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Abstract

Human soluble calcium-activated nucleotidase 1 (hRSCAN-1) represents a new family of apyrase
enzymes that catalyze the hydrolysis of nucleotide di- and tri-phosphates, thereby modulating
extra-cellular purinergic and pyrimidinergic signaling. Among well-characterized phosphoryl
transfer enzymes, hSCAN-1 is unique not only in its unusual calcium-dependent activation, but
also in its novel phosphate-binding motif. Its catalytic site does not utilize backbone amide groups
to bind phosphate, as in the common P-loop, but contains a large cluster of acidic ionizable side
chains. By employing a state-of-the-art computational approach, we have revealed a previously
uncharacterized catalytic calcium-binding site in hSCAN-1, which elucidates the unusual calcium-
dependence of its apyrase activity. In a high-order coordination shell, the newly identified calcium
ion organizes the active site residues to mediate nucleotide binding, to orient the nucleophilic
water, and to facilitate the phosphoryl transfer reaction. From ab initio QM/MM molecular
dynamics simulations with umbrella sampling, we have characterized a reverse protonation
catalytic mechanism for hNSCAN-1 and determined its free energy reaction profile. Our results are
consistent with available experimental studies and provide new detailed insight into the structure-
function relationship of this novel calcium-activated phosphoryl transfer enzyme.

1. Introduction

The apyrases are a class of extracellular enzymes responsible for modulating levels of
extracellular signals.1~8 Many biochemical signals that originate outside the cell, as in
immune response, as well as intercellular signals, which dictate the cell cycle and cell

proliferation, are modulated by the concentration of nucleotide di- and tri-phosphates (e.g.,
ATP, GDP).”8 Apyrases act to monitor the appropriate balance of these purinergic and
pyrimidinergic signals by hydrolyzing, for example, ATP to ADP or GDP to GMP. Two
functionally similar but evolutionarily unrelated families of apyrases have been identified:
nucleotide triphosphate diphosphohydrolases (named NTPDases)!=3 and calcium-activated
nucleotidases (CANs).4-6

The first characterized CAN was isolated from the saliva of blood-sucking insects, and it
promotes blood flow in their subjects during feeding. In mammals, high levels of ADP are
normally released as a purinergic signal in the event of tissue damage. ADP can bind to
platelets collecting at the site of an insect bite; this triggers the recruitment and activation of
additional platelets from the blood stream, which cascades into blood coagulation. The
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insect apyrase is excreted to interfere with this signal through rapid hydrolysis of ADP to
AMP.? Interest in the CAN family was broadened once a human homologue of the insect
apyrase was identified.>® It had been proposed that a native human protein with the ability
to rapidly oppose blood coagulation could be a valuable therapeutic agent in treating
unwanted blood clotting: myocardial infarction or ischemic stroke.10 However, while this
human soluble CAN, hSCAN-1, is evolutionarily homologous to the insect CAN, its
substrate specificity is inverted, selecting GDP hydrolysis over ADP hydrolysis.® In a
subsequent effort to re-engineer NSCAN-1 from a GDPase into a highly active ADPase,
significant progress has been made, augmenting ADPase activity more than 100-fold and
shifting the ADPase/GDPase activity ratio from 0.005 to 41.4.4 Still, despite these successes
in enzyme redesign, it should be noted that the overall ADPase activity of these mutants
does not match the original GDPase activity of wild-type hSCAN-1. This low enzymatic
activity limits the potential of using mutated hSCAN-1 as a therapeutic compound. At this
point, a thorough mechanistic understanding could facilitate continued enzyme engineering
efforts.

