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Summary

The open/closed transition in polymerases is a cru-
cial event in DNA replication and transcription. We hy-
pothesize that the residues that transmit the signal
for the open/closed transition are also strongly con-
served. To identify the dynamically relevant residues,
we use an elastic network model of polymerases and
probe the residue-specific response to a local pertur-
bation. In a variety of DNA/RNA polymerases, a net-
work of residues spanning the fingers and palm do-
mains is involved in the open/closed transition. The
similarity in the network of residues responsible for
large-scale domain movements supports the notion
of a common induced-fit mechanism in the polymer-
ase families for the formation of a closed ternary com-
plex. Multiple sequence alignment shows that many
of these residues are also strongly conserved. Resi-
dues with the largest sensitivity to local perturbations
include those that are not so obviously involved in
the polymerase catalysis. Our results suggest that
mutations of the mechanical “hot spots” can compro-
mise the efficiency of the enzyme.

Introduction

Polymerases play a central role in copying the genetic
information with great fidelity. Although these enzymes
are linked by a common function, they have vastly dif-
ferent sequences. Despite the possibility that polymer-
ases must have appeared early in evolution, the lack of
sequence similarity (except in the active site) is surpris-
ing. Using sequence comparison and crystallographic
structures, polymerases have been classified into sev-
eral different families. The molecular structures of a
number of polymerases have been determined (Steitz,
1999). These include the well-characterized structures
belonging to DNA polymerase | (or pol I), DNA polymer-
ase o (pol o), reverse transcriptase (RT), and RNA-
dependent RNA polymerases. Although the detailed
structures of the polymerases in the four families (pol I,
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pol o, RT, and polymerase family X) vary greatly, they
share similar structural features in the U-shaped DNA
binding cleft. The common structural feature is de-
scribed, following the description for the Klenow frag-
ment (Ollis et al., 1985), using the right hand metaphor
with palm, fingers, and thumb denoting the various do-
mains. The thumb and fingers domains display con-
siderable variations in structures. However, there is a
common structural core in the palm domain of all poly-
merases except those in pol B family. The common
structural core consists of the conserved arganine resi-
dues that bind dNTP and are involved in the catalysis
of the polymerization reaction.

Based on the structures of the binary polymerase-
DNA complexes and the ternary polymerase-DNA-
dNTP complex, a model for DNA polymerization has
been suggested (Steitz, 1999). In the first step, the du-
plex DNA binds to the unliganded polymerase trigger-
ing the thumb to close around the DNA. Binding dNTP
to the binary complex causes rotation of the fingers
from the open conformation to a closed state that is
primed for catalysis. The closed form is required to get
a firm grip by the enzyme on the substrate, while the
open form facilitates translocation. It is clear that the
open/closed transition in DNA/RNA polymerase, which
involves large-scale “mechanical” movement of do-
mains, is functionally significant. The purpose of this
study is to first determine the residues that trigger the
open/closed transition and then assess the extent to
which these residues are conserved. To achieve this,
we use normal mode analysis (NMA) of the Elastic Net-
work Model (ENM) to analyze DNA/RNA polymerases.

In recent years NMA analysis of ENM of large protein
complexes have been used to obtain insights into li-
gand-induced conformational transitions (Atilgan et al.,
2001; Delarue and Sanejouand, 2002; Kundu and Jerni-
gan, 2004; Tama and Sanejouand, 2001; Zheng and
Doniach, 2003). The low-frequency normal modes com-
puted from the ENM have been successful in describ-
ing large-amplitude motions of protein complexes. Col-
lective motions in the hinge-bending regions in the
palm and connection domains of HIV-1 reverse tran-
scriptase have been studied using a Gaussian network
model (Bahar et al., 1999). Delarue and Sanejouand
(2002) used ENM to investigate the open/closed transi-
tion in DNA-dependent polymerases and found that
such transitions are typically well described by the low-
est and/or the second lowest frequency normal modes
deduced from the structure of the open form. The previ-
ous studies have focused only on the overall motions
using the ENM of polymerases. A molecular under-
standing also requires identification of the network of
residues that are involved in triggering the domain mo-
tions. We hypothesize that if a given normal mode is
linked to a specific biological function that requires ac-
curate coordination of interdomain motions, the net-
work of residues that are dynamically important to the
normal mode may be evolutionarily strongly conserved.
If this hypothesis holds then mutations of the dynami-
cally relevant residues can compromise the efficiency
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of the enzymes. Linking conservation of the network of
residues and its role in function-related dynamics al-
lows for a mapping between biological functions and
the corresponding mechanically “hot” residues.

We establish the hypothesized relation between the
dynamical importance of a network of residues in con-
formational transitions and their sequence conserva-
tion using four DNA/RNA polymerases as test cases for
which structures and mutational data are available.
Extensive analysis reveals striking structural analogies
among the pol families for the fingers domains (see re-
views Steitz, 1999 and Doublie et al., 1999). The open/
closed transition of the fingers domain, observed in
several families of polymerases upon dNTP binding, is
believed to be the rate-limiting conformational change
needed for tight dNTP binding and subsequent cataly-
sis (induced fit model; Steitz, 1999). Following the study
by Delarue and Sanejouand (2002), we focus on the
open/closed transition of the fingers domain in several
polymerases to establish our hypothesis. In all poly-
merases there is a network of residues spanning a large
part of the structure that are strongly conserved. Our
results show that mutations of these residues would
adversely affect the domain motions needed to form a
tight complex with the incoming substrate. The alter-
ation in the normal modes, in response to a perturba-
tion, shows that communications between residues
that are far apart in sequence and structure is needed
to trigger the mechanical open/closed transition in
polymerases. The methodology introduced here is rele-
vant for probing allosteric transitions in other biologi-
cal nanomachines.

Results and Discussion

Our hypothesis is that clusters of residues that are in-
volved in large-scale domain movements are also evo-
lutionarily highly conserved. To test this proposal, we
consider the biologically important open/closed transi-
tion in four DNA/RNA polymerases. The polymerases in
the closed form enable the tight interaction between
the enzyme and the template substrate. Thus, it is im-
portant to decipher the network of residues that are
involved in this complex reorganization and to assess
the extent to which they are conserved.

