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An essential aspect of protein science is to determine the deductive relationship between structure, dynamics, and various
sets of functions. The role of dynamics is currently challenging our understanding of protein functions, both experimen-
tally and theoretically. To verify the internal fluctuations and dynamics correlations in an enzyme protein undergoing
conformational transitions, we have applied a coarse-grained dynamics algorithm using the elastic network model for
adenylate kinase. Normal mode analysis reveals possible dynamical and allosteric pathways for the transition between
the open and the closed states of adenylate kinase. As the ligands binding induces significant flexibility changes of
the nucleotides monophosphate (NMP) domain and adenosine triphosphate (ATP) domain, the diagonalized correlation
between different structural transition states shows that most correlated motions occur between the NMP domain and the
helices surrounding the ATP domain. The simultaneous existence of positive and negative correlations indicates that the
conformational changes of adenylate kinase take place in an allosteric manner. Analyses of the cumulated normal mode
overlap coefficients and long-range correlated motion provide new insights of operating mechanisms and dynamics of
adenylate kinase. They also suggest a quantitative dynamics criterion for determining the allosteric cooperativity, which

may be applicable to other proteins.
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Introduction

Conformational dynamics plays essential roles in regulating
protein functions.['?] How protein dynamics, arising from
protein—protein interactions, protein docking with DNA/RNA,
and/or ligand binding with proteins, affect the functions remains
largely unknown. For a wide range of protein functions, col-
lective dynamics and large-scale conformational changes have
a critical role in cases such as: (a) conformational transition
between different states, e.g. induced by ligand binding or
inter-protein docking; (b) allostery and cooperativity of multi-
site activities in a monomer or of inter-subunit interactions
in a multimeric protein (where multiple dynamic equilibrium
adjusts regulation mechanisms, and vice versa). An under-
standing of dynamics collectivity, transitions, and correlations
between different domains or conformational states is vital for
anunderstanding of protein functions,?! because internal fluctu-
ations and correlated dynamics of proteins intrinsically regulate
their biological activities. More generally, it is also important
for predicting signalling networks and enzyme activity sites in
allostery-based drug designs.[*]

A typical system showing a defined dynamics-function rela-
tionship is adenylate kinase (also known as AdK or myokinase), a
phospho-transferase enzyme that catalyzes the inter conversion
of nucleotides monophosphate (NMP) and plays an important
role in cellular energy homeostasis.>”7! AdK undergoes large
conformational changes as it catalyzes the reverse reaction
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of Mg?t-ATP + AMP <> Mg?*-ADP + ADP. In terms of con-
formational dynamics, AdK is constructed as a three-domain
protein (Fig. 1, Table 1), namely the CORE domain, the LID
domain (for binding adenosine triphosphate (ATP)/adenosine
diphosphate (ADP)/adenosine monophosphate (AMP) and its
analogues) and the NMP domain (for binding ADP/AMP and
its analogues). Large motions of the LID and NMP domains
are associated with nucleotide binding against the CORE
domain.’~71 Currently in the Protein Data Bank (PDB), there
are ~45 free or ligated AdK conformers from bacteria and other
organisms. Based on various sets of determined conformations,
AdK can transit between an unliganded ‘open’ conformation
state and a distinctive bi-substrate-inhibited (e.g. by ATP and
AMP) ‘closed’ conformation state (Fig. 1). For the conforma-
tional transition of AdK, the LID and NMP domain move largely
(Fig. 1 and Table 1) with the CORE domain being relatively rigid.
It was also found that fluctuations of the ligand binding domains
are rate-limiting for AdK catalysis.®] Both the ‘open’ and
‘closed’ conformations of AdK may exist in an equilibrium pop-
ulation, with conformational population shifts.[-%19] Despite
extensive experimentall!->7-1%-111 and theoreticall®2-13] studies
on AdK, its catalytic mechanisms, dynamic pathways for struc-
tural transition (Fig. 2) and conformational cooperativity remain
unclear at the molecular level.

