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Modulation of Functionally Significant Conformational Equilibria in
Adenylate Kinase by High Concentrations of Trimethylamine Oxide
Attributed to Volume Exclusion
Sureshbabu Nagarajan,† Dan Amir,† Asaf Grupi,† David P. Goldenberg,‡ Allen P. Minton,§ and Elisha Haas†*
†The Goodman Faculty of Life Sciences, Bar Ilan University, Ramat Gan, Israel; ‡Department of Biology, University of Utah, Salt Lake City,
Utah; and §Section on Physical Biochemistry, Laboratory of Biochemistry and Genetics, National Institute of Diabetes and Digestive and
Kidney Diseases, National Institutes of Health, Bethesda, Maryland
ABSTRACT The effect of an inert small molecule osmolyte, trimethyl amine N-oxide (TMAO), upon the conformational equi-
libria of Escherichia coli adenylate kinase was studied using time-resolved FRET. The relative populations of open and closed
clefts between the LID and the CORE domains were measured as functions of the concentrations of the substrate ATP over the
concentration range 0–18 mM and TMAO over the concentration range 0–4 M. A model was constructed according to which the
enzyme exists in equilibrium among four conformational states, corresponding to combinations of open and closed conforma-
tions of the LID-CORE and AMP-CORE clefts. ATP is assumed to bind only to those conformations with the closed LID-CORE
cleft, and TMAO is assumed to be differentially excluded as a hard spherical particle from each of the four conformations in
accordance with calculations based upon x-ray crystallographic structures. This model was found to describe quantitatively
the dependence of the fraction of the closed LID-CORE cleft upon the concentrations of both ATP and TMAO over the entire
range of concentrations with just five undetermined parameters.
INTRODUCTION
In recent years, it has become increasingly appreciated that
nonspecific interactions between macromolecules in solu-
tion mixtures containing a high total concentration of
macromolecules (macromolecularly crowded solutions)
can significantly modulate the stability, conformation, and
tendency to self- and/or hetero-associate for dilute as well
as concentrated macromolecules in such solutions (1–4).
In general, the most significant of these nonspecific interac-
tions is steric repulsion or volume exclusion, which, in
crowded solutions, has been described as being as ubiqui-
tous as gravity (5). Volume exclusion leads to a size- and
shape-dependent reduction in the configurational entropy,
and hence an increase in the chemical potential of all
species present that can be quite substantial at high total
macrosolute concentration (1,6). One prediction of excluded
volume theory is that high concentrations of inert macro-
molecules should stabilize the compact native state of
a globular protein with respect to denaturation by heat or
chaotropes (7), and such stabilization has been observed
experimentally (8–11).

Concurrently, it has been observed that high concentra-
tions of trimethylamine oxide (TMAO), a relatively small
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(MW 75), highly soluble, and nominally inert cosolute,
can greatly stabilize the native conformation of a variety
of proteins with respect to unfolding (12,13). Exhaustive
thermodynamic analysis of this phenomenon has led to
the conclusion that this stabilization may be primarily attrib-
uted to an unfavorable interaction between TMAO and the
protein backbone (12,14). The parallelism between the
results of this analysis and the analysis of protein stabiliza-
tion resulting from macromolecular crowding suggests that
stabilization of proteins by TMAO and by inert macromol-
ecules may be due to the same type of nonspecific interac-
tion, namely volume exclusion.

Many years ago, it was predicted based on simplified
statistical-thermodynamic models for volume exclusion
that high concentrations of space-filling cosolutes could
alter the equilibrium between alternate conformations of a
dilute macromolecule (1). This prediction has been recently
quantified through atomistic Brownian dynamics simula-
tions (11,15), and experimental observation of significant
modulation of functionally significant native-state confor-
mational equilibria of two proteins upon addition of high
concentrations of nominally inert polymers has likewise
been recently reported (11,16). It was therefore decided to
test the hypothesis that functionally significant native-state
conformational equilibria of a protein could be modulated
by the addition of high concentrations of TMAO, and that
such modulation could be accounted for in the context of
excluded volume theory.

