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It is evident that protein conformational transitions play important roles in biological machinery; however,
detailed pictures of these transition processes capable of making kinetic prediction are not yet available. For
a full description of these transitions, we first need to describe kinematically movements between stable

states. Then, more importantly, a free energy profile associated with the conformational change needs to be

obtained. Recently, a new model to describe the energy landscape of protein conformational changes was

applied to the conformational transition of adenylate kinase [Miyashita, O.; Onuchic, J. N.; Wolynes, P. G.
Proc. Natl. Acad. Sci. U.S.£003 100, 12570-12575]. In this model, the conformational change coupled

to the ligand binding is described as a switching between two energy surfaces that correspond to ligand
bound and unbound states. The nonlinearity of the protein conformational changes is described through an
iterative usage of normal mode calculations. In addition, another kind of nonlinearity enters the dynamics of
the conformational transitions due to cracking, or partial unfolding, which may occur during the conforma-
tional transitions. The consequences of this theoretical model are explored in greater detail. An improved
model for the cracking that includes the cooperativity of the partial unfolding in analogy to nucleation is
introduced.

Introduction visualizing and predicting the character of the protein confor-

) ) mational change pathways? Yet, clearly, a linear normal mode
. Prote[ns_often_undgrgo large conformatlona_ll changes_ upon description cannot be completely accurate because considerable
ligand binding. It is evident that such conformational transitions anharmonicity resides in protein dynamics. The normal mode
pr:ay (ljmpqlrtan'][c rorlles in the mgchmery of the cell. Neverthel?s”s, picture describes the excitations around a single minimum. This
the details of these transition processes are not yet fully jimjteq adequacy of the normal mode description becomes even
understood. Such functional transitions require a biomolecule . apparent when we try to discuss energetics of motions

to have at least a pair or, more likely, a multiplicity of oy yeen dominant conformational states with different energy
conformational states of nearly equal free energy. For a full minimum conformations.

description of these transitions, we first need to describe We recently devel d model to describe th ner
movement between such states. Then, more importantly, the € recently developed a model to describe the energy
landscape of protein conformational changes, which was applied

energy landscape associated with the conformational change ) " . .
need to be obtained. to the conformational transition of adenylate kindsén this

. model, in analogy to the theory of electron-transfer reactib#,
ifvr(rar:alti r:elt?fc;s itrarl:/e fbtien rdfviﬁlogﬁf tci)mdlesc;r\llse :hetwo energy surfaces that correspond to different states of the
conformational transitions ol the proteins. the simplest way to protein, such as ligand bound and unbound states, are consid-
obtain the conformational change path is an interpolation of

P ered. Structural deformation between the open and closed forms
the two end-sta_te structures foIIowe_zd by energy minimization occurs via low-frequency modes on separate reactant and
or an interpolation in internal coordinaté$hese methods are product surfaces, with a switching between the two different
useful to obtain a quahtaﬂvg picture of '.[he conformation change. energy surfaces aylt their crossing region. The nonlinearity of the
However, they do_ not _prowd_e ene_rget_lcs: Other approaches useprotein conformational changes is described through an iterative
molecular dynamics simulation with biasing potentials to force use of normal mode calculations. The energy barrier of the
mgtﬁ?&z'r;];?,énﬁr\ﬁeitggggr:jeugotrgciﬂgaéfnq t(ljetxhi(ta o('[;fige;% del conformational change that arises from this procedure, however,

. . -omplexity . is very large; it is larger than the energy needed to fully unfold
because molecular dynamics simulations are often too time- the protein. Therefore, we proposedrackingmechanism, i.e
::Jo?:umln%rtonbebei\ppilrl]ed to tla;%e-lstcalevcornfor:]ma}[t;]onfillr:hangtlas.proteins locally unfold in regions of large elastic stress during
sing a strong biasing potential to overcome e € SCale . ,nformational transitions. Unlike macroscopic machines, bio-
problem may result in the generation of unrealistic conforma-

. . logical machines can locally break and then reassemble durin
tional changes. Alternative methods are based on normal-mode 9 y 9

analvsis. Large-scale protein motions are often parallel to the their function. Cracking leads to a counterintuitive catalytic
YSIS. 9 P S P effect of added denaturant on allosteric enzyme function.
low-frequency normal modés Even in its simplest form, the

notion of normal modes has been remarkably successful for In the present Wor_k, we revist the.preV|oust proposed model
and make several improvements in the model. The analogy
- i — - between our model for the protein conformational transition and
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the adenylate kinase through a pure normal mode model, onwhereEi“”b"“”dis the unbound state energy (the sum of protein
which formalisms of electron transfer theory is exact. From this, and ligand) of the conformatiom, We also assume thEtibOU“d

it becomes evident that the description of protein conformational > gbound \yhere EP°" js the bound state energy of the

transition requires to go beyond the simple normal mode picture. conformationj. The zero points of the energies are Eé’?b"“"d
However, still, the analogy to the electron transfer theory raises _ 0 andEP = (
N .

some interesting questions for studies of conformational transi-
tions, such as dependence of the kinetic rate of the conforma-
tional change on driving force. In addition, we discuss more
details of the conformational change of the adenylate kinase,
using polar rotation angles of mobile domains as reaction
coordinates, instead of RMSD. With this new reaction coordi-

The binding of the ligand to the protein would be stronger
when the conformation is closer to the closed form; thlls
K" < KK, If the rates of conformational transitiorgy™
are slower than the rate of the ligand binding processes, the
representative binding processes would occur at a conformation,

nate, the switching between the energy surfaces can be describely Wherg th_e binding prg)ncess bfi%omes subs?annal compared to
more precisely. Finally, a new model for the cracking, or the (€ unbinding process’[L] ~ k™, where L] is t?eotf:foncen-
partial unfolding, is discussed in which the cooperative aspect fration of the ligand in molar. If we assumig’/k™ = A

