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reaction, V, as a function of substrate concentration is scaled with the total enzyme concentration
([Eo]). Catalysis follows the Michaelis-Menten kinetics and the best-fitted curves (equation 1) are
shown as solid lines, which asymptotically converge towards kcat=Vmax/[Eo]. The errors are estimated
as the standard deviations from three technical repliCates.......oivi i 10

Figure 3. Structural basis for GTP recognition by AK3. (A) 1.75 A crystallographic structure of closed AK3 in
complex with the inhibitor Gp5A. The GTP and AMP binding domains are colored red and blue,
respectively, and the selectivity motif that specifically recognizes the Os atom of guanosine is colored
in gold. Phe140 and Arg124 that stack to the guanosine base are indicated. (B). Chemical structure of
the inhibitor Gp5A. (C) Comparison of the GTP specific selectivity loop in AK3 with the corresponding
ATP specific selectivity loop in AKeco (PDB ID: 1AKE). In AK3 the Og atom of GTP is recognized by
donation of a hydrogen bond from the backbone amide proton of Thr201. Furthermore, N7 is
hydrogen bonded by the sidechain of Thr201. In AKeco the Ne atom of ATP is recognized by a hydrogen
bond formed with the backbone carbonyl oxygen of Lys200. (D) Chemical shift perturbations for AK3
in response to GTP binding displayed on the closed AK3 structure. The red color intensity is
proportional to the magnitude of the chemical shift perturbation. (E) Chemical shift perturbations for
AK3 in response to AMP binding displayed on the closed AK3 structure. The blue color intensity is
proportional to the magnitude of the chemical shift perturbation. See Figure S5 and S6 primary

Figure 4. 1.5 A co-crystal structure of AK3 with ApSA. (A) Surface representation of AK3 in complex with Ap5A.
AK3 is colored in gray and Ap5A is colored in transparent orange. (B) Surface representation of AK3 in
complex with Gp5A. AK3 is colored in gray and Gp5A is colored in transparent orange. (C) Ribbon
representation of AK3 in complex with Ap5A (ball & sticks). The GTPlid and AMPbd are colored in red
and blue respectively. Key residues for the specific interactions with GTP (Arg124, Phel42 and Thr201)
are highlighted together with the distance between the backbone N" atom of Thr201 and the Ng atom
of the adenosine base CorreSPONING 1O ATP ...ttt ettt et ere e 14
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Figure 5. Quantification of GTP, ATP and AMP binding affinities to AK3. Dissociation constants (Kd) were
quantified with ITC for GTP and ATP and with NMR spectroscopy for AMP. The choice of technique is
dependent on the magnitude of the Kd values, i.e. ITC for stronger binding and NMR for weaker
binding. (A) ITC quantification of GTP binding, shown are integrated heats of injections together with
the best fitted one-site binding model (yellow line). (B) ITC quantification of ATP binding (details as in
A). (C) Structural details of the stacking of the guanosine base (red transparent surface) between
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Phel42 and Argl24 in AK3. (D) The corresponding interaction network for the adenosine base (blue
transparent surface) in AKeco (1AKE 29) consists of Argl119, Phel137, Asn138 and Val202. (E, F) NMR
detected binding of AMP at residue Asp94. One-site (equation 2, dashed line) and two-sites (equation
3, solid lines) binding models were fitted to both 15N chemical shifts (E) and 1H chemical shifts

Figure 6. Variation of atomic displacement from the average position in AK3 and AKeco. RMSF values for the
backbone atoms are used to quantify AK3 and AKeco flexibility over the course of 500 ns MD
simulation and projected on the respective average structures. The color scale ranging from blue to
orange represents a transition from the most rigid to the most flexible end of the spectrum. (A) The
structure of AK3 in complex with the AMP and GTP ligands. The stacking interaction of Arg124 and
Phel42 effectively arrests the GTP base in place despite high mobility of the enclosing GTPlid domain.
(B) The structure of AKeco in complex with the AMP and ATP ligands. Atomic fluctuations of the ATPlid
are weaker than those in AK3, but penetrate deeper into the ATP binding region, and include Arg119
which fails to maintain a stable stacking with the ATP base, thus making it discernibly more flexible
TNAN ThE GTP DASE ittt ettt sttt et sttt et sttt e et e et s e e s s et se et s s b e ntns 16

Figure 7. Non-specific binding of GTP and ATP to protein surfaces. Weak binding affinities of GTP to AK3 and ATP
to three different proteins, in addition to AK3, were quantified with NMR spectroscopy. In all panels
the GTP or ATP induced chemical shift perturbations for one example amino acid residue are shown
against the ATP/GTP concentration. (A) and (B) GTP and ATP binding curves to AK3 fitted to a two-site
model (equation 4) are shown by the red line. (C) ATP binding to AKeco Where the endogenous ATP and
AMP binding sites have been occluded by presence of excess of the tight binding inhibitor Ap5SA. (D)
ATP binding to the Yersinia pseudotuberculosis protein LcrG. (E) ATP binding to the human protein a-
synuclein. In C-E the best fitted one-site model (equation 3) is shown as a solid red

Figure 8. Linear free energy relationship between substrate turnover and binding affinities. A linear free energy
relationship between substrate turnover and binding affinity has previously been established for
AKeco53. The AAG values are calculated relative to wild-type AKeco. In the original representation of
correlation we compared different AKeco variants and also wild-type AKeco performed in different
urea concentrations. Here the corresponding values for AK3 were added to the correlation and it is
evident that AK3 follows the general energetic relationship as observed for AKeco. In addition, values
for AKeco catalysis with modified nucleotide tri-phosphates have been added. These variants include
dATP, ddATP and two designed ATP analogs (analogs 1 & 2) where analog 1 has the hydrogen bond
donor at C6 replaced from “NH2” to “OH” and analog 2 has the N1 and N3 nitrogens replaced with
carbons. Analog 2 was used previously in our study of the inhibited AKeco:GTP complex13. The errors,
in both dimensions, are estimated as the standard deviations based on three technical
TP I CATES .t et ettt ettt ettt ettt 1eete et et ettt bt et et easereere s 18

Figure 9. ATP inhibition of AK3. The effect on ATP (at 1.7 mM) on AK3 catalysis was quantified by fitting kinetic
data from coupled ATPase assays to different models. Kinetic rates equal to V/Ep are plotted against
(A) GTP concentration or (B) AMP concentration. The solid lines corresponds to fits to kinetic models
as follows; black: no inhibitory effect of ATP, gray: competitive inhibition, blue: noncompetitive
inhibition and red: Mixed INNIDITION ... bbb 20

Figure 10. Structural basis for ATP inhibition of AK3. The spatial location of ATP binding to AK3 was identified
from comparisons of chemical shift perturbations induced by ATP with those induced by AMP and
GTP. (A) Correlation between chemical shift perturbations induced by ATP and AMP. The identity of
residues in the AMP binding (red), GTP binding (blue) and core sub-domains (gray) are indicated in the
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plot. The best fitted linear correlation is indicated with the straight line (Aw(ATP)=1.06* Aw(AMP), R?:
0.93). The strong linear correlation indicates that ATP binds to the AMP binding site of AK3. (B)
Comparison of ATP and GTP induced chemical shift perturbations with color-coding as in (A). The lack
of correlation excludes the possibility that ATP binds to the GTP binding site. (C) 1.75 A co-crystal
structure of AK3 in complex with ATP. ATP binds to the AMP biding site as predicted from the NMR
results in (A) and (B). The GTP and AMP binding sites are colored in blue and red,
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Figure 11. Principles of ATP and GTP selectivity in NMP kinasesThe principles are based on the findings for AK3
(GTP specific NMP kinase) presented here and for AKeco (ATP specific NMP kinase) described
previously!3. The function of the enzymes is dependent on positive selection via formation of a
catalytically active, closed, state with the “correct” substrate, and negative selection via formation of
a catalytically inactive, open, complex with the “incorrect” substrate. Top: For AK3 the catalytically
active complex (left panel, PDB entry 6ZJB) with the endogenous substrate GTP is, in part, dependent
on a hydrogen bond between the backbone amide proton of Thr201 and the Og atom of the guanosine
base (encircled). A catalytically incompetent state of AK3 in complex with ATP (right panel, PDB entry
62JD) is formed by coordination of ATP to the AMP binding domain. Bottom: In the case of the ATP
specific NMP kinase AKeco a catalytically incompetent state with GTP (left panel) is obtained through
arrest of an open conformation mediated through contacts with the guanosine base by residues in
the ATP binding domain (PDB entry 6F7U*3). The catalytically competent state of AKeco with ATP (right
panel) is, in part, stabilized with a backbone hydrogen bond between Lys200 and the Ng hydrogen of
the adenosine base (encircled) (PDB entry TAKEZ2) ... ..o 22
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Figure S2. AK3 in a closed conformation in complex with the inhibitor. Shown is a superimposition of AK3 (blue
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Figure S3. Structures of an open and closed NMP kinase. Crystallographic structures of AKeco are used for
illustration of the open and closed states. (A) Substrate free and open AKeo*® (4AKE). (B) ApSA bound
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Figure S4. Top: Trosy-HSQC spectra of human AK3 (apo form) and, bottom: a comparison between predicted
secondary structure based on the chemical shifts and the secondary structure of the high resolution
AK3-GPS5A X-ray StruCture (6ZIB.paD) ... ee ettt ettt ettt ettt e 30

Figure S5 Top; Trosy-HSQC spectra of human AK3 (GTP saturated, ImM) and bottom; chemical shift differences
(|1H|+0.2*|15N|) between apo AK3 and AK3 saturated with 1mM GTP. Residues in the GTPlid are
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Abstract

Adenylate kinase (AK) is a small, monomeric enzyme present across all domains of life. It
is responsible for maintaining homeostasis of an intracellular adenylate pool and catalyzes a
reversible transfer of the phosphoryl group from NTP (nucleoside triphosphate) to NMP
producing two NDP molecules. While most known isoforms take ATP as phosphate donor, AK3
present in mitochondrial matrix employs GTP. Crystallographic investigations revealed that the
basis for its selectivity for GTP over ATP came from an additional hydrogen bond between
guanosine’s 06 and backbone nitrogen of threonine is responsible for recognition of GTP.
Molecular dynamics (MD) simulations have demonstrated that stabilization and activation of the
substrate are facilitated through a double stacking interaction of guanine’s pyrimidine ring with
arginine and phenylalanine, while the AK isoform operating on ATP substrate stabilizes the

pyrimidine ring with one m-stacking to an arginine.

AK is not compartmentalized into functionally distinct modules, which would separately
control the catalytic step and product release. Therefore, the two events might be connected
and mediated by catalytic residues. Enzyme kinetics measurements indicate that the rate of
enzymatic turnover and the rate of enzyme opening are of the same magnitude (~ 330 s'), which
throws into question the accepted notion that the chemical step is rate limiting. Kinetic data of
AK variants, where single-point mutations of the catalytic residues to alanine showed that
catalytic activity is quenched upon mutation, did not differentiate if the mutations impacted the
chemical step or enzyme dynamics. Using computational methods, the impact on enzyme
dynamics is studied with MD simulations and the impact on the energy barrier for the
phosphoryl transfer is calculated with hybrid quantum mechanical / molecular mechanical
methods (QM/MM). The results show that while QM/MM calculations produced a trend of
energy barrier values among the mutant case which linearly correlates to that from the
experimental data, AK variants transition towards open conformation quicker than the wild type
and suggest that disruptions to the interaction network formed by the catalytic residues trigger

untimely opening event. It has been revealed that while the catalytic residues individually control
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the progression of the chemical step, their organization into a network maintained by a mesh of

hydrogen bonds is sensitive to reaction status and responsible for product release.

XiX



Introduction

Computer-based experiments are in silico experimental environments where the
instruments and chemical compounds are replaced by pieces of software and atomic
coordinates in the Cartesian system, and natural processes and phenomena under investigation
are recreated by mathematical representations of the laws of nature. Just as in a real-world
experiment, the choice of a question will dictate the choice of a method, which one will employ
in search for the answers. If one is interested in the dynamic behavior of a biochemical system,
e.g. a protein, nucleic acid, or even a membrane mosaic, one may take a molecular mechanics
approach to model one’s system. To investigate chemical reactions or phenomena which involve
electronic rearrangements, it is necessary to turn to quantum mechanical calculations. The
reasons for this are the level at which those two approaches can accurately represent reality.
While approximations are inherent in quantum mechanical modelling, e.g. evaluation of certain
integrals is replaced with empirically-derived parameters (semi-empirical methods) or electrons
are treated with functionals describing them as spatially dependent density of electron gas
(density-functional theory), molecular mechanics yanks the atoms out of their natural
environments and casts into the realm of the classical mechanics where they exist as hard
spheres connected by springs under the thumb of Sir Isaak Newton. As such, they move in

accordance with Newton’s second law of motion:

dv; d?r;
Fp = ma; = mi— = m; — (1)
where F is force, m is particle’s mass, and a acceleration, of which the first and second derivates
are the velocity and particle’s position, respectively. Potential energy of the system is expressed

as an additive formulation of bonded and non-bonded terms?:
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, where the harmonic terms describe the bond, angle, dihedral, and improper angle terms, and
the non-bonded interactions are the summations over the Lennard-Jones and Coulomb

potentials, for dispersion and electrostatic interactions, respectively.

Realistic conditions of temperature and pressure for the function of biological systems
are maintained in the simulation by algorithms with thermostat and barostat functionalities, i.e.
the simulations are carried out in the isothermal-isobaric ensemble. One of the most used
thermostats is that proposed by Shuichi Nosé and further developed by William Hoover, the
Nosé-Hoover thermostat®“. The idea is to imagine a “heat bath” at our target temperature, to
which our system is coupled, and can refer to, to ensure that its temperature is consistent with
the reference bath. Both, our simulation and the heat bath are part of the same system, i.e. form
an extended system. Since phenomenological temperature of a macroscopic system reflects its
kinetic energy, the coupling to the heat bath can be mediated by an artificial variable / particle
(i.e. an external degree of freedom) with associated mass and velocity. The magnitude of its
mass determines the magnitude of the coupling and the degree of fluctuations in the

temperature.

The most approachable way of visualizing pressure control would be to see it as rescaling
of atomic positions within the system following the adjustment of the size of the unit cell. The
popular choice of the method is the Langevin piston method®, philosophically based on the idea
of an extended system, where the introduced degree of freedom would correspond to the
volume of the cubic cell in the simulation, which adjusts itself such that the pressure between

our simulation and the reference value equalizes. In the piston method, the volume degree of
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freedom is replaced by a piston with a mass value. The magnitude of the mass will influence a
time interval in which volume fluctuations are to decay. Andersen®, who originally developed the
extended system method, ingeniously proposed the choice of mass for the piston based on the
length of time that would be required for a sound wave to travel through our simulation cell. The
Langevin piston method is a further variation on the theme in that here, the piston degree of

freedom is coupled to a heat bath and incorporated into the Langevin equations of motion.

This work is a result of the application of computational methods and algorithms in order
to understand the behavior of adenylate kinase enzymes on the molecular level. Adenylate
kinases are evolutionarily ancient enzymes present in all domains of life” and have been divided
into three classes: (i) monomeric with a long nucleosidetriphosphate(NTP)-binding lid®, which are
most associated with or derived from prokaryotic organisms; (ii) monomeric with a short NTP-
binding lid’, occurring within eukaryotes; (iii) and trimeric isoforms with a short NTP-binding lid®
found in archaeal extremophiles. They function within a crowded cellular environment and
reversibly shuttle the terminal phosphoryl group from the ATP donor onto an AMP substrate to
yield two ADP products. There also exists an isoform, AK3, which selectively uptake GTP as the
phosphoryl donor — the mechanistic understanding of which forms the discourse presented in
chapter 1. AK3 is associated with the mitochondrial matrix and is belongs to the first group (i).
Through the application of molecular dynamics simulations my collaborators and | were able to
show that the backbone recognition via the nucleobase carbonyl oxygen and amide proton of
Thr201, and subsequent stabilization via a stacking of the guanosine moiety were responsible for

the preferential uptake and detention of GTP within AK3’s active site.

Chapters 2 and 3 turn their focus to another isoform of adenylate kinase found in
Escherichia coli (E. coli), AdK, also a member of group (i), but associated with the cytosolic
environment. Kinetic experiments established that the catalytic turnover (kcat) of 263 + 30 s* and

the rate of opening of the ATP-binding lid (kopen) 286 * 85 st were coincidental'l. However, the

rate for the lid closing (kciose ) Wwas measured to be 1,374 £ 110 s‘lm). This inspired the probing of
a potential connection between the catalytic step and the rate at which the enzyme undergoes a
conformational shift to the open state and revisit the established idea of the enzyme opening

being the rate limiting step. A series of molecular dynamics simulations were performed to
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establish a causal connection between the motions of the catalytic residues and the overall
protein dynamics. To this end, our experimental collaborators measured the keat of six variants
whose catalytic residues have been replaced with a different side chain. The goal was to create,
set up and simulate those same variants and analyze their dynamic behavior, quantifying large
domain motions and qualitatively relate them to the orientation of the preserved residues in the
active site. The simulations showed that those same residues whose individual role was to
facilitate the chemical step by coordinating to a specific part of the substrates, also organized

themselves into a unit whose internal network of interactions controls lid motions.

My collaborators on the computational part, Drs Kwangho Nam and Pedro Pjeda-May,
are credited with the QM/MM calculations of the energetic barriers for the phosphoryl transfer
in the wild-type AdK and its mutant variants. The names and affiliations of all persons who
contributed to the published (Chapters 1 and 2) and unpublished (Chapter 3) work are listed at

the beginning of each chapter.
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Abstract

ATP and GTP are exceptionally important molecules in biology with multiple, and often discrete,
functions. Therefore, enzymes that bind to either of them must develop robust mechanisms to
selectively utilize one or the other. Here, this specific problem is addressed by molecular studies
of the human NMP kinase AK3 which uses GTP to phosphorylate AMP. AK3 plays an important role
in the citric acid cycle where it is responsible for GTP/GDP recycling. By combining a structural
biology approach with functional experiments, we present a comprehensive structural and
mechanistic understanding of the enzyme. We discovered that AK3 functions by recruitment of
GTP to the active site, while ATP is rejected and non-productively bound to the AMP binding site.
Consequently, ATP acts as an inhibitor with respect to GTP and AMP. The overall features with
specific recognition of the correct substrate and non-productive binding by the incorrect substrate
bears strong similarity to previous findings for the ATP specific NMP kinase adenylate kinase. Taken
together we are now able to provide the fundamental principles for GTP and ATP selectivity in the
large NMP kinase family. As a side-result originating from non-linearity of chemical shifts in GTP
and ATP titrations, we find that protein surfaces offer a general and weak binding affinity for both
GTP and ATP. These non-specific interactions likely act to lower the available intra-cellular GTP and
ATP concentrations and may have driven evolution to adapt the Michaelis constants of NMP

kinases accordingly.



Introduction

Enzymes perform the formidable task of recognizing their endogenous substrates within
the complex! and crowded? cellular milieu. The complexity rises even further when substrates
with similar chemical structures needing to be accepted or rejected at the active site are
considered. To overcome these difficulties, enzymes can employ positive and negative selection
mechanisms to recruit and reject substrates respectively, both of which require evolution of
distinct molecular mechanisms3. A particular example is the ability of enzymes to discriminate
between adenosine triphosphate (ATP) and guanosine triphosphate (GTP) (Figure 1). ATP is
utilized as a general cellular energy carrier* and a phosphoryl donor in phosphorylation®. For this
broad role of ATP, various enzymes bind ATP for their functions in the cell. GTP, on the other
hand, is found to have a narrower range of cellular functions in, for instance, protein synthesis®
and signaling’. Therefore, the selectivity of GTP from ATP is necessary for functional aspects and

also to maintain the cellular GTP pool.

Given the importance of ATP and GTP for cellular function we undertook a systematic
investigation to decode molecular principles of enzymatic ATP and GTP recognition. To this end,
we have focused on members of the nucleotide monophosphate (NMP) kinase family® as model
systems. Members of this family are selective either for ATP? or GTP' and use these substrates
as phosphoryl donors. Based on their structures, NMP kinases are divided into three major
classes: (1) monomeric and long®, (2) monomeric and short™ and (3) trimeric and short*?. Long
and short refer to the presence or absence of an INSERT segment in the nucleotide triphosphate
binding domain, respectively (Figure S1). Specifically, we have studied two monomeric and long
NMP kinases: adenylate kinase isolated from E. coli, AKeco, and human adenylate kinase isoform
3, AK3. The two enzymes phosphorylate adenosine monophosphate (AMP) by making use of GTP
(in AK3) or ATP (in AKeco), respectively.

We have previously discovered principles for; (1) the molecular mechanisms of AKeeo that
governs selective recognition of ATP3, (2) nucleation of an induced fit transition by ATP* and (3)
negative selection of GTP'3. In short, the key interaction for selective recognition of ATP is a

hydrogen bond formed between Ne of the adenine base and the backbone carbonyl oxygen of



Lys200'3. This backbone mediated ATP recognition is conserved not only among NMP kinases
which use ATP but also in eukaryotic protein kinases'® 1>, Activation of AKeco by a large-scale
conformational change of the ATP binding domain (ATPlid) is nucleated by formation of a cation-
7 (or stacking) interaction between the sidechain of Arg119 and the aromatic system of the
adenine base®. This cationic “sensing” of the aromatic system of the substrate is conserved for
NMP kinases'®. Finally, the 60-fold difference of the catalytic activity of AKeco between ATP and
GTP is attributed to a mechanism where GTP binds to and arrests the enzyme in an open and
catalytically incompetent state®. Here, we focus on the molecular understanding of GTP
recognition and GTP versus ATP selectivity of AK3. This enzyme is expressed in the human
mitochondrial matrix'® and its role is to shuttle GTP into GDP as GDP is used by succinyl-CoA
synthetase in the citric acid (TCA) cycle®®. Through an integrative structural biology approach
combining X-ray crystallography, NMR spectroscopy and molecular dynamics simulations, we
reveal the molecular mechanisms that underlie the GTP selectivity of AK3. In addition, and by
examining observations off non-linearity of chemical shifts in GTP and ATP titrations, we find that

protein surfaces offer a general and weak affinity for both GTP and ATP.

Figure 1. Chemical structures of GTP and ATP

The nomenclature of the nucleobases are indicated together with the substituents at the C6 position that
are key for selective binding of GTP and ATP. In GTP the free electron pairs at the Og oxygen serves as
hydrogen bond acceptors, while the hydrogens on the Ng atom of ATP serves as hydrogen bond donors.