AdK serves as an excellent model system for relating the
conformational dynamics and structural transitions to biological
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Fig. 1. Structures of AdK and its conformational transitions between the
open state (left, e.g. PDB:4AKE) to the closed state (right, e.g. PDB:1AKE).
The CORE domain is coloured in cyan, the NMP domain red, and the LID
domain yellow. Highly rotational domain motions of LID and NMP results
in dynamics hinges at the intersections between LID/NMP and CORE.
Green colour indicates the bending residues responsible for the inter-domain
rotation (as determined by the DynDym algorithm;[45#7] also see Table 1).

functions, particularly in determining the long-range dynamic
correlations and the role of dynamics in regulating allosteric
transition and cooperativity. To determine protein dynamics,
experimental methods such as NMR spectroscopy!'?2%] have
both size and timescale limitations. Moreover, protein confor-
mational changes usually occur on timescales (e.g. s~ms)
currently inaccessible to explicit molecular dynamics simula-
tion. Therefore, new computational approaches are required to
overcome the size and timescale difficulties associated with
probing protein dynamics. One effective approach is to coarse
grain the atomistic details of proteins with an elastic network
model to speed up the dynamics simulation.l*'~2*] Normal
mode analysis (NMA) using elastic network models/?> 28] have
been widely accepted to describe the flexibility and collective
large-amplitude motions of proteins transiting among different
conformations. Through NMA, collective dynamics of the func-
tional domains or motifs can be probed at a timescale and spatial
resolution at which either molecular dynamics experiments or
explicit simulations encounter limitations.

We have demonstrated that, in the cases of signal pro-
tein NtrC,[?] the suppressor of cytokine signalling (SOCS)
proteins?®% and multi-subunit motor proteins,’*!1 coarse-grained
dynamics is a robust tool to probe dynamics and its regulated
functions. In this work, we extended the coarse-grained
dynamics to analyse the intrinsic fluctuation and dynam-
ics correlations of AdK and compared the results with
those of experiments!>>71%111 and molecular dynamics
simulations.[>-14-16-18,32.331 We obtained a quantitative descrip-
tion of residue fluctuations, correlated motions and identified
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Fig. 2. The competitive order of binding nucleotides at LID or NMP
domains will lead to different pathways for a conformational transition
in AdK: from the open (with both LID and NMP domains open), via
NMP-open (with LID domain closed and NMP domain open) or alterna-
tively via LID-open (the LID domain open with the NMP domain closed),
through to the closed (with both domains closed); and vice versa.

the dynamics-oriented pathways for conformational transitions
in AdK. Dynamics plays a pivotal role in tracking down the
competitive order and allosteric manner of ligands binding in
AdK (Fig. 2). The dynamics analyses also lead to new insights
on how native fluctuations and long-range correlated motion
induce the allosteric transition and cooperativity in different
sub-domains of AdK. A general dynamics criterion to elucidate
allostery in protein’s structural transitions and dynamic changes
is also proposed.

Results
Flexibility and Intrinsic Fluctuations of AdK

The residue temperature factor is a measure of fluctuations and
flexibility of the protein backbone. Theoretical temperature fac-
tors of the open, closed and intermediate transient states of
AdK showed that the LID and NMP regions are intrinsically
more flexible (Accessory Publication Fig. S2). Major dynam-
ics fluctuations during the conformational transitions differ in
the NMP lid and the ATP lid. Except for the termini, significant
changes of fluctuations upon ligands binding occur through-
out the BL1-L2-L3-L4 loop and helix a7 the LID region and
helices of a2, a3, and a4 of the NMP region. The overall flex-
ibility of NMP and LID domains decreases significantly upon
binding ligands (Accessory Publication Fig. S2). These are the
dynamic consequences of structural transitions between the open
and the closed conformers. Our dynamics data generally agree

Table 1. Dynamic domain analysis of adenylate kinase (as determined by the DynDym algorithm!45-47])
The colour scheme of the fixed domain (cyan), moving domain (red or yellow), and bending residues (green) refers to the colours in Fig. 1. ‘Domain pairs
dynamics’ indicates the relative domain motions of the moving domain against the fixed domain. NMP, nucleotides monophosphate; RMSD, root-mean-square

deviation
Dynamic Dynamics nature Size Backbone Residues Domain pairs dynamics Bending
domains (residues) RMSD [A] residues (green)
CORE Fixed (cyan) 135 1.71 1-29 - -
66-116
160-214
NMP Moving (red) 36 1.58 30-65 Rotation angle [°] 45.9+0.3 29-30
translation [A] 1.4 closure [%] 99.9 65-66
LID Moving (yellow) 43 0.59 117-159 Rotation angle [°] 51.8 116-119
translation [A] 0.8 closure [%] 97.5 157-172
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Fig. 3. Squared overlap coefficient for normal modes motions of AdK.
Four lowest frequency modes (modes 7, 8, 9, and 11, in a trajectory from
the open state) contribute more than 90% conformational changes in the
open — closed transitions of AdK. Inset (right axis) is the cumulative squared
overlap from normal mode 7 up to mode 100.

