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Conformational Transitions in Adenylate Kinase
ALLOSTERIC COMMUNICATION REDUCES MISLIGATION"
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Large conformational changes in the LID and NMP domains
of adenylate kinase (AKE) are known to be key to ligand binding
and catalysis, yet the order of binding events and domain motion
is not well understood. Combining the multiple available struc-
tures for AKE with the energy landscape theory for protein fold-
ing, a theoretical model was developed for allostery, order of
binding events, and efficient catalysis. Coarse-grained models
and nonlinear normal mode analysis were used to infer that
intrinsic structural fluctuations dominate LID motion, whereas
ligand-protein interactions and cracking (local unfolding) are
more important during NMP motion. In addition, LID-NMP
domain interactions are indispensable for efficient catalysis.
LID domain motion precedes NMP domain motion, during both
opening and closing. These findings provide a mechanistic
explanation for the observed 1:1:1 correspondence between LID
domain closure, NMP domain closure, and substrate turnover.
This catalytic cycle has likely evolved to reduce misligation, and
thus inhibition, of AKE. The separation of allosteric motion into
intrinsic structural fluctuations and ligand-induced contribu-
tions can be generalized to further our understanding of allo-
steric transitions in other proteins.

Kinase-mediated phosphoryl transfer is a key component of
many signaling pathways. Tight control of signaling requires
regulation of kinase activity, which is influenced by allosteric
transitions (1, 2). The classical description of allostery involves
ligand-induced conformational rearrangements between static
protein structures. It is now acknowledged that protein dynam-
ics is statistical in nature and that allostery is often due to a
change in the balance of pre-existing conformational substates
upon ligand binding (3).

This manuscript explores the subject of how protein struc-
ture determines allostery, order of ligand binding events, and
ultimately, efficient catalysis, in the context of adenylate kinase
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(AKE).* AKE is a three-domain (LID, NMP, and CORE) protein
(Fig. 1) that undergoes large conformational changes as it cat-
alyzes Reaction 1.

AKE
ATP + AMP <—— 2ADP

REACTION 1

Large motions of the LID and NMP domains are associated
with nucleotide binding. It has been shown that substrate turn-
over and domain rearrangements (“open” state to “closed”
state) occur at the same frequency (2). Despite several theoret-
ical (6 -13) and experimental studies (2, 14—17) on AKE, a cat-
alytic mechanism that explains this high efficiency has not been
proposed.

Because it is known that conformational transitions can be
well described as a superposition of normal modes (6, 7, 13,
18 -20), we use a simplified nonlinear elastic network model
and a structure-based model with implicit ligand interactions
to demonstrate a likely catalytic mechanism in AKE. We show
that intrinsic structural fluctuations (21, 22) in the LID domain
account for the majority of the domain’s motion and that ATP
binding likely serves to lock the domain closed. The LID motion
is an example of allosteric regulation that results from a shift in
the populations of available substates. The intrinsic motion of
the NMP domain does not correlate with domain closure.
Thus, the NMP domain is an example of a ligand-induced con-
formational change. Additionally, the high strain in the NMP
domain supports the claim that the NMP domain likely par-
tially unfolds (cracks) during conformational transitions. Upon
closure of the LID domain, the LID-NMP interface provides
enthalpic interactions that stabilize the closed NMP domain.
This provides a driving force for NMP closure and leads to
phosphoryl transfer. Intrinsic structural fluctuations then drive
the LID domain open, which destabilizes the LID-NMP inter-
face and drives the NMP domain open. This mechanism, which
involves correlated motion of the domains, reduces misligation
and may have evolved to increase the efficiency of AKE.