This prediction may be tested by studying the crowding
effect on the distributions of conformational characteristics
of ensembles of flexible protein molecules such as phos-
photransferase molecules in solution (17). The structural
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flexibility of enzymes and its role in their function (18,19),
which is most evident in the case of transferases, is well
documented. To avoid abortive hydrolysis and to facilitate
transfer of charged groups, transferases must undergo struc-
tural changes to screen the active center from water in the
substrate-bound state (20–25). The observed structural
changes involve domain displacements and result in the
closure (or partial closure) of the enzyme interdomain cleft.
Convincing supporting evidence for substrate-induced
domain closure in solution was obtained from studies of
substrate-induced structural changes of several enzymes
by diffuse x-ray scattering (26,27).

Escherichia coli adenylate kinase (AK), catalyzing the
phosphoryl transfer reaction MgATPþAMP$MgADPþ
ADP (28), is a suitable model for studying the effect of
crowding on ensembles of flexible protein molecules in
solution. The transition from apo-AK to the ternary complex
is associated with a stepwise closure of the enzyme interdo-
main clefts. This interpretation was strongly supported by
a series of crystal structure analyses of enzyme-substrate
complexes (Fig. 1) (23,29,30). The stepwise closure of the
interdomain clefts in AK associated with substrate binding
in solution was shown using time-resolved resonance exci-
tation energy transfer (trFRET)-based methods (31,32).
The means of the distributions of the labeled AK both in
the ligand free state and in the ternary complex were found
to be close to the distances predicted from the corresponding
crystal structures (30,33) but there is a significant overlap of
the distributions of the interdomain distance observed for
the two states of the protein. Single-molecule-detected
FRET experiments confirmed the existence of this equilib-
rium and gave an upper-limit estimation for the rates of
exchange between conformations (34–36). The intrinsic
dynamics of the ligand free AK revealed by single-molecule
detection experiments (37), the width of the distributions,
and the low angle x-ray scattering results, led to the hypoth-
esis that the crowding effect might shift the equilibrium
toward the closed conformers.

trFRET experiments (38–40), in either the ensemble or
the single-molecule approach, can resolve subpopulations
FIGURE 1 Crystal structures of E. coli AK in the ligand free state (PDB

4AKE) (left) and when bound to the two substrate mimicking inhibitor

Ap5A (PDB 1AKE). The labeled sites are indicated both in 203 and in

142 by an indole side chain.
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whose exchange rate is slower than the nanosecond regime.
The mean and width of the distance distributions that char-
acterize conformational subpopulations can be resolved
(41–43). We have measured the distribution of distances
between residue 142 on the LID domain and residue 203
on the CORE domain over a wide range of concentrations
of both the substrate ATP and the crowding agent TMAO.
Our results indicate that the binding of ATP and the volume
excluded by high concentrations of TMAO act syner-
gistically to shift conformational equilibria toward more
compact conformers.
MATERIALS AND METHODS

Preparation and characterization of labeled
AK mutants

Selection of labeling sites was based on the crystal structures of apo- and

holo-AK (Fig. 1), which show a large change of mean distance between

the two end states. The LID domain was labeled with a donor probe at

residue 142, a tryptophan residue, and the CORE domain was labeled at

residue 203 by replacement with a Cys residue and reaction with iodo-

acetamidocoumarin-4-carboxylic acid (44). Positions of these labels are

indicated in Fig. 1. A mutant labeled by the donor without the acceptor

was prepared by reaction of the cysteine residue with iodoacetamide. This

formed a pair of labeled proteins, i.e., the donor-acceptor (DA) and the

donor-only (DO) mutants, respectively. Each mutant and preparation was

purified by chromatography (see Fig. S1 in the Supporting Material). The

absorption and emission parameters of the probes attached to the protein

are reported in Table S1 in the Supporting Material. The two modified resi-

dues are solvent-exposed, and several control experiments (Table S2)

demonstrated that the genetic and chemical modifications had only a minor

effect on the structural characteristics of the protein and its enzymatic

activity (Table S1).
Control experiments

The far-ultraviolet circular-dichroism spectra and thermal stability of each

mutant were monitored (Fig. S2). The enzymatic activity of a series of

labeled mutants was determined (Table S2) and these tests showed that

the labeling treatment of the AK molecule at this pair of exposed residues

did not cause any significant change of the structural characteristics tested.

