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ABSTRACT: Allosteric activators are generally believed to
shift the equilibrium distribution of enzyme conformations to
favor a catalytically productive structure; the kinetics of
conformational exchange is seldom addressed. Several
observations suggested that the usual allosteric mechanism
might not apply to the activation of IMP dehydrogenase
(IMPDH) by monovalent cations. Therefore, we investigated
the mechanism of K* activation in IMPDH by delineating the
kinetic mechanism in the absence of monovalent cations.
Surprisingly, the K" dependence of k., derives from the rate of

cat

flap closure, which increases by >65-fold in the presence of K'.

AG

We performed both alchemical free energy simulations and potential of mean force calculations using the orthogonal space
random walk strategy to computationally analyze how K" accelerates this conformational change. The simulations recapitulate the
preference of IMPDH for K*, validating the computational models. When K* is replaced with a dummy ion, the residues of the
K’ binding site relax into ordered secondary structure, creating a barrier to conformational exchange. K* mobilizes these residues
by providing alternate interactions for the main chain carbonyls. Potential of mean force calculations indicate that K* changes the
shape of the energy well, shrinking the reaction coordinate by shifting the closed conformation toward the open state. This work
suggests that allosteric regulation can be under kinetic as well as thermodynamic control.

Virtually every cellular process is regulated by the allosteric
control of protein function, in which the binding of an
effector ligand modulates the function of a second site. How
effector binding changes the properties of a distal binding site is
a long-standing problem in biochemistry.' > Textbook models
explain allostery in terms of shifting the equilibrium between
active and inactive protein conformations. For example, many
enzymes are activated by monovalent cations such as K'; cation
binding is believed to stabilize a conformation that has a higher
affinity for substrates or is more proficient in catalyzing the
chemical transformation® (Figure 1A). Recent treatments of
allostery emphasize that proteins exist in conformational
ensembles, but the underlying effector-induced shift in the
distribution of conformations still applies.”™® An alternative
model, termed dynamic allostery, posits that an effector
changes the distribution of substates within a single
conformation, and an example of this phenomenon is also
known (Figure 1B).>™"" These models presume that the
conformational ensemble is at equilibrium; recast in the
language of a chemical reaction coordinate, these models
invoke changes in ground state conformations and are therefore
examples of thermodynamic control. The interconversion of
conformations is generally assumed to be rapid and
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Figure 1. Allosteric mechanisms. While it is recognized that proteins
exist as conformational ensembles, only two states are depicted to
emphasize the differences in the panels. (A) The activator stabilizes
the active conformation. (B) The activator changes the fluctuations
within a single conformation. In this example, activation involves
increasing conformational fluctuations, as has been observed in
catabolite activator protein.lo In principle, activation could also
occur by decreasing conformational fluctuations.
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Figure 2. IMPDH mechanism and structure. (A) Mechanism of the IMPDH reaction. RSP, ribose-S-monophospate. (B) The conserved K" site in
the E-MZP complex of TAMPDH (PDB accession number 1PVN'®). The Cys loop is shown in magenta, and the C-terminal helix from the adjacent
subunit is shown in green. The K* binding site is formed by the main chain carbonyl oxygens of Gly314, Gly316, the catalytic Cys319, Glu485,
Gly486, and Gly487. This panel was produced with UCSF Chimera.>* (C) Structures of compounds. MZP, mizoribine monophosphate; APAD,

acetylpyridine adenine dinucleotide; R, ribose; R", ADP-ribosyl.

inconsequential. Therefore, the impact of allosteric effectors on
the rates of conformational changes has usually been ignored.

At first glance, the activation of IMP dehydrogenase
(IMPDH) by K" appears to be a textbook example of allosteric
activation.” This enzyme catalyzes the conversion of IMP to
XMP with the concomitant reduction of NADH (Figure 2A)."
K increases IMPDH activity by ~100-fold."* Several X-ray
crystal structures of IMPDH identified a conserved K* binding
site formed by six main chain carbonyls: three from the loop
that contains the catalytic Cys319 and three from an « helix in
the C-terminal segment of the adjacent subunit (Gly314,
Gly316, the catalytic Cys319, Glu48S', Gly486', and Gly487,
where the prime denotes residue from the neighboring subunit,
Figure 2B; Tritrichomonas foetus IMPDH (TfIMPDH)
numbering will be used throughout13_15). Thus, K* seems
ideally positioned to promote substrate binding and/or the rate
of the chemical transformations.

Several observations suggest that K* does not simply stabilize
an active enzyme conformation. First, K* does not increase the
affinity of substrates.'®'” Second, K* does not accelerate the
IMPDH-catalyzed hydrolysis of 2-CI-IMP to XMP'®'’
(substrate/inhibitor structures are shown in Figure 2C).
Third, 6-Cl-purine ribotide (6-CI-PRT) inactivates IMPDH
by forming a covalent adduct with Cys319 at the 6-position of
the purine ring. Adduct formation requires distortion of the
Cys319 loop, which disrupts the K* site,"® yet K* does not
protect against inactivation.'®"? Lastly, the K* site is disrupted
in many structures of IMPDH complexes.'®**"** If these
structures reflect intermediates of the catalytic cycle as is

believed, then K* must have a transient association with the
enzyme. 141423

IMPDH has a complicated catalytic cycle that involves two
different chemical transformations and several conformational
changes (Figure 2A).'** Ten X-ray crystal structures of
TfIMPDH have been solved in complex with various substrates
and inhibitors."*'>*°~** These structures suggest the following
reaction sequence, which is generally corroborated by
structures of IMPDHs from other sources and additional
biochemical experiments: In the absence of substrates, the
Cys319 loop (residues 313—328), the flap (residues 412—431),
and the C-terminal segment (residues 481—503) are
disordered. The binding of IMP and NAD" orders these
regions, although part of the flap and C-terminal segment
remain disordered."****> The structures suggest that K* is not
bound in the E-IMP-NAD"* complex. The reaction proceeds
with the attack of Cys319 on the C2 position of IMP. Hydride
is transferred to NAD", producing NADH and the covalent
intermediate E-XMP*. Monovalent cations are observed in the
structures of E-XMP* and IMP analogues MZP and RVP.'>"
These two inhibitors lack the six-membered ring of purine
bases, which permits the Cys319 loop to assume the same
conformation as in E-XMP*. These observations suggest that
K" binds after E-XMP* forms.