very well with the backbone dynamics derived from X-ray
crystallography®7] and NMR relaxation measurements.[!-1%]
This ensures that the coarse-grained dynamics analysis of AdK
is accurate and reliable in terms of both elasticity and collective
motions. From the coarse-grained dynamics, no difference in
fluctuations or correlations was detected between Escherichia
coli AdK (i.e. PDB:4AKE and PDB:1AKE) and Aquifiex AdK
(i.e. PDB:2RGX and PDB:2RHS5). This is consistent with NMR
studies!!] that they basically have the same dynamics properties.
Consequently, we present our results and discussion mainly in
the format of E. coli AdK throughout this paper (key results on
Aquifex AdK are provided in the Accessory Publication).

Normal Mode Analysis of Conformational Transitions
of AdK

Superimposition of AdK structures (Fig. 1 and Accessory Pub-
lication Fig. S1) gave a pair-wise root-mean-square deviation
(RMSD) of 7.92 A between the open and closed conformations.
The normal modes of up to 200 modes were determined for every
modelled structure, and the overlap coefficients of each normal
mode for possible structural transitions were also derived. Fig. 3
shows the squared overlap of the open state and the cumulative
squared overlap coefficients of different normal modes in the
open — closed transition. Among these normal modes, the low-
est frequency normal mode 7 (modes 1 to 6 are global motions
and do not contribute to any conformational transitions) is the
most dominant mode of motion, which contributes ~70% of
overall conformational change. In AdK, modes 7, 8, 9, and 11
have the highest coupled overlaps with the conformational tran-
sition of open — closed. Of course, no single normal mode (e.g.
mode 7) can represent the observed conformational changes, an
accurate representation of which requires the combination of the
key normal modes, e.g. modes 7, 8, 9, and 1134391
Considering the possible pathways for the conformational
transition in AdK, normal modes 7, 8, 9, and 11 (Fig. 3) have
the largest mode-overlap coefficients and provide the four most
probable schemes for the open <> closed transition: Their confor-
mational changes cover ~95% of the overall structural transition
between the open and closed states. For an understanding of the
flexibility and dynamical changes in these possible pathways,
Fig. 4 depicts the residues RMSD in these dominant modes
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Fig. 4. Residues RMSD of the four normal modes (modes 7, 8,9, and 11)
dominantly responsible for the conformational transition of open <> closed
of AdK.

of motion. The RMSD clearly indicate that the binding pocket
region does not move very much, rather the LID domain (the
BL1-L4 loops) and NMP domain (the a2-a4 helices) conduct
most dynamics associated with the conformational transition.
In addition, the cumulative squared overlap of normal modes
(up to 100) of AdK accounts for the validation and effectiveness
of conformational transitions in the open <> closed transition
(Fig. 5, top, either via LID-open state or NMP-open state)
or the closed — open transition (Fig. 5, bottom, either via
LID-open state or NMP-open state). Fig. 5 indicates that
for the open — closed transition, with more agreed overlaps
between open — closed and open — NMP-open transitions,
AdK has higher probability transiting through the NMP-open
state. In contrast, for the closed — open transition, there is no
superior intermediate domain motion, and both LID-open and
NMP-open have same probability for an AdK transition.

Dynamic Correlations in AdK

From normal mode overlaps, we have identified different possi-
ble pathways during this transition (Fig. 5). To further investigate
dynamically important residues or segments of AdK responsi-
ble for structural transitions, ensembles of conformation were
sampled and the dynamics of every residue was determined and
interpreted by residue fluctuation and correlation (Eqn 1, Fig. 6,
and Accessory Publication Fig. S3). The dynamic correlations
in AdK are presented in Fig. 6a by the colour-coded con-
tour diagrams of difference correlation matrix of motions upon
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Fig. 5. Cumulative squared overlap of normal modes (up to 100)
of AdK indicates different overlap and probability in pathways of the
open <> closed conformational transition: (top) for open — closed transition

via the LID-open or NMP-open state; (bottom) for closed — open transition
via the LID-open or NMP-open state.

phosphorylation (with the red colours indicating anti-correlated
motion against the blue colours). The open and closed states
of AdK inherit great differences in flexibility and fluctuation
properties from their intrinsic network.

