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Abstract

Conformational transitions are functionally important in many proteins. In the enzyme adenylate
kinase (AK), two small domains (LID and NMP) close over the larger CORE domain; the reverse
(opening) motion limits the rate of catalytic turnover. Here, using double-well Go simulations of
E. coli AK, we elaborate on previous investigations of the AK transition mechanism by
characterizing the contributions of rigid-body (Cartesian), backbone dihedral, and contact motions
to the transition state (TS) properties. In addition, we compare an apo simulation to a pseudo-
ligand-bound simulation to reveal insight into allostery. In Cartesian space, LID closure precedes
NMP closure in the bound simulation, consistent with prior coarse-grained models of the AK
transition. However, NMP-first closure is preferred in the apo simulation. In backbone dihedral
space, we find that as expected, backbone fluctuations are reduced in the O to C transition in parts
of all three domains. Among these “quenching” residues, most in the CORE, especially residues
11-13, are rigidified in the TS of the bound simulation, while residues 42-44 in the NMP are
flexible in the TS. In contact space, in both apo and bound simulations, one nucleus of closed state
contacts includes parts of the NMP and CORE; CORE-LID contacts are absent in the TS of the
apo simulation but formed in the TS of the bound simulation. From these results, we predict
mutations that will perturb the opening and/or closing transition rates by changing the entropy of
dihedrals and/or the enthalpy of contacts. Furthermore, regarding allostery, the fully closed
structure is populated in the apo simulation, but our contact results imply that ligand binding shifts
the preferred O/C transition pathway, thus precluding a simple conformational selection
mechanism. Finally, the analytical approach and the insights derived from this work may inform
the rational design of flexibility and allostery in proteins.
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Introduction

In most allosteric proteins, ligand-binding events at two distant sites are thermodynamically
coupled.! Conceptually, allostery is typically described by the conformational selection
model or the induced fit model. In the conformational selection model, which is based on the
classical Monod-Wyman-Changeux model,2 the allosteric effector (e.g. protein or ligand)
selects a small population of the bound protein conformation from the apo ensemble, driving
the equilibrium toward the bound conformation.3:4 In the induced fit model, originally
proposed by Koshland,® the effector binds to the apo conformation and nucleates a
conformational transition from the binding site; this mechanism may be more common for
protein-macromolecule interactions.

While these conceptual models provide a starting point to understand allostery, many
questions remain regarding physical allosteric mechanisms in real proteins.® Recent works
are building evidence to support the hypothesis that evolution has selected precisely
controlled motions in allosteric proteins. For example, motions in apo-proteins tend to
parallel closure pathways associated with ligand binding.”~9 In addition, dynamics at
different timescales appear to be intimately linked.10 Furthermore, in large allosteric
proteins, both localized motions and large-scale rigid-body motions appear to be organized
into dense cyclic networks for long-range structural and dynamic coupling.1! A full
understanding of allostery requires detailed experimental and computational
characterization. For example, transition path sampling and free energy calculations of
CheY have revealed a mechanism intermediate between the conformational selection and
induced fit extremes,12:13 and src kinase appears to follow two different transition pathways,
one involving substantial unfolding and refolding and another “direct” path involving
mainly contacts unique to the inactive and/or active structures.1* In addition, it is important
to note that sampling of the bound conformation in the absence of ligand does not guarantee
that conformational selection is the fastest pathway in the presence of ligand.1>

In this work, we investigate the mechanism of the structural transition of adenylate kinase
(AK). While AK lacks an allosteric site remote from the substrate sites, the gating of product
release by the opening conformational transition® is analogous to allostery. This reflects the
fact that flexibility can be important to both catalysis and allostery in proteins.’
Specifically, we investigate how different types of motion in the O/C transition, as well as
ligand binding, cooperate to determine the allosteric mechanism and the rate of the
conformational transition. To do this, we simultaneously analyze multiple small- and large-
scale motions in coarse-grained AK simulation trajectories with hundreds of independent
transitions.

Previously, crystal structures of apo and bound AK revealed that upon substrate binding,
two small domains (LID and NMP) close over the larger CORE domain; that is, the two
predominant states are open (O) and closed (C).18 The substrates ATP and AMP bind at the
CORE-LID and CORE-NMP interfaces, respectively. NMR experiments have shown that
the reverse (C to O) transition limits the catalytic turnover rate.1® Regarding the allosteric
mechanism, single-molecule FRET2® and unbiased all-atom MD simulations2° show that
closed and/or near-closed conformations are populated in the absence of ligand. In addition,
both experiments and computations support the hypothesis that apo-AK dynamics parallel

J Mol Biol. Author manuscript; available in PMC 2011 July 16.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Daily etal.

Page 3

the O < C pathway.?122 Concerning the order of domain closure, various works support
strict LID-first closing29:23 and utilization of both LID-first and NMP-first closing
pathways. 2425

In addition, previous works have sought to identify key residues or contacts that facilitate or
resist the O < C transition. For example, dynamic importance sampling has suggested that a
few contacts in the LID-NMP interface region progressively ‘zip’ in the closing transition
and thus determine the O/C rate.25 In addition, normal mode analysis26 and an earlier mixed
G6 model?3 have suggested that a few residues must locally unfold or ‘crack’ to relieve
strain associated with the LID and NMP domain motions. By contrast, recent experiments
have suggested a different (but not exclusive) mechanism wherein functionally important
dynamics are distributed among many residues. For example, swapping the entire LID and
NMP domain sequences (but not just the CORE-LID hinges) between homologous
mesophilic and thermophilic AKs interconverts the catalytic properties (and thus
presumably the O/C rate).2’ In addition, hydrogen exchange has revealed that ligand binding
quenches local unfolding in most of LID and in parts of CORE and NMP,28 and mutations
perturbing LID unfolding have suggested that functional LID dynamics are cooperative.2
Furthermore, fast dihedral fluctuations important to the O < C rate are distributed broadly
among LID, NMP, and the interdomain hinges.19 In this work, we elaborate upon previous
investigations of the conformational transition mechanism. By simultaneously characterizing
rigid-body motions, fast and slow (unfolding) dihedral motions, and protein-protein and
protein-ligand contact breaking/formation events in coarse-grained simulations of the AK
conformational transition, we identify a range of functionally important degrees of freedom.
From this, we develop a qualitative framework to explain how the different motions
cooperate to modulate conformational transition rates and functional properties. A similar
detailed characterization of mations for protein kinase A suggested a mechanism in which
local rigidification associated with ligand binding nucleates the closing transition of the
entire molecule in a dynamic hierarchy.30