A conformational change is required for the hydrolysis of E-
XMP*. NADH departs, allowing the flap to fold into the vacant
dinucleotide site. This conformational change brings the
catalytic base Arg418 into the active site, causing the hydrolysis
of E-XMP* to yield XMP. Alternatively, NAD" can bind in the
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vacant dinucleotide site, forming a dead end complex. Recent
work suggests that the Cys319 loop has different conformations
in E-XMP*,.., and E—XMP*dosed.26 Therefore, the conforma-
tion of the Cys319 loop gates flap closure.

While the X-ray crystal structures suggest that K™ only binds
to E-XMP* complexes, steady-state kinetic experiments
indicate that K" is required for NAD* binding in Aerobacter
aerogenes and Escherichia coli IMPDHs'”*’ and must occur
before either substrate binds in human IMPDH type 2."” These
observations cast doubt on the catalytic relevance of many
IMPDH crystal structures. Therefore, we decided to examine
the effect of K" on individual steps in the IMPDH reaction.
Although TfIMPDH is the best characterized IMPDH, this
enzyme is a poor system to investigate the mechanism of K*
activation because it contains a second monovalent cation
binding site not found in other IMPDHs.'**° Fortunately,
Cryptosporidium parvum IMPDH (CpIMPDH) contains only
the conserved monovalent cation binding site.”® The kinetic
mechanism of CpIMPDH has been characterized in detail in
the presence of K* and is typical of IMPDHs:*’ substrates add
randomly and hydride transfer is fast. High concentrations of
NAD" inhibit the reaction by trapping E-XMP* (Figure 2A). A
solvent isotope effect is observed on k., (SIE = 2.6), which
indicates that the conformational change is fast and the attack
of water is rate-limiting.

Our experiments show that K" is present throughout the
catalytic cycle but has the biggest effect on the rate of flap
closure. Simulations reveal that K* mobilizes residues on the
Cys319 loop by providing alternative interactions for the main
chain carbonyl oxygens. Thus, K" effectively acts as the ball-
and-socket joint that facilitates the conformational changes
required for completion of the catalytic cycle.

B MATERIALS AND METHODS

General. The sodium salts of XMP, NADH, and ADP were
converted into TrisH' salts by cation exchange using Dowex
S0Wx4 resin. All other substrates, products, and ligands were
used in their free acid forms. [8-'*C]-IMP (Moravek
Biochemicals, Inc.) was used as the ditriethylammonium salt.
Tiazofurin was obtained from the Open Chemical Repository at
the NCI Developmental Therapeutics Program. Low-con-
ductivity D,0 and DCl were purchased from Cambridge
Isotope Laboratories, Inc. CpIMPDH was expressed and
purified as previously described.*

Steady-State Kinetics. Assays in the absence of mono-
valent cation used tetramethylammonium chloride or Tris-Cl to
maintain ionic strength. Standard IMPDH assays were
performed at 25 °C in assay buffer (280 mM Tris-Cl, pH
8.0, and 1 mM DTT) with 100—200 nM enzyme. NADH or
APADH production was monitored spectrophotometrically at
340 nm (NADH, € = 6.22 mM™ ecm™) or 363 nm (APADH, ¢
= 9.1 mM ' cm™"). Initial velocities were fit by SigmaPlot
(Systat Software Inc.) using either the Michaelis—Menten
equation (eq 1) or an equation for uncompetitive substrate
inhibition (eq 2)

v = V,[S]/(Ky + [S]) (1)
v="V,/(1+ (Ky/[S]) + ([S]/K})) ()

where v is the initial velocity, V,, is the maximal velocity, Ky is
the Michaelis constant for substrate (S), and K; is the inhibition
constant for S.
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Cation Activation of CpIMPDH. Cation activation of
IMPDH activity was measured in 50 mM Tris-Cl, pH 8.0, 1
mM DTT, 500 yuM IMP, and 500 yM NAD" at 25 °C. Final
enzyme concentrations of 40—100 nM were used. The chloride
salt of each cation was used. Ionic strength (and CI~
concentration) was maintained with tetramethylammonium
chloride (TMA-Cl), which neither activates CpIMPDH nor
inhibits K* activation (data not shown). The fits of K* and
NH," activation are by eqs 3 and 4, respectively:

v/E = {Vmax[A]/(KA + [AD} + kbasal (3)
v/E = {Via/ (1 + (Kp/[A]) + ([A]/Ky))}
+ kbasal (4)

where k., is the maximal rate, K, is the concentration of
activator (A) at '/,k,., K; is the uncompetitive inhibition
constant for activator, and ki, is the initial velocity in the
absence of cation.

Solvent Deuterium Isotope Effects. Assay buffer was
prepared in either H,O or D,0. The pH meter readings in D,0
were adjusted by adding 0.4. Initial velocities were measured for
varying dinucleotide in assay buffer with 500 M IMP at 25 °C.