Significantly, major dynamical changes in AdK, in terms
of residues fluctuation and correlation upon phosphorylation
(see Fig. 6a), are observed in the LID domain (especially
the BL1-L4 loop) and NMP domain (the a2-04 helices). The
remarkable changes of the correlation coefficient Cj; matrix
indicate the largest correlated motion (red regions in Fig. 6a,
where residues move in the same scale of magnitude and the
same direction) of helices a2-a3 and helix a4 occurs with an
anti-correlated motion of the segments upstream and down-
stream of the active site region (blue spots in Fig. 6a, where
residues move in the same scale of magnitude but opposite
direction). Apart from the fact that the loop pL1-L2-L3-L4 and
helices a2-a3 move the most in the structural re-arrangement
of AdK (Fig. 1 and Accessory Publication Figs S1, S2), the
positive and negative correlations indicate that the concerted
changes between the open and closed states of AdK actu-
ally occur via strongly correlated motions of the LID domain
and NMP domain, particularly the correlated motion among
helices a2-a3, a4, helices a6-a7, and the loop of BL1-L2-L3-L4.
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Fig. 6. (a) Difference correlation matrix of the intra-domain motions of
AdK, with colour coding in 2D contour map mode (the colour scheme:
red, a correlated motion; blue, an anti-correlated motion; and red (blue)
regions correspond to same (opposite) direction distortions), between the
open and closed conformational transitions. (b) Correlations difference leads
to distinctive dynamics of different motifs of AdK. A correlated motion of
helix-a6 and helix-a7 is coupled to helix-a2, a3 motion but anti-correlated
with BL1-L2-L3-L4, while helices of a2, a3 are anti-correlated with helix
a4. The simultaneous existence of both positive and negative correlations at
helices of a2, a3 is highlighted by the colour purple (i.e. a mix of red and
blue).

However, phosphorylation (e.g. ATP/AMP <> ADP) does not
produce significant dynamical changes of the ATP or AMP bind-
ing pockets, as well as the LID and NMP domains. For the
remaining segments of AdK, only minor correlated movements
of other secondary structures are detected from this correlation
map. These dynamic correlations have not been determined pre-
viously either by NMR experiments!'>~7-10-111 or by theoretical
simulations.[-14.16-18.32.33]

Discussion

Competitive Order and Allosteric Coordinative
Ligands Binding in AdK

Our coarse-grained dynamics results for AdK demonstrate the
important role of structural topology in regulating intrinsic
dynamics and their associated functions. The key unresolved
issues for AdK are: (a) how conformational changes of the LID
domain or the NMP domain are propagated, coordinating each
other in a dynamically correlated way, to the counterparts and
rest of AdK; and (b) the competitive order and pathways for lig-
ands (e.g. AMP and ATP) binding or unbinding into AdK. These
issues would have fundamental significance when we attempt to
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define dynamic criteria to elucidate allostery and cooperativity
of catalysis activities in kinase and other proteins.

For AdK binding ATP or AMP, NMR relaxation dynamics!!%!
showed that the open and closed states coexist in a dynamic equi-
librium with almost equal population. Therefore, the motions of
LID-open and NMP-open have a competitive order and cooper-
ativity, while the order would have direct impacts on the kinetics
of AdK catalysis.®] Cumulative squared overlap of normal
modes (Fig. 5, top) shows that for the open — closed transi-
tion, there are highly agreed overlaps between the open — closed
and open — NMP-open transitions. This means that AdK has a
higher probability of transiting via a pathway through the NMP-
open state, which verifies the prediction on unidirectional LID
domain closure in advance to the NMP domain.!'®] However, the
sequence or order of unbinding of ligands (for the closed — open
transition, Fig. 5) could not be determined exclusively by NMA,
and AdK shows no preferred unbinding order.

