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Protein kinases are dynamically regulated signaling proteins that
act as switches in the cell by phosphorylating target proteins. To
establish a framework for analyzing linkages between structure,
function, dynamics, and allostery in protein kinases, we carried out
multiple microsecond-scale molecular-dynamics simulations of pro-
tein kinase A (PKA), an exemplar active kinase. We identified
residue–residue correlated motions based on the concept of mutual
information and used the Girvan–Newman method to partition PKA
into structurally contiguous “communities.” Most of these communi-
ties included 40–60 residues and were associated with a particular
protein kinase function or a regulatory mechanism, and well-known
motifs based on sequence and secondary structure were often split
into different communities. The observed community maps were
sensitive to the presence of different ligands and provide a new
framework for interpreting long-distance allosteric coupling. Com-
munication between different communities was also in agreement
with the previously defined architecture of the protein kinase core
based on the “hydrophobic spine” network. This finding gives us
confidence in suggesting that community analyses can be used for
other protein kinases and will provide an efficient tool for structural
biologists. The communities also allow us to think about allosteric
consequences of mutations that are linked to disease.
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Eukaryote protein kinases (EPKs) are highly dynamic and
flexible proteins (1, 2). These kinases developed this property

during their evolution from eukaryote-like kinases as they ac-
quired a role of molecular switches, which undergo transforma-
tions between “on” and “off” states (3, 4). To understand the
mechanisms that govern EPK function and regulation requires
an integration of sequence, structure, and dynamics. Early se-
quence-based analyses showed that the catalytic domain parti-
tioned naturally into conserved, linear sequence motifs (5). The
first protein kinase structure provided a 3D context for these
motifs and preliminary predictions of function (6).
The conserved protein kinase core consists of two lobes: the

N-lobe, featuring a β-sheet with five strands, and the C-lobe,
consisting mostly of α-helices and loops. Local spatial pattern
(LSP) alignment of EPK structures led to the discovery of two
hydrophobic “spines” connecting the N-lobe with the C-lobe (7).
The regulatory spine (R-spine) is the hallmark signature of an
active kinase and is dynamically assembled as part of regulation
(8). In contrast, the catalytic spine (C-spine) is completed by the
binding of the adenine ring of ATP. Both spines are anchored to
the hydrophobic αF-helix (9). Although these analyses helped to
define important structural elements and organizing principles
for EPKs, many long-distance allosteric effects of mutations and
of ligand and protein binding remained poorly understood.
Dynamic data have also been used as a basis for defining im-

portant structural elements in the EPKs (10). An early analysis of
rigid bodies in the PKA C-subunit led to the identification of two
large, semirigid domains within the protein kinase core, which
correspond roughly to the N- and C-lobes (11). An initial mo-
lecular dynamics (MD) study of full-length autoinhibited c-Abl
kinase showed strongly correlated motions between the Src ho-
mology (SH)3 and SH2 domains, and between the SH2 domain
and a part of the N-lobe (12). A subsequent coarse-grained model
of the protein kinase core, based on normal mode analysis (13),

led to the identification of 32–45 semirigid blocks, depending on
the specific enzyme, where each block comprised five to eight
amino acids. However, the functional context of these blocks was
obscure. There is obviously potential value in delineating larger
dynamic units that may afford a higher-level description of
functional motions, such as large-scale conformational changes
upon ligand binding or posttranslational modification.
Fast, effective algorithms to detect communities in large social

and biological networks (14–16) have contributed to an explosion
of network studies in the social sciences and systems biology (17).
Community analysis can also be applied to correlated motions in
proteins and nucleic acids (18, 19). In such studies, MD simu-
lations are performed and correlations among residues are eval-
uated. A graph that then represents a dynamic “portrait” of the
molecule is created, where residues are the vertices of the graph
and correlation values are the weighted edges between them.
Community analysis of such correlation networks identifies rela-
tively independent communities of residues that behave as
semirigid bodies. Initial applications of this method to study
protein dynamics provided insight into the propagation of allo-
steric signals in bacterial tRNA-synthetases (18) and in a sortase
enzyme from Staphylococcus aureus (19).
Here, we use protein kinase A (PKA) as an exemplar of an

active protein kinase, because its multiple structures reflect dif-
ferent stages of phosphotransfer, and wild-type and mutant
forms have been extensively studied by biochemical and bio-
physical methods. PKA belongs to the AGC family of kinases,
which are typically characterized by a cis-regulatory C-terminal
tail (20). Recently multiple-microsecond timescale simulations
have been performed on several tyrosine kinases (21–24), and
a Markov model was constructed for activation of Src kinase that

Significance

Protein kinases represent a critically important family of regula-
tory enzymes. Their activity can be altered by mutations and
binding events distant from the active site. To understand the
nature of these long-distance effects, we used microsecond-
timescale molecular dynamic simulation to subdivide a prototypi-
cal kinase, protein kinase A, into contiguous communities that
exhibit internally correlated motions. Surprisingly, most of these
unconventional structural entities were centered around known
protein kinase functions. We thus propose a new framework for
analysis of protein kinase structure and function that differs from
traditional representations based simply on sequence motifs and
secondary structure elements. These results extend our view on
the dynamic nature of protein kinases and open a door to
understanding of allosteric signaling in these enzymes.