In comparison with other well-characterized phosphoryl transfer enzymes, hSCAN-1 is
novel in terms of its sequence and three-dimensional structure, most interestingly in its
phosphate-binding motif.#11 It has previously been confirmed that none of the nucleotide-
binding motifs indexed in the PROSITE2 or Pfam?3 sequence databases can be found
within the h\SCAN-1 sequence. Furthermore, Pfinder,14 a program developed to predict
phosphate-binding sites in proteins based on structural comparison to known phosphate-
binding motifs, failed to identify the hRSCAN-1 binding site. Nearly all well-characterized
nucleotide-binding enzymes (including kinases, motor proteins, G proteins, and ATP
synthase) utilize the common phosphate binding P-loop/Walker A motif,11 a structural motif
of consecutive backbone NH groups oriented in an inward-facing loop to stabilize the
negatively charged phosphates.® The phosphate-binding families that lack a complete P-
loop (including the NTPDase apyrases and the related Actin/HSP70 family) still rely on
some backbone amide-phosphate interaction for substrate binding.16 hSCAN-1 does not
contain a P-loop and lacks backbone amide-phosphate interaction altogether; it presents a
unique phosphate-binding mechanism.

Another distinct feature of the CANs is the nature of their divalent cation dependence. The
NTPDase family of apyrases is also cation dependent, but displays activity in the presence
of Mg?*, Ca2*, or Mn?*,17-19 and the kinetic relationship expressed between cationic
concentration and enzymatic activity is linear, indicating a traditional metal ion
cosubstrate.20 Thus it came as a surprise that hRSCAN-1 is exclusively activated by calcium,
and kinetics experiments show an unusual and unexplained sigmoidal relationship between
enzymatic rate and calcium concentration.2 Crystal structures of hSCAN-1, the apo
structure as well as in complex with a substrate analog, have identified a single cation
binding site in which the metal clearly plays a tertiary structural role, coordinating five
distant residues and bringing together the five blades of its beta propeller tertiary
structure21 (see Figure 1a), but this structural dependence alone does not clarify the
kinetics results. In order to justify the sigmoidal relationship between enzymatic rate and
calcium concentration, it has been proposed that a second calcium may be required to act in
binding and/or hydrolyzing the nucleotide.?2 This hypothesis is consistent with the kinetics
results, but uncorroborated by any crystal structure of hNSCAN-1,4 since none contains such a
second cation.

In the current study, through molecular dynamics simulations, we have revealed a second
calcium-binding site and characterized the metal’s critical role in organizing a new type of
phosphate-binding motif. This catalytic calcium is structurally essential to the stability of the
highly organized cluster of acidic ionizable residues comprising the novel hNSCAN-1 active
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site. Through Born-Oppenheimer ab initio QM/MM molecular dynamics simulations with
umbrella sampling, a state-of-the-art approach to simulating enzymatic reactions, we have
identified a well-positioned nucleophilic water, elucidated the catalytic role of calcium’s
flexible high-order coordination chemistry, and suggest a reverse protonation mechanism for
the hydrolysis of GDP.

The initial model of the enzyme-substrate complex was prepared on the basis of the crystal
structure of hSCAN-1 in complex with a substrate analog GMP-CP, subunit B (PDB code:
1S1D).4 (1t should be noted that the residue numbering scheme used in this paper is the
same as that in the original reference,* which is different from the numbering in the 151D
pdb file by 2 units.) The ligand GMP-CP was replaced with the substrate GDP. The
protonation states of ionizable residues under physiological conditions were determined via
the program H++,23 a web-based tool that uses Poisson-Boltzmann continuum electrostatics
calculations to calculate the pKa shift of each ionizable residue due to its surrounding
environment and allows for the inclusion of the substrate and ions in the calculation. The
tleap Amber tool was used to add protons. The prepared protein system was solvated into a
rectangular TIP3P water box with a 10 A buffer distance on each side, and neutralized by
adding Na* ions. The resulting simulation system has about 40,000 atoms. After a series of
minimizations and equilibrations, the standard molecular dynamics simulation with periodic
boundary condition at 300K and 1 atm was carried out for up to 30 ns. Long-range
electrostatic interactions were treated with particle mesh Ewald (PME) method. All
minimizations and MD simulations were carried out with AMBER10 molecule dynamics
package,24 employing the Amber99SB force field2>-27 for the protein and the TIP3P
model?® for the water. The force field parameters for the GDP substrate were parameterized
by Carlson et al.2®

