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Abstract

The contributions of conformational dynamics to substrate specificity have been examined by the applica-
tion of principal component analysis to molecular dynamics trajectorieslgfic protease. The wild-type

a-lytic protease is highly specific for substrates with small hydrophobic side chains at the specificity pocket,
while the Met190- Ala binding pocket mutant has a much broader specificity, actively hydrolyzing sub-
strates ranging from Ala to Phe. Based on a combination of multiconformation analysis of cryo-X-ray
crystallographic data, solution nuclear magnetic resonance (NMR), and normal mode calculations, we had
hypothesized that the large alteration in specificity of the mutant enzyme is mainly attributable to changes
in the dynamic movement of the two walls of the specificity pocket. To test this hypothesis, we performed
a principal component analysis using 1-nanosecond molecular dynamics simulations using either a global
or local solvent boundary condition. The results of this analysis strongly support our hypothesis and verify
the results previously obtained by in vacuo normal mode analysis. We found that the walls of the wild-type
substrate binding pocket move in tandem with one another, causing the pocket size to remain fixed so that
only small substrates are recognized. In contrast, the M190A mutant shows uncoupled movement of the
binding pocket walls, allowing the pocket to sample both smaller and larger sizes, which appears to be the
cause of the observed broad specificity. The results suggest that the protein dynamilggioprotease

may play a significant role in defining the patterns of substrate specificity. As shown here, concerted local
movements within proteins can be efficiently analyzed through a combination of principal component
analysis and molecular dynamics trajectories using a local solvent boundary condition to reduce computa-
tional time and matrix size.

Keywords: a-lytic protease; principal component analysis; molecular dynamics; substrate specificity; sol-
vent boundary condition

Our fundamental concepts of enzyme mechanisms argrity, enzymes select the appropriate substrates for a given
firmly based on the idea of complementarity between arreaction. Although there has been considerable experimen-
enzyme and the reaction transition state (Pauling 1948}al support for the importance of complementarity in deter-
Through a combination of shape and electronic complemermining specificity, for example from the combination of
X-ray crystallographic and biochemical studies of enzyme-
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Article and p;ublication are at http://www.proteinscience.org/cgi/doi/ of protein conformation. More recently, the direct involve-
10.1101/ps.800101. ment of protein mobility in enzyme mechanics has been
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emphasized in fields such as nuclear magnetic resonance

