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The motion of a chymotrypsin-like serine proteaS&PA has been studied by
torsion space normal mode analysis and by Cartesian space molecular dynamics, and
the results have been compared. The molecular dynamics trajectory was analyzed
using digital signal processing techniques to provide a set of characteristic modes that
can be compared directly with the normal modes. The results were also compared
with the motion implied by the crystallographic temperature factors. We find that in
spite of the radically different approximations used in the two methods, agreement
between the resulting motions and with the experimental data is surprisingly high. We
conclude thatthis agreement probably reflects an underlying robustness in the motion,
dictated primarily by van der Waals packing. In contrast to other proteins, there are
no large amplitude inter-domain motions. Rather, the low frequency, high amplitude
motions are concentrated in three surface hairpin loops. The movement of one these
loops, the specificity loop, appears to facilitate substrate bindirgioss Academic Press

Key Wordsmolecular dynamics; normal modes; protein structure; protein motion.

INTRODUCTION

Conformational flexibility is essential to many biological events. A variety of exper
mental methods give access to partial information on protein motion: X-ray crystallograg
provides accurate mean atomic positions, but only approximate values for the isotropic
plitudes of motion about those positions [1]. Limited information about protein flexibilit
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and movement is also available from diffuse x-ray scattering [2]. Some insight into
time scale of protein motion has been obtained from Raman spectroscopy [3], fluoresc
studies [4, 5], inelastic neutron scattering [6], and in particular, from NMR experiments |
However, these experimental techniques provide very few data on the spatial displacer
involved. Computational methods offer a means of exploring the details of the poss
motions. The two main approaches to investigating molecular motion are normal m
dynamics and molecular dynamics simulations.

Normal mode dynamics (NM) has long been used as a tool in interpreting vibratic
spectra of small molecules [8, 9] and homobiopolymers [10]. In recent years it has &
extended to the study of large systems such as proteins [11, 13]. The motion is model
a superposition of a set of independent harmonic oscillations about the equilibrium atc
positions. For protein work, the required forces are represented by the same type o
proximate empirical potential as that used in molecular dynamics. The method provide
informative visual model which characterizes the available types of motion in terms
frequency and of atomic amplitudes and directions of motion. Of particular interest is
ability to study slow collective motions of large biological molecules. It also allows f
the efficient calculation of time-averaged properties associated with positional fluctuati
However, it is not cleaa priori that the underlying assumptions are justified for larg
molecules. First, the motion is assumed to involve small oscillations about one minirr
energy conformation and to be harmonic (quadratic) in nature. Thus, its application in
tems such as proteins, with many local minima and large fluctuations, may not be v
Second, ithas not been possible to apply this approach to systems with inherently disor
components, so that solvent effects cannot be taken into account.

The other major technique, molecular dynamics (MD) [14, 15], involves solving Newto!
equations of motion to yield a trajectory of atomic positions. In principle, these represe
realistic description of molecular motion, including small and large structural fluctuatic
and conformational transitions. Moreover, this technique can take solvent effects intc
count explicitly. Limitations are imposed by the approximate nature of the force fields :
by the relatively short time scale (of the order of a nanosecond) computationally access
Although the laws of motion are very simple, the resultant trajectories are very complic:
and interpreting the complex motion is not trivial. In particular, it is difficult to investiga
long range collective motions. This problem has been addressed recently in a numb
studies, using different approaches. One method for identifying collective motions in |
teins from MD simulations makes use of the equal-time covariances and cross-correla
of atomic fluctuations, and has revealed that regions of secondary structure move inac
lated manner [16]. Diagonalization of the equal-time correlation and projection of the |
equations of motion onto the resulting eigenvectors is another approach to analyzing
important motions in the simulation [17]. A hybrid method projects the atomic trajector
in MD simulations onto previously calculated axes of normal modes [18], or onto axes
tained by principal component analysis [19]. Recently, a method using either NM anal
or a form of principal component analysis of a MD simulation was used to characterize
hinge-bending motion between two dynamical domains in lysozyme [20].

We have used digital signal processing techniques to characterize the motion in
simulations. Fourier transforming all the atomic trajectories yields the overall freque
distribution. We then choose the frequency ranges corresponding to motions of interes
eliminate the rest. In this way, as was demonstrated for small molecules [21, 22] anc
a protein [23], it is possible to remove high frequency bond stretches and valence a
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bending and focus on the low frequency conformational motion. Moreover, we are :
to extend this approach to extract the vectors defining the characteristic motion for «
frequency of interest in a MD simulation [22, 24]. These vectors are analogous to tt
obtained from NM and provide a pictorial description of the motion as well as a means
comparing the results of the two methods. The technique has been used for the stu
motion of small molecules, where distinct, well-resolved modes can be extracted fror
MD trajectory [22, 24].

We now apply this method to a protein molecuireptomyces Griseus Protease /
(SGPA, and compare the results to those obtained from NM analysis. We compare
amplitudes of the motion about the mean positions for the two methods with each othel
with x-ray data and examine the correlation of the directions of atomic fluctuations from
two simulations. We address the issues of how well the three descriptions of motion a
and what the implications of the results are for the nature of the factors controlling mo
in protein molecules. For the two types of simulation, the motions have been characte
in additional detail. This includes examining the nature of the motion as a function of
frequency, revealing the dependence of overall correlated motion on structural prope
of the protein, and comparing specific modes of motion obtained by NM and MD.

SGPAIs a small monomeric protein with a single polypeptide chain 181 amino a
residues in length. It is a member of the chymotrypsin class of serine proteases [25] w
fold made up of two similar anti-parall@-barrel domains. The structure has been solve
at a resolution of 1.8, and carefully refined to aR factor of 12.5% [25]. MD analysis is
based on a 216 ps MD simulation of the motion of the protein in its crystal environme
explicitly including the solvating water molecules and ions, and the neighboring prof
molecules [26].