To establish the proposed hypothesis, we first iden-
tify the normal mode for each polymerase that de-
scribes the domain movement in the open/closed tran-
sition. For the modes of interest, we calculate (see
Experimental Procedures) residue level response to a
local perturbation. The final step involves correlating
the effect of perturbation on specific residues to their
conservation using multiple sequence alignment.

Identification of the Normal Mode

in the Open/Closed Transition

Taq DNA Polymerase |

Waksman and coworkers (Li et al., 1998) solved the
structures of two ternary complexes of the large frag-
ment of Thermus Aquaticus (Taq) DNA polymerase |
bound to a DNA duplex and dNTP. The transition from
the open form (Protein Database [PDB] code, 2KTQ) to
the closed from (PDB code, 3KTQ) of the enzyme is

thought to consist of two successive rotations of heli-
ces N, O, O1, and O2. This complex motion results in
the closing of the finger-palm crevice (Li et al., 1998).
The O helix (residues 660-671) changes its orientation
significantly in order to approach the active site (Figure
1B) so that the first single-stranded DNA base of the
template can pair with dNTP. This results in the assem-
bly of a productive closed ternary complex poised for
catalysis. Residue Y671 on the O helix, which is part of
the motif B, is highly conserved in pol | family (Delarue
et al., 1990).

The NMA analysis (Experimental Procedures; Table 1)
for the open form structure 2KTQ shows that the open/
closed transition is dominated by mode 4 (overlap =
0.50; see also Delarue and Sanejouand, 2002) that in-
volves the fingers domain rotating toward the active
site. It describes well the measured conformational
change (Figure 1A, fourth panel) involving the large-
scale rotation of the O helix. The motion of O1 and 02
helix is somewhat overestimated. The thumb move-
ment predicted by mode 4 is not seen in the measured
conformational change presumably because it is inhib-
ited in the presence of a bound DNA duplex.
Bacteriophage T7 RNA pol |
The C-terminal two-thirds of T7 RNA polymerase is ho-
mologous to the polymerase domain of the pol | DNA
polymerase family. With the exception of a few inser-
tions on T7 RNA pol, alignment of the homologous re-
gions of T7 RNA pol with E. coli Klenow fragment (KF;
Ollis et al., 1985) provides a good fit on the fingers do-
main (Jeruzalmi and Steitz, 1998). Helix Y of T7 RNA
pol (residues 644-661) aligns precisely with helix O1
(residues 770-778) of KF—a motif that is also found in
Taq pol I. Among the set of residues conserved in Pol |
family is the Y639 in motif B (homologous to Y766 in KF
and Y671 in Taq pol 1), which is believed to be critical to
the regulated stacking of the active site.

The NMA analysis (Table 1) for the open form struc-
ture (PDB code, 1ARO; Jeruzalmi and Steitz, 1998)
shows that the open/closed transition is dominated by
mode 1 (overlap = 0.66) that describes a hinge motion
of the fingers domain relative to the rest of the structure
(the thumb domain is absent in 1ARO). Mode 1 cor-
rectly describes the measured conformational change
(Figure 2A, fourth panel). The observed conformational
change also includes a translational shift of the upper
fingers which moves both ends of helix Y.

Human/Rat DNA pol 3

DNA polymerase B (pol B) is a small DNA gap-filling
polymerase. Structural alignments with other polymer-
ases revealed a common active-site geometry in the
palm domain (Pelletier et al., 1994). However, they differ
structurally in the thumb and fingers domains. Struc-
tural comparison with the pol | family shows that the N
helix (residue 276-288) of the thumb domain is the ana-
log of the O helix of pol | (Li et al., 1998). The common
function of the two helices is the interaction with the
incoming dNTP in the closed ternary complex. Because
motif B does not exist in pol  as in pol | family, it is
proposed that the thumb domain, instead of the fingers
domain, interacts with the incoming dNTP to form a
closed ternary complex (Pelletier et al., 1994).

In the open state (PDB code, 1BPX; Pelletier et al.,
1996) to the closed state 1BPY (PDB code, 1BPY; Pel-
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Figure 1. Analysis of the ENM for Taq pol |

(A) Panel 1 shows 3o (residue-dependent response to local perturbation) in mode 4. Numbers 1-8 denote clusters of residues with high-dw
values centered at positions 613, 638, 667, 697, 721, 754, 785, and 813, respectively. Panel 2 shows the residue information S calculated
using multiple sequence alignment with PsiBlast. The highly conserved eight clusters of residues (1-8) also have high-dw values (compare
panels 1 and 2). The position-specific crosscorrelation coefficient between 3w and S, with the red line representing CC = 0.5 in the third
panel, shows significant correlation between residues with high S and 3. The fourth panel shows the amplitude of displacement of mode 4
(blue) and the amplitude of the measured conformational change (green).

(B) Panel 1 shows the structural alignment of 3KTQ (gray) with 2KTQ (color change from blue to red indicates increase in 3w). The O helix
(residues 660-671) is shown as cylinder, and the O1 helix (residues 674-679) and the O2 helix (residues 686-699) are pointed by arrows. The
high-8w residues (Q613, F667, 1638, E615, L813, L616, D785, A814, Q754, D610, N666, L670, L622, M747, V810, V669, 1614, E721, P812, G809,
L723, Y611, R617, F632, V720, E626, G725, L619, G672, F697, S612, and F749, in order of descending dw) are shown, and the eight center
residues are numbered. Panel 2 shows the enlarged side view of the hinge region (structure in the box in panel 1), where the high-3w residues
are numbered and shown as space filled circles. The colors represent clusters: 1, red; 2, yellow; 3, green; 4, orange; 5, gray; 6, cyan; 7, blue;
and 8, magenta. The top-ranking links within 10 A between clusters are shown as dashed lines (see Experimental Procedures).
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Table 1. Summary of the Results for the NMA-Based 3w
Calculation for Four Polymerases