(NMR) imaging (Wiithrich 1986, 1995: Lipari and Szabo e ; o
m

al. 1977; van Gunsteren and Karplus 1982; Levitt 1983;
Karplus and Petsko 1990; Kollman 1993; Karplus and
Ichiye 1996). In general, protein flexibility appears to be
useful in aiding the access of substrates to and the egress of
products from the active site (Johnson et al. 1979). Flex- :
ibility has also been proposed to be coupled to the chemical Arg 192 ‘ Gly 191
steps of an enzyme reaction by directing the substrates to
the transition state conformation (Johnson et al. 1979; Bone
et al. 1989a). However, unlike such recognition of the im-
portance of flexibility in the catalytic reaction, it has re-
mained unclear whether or not protein dynamics are directly
involved in specificity.
Previous experimental and theoretical studiesxdytic @
protease ¢LP) shed more light on the importance of dy-
namic motion in enzyme specificitalP, an extracellular - Z8. = SR T RE e logtaphy. The subset of the mul
serine protease fronh'ySObaCter enzymoqenebas Iong com‘ormersy shows that two v{allsy(MetlgO-F().‘aI;/l% and Ser214-Gly216)
served as an excellent model system for studies of E€NZYxHove in the same direction with respect to the mean positions. The color
matic mechanisms (Hunkapiller et al. 1976) and for studiesf atom indicates the atom type: yellow, C; dark blue, N; red, O; green, S
of the structural basis of substrate specificity (Bone et al(Rader and Agard 1997).
1987, 1989a,b, 1991). Whereas the wild-tydeéP shows a
strong preference for the small hydrophobic residue, Ala, at
the P1 site, mutation of the binding pocket residue Met19Gppeared that the mutant was better able to adapt confor-
to Ala (M190A) dramatically broadens specificity while mation than the wild-typeLP, the lack of change in crys-
maintaining or increasing catalytic activity (Fig. 1). The tallographic B factors did not suggest an increase in overall
large changes in kcat/Km due to the mutation mainly resulbinding pocket flexibility (Bone et al. 1989a). From several
from alterations in Km and not changes in kcat (Bone et allines of evidence, we proposed the following hypothesis for
1989a). It was clear from structural data that the mutanthe significantly altered specificity in the mutant based on
binding pocket was able to accommodate the broad range dlfie patterns of concerted motion of the binding pocket
substrates through an induced-fit mechanism. Although itvalls. The walls around the wild-type S1 pocket (Met 190-
Gly191-Arg192-Gly193 and Ser214-Gly215-Gly216) move
in tandem (symmetric motion) such that the narrow size of
the binding pocket is conserved, leading to the preference
for residues with a small side chain, such as Ala. In contrast,
the mutant M190A has a much broader specificity because
the motion of the walls has become uncoupled (antisym-
metric movement), allowing the S1 pocket to sample
smaller and larger sizes. This hypothesis is supported by
NMR studies showing slow exchange for binding pocket
residues (Davis and Agard 1998), multiple conformation
analysis of cryocrystallographic data indicating that the
binding pocket walls can be trapped in multiple, closely-
related conformations (Rader and Agard 1997) (Fig. 2), and
normal mode analysis (NMA) (Miller and Agard 1999). In
the latter study, the internal molecular vibrationsodfP in
Ala Val - Leu  Phe Ala  val  leu  Phe the wild-type and mutant forms were calculated in the pres-
Substrate P1 (SUC-Ala-Ala-Pro-X-pNA) ence and absence of ligand. Motions of the walls of the
. . . , binding pocket were explored by taking the dot product of
Fig. 1. The effect_of mutations on specificity. Log(kcat/Km) is shown as the eigenvectors with a vector set defining relative motion
a bar for each of five substrates, SAAP-X-p-Na where=-XAla, Val, Met, ;
Leu, and Phe, for the wild-type enzyme and mutant M190A. (Bone et alOf the walls of the pocket, and summing the power over the
1989a,b, 1991). modes. These calculations indicated the dominant presence
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of symmetric movements in the wild-type S1 pocket and theary condition has not been reported, and it is thus necessary
much greater tendency towards antisymmetric movement® verify the accuracy and validity of the method. Therefore,
in the mutant pocket. Although the results of NMA @hP  we compared the modes derived from a local MD trajectory
support the hypothesis of dynamic control of the substratevith a local solvent boundary condition (LBC) and a global
specificity, there are some potential concerns about théD trajectory with a global solvent boundary condition
analysis. First, in the NMA model, the movements of all (GBC) of a-lytic protease. By using the; fest (Kitao and
atoms are described as simple harmonic motions. It i$50 1991), we found that the low-frequency modes from the
known that, in some cases, this assumption can introducsvo distinct trajectories showed good accordance, suggest-
significant error (Teeter and Case 1990; Ichiye and Karplusng that the PCA using a local trajectory is accurate enough
1991; Hayward et al. 1994, 1995). Secondly, the effect offor our current study. Errors are mainly observed around the
solvent on motional dynamics is not explicitly included in high-frequency modes, as expected by theoretical analysis
the in vacuo NMA calculations. (see Appendix). Since most protein functions such as ligand
To test the results previously obtained by NMA, here webinding and induced fit are associated with low-frequency
performed principal component analysis (PCA) (Levy et al.motions, the errors in high-frequency modes do not present
1984; Teeter and Case 1990; Kitao and Go 1999%Id?  a serious drawback for most protein studies. After the vali-
molecular dynamics (MD) trajectories using an explicit sol-dation of the PCA using a local trajectory, molecular dy-
vent model (Fig. 3A). Although PCA provides a useful tool namics simulations with an LBC centered at the binding
to study protein dynamics and functions, its application hagpocket were carried out for 1 nanosecond (nsec) for both the
been limited to small molecular systems due to the assocwild-type and mutant enzymes. From the localized trajec-
ated computational cost of molecular dynamics simulationgories, we could efficiently derive the low-frequency modes
and diagonalization of a large covariance matrix. We thereeof the two walls of the binding pocket for both proteins. To
fore tried to develop a novel PCA method which requirescompare the current PCA results with previous in vacuo
only a local MD trajectory of a large biological system. The NMA results (Miller and Agard 1999), we summarized cu-
local simulation is carried out only within a focused volume mulative dot products of the two walls for first 100 lowest
using a solvent boundary condition. To our knowledge,modes in exactly the same fashion as that used by Miller
PCA using a localized MD trajectory with a solvent bound-and Agard. According to the dot product analysis, in the