Multiple Inhibitor Studies with Tiazofurin and ADP.
Initial velocities were measured in the presence of varying
tiazofurin and ADP. Assay conditions were 200 nM CpIMPDH,
500 uM IMP, 200 yuM APAD, 281 mM Tris-Cl, pH 8.0, and 1
mM DTT. The interaction constant aa was determined by
fitting the data with the multiple inhibitor equation as
previously described.*'

Trapping E-XMP*. Accumulation of the covalent E-XMP*
complex was measured from reactions with 100 yM [8-'*C]-
IMP, 2 uM CpIMPDH, and 125 mM NAD" or 2.5 mM
APAD" in assay buffer at 25 °C. Reactions were quenched with
cold trichloroacetic acid to a final concentration of 10% during
the steady state. Protein was captured on 045 mm HA
nitrocellulose filters and washed with cold 10% TCA.
Radioactivity was measured by scintillation counting. Control
reactions lacked enzyme or dinucleotide.

Molecular Dynamics Free Energy Simulations. The
CHARMM 27 parameters were utilized in this study. The
parameters of all the ions were based on the existing optimized
CHARMM force field** In each alchemical transition for
relative binding affinity calculations, the scaling parameter A was
used to switch the state from one cation to another; for
example, 4 = 0 for Na" and 4 = 1 for K'. In the calculation of
the absolute binding affinity of K, the state of 4 = 0 represents
a dummy particle that does not have any interactions with the
other atoms but is restrained to the carbonyl oxygen atom of
residue 316 with the reference distance set as 2.81 A and with
the force constant set as 100 kcal/(mol A*). In addition, an
angle restraint was employed on the dummy—carbonyl
oxygen—carbonyl carbon with the reference angle set as
132.0° and the force constant set as 10 kcal/(mol rad®); a
dihedral restraint was employed on the dummy—carbonyl
oxygen—carbonyl carbon—amide nitrogen (residue 317) angle
with the reference angle set as —110.0° and the force constant
set as 10 kcal/(mol rad?). The free energy contribution based
on this restraint setup can be analytically estimated® via the
following ansatz:
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A Grestraint( [ion] )
2170 1/2
8n°V° (KgKuKp) '~ (1 M)

=RT In
rg sin 6y (2nRT)>/?  lion]

()

where Kg, K,, and K represent the force constants of the
restraining bond, angle, and dihedral angle, respectively; ry
stands for the reference distance of the restraining bond; 6
stands for the reference value of the restraining angle; [ion]
stands for the ion concentration (molarity); V° denotes 1660
A3; and R is the ideal gas constant.

In this model, the soft-core form of the nonbonded
interaction switching was used with the shifting parameter set
as 6 A> and the particle-mesh Ewald (PME) method was
applied to take care of the long-range Coulombic interactions,
whereas the short-range interaction was switched starting at 10
A and totally off at 12 A. The temperature was set as 300 K,
which was kept constant via the Langevin thermostat.
Molecular dynamics simulations were integrated via a time-
step of 1 fs.

All the free energy simulations were performed based on the
orthogonal space random walk (OSRW) method.**** The
OSRW method is a generalized ensemble simulation technique
which requires adaptive updates of the biasing energy terms to
accelerate related molecular motions. An OSRW simulation
requires two recursion components: a recursion kernel and a
recursion slave to respectively update two biasing energy terms:
the orthogonal space biasing term and the order parameter
space biasing term. In the present implementation, the
recursion kernel, which updates the orthogonal space biasing
term, is based on the metadynamics method.®® In the
metadynamics recursion kernel, the height and width of the
Gaussian function were set as 0.01 and 4 kcal/mol, respectively;
the orthogonal space biasing potential was updated every 10
time steps, and the order parameter space biasing potential was
updated every 100 time steps. The order parameter space
biasing term, which depends on the orthogonal space biasing
term, is estimated via the thermodynamic integration based
recursion slave procedure. Free energy convergence is obtained
with the fluctuation range of the estimated free energy values
reaching about 0.1 kcal/mol in 500 ps simulations.

Potential of mean force calculations were also based on the
orthogonal space random walk method with the same general
simulation setup as described above. The average of the
distances between each C-a atom in the flap (residues 302—
320 in CpIMPDH numbering) and the center of the XMP*
base atoms is employed as the collective variable. In the
generated free energy profiles, the state with the collective
variable of 12 A was set as the reference state with the free
energy value of zero. Thereby, the free energy profiles
corresponding to the states in the presence and absence of
K" cannot be directly compared.

B RESULTS

Influence of Monovalent Cations on CplIMPDH
Activity. The activation of CpIMPDH by monovalent cations
is typical for IMPDHs. Both K* and NH," increased the activity
of CpIMPDH by 40-fold (Figure 3)."* The activation properties
of K" and NH," were nearly identical, as expected given the
similar sizes of these two cations and as observed in other
IMPDHs."” In contrast, Na* had little effect on the CpIMPDH
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Figure 3. Cation activation of the CpIMPDH reaction. K* (@), NH,"
(O), Na* (), Li* (red 1), Mg (A\), and Ca** (blue /\). The fits
of K" and NH," activation are by eq 3 and eq 4, respectively. Assays
were performed in 50 mM Tris-Cl, pH 8.0, 1 mM DTT, 500 xM IMP,
and 500 uM NAD" at 25 °C. "Not applicable. V,,, is the apparent
maximal rate, K, is the apparent affinity of the monovalent cation, and
K; is the inhibition constant as defined in eq 4. ky,g, is the rate in the
absence of monovalent cation.

reaction. Li*, Mg’*, and Ca*" inhibited K activation but did not
block the basal reaction (Figure S1).