Materials and methods

Expression and purification of human AK3

The gene for AK3 (UniProt Accession ID: Q9UIJ7) was cloned into a pET24 plasmid and
the protein was expressed in BL21 (DE3) E. coli cells. Two labeling schemes for NMR experiments
were used: H, 3C and N triple labeling for samples used in sequential assighment and N
labeling for chemical shift perturbation and binding experiments. Both types of labeling were
performed by growing the expression cells in the M9 minimal media where suitable labeled
nutrients were added. The triple labeling media was based on 100% D,0 and used *3C glucose
and NH4Cl as the sole sources for carbon and nitrogen respectively. For *°N-labeling, the
medium was based on H,O with ®NH4Cl used as the sole source of nitrogen. The expressed
protein was purified using a two stage purification using first a Blue Sepharose (GE healthcare)
column and in the second step a HiPrep 26/60 Sephacryl S-100 HR (GE healthcare) gel filtration

column, the same procedure as for E. coli adenylate kinase published earlier'®

Activity of AK3

The activity of AK3 was determined using a coupled enzymatic assay where the
production of ADP and GDP was coupled to the oxidation of NADH to NAD* using pyruvate kinase
and lactate dehydrogenase. The oxidation of NADH was monitored by absorption spectroscopy
at 340 nm17. Reaction rates, V (unit M s!) were determined for substrate concentrations
ranging between 0.6 and 220 uM. In all cases, 300 uM of the complementary substrate was
used. 2 mM of MgCl, was added to provide the essential Mg?* ions to the enzyme. The reaction

rates were normalized by the total enzyme concentration, [E]o prior to analysis and Ky and kcat

where obtained by fitting of normalized reaction rates, é, to the Michaelis-Menten equation
0

(equation 1).

vV _ kcatlS]
[Elo  Km+[s] (eq )

In inhibition studies, 1.7 mM of ATP was added to the reaction mixture for the enzymatic
assay, and the data were analyzed by non-linear fits of the data to different kinetic models. The

modified Michaelis-Menten equation for the case of mixed inhibition is:



v _ keaPls)
[Elo  KSPS+IS]

(eq2)

where;

k
kObS — cat
cat (1 + [1])
K;

and

K K; + K[ [I] + K;[I
ks — i, KoK K+ K

KiKi + K [1]

)

Kiand Ki" corresponds to inhibition constants for non-competitive and competitive

inhibition, respectively, and [I] corresponds to the concentration of the inhibitor ATP.
ITC

Isothermal calorimetry titrations (ITC) were conducted using a MicroCal Auto-iTC200 at
25 °C. A solution of either 1.6 mM of ATP or 1.5 mM of GTP, was titrated into a solution of 140
UM AK3 in 20 steps up to 2:1 molar ratio of ligand to protein. Data was analyzed to determine
dissociation constant (K4), binding enthalpy (AHP), the binding entropy (-TAS®), and binding ratio
(n) using the analysis program provided by the ITC manufacturer. All experiments were
conducted in 30 mM MOPS buffer at pH 7.0 supplemented with 50 mM NaCl. Three technical

replicates were run to determine the accuracy of the measurements.
NMR

All NMR experiments were recorded in a 30 mM MOPS buffer with 50 mM of NaCl at pH
7.0 with 7% D,0 used in all samples to provide the lock signal. The temperature was 298 K or 25
°C for all experiments. Experiments for backbone assignments were recorded using 180 pl 700
UM 2H, 13C, °N labeled AK3 in a 3 mm NMR tube. The experiments were acquired using targeted
acquisition!® at a Bruker Avance Ill spectrometer operating at 800 MHz with a 3 mm cryoprobe
at the Swedish NMR center, Gothenburg. The acquired data was processed using compressed
sensing IRLS algorithm in the mddnmr software®® ?°. AK3 sequential assignments were obtained
by combining the targeted acquisition approach'® 2> 22 and automated assighment using the
FLYA module of CYANA?3. The assighments were manually checked and extended using CARA%.

The assignments were deposited in Biological Magnetic Resonance Data Bank (BMRB ID: 50369).



To determine binding properties and chemical shift perturbations ®N-HSQC spectra were
recorded using samples of 200 uM °N-labeled AK3. Ligands were titrated into the sample over
nine steps across a range of 50 uM to 20 mM. The spectra were recorded using either an 850
MHz Bruker Avance Il spectrometer equipped with a 5mm HCN cryoprobe or a 600 MHz Bruker
Avance lll equipped with a BBO broadband cryoprobe. The chemical shift perturbations induced
by each ligand were determined by comparing spectra with saturating concentration to spectra

recorded in the absence of ligand (apo-state).

Binding data were analyzed by fitting of either a one-site model (equation 3) or a two
independent sites model (equation 4) to the chemical shift induced by ligand binding as a

function of the ligand concentration.

Aw([L]) = Awgqe *

K (EHLD+D  [(Kar(EHLD+D\2 _ (1]
24Kq+[E] \/( 2+Kgr[E] ) (4

(Kay*(E]+[LD+D) \/ ((Ka1*([E]+[L])+1))2 _

Aw([L]) = Awsatl * Z*Kal*[E] Z*Kal*[E]

(Kaz*([E]+[LD+D) \/ ((Ka2*<[E]+[L]>+1>)2 _ (eq 4)

2%K g2 +[E] 2xKgo*(E] [E]

Where Aw([L]) is the chemical shift change as a function of ligand concentration in PPM,
Awsat is the chemical shift change at saturating ligand concentration in PPM, [E] is the enzyme
concentration in M, [L] is the ligand concentration in M, and K is the association constant (Kq)

in M. In the two site model the 1 and 2 in K; and Awsatindicate the different sites.

The ™H and N chemical shifts of each amino acid residue with its peak assigned in the
ISN-HSQC spectra were fitted against one or two, depending on the model, global Kas using a

MatlLab script written by the authors.
X-ray crystallography

Purified AK3 was dialyzed against 50 mM NaCl and 30 mM 3-(N-
morpholino)propanesulfonic acid (MOPS) buffer (pH 7.0) and concentrated to 15-18 mg-ml™!
using an Amicon ultracentrifugal filter device (Millipore; 3 kDa molecular weight cutoff) and co-

crystallized at 18°C with a threefold excess of: P1 -(5’-guanosyl)-P5 - (5’-adenosyl)



pentaphosphate (Gp5A), P1,P5-di(adenosine-5')pentaphosphate (Ap5A), or ATP, using the vapor-
diffusion hanging drop method. In general, crystallization drops of all three AK3-complexes
contained between 0.1-1 pL of protein solution mixed with 0.1-1 pL of precipitant and
equilibrated against 1 mL of precipitant solution containing for AK3-Gp5A: 20% isopropanol, 0.1
M NaCitrate pH 5.6 and 20% PEG 4000; for AK3-Ap5A: 0.2 M CaClz, 0.1 M Tris-HCl pH 8.0 and
20% PEG 6000 (AK3-Ap5A); and for AK3-ATP: 0.2 M MgCl,, 0.1 M Tris-HCl pH 5.8, and 20% PEG
6000. Crystals of hAK3-Ap5A and hAK3-ATP were cryo-protected in 30% PEG 6000 before
vitrification in a N2 gas stream maintained at 100 K using a Cryostream Cooler (Oxford
Cryosystems). Crystals of AK3-Gp5A were taken directly from the growing drop and vitrified.
High-resolution synchrotron diffraction data at 100 K were collected at the ESRF laboratory
(Grenoble, France), and using a Bruker Microstar-H rotating anode equipped with a Platinum 135
CCD Detector. Data were processed and scaled using XDS?°, Pointless, and Aimless from the
CCP4 suite?®. Data- collection statistics are listed in Table 1. The phases for structure
determination were obtained by molecular replacement using the program PHASER from the
PHENIX suite?” and the AK3 structure (pdb code 1zd8, unpublished) as the search model.
Noteworthy, the 1zd8 structure includes an ADP molecule that is not modelled in the
coordinates, but clearly visible in the electron density. Analysis of the AK3-Gp5A diffraction data
showed that molecules packed in the crystal were related with translational non-crystallographic
symmetry (TNCS). PHASER automatically consider TNCS when detected in the diffraction data.
However, in this case only 4 of the 6 protein molecules in the asymmetric unit were related with
TNCS. Therefore, the structure was solved in two steps: First, the 4 structures related by TNCS
were found, and secondly the remaining 2 protein molecules were found by i) including and fix
the correctly placed 4 structures, and ii) inactivate the option to account for translational NCS in
the PHASER program. All AK3-complex structures were built and refined using the programs
COOT?® and PHENIX REFINE. The atomic coordinates and structure factors (pdb codes 6ZJB
(hAK3-Gp5A), 6ZJD (hAK3-APT), and 6ZJE (hAK3-Ap5A)) were deposited in the Protein Data Bank,
Research Collaboratory for Structural Bioinformatics, Rutgers University, New Brunswick, NJ

(Hypertext).



Table 1. Data collection and refinement statistics for three hAK3 complexes.

Data-collection
statistics

Synchrotron /In-house
Wavelength (A)

Space group

Unit-cell parameters
(A°)

Resolution limits? (A)

No. of unique
reflections
Multiplicity
Completeness (%)
Rmerge

Reim

<l/o (1)>

CC1/2

R factor (%)

R free (%)

No. of protein atoms
No. of water molecules
No. of ligand atoms
Bond length (A)

Bond angles (°)

Clash score

Residues in most
favored regions (%)
Residues in disallowed
regions (%)

Average B-factor
protein (A?)

Average B-factor ligands
(A?)

Average B-factor
solvent (A?)

PDB code

aValues in parenthesis are for the high-resolution shell. Resolution limits were determined by applying a cut-off

hAK3-Gp5A

ESRF-1D29

0.976

P1

45.47, 66.76,
105.91

93.79, 93. 96,
89.71

45.35-1.88 (1.95-
1.88)

103037 (9068)

1.9(1.8)
93.1(80.9)
0.064 (0.644)
0.093 (0.600)
7.3(1.1)
0.995 (0.632)
0.200 (0.361)
0.255 (0.433)
10429

773

354

0.014

1.59

5.27

99.1

0.0

38.4
29.7
36.2

67)B

hAK3-ATP

In-house
1.5418

P2,
42.52,62.52,
49.80

90.0, 108.21,
90.0
26.86-1.75
(1.81-1.75)
45601 (2335)

7.0(1.9)
96.2 (79.9)
0.058 (0.420)
0.023 (0.203)
22.3(4.4)
0.999 (0.887)
0.169 (0.276)
0.222 (0.326)
1772

432

69

0.010

1.24

2.17

100.0

17.4
24.4
29.5

671D

hAK3-Ap5A

ESRF-1D23-2
0.873

P2,

42.72, 62,64,
50.15

90, 108.01, 90

42.72-1.48
(1.53-1.48)
39892 (3174)

6.0 (4.3)
95.1(76.1)
0.050 (0.852)
0.033 (0.707)
14.9 (1.3)
0.999 (0.521)
0.161 (0.215)
0.198 (0.283)
1867

308

61

0.009

1.05

33

100.0

0.0

27.4
60.5
42.0

6ZJE

based on the mean intensity correlation coefficient of half-datasets, CC1/2.



Molecular dynamics (MD) simulations

Atomic coordinates for the Gp5A-bound AK3 were based on the X-ray structure
determined in the present study (PDB code: 6ZJB), and the model for the Ap5A-bound Adk was
based on the PDB X-ray structure (PDB code: 1AKE)?°. Protonation states of the residues with
titratable groups were determined from their pKa values in water while the protonation of the
histidine imidazole side chain was assigned to maintain the optimal hydrogen bond network
within the protein. The ATP, AMP, and GTP ligands were re-constructed from the inhibitor
coordinates by the removal of one phosphate group. The systems were solvated in a 69 A (AK3)
and 72 A (AKeco) cubic box with explicit water model TIP3P3?, followed by removal of any water
molecule that overlapped with the protein atoms. 0.15 M of NaCl buffer was added to neutralize
each protein, and the salt ions were distributed throughout the solvent phase randomly. The
systems’ total number of atoms were 30,372 (AK3) and 36,245 (AKeco), respectively. All atoms
were described with the CHARMM?27 31 32 force field parameters, and the CMAP33 34 correction
was applied to the backbone dihedrals to maintain structural stability of the protein. MD
simulations were performed for 500 ns using the leap-frog Verlet scheme with a 2 fs integration
timestep following application of the SHAKE3® algorithm to constrain all bonds to hydrogen
atoms. Throughout the simulation, the temperature and pressure of the systems were
maintained at 300 K and 1 bar with the Langevin thermostat and piston methods3®. Electrostatic
interactions were handled by the particle mesh Ewald summation (PME) method?” with the real-
space cutoff distance of 12 A. The force-based switching function was used for the evaluation of
the van der Waals interactions between 10 A and 12 A. The energy minimization and
equilibration were performed using the CHARMM c42a23® while the production MD was handled
by the OpenMM?23° with GPU acceleration.
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Figure 2. AK3 is selective for GTP over ATP

The phosphoryl donor capacity of GTP (red) and ATP (blue) were quantified at constant AMP concentration
by using the coupled ATPase assay. The velocity of the reaction, V, as a function of substrate concentration
is scaled with the total enzyme concentration ([Eo]). Catalysis follows the Michaelis-Menten kinetics and
the best-fitted curves (equation 1) are shown as solid lines, which asymptotically converge towards
keat=Vmax/[Eo]. The errors are estimated as the standard deviations from three technical replicates.

Results and discussion

Catalytic GTP versus ATP selectivity of AK3

AK3 displays a distinct preference for GTP over ATP as a substrate in the phosphorylation
of AMP (Figure 2), revealed by their quantification with a coupled ATPase assay'’. Substrate

turnover by AK3 follows Michaelis-Menten kinetics, and k&TF (57 + 2 s) and Ku (10 + 1.5 uM)

cat

are on the same order of magnitude as previously reported for AKeco *°(kATF of 360 + 10 s and
Km 63 £ 7 uM, respectively). In terms of the specificity constant, kcat/Kwv, the values are close to

identical for the two enzymes with 5.7+ 0.9 (s uM™?) and 5.7 £ 0.7 (s uM?) for AK3 and AKeco,

GTP

respectively. Nevertheless, the kSTF for AK3 is smaller by around 6-fold than kATF of AKeco. As

we show in the following sections, this is related to the dependence of ket on the free energy of

substrate binding. The ratio of the observed ket values for AK3 defined as, k&TF /kATF equals to

41 + 3 and again, this is similar to the ratio of ket for ATP versus GTP turnover, kALF /kSTF of 59

+ 17 reported for AKeco™>. For AKeco We have demonstrated that the catalytic ATP versus GTP
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selectivity is predominantly dependent on the coordination of GTP to the enzyme in an open and
catalytically inactive conformation®3. Here, as we present below, we find that AK3 adopts a

related mode of substrate selection mechanism.
Structural basis for GTP recognition by AK3

In order to investigate substrate binding and GTP selectivity in AK3 we solved a 1.9 A co-
crystal structure of AK3 in complex with the bi-substrate mimic P1-(guanosine-5")-P>-(adenosine-
5') pentaphosphate (Gp5A) (Figure 3A and Table 1). Gp5A is essentially a GTP molecule fused
with an AMP molecule with an additional phospho-diester bond (Figure 3B). Thus, in contrast to
the scenario with the endogenous substrates (GTP and AMP) containing four phosphorus atoms,
the Gp5A molecule contains five phosphorus atoms and is therefore not a transition state mimic
but rather a tight binding inhibitor. The co-crystal structure establishes that AK3 has the
conserved NMP-kinase fold with two nucleotide binding domains (GTPlid and AMPbd) and a
central core domain®!. An overlay of the structure with that of closed AKeco in complex with
P1,P5-di(adenosine-5')pentaphosphate (Ap5A) demonstrates that AK3 is in a closed
conformation in the Gp5A complex (Figure S2). Overall, the recognition of both the tri- and
mono- nucleotide phosphates follows the patterns expected for an NMP kinase. The GTP moiety
of Gp5A is sandwiched between residues in the GTPlid and core sub-domains and the AMP

moiety is engulfed by residues in the AMPbd (Figure 3A).

The central element in AK3 catalysis is the specific recognition of the guanosine base.
Inspection of the structure reveals two key interactions both of which follow the pattern
identified previously for ATP recognition by AKeco'® . The first interaction is a hydrogen bond
formed between the backbone amine of Thr201 and the Og carbonyl oxygen in GTP (Figure 3C).
The corresponding hydrogen bonding interaction in AKeco 0ccurs between the backbone carbonyl
oxygen of Lys200 and the Ne amine group of ATP (Figure 3C). The second interaction is the
cation-mt (or stacking) interaction between the aromatic ring of the guanosine base and Arg124 in
the GTPlid domain (Figure 3A). The corresponding interaction in AKeco 0ccurs between Argl19 in
the ATPIlid and the adenosine base!®, and we have shown that this interaction nucleates the ATP
dependent closure of the ATPlid in AKeco'*. On basis of the critical role of backbone recognition

of GTP by Thr201 in AK3 and ATP by Lys200 in AKeco, we denote the loop where they are located
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as the “selectivity loop”, which connects the C-terminal beta strand with the C-terminal alpha
helix (Figure 3C). Taken together, the specific recognition of GTP and ATP has evolved by precise
three-dimensional positioning of a hydrogen bond donor (the GTP case) or a hydrogen bond
acceptor (the ATP case). Unlike AKeco, the selectivity loop of AK3 forms an additional hydrogen
bonding interaction between the sidechain of Thr201 and the Ny nitrogen of GTP. This dual
involvement of backbone and side-chain interactions from one amino acid residue is related to
the recognition of GTP by H-Ras where the backbone and sidechain of Ser145, both hydrogen
bond to the Cs oxygen®?. In addition to these interactions the guanosine base is stacked in
between Argl24 and Phel42 and this interaction is discussed below in conjunction with

guantification of binding affinities.

A conserved feature of long NMP-kinases is that they exist in open substrate-free states
and closed and active substrate bound states, where the closed states can be stabilized for
instance with an inhibitor like Ap5A (Figure S3). It has been shown that substrate turn-over by
AKeco is rate-limited by the transition from the closed to the open state in complex with bound
substrate/product®® 44, Chemical shifts are sensitive markers for conformational states of
proteins®*’ and large chemical shift perturbations are observed following saturation of AK3 with
either GTP or AMP (Figures 3D, E and Figures S4-56). To determine the spatial location of the
shifted residues we assigned 90% of the backbone resonances of AK3 using a combination of
targeted acquisition®® and both automated?? and manual assignment procedures. The accuracy
of the assignments was validated by a comparison of the secondary structure elements
predicted from chemical shifts with those from the co-crystal structure with Gp5A (Figure S4).
This is indicative of substantial conformational changes for both nucleotide binding domains
following substrate binding, comparable to the open to closed transition observed by AKeco™.
Thus, although we do not have the atomic structure of substrate free AK3, the NMR observation
indicates that AK3 has an open substrate-free structure as expected for an NMP kinase. On the
other hand and consistent with the NMR observations, direct experimental observation of an
open state of the GTPlid in AK3 is available in crystallographic co-crystal structures of AK3 with
both Ap5A and ATP as described in the next paragraph and in the section “Catalysis: Mixed
inhibition of AK3 by ATP.
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Figure 3. Structural basis for GTP recognition by AK3

(A) 1.75 A crystallographic structure of closed AK3 in complex with the inhibitor Gp5A. The GTP and AMP
binding domains are colored red and blue, respectively, and the selectivity motif that specifically recognizes
the Og atom of guanosine is colored in gold. Phe140 and Argl124 that stack to the guanosine base are
indicated. (B). Chemical structure of the inhibitor Gp5A. (C) Comparison of the GTP specific selectivity loop
in AK3 with the corresponding ATP specific selectivity loop in AKeeo (PDB ID: 1AKE). In AK3 the Og atom of
GTP is recognized by donation of a hydrogen bond from the backbone amide proton of Thr201.
Furthermore, N7 is hydrogen bonded by the sidechain of Thr201. In AKeco the Ng atom of ATP is recognized
by a hydrogen bond formed with the backbone carbonyl oxygen of Lys200. (D) Chemical shift perturbations
for AK3 in response to GTP binding displayed on the closed AK3 structure. The red color intensity is
proportional to the magnitude of the chemical shift perturbation. (E) Chemical shift perturbations for AK3
in response to AMP binding displayed on the closed AK3 structure. The blue color intensity is proportional
to the magnitude of the chemical shift perturbation. See Figure S5 and S6 primary data.
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Even though GTP is the endogenous substrate for phosphoryl transfer by AK3, the
enzyme has residual activity also with ATP (Figure 2). In an attempt to understand the structural
basis for this activity we determined a 1.5 A crystal structure with the inhibitor Ap5A which is
similar to Gp5A (Figure 4) but is fully symmetric with two adenosine bases. Ap5A has been an
exceptionally useful compound in structural biology studies of ATP dependent NMP kinases in
that it stabilizes the fully closed conformation?® %8, The most prevalent feature of the complex is
that although the adenine moiety is correctly coordinated to the AMP binding domain the GTPIlid
fails to collapse over the adenosine moiety corresponding to ATP (Figure 4). Thus, the Ap5A
complex provides the structure of the GTPlid in an open conformation. Inspection of three key
residues important for coordination of GTP namely Thr201, Arg124 and Phel42 reveals that the
adenosine base of ATP is in a position that is incompatible with recruitment of their respective
and specific interactions. Specifically, the distance between the backbone N" atom of Thr201 and
the Ng atom of the adenosine base is 5 A which can be compared to the corresponding distance
of 2.8 A in the Gp5A complex. The open orientation of the GTPIlid in the APSA complex does not
explain the residual ATP dependent activity of AK3, hence it is possible that the activity is
explained by a small fraction of closed enzyme in complex with ATP in solution. On the other
hand, it is possible that the AP5A co-crystal structure is resembling an encounter complex where
a search for a specific hydrogen bond to the Cs substituent of the NTP has been interrupted due

to the chemical difference in this position between ATP and GTP.

Figure 4. 1.5 A co-crystal structure of AK3 with Ap5A

(A) Surface representation of AK3 in complex with Ap5A. AK3 is colored in gray and Ap5A is colored in
transparent orange. (B) Surface representation of AK3 in complex with Gp5A. AK3 is colored in gray and
Gp5A is colored in transparent orange. (C) Ribbon representation of AK3 in complex with Ap5A (ball &
sticks). The GTPlid and AMPbd are colored in red and blue respectively. Key residues for the specific
interactions with GTP (Arg124, Phe142 and Thr201) are highlighted together with the distance between
the backbone N" atom of Thr201 and the N¢ atom of the adenosine base corresponding to ATP.
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Table 2. Thermodynamics for binding of GTP and ATP to AK3

Kq? AHZ ¢ —TASP¢ AGPrc

(UM) (kcal mol™?) (kcal mol™?) (kcal mol™?) n
GTP 2.1+05 -11.3+£0.3 35104 -7.8+0.1 1.07 £ 0.025
ATP 13+2 -11.1+£0.5 44+0.6 -6.7+0.1 0.94+ 0.015

?Reported values and standard deviations are averages based on three technical replicates.

