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ABSTRACT: The HKD-containing Phospholipase D superfamily catalyzes the cleavage of the headgroup of phosphatidylcho-
line to produce phosphatidic acid and choline. The mechanism of this cleavage process is studied theoretically. The geometric
basis of our models is the X-ray crystal structure of the five-coordinate phosphohistidine intermediate from Streptomyces sp. Strain
PMF (PDB Code = 1V0Y). Hybrid ONIOM QM:QM methodology with Density Functional Theory (DFT) and semiempirical
PM6 (DFT:PM6) is used to acquire thermodynamic and kinetic data for the initial phosphoryl transfer, subsequent hydrolysis,
and finally, the formation of the experimentally observed "dead-end” phosphohistidine product (PDB Code = 1VOW). The
model contains nineteen amino acid residues (including the two highly conserved HKD-motifs), four explicit water molecules,
and the substrate. Via computations, the persistence of the short-lived five-coordinate phosphorane intermediate on the minutes
times scale is rationalized. This five-coordinate phosphohistidine intermediate energetically exists between the hydrolysis event
and "substrate reorganization” (the reorganization of the in vitro model substrate within the active site). Computations directly
support the thermodynamic favorability of the in vitro four-coordinate phosphohistidine product. In vivo, the activation energy of
substrate reorganization is too high, perhaps due to a combination of substrate immobility when embedded in the lipid bilayer, as
well as its larger steric bulk compared to the compound used in the in vitro substrate soaks. On this longer time scale, the enzyme
will migrate along the lipid membrane toward its next substrate target, rather than promote the formation of the dead-end

product.

B INTRODUCTION

The HKD Phospholipase D superfamily is one of four members
of the phospholipase enzyme class and is known to cleave the
headgroup of phosphatidylcholine (PC) to produce phospha-
tidic acid (PA) and choline. This cleavage is known as
Phospholipase D (PLD) hydrolysis. Via this molecular
transformation, PLD is a crucial enzyme in numerous
biochemical pathways involving cell signal transduction,
mitosis, metabolism, and secretion.' Enzymes with PLD activity
can also be used to catalyze transphosphatidylation of PC on an
industrial scale.”* The over 4000 currently sequenced proteins
belonging to the PLD superfamily within the GenBank (NCBI)
database” is confirmation that PLD is ubiquitous in most forms
of animal, plant, and bacterial life. Yet a coherent story
regarding the biochemical function of the PLD superfamily, as
well as the pharmaceutical and industrial potential of enzymes
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with Phospholipase D activity, is only recently taking shape,
exemplified by comprehensive reviews published since
2002."*° Furthermore, a detailed chemical understanding of
the catalytic mechanism and function of HKD PLD on the
atomic scale is still incomplete.

The first identification of PLD activity in plants was reported
in 1947 by Hanahan and Chaikoff,’ while the first identification
in an animal was reported by Saito and Kanfer in 1975.
Isolation of human PLD occurred shortly thereafter via the
work of Kater et al.® Consensus about possible mechanistic
pathways converged with the discovery of a highly conserved
"HxKxoooxDxgGSxN” set of residues (the "HKD” sequence
motif) near the active site.”’® The HKD motif often occurs
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once in lower-order enzymes that form homodimers when
catalytically active (e.g, Nuc)"' and twice within the sequence
of higher order PLD enzymes (e.g,, mammalian PLD)." In fact,
authors of a recent PLD review propose that the existence of
one or two HKD-like sequences in a phosphodiesterase is the
primary criterion for inclusion in the PLD superfamily:
"[h]istorically, many bacterial virulence factors that demon-
strated the release of a choline headgroup were named PLDs
for this function.” Enzymes that lack the HKD sequence motif
are not members of the PLD superfamily."