To simulate the AK transition, coarse-grained models provide a useful first approximation.
While they lack the rigor of atomistic simulations,2%:25 Coarse-grained approaches can
simulate large-scale conformational transitions without constraints so that the trajectory can
be meaningfully projected onto any arbitrary reaction coordinate representing a particular
motion in Cartesian, dihedral, or contact space. We employ the double-well Go model,
which mixes single-well potentials based on the native contacts of the O and C crystal
structures, respectively, of E. coli AK. According to one interpretation, coarse-grained
models such as the double-well Go model successfully capture gross features of large-scale
structural transitions in proteins because structural topology determines the global properties
of biomolecules.31733 To mix the O and C potentials, we use the exponential averaging
approach of Best et al.34 to calibrate the relative population of the O and C states and the
frequency of transitions between them. To assess the kinetic contributions of different
motions, we first partition the simulation data into O, C, and approximate transition state
(TS) sub-ensembles using a contact-based reaction coordinate. For any given reaction
coordinate, we characterize the position of the TS ensemble relative to the average position
of the O and C sub-ensembles. We characterize rigid-body motions by interdomain distances
among CORE, LID and NMP domains. In addition, we assess backbone dihedral
fluctuations for each residue by calculating the O, C, and TS ensemble probabilities of the
native C,-scale dihedral conformation. Furthermore, we analyze contact motions at both the
level of entire domain and interface contact sets and at the level of individual contacts. To
assess the impact of ligand upon the conformational transition mechanism, we compare two
variants of the AK double-well Go model: an “apo” model including only the protein-
protein residue contacts in the O and C crystal structures, and a “bound” model with selected
ligand-mediated interactions added to the C potential. Based on the results, we qualitatively
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describe the enthalpic and entropic characteristics of the TS, predict residues and contacts
that facilitate or resist the opening and/or the closing transitions, and postulate a general
allosteric mechanism. Our general analytical approach may be useful to elucidate structural
transition mechanisms for other allosteric proteins toward guiding the engineering or
modification of allosteric properties.

Calibrating the model

To construct the bound model, we add selected ligand-mediated interactions to the C
potential. We calibrate our double-well Go model so that the stability of the closed state is
reasonable in the presence of ligand and the relative population of O and C states in the
bound and apo simulations is comparable to experimental measurements. In addition, we
compare several independent simulations of the bound model to ensure that the simulation is
converged and the uncertainties of motional statistics are small enough to be useful.

Regarding stability, we calibrate the distance to the C crystal structure in single-well
simulations using the C Go potential (including ligand-mediated interactions) and with the
generic bond angle potential,3 which will be used in double-well simulations, turned on.
We use C as the reference since it is more compact than O. In previous atomistic simulations
of the closed structure of AK,20 the native basin is located at about 2.0 A rms¢ (C, rmsd to
the closed crystal structure). In addition, for prior double-well Go models of other proteins,
34,36 the fraction of native contacts was calibrated to about 0.9. By rescaling all contacts
from the raw O and C potentials by a factor of 2.5, we achieved similar values of rmsc and
Qc.an (the fraction of closed state native contacts) in the closed state single-well simulation
(Figure S1A-B). Previous double-well Go models of other proteins typically use a scaling
factor of 1.7; this produces rmsc ~ 4 A for the closed state single-well simulation of AK
(data not shown). Figure S1C-D shows that in single-well Go simulations of the O state, the
contact energy scale of 2.5 produces rmsg ~ 2.5A, and Qo an ~ 0.88. Interestingly, even
though the O single-well simulation contains no information about C, it also samples to
within 4 A of the C crystal structure. Likewise, we use the scaling factor of 2.5 for the
contacts in the apo simulation.

In addition, we calibrate the exponential averaging3® parameters for mixing O and C single-
well Go potentials so that in the bound simulation, the equilibrium slightly favors the closed
over the open basin, as observed experimentally,16:19 resulting in an approximate Keq(O =
C) of 3.32. For a given simulation, we define Keq as the ratio between the number of
structures in the closed and open basins. To reflect the slight stabilization of C upon ligand
(ATP and AMP) binding measured by single-molecule FRET,1® we calibrate the apo
simulation to a slightly smaller Keq of 1.32. We do not calibrate the frequencies of closing
and opening transitions to the slow experimental values (on the order of ms™1), but we
calibrate the barrier height so that the protein occupies the O or the C basin approximately
99% of the time. The precise simulation setup and parameters for bound and apo forms are
described in the methods.

Furthermore, we compare independent 750-ns (50 million time step) simulations of the
bound model to determine an appropriate simulation time (Table S1). The 8 simulations
include Oy and Cyiq1, Which start from the O and C crystal structures, respectively, and
01-3 and C1-3, which start from randomly chosen structures from the O and C basins,
respectively, of the initial Oy Simulation. Among these 8 simulations, the standard
deviation of Kgq is less than 1, and the O/C transition frequency varies by about 10%. Most
strikingly, as discussed later in the results, motional properties of individual residues and
contacts are highly consistent (< 5% standard deviation) among simulations. Thus, we
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choose 750 ns for the length of simulations in this work and rely primarily on the Oyqg)
simulation data for later presentation and discussion of the bound form.