A B
s 0 PR
g o0
= [ ]
86 !
R .
< °
)
12 .o.'co
1 2
Molar ratio

E F
0.03 0
= 0.02
o -0.01
£ 0.01
&
-0.02
0
0 10
o avAom [AMP), mM

Figure 5. Quantification of GTP, ATP and AMP binding affinities to AK3

Dissociation constants (Kd) were quantified with ITC for GTP and ATP and with NMR spectroscopy for AMP.
The choice of technique is dependent on the magnitude of the Kd values, i.e. ITC for stronger binding and
NMR for weaker binding. (A) ITC quantification of GTP binding, shown are integrated heats of injections
together with the best fitted one-site binding model (yellow line). (B) ITC quantification of ATP binding
(details as in A). (C) Structural details of the stacking of the guanosine base (red transparent surface)
between Phel42 and Argl124 in AK3. (D) The corresponding interaction network for the adenosine base
(blue transparent surface) in AKeco (1AKE 29) consists of Arg119, Phe137, Asn138 and Val202. (E, F) NMR
detected binding of AMP at residue Asp94. One-site (equation 2, dashed line) and two-sites (equation 3,
solid lines) binding models were fitted to both 15N chemical shifts (E) and 1H chemical shifts (F).
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Figure 6. Variation of atomic displacement from the average position in AK3 and AKeco

RMSF values for the backbone atoms are used to quantify AK3 and AKeco flexibility over the course of 500
ns MD simulation and projected on the respective average structures. The color scale ranging from blue to
orange represents a transition from the most rigid to the most flexible end of the spectrum. (A) The
structure of AK3 in complex with the AMP and GTP ligands. The stacking interaction of Arg124 and Phe142
effectively arrests the GTP base in place despite high mobility of the enclosing GTPlid domain. (B) The
structure of AKeeo in complex with the AMP and ATP ligands. Atomic fluctuations of the ATPIlid are weaker
than those in AK3, but penetrate deeper into the ATP binding region, and include Arg119 which fails to
maintain a stable stacking with the ATP base, thus making it discernibly more flexible than the GTP base.

Binding: GTP and ATP specific and non-specific effects

Enzymatic catalysis following the Michaelis-Menten mechanism can broadly be divided
into two consecutive steps corresponding to substrate binding and catalysis. These two
fundaments of AK3 catalysis is explored in this and the following section. Equilibrium affinity
measurements with isothermal titration calorimetry (ITC) reveal that GTP and ATP bind to AK3
with Kq values of ~2 and ~13 uM, respectively (Figure 5A, B & Table 2). Binding either of the two
nucleotide triphosphates is enthalpically driven with a one to one stoichiometry and the overall
thermodynamic signatures are very similar to each other. The binding affinity of AK3 for the
“endogenous” substrate GTP is relatively high compared to the binding affinity of ATP to AKeco
(K4 = 50 uM*. The tight binding of GTP to AK3 can be attributed to the ordered stacking formed
between the guanosine base, Phel42, and Argl24 (Figure 5C). The equivalent stacking in AKeco is
less well ordered and built up from, in addition to Arg119, several amino acid residues (Figure
5D). This is consistent with the molecular dynamics (MD) simulation results showing the tight

stacking of GTP between Arg124 and Phe142 during the 500 ns MD simulations, whereas the
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corresponding MD simulations with ATP for AKeco show larger fluctuation of the ATP base and
Arg119 (Figure 6 & S7). In addition, this difference results in a larger overall RMSD than the
corresponding value of AK3 (Figure S8).

For AMP binding, due to the relatively low binding affinity, this event was quantified with
NMR spectroscopy. A number of residues displayed curved chemical shift perturbation patterns
indicating the existence of two binding events with distinguishable binding affinities (Figure 5E,
5F). Fits to these data were improved from a statistical standpoint (F-test) by invoking two
independent binding sites and the resulting K4 vales were 210+ 7 uM and 4.8 + 0.2 mM,
respectively. The stronger binding affinity is close to the Ky for AMP binding to AKeco (210 * 66
HM“E).

In light of the weak secondary binding affinity of AK3 to AMP we investigated if similar
effects were also present for ATP and GTP. For both ATP and GTP, curved chemical shift
perturbation patterns were observed indicating at least two binding events with distinguishable
affinities. For the first binding event, their binding affinities (K4 =2 uM and 13 uM from ITC
above) were too strong to be accurately quantified with NMR. On the other hand, the weak
biding affinities could be quantified to be 1.7 + 1 mM and 9.0 + 3.8 mM for GTP and ATP
respectively (Figure 7A, B). Since attractive interactions between any pair of molecules arise from
the correlation between the motions of their electrons by London dispersion interactions®®, we
assumed that the weak binding events are due to non-specific interactions with the protein
surface. To test this hypothesis, we quantified the ATP binding affinity of AKeco With its adenosine
binding sites blocked with the tight binding inhibitor AP5A (Muller et. al.?® and Figure 7C). In this
experiment the strong ATP binding event was absent while the weak binding event was
preserved (12 £ 2.1 mM). We further tested the hypothesis by quantifying the ATP binding
affinity of two proteins void of known ATP binding sites, human a-synuclein®®, and LcrG>! from
Yersinia pseudotuberculosis. Both proteins displayed chemical shift perturbation patterns
indicative of weak ATP binding events (Figure 7D, E). The resulting affinities were 13 £ 2.4 mM
and 12 £ 0.8 mM for a-synuclein and LcrG, respectively. Together, we conclude that the weak
binding affinity of ATP and GTP observed by NMR is due to non-specific interactions with protein

surfaces.
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Figure 7. Non-specific binding of GTP and ATP to protein surfaces

Weak binding affinities of GTP to AK3 and ATP to three different proteins, in addition to AK3, were
quantified with NMR spectroscopy. In all panels the GTP or ATP induced chemical shift perturbations for
one example amino acid residue are shown against the ATP/GTP concentration. (A) and (B) GTP and ATP
binding curves to AK3 fitted to a two-site model (equation 4) are shown by the red line. (C) ATP binding to
AKeco Where the endogenous ATP and AMP binding sites have been occluded by presence of excess of the
tight binding inhibitor Ap5A. (D) ATP binding to the Yersinia pseudotuberculosis protein LcrG. (E) ATP
binding to the human protein a-synuclein. In C-E the best fitted one-site model (equation 3) is shown as a
solid red line.
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Figure 8. Linear free energy relationship between substrate turnover and binding affinities

A linear free energy relationship between substrate turnover and binding affinity has previously been
established for AKeco53. The AAG values are calculated relative to wild-type AKeco. In the original
representation of correlation we compared different AKeco variants and also wild-type AKeco performed
in different urea concentrations. Here the corresponding values for AK3 were added to the correlation and
it is evident that AK3 follows the general energetic relationship as observed for AKeco. In addition, values
for AKeco catalysis with modified nucleotide tri-phosphates have been added. These variants include dATP,
ddATP and two designed ATP analogs (analogs 1 & 2) where analog 1 has the hydrogen bond donor at C6
replaced from “NH2” to “OH” and analog 2 has the N1 and N3 nitrogens replaced with carbons. Analog 2
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was used previously in our study of the inhibited AKeco:GTP complex13. The errors, in both dimensions,
are estimated as the standard deviations based on three technical replicates.

The core of our catalytic model for the NMP kinase AKeco is that the turnover of
substrates is rate-limited by product release, caused by the slow opening of substrate binding
sub-domains*? 44, It should also be noted that there exists a contradicting model where ultra-fast
opening and closing dynamics are utilized by AKeco to stochastically populate a catalytically
competent state®2. In line with our model, we have previously established a thermodynamic
signature for this rate limitation with a linear relation between free energy values of catalysis
versus binding®3. When displayed together with various AKeco variants, different substrates, and
AKeco under different conditions, AK3 thermodynamics are consistent with the established
linearity (Figure 8). Thus, we argue that AK3 substrate turn-over is rate-limited by product
release and that the ket of around 60 s (compare to 360 st for AKeco) is @ consequence of the

strong GTP binding affinity.
Catalysis: Mixed inhibition of AK3 by ATP

Although GTP is the endogenous nucleoside triphosphate used for phosphorylation by
AK3, the similarity of the chemical structures between GTP and ATP (Figure 1) prompted us to

explore the potential inhibitory power of ATP.

To this end, we employed the standard ATPase activity'’ assay with a constant
concentration of ATP (1.7 mM) and varying concentrations of either GTP or AMP, with a
subsequent fit of the data to different kinetic models. These models included: (1) no changes to
either ket or Ky, i.e. no inhibitory effect of ATP, (2) competitive inhibition, i.e. an increased
observed Kv (3) noncompetitive inhibition, i.e. a decreased observed kcat, and (4) mixed

inhibition, i.e. an increased observed Kv together with a decreased observed.

keat. Fits to the four kinetic models for both variation of GTP and AMP are shown in Figure
9. It is evident that mixed inhibition models (eq.2 in materials and methods) provides the best
explanation of the experimental data for both GTP and AMP and that in both cases the second
best model was non-competitive inhibition. The statistical relevance for the improved fits in the
mixed models were accessed with F-tests. In the case of GTP the F-value for mixed versus

noncompetitive inhibition was 9.25 which makes the mixed inhibition model statistically relevant
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at the 90% confidence level (critical F-value equals 5.46). Likewise, in the AMP case the F-value
for mixed versus noncompetitive inhibition was 50 which makes the mixed inhibition model
statistically relevant at the 99% confidence level (critical F-value equals 31). For the scenario of
mixed inhibition, the inhibition constants are defined as K, and K" for noncompetitive and
competitive inhibition, respectively. For GTP variation, K} and K" were found to be 850 and 655
UM, respectively, whereas the corresponding values for AMP variation were 1700 and 200 uM.
Among these inhibition constants, the strongest effect was observed for competitive inhibition

of AMP with an inhibition constant of 200 uM.
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Figure 9. ATP inhibition of AK3

The effect on ATP (at 1.7 mM) on AK3 catalysis was quantified by fitting kinetic data from coupled ATPase
assays to different models. Kinetic rates equal to V/Eq are plotted against (A) GTP concentration or (B) AMP
concentration. The solid lines corresponds to fits to kinetic models as follows; black: no inhibitory effect of
ATP, gray: competitive inhibition, blue: noncompetitive inhibition and red: mixed inhibition.

These ATP inhibition patterns implies that the binding of ATP likely interferes with the
AMP binding site. To verify this model, we used solution state NMR chemical shift perturbation
analysis. Structural changes were monitored by quantifying the ligand-induced changes in
chemical shifts in 'H-1>N HSQC experiments which provided a unique fingerprint of the structural
state occupied by the protein under defined conditions. By comparing spectra of apo and ATP
saturated AK3 (Figure S9), it is evident that the chemical shifts of a set of amino acid residues

were significantly perturbed as expected for a binding process with K4 of 13 uM.

Quantitative analysis was performed by comparing the AK3 spectra in three defined
states saturated respectively with AMP, GTP and ATP. Here the spectra of AK3 in complex with

AMP and GTP served as reference states. The ATP saturated spectra showed a striking similarity
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with the AMP reference spectra while the resemblance of the GTP state was much weaker. This
difference was quantified by linear regression of the chemical shifts of the ATP state with those
of the reference states (Figure 10A, B). The analysis reveals a robust correlation (R*=0.93 and a
slope of 1.06) between ATP and AMP chemical shifts whereas the ATP and GTP chemical shifts
are essentially uncorrelated. Collectively, these NMR results demonstrate that the primary site of
ATP binding is the AMP site. This binding mode is consistent with the competition pattern
observed for ATP against GTP and AMP (Figure 9) and also with the inability of AK3 to close its
GTPlid over Ap5A (Figure 4). In order to determine the molecular details of ATP binding to the
AMP site, we solved a 1.75 A co-crystal structure of AK3 in complex with ATP. As predicted from
the NMR analysis the structure has ATP coordinated to the AMP between AK3 and the adenosine
group in the ATP inhibited structure is very similar to the pattern observed in the closed
structure in complex with Gp5A. Taken together, we have discovered the molecular
underpinning of the inhibitory effect of ATP on AK3 catalysis from a combination of enzymatic
assays, NMR and x-ray crystallography. The mechanism of ATP inhibition by binding to the AMP
site is dependent on the bi-substrate nature of AK3 catalysis and the chemical similarity between

ATP and AMP.
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Figure 10. Structural basis for ATP inhibition of AK3

The spatial location of ATP binding to AK3 was identified from comparisons of chemical shift perturbations
induced by ATP with those induced by AMP and GTP. (A) Correlation between chemical shift perturbations
induced by ATP and AMP. The identity of residues in the AMP binding (red), GTP binding (blue) and core
sub-domains (gray) are indicated in the plot. The best fitted linear correlation is indicated with the straight
line (Aw(ATP)=1.06* Aw(AMP), R%: 0.93). The strong linear correlation indicates that ATP binds to the AMP
binding site of AK3. (B) Comparison of ATP and GTP induced chemical shift perturbations with color-coding
as in (A). The lack of correlation excludes the possibility that ATP binds to the GTP binding site. (C) 1.75 A
co-crystal structure of AK3 in complex with ATP. ATP binds to the AMP biding site as predicted from the
NMR results in (A) and (B). The GTP and AMP binding sites are colored in blue and red, respectively.
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Figure 11. Principles of ATP and GTP selectivity in NMP kinases

The principles are based on the findings for AK3 (GTP specific NMP kinase) presented here and for AKeco
(ATP specific NMP kinase) described previously®®. The function of the enzymes is dependent on positive
selection via formation of a catalytically active, closed, state with the “correct” substrate, and negative
selection via formation of a catalytically inactive, open, complex with the “incorrect” substrate. Top: For
AK3 the catalytically active complex (left panel, PDB entry 6ZJB) with the endogenous substrate GTP is, in
part, dependent on a hydrogen bond between the backbone amide proton of Thr201 and the O¢ atom of
the guanosine base (encircled). A catalytically incompetent state of AK3 in complex with ATP (right panel,
PDB entry 6ZJD) is formed by coordination of ATP to the AMP binding domain. Bottom: In the case of the
ATP specific NMP kinase AKeco a catalytically incompetent state with GTP (left panel) is obtained through
arrest of an open conformation mediated through contacts with the guanosine base by residues in the ATP
binding domain (PDB entry 6F7U*%). The catalytically competent state of AKeco With ATP (right panel) is, in
part, stabilized with a backbone hydrogen bond between Lys200 and the Ng hydrogen of the adenosine
base (encircled) (PDB entry 1AKE?).

*Figures of the active complexes are shown with the inhibitors Gp5A and Ap5A for AK3 and AKeeo
respectively, showing the closed state of the NTP binding lid.
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Conclusions

The production of the universal energy carrier, ATP, from the combined action of the
citric acid (TCA) cycle and oxidative phosphorylation is a key event in biology. One of the steps in
the citric acid cycle is the conversion of succinyl-CoA to succinate by the action of succinyl-CoA
synthase®. During the succinyl-CoA conversion, GDP is phosphorylated to GTP, which implies
that GTP must be recycled into GDP in the mitochondrial matrix. Here, we provide molecular
insights into the function of AK3 that is responsible for GTP to GDP recirculation, and a detailed
insight in its selectivity for GTP over the similar and abundant ATP. The key aspect for specific
recognition of the guanosine moiety of GTP by AK3 is the formation of a backbone-mediated
hydrogen bond between the amide proton of Thr201 and the Og carbonyl oxygen of the
nucleobase. Backbone-mediated hydrogen bonding for specific recognition of GTP has also been
found in other enzymes. For example, in H-Ras, GTP is, in part, coordinated by a hydrogen bond
donated from the amide proton of Ser145%, and in EF-Tu it is hydrogen bonded in a similar
manner by residue Leul76 (1EFT.pdb)>*. The involvement of backbone atoms in the mechanism
underlying binding or catalysis is robust from an evolutionary perspective because the backbone
is insensitive to mutational perturbation. A well-established example of this is the proteolytic
mechanism of serine proteases, which depends on an oxyanion hole formed by backbone amide

protons to stabilize the enzyme-acyl intermediate.

Our structural data reveal that the almost 40-fold catalytic GTP versus ATP specificity of
AK3 is primarily dependent on ATP being coordinated by the endogenous AMP binding site. As
such, ATP acts as a non-competitive inhibitor with respect to GTP and this mechanism provides a
robust way to ensure that GTP is the primary phosphoryl donor used by AK3 inside the
mitochondrial matrix. This mechanism is dependent on the bi-substrate nature of AK3 and bears
similarities to how AKeco selects ATP over GTP. In AKeco, GTP binding arrests the enzyme in an
open, catalytically incompetent state, shown by the X-ray crystallographic structure of AKeeo in
complex with a non-hydrolysable GTP analogue determined to 1.4 A resolution®®. The findings
for AK3 and AKeco summarize how members of the NMP-kinase family have evolved to utilize
positive and negative selections for GTP and ATP (Figure 11). During the course of the discovery

that ATP binds to the AMP binding site in AK3, we have also found that GTP and ATP have a
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tendency to bind non-specifically to proteins. This effect complicates the analysis of NMR
titrations by causing a curvature in the ligand concentration dependent chemical shift
perturbations. From a functional standpoint the dissociation constant (Kq) for non-specific
interactions with proteins is in the range of 1.3 — 13 mM which is on par with the intracellular
ATP concentrations that are in the milli-molar range®®. Thus, the intracellular activity of GTP and
ATP, is expected to be lowered by non-specific protein interactions, and this concept has been
discussed previously in different context where ATP has been put forward as a hydrotrope®’. In
contrast, the K values for GTP for AK3 (10 uM) and for ATP for AKeco (63 nM*°) are unexpectedly
low compared to the millimolar intracellular concentrations of ATP and GTP>®. This apparent
discrepancy may have evolved to compensate the limited availability of free ATP as a result of its

non-specific interactions with protein surfaces.
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Appendix |

INSERT
(B)

Figure S1. Structures of long and short monomeric NMP kinases

(A) Example of a long monomeric NMP kinase with the INSERT segment indicated and colored in orange.
Adenylate kinase from Escherichia Coli in complex with the inhibitor Ap5SA! (1AKE). (B) Example of a short
monomeric NMP kinase. Adenylate kinase from the Antarctic fish Notothenia coriiceps in complex with

Ap5A? (5XZ2).
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Figure S2. AK3 in a closed conformation in complex with the inhibitor
Shown is a superimposition of AK3 (blue ribbon) in complex with Gp5A with AKee (gray ribbon) in complex
with Ap5A® (1AKE).

(A) (B)

Figure S3. Structures of an open and closed NMP kinase
Crystallographic structures of AKeeo are used for illustration of the open and closed states. (A) Substrate
free and open AKeco® (4AKE). (B) ApSA bound and closed AKeeo! (1AKE).
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Figure S4. Top: Trosy-HSQC spectra of human AK3 (apo form) and, bottom: a comparison between
predicted secondary structure based on the chemical shifts and the secondary structure of the high

resolution AK3-Gp5A X-ray structure (6ZJB.pdb).
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Figure S5 Top; Trosy-HSQC spectra of human AK3 | Figure S6 Top: Trosy-HSQC spectra of human AK3
(GTP saturated, 1mM) and bottom; chemical | (AMP saturated, 10mM) and bottom; chemical
shift differences (| 1H|+0.2* | 15N |) between apo | shift differences (|*H|+0.2*|**N|) between apo
AK3 and AK3 saturated with ImM GTP. Residues | AK3 and AK3 saturated with 10mM AMP.
in the GTPlid are colored red and residues in the | Residues in the GTPlid are colored red and

AMpdb are colored blue. residues in the AMpdb are colored blue.
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Figure S7. Displacement of the nucleotide binding domains relative to the protein core in AK3 and
AKeco during the course of an 500ns MD simulation

The lid-to-core center-of-mass distances were calculated on the atomic coordinates saved every 0.1ns. The
elliptical distribution in AK3 (left panel) indicates the shifting of the GTPlid by approximately 3A in the
direction towards and away from the protein core while the AMPbd displaces only by about 0.5A around
the 21A mark. The distribution pattern for AKec (right panel) is more spherical suggesting that both domains
exhibit a similar range of motion relative to the core, with the ATPlid domain being at a marginally farther
distance from the core. Pink diamonds in both panels mark the values for the respective X-ray structures.
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Figure S8. The root-mean-square deviation (RMSD) of the backbone atomic position during the course
of a 500ns MD simulation.

The RMSD value quantifies a relative deviation of atomic position per coordinate frame saved every 0.1 ns
against the X-ray crystalline reference structure. Both adenylate kinase models demonstrate appropriate
structural stability of the equilibrated system with an average displacement of 2A (AKewo) and 1.5A (AK3)
from the reference conformation.
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Figure S9 Top; Trosy-HSQC spectra of human AK3 (ATP saturated, 1mM) and bottom; chemical shift
differences (|*H|+0.2*| >N |) between apo AK3 and AK3 saturated with 1mM ATP. Residues in the GTPlid
are colored red and residues in the AMPdb are colored blue.
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Abstract

Enzymes employ a wide range of protein motions to achieve efficient catalysis of
chemical reactions. While the role of collective protein motions in substrate binding, product
release and regulation of enzymatic activity is generally understood, their roles in catalytic steps
per se remain uncertain. Here, molecular dynamics simulations, enzyme kinetics, X-ray
crystallography and nuclear magnetic resonance (NMR) spectroscopy are combined to elucidate
the catalytic mechanism of adenylate kinase and to delineate the roles of catalytic residues in
catalysis and conformational change of the enzyme. The study reveals that the motions in active
site, which occur on a timescale of ps-ns, link the catalytic reaction to the slow conformational
dynamics of the enzyme, by modulating the free energy landscapes of subdomain motions. In
particular, substantial conformational rearrangement occurs in the active site following the
catalytic reaction. This rearrangement not only affects the reaction barrier but also promotes a
more open conformation of the enzyme after the reaction, which then results in an accelerated
opening of the enzyme as compared to the reactant state. The results illustrate a linkage
between enzymatic catalysis and collective protein motions, whereby the disparate time scales

between the two processes are bridged by a cascade of intermediate-scale motion of catalytic
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residues modulating the free energy landscapes of the catalytic and conformational change

processes.

Introduction

Protein motions involved in enzymatic catalysis span a wide range of spatial and temporal
scales, from thermal fluctuations that equilibrate rapidly along the catalytic reaction coordinate
on the one hand, to the slow collective motions that accompany enzymatic catalysis, ligand
binding and allosteric regulation,*” on the other hand. Thermal fluctuations typically take place
locally at the active site of an enzyme in response to changes in reacting species and have been
studied using various kinetic, spectroscopic and simulation approaches.® 19 While the role of
collective protein motions in substrate binding, product release and regulation of enzymatic
activity is generally understood, their role in catalysis has been challenging to understand due to
the difficulty in attributing a direct functional role to such motions or quantifying their effects.?®”
14 For this reason, many studies have focused on identifying a phenomenological link between
slow protein motions and enzymatic catalysis.’>*8 Furthermore, elucidating the detailed
mechanism and sequence of events between slow conformational change, ligand
binding/release and catalysis remains a theoretical and experimental challenge. Overcoming this
challenge with a combined computational and experimental approach, here, we examine
conformational plasticity and dynamics in the active site of Escherichia coli (E. coli) adenylate
kinase (AdK) and explore the mechanisms that link enzymatic catalysis to large-scale collective
motion of the enzyme, achieved through the modulation of their respective free energy

landscape.