Dixon, Gottlin, and coauthors'? provided a convincing
argument for a phosphohistidine intermediate, versus a free
sulthydryl phosphatidate acceptor proposed in early literature.'®
Their results also suggested that the intermediate was five-
coordinate. The concept of a phosphohistidine intermediate
gathered further support upon the published crystallization of
Nuc.'! Next, a major breakthrough in the structure and
mechanism of the PLD superfamily occurred when Leiros,
McSweeney, and Hough, building upon preliminary work,'*'®
crystallized (at resolutions of 1.35—1.75 A) a series of
structures from Streptomyces sp. PMF (PLDpyg) along the
reaction pathway.'® The main residues involved in the catalysis
were unequivocally identified in PLDpyy, and presumably the
entire PLD superfamily. These residues are, according to the
sequence numbering, of PLDpy, H170, K172, D473, N187,
H448, K450, D202, and N465. This set of eight residues forms
a nearly C, symmetric “cage” around the phosphodiester
substrate (Scheme 1). The native species, along with a series of
inhibited, substrate-soaked, and product-soaked X-ray crystal
structures (8 total) were elucidated and refined.
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Enzyme-catalyzed phosphoryl transfer mechanisms, which
have been a subject of intense debate for decades,'”'® can be
divided into three extremes, (1) fully dissociative (or Sy1-type)
mechanisms, where a three-coordinate metaphosphate inter-
mediate is formed, (2) fully associative (or Sy2-type)
mechanisms, where a five-coordinate phosphorane intermediate
is formed, and (3) concerted mechanisms without intermedi-
ates. From substrate soaking experiments, an X-ray crystal
structure of a five-coordinate intermediate was isolated and
characterized by Leiros et al'® This species indicates an
associative mechanism for PLDypy: and presumably most, if not
all, members of the PLD superfamily.

Surprisingly, Leiros et al. isolated a “dead-end” four-
coordinate phosphohistidine product that forms between one-
half hour of substrate soak and eight hours of substrate soak.
They concluded that the H170 residue was nucleophilic enough
to reform the covalent P—Ny;;;, bond between the hydrolyzed
substrate mimic (dibutyrylphosphatidic acid, diC,PA) and
perform a second phosphoryl transfer reaction. This second
phosphoryl transfer cleaves the entire diacylglycerol moiety,

suggesting that PLDpy: effectively functions as a phospholipase
C/phosphodiesterase within the in vitro crystallization con-
ditions. Leiros et al. hypothesized that substrate reorientation/
reorganization or "substrate aging” could promote this second
phosphoryl transfer.'® Based on the observed phosphohistidine
intermediate, the basic chemistry of the proposed mechanism is
believed to proceed through a series of associative inter-
mediates.'®'® A schematic of the overall mechanism is shown in
Figure 1 where the in vivo mechanism is colored in black and
the additional in vitro termination of catalysis is colored in red.
Figure 1 provides an overview of the gross mechanistic steps
that are the basis for our theoretical work.

In the current article, we have developed a nineteen amino
acid residue quantum mechanical cluster model'®*® of the
PLDypy enzyme utilizing the ONIOM QM:QM methodology.
These computational models are employed to elucidate the
activation free energies and typical reaction profile of
phospholipid hydrolysis by enzymes of the PLD superfamily.
This model encompasses the relevant PLDpyy residues
(including the two active-site HKD-motifs, explicit water
molecules, and substrate) that are directly involved in the
hydrolysis reaction through covalent or hydrogen bonding.

B COMPUTATIONAL METHODS AND MODEL
BUILDING

All computations were performed using the Gaussian09>' software
packages. In ONIOM optimizations,”> the “high-level” layer was
allowed to freely optimize using Density Functional Theory (DFT)
with the hybrid B3LYP functional.”® The 6-31G(d") basis set was used
for N, O, and P atoms,**** while 6-31G was used for C and H atoms.
Atoms in the “low-level” layer atoms were constrained in their
crystallographically determined positions and treated with the PM6
semiempirical Hamiltonian.?®