With a snapshot taken from the productive MD trajectory, the QM/MM system was
prepared by removing all water molecules beyond a 27 A radius from the p-phosphate of the
substrate. The QM subsystem, as illustrated in Figure S1, which includes the side chains of
Aspd4, Aspa6, Glu9dg, and Aspl14, the phosphate portion of the GDP, the nucleophilic
water, and the catalytic calcium ion, was described at the B3LYP/6-31G* level. This level of
QM treatment has been tested and employed successfully in other contemporary ab initio
QM/MM studies of phosphoryl transfer enzymes.30-36 The MM subsystem was treated by
the same force field as in the previous classical MD simulations. The QM/MM boundary
was described by the pseudobond approach with the improved parameters.37-39 The
spherical boundary condition was employed, in which only atoms within a 20 A radius from
the beta phosphate were allowed to move. Cutoffs of 18 and 12 A were specified for
electrostatic and van der Waals interactions within the MM subsystem, but no cutoff for
electrostatic interactions between the QM and MM subsystems was used. All ab initio QM/
MM calculations were performed with a combination of modified Q-Chem3.0%? and
Tinker*! programs.

Following initial unrestrained QM/MM MD equilibration, the QM/MM system was
minimized with an iterative minimization procedure.*2 Given a proposed reaction scheme, a
minimum reaction energy path was then determined with the reaction coordinate driving
method.#2 Given a promising reaction profile, the MM sub-system for each structure
determined along the path was subsequently equilibrated with 500 ps MD simulations, with
the QM sub-system fixed. The resulting snapshots were used as the starting structures for ab
initio QM/MM MD simulations with umbrella sampling. For each window, a 25 ps
B3LYP(6-31G*) QM/MM MD simulation was carried out, in which the Beeman
algorithm*3 was used with a time step of 1 fs, and the Berendsen thermostat** was employed
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to control the temperature around 300 K. From these biased simulations, the free energy
profile for each reaction was obtained with the weighted histogram analysis method
(WHAM).#5-48 This computational protocol has been successful in studying various enzyme
systems and their catalytic mechanisms.3449-57

3.1. Revelation and Characterization of the Catalytic Calcium-Binding Site

The CAN family of apyrases is hallmarked by its exclusive and unusual calcium activation.
In the crystallization of hNSCAN-1, a single calcium cation was identified in its structure,
centrally positioned to coordinate the five blades of its beta-propeller tertiary structure.
However, while this calcium-coordinated beta-propeller defines the global structure of
hSCAN-1, this organization alone does not confer its catalytic activity.22 The active site of
hSCAN-1 is quite distinct from other well-characterized phosphate binding enzymes. It
comprises a large cluster of acidic ionizable residues whose structural organization appears
to rely on a complex hydrogen-bonding network, and the uncertain nature of the multiple
protonation assignments presents the initial challenge in modeling the reactant complex of
hSCAN-1. We prepared many competing models representing plausible protonation states
and proton positions and carried out molecular dynamics simulations for each. Trajectories
were evaluated for active site stability, consistency with the crystal structure, and the proper
positioning of a water for nucleophilic attack. For promising models, we continued the
examination using the QM/MM-MD method to calculate and compare free energy profiles
for various catalytic mechanisms. As the outcome of this extensive computational
investigation, we have revealed that a second calcium cation is required to organize active
site residues into the catalytically active reactant state conformation, for which a single
model demonstrated remarkable active site stability. The catalytic calcium we have
identified utilizes a high-order coordination shell to coordinate the cluster of ionizable
residues to mediate nucleotide binding, to orient the nucleophilic water, and to facilitate the
phosphoryl transfer.