In the cell, AdK regulates cellular adenosine triphosphophate (ATP)/adenosine
diphosphate (ADP) homeostasis by catalyzing the reversible conversion of ATP and adenosine
monophosphate (AMP) to 2 molecules of ADP.19 X-ray crystallography and nuclear magnetic
resonance (NMR) spectroscopy have established that during the catalytic cycle, the enzyme
undergoes an open-to-close conformational change of two substrate binding subdomains (ATPlid

and AMPIlid; Figure 1).
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ATPIid

Figure 1. Open-to-close conformational change of E. coli adenylate kinase (AdK)

a Ribbon diagram of E. coli AdK in the open (left; PDB ID: 4AKE?) and closed conformation (right; PDB
ID: 7APU). b Architecture of the closed-conformation active site with bound ATP and AMP. The five
active site arginine residues, one lysine residue and the bound ATP and AMP molecules are shown in a
ball and stick model. In the figure, the 2 ADPs in the 7APU structure are modified to ATP and AMP.

A third subdomain, called CORE, is static but crucial for thermal stability of the enzyme.?°
Subdomain opening occurs on the the same time scale as the catalytic turnover,? and is thus rate
limiting to the overall catalytic turn-over. On this basis, extensive studies, both experimental® 2%
24 and theoretical,?>?” were conducted to elucidate the mechanisms of the open-to-close
conformational change of the enzyme. However, despite various site-directed mutagenesis
studies,® 2531 the catalytic mechanism of the enzyme remain not fully understood at the atomic
level, including the roles of active site residues?? and metal ion in catalysis,?® and the nature of
the reaction transition state.3 For example, Kerns et al. recently studied the role of the catalytic
Mg?* ion as an electrostatic pivot in the phosphoryl transfer, using X-ray crystallography, NMR,
enzyme kinetics and molecular dynamics (MD) simulations.® Nevertheless, the precise role of
Mg?* in the stabilization of the phosphoryl-transfer transition state remains unknown, and its
study requires a quantum mechanical description of the catalytic reaction to fully characterize
the nature of the transition state (TS). In addition, the coupling between enzymatic catalysis and
intrinsic protein motions, which occur at different time scales, 3> 3¢ remains a fundamental and
open question in enzymology. In this study, we present a mechanistic connection between the
large-scale opening motion of the enzyme adenylate kinase (i.e., opening of the ATP and
AMPIlids) and its catalytic phosphoryl transfer reaction, discovered by a combined application of

NMR, X-ray crystallography, site-directed mutagenesis and free energy simulations. This
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connection is achieved through the change of their respective free energy landscapes occurring
in response to the change of the other. For example, the free energy barrier of the opening of
the enzyme differed between the reactant and product states of the catalytic phosphoryl
transfer reaction. Likewise, the free energy of the catalytic reaction was affected by the relative
opening of the enzyme. In addition, arginine residues in the active site of the enzyme altered
their orientation and interactions along the catalytic reaction. These alterations led to the
change in the orientations of the two lids relative to the CORE subdomain, orienting them for
faster opening in the product state than in the reactant state. In this way, the catalytic reaction
in the active site of the enzyme effects on the slow close-to-open protein motion, without the
two different timescale events being directly coupled. Therefore, the coupling mechanism
presented in this work is different from the direct coupling mechanism where certain rapid
protein motions, such as the rate-promoting vibrations proposed by Schwartz and co-workers,”
37 occur concurrently with the crossing of the chemical barrier. In addition, this type of coupling
mechanism is not exclusive to this enzyme, but has been proposed in motor proteins, most
notably in F1-ATPase, where the catalytic reaction modulates the free energy landscape of the
rotation of its central rotor subunit, without the events taking place concurrently.38 In the

following, we presents the materials and methods, followed by the results and discussion.

Materials and Methods

Protein expression and purification

E. coli adenylate kinase (AdK) was over-expressed using a previously published protocol®®
based on a self-inducing plasmid (pEAK91). Plasmids carrying the mutations, R2A, R36A, R36K,
R88A, R88K, R123A, R123K, R131A, R156K, R167A and R167K were acquired from Genescript, in
which each mutation, except R156K, was designed to examine the impact of side chain removal.
The R156K mutant was designed based on Kerns et al.,® and in this study it was prepared to
provide a consistent set of kinetic parameters. The expressed proteins were purified by affinity
chromatography on a Blue sepharose column, followed by a gel filtration step. To obtain
uniformly N labeled enzyme for the *°N edited NMR experiments, expression cells were grown

on minimal media (M9) with > NH4Cl as the sole nitrogen source.
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X-ray crystallography

AdK at a concentration of 18.3 mg/ml (~776 uM) was mixed with 5mM each of AMP and
guanosine triphosphophate (GTP) in a 30 mM MOPS buffer at pH 7 containing 50 mM NaCl.
Diffraction quality crystals were grown by the hanging drop method in 24 well Linbro plates.
Mixed on a cover slip were 2 ul of AdK, preincubated with AMP and GTP, which was a part of
screen of different combinations and concentrations of AMP, ADP and ATP with GMP, GDP and
GTP, and 2 pl of the buffer containing 0.2 M NH4CH3CO,, buffered with 100 mM CH3CO;Na
adjusted to pH 4.6 and 30 % v/v PEG 4000 as the precipitant. The coverslip with the
crystallization drop was inverted and sealed over a well containing 0.5 ml of the precipitant
buffer. No Mg?* ions were added at any stage, in order to reduce catalytic reactions in the
crystallization set-up. Crystals grew at 291.2 K within 5 days to a size of 0.5 X 0.1 X 0.1 mm?3.
Crystals were mounted free floating suspended in a nylon loop and vitrified by chock cooling to
100 K in a nitrogen gas stream (Oxford CryoSystems Ltd, UK). X-ray diffraction data was collected
at a wavelength of 0.9750 A onto a Pilatus 6M detector (Dectris) at beam line ID23-1 of the
European Synchrotron Facility (ESRF) in Grenoble, France. The diffraction intensities were
indexed, integrated with XDS# and prepared for scaling with pointless.#? Aimless* was used to
scale and merge the intensities which were converted to structure factors with cTruncate.#?
About 5% of the data was used for Rfree calculation. Phase determination and structure solution
were carried out by molecular replacement (MR) using the E. coli AdK (PDB ID: 1AKE#4) as the
search model in Phaser.# AdK structure refinement against data extending to 1.36 A was carried
out with phenix.refine?® 4/ (Phenix program package version 1.17.1-3660). Manual model
building was carried out with Coot (version 0.8.9.2 EL).#% Refinement and model building were
iterated until the R-free and R-factor converged. The data processing and refinement statistics

are listed in Table S1.
IH->Ne correlation and 15N-relaxation NMR spectroscopy

2D 1He-15Ne correlation spectra for side chain arginines and backbone relaxation spectra
were recorded on a Bruker Avance Il HD spectrometer at 850 MHz using a triple-resonance (TXI

5-mm) cryoprobe equipped with pulsed field gradients along the x, y, and z axes. Side chain
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arginine spectra were measured in a 30 mM MES, 50 mM NaCl buffer at pH 5.5. Backbone
relaxation experiments were measured in 30 mM MOPS, 50 mM NaCl at pH 7.0. D20 [10% (v/Vv)]
was added to all NMR samples for the field-frequency lock. NMR spectra were processed using
NMRPipe and NMRDraw softwares49 and analyzed using Topspin 3.6 (Bruker) and SPARKY
(v3.113; https://www.cgl.ucsf.edu/home/sparky; UCSF, San Francisco, CA, USA). The side chain
correlation spectra were recorded by placing the 15N carrier frequency at 90 ppm and sweep-
width was set to 86 ppm for HSQC measurements. The 15N-relaxation experiments, T1, T2, and
15N-{1H}-heteronuclear nuclear Overhauser effects (NOEs), were collected in an interleaved
manner. Interleaved 2D NMR experiments based on 1H-15N correlation spectra were
performed. Delays of 50, 100(duplicate), 200, 400, 500, 600, 800, 1000(duplicate), 1200 and
1500 ms were used for T1 measurements, and 16.96, 33.92, 50.88, 84.80, 101.76, 118.72,
135.68, 152.64, 169.60 (duplicate), 186.56 and 203.52 ms were used for T2 measurements.50
Relaxation delays of 3 s and 2 s were used for the T1 and T2 measurements, respectively. Steady-
state 15N-{1H}-heteronuclear NOE was measured with either 5 s delays between each free-
induction decay or 2 s delays, followed by a 3 s series of 120° nonselective 1H pulses.51 T1, T2,
and 15N-{1H}-heteronuclear NOE experiments were performed with time-domain sizes of 256 X
2048 complex points and sweep widths of 10204.08 Hz and 2584.62 Hz along the 1H and 15N
dimensions, respectively, with 8 scans for T1 and T2 and 32 scans for the 15N-{1H}-
heteronuclear NOE experiment. Arginine side chain 15N-{1H}-heteronuclear NOE experiments
were recorded as described with 15N carrier frequency and sweep-width set at 86 and 60 ppm,
respectively. The details of 15N-relxation data analysis are provided in the Supporting
Information. Assignments of the 1He-15Ne correlations were accomplished by comparing NMR
spectra of apo and P1,P5-di(adenosine-5’) pentaphosphate (Ap5A) bound states with those of
several AdK variants. The variants were: R2A, R36A, R26K, R88A, R88K, R119A, R123A, R123K,
R131A, R156K and R167K.

System preparation and molecular dynamics (MD) simulations

Three systems were prepared based on the 1AKE wild-type (WT) E. coli AdK structure and
the 2CDN Mycobacterium tuberculosis AdK structure® for ADPs and Mg?*: (1) the reactant state
(RS) with ATP and AMP, (2) the transition-state mimic (TSM) and (3) the product state (PS) with
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2ADPs. The ATP in RS and one of the two ADPs in PS were protonated. The TSM state was
prepared to mimic the geometries of the transition state (TS) of the catalytic reaction (obtained
from the QM/MM simulations), and one of the transferred phosphoryl oxygens was protonated.
In all systems, we included Mg?* ion, its coordinating waters and all crystal waters of 1AKE.
CHARMM?22°? and the CMAP?3 potentials were used to represent the protein and ions, and for
ATP, ADP and AMP, CHARMM?27°4 55 force field was used. After solvation with a 72 A cubic box
of TIP3P~® waters and 150 mM NaCl, each system was minimized and equilibrated for 200 ps at
298 K. Production MD simulations were performed for 300 ns at 298 K and 1 bar with the leap-
frog Verlet for 2 fs time integration and SHAKE>” applied to all bonds involving hydrogen atoms.
All MD simulations were performed using the CHARMM?®8/OpenMM? program. The particle
mesh Ewald (PME) summation method® was used and vdW interactions were evaluated up to
12 A. All MD simulations were triplicated to achieve convergence of simulation results. See the
Supporting Information for details of system preparation, force field parameters for TSM and MD

simulations.
Hybrid quantum mechanical and molecular mechanical (QM/MM) simulation

The system for the QM/MM simulation was prepared following the procedure described
above for the product system (i.e., with 2 ADPs), except that it was solvated with a 69 A rhombic
dodecahedron (RHDO) box of TIP3P waters. After minimization and equilibration, the QM/MM
MD simulation was performed at 298 K and 1 bar, in which the two ADP molecules, one Mg?* ion
and its coordinated waters were described by the AM1/d-PhoT QM model,®? which was
developed for the catalytic phosphoryl transfer reactions, and the rest by the CHARMM force
field. Long-range electrostatic interactions were evaluated with the QM/MM-PME algorithm?®% 63
and vdW interactions with the 10.0 A cutoff. All QM/MM MD simulations were performed using
the CHARMM program (version c43a1),”® ¢4 with 0.5 fs time integration and SHAKE®” applied to
non-QM atoms. System temperature and pressure were controlled using the Nose-Hoover

thermostat®® and the extended system pressure algorithm,® respectively.

Starting from the path generated by the umbrella sampling (US)®” simulations, the string
method in collective variables (SMCV) simulation®® ¢ was performed using the distances of the

forming and cleaving P-O bonds (i.e., P-Onuc and P-Oig) as CVs. The entire path was described
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using 48 SM replicas (i.e., MD images). For each string replica, 100 ps QM/MM MD simulation
was performed to optimize the path, followed by 400 ps QM/MM MD to calculate the free
energy along the path. Thus, a total of 24 ns QM/MM MD simulations were performed for the

reaction.

In the simulation, we protonated one of the y phosphoryl oxygens of ATP. To determine
the site of protonation, the proton transfer from ATP to AMP was simulated using the US
technique. The simulation yielded 2.4 kcal/mol as the free energy of reaction (Figure S1),
suggesting ATP as the preferred site for protonation for the wild-type enzyme. [This is different
in the R167A mutant, in which the protonation of AMP is favored by 3.3 kcal/mol.] In addition,
the phosphoryl transfer reaction with fully deprotonated ATP and AMP (using SMCV) was
simulated to test the impact of ATP protonation on the catalytic barrier and reaction free energy.
The barrier and the reaction free energy determined were 10.8+0.2 kcal/mol and 0.4+0.3

kcal/mol, respectively.
SMCV free energy (FE) simulation of AdK opening

Starting from the close-to-open conformational change path obtained from the MD
simulation in PS, the SMCV path optimization was performed in an iterative manner. In each
iteration, a 4 ps MD simulation was performed, during which each SM image was harmonically
restrained with a force constant of 100.0 kcal/mol-A2 to each CV and the average free energy
gradients were evaluated for the evolution of path. In the present study, the CORE-ATPIlid, CORE-
AMPIlid and ATPlid-AMPIid distances were used as CVs to describe the path (Figure S2) and the
entire path was described with 72 SM images. After the evolution of the path, the CV positions
were reparametrized to have an equal distance between neighboring images, completing one
path optimization cycle. The path optimization was performed for a total of 2 ns for each image
(i.e., 500 iteration). Then, additional 20 ns MD simulations were performed to determine the
potential of mean force along the path. Thus, a total of 1.58 pus MD simulations were performed

for the conformational change FE profile.

For the opening in the reactant state, 2 ADPs were modified to ATP + AMP for each SM

image obtained from the product state SMCV simulations and briefly energy minimized. The rest
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of the path optimization and the potential mean force simulation followed the same procedure
as that used for the product state SMCV simulation. To test the convergence of the results,
additional SMCV FE simulations were performed from different initial path with essentially

identical results.

Phosphoryl Transfer Reaction
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Figure 2. Catalytic mechanism of AdK

a Free energy profile of the catalytic phosphoryl transfer between ATP+AMP and 2 ADPs, where o
denotes the normalized reaction coordinate between 0 and 1. b Representative structures of the
reactant (RS), transition (TS) and product state (PS), obtained from the QM/MM simulations. ¢ Kinetic
parameters (ket and Ky are for ATP) determined for wild-type AdK and five active site arginine variants

Results

Phosphoryl transfer mechanism and impacts of catalytic residue variants

The catalytic mechanism of AdK was studied by applying the hybrid quantum mechanical
and molecular mechanics (QM/MM) method,®* 7° using the AM1/d-PhoT QM method®? for the
catalytically reactive region and the CHARMM force field®? for the rest of the enzyme and water
solvent. The barrier and free energy of the phosphoryl transfer reaction between ATP + AMP and
2 ADPs were calculated to be 10.6+0.2 kcal/mol and -1.6+0.5 kcal/mol, respectively (Figure 2a).

These values are comparable to < 12.4 kcal/mol of catalytic barrier and -1.4 kcal/mol of reaction
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free energy estimated from kinetic measurements,® suggesting the reliability of the employed

QM/MM method for the study of the enzyme’s catalytic mechanism.

The reaction begins with the nucleophilic attack of an a-phosphoryl oxygen of AMP at the
y-phosphorus of ATP. This is followed by the formation of a transition state and then the reaction
product (Figure 2b). Details of the catalytic mechanism and the character of the transition sate
are provided in the Appendix Il and Figure S3. Importantly, the active site of E. coli AdK harbors
five conserved arginine residues, i.e., R36, R88, R123, R156, and R167 (Figure 1b), which are well
positioned for efficient phosphoryl transfer and, with a bound Mg?* ion, balance the charges of
ATP and AMP. In accordance with this, their mutations to alanine, in one case to lysine,?®
substantially reduced the catalytic activity of the enzyme (Figure 2c and Table S2): R88A, R123A,
R156K and R167A exhibited less than 1 % of the wild-type activity and R36A 17 % of the wild-
type activity. On the other hand, the Ku values were less affected by the mutations and the
values determined for ATP ranged between 52 — 120 uM (Table S2). Previously, Wolf-Watz and
co-workers established that the Kv value for the wild-type AdK (71 uM for ATP) can serve as a
valid proxy for binding affinity, based on its similarity to the 53 uM Ky value for ATP.”? Assuming
the same for the arginine mutants, the small changes in Ky indicate that the thermodynamic
contribution to binding exerted by the positive charge of the arginines is small. This was
unexpected, because if the effects of the arginine mutation on ket were primarily electrostatic in
nature, equally large impacts on substrate binding would be expected as seen in the mutation of
another catalytic residue, lysine 13, to glutamine (K13Q), which affected both keer and Ku.2% Then
there are contributions of the enzyme, other than electrostatic, to the decrease in catalytic

activity in the mutants.

Likewise, significant impacts on catalytic activity have been reported from the mutation
of the active site arginines in other adenylate kinases.® 73! For example, in human adenylate
kinase 1 (AK1), the R44A and R97A mutations (equivalent to R36A and R88A of E. coli AdK,
respectively) retained 21 % and 19 % of the wild-type activity and the R132A, R138A and R149A
mutations (i.e., R123A, R156A and R167A of E. coli AdK, respectively) < 0.1 % of the wild-type
activity, respectively.?’ Similar results were also reported for chicken AK1.3% 31 However, due to

the difference in the ATPlid length, their precise location and interactions are different between
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AK1 and E. coli AdK, and their mutations therefore have different impacts on the catalytic
activity. To this end, Table S2 provides a consistent set of kinetics data on mutation for a single

and widely investigated enzyme system, i.e. E. coli AdK.
Changes in the conformation of active site residues along catalytic reaction

In Figure 2b, we show representative structures of the reactant (RS), transition (TS) and
product states (PS) obtained from the QM/MM simulation. These structures illustrate the
reorganization of the active site residues along the catalytic reaction trajectory (schematically in
Figure S4). On the ATP side, R123, which interacts with ATP in RS, follows the transfer of the y-
phosphoryl group to AMP. It therefore maintains its interaction with both ADP molecules in PS. A
conserved lysine (i.e., K13) also interacts with ATP in RS via its B and y-phosphoryl groups. In PS,
its interaction with the y-phosphoryl group is lost, while the interaction with the B-phosphoryl
group is retained. On the AMP side, R156 interacts with ATP and AMP via theiry and a-
phosphoryl groups, respectively, in RS. With the transfer of the y-phosphoryl group, the a-
phosphoryl group of AMP turns away from R156, but the residue retains the interaction with the
transferred y-phosphoryl group. R167 undergoes a similar change to R156. Namely, R167
interacts with both ATP and AMP in RS, and with the transfer of the y-phosphoryl group, its
interaction with AMP weakens. In PS, the residue disengages from the a-phosphoryl group of
ADP and only interacts with the transferred phosphoryl group in the AMP binding site. In Table
S3, we present the hydrogen-bond distances formed between the different arginine residues

with ATP and AMP in the RS, TS and PS, respectively, determined from the QM/MM simulations.

In addition, the a6-helix changes its orientation relative to the a7-helix along the catalytic
reaction, in which the two helices anchor ATPlid to the reaction substrates (Figure 2b). This
change in orientation can be attributed to the change in R123, R156 and R167 interactions
during the reaction; note that R123 and R156 are located immediate vicinity of the two helices
and R167 in the middle of a7. For example, the ab-helix tilts its orientation toward a7 following
the rearrangement of R123 with the transfer of the y-phosphoryl group. Similarly, the
orientation of a7-helix can be affected by R156 and R167. As a result, the interaction between
the two helices increases, which then releases the loop connecting the a3 and a4-helices of

AMPIlid from the a7-helix. Finally, and as discussed in the “Dual role of the active site arginines”
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section, these changes of orientations and interactions ultimately lead to the opening of ATP and

AMPlids after the reaction.
Effects of the conformational plasticity of R167 on catalysis

To understand the 137-fold reduction in k.4 observed by the R167A variant (Table S2),
the QM/MM and (100 ns) MD simulations were carried out for the R167A mutant. Interestingly,
the mutation not only raised the reaction barrier by 4.0 kcal/mol (Figure S5a-b), but also
enhanced the conformational motion of the two substrate binding subdomains compared to the
wild-type enzyme (compare Figure S5c to Figure 3a). In particular, while the wild-type enzyme
remained closed during the entire (300 ns) MD simulations, the R167A mutant exhibited an
opening, if not entirely, even during the 100 ns MD simulations. For example, in RS, the opening
of AMPlid was accompanied by the opening of ATPlid. In PS, AMPIlid fluctuated between the
closed and (partially) open states, while ATPlid opened slowly. In both states, the a7-helix,
harboring R167, displaced slightly away from the loop between the a-3 and a-4 helices of
AMPIlid. Consistent with the wild-type QM/MM result, the a7 displacement in the R167A mutant
can trigger the opening of AMPlid by releasing it from a7. This result suggests that in the wild-
type, R167 contributes to the slow-down of the opening of the enzyme through the stabilization

of the a7-helix orientation, while it accelerates the catalytic reaction.

Next, to verify the change of the R167 orientation in PS, we analyzed the X-ray crystal
structure of E. coli AdK with two bound ADPs in the absence of Mg?* determined at a resolution
of 1.36 A (Figure 1a right and Table S1). The structure is essentially identical to other closed AdK
structures, for example, with 0.2 A root-mean-square deviation (RMSD) from the 1AKE structure.
In addition, despite the absence of the bound Mg?* ion, the orientation of the active site ADPs
and surrounding residues was very close to the structure reported with Mg?* by Kerns et al.,®
thus providing meaningful details of ADP interaction at both binding sites. In our structure, the
AMP binding site is partially occupied by ADP (~90%) and AMP (~10%) based on the occupancy
of ADP B-phosphoryl group, while the ATP binding site is fully occupied by ADP. Previously, ATP
and AMP were shown to bind independently to AdK, with K; of 53 uM for ATP and 210 uM for
AMP.71 Here, ADP binding to AdK is quantified with isothermal titration calorimetry (Figure S6
and Table S4).
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Figure 3. ATPlid dynamics along the catalytic reaction trajectory

a Distribution of CORE-ATPlid and CORE-AMPIid distances between the reactant (RS), transition-state
mimic (TSM) and product states (PS). The color varies from blue to red with increasing frequency of the
observed distances. b Comparison of ATPlid and AMPIid orientations for X-ray structures in different
catalytic states. The ATPlid is shown in white for the structure with a bound ATP analog and AMP (1ANK?),
light blue for the transition state mimic structure (i.e., ADP—AIF;—AMP; 3SR0%) and blue for the 2 ADP
structure (4JKY®), respectively. In all structures, the CORE subdomain is displayed in white and 2ADP+Mg?**
are only shown as bound ligands for clarity. The thickness of the tube represents the temperature factor
(B-factor) of the protein backbone Ca atoms. ¢ The lowest frequency protein motion (PC1) identified from
PCA, whose tube thickness and color represent the amplitude of the PC1 motion. d Normalized projection
of MD simulation trajectories onto the PC1 and PC2 vectors.