Author contributions: C.L.M. and A.P.K. designed research; C.L.M. performed research;
C.L.M., A.P.K., M.K.G., and S.S.T. analyzed data; and C.L.M., A.P.K., M.K.G., and S.S.T.
wrote the paper.

Conflict of interest statement: M.K.G has an equity interest in, and is a cofounder and
scientific advisor of, VeraChem LLC.
1To whom correspondence may be addressed. Email: akornev@ucsd.edu or staylor@
ucsd.edu.

This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10.
1073/pnas.1418402111/-/DCSupplemental.

www.pnas.org/cgi/doi/10.1073/pnas.1418402111 PNAS | Published online October 15, 2014 | E4623–E4631

BI
O
PH

YS
IC
S
A
N
D

CO
M
PU

TA
TI
O
N
A
L
BI
O
LO

G
Y

PN
A
S
PL

U
S

http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.1418402111&domain=pdf
mailto:akornev@ucsd.edu
mailto:staylor@ucsd.edu
mailto:staylor@ucsd.edu
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1418402111/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1418402111/-/DCSupplemental
www.pnas.org/cgi/doi/10.1073/pnas.1418402111


captured microsecond–millisecond motions (25). Here we pres-
ent multiple-microsecond simulations of a Ser/Thr kinase, PKA.
We applied a dynamic community analysis to simulations of

PKA and discovered that major communities do not necessarily
overlap with the structural elements that were previously perceived
as rigid bodies (e.g., the five-stranded β-sheet in the N-lobe, or the
αF-helix in the C-lobe). Instead, they center on main functional
and regulatory regions, in many cases splitting seemingly stable
secondary structural elements into different communities. The size
and the number of these communities, as well as the strength of
dynamic coupling between them, are sensitive to metal and ligand
binding. For example, removal of a single magnesium ion from the
active site leads to considerable changes in the community map.
Such sensitivity is consistent with the magnesium-dependent large-
scale structural changes observed in NMR studies of PKA (26) and
also with earlier biophysical measurements (27), MD simulations
(28), and recent crystal structures (29). We therefore propose that
segregation of the protein kinase molecule into dynamic commu-
nities is a more efficient way to analyze the functional state of PKA
than traditional representations based on sequence and secondary
structure elements. Furthermore, the general architecture of the
community map in the fully active form of PKA is consistent with
the previously proposed hydrophobic “spines” framework (8, 9).
Because the “spines” have been shown to be a conserved feature of
all EPKs, we hypothesize that the community maps for all fully
active EPKs will have similar patterns.
This analysis offers a novel perspective for the interpretation of

experimental and naturally occurring mutations, where one can
look not only at which individual residues are directly affected, but
also at which communities are likely to be functionally linked. One
should no longer be surprised by long-range allosteric effects of
perturbations if they occur within the same community, or between
communities that are closely linked. The functional annotations
associated with these communities allow this signaling enzyme to be
viewed as a dynamic switch composed of parts with reasonably well-
defined functions. The present work builds upon established
methods, such as mutual information and community analysis, to
analyze kinase dynamics and identify structurally contiguous sets of

residues exhibiting correlated motions and similar functions. Our
work sets the stage for a broader study of multiple kinases aimed at
identifying common communities that are shared between many
kinases and auxiliary communities that are distinct to particular
subfamilies.

Results and Discussion
We simulated PKA in four different ligand and conformational
states: closed with ATP and two Mg2+ ions bound (5.3 μs), closed
with ATP and one Mg2+ ion bound (5.7 μs), open with ATP and
one Mg2+ bound (7.8 μs), and open with neither ATP nor Mg2+

bound (apo; 3.3 μs). For each simulation, generalized correla-
tions among residues, each partitioned into side-chain and
backbone parts, were quantified in terms of mutual information
with the program MutInf (30), and the resulting matrix of cor-
relations was analyzed with the Girvan–Newman algorithm (14)
to identify the community structure. We first provide a general
overview of the MD simulation results. We then analyze the
structure and functions of the communities identified for the
closed conformation of PKA with ATP and two Mg2+ ions. This
construct is particularly relevant physiologically, because it cor-
responds to the active kinase, uninhibited by PKI or by regula-
tory subunits, in an in vivo environment with excess Mg2+. We
then highlight how structural elements such as the C-tail, which
lies outside the core and is unique to AGC kinases, and the
activation segment, which is a conserved feature of all EPKs,
contribute to different communities. Next, we describe changes
in the communities that result from changing the ligands and
open vs. closed conformations. Finally, we provide examples
where we use the community map and structural data to in-
terpret mutations.

Fig. 1. MD simulations of PKA in different ligand and conformational states,
as noted, show that the conformation and flexibility of the G-helix and C-
terminal tail are particularly sensitive to active site ligands. (Upper) Super-
imposed MD trajectory snapshots of the PKA backbone illustrate the con-
formational space sampled in the simulations, including differences among
the various ligand and conformational states. The backbone of PKA is colored
from blue to red according to position in the primary sequence from the N
terminus to the C terminus, so that the C-tail is red. (Lower) Backbone root-
mean-squared position fluctuations highlight the most dynamic regions of
PKA in various liganded and conformational states. The largest differences in
flexibility are seen in the C-terminal tail and the G-helix.