Conformational Dominant
Name Change (PDB) Mode Overlap Z,
Tag DNA pol I  2KTQ—3KTQ 4 0.50 0.28
T7 RNA pol | 1ARO—1CEZ 1 0.66 0.42
Human/Rat
DNA pol B 1BPX—1BPY 1 0.71 0.04
3 0.49 0.13
HIV-1 RT 1N5Y —-1RTD 4 0.51 0.35

letier et al., 1994) transition, a large change in the posi-
tion of the thumb domain results in a more closed
active site in 1BPY than in 1BPX (Pelletier et al., 1996).
The NMA analysis (Table 1) for the open structure
shows that the open/closed transition is dominated by
mode 1, with an overlap = 0.73 that is identical to that
found by Delarue and Sanejouand (2002). This mode
describes a hinge motion of the 8-KD/fingers domains
relative to the thumb/palm domains with both having
similar amplitude (Figure 3A, fourth panel). (The mea-
sured conformational change has larger movement in
the thumb domain than in the fingers, which is consis-
tent with the 8-KD/fingers being bound to the DNA du-
plex). The observed movement of the thumb domain
that closes on the palm domain is described by the
subdominant mode 3 (overlap = 0.49). This mode de-
scribes the hinge motions between the thumb and palm
domains and between the fingers and palm.

HIV-1 Reverse Transcriptase

HIV-1 reverse transcriptase (RT) is responsible for the
catalytic transformation of single-stranded viral RNA
into the double-stranded linear DNA. It is a dimer of two
related chains, p66 and p51, that have four common
domains (fingers, palm, thumb, and connection). We
will focus on the polymerase activity of p66, for which
multiple structures of different states have been solved.
We chose the open binary form (PDB code, 1N5Y; Sara-
fianos et al., 2002) and the closed ternary form (PDB
code, 1RTD; Huang et al., 1998). For analysis in this
study, we include p51 in the normal modes calculation
but exclude it from the statistical analysis.

In the transition between 1N5Y and 1RTD, the fingers
tip closes where the outer part of the fingers domain
rotates with respect to the base. Hinge points for the
three projecting loops are near residues 21/45, 58/77,
and 130/144 (Huang et al., 1998). The NMA analysis
(see Experimental Procedures; Table 1) for the open
form structure 1N5Y shows that the open/closed transi-
tion is dominated by the mode 4 (overlap = 0.51) that
describes the rotation of the three projection loops in
the fingers. It gives a good description of the measured
conformational change (Figure 4A, fourth panel), al-
though the scale of movement in the rest of the struc-
ture is overestimated.

Dynamically Important Residues

Are Strongly Conserved

Taq DNA Polymerase |

To test the hypothesis that dynamically relevant clus-
ters of residues (ones with high 6w values) are also
likely to be evolutionarily conserved (with high residue

information) we calculated 8w (Experimental Proce-
dures) for mode 4. The high-dw residues are distributed
over the hinge region covering the fingers, palm, and
thumb domains (Figure 1B). The positive Z,, (0.28) (Ex-
perimental Procedures) suggests a statistically favor-
able conservation of the high-6w residues. To obtain a
detailed picture of the highly conserved regions, we
have examined the correlation between residue infor-
mation S and 3w (Figure 1A, first and second panels).
Comparison of the results in the first two panels in Fig-
ure 1A shows clearly that clusters of residues with high
dw values also have high S values. This correspon-
dence is particularly impressive for the part of se-
quence between residue 300 and the C-terminal that
covers the fingers and palm domains. The position-
specific crosscorrelation coefficient CC (see Experi-
mental Procedures) exceeds 0.5 in this region (Figure
1A, third panel). These results support the proposed hy-
pothesis for this polymerase. There are a few clusters
of high-dw residues in the thumb domain that do not
appear to be conserved. This may be because mode 4
does not provide a correct description of the thumb
movement.

Bacteriophage T7 RNA pol |

The high-dm residues for mode 1 are distributed over
the hinge region covering the fingers and palm domains
(Figure 2B). The positive Z,, (0.42) suggests a statistic-
ally favorable conservation of the high-6w residues.
Comparison of the results in the first and second panel
of Figure 2A shows that clusters of residues with high
dw values also have high S values. The correlation is
especially sharp for the part of sequence between resi-
due 400 and the C-terminal which covers the fingers
and palm domains. The position-specific cross-correla-
tion coefficient CC (Experimental Procedures) exceeds
0.5 in this region (Figure 2A, third panel).

Human/Rat DNA pol 3

Because of the importance of two modes (1 and 3), we
calculated dw for residues for both modes. For mode 1,
the high-dw residues are distributed near the fingers/
palm domains while the thumb is essentially distortion-
free (Figure 3A). Its small Z,, value (0.04) indicates insig-
nificant conservation of the high-6w residues. For mode
3, the high-dw residues are distributed over both the
fingers/palm domains and the thumb domain (Figure
3A), and its Z,, (0.13) indicates favorable conservation
of the high-dw residues.

Comparison of S and dw in the first and second panel
of Figure 3A shows the following: First, the correlation
for mode 1 is relatively poor, which is inferred from the
lack of a long contiguous segment of sequence with
the position-specific crosscorrelation coefficient CC
that exceeds 0.5. Second, for mode 3 we find a much
better correlation for the part of sequence between 120
and C-terminal (six clusters are identified). In this case
CC exceeds 0.5 in this region (Figure 3A, third panel).
For mode 3, there are two clusters with high-6w resi-
dues on the 8-KD/fingers domain (centered at 20 and
100) that do not match with conserved residues (Figure
3A). This is consistent with the inaccurate description
or overestimation of the fingers movement by mode 3.
For this polymerase, we will focus on mode 3 from
now on.
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Figure 2. Results for T7 RNA pol
(A) Panel 1 shows 3w for mode 1. Numbers 1-8 denote clusters of residues with high 3w values centered at positions 539, 572, 640, 688,
741, 781, 812, and 830, respectively. The residue information is shown in panel 2. See caption to Figure 1 for further explanation of the

remaining panels.
(B) Panel 1 shows the structural alignment of 1CEZ (gray) with 1ARO (same color code as in Figure 1B). Helix Y is shown as cylinder. The

high-3w residues (S539, N781, S541, D812, M635, G640, T688, G572, P780, Y571, A638, Y639, S684, D537, V690, G538, Q568, K741, S641,
H784, S686, R557, 1810, V841, P730, K642, E830, E683, V567, V687, G542, P742, P563, V554, K577, K793, V685, D770, D569, V796, T835,
C540, N697, A691, L680, L561, W682, N762, E553, V783, Q649, A548, and A558, in order of descending dw) are shown, and the eight center
residues are numbered. Panel 2 shows the enlarged side view of the hinge region (structure in the box in panel 1) where the high-do residues
are numbered and shown as space filled circles. The colors represent clusters: 1, red; 2, yellow; 3, green; 4, orange; 5, gray; 6, cyan; 7, blue;
and 8, magenta. The top-ranking links within 10 A between clusters are shown as dashed lines (see Experimental Procedures).