Fig. 3. (A) S1 binding pocket ofi-lytic protease within a local solvent boundary condition (LBC). Outside of the sphere is a reservoir
zone where all of the atoms are fixed during the simulation. The first and second outer shells are an outer buffer zone and an inner
buffer zone, respectively. In the outer buffer zone, all protein atoms are restrained to the X-ray positions. In the inner buffer zone, only
backbone protein atoms are restrained to the X-ray positions. In those buffer zones, Lanvegin dynamics are used to reduce the artificial
effect of the boundary condition. Inside the inner sphere is a reaction zone where all atoms and solvents move freely without any
restraint function and standard molecular dynamics simulations are carrie®patlytic protease within a global solvent boundary
condition (GBC). The center of mass @EP is located at the center of a water droplet with a radius of 35 A. No restraint functions

are imposed on any atoms @ P, and the center of mass motion was turned off during the 1 nsec simulation.
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wild-type case, symmetric movement of the specificity Comparison of modes derived from these methods is sen-
walls is dominant over antisymmetric movements, while insitive to appropriate superimposition of the relevant struc-
the case of the M190A mutant, more antisymmetric move+tures. Here we describe that these structures are very close
ment was observed. The PCA results show, in general, thend comparable, which means that in thee3t, the inner
same trend as that seen in the in vacuo NMA and reconfirnproducts between the normal mode vectors derived from the
our hypothesis on the importance of collective motions intwo different simulations will not be much affected quali-
the mechanism of substrate specificity. tatively by the differences between the two averaged struc-
tures. As illustrated in Figure 4, the best fit between the
LBC averaged structure (shown in blue) and the GBC av-

Results eraged structure (red) over the 1 nsec simulations was cal-
culated using the backbone atoms in the reaction zone. The
Comparing modes from LBC and GBC analyses root mean squared deviations (RMSDs) obtained by fitting

the original X-ray structure (Fig. 4, white; Fujinaga et al.

The combination of PCA with a local MD simulation using 1985) over all main chain heavy atoms are 0.39 A for the
alocal solvent boundary condition is very useful for cases irnLBC structure and 0.83 A for the GBC structure. Because
which interest is focused on a specific region of protein,with the GBC method no restraint functions are imposed on
such as the active site. Because this is a novel applicatiomny atoms ofkLP, the GBC structure deviates slightly from
it is necessary to confirm the accuracy and validity of thisthe original X-ray structure, especially around solvent ac-
approach by comparing the LBC method (Fig. 3A) with thecessible loops. With the LBC method, in contrast, the atoms
global solvent boundary condition in whietLP is located outside the spherical boundary are rigid and the atoms in the
at the center of a large solvent droplet without any restrainténner shells are restrained, thus keeping the entife very
on the protein (Fig. 3B). In principle, if the local MD using close to the original X-ray structure even after 1 nsec simu-
LBC can well duplicate the properties of the global MD lation. Moreover, as seen in Figure 4, A and B, the structural
trajectory with GBC, the resultant PCA modes from a localdeviations around the binding pocket and the two walls are
trajectory should be very similar to those from a globalquite small. Therefore we can proceed with a more detailed
trajectory and should prove useful for dynamics studies ofinalysis, the Ptest, in order to check the validity of the
macromolecules. LBC PCA by comparing it to PCA using the GBC method.

In the LBC method, the system was divided into four Because of the differences in the number of atoms and the
regions, because the size of the spherical boundary is fairlyse of independent simulations in the two calculations, the
large. As shown in Figure 3A, the first region, called the calculated modes are not expected to be directly compa-
“reaction zone,” includes all protein atoms within a radiusrable. Instead, we calculate the “projection values” of one
of 15 A of the site of interest. In the reaction zone, all atomsmode set onto another mode set, as given by Kitao, Hay-
are free to move without any positional restraints, and stanward, and Go (Kitao and Go 1991; Kitao et al. 1994; see
dard MD simulations are carried out. The second and thirdMaterials and Methods for the detailept@st procedure). In
regions are called “buffer zones.” All backbone protein at-general, the Ptest is often used for comparison of NMA
oms in the first buffer zone (within the inner shell in Fig. results using different force fields. Here we used theeBt
3A) and all atoms in the second buffer zone (within thein order to check whether the two different methods can
outer shell in Fig. 3A) are restrained to their initial X-ray provide qualitatively similar results (see Materials and
structure positions (Fujinaga et al. 1985) using a harmonidethods and Appendix). In Figure 5, the Projection values,
potential. In the buffer regions, Langevin dynamicsP, are plotted against the mode frequency from the GBC
(Briinger 1992) are performed in order to introduce stochasanalysis. This Pplot shows the degree of similarity to
tic motions to water molecules. The fourth “reservoir zone”which each GBC mode can be expressed in terms of the
contains all atoms outside the spherical solvent boundary,BC modes. When s 1, it means that each GBC mode is
which are kept fixed to the X-ray structure (Fujinaga et al.completely expressed by a linear combination of all LBC
1985). In the GBC method, the entise.P was solvated in  modes. When Hs small (< 0.3), each GBC mode cannot be
a large solvent droplet of radius 35A without imposing anyexpressed accurately enough by the LBC modes. In general,
restraints on the protein (Fig. 3B). Because a limited numthe P values are very high around the low-frequency region.
ber of atoms are allowed to move in the LBC method, theFor the ten lowest frequency modes, the averagediiee
simulation cost is significantly reduced to one-fifth of the was 0.83 after 1 nsec. However, one cannot expect ex-
computational time required for the GBC method (156 h fortremely high P values (11.0) due to the aforementioned
the LBC method vs. 884 h for the GBC method using ansmall deviations between the LBC and GBC structures (Fig.
SGI R10,000 workstation). The matrix size of PCA is also4A). In the high-frequency region (> 200 cfy P, values
reduced to 837from 2376 when backbone atoms are se- decrease to around 0.4. The higher the frequency, the more
lected for PCA calculations. error is expected due to the effect of the restrained atoms in
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Fig. 4. (A) Comparison of the backbone atom structurestolP. Superposition of the LBC averaged structure (blue) and the GBC
structure (red) onto the crystal structure (white) using the backbone atoms of the reaction region. The region around the binding pocket
is shown in the white rectangular box. The LBC structure is very close to the crystal structure. The deviation between the GBC structure
and the crystal structure is mainly seen around the outer loop re@pqmparison of the binding pocket region®fP. All atom
representations of the three structures, that is, the crystal structure (white), the averaged LBC structure (blue), and the averaged GBC
structure (red) show that the averaged structures at the binding pocket are almost overlapped to the crystal structure except for the long
side chain of Arg 192.