Spectroscopic experiments were repeated using the reverse labeled mutant,

where the Trp residue was inserted at position 203 and the Cys residue

inserted at position 142 to exclude possible effects of local interactions of

the probes with the backbone of neighboring side chains (Table S2). The

distance distribution parameters obtained by analysis of the fluorescence

decay curves of the reverse mutant (donor at residue 203) were within the

uncertainty range of the results obtained by analysis of the decay curves ob-

tained for the mutant with the donor labeled at residue 142.

Steady-state anisotropy values measured for single-labeled mutants

(Table S2) support FRET data analysis based on the assumption of fast aver-

aging of probe orientation (39,45).
RESULTS AND ANALYSIS

Time-resolved FRET experiments

The data collected in typical trFRET experiments are shown
in Fig. 2. The reduction of donor fluorescence lifetime in
the presence of acceptor is much more pronounced when



FIGURE 2 Typical experimental decay curves of the donor in the pres-

ence (DA) and absence (DO) of an acceptor in apoAK [no ligand ¼ open

conformation] (A) and in holoAK [saturating concentration of Ap5A ¼
closed conformation] (B), measured at 25�C in 50 mM Tris buffer

pH 7.8. Each pair of decay curves was fit in a joint analysis to a distance

distribution model. (Insets) Autocorrelation of the residuals from each

model fit.
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substrate is bound (closed conformation, Fig. 2 B) than
when substrate is absent (open conformation, Fig. 2 A),
due to more efficient energy transfer associated with a
shorter donor-acceptor distance. Joint analysis of the decay
curves of the donor-acceptor (DA) mutant, AK(203W,
142Cca) and the donor-only (DO) mutant, AK(203W,
142IAA) using the skewed Gaussian distance distribution
model (38) yielded results shown in Fig. 3. In this figure
are plotted the distributions of the distance between residues
142 and 203 in double-labeled apoAK (open conformation),
FIGURE 3 Distribution of donor-acceptor distances obtained by global

modeling of fluorescence decay curves. The interprobe distance distribution

in AK(142W, 203Cca) in the absence of TMAO at room temperature was

determined under saturating concentrations of the inhibitor Ap5A and

ATP as well as in the ligand free, apoAK. The shift of distribution toward

smaller distances accompanying ligand binding, reflecting domain closure,

and partial overlap of the distributions is shown.
and AK saturated with ATP and bis(adenosine)-5-penta-
phosphate (Ap5A) (closed conformations). In apoAK, the
mean of the distance distribution was 31.7 5 1 Ǻ and its
full width at half-maximum (FWHM) was 11.5 5 2 Ǻ.
The width of the distance distributions is a measure of the
conformational variability of the AK molecule with respect
to the interdomain distance.

Both ATP and the two-substrate mimicking inhibitor,
Ap5A, induce a tighter closure of the gap between the
domains. The domain closure involves a reduction of the
mean interprobe distance from 31.7 5 1 Ǻ to 24.8 5 1 Ǻ.
A significant overlap of the interdomain distance distribu-
tions of the AK molecule in the ligand free state (apoAK)
and when saturated with high affinity inhibitor Ap5A
(holoAK) (black and the gray-broken traces in Fig. 3) was
observed. It is interesting to note that even under saturation
of the enzyme molecules with the high affinity inhibitor, we
did not find a significantly narrower distance distribution
between the labeled sites. The observed FWHM is signifi-
cantly larger than can be accounted for by the uncertainty
in the position and orientation of the two probes. That means
that the ensemble of the bound AK molecules maintains
a degree of conformational variability. Using the present
trFRET method, we did not detect nanosecond-domain
closure motions in either the apo- or the holoAK ensembles.