Figure 2a is an overall depiction of the novel dual-calcium phosphate-binding active site
structure employed by hSCAN-1. The two calcium cations are in close proximity with their
electrostatic repulsion buffered by a single water molecule. The previously identified
structural calcium, displayed in purple, has an eight-fold coordination structure that includes
the five backbone carbonyl groups, from remotely distributed amino acids, that bring
together the global beta-propeller structure. The side chains of three of these residues—
Ser100, Glu147, and Glu328—extend in parallel to make direct contact with the newly
identified catalytic calcium, displayed in magenta. In addition to directly binding phosphate,
the catalytic calcium is responsible for structurally organizing the cluster of acidic ionizable
residues that distinguishes the active site of hRSCAN-1 from previously characterized
phosphate-binding structural motifs (see Figure 2d). There are two pairs of “mirrored”
residues directly coordinated to the catalytic calcium: Glu147/Glu328 are deprotonated and
form bidentate interactions, Asp44/Asp114 are protonated and form specific monodentate
interactions through their hydroxyl oxygens. The side chain of Ser100 completes the
catalytic calcium coordination shell.

The proper positioning and orientation of a nucleophilic water, into a reactive position
proximal to the terminal phosphate, is considered the key to enzymatic phosphoryl transfer
by hydrolysis.%8 In hSCAN-1, this is achieved through hydrogen bonding interactions with
four residues: Asp44, Asp46, Glu98, and Aspl14 (see Figure 2¢). The direct coordination of
the protonated Asp44/Aspl14 pair to the catalytic calcium positions their respective
hydroxyl groups to hydrogen bond the nucleophilic oxygen in a near perfect tetrahedral
arrangement. Simultaneously, the protons of the nucleophilic water are tethered through
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hydrogen bonds to the deprotonated Glu98 and the protonated Asp46, which is stabilized
through its own hydrogen bond to the terminal phosphate. This four-point coordination
secures the nucleophilic water in its pre-attack position adjacent to the phosphate for the
entirety of our 30 ns molecular dynamics simulation of the hSCAN-1 reactant state.

The bidentate coordination of the Glu147/Glu328 pair to the catalytic calcium is indirectly
important to the binding and coordination of the phosphate group itself. Deprotonated under
physiological conditions, the negative charges on these glutamates prompt interactions with
Lys145/Lys326, and these positively charged residues flank the phosphate moiety and
coordinate its positioning directly (see Figure 2b). The side chain of Ser100, whose
backbone is also tethered by the structural calcium, forms a loose hydrogen bond to the
carbonyl group on the backbone of Glu98, serving to bind the active site together (see
Figure 2a).

Arriving at the reactant state of hRSCAN-1 was not a direct path. Eight glutamates and
aspartates are organized within 5.5 A of the phosphate moiety of the bound substrate (see
Figure 1b). According to the initial Poisson-Boltzmann based pKa-shift calculations, six of
these eight residues were to be protonated/neutralized in this complex (see Table S1). Since
each residue could be protonated at one of two oxygens, there were 64 possible permutations
of this protonation state. Some of the likely protonation positions could be surmised from
the relevant inter-atomic distances within the crystal structure, but several protonation
assignments remained uncertain, and we built and simulated models for each plausible state.

Of all the models simulated, only two resulted in trajectories in which the active site
organization seen in the crystal structure was well preserved. In the first of these
simulations, an intricate network of interactions between the active site residues, waters, and
the GDP did form, but this adherence to the initial structure is short-lived. The RMSD of the
active site residues begins to drift following the initial two nanoseconds of simulation (see
Figure S2). Furthermore, calculations exploring the energetics of phosphoryl transfer from
this state resulted in exceedingly high activation energies (see Figure S9). In the second of
the promising simulations, a Na* counter-ion was observed to spontaneously migrate from
the bulk solution to within the active site. This cation became coordinated to the p-
phosphate as well as to the side chains of Asp44, Ser100, Asp114, Glul47, and Glu328. We
inspected the corresponding position in the crystal structure and found that it matched the
exact position of an assigned crystal water molecule. In the crystal structure, the
corresponding oxygen atom appeared to have around it a hepta-coordinated arrangement of
the same set of electron rich oxygen atoms, as shown in Figure 1c. While the resolution of
the hSCAN-1 crystal structure is fairly high, at 1.6 A, it is generally accepted that, beyond a
resolution of 1.5 A, it can be difficult to distinguish between a water molecule and various
cations, such as sodium or calcium.>® We began to consider the likelihood that an important
metal cation, responsible for stabilizing the structural coordination of these ionizable
residues, had been misassigned in the solution of the crystal structure.