The presence of both positive and negative correlations
accompanying the conformational changes of AdK (Fig. 6a)
indicates that, as the ligands bind and phosphorylation proceeds,
the LID and NMP domain have a kind of tightly correlated
‘breathing’ motion (Fig. 6b). That is, a correlated motion of
helix-a6 and helix-a7 is coupled to helix-a2, a3 motion but anti-
correlated with BL1-L2-L3-L4, while helices of a2 and a3 are
anti-correlated with helix a4. This clearly depicts how different
regions of AdK facilitate conformational changes upon ligand
binding via certain correlated dynamical pathways. The simulta-
neous existence of both positive (against helix a6 and helix a7)
and negative (against helix a4) correlations at helices of a2, a3
strongly suggest that dynamics in coupling to structural tran-
sitions have an allosteric cooperativity (i.e. binding at one site
affects the conformation of the second and/or other sites>#]). It
is likely that the LID-NMP interface, helices of a4-a5, loop p4,
and helix a8, may translate and propagate the allosteric dynam-
ics changes between LID and NMP. This interface has a unique
structural mechanism, as seen from Fig. 1 and Accessory Pub-
lication Fig. S1. The helices a4-a5, loop 4, and helix a8 are
physically packed to each other, and they are down stream motifs
ofhelix-a2, a3 and helix-a6, a7. It is apparent that the most ben-
efit of allosteric cooperativity is to reduce mis-ligation!'8! and
sustain catalytic cycle at an equal rate of LID motion, NMP
motion and ligands turnover.[®!

Transitional Pathways in AdK

The binding of ligands allows an ordered closure of the LID and
NMP domains in AdK. We have a clear dynamics picture (see
above) of a mechanical ‘breathing’ mechanism of LID and NMP
during the structural transition. The open <> closed transition of
AdK is accomplished by distant tertiary motifs (as indicated
by Fig. 1 and the distance-difference matrix in the Accessory
Publication Fig. S1) with strongly correlated and anti-correlated
dynamics over large distances (across 10.4 to 47.7 A). Clearly it
is NMP binding that induces both correlated motions and anti-
correlated motions between helices a2-a3 and LID and the a2-a3
and a4 helices. These dynamical correlations are driven over a
large distance and likely controlled by entropy equilibria where
enzymatic activation stabilizes the conformation in favour of the
fully closed state.l'] As a result, allosteric coupled dynamics
and cooperativity within AdK lead to allosteric pathways for
conformational transitions, e.g. closure and opening of the LID
and NMP domains.

Based on coarse-grained dynamics results, we can propose an
updated mechanism for AdK catalysis and transitional pathways.
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Fig.7. Proposed dynamic pathways in AdK as determined from NMA and
dynamics correlations — the different width of arrows indicates different
probability of transition, with thicker width meaning higher probability. The
question marks denote the possible conformational equilibrium between the
open and the LID-open and/or NMP-open states.

As shown in Fig. 7, the open state is inclined to go through
the NMP-open state as transiting into the closed state, with
higher probability through the pathway of open — NMP-open
than open — LID-open (where as LID domain always close pre-
ceding the NMP domain); on the other side, the closed state has
almost equal opportunity following the pathways via NMP-open
and LID-open as transiting into the open state. For the later case,
pre-existence of a conformational equilibrium between the open
and LID-open and/or NMP-open states is possible (as denoted
by the grey coloured arrows and question marks in Fig. 7). Tran-
sition within this equilibrium scheme is not known yet, at least
from coarse-grained dynamics studies.

As demonstrated by NMR dynamics experiments,['%) addi-
tion of ADP to AdK can produce an equilibrium mixture of ATP,
AMP, and ADP. Also the ATP-bound (NMP-open) and AMP-
bound state (LID-open) are more stable than the non-bound
states. This may explain why both LID-open and NMP-open
have same probability and there is no dominant transient state
in the closed — open transition.

A Dynamic Criterion to Determine the Allostery

Apart from AdK, dynamics coupling, correlated motion, and
allosteric cooperativity appear to be conserved in the long
range communication and conformational transitions of glob-
ular proteins.[>36-38] For example, a simple mutation can pro-
duce marked effects at distal sites via undefined pathways
for a conventionally non-allosteric protein.’”! CheY, a kinase
protein like AdK, shows an allosteric mechanism[*®] reconcil-
ing the ‘induced-fit’ schemel3*4] with the ‘population-shift’
theory[®>*!1 for allostery.