Overview of double-well simulations

Figure 1 projects the bound simulation data (Figure S2) onto two pairs of reaction
coordinates. The estimated potential of mean force PMF(rmsg, rmsc) reveals AK’s global
behavior in Cartesian space, and PMF(Qq, Q¢) reveals AK’s behavior in contact space. By
contrast to Qg 411 and Qc 411, we calculate Qo and Q¢ based on native contacts unique to the
O and C crystal structures, respectively, in order to more readily separate the O and C free
energy minima. Figure 1A shows that in this simulation, AK samples configurations within
about 1.5 A rmsd to both the O and C crystal structures. The closed well is narrowly defined
in Cartesian space, sampling a range of about 2-2.5 A rmsd from the C crystal structure,
consistent with the single-well simulations (Figure S1). By contrast, the O well is centered
about 3 A from the open crystal structure, and configurations up to 4-5 A away from the
crystal structure are sampled; that is, conformations more open than the O crystal structure
are populated. In addition, panel B shows two distinct wells in contact space: the open well
near (0.8,0.55) and the closed well near (0.5,0.85), separated by a free energy barrier of
about 2.25 kcal/mol. The maximum of either Qg or Q¢ is around 0.85(0.90), slightly lower
than the typical values for Qg 41 and Qg 4y Observed in the single-well simulations (Figure
S1); however, Figure S3 shows that the double-well simulations are consistent with the
single-well simulations in PMF(Qg a1, Qc an)- Thus, the distinct contacts of O and C are
slightly less stable than the common contacts. Finally, Figure S4 shows that the uncertainty
of PMF energies in both Cartesian and contact space is < 0.05 kcal/mol in the native basins
and ~0.1 in the transition region.

By comparison to the bound simulation, the apo simulation (Figure S5) samples similar
ranges of configurations in (rmsg, rmsc) and (Qo, Qc) spaces as the bound simulation. The
C well is centered near 2 A rmsd, just as in the bound simulation. That is, these results
suggest that even in the absence of ligand, the closed structure is a populated state, which is
consistent with the single-molecule experimental result that C is the favored state in
solution.1® However, more detailed residue-level comparisons are needed to differentiate the
conformational transition mechanisms under apo and bound conditions.

Since the contact energy scale required to achieve a stable closed state is higher than the
factor of 1.7 typically used in previous Best/Hummer Go models,34:36 we briefly examine
the results of a 750-ns “bound-1.7” simulation with the contact energies scaled by this factor
in Figure S6. Panel A shows that relative to the bound-2.5 simulation, the bound-1.7
simulation shows substantially larger excursions from both O and C crystal structures, with
the C well typically 3.5 A away from its crystal structure and the open well commonly
sampling “super-open” configurations 6 A or farther from its crystal structure. In addition,
panel B shows that the bound-1.7 simulation conditions reduce the values of Qg and Q¢ in
the O and C wells to about 0.65 and 0.75, respectively. We comment further on the
relevance of simulations with different energy scales in the discussion.

Defining the O, C, and transition state (TS) ensembles

To quantify the kinetic contributions of different kinds of motions, we separate a simulation
trajectory into ensembles of structures representing O, C, and TS dynamics and compare
these three ensembles. While O and C ensembles are readily identifiable based on the
minima in Figure 1B, the separatrix (dividing line) between them is less obvious. As
discussed in the works of Hummer et al.,35:37 a separatrix between two states should have an
optimal selectivity for structures that lie along “reactive” transitions that cross between the
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O and C wells (defined by the peaks (near 0.85) in histograms for Qg and Qc, respectively)
without re-crossing. We define a separatrix s simply as the line

(s=Q. —wQ,)=b

and optimize w and b to maximize ptp(w,b), that is, the probability of capturing reactive
configurations;

N; (w, b)

)=
P (D) =0y

where Ny is the number of reactive configurations in a given (w,b) bin and Ngg is the
corresponding number for the equilibrium distribution. Bin sizes are 0.01 in the w direction
and 0.025 in the b direction. As expected, Figure S7A shows a sharp peak for pp along the
b coordinate separating O and C wells at a given w, but the maximum of ptp varies by 0.05
or less over a wide range of w. That is, ptp is weakly sensitive to the relative weights of O
and C contacts; ptp max = 0.34 at (w,b) = (0.87,0.10). Figure 1B indicates that the separatrix
(diagonal line) cleanly divides the O and C wells. Given an optimized w and b, we define
initial open and closed ensembles by s - b <—0.1and s - b > 0.1, respectively.

We further optimize ptp by refining the sets of contacts used to define s. We choose a new
separatrix (s’ = Q’c —wW’Q’p) = b’, where Q' and Q’¢ are defined based on
“characteristic” contacts of the O and C ensembles, respectively. For each contact, we
calculate po and pc, the probability of the contact being formed in the O and C ensembles,
respectively. Figure S8 shows that some of the contacts unique to the O and C crystal
structures (x and +, respectively) are approximately equiprobable in O and C ensembles,
probably because their interresidue distances differ little between the O and C crystal
structures; thus, correcting for these contacts should improve the capturing of O/C
transitions. We then define the O-characteristic and C-characteristic sets by contacts for
which pg-pc = 0.2 and pc-po = 0.2, respectively, corresponding to the lower and upper
triangles of Figure S8.

Indeed, when s is used to optimize ptp, we obtain, a higher prp max 0f 0.42 at (W*,b”) =
(0.47,0.28) (Figure S7B), which is comparable to pyp values of ~0.4 obtained in double-well
G6 models of other proteins. Though the O and C ensembles are only weakly sensitive to the
precise separatrix, we redefine them based on s’, and for all calculations in this work, we
define the transition state ensemble (TSE) as structures that occupy a reactive transition path
and for which s’ = b’ + 0.05. The resultant TSE comprises 255 structures from 117 closing
transitions and 224 structures from 116 opening transitions; thus, opening transitions may
cross the barrier more quickly (and thus have fewer frames per transition) than closing
transitions. Furthermore, for the apo simulation, we obtain ptp max = 0.35 at (w’,b’) =
(0.91,0.07).

