues. 
Evaluation of cross-peak intensities is complicated by low 
S/N ratio, problems with base-line distortion, and peak 
overlap. In particular, water suppression was used for a 
short period (100 ms) in order to minimize the water 
signal. We have to take these factors into account when 
we compare small differences in the values. 

Third, low-frequency motions, which are out of the 
range of MD simulations, may increase the scatter in the 
experimental values of J(540 MHz). The obtained poor 
correlation between the experimental and calculated J(60 
MHz) values supports this idea, because low-frequency 
motions also contribute to J(60 MHz). Simple calcula- 
tions show that even a small amplitude against the total 
amplitude of the auto-correlation can contribute to the 
large variation in J(540 MHz) when the correlation time 
is sufficiently large. For example, the value of zl(1 + c02z 2) 
at 540 MHz is 1 ps/rad when z = 1 ps, while this value is 
230 ps/rad when x = 1 ns. Therefore, significant contribu- 
tions from small amounts of low-frequency motions to 
the spectral density values are expected. We conclude that 
the scatter observed in the experimentally derived J(540 
MHz) values reflects both the low-frequency internal 
motions in proteins and the experimental errors. 

Experimentally determined spectral densities have been 
compared with those from the MD simulations for resi- 
dues whose calculated auto-correlation functions reached 
steady states within the time range of the simulations. For 
this class of residues, it has been demonstrated that: (i) 
the calculated spectral densities accurately reproduce 
those determined experimentally, although effects of low- 
frequency motions in the protein are suggested even for 
residues reaching steady states; (ii) the values for J(540 
MHz) reflect internal motions, as contributions from 
internal motions dominate those resulting from the over- 
all rotation of the molecule at this frequency; and (iii) in 
order to obtain a meaningful comparison of MD simu- 
lations with NMR experimental data, both the amplitude 
and the frequency of the motion have to be considered. 
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