Given that pre-existing pathways and folding cooperativity
seem to be intrinsic for globular proteins,?7-3341 collective
motions and fluctuations of a protein can initiate its allostery
upon external impacts (e.g. ligand binding). Dynamics cer-
tainly plays an essential role in allosteric regulations.2%] Our
coarse-grained dynamics analysis of AdK suggests a possible
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dynamic criterion to determine the allostery in general. Given
two distinctive conformational states, dynamical fluctuations
and correlations, either among the distant functional motifs (e.g.
in AdK) or different subunits,[*?} can be determined to account
for the conformational transitions between them. If these cor-
relations result in both correlated and anti-correlated modes of
motions, allosteric cooperativity will occur simultaneously. Of
this mechanism, allostery prevails upon dynamics,3-38431 and
allosteric communications and cooperativity can be mediated
solely by changes in motions.[*]

It is also important to note that NMA handles large-scale
motions of proteins with a linear elastic approximation, but for
some biological functions (such as catalytic sites mutations) non-
linearity is also essential. These non-linear events can only be
determined precisely by coarse-grained dynamical correlations
with two distinct states available,[12:28] e.g. the open, closed,
and intermediate states of AdK (more generally the active and
inactive states of a protein). In practice, allostery that normally
involves large-scale motion and possible partial unfolding can
be interpreted by structural fluctuations (by Eqn 2) and dynam-
ical correlation differences (by Eqn 1) via normal modes of the
starting and reference structures. Allostery can be verified by
the existence of both correlated and anti-correlated dynamics as
a protein switches from one conformational state to the other.

Conclusion

The residue fluctuations, domain collectivity, detailed inter-
nal correlations, and even dynamical pathways associated with
structural transitions of AdK are well captured by coarse-grained
dynamics using the elastic network model. The coarse-grained
dynamics of AdK predicted the dynamics and allostery that gen-
erally compare well with experimental relaxation dynamics, yet
with less limitation in computing timescale and/or system size.
The diagonalized correlations between the open and closed states
indicate that most dynamics correlations in AdK occur around
the LID and NMP domains, and ligands binding induce flexibil-
ity changes and allosteric cooperativity within different regions
of AdK. These structural and dynamical analyses suggest that
allostery and cooperativity of proteins are intrinsically related to
dynamical fluctuations and correlations. The studies of AdK also
demonstrate that coarse-grained dynamics represents a robust
and powerful tool for probing protein dynamics and its roles in
biological functions.

Materials and Methods
Structural Models and Conformational Transition of AdK

AdK is homologous to a large family of signal transduction
kinase.’~71 This superfamily has highly conserved ligand bind-
ing residues. Structures of E. coli and Aquifiex AdK in both
the unliganded ‘open’ state (with both LID and NMP domains
open, e.g. PDB:4AKE, PDB:2RH5['671) and the fully lig-
anded ‘closed state’ (with both domains closed, e.g. PDB:1AKE,
PDB:2AKY, PDB:1ANK, PDB:2RGX[%71) were determined
in the crystalline and solution forms, and they were taken as
the modelling structures for conformational transitions of AdK.
While the rigid CORE domain essentially contains a twisted five
strand B-sheet structure (3 1-5), key structural changes from the
‘open’ to ‘closed’ state are the rotational inter-domain motions
of the LID and NMP domains. This is illustrated in Table 1
and also in the Accessory Publication Fig. S1 (these structural
re-arrangements are represented by a distance-difference matrix
between the two static conformational states, which highlights
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the existence of inter-domain motions). For conformational tran-
sitions, structures of PDB:1AK2 and PDB:2AK?3 were also used
as models for possible intermediate states of AdK. In order to
mimic the transient structures during the ‘open <> closed’ transi-
tion, we manually designed the partially-liganded ‘NMP-open’
state (with LID domain closed and NMP domain open, mod-
elled by superposing the LID domain of PDB:1AKE against the
rest of PDB:4AKE) and the partially-liganded ‘LID-open’ state
(the LID domain open with the NMP domain closed, modelled
by superposing the NMP domain PDB:1AKE against the rest of
PDB:4AKE). Fig. 2 shows a schematic pathway for the struc-
tural transition of AdK from the ‘open’ to the ‘closed’ state via
certain transient states, and vice versa.