, A . : bound b ;
of partial unfolding is described by a new scheme in analogy eXP[‘(Eioun - E" Oumj/ks‘!’]. where A is a constant to be
to a nucleation process. determined, the last condition gives

Theory and Models gynbound_ ghound 4 16 Tlog [L] 4 ks Tlog A= 0

In the simplest case of allosteric conformational change, the wherekg is the Boltzmann constant aridis the temperature.
system involves two dominant conformational states. Confor- 14 gptain the constantA, we consider the system at

mational changes such as domain closure often occur Uponequilibrium with concentrations§, [LS], and [L]. For the

ligand binding. While a widely believed model of the domain . e
g . . ) - conformation that satisfies the above resonance conditien (
closure is that the ligand binds first and then stabilizes the closed - S A
TS), the binding-unbinding process should be at equilibrium;

conformation, this assumption is open to debate. If the ligand . off—— ) _
binding occurs concurrently with the structural transformation, thUS: KrglSrs[L] = kgllSyg]. Using [Sg] =
then the situation becomes substantially more complex. First, eXp(—E%gbOWKBT)[SL] and [LS;d = exp(-E2"IkeT)[LS],
two energy landscapes each corresponding to the two states ofve obtain

ligand being bound and not being bound need to be considered | _

to describe such ligand-induced conformational changes. For TS _ o (ErdounErgnbounggT (LS

the energy state before the ligand binding, i.e., ligand-unbound ﬁ - [_S]][I:]
state, the open form is the most stable form of the protein. In S
the same way, the closed form corresponds with the ligand-  Toarerr .
bound state. Nevertheless, even for the situation where no ligand ThL.'S’ th_e _constam\ — [LS.N]/[Sﬂ[L] ~ 1Ko, whereKD_ s
is bound, the closed form can be partially sta8id@hus, in the dissociation constant. Finally, the resonance condition is
general, two energy minima coexist for each of the ligand- Ebound | Ao — ksT log[L] — [ unbound_ 1)
binding states, i.e., four energy surfaces in total are necessary ! !

to discuss the entire binding and rearrangement process. In thisvvhereAG"
work, as a starting point, we will consider only two energy
surfaces: the ligand-unbound state with the open form as an
energy minimum and the ligand-bound state with the closed
form as an energy minimum. The ligand-induced conformational
change is assumed to occur by switching from one state to
another upon ligand binding. A general scheme of the ligand
binding coupled conformational change would allow ligand
binding and unbinding at any conformation of the protein:

is the standard reaction free energy of this binding
process. Thus, the binding process occurs at the intersection
region of the free energy surfaces of the ligand-bound state and
the ligand-unbound state. Note that under this scheme the free
energy drive for the reaction would be ligand concentration
dependent, while under the assumption of slow binding and
release, the free energy drive will not depend on the ligand
concentration. In both limiting cases, consideration of only two
surfaces is necessary for the analysis of the rearrangement
kinetics. The present model could be generalized by considering

Co kS TR |k Ky indi i icini i i
S &= S _f S, S, = - :k S the.blndlng' events occurring gt the vicinity of the intersection
U1 TR P2 Ty T3 TRy P4 TR o VN region, as in the AgmonHopfield modef

§ Linear Elastic Model To Estimate the Energy Barrier.
k:"‘qkf‘ k;"‘q Kt k;’“qk;’“ ikf‘ﬁk:’“i kﬁ“ﬁ ks When the energy surface of each of the two states of confor-

mational change can be approximated as quadratic functions

o oo kahjloi o o i of the coordinates, the dynamics on each surface can be
LS nd LSz_b LS3_“; LS4 = e =F LSN i »P described by normal-mode analy’idJnder this approximation,
the energy barrier can be estimated by normal-mode analysis.

> The energy surface of the ligand-unbound state is described by
open f()rm Closed fOI‘m normal modes as

whereN is the number of representative conformations of the E N 2.2

protein, S is the conformatiori, andLS is the same protein unbound” Zzw“ n

conformation with the ligand bound. TI& is the open form,

which is most stable without the ligand, and tt&, is the closed whereaw, is the frequency of mode andg, is the normal mode
form, which is the most stable conformation with the ligand coordinate of moda. If perturbation to the energy due to the
being boundP is the product state, resulting from the ligand ligand binding is small and the normal modes of two states are
bound stable formLSy. We assume thalfi””b"”"d < Ei“fllmun‘f the same, we can describe the energy of the final state as
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1., if their strain energy is higher than a certain threshold, which
Epouna= Zawn q, + chqn is the difference between the local folding energy and the
n n entropy to be gained by local unfold. Under this approximation,

In the harmonic regime. in the same wav as the theorv of the each of the residues can have two states, “folded state” or
gime, y y “unfolded state”, and the free energy per residue can be written

electron-transfer reactions, the activation free enehgy:, can

be expressed & as
Gresidue=
(2 + AG)? : . o
AGH == 2 Esiduet gresdue \when the residue is folded 4
_Tgesidue when the residue becomes unfoldcgd)

whereAG is the reaction free energy ands the reorganization
energy (see Figure 1a for the definition). Using the normal mode \we make the approximation that all residues have identical

variables, the reorganization energy can be obtain&d as contact energyE{,eSid“‘? at the initial state and that the entropy
1 change upon unfoldinggesidue js also the same for all residues.
= Zin = z_wHZAan (3) Though it is easy to incorporate residue specific energies for
z -2 the threshold as in the work of Munoz and Eatémye keep

uniform values for simplicity only. We assume that the unfolding
where Aq, is the difference of two minima in normal mode energy of one residue is equal to the total unfolding energy
coordinate of mode, i.e., Ag, = c/wn2. From these relations,  divided by the number of residues. Thus, the threshold of the
it is evident that the conformation can change more by motion cracking, AGresidue = —Tgesidue — E[eside 5 aggigned to
along a lower frequency mode at the same cost of energy. ThiSAGiya/Nres WhereAGy,q is the total stability of the protein and
explains the observation that large-scale protein conformational Nesis the number of residues. The threshold of the ligand bound

changes are very close in form to the lowest frequency mbdes. state, AGL“;}?\E‘? is related to the threshold of the ligand