MATERIALS AND METHODS

Multiple Minima Molecular Dynamics Simulations—Struc-
ture-based models allow one to study the relationship between
protein folding (24—29) and protein function (8, 30-32). To
characterize the energetics of the conformational change tran-

*The abbreviations used are: AKE, adenylate kinase; NMA, normal mode anal-
ysis; MD, molecular dynamics; PDB, Protein Data Bank; CM, center of mass.
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sition states of AKE, we simulated it using a coarse-grained,
structure-based potential that utilizes information from the
open and closed forms. Each residue was represented by a bead
located at the C_ position. Backbone geometry was maintained
through harmonic potentials for adjacent bond distances and
bond angles and through cosine functions for dihedrals, with
minimum values corresponding to the open conformation
(PDB code 4AKE (4)). Non-local contacts were determined
using contact of structural units analysis (33) of the open
conformation and are included via a 1012 potential. Non-
contacts were given repulsive terms. In addition to the open
contacts, contacts unique to the closed structure (PDB code
1AKE (5)) were included to induce domain closure. The closed
contacts provide an implicit representation of the ligand. A
complete description of the potential can be found elsewhere
(8). For this study, we reduced the interaction strength of all
contacts formed with helix 4a by 30%. Reducing these interac-
tion strengths noticeably alters the population of the NMP-
closed-LID-open conformation, which illustrates the signifi-
cant effect helix 4« has on the catalytic dynamics.

Nonlinear Normal Mode Analysis—Normal modes are
known to capture the dynamics of large conformational
changes in many proteins (6, 7, 23). In this study we used a
nonlinear normal mode analysis to describe the intrinsic con-
tributions a given structure provides to each conformational
rearrangement. This approach, first introduced by Miyashita et
al. (6,7), provides a better representation of global motion far
from equilibrium by minimizing steric and energetic contradic-
tions observed by standard linear normal mode analysis.

Initially, normal modes N, for the open form of AKE (PDB
code 4AKE) were determined using a Tirion potential (34),
where all atom pairs within 5 A are connected by harmonic
springs. AKE was translated along each mode a distance of
dR;, = Ad'N;, B,/B,, where B,/B, is the fraction of the total B-fac-
tor contributed by mode i and A is a chosen length scale (=0.05
A). d is the spatial displacement of atoms between the current
structure and the final structure (closed structure, PDB code
1AKE) after root mean squared fitting using the McLachlan
algorithm (35) in the ProFit software package (because d and
root mean squared fitting require two structures with an iden-
tical number of atoms and the open structure does not have a
ligand, ligands were not explicitly represented). Thus, the
intrinsic overlap with a conformational change is as follows.

modes

1
N }i‘,dR,

At every step, a new Tirion potential was determined based on
the translated structure, and the nonlinear normal mode anal-
ysis was repeated. This process was repeated until the closed
conformation was reached. The same process was used for the
opening of AKE and for individual domain rearrangements.
This method is similar to a previously applied method (5, 6),
except that the B,/B, term in dR; was not included in previous
studies. Although the B,/B, term does not qualitatively alter the
dynamics, it modifies overlap to be the percent of intrinsic
motion a structure has in the direction of a given conforma-
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FIGURE 1. Crystal structures of AKE. Shown are the structures of the open
(blue, PDB code 4AKE (4)) and closed (orange, PDB code 1AKE (5)) LID and NMP
domains of AKE, with the CORE domain (gray) spatially aligned. AKE can
accommodate two ligands, one in the pocket between the LID and CORE
domains and one in the NMP-CORE pocket. ATP, ADP, and AMP are able to
bind to the LID-CORE pocket. ADP and AMP are able to bind to the NMP-CORE
pocket.

tional transition. The strain energy was determined by calculat-
ing the total potential energy as defined by the Tirion potential
for the initial structure. As discussed by Miyashita et al. (6, 7), if
too much local strain is accumulated then cracking (local
unfolding) may reduce the strain during conformational
transitions.

Reaction Coordinates—Allosteric conformational changes
involve major domain motion. We measured this motion using
the spatial distance between the center of masses of the
domains. RER “ORF and REMT“ORE are the distances between
the center of mass of the LID and the CORE domains and the
distance between the center of mass of the NMP and the CORE
domains, respectively. RED"“©RF is 30.1 and 21.0 A in the open
and closed forms, respectively, whereas Ring® ““%F is 22.0 and
18.4 A in the open and closed forms, respectively. The LID
domain is defined as residues 118 -160, the NMP domain as
residues 30—67, and the CORE domain as residues 1-29,
68-117, and 161-214.