HIV-1 Reverse Transcriptase

results in the first two panels of Figure 4A show that

For mode 4, the high-do residues are distributed over clusters of residues with high dw values also have high
the hinge region covering the fingers and palm domains S values. This correspondence is most definitive for the
(Figure 4B). The positive Z,, (0.35) suggests a statistic- part of sequence between residue 50 and 200 which

ally favorable conservation of the high-6w residues. The covers the fingers and palm domains. The position-
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Figure 3. Summary of Findings for pol

(A) Panel 1 (5) shows dw for mode 1 (3). For mode 3, numbers 1-6 denote clusters of residues with high-3w values centered at positions 152,
180, 228, 268, 296, and 333, respectively. Panel 2 (6) shows the residue information S. For mode 3, the highly conserved six clusters of
residues (1-6) also have high 3w values (compare panels 5 and 6). See caption to Figure 1 for further explanation of the remaining panels.
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specific crosscorrelation coefficient CC exceeds 0.5 in
this region (Figure 4A, third panel).

The general finding that the clusters of residues that
have high dw-values are, to a large extent, highly con-
served for these four polymerases validates our hy-
pothesis. These clusters of residues with high degree
of conservation are involved in the large-scale domain
movements that facilitate ligand binding. This implies
that a network of residues that are far apart in se-
quence and are spatially distant is conserved for the
“mechanical” function of the polymerases.

Identifying the Network of Dynamically Important
Residues in the Open/Closed Transition
It is important to identify the set of residues in the sig-
naling process that trigger the open/closed transition.
To this end we select residues that have high 3o values
from the fingers/palm domains (see Experimental Pro-
cedures for details). They form a network connected by
pairwise links between spatial neighbors that are within
10 A. Based on the elastic energy stored within each
link (see Experimental Procedures), we rank them and
focus on those “high-ranking” links (Experimental Pro-
cedures). The clusters of such important residues,
which are both spatially apart and are also well sepa-
rated in sequence, are identified as transmitting forces
between spatial neighbors through the high-ranking
links. This supports the existence of long-range com-
munication in the open/closed transition in polymerases.
Taq DNA Polymerase |
The network of high-dw residues in the hinge region is
formed by eight clusters (Figure 1B). The center of this
network is formed by Cluster 1, which is linked to five
neighboring clusters (2, 3, 5, 7, and 8), and residues in
cluster 3 are connected to those in clusters 1, 2, 4, and
6. The residues in these clusters are directly or indi-
rectly linked via the high-ranking links (Figure 1B, sec-
ond panel). The interactions between residues from
different clusters are likely to be important in the modu-
lation of the open/closed conformational change. Per-
turbations due to ligand (dNTP) binding can induce re-
sponses in ligand binding residues (clusters 1, 3, and
5), which can then be transmitted, via these links, to
the entire hinge region (especially nonligand binding
residues in clusters 4, 6, and 8). Such a process triggers
the functionally important hinge motion, eventually re-
sulting in the open/closed transition.

A detailed discussion of the residues in these clus-
ters follows:

1. Residues in cluster 1 (D610, Y611, S612, Q613,
1614, E615, L616, R617, L619, L622, and E626) and
2 (F632 and 1638) are on the fingers/palm interface
(Li et al., 1998). Some of these are involved in
dNTP binding and catalysis (conserved motif A:

605-617). The mutant Taq pol containing hydro-
philic substitution 1614K has significantly reduced
fidelity and has a high propensity to extend mis-
pairs (Patel et al., 2001). Residues L619, L622,
F632, and 1638 in Pol | family are likely to be in-
volved in the stabilization of the fingers-palm
interface and modulation of the open/closed con-
formational change.

2. Residues in cluster 3 (N666, F667, V669, L670, and
G672) are located in the fingers domain that cov-
ers the O helix (660-671). Among these, F667 and
G672 are involved in DNA and dNTP binding. Mu-
tations of the O helix residues (A661, 1665, and
F667) show that interactions within O helix resi-
dues can contribute to fidelity. Finally, V669 and
L670 are conserved in Pol | family.

3. Residues in clusters 4 (F697), 5 (V720, E721, L723,
and G725), and 6 (M747, F749, and Q754) are on
the fingers domain. Some of these (M747 and
Q754) are involved in DNA binding. F697, V720,
E721, L723, and F749 are conserved in Pol | family.

4. Cluster 7 (D785), which is located in the palm do-
main is involved in DNA binding and catalysis. It
is one of the two active site carboxylates for ca-
talysis.

5. Residues in cluster 8 (G809, V810, P812, L813, and
A814) are in the palm domain. V810 and L813 are
conserved in Pol | family for their hydrophobicity.

In summary, residues in the eight clusters with high-dw
(Figure 1A) are highly conserved. The conservation of
some of these is for functional reasons including in-
teractions with DNA/ANTP. However, there are a num-
ber of strongly conserved high-6m residues that do not
directly interact with DNA/ANTP. We associate their
conservation with their dynamical importance to the
normal mode 4, which is responsible for a fingers-clos-
ing conformational change needed for the formation of
a tightly closed ternary complex of polymerase. These
residues are good targets for mutagenesis study to fur-
ther examine how they affect the function, possibly by
altering the rate of the open/closed transition.