Fig. 2. Community map of PKA, for the closed conformation with ATP and
two Mg bound. The size of each node represents the number of members
(residue backbones and side-chains) of each community, and the edge
weights are proportional to the thickness of the lines. The full kinase is
shown in white, the communities are highlighted in red, and ligands are
shown in black. The legend annotates each community by its function.
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MD Simulations. Overlays of sampled conformations and per
residue root-mean-square flexibilities (Fig. 1) provide a per-
spective of the conformational fluctuations sampled in the
microsecond-scale simulations analyzed here. The Gly-rich loop
opened and closed in this timeframe (SI Appendix, Fig. S1). The
segmental flexibility of the C-tail is sensitive to metal binding
(one vs. two Mg2+) and to opening and closing of the cleft. The
C-tail is most flexible in the apo state, whereas the G-helix in the
C-lobe is most mobile in the closed/ATP/two Mg2+ state. Over
this time scale the phosphorylated activation loop remains very
rigid in all states (Fig. 1 and SI Appendix, Fig. S1).

Functional Analysis of PKA’s Dynamic Communities. Nine communities
(Fig. 2 and Movie S1) emerged from the dynamic analysis of the
active form of PKA (closed, with ATP and two Mg2+). We desig-
nate them ComA–ComH, in alphabetical order following primary
sequence and matching, if possible, community labels to the labels
of structurally prominent helices (e.g., the αB-helix for ComB and
the αC-helix for ComC). For this analysis, the main-chain and side-
chain of each residue are considered independently and sometimes
fall into different communities. The smallest community, F1, has 15
main-chain and 15 side-chain members; the largest community, F,
has 58 main-chain and 60 side-chain members. The average number
of both main-chain and side-chain segments is 37. The thickness of
the line segments, also termed edges, joining two communities (Fig.
2) indicates the strength of their dynamic coupling. The edge
weights are provided in SI Appendix, Table S1 for reference.
It is widely accepted that, once the R-spine of an EPK is as-

sembled, its N- and C-lobes perform a “breathing motion,”
opening and closing the active site cleft (1, 2, 11, 31–33). This
picture might suggest that the kinase lobes behave as semirigid
bodies and, consequently, that the borders between communities
would lie along the boundaries between the lobes. To our sur-
prise, this is not the case. For example, the five-stranded β-sheet
in the N-lobe is divided between ComA and ComB, with ComA
covering the ATP binding site, but not the rest of the lobe. ComB
includes a part of the Gly-rich loop and portions of β3–β5, and is
centered around the hydrophobic FxxF motif in the C-terminal
tail, which is a well-recognized regulatory hot spot for multiple
kinases (34). ComC is one of the largest communities and the
most interconnected. ComC bridges the two lobes and includes
α-helix A and α-helix C from the N-lobe, as well as parts of the

catalytic loop, the activation segment, β6 and β9, and a part of
the αE-helix, all from the C-lobe. Although these results might
appear counterintuitive in terms of a traditional perception that
the N- and C-lobes represent two largely rigid domains, they are
remarkably consistent with the current understanding of the
main functions performed by the kinase domain.
In particular, decomposition of the kinase core into dynamic

communities yields arguably a more coherent functional segmen-
tation of the structure (Fig. 2) than does the conventional repre-
sentation of the protein as a set of secondary structural elements
connected by loops, as now detailed. Catalytic machinery (Fig. 3)
appears in four different communities (K72 in ComA, D184 in
ComC, N171 in ComD, and D166 in ComF) (35). These com-
munities, in turn, are coupled (edges in Fig. 2) to additional
communities that lie further from the catalytic machinery, yet
harbor sites where substrates or regulatory subunits dock to the
kinase (i.e., ComG, which docks to the R-subunit and PKI, and
ComH, which also interacts with the R-subunit). A wealth of bio-
chemical and structural data allows us to provide a finer-grained
functional annotation of each community, as shown in Table 1.
We next examine ComA, -B, -C, -D, and -F (Fig. 4–6); analysis of

the remaining communities is included in SI Appendix, which pro-
vides detailed descriptions of all communities. Partitioning of the
N-lobe into three main communities highlights the functional
insights that emerge from this analysis. ComA is committed to ATP
binding (Fig. 4A). It consists of the N-terminal linker, which con-
nects the αA-helix to β1; the bulk of the β-sheet of the N-lobe (β1–
β5); a portion of the C-terminal tail (C-tail), which contributes to
ATP binding; and part of the hinge that links the N- and the
C-lobes. ComA comprises most of the upper surface of the ATP
binding site, along with the F327 that plugs the side of the site.
The importance of ComB (Fig. 4C) is emphasized by its in-

corporation of part of the critical αC-helix, which must be po-
sitioned properly for phosphate transfer to occur. ComB also
includes the αB-helix, part of the Gly-rich loop (Gly-loop), and
the C-terminal part of the C-tail, including its hydrophobic motif.
Surprisingly, some of the β-strands belong to two communities
(ComA and ComB). Part of the Gly-loop, for example, that lies
between β1 and β2 belongs to ComB while β1 and β2 are part of
ComA. The partitioning of the C-tail between ComA and ComB
is consistent with the sequence-based analysis carried out earlier
on the AGC kinases, which identified an active site tether, an
N-lobe tether, and a C-lobe tether (Fig. 4B) (20). The N-lobe
tether is part of ComB and is anchored to the αC-helix by a
conserved hydrophobic motif (FxxF). The active site tether mostly
belongs to ComA and F327, which, as noted above, forms part of
the ATP binding site (36).
ComC acts as a hub in the community map, having con-

nections to six other communities. It is formed around the αC-
helix in the N-lobe (Fig. 5A), which was previously identified
as a signal integration motif (1) and emerges here as a major