Finally, we characterize the fractional progress of different reaction coordinates between O
and C ensembles to assess the TSE properties. For a reaction coordinate x, we define

(X)rg = (X,

I e~ 1)
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where (x)g is the average value of x in ensemble E. frsx ~ 0 indicates that x is O-like in the
TSE, while frg x ~ 1 indicates that x is C-like in the TSE.

Cartesian space

Table 1 applies fractional progress analysis (Eg. 1) to reaction coordinates representing AK
motions in Cartesian space. For example, a typical TS structure has rms¢ ~ 3.76 A, which is
about 64% closed relative to the 3.97 A contraction of rmsc from the O to the C ensemble.
rmsg behaves similarly; it is about 61% increased in the TS relative to the O to C change. In
addition, interdomain distances contract substantially from O to C. In the TS, CORE-LID
center of mass distance has contracted 83% of the way from O to C, while the corresponding
CORE-NMP and NMP-LID distances have each contracted only 29%. Finally, we find that
for each of the Cartesian variables in Table 1, the closing and opening transition sub-
ensembles differ by less than 0.02 in fys, suggesting that AK follows structurally similar
paths in the two different directions; that is, there is good microscopic reversibility.

Figure 2 further illuminates the relationship between NMP and LID Cartesian motion. As
suggested by Table 1, panel A shows that the preferred transition pathway in the bound
simulation involves LID-first closure, passing through the region of (22.5,22). By contrast,
panel B suggests that in the TSE of the apo simulation, NMP is more fully closed than LID.
That is, ligand binding appears to substantially influence the closure mechanism. Through
more detailed residue-scale analyses, especially of interdomain contacts, we will further
investigate the molecular origin of the differential closure pathways in the presence versus
the absence of ligand. In addition, as with the PMFs along global reaction coordinates
(Figure 1), the uncertainty of the PMF energies in Figure 2 is less than 0.05 kcal/mol in the
native basins and ~0.1 in the transition region (Figure S9).

Backbone dihedral dynamics

Figure 3 quantifies the contributions of large-scale dihedral dynamics of individual residues
to the TSE. Large-scale dihedral fluctuations correspond to local unfolding measured by
hydrogen exchange.28 We assess large-scale fluctuations with the simple metric Pfolded.i» the
probability that pseudodihedral angle ;.1 j is in the same rotamer (within 60°) as the native
value. It is important to note that the statistical dihedral potential from Karanicolas and
Brooks,38 which is used in this work, depends on the native sequence at positions i-1 and i
but not upon the native structure of either O or C.

Figure 3A shows pgoiqeq profiles for AK in the open, closed, and transition state ensembles.
The magnitude of Ao between O and C crystal structures (black) is always less than 60°; that
is, most differences between the crystal structures are intra-rotameric. For most residues, the
red, blue, and green curves, respectively, show that O, C, and TS ensembles have similar
Prolded- Where psoideq differs among the ensembles, C usually has the highest psojgeq and thus
the lowest conformational entropy. The exceptions are residues 80-81 and the
“counterweight loop” 189-191, the B-factors of which increase upon ligand binding,
possibly partially counterbalancing entropy loss elsewhere.3? In addition, in the LID,
decreased flexibility in residues 138-140 and 158-161 upon closing is partially balanced by
increased flexibility in residues 145-146 and 156-157. Four hinge regions (2-4 and 7) have
some unfolding in at least one ensemble, but only two (2 and 7) have substantial differences
in Proldeq between O and C ensembles. Consistent with hydrogen exchange experiments,28
NMP and the LID are less folded than the CORE in all three ensembles, and the largest
quenching of local unfolding upon closing occurs in the NMP domain (especially residues
42-44) and to a lesser extent, the LID domain. This is also consistent with the protein
engineering experimental result that the CORE determines the thermal stability of AK.27
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The CORE is also locally stabilized significantly in loop 11-13. For reference, Figure 3B
maps Prolded,c ONto the C crystal structure.

For “quenched” dihedrals with projded.c - Pfolded,0 = 0.1, panel C characterizes dynamics in
the TSE with fractional progress analysis of psodeq (S€€ equation 1). Except for residue 88,
quenched dihedrals in the CORE (residues 11-13, 198, 199, and 201) have frg > 0.5; that is,
Pfolded,Ts IS closer to Projded.c than to projged. 0. BY contrast, the quenched dihedrals in NMP
have frg < 0.3. The CORE-LID junction near hinge 7 has one partially rigidified residue
(158) and two C-like residues (160 and 161), plus two residues (156 and 157) that relative to
O, increase in flexibility in both TS and C. Surprisingly, we do not observe any residues
with cracking behavior, that is, frs < 0, as seen in a few residues of AK by Whitford et al.23
Rather, in most places, dihedral dynamics of individual residues likely make smaller free
energy contributions to the TS character. That is, regions with C-like (lower entropy)
unfolding dynamics in the TSE will likely resist O < C transitions, while O-like (higher
entropy) regions will likely facilitate O < C transitions. For most dihedrals, Figure S10
shows that pggiqeq IS Similar between opening and closing transition sub-ensembles. Finally,
Figure S11 shows that among the 8 independent bound simulations, the standard deviations
of all pfoigeq curves, including proided TS, are consistently less than 0.05, which is much less
than any of the noted differences among O, C, and TS ensembles.