The proposed link between the conserved residues
involved in the mechanical open/closed transition and
the polymerase function has some experimental sup-
port. Residues 1614 (cluster 1) and F667 (cluster 3),
which have been shown by mutational studies to be
critical for high-fidelity DNA polymerization, strongly
support the connection between the fingers-closing
normal mode and the fidelity of DNA synthesis (Delarue
and Sanejouand, 2002). The critical role of residues in
cluster 3 that serves as a hinge region to the fingers
rotation motion is also evident from the plot of the dis-
placement amplitude of mode 4. It corresponds to the
deep valley between two sharp peaks corresponding

(B) Panel 1 shows the structural alignment of 1BPY (gray) with 1BPX (same color code as in Figure 1B). Helix N is shown as cylinder. The
high-dw residues (L228, 1260, G268, H135, Y296, D226, S180, F272, D192, T227, G179, G184, K262, R258, D263, R152, G189, D190, Y265,
V193, F146, V215, R254, L259, F181, E147, and R333, in order of descending dw) are shown, and the six center residues are numbered. Panel
2 shows the enlarged side view of the hinge region (structure in the box in panel 1), where the high-6w residues are numbered and shown as
space filled circles. The colors represent clusters: 1, red; 2, yellow; 3, green; 4, orange; 5, pink; 6, cyan. The top-ranking links within 10 A
between clusters are shown as dashed lines (see Experimental Procedures)
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Figure 4. Analysis of the ENM for HIV-1 RT

(A) Panel 1 shows 8w for mode 4. Numbers 1-7 denote clusters of residues with high-3w values centered at positions 65, 74, 91, 116, 126,
157, and 185, respectively. Panel 2 shows the residue information S. The highly conserved seven clusters of residues (1-7) also have high 5o
values (compare panels 1 and 2). See caption to Figure 1 for further explanation of the remaining panels.

(B) Panel 1 shows the structural alignment of 1RTD (gray) with 1N5Y (same color code as in Figure 1B). The closing of the outer part of the
fingers (the loop 58-77 in particular) toward the palm is shown. The high-3m residues (P157, L74, G152, Q151, F116, V75, Q91, A114, K126,
F124, R72, K65, Q85, Y115, D121, V90, F61, D185, A158, Q161, P150, and H96, in order of descending dw) are shown, and the seven center
residues are numbered. Panel 2 shows the enlarged side view of the hinge region (structure in the box in panel 1) where the high-dm residues
are numbered and shown as space filled circles. The colors represent clusters: 1, red; 2, yellow; 3, green; 4, orange; 5, pink; 6, cyan; 7, blue.
The top-ranking links within 10 A between clusters are shown as dashed lines (see Experimental Procedures).



Network of Dynamically Important Residues
573

Table 2. List of Crystal Structures of DNA/RNA Polymerases Used
in the Present Study

Proteins (Family Name) PDB (State)

Thermus aquaticus (Tag) DNA pol |  2KTQ (open ternary: DNA)

(pol A/pol 1) 3KTQ (closed ternary:
ddCTP+DNA)

1ARO (binary: T7 lysozyme)

1CEZ (open binary:
promoter)

1BPX (binary: DNA with gap)

Phage T7 RNA pol
(RNA pol monosubunit)

Human/Rat DNA pol

(pol X/pol B) 1BPY (ternary: ddCTP+DNA)
HIV-1 reverse transcriptase 1N5Y (binary)
(RT) 1RTD (closed ternary)

to the tip regions of the fingers (Figure 1A, pointed by
an arrow) that undertakes the largest motion.
Bacteriophage T7 RNA pol |
Just as before, the network of high-dw residues in the
hinge region is formed by eight clusters (Figure 2B). The
center of the network is formed by cluster 1, which is
linked to five neighboring clusters (2, 3, 6, 7, and 8).
Residues in cluster 3 are connected to those in 1, 2,
4, and 6. The residues in these clusters are directly or
indirectly linked by the high-ranking links except for
cluster 5 (Figure 2B, second panel). The interactions
between residues from different clusters are important
in the modulation of the open/closed conformational
change.

The structural homolog of the fingers and palm do-
mains between T7 RNA pol and DNA pol | allows for a
mapping between these clusters.

1. Residues in cluster 1 (D537, G538, S539, C540,
S541, G542, and A548) are on the palm domain.
Among these the two residues important in cataly-
sis, D537 and S539, are identical to Taq pol’s D610
and S612. Therefore, these map onto cluster 1 of
Taq pol. In addition, G538, C540, S541, and G542
are also conserved although they are not directly
involved in the active site. Interaction between
residues in clusters 2, 3, 6, and 7 and those in
cluster 1 are mediated by C540, S541, and G542.

2. Residues in cluster 2 (E553, V554, R557, L561,
P563, V567, Q568, D569, Y571, G572, and K577)
are on the fingers domain. The active site residue
D569 is identical to Taq pol’s D637. Therefore, it
maps onto cluster 2 of Taq pol. Others such as
V554, L561, V567, Y571, and G572 are also con-
served although they are not directly involved in
the active site. Hydrophobic residues V554, L561,
and Y571 are involved in intercluster interactions
with clusters 1, 3, and 4.

3. Residues in cluster 3 (M635, A638, Y639, G640,
S641, K642, and Q649) are on the fingers domain.
It contains dNTP binding residues (M635 and Y639
of motif B), and helix Y, which is homologous to
helix O in Taq pol I; therefore, it corresponds to
cluster 3 of Taq pol. The conserved residues
M635, A638, S641, and K642 are involved in inter-
cluster interactions with clusters 1, 2, 4, and 6.

4. Cluster 4 (L680, W682, E683, S684, V685, S686,

V687, T688, V690, A691, and N697) is on the fin-
gers domain. It maps onto cluster 4 of Taq pol by
structural homology alone (no conserved residues
are identified). The conserved residues V685,
T688, and N697 are involved in intercluster in-
teractions with clusters 2 and 3.

5. Residues in cluster 5 (K741, P742, N762, and
D770), that are on the fingers domain, map to clus-
ter 5 of Taq pol by structural homology (G732 is
identical with Taq pol’s G725).

6. Residues (P780, N781, V783, and H784) in cluster
6 are on the palm/fingers interface, in proximity to
the motif B-containing cluster 3. It maps onto
cluster 6 of Tag pol by structural homology. All
these residues except V783 are conserved.