Exploring the possibility of a second calcium-binding site, we replaced the questionable
crystal water molecule with a second calcium cation, but we also needed to reconsider how
this divalent cation would alter the protonation state of the ionizable binding site. According
to a recalculation of the residue pKa-shifts, with this second calcium in place, Glu147 and
Glu328 were to be deprotonated now, and Asp114 was relatively ambiguous, with a
predicted pKa of 5.9. After building and simulating models respective of these protonation
states, we determined a single reactant state and conformation that demonstrated exceptional
active site stability throughout the entire 30 ns molecular dynamics simulation and presented
a viable reactant state with a properly coordinated substrate and potential water nucleophile
(see Figure 3 and Figure S3).
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3.2. Reverse Protonation Phosphoryl Transfer Mechanism

In the pursuit of the catalytic mechanism of hSCAN-1, we are exploring the free energy
associated with the hydrolysis of GDP to GMP and inorganic phosphate. The energetic
barrier to this reaction is primarily brought down by the pre-positioning of a single water
molecule for nucleophilic attack of the p-phosphate. In the reactant structure we have
presented, we have revealed a well-designed water-coordinating site, with four hydrogen
bond contact points (see Figure 2c), clearly indicating the nucleophile for the reaction. We
have employed the QM/MM-MD method, coupled with umbrella sampling, to explore
various mechanistic schemes for hNSCAN-1. We have investigated plausible mechanisms
starting from our proposed reactant state as well as from alternative, less stable systems (see
Figures S9-S12 for examples). Ultimately, the most promising mechanism did derive from
our proposed reactant, and our calculations suggest a novel, two-step, reverse protonation
phosphoryl transfer. The overall activation energy from the full free energy profile was
calculated to be 16.4 kcal/mol (see Figure 4), which is in good agreement with the 15.0 kcal/
mol barrier predicted from experimental kinetics.*

In the first step of the reverse protonation mechanism, the proton shared in a low-barrier
hydrogen bond between Asp46 and the B-phosphate (see Figure S4) transfers to the
phosphate and rotates away from Asp46 and toward the bridging-oxygen leaving group (see
Figure 5, Figure S5). This initial step requires 3.3 kcal/mol and results in a semi-stable
intermediate (see Figure S6). From this intermediate, the B-phosphate is transferred directly
to the nucleophilic water, in the rate-limiting step, with a barrier of 15.1 kcal/mol (see
Figure S7). For the second proton transfer of the reverse protonation mechanism, the basic
Glu98 extracts a proton from the nucleophilic water near the transition state of the second
step. Near the product state, the phosphorylproton, originally from Asp46, transfers
spontaneously to neutralize the leaving group oxygen. The overall hydrolysis of this high-
energy phosphate bond is exothermic, with a total AG = -11.6 kcal/mol. The phosphoryl
transfer is concerted and proceeds through a near synchronous mechanism, with the
breaking O-P bond at 1.98 + 0.06 A and the forming P-O(wat) bond at 1.88 + 0.06 A at the
transition state (see Figure 5). Once the products GMP and Pi are released from the active
site, pKa calculations of the apo protein indicate that each of the acidic ionizable residues
within the active site will become deprotonated. Then as a new GDP substrate binds, its
negative charges prompt the protonation of Asp44, Asp46, Asp114, and Glu216, resetting
the system to the reactive protonation states for the subsequent enzymatic turnover.

In order to assess the validity of the determined transition state, we have run a series of
unrestrained ab initio QM/MM MD simulations initiated from 25 snapshots around the
characterized transition state region, RC= 0.1 A. Two 500 fs simulations have been run for
each snapshot, one with Boltzmann sampled velocities and the other with the reverse of
these velocities. Among all 25 pairs, 6 resulted in both trajectories relaxing to the reactant; 7
resulted in both trajectories relaxing to the product; and the remaining 12 have one trajectory
falling to the reactant and the other falling to the product. These results indicate that the
determined transition state is meaningful.