The total reorganization energy, is obtained as the sum of  ,npound Stat%GLiigﬂﬁd in such a way that the bound and the

two kinds of linearity: first, structural deformations are ap- unfolded, i.e. N sAGLi%‘éﬂﬁd— Nre ﬁG[,%ﬂﬂﬂeZ AGeac; Where

proximated linearly as being along a normal mode vector, and G is the free energy difference between the ligand-unbound
second, the energy gap is approximated as a linear function ofyq " _hound states. In addition, we need to consider the
the coordinate. Both of these assumptions are consequences Qlyoperative aspect of denaturation. Cooperativity implies there
the harmonic approximation of the energy surface as a functiong another condition for cracking involving the size of region
of atomic coordinates. We call this formalism “the linear elastic nat is under high strain. Partial unfolding would occur only

model". ) ) when several contiguous residues are simultaneously under high
Energy Surface of Conformational Change Described by gtrain to unfold. In our previous study, we allowed the cracking
the Nonlinear Elastic Model. The linear elastic model gives a 4 gccur only if more than five residues along the sequence are
rough estimate of the energy barrier and a qualitative picture nqer high strain. In the present work, we model cooperativity
of the energy surface of conformational change. Nevertheless,in analogy to a nucleation process. We assume that the crack
this model has some limitations owing to the linearity ap- inqyces a surface cost, at the boundary of folded and unfolded
proximations (see Results). The actual energy surface is notegions. Thus, in addition to the previous condition, the total
simple harmonic, and the conformational change cannot be giapijization gain from crack formation must be larger than 2
described by a linear normal mode picture. Kinematic nonlin- 5 ajiow the cracking of a region. The modified model renders
earity of the conformational change can be described by an many of our discussions more transparent, since the surface cost
iterative proceduré? In the iterative procedure, the structure is is now the only adjustable parameter.
slightly deformed along a few normal modes that are most |, the present study, we also assume that the binding process
relevant to the conformational change, and the normall modes_is fast and the unfolded regions remain unfolded during the
are recalcu_lated repeatedly as structure changes. In this way, 'tswitching between the two energy surfaces. We now consider
is the strains that are assumed to be small, not the totalhe conformational transition path from the ligand-unbound state

displacements. The number of normal modes used at eachy, the hound state. For each structure, the residue energy of the
iteration step affects the conformational change path. We use residue

. ) ligand-unbound stat is obtained through the above
the same parameters as in our previous stdeycept that we g Lunbound d

L X . = cracking model. If the cracking condition is met, the residue is
limit the maximum displacement (RMSD) to 0.1 A in this study. ¢oided. These unfolded residues remain unfolded even after
For each of the ligand-unbound and -bound states, energy

. - the switching to the bound state. Thus, the residue energy of
surfaces along nonlinear conformational change paths are

residue
generated. From superposition of the energy surfaces, the energthe bound state(; is equal to that of the unfolded state,

L esidu bound: i i i
barrier of the conformational transition is obtained. TS=qno matter how much strain energy the residue has in
Cracking Model. The energy barrier that arises from the

the bound state). For the residues that were folded in the
above procedure is very large, even when the kinematic

unbound stateG{*S%js the strain energy of the bound state.
nonlinearity of the conformational change is taken into account.

bound
They remain folded even if the strain energy is higher than the
It is larger than the energy needed to fully unfold the protein.
In our previous study, we observed that the strain energy is

threshold, AG[S%® The strain energy of the bound state is
localized in the molecule, and only some particular residues

bound
calculated using the closed form as the stable reference
are under high strain. This observation led us to hypothesize Method
that these highly strained residuesck i.e., unfold partially,

conformation.
during conformational chand& To include this possibility, we Studied System.In this study, we illustrate the ideas using
consider a model where residues are allowed to partially unfold adenylate kinase. Adenylate kinase catalyzes the interconversion
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Figure 1. Schematic representation of the reaction rate dependence on the character of two energy surfaces. When the two energy surfaces are
guadratic (a), the activation energy is related to the reaction free em®@yyand the reorganization enerdy,by eq 2, as in the theory of electron-

transfer reactions. In this case, the reaction rate depends quadratically on the driving-it&e(b). When the two energy surfaces are linear (c),

the rate depends on the driving force linearly (d).

of ATP, ADP, and AMP, i.e., ATP+ AMP < ADP + ADP. spring constant needs to be calibrated to obtain the energy scale
Upon ligand binding the adenylate kinase undergoes a largeof the model. In this study, we estimated the spring constant
conformational chang®.Studies of adenylate kinase by normal- by fitting C so that the averages & factors from X-ray
mode analysis have shown that the conformational change iscrystallography and normal-mode analysis are the same, using
well characterized by a few of the lowest frequency normal the relationB factor O (frequency)2. Although theB factors
modes® Our study focuses on the closure of the protein upon in X-ray crystallography data and the atomic fluctuations in
the binding of an inhibitor ApA,° which is a bisubstrate  solution could be different because of crystal packing or crystal
analogue inhibitor that connects ATP and AMP by a fifth disorders, theB factors of the X-ray data would provide a
phosphate and mimics both substrates. Two conformations, operreasonable estimation of the protein atomic fluctuations. Even
(Protein Data Bank ID code 4AKBand closed (Protein Data  if there is an error in the calibration, it does not affect our
Bank ID code 1AKE)? of adenylate kinase are taken from PDB following discussion significantly, since only one parameter
as the starting and ending points of the motion. Adenylate kinaseneeds to be calibrated in our analysis and it affects only the