The residues most important to the TS, and thus the best targets for mutations to perturb the
opening and/or closing rates, are those for which O and C ensemble dynamics differ
substantially and ftg is close to either 0 or 1. According to these criteria, in the bound
simulation, the residues which most strongly facilitate O < C transitions (Aps = Pfolded,C -
Pfolded,0 = 0.2 and frg < 0.25) are G42 and E44; the residues which most strongly resist O
& C transitions (Aps = 0.2 and frg > 0.75) are G12, K13, G198, and T199. Other notable
residues that narrowly miss these cutoffs are for O mutants S43 (Aps = 0.41, fys = 0.26) and
D158 (Aps = 0.15, frg = 0.06), and for C mutants A1l (Aps = 0.19, frg = 0.89). Interestingly,
a surprisingly high number of glycines display important dihedral dynamics. We detail
possible mutational strategies in the discussion.

By comparison, the apo simulation shows interesting differences with the bound simulation
both in the location and TS properties of important dihedral residues (Figure S12). For
example, loop 11-13 in the apo simulation is unfolded in all three ensembles, suggesting that
its foldedness in C and TS in the bound simulation may result from the ligand contacts made
by residues 10,12, and 15. In addition in the apo simulation, loop 42-44 is more rigidified in
the TS than it is in the bound simulation; this rigidification may be coupled to NMP-first
closure in the apo simulation. While D158 is flexible in the bound TS and residues 161-162
are rigidified, the reverse pattern exists in the apo TS. Furthermore, residues 198-199, which
are near ligand-contacting residue 202, are rigidified in the bound TS but flexible in the apo
TS. Thus, as with domain closure order, the presence of ligand appears to significantly
influence the pattern of backbone flexibility shifts associated with the O/C transition. These
backbone dynamic differences between apo and bound simulation predictions provide
another opportunity to experimentally test the model.

Contact space

In Figure 4, we map O, C, and TS ensemble probabilities of individual contacts onto the
three-dimensional open and closed structures of AK. Specifically, we examine the
previously described O-ensemble- and C-ensemble-characteristic contact sets (Figure S8),
which will be referred to in the rest of this section simply as “O-contacts” and “C-contacts,”
respectively. Panels A and B of Figure 4 show that the TSE comprises more C-contacts
(blue and purple) than O-contacts (orange and red); this is expected since more contacts are
characteristic to the C ensemble than to the O ensemble (Figure S8). In addition, to examine

J Mol Biol. Author manuscript; available in PMC 2011 July 16.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Daily etal.

Page 9

consistency of contact probabilities; we compared these among the 8 independent
simulations; the standard deviations are < 0.04 for pg, < 0.01 for pc, and < 0.05 for
probability in the TS ensemble (pts). In addition, Table S2 shows the distribution of
common, O-unique (to the crystal structure), C-unique, and ligand-mediated interactions
among the domains and interfaces.

The largest cluster of C-contacts includes portions of the CORE-LID interface and the
CORE-LID connector helices. A larger but sparser network comprising both O-contacts and
C-contacts includes a few contacts in NMP and more from the CORE-NMP interface and
the lower CORE domain (see boxes on panels A and B). We define the lower CORE as the
region of the CORE below the B-sheet on panel B. The two nuclei are more clearly separated
in the O crystal structure (panel A) than in the C structure (panel B). Two small clusters of O
contacts, one between helices 4 and 5 in the CORE adjacent to the larger C-contact network
and one within helix 3 of NMP, also facilitate the O/C transition. Panel C compares O-
contacts with probability in the TSE (pts) = 0.5 (red and orange) to those with pt5 < 0.5
(yellow). Notably, some backbone helical O-contacts near hinges 6 and 8 appear to melt in
the TSE, which may contribute some strain enthalpy to both TS and C. Panels D and E
compare C-contacts present in the TS (purple and blue) to those absent in the TS (light
blue). Most contacts absent in the TSE occupy the NMP domain and CORE-NMP interface.
Panel E shows that late-forming (pts < 0.5) CORE-NMP C-contacts typically have large
distance differences (Arijj) between O and C crystal structures. This effect likely arises
because the diffusional barrier to form a contact is presumably proportional to Arj;. CORE-
LID contacts, while they too have a large distance difference between O and C, may form in
the TS because enough of them exist to overcome the diffusional entropy cost of CORE-LID
closure. We do not find closure of the LID-NMP interface as has been seen in dynamic
importance sampling,2® in either the TS or C. The lack of formation of that interface may
result from the high entropy cost relative to the small number of contacts (3) at the interface.

Figure S13 shows that by comparison to the bound simulation, the TSE of the apo
simulation has a similar nucleus of contacts in the NMP and lower CORE domains, but there
is no CORE-LID contact formation. To explain this difference, we compare the apo and
bound contact sets. Table S2 shows that not including ligand-mediated interactions, there are
11 C-unique contacts apiece at the CORE-LID and CORE-NMP interfaces. In apo, the
preference for NMP-first closure may arise from a broader range of rigid-body motions of
the LID than of the NMP in the O well (see Figure 2); that is, the entropy cost to close NMP
is likely less than the cost of closing LID. However, when ligand-mediated interactions are
added, there are 22 contacts at the CORE-LID interface but only 14 at the CORE-NMP
interface (see also Figure 5); that is, in the bound simulation, CORE-LID closure is much
more enthalpically favorable than CORE-NMP closure. This may drive the conversion from
an NMP-first closing mechanism without ligand to a LID-first closing mechanism in the
presence of ligand.

Discussion

What determines the closing and opening rates?

The adenylate kinase open < closed transition has been heavily studied experimentally and
computationally at both coarse-grained and atomistic levels. We have distinguished this
work by systematically analyzing many degrees of freedom and by precisely quantifying the
transition state ensemble position relative to the difference between the O and C ensembles,
within the framework of a coarse-grained model. The analysis reveals multiple degrees of
freedom in dihedral and contact space that are important to the transition state; thus, it is
unlikely that a few key residues or contacts alone determine the rate of the transition.
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In addition, our results suggest a qualitative thermodynamic framework where many local
entropic and enthalpic contributions combine to determine the relative free energy of the TS
to the native states and hence the closing and opening rates. We infer that in the presence of
ligand, CORE-LID closing in Cartesian space (AS < 0) and rigidification of a few CORE
backbone dihedrals (AS < 0) resist the closing transition, while CORE-LID contact
formation (AH < 0) facilitates the closing transition. We infer that CORE-NMP contact
rupture and cooperative free energy loss (AH > 0) resist the opening transition, while
increased freedom for NMP rigid-body motions and some NMP backbone dihedral motions
(AS > 0) facilitates the opening transition. Thus, there appears to be substantial entropy-
enthalpy compensation in both the closing and opening transitions.