The data can be fitted well with a single K; value of 9 uM, suggesting that the two ADP
molecules bind with the same binding affinity for the two binding sites.”? The 6 and 23-fold
changes in the binding affinity for ADP compared to those of ATP and AMP, respectively, suggest

some level of cooperativity between the two ADP binding events.

In our ADP bound co-crystal structure, the electron density covering R167 suggests two
conformations, designated here respectively by aand B (Figure 4). This heterogeneity is also

observed in other X-ray structures of AdK? & 4% 73 (Figure S7).
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Figure 4. Different orientations of the R167 side chain in the X-ray structure of AdK in complex with 2
ADPs (7APU)

(a) the a conformation and (b) the B conformation compatible with bound ADP in the AMP binding pocket.
The color scheme of the protein cartoon representation is the same as in Figure 1.

To test the effects of the different orientations of R167 on the catalytic reaction, we
performed the QM/MM simulations while restraining the C,-Cs-Ne-C; dihedral angle (i.e., & angle)
of R167 at -66° for the B conformation. The unrestrained QM/MM simulation was close to the a
conformation with an average 6 angle of -171° at RS. Restraining the R167 side chain orientation
raised the catalytic barrier by 4.6 kcal/mol and the reaction free energy by 1.6 kcal/mol,
respectively. This suggests the importance of R167 flexibility for the low catalytic reaction
barrier, possibly by stabilizing the transition state more effectively than the reactant state.
Moreover, the MD simulations, which were performed in the transition state mimic (TSM) and
product states (PS) to access the behavior of the active site residues over a longer period of time,
showed an enhanced fluctuation of the 6 angle towards the B conformation (Figure S8).

Likewise, R156 exhibited conformational heterogeneity based on the superposition of multiple X-
ray structures.® This finding, with the present results, suggests the important of conformational
heterogeneity of the two arginine residues (i.e., R156 and R167) in the catalytic turnover of the

enzyme.
Role of Mg?* ion in catalysis

The Mg?* ion bound in the active site plays an important role in achieving high catalytic
efficiency, as demonstrated by the 4.4x10%fold reduction of ket in the absence of Mg?* (from
330+ 11 st to 7.5x103 + 7.5%x10% ) as determined from a real-time 3P NMR assay’* 7*

(Figure S9). Kerns et al. also reported a similar level of reduction in ket with a removal of Mg?*.8
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To better understand the reduction of ke, we carried out the QM/MM and MD simulations in
the absence of Mg?*. The QM/MM simulation has yielded a 17.4+1.3 kcal/mol reaction barrier,
which is slightly lower than the 18.74 kcal/mol barrier estimated using the forward rate constant
of Kerns et al.# and 3.1 kcal/mol lower than that of 20.5 kcal/mol estimated on the basis of the
keat value determined in this work. Compared to the reaction in the presence of Mg?*, the barrier
is higher by 6.8 kcal/mol. This is understandable because both B and y-phosphoryl oxygens
coordinate with the Mg?* ion in the reactant sate (Figure 2c), and therefore the ion can stabilize
the negative charge developed in the leaving group oxygen at TS. In addition, the MD
simulations performed in the absence of Mg?* showed more suppressed ATP and AMPIid
motions and thus a more closed conformation (Figure S10c). Consistent with this, NMR
relaxation dispersion and pre-steady-state kinetics experiments have shown much slower lid
opening in the absence of Mg?* (by at least 3,800 fold).® Together, the present study and the
study by Kerns et al. suggest that Mg?* accelerates both the lid opening and the catalytic reaction
rate. This can be compared to the impact of R167, which slow-downs the opening of the

enzyme, while it contributes to the acceleration of the catalytic reaction.
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Figure 5. NMR characterization of active site plasticity of E. coli AdK

a Arginine side chain and notation of its heavy atoms. b Overlay of arginine side chain He-**Ne HSQC NMR
spectra of apo (black) and Ap5A bound (red) states of AdK showing the assignment of the catalytic arginine
residues. ¢ Overlay of arginine side chain *He-*>Ne HSQC NMR spectra of apo (black), ApSA bound (red) and
ADP bound (green) states of AdK. For (c), each of the spectra is shown in Figure S13a-c. d-e Plots of the
1N-{*H}-heteronuclear NOEs of catalytic arginine backbone amide (maroon) and arginine side chain *°*Ne-
'He (blue) groups of (d) apo and (e) Ap5A bound AdK. Heteronuclear NOE (Igqt/Iynsar ratio of peak
intensities) of each catalytic residue are plotted on the y-axis using the same values (-1.0 to 1.0) to compare
the apo and Ap5A bound AdK states. Errors associated with each NOE value from measurements in

triplicate are placed on top of the bar graphs.
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NMR characterization of structural heterogeneity of AdK active site

To probe the structural heterogeneity of the active site arginine residues experimentally,
we turned to the 'H-°N correlation NMR experiment. We have previously shown that backbone
IH-15N heteronuclear single quantum coherence (HSQC) experiments are very similar between
Ap5A and ADP saturated states, demonstrating that the overall closed conformation is the main
conformation in solution for both ligands.”* In this study, the experiment was applied to the He
proton at the Ne atom of arginine side chain (Figure 5a). In AdK, five of the 13 arginines are in
the active site, and assignment of the catalytic and a few additional arginines was carried out by
analyzing the NMR spectra of AdK variants where the arginines were replaced with alanine
and/or lysine (Figures S11 and S12). With this approach, we could assign all catalytic arginines
with the exception of R156 in the apo state and R167 in both apo and Ap5A bound states.

In the apo state, the catalytic arginines exhibit a relatively narrow chemical shift
dispersion (black in Figure 5b), indicating that they are predominantly solvent exposed. Then, in
the presence of the inhibitor Ap5A, which is known to stabilize the closed conformation of the
enzyme,* the chemical shift dispersion of the arginine side chains has increased considerably
(Figures 5b and S13a). Analysis of the heteronuclear steady-state NOEs for the side chains shows
that molecular motion on the ps-ns time scale? is significantly restricted in the Ap5A bound
state relative to the apo state (blue bars in Figure 5d-e). In the apo state, the NOE values range
from -0.63 for R36 to 0.31 for R123, while the assigned side chains have an average NOE of 0.70
in the Ap5A bound state. This restriction of ps-ns side chain motions is in line with the chemical
shift perturbation (CSP) data, and together suggest that the arginine side chains have well
defined conformations in the Ap5A complex. This is also consistent with a related analysis of a

uridine monophosphate (UMP)/cytidine monophosphate (CMP) kinase.??

In order to benchmark the changes in the NOE values, we quantified the corresponding
values of the arginine backbone H-"N correlations (maroon bars in Figure 5d-e). The average
values for the apo and Ap5A bound states were found to be 0.77 and 0.85, respectively. The
most dramatic difference is seen in the apo state, where the NOE values indicate that the
arginine side chains are dynamically disordered, while their backbones are well ordered. This

observation is consistent with the idea that in the apo state, the side chains of all catalytic
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residues are projected into solvent and that the molecular motion on the ps-ns time scale is,
therefore, almost unrestricted. The situation is different in the Ap5A bound state; i.e., the
average NOE value for the side chains is well above 0.5 indicative of their order. However, it is
still below that of the backbone atoms in the apo state, suggesting that although the side chains
are relatively well ordered in the active site in complex with Ap5A, some additional motions in
the ps-ns time scale are present relative to the backbone. It is possible that these “additional”

motions are an intrinsic property of the enzyme and contribute to its catalytic function as probed

by QM/MM simulations in the present manuscript.

In contrast to the well-defined spectrum of AdK in complex with Ap5A, the chemical shift
dispersion in the ADP bound state has collapsed relative to the Ap5A state (green in Figures 5c¢
and S13d). However, we were unable to assign the side chain resonances in complex with ADP,
and the same difficulty was previously reported for the UMP/CMP kinase.?’ Nevertheless, the
narrow chemical shift dispersion is consistent with a significant dynamic disorder of the arginine
side chains in the ADP complex. Although the present NMR data in the absence of quantitative
analysis cannot provide a molecular-level model for this dynamic disorder, it is still worth
correlating this observation with the relatively insignificant changes in the Ky values for the
arginine variants in comparison with the wild-type (Figure 2c and Table S2). Taken together, it is
possible to envision a scenario in which binding of substrates to AdK is multivalent in nature,
allowing the active site arginines to interact with the phosphates (of ATP+AMP versus 2 ADPs)
with different binding poses. More specifically, since the catalytic reaction proceeds naturally
with ADP during NMR experiments, the observed dynamic disorder may be due to the change in
the arginine orientations following the catalytic reaction; that is, they relax to a new orientation
on the ps-ns time scale after the phosphoryl transfer reaction. However, more work is required

to solidify such a model.
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Collective protein motions in catalysis

MD simulations performed at different reaction states (i.e., RS, TSM and PS) showed that
while the enzyme stayed in the closed state in all simulations, the product state simulation
exhibited a pronounced ATPIlid fluctuation towards a relatively more open conformation than the
reactant state (Figure 3a). Inspection of X-ray structures of AdK in complex with different ligands
revealed a similar variation in ATPlid conformation and dynamics. For example, the structure of
AdK with an ATP analog and AMP (PDB ID: 1ANK?) is the most closed (white in Figure 3b),
followed by the transition-state analog (TSA) structure with ADP, AlFs” and AMP (PDB ID: 3SR0;®
light blue), and the structure with 2 ADP is the most open (PDB ID: 4JKY;® blue). In addition, B-
factors are largest for amino acids around the ATPlid in the co-crystal structure with 2 ADP, as
visualized by the thickness of the tube in Figure 3b, which indicates a large fluctuation of ATPlid

residues.

To characterize the dynamics of the ATPlid along the catalytic reaction coordinate,
principal component analysis (PCA)”® was performed using the coordinates saved in the QM/MM
simulations. In agreement with Figure 3b, the two lowest frequency motions identified from the
analysis, respectively PC1 and PC2, occurred along the opening direction of the enzyme (Figure
3c and Figure S14). In addition, the projection of the MD simulation trajectories onto the two
PCA modes showed a wider conformational space exploration in TSM and PS than in RS (Figure
3d). Interestingly, the projection of PS (and TSM) shows a bimodal distribution, in which the
larger peak on the left corresponds to the more open ATPlid and the smaller one to the right to
the more closed ATPlid conformation (Figure 3a and d). The QM/MM simulations performed
with a restraint on the distance between the ATPlid and CORE subdomains, further showed a
pseudo-linear dependence of the reaction free energy on the CORE-ATPIid distance, while the
barrier was relatively insensitive (Figure S15). These results suggest that ATPlid dynamics differs
between the reactant and product states. This difference in dynamics results in the more open
conformation in PS (Figure 3a), as a consequence of the formation of different interactions of
the arginine residues in the active site, and at the same time, influences the free energy

landscape of the catalytic reaction.
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Figure 6. Close-to-open conformational change

a Changes of CORE-ATPlid and CORE-AMPIlid distances in the two 1 us MD simulations performed in the
product state. The two distances are shown in different colors with an interval of 200 ns. b Free energy (FE)
profile of the close-to-open conformational change described by the normalized reaction coordinate a
between 0 (closed state) and 1 (open state). The FE profile shown in black is for opening in the reactant
state (ATP+AMP) and in red for that in the product state (2 ADP), respectively.

The above results in turn suggest the possibility that the rearrangements of the active
site residues and the resultant changes in their interactions trigger the facilitated opening of the
enzyme in PS. To test this possibility, the MD simulations performed in RS and PS were extended
to 1 ps. In the two MD simulations in PS, a spontaneous opening occurred within 1 ps, while no
opening was observed in the RS MD simulations. Figure 6a shows the distributions of the CORE-
ATPlid and CORE-AMPIid distances in different colors between the different time segments. In
addition, we performed the string method free energy (FE) simulations®® based on the
conformational change path obtained in PS and determined the free energy change along the
path optimized. In agreement with the MD simulations, the FE profiles show that the opening of
the enzyme has a lower FE barrier in the product state than that in the reactant state (7.4+1.2
kcal/mol in PS vs 13.3+1.9 kcal/mol in RS; Figure 6b). This confirms that the catalytic reaction
facilitates the opening of the enzyme in the product state. This is achieved by the
rearrangements of the active site residues and the resultant changes in their interactions with
the reaction substrates, affecting the free energy landscape of the close-to-open conformational
transition. However, we must be careful when comparing the free energy of opening shown in
Figure 6b to that determined by single molecule studies.?? 24 Typically, in single molecule studies,
the free energy difference between two conformational states is estimated based on their
relative populations, while the FE profile shown in Figure 6b has a contribution of the ligand-

enzyme interactions. This difference can be better understood when the free energy value based
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on the ligand dissociation constant (Kg) is compared with the value based on relative
populations. In particular, due to the difference in the definition of the two equilibrium
constants, the resulting free energy values differ in the contribution of ligand concentration, and
for the same reason, the population-based free energy value depends on the ligand

concentration and the ligand binding affinity to the enzyme.

Discussion

Dual role of the active site arginines

This study reveals how conformational heterogeneity around the five arginine residues in
the active site of the enzyme adenylate kinase (AdK) facilitates the catalytic reaction. The
arginine side chains reorganize rapidly along the catalytic reaction coordinate and, with their
ability to form multiple hydrogen bonds, effectively stabilize the transition state of the reaction.
For this reason, these residues are highly conserved among NMP kinases, including adenylate
kinases”” and any mutation thereof causes a substantial reduction in catalytic activity (Table S2).
Importantly, AdK’s R123 occupies a position very similar to that of the so called “arginine finger”,
R789%4P of the Ras-RasGAP complex’® (Figure S16). Based on this finding and also given that AdK
inserts its catalytic arginine residues (in particular, R123, R156 and R167) into the active site
through conformational change, these active site arginine residues are reminiscent of the

arginine finger of RasGAP”® 7 and other ATP/GTPases.50-83

This study also suggests that the active site arginines control the close-to-open
conformational dynamics of AdK. As shown in Figure 3a, AdK explores a wider conformational
space in the product state (PS) along the opening direction of the enzyme, which leads to a more
favorable opening of the enzyme compared to the reactant state (RS). Our analysis of the
QM/MM simulations further suggests that the enhanced motion of ATPlid in PS can be caused by
the change of hydrogen-bonding interactions of the arginine residues in the active site of the
enzyme along the catalytic reaction trajectory (Figures 2b and S4). For example, notable in Figure
2b, which show the rearrangement of the R123, R156 and R167 residues during the catalytic

reaction, is the change in the relative orientation of the a6 and a7-helices. Due to the proximity
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of the three arginine residues to the two a-helices, in the case of R167 in the middle of the a7-
helix, their rearrangements during the reaction lead to the change in the orientation of the two
helices. In PS, in particular, these changes trigger the release of the loop connecting the a3 and
ad-helices of AMPIid relative to the a7-helix. This release then decouples AMPIlid from ATPIid,
and finally allows the opening of the enzyme. This sequence of events is consistent with that
observed from the MD simulations in PS: i.e., a slight opening of AMPIid occurs first, followed by
the opening of ATPlid (Figure 6a). If this is the case, the removal of the side chain of these
residues, such as, by mutation, would result in an increased motion of ATP and AMPIlids and
eventual opening of the enzyme. This was indeed observed from the MD simulations of the
R167A mutant in both RS and PS (Figure S5c¢). Combined with the impact on the phosphoryl
transfer barrier (Figure S5a-b), this explains the more than 99% reduction in catalytic activity. We
expect similar results with the R123A mutant, due to the orientation and interactions formed by
the R123 side chain in both RS and PS and the impact of their change on in the orientation of the
ab-helix (Figure 2b).

Finally, we note that the change in the time scale of conformational motion in response
to the catalytic reaction has been reported in other enzymes, such as dihydrofolate reductase
(DHFR)®4 and triosephosphate isomerase (TIM).8> 8 In DHFR, in addition, a variation in the
conformation of active site residues was observed across the catalytic cycle of the enzyme,®”
suggesting the possible generality of the mechanism presented in this study. In these enzymes,
however, the region of conformation change is rather localized around the active site of the

enzyme compared to that of adenylate kinase.

55



450 ms

9.5 us
% \35ms (NVR)
f £ 10.6 keallmol
- 13.3 keal/mol |
=] :
Q :
Sl oo SN e N Y Y
[0) A" -1.6 keal/mol
i ADP
£ Mg-ATP  AMP B
L .‘. +.. 2 -
* - 20
o @ LY
7 a ) N s a
. e o , » R |
= - y — & - =
Closing Phosphoryl Opening
transfer
E,+ATP+AMP ERS ERS EPS EPS E,+2ADP

Reaction coordinate

Figure 7. Free energy landscape of AdK along the entire catalytic cycle and schematic representation
of corresponding states

Indicated in the figure is the time estimated to cross each barrier: the mean first passage time in the
conformational change and the time based on the transition state theory in the chemical reaction step. For
the opening in the reactant sate (i.e., ERS — EES), the time determined based on the NMR experiment? is
also provided.

Implication to the rate-limiting step

The difference in the opening barrier between RS and PS has an important implication in
the mechanism of the enzyme. That is, the slowest step of the reaction can be different between
the forward and backward reactions (Figure 7). In the forward reaction (i.e., ATP+AMP = 2ADP),
the chemical step takes 9.47 us based on the transition state theory (TST) with AF¥ = 10.6
kcal/mol (and < 0.2 ms based on the experimental AF¥ of < 12.4 kcal/mol®), while the opening
step takes 3.0 us based on the mean first passage time (MFPT) calculation.®® Therefore, the
slowest step in the forward direction is the chemical step. In contrast, it is the opening of the
enzyme in the reverse reaction (450 ms MFPT). In this comparison, however, the following is
worth noting. First, we used TST to estimate the time of the catalytic reaction (i.e., the rate of
the catalytic reaction). In TST, since the reaction is assumed to take place only when the
reactants have reached the so-called high energy transition state, the estimated reaction time
includes the time that the enzyme spends waiting for the transition state conformation, which is

the majority, while the actual reaction occurs on the time scale of the scissile/forming bond
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vibration at TS. Second, the MFPT rate in RS is 2 orders of magnitude larger than the opening
rate measured by NMR (i.e., 3.5 ms).3 This severe overestimation may be due to errors in the
free energy profiles (Figure 6b) and/or limitations of the MFPT method and approximation.& For
this reason, the precise determination of the rate of slow conformational change has remained a
theoretical challenge. Nevertheless, the MFPT-based opening time in PS is comparable to the

opening timescale (0.5 ~ 1.0 uys) directly observed from the MD simulations (Figure 6a).

At first glance, the difference in the slowest steps seems incompatible with the rate-
limiting conformational change mechanism proposed based on the NMR experiments.? The NMR
technique applied, however, only probed millisecond protein motions and thus provided no
information about protein motions on a faster timescale. Furthermore, recent single-molecule
experiment? and simulations®? ?° have shown that the opening can occur on the range of 1.8 us
~ 77 us. In contrast, in other single-molecule study,?? the 6.3 ms opening was observed in the
presence of substrate analog (i.e., AMP-PNP and AMP). While this result is consistent with the
NMR result, it can be limited by the time resolution of the single-molecule experiment to detect
a faster timescale event. Taken together, the two vastly different opening timescales we
discovered in this study are consistent with the previously published experimental results and

provide a reconciliation between the different sets of experiments.

Conclusion

In the present study, we have applied a combination of multiscale quantum mechanical
and classical mechanical simulations, NMR and X-ray crystallography to investigate how the
enzyme adenylate kinase achieves a mechanistic coupling between enzymatic catalysis and ps-
ms timescale collective protein motions. To achieve the coupling, the enzyme employs the ps-ns
side chain motions, which occur locally at the active site, to influence both the catalytic reaction
and the slow conformational change of the enzyme. In this way, the two events are connected,
thus overcoming the disparity in their time scales. In motor proteins, such as F1-ATPase, a similar
mechanism is adopted to regulate the timing of the catalytic reaction and large scale

conformation changes.
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Appendix Il

Table S1. Crystallographic data collection and refinement statistics.

AdK in complex with 2 ADP

Data collection Beam line ID23-1 ESRF, France
Wavelength [A] 0.97498
Space group (Nr.) P21 2,2 (18)
Unit cell dimensions
a, b, c [A] 72.75, 82.23,78.78
a, B, vI[°] 90.0, 90.0, 90.0

Molecules per asymmetric unit 2
Resolution range (highest shell) [A] 44.81-1.36(1.41-1.36)
Accepted reflections 730201 (72337)
Unique reflections 99726 (9898)
Completeness [%)] 97.8 (95.8)
Multiplicity 7.3(7.3)
Mean (l/al) 16.0 (1.90)
Rmerge [%] 6.2 (99.7)
Rimeas [%6] 6.6 (107.3)
Roim [%] 2.5(39.7)
CCu2 [%] 99.8 (69.2)
Wilson B-factor 16.6
Refinement
Resolution range (highest shell) [A] 39.39-1.36(1.38-1.36)
Reflections used for refinement 99720 (2995)
Reflections used for Rfree 5028 (169)
Rwork [%] 17.7 (30.1)
Riree [%] 19.4 (34.3)
Overall map CC (Fc, 2mFo-DFc) [%)] 89.4
R. m. s. deviations

Bond length [A] 0.010

Bond angles (°) 1.30
Ramanchandran plot statistics

Residues in favored region [%] 99.76

Residues in allowed region [%)] 0.24

Residues in outlier region [%] 0.0
All-atom clash score 2.1
No. of non-hydrogen atoms 3506

Protein (non-hydrogen) 3398

2 ADP 108

Solvent (H;0) (non-hydrogen) 594
Average B-factors (A%): 21.6

Protein chains 20.6

Water molecules 28.8




Table S2. Michaelis-Menten parameters of the wild-type AdK and its variants measured from the
present study.

AdK variant metal kear (s K arp (M)
. Mg?* 330+11 71+7

Wild-type None 7.5x10%+ 7.5X10%"

R36A Mg?* 55+2 89+7

R88A Mg?* 1.8+0.04 120+ 11

R123A Mg?* 0.28+£0.01 110+ 16

R156K¢ Mg?* 0.74+£0.01 52+5

R167A Mg?* 2.4+0.05 56+4

2 All reported Ky, values are for the binding of ATP in the presence of saturating AMP concentration.

®The ket estimated from NMR by Kerns at al. was < 1 s, while the opening rate of lids was estimated to 0.05+0.01 s’
118

¢ Kerns et al. reported the rate of the catalytic reaction: The forward chemical reaction rate was 0.7+ 0.2 s* from the
quenched-flow experiment and the rate of lid opening was 300475 s based on the NMR relaxation data,
respectively.®

Table S3. Hydrogen-bond distances formed between the ATP and AMP phosphoryl groups and the
catalytic arginine residues, in the reactant (RS), transition (TS) and product (PS) states. All values are
obtained from the QM/MM simulation of the wild-type AdK. All distances are in the unit of A.