METHODS

Minimization and Normal Mode Dynamics

The normal mode analysis was carried out on a single protein molécwacuo The
initial equilibrium conformation of the protein was obtained by minimizing the ener
of the x-ray structure, first with respect to the 7413 Cartesian coordinates (including
hydrogen atoms), using 1567 steps of conjugate gradient minimization with smoothing
an 8A cutoff [27] and then with respect to the 574 dihedral angles using a variable me
minimization routine. The minimizations were carried out with the program ENCAD (
Michael Levitt). Details of the force field are given in Ref. [28]. The force field was modifie
to use electrostatic interactions based on the partial charges of Hagler, Huler, and L
[29], rather than a specific hydrogen bond energy term. The@off was used to maintain
compatibility with earlier NM work. The minimization in Cartesian coordinates was stopg
when the energy change was less thar' @al/mol per step. The rms shift in coordinates a
this point was less than 18 A per step. The total rms change in coordinates from the x-r
coordinates was 0.48 The rms value of the final derivatives after minimization with respe
to dihedral angles was@x 10~° kcal/mol-rad (the largest derivative wask 10-4). The
second derivative matrix of the potential energy with respect to the dihedral angles
calculated numerically from the analytically determined values of the first derivatives
was then diagonalized to yield the normal modeg(eigenvectors) and frequencieg,
(eigenvalues). (For details, see Refs. [11, 30].) The complete dynamic behavior of
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system is described, in torsion space, by

Ny
0;(t) = QJ-O + Z ijock co2m vt + &), (1)
k

whereg; (1) is the jth torsion angle at time, 91-0 is the equilibrium value of torsion,
while o andey are the amplitude and phase of mddeespectively. The amplitudeg are
proportional to the temperatur€,

ak = (2keT)Y2 /2wy, 2

wherekg is Boltzmann’s constant. The corresponding dynamic behavior in Cartesian s
is given by

G (1) = likok COA2m it + &), ®3)
K

where tha th component of th&th normalized Cartesian mode amplitutjg, is given by

lic = (0% /36))Lj (4)
i

and g is the mass-weighted Cartesian coordinatg =mi1/ 2(xi —x9). In practice, the

Cartesian displacements for mo#lewere calculated numerically from the change ir
Cartesian coordinates obtained by perturbing the torsion anglbg,L .

Molecular Dynamics

Newton'’s equations of motion were solved numerically [14] using a Verlet algorithm [3
This simulation was performed in Cartesian space. The MD trajectory used for the ana
was a continuation of a simulation previously reported in [26]. Full details of the method «
be found there. The motion of the contents of two asymmetric units &@fAcrystal were
simulated, including two protein molecules with all hydrogen atoms, 1429 water molecu
26 dihydrogen phosphate ions, and 16 sodium ions. Protein heavy atom starting posi
were taken from the 1.8 resolution x-ray structure [25]. The simulation was performe
with a forerunner of the program DISCOVER (Molecular Simulations Inc., San Diego, C
which uses avalence force field [32]. The dynamics was run with crystal symmetry boun
conditions, coupling to a temperature bath [33j aril fstime step. Interactions closer than
15A between group centers were included, with a switching function smoothly decrea:
the potential from its full value to zero between 11 anddlB\fter initial Monte Carlo and
molecular dynamics relaxation of the solvent positions, a total of 216 ps of dynamics
run. Coordinates and energies were saved energy 10 fs. This rate of sampling correspo
a maximum frequency of 1670 crh[21, 34]. Only a few bond stretching vibrations occul
above this frequency. Since we are interested in the low frequency heavy atom mot
this rate of sampling is adequate. The last 16,384 history points (approximately 164 p
the simulation were used for the analysis. This corresponds to a frequency resolutic
0.2 cnt. The analysis was carried out using the program FOCUS [24].
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Derivation of the frequency distribution from a MD trajectoryl he frequency distribu-
tion function,g(v,), gives the density of motions at frequengy This function is obtained
from the trajectories of the atomic coordinates [21]

9(va) = (1/ksT)vZ > HZ(va) (5)
N | _
Hi(va) = 1/N ) g (tm) € 12 am/N, (6)
m=1

wheregq; (ty) is the value of the mass weighted displacement coordinatéime stepm
during the MD trajectory, and; (v,) is the value of the Fourier transformafat frequency
va. The frequency distribution can be calculated for the whole system or for a subse
atoms of interest.

Extracting modes. The normal modes were defined in Eq. (1) in terms of characteris
frequencies and associated amplitudes of motion. An analogous description of the mi
as a function of frequency can be obtained from the MD trajectory using Fourier transf
techniques. The Fourier transform of a coordinate trajectory (Eq. (6)) gives the amplit
of oscillation of this coordinate for each frequency. A sample madis,defined by the set
of normalized amplitudesy, of all coordinatesd,, at a specific frequency,. The absolute
value ofl;, is given by

lial = [Hi(va)l (7
and the relative direction is determined by

signflia] = sign[realH; (va)]] for real[H; (va)] > imag[H; (va)] ®)
signflia] = sign[imagH; (va)]] for real[H; (va)] < imag[Hi (va)], (9)

whereH; (v,) is defined in Eq. (6). For further details see Ref. [35].

It should be noted that the sample modes do not necessarily represent independer
tions. In principle, each independent mode should correspond to a peak in the frequ
distribution. Fluctuations in conformation during the molecular dynamics, and the disc
and finite nature of the trajectories, cause line broadening in the frequency distributiol
addition, for a large molecular such as a protein, there are a large number of closely s
frequencies. These factors result in an unresolved, but still useful, frequency distributi

Criteria for the Similarity of Modes

The similarity between a normal mo#end a MD sample modgmay be measured by
the dot products,, between their respective Cartesian displacement vectors,

S(azlk'lav (10)

wherely is thekth NM, andl, is theath extracted sample mode [22]. Such dot products ha
been widely used for comparison of normal modes [36] and modes obtained by princ
component analysis of MD simulations [37, 38]. The significance of the calculated
products was assessed by comparing them with a set of random modes [37]. The ra
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modes were generated by choosing three random numbers between 0 and 1 to provi
X, ¥, andz components of each atom. The dot product of random vectors is expected t
of the order of ¥+/N, whereN is the size of the vector.