In turn, the thermodynamic framework may guide experiments to identify residues critical to
the closing and/or opening rates. In the context of AK, the principles of ¢-value analysis
from protein folding#%:41 suggest that the impact of a mutation upon the relative free energy
of the TS to the two native states, and hence upon the opening and/or closing rates, depends
on whether the TSE structure and dynamics of that residue more closely resemble the
structure/dynamics in the O or the C ensemble. For example, according to the bound model,
increasing the intrinsic flexibility of dihedrals that are C-like (rigidified) in the TSE (e.g.
residues 11-13 and 198-199) will slow the closing rate by stabilizing O (AS > 0), while
increasing the intrinsic rigidity of such residues will accelerate closing. By contrast, our
model predicts that rigidification of dihedrals (e.g. residues 42-44) that are O-like (flexible)
in the TSE will slow the opening rate by destabilizing O and TS (AS < 0) while changing C
less. As applicable, switching to a B-branched amino acid (thr or val), or even to pro, should
reduce a residue’s intrinsic flexibility, while switching to gly or ala should increase its
intrinsic flexibility. Furthermore, removal of C-characteristic contacts absent in the TS, such
as those at the CORE-NMP interface, will likely accelerate opening by destabilizing C (AH
> 0), while weakening of CORE-LID contacts formed in the TS will likely slow closing by
raising (AH > 0) the enthalpy of both C and TS while raising the enthalpy of O less. In
addition, deletion of O-contacts in the TS (e.g. between helices 4 and 5 in CORE) would
raise the free energies of both O and TS, thus slowing the opening rate. Recently, several
solvent-exposed val to gly mutants in the AK LID were shown to reduce the O = C
equilibrium constant,2® which demonstrates that perturbation of flexibility can alter
allostery. Along these lines, we suggest that the combination of coarse-grained
conformational transition simulations with this type of thermodynamic framework may
more efficiently and rationally identify sites to perturb the rates of allosteric-like transitions.

Our results also illuminate the AK allosteric mechanism. While atomistic simulations20
suggest that C can be sampled from O with little free energy barrier in the absence of ligand
and single-molecule O and C population measurements1? suggest that C is favored without
ligand, we elaborate on the previously proposed conformational selection descriptions here
by comparing apo and bound coarse-grained simulations with equivalent contact energy
scales. While this is not a rigorous approach, it enables inferences about the effect of ligand
on the distribution of conformations and the preferred O/C pathway.

For example, the fraction of C-characteristic CORE-LID contacts (Q’¢ core-lig) in the C
ensemble of the apo simulation (69%) approaches the Q’¢ ¢ore-lid = 83% observed in the C
ensemble of the bound simulation. This is consistent with the single-molecule result that the
fully closed state can form without ligand and implies that protein-ligand contacts are not
required for the stability of C.

Most interestingly, however, our results suggest that binding of ligand substantially alters
the preferred transition pathway between O and C. Prior approaches including normal mode
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analysis, 26 coarse-grained simulations,23:42 and atomistic simulations?? have supported the
prevalence of a LID-first closing pathway. While the bound simulation results (Figure 2A)
support a LID-first pathway, the apo simulation (Figure 2B) shows higher flux along the
NMP-closing pathway; that is, LID-first closure requires the presence of ligand. The
observation that ATP binding creates more contacts to stabilize the CORE-LID interface
than AMP binding creates to stabilize the CORE-NMP interface provides a simple
explanation for this “mechanistic switch.”

This observed mechanistic switch has theoretical implications for allostery. That is, a pre-
existing equilibrium between a flexible and a rigid state without ligand, as seen in the apo
simulation, AK experiments,19 and other allosteric proteins,34 is not sufficient evidence for
a purely entropic allosteric mechanism where rigidification and/or closure precedes ligand
binding. Rather, ligand can catalyze (lower the free energy barrier of) the allosteric
transition by binding to partially closed conformations (e.g. the LID-closed transition state
of AK) in a mechanism that fits neither the conformational selection model nor the induced
fit model. Indeed, closure of a substrate-binding lid has been observed in the crystal
structure of the enzyme-substrate encounter (Michaelis) complex of another enzyme,
PEPCK, with a lid-gated active site.#3 Furthermore, provided that the ligand does not also
stabilize the O state, the allosteric selectivity of the ligand for C over O is not reduced
relative to a conformational selection mechanism.

Why is there no cracking in this AK model?

It has previously been hypothesized that cracking®* facilitates the transition in AK?23:26 and
other proteins3%:4° by enabling the protein to detour around high-free-energy states,
especially in regions with rigid structure in the native state.*> However, to accurately assess
cracking, the dihedral potential needs to realistically estimate the barriers to local unfolding
and the resultant strain energy. For example, in the bound model, Figure 3 shows that by
contrast to the model of Whitford et al, 23 no residues crack. That is, in the TSE of our
model, for all dihedral degrees of freedom, folding probability lies approximately within the
interval [Prolded, 0. Pfolded,cl- This difference in results probably arises from differences
between the dihedral potential in this work and that used by Whitford and co-workers.
Compared to the Karanicolas and Brooks potential used here,38 which is sequence-specific
but generic to the native structures (see Methods for more details), the potential of Whitford
et al. is specific to the O structure. Thus, Whitford’s potential may impose unrealistically
high barriers to local refolding, especially for dihedrals that are more rigidified in the TS
than in O. Our model also predicts that strain may arise from the loss of O-unique helical
contacts in the TS in some regions (Figure 4).