The analysis of the decay curves obtained for the pair of
mutants (DO and DA) under subsaturation concentrations of
either ATP or Ap5A yielded distributions with intermediate
(between apo and holoAK) mean distance and increased
FWHM. That is a strong indication for the coexistence of
the two ensembles, the apo- and the holoAK. The width
of both the holo and apoAK was smaller than the width
found for the partially saturating ATP concentrations and
hence it was reasonable to assume that under those condi-
tions two subpopulations coexist. Therefore, we reanalyzed
the titration experiments by the global analysis approach
using a model of two subpopulations of the distributions
of the distance between the probes.

In this mode of analysis, the parameters of the distance
distributions of the two subpopulations were globally bound
(using the values obtained in the absence of TMAO with and
without saturating concentrations, 20 mM, of ATP) and
fixed for all experiments done under the series of TMAO
and ATP concentrations. The parameter determining the
populations’ ratio was left free. The gradual transition
between the open and closed ensembles during titration
with ATP is shown in Fig. 4. The fraction of closed confor-
mations exhibits a dependence upon the concentration of
ATP resembling a simple binding isotherm, as will be
discussed subsequently. In this analysis, the uncertainty in
the values of the population ratio parameter depends on
the uncertainty in the parameters of the distance distribu-
tions of the two subpopulations and in the global analysis
described above. This uncertainty, which was evaluated by
the procedure of rigorous analysis, was 5% or less.
Biophysical Journal 100(12) 2991–2999



FIGURE 4 Distributions of donor-acceptor distance between residues

142 and 203 in AK in the presence of increasing concentrations of ATP.

Analysis based on a two-subpopulation model is consistent with the hypoth-

esis that in the absence of TMAO, ATP binding is both sufficient and neces-

sary for domain closure.
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Modulation of the conformational equilibrium
by the crowding effect

We next turned to determination of the effect of high
concentrations of TMAO on the ratio of the two populations
representing the ensembles of the closed and the open
conformers. The prediction based on a preliminary hard-
sphere excluded-volume model was that only a small effect
could be expected in the absence of ATP, and this prediction
was subsequently verified (see below). However, in the pres-
ence of a subsaturating concentration of ATP (0.1 mM), the
addition of TMAO resulted in a substantial shift from open
to closed conformations (Fig. 5).
FIGURE 5 Distributions of donor-acceptor distance between residues

142 and 203 in AK in the presence of a fixed low concentration of ATP

(0.1 mM) and varying TMAO concentrations. The population of closed

conformations is seen to increase substantially with increasing TMAO

concentration.
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Therefore, a series of experiments was conducted in which
the ratio of the two subpopulations of conformers of AK was
determined as a function of the concentrations of both ATP
(0–18 mM) and TMAO (0–4 M). The results of these exper-
iments are summarized in Fig. 6 A, where the symbols indi-
cate the fraction of states with closed LID-CORE cleft in
the presence of various combinations of the concentrations
of ligand L (ATP) and TMAO. Visual inspection of these
results clearly indicates that at subsaturating concentrations
of ATP, high concentrations of TMAO shift the conforma-
tional equilibrium toward closed conformations. These
results were globally analyzed in the context of the four-
conformational-state model described below.
Analysis of the conformational shift using
a four-state model

Although it is likely that AK exists in a large manifold of
conformational states, for the sake of simplicity we group
these into four conformational states that are expected to
be most abundant under specified conditions:

1. The fully open (apo) state.
2. The fully closed (holo) state.
3. A state with the LID domain closed and the AMP domain

open.
4. A state with the LID domain open and the AMP domain

closed.