RESULTS

Intrinsic Motion in the LID Domain of AKE Contributes Sig-
nificantly to Allosteric Motion—The LID and NMP domains of
AKE rearrange relative to the CORE domain during catalysis
(Fig. 1). To determine the order of domain motion, closing and
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FIGURE 2. Intrinsic fluctuations direct conformational dynamics. Nonlinear normal mode trajectories are
superimposed on the free energy landscape obtained via MD simulations. Axes are the distance between the
LID domain and CORE domain centers of mass, R=fa “°%, and the distance between the NMP domain and CORE
domain centers of mass, Rem’ “°"E. NMA suggests sequential closing and opening of the LID and NMP domains
in agreement with the free energy landscape. Intrinsic fluctuations promote LID opening prior to NMP open-
ing. Removal of LID-NMP interactions eliminates the NMP domain’s dependence on the LID domain during
opening. The normal mode trajectories begin and end at the crgstal structures of AKE. The free energy minima
for the open and closed forms are at slightly larger values of REf; “ORE and RMMP-CORE because of higher entropy
in more extended structures. When normal mode trajectories are shifted to slightly larger R, values, there is

higher intrinsic overlap and lower
strain associated with its motion
than does NMP motion. When both
domains are open or closed, there
are lower barriers associated with
LID motion than NMP motion.
Also, a significant increase (Fig. 3, *
versus **) in the slope of the strain
associated with NMP opening is
observed upon the LID-NMP inter-
face formation.

The combination of a reduced
intrinsic overlap and the higher
energetic barriers associated with
NMP motion suggests that NMP
motion is more dependent on
enthalpic contributions, such as
ligand binding and LID-NMP inter-
face formation. Additionally, the
low intrinsic overlap suggests the
NMP domain may enter a disor-
dered (locally unfolded) state during
conformational transitions. This
agrees with structure-based simula-
tions of the open form of AKE that
have shown the closed LID domain
is more easily accessible than the

excellent agreement between the two methods.

opening trajectories were constructed using recursive nonlin-
ear normal mode analysis (see “Materials and Methods”). At
every step of this recursive procedure, the domains were trans-
lated along each mode by an amount proportional to the mode’s
overlap with the conformational transition. This process filters
for high B-factor-contributing and high conformational over-
lap modes. Because B-factors are a measure of atom mobility
within a protein, this method not only determines a likely path-
way but also provides a quantitative measure for the intrinsic
(ligand-free) propensity of the protein to undergo a given con-
formational rearrangement.

Fig. 2 shows the trajectories as functions of Ry “ORF and
RYMPCORE the distances between the center of masses of the
LID and CORE domains and of the NMP and CORE domains.
These trajectories indicate that LID domain motion precedes
NMP domain motion during both the opening and closing pro-
cesses. There are two possible explanations for this observed
sequential motion. 1) The open (closed) protein has the intrin-
sic ability to close (open) the LID domain and not the NMP
domain. Once the LID domain closes (opens), the dynamics of
the NMP domain are altered such that the intrinsic fluctuations
in the LID-closed (open) state favor NMP closure (opening). 2)
There is an intrinsic ability to close (open) the LID domain and
not the NMP domain. After LID closure (opening), the method
employed merely forces the NMP domain to close (open).

The LID-NMP Interface Facilitates Communication between
LID and NMP—To determine the reason for the observed
sequential motion, trajectories were constructed for individual
domain rearrangements (Fig. 3). LID domain motion has a
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closed NMP state (see Fig. 4a of Ref.

8) and that local unfolding is
observed in the NMP domain (see Fig. 5 of Ref. 8). Additionally,
because the LID domain has a propensity to close and the NMP
domain does not, stabilizing interactions must be available to
close the NMP domain.