consists of three domains: LID (residues $259), NMRying energy scale. We should also note that effects of the solvent
(30—59), and CORE (all other residu€s). would be implicitly included in the model, since the energy
Elastic Network Model. In this study, we use a coarse- scale is calibrated by the experimental data.
grained model, the Tirion potentiglto represent the mechanical Although the Tirion potential was originally proposed for
properties of the protein molecule. This potential is defined as normal-mode analysis, we go beyond normal-mode analysis and
follows: an interaction between two atonasandb, is taken use it to evaluate strain energy induced in the protein as the
to be the Hookean pairwise potential: result of conformational change. This potential is crude but
c adequate to capture global mechanical property of molecules.
E(ryry) = §(|ra,b| - |rg'b|)2 (5) In many respects, the Tirion potential is a variation of the Go

model landscapes used in protein folding simulat#&#lt has
wherer , denotes the coordinate of atcarandrap = ra — rp. been used by other grougs™2® for normal-mode analyses to
The zero superscript indicates the coordinate at the original M0del protein dynamics. These studies suggest large-scale
conformation. The strength of the potentidl, is a constant conformational transitions are dominated by low-frequency

assumed to be the same for all interacting pairs. The total "ormal modes, largely determined by the low-resolution struc-
potential energy of the system bfatoms is defined by ture. Nevertheless, activation barriers and therefore rates cannot

be discussed from a purely normal mode viewpoint.
NN Normal-Mode Analysis. Detailed descriptions of normal-
E= Z E(rary) (6) mode analysis are in the standard literafliré® Here we just
a define some quantities. Normal-mode analysis provides a set
of normal-mode frequencie§w,}, vectors{a,}, which are
whereR is the cutoff parameter, so that the pair of interaction orthonormal, and normal mode coordinafeg}. We used the

Irapl <R

is limited to pairs of atoms separated by less tarin this RTB method? for the diagonalization process of normal-mode
study, we uséR = 5 A, which has already been shown to be analysis. This method allows calculation of the modes of large
appropriate for normal mode studies of proteihs. systems in very short timég®

The spring constanC is a phenomenological constant Only a small portion of normal modes are relevant to the
assumed to be the same for all interacting pairs. The numericalconformational change.The overlap! is a measure of the
value of the spring constant does not affect the eigenvectorssimilarity between the direction of the normal modg, and
obtained from normal-mode analysis; however, it determines the vector of the conformational changk which is defined as
the frequency of each normal mode, i.e., (frequehcyT. The cos 6, = d-ay/|d|. A value of 1 for this overlap would mean
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that the directions of the normal modend the conformational 0.8 40
change are identical.

(o]
Analysis of Conformational Change Path.To obtain the @ —~
. i 06 130 =
energy surface of the ligand unbound state, we first generate a ° €
sequence of structures along the conformational change path % >
from the open form toward the closed form, using the iterative § 04l {20
normal-mode analyses. For the structure at the iterationi step T g
denoteds, the unbound state energy of this structu&"*"" 6 -

is calculated using eqs 5 and 6. The RMSD between the 02r 110
structure S, and the open fornRR°Pen, can be used as a reaction
coordinaté® for analyzing the energy surface.

In the present work, we also employed another set of reaction
coordinates to describe the conformational changes. Adenylate
kinase consists of three domains: LID (residues-1229),

NMPying (30—59), and CORE (all the other residué&)Con- E o ) =
formational changes of adenylate kinase have been described g © E
as the domain motions of LID and NMRy domains relative to S g
the CORE domain. Thus, polar rotation angles between the g £
CORE domain and each of the LID and NMR domains'8 e 1100 5
«"'P and «NMP| can also be employed as other reaction 2 2
coordinates. The closed form is taken as the origiA® (<NMP) g '-é
= (0°,0°). The coordinate of the open form is“ ,«NMP) = e £
(53°,45%). g ! o o o 3
Mapping between Two Reaction CoordinatesTo evaluate 0 O o8 KPP, rGD-ooQ?“c,O:o
the energy barrier for the conformational change, the two energy 0 10 20 30 40 50
surfaces of the ligand-unbound and bound states need to be Mode number

of the potential function. However, directly implementing this mede analysis. (a) Frequency (solid line) and degree of ovedip (

. thod Id not id t file of between the conformational change and each of calculated normal
naive method wou np provide an accurate gnergy pro ,' € 01 modes. The conformational change can be mostly described by a few
large-scale conformational changes. Small differences in the |ow-frequency modes. (b) Contribution of each normal mode to the

local structure, in which we are not interested, induce large total reorganization energy, obtained from the linear elastic model, eq
amounts of error in strain energy. Some of these differences in 3. Cumulative sum of contributions is shown by a solid line.

fact may be due to changes in refinement protocols and

crystallization conditions for the two different conformatiéds.  coordinates, €-'® «NMP), are calculated. The continuous two-
Combining this procedure with short minimization may solve dimensional energy surface of the closed sttgndr«-'P ,«"MP),

the problem. We do not employ this method here. An alternative is obtained through interpolation of the sampled points. For a
is to first generate two energy profiles, one from each stable given structureS, the polar rotation anglesc(® <", are
form, and then superimpose them. However, with this method calculated, and the bound state energy of this structure is given
the two surfaces generally have different reaction coordinates. as EP" = Ep,y,,{ic- ™).

In our previous study? we defined a mapping function of the

RMSDs to the open and to the closed forms and superimposed
the energy profiles from the open and closed forms.