These four states are indicated schematically in Fig. 7. We
assume that state 1 has the structure of the molecule with
no ligand bound, state 2 has a structure similar or identical
to the structure of AK with Ap5A bound, state 3 has a struc-
ture similar or identical to that of AK with ATP-only bound,
and state 4 has a structure similar or identical to that of AK
with AMP-only bound. It is further assumed, as suggested
by the results shown in Fig. 3, that states 2 and 3 have essen-
tially the same structure at the ATP binding site and there-
fore equal affinity for binding of ATP (here denoted by L
for ligand). State 4, which has an open LID domain, is
assumed not to bind ATP.
FIGURE 6 (A) Fraction of closed LID domain as a function of ATP and

TMAO concentrations. (Symbols) Fraction derived from analysis of exper-

imental data as described in text. (Surface) Calculated using Eqs. 4–11 with

log K0
12 ¼ �3.0, log K0

13 ¼ �2.4, log K0
14 ¼ �40, log KCL (M

�1) ¼ 5.6,

and r ¼ 3.0 Å. (B) fC (experimental) � fC (calculated) as a function of ATP

and TMAO concentrations.



FIGURE 7 Schematic diagrams and structural cartoons of the four

conformational states specified in the model described in the text. In the

schematic diagrams, L (green), C (cyan), and A (orange), respectively,

designate the LID, CORE, and AMP domains. T and M designate the

ATP and AMP binding sites created upon closure of the LID and AMP

domains, respectively. The lobes attached to the ends of the L and C

domains represent donor and acceptor fluorophores attached to residues

142 and 203, respectively, and the change in color represents the presence

of FRET upon closure of the LID domain. For the structural cartoons, the

individual domains are colored as in the diagrams. (Dashed lines) Distance

between donor and acceptor fluorophores in each structure.
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Conformational and ligand binding equilibria within this
scheme are defined as

½1� %K12 f2g%
KCLCL f2Lg; (1)

K13 KCLCL
½1� % f3g%f3Lg; (2)

K14
½1� % ½4�; (3)

where the conformational states indicated in curly brackets
are those with a closed LID domain (closed states), Kij

denotes the equilibrium constant for isomerization between
conformational states i and j, cL the molar concentration of
ligand L, and KCL the equilibrium constant for binding of
ligand L to a closed state.

According to the model specified above, the equilibrium
fraction of states with closed LID domain is given by
fC ¼ c2 þ c2L þ c3 þ c3L
c1 þ c4 þ c2 þ c2L þ c3 þ c3L

¼ Q

1þ Q
; (4)
where

Q ¼ ðK12 þ K13Þð1þ KCLcLÞ
1þ K14

:

TMAO is assumed to influence the conformational
equilibria between state 1 and the other three states (unli-
ganded and/or unliganded) by virtue of differential volume
exclusion,

K1iðT;P;wTMAOÞ ¼ K0
1iðT;PÞ

g1ðwTMAOÞ
giðwTMAOÞ; (5)

where K0
1i denotes the value of the equilibrium constant K1i

in the absence of added TMAO, and gi the TMAO-depen-
dent activity coefficient of conformational state i. According
to first-order excluded volume theory (46),

ln gi ¼ Vi;TMAOrTMAO; (6)

where Vi,TMAO denotes the volume excluded by a molecule
of conformational state i to a molecule of TMAO, and rTMAO

denotes the number density of TMAO molecules, in units of
inverse volume. It follows from Eqs. 5 and 6 that

K1iðT;P;wTMAOÞ ¼ K0
1iðT;P; 0Þ expðDV1;irTMAOÞ; (7)

where

DV1i ¼ V1;TMAO � Vi;TMAO:

The volume excluded by each conformational state to
a spherical cosolute is estimated as follows. Crystal struc-
tures of all four of the presumed conformations have been
published, but a full set of structures from the same species
is not available. For conformational states 1 and 2, crystal
structures of the E. coli AK in the open apo conformation
(Protein DataBank entry 4AKE) and with bis(adenosine)-
5-pentaphosphate bound (1AKE) were used for excluded
volume calculations. For the other two states, homology
models of the E. coli enzyme were built using structures
of enzymes from other species. Protein Data Bank (PDB)
entry 1DVR (a crystal structure of yeast AK with an ATP
analog bound) was used as the template for the model of
conformational state 3, and 2AK3 (bovine mitochondrial
AK with AMP bound) was used as the template for confor-
mational state 4.