the LBC methods, according to theoretical analyses using shown that a few collective coordinates are sufficient to
static reduction method (Ookuma and Nagamatsu 1984jescribe functionally important movements of proteins. For
(see Appendix). Also, a convergence problem of the covariexample, a large hinge-bending motion of T4 lysozyme
ance-variance matrix using a 1 nsec simulation trajectorghown by crystallographic studies can be well described
appears to be another source of the error in the high-fredsing only the lowest frequency modes derived from MD
quency modes (Balsera et al. 1996). In another study, it wasimulations (de Groot et al. 1998). Sincgwvalues of the

P;

Fig. 5. Projection P of the ith GBC mode onto the LBC subspace. The
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LBC method are very high qualitatively for the low-fre-
quency modes, the LBC method should be very useful to
calculate the low-frequency modes, providing information
on correlated local motions within large macromolecules.

Symmetric and antisymmetric movements of the walls
at the S1 pocket

To retest the previous NMA results and the role of dynamic
motions in specificity, we performed the same dot product
analysis (Miller and Agard 1999) to quantify symmetric and

antisymmetric motions of the S1 pocket walls, but using the
modes calculated by the PCA method. Figure 6, A and C,
shows the cumulative dot products over the 100 lowest fre-
guency modes for the wild-type and the M190A mutant,

respectively. In the wild-type case, the symmetric move-
ment is clearly dominant relative to the antisymmetric

movement in the region of the S1 pocket. In the mutant, the
antisymmetric movement shows much larger amplitude

averaged Pvalue of the first ten lowest frequency modes is larger than o.scompared to the wild-type value and is more dominant rela-
after 1 nsec simulation.

tive to the symmetric movement.
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Fig. 6. Dot product calculations of two walls at the S1 binding pocket. The cumulative dot products are plotted for the 100 lowest
frequency modes for comparison with the NMA results obtained by Miller and Agard (199%}0of the wild-type PCA (WT-PCA),

oLP shows that symmetric movement is dominant in relation to antisymmetric movement as shown byBNNZ) For the M190A

mutant PCA, more antisymmetric movement is observed relative to the symmetric movement. The amplitudes are significantly
increased compared with those of NMB)(due to the solvent effect.

The PCA dot product results (Fig. 6A,C) provided the vent water molecules play important roles in dynamic
same trend as that seen in in vacuo NMA (Fig. 6B,D).movements of protein and enzyme specificity.
However, an increase in amplitude of the dot product analy- Visual portrayal of the lowest (non-zero) frequency
sis was observed. It is difficult to directly compare the PCAmode, representative of major motions, shows that it is con-
results with the NMA results since the first 100 modes ofsistent with the dot product analysis and our hypothesis. The
PCA do not correspond to those of NMA. However, thetop view and the side view of the lowest frequency mode of
increase in amplitude of the dot product of PCA appears tavild-type «LP are shown in Figure 7, A and B, respectively.
be due to the explicit treatment of the solvent. In the MDThis clearly indicates that the two walls move symmetri-
simulation in the explicit solution phase, water moleculescally so that the size of the pocket is well preserved. The
constantly enter and egress from the binding pocket, whiclmain movements of the walls are the back-and-forth tandem
leads to the larger deviation and more dynamic motionsnovement of the wall (Met 190-Gly193) against the S1
around the binding pocket. This may indicate that the solpocket and the swing motion of Gly215-Gly216 keeping
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Fig. 7. Lowest frequency mode around the S1 binding pocket. The movements of the lowest mode are represented by a series of 11
structures with gradient colors from red to blue. The top and side views of the lowest binding mode of the wildfypee shown