In the present work, to describe the conformational change Linear Elastic Model. Normal-mode analysis was performed
path, we employ another set of reaction coordinates, i.e., thefor the open structure of adenylate kinase; the 50 lowest
two polar rotation angles between the CORE domain and eachfrequency modes were calculated. The Tirion potential depends
of the LID and NMRj,q domains, which can be used to define on an arbitrary parameter, the spring const@nthus, only
the mapping between the two energy profiles. relative frequencies are obtained from the calculation, and the

We consider the conformational transition from the open form numerical value needs to be calibrated from experimental data.
to the closed form, i.e., the switching from the ligand unbound The averageB factor value, calculated from the experimental
to the bound state. A sequence of structures that represents th®& factor of Gu atoms of the open form, is 382AThus, the
conformational change path from the open to the closed form value 3.5x 10! kcal A~2 is used to normalize the spring
is denoted asy, wherei is the step number of the iterative  constantC for the following energy calculations. The scaled
procedure. For the structur§, the unbound state energy, frequency is shown in Figure 2a. Figure 2a also shows the
EunPeund s calculated as a strain from the original stable overlap between the conformational change and each normal
structure,S;. However, the bound state ener i,°“”d, cannot mode. The lowest frequency normal mode (mode 1) gives the
be directly calculated as discussed previously, because the pathbighest overlap, accounting for more than 65% of the total
from the closed and the open forms do not entirely overlap (see conformational change. In addition, small contributions from
Results, Figure 5). Thus, to cover the same conformational spacenodes 2, 3, and 5 are observed. Other modes give only small
as the path from the open form, several conformational changecontributions to the conformational change. Thus, the four
paths are generated from the closed form, using several targehighest overlap modes {13, 5) are most relevant to confor-
structures. These target structures are taken from the confor-mational change. Conformational change of adenylate kinase
mational change path that is generated for studying the transitionhas been described as the domain motions of LID and M\P
from the open form to the closed form. For each sampled domains relative to the CORE domdfh.Normal mode 1
structure, the ligand bound state eneifgysung and the reaction corresponds to the deformation of LID domain, and the other

Results
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higher frequency modes contribute more to the deformation of 200
NMPying domain (result not shown). 180}
From the overlap and frequency obtained by fitting to < 1600
experimental data, we are able to calculate the contribution to £ 140l
the reorganization energy from each mode according to eq 3. §
The result is shown in Figure 2b. The lowest frequency mode 3, 120
(1) with the highest overlap gives a reorganization energy of g 100¢
about 15 kcal/mol. The second highest overlap mode (5) gives 2 g0
a higher reorganization energy, 20 kcal/mol, even though its I 60
overlap is lower than mode 1. The studies of X-ray crystal <
structure indicate that deformation of LID domain can be 4or
described by rigid-body movements while the NjPdomain 201
movements are produced by a combination of shear motfons. 0¢

The high reorganization energy for deformation of NMP /

domain compared to the deformation of the LID domain is
closely related to the different character of conformational

2 3 4 5
RMSD to open form (A)

Figure 3. Comparison between energy surface, explicitly calculated,

8 - - for the structures linearly deformed along mode 1, the lowest frequency
changes, since the shear deformation requires stronger forcesnode, which is most relevant to the conformational charige &nd

than the hinge bending deformation. the energy surface modeled from the frequency of mode 1 at the initial
From the definition, eq 3, high overlap modes give large state ). RMSD = 5.9 A corresponds to the projection of the final

state on the normal mode coordinate 1. Explicitly calculated energy
surface along mode 1 shows significant deviation from the harmonic
surface.

contributions to the reorganization energy. In addition, all things
being equal, high-frequency modes give large contributions.
Thus, higher frequency modes may contribute strongly, even

.though'these modes are irrelevant to the conformational changeway_ This kinematic nonlinearity, well-known in macroscopic
in a strictly structural sense. For example, even though mode g|agtic theory, is the main shortcoming of the linear elastic
34 contributes 0.2% to the conformational change (RMSD of \54el To overcome this problem, in our previous stiftye

0.4 A), its contribution for reorganization energy is large, 7 kcal/ employed an iterative procedure in which normal-mode analysis

mol. However, higher frequency normal modes that do not ig repeatedly performed after each deformation in order to avoid
contribute to the conformational change would be irrelevant for inducing structural distortions due to nonlinearity. Such an