For AdK, the competitive order of binding nucleotides
at LID or NMP domains will lead to different pathways in
the open <> closed transition, namely via the path of either
open <> LID-open <> closed or open <> NMP-open < closed
(Fig. 2). Currently, the exact order of binding (as well the
exact sequence in the conformational changes of LID or NMP
domains) is not known.

Dynamic Correlations in AdK

Dynamic correlations in proteins can be interpreted by the
dynamics of cross-correlations among residue fluctuations when
the protein undergoes conformational changes.!*°! As the covari-
ance matrix calculates the correlated fluctuations of atoms
throughout the protein, to determine coupling between intra- and
inter-domain changes, we define a difference correlation matrix
of motions between two discrete conformations of protein,
e.g. upon ligand binding, as!?’!

Cap = (Cj — C))/2 = ((Ar;- Arp)* — (Ar; - Ary)P)/2, (1)

where 4 and B refer to two dynamically distinguished confor-
mations. In the case of AdK, they refer to the ‘open’, ‘closed’,
and transient conformers between them. The diagonalized and
normalized C4p should have values varying from —1, 0 to +1
showing the strongly-correlated, non-correlated, and strongly-
anti-correlated motions, respectively, between conformations of
A4 and B. The term (Ar; - Ar;) refers to the variance-covariance
matrix of the atomic fluctuations between atom i and atom ;. This
matrix can be derived from dynamics data from either experi-
mental measurements or molecular simulations. However, both
experimental methods and molecular dynamics simulations cur-
rently have great difficulty in handling large biomolecules over
long timescales. Here, an alternative approach is used for an
accurate, and computationally fast, determination of (Ar; - Ar;).
Using the dynamics algorithm of an improved Gaussian network
model (GNM),3] the atomic details of a protein can be coarse-
grained by a Gaussian elastic network of its backbone C* atoms.
Mean-square fluctuations of residues, or the cross-correlations,
can then be determined vial?®!

3kgT

(Ar; - Ar)) = ' 2)

where y is a theoretical parameter mimicking the strength of the
harmonic potential of the elastic network of C* atoms. [I"~! 1ij is
the ijth element of the inverse Kirchhoff matrix I', a symmetric
matrix also known as the valency adjacency matrix in graph
topology theory. In the GNM approximation, the elements of '
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are given by[?’]
-1, ifi #j and rj <rc
0 ifi #j and r; > rc
= g i . 3
YTl -y ifi=y @)
i#]

The summation for evaluating I'; is performed over all
off-diagonal elements on the ith residue at a cut-off dis-
tance of rc, which defines the range of interactions between
residues. The mean-square fluctuations of C* atoms from
Eqn 2 also lead to theoretical temperature factor B-values,
ie. B;=8n%- (Ar;- Ar;)/3, which compare well with X-ray
crystallography measurements and other methods.[?]

Normal Mode Analysis using Elastic Network Model

NMA provides an approximation of protein motions by expand-
ing the motion into a superposition of different normal modes
of vibrations, where each normal mode is characterized by a fre-
quency of vibration of overdamped dynamics. Low frequency
NMA modes using elastic network models have been applied
widely to globular proteins?®27] to describe their collective
dynamics, dynamic domains, hinge-bending motion, and other
functionally important motions. As proteins perform most bio-
logical functions dynamically starting near the native states,
NMA using the elastic network model of proteins is based on
a harmonic perturbation approximation of the potential energy
function around a global minimum conformational state. There-
fore, NMA captures the intrinsic modes of motions encoded
in the protein structures. Conformational transitions in pro-
teins, such as open or closed conformers upon ligand binding or
oligomerization due to protein—protein interaction, can be well
captured via NMA.