LID Domain Binding of ATP Assists NMP Closure—Using a
simplified structure-based potential (see “Materials and Meth-
ods”) and MD simulations, the free energy surface of the con-
formational rearrangements in AKE was calculated (Fig. 2).
This model suggests strong coupling between NMP and LID
motion in agreement with the nonlinear normal model trajec-
tories. Using the transition state ensembles for each domain’s
motion, we can calculate functional Phi values @, which are
analogous to protein-folding ® values. Protein-folding ® values
measure the free energy contribution to the folding transition
state relative to the native state (36) for a given residue. Because
proteins tend to be minimally frustrated, folding results from
the balance between the entropy of the unfolded state and
native enthalpic interactions. Thus, ® values measure the
amount a given residue drives the folding process. Because the
entropy of the various conformations of an allosteric protein
may be comparable, enthalpic contributions may play a large
role in both the forward and reverse conformational transi-
tions. Thus, high @, .. values show a given transition is domi-
nated by enthalpic interactions, and low P, . values show
intrinsic structural fluctuations dominate the transition.

> A discrepancy exists between the normal mode trajectories and the loca-
tions of the free energy minima because the MD landscape includes
entropic contributions.
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FIGURE 3. Intrinsic motion of LID domain overlaps with allosteric conformational transition. Four possible conformations during catalysis are shown with
the associated overlap and energetic barriers: both domains open, the LID domain closed with the NMP domain open, both domains closed, and the LID
domain open with the NMP domain closed. Solid lines correspond to the strain associated with opening (black) and closing (red) each domain. Dotted lines
represent the intrinsic overlap of opening (black) and closing (red). LID domain closure has a higher intrinsic overlap (=0.45) than does NMP domain closure
(=~0.4), and the NMP overlap drops more quickly as the domain closes (decreasing Rcy,). Thus, it is likely that the interactions that stabilize the closed state are
more important for NMP closure than for LID closure. The largest energetic barrier is associated with NMP opening prior to LID opening. The barrier associated
with NMP motion when the LID domain is closed () is greater than when the LID domain is open (**). This larger barrier height is due to the steep strain profile
associated with opening of the NMP domain. Because the most significant structural difference involving the NMP domain is the degree of LID-NMP interface
formation, this interface probably plays a role in regulating domain motion, and ultimately activity. The third important feature is the higher intrinsic overlap
with LID opening (=0.3) than with NMP opening (=0.1). The fourth feature is that the overlap of NMP opening increases by 50% when the LID domain is already
open. These last two features further illustrate the significant effect the LID-NMP interface has on catalytic dynamics.

Therefore, one can determine whether a given residue with a
high @, stabilizes the forward or the backward reaction.
Larger @y, values for the NMP domain suggest that ener-
getics is more important for NMP motion than for LID motion.
P, values for residues at the LID-NMP interface are large for
the NMP transition state but nearly zero for the LID transition

state. Therefore, not only is NMP motion highly dependent on
enthalpic interactions, but also a significant number of these
interactions are made accessible though closure of the LID
domain. This suggests that NMP motion is strongly influenced
by the state of the LID domain (open/closed) as well as by AMP
binding to its binding site. Thus, both nonlinear normal mode
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R, transfer
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FIGURE 4. Proposed mechanism for AKE catalysis. All results presented suggest the following catalytic mechanism for AKE. a, open, unligated AKE. b, ATP
binds while the LID domain closes. .7, closure is followed by AMP binding/NMP domain closure. c.2, phosphoryl transfer occurs, resulting in two bound ADPs.
d, thermal fluctuations open LID domain and one ADP is released. g, the loss of LID-CORE interactions induces opening of NMP domain, loss of the second ADP,
and a return to the open conformation. States c.7 and c.2 are modeled by the deletion of one phosphoryl group from Ap5A in PDB code 1AKE.

analysis and MD simulations suggest that intrinsic fluctuations
are not the main contributors to the NMP transition.

Domain Dynamics Can Be Controlled by Mutating the LID-
NMP Interface and Helix 4a—To test the importance of the
LID-NMP interface on NMP domain dynamics, nonlinear nor-
mal mode analysis (NMA) was performed with all LID-NMP
interface interactions removed (Fig. 2). As expected, the LID
domain no longer opens prior to NMP opening.® Additionally,
if the LID-NMP interactions are not included in our MD sim-
ulations, the population of the NMP closed state is largely
reduced. Because the interface plays a large role in stabilizing
the closed NMP domain and the entropy of the open and closed
states is approximately the same (data not shown), enthalpic
contributions must stabilize the open form. Helix 4« in the
NMP domain fulfils this role. We repeated our previous simu-
lations (8) using varying interaction strengths for native con-
tacts made with helix 4« (Fig. 2). By reducing the strength of
these interactions in simulations we are able to alter the domain
dynamics such that NMP closure followed by LID closure was
as probable as LID closure followed by NMP closure. Addition-
ally, by removing the LID-NMP interactions in our NMA we

® The closing trajectories were not repeated without LID-NMP interactions, as
these interactions are not formed in the open conformation.
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changed the opening dynamics such that NMP opening pre-
cedes LID opening (Fig. 2). These results illustrate the dramatic
effects that the LID-NMP interface and helix 4« have on the
catalytic dynamics of AKE.