RS TS PS
ATP O2q ---- R123 Ny 2.752 £ 0.092 2.779 £ 0.102 2.767 £ 0.099
ATP Osp ---- R123 Nps 2.938 £0.129 2.892 +£0.122 2.771 £ 0.100
ATP Oyy -—-- R123 Np» 2.843 £0.121 2.787 £ 0.097 2.801 +£0.108
ATP Oy, ---- R156 N2 3.196 +£ 0.220 3.797 £ 0.257 3.252 £ 0.336
AMP Q14 ---- R156 N1 2.868 + 0.167 3.099 £ 0.292 3.389 + 0.429
AMP Q14 ---- R156 N 2.822 +£0.114 2.775 £ 0.106 4.302 £ 0.446
ATP Oyy ---- R167 N2 2.977 £0.198 2.815 %+ 0.102 2.770 £ 0.099
AMP O34 ---- R167 N2 2.776 £ 0.088 3.286 + 0.197 4.321 £ 0.259

Table S4.Thermodynamic parameters for ADP binding to E. coli AdK determined by ITC at 298.15 K.

n

Ky (UM)

AH® (kcal/mol)

—TAS° (kcal/mol)

AG° (kcal/mol)

0.9+0.08 9.0x0.7

-6.76 £ 0.9

-0.7+0.5

-74+11
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Table S5. Diffusion tensors derived from the *°N relaxation data in different AdK states.

AdK state T, (ns) a (deg) B (deg) Dy =Dy (s*) D, (s

Apo 13.77(x0.14) 102(£32) 122(+16) 1.10(+0.03)x10’ 1.43(+0.04)x10’
ADP bound 11.36(+0.06) 114(£70) 52(+24) 1.43(+0.03)x10’ 1.55(+0.03)x10’
Ap5A inhibited  11.38(+0.05) 13(£27) 24(19) 1.52(+0.03)x10’ 1.35(+0.05)x10’

S
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-1 -0.5 0 0.5 1

R(H-O5) - R(O5 H) (A)

Figure S1. Umbrella sampling (US) free energy profile of the proton transfer of the wild-type AdK between
ATP and protonated AMP to yield protontated ATP and AMP, which was the reactant state of the
phosphoryl transfer reaction studied in the Main text. In each free energy value, the error is also indicated.
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Figure S2. Definition of collective variables (CVs) for the close-to-open conformational change. The residues
used to define the center of mass of the ATPlid, AMPIlid and CORE subdomains (dark salmon) are shown in
blue, orange and dark salmon, respectively, and their distances (i.e., CVs) are indicated with dashed yellow
lines.
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Figure S3. a Changes in P-O bond orders along the catalytic reaction. In the lower panel, the black and red
lines represent the bond order of the cleaving and forming P-O bonds, denoted as P-Og and P-Onye,
respectively. The upper panel shows the sum of the two bond orders along the reaction. b-c Two-
dimensional (2D) bond order and distance diagrams of the forming and cleaving P-O bonds. In (c), the
change of the two bond orders along the diagonal line indicates the concerted reaction between the P-O
bond cleavage and formation.
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PS (2 ADP)

Figure S4. Reaction scheme of E. coli AdK derived from QM/MM simulation. Changes of the active site
arginine and lysine residues are shown along with their respective hydrogen-bonding interactions with the
reaction substrates. For clarity, only heavy atoms are shown, except for the proton of the y-phosphoryl

group.
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Figure S5. The free energy profiles of the R167A mutant determined from the QM/MM simulations: (a) the
phosphoryl transfer between (protonated) ATP and AMP and (b) the proton transfer between ATP and
protonated AMP (denoted as AMP(H)) to yield protontated ATP (denoted as ATP(H)) and AMP. In the proton
transfer step, ATP and protonated AMP are favored by 3.3 kcal/mol compared to protonated ATP and AMP,
which is the reactant state of the phospohryl transfer in (a). Thus, the barrier of the catalytic reaction is
estimated as the sum of the phosphoryl transfer barrier (11.3 kcal/mol) and the free energy of proton
transfer to ATP(H) and AMP (3.3 kcal/mol) to take into account the energy penalty to protonate ATP. (c)
Distribution of CORE-ATPlid and CORE-AMPIid distances for the reactant (RS), transition-state mimic (TSM)
and product state (PS) from the (100 ns) R167A mutant MD simulations. The color varies from blue to red
with increasing frequency of the observed distances.
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Figure S6. ITC titration isotherm of ADP binding to E. coli AdK.

Figure S7. R167 side chain orientations in different X-ray structures of AdK: (a) 1AKE,’ (b) 4CF7,8
(c) 1ANK3? and (d) 1Z10.2? The a and B orientations indicated are defined in Figure 4, and the y and
y’ orientations are shown in (b) and (d). The different Arg side chain orientations are defined based
on their respective 6 angles: The a and 3 orientations in (a) have 138.7° and -87.7° 6 angles; the a
and y orientations in (b) have 138.7° and -87.7° § angles; the a orientation in (¢) shows 165.4°; and
the y’ orientation in (d) has -161.7° 6 angle, respectively. In (a) and (b), the different orientations
are related with the different orientations of bound ligands, e.g., Ap5A in (a), and ADP and AMP in

(b).
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Figure S8. Time course of the R167 & angle in the reactant (RS), transition-state mimic (TSM) and product
states (PS), determined from the 300 ns MD simulations. In RS, the &6 angle remains close to -163°, while in
TSM and PS, the & angle fluctuates more frequently toward smaller angles, thus exhibiting a broader angle
distribution.
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Figure S9. Real time *'P NMR activity assay for quantification of residual activity of AdK in the absence of
Mg?*. a 1D 3P NMR experiments were run at equal intervals in the absence of Mg?* and with [ADP] = 10
mM. The area under each peak is directly proportional to the concentration of each phosphorous species:
AMP shown in green: ADP in blue; and ATP in red. b Integrated data for each species and their fit using an
analytical function® to yield the initial reaction rate (k.q:) and the equilibrium constant (K).
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Figure S10. a Progressin of the cleaving and leaving P-O bond orders along the phosphoryl transfer reaction
coordinate, compared between the QM/MM simulations in the presence and absence of Mg ion. b 2D
diagram of the forming and cleaving P-O bond orders in the reaction without Mg?*. At the transition state,
the two P-O bond orders are slightly smaller than those of the reaction in the presence of Mg?* (Figure
S3b). ¢ Distribution of the CORE-ATPlid and CORE-AMPIlid distances between the reactant (RS), transition-
state mimic (TSM) and product states (PS) obtained from the (300 ns) MD simulations perfromed in the

absence of the active site Mg?" ion. The color varies from blue to red with increasing frequency.
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Figure S11. Overlay of arginine side chain *He->Ne HSQC NMR spectra of apo WT AdK (black) and AdK Arg
mutants (red): (a) R36A, (b) R36K, (c) R88A, (d) R88K, (e) R123A, (f) R123K, (g) R119A, (h) R156K, (i) R167K,
(j) R2A and (j) R131A. All spectra were acquired at 298K at 850MHz.
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Figure S12. Overlay of arginine side chain *He-">Ne HSQC NMR spectra of Ap5A bound WT AdK (black) and
AdK Arg mutants (red): (a) R36A, (b) R36K, (c) R88A, (d) R88K, (e) R123A, (f) R123K, (g) R119A, (h) R156K,
(i) R167K, (j) R2A and (j) R131A. All spectra were acquired at 298K at 850MHz.
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Figure S13. Arginine side chain 'He-*>Ne HSQC NMR spectra of (a) apo (black), (b) ApSA bound (red) and (c)
ADP bound (green) states of AdK. All spectra were acquired at 298K in 850MHz field. d Weighted *H-°N
chemical shift differences (A8 (ppm) = [0.5 X ((§H)? + 0.2 X (6N)?)]*/?) between the Ap5A bound and apo

AdK catalytic arginine side chain *He->Ne groups plotted along with the residue number.
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Figure S14. The second lowest PCA mode (PC2)
determined from the wild-type QM/MM
simulation trajectories. The color and cross-
section of the tube represent the amplitude of
the PC2 motion. The color code follws the
rainbow colors from blue (low amplitude) to red
(large amplitude).

Figure S15. Changes in the phosphoryl transfer
barrier and reaction free energy with increasing
CORE-ATPlid distance determined from the
QM/MM SMCV simulations with a restraint
applied to the CORE-ATPlid distance. In each
figure, the dash line represents the free energy
value of the unrestrained QM/MM simulations.
Free energies are in kcal/mol.
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Figure S16. a Superposition of Ras-RasGAP complex (PDB: 1WQ1%?) to AdK (PDB: 1AKE) using the residues
around the P-loop. AdK is shown in gray for CORE subdomain, blue for ATPlid and orange for AMPIlid. For
ATPIlid, we only show a part of the subdomain for clarity. Ras and RasGAP are shown in pink and light orange,
respectively. b Blow-up view of the active site of AdK and Ras-RasGAP complex. For AdK, we remove the
middle phosphoryl group of Ap5A inhibitor, leaving ATP and AMP groups shown in orange. For Ras-RasGAP
complex, GDP and AlFs are shown in light gray and Mg?* ion in green, respectively. Interestingly, the location
of the R123 headgroup occupies the similar position of the “arginine finger” R789 of RasGAP.
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Figure S17. Plot of backbone amide ®N-'H heteronuclear steady-state nuclear Overhauser effects (NOE),
R, and R, relaxation parameters. Shown are the NOE, R, and R; values as a function of residue number
for (a-c) the apo state of AdK, (d-f) the ADP bound state of AdK and (g-h) the Ap5A inhibited state of AdK,
respectively. Error bars are indicated on top of the bar graphs. AMP and ATPlid subdomains are highlighted
in orange and light blue colors, respectively.
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Figure S18. Plot of backbone amide group order parameter (S2), conformational exchange rate R, and
internal correlation time 7;,. versus AdK residue numbers. Shown are the S?, R,, and 7;,. values versus
the residue number for (a-c) the apo AdK, (d-f) the ADP bound state of AdK and (g-i) the Ap5A bound state
of AdK, respectively. The root-mean-square error associated with each value of S is indicated on each bar
graph. AMP and ATPIlids subdomains are highlighted in orange and light blue colors, respectively.
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Abstract

E. coli adenylate kinase (AdK) is a small, monomeric enzyme which synchronizes its
catalytic reaction with conformational dynamics to optimize a phosphoryl transfer reaction and
the subsequent release of the product. Guided by experimental measurements of low catalytic
activity in seven single-point mutation AdK variants (K13Q, R36A, R88A, R123A, R156K, R167A,
and D158A), we utilized classical mechanical simulations to probe mutant dynamics linked to
product release, and quantum mechanical and molecular mechanical calculations to compute a
free energy barrier for the catalytic event. The goal was to establish a mechanistic connection
between the two activities. Our calculations of the free energy barriers in AdK variants were in
line with those from experiments and conformational dynamics consistently demonstrated an
enhanced tendency towards enzyme opening. This indicates that the catalytic residues in the
wild-type AdK serve a dual role in this enzyme’s function: one to lower the energy barrier for the
phosphoryl transfer reaction and another to delay enzyme opening and maintain it in a
catalytically active closed conformation long enough to enable the subsequent chemical step.
Our results also indicate that while each catalytic residue individually contributes to facilitate the
catalysis, R36, R123, R156, R167, and D158 are organized in a tightly coordinated interaction

network and collectively modulate AdK’s conformational transitions. Unlike the existing notion of
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the product release being rate-limiting, our findings suggest a mechanistic linkage between the
chemical step and the conformational dynamics of the enzyme collectively acting as the

bottleneck of the catalytic process.

Introduction

Adenylate kinase (AdK) is an essential* small enzyme ubiquitously found in organisms
across all domains of life?. Its function is to catalyze interconversion of adenine nucleosides
through a magnesium-dependent reversible transfer of the y-phosphoryl group from the donor
adenosine triphosphate (ATP) to an acceptor adenosine monophosphate (AMP) yielding two
molecules of adenosine diphosphate (ADP). It therefore plays a fundamental role in regulating

adenylate turnover to maintain adenosine phosphate concentrations in equilibrium?#.

From X-ray crystallographic studies, the tertiary structure of AdK comprises of
three subdomains: the ATP-binding lid, the AMP-binding lid, and the CORE subdomain (Figure 1A
and B). Crystal structures of unliganded AdK or in complex with native substrates, analogues, or
inhibitors>® have established that the enzyme exhibits a domain reorganization upon substrate
binding, manifested by the closure of both lids. This conformational rearrangement positions
substrates favorably for efficiency of the chemical step, which has been a subject of numerous

16-18 3nd small-

kinetic and single-point mutation studies®*°. Nuclear magnetic resonance (NMR)
molecule Forster resonance energy transfer (FRET) experiments, performed on AdK from
mesophilic and thermophilic prokaryotes found a correlation in the rates of the catalytic
turnover (keat = 263 + 30 s1) and the ATP lid opening (kopen= 286 * 85 st under the turnover
condition)’. This, comparing to a much faster lid-closing rate of keose = 1,374 + 110 s led to a
conclusion that re-opening of the ATP lid after the catalytic step is rate-limiting. The chemical
reaction is assumed to take place multiple times in both directions before enzyme re-opening®.
On the other hand, thermostability studies conducted on the prokaryotic and eukaryotic forms
of AdK noted that catalytic abilities of eukaryotic AdK carrying an abbreviated ATP lid domain
depended on the stability of the core region, which is unexpected based on the rate-limiting re-

opening, a correlation unobserved in the prokaryotic form®. Then Mehaffey et al. 2018%!

followed conformational changes of the eukaryotic AdK throughout the catalytic cycle and at
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various ligation states using ultraviolet-photodissociation mass spectrometry and recorded the
largest conformational fluctuations within the region of the AMP lid suggesting its prominent
role during the catalysis in the eukaryotic form. Furthermore, our recent arginine sidechain H-
5N HSQC NMR study has found the structural heterogeneity of the E. coli’s active site residues
between the apo-state enzyme, a tight inhibitor bound enzyme and natural substrate bound
enzyme®, suggesting that the enzyme exhibits more complex ATP lid and AMP lid dynamics
during catalysis and ligand binding/release than the simple two-state conformational transition
model. In contrast, in earlier NMR studies, the two-state conformational transition model was

assumed to fit experimental data and determine the relative population and residence time of

17,20

the open versus closed states of the enzyme in earlier NMR studies
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Figure 1. X-ray structures of (A) open (PDB ID: 4AKE® ) and (B) closed conformations (PDB ID: 1AKE’ ) of AdK.
ATP lid (blue) comprises residues 120 to 160, AMP lid (orange) residues 31 to 62, and the reminder
constitutes the CORE domain (grey), respectively. In (B), the Ap5A (purple) inhibitor bound in the structure
is shown in purple. (C) A close-up of AdK’s active site in the reactant state, bound with ATP and AMP and
(D) in the product state bound with two ADP molecules. Key catalytic residues are shown in the ball-and-
stick model: licorice for the residues on the ATP binding and CORE domains and orange on the AMP binding
domain, respectively. The two aspartates that coordinate R123, R156 and R167 are shown in pink. Key a
helices are indicated in (A).
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Considering that unravelling mechanistic details of the catalytic step through experiment
remains just as elusive as proving a potential link between the enzyme’s catalytic rate and
dynamics of a particular subdomain, computational investigation has shown its power to model
enzymatic behavior on an atomic scale to demystify its inner workings. Coarse-grained
simulations on AdK by Cui and colleagues???3 as well as Zeller and Zacharias?* probed global
dynamics of the enzyme in relation to substrate binding, focusing particularly on motions of the
lids. Additionally, in a separate study?>, all-atom simulations of open-to-close transitions of
unliganded AdK were modeled. It was found that the apo AdK can form a catalytically competent
conformation in solution with the ATP and AMP lids displaying dynamically asymmetric behavior,
i.e. both lids shift between open and closed conformations independently. Open-to-closed
transitions are also important for the substrate binding step. In particular, it has very recently
been proposed that repeated cycles of conformational shifts are necessary for the substrates to
adjust themselves into the correct orientation within the binding pocket?®. This happens when
the enzyme is partially open and allows enough mobility for the substrate to relax into its native
binding pose. Additionally, Henzel-Wildman et al.?” who focused on the mechanics behind AdK
motional fluctuations, identified eight hinges within the structure of AdKthat control the
direction and amplitude of functionally significant large-scale segmental shifts. However,
assuming the accepted interpretation of kinetic data whereby a causal relation is implied
between the frequency of ATP lid opening and the catalytic turnover of AdK, the mechanism of

such a coupling remains to be understood.

Given the small size of AdK and the location of the catalytic residues on the ATP and AMP
lids, it is conceivable that the domain motion and catalytic activity are somehow linked, if not
coupled, and mediated by the same active site residues (Figure 1C and D), which while
facilitating the chemical step may also modulate dynamics of the lids. Under this hypothesis, we
envisioned that mutation of these residues might affect the dynamics of the two lids as well as
the chemical step. We proceeded to test this hypothesis using molecular dynamics (MD) and
hybrid guantum mechanical/molecular mechanical (QM/MM) free energy simulations. In such

simulation study, our goal was to observe mechanistic details of interactions between catalytic
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residues as compared to the wild type and ascertain the impact that each of the catalytic residue

may have on the free energy barrier for the chemical step and enzyme dynamics.

On the basis of the kinetic data from single-point mutation studies of the six catalytic
residues — five arginines and one lysine — and one coordinating aspartate that in each case
showed a varying degree of diminished enzyme activity (Table 1)'°, we conducted MD
simulations and calculated the chemical barrier of each variant state. These seven cases, K13Q,
R36A, R88A, R123A, R156K, D158A, and R167A, were investigated at four orders of complexity.
First, the overall dynamics of the two lid domains are compared to identify global and large-scale
impact of the mutations. Secondly, correlated motions between distant side chains are examined
on a residue level to find more nuanced abnormalities induced by mutation. From that we
proceed to a detailed, mechanistic analysis of interaction networks within the active site, whose
disruption might be responsible for extinguishing catalytic activity in mutant AdK. Finally,
QM/MM simulations compare the changes of interactions during catalysis and the chemical

barrier between the wild-type and mutant enzymes against experimental kinetic parameters.

Table 1. Experimental kinetic parameters (k.4 and Kj,) for the AdK wild-type and its mutant

variants
Variant kgat K arp kcat/Km,arp _Fold change*

(s%) (uM) (s'/uM) keae kcat/Ku,arp

Wild-type? 33011 717 4.6 - -
K13Q" 0.016 1400 1.1x10° 4.8x107 2.5%10°
R36A® 552 89+7 6.2x10* 1.7x10* 1.3x10*
R88A® 1.8+0.04 120+ 11 1.5x1072 5.5x10° 3.2x10°3
R123A° 0.28+0.01 110+ 16 2.5%1073 8.5x10™ 5.5x10*
R156K® 0.74 £0.01 52+5 1.4%x107? 2.2x10°3 3.1x10°3
D158A¢ 5.7+0.06 59+3 9.6x10? 1.7x107? 2.1x107?
R167A° 2.4 £0.05 56+4 4.3x107 7.3x1073 9.2x10°

? Reported by Ojeda-May et al.*®

® Reported by Reinstein et al.?® without a value for the margin of error.

¢ This work.

9 Fold changes of k.4t and keqe/Ku arp relative to their corresponding wild-type values.
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Methods

MD simulations.

The wild type and all mutant enzyme systems were build based on atomic coordinates
from the X-ray AdK structure (PDB code: 1AKE)’ co-crystallized with an Ap5A inhibitor in the
closed conformation. Reconstruction of the ligands and Mg?* followed the procedure as
described in Ojeda-May et al.'®. Protonation states of titratable amino acid residues were
assigned based on their pKs values in water; the histidine imidazole ring was protonated to
maintain the optimal hydrogen bond network within its neighborhood. The systems were
modelled in 73 A cubic boxes under periodic boundary conditions with an explicit water model,
TIP3P?° and 0.15 M NaCl buffer to neutralize the proteins’ charge; all ions were distributed
randomly throughout the solvent phase. The systems, sized at 36 200 atoms (wild type), were
described with the all-atom CHARMM?27393! force field. The CMAP3232 backbone dihedral

correction was used to ensure protein’s structural stability.

Initial equilibration was carried out in CHARMM version c42a23* and the production MD
was handled by OpenMM?3® with GPU acceleration. Simulations were run in the isothermal-
isobaric ensemble with a constant target temperature of 300 K and pressure of 1 bar maintained
with the Langevin thermostat and piston methods3®. The leapfrog-Verlet scheme was used to
propagate the systems with a 2-fs integration step, justified when constraining all bonds to
hydrogen with SHAKE3’. Electrostatic interactions were computed with particle mesh Ewald
summation (PME) scheme3® where real-space interactions were computed up to 12 A. The van
der Waals interactions were smoothed out with a switching function within the interval of 10 to
12 A. All mutant state trajectories were computed in duplicate or triplicate (WT) for at least 500
ns each and up to 1 ps. The mutant systems, number of replications, and length of each
simulation are summarized in Table S1. In Appendix lll, we also describe the details of analysis

performed in this study.
Kinetic analysis of the D158A variant.

Expression and purification of the D158A protein was performed as previously described

for wild-type Adk from E. coli®® based on the self-inducing plasmid (pEAK91). The D158A
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substitution was created using site-directed mutagenesis by applying the QuikChange approach
(Stratagene) with primers purchased from GenScript® (Leiden, the Netherlands). Verification of
the plasmid DNA sequence (Eurofins Genomics, Germany) confirmed the presence of the D158A
mutation. The kinetic analysis was accomplished with a coupled ATPase assay as described
generally in (Rhoads and Lowenstein, 1968)*° and specifically for the Adk application®!. The

kinetic data was fitted using the Michaelis-Menten equation (equation 1):

_ Kcat*[S]

= ot 1] (eq. 1)

Where V is the reaction velocity, [S] is the substrate concentration, kcat is the catalytic

turn-over number and Ky is the Michaelis constant.