For each model, the three-dimensional structure of the
E. coli apo-enzyme (4AKE) was superimposed on the
template structure using the align function of the program
PyMOL (47), which implements a simultaneous sequence
alignment and structural superposition. The resulting
sequence alignments were then used in building homology
models, which included the nucleotides bound to the
template structures, with the program MODELER (48)
using the standard parameter and topology files.
Biophysical Journal 100(12) 2991–2999
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The volume excluded to a spherical molecule by a protein
structure, the covolume, was calculated using a grid search
algorithm. An evenly-spaced cubic grid was first con-
structed around the protein atomic coordinates. A probe
sphere with radius rp was placed at each grid position, and
the atomic coordinates were searched to identify any atoms
lying within distance rp � ratom, where ratom is the atomic
radius. The volume occupied by protein hydrogen atoms
was accounted for implicitly by using the group atomic radii
of Chothia (49).

Grid points for which any atom lay within this distance
from the probe were counted as occupied, and the total
excluded volume was calculated by multiplying the number
of occupied points by the volume of a single grid element.
Trial calculations demonstrated that the calculated volumes
were independent of the grid spacing (to <~1%), provided
that the spacing was no more than one-half of the probe
radius. Accordingly, a grid spacing of 1 Å was used for
probe radii from 2–5 Å, and the spacing was 5 Å for probe
radii from 10–50 Å. Results of this calculation are presented
in Table S1.

Values of DV12, DV13, and DV14 in units of Å
3, calculated

from values given in Table S1, are plotted in Fig. S3 as func-
tions of r % 5 Å together with the respective best-fit
quadratic fitting functions given below, assuming that DV1i

goes to zero as r goes to zero (i.e., actual volume of protein
in vacuo independent of conformational state),

DV12 ¼ 146:6r þ 232:6r2; (8)

DV13 ¼ 160:8r þ 80:2r2; (9)
DV14 ¼ 471:8r þ 13:4r2: (10)
FIGURE 8 Fractional saturation of AK with ATP calculated using

Eq. 12, plotted as a function of ATP concentration in the presence of the

following concentrations of TMAO: 0 g/L (solid curve), 100 g/L (dashed

curve), 200 g/L (dotted curve), and 300 g/L (dot-dashed curve).
Because DV1i is specified in units of Å3, it follows that
the number density of TMAO molecules (MW ¼ 75) is
given by

r
�
�A

�3
�

¼ 8:03 � 10�6wTMAO; (11)

where wTMAO denotes the w/v concentration of TMAO
in g/L.

It follows from the model specified above that fC, the
fraction of conformational states with closed LID domain,
may be calculated as a function of the molar concentration
of ATP (denoted by cL) and the w/v concentration of
TMAO (wTMAO) using Eqs. 4–11 together with specified
values of K0

12;K
0
13;K

0
14;KCL; and r. We have utilized the

method of nonlinear least-squares minimization to globally
fit this set of equations to the results of our entire collec-
tion of measurements of fC in the presence of varying
concentrations of ATP and TMAO, representing a total
of 48 independently conducted experiments. In Fig. 6 A,
the dependence of fC upon the concentrations of ATP
(L) and TMAO calculated according to Eqs. 4–11 using
Biophysical Journal 100(12) 2991–2999
the best-fit parameter values given in the figure caption
are plotted together with the combined data. The agree-
ment between data and calculated best fit may be best
observed by rotating the figure around the z axis (see
Fig. S6).

The residuals, or difference between observed and best-fit
calculated values of fC, are plotted as a function of ATP and
TMAO concentration in Fig. 6 B. It may be seen that the
four-state model described above, with a single set of
parameters, can describe the dependence of fC upon both
the ATP concentration over a range of 0–18 mM and the
TMAO concentration over a range of 0–300 g/L with an
average accuracy of or better than 53%. According to
this model, the abundance of conformational state 4, with
open LID domain and closed AMP domain, is negligible
under the conditions of the present experiments, in which
the ligand ATP binds only to a site in the closed LID
domain. The four-conformational-state model therefore
reduces to a three-conformational state model in the present
instance. However, conformation 4 would be expected to
occur in significant abundance in the presence of AMP,
Ap5A, or any other ligand that can bind to the second nucle-
otide binding site created upon closure of the AMP domain.
This prediction may be tested directly using appropriately
labeled mutants.