7. Residues in cluster 7 (1810 and D812) are on the
palm domain. It maps onto cluster 7 of Taq pol
because of the conservation of active-site resi-
dues (H811 and D812 of T7 are identical with H784
and D785 of Taq pol).

8. Residues in cluster 8 (E830, T835, V841, P730,
K793, and V796) are on the palm domain. It maps
onto cluster 8 of Taq pol because M832 is identical
with Taq pol’s M807. All these residues are con-
served.

The detailed analysis given above shows that residues
in the eight clusters with high-6w (Figure 2A) are
strongly conserved. Using structural homology, we
found that they all have corresponding counterparts in
Taq pol I. The high degree of conservation of some of
the residues is for functional reasons, including interac-
tions with DNA/ANTP. Just as in Taq pol |, we associate
the highly conserved high-dw residues that do not in-
teract with DNA/INTP as being dynamically relevant in
triggering the fingers-closing conformational change
that ensures the formation of a tightly closed ternary
complex of polymerase. We predict that mutations of
these residues will compromise the efficiency of the
function of the polymerase.

The critical role of residues in cluster 3, which serves
as a hinge region to the fingers rotation motion, is evi-
dent from the plot of the displacement amplitude of
mode 1. It corresponds to the deep valley between two
sharp peaks corresponding to the tip regions of the fin-
gers (Figure 2A, fourth panel, arrow) that undergoes the
largest motion.

The combination of our NMA based method and the
structural homology between T7 RNA pol and Taq pol
allows us to link the eight clusters of interacting net-
work of residues between the two polymerases. The
network of residues in these two structures are highly
conserved and are not only involved in the catalytic
function of the polymerase but also in the dynamical
function of the open/closed transition. Surprisingly, in
both cases, a single normal mode is associated with
the dynamical function of fingers closing.

We find only a weak correlation between S and dw in
the rest of T7 RNA pol (see the region 1-400 in Figure
2A). The dynamics is not conserved between Taq pol
and T7 RNA pol in this region, which is consistent with
the observation that the structural homology between
these two polymerases is limited only to the fingers/



Structure
574

palm domains. This suggests that the critical dynamic
role of the fingers domain is not shared by the other do-
mains.

Human/Rat DNA pol 3

The network of high-6m residues in the hinge region is
formed by six clusters (Figure 3B) where the spatial
connectivity varies. The center of this network is
formed by cluster 1, which is linked to four neighboring
clusters (clusters 2, 3, 4, and 6). The residues in these
clusters are directly or indirectly linked via the high-
ranking links (Figure 3B, second panel). The interac-
tions between residues from different clusters are likely
to be important in the modulation of the open/closed
conformational change. Now we discuss residues in
those clusters:

1. Residues in cluster 1 (H135, F146, E147, and
R152), cluster 2 (G179, S180, F181, G184, G189,
D190, D192, and V193), and cluster 3 (V215, D226,
T227, and L228) are in the palm domain. Several
of these are conserved, but are not directly in-
volved in dNTP binding (H135, F146, R152, T227,
and L228).

2. Residues in cluster 4 (R254, R258, 1260, K262,
D263, Y265, G268, and F272) are at the palm/
thumb interface. F272, which is located within
dNTP binding pocket, is known to be critical for
maintaining fidelity during the binding of dNTP (Li
et al., 1999). Conserved residues Q264 and Y265,
although not in contact with DNA or dNTP, are in-
volved in the observed thumb movement. A recent
mutational study (Opresko et al., 1998) showed
that the mutant Y265C of pol B displays an in-
crease in both base substitution and frame shift
errors. This is in accord with the importance of
Y265 in mediating a conformational change of fin-
gers-closing transition to enhance the accuracy of
DNA synthesis (Pelletier et al., 1996).

3. Residues in clusters 5 (Y296) and 6 (R333) are in-
volved in the interaction with dNTP.

In summary, the six clusters of conserved residues
seem to match the clusters of high-6w residues for
mode 3. These clusters contain a number of residues
whose strong conservation seems necessary for dy-
namical reasons. Similar to the above two pol | cases,
for mode 3 of pol 3, only weak correlation is found be-
tween S and dw in the 8-KD/fingers domains.
Compared with the pol | cases, where the motif
B-containing cluster 3 serves as a critical hinge to the
fingers movement, the hinge for the thumb movement
of pol B seems to involve clusters 4, 5, and 6. This sug-
gests important roles for both helix Y and a nearby
hairpin (residues 290-300) in mediating the open/
closed transition. The dynamical roles of the other clus-
ters may warrant further study. Such study will be use-
ful in clarifying whether pol B employs induced fit
mechanism similar to that observed in pol | family
(Sweasy, 2003).
HIV-1 Reverse Transcriptase
The network of high-dm residues in the hinge region is
formed by seven clusters (Figure 4B). The center of this
network is formed by cluster 6, which is linked to four

neighboring clusters (2, 3, 4, and 7). The residues in
these clusters are directly or indirectly linked, by the
high-ranking links, except for cluster 5 (Figure 4B, sec-
ond panel). Residues from different clusters modulate
the open/closed conformational change. Now we dis-
cuss residues in some of those clusters:

1. Residues in cluster 1 (F61 and K65) and cluster 2
(R72, L74, and V75) are in the fingers domain,
forming the hinge of the projecting loop (58-77),
which moves most in mode 4 (Figures 4A and 4B).
It corresponds to cluster 3 of Taq pol and T7 RNA
pol. Mutational study suggested that substitution
of D76 (it is neighboring to V75 of cluster 2) by
positively charged and nonpolar residues in-
creases the replication accuracy significantly (Kim
et al., 1998). These observations suggest that the
above loop is likely to be the RT’s analog of the O
helix of Pol | in that both are important to the fin-
gers closing transition. L74 is conserved but is not
directly in contact with dNTP.