Results

Center of mass distances

Center of mass (COM) distance analysis provides a global view of large-scale, close-to-
open dynamics of AdK’s two ligand-binding domains, the ATP and AMP lids, used to assess the
impact of a single-point mutation on the active site (Figures 2A and B). The COM distances are
defined in Figure S1. Additionally, since the pattern of motion in the ligand-binding domains is
relatively complex as observed in this study as well as recently by Zheng and Cui®’, to discern the
details of its distortion, we converted the COM coordinates into the polar coordinate system and
thus visualized them in terms of angular displacements (8 and ¢ angles; Figure S1). For example,
we observe that while the ATP lid straightens upwards and the AMP lid bends downwards, both
domains also extend sidewise away from each other during the opening event. Therefore, radial
distances on their own do not provide a complete description of lid dynamics as the enzyme
opens. The picture is completed by adding contributions from the lateral motion as captured by

the azimuthal angle, 8, and the simultaneous vertical displacement described by the polar angle,

83



@. The results are presented in Figure S2 for the reactant state (RS) and Figure S3 for the product

state (PS), respectively, and discussed below.
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Figure 2. Distribution of the ATP and AMP lid fluctuations, shown with their center of mass (COM) domain
displacement with respect to the CORE domain (Figure S1): (A) for the reactant state (RS) and (B) for the
product state (PS). Data points are collected into 100 ns color-coded segments to show their time evolution
during MD simulations. Each system was followed up until the opening event or up to 700 ns if no earlier
opening was observed. The length of the different MD simulations is summarized in Table S1.
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First, we established enzyme’s benchmark behavior using triplicated wild-type (WT) MD
simulations in both the reactant (i.e. ATP+AMP) and product states (i.e. 2ADP) (Figure S4). The
analysis shows that, consistently with previously reported observations'®, the product state (PS)
is more labile overall than the reactant state (RS). Of the three replicates, only one can be
considered fully closed in the PS but two in the RS (Figures S4A-B); however, only one PS
replicate fully opens while none does so in the RS (Figures S4C-D). Any deviations from the
closed conformation in the PS, which signify a potential progression towards an opening state,
appear to be initiated by the ATP lid fluctuating sidewise (along the 8 angle), while the AMP lid
tends to tighten upwards (smaller ¢ angle) against the ATP lid. In the RS, we observe a reversed
trend where ¢ angle for both lids is larger than that seen in the PS. The larger ¢ angle means
tighter closing for the ATP lid but evolution towards the opening for the AMP lid. Based on these
observations, we postulate that the PS exhibits an overall greater tendency towards enzyme

opening than the RS, likely initiated by ATP lid fluctuations.

For the mutant states, whose trajectories have been computed for at least 500 ns in
duplicate, we consider a mutant state to show a tendency towards rapid opening in the PS if the
event is observed in both replicates, and in the RS if the event is observed in at least one
replicate. Following from this we find that four out of seven mutations, i.e. R36A, R123A, R167A,
and D158A, result in an increased frequency of opening in the PS (Figure 2B), which occur within
the first 300 ns of the simulation. Even those systems that remain closed, i.e. R156K and K13Q,
open up when mutated to alanine, which is in line with the observed trend (Figure S5). In the RS
(Figure 2A), fewer systems open which are the D158A, R36A and R167A mutations. Interestingly,
the R167A system, which opens within 100 ns both in PS and RS, reveals incontinent enzyme
dynamics perpetrated on a global scale and exhibits not an orderly transition towards an open

conformation.

Enzyme opening is invariably marked by a downward bend of the AMP lid (larger @
angle, see Figures S2 and S3), which in the PS is preceded by increased fluctuations of the ATP
lid. In the RS, those fluctuations are substantially suppressed, and enzyme opening is then driven

by deflection of the AMP lid. Some insight as to why the discrepancy happens can be offered by
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the plots in Figures S2 and S3. In most of the mutant PS cases, when they open, both lids move
away from each other in a concerted fashion. In the RS, we observe that the opening on the AMP
lid is initiated by the ATP lid swinging towards it on a collision course (larger 8 angle) but then
rebounding (e.g. Figure S2, R167A and D158A). These sidewise fluctuations of ATP lid do not
impact AMP lid dynamics in the PS because, as stated above, the latter tends to tighten upwards
and incurvate and thus avoids the approaching ATP lid. In the RS, on the other hand, because the
AMP lid is relatively stationary and closed, atypical behavior of the ATP lid results in
uncooperative lid dynamics. We note that these details in the opening in the PS versus RS are
distinctive from the opening observed in the apo enzyme. In particular, unlike the apo state
where both lids move relatively independently from each other??, the dynamics of the two lids
are partly connected in the holo states (i.e. RS and PS), through bound ligands, which result in

the observed behaviors.

Covariance analysis

Following from the large domain motion quantified by COM distance plots, we set out to
obtain a residue-level view of the enzyme dynamics between the product and reactant states. To
this end, we performed a covariance analysis of correlated motions between distant residues
using Pearson cross-correlation function*?, which measures the strength of correlation in
directional motion between two residues. In order to compare the behavior of side chain
motions in the systems that remained closed despite the mutation to those that opened rapidly,
we selected the early regions of the MD trajectory, where no conformational transition was yet

observable, i.e. coordinate frames up to 200 ns (or 30 ns in the case of the R167A mutant).

We first benchmarked our observations by performing covariance analysis on the wild-
type reactant and product states within the closed conformation, taking one each from the cases
where the enzyme remained in the closed conformation throughout the 600 ns MD simulation
(e.g., PSreplicate 1) and where it eventually opened (PS replicate 2 in Figure S4). For the wild-
type RS, since no (full) opening was observed, the most dynamics system, i.e. replicate 3, was
used as a proxy for an open case (Figure 3). Note that all covariance analyses were performed

within the closed conformation (i.e. 100 ns MD simulations for WT). Through the comparison of
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the trajectories that remained closed versus those that eventually opened at a later time, we

sought to visualize the difference in the correlated/dynamic behaviors of the enzyme between

the two cases, through which we aimed to provide the range of correlations expected from the

mutant systems.
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Figure 3. Covariance and pattern of side chain fluctuations in wild-type AdK, which differ between MD
replicas (A) that remain closed and (B) that undergo a conformational transition to the open state. The x
and y axes refer to the residue ID of the enzyme, the PS plot is displayed in the upper left corner and the
RS in the lower right corner, as indicated in each figure. When the enzyme is not destined to open as in (A),
side chain motion is either random (white) or regionally ordered to move in an anti-correlated (green) or
correlated (red) fashion. When the opening event is imminent as in (B), large areas and residues distant
from the active site begin to move in a concerted fashion. For the WT RS, replicate 3 was used in the analysis
even though the simulation did not undergo an opening event, but it is the most dynamic system within
the WT RS replicate MDs. Note that all covariance analyses were performed only for MD segments where
the enzyme remained in the closed conformation, e.g., 100 ns in all WT systems, regardless of their ultimate
open vs closed conformational states.

In the WT cases that remained closed throughout the simulation, we observe that vast

regions of the protein show uncorrelated motion with only the ATP lid region moving in a

correlated fashion (Figure 3A, see the region of residue 120 ~ 160 for ATP lid and residue 8 ~ 26

for a part of CORE and 30 ~ 60 for AMP lid). On the other hand, those cases that were destined

to open show side chain motion as almost universally ordered, and mostly anticorrelated

(negative correlation coefficient) (Figure 3B). This suggests that prior to the opening, the

randomized fluttering of the enzyme’s side chains is transformed into a concerted movement. To

87



provide insights into the difference in covariance pattern between the two cases, we compared
the average structures of the 100 ns MD trajectories in Figure S6. Interestingly, the average
structure of PS replicate 2 adopts a conformation whose ATP and AMP lids are slightly more
open compared to the PS replicate 1 and all RS replicates. This conformational difference is
consistent with our recent publication, where PS populated two different ATP lid orientations:
one tightly closed and the second one slightly open, whereas the closed conformation was only
observed from the WT RS MD simulations. Moreover, this difference in the ATP lid orientation
influenced the free energy of the phosphoryl transfer reaction, i.e. the free energy increased
with the increase in the distance between the ATP lid and the CORE domain. Based on these
findings and the present results, we propose that the open ATP lid conformation is en route to
opening, where the difference in covariance is perhaps the signature as well as a point at which
the protein breaks from moving as a whole unit and compartmentalizes into smaller modules, a

step needed to shift the large lid subdomains into an open conformation.

Between RS and PS, the PS is more dynamically active in terms of opening motion in the
ATP and AMP lids than the RS, for both mutant and wild-type cases. Consistent with this, we
observed enhanced anticorrelation of the ATP lid against the remainder of the (WT) enzyme in
PS for the trajectory that eventually opened (Figure 3B); the RS system with enhanced COM
motions also showed similarly enhanced correlation. On the other hand, in those cases where
the enzyme remained closed, no significant difference is observed between RS and PS. Similar
trend is also observed for the mutant systems. Based on this, we propose that the intensified
correlation can be used as a predictor of imminent opening. For example, in R36A and R123A,
there is a significant enhancement of the positive and negative correlations in the product state
(Figure S7), which is consistent with the rapid opening of the enzyme (Figure 2). Similarly, for
D158A and R167A, despite a weaker correlation than in R36A and R123A cases, the pattern has
intensified in comparison with other mutants that remained closed such as K13Q and R156K. In
the K13Q and R156K cases, the concerted movement is diminished, if not lost, between the ATP
lid and the farther regions of the AMP lid (residues 122-160 and 55-75, respectively). Only the
correlation of ATP lid to CORE (residues 122-160 and 10-55, respectively) is retained. This

suggests that the ATP lid may not be in contact with the body of the enzyme sufficiently to fully

88



occult the active site. The only exception to this trend is the product state of R88A, which is
expected to open rapidly based on the correlation pattern but has remained closed during the
500 ns MD simulations. Together, the correlation analysis suggests that each of the catalytic
residues affects the behavior of distant regions of the enzyme and through them influences

enzyme’s global dynamics.
Behavior of AdK variants

Single point mutation experiments have demonstrated that the removal of an individual
active site residue has a detrimental impact on the catalytic activity of the AdK enzyme (Table 1).
Here, we repeat the experiment in silico to develop a mechanistic explanation behind the loss of
activity. In particular, MD simulations are performed to investigate the change in the close-to-
open protein motions and their time scales, and QM/MM simulations to investigate the
variations in the barrier for the phosphoryl transfer chemical step. We present the results of the

QM/MM simulations in the “QM/MM simulations and barriers” section.

Initially, our hypothesis was that upon mutation of one residue, the remaining residues
re-arrange to compensate for that loss thus revealing what role the mutated-out residue might
play in the wild-type AdK. Indeed, some level of compensation by the unmutated active site
residues was observed (see below for the description of each mutant). However, the analysis
revealed a different picture regarding the organization of the catalytic residues and their
coordinated function, for example, as Figures 1C and D illustrate, arginine residues 123, 156, and
167, which cluster above the substrates/products, can be considered main players in the
catalytic step as they all coordinate, throughout the reaction, to the y-phosphoryl group of ATP
that is being transferred to AMP. They also form an interaction network with each other,
mediated by aspartate residues at positions 158 and 159 (D158 and D159; Figure 1C and D).
Specifically, R123 and R167 are both coordinated to D159 whereas R156 only to D158. Based on
this organization, we propose that these five residues (R123, R156, R167, D158 and 159) form a
catalytic core of AdK, where the two aspartate residues provide an interaction platform to
coordinate the orientation of the three arginine residues. The significance of these residues
becomes clear from their impacts on the activity of the enzyme (Table 1). Consistent with this,

their in silico mutations are disruptive to the network (Figure 4), to the point that the D158A
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mutation has even prompted disengagement of the arginine residues from the ligand, a possible

contributing factor behind catalytic impairment of AdK mutants.
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Figure 4. Interaction network of residues within the lid domain sequence and their coordination pattern:
(A) WT (B) R123A, (C) R156K, (D) D158A, and (E) R167A. The left panel shows the interactions in the reactant
state and the right panel in the product state, respectively. (B-E) The mutant systems also show disruptions
in the interaction between catalytic residues preceding enzyme opening. Residues and ligands within the
ATP lid are colored blue (ATP, ADP, arginines) and salmon (aspartates); those within the AMP lid are shown
in orange (R36) and gold (AMP, ADP). For key arginine residues, interactions with the two aspartate residues
are also shown in dashed line.
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R123A variant

Among the different mutant systems, R123A is unique in that its dynamic behavior
differs between product and reactant states (Figures 2 and S3). In PS, R123A opens rapidly,
whereas in the RS, the enzyme remains closed during 500 ns (duplicated) MD simulations except
for the typical fluctuations of the ATP lid. Mechanistic reasons for this difference stem from the
shift in orientation of R156 and R167 relative to the ligand between the reaction states. In WT
RS, R167 coordinates solely to ATP’s y-phosphate and is therefore skewed towards the ATP lid,
optimally to maintain its coordination to D159. In WT PS, R167 having followed the transferred
phosphate to the product ADP, is now turned towards the AMP lid, its interaction with D159 now
being more precarious and looser, but stable when D159 is held steady through a double
coordination to R123 (Figure 4A); We have also discussed in our recent publication the change of
R167 orientation with the reaction®. Therefore, when R123 is replaced with alanine, while D159
can maintain its coordination to R167 in RS, it is quickly broken in the PS leaving the aspartate
without a partner and competing with the neighboring D158 for the coordination to R156 (Figure
4B). In our simulation, we observed a brief “tug-of-war” event, lasting circa 5 ns, during which
both aspartates (158 and 159) became coordinated to R156 (Figure 4B) causing the latter to
detach from the B-phosphate of the product ADP. While these changes may have an impact on
the closed-to-open protein dynamics especially in PS, they do not seem to be a direct cause
behind an impaired catalytic activity of the R123A mutant. During the phosphoryl transfer
reaction, R123 is the only residue that directly interacts with the oxygen leaving group of ATP
(i.e. B-phosphoryl oxygen of ATP), providing stabilization of the negative charge developed on it.
Therefore, its removal through mutation results in a significant increase in the phosphoryl

transfer reaction barrier as well as the reaction free energy (Table 2).
R156K and D158A variants

The aspartate residues 158 and 159 ensure that the catalytic arginine residues 123, 156
and 167 are positioned above the correct phosphate. Nominally, R156 resides within the
sequence of the ATP lid, but topologically its side chain is positioned above the crevice between
the ATP and AMP lids, with the guanidinium moiety bridging the two substrates by coordinating

to their terminal phosphates (i.e. y- and a-phosphate of ATP and AMP, respectively; Figure 1C).
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Adding to it that its interacting partners are D158 (ATP lid) and R36 (AMP lid) through hydrogen
bond and 1 stacking, respectively, this residue, as well as being involved in the catalysis, also
bridges the two subdomains. Thus, a loss of the R156—R36 contact is a harbinger of the

enzyme’s imminent shift to an open conformation.

Given that experimental studies looked at arginine-to-lysine mutation, which still
retained the positive charge of the side chain, its impact on protein dynamics was obscured and
we saw no difference from the behavior of the WT, that is the R156K mutant remained closed
throughout the 700 ns simulation (Figures 2, S2 and S3). Nevertheless, the mutation reveals that
the only nitrogen in the R156K side chain is invested in the interaction to D158 rather than
participating in ligand coordination (Figure 4C) and therefore in the catalytic step (Table 2). On
the other hand, when the positive charge is removed entirely via a to-alanine mutation, MD
simulations observed an enhanced closed-to-open dynamics of the enzyme like the other
arginine-to-alanine mutations (Figure S5B). These results suggest that the interaction within the
group of residues clustered above the ligands (i.e. R123, R156, R167, D158 and D159) must be

undisturbed for the enzyme to remain in a closed conformation.

One important finding of the present study is the central role of D158 in coordinating one
of the key, catalytic arginine residue in the active site (i.e. R156) during the catalytic phosphoryl
transfer and opening/closing of the ATP lid. To test this idea, we performed a single-point D158
to alanine mutation experiment and measured its kinetic parameters (i.e. k.q: and Kj,; Table 1).
As expected, the mutation substantially reduced the catalytic activity of the enzyme (58-fold in
kcqt), While the change in K, is relatively small. This result suggests its involvement only in the
catalytic reaction and thus corroborates our prediction from MD simulations. Importantly, since
D158 does not directly interact with the reaction substrates and products, thus being a second-
shell interactions residue, a significant impact on enzymatic activity is not anticipated. To
understand at the atomic level how the mutation affects the conformational dynamics of the
ATP and AMP lids and locally at the active site, we performed the MD simulations on the D158A
mutant (Figures 2 and S3). As described above, in the R123A variant, D158 was too wobbly to
stabilize R156. When it is absent altogether, the same scenario plays out: we observe abstraction

of R156 by D159, its departure from the ligand and a gradual lifting of the ATP lid until the
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interdomain contacts break and the enzyme opens. In particular, the pull of D159 on R156 skews
it towards the ATP lid (Figure 4D). This releases the n-stacking R36 residue and drags away the
adjacent K157 from its D54 contact on the AMP lid (Figure S8A) and the enzyme then cracks
open immediately. This event is clearly seen in the 100-200 ns segment on the D158A COM plot
(Figure 2A) as a discontinuity in the COM distance distribution in the RS. Another key interaction
identified by our MD simulations is the K57-E170 coordination on the interface between the ATP
and AMP lid (Figure S8A); when it is broken, the enzyme is destined for a transition towards an
open conformation. Consistent with this, when the E170 residue was mutated to alanine, the
conformational equilibrium was shifted towards the open state*?. In the X-ray structure (PDB ID:
1ADK 7), however, E170 coordinates instead to the nitrogen in L58, which is not sustained in the

MD.
R167A variant

MD simulations of the R167A mutant provided an overall dramatic picture of a disorderly
dynamics of the entire enzyme showing signs of impending loss of structural integrity of the two
lids. This was particularly pronounced in the reactant state. R167 resides on the a7 helix, the
largest helical structure in AdK, with a hinge half-way through, which affords flexibility to the N-
terminal part of the segment where it connects to the ATP lid (Figure 1A and B). R167 is held in
position via a single hydrogen bond to D159 (Figure 1C). Interestingly, as in the R123A case, the
R167A mutation also interferes with the coordination of R156 to the ligand (Figure 4E), ), by
destabilizing its hydrogen bond to the coordinating partner, D158. In the WT, the a7 helix is
rather flexible, which is partly counteracted by R167 anchoring it to the ligands. We speculate
that without this contact in the mutant system, an appreciable degree of a7 flexibility is
imparted onto the C-terminal part of the ATP lid, which hosts residues R156, K157, D158, and
D159 arranged into a loop, which we denote as the catalytic loop in this paper (Figure 5A).
Neither PS nor RS of the R167A system maintains that loop formation (Figure 5B) or the R156-to-
D158 coordination. Nevertheless, the PS manages to linger in the closed state for circa 100 ns

while the RS opens immediately (Figure S4).
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(A) (B)

Figure 5. Catalytic loop structure of the ATP lid, which comprises of the residues between 156 and 159 and
is positioned precisely above the site of the phosphate transfer: (A) wild-type and (B) R167A mutant both
in the RS. The loop and a part of the a7 helix are shown in red and the residues involved in shown in green
and blue cartoon. Structural distortion of R167A is substantial and visible in the lost of the secondary
structure in helix a6 as well as in the straightening of the loop feature. The loss of the curvature disables
interactions between R123-D159 and R156-D158 and breaks an interdomain contact between K157 (ATP
lid) and D54 (AMP lid).

R36A and R88A variants

Both R36 and R88 reside within the AMP lid and coordinate to the a-phosphate of the
AMP substrate (Figure 1C). Additionally, R36 interacts with R156 via a it stacking (Figure S8B) to
keep the enzyme closed along the ATP—AMP lid interface. Its absence forces enzyme opening
along the AMP lid, with a rapid (within 100 ns) and substantial bent of 6A (PS) and 4A (RS) while
the fluctuation of the ATP lid remains steady (RS) (Figures S2 and S3). On the other hand, the
R88A mutant remains in the closed conformation throughout the 500 ns (duplicated) MD
simulations in both RS and PS (Figure 2). Unlike this, residue-level analysis of the correlated
motion reveals that side-chain fluctuation (Figure S7) follows a pattern in the PS that signals
domain opening, suggesting that the lack of R88 prevents the expected transition to the open
state. In addition, despite the relatively weaker interaction with the reaction substrates than
other arginine residues in the active site, the impact of mutation on the catalytic activity is
substantial (310-fold reduction relative to the wild-type; Table 1). Compared to this, the R38A
mutation has the smallest impact on the catalytic activity (8-fold reduction) among the tested

arginine-to-alanine mutations. This difference between the two mutants suggests that the
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impact on opening dynamics does not always have to be related to the change in catalytic
activity and that other factors, such as the phosphoryl transfer reaction step and overall

conformation, may play a more important role in the catalytic activity loss.
K13Q variant

The nitrogen of the K13 side chain coordinates two oxygen atoms of ATP, one on a -
phosphate and the other on the y-phosphate (Figure 1C). In addition, it interacts with the
carbonyl oxygen of alanine 8 within the P-loop. The mutation to glutamine (i.e. K13Q) shortens
the side chain by one methylene group and removes the positive charge of the residue. Then,
the mutated side chain may not be long enough to reach the coordinating oxygens of ATP and
the removed positive charge is unable to stabilize negatively charged phosphates of the
nucleotides. Despite this, our simulations show that the K13Q mutant is exceptionally rigid, i.e.
overall dynamics of the protein is suppressed compared to the WT on a domain-motion and

residue-correlation levels in both PS and RS (Figures 2, S3 and S4).