this analysis, and these contributions to the reorganization energierative procedure has been shown to be beneficial for general
would probably not be reliable, since they are easily affected gt ctyral modeling applications as a method to deform the
by smallerrors in the X_-ray coordinates. If we take into account g ,cture considering the mechanical property of the mol-
only the five modes with an overlap 1% (RMSD of 0.7 A),  g¢yje102Lin the following, we discuss a nonlinear elastic model.
the estimated reorganization energy is still about 60 kcal/mol.  Nonlinear Elastic Model. We generalize the model to include
Sanders Il et al. have experimentally determined the standardyinematic nonlinearity. We define the conformational change
binding free energy of MgATP and AMP as5.2 and—4.6 pathway in an iterative mann&2: Now three conformational
kcal/mol, respectively! The binding of the inhibitor ApA change paths from the open form to the closed forms are
would be stronger than these, since the/Afs a combination  generated, using one, two, or three modes to deform the structure
of ATP and AMP. If we imagine the ligands are in rapid binding  at each step. For the structures representing the conformational
equilibrium, the effective free energy difference depends on the change paths, we calculated the strain energy using the spring
concentration of substrate. Varying the concentration between network defined from the initial coordinate.
1 mM and 1uM affects the free energy difference ineq 1 by Figyre 4 shows the resulting energy surface. Comparing with
4—8 keal/mol. If we use the energy difference 68 kcal/mol Figure 3, the energy surface along nonlinear conformational
as an example, the resulting activation energy is 14 kcal/mol. pathways gives lower energy. Until a certain point along the
From this linear elastic model, the contribution to the transformation, the energy surface is in good agreement with
reorganization energy from mode 1 is about 15 kcal/mol. To the energy surface that is expected by the frequency from
check the validity of linear elastic model, we generate some normal-mode analysis. This agreement indicates that, though
deformed structures along mode 1 from the initial state and thenthe harmonic approximation of the energy surface as a function
calculate the energy of each structure. Figure 3 shows theof Cartesian coordinates is not accurate, the harmonic ap-
obtained energy surface compared to the energy surface expectegroximation of the energy surface as a function of a nonlinear
from the normal-mode frequency usiig= w?g%2, wherew reaction coordinate, RMSD for our model, can be satisfactory
is the frequency of mode 1. The Tirion energy surface and the until a certain point.
ideal harmonic description only agree in the vicinity of the The energy profile along the nonlinear deformation path starts
energy minimum structure. The result indicates that even for to deviate from the harmonic curve around RMSTE A. To
the Tirion model, the energy surface is far from simple harmonic analyze this nonlinear behavior, we employ another reaction
as the function of Cartesian coordinate of atoms. The apparentcoordinate to describe the nonlinear conformational change path.
cause of the error is that a single set of normal mode vectors isFor each structure, we examine the polar rotation angle between
not enough to represent the conformational change pathway.the CORE domain and each of the LID and NMiPdomainsté
Examining the structural differences between the open andFigure 5a shows the three nonlinear conformational paths,
closed forms of adenylate kinase suggests that the conforma-generated using 1, 2, or 3 modes, as functions of the polar angles
tional change resembles the bending of a rod. Bending is of the LID and the NMRq domains. Figure 5a also shows a
kinematically nonlinear in a Cartesian basis. However, a normal 2D energy surface interpolated from the strain energy of three
mode gives only the initial direction of the transformation, and conformational change paths. The obtained energy surface shows
if we follow a single mode too far along the direction of the that the closure of the LID domain induces less strain energy
conformational change, the protein can be distorted in the wrong than the closure of the NMP domain. For the nonlinear path
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Figure 4. Energy surface along nonlinear conformational change path 0(6 1'9 2;0 30 4'0 5,'0 60
by iterative method. (a) Energy of structures along the path that was Polar angle of LID domain
generated from the open form by iterative method using the highest
overlap mode (dashdot line), two highest modes (broken line), and 5 (b) Ilganc;l bound state energy surfac_e 100
three modes (solid line). The pure harmonic energy surface expected
from the frequency of the lowest frequency mode is shown for . 49} 90
comparison (dotted line). E
. . . 8 35} 80
generated with a single mode, comparison of the energy surfacesg 70=
with the reaction coordinates RMSD and the polar rotation "% 301 g
angles, the first harmonic phase fORMSD < 5 A in Figure Z sk 60R
4) corresponds to deformation of the LID domain. Then the § 502
second phase (5 & RMSD), which deviates from the harmonic g‘ 204 &
curve, corresponds to deformation of the NjfPdomain. On 5 ©5
the other hand, conformational change along the path made by & 15} 305
three modes represents a concurrent deformation of the LID 10k A
and NMRyinq domains; thus, the energy profile of the path using 20
three modes is higher than the one using one mode. This 5t
observation is consistent with the deformation of NMP J 4% 10
domain being composed of the higher frequency modes, thus 0 0 2 30 20 =0 50

needing more strain energy. It also suggests that the LID domain

preferably closes before the NMR domain. . Figure 5. Energy surface with reaction coordinates polar rotation angle
Analysis from the Closed Structure.A full understanding of LID and NMRying domain. The origin of polar axes {00°) is the

of the allosteric transition requires consideration of the product closed form. (a) The energy surface of the ligand-unbound state. The

energy surface. Thus, we perform a similar analysis starting from nonlinear paths from open form by iteration with 3 modes (solid line),

the closed structure (PDB 1AKB. The X-ray crystal structure ~ Wwith 2 modes (broken line), and with 1 mode (dasfot line) are

of the closed form is a complex with the inhibitor 4° The projected in this angular coo_rdlnate space. The mterpolated_ strain energy

molecule closes upon ligand binding; thus, the closed form is surface of the open state in superimposed as contour lines. (b) The

. . . . energy surface of the ligand-bound state. Conformational change paths
energetically favorable in the ligand bound state. Our interest fomthe closed form toward different target structures are projected

is in the elastic properties of the molecule in the ligand bound in the angular coordinate space (broken lines). Targets used to generate
state. These properties are inherent in the shape of the closedhese paths were the Oth, 10th, ..., and 60th structures along the path
form itself and theB factor from X-ray data. Thus, accounting from the open form that were generated using 1 mode, show@)in (
for the ligand itself, is not necessary for the analysis, and it is These paths are used to obtain the energy surface of the ligand-bound
not explicitly included in the following calculations. state, which are shown as contour I|n_es. The nqnllnear path from the
. L S . open form toward the closed form by iteration with 3 modes is shown
The spring constan€ of the Tirion potential is determined by a solid line.
from the normal-mode analysis on the closed structure, inde-
pendent of the open form. The crystal of the closed form number of atom-atom interactions. ThB factor from normal-
contains two almost identical structures; however, tBdactors mode analysis witlC = 1 gives a smaller value for the closed
are different by a factor of ¥ the average values of the form than for the open form. This indicates that the closed form
fluctuation of Gx atoms being 27 and 492AThe difference has a denser network than the open form.
would be due to the difference in the crystal packib&@ince Superimposed Energy Surfaces.To obtain the overall
there is no simple reason to prefer ole factor as the energy surface of the conformational change, the energy surfaces
representative of the real atomic fluctuation, we have simply from the open and closed forms are superimposed. The energy
used the average for the calibration. Th@ss 7.3 x 102 kcal surface of the closed state as a function of the polar rotation
A-2is used for the following energy calculations. The choice angles of the LID and NM§,g domains is shown in Figure 5b.
of the calibration method could modulate the following result Here, we focus on the conformational change path generated
only slightly. We should note that the smaller coupling constant using three modes. From the energy surfaces shown in Figure
of the closed form, compared to that of the open form, does 5, the ligand-unbound and ligand-bound state energy profiles
not mean the structural rigidity is weaker for the closed form along the conformational change paths are obtained. Superim-
since the rigidity of the Tirion potential also depends on the posed strain energy profiles are shown in Figure 6, using the