The overall similarity of motion in selected regions of a molecule may be representet
the fractionF of the MD sample modes that have dot products greater than some thres
value with at least one normal mode. The threshold dot product value was taken to be
Since we are interested primarily in the correlation of the large amplitude motions, i
convenient to define a modified criteridfamp, Which is weighted by the mode amplitudes
For this purpose, we use the total amplitulé,, l;a-, of the subset of atonmisof interest
for a subset of MD sample modasin the frequency range under consideration. Each
the modes included in theg set satisfies the following criteria: (a) the amplitublg, of at
least one of the atoms in the fragment is greater than 0.4 of the largest atomic ampli
found in modex’; (b) there is a dot produ&» > 0.4, with at least one of the normal modes
k', where the amplitudd;y/, of at least one of the atoms in the fragment is greater thi
0.4 of the largest atomic amplitude found in mddeThe fraction of the total amplitude
accounted for by the amplitudes of sample modes similar to normal modes is thus

I:a\mpz Zlia’/zlia, (11)

ia’
where) ;. lia is the total amplitude of ath MD sample modes under consideration.

Removal of rigid body motion.In order to facilitate comparison of the NM and MD
motion, rigid body motion of the protein during the MD trajectory was removed. Ea
transient structure along the analyzed trajectory was transformed to produce the best
body fit to the structure of the first time step in the analysis.

Evaluation of the non-oscillatory component of the motiolim.the molecular dynamics
simulation the atomic fluctuations are due to rigid body motion and conformational tral
tions between conformational substates as well as oscillatory motions. Examination o
characteristics of the Fourier transform of a few of the atoms which undergo significant c
formational transitions reveals a large component at the first frequency sample (3)2 ci
which decreases rapidly with frequency. This is due to (a) “edge effects,” i.e., the first
last values in the atomic trajectory are significantly different; (b) “discontinuities,” i.e., re
atively sudden changes in value during the trajectories. Rigid body rotation and translz
mainly contribute to the first effect, while conformational transitions are usually (but
always) of the second type. The approximate “non-oscillatory” mep¥as defined by

X0 — Xfin _ Xinit, (12)

wherex"t andxfi are the coordinates at the beginning and end of the analyzed traject
respectively.

Calculation of Root Mean Square Atomic Fluctuations
The observed and calculated atomic fluctuations were derived as follows:

1. Experimental rms fluctuations about the mean atomic position of atme derived
from the corresponding crystallographic isotropic temperature fatphy [39]

(U?)2? = (3B /87%) "7 (13)

i /exp —
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2. The rms amplitude of motion of atonabout its mean position due to all normal mode
is [11]

1/2
(u?) /2 = <1/2Z|,kak> . (14)

3. The rms amplitude of motion about the mean position of atéram the molecular
dynamics trajectory is determined by

1/2

1/2
ZAX, (tm) /N] : (15)

where Ax are the atomic fluctuation vectorax; (tm) = X; (tm) — Xi andx; (t,) is the co-
ordinate vector of atornat time stepm, X; is the mean position of atoiduring the sample
period, andN is the number of samples.

Equal-Time Correlations
The correlation in the motions of atornand j in the MD simulation is given by [16]

1/2

Ci, ) = (AXi (tm) - AXj (tn))/(AXi (t)2) 7 2(AX; (tm)?) (16)

The corresponding correlation in the NM calculation is given by

1/2
Ci, ) => Il ;k/<ZI{EZIﬁ> : (17)
k k k
Whereli’k = Iik/vk.

RESULTS AND DISCUSSION

Root Mean Square Atomic Fluctuations

The characteristics of the atomic motion as obtained from experiment, NM dynam
and MD simulations are shown in Fig. 1a and Table I. The average rms atomic fluctuat
for the G, atoms obtained from x-ray and from the original molecular dynamics are simil
The average rms atomic fluctuations calculated by NM dynamics are significantly lower.
commonly observed that average atomic fluctuations from molecular mechanics simula
suchas NM dynamics[11, 40-43] and MD [23, 44, 45] differ in scale from the corresponc
experimental values. (In most cases the calculated values are lower.) This is partly d
the fact that the three sources reflect different types of motion. Normal mode dynar
represents only the harmonic component of intra-molecular motion, and does notinclud
effects of neighboring protein molecules, solvent, or ions. Molecular dynamics simulati
include some conformational transitions between different local minima, and in peric
boundary systems and translational and rotational rigid body motion. Since NM calculat
of large systems are, for simplicity, carried out in torsion space, while MD simulatic
include all internal degrees of freedom, some additional flexibility is to be expectec
the MD simulations. Experimental values are based on an isotropic harmonic modke
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FIG. 1. Root mean square fluctuations i @s a function of residue number. Results from experiment ar
NM and MD simulations are plotted in solid, dashed, and dotted lines, respectively. The atomic fluctuatior
the original MD simulation are shown in (a), while the fluctuations after removing rigid body motion and filteri
motions with frequency less then 1.6 chare shown in (b). Although the average amplitudes of the motior
differ, there is high overall correlations as a function of position in the protein (see Table I).

the individual atomic motions, but indirectly include some anharmonic motion effects.
well as contribution from alternative conformations not sampled on the MD time scale
imperfections in the crystal lattice.

Surprisingly, in spite of the large difference in amplitude of the NM data, the over
behavior as a function of position along the chain is very similar. Inspection of the cur

TABLE |
Comparison of C, RMS Fluctuations

Average RMS Correlation coefficients

amplitude

(A) NM MD? MDP MD®
Exp. 0.67 0.82 0.60 0.64 0.79
NM 0.25 0.53 0.62 0.76
MD? 0.63 0.95 0.76
MDP 0.50 0.86
MD® 0.34

a Original MD.

® MD without rigid body motion.
¢ Filtered MD (>1.6 cnm?).
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shows that the local maxima in the x-ray structure (at residues 11, 24, 64, 76, 118, 137
160) are all local maxima in the MD and NM curves as well. This similarity in pattern
reflected in the correlation coefficients of the calculated fluctuations and the experime
ones—0.82 and 0.60 for NM and MD, respectively (Table I). The expected simila
between the simulated values and the experimental ones is limited by the experim
accuracy: Liao and Herzberg [1] calculated the correlation coefficients betweep e
crystallographic temperature factors for a series of protein structures solved independ
in two different laboratories. They found a wide range of variability in the correlatic
coefficents, from a low of 0.07 to a high of 0.98. Higher values (0.5 or better), tend tc
found for higher resolution structures.