4. Discussion

Enzymes involved in nucleotide binding and phosphoryl transfer are among the most studied
and therapeutically targeted biomolecular systems (e.g. G-proteins, Kinases), and extensive
research has been devoted to understanding and characterizing the structural mechanisms by
which these enzymes achieve phosphate recognition.11-13.60-62 The structural P-loop,
otherwise known as the Walker A motif,1° has been recognized as the most common
phosphate-binding structural motif, shared by 13 out of 27 nucleotide-binding
superfamilies.1 The motif is characterized by the coordination of multiple consecutive
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backbone amide groups oriented into an inward facing ring to encircle and electrostatically
stabilize the binding of the highly negative phosphate groups. (see Figure S8 for a
representative P-loop from the Yersinia tyrosine phosphatase).83 Therefore, the crystalized
phosphate-binding catalytic site of h\SCAN-1 is fundamentally surprising, not only for the
absence of backbone amide incorporation, but for the seemingly paradoxical abundance of
acidic ionizable side chains, which impose additional electron density to the phosphate-
binding environment (see Figure 1b).

Our theoretical revelation of a previously uncharacterized catalytic calcium-binding site
reconciles the incongruous connection between acidic side chains and phosphate binding. In
a symmetric fashion, as illustrated in Figure 2b, the newly identified calcium ion
simultaneously binds to the phosphate groups and stabilizes the structure and deprotonated
states of two negatively charged glutamates. Each of these glutamates brings in a positively
charged lysine side chain to form a novel calcium-mediated salt bridge phosphate-binding
motif. The importance of this specific charge scheme and the bidentate coordination of these
glutamates is corroborated by documented mutagenesis results; both the E147Q and the
E328Q mutations reduce A5t by 2—3 orders of magnitude.

The identification of this second calcium ion also explains the previously puzzling sigmoidal
relationship between enzymatic rate and calcium concentration. And further, our results
provide a rich basis for understanding why hSCAN-1 is exclusively dependent on calcium
and, in general, how catalytic calcium-activation is achieved. Divalent cations are typically
associated with nucleotide di- and tri-phosphates in solution, and it is not uncommon for
these ions to accompany a nucleotide substrate into an enzymatic active site as a requisite
co-substrate. However, in these cases, as with the NTPDase family of apyrases, there is no
exclusive selectivity of calcium over magnesium or manganese as the cosubstrate.17-19
While magnesium and manganese are comparatively inflexible and relatively strict hexa-
coordinators, and Zinc, while similar to calcium in its coordination flexibility, favors lower
coordination numbers as well, primarily 4 and 6, calcium can support coordination numbers
from 6 to 10 (see Table S2).54 Our proposed hSCAN-1 reactant state demonstrates the
unique nature of calcium’s nine-fold coordination, in which, specifically, 7 interactions are
tightly coordinated and 2 interactions are looser (see Figure 2d). The 2 loose interactions
involve the hydroxyl oxygens of Asp44 and Asp114, and this is the key to the proper
orientation of the nucleophilic water (see Figure 2c). This result too is supported by
experimental mutagenesis data, which shows significant reduction of A, for the D44N and
the D114N mutations, over two and three orders of magnitude respectively.* When mutated
to asparagine, an amide proton replaces the analogous position of the hydroxyl lone-pair.
This mutation would impede the proposed calcium coordination and thus hinder the
essential nucleophilic orientation.