Fig. 3. Multiple communities converge around the ATP-binding and cata-
lytic site. ComD provides catalytically critical N171, which coordinates Mg II
and D166, a proton acceptor for the substrate’s –OH group in catalysis.

Table 1. Communities in the active form of PKA

Name NMC NSC Main function

ComA 60 50 ATP binding
ComB 58 58 Regulates position of the αC-helix
ComC 38 41 Regulatory, assembly of R-Spine
ComD 58 62 Catalytic, ATP binding, and assembly of C-spine
ComE 28 29 Stabilizes C-spine (tentative)
ComF 40 44 Stabilizes active conformation of activation loop
ComF1 15 15 Substrate binding
ComG 23 22 Regulatory subunit and substrate binding
ComH 16 15 Protein–protein interaction site (tentative)

Name, name of community; NMC, number of residue backbones in the
community; NSC, number of residue side-chains in the community.
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allosteric mediator for regulation of kinase activity. Side-chains
from this helix radiate out to several communities (ComA,
ComB, ComF). For example, the side-chain of K92 (ComB) helps
to anchor the hydrophobic motif in the C-tail, and the side-chain
of H87 connects the αC-helix to the activation loop phosphate.
R93 forms a cation–π interaction with W30 in the αA-helix, which
fills a conserved pocket in kinases that is commonly used to
regulate activity (37, 38). Segments adjacent to the αC-helix in
ComC include the αA-helix, the DFG-motif, and β9 in the acti-
vation segment. These provide important regions whose proper
positioning can be regulated by binding at allosteric sites or
phosphorylation of the activation loop. β9 and its flanking regions
comprise a hotspot for cancer mutations in B-Raf proto-onco-
gene serine/threonine kinase (39).
The αC-β4 loop is an anchor that immobilizes the C-terminal

part of the αC-helix. Earlier computational work showed that it is
the only part of the N-lobe that moves in concert with the C-lobe
(11). As seen in Fig. 5B, this loop can also be considered as
a signal integration motif; it contributes to many communities,
and in some cases the side-chain belongs to one community and
the backbone to another (for example F102 at the tip of the
loop). Previously, F100 and F102 were identified as AGC family-
specific features that are anchored to the C-tail, which in turn
helps the C-tail to position both ATP and the αC-helix (40).
Another example is V104, whose functional significance was not
appreciated until recently (41); its main-chain is in the ComC
and its side-chain is in the ComD.
ComD (Fig. 6) consists of the αD-helix and β7 and β8 in the

C-lobe, and part of the active site tether of the C-terminal tail
(see below). ComD includes the middle part of the C-spine, as
well as a critical Asn171 in the catalytic loop that coordinates
one of the Mg2+ ions.
ComF (Fig. 6) contains the activation segment, part of the

catalytic loop, the N-terminal part of the αF-helix, and the AGC
insert. This region is highly regulated. Phosphorylation of the
activation loop, for example, can stabilize this region in an active
conformation that promotes activity. Also included in ComF is
the APE motif, where E208 forms a highly conserved salt bridge
with R280. This salt bridge is a defining feature of all EPKs (42).
Additionally, this region is commonly involved in substrate
binding through the P+1 loop, and the APE-αF loop is often
involved in protein–protein interactions with regulatory proteins.
In contrast to our detection of the five main communities with

clearly identifiable catalytic and regulatory functions, we dis-
covered that most of the C-lobe is not a single stable conglom-

erate of hydrophobic residues, as one might expect. Instead the
C-lobe contains several smaller communities (ComE, ComF1,
ComG, ComH) that are capable of merging with or splitting
from the major communities, depending on experimental con-
ditions. The properties of this part of the kinase core remain, in
many aspects, obscure. The importance of the C-lobe is em-
phasized, however, by the universal conservation of the α-helices
G, H, and I, (GHI helical subdomain) in all EPKs. This region
contains a binding site for regulatory subunits (43–46), substrates
(47), phosphatases (48), and as a dimerization site (49). One may
speculate that the sensitivity of the C-lobe’s community structure
is mechanistically related to long-distance signaling between
protein docking sites and the catalytic machinery. This would
account, for example, for the previously observed effect of a
substrate binding to the GHI subdomain on the activity of yeast
isoform of PKA, Tpk1 (50), or, if this generalizes to other
kinases, for the mechanism of action of allosteric inhibitors of
Bcr-ABL kinase, which bind in a pocket between αE, αF, and
αH-helices (51). We theorize that binding of other proteins or
ligands to the GHI subdomain may lead to integration of the
minor communities in the C-lobe and a subsequent change of the
community map for the whole kinase core. Most of the unique
EPK features identified by a Bayesian sequence analysis (20,
52) appear in ComF, including the expanded activation loop,

Fig. 4. The N-lobe is subdivided into three communities that are largely preserved across different ligand/conformational states. (A) In ComA, we show a set
of bridging residues’ side-chains in surface representation. (B) In ComB, a chiefly hydrophobic set of residues connects the hydrophobic motif (F347, F350) to
the αC-helix and Gly-rich loop. (C) Previously identified subdivisions of the C-terminal tail segregate into different communities, and the entire tail connects
communities A, B, D, and E.