As shown in Table I, removing rigid body motion from the MD trajectory reduces tl
overall G, rms fluctuations from 0.63 to 0.5 without qualitatively changing the distribu-
tion as a function of residue number. The correlation with the NM motion increases to (
and there is also a small increase in correlation with the experimental motion. Incre:
correlation with the NM motion is to be expected, since rigid body motion is not rep
sented there. However, increased agreement with the experimental values is not exp
and suggests that the MD rigid body motion is unreliable (cf. below).

An examination of the trajectories of residues with fluctuations significantly higt
than the corresponding experimental values showed that these are typically involve
non-oscillatory conformational transitions, as reflected in the large amplitude of the “n
oscillatory mode” (Eq. (12)). The low frequency sample modes (up1db cnT?l) were
found to be highly correlated with the approximate “non-oscillatory mode.” That is, sam
modes up to this frequency have large amplitudes for atoms that undergo conformat
transitions and relatively negligible amplitudes for all other atoms. The effect of such tr
sitions was reduced by filtering the trajectory to eliminate motion with frequency less tl
~1.6 cntl, leaving mainly intramolecular oscillatory motion. The resulting average rr
fluctuations in the filtered trajectory is reduced to O&BAIthough this value is much lower
than the experimental one, the correlation with experiment increases to 0.76, and a new
in the MD fluctuation around residue 146 appears, in agreement with experiment an
NM results. In addition, the correlation coefficient with the NM calculations increasec
0.79. This similarity in intramolecular oscillatory motions obtained by the two methods
also evident in Fig. 1b.

Correlated Motion of Residues

A general indication of the degree of collective motion in the protein can be obtail
from the equal-time cross-correlations of atomic fluctuations. We have calculated the ci
correlations of the fluctuations of all,&, for the lowest 32 normal modes and for the ML
simulation. To gain further insight into the relation between the cross-correlations anc
inter-residue distance, we compared the patterns in the distance map and cross-corre
maps. The distance map (Fig. 2a) shows a pattern characteristi slieet structure with
lines perpendicular to the diagonal corresponding to close residues along adjacent sti
A short helix at the C-terminus of the protein gives rise to the band parallel to the diagon
the top right hand corner. The cross-correlations as a function of pairs of residues are s
in Figs. 2b—d. For the normal modes (Fig. 2b), the positive correlations closely mimic
regions of close inter-residue distance in Fig. 2a. There are also some long range positi
negative correlations. In the MD simulation, a similar short range positive correlation pat
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FIG. 2. (a) Inter-residue C-- - C, distance map foBGPA Distances less than A are shown in red, and
those between 9 and Zrare yellow. Red regions extending perpendicular to the diagonal show the close ¢
tacts between neighboring anti-parafe$trands. Inter-residue equal-time cross-correlation maps, obtained fr¢
(b) NM analysis, (c) MD trajectory, after removal of rigid body motion, conformational transitions, and hi
frequency motion£50 cnt?). (d) Modes extracted from the MD trajectory, no rigid body motion, frequencie
3.3 <v <50 cnt?. Correlations greater than 0.3 are shown in red, correlations between 0.2 and 0.3 in yel
correlations betweer-0.2 and—0.3 in light blue, and those less thai®.3 in dark blue. Both types of motion
show extensive positive correlations, but negative correlations are more pronounced in the normal modes.

is obtained, after eliminating rigid body motion and conformational transitions (Fig. 2
The negative correlations are much less prominent, and only two of the longer range

are evident. It is not possible to judge from the available data whether the strong long r:
negative correlations in the NM results are real, and conformational drift in the MD preve
them from being apparent there, or whether they are artifacts of the NM analysis. It sh
be noted, however, that these kinds of long range correlations have been observed il
analysis of other proteins [11].
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Frequency Distribution

Since the amplitude of a mode is inversely proportional to the frequency [11, 46], the n
significant motionis produced by the low frequency modes. These are the modes which
in the largest amplitude motion, with the least energy change. The conformational mc
which is of importance for biological events is expected to involve small energetic chan
Thus, we have concentrated on the low frequency motion of the protein as determined
normal mode dynamics and extraction of characteristic modes from molecular dynan
The frequencies of the normal modes up to 50 &rfi27 modes) are plotted in Fig. 3a.
The frequency distributiorg(v), in both the original MD trajectory and after removing the
rigid body motion is shown in Fig. 3b (0-50 ci). The frequency distributions with and
without rigid body motion are very similar except for a reduction in the valug(oj for
very low frequencies.

Unlike the discrete frequencies in the normal mode dynamics, the frequency distribu
in the MD simulation is continuous. This is a consequence of the fact that conformatic
variations during the simulation broaden the frequencies of the individual modes, cau
them to overlap. In order to better compare the discrete NM spectrum with the contint
MD distributions, the NM distribution has been expressed as a mode density by convolt
it with a Gaussian function generating a full width half maximum resolution of 1.5'cm
[6]. The density of modes in the MD simulation increases steadily up46 cnt?t. A
corresponding increase is observed for the normal mode dynamics.