in (A) and @), respectively. The wild-type case shows the symmetric movement, so that the size of the pocket remains fixed. The top
and side views of the lowest frequency mode of the M190A mutant are sho@pam@ O), respectively. The movement of the mutant

clearly shows the antisymmetric movement, indicating the expansion and contraction of the binding pocket.

Ser214 as the nodal point. This lowest mode shows signifiport our hypothesis. During the entire course of the 1 nsec
cant similarity to the multiple conformer structures at cryo- MD simulations, the distances between the center of masses
genic temperature (Fig. 2) (Rader and Agard 1997), whiclof the two walls for both the wild type and the mutant were
further indicates the accuracy and validity of our principal calculated and are shown in Figure 8, A and B, respectively.
component analysis. Careful analysis of the angular orienFor the wild type, the average wall distance was 7.90 A and
tation of maximal S1 pocket motions is also in good agreethe standard deviation was 0.17 A. The size of the S1 pocket
ment with the previous NMA study (data not shown). In is preserved with very small fluctuations betwegi.5 A
contrast, the two walls in the lowest frequency mode ofand 08.5 A. In the case of the M190A mutant, the wall
M190A mutant show more antisymmetric movement rela-distance shows much larger fluctuations, betw&dhs A

tive to the wild type. The wall (Ala190-Gly193) vibrates up and 09.0 A with larger deviations (0.46 A). However, the
and down along the backbone strand between Alal90 anaverage distance of the mutant (7.8 A) remained almost
Gly 192 (Fig. 7C,D). The other wall (Gly214-Gly216) identical to that of the wild type (7.9 A). This suggests that
shows a gate-like movement from the open form and thehe specificity mechanism o&LP is influenced by “dy-
closed form as an entrance for the S1 pocket, changing theamic motion” around the S1 binding pocket in addition to
size of the S1 pocket (Fig. 7B), which accounts for thethe static structural characteristics.

broad specificity of the mutant M190A.

Wall distance at the S1 binding pocket Discussion

Direct observations of the distance between the two SPrincipal component analysis al.P indicates that the dy-
pocket walls throughout the dynamics simulations also supnramic motion of the two walls at the S1 binding pocket is
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A 90 —— : ————n tuation in the size of the S1 pocket, allowing the various-

' sized P1 residues to access the active site and undergo ca-
talysis. Thus, in addition to the static structure, dynamic
motions around the binding pocket appear to play a signifi-
cant role in determining the specificity profile for the en-

1 zyme.

We have applied a new method to study enzyme speci-
ficity, principal component analysis using molecular dy-
namics with a local solvent boundary condition. The com-
bined method enables us to accurately elucidate the detailed
motions of a critical region within a protein, with dramati-

608 2(!)0 : 4{;0 T - cally reduced_ computational (_:osts. As anticipated from

Time [ps] theory, the primary errors are in the high-frequency range

owing to restraint effects. In general, this is not a problem,

as the low-frequency collective motions of groups of atoms
are most likely to be of functional significance. Such

coupled motions are well described by the low-frequency
modes. Thus, this combination of principal component

analysis with a local solvent boundary condition provides a

very promising method for studying functionally important
local dynamic motions within large macromolecules.
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Materials and methods

Py
=

Solvent boundary condition and molecular dynamics
(MD) simulation

6.0 0 ‘ zl;o 4(;0 ' mlm ‘ sloo 1000 All molecula.r_ dynamics (MD) simulations were carried out using
Time [ps] X-PLOR_(Brunger 1992) and run on a S_lllcon Graphics R10,000
workstation. The coordinates of the wild type and the M190A
Fig. 8. Time course of the distance between the two walls at S1 pocket fomutant ofalP were taken from _2ALP (Fupnaga et al. 1985) and
the wild type (WT) @) and the M190A mutantg). The distributions are 1GBJ (Mace and Agard 19995) in the Pro.teln Data Bank (PDB)'
plotted every 0.05 ps for the 1 nsec simulations. The OPLS force field (Jorgensen and _Tlrado-Rlves 1998) with
polar hydrogens was used for the proteins, and the TIP3P model
(Jorgensen et al. 1983) was used for the solvent. The dielectric
significantly altered when Met190 is mutated to Ala. In the constant was set to 1.0, and the cut-off radius of nonbonded in-