Fig. 5. ComC structurally connects the N-lobe to the C-lobe through the R-
spine, DFG-motif, and αA-helix. (A) In ComC, surfaces show the R-spine and
a set of cation–π interactions that connect the top of the αE-helix, the activa-
tion loop, and the αA- and αC-helices. (B) The αC-β4 region connects commu-
nities A, C, D, and E, providing a link between the R spine, ATP, and the C-lobe.
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regulation of the activation loop by phosphorylation, and the
electrostatic linking of the activation segment to a helical domain
following the αF-helix through E208 and R280.

Dynamic and Structural Connections Within and Between Communities.
Three key sequence segments of PKA integrate multiple com-
munities and structurally connect the N-lobe to the C-lobe. First,
the activation segment (residues 184–208) is split across commu-
nities C and F (Fig. 6C). The activation segment is a conserved
structural element in all EPKs, which provides an opportunity to
regulate kinase activity via phosphorylation of its primary phos-
phorylation site (T197 in PKA) (3). This segment contacts the
N-lobe, goes through the C-lobe, and stabilizes the bottom of the
C-lobe with a conserved salt bridge between E208 and R280.
Proper positioning of the activation segment is required for full
activity in most protein kinases, and its length and surface acces-
sibility allow it to adopt multiple conformations and permit con-
trol by phosphorylation or protein–protein interactions. The
DFG-β9 motif is partitioned into ComC, which highlights the
critical importance of this community because the DFG-aspartate
is a key catalytic residue and, therefore, ComC can directly in-
fluence the phospho-transfer reaction. The rest of the activation
segment belongs to ComF. Second, the αC-β4 loop (Fig. 5B)
begins in ComC and then briefly dips into ComE at F100, which is
conserved in AGC-kinases and is homologous to the His in the
HxN motif, which—in Cdk2 and other kinases—connects the αC-
helix to the catalytic core (40). The αC-β4 loop presents V104,
part of the R-spine shell (41), into the ATP-binding pocket, and
then terminates at L106, an R-spine residue in ComA that con-
nects to ComC. Third, the division of the C-terminal tail (Fig. 4C)
across four different communities recapitulates the previously
described subdivisions of this linear segment (20).
Earlier we described a general framework for a protein kinase

domain internal architecture (7–9). It is based on two hydrophobic
spines, the R-spine and the C-spine, which are connected by a long
hydrophobic F-helix. The implied function for the spines was a firm

but flexible connection between the kinase lobes. Following this
model, one can suggest that, in the community map, the spines—in
particular the side-chains—should serve as flexible bonds between
the contiguous, semirigid, communities: that is, correspond to the
edges in the community maps. Indeed, both the R-spine and
C-spine are split across multiple communities. Fig. 7 shows that
the C-spine connects ComA, ComD, and ComF, which help position
ATP, substrate, and key catalytic machinery. The R-spine connects
ComA and ComF via the regulatory hub community ComC.
Looking beyond the spines, a number of communities have

compact groups of residues that appear to act as stabilizing
cores. Although in principle there could be a number of ways to
identify such residues, we leveraged a prior LSP alignment to
identify structurally conserved residues in the conserved kinase
catalytic core (8, 9). This analysis points to the existence of a set
of community-forming residues for each community, as detailed
in SI Appendix, Fig. S5. Because the community-forming residues
were identified by conserved spatial patterns in multiple kinases,
we expect that the community-forming residues shown here
might also be important in other protein kinases, much as the
importance of the spines has already been documented in RAF
kinases (53), Bcr-ABL (54), Src (55), EGFR kinase (49), and
anaplastic lymphoma kinase (56).

Community Analysis of Other Conformational and Ligand States of
PKA. Because PKA’s structure and dynamics depend on the
presence of nucleotide and divalent cations, it is important to
explore how changes in conformation and ligand status affect the
community analysis. Accordingly, Fig. 7 compares the community
maps constructed from simulations of PKA in three additional
states (closed/ATP/one Mg2+, open/ATP/one Mg2+, and open/
apo) to the reference closed/ATP/two Mg2+ state. We noted that
some groups of residues in the catalytic core of the kinase (i.e.,
excluding the N- and C-tails) consistently colocalize in commu-
nities with one another in all systems, and refer to these as con-
served cores (Fig. 8). These conserved cores form semirigid