We have extracted sample modes from the molecular dynamics simulation at interve
0.2 cnT, the highest resolution possible for the available simulation length, up to 15 cir
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FIG. 3. Frequency distribution as obtained from (a) NM dynamics, (b) original MD trajectory (dotted lin
and after removal of rigid body trajectory (solid line). The discrete frequencies of the normal modes are broac
with a resolution of 1.5 crrt to better compare them with the continuous MD distribution.
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FIG. 4. Atomic amplitudes of motion as a function of residue number and frequency for (a) NM analy:
(b) sample modes from the MD trajectory after removal of rigid body motion and frequencies below 1.6 bm
shading indicates the relative amplitude of the motion of each residue in each mode. Residues with ampli
between 70 and 100% of the largest value are black, amplitudes between 30 and 70% are in dark gray, amp
between 20 and 30% are in light gray (smaller amplitudes are not shown). MD modes are obtained by san
from the continuous distribution. As expected, the largest amplitude motions are observed at the lowest freque
For the normal modes, motion is concentrated in a few local regions of the protein.

yielding a total of 75 modes. Thus, all motions with periods betwe&64 and 2.2 ps are
considered. At the low frequency end of the spectrum, the lowest normal mode is'6 cr
while the MD trajectory represents motions down to 0.2 €nThe trajectory is, therefore,
longer than needed to cover all relevant motions. Rigid geometry calculations in ger
are known to over-estimate the stiffness of the energy surface [11, 47], so that normal r
calculations in dihedral space yield characteristic frequencies which are higher than t
obtained in Cartesian space [48]. Therefore, in comparing the extracted MD modes t
normal modes we include a higher range of frequencies, the 32 modes up to 25@m
the latter.
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TABLE Il
Regions in the Protein Selected for Analysis

Residues
Fragment PDB Sequential Description
a 29-44 5-16 Hairpin, very mobile
b 46-53 18-29 Hairpin, putative independent folding unit
c 89-105 47-58 Hairpin, low mobility
d 117-124 70-81 Insertion in domain linker, very mobile
e 166-179 111-124 Hairpin, very mobile
f 198-213 140-151 Hairpin, low mobility
g 214-228 152-166 Hairpin, specificity fragment, most mobile
h 231-241 169-180 C-terminal turn and helix

@ Residue numbers as given in PDB entry 2SGA.

The very low frequency conformational transition mode (obtained from Eq. (12)) v
found to correlate with the sample modes below 1.6 tmith a correlation coefficient
of 0.6-0.7, whereas the correlation with sample modes above 1.6 isntess than 0.4.
It is, therefore, possible to approximately separate the oscillatory motion from the
sitional or conformational rearrangements: Sample modes betb® cnt! may be re-
garded as mainly due to non-oscillatory motion and those above as mainly due to oscillz
motion.

Analysis of Specific Structural Units

We have compared the low frequency modes from the two methods for the whole prc
and for eight shorter structural elements (see Table I). These include théaixpin loops
(three in each of thg barrel domains). Three of thehairpins are the most mobile regions
of structure seen in the crystal: residues 5-16, 111-124, and 152-166. The latter he
forms part of the primary specificity pocket of the enzyme. Its large amplitude motior
attributable to its surface location, and the presence of four glycine residues. Howeve
tip of the hairpin forms a disulfide bond with a remote piece of chain. Apparently, during
motion this link is able to lengthen in a manner that does not greatly restrict the amplitt

By contrast, the two hairpins formed by residues 47-58 and 140-151 are two of the |
mobile regions of the structure (cf. Fig. 1). (Residue 54 displays only small fluctuati
in the experiment and NM dynamics, but larger fluctuations in the MD simulation. T
is attributed to a conformational transition in the MD since the motion is small in the
tered trajectory.) The two other regions analyzed correspond to putative semi-independ
folding fragments [49]. These are a hairpin-like insertion on the inter-domain linker regi
relative to other chymotrypsin class proteins [25] (residues 70-81), and the C-terminal |
together with the turn preceding it (residues 169—-180) [49]. Three of these regions (b, d
the end of h) are involved in intermolecular interactions in the crystal which might aff
the motion observed experimentally and by MD.

Analysis of Modes

Atomic amplitudes of motion.Figure 4a shows the relative amplitudes of theafoms
as a function of residue number for the 32 lowest normal modes. Examination of
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amplitudes of motion in the various normal modes reveals that the largest contributio
the overall motion comes from the low frequency modes, as expected. Similar behavio
been generally observed in previous NM calculations [11, 18, 40, 46]. As noted earlier.
low frequency modes are by nature low energy modes; i.e., it is less costly energeti
to deform the molecule along the low frequency modes than to achieve fluctuations o
same magnitude by deforming it along high frequency modes. Since the overall ener:
partitioned equally among the modes, distortions due to low frequency modes will acct
for most of the overall fluctuations. The largest amplitudes are obtained for fragmen
andein modes 1-5. Significant motion is also obtained for fragmanis d, h in some of
the modes. The largest amplitudes within these fragments are obtained for the centra
of the peptide, i.e., the turn regions. Examination of the distribution of amplitudes wit
each mode also reveals that the very lowest modes (i.e., 1-3, 5) are virtually localize
one fragment, whereas the motion of most of the higher modes is spread over larger
of the protein.

The amplitudes of oscillatory motion in the MD simulation are given in Fig. 4b. At tt
low frequency end, the motion is very pronounced in the fragment regions, particul:
fragmentsa, e, andg. At higher frequencies the motion is more equally distributed alor
the protein, in qualitative agreement with the results from the normal mode dynamics.

Correlated motion in the extracted MD mode&Ve have used the sample modes ex
tracted from the MD trajectory to recalculate the cross-correlations discussed above,
to examine whether the extraction process retained the characteristic features of the m
Figure 2d shows the inter-residue cross-correlations obtained using all sample modes
frequencies between 3.3 and 50 ©mThe pattern created by the positive correlations |
very similar to the pattern obtained from the original MD (Fig. 2c) and to that represent
close inter-residue distances (Fig. 2a). However, the high correlations in Fig. 2c appe
regions corresponding to somewhat larger inter-residue distances than the high correlz
in Fig. 2d. In addition, the negative correlations are smaller than those obtained from
original trajectory. Correlation maps which include sample modes with frequency lo\
than~3 cm! do not reveal these characteristic patterns as clearly, due to the effect
non-oscillatory motions.

Correlation between NM and MD modesiNe compared the NM and MD motion in
protein regions of high amplitude (fragmerdsb, d, e, g, h) as well as for two frag-
ments with relatively low amplitudes and for the whole protein. The similarity betwe
the modes, as determined by the dot product between the corresponding modes, is ¢
in Fig. ba for fragmenty. In addition Fig. 5b shows the correlation between the NN
and the MD modes for the whole protein. For comparison, we also calculated the
relation between the MD modes for fragmentvith a set of 32 random modes. Over-
all measures for the similarity of motion of the various regions as described in Meth
are given in Table Ill. The fraction of sample modes with a high correlation to at le
one normal mode is given by, while Famp is weighted by the amplitudes of the modes
(Eg. (12)).