Mechanistically, from the reactant to the transition state 2, the coordination around the
catalytic calcium undergoes an important shift. Presented as histograms taken from our QM/
MM MD trajectories, Figure 6 shows the distances of the calcium-coordinated interactions
at the reactant and TS2, and also shows key hydrogen bonds that form as a result of the
calcium coordination rearrangement. In the rotation of the phosphoryl proton away from
Asp46 and toward the leaving group oxygen, Glu328 has shifted from bidentate to
monodentate (the lost coordination is monitored in the bottom panel of Figure S6). This
coordination change resembles the carboxylate shift mechanism proposed for other metal
binding enzymes to some extent,85:66 but serves a distinct catalytic role in hRSCAN-1. Our
simulations indicate that the bidentate coordination of Glu328 is stable in the reactant
enzyme-substrate complex, and the shift to monodentate is associated with a subtle
structural rearrangement of the remaining coordinated interactions. This carboxylate shift
promotes the formation of the transition state 2, most importantly, by allowing space for a
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stronger interaction between the calcium and Asp44. The loose-coordination symmetry of
Asp44/Aspl14 that oriented the nucleophile in the reactant state is lost, and these residues
reorient and form hydrogen bonds that facilitate nucleophilic attack and the phosphoryl
transfer; Asp114 loosens its coordination and shifts up to interact with Glu98, and Asp44,
now more strongly coordinated, shifts down to interact with the transferring phosphate. Also
depicted is the TS2 stabilizing role of Ser100 in forming a stronger hydrogen bond with the
carbonyl of Glu98 as the active site gets generally compressed toward the transition state.
This role may justify the significant attenuation of 4.4, nearly two orders of magnitude, for
the S100A mutation.

Our characterized reverse protonation mechanism contains elements of both the general base
mechanism and the substrate-assisted mechanism, the two existing mechanisms generally
considered for the hydrolysis of di- and tri-nucleotide phosphates.6’-7° In a classical
substrate-assisted mechanism, the substrate serves to abstract the proton from the attacking
nucleophilic water. Our mechanism resembles the general base mechanism in the abstraction
of this proton—Asp114 acts as the general base—but the substrate is involved in proton
abstraction from the neutralized Asp46. This novel combination of mechanistic features
allows for the thermodynamically important protonation of the leaving group through the
substrate, but avoids the sterically unfavorable geometry that results from a simultaneous
nucleophilic attack and substrate-assisted nucleophilic proton abstraction. Our characterized
transition state for the phosphoral transfer is 56% associative, based on Pauling’s
formulation,”®:77 with a P—O forming distances of 1.88 A. The calculated free energy
barrier of 16.4 kcal/mol is the lowest of the various enzyme-reactant complexes and
potential mechanisms we have modeled (see Figures S10-S12 for results from an alternate
protonation state and alternate mechanisms) and is in good agreement with the estimated
15.0 kcal/mol, based on the experimental Az of 1.0 x 104 min~1 and calculated from
transition state theory.

5. Conclusion

Human soluble calcium-activated nucleotidase 1 (hRSCAN-1) is the only known human
CAN, a relatively unstudied protein family that is uniquely calcium dependent. It possesses
a nucleotide binding mechanism distinct from all other characterized phosphate binding
motifs. Our computational work on hSCAN-1 complements the experimental structural and
biochemical studies to help elucidate the detailed atomistic structure, reactivity, and
mechanism of this novel phosphoryl transfer enzyme.

The unusual nature of the calcium dependence in the CAN family is due to a dual calcium-
binding active site. One calcium, identified in the crystal structure, is responsible for
coordination of the general tertiary structure of the enzyme, the 5-bladed beta propeller. The
second calcium, which is essential for catalytic activity, interacts directly with the nucleotide
substrate and serves to coordinate, directly, the residues responsible for orienting the
nucleophilic water and, indirectly, the residues important to substrate binding and transition
state stabilization. The highly specific nature of the CAN calcium dependence, which cannot
be met by other divalent cations, is due to the active site design, which requires a high-order
coordination to organize the reactant structure and then relies on a flexibility to shift to an
alternately-coordinated intermediate that promotes transition state stabilization.

In general, purinergic and pyrimidinergic signaling is an emerging topic, related to
neurotransmission, cellular function, and intercellular communication. The biological and
biomedical significance of the CANs in particular is only beginning to be understood.
Expression of hSCAN-1 and its cross-species homologues has recently been implicated in
various disease states (e.g., Desbuquois dysplasia’® and prostate cancer’®) and associated
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with certain cellular processes (e.g. unfolded protein stress response8? and
embryogenesis®l). Moreover, the previous experimental redesign of hRSCAN-1 has
established this enzyme as a viable but still challenging subject for protein engineering
research. Our computational study should facilitate the further investigation into the
structure/function relationship of this important and novel extracellular signaling enzyme,
stimulate ongoing protein design progress with respect to hSCAN-1, and contribute to the
known diversity of enzymatic phosphoryl transfer in both phosphate binding motif and
catalytic mechanism.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