Given the best-fit parameters of the model, the fractional
saturation of the enzyme with ATP may be calculated as
a function of the concentrations of ATP and TMAO accord-
ing to

fsat ¼ c2L þ c3L
c1 þ c4 þ c2 þ c2L þ c3 þ c3L

: (12)

In Fig. 8, fsat is plotted as a function of log [ATP] for four
concentrations of TMAO. The affinity of AK for ATP is
observed to increase by a factor of ~4 upon addition of
each increment of 100 g/LTMAO, amounting to an ~60-fold
increase in affinity at the highest concentrations of TMAO
utilized in this study.



FIGURE 9 Fractional abundance of conformational states 2 and 3 as

functions of ATP and TMAO concentration.
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DISCUSSION

AK was chosen as the model system for this study for two
main reasons:

First, the known crystal structures and spectroscopic
experiments showed that significant detectable conforma-
tional changes are associated with the ligand binding
reaction.

Second, the AK molecule is very stable and large enough
to be robust under chemical and genetic manipulation.
Several control experiments were performed to confirm
that the preparative and labeling procedures did not cause
significant conformational change of the molecule. The
far-ultraviolet circular-dichroism spectra, the thermal
stability, and the enzymatic activity were determined and
found to be similar to those of the wt protein.

The mean of the interprobe distance distribution in the
holoAK is separated from that of the apoAK by only 7 Ǻ.
The width of these two distributions was significantly larger
than that difference. Each set of fluorescence decay curves
of the donor in the DA mutant obtained when both the
holo- and apo-AK were present in the solution (e.g., in the
presence of 0.1 mMATP and 4M TMAO) could be modeled
both using a single-component, skewed end-to-end distance
distribution and two skewed distributions representing the
closed and the open ensembles of conformers. The differ-
ence in the quality of fit of the experimental data between
these two modes of analysis was not statistically significant.
However, the two-population model permits us to describe
the entire set of data obtained at all concentrations of ATP
and TMAO using parameters obtained from just two distri-
butions (the open and closed populations) and one addi-
tional number for each experiment (the fraction of closed
conformations).

Single-molecule-detected intramolecular FRET experi-
ments are frequently used for resolution of subpopulations
in ensembles of labeled biopolymers (50). In another
project, we are studying the dynamics of the domain closure
in AK by means of single-molecule detection of the FRET
between residues 142 and 214, in parallel with the experi-
ments described in this report. Indeed, it is possible to
show that two subpopulations can be resolved in the
distance distribution between the LID and the CORE
domains by single-molecule-detected FRET experiments.
However, the shot-noise expansion of the width of each
subpopulation makes the quantitative determination of the
subpopulations’ ratio very difficult. We therefore preferred
the use of the ensemble trFRET mode of measurements.

The sensitivity of the predicted dependence of fC upon cL
and wTMAO to changes in the values of the best-fit parameters
of our model determines the precision with which each of
these values can be determined via least-squares fitting of
the model to the data. The extent to which a parameter value
can vary without significantly degrading the quality of fit, as
judged by a Fisher F-test, was estimated via parameter scan-
ning (51), as described in Fig. S5. The data do not enable us
to determine lower limits of K0

12 and K0
13 with >50% confi-

dence. KCL is subject to an uncertainty of ~10-fold, and the
best-fit value r is relatively well defined (3 5 ~0.5 Å).