For all fragments there is a significant correlation between the extracted MD modes
some of the normal modes. This is demonstrated both in terms of the number of Fits,
and in terms of the overall amplitudB,mp, accounted for by sample modes with similarity
to normal modes. The correlations are particularly striking when compared to the extrer
low values between the MD modes and modes generated randomly. Thus, for these
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FIG.5. Correlation between normal modes (vertical axis) and modes extracted from the MD trajectory, :
removing rigid body motion (horizontal axis). The corresponding MD frequency distributions are shown ak
each plot. Correlated motions between individual NM and MD modes are shown as short bars, shaded as fc
Correlations between 0.7 and 1.0 are in black, between 0.3 and 0.7 in dark gray, and between 0.2 and 0.3 i
gray (smaller correlations are not shown). The correlations for fraggené shown in (a) and for the whole
protein in (b). For the fragment, there is a strong correlation between a few NM and MD modes. These correlz
are not apparent at the whole protein level.

regions of the protein, there are typical modes of motion which are manifested in the no
modes and in the molecular dynamics simulation.

Figure 6a shows a comparison of the extracted MD modes with three of the nor
modes of fragmeng. Each diagram displays the atomic displacements corresponding

TABLE Il
Correlation between NM and MD Modes
Fragment Fa Famp’
a 0.71 0.70
b 0.84 0.75
c 0.85 0.61
d 0.85 0.82
e 0.68 0.66
f 0.84 0.65
g 0.68 0.62
h 0.87 0.79
g° <0.1

2 Fraction of MD sample modes with dot products
greater than 0.4 with one or more normal modes.

b Weighted by mode amplitude (see Eq. (11)).

¢ Comparison with random modes.
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one normal mode. Similar results were obtained for the other fragments. As seen in Fic
the correlation between the MD modes and the normal modes is much smaller when tf
atoms of the whole protein are compared. For the whole protein, there were no correla
higher than 0.4. In Fig. 6b we show normal mode 4 along with the extracted MD mode v
the highest correlation to it (0.4). Itis clear that although in some regions the two modes
very similar (e.g., fragments c, andg have correlations of 0.5, 0.6, and 0.6, respectively
other regions differ in absolute amplitude or direction. For another pair of normal mo
and MD modes with an overall correlation of 0.4, fragmdnts, and f have correlations
of 0.5, 0.7, and 0.6, respectively. These results tend to indicate that although there are
ical regional mations, which are similar in MD and NM, these do not combine in a fix
manner in terms of relative magnitude and phase. The results are in accord with the co
sions obtained by examining the equal-time correlated motion of residues, discussed a
That is, both NM and MD calculations display large positive correlations for residt
in spatial proximity. However, while the NM dynamics result in large negative correl
tions for some distant residues, hardly any significant long range correlations are obse
in MD.

CONCLUSIONS

Normal Mode, Molecular Dynamics, and Experimental Motions Are Similar

Molecular dynamics and normal mode analysis provide an approximate descriptio
the motion of protein molecules. It is difficult to evaluate the validity of features of tl
motion obtained using either method alone. The use of a mode analysis of a mole
dynamics trajectory has made it possible to compare the two methods more directly
was previously possible. The surprising result is that although there are some det
differences in behavior, the two methods produce a qualitatively similar overall picture
the motion of a protein molecule, and both are in agreement with the available experime
data. A range of diverse properties leads to this conclusion:

Amplitude of atomic fluctuations.There is a high correlation between the amplitude c
the atomic fluctuations obtained by MD and NM analyses, and between both of these
the amplitudes deduced from the crystallographic temperature factors.

Correlated motions of residuesEqual-time correlations from normal modes, directl
from MD, and reconstructed from extracted MD modes, all show positive correlatic
for motion of residues within thg hairpins in the structure. The results for longer rang
correlation do differ, however.

Frequency distributions. Although the frequency distribution is discrete in one cas
(NM) and continuous in the other, the density of modes as a function of frequenc
similar.

Correlation between normal modes and sample modes from the K& short frag-
ments of the chain, there is a high correlation between the motion represented by indivi
MD modes and particular NM ones. This is not true for the whole protein.
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Why are the Motions So Similar?

Both methods are affected by a number of approximations. In MD, imperfections
the potential lead to a slow drift away from the x-ray structure. In the NM calculatiol
the force field and cutoff used are different from those used in the MD calculations,
a torsion space representation is used, rather than the MD Cartesian one. 8rabks
[36] and de Grootet al. [38] have presented criteria for the analysis of the similarit
of low frequency normal modes. The latter authors used a penalty function emphasi
differences to compare sets of eigenvalues and found substantial overlap of the ess
subspace derived from simulations, using different parameters, such as with and wit
solvent or using different cutoff values. Both Kitao and {38] and Janst and Brooks
[50] have shown that the torsion space representation produces normal modes simi
those obtained in Cartesian space, although the frequencies are shifted to higher valu
addition to these factors, the assumptions of harmonic motion, extrapolation of motior
from a minimum energy conformation, and neglect of the solvent and crystal environn
might be expected to have a dramatic effect on the significance of the results. Ye
spite of these factors, qualitatively similar behavior is found. This is in agreement with
findings of other studies comparing NM analysis and MD simulations on three differ
proteins [51, 52, 20]. Thus, we conclude that the general agreement of the results
the two methods, and with experiment, indicates that there is a basic robustness
the protein motion which is easily captured. It would appear that particular directions
relatively free of van der Waals clashes, and not restrained by strong interactions, v
others offer strong resistance to motion. For example, the most mobile hairpin, fragime
undergoes a flapping motion, away from the protein surface and back again. Such am
is restrained only by the presence of solvent and the strength of the van der Waals intere
with the rest of the protein. By contrast, the least mobile hairpin, fragméstrestrained
from such a motion by helices lying approximately above and below the plane of
hairpin.