The structural basis of our computations was to begin with the
PLDypy X-ray crystal structure obtained via the 30 min soak of
diC,PC substrate (PDB code = 1V0Y).'® To create an appropriate
high-level layer, it was necessary to include two explicit solvent
molecules that directly hydrogen bond to the reaction site, (1) the
water molecule interacting with both N187 and H448 (referred to by
its PDB name wat2207), and (2) the water molecule interacting with
H448, N465, and K450 (wat2413). Leiros et al.® also commented that
the C-terminus serine (S463) belongs to the important GG/GS
motif.>” The S463 residue does not directly participate in the catalysis,
but holds H170 in the proper orientation for nucleophilic attack of the
phospholipid substrate. Our preliminary results indicated that
inclusion of S463 in the model was necessary for stabilization of the
hydrogen bonding between D473 and HI170. This stabilization
facilitates P—Ny;;,, bond dissociation/formation and subsequent
removal of the phosphoryl group.

Carrea et al. guriﬁed PLDpy;: and examined the effect of pH on
relative activity.”® PLDpyr was shown to be most active between the
pH range of 4—6, where the substrate would exist in its dihydrogen
phosphate ion form (H,PO, /R,PO,”), and accordingly the
crystallization experiments were performed near a pH of 5.4.'*'¢
With a proton able to transfer between H170/D473 and H448/D202,
and the two lysine residues protonated, the empty active site has an
overall +1 charge. When the monoanionic substrate [P(O),(OR')-
(OR?)]™ is included, the overall computational model with substrate
and enzyme becomes neutral. In the article, “OR'” will designate the
substrate ligand involved in the first phosphoryl transfer, and "OR*”’
will designate the ligand involved in the second phosphoryl transfer.
The choline headgroup and dibutyryl-containing triglycerol R-groups
of the in vitro substrate, diC,PC, are trimmed to methoxy ligands.
Therefore, OR' = OR?> = OCHj;. Overall, the high-level layer (with
substrate) contains less than 100 atoms: 98 atoms with [P-
(0),(OCH;)(OCH;)]™, henceforth P(O),(OR')(OR?); and 95
atoms with a [P(0),(OCH,)(OH)]~, henceforth P(0),(OR*)(OH).
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Figure 1. "Cloud” model schematic of the overall investigated in vivo/in vitro/in silico chemical processes that apply to the PLD superfamily of
enzymes for the hydrolysis of phosphatidyl choline (PC). When R' is cholinate and R? is diacylglycerol backbone, PLD hydrolysis of PC substrate
yields phosphatidic acid (PA) and choline. Green label identifies the species observed in the X-ray crystal structure. Submechanism A and
submechanism B correspond to the in vivo part of the mechanism, while submechanism C corresponds to the in vitro part of the mechanism (see

Figure S). Not pictured: if water in the in vivo hydrolysis step is replaced with primary alcohol, PLD transphosphatidylation of PC yields a
phosphatidylalcohol.
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Figure 2. 2D model representation of the optimized structure B-2.
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Figure 3. Various 2D/3D representations of phospholipase D. (a) The tertiary structure of 1V0Y, (b) trimmed 3D model with "low-layer” atoms in

magenta, (c) "block” 2D model, and (d) “cloud” 2D model.

The low-level layer, which consisted of the remaining atoms, contains
ten additional amino acid residues (L90, S171, G184, D192, Y193,
Y390, H449, G462, K464, and Q472) and two additional explicit
solvent water molecules (labeled wat2376 and wat2378 in the PDB
file). Peripheral atoms on some distant residues were truncated to
reduce the size of the models and maintain neutral charge, and
altogether the low-level layer contained 305 atoms. This model retains
the electronic and steric characteristics of the active site "pocket”
without necessitating extreme amounts of conformational complexity
in the phosphoryl "R” groups. The solvent water molecules labeled
wat2207 and wat2413, and the entire in silico substrate are
unconstrained in all geometry optimizations. A 2D picture of the
full ONIOM QM:QM model is shown in Figure 2, which can be
compared to the 3D model (and simplified 2D representations) in
Figure 3.