The IMPDH Reaction in the Absence of K*. The steady-
state kinetic parameters were determined in the absence of
monovalent cations (Table 1). Ionic strength was maintained
with tetramethylammonium chloride, which neither activated
nor inhibited CpIMPDH. Strong NAD" substrate inhibition
was observed under these conditions. Therefore, we also
characterized the reaction at 1 mM K*, where NAD" inhibition
was less severe, and with acetylpyridine adenine dinucleotide
(APAD*), a NAD" analogue that did not display substrate
inhibition.

As expected, the values of k, for the reaction of both NAD*
and APAD" decreased by a factor of 10—20 in the absence of
K'. While the values of K, for IMP and APAD" did not change,
the value of K (NAD") increased and the value of K;(NAD")
decreased in the absence of K'. These opposing actions
suggested that K" increased the affinity of NAD" for E-IMP but
decreased its affinity for E-XMP*.

Substrate and Product Binding in the Absence of K*.
The affinity of substrates/products/inhibitors for CpIMPDH
was measured by monitoring changes in intrinsic protein
fluorescence. Simple hyperbolic binding curves were observed
in all cases (Table 2 and Figure S2). The values of K; were K'-
independent for IMP, XMP, GMP, NAD", and NADH. These
observations suggested that either K" did not bind to the binary
enzyme—substrate complexes or substrates bound with equal
affinity to both E and E-K'. Similar observations have been
made with IMPDHs from other sources.'®"”

Unfortunately, the K" dependence of the kinetics of IMP,
NAD", and XMP binding could not be determined because all
of the reactions were complete within the mixing time of the
stopped-flow instrument.

K" Changes the Rate-Limiting Step. We next sought to
identify the rate-limiting step in the absence of K*. Since the
values of k., were similar for the NAD* and APAD" reactions
(Table 1), neither hydride transfer nor NADH release was
likely to be rate-limiting. Consistent with this expectation, no
isotope effect was observed on k. when 2*H-IMP was the
substrate (Table 1), and a burst of NADH production was
observed in the pre-steady state (Figure 4). When the reaction
was performed with [8-'*C]-IMP and NAD', 43 + 3% of

dx.doi.org/10.1021/bi200785s | Biochemistry 2011, 50, 8508—8518
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Table 1. Steady-State and Inhibition Parameters for CpIMPDH in the Presence and Absence of K* *

no K

parameter NAD* APAD*
ke (s71) 0.27 + 0.08% 0.16 + 0.01°
Ky (M) 10 + 24 nd®
I<M dinugleotide 1400 + 500° 220 + 30°

MM
K; ginucteotide 600 + 200° na’

UM
Pheai® nd. L1+ 0.1
chat/KMg n.d. 3.8+ 02
MOk POk . 11 + 04 1.1+ 0.1
a” nd® 12 + 04

1 mM K 100 mM K*

NAD* NAD* APAD*
0.8 + 0.2° 26 + 0.1° 30 +01°
nd® 13+ 3° nd®
2400 + 800° 140 + 10" 190 + 10”
1500 + 5S00° 4900 + 500" na’
nd® nd® 0.99 + 0.05
nd® nd® 115 + 0.12
nd® 2.6 +0.1° 33 +01°
0.3 + 0.1 02 + 0.04 0.10 + 0.03

“All experiments are at equivalent ionic strength at 25 °C. No K" conditions: 280 mM Tris-Cl, pH 8.0 and 1 mM DTT; 1 mM K" conditions: 278
mM Tris-Cl, pH 8.0, 1 mM KC], and 1 mM DTT; 100 mM K" conditions: 50 mM Tris-Cl, pH 8.0, 100 mM KCl, and 1 mM DTT. bValues from ref
29. “Varying dinucleotide at 500 #M IMP. “Varying IMP at 900 M NAD". “Not determined. "Not applicable. €Isotope effect with >H-IMP in the

APAD" reaction. "Interaction constant for tiazofurin and ADP. "NAD" substrate inhibition introduces high errors into the determination of k,

/Value from ref 30.

cat®

Table 2. Affinities of Substrates, Products, and Inhibitor in
the Presence and Absence of K “

Ky (uM)
ligand no KCI 100 mM KCl
MP 4.6 + 0.3 4.7 + 04
NAD 20+ S 14+1
XMP 71+ 03 5.6 + 0.6
NADH 24 + 04 23 +02
GMP 24 + 02 4.8 + 0.6

“Determined by monitoring changes in intrinsic protein fluorescence
upon ligand binding.

0.035

0.030
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0015 1 #

0.010 1+

Time (sec)

Figure 4. Pre-steady-state reaction in the absence of K'. Progress
curves for the reaction of E-IMP with 5 mM NAD" were measured by
stopped-flow spectroscopy monitoring fluorescence at 25 °C. Final
concentrations after mixing are 0.5 uM enzyme, 500 uM IMP, 280
mM Tris-Cl, pH 8.0, and 1 mM DTT [NAD*] = 1.25, 2.5, 5.0, and 10
mM (bottom trace to top). Progress curves for the reaction monitored
by absorbance can be found in the Supporting Information. Global fits
of the fluorescence and absorbance data to the mechanism of Figure
1B are shown in red. The signal response coefficients (SRC) in the
fluorescence data were floated to account for inner filter effects at high
NAD" concentrations. In the worst case (10 mM NAD"), the fitted
SRC was 75% of the calculated SRC.

enzyme was trapped as E-XMP¥, indicating that E-XMP*
accumulated during steady state. Similarly, 53 + 2% of the
enzyme was trapped as E-XMP* in the reaction of APAD".
These observations would usually indicate that the hydrolysis of
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E-XMP* was the slow step. However, no solvent isotope effect
was observed when the reaction was performed in D,0O (Table
1). Therefore, in the absence of K*, neither hydride transfer, NADH
release, nor the hydrolysis of E-XMP* was rate-limiting.