Polar angle of LID domain
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Figure 6. Superposition of energy profiles of the ligand-unbound and profiles from the nonlinear elastic model without cracking are marked
bound states along a representative conformational change path, whichHO), with cracking and surface tension= 1 are (), and with cracking
is obtained from the 2-dimensional energy surfaces (Figure 5). The for o = 0.5 kcal/mol are[{). Energies of the ligand-unbound state are
energy profile of the open state is indicated by a solid line, the closed shown by open markers, and the ligand bound state are shown by filled
form with free energy chang&Geact = O kcal/mol by a broken line, markers. Free energy changeXfBreact= —3 kcal/mol is employed in
and AGreact = —3 kcal/mol by a dotted line. this figure as a representative. The cracking effect lowers the energy
barrier. The energy surface of the ligand bound states with low surface
RMSD from the open form as the reaction coordinate. The ten%ion has higt:_e:l e”e;% tgag ?”el Withfo‘“ Ctr'aCkith:rilnzeWSo%Tje
. f F . resiaues are partially unrolded. Actual contformationa
difference in minimum -energy of the two energy proflles, involve a refoplding grocess, i.e., shift from the energy pro?ile with
AGream was varied from O to—_3 kcal/mol. Fr_om the Crossing  cracking to the energy profile without cracking.
point of the two energy profiles, we obtained an activation
energy of~25 kcal/mol, which slightly depends on the driving higher. Some previous studies on the protein electron-transfer
force (—AGreac)- reactiong>3¢have used the linear elastic models; however, the
The energy barrier obtained here is higher than in our previousinaccuracy due to the nonlinearity would be small for these
study 20 kcal/mol)!° The difference arises from the difference results, since the change of conformation resulting from electron
of the structures paired at the crossing point. With the previous transfer is very small compared to the changes discussed in the
mapping method based on RMSD reaction coordinate, the pairallostery.
of structures from open and closed forms has RMSD-@af2 Partial Unfolding Lowers the Activation Barrier. The
A. In the current procedure with the 2-dimensional angles energy barrier obtained from these studies is very high, even
reaction coordinates, the pair has RMSD~af.9 A. Thus, the higher than the total stability of the protein. In our previous
paired structures coincide slightly more closely with this new study, following the conformational change pathway obtained
mapping method. The slightly higher energy barrier results from by the iterative method, we analyzed which part of protein is
minor arrangement of the structure. With a larger number of under high strain enerdy. Strain energy of each residue is
reaction coordinates, the mapped structures can coincidencelefined as the sum of atomic strain energies, which is half of
more closely. However, an attempt to deform structures to havethe elastic energy defined by eq 5. Strain energy in the molecule
exactly the same conformation would not have meaning. Theredue to conformational deformation was found to be very
is some uncertainty in the position of the atoms in X-ray localized. The observations that some particular residues are
structure. The atomic displacements observed in the pairedunder high strain energy led us to hypothesize that these highly
structures are within the range of the thermal fluctuations. strained residuesrack i.e., unfold partially, during conforma-
Comparing the RMSD based with the 2-dimensional angles tional changé?® To include this possibility, we consider a model
based mapping procedures, we observed the residue RMSDOn which residues are allowed to partially unfold (see Cracking
between the paired structures is distributed more evenly by theModel in Theory and Models). The unfolding free energy,
2-dimensional procedure (results not shown), which ensures thatAGyoq, of adenylate kinase fro. coliis reported to be-10
the main characteristics of the conformational changes have beerkcal/mol for urea denaturatiolf.Under the assumption that
fully taken into account. unfolding energy of one residue is equal to the total unfolding
The activation energy barrier observed her@% kcal/mol) energy divided by the number of residubl,s= 214, we used
is very high compare to the value estimated in the linear elastic the cracking threshold oiGLensgﬂﬂﬁd= AGsoig/Nres ~ 0.05 kcal/
model (~15 kcal/mol). We estimate the energy barrier from mol. The surface tensiom of the cracking region was tested in
the linear elastic model by assuming a perfectly harmonic energy the range of 0.51.5 kcal/mol.
surface, eq 3. However, as we have seen in Figure 4, the energy The resulting energy surface along the allosteric conforma-
surface does not remain quadratic, even after the nonlinearitytional change is shown in Figure 7. Obviously, the partial
of conformational change is taken into account by the iterative unfolding model gives a lower energy barrier. The extent of
procedure, and thus the actual energy barrier is higher. In thecracking strongly depends on the surface eos¥lote that the
linear elastic model, we also assumed that the energy surfacenergy of the ligand-bound state is higher when there is cracking.
of the two states have the same curvature, and we estimated-or this energy calculation, a part of the protein is assumed to
the energy barrier from the frequency of the open form. remain unfolded when it switches from the unbound state to
However, the deformation from the closed form needs much the bound state, thus having a higher energy than the native
more energy (see Figure 5b), and the crossing point is 2 timesfolded state. In a real situation, once the binding occurs, the
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Figure 8. Transition state barrier dependence on the reaction driving force. The transition state A@fjets the reaction driving force; AGreac

both without cracking (a) and with cracking (b) are shown. We considered driving forces ranging-ftcim 14 kcal/mol. The corresponding
energy surfaces at the different driving forcesAGrea) Without cracking (c) and with cracking (d) are also shown. A quadratic curvature is
observed for the fully elastic model without cracking. Including the cracking effect makes the barrier dependence on driving force more linear.