All models were geometry optimized in the gas phase using
standard gradient methods. The energy Hessian was evaluated at all
stationary points to designate them as either minima or transition
states at the computed level of theory. But for a few exceptions (vida
infra), reported minima all have real frequencies, and transition states
have one imaginary frequency. Reported zero-point corrected energies
and free energies are reported at 298.15 K and 1 atm and were
determined using the computed, unscaled harmonic vibrational
frequencies. Protein solvation energies were computed using the
COSMO polarizable conductor model (PCM)*® with UAKS sets of
atomic radii,®® a nondefault electrostatic scaling factor of 1.2, and a
dielectric constant of € = 4.0 to simulate the less-polarized protein
environment.* Fully quantum mechanical B3LYP gas-phase and PCM
single-point computations on ONIOM B3LYP:PM6 geometry-

13767

optimized stationary points were used to obtain solvation free energies
for all species. These fully QM computed solvation free energies were
combined with the free energies derived from ONIOM B3LYP:PM6
geometry optimizations to obtain free energies of solution,
AG®/ i(QM/ JONIOM QM:QM soln) (see ST for further details).*" Initially,
we performed an exhaustive, manual, and fully quantum-mechanical
conformational search of a trimmed model equivalent to the high-layer
PLD model. These structures were used as starting guesses for the
high-layer of the ONIOM QM:QM optimizations. All values reported
in the text are AG/ i(QM //ONIOM QM:QM soln). AA Native enzyme active site
model with close geometric and hydrogen-bonding network similarity
to 1VOS and 1VOY X-ray crystal structures was used for the
thermodynamic comparison.

Hatanaka et al. have previously stated that enzymes in the PLD
superfamily may undergo si§niﬁcant conformational change before and
after phosphoryl transfer.>* However, there is little conformational
change in the pertinent active site residues when overlaying the native
enzyme 1VOS with 1VOY. The most significant structural shift between
the two is the location of several solvent water molecules that occupy
the region of the substrate oxygen atom positions of 1VOY. The RMS
deviation of the nine constrained atoms in our trimmed 1VOY model
versus the same crystallographic locations of these atoms in 1VO0S
(native enzyme X-ray crystal structure)'® is only 0.201 A. In fact,
except for the disordered H170 in 1VOW, the active sites of 1VOS,
1VO0Y, 1VOW, 1V0V, 1VOT, and 1VOU X-ray crystal structures all show
qualitatively similar structural overlays. This similarity suggests only
minor conformational changes of the enzyme in the local region of the
active site, once PLDypy is in the proper activated form for substrate
recognition. Therefore, the 1V0S-like native enzyme computational

dx.doi.org/10.1021/ja4042753 | J. Am. Chem. Soc. 2013, 135, 13764—13774
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model will also have truncated residues with frozen carbon at the
1VOY crystallographic position in order to appropriately compare
relative energies. Finally, in order to balance reaction energies between
the complete catalytic cycle of phosphoryl transfer and hydrolysis,
PLD models of the native enzyme active site were constructed with
two extra explicit water molecules (six waters total).

B RESULTS AND DISCUSSION

Preface A — Visualization of Results. The accurate two-
dimensional depiction of an enzyme active site is fraught with
difficulties in terms of convention and perspective. Clearly, both
the 2D and 3D models depicted in Figures 2 and 3 show a
crowded active site. From our experience over the course of
enzyme mechanism investigations, utilization of these large
cartoons can easily obfuscate the description of the reaction
mechanism, even without the low-layer (and background
protein turns and helixes). Instead, throughout the main text
a simplified "cloud” model is used for our schemes, where only
the substrate bond breaking/forming processes from the
geometry optimizations are explicitly shown. 2D diagrams
constructed with a “block” model depicting the minimal
hydrogen bonding of the active site residues, substrate, and
water molecules are included in the Supporting Information
(Figures S1-S3). Figure 3 contains various useful representa-
tions of 1VOY, including the representation of the tertiary
structure of the X-ray crystal structure, the trimmed 3D model,
the "block” 2D model, and the "cloud” 2D model.