To see what might happen if the entire side chain of residue 13 was removed, we
constructed a K13A mutation and simulated it for 300 ns in the PS. We observed that this mutant
opened within the first 100 ns (Figure S5A) in line with the behavior as seen in the other mutant
cases which also opened on timescales shorter than that of the WT. Notably, both ADPs in K13A
were shifted upwards from their reference positions in the WT and no longer nestled in the P-
loop (Figure S9), indicating a more persistent interaction with the guanidinium groups of R123,
R156, and R167. This led us to propose that the role of K13 in AdK dynamics may be not so much
a facilitation of enzyme opening as providing an electrostatic counterbalance to weaken the
coordination from catalytic arginines, especially those located above the bound ligands, and
enable nucleotide release. There is yet another species, symmetrically across the active site,
which appears to be burdened with a similar function — the Mg?* cofactor. Kerns and coworkers?®
demonstrated that while a divalent cation cofactor must be uniquely a magnesium for the
chemical step to proceed at an optimal rate, it can be any other divalent cation, e.g. Ca®*, to
preserve a timely lid opening. Likewise, Ojeda-may et al. observed in the simulations that in the
absence of the Mg?* ion, the WT assumes a more compact, closed conformation®® like what we

observed in the K13Q simulations.
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Together the present results paint a picture of the active site as an electrostatic
sandwich: the negative phosphates of the nucleotides in the middle, flanked by the positive
charge from the catalytic arginines on one side (residues above the ligand in Figures 1C and D)
and K13, Mg?* and R88 on the other (residues below the ligand). Therefore, a removal of any of
these residues via mutation results in a loss of the balanced interactions between them and
leads to a facilitated opening of the enzyme. For example, when any of the arginines is mutated
away, that anchoring interaction to the nucleotides is lost and the enzyme opens; that is, the ATP
lid opens first after being detached from the ligands as in R123A, D158A and R167A mutant
cases. In contrast, when the lysine or Mg?* is removed, the nucleotides remain electrostatically
held by arginines above (i.e.123, 156, and 167) and the ATP lid ends up lifting with the ligands in
tow. Therefore, maintaining a fine balance (of positive charges) between the two sides of the

enzyme is critical for a slow opening of the two lids and to allow a sufficient time for reaction.
QM/MM simulations and barrier

Next, the QM/MM simulations were performed for each mutant to determine their
catalytic mechanism and free energy barrier. The results are summarized in Table 2 and in Figure
6, where we compare the effective barriers calculated from the QM/MM simulations to the
barriers estimated based on the k., values (Table 1). For each system, we determined both the
barrier of the phosphoryl transfer step and the free energy of proton transfer between ATP and
AMP, where the latter determines the lowest free energy value in the reactant state. Briefly, the
proton transfer in the reactant state depended on the system. For example, while the WT
enzyme favored the proton on ATP, four mutants (i.e. R88A, R156K, D158A and R167A) favored
the proton on AMP. In these mutants, the calculated barriers presented in Figure 6 included the
contribution of the free energy of proton transfer (from AMP to ATP), while in all other cases
they were the free energy barrier of the phosphoryl transfer step. In addition, for the WT
enzyme, the QM/MM simulations were performed at the density functional theory (DFT) level*
to correct the phosphoryl-transfer barrier determined at the semi-empirical AM1/d-PhoT
QM/MM level. The determined correction factor of the barrier (i.e. 3.8 kcal/mol) was applied to

the phosphoryl transfer barriers of all mutant systems.
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Table 2. Free energies of proton and phosphoryl transfers of the wild-type AdK and mutant variants.
All free energy values are in kcal/mol.

wr
Mg2+ no—l\/lg2+
AFf_ . © 106 17.4 134 11.0 6.4 16.3 124 121 11.3

K13Q® R36A° R88A° R123A° R156K° DI158A° RI167A*P

p—trs

AF, ¢ -16 13  -13  -17 54 03 -0.9 1.3 4.2
AFyi_s® 24 - 49 03 25 5.0 1.0 03 33
AFf ;s 106 174 134 110 89 16.3 13.4 123 14.6

(14.4) (21.2) (17.1) (14.8) (12.6) (20.0) (17.2) (16.1) (18.3)

Aijptf 141 204 20.0 15.2 17.2 18.3 17.7 16.5 17.0

2 The barrier and reaction free energy are determined by Ojeda-May et al.*®

b All mutant values are in the presence of the Mg?* ion.

¢ The free energy of reaction and barrier for the phosphoryl transfer from ATP to AMP.

4The free energy of proton transfer from AMP to ATP, thus ATP + AMP(H) — ATP(H) + AMP , where (H)
indicates the molecule with a proton on its terminal phosphoryl group.

¢ Effective free energy barrier. For AFy+_;,s < 0, i.e. when the proton on ATP is favored, Aijf = AF;_HS,

and for AFy+_. > 0, i.e. when the proton on AMP is favored, Aijf = AF; + AFy+_trs. The values in

—trs

parenthesis are after the DFT-level correction (3.8 kcal/mol) to AF;_M.

" Free energy barrier estimated from the experimental k.4, (Table 1) and the transition state theory.

Overall, the calculated barriers are well correlated with the experimental estimation of
the barrier heights (based on the k., values in Table 1). A few outliers include K13Q and R88A
mutants; in particular, our QM/MM and MD simulations have failed to explain the diminished
catalytic activity of the R88A mutant. Except these two mutants, the linear correlation observed
in Figure 6 shows that the active site mutations have significant impacts on the phosphoryl
transfer reaction step as well as the closed-to-open protein dynamics observed from MD
simulations. Importantly, our results not only capture the relative change of the catalytic barrier
but also well reproduce the absolute catalytic barrier. This implies that the rate-limiting step
changes from the re-opening step to the chemical step for mutants. Alternatively, it is the
chemical step in all systems including WT. However, in our recent publication!® we challenge the
rate-determining step model centered on protein dynamics. Consistent with this, our results
show that at least for the mutants that show enhanced re-opening motion, the rate-determining
step is the chemical phosphoryl transfer. In addition, the present results can be used to deduce

the role of these residues in the wild-type enzyme: they facilitate on the one hand the
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phosphoryl transfer reaction and on the other hand contribute to the retention of the closed
conformation, during which the reaction ensues. Therefore, their mutations lead to slowed

phosphoryl transfer and facilitated re-opening.

175

AF%. (kcal/mol)

15

12.5 15 17.5 20

AFY, . (kcal/mol)

Figure 6. Comparison of free energy barriers of the catalytic phosphoryl transfer between the ATP and
AMP: the y-axis represents the effective barriers computed and the x-axis the experimental estimation of

them based on k.4 (Table 1). Each free energy value is provided in Table 2 and the dashed line refers to a
theoretical line of a slope 1.

Second, the mutation affected the phosphoryl transfer barrier as large as 5.7 kcal/mol
(for R123A), and interestingly, the same level of impact was also observed on the proton transfer
(e.g., 5.7 kcal/mol increase for R167A). In particular, for the R88A, R156K, R158A and R167A

mutants, the proton on AMP is favored to the proton on ATP. In these mutants, the effective

barriers (Aijf) reported in Table 2 are after adding the proton transfer free energy to the
phosphoryl transfer barrier. For example, for R167A, the phosphoryl transfer barrier (AFp*_trS) is

11.3 kcal/mol and the proton transfer free energy to ATP (F+_¢s) is 3.3 kcal/mol, totally 14.6
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kcal/mol as the effective barrier (Table 2). We can attribute the missing interaction of R167 with
AMP to the shift in proton transfer free energy from -2.4 kcal/mol of WT to 3.3 kcal/mol for
R167A; thus, the negative charge of the (fully deprotonated) AMP not being fully stabilized in RS.
This is consistent with the rapid opening of the AMP lid in the absence of the arginine. Thus, the
role of WT R167 is to stabilize the reactant state (i.e. ATP + protonated AMP) relative to the
product state (ADP + protonated ADP). Similarly, the roles of other catalytic residues, including
Mg?* ion, in the phosphoryl transfer reaction can be deduced from the present QM/MM results.
For example, no-Mg?* ion and R123A systems have significantly increased phosphoryl transfer
barrier, indicating their role in the stabilization of the reaction transition state. On the other
hand, other mutants, such as K13Q, R36A, R156K, D158A, have moderate impacts on the

phosphoryl transfer barrier.

Discussion

By introducing in silico single point mutations of each catalytic residue, this study probed
the role of the catalytic residues in the wild-type adenylate kinase (AdK) enzyme. In all mutants,
the QM/MM calculations showed that the energy barrier for the phosphoryl transfer increased.
At the same time, most of the mutant enzymes underwent a conformational transition to the
open state sooner than the WT. It follows that catalytic residues in the WT delay opening of the
enzyme for a sufficient time to firstly enable the catalytic phosphoryl transfer reaction and
secondly, facilitate the catalytic reaction through stabilization of the transition state. They are
also involved in the relative stability of the product versus reactant states as well as the

protonation state in the reactant state.

Mechanistically, a higher free energy barrier in mutants could be attributed to residue’s
weaker coordination to the substrate phosphate groups. As shown in Figures 1C and D, each
catalytic residue interacts precisely with a specific phosphoryl oxygen. While residues K13, R36,
and R88 coordinate to oxygen in fixed phosphate groups in both the product and reactant states,
R123, R156, and R167 escort the y-phosphate as it is passed from ATP to AMP. Nam and

coworkers!® noted that the mutation at position 167 (i.e. R167A) resulted in disturbed
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orientation of helices a6 and a7 as well as loss of native coordination to the substrate by the
neighboring catalytic residues. This study adds to the previous findings with insight regarding the

remaining residues lining the active site.

The pattern of catalytic residues’ side chain motion highlights an interplay of two factors:
the necessity of maintaining the enzyme in catalytically active state prior to the chemical step
and coordinating the opening event for product release afterwards, both apparently
characterized by some order-disorder dynamics in the internal behavior spanning the whole
enzyme as evidenced by the covariance analysis. It is unlikely that a single residue could have
such a considerable control over the behavior of the entire protein. Alternatively, we are looking
at an organization of the catalytic residues into a higher-level structure acting collectively, as a
network, to govern the enzyme dynamics and the catalytic reaction. If any of those residues is
missing, it interrupts the phosphoryl transfer step and disturbs the interaction network between
the remaining catalytic residues, simultaneously impairing the chemistry and dynamics of the
enzyme. As we demonstrate in this work, one such network is formed by R36, R123, R156, R167
and the coordinating aspartates 158 and 159 (Figure 1C). Among them, the side chains of
arginines 123, 156, and 167 follow the y-phosphate during the transfer reaction as well as they
are unique to connect the AMP lid to AMP lid through the interaction with ligands. Therefore,
through their movement, the two lids communicate between the reactant and product states.
Our MD simulations show that any mutation (to alanine) within the group of residues R36, R123,
R156, R167, and D158 affects them all as a collective — their electrostatic interconnectivity
becomes unbalanced, invariably culminating in R156 and R167 breaking off from the ligand, soon
after which time the enzyme transitions into the open conformation. The fact that the lysine in
the R156K mutant (Figure 4C) uses its ammonium nitrogen preferentially to maintain the inter-
residual connectivity suggests that this interaction is sufficiently robust that it is favored over the
coordination to the phosphoryl oxygen. It therefore follows that those residues act to ensure
that the enzyme remains in the closed conformation. The loss in the catalytic activity of the
R156K mutant can then be contributed to the weaker interaction with the reaction transition
state. The role of D158 transpires as vital to the functioning of this catalytic collective. When

missing, it so drastically destabilizes one of the most important players that is R156, which in
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turn is promptly snatched by D159 as a coordinating partner and drawn away from the y-
phosphoryl group that it arrests the catalysis. Another important interaction among these
residues is the m-stacking interaction formed by R156 and R36, which move as a collective

following the transfer of the y-phosphoryl group.

The second group of residues include K13, R88 and Mg?* ion, which lie below the ligands
in Figure 1C and interact with them from the core domain direction. In our MD simulations, their
mutation (i.e. K13Q, R88A and no-Mg?* ion systems) remains in the closed conformation. Based
on this, we propose that their role in the wild-type enzyme is to facilitate re-opening of the
enzyme, a role opposite to that of the first cohort of residue groups above the ligand. Thus, they
exert a fine balance of interactions between the two residue groups: one, provided by the ATP
lid interacts with the bound ligands, allowing the ATP lid to remain closed long enough during
the reaction, while the second group interacts with the ligands from the core domain side and by
this interaction, it weakens the interaction of the ligands with the first residue group. Therefore,
this second group not only helps to maintain the enzyme in the closed conformation through the
three-way, thus balanced, interactions between this group-ligands-first group, but also enables a
robust re-opening of the enzyme by allowing the first group of residues to easily detach from the
ligands. For this reason, any mutation of the first group leads to an accelerated re-opening and
the mutation of the second group has opposite effects on the re-opening of the enzyme.
Nevertheless, while the two groups may play a different role in the closed-to-open enzyme
dynamics, all of these residues contribute to the catalytic phosphoryl transfer reaction likely via
electrostatic interactions between reactant, transition and product states, which is apparent

from measured kinetic parameters and computed phosphoryl transfer barriers.

Conclusion

Our kinetic experiments demonstrated that the removal of a single catalytic residue from
the active site of adenylate kinase incapacitates its catalytic activity. Based on that, we
introduced the same mutations in silico to deduce the role of the targeted residues (K13, R36,
R88, R123, R156, R167, and second-coordination shell’s D158) in the catalytic reaction and re-

opening dynamics of the enzyme, and to investigate a link connecting the two events. From the
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guantum mechanical calculations, we found that mutations increase the reaction barrier for the
phosphoryl transfer. At the same time, all but three mutant cases (R88, K13Q and R156K) show
an enhanced transition to the open conformation. This suggest that the catalytic residues lower
the free energy barrier for the reaction and delay the opening event (thus product release)
showing that at least in these mutants, the chemical step must be rate-limiting. To achieve this,
the residues R36, R123, R156, R167, and D158 are organized into a tight-knit network, which, as
a collective, acts to maintain the enzyme in the closed, catalytically competent conformation for
the completion of the chemical step. In contrast, K13 and Mg?* ion likely counterbalance the
action of the arginines by contributing to enzyme opening through electrostatics and thus

ultimately promoting product release.
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Appendix Il

Center of mass distance and angle definitions

The AdK protein was divided into three regions: the ATP lid (residues 120 to 157), the
AMP lid (residues 39 to 69), and the CORE containing those residues, which were not assigned to
either lid. Coordinates of the regions” mass-weighted centers were computed every 100
picoseconds (symbolically depicted in Figure S1 as points T (ATP lid), M (AMP lid) and the origin,
for the CORE).

The angles defined in Figure S1 follow the convention used in spherical coordinate
system, where the azimuthal angle, 8, measures the lids’ sidewise motion from the reference x-
axis to the orthogonal projection of the lid-core vector and runs from 0° to 360°
counterclockwise. The polar angle, ¢, representing the lids’ vertical motion, measures the angle
between the zenith direction (z-axis) and the lid-core vector running from 0° to 180° away from
the zenith. In this representation, because of the arbitrariness of the origin and direction of each
axis and to compare the pattern of the two domain motions between the wild-type and each
active site mutant, we first superimposed each coordinate set saved during the molecular
dynamics (MD) simulations to a “common” reference frame and determined the two angles. The
results are presented in Figure S2 for the reactant state (RS) and Figure S3 for the product state

(PS), respectively.

107



Covariance analysis

A degree to which motions of an individual residue is correlated with each of the other
residues was quantified using CHARMM'’s long tail correlation (cross-correlation) based on the

Pearson correlation coefficient calculations (Equation 1).

T (Equation 1), where x and y are two

_ Z?zl(xi—f)(yi—y)
Xy = = =
P22 5L 092

sets of variables representing residue-averaged positions of the side chains.

A reference set of coordinates of an average structure was computed first, against which
all coordinate frames used in the analysis were aligned before covariance calculations.
Covariance calculations were performed on the first 200 ns trajectory segments (or 30 ns for

R167A), containing 2000 frames.

108



Table S1. The mutant and wild-type systems computed for this study. The combined length of calculated
MD totals 20.71 ps.

Mutant system Reaction state Replicate Length / ns
K13Q PS 1 620
2 700
RS 1 700
2 500
K13A PS 1 300
R36A PS 1 300
2 300
RS 1 500
2 500
R88A PS 1 700
2 700
RS 1 700
2 700
R123A PS 1 300
2 300
RS 1 500
2 500
R156K PS 1 1000
2 300
RS 1 1200
2 700
R156A PS 1 300
RS 1 300
D158A PS 1 300
2 300
RS 1 500
2 500
R167A PS 1 300
2 300
3 300
RS 1 300
2 300
3 300
Wild-type PS 1 1000
2 600
3 600
RS 1 1290
2 600
3 600
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ATP lid (

opens
AMP lid

opens

Figure S1. An illustration of the reference points used as domain centroids for the center-of-mass (COM)
distance plots, where point T is the ATPlid COM, point M is the AMPIlid COM, and the core’s COM is at the
origin (Org). When the COM distances are converted into polar coordinates, the lids" horizontal motion
within the xy-plane is described by angle 6, measured as the angle between the x-axis and the projection
of the Org-T/M vector onto the xy-plane (Org-T’/M’) and angle ¢ represents the vertical displacement
perpendicular to the xy-plane, measured as the angle between the Org-T vector and the z-axis. Subscripts
v and 7 stand for polar angles associated with the ATP and AMP lid, respectively.

The grey arrows indicate a typical pattern of lid motion upon enzyme opening, which can be helpful to note
when viewing the COM plots in polar coordinates as it will become apparent that those can be interpreted
intuitively.
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Figure S2. Centre-of-mass positions converted into the polar coordinate system to capture a pattern of lid
domain motions in the reactant state, RS. Data points are organized by color into 100 ns segments, totaling
up to 700 ns of the MD. The cross hairs indicate the reference values from 1AKE X-ray structure. In mutant
cases which open, a variety of modes of lid motion can be observed. For instance, in R167A (RS), within
~100 ns the ATP lid collides against the AMP lid (Bt increases by ~30 °). Rigidity of the K13Q mutant is
interpreted as a smaller amplitude of fluctuations, comparing to the WT, and tightening of both lids against
each other with respect to the reference X-ray position.
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Figure S3. Centre-of-mass positions converted into the polar coordinate system to capture a pattern of lid
domain motions in the product state, PS. Data points are organized by color into 100 ns segments, totaling
up to 700 ns of the MD. The cross hairs indicate the reference values from 1AKE X-ray structure. In mutant
cases which open, a variety of modes of lid motion can be observed. For instance, in R36A (PS) and D158A
(PS), between ~100-200 ns the ATP lid collides against the AMP lid, while R167A shows an erratic opening
behavior.
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Figure S4. Center-of-mass graphs for the triplicated molecular dynamics (MD) simulations of the wild-type
AdK in reactant (A) and product (B) states plotted as lid domain to core distances (top two rows) to show
the magnitude of lid opening, and angular displacement in spherical coordinates (bottom two rows) to show
its pattern. Trajectories are color-coded into 100 ns segments, totaling 600 ns of MD for each system. The
cross hairs indicate the reference values from 1AKE X-ray structure. Only replicate 1 in PS fully opens, where
the ATP lid lifts by ~6A, and the AMP lid deflects by ~SA. Displacement of the AMP lid with respect to the
core by ~3-4A in replicate 2, of the PS and RS, does not develop into an opening event, reflecting only the
AMP lid fluctuations.
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Figure S5. A proof-of-concept comparison of the dynamic behavior between K13Q and R156K bottom
panels) with their to-alanine mutations (top panels).Removing any interactions from the amide Q13 and
ammonium K156 groups, the new mutants open within the time frame of >300 ns, which is similar to
what we observe in other to-alanine mutant cases. (RS: reactant state, PS: product state)

Figure S6. Comparison of average structures from WT MD simulations: (A) RS between replicate 1 (olive)
and replicate 3 (blue) and (B) PS between replicate 1 (pink) and replicate 2 (teal). The PS replicate 2,
which eventually opens during MD simulation (Figure S4), the ATP and AMP lids are slightly in an open
conformation compared to the closed-conformation replica 1 as well as all RS replicates.
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Figure S7. Covariance analysis of the side-
chain fluctuations in AdK mutant variants in
product (PS) and reactant (RS) states. Of
importance is the intensity of color indicating
a greater statistical significance of the
correlation (red)/anticorrelation (green) in
residue fluctuations as well as the extent of
the protein affected by the ordered motion.
Notably, in the more dynamic PS the residue
motion tends to be more ordered than in the
RS.
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Figure S8. (left) The three most significant electrostatic interactions on the interface between the ATP
and AMP lid domains important to the maintenance of the AdK’s closed conformation. They are present
in all mutant and wild-type simulations to a varying degree of robustness. As the enzyme transitions into
an open conformation, the R156-R36 m-stacking (shown on the right) is lost first, followed by the
disengagement of the K157-D54 pair. The remaing pair, E170-K57, is the last one to break, after which
point the enzyme has moved past a point of no return and will infallibly open. L58 is included to
acknowledge the fact that in the X-ray structure E170 coordinates to its backbone nitrogen atom instead.
Under MD conditions, this interaction is not sustained and preferably shifts to K57 side chain.
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Figure S9. (/eft) Snapshots from an MD trajectory showing superimposed AdK wild-type (protein: green;
ligands/Mg**: light green) and the K13A system (protein: gold; ligands/Mg®*: purple) whose ATP lids are
starting to lift, shortly before enzyme opening . Given the same arrangement of the ATP lid in both, it
can be seen that the loss of coordination from K13 allows the ADP (in the ATP-binding domain) to drift
away from the P-loop and be lifted together with the ATP lid. (right) The orientations of the catalytic
residues in the K13A mutant (top) and the wild-type AdK (bottom). R123, R156, and R167 hold on to the
ligands in K13A while the ATP lid goes up. R88 is under visible strain to maintain its coordination. In
contrast, the wild-type ATP lid severs all interactions to the ligands, which are held in place by K13, R36
and R88.
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Conclusion

Computer-based research complements the experiment by providing insight at levels
often not accessible to direct investigation. In the case of my work that would mean attempting
to provide a mechanistic explanation of the inner workings of enzyme’s active site residues down
to the atomic level: Which one interacts with which other? What is the role of this interaction?
How does this affect observable qualities recorded and quantified by the experiment? All that
happening on the periphery of the real conundrum, the epistemological elephant in every
scientist’s room: how do | know if what | know is true? My short experience as a doctoral student
made obvious to me that it is the questions that are the true Holy Grail of academic research,
not the answers. Answers are but ephemeral entities, useful only in as much as they can provide
a decent springboard for a new question, with subsequent answers to which solidly
corroborating any previous findings. And such proved to be the nature of this research into the
coupling between the catalytic step of phosphoryl transfer from ATP to AMP and the mechanism
of enzyme opening in the adenylate kinase (AK) protein: jumping from one question to another,

getting bruised by contortionist methods of data analysis.

With Chapter 1 | was dipping my toe into the field by performing molecular dynamics
simulations on a mitochondrial, AK3 isoform of the adenylate kinase. The question was to
identify a molecular reason behind the ability of AK3 to recognize its substrate GTP, and to
preferentially select for it over ATP. My contribution was to demonstrate that GTP was able to
sandwich itself between two residues in the catalytic lid domain, Arg124 and Phel42, which held
the aromatic system of the guanosine moiety in place. This stacking interaction was possible due
to the formation of a hydrogen bond between the GTP’s carbonyl oxygen and the amide proton

on the Thr201.

My contribution to research presented in Chapter 2 is foundational and involved
qualitative data analysis on the simulations of the wild-type AK and its Arg167Ala variant. This
was to report a survey of interactions within the enzyme’s active site, upon which observations
was built the subsequent project in Chapter 3. Chapter 3 carries my contribution to the

development of ideas and explanation of the roles that the catalytic residues play in the wild-
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type AK enzyme. Propped by generous input from Drs Pedro Ojeda-May and Kwangho Nam who
calculated the values for energy barriers in the catalytic step using the QM/MM approach, | used
MD to discern the functions of each catalytic residue and elucidate how they trigger the enzyme
to open. | proposed, contrary to our initial hypothesis that each residue might have a clearly
defined task, that they in fact grouped together and the opening was an event that stemmed
from their emergent action as a collective. The group in question comprises of arginines 123,
156, 167, and 36 together with their coordinating partners that are aspartates 158 and 159. The
biggest unknow at the time of writing is the role of arginine 88. The data are inconclusive, and
the topic needs further investigation. Two possible avenues to explore would be (i) how/if the
absence of Arg88 may strengthen interdomain interactions between the Lys157—Asp54 and
Lys57—GIlul70 pairs (Figure S8, Appendix lll) and keep the enzyme in the closed position and (ii)
how/if its absence may cause the hosting a-helix 5 (Figure 1A, Chapter 3) to lift and push the

AMP-binding domain and a-helix 7 to apart to precipitate enzyme opening.
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