K* Accelerates a Conformational Change. The above
experiments indicated that the rate-limiting step occurred after
NADH was released but before water attacked E-XMP*.
Therefore, closure of the flap was the slow step, i.e., kjoeq = 0.2
s, and E-XMP*,,, was the major enzyme form. The severe
NAD" substrate inhibition supported this conclusion: if more
E-XMP* .., was present, then the E-XMP*-NAD" complex
would form more readily.

Unfortunately, the value of k.4 has not been measured in
the presence of K*. However, since a solvent isotope effect is
observed in the presence of K, the value of kyo.q must be >13
s, Therefore, the presence of K increased the value of kygq.q
by at least a factor of 65.

Flap closure can be probed with a double inhibitor
experiment (explained in detail in the Supporting Informa-
tion).”*3373% In brief, tiazofurin binds in the nicotinamide half
of the dinucleotide site while ADP binds in the adenosine
subsite. These inhibitors are intrinsically independent, so if the
open conformation predominates, the interaction constant o
will be ~1.>' However, if the closed conformation predom-
inates, then tiazofurin will pull the equilibrium toward the open
conformation, facilitating the binding of ADP, and a synergistic
interaction will be observed with a@ < 1. We performed this
experiment with APAD" to avoid complications with NAD*
substrate inhibition.

In the presence of 100 mM K, the two inhibitors were
indeed strongly synergistic, with an interaction constant «
0.10 + 0.03 in the APAD" reaction. This value agreed well with
that previously determined with NAD* (@ = 0.20 + 0.04°°).
Therefore, the value of K, is 4—9 in the presence of 100 mM
K'. In contrast, the two inhibitors were independent in the
absence of K (@ = 1.2 + 0.3; Figure S3). This observation
indicated that E-XMP* ., was the predominant enzyme form,
as expected if the conformational change was slow. Overall, the
data were reasonably self-consistent: if the fraction of E-
XMP*,,., increased from 20% to 100% in the absence of K,
then the value of K; for NAD" should decrease to 300 uM, in
fair agreement with experiment (K; = 600 yM).

dx.doi.org/10.1021/bi200785s | Biochemistry 2011, 50, 8508—8518
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Figure S. Kinetic mechanism of CpIMPDH in the presence and absence of K*. The mechanism in the presence of K" is from ref 29. The kinetic and
binding parameters are shown in orange for the reaction in the presence of 100 mM K" and black for the reaction in the absence of K'. Orange stars

mark the K'-dependent steps.

Unfortunately, since flap closure was rate-limiting, the value
of K_ in the absence of K" cannot be estimated. A lower limit K_
> 0.4 can be established from the constraint that no solvent
isotope effect was observed (see Table S2). Therefore, K*
stabilized the closed conformation by no more than a factor of
20 (<£1.8 kcal/mol). A value of K. ~ 2—4 was determined at 1
mM K'. These findings suggested that K" had a larger effect on
the kinetics of the conformational change than on the
equilibrium between E-XMP* .= and E-XMP* 4.

The Kinetic Mechanism of CpIMPDH in the Absence
of K*. We derived rate constants for each step of the IMPDH
reaction in the absence of K* by globally fitting the pre-steady-
state reaction progress curves using Dynafit* and applying the
constraints from the steady-state data (Figures 4 and S; see
Supporting Information for a detailed description as well as
Figures S4 and SS and Tables S1 and S2). Surprisingly,
although the crystal structures imply that K* stabilized E-
XMP#*, neither chemical transformation was significantly K*-
dependent. In contrast, the NAD(H) binding steps displayed
strong dependence on K'. The largest effect was on the affinity
of NAD" for E-IMP, which decreased by a factor of 10* in the
absence of K*. Likewise, the rate constant for the release of
NADH was lower by a factor of ~10. These observations
indicated that K was present throughout the catalytic cycle.
Therefore, X-ray crystal structures that do not include K" are
unlikely to be catalytically relevant.

Molecular Dynamics Models. Crystal structures of E-
XMP*,.,, and E-XMP* .4 do not exist, so we performed free
energy simulations to provide insight into how K* influences
the structure of the open and closed conformations. The
alchemical free energy simulations were performed based on
the orthogonal space random walk (OSRW) strategy
implemented in a customized version of the CHARMM
program.***>* As discussed in Methods and Materials, this
technique was enabled with adaptive updates of two biasing
energy terms, one of which is the function of the generalized
force (the orthogonal space biasing term). With this specialized
biasing potential treatment, this technique allows quantitative
free energy simulations to be realized when structural changes
are strongly coupled to chemical transitions.

Since the K' site and flap are disordered in the X-ray crystal
structure of CpIMPDH, we constructed models based on X-ray
crystal structures of TfIMPDH.'>'*'S Models were con-
structed with the program Modeler*' (coordinates are available
from the authors upon request). The models included a single
monovalent cation site and the corresponding two IMPDH
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monomers. The Cys319 loop and C-terminal segment of
CpIMPDH are 60% and 22% identical to the analogous regions
of TfIMPDH, respectively (Table S4; Tf IMPDH numbering
will be used throughout for clarity). Protein atoms >3 A from
the K' site were fixed to retain the overall structural integrity
(Figure 6A). All water molecules were dynamically simulated.