2. Residues in cluster 3 (Q85, V90, Q91, and H96),
cluster 4 (A114, Y115, and F116), cluster 5 (D121,
F124, and K126), cluster 6 (P150, Q151, P157,
A158, and Q161), and cluster 7 (D185) are in the
fingers/palm interface. Among these, cluster 6
contains several active site residues (Q151 and
P157) and has the highest dw, so it corresponds
to cluster 1 of Taq and T7 RNAP. Clusters 4 and 7
also contain some of the active site residues
(A114, Y115, F116, and D185). Among these resi-
dues, F124, P150, and Q161 are conserved but not
directly in contact with dNTP.

In a recent work of NMA on HIV-1 RT (Bahar et al.,
1999), several regions severely constrained in the col-
lective motion of RT were identified. They correspond
to its hinge-bending centers. Two of these regions
overlap with our clusters: region 87-110 overlaps with
clusters 3 and 4, and region 177-192 overlaps with
cluster 7. Both contain the active site of catalysis and
the NNRTI binding site, which is consistent with their
critical role in modulating the functionally relevant col-
lective motion (Bahar et al., 1999). Our Jw-based
method enables us to identify additional clusters (clus-
ters 1, 2, and 6) of hinge residues in the fingers domain.

Similar to Taq pol and T7 RNA pol, we find insignifi-
cant correlation between residue information and dw in
the rest of RT (see the region 20 C-terminal in Figure
4A), which is in sharp contrast with the good matching
discussed above. This further hints at the critical dy-
namic role unique to the fingers/palm domain which is
not shared by the other domains.

Discussion

Relation to Other Studies

In several recent studies the powerful ENM have been
extended in a number of novel ways (Chacon et al.,
2003; Van Wynsberghe et al., 2004). As a complement
to these studies, in this work we have introduced a
method to probe long-range responses to a local per-
turbation within the ENM of polymerases. This tech-
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nique allows us to identify a network of residues that
are also strongly conserved for ensuring efficient open/
closed transition. Although these new ideas have not
been previously explored, our work is related to a few
previous studies. Using the two lowest frequency
modes of the Gaussian network model of HIV-1 RT, Ba-
har and coworkers (Bahar et al., 1999; Temiz and Bahar,
2002) computed the mean square fluctuations. They fo-
cused on the dynamics of DNA/inhibitor binding/releas-
ing instead of the open/closed transition triggered by
incoming nucleotide as studied here. Therefore, it is not
feasible to directly compare our results for the fingers-
closing mode 4 with the relevant modes identified in
their study. However, both studies attempt to identify
hinge region residues that are dynamically critical using
different computational methods. It is interesting to
note that the hinge residues (with high-dw values) criti-
cal for the open/closed transition partly overlap with
the hinge residues (with minimal mobility) identified in
their work (Bahar et al., 1999).

Dynamically Relevant Residues
Are Highly Conserved
Using the residue-dependent response to a local per-
turbation in the elastic network representation of poly-
merase structures we have identified a network of resi-
dues that modulate the functionally relevant open/
closed transitions. Because the domain movements in
large protein complexes occur essentially as rigid bod-
ies, coarse-grained models that neglect the molecular
details are remarkably successful (Bahar et al., 1999;
Delarue and Sanejouand, 2002; Tama and Sanejouand,
2001; Zheng and Doniach, 2003). As argued earlier (De-
larue and Sanejouand, 2002), the small amplitude mo-
tion of structural fluctuations in the open/closed transi-
tion permits a description of the low-frequency modes.
For the polymerases, there is a remarkable correla-
tion between the distributions of conserved residues
and elastic distortion of the relevant normal mode
along the protein sequence. The clusters of high-6®
residues are mostly distributed around the flexible
joints between relatively rigid structural elements, such
as helices or larger compact subdomains, and espe-
cially at the interface between several subdomains.
Thus, besides the highly conserved aspartate residues
in the palm domain which bind to dNTP, and the two
metal ions responsible for catalysis, we predict that
there are strongly conserved residues that communi-
cate over large spatial distances in the open/closed
transition. These residues ensure that the domains
movements are coordinated so that tight binding (re-
quired for fidelity) to incoming ligand can occur. Our
results suggest that mutations of these residues can
compromise the polymerase efficiency. Interestingly,
there is no correlation between the coordination num-
ber of a residue and its extent of conservation. It ap-
pears that mechanically relevant residues are also en-
coded in the structure.

High-3w Residues Are Responsible for Induced Fit

We find that the clusters of high-6w residues match well
with the clusters of conserved residues for a significant
portion of the sequences. The clusters of high-dw resi-

dues not only contain some catalytically important resi-
dues, but also other conserved residues not involved in
substrate binding. The high-6w residues form a network
that is important in the modulation of the open/closed
conformational change. Perturbations induced by li-
gand (dNTP) binding trigger deformations in ligand
binding residues, which can then be transmitted via
these links to the whole hinge region so that the func-
tionally important motions (here the open/closed transi-
tion) can be initiated. The formation of a closed ternary
complex for polymerization reactions involving fingers
closing (induced fit mechanism) should be operative in
all polymerases with high-fidelity replication. The accu-
racy of the induced fit conformational changes is en-
sured by conserving the high-6m residues. The contacts
between those residues and the substrates allow the
relevant normal mode to be sensitive to their binding.
This may ensure that only the correct pairing of dNTP
bases can trigger the open/closed conformational
change.

There are also other strongly conserved residues with
low-3w values. We speculate that these residues are
conserved for reasons other than the specific dynamics
associated with the open/closed transition. They may
be needed for ligand binding, for example. Secondly
there are non-conserved residues with high-dw. These
are found in the hinge region of the thumb domain
where there is less conservation pressure, perhaps, due
to enhanced flexibility. Additional work is required to
clarity their role in the polymerase functions.

Generality of the Proposed Method

In this work we have proposed a very general method
to link mechanically important network of residues and
sequence conservation. There are numerous other
nanomachines (molecular motors, chaperones, etc.)
that also undergo largely rigid body motions in re-
sponse to ligand binding. The procedure we have de-
veloped, which combines multiple sequence alignment
and the ENM of large structures, can be used to identify
the network of residues that signal such domain move-
ments. ldentification of the mechanically “hot” residues
allows design of experiments that can be used to as-
sess the role of these key residues not directly involved
in the active sites.