Preface B — Chemical Context of the Proposed
Mechanism. The overall mechanism can be more easily
described when broken down into three “submechanisms”. A
thorough description of thermodynamics, kinetics, and solution
phase energies of the submechanisms will be discussed
separately in the Results and Discussion sections b through d.
The first two submechanisms will correspond to the in vivo
catalytic cycle for the hydrolysis of PC to yield PA and choline
(Figure 1): the substrate—enzyme bonding and first phosphoryl
transfer in Section b, and the hydrolysis event in Section c. In
Section d, the second phosphoryl transfer, occurring only in
vitro (Figure 1 — red), will be discussed. These three
submechanisms are separated by processes for which direct
transition states will not be located computationally. Specifi-
cally, between the first phosphoryl transfer and hydrolysis, the
cleaved headgroup (HOR!, where R' = CHj in silico and R' =
choline in vivo/in vitro) will exit the active site and be replaced
by an incoming water molecule. In the hydrolysis and second
phosphoryl transfer mechanisms, R' = H. Between the
hydrolysis event and the second phosphoryl transfer, the
equatorial OH and the axial OR* of the unbound substrate
switch positions, that is the substrate must be "reorganized”.

In the PLDpyy crystallization experiments, the catalysis
environment contained the buffer-soluble diC,PC substrate in
concentrations many orders of magnitude higher than the
enzyme. On the other hand, in vivo, solitary monomers of
aqueous phase substrate (as well as the enzyme itself) would
exist in concentrations many orders of magnitude less than
substrate found embedded into the lipid bilayer."*™'%* As
noted by Selvy et al,, if bulk lipid concentration is considerably
larger than the interfacial binding, then Michaelis—Menten
kinetic assumptions can be valid.' In contrast to in vitro
experiments where Michaelis—Menten kinetics applies, the in
vivo catalytic cycle is a more complicated process involving
interfacial kinetics, or “scooting” along the lipid bilayer, as well
as subsequent enzyme activation from a lipid binding

cofactor."**** The substrate presentation kinetics of phos;}pho-
lipases is an ongoing and active area of research.’>”*°
Mechanisms in the current article are postulated in the context
of the in vitro catalytic cycle. Thus, our discussion centers on
the thermochemistry and kinetics of phosphoryl transfer and
hydrolysis independent of substrate presentation and enzyme—
bilayer interactions.

(a). Beginning of the Catalytic Cycle of PLDpyy. In order to
properly model a conserved thermodynamic cycle for the three
submechanisms, it is first necessary to model the native enzyme
active site (i.e,, without substrate). This empty active site will
provide a reference energy for the catalytic cycle and will be
useful for determining the substrate binding energy. Substrate
migration into the active site and displacement of water is an
entropically favored process. Overlays of the 1VOS and 1VOY X-
ray crystal structures show three water molecules in 1VOS that
are positioned very near the locations of the equatorial oxygen
atoms of the five-coordinate phosphohistidine intermediate
(1V0Y), with an RMSD of 0.60 A from the positions of the
three equatorial phosphoryl oxygen atoms. In our computa-
tional model, two of these waters will be “pushed out” of the
active site by incoming substrate, and the third explicit water
molecule will become wat2413. Therefore, our overall reaction
scheme is balanced by the loss of two water molecules when
placing substrate in the model of 1V0S (Figure 1).