DISCUSSION

Catalytic Cycle Explains the 1:1:1 Relationship among
NMP Motion, LID Motion, and Substrate Turnover—Al-
though the NMP and the LID domains are allowed to move
independently (37, 38), their conformational transition rates
are equal (2). Despite evidence that substrate turnover and
domain motion are correlated, the details of the mechanism
are still unknown. The data presented in this manuscript
suggest a catalytic cycle in which there is time-ordered and
sequential domain motion (Fig. 4), i.e. LID domain motion
precedes NMP motion. Assuming fast phosphoryl transfer,
independent domain motion, correct ligand binding, and
conformational exchange rates of k;;p and kyp, the sub-
strate turnover rate would be k, = 2/((1/ky;p) + (1/kymp))-
This rate is less than kq;p and ke unless kpip = Kyaip-
Having independent domain motion that coincidentally has
the exact same exchange rate is unlikely. Thus, an alternate
explanation for kp = ky1p = kyp is that domain rearrange-
ment is correlated, where the closure (opening) of one
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domain signals the rapid closure (opening) of the second
domain. Energetic and structural considerations from sim-
plified simulations and nonlinear normal mode analysis sug-
gest LID motion signals NMP motion in the following cata-
lytic mechanism. 1) AKE is in the unligated open
conformation (Fig. 44). 2) The LID domain closes and ATP
binds (Fig. 4b). 3) LID closure enables AMP to bind concom-
itantly with NMP domain closure (Fig. 4c.1). 4) Phosphoryl
transfer occurs, resulting in two bound ADPs (Fig. 4c.2). 5)
ADP is released from the ATP site and the LID domain opens
(Fig. 4d). 6) Opening of the LID domain signals the NMP
domain to open and release the second ADP (Fig. 4a).

Catalytic Cycle Prevents Misligation—The proposed closing
mechanism ensures that each conformational rearrangement
contributes to the turnover of a substrate by preventing nonpro-
ductive substrate binding. Several structural features of AKE are
consistent with the proposed mechanism. 1) The LID$ -
NMPS,,» complex is the only product-forming state.” 2) The ATP
binding site (LID-CORE pocket) can accommodate ATP, ADP,
and AMP (in order of decreasing affinity). 3) The AMP binding site
(NMP-CORE pocket) is only known to accommodate ADP and
AMP.24) When in the LID$..,-NMPS state, the AMP site can only
accommodate AMP.

During step 1, the binding affinities at the ATP site discrim-
inate ATP over AMP by 3 kcal/mol (17). Because the LIDS p —
NMPY state can only accommodate an AMP,” proper ligation
in AKE would be limited by the ability of the ATP site to dis-
criminate between AMP and ATP. If the alternate closing
mechanism was common (LIDS-NMPS,, followed by
LIDS 1p-NMPS\ip), AKE would have more opportunities to
form non-product-forming (inhibited) complexes. In the LID-
NMP§;p state the NMP domain is closed. NMP domain clo-
sure grants the LID domain access to the LID-NMP interface
interactions. These interactions could reduce discrimination
between the LID ,-NMP, ;p and LIDS,p-NMPS 1 states by
perturbing the closing dynamics of the LID domain. In addi-
tion, the LID-NMP interface may provide enough stability to
the closed LID domain so that the LID may temporarily close
without a ligand. If an ATP-free, LID-closed state is formed, the
LID domain would have to open prior to substrate binding and
turnover. Thus, these nonfunctional states would increase
domain motion frequency without yielding product.