; : _teractions was 12.0 A. Two distinct simulation studies using
yvlldﬂt1ype_, theftmo Vg.alg’. move rlpotr? symrPetrtlc_c';lll}[/r,] pr(_:‘S(t:"rvtspherical boundary methods (Brooks and Karplus 1983; Briinger et
Ing the size or the binding pocket. In contrast, In the mutant,, 1983, 1985) with two different radii, local boundary condition

more antisymmetric movement is observed so that the sizg Bc) and global boundary condition (GBC), were performed for
of the binding pocket shows more expansion and contrackoth wild-typealP and M190A.

tion. However, the average sizes of the binding pocket over The local solvent boundary condition (LBC) method in our sys-
the 1 nsec simulations are very similar in both the WiId-typetem consists of four zones (Fig. 3A). First, inside the inner 15 A

dth tant X tall hic studi radius “reaction” zone, standard molecular dynamics simulations
an € mutant cases, as A-ray crystallograpnic Studies Preyere carried out. No restraints are imposed on any atoms in this

viously suggested (Bone et al. 1989a,b, 1991). The resultggion. Second, in the shell of a radius of 1520 A (inner buffer
obtained by PCA methods appear to be consistent with theone), the backbone atoms were weakly restrained to the X-ray
observed specificity profiles of the wild type and the mutantstructures by a harmonic energy term (10 kcd)/Arhird, in the

-qutermost shell of 20—25 A radius (outer buffer zone), all protein
(Bone et al. 1989a) and also strongly support our hypothesﬁtoms were restrained to the initial X-ray structures (50 kcal/A

regarding the specificity mechanism_ (Rader and AgarcEangevin dynamics were used for atoms in the buffer zone. The
1997; Miller and Agard 1999). According to the PCA and atoms outside this shell (reservoir zone) were fixed during the
the MD simulations, the two walls at the S1 pocket of thecourse of the simulation. All 1185 water molecules in the LBC
wild type move in unison, such that the interior dimensionsmethod are free to move for all simulations. _ _

of the pocket remain fixed, and therefore the wild-type The global spherical b(_)undary condition (GBC) simulation was

- . . L performed only for the wild-typeLP for the purpose of compar-

specificity for small residues such as Ala is maintained. Ining the LBC results with those of the GBC method. In the global
contrast, the two walls of the mutant M190A enzyme showmethod, the entireLP was immersed in a large spherical solvent

a greater degree of antisymmetric motion and a larger flucdroplet (radius 35 A centered at the center of masald? (Fig.
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3B)). Because the entire protein migrates slightly during the simuto a specific space given by the X-ray coordinates and the center
lation with the center of mass motion enabled, making it veryof mass motion was turned off, the PCA frequency spectrum con-
difficult to directly compare modes obtained by the LBC and thesists of 3N nonzero frequencies rather than 3N-6 (Hodel et al.
GBC methods, the center of mass motiorueliytic protease was  1995).
turned off. In the GBC method, the total number of water mol-
ecules is 4202. No restraint functions were imposedbR.

The Verlet algorithm (Verlet 1967) was used to integrate theProjection (R) test for comparing results from the
equation of motions. Temperature coupling (Berendsen et alywo methods
1984) was used to keep the temperature at 300K with a coupling
constant of 10 ps. With the SHAKE algorithm (Ryckaert et al. To compare the similarity of the two normal mode vector sets, u
1977), the geometry of each water molecule was kept rigid androm MD with the LBC, and wfrom MD with the GBC method,
bond lengths within the proteins were kept constant. The time stere adopted the projection test;{st) (Kitao et al. 1991, 1994;
was 2 fs. In the equilibration, the entire system was first thermal-Hayward et al. 1994). Each averaged conformation from the two
ized gradually from 10K to 300K for 100 ps with the protein being methods is brought into its best fit position using the backbone
restrained to the X-ray structure (Fujinaga et al. 1985). After theatoms in the 'reaction zone’ of the LBC method. Then, all of the
initial solvent equilibration, protein restraints were removed andvector sets Juand w are reoriented and mapped onto the best fit
thermalized again from 10K to 300K for 100 ps. The equilibratedpositions. To quantify the similarity between the two vector sets
structures were used as the initial model for the rest of the simuobtained by two distinct methods, their inner product is calculated
lations. The total simulation time for both the local and the globalas shown below.
boundary methods was performed up to 1 nsec. The 20,000 coor-
dinates were stored at every 50 fs for principal component analysis C
(PCA). The CPU times were 156 h for the LBC method and 884
h for the GBC method.

ij = Wity ©)