(b). Formation of Phosphobhistidine Intermediate. Our
discussion will focus on the most structurally viable and
energetically preferred pathway (submechanism A) based on
the orientation of H170 and the position of wat2207 compared
to their positions in 1VOY. The X-ray crystallographic study
performed by Leiros et al. suggests a set of in vivo/in vitro
associative phosphoryl transfers due to the structure of the
1VOY intermediate analogue. Indeed, our exploration of the
PLDpyr conformational space explicitly rules out dissociative
mechanisms because no three-coordinate metaphosphate
intermediates were ever located. Likewise, no direct interchange
five-coordinate phosphorane transition states were ever
located.*

At the beginning of the catalytic mechanism, the model
P(0),(OR")(OR?) substrate enters the active site and becomes
part of the "supermolecule” (A-1). We have made no attempt
to model the diffusion mechanism and kinetics, and we begin
discussing the reaction mechanism with an uncomplexed
P(0),(OR')(OR?) substrate. Detailed 2D "block” diagrams
corresponding to changes in hydrogen and covalent bonding of
the directly participating residues are given for all submechan-
isms in Supporting Information, and submechanism A is
described in Figure S1. The A-1 structure leads to the transition
state of PN bond formation (A-TS-1-2) via attack of the
substrate phosphorus atom by the tele N atom of H170
(Scheme 2).*” This transition state has a solution-phase
activation free energy of 15.1 kcal mol™' compared to the

Scheme 2

A-TS-1-2

A-2/A-3
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initial supermolecule A-1. Interestingly, the first five-coordinate
structure (A-2) is a transient intermediate®® that is essentially
isoenergetic with A-TS-1-2 and possesses a long PN bond
distance of 2.13 A. Via a presumably low-energy rotation of the
OR' methoxy ligand and approach of the substrate to a PN
distance of 2.01 A, the (A-3) structure is formed, which is 16.2
kcal mol™" higher in free energy than A-1.

The phosphohistidine intermediate is next activated by the
proton on H448 (A-TS-3-4) and general-acid catalysis occurs
(Scheme 3) with a AAG of 4.1 kcal mol™" compared to A-3.

For this hydrolysis TS, the relative free energy of activation is
AAG = 18.1 kcal mol™.

This five-coordinate phosphohistidine intermediate (B-2)
has an apical OH group and an equatorial OR* group. This five-
coordinate intermediate very closely resembles the 1VOY X-ray
crystal structure. Including all unconstrained heavy atoms in the
high layer, the RMSD of B-2 compared to 1V0Y is only 0.42 A.
When the two water molecule oxygen atoms and the carbon
atom of OR? are excluded, the RMSD of the remaining 30
atoms is only 0.21 A (see Figure 4 for the overlay). B-2 is

Scheme 3

A3 A-TS-3-4 A4

Phosphoryl transfer is completed during the condensation
when the OR' ligand is cleaved from the intermediate and the
newly four-coordinate intermediate (A-4) takes on a
pseudotetrahedral arrangement. The “product” of this sub-
mechanism is significantly higher in free energy than A-1, AAG
= 13.0 kcal mol ™. The first submechanism ends here with four-
coordinate phosphorus, Enzyme-Ny;;,0P(0),(OR?), and a free
HOR! molecule (choline).

(c). Hydrolysis. At this point in the reaction, the free HOR!
(choline in vivo and in vitro, methanol in silico) migrates out of
the active site and is replaced by a water molecule from the bulk
solvent. This new water molecule is hydrolyzed during the
attack on the phosphorus of the four-coordinate phosphohis-
tidine intermediate to form a new five-coordinate Enzyme-
Ny1,0P(0),(OR*)(OH) intermediate (Scheme 4). All com-

Scheme 4

B-1 B-TS-1-2 B-2

puted hydrolysis transition states and five-coordinate inter-
mediates are consistent with a fully associative mechanism. In
this section, the most energetically favorable pathway of
submechanism B will be discussed in detail and all 2D
structures are presented in Figure S2.