Are These Motions Co-incidental Properties of the Structure,
or Do Some of Them Have a Functional Role?

A surprising feature of the modes is that none of the low frequency ones involv
relative motion of the two well defined domains. In other cases, for example, hen
white lysozyme, such motions are very clear [11]. These inter-domain movements
facilitate the entrance and exit of substrates in enzymes. In the c&@RA the motion
of the largest amplitude mode is concentrated in the “specificity loop” [25]. A higirpin
forms part of the lining of the pocket into which the side chain of the residue on
N-terminal side of the scissile bond of a substrate fits. Variations in the lining of this poc
are primarily responsible for the differences in specificity among the different member
the chymotrypsin class serine proteases. Figure 7 shows the main ct&@Pdéfin this
region, with the specificity loop colored red. A peptide inhibitor is also shown, with ¢
ordinates taken from the PDB file 3SGA. The C-terminal phenlyalanine side chain occu
the pocket. In the apo enzyme, this pocket is presumably occupied by solvent, which |
be displaced upon substrate binding. The large amplitude motion of the mode appe:
facilitate squeezing out the solvent as the substrate side chain enters.
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FIG.7. The relationship between the most mobile loop (residues 152—-166) and the primary specificity pc
of SGPA The main chain c8GPAiIn this region is shown, with the specificity loop colored red. A peptide inhibito
is also shown, with co-ordinates taken from the PDB file 3SGA. The phenylalanine side chain occupies the pri
specificity pocket.

FIG. 6. Normal mode vectors (green) at each &d corresponding sample modes extracted from the M
trajectory with no rigid body motion (red). (a) Normal modes 3, 5, and 8 for fraggant all sample MD modes
having correlations larger than 0.5 with these. (b) Normal mode 4 and the sample MD mode having the hi
correlation with it, for the whole protein. As expected from the comparisons of NM and MD modes showi
Fig. 5, there is a high correlation at the fragment level, but not for the whole protein.



188 DAUBER-OSGUTHORPE ET AL.

REFERENCES

. D.-l.Liaoand O. Herzberg, Refined structures of the active Ser&/s and impaired Ser46 Asp histidine-

containing phosphocarrier proteir&tructure2, 1203 (1994).

. D. L. D. Caspar, J. Clarage, D. M. Salunke, and M. Clarage, Liquid-like movements in crystalline inst

Nature (LondonB32 659 (1988).

. N.-T. Yu, Raman spectroscopy: A conformational probe in biochemiSREZ Crit. Rev. Biochend, 229

(1977).

. J. R. Lakowicz, B. Maliwal, H. Cherek, and A. Balter, Rotational freedom of tryptophan residues in prote

and peptidesBiochemistry22, 1741 (1983).

. M. C. Chang, A. J. Cross, and G. R. Fleming, Internal dynamics and overall motion of lysozyme studie

fluorescence depolarization of the eosin lysozyme compleBiomolec. Struct. Dyri, 299 (1983).

. S. Cusack, J. Smith, J. Finney, B. Tidor, and M. Karplus, Inelastic neutron scattering analysis of picc

ond internal protein dynamics. Comparison of harmonic theory with experindeMpl. Biol. 202 903
(1988).

. R. J. P. Williams, NMR studies of mobility within protein structuiyr. J. Biochem183 479 (1989).

8. G. HerzbergMolecular Spectra and Molecular Structure Il. Infrared and Raman Spectra of Polyaton

12.

13.

14.
15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Moleculeg(Van Nostrand, New York, 1945).

. E. B. Wilson, J. C. Decius, and P. C. Cros&lecular VibrationgMcGraw-Hill, New York, 1955).
10.
11.

K. Itoh and T. Shimanouchi, Vibrational frequencies and modes of alpha-B&polymers9, 383 (1970).

M. Levitt, C. Sander, and P. S. Stern, Protein normal-made dynamics: Trypsin inhibitor, crambin, ribonucl
and lysozymeJ. Mol. Biol. 181, 423 (1985).

B. Brooks and M. Karplus, Normal modes for specific motions of macromolecules: Application to the hir
bending mode of lysozym®&roc. Natl. Acad. Sci. U.S.82, 4995 (1985).

T. Nishikawa and N. & Normal modes of vibration in bovine pancreatic trypsin inhibitor and its mechanic
property,Proteins2, 308 (1987).

M. P. Allen and D. J. Tildesl\Zomputer Simulations of Liquid€larendon, Oxford, 1987).

J. A. McCammon and S. C. Harva9ynamics of Proteins and Nucleic Acig€ambridge Univ. Press,
Cambridge, UK, 1987).

T. Ichiye and M. Karplus, Collective motions in proteins: A covariance analysis of atomic fluctuation:s
molecular dynamics and normal mode simulatidhteins11, 205 (1991).

A. Amadei, A. B. M. Linssen, and H. J. C. Berendsen, Essential dynamics of prdRetsins17, 412
(1993).

T. Horiuchi and N. @, Projection of Monte Carlo and molecular dynamics trajectories onto the normal mc
axes: Human lysozym®roteins10, 106 (1991).

A. Kitao, F. Hirata, and N. G The effects of solvent on the conformation and the collective motions of protei
Normal mode analysis and molecular dynamics simulations of melittin in water and in vaCinam, Phys.
158 447 (1991).

S. Hayward, A. Kitao, and H. J. C. Berendsen, Model-free methods of analyzing domain motions in pro
from simulation: A comparison of normal mode analysis and molecular dynamics simulation of lysozy
Proteins27, 425 (1997).

P. Dauber-Osguthorpe and D. J. Osguthorpe, Analysis of intra-molecular motions by filtering molec
dynamics trajectories, Am. Chem. Sod12, 7921 (1990).

P. Dauber-Osguthorpe and D. J. Osguthorpe, Extraction of the energetics of selected types of motior
molecular dynamics trajectories by filterif8iochemistry29, 8223 (1990).