However, since the total number of vectors, i& not equal to that

of u;, it is necessary to select the same number of renormalized
vector sets of wand y to satisfy the normality condition. Here, the
vector set corresponding to the backbone atoms matched to the
reaction zone of the LBC method is selected as the new normalized
w; from the vectors of the GBC method. Then, the renormalized w

Principal component analysis (PCA)

To compare the current MD results with the previous NMA results
(Miller and Agard 1999), we need to convert the time course ; : )
results of the MD simulation to frequency course results. This!S NOW compared with uby taking the inner product as shown

becomes possible by using principal component analysis (PCA§POVe (Eq. 3). If the two vectors are identical, the inner product,
(Levy et al. 1984; Teeter and Case 1990; Kitao and Go 1999)Ci: must be unity due to the normality. Since the space defined by

Although there are two distinct ways to calculate modes and frels 9iven by the LBC method lies within the space span pgiwen

quencies from MD trajectories, we used ‘quasi-harmonic analysisPY the GBC method, any vshould be expressed as a linear com-
(Karplus and Kushick 1981; Levy et al. 1984; Teeter and Casé)lnatlon of the yvector sets. Therefore, the projection value,
1990). In this method, the effective modes can be computed from

the second moment matrix obtained from the MD trajectory SNiocal

through the following relationship between the force matrix and P= > G2 4
the variance-covariance matrix. i=1

where R is the sum over the projections of the vectors onto a
single y vector. This Pvalue indicates to what extent the vector u

i i L i given by the GBC method is represented in thevector space
where F is a matrix of second derivatives of the potential energygiven by the LBC method. The closer thevlue is to 1, the more

ky is the Boltzmann constant, T is the absolute temperatureyand completely the vectors obtained by the LBC methods can express
is the variance-covariance matrix given by the vectors obtained by the GBC methods.

g = (= (Xi>)(xj - <Xj>)> 2
Dot product analysis

As shown in the above equation, the force matrix, F, can be ob-

tained by the inverse of the fluctuation matrix found in the MD In order to compare the PCA results and the NMA results (Miller
simulations. As in the case of NMA, diagonalization of the force and Agard 1999), we performed the dot product analysis described
matrix F can yield the eigenvectors corresponding to the frequenchy Miller and Agard. Briefly, to determine the extent of symmetric
of each mode. In the case of the LBC method, only atoms in theand antisymmetric movement of the two walls at the binding
“reaction zone” are included in the PCA. Therefore, the number ofpocket of aLP, we selected a group of 25 “specificity atoms”
atoms in the LBC method was 628 in both the wild type and thearound the two walls of the S1 pocket (the Met190-Cly193 strand
mutant. The matrix size was 1884 by 1884. In contrast, in the GBGnd the Ser214-Gly216 strand). Each of the 25 specificity atoms
method, only backbone atoms of the entifieP are included for  was then assigned a vector with a direction defined by a third line
the PCA, to reduce the size of the matrix. The number of backbon¢hat intersects and is perpendicular to the two parallel walls. The
atoms inaLP is 729, and therefore the matrix size was 2376 bylength of all vectors was chosen to be 1.0 A. In the symmetric case,
2376. To achieve a direct comparison between the LBC and GB@he direction vectors of one wall are in the same direction of those
methods, PCA was performed using backbone atoms in the “reef the other wall. In the antisymmetric case, the direction vectors
action zone” of the LBC method. The number of backbone atom®f one wall head in the direction opposite to that of the other wall.
in the reaction zone in the LBC method was 279, and the matrixThe dot product is then calculated between those 25 difference
was 837 by 837. Because the systems in our studies are restraineectors and 25 eigenvectors of each mode obtained by PCA. For

F=kTo™ ()
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each mode, the sum of the 25 dot products was squared. Theystem with no external forces can be partitioned in the

cumulative dot products are shown in Figure 6, A and C. following form:
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Appendix M, = My, = My, = 0. Then equation (6) can be simpli-
fied as follows.

Theory

When macromolecules are very large or the local movement My %} + [[Fe ] = [FepFonl TFord X} ={0}  (7)

of a part of a protein is of interest, standard normal mode

analysis (NMA) or principal component analysis (PCA) of This shows that the equation of harmonic motion of the
the whole molecule would be time-consuming and compuwhole system with boundary conditions can be expressed in
tationally very intensive. Theoretically, it is possible to re- terms of the degree of freedom of the atoms in the reaction
duce the computational time and the matrix of second deregion. It is more visible when Eq. (7) is converted to Eq.
rivatives of energy, F, by MD with a localized solvent 8.

boundary condition. The original concept of the matrix re-

duction was developed as the static reduction method and (M%) +[F]{x} ={0} (8)
later applied to mechanical engineering (Ookuma and Na-
gamatsu 1984). where M] = [M], [F] = [[Fq] = [Fr][Fool " TFodl-