Dynamic effects of the contact energy scale

Relative to double-well G models of other proteins,34:3 the unusually high contact energy
scale required to stabilize the open and closed crystal structures in the AK Go model
suggests that AK may be more dynamic than proteins in general. Some solution
experimental evidence supports this alternative view. For example, hydrogen exchange,28
which suggests that LID and NMP are at least partially unfolded under apo conditions but
become stabilized upon ligand binding. In addition, NMR relaxation experiments1® have
found that fast (ps-ns) fluctuations coupled to the O/C transition are broadly distributed
among LID, NMP, and the interdomain hinges. Future comparison between experiments and
computations, for example, testing mutants predicted by double-well G models with
different contact energy scales, may more clearly illuminate this issue and provide guidance
for calibrating future allosteric simulations.
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Beyond this work

A more quantitative thermodynamic and Kinetic model might facilitate more accurate
prediction of critical residues. For example, a hierarchical model connecting local motions
to global dynamics could better explain the effects of multiple motions on the rate.
Important contacts which co-form and/or dihedrals which co-fold could be clustered to
identify a smaller number of cooperative degrees of freedom. We suggest the clustering
strategy (rather than a simple breakdown of dihedrals and contacts by domains or secondary
structures) since one of the two key contact nuclei includes parts of two domains (Figure 4)
and since LID includes both flexible and rigid dihedrals in the TSE (Figure 3).

In addition, atomistic simulations may more accurately quantify the importance of motions
that our coarse-grained simulations identify as important to the TS ensemble. Combined
with the application of multi-motional analysis to simulation data from other (e.g.
microscopic) coarse-grained models, atomistic simulations could discriminate factors
genuinely important to the rate from those that may be artifactual to the use of a
macroscopic or microscopic Go model. For example, umbrella sampling2%:46 along
(dihedral) coordinates identified in coarse-grained simulations could more accurately
characterize the thermodynamics of important motions proposed by our coarse-grained
model. In addition, atomistic simulations using the milestoning approach of Elber et al.,*’
starting with transition paths identified from coarse-grained simulations, may efficiently
distinguish realistic from unfavorable transition pathways.

Conclusions

Methods

By analyzing many degrees of freedom in coarse-grained simulations of the adenylate
kinase open < closed conformational transition, we have provided a qualitative mechanistic
framework. Local enthalpic and entropic effects sum to determine the relative free energy of
the transition state to the native states and by extension, the opening and closing transition
rates, but no individual dihedral or contact appears to make a large positive or negative free
energy contribution to the TS. Using detailed multi-motional analysis, we have predicted
multiple residues and contacts that could be mutated to alter the opening and/or closing
rates. Regarding the allosteric mechanism, comparison of simulations with and without
ligand included suggests that closure can occur without ligand, but ligand binding alters the
preferred closure pathway from NMP-first without ligand to LID-first in the presence of
ligand. This ligand-driven reshaping of the energy landscape indicates a mechanism
intermediate between conformational selection and induced fit. Finally, this work’s general
analytical approach may complement structural analysis and protein dynamics experiments
toward identifying structural features for allosteric design in proteins.

Go model implementation

For each of two (O and C) conformations, the algorithm of Karanicolas & Brooks38:48
creates a single-well Go potential with the aid of the MMTSB server (www.mmtsh.org). We
combine the potentials for open and closed structures into a double-well potential using the
exponential averaging approach and generic pseudo-bond angle potential of Best and
Hummer.34 The mixed potential E(R) takes the form:

N
exp (-BE (R)) :ZCXP (=B(E; (R) +&1)),

i=1
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where R is a given conformation, E; are the single-well potentials to be mixed, § is a mixing
parameter, not to be confused with 1/kgT, and ¢j is an energetic offset applied to E;.
calibrates the barrier height and thus the conformational transition rate, and ¢; calibrates the
relative stability of the two states. For all simulations, we calibrate $ to obtain approximately
the smallest value for which the population of “intermediate” conformations not in a series
of frames for which max(Qq, Qc) < 0.8 is O(0.01) or less, resulting in 5=0.0185 for the
bound simulation, 0.0277 for the apo simulation, and 0.0330 for the ligand-bound simulation
with the contacts scaled by 1.7. We calibrate &g so that Keq between O and C forms is
slightly greater than 1 (for the bound simulations) and about 1 (for the apo simulations) as
found experimentally,1® which results in eg = 97.5 kcal/mol for the ligand-bound
simulation, 53.00 for the apo simulation, and 51.3 for the bound simulation with the contacts
scaled by 1.7. Simulations are carried out with the molecular dynamics program
CHARMM#%:%0 for 750 ns (50 million 15 fs time steps) per independent simulation.

For each residue, we use the minimum non-bonded radius between the O and C potentials
for the repulsive energy of non-native contacts. In addition, for native contacts common to
the O and C crystal structures, the respective contact distances from the O and C single-well
potentials are averaged to avoid excessive roughness in the energy landscape. If the
difference between O and C in the C,, distance for a common contact is less than 1.5 A, the
C, radii from the two structures are averaged and the contact is kept in both O and C
potentials. Otherwise, the common contact is kept only for the structure with the smaller C,,
distance. Out of 404 common contacts, only 4 are excluded from C and only 5 from O for
this reason. There are also 72 contacts unique to O and 101 unique to C. As described in the
results, we scale contact energies by a factor of 2.5 to compensate for the extra
conformational entropy caused by the generic bond angle potential. In addition, O and C
contact energy scales are equalized to the average of the original scales calculated by the
Karanicolas algorithm38 for the O and C single-well potentials. This ensures that contacts
with the same two residue types are given equal weights in the mixed potential.