Fig. 6. ComD and ComF are C-lobe communities that connect the C-lobe to the N-lobe. ComD (green) encompasses the αD-helix and part of the catalytic
loop, coordinating ATP and Mg from below, and includes the majority of the C-spine (surface). Other C-spine residues are colored by their community. ComF
(dark red) involves a large section of the C-lobe and includes a set of chiefly polar residues (surfaces) that nucleate around the activation loop phosphate
(pT197, yellow) and connect the C-helix to the activation loop, F-helix, and finally AGC insert, involving a conserved salt bridge between E208 and R280. The
activation segment is split across two communities and structurally links the C-helix to ATP/Mg, the phosphorylation site, and to the bottom of the C-lobe
through the conserved salt bridge between E208 and R280. Additionally, Y204 connects this segment to E230, a critical substrate-binding element in Com-H.
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elements that remain structurally connected in the closed/
ATP/two Mg2+ simulation (Movie S2).
The majority of the changes in the communities occur in the

C-lobe substrate-binding regions and in the C-terminal tail. The
N-lobe does not show substantial changes, and the communities
that are least affected by changes in conformation and ligand
states are ComA, ComB, ComC, and ComF. For all states, the
αA-helix and αC-helix remain in ComC, whereas the rest of the
N-lobe remains split between ComA and ComB, and the acti-
vation segment and part of the F-helix remain in ComF. In the
closed/ATP/oneMg2+ state, several residues belonging to the
C-tail split from ComA, to form a small additional community
termed ComA1. In contrast, the residues belonging to ComD,
ComE, ComG, and ComI in the closed/ATP/two Mg2+ structure
are grouped into slightly different communities in the other
structures. In particular, ComG forms its own community apart
from ComF only in closed/ATP/two Mg2+. The regulatory and
catalytic spines have remarkably similar community member-
ships across all states: V57, A70, and the side-chain of L106
remain in ComA; M128 and residues 172–173 remain in ComD;
and the backbones of L95, F185, and Y164 consistently remain in
ComC, as does the side-chain of L95.

Mutagenesis Validates the Community Maps. The assignment of
function to individual communities suggests that mutations that
destabilize a community will tend to disrupt the associated
function, and vice versa, even if the key functional site is spatially
remote. Indeed, the community map is found to be consistent
with a wide range of mutagenesis studies, beginning with the
initial Ala scan of the yeast PKA-C-subunit (57) and the more
recent Ala scan of the C-tail (58), and extending to individual
mutations that have been comprehensively characterized. For
example, mutation of the conserved ion pair, E208-R280, in

ComF (57, 59) has a profound effect on substrate binding, ca-
talysis, and stability. This observation is consistent with the fact
that ComF links ComC and ComD, which form the active site;
and that ComF is directly involved in substrate binding. The fact
that ComF links the protein docking site with the catalytic
communities also is consistent with Herman and colleague’s
observation (50) that the docking site on the αH-helix is allo-
sterically coupled to the catalytic site.
The community maps also suggest why the activation loop

phosphate is so important. The phosphate provides a multivalent
electrostatic link between ComC and ComF, and the community
maps suggest that the allosteric range reaches to ComA, ComB,
and ComD as well, consistent with the fact that dephosphorylation
leads to changes in catalytic activity, stability, global H/D ex-
change, and conformation, as reflected in a very open crystal
structure, where the R-spine is broken and the activation loop and
C-tail are disordered (3, 60). The community maps also generate
the same partitioning of the C-tail that was previously revealed by
deep Bayesian analysis of the evolution of the C-tail (20) and by
alanine scanning (61, 62), as well as by detailed characterization of
particular sites (36, 62–64). The myristyl binding pocket is in
a region of the protein, whose community assignment is particu-
larly sensitive to conditions, such as the presence or absence of
bound ATP and Mg, and which comprises residues from multiple
other communities. This observation is consistent with recent
crystallographic, fluorescence, and computational analyses show-
ing long-ranged effects of myristyl binding (65, 66). Individual
residues that have a profound effect on activity and stability
[E230Q in ComF1 (67, 68), W30A in ComA (69), and Y204A in
ComF (70, 71)] are clearly part of extended allosteric networks
defined here by the community maps.

Fig. 7. Community maps of PKA are similar across different ligand and conformational states and reveal conserved cores. For each of the four ligand and
conformational states, the community map is shown with node sizes proportional to the relative number of community members and edge weights proportional
to the total mutual information between the communities. To the left of eachmap, the structure of PKA is colored by community. To the right of each community
map, the R-spine and C-spine are shown and colored by community; ATP is shown in sticks, and the C-spine and R-spine are shown in surface representations.
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Template for Allosteric Regulation. In recent years, allostery has
reemerged as a major theme for understanding protein structure
and function. Here, we provide a new framework for un-
derstanding the allosteric integration of structural, dynamic, and
functional motifs in kinases. Often, single-site perturbations,
such as mutations (W30A, F327A, F350A), or posttranslational
modifications (for example adding a myristyl group to the N
terminus or a phosphate group to the activation loop) can have
significant effects on dynamics and function of distant regions.
The community maps presented here provide an estimate of the
effective allosteric range of such perturbations: a mutation in
one community cannot only alter its own community, but also
highly coupled communities. The strength of the couplings are
reflected in the width of the edges in the community map. This
concept helps explain how perturbations, such as myristyl bind-
ing between ComC and ComE, can cause changes in dynamics in
not only ComC but also in ComB and ComD, as measured by
fluorescence anisotropy (66).
The communities each contain known functional elements and