To test the assumption that TMAO may be represented by
an equivalent hard sphere, the covolumes of a molecular
model of TMAO and a selection of hard spheres of varying
size were calculated, as described in the Supporting Mate-
rial. The calculated set of covolumes was quantitatively
described by an expression for the covolume of each hard
sphere with a second hard sphere of radius 2.74 Å. The
agreement between this value and that of the spherical coso-
lute best accounting for the observed dependence of fC upon
the concentrations of ATP and TMAO (35 0.5 Å) provides
strong support for our conclusion that the interaction
between TMAO and AK is due primarily to volume exclu-
sion or steric repulsion.

Given the best-fit values of the parameters, one can calcu-
late the fractional abundance of each conformational state as
a function of the concentrations of ATP and TMAO. We
define

f2 ¼ c2 þ c2L
c1 þ c4 þ c2 þ c2L þ c3 þ c3L

(13)

and

f3 ¼ c3 þ c3L
c1 þ c4 þ c2 þ c2L þ c3 þ c3L

: (14)

The calculated fractional abundances of the two closed
states 2 and 3 are plotted in Fig. 9. This plot shows the vivid
effect of TMAO upon conformational equilibria of AK. In
the absence of TMAO, state 3—the state with LID domain
closed and AMP domain open—becomes highly populated
(up to 90% of total protein) and state 2 becomes only
modestly populated (up to ~10%) as the concentration of
ATP increases. This is a clear indication that the motions
of the LID and AMP domains relative to the core domain
are largely but not entirely independent, as suggested
Biophysical Journal 100(12) 2991–2999
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previously by Sinev et al. (32) However, in the presence of
300 g/L TMAO, state 2—the state with both domains
closed—is significantly populated (~25% of total protein)
even in the absence of ATP and increases to a maximum
of ~80% with increasing ATP. The shift in conformations
from 3 to 2 with increasing TMAO is attributed to the asso-
ciated reduction in covolume of protein and TMAO.

Many enzymes, including AK, undergo a conformational
change upon ligand binding (20,27,52). In many cases,
ligand binding is accompanied by a shift from a less
compact open to a more compact closed conformation
(53,54). Dhar et al. (16) have very recently demonstrated
by means of FRET that the average distance between two
domains of a molecule of phosphoglycerokinase connected
by a flexible linker region is substantially reduced in the
presence of high concentrations of Ficoll 70, an inert poly-
saccharide, and that the catalytic activity of the enzyme
simultaneously increases severalfold.

Accompanying atomistic simulations suggest that these
effects are caused by a reduction of steric exclusion between
the protein and polymer upon domain closure. The experi-
ments reported here indicate the presence of a qualitatively
similar phenomenon occurring in the presence of high
concentrations of an inert small molecule. The major differ-
ence between the two studies, besides the different proteins
and crowders studied, is that we have been able to quantify
structural changes taking place in the presence of ligand as
well as crowder, and derive a relatively simple quantitative
model that accounts globally for the dependence of struc-
tural change on both ligand and crowder concentrations.

According to our model, volume exclusion arising from
addition of a significant volume fraction of the inert cosolute
TMAO shifts conformational equilibria toward more
compact closed or partially closed states, thus substantially
enhancing the affinity of the AK molecule for binding the
ligand ATP, even though the difference between the covo-
lumes of apo-AK and holo-AK with TMAO is small
(~5%). The experiments reported here further demonstrate
that it may be qualitatively incorrect to estimate the ligand
binding affinities of enzymes or other proteins in the
crowded intracellular environment based on measurements
made in the absence of substantial concentrations of
volume-occupying cosolutes.
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tion. J. Mol. Biol. 146:561–587.

23. Schulz, G. E., E. Schiltz,., R. H. Schirmer. 1986. Structural relation-
ships in the adenylate kinase family. Eur. J. Biochem. 161:127–132.

24. Harlos, K., M. Vas, and C. F. Blake. 1992. Crystal structure of the
binary complex of pig muscle phosphoglycerate kinase and its
substrate 3-phospho-D-glycerate. Proteins. 12:133–144.

25. Remington, S., G. Wiegand, and R. Huber. 1982. Crystallographic
refinement and atomic models of two different forms of citrate synthase
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