protein would refold, i.e., shift from the energy surface with the stability of both conformations without changing their
cracking to the one without cracking, thus lowering the energy. relative stability will speed up the reaction. Using site directed
The energy changes due to such refolding transition are notmutagenesis, one can determine the probability of individual
shown explicitly. One interesting observation is that cracking residues to remain structured or to crack during the transition,
leads to an energy surface which is approximately a linear as in folding® value analysi$® Evidence for cracking can also
function of the deformation, rather than following the quadratic be gleaned using the global effects of denaturants, such as urea,
dependence of the elastic regime. Such linear relations haveon conformational change kinetics. Denaturant will enhance the
also been invoked to explain the efficiency of motor proteins local unfolding and therefore should lower the barrier height.
by Oster et af® The cracking model suggests the linear behavior Such anomalous activation of enzymes by adding low concen-
may be much more general in protein conformational transitions. trations of denaturant has been observed in this and other
Effect of Cracking on the Conformational Change Rate. systems!®42 Such a denaturing effect has also been observed
The qualitative difference between the energy surface with or in thermophilic organisms under low temperatuféghese
without cracking effects, i.e., quadratic or linear, is the activation effects are not monotonic. At higher concentration,
dependence of kinetics on the driving force for binding. Without as anyone would expect, denaturation reduces the activity.
unfolding, the free energy profiles of reactant and product statesHowever, at low levels of denaturant the activity does indeed
are quadratic as a function of a reaction coordinate (Figure 1a).increase in accord with our model. Under the assumption that
In such a case, the activation free enery@*, can be expressed  the conformational change is the rate-determining step, we could
by the reorganization energy, and the reaction free energy, relate the enhancement of the activity to the lowering of the
AG, as eq 2. The consequence of this relation is a characteristicenergy barrier. The increase in activity of adenylate kinase was
quadratic dependence of the log of the kinetic rate on the driving studied experimentally by adding denaturé&ithe activity was
force, —AG (Figure 1b). On the other hand, when unfolding or initially enhanced by 1.25-fold in 0.2 M (molar concentration)
cracking is allowed, the free energy surfaces become locally urea, compared to in the absence of urea, and reached a
linear. When the free energy profiles of two states are linear asmaximum (1.6-fold enhancementy il M of urea, which
a function of a reaction coordinate (Figure 1c), the energy barrier corresponds to @AG*/d[urea] in the range of 0:20.7 kcal/
depends linearly on the reaction coordinate (Figure 1d). This (mol M).
qualitative difference can be tested. We examined the depen- We have computed the analogous slope for our theoretical
dence of the activation barrier on the driving force in our model. model of the conformational change. In the present model, only
Figure 8 shows how the transition state barrier depends on thethe surface tensiomis an arbitrary parameter in these analyses,
reaction driving force. Here we vary the driving force frord and we have tested = 0.5, 1, and 1.5 kcal/mol. All other
to 14 kcal/mol. The characteristic curvature of parabolas is parameters are taken from experimental data. Figure 9 shows
observed for a fully elastic model, while inclusion of cracking the activation free energyAG*, dependence omGeg. A
makes the dependence more nearly linear. driving force of AGreact = —3 kcal/mol is used. The data are
More importantly, the cracking model allows residues that fitted by a hyperbolic function. The choice of model (e.g.,
are folded in both stable states to become unfolded in the exponential or hyperbolic) for the fitting needs further investiga-
transition state. Thus, a dependence of the reaction rate ontions. The total stability of the adenylate kinase is 10 kcalfhol.
folding stability change is predicted: simultaneously lowering The slopex = dAG*/ 0AGtog at AGtoig = 10 is estimated to be
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Figure 9. Transition state barrier dependence on the cracking threshold.
This figure shows how the transition state barri®G*, depends on
the protein stability AGtq. A driving force of AGreact= —3 kcal/mol

is used. Three values of surface tensior 1.5, 1, or 0.5 kcal/mol,
are tested. For each = 1.5 kcal/mol (solid line),c = 1 kcal/mol
(broken line), andr = 0.5 kcal/mol (dotted line), the data are fitted
hyperbolically todAG* = —4.9/(AGioq — 2.4) + 24, 0AG* = —14/
(AGtolg — 2.3) + 24, and IAG* = —167/(AGia + 4.9) + 28,
respectively. From the slope of the line, the slepe= dAG*/ 0AGroi

at AGriq = 10 kcal/mol is estimated as 0.084 for= 1.5 kcal/mol,
0.24 foro = 1 kcal/mol, and 0.75 forr = 0.5 kcal/mol. These are
used for the estimations @AG*/d[urea] in the main text.

15 20

0.084 witho = 1.5 kcal/mol, 0.24 witho = 1 kcal/mol, and
0.75 witho = 0.5 kcal/mol. The experimentally determined urea
dependence of the stability = dAGyq¢/o[urea] = 2.9 kcal/
(mol M);3” here M is the molar concentration of urea. Com-
bining these, the urea dependence of the transition batA&*/
dlurea], is about 0.24 kcal/(mol M) i# = 1.5 kcal/mol, 0.69
kcal/(mol M) if o = 1, and about 2.1 kcal/(mol M) i# = 0.5.

These results are remarkably consistent with the experimental

speedup described above.

The lowering of the energy barrier from the cracking varies
depending on the stability of the proteiG;qq. Therefore, the
cracking effect on the rate is large when the stability of the
protein, AGq, is originally low, i.e., the molecule is fragile.
On the other hand, if the threshold is high or the molecule is
rigid, the effect of cracking on the rate will be weak or none.

Miyashita et al.

The comparisons to the experimental data of activation of the
adenylate kinase showed remarkable agreement. However, direct
measurements of the conformational change kinetics, not as a
composite with other chemical steps, as a function of denaturant
is needed to test our model more completely. While the
conformational change step has been kinetically isolated in the
related systems of CSK and PKA?5the denaturant dependence
has yet to be studied. Although the present model is quite simple,
and can be refined using models containing more details, the
agreement between theory and experiment shows the potential
of the present approach for quantitatively understanding the
underlying mechanisms governing allosteric motions.
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