NMA can discriminate conformation changes between large-
scale, long-range amplitude motions (via low frequency modes)
and confined, local motions (via high frequency modes). The
relative importance of normal modes in a particular conforma-
tional change is evaluated in terms of collectivity and overlap
coefficients.[?] Collectivity measures the collective degree of
protein motion in a certain mode, i.e. the number of residues
significantly involved in that mode. The ‘overlap coefficient’, as
defined Oy, in Eqn (4),2%34] quantifies the degree of agreement
between the movement predicted from a particular normal mode
sampling (e.g. wy) and the ‘observed’ movement (in this case,
the transition between inactive state and active state of AdK),
through the dot product of the difference vector Ar between two
known structures of the same macromolecule and each normal
mode uy

1/2
Oy = Z Ar, uZ/ |:Z (Ar,)? - Z(u2)2:| , @

n n

where Ar, = Ar;;1 - ArﬁA, Ar’n‘1 and Ar{lA are the nth atomic
coordinate of the protein in the active and inactive structures,
respectively. A value of 1 for the overlap coefficient means
that the direction given by normal mode % is identical to Ar,
whereas a value of 0 means the direction is uncorrelated with
Ar. Therefore, high overlap coefficients help lead to identifica-
tion and prediction of the modes that can be used to describe
the possible conformational transition between different states
of a protein.[11426:44] The cumulative overlap coefficients can
be used to judge the possible preferred pathways of certain
conformational transitions.[27:43-44]

411

In this work, NMA was performed mainly by the GNM
algorithm[®® where the protein structure details were coarse-
grained by a Gaussian elastic network of the backbone C* atoms.
Fluctuations (interpreted as the residue temperature factor) were
derived by Eqn (2). Dynamic correlations in conformational
transitions were determined by Eqn (1).

Dynamical Domain Analysis

Dynamical domain analysis was validated using the DynDom
algorithm.[*#7] In the DynDom algorithm, conformational
changes of protein, either from X-ray structures, NMA or molec-
ular dynamics simulation, are coarse-grained as quasi-rigid
bodies at mechanically large scale. The analysis of a conforma-
tional change in terms of domain movements is validated only
when the inter-domain deformation is comparable to the intra-
domain deformation. The structural basis for defining a dynamic
‘domain’ is based on the fact that any rigid body displacement
can be decomposed by a screw motion about a certain screw
axis.[4547]

The determination of dynamical domains, hinge axes, and
bending residues in AdK was performed with various pairs of
structural transitions between different conformational states, as
well as from the lowest mode of elastic network computation. In
the DynDom analysis, the window length was set initially at five
residues until successful domain decomposition (<15 residues).
RMSD of the moving domains’ best-fit was in the range of
0.9~1.5 A, and was 0.4~0.9 A for the fixed domains. The sub-
domain matches and mismatches (e.g. hinge) were determined
with pair-wise sequence identities above 80%. The domain sim-
ilarity cut-off was set as the RMSD of C* <2.0A, and the
dissimilarity cut-off should be RMSD of C*>3.0 A (while at
least seven residues are provided).

Modelling, Simulation, and Visualizations

The modelled structures for different conformational states of
AdK, namely ‘open’, ‘closed’, ‘LID-open’, and ‘NMP-open’,
were first relaxed by molecular mechanics (MM) minimization
before coarse-graining and the NMA/GNM and DynDom com-
putations. The MM minimization was performed on all-atom
structures (with no solvent) for ~2000 steps by NAMD8! (with
threshold energy less than 10~* kcal mol~! A~1). This treatment
removes any dynamically uncertain or irregular atoms in the
given structure. Further, to ensure our coarse-grained simula-
tions were started with the stable AdK conformations, we have
done various sets of all-atom MD simulation of different AdK
states in explicit and implicit solvent. We found that in short
timescale (<5 ns) and at room temperature (300 K), the struc-
ture is very stable, and possible structural transition only occurs
at the time scale of x10ns and larger with higher temperature
(398498 K).

The dynamics minimization and the normal modes analysis
were carried out on a Linux cluster of 145 x 2 Quad-core Intel
CPUs. Typically it takes only a few CPU minutes to accom-
plish a NMA/GNM calculation of AdK (~214 residues) or MM
computing. Structural analysis and graphics visualization were
processed by the Virtual Molecular Dynamics VMD package.[*°]

Accessory Publication

Five figures are provided electronically as the Accessory Pub-
lication to describe the distance difference matrix, intrinsic
fluctuations (B-factors), dynamics cross correlation in static
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states, the dominant normal modes for the closed — open tran-
sitions, and dynamics correlation in Aquifex AdK, respectively.
The material is available on the Journal’s website.
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