A
2T S
NG T s MAA S,
196 B
3.
g 108
g 0
5202
£ -204
8 206
[T
208
-21.04 . . . y y
10 ~ 200 300 4% 500  ebo
Simulation Time (ps)

Figure 6. Computational models of CpIMPDH. (A) Two monomers
and the associated K* (red ball) were modeled based on TAMPDH
(1PVN) with a truncated octahedral water box. All water molecules are
dynamic (red dots), but residues >35 A from the K site were fixed
(colored gray); yellow, f-sheet; magenta, a-helix; blue, loop. (B) Free
energy convergence as illustrated in the change of Na® into K'. The
temperature was set as 300 K, which was kept constant via the
Langevin thermostat. Molecular dynamics simulations were integrated
via a time-step of 1 fs.

The E-XMP* .4 conformation of CpIMPDH was modeled
based on the structure of the E-MZP-K" complex of TfIMPDH,
where the flap occupies the dinucleotide site and is completely
ordered (IPVN). The MZP ligand was replaced with the
XMP#* intermediate. The flap of CpIMPDH contains four more
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residues than TfIMPDH; this segment was built by fixing the
backbone positions of the aligned residues, and an OSRW-
based accelerated MD simulation, which focussed on the
sampling of the flap region was performed to relax the new
residues.’

The Simulations Recapitulate Cation Selectivity. The
binding of CpIMPDH to various monovalent cations was
simulated in order to validate the model. As described eatlier, in
each of binding simulations, a scaling parameter 1 was used to
switch the state from one ion to another; e.g.,, when 4 = 0, the
state is Na', and when 4 = 1, the state is K". Figure 6B shows
the example of the transition between K" and Na' in the E-
XMP* y,.q model; convergence is obtained with a fluctuation
range of about 0.1 kcal/mol in 500 ps simulations. It would be
impossible to realize such fast convergence in a system of this
size with typical computational resources without the OSRW
technique.

K" interacted with the same six carbonyl oxygens in the
Cys319 loop and C-terminal segment as observed in
TfIMPDH (Table 3 and Figure 7A). Similar affinity and

Table 3. Relative Free Energies of Monovalent Cation
Binding to the E-XMP* .4 Estimated from Alchemical Free
Energy Calculations”

cation AAG (kcal/mol) cation AAG (kcal/mol)
K* 0 Na* 1.6
dummy ion 1.s? Ca** 7.2
NH,* —0.9 Mg 8.8

“The relative free energies of monovalent cation binding are calculated
with the K" binding state as the reference in the corresponding
alchemical free energy calculations. YAAG is the absolute energy of
the no-ion state to the K* binding state in 100 mM solution; i.., the
absolute binding affinity of K* is estimated based on eq S with [ion] =
100 mM.

virtually identical interactions were observed with NH,, as
expected given the similar sizes of these two cations (Figure
7B). Thus, the simulations accounted for the ability of K* and
NH," to activate CpIMPDH. A very different situation was
revealed when we interrogated the binding of other cations to
CpIMPDH, in keeping with the experimental observations
described above. Na', Mg**, and Ca*" had lower affinity for E-
XMP* 4.4 than K* (Table 3; note that the relative binding
affinity between K" and another ion was calculated based on
AG(ion—»l(/closec]) - AG(ion—»K/bulk water)? where AG(ic)n—»](/closed) and
AG(ion—k /bulk water) Were directly calculated by two correspond-
ing alchemical free energy simulations respectively in the
protein environment and the aqueous solution). Moreover,
these ions made very different interactions with the protein. In
the simulations of Na* binding, only four carbonyls interacted
with the smaller Na* jon (Figure 7C). Importantly, the
interaction with Cys319 was lost. Similar results were observed
with Mg** and Ca®* (Figure 7D and Figure S6); the even
smaller Mg** ion also interacted with only four carbonyls while
a much looser binding site formed to accommodate Ca®'.
Though the coordination structures resulting from the
treatment of divalent cations with nonpolarizable force fields
can be uncertain,* nonetheless these simulations provided
further validation for the homology model.

K* Mobilizes Residues 318—320 To Facilitate Flap
Closure. The absence of K' was simulated with a dummy
particle that did not interact with the other atoms but was
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Figure 7. Models of ion binding in CpIMPDH resulting from the
corresponding OSRW MD simulations. (A) K' interacts with six
carbonyl oxygens from residues 314, 316, 319 (the catalytic Cys), 485,
486, and 487 as observed in TAAIMPDH. (B) NH," makes the same
interactions as K', accounting for its similar ability to activate
CpIMPDH. (C) The smaller Na* ion interacts with only four carbonyl
oxygens, 314, 316, 485, and 487, thus accounting for its inability to
activate CpIMPDH. (D) Mg?* also interacts with only four carbonyls.

restrained to interact with the carbonyl oxygen of residue 314.
The binding affinity of K" was calculated based on

AG(clummy—>K/closed) - AG(dumn‘Ay—>K/bulk water) + AGlres'craint) where
G(dummyéK/closed) and AG(dumrny—»K/bulk water) WeEre dlrECtly
calculated by two alchemical free energy simulations

respectively in the protein environment and the aqueous
solution and AG, g, Was estimated based on eq S. The result
indicated that K" stabilizes E-XMP* .4 by 1.5 kcal/mol in the
presence of 100 mM K' (Table 3).