provide a way of understanding how different motifs can be
coupled. The two communities in the N-lobe, for example, move
together as a semirigid body, with one binding ATP (ComA) and
the other positioning the αC-helix (ComB). Because the kinase
catalytic core, the spines, and the community-forming residues
are all structurally conserved, we also anticipate that the com-
munities will, in general, be conserved between different kinases.
We expect that the core residues that are conserved will partition
into more or less the same communities, whereas the elements

that lie outside the core, such as the C-tail, will be family-specific.
Conserved pockets on the core often serve as allosteric docking
sites (34). How these pockets are filled will vary for each kinase,
but the way in which they integrate with the core and regulate the
core might be conserved.
In contrast to powerful evolutionary sequence-based methods,

such as protein sector analysis (72) and CHAIN (20), which identify
coevolving sets of residues with distinct functions and capture
family-level features, our approach focuses on the dynamics of
individual family members. Sequence-based approaches cannot
account for posttranslational modification or ligand binding, but
our approach is quite sensitive to changes in conformation and
dynamics upon binding different ligands. The present community
map analysis goes beyond primary, secondary, and tertiary
structure, providing a new framework for understanding corre-
lated motions and allostery.

Conclusion
Correlation analysis of multiple-microsecond duration MD simu-
lations identifies dynamic communities, structurally contiguous
regions of PKA that exhibit correlated motions. Each community
has a structurally conserved scaffold provided by community-
forming residues, and a largely overlapping group of residues
that remain together in all four of the ligand and conformational
states of the enzyme examined here. Correlation of mutational
analysis with the community structure allows annotation of each
community according to key functions. This functional annota-
tion provides arguably a more coherent annotation of structure
with function than does the traditional partitioning into sec-
ondary structure elements. This structural and functional com-
munity analysis complements the previous identification of the
C- and R-spines, and offers a more complete picture of the in-
ternal architecture of an exemplar protein kinase in an active
state. The communities and the spines that connect them provide
a conceptual framework for long-distance allosteric communi-
cation between different sites on PKA. One may speculate that
a similar pattern will emerge from community analyses of other
active kinases as well.

Methods
System Preparation. To prepare the two closed conformations, we beganwith
a high-resolution structure of PKA in the closed conformation with ATP and
two Mn2+ ions, (PDB ID code 3FJQ). Residues T197 and S338 were phos-
phorylated as in the crystal structure. The Protein Local Optimization Pro-
gram was used to preprocess the PDB file (73), then the structure was
imported into Maestro (Schrodinger). The Mn2+ ions were changed to Mg2+

ions and the Protein Preparation Wizard was used to assign bond orders,
add hydrogens, and keep all crystal waters. Hydrogen bonds and histidine
protonation states were optimized for neutral pH, yielding HIP for H87, HIE
for H142, and HID protonation states for the remaining histidines. The
crystal waters and PKI peptide were removed. Removal of Mg1 yielded the
closed, ATP/Mg2+ starting model. [The protonation state of C199 was
modeled as negatively charged based on the very high in vitro reactivity of
this cysteine (74, 75).] For PKA in the open state with ATP/one Mg2+ PDB ID
code 1CMK (76) was used as a starting point, as it had an ordered C-terminal
tail in contrast with other structures that have missing residues in this re-
gion. PKI, myristate, and an iodine ion were removed. The Protein Local
Optimization Program (77) was used to fix nine side-chain differences be-
tween this Sus scrofa structure and the desiredMus musculus sequence (97%
sequence identity), and the ATP/Mg2+ was aligned from PDB ID code 3FJQ
(34) by the N-lobe, so that the adenine ring would properly hydrogen bond
with the hinge. The protonation states were selected to be the same as in
the closed state. For comparison with the closed-state structures, residues 1–
14 were removed from this model, as these were disordered in the closed
state. For the open/apo model, ATP/Mg2+ was removed. Hydrogens were
removed from all models before preparation for AMBER 11 (78) and AMBER
12 (79), using the FF99SB-ildn-nmr forcefield (80–82). The proteins were
solvated in a cubic box of TIP4P-EW water (83) with 10 Å buffers, with
parameters for ATP (84), phosphothreonine (85), and phosphoserine (85)
taken from the Bryce group’s AMBER Parameter Database (86). SHAKE (87)
was used to constrain all covalent bonds from to hydrogen atoms.

Fig. 8. Community maps (A–H) of PKA in different conformational and li-
gand states reveal cores (surfaces), members that remain in the same com-
munity with each other. These cores contain many of the community-
forming residues (spheres). In ComD, because there are two conserved cores,
community-forming residues that belong to the other core are not shown.