Similar structural/functional arguments support the pro-
posed opening process (steps 5 and 6). In Fig. 4, the LID-bound
ADP is released first (LID opening), resulting in the LIDS-
NMPS,,, state. Upon LID opening the interface between the
NMP domain and the LID domain is lost, which destabilizes the
closed NMP state. In addition to this destabilization, the intrin-
sic fluctuations of NMP increase in the direction of domain

7 The following notations were used: LIDY = LID domain in state X (O = open,
C = closed) with Y (ATP, ADP, AMP, or 0 = no ligand) bound to the LID-
CORE pocket; and NMPY = NMP domain in state X (O = open, C = closed)
with Y (ATP, ADP, AMP) bound to the NMP-CORE pocket.

8 Because of communication between domains and AMP binding of the ATP
site, binding affinities for AMP may be difficult to determine exactly.

? Because Reaction 1 is reversible, LIDSp--NMPSop can result in a product,
although in this manuscript we assume steady-state conditions for the
forward reaction.
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opening (Fig. 3). The combination of NMP domain destabiliza-
tion, increased motion in the opening direction, and the chem-
ical potential driving ADP out of the NMP-CORE pocket likely
signal the NMP domain to open. These contributions ensure
rapid release of the second ADP, allowing NMP to open with-
out the LIDS,p-NMPS ;> state forming.

Strain energy considerations from molecular dynamics sim-
ulations (8) and NMA suggest the alternate opening mecha-
nism, namely NMP opening followed by LID opening, would
also be more error prone. To see why, consider the two closed
domains to be loaded springs that have been pulled from their
equilibrium (open) states. MD simulations and NMA suggest
there is a larger amount of strain buildup during NMP closure
than during LID closure (approximately three times more; see
Fig. 3 and Ref. 8). Assuming one of the domains is open and the
other is closed, the smaller mass of the NMP domain and larger
effective spring constant (o strain) make it open approximately
twice as fast as the LID domain. Thus, when the NMP domain
opens first there is twice as much time available for AKE to
misligate (forming a LID$ ,-NMP 5, complex) than if the LID
opens first (forming a LIDS,,-NMPS,;» complex).

Predictions for the AKE Catalytic Cycle—As described above,
helix 4a and LID-NMP interface appear to play large roles in
the catalytic activity of AKE. To probe these effects in experi-
ments, activity assays of different mutants can be performed.
Mutations that provide strong interactions between helix 4«
and nearby residues may either maintain wild-type efficiency
(substrate turnover/domain rearrangement ~ 1) or result in
NMP domain motion becoming extremely rate-limiting. In the
latter case, the NMP domain will undergo a single transition per
substrate turnover, even though the LID domain undergoes
many closing/opening transitions.

On the other hand, mutations that destabilize helix 4« and
the LID-NMP interface would allow NMP to close more easily,
diminish the role of the LID-NMP interface, and decouple the
motion of the two domains. This decoupling would effectively
poison the protein and substrate turnover would drop to 2/((1/
kip) + (1 kaap)), @ssuming no misligation events.

Allosteric Motion May Be Decomposed into Intrinsic and
Ligand-gated Contributions—Allosteric conformational
transitions are becoming a prevalent theme in cellular sig-
naling, occurring in a wide range of systems, including
kinases, G-proteins, and ion channels. In the classical view of
allostery, conformational changes occur between static
structures and are induced by ligand binding. Allosteric
changes of this type can be considered “ligand-gated” or
“extrinsic” motion. In contrast, the current understanding of
allostery assumes that protein structures are not static,
three-dimensional structures but are ensembles of confor-
mations where ligands change the balance of pre-existing
substates. In this perspective, the protein is constantly inter-
converting between multiple conformations, and the confor-
mational change could be considered “intrinsic.” In this
manuscript we have included the intrinsic and extrinsic
descriptions in a single statistical picture and provided two
structure-based methods that quantitatively distinguish
between them. Using AKE as a test protein, we have demon-
strated that the conformational rearrangement of the LID
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domain can be captured by intrinsic motion and that the
motion of the NMP domain is likely more dependent on
ligands. As we target allosteric changes in therapeutics, this
type of classification will allow for more sophisticated drug
design.’
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