These simulations also revealed changes in the interactions
between the Cys319 loop and flap that could explain how K*
controlled flap closure. In the absence of K', the backbone
carbonyl of Cys319 rotated away from the ion binding site and
the local secondary structure relaxed (Figure 9A). Residues
318-320 became more linear, and the adjacent helix became
more ordered. The carbonyl of residue 320 formed a hydrogen
bond to the NH of residue 324, which created one turn of a-
helix. This finding was corroborated by the X-ray crystal
structure of IMPDH from Borrelia burgdorferi (BbIMPDH;
1EEP), which has the identical Cys319 loop sequence as
CpIMPDH; this complex does not contain K, and residues
319325 form two turns of an a-helix (Figure S7A).* We
propose that this more ordered structure hinders flap motion.
K'-binding mobilizes residues 318—320, which permits the
formation of hydrogen bonds between the Cys319 loop and the
hinge region of the flap (Figure 8A). We further propose that
these interactions play a critical role in facilitating the flap
closure.

The Association of K* with the Open Conformation.
To probe the binding of K* to E-XMP* ., we also constructed
a model of CpIMPDH based on structure 1IME7, where Na*
occupies the conserved monovalent cation site, ribavirin
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Figure 8. Structural changes associated with K" binding in CpIMPDH.
Models were constructed based on structures of TAAIMPDH, 1PVN
(E-MZP-K* complex, a model for E-XMP*,,.4), and 1ME7
(E-RVP-MPA-Na' complex, leading to E-XMP*,,,, model). TAMPDH
numbering is used to enable ready comparison with Figure 2. The
corresponding residues are Ile218, Cys219, Thr220, Ile323, Val324,
Arg31S, Glu329, Ile331, Glu383, Ser384, His385, and Asp386 in
CpIMPDH. (A) Models of K* binding site and the flap hinge region of
E-XMP* g with K* (green) and with the dummy ion (cyan). (B)
The different conformations of the flap in the E-XMP* .4 model
(blue) and the E-XMP* ., model (green). XMP* (sticks), K (gold
sphere), and the catalytic Arg (sticks) are shown. (C) The structures
of the K*-bound form of E-XMP* .4 (green) and E-XMP*,,,, model
(orange).

monophosphate binds in the IMP site, and mycophenolic acid
binds in the NAD site of TfIMPDH. This structure has several
significant differences relative to 1PVN: (1) the C-terminal
segment forms a loose helix where the residues are too far apart
to form the canonical n/n + 4 hydrogen bonds (Figure S7B);
(2) the Cys319 loop has shifted and the helical segment is
looser than in 1PVN; and (3) flap residues 417—430 are
disordered. As above, the ligands were replaced with the XMP*
intermediate, and the missing segment was built based on the
structural superimposition and OSRW accelerated simulation
refinement. The enzyme assumed a conformation that has not
been observed in a crystal structure, wherein the flap interacts
with the barrel domain but Arg419 remains outside the active
site (Figure 8B). Therefore, this conformation is not competent
to perform the hydrolysis reaction. The Cys319 loop also
assumed a novel conformation that is intermediate between the
conformations observed in the E-XMP*_ .4 and E-XMP*,

«a'K', where the backbone carbonyl of Cys319 interacted with
K" and a hydrogen bond formed between residues 318 and
433" In addition, the carbonyl of residue 320 formed a
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hydrogen bond with residue 324 as in E-XMP*

was distorted in E-XMP* ;K" (Figure 8C).
As above, we used the OSRW method to interrogate the
affinity and specificity of monovalent cation binding to E-
XMP* ... The simulations indicated that E-XMP*_,., had a
(Table 3). This higher

this helix

closed)

higher affinity for K" than E-XMP* .4
affinity might be explained by the more stable secondary
structure of the Cys319 loop. E-XMP* . also had a stronger
preference for K over Na* (AAG = —2.8 kcal/mol). Thus,
these simulations suggested that K stabilized an enzyme
conformation that was not competent to perform the hydrolysis
reaction.

K* Loosens the Closed Conformation of the Flap.
Potential of mean force calculations were performed to
understand how K" influences the E-XMP* 4. The average
of the distances between each C-a atom in the flap and the
center of the purine base in E-XMP* was employed as the
collective variable; the smaller this collective variable, the more
closed the flap is. For comparison, the collective variable for the
closed conformation found in 1PVN is 13 A. Each of the free
energy potentials was obtained with the collective variable
reaching a round-trip random walk in the range 12—17 A
(Figure 9); note that the state with the collective variable value
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Figure 9. Potential of mean force experiments. (A) Calculation for the
closed conformation in the absence of K*. (B) Calculation for the
closed conformation in the presence of K'.

of 12.0 A was used as the reference point, so the absolute

energy values of panels A and B are not directly comparable).
A narrow energy well was observed in the absence of K', with

a free energy minimum at ~14 A (Figure 9A). This calculation
suggested that a significant barrier existed between the open
and closed conformations. In contrast, when K" was present, a
broad energy well was observed with a minimum at ~15 A
(Figure 9B). Thus, the presence of K* moved the position of
the closed conformation toward the open state, making

conformational exchange more facile.
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B DISCUSSION

Impact of K* on the CpIMPDH Reaction. One clear
conclusion of these experiments is that monovalent cations
must bind concomitantly with NAD" and be present during the
remainder of the catalytic cycle. Similar kinetic mechanisms
have been proposed for IMPDHs from Aerobacter aerogenes,
Escherichia coli, and humans based on steady-state kinetic
experiments.'”'”*” Unfortunately, none of the IMPDH
structures containing NAD" or its analogue TAD also contain
monovalent cations, so these structures are unreliable mimics of
catalytically competent complexes.