First, we apply the theory of static reduction to our use of

a solvent boundary condition. The dynamic movement of arpq important property of the above equation is that normal
macromolecule with N atoms is approximated as harmoni¢y,qe analysis of the reaction region using MD simulation
motions in terms of displacement vectors {x} as shown inyith |ocal boundary conditions, whose degrees of freedom
the following equation: are reduced, is a reasonable approximation to that describ-
. ing the whole system iff] can be estimated accurately. In
[MI{X} +[FI{x} ={0} ®) principle, [F] can be obtained by directly calculating the
, ) second derivatives of energy including the restraining func-
where M] is the mass matrix of the macromolecule, aRfl [ tjons. However, since explicit solvents are included in our
is the force matrix whose elements are given by the secongtudy, it is quite difficult to estimated] accurately. To

derivatives of the potential energy of the macromolecule. In.i.cumvent this problem, we used the inverse relationship

MD simulation with solvent boundary conditions, the sys-penyveen the force matrif and the variance-covariance
tem is usually divided into three regions: reaction region,atrix o

buffer region, and reservoir region. In the reaction region,
where the region of interest is located, standard MD simu- .
lation is carried out. In the buffer region, the atoms are = oE -
positionally restrained because they are assumed to remain Yo%
very close to the X-ray structure and prevent the MD tra-

jectory from deviating too far from the X-ray structure. The where E is the approximate potential energy function
atoms in the reservoir region are then treated as rigid sinceehose matrix elements can be derived from a molecular
the interaction between reaction atoms and reservoir atonynamics trajectory, kis the Boltzmann constant, and T is
is very weak. Since the displacements of rigid atoms andhe absolute temperature (Karplus and Kushick 1981)s F
their second derivatives of the displacement vectors wittan element of the second derivative matrix of the system,
respect to time are zero, the descriptions are eliminated frorando;; is an element of the second moment matrix, which is
equation (5). Accordingly, the equation of motion of the defined as:

kaO-ij - 9
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oy = (04 = (XN = (%)) (100  m; are not zero. Therefore, the element of second moments
o of atoms in the buffer region cannot be ignored, though
Where < > is theensemble average over the sampled structhey are very small. The eigenvalues @f mean squared
tures during the period of simulation, amdis the mass- deviations, are nearly zero for the atoms. Since there is an
weighted atomic coordinates. inverse relationship, Eq. 14, between the angular frequen-
To obtain the modes and the corresponding frequenciesjes and their mean squared deviation, the frequencies of
there are two distinct paths. One is the diagonalization of theestrained atoms will be shown as high-frequency modes,
mass-weighted Hessian matrix H, whose diagonal elementompared to those of unrestrained atoms in the reaction
are the squared angular frequencies as shown below:  zone.

H=M"Y*FM"2 (12) o, <<y, (17

Q 'HQ =diag{w?, w3, . . . , 03} (120  wherew, is the frequency of reaction atoms, aag is the
frequency of buffer atoms. The frequency of the buffer at-
where Q is the transformation matrix whose columns conoms is dependent on the strength of restraining function and
sist of eigenvectors (normal modes). The other way is tdhe detailed procedure of a simulation.
directly diagonalize the second moment matrix, By a In the static reduction model, we completely eliminate
process similar to that shown abowecan be transformed the degrees of freedom of the restrained atoms. Therefore,
to the diagonalized matrix, yielding a set of eigenvalues andhe error due to the restrained atoms in the solvent boundary
eigenvectors. The eigenvalue represents the mean squarendition should be seen mainly on the high-frequency
fluctuation along the axis of collective coordinates in themodes but not on the low-frequency modes. However, it is

conformational space given by the eigenvector: very difficult in practice to estimate the error caused by the
restraints in using the;Rest since there are other possible
T T =diag{<Ac? >, < Ac2>,...,< Ac%,>} (13  sources of the errors. First, the convergence of variance-

covariance matrix is sensitive to the simulation length and
where T is a transform matrix to diagonalize the secondhe number of ensemble structures (Balsera et al. 1996).

moment matrixo. Second, the average structures using two different MD
The two methods described above are connected throug’HethOdS showed deviations with respect to each other (Fig.
the classical relationship: 4), which makes it difficult to perform the;Rest for the

precise comparison of two methods. Therefore, we used the
T P, test for a qualitative comparison rather than a quantitative
o, = -5 (14  comparison of the two distinct PCA methods, using a global
(Ac?) solvent boundary condition and a local solvent boundary
condition.
wherew; andAg; are the ith normal mode angular frequency
and corresponding variable, respectively.
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