R. B. Sessions, P. Dauber-Osguthorpe, and D. J. Osguthorpe, Filtering molecular dynamics trajector
reveal low-frequency collective motions: PhospholipaseJAR/ol. Biol. 210, 617 (1989).

D. J. Osguthorpe and P. Dauber-Osguthorpe, FOCUS: A program for analyzing molecular dynamics sit
tions, featuring digital signal-processing techniquke$/ol. Graph.10, 178 (1992).

A. Sielecki, W. A. Hendrickson, C. G. Broughton, L. T. J. Delbaere, G. D. Brayer, and M. N. G. Janr
Protein structure refinement: Streptomyces griseus serine protease Alateis8lution,J. Mol. Biol. 134,
781 (1979).



26.

27.

28.

29.

30.

31.

32.

33.

34.
35.

36.

37.

38.

39.
40.

41.

42.

43,
44,

45.

46.

47.

48.

49.
50.

51.

52.

LOW FREQUENCY MODES IN PROTEINS 189

F. Avbelj, J. Moult, D. H. Kitson, M. N. G. James, and A. T. Hagler, Molecular dynamics study of the struct
and dynamics of a protein molecule in a crystalline ionic environment, Streptomyces griseus protea:
Biochemistry29, 8658 (1990).

M. Levitt, Protein folding by restrained energy minimization and molecular dynadibfgl. Biol. 170, 723
(1983).

M. Levitt, Molecular dynamics of native protein. |. Computer simulation of trajectalidglol. Biol. 168,
595 (1983).

A. T. Hagler, E. Huler, and S. Lifson, Energy functions for peptides and proteins. |. Derivation of a consis
force field including the hydrogen bond from amide crystal#ym. Chem. So86, 5319 (1974).

M. Levitt, C. Sander, and P. S. Stern, The normal modes of a protein: Native bovine pancreatic tr
inhibitor, Int. J. Quant. Chem.: Quant. Biol. Sy, 181 (1983).

L. Verlet, Computer “experiments” on classical fluids. I. Thermodynamical properties of Lennard-Jc
moleculesPhys. Revl59, 98 (1967).

P. Dauber-Osguthorpe, V. A. Roberts, D. J. Osguthorpe, J. Wolff, M. Genest, and A. T. Hagler, Structure
energetics of ligand binding to proteins: Escherichia coli dihydrofolate reductase-trimethoprim, drug—rece
system Proteins4, 31 (1988).

H. J. C. Berendsen, J. P. M. Postma, W. F. van Gunsteren, A. DiNola, and J. R. Haak, Molecular dyn:
with coupling to an external batl, Chem. Phys31, 3684 (1984).

E. O. BrighamThe Fast Fourier Transform and Its Applicatio(Rrentice-Hall, Englewood Cliffs, NJ, 1988).

P. Dauber-Osguthorpe and D. J. Osguthorpe, Partitioning the motion in molecular dynamics simulation
characteristic modes of motiod, Comput. Cheni4, 1259 (1993).

B. R. Brooks, D. Jarz&, and M. Karplus, Harmonic analysis of large systems. |I. Methodolbdypmput.
Chem.16, 1522 (1995).

M. A. Balsera, W. Wriggers, Y. Oona, and K. Schulten, Principal component and long time protein dynan
J. Phys. Chenll00, 2567 (1996).

B. L. de Groot, D. M. F. van Aalten, A. Amadei, and H. J. C. Berendsen, The consistency of large conct
motions in proteins in molecular dynamics simulatidBgphys. J71, 1707 (1996).

R. W. JamesThe Optical Principles of the Diffraction of X-Rag®x Bow, Woodbridge, 1962).

J.-F. Gibrat and N. G Normal mode analysis of human lysozyme: Study of the relative motion of the t
domains and characterization of the harmonic motimteins8, 258 (1990).

Y. Seno and N. & Deoxymyoglobin studied by the conformational normal mode analysis. I. Dynamics
globin and the heme—globin interactiah Mol. Biol. 216, 95 (1990).

P. Derreumaux and G. Vergoten, Effect of Urey—Bradley—Shimanouchi force field on the harmonic dyna
of proteins,Proteins11, 120 (1991).

M. M. Tirion and D. ben-Avraham, Normal mode analysis of G-adtiMol. Biol. 230, 186 (1993).

J. Kuriyan, G. A. Petsko, R. M. Levy, and M. Karplus, Effect of anisotropy and anharmonicity on prot
crystallographic refinement. An evaluation by molecular dynandidslol. Biol. 190, 227 (1986).

P. H. Hunenburger, A. E. Mark, and W. F. van Gunsteren, Fluctuation and cross-correlation analys
protein motions observed in nanosecond molecular dynamics simulatidvis|. Biol. 252, 492 (1995).

N. Go, A theorem on amplitudes of thermal atomic fluctuations in large molecules assuming spe
conformations calculated by normal mode analyBisphys. ChenB5, 105 (1990).

A. Kitao, S. Hayward, and N. & Comparison of normal-mode analyses on a small globular protein
dihedral angle space and cartesian coordinate spamehys. Chenb2, 107 (1994).

A. Kitao and N. ®, Conformational dynamics of polypeptides and proteins in the dihedral angle space
in the cartesian coordinate spadeComput. Chenil2, 359 (1991).

J. Mount and R. Unger, An analysis of protein folding pathwByschemistry30, 3816 (1991).

D. Janeit and B. R. Brooks, Harmonic analysis of large systems. Il. Comparison of different protein mod
J. Comput. Cheni6, 1543 (1995).

M. M. Teeter and D. A. Case, Harmonic and quasiharmonic descriptions of cramBihys. Chem94,
8091 (1990).

S. Hayward, A. Kitao, and N. & Harmonicity and anharmonicity in protein dynamics: A normal mod
analysis and principal component analy§imteins23, 177 (1995).



	INTRODUCTION
	METHODS
	RESULTS AND DISCUSSION
	FIG. 1.
	TABLE I
	FIG. 2.
	FIG. 3.
	FIG. 4.
	TABLE II
	FIG. 5.
	TABLE III
	FIG. 6.

	CONCLUSIONS
	FIG. 7.

	REFERENCES