Although the value of k, is K'-dependent, K" does not
accelerate either chemical transformation. Instead, K* accel-
erates the formation of E-XMP*,..4 in effect activating
CpIMPDH by catalyzing protein motion. Intriguingly, it is
possible that the K" dependence of the dinucleotide binding
steps also derives from the acceleration of protein conforma-
tional changes. The Callender laboratory has shown that the
association of NADH to lactate dehydrogenase involves at least
three conformational rearrangements after formation of the
initial encounter complex, and subseguent binding of lactate
requires two conformational changes.**** Analogous conforma-
tional changes are surely required for the association/
dissociation of substrates to IMPDH.

How Does K" Promote Protein Motion? K interacts
with main chain carbonyls of the Cys319 loop and the C-
terminal segment in IMPDH. The simulations suggest that the
structure of the Cys319 loop relaxes back into a more stable
secondary structure in the absence of K'. The binding of K"
provides alternative interactions for the carbonyl groups. This
structural mobilization permits interactions between the
Cys319 loop and the flap, which in turn facilitate closure. We
have recently demonstrated that mutations in loop residues
322-324 perturb ﬂap closure in TfIMPDH, further validating
this mechanism.”® Intriguingly, the carboxamide oxygens of
NAD" and TAD interact with the amide nitrogen of residue
314 in several crystal structures. In these conformations of the
Cys319 loop, the carbonyl of residue 314 is displaced ~3 A
from its position in the K" binding site of E-XMP*. Perhaps the
K" dependence of dinucleotide binding involves an analogous
mobilization of residue 314 via competing interactions.

Kinetic versus Thermodynamic Control. Figure 10
summarizes the effects of K* on the equilibrium between E-

E-XMP* E-XMP*

open closed

< 0.5 kcal/mol

-2.1 kcal/mol
Cay =
-2.6 kcallmol” Tl-1.5 kcal/mol
i -1 kcallmol

E-XMP* E-XMP* cIosed'K

open’K
Figure 10. Interaction of K* with open and closed conformations of E-
XMP*. Energy values are calculated for a standard state of 0.1 M K* as
was used in the experiments. Values derived from experiments are
shown in black numbers. Values derived from simulations are shown in
red. Values in parentheses are calculated from the combination of
experimental and computational values.
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XMP*

open and E-XMP* .4 derived from both the kinetics and
computational experiments. Our best estimate for the value of
AAG o(£K") was 1.1-1.5 kecal/mol. In contrast, the effect of
* on the barrier to flap closure, AAG'(+K"), was >2.4 keal/
mol. Thus, the effect of K* on the kinetics of the
conformational change exceeded the effect on the conforma-
tional equilibrium.

Flap closure is in essence a protein folding event, and the
ratio of AAG+(iI(+)/AAGeq(iI(+) is analogous to a ¢ value,
which is widely used to analyze the structure of transition states
during protein folding,**~** Canonical ¢ values range between
0 and 1, but in our case, AAGT(iK")/AAGeq(iK*) is >1.6.

Dill has suggested that such noncanonical values can result
from multiple pathway folding landscapes, where the mutation
blocks the fast pathway, forcing folding to proceed via a slow
pathway.*” Our simulations suggested that a similar mechanism
is at play here. In the absence of K', the closed conformation
was in a steep energy minimum. In contrast, the closed
conformation was looser in the presence of K', with an energy
minimum that is closer to the open state. Such compression of
the reaction coordinate reduces reorganization energy A and
will therefore accelerate the reaction even if the conformational
equilibrium is unchanged (Figure 11).

OPEN — CLOSED

Figure 11. Allosteric activation of IMPDH by monovalent cations. K*
preorganizes protein so that fewer structural changes are required to
change from the open to closed conformation. This reaction
coordinate shift has a relatively small effect on the equilibrium
between open and closed conformations, but a large effect on the
activation energy AG* = (AG + 1)?/44 (here, the symbol A stands for
the reorganization energy rather than the scaling parameter as used in
the earlier alchemical free energy calculations).

K" Acts as a Ball and Socket Joint. Our results suggest
the following model for K* activation of IMPDH. The C-
terminal helix is disordered in the absence of K*, which allows
the Cys319 loop to assume a conformation that is not
compatible with conformational exchange. The presence of K*
preorganizes these regions, shrinking the reaction coordinate,
thereby decreasing the activation barrier for flap closure. In
effect, K" serves as a ball and socket joint, organizing the
Cys319 loop and the C-terminal segment and accelerating the
enslaved conformational transitions. Interestingly, a similar
mechanism has been proposed to explain why water and salt
increase enzyme activity in organic solvents.*® Likewise,
specifically bound water molecules are believed to mediate
structural transitions in ribozyme catalysis.”' The perplexing
activation of P450cam by K" may also be an example of this
phenomenon: K' increases the association of P450cam with
putiredoxin, yet putiredoxin displaces K*.>* Monovalent cation
activation is a widespread phenomenon,” so it seems likely that
similar kinetic regulation of allosteric activation will be observed
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in other enzymes and perhaps even with other allosteric
effectors.

Summary. IMPDH suggests a new paradigm of allosteric
regulation via the kinetic control of protein conformation. K*
appears to act as a ball and socket joint, both organizing and
mobilizing structure to facilitate conformational changes. Given
the prevalence of monovalent cation activation, this phenom-
enon may be widespread. Importantly, similar kinetically
controlled allosteric mechanisms could apply to other effectors.
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A description of ligand binding assays, the determination of K,
figures showing the global fits, alignments of the Cys319 loop
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