Experimental Procedures

Elastic Network Model

Given the C, atomic coordinates for a protein’s native structure, we
build an elastic network model (Tirion, 1996) by using a harmonic
potential with a single force constant to account for pairwise in-
teractions between all C, atoms that are within a cutoff distance
(Rc =10 A). The energy in the elastic network representation is:

1
Enetwork = 5 Y cd;—d?? )
di<R.

where dj is the distance between the dynamical coordinates of the
C, atoms i and j, and d°; is the distance between C, atoms i and j,
as given in the crystal structure. For the harmonic Hamiltonian in
Equation 1, we perform the standard normal mode analysis (NMA).
The eigenvectors of the lowest frequency normal modes are used
to compute the overlaps with the conformational changes between
two states with known structures (Zheng and Doniach, 2003).
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Assessing the Effect of Point Mutation on Normal Modes

To probe the effect of a point mutation of a residue R (at position
n) on a functionally relevant normal mode M, we calculate the re-
sponse of the springs connected to R to a local perturbation. The
harmonic springs connected to R are changed by a small amount
8k. This local perturbation can be experimentally achieved by point
mutations. The response to the perturbation in the frequency of
mode M is calculated using 8o(M, n) = vy,"+6H-v,,, where vy, is the
eigenvector of mode M and &H is the Hessian matrix of the follow-
ing perturbation to the energy of the elastic network:

1
0Ep=7 Y okdy, — d%2 @
d3y<R.

The response dw(M, n) is numerically proportional to the contri-
bution to mode M’s elastic energy from the springs that are con-
nected to residue R at position n. This procedure is reminiscent of
the work by Brooks and Karplus (1985). The higher dw(M, n) is the
more sensitive is mode M to the point mutation of residue R. It is,
therefore, natural to conjecture that residues with high dw(M, n) are
likely to be conserved evolutionarily if the mode M is associated
with a biological function that requires coordination of the mole-
cule’s conformational changes.

To quantitatively test our hypothesis, we use the following pro-
cedure:

a. Perform multiple sequence alignment, with default setting of
parameters, using Psi-Blast (Altschul et al., 1997). For the en-
semble of aligned protein sequences, compute the informa-
tion content using S, = 10920 + Z; _ ;5o pin)log(pin)), where
pi(n) is probability of substitution by amino acid i at position n.
A large information value means that a residue at position n is
highly conserved.

b. For all positions n of the given protein sequence, compute the
average (S) and the standard deviation o over all N positions:

2 s | 2 15— @©F
_ i leN _ fiTheeeN
B == = y N @

c. Compute <S>, which is a weighted average of information for
all positions, using
Z S o (M)

5 =_|'41‘...N )
& 2 S (M, ))

N

@
=1,

d. Calculate the weighted Z score:

S — (S

2, -8u=® )
Ts

A positive value of Z,, implies a statistically positive correlation be-

tween S and dw. On the other hand, a negative or near-zero Z,

indicates a negative or zero correlation between them.

We identify functionally relevant modes using the crystal struc-
tures for two states (initial state and end state) of the protein. The
modes that overlap significantly with the measured conformational
changes between two known structures are relevant. We compute
dw(M, n) and corresponding Z,, only for the structure associated
with the initial state. This is because the normal modes computed
from this structure govern the transition. Empirically, it is known
that NMA gets better overlaps when the transition is from open to
closed conformations (Tama and Sanejouand, 2001).

To assess if there is a correlation between S and 5w, we perform
a coarse-grained average of S and dw. For each residue, we
average the S and 3w over a set of residues including itself and all
its spatial neighbors. This averaging allows to identify clusters of
high-3w residues that correspond to peaks in the averaged dw as a
function of sequence position (each peak has a center residue
which has a local maximum of dw). Similarly, clusters of conserved
residues that correspond to peaks in the averaged S can be deter-
mined. The regions where the averaged S and 3w match are as-

sumed to be significant to the function associated with the given
mode. Use of average value of S is justified because we want to
compare with 3w, which is computed using only the coarse-grained
structural representation. The position-specific crosscorrelation
coefficient for a segment of sequence centered at the given posi-
tion is computed using

s s-sm(M,j}_{ v g]_
Jeli- W2, + wi2) w jeti-wizi rwiz W
{ dw (M,D}
ceiW) = Jeli- Wizt w2 w (6)
S
Ln wgum LLAYAT wg.“nwm W,

X{ B (M, )
Jeli-Wiz,i+ w2 w

3w (M, ;)ﬁ
Jeli-wi2,i+wr2) w

with W = 50 as the window size. Significant value of CC(i,W) (say
CC > 0.5) serves as a guidance for detecting regions with positive
correlation between 3w and S. Negative or near-zero value of CC
indicates negative or weak correlation between them.

After identifying the regions with matching peaks (or significant
CC) between 3w and S, we calculate the average dw (denoted as
(3w)) for the identified regions. We select high-3o residues as those
with 8o > 2(3w) (here the factor 2 is arbitrary). The selected high-
dw residues are then classified into clusters corresponding to the
identified peaks in the plot of the averaged &w as a function of
sequence position. Each high-3 residue is assigned to a cluster if
it is a sequential neighbor of its center residue. In case where se-
quential neighbor criterion does not apply, we use spatial neigh-
bor criterion.

We partition dw; for a given residue i further into elastic energy
stored in each spring that links i to its neighbors j within R; = 10 A
(denoted as dwy;), which can be ranked and analyzed statistically
for all pairs of residues within R, = 10 A (excluding j =i = 1). We
compute the average over all pairs (8wy;), and retain only those pairs
with dwj significantly larger than the average (for example, do >
2(3wy)). These “high-ranking” pairwise links not only contribute to
high-8w values of hinge region residues, but also connect them
together to form a network via dynamically important pairwise in-
teractions. This network plays a critical role in transmitting local
perturbations due to ligand binding to other regions so that the
functionally important hinge motion can be initiated.

Applications

The above general strategy to identify the network of dynamically
important residues for a specific mechanical function is applied to
study the open/closed transition in a number of DNA/RNA polymer-
ases. The specific structures used here are listed in Table 2. For
each structure we test for correlation between S and 3w values to
find regions that are linked dynamically in the open/closed tran-
sition.
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