McClendon et al. PNAS | Published online October 15, 2014 | E4629

BI
O
PH

YS
IC
S
A
N
D

CO
M
PU

TA
TI
O
N
A
L
BI
O
LO

G
Y

PN
A
S
PL

U
S



MD Simulations. The program AMBER12 was used for the initial energy-
minimization, heating, and equilibration steps, using the pmemd.cuda
module (88, 89). Each system was energy-minimized, first with position
restraints on the protein and ATP/Mg2+, and then without restraints. Con-
stant volume simulations using particle mesh Ewald (90) with a 10 Å cut-off
for range-limited interactions was used. MD with a 2-fs time-step was per-
formed to heat the system from 0 K to 300 K, linearly over 500 ps, with
10.0 kcal·mol·Å position restraints on the protein and ATP/Mg2+. Tempera-
ture was maintained by the Langevin thermostat, with a collision frequency
of 1 ps−1. Then, constant pressure dynamics was performed with isotropic
position scaling, first with position restraints for 100 ps and a relaxation time
of 2 ps, and then without position restraints for 100 ps. The range-limited
cut-off was dropped to 8 Å and the simulation was continued for 50 ns. For
closed/ATP/two Mg2+, the system was simulated briefly for 12 ps of Nosé–
Hoover constant volume MD (91, 92) using Desmond (DE Shaw Research) at
2-fs time-steps to further prepare for simulation on Anton.

Production runs for closed/ATP/two Mg2+, closed/ATP/one Mg2+, and
open/ATP/one Mg2+ were performed on a 512-node Anton supercomputer
at constant volume, using time-steps of 2 fs and the Nosé–Hoover thermo-
stat (91, 92), with a relaxation time of 1 ps and center of mass motion re-
moved. For open/apo, three independent equilibrations were performed as
above, followed by 1.1-μs production runs using the pmemd.cuda module of
AMBER12 and the Langevin thermostat as above, for a total simulation time
of 3.3 μs. Trajectories for all systems were saved at 120-ps intervals, because
on Anton more frequent output showed decreased performance in this
system. Trajectories were aligned by C-lobe residues 128–300, and root-
mean-square backbone fluctuations were calculated in GROMACS for all
residues after discarding the first 1.2 μs of the Anton datasets.

Mutual Information Calculations. For our community analysis, we computed
Cartesian mutual information values instead of dihedral mutual information
values, as the former better capture correlated motions involving semirigid
regions, such as secondary structure elements (93), whereas the latter are
more suitable for analyzing couplings between surface sites where binding
and posttranslational modification often occur (30, 94). We calculated the
Cartesian mutual information for backbone Cα atoms, as well as for a rep-
resentative side-chain atom (SI Appendix, Table S2) of each residue. In the
case of glycine, the carbonyl oxygen was used as a second atom because this
atom is most distal from the Cα atom. The matrix of mutual information
among these atoms was calculated with the MutInf software package (30,
95). To construct the probability densities required to obtain the mutual
information values, we used uniformly binned histograms with 24 bins per
degree-of-freedom. We then split each trajectory into six blocks of equal
size. We used 20 sets of scrambled data to estimate the distribution of
mutual information under the null hypothesis of independence, and calcu-
lated the excess mutual information by subtracting the average mutual in-
formation under the null hypothesis of independence from the observed
mutual information, and corrected for undersampling using mutual in-

formation between residues in different simulation blocks, as previously
described (30).

Community Analysis. We initially represent the kinase catalytic domain as
a graph having a node for each residue’s main chain and side-chain atoms,
with edge weights given by the corresponding Cartesian mutual information
(96). We then removed edges corresponding to pairs of atoms that were not
within a given distance cut-off for 75% of the simulation time (SI Appendix,
Fig. S1), and used the Girvan–Newman algorithm (14) to identify the com-
munity structure of the resulting pruned graph. This algorithm generates
a new graph with one node per community with a size proportional to
the number of elements and edges whose weights represent the sum of the
weighted betweenness (96) of the edges connecting the communities. The
use of a distance cut-off to prune edges in the initial graph allows a focus on
direct, rather than indirect correlations (97), as the latter are expected to be
more significant at long range. Note that here, the distances are not mini-
mum distances between residues but distances between representative
atoms, so longer cut-offs are needed relative to a minimum-distance ap-
proach. We chose the cut-off distance between 8 Å and 10 Å that yielded the
fewest number of communities, based on the relative insensitivity of the
number and shape of the community map in the 8–10 Å range (SI Appendix,
Fig. S2). In the case of a tie between two cut-off distances, the longer one
was used. In the active state of PKA (closed, two Mg2+), this led to a cut-off
of 10 Å. The edge weights (SI Appendix, Table S1) are used to manually
redraw the community map in a more accessible format.

LSP Alignment. To identify community-forming residues, we leveraged our
previously described LSP alignment results. Briefly, the LSP alignment
method identifies residues with similar physicochemical properties that ex-
hibit similar relative orientations in eight structures of active protein kinases
compared with PKA, and calculates the involvement score for each residue as
the number of connections to the residue in the similarity graph. We found
that an average involvement score of 6.25 (corresponding to a summed in-
volvement score of at least 50 over the eight structures in ref. 7) gave rea-
sonable results, because the community-forming residues in each community
formed a structurally contiguous set located near the geometrical center of
each community. To identify community-forming residues outside of the
structurally conserved catalytic core, we identified residues in the N-tail and
C-tail that formed hydrophobic or cation–π interactions and were structur-
ally contiguous with community-forming residues in the conserved kinase
catalytic core.
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