(a) Cartoon depiction of the hRSCAN-1 5-bladed beta-propellar crystal structure (PDB code:
1S1D).4 The crystalized structural calcium is centered in purple, and the five calcium-
coordinated carbonyl groups (one from each beta sheet) are highlighted in yellow. Three
crystalized waters in the active site are shown as red spheres, proximal acidic ionizable
residues are shown as sticks, and the substrate analog, GMP-CP, is depicted in cyan. (b) A
closer view highlighting the eight ionizable aspartates and glutamates and a serine, all within
5.5 A of the negatively charged phosphates. (c) A close-up of the apparent hepta-
coordination around a crystal-assigned water, or potentially misassigned cation. The
distances are shown in A.
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Figure2.

(a) Representation of the characterized hSCAN-1 active site at the reactant state,
highlighting the spatial relationship between the structural calcium (purple) and the newly
identified catalytic calcium (magenta). All calcium-coordinated groups, catalytically
important residues, and a central water are shown as sticks. The nucleophilic water is shown
as ball-and-stick. (b) A bird’s-eye view revealing the novel, symmetric calcium-mediated
salt bridge phosphate-binding motif. (c) A close-up of the precise coordination and
positioning of the nucleophilic water through hydrogen bonds. The three aspartates are in
their protonated states. (d) The nine-fold coordination distances around the catalytic
calcium: 7 tighter interactions including the 2 bidentate glutamates and 2 looser
coordinations with the protonated aspartates. The distances shown are averages from the 30
ns MD simulation of the reactant state, in A.
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Figure 3.

Top: heavy atom RMSD from the crystal structure for all residues within 8 A of the terminal
phosphate (in red), highlighting active site stability for 30 ns of molecular dynamics, and for
the entire enzyme (in black). Bottom: schematic of the structural interactions between the
active site residues, the structural calcium, the catalytic calcium, the nucleophilic water, an
active site water, and the GDP substrate. Hashed lines represent coordination to calcium,
dashed lines represent hydrogen bonding with arrows pointing to H-bond acceptors, colored

arrows and bold circles depict proton transfers and residues involved in the catalytic
chemistry.
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Free energy profile for the complete two-step phosphoryl transfer reaction. The activation

free energy calculated from experiment, 15.04 kcal/mol, is shown by the dotted line.

Activation energies for TS1/TS2 and the overall change in free energy are shown in kcal/

mol.
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Figureb5.

Line drawings and structures along the hSCAN-1 reverse protonation reaction path, with
average distances and standard deviations from the QM/MM-MD sampling shown for the
phosphoryl transfer and the proton transfers, in A. From the reactant state (R) to the
intermediate (Int), a proton transfers from D46 to the B-phosphate and rotates away from
D46 and toward the leaving group oxygen. From the intermediate to the product (P), the
nucleophilic attack takes place, with a proton abstraction by the general base E98 and a
proton transfer to the leaving group.
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Figure®6.

Shown for the reactant state (R) and the rate determining transition state 2 (TS2) are
histograms of the coordination distances around the catalytic calcium (upper plots) and 3
selected atom-atom distances (lower plots), all from the QM/MM-MD simulations. In the
structural depictions on the right, the corresponding distances are shown as dashes and color
coordinated to the histogram plots. Calcium-coordinated interactions that remain relatively
constant from R to TS2 are greyed out. Highlighted is the flexibility of the calcium
coordination as one of the E328 interactions (green) shifts out of the coordination shell as
D44 (magenta) becomes more tightly coordinated in order to form a hydrogen bond with the
transferring phosphate (cyan), and D114 is slightly more loosely coordinated (blue) as it
forms a hydrogen bond with E98 (purple). These two new hydrogen bonds replace the
nucleophile-coordinating interactions lost during the attack and stabilize the transition state.
In orange is the TS2 stabilizing interaction between S100 and the carbonyl of E98.
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