An important feature of the Karanicolas model used here is a generic statistical
pseudodihedral potential which is specific to the sequence but not to the native structure.
Compared to other double-well models that explicitly include the native-state dihedral
values, 2351 the Karanicolas potential supports freer sampling of backbone dihedral
conformations, which is important for accurate assessment of folding dynamics in O, C, and
TS ensembles.

Ligand-mediated interactions

We introduce a pseudo-ligand into the bound simulation by adding selected ligand-mediated
interactions to the C Go potential, an approach that has been used before in double-well
coarse-grained simulations.#2:°1 An explicit coarse-grained ligand representation was
previously used for a Go model of irreversible ligand dissociation in myosin,®2 but such a
representation is not appropriate in our double-well simulation, where multiple O < C
transitions are required.

We seek interactions across the ligand binding site according to several criteria for the
vector rj; between the C, atoms of two ligand-binding residues (4.5 A protein-ligand atomic
contact distance cutoff) i and j. First, we exclude local contacts (|j-i| < 5 residues). We select
residues for which [rjj| < 12.2 A, which is approximately the width of the ligand-binding
site. In addition, we select vectors which pass near ligand atoms, as defined by the following
constraints: rj; passes within 2.5 A of at least one ligand atom, and for at least one ligand
atom A, the angle C,, j-A-Cy; is at least 120°. Using these criteria, 22 ligand-mediated
interactions were identified based on the interaction of bisubstrate analog APsA with 1AKE
(Figure 5). The interactions mainly involve the two adenosine rings and avoid the bridging
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phosphate of APsA, thus providing a realistic simulation of independent “binding” of the
two natural ligands ATP and AMP.

We calibrate the contact energies for the ligand-mediated interactions to ensure CORE-LID
and CORE-NMP interface formation (Qcore-lig/mmp ~ 0.9) at 300K in single-well simulations
of the closed form that include the generic bond angle potential. 20 kcal/mol of energy is
spread evenly among the 22 contacts.

Error calculations for PMFs—The PMF is calculated from a two-dimensional histogram
of the data in any two reaction coordinates (e.g. (rmsg, rmsc)). For a given bin,

E=-RTIn(™/, ),

where npjy, is the number of trajectory structures occupying that bin, and Ny is the
maximum value of nyjy in the histogram, and RT is 0.596 at 300K.

For each histogram bin, the sampling error ¢ can be estimated as for random sampling from
a heterogeneous set, e, = V- 1hen, the error in energy of that bin is calculated as

RT/
Vbin

since the error of In(x) = dx/x, where dx is the error of x.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. The bound AK transition in global Cartesian and contact reaction coordinates

A: Estimated potential of mean force (PMF) based on projection of simulation data onto
rmsp and rmsc reaction coordinates, where rmsgc) is the C,, root mean square distance to
the O(C) crystal structure. B: Estimated PMF(Qo, Qc), where Qg(c) is the fraction of native
contacts unique to the O(C) crystal structure. The diagonal line shows the calculated
transition separatrix, Qc = 0.87Q¢ + 0.335. Contours are spaced at 0.5 kcal/mol intervals in
both PMFs. Uncertainties in the energies of these PMFs are shown in Figure S4.
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Figure 2. NMP vs. LID motions in Cartesian space in bound and apo simulations
PMF along rcm core-nmp @Nd rom core-lig- A bound simulation. B: apo simulation.
Uncertainties are shown in Figure S9.
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Figure 3. Unfolding dynamics in open, closed, and transition state ensembles of the bound
simulation

A Prolged £ Tor the pseudodihedral angle a;.1 j is defined as fraction of structures in ensemble
E for which « is in the same rotamer (within 60°) as the “reference value,” which is the
average of the O and C native state values if |Aa| < 20°, where Aa = ac-ag. To simplify the
calculation for residues with Aa > 20°, three reference values are used (O, C, and the
midpoint), and the highest probability among those three is defined as psoigeg- The black
curve shows |Aq| for reference. Numbers 1-8 at the top mark the positions (respective central
residues) of the 8 hinges of Kern et al.10 Pfolded, TS iS the average of the values for the closing
and opening transitions. B: pfoided in the C ensemble is contoured on a rainbow scale from
red (0) to dark blue (0.9); white indicates residues for which pfojgeq = 0.9. Labels indicate
residue numbers for every 10t position; ‘CW? indicates the counterweight loops.3° C:
Fractional progress of folding in the TSE relative to the O and C ensembles. For residues for
which Pfoided,c—Prolded,0 = 0.1, frs of Proided (S€€ EQ. 1) is contoured on a rainbow scale
from red (0) to purple (1). Labels H1-H8 indicate the respective central residues of the 8
Kern hinges.
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Figure 4. Important O-characteristic and C-characteristic contacts in the transition state
ensemble of the bound simulation

CORE, LID and NMP domains are colored white, green, and brown, respectively. Only
contacts with max(pg, pc) = 0.5 are plotted. For O-characteristic contacts (pc-po < —0.2),
red, orange, and yellow indicate prg > 0.7, 0.5 < p715 < 0.7, and pys < 0.5, respectively. For
C-characteristic contacts (pc-po = 0.2), purple, blue, and light blue indicate prg > 0.7, 0.5 <
pts < 0.7, and p7s < 0.5, respectively. A: TSE contacts (pts = 0.5) mapped onto the O
crystal structure (4AKE). B: TSE contacts mapped onto the C crystal structure (1AKE).
Boxes on panels A and B indicate the two proposed transition state contact nuclei. C: All O-
characteristic contacts. D: All C-characteristic contacts. E: C-characteristic contacts mapped
onto O crystal structure.
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Figure 5. Ligand-mediated interactions mapped onto the closed E. coli AK crystal structure

(LAKE)
CORE, LID, and NMP domains are shown in green, blue, and red, respectively. Ligand-

mediated interactions are indicated by pseudo-bonds between the C,, atoms of involved
residues.
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