The first structure has a bound tetrahedral four-coordinate
P(0),(OR?)(OH) intermediate (B-1). When balancing the
catalysis stoichiometrically (via loss of OR' and addition of
H,O to form B-1), the relative free energies of B-1 (AAG =
14.6 kcal mol™" compared to A-1) and A-4 (AAG = 13.0 kcal
mol™') are quite similar. The incoming water molecule is
activated by H448, and undergoes a concerted reaction where
OH is added to the phosphorus and the nucleophilic nitrogen
atom on the H448 imidazole ring abstracts a proton (B-TS-1-
2). The fairly long bond distances, r,(P—0,,) = 2.778 A and
r.(Npys—H) = 1.784 A, suggest a rather early transition state.

r{{/
% ®

Figure 4. Overlay of 1VOY X-ray crystal structure (yellow) and B-2
(blue). For clarity, hydrogen atoms are removed and only uncon-
strained "high-layer” atoms are shown.

effectively identical to the geometry observed in the 1VOY X-
ray crystal structure (there is a small difference for wat2413 and
a slight rotation of the equatorial OR? group).

In the experiments carried out by Leiros et al,, the triglycerol
group of the hydrolyzed diC,PC phospholipid (converted to a
diC,PA-containing structure) is similarly equatorial in the 1VOY
crystal structure (the freed choline headgroup has already
departed the active site). At this point in silico, the transition
state of P—Ny;5 bond dissociation (B-TS-2-3) is very early
and facile, AAG = 0.6 kcal mol™ (Scheme §). The overall

Scheme §

H,0

P H—(His44z = | H—(His4as)
NN S,.P\ O‘H N=-N /Pg;r,o
o o o o
éz Hz0 R; H0
B-2 B-TS-2-3 B-3
reaction is exergonic (AG = —5.5 kcal mol™") when comparing

the final intermediate (B-3) to the initial supermolecule
"reactant” (A-1). In the biological catalytic cycle, the enzyme,
controlled by the interfacial kinetics, migrates to its next PC
target along the lipid bilayer.

(d). Dead-End Product. Upon in vivo hydrolysis and release
of PA, the biological catalysis would be completed (Scheme
6).1’39 However, in the experiments of Leiros et al., at a time
between 30 min and 8 h of soaking PLDpy with diC,PC, an
unexpected product forms.'® The X-ray crystal structures

dx.doi.org/10.1021/ja4042753 | J. Am. Chem. Soc. 2013, 135, 13764—13774



Journal of the American Chemical Society

(Hisi7o) H20 H—(Hisqs

H20

isolated and characterized from 8-h and 8-day substrate soaks
(1VOW and 1VOV, respectively) are extremely similar to the X-
ray crystal structures isolated using a glycerophosphate product
soak (30 min for 1VOT; 90 min for 1VOU). In the latter two X-
ray crystal structures, a phosphoryl group is observed to be
covalently bound to H170, suggesting reorientation of the
P(0),(OR*)(OH) glycero substrate (through substrate reor-
ganization, Scheme 7), formation of the P—Nyy; bond

Scheme 7

substrate
reorganization

C-3 C-TS-3-4 Cc4

(Scheme 8), and cleavage of OR® (Scheme 9). This
submechanism proceeds stoichiometrically, and the final
P(0O), phosphohistidine dead-end product is formed.

In this section, the proposed mechanism for submechanism
C will be discussed in detail and all 2D structures are shown in
Figure S3. Substrate reentry affords C-1, with the substrate
reoriented with an equatorially disposed hydroxyl ligand and
poised for nucleophilic attack of the phosphorus by the tele
Nuy7- The free energy of activation for the P—Nyy,, bond
formation (see C-TS-1-2 in Scheme 8) is 16.0 kcal mol™". Once
the five-coordinate intermediate (C-2) is formed, a minor
conformational change of the N46S5 residue and wat2413
occurs to produce C-3 (via C-TS-2-3, not shown; see Figure
S3). The subsequent transition state of the second phosphoryl
transfer in Scheme 9 (C-TS-3-4) has interesting features. The

participating proton on H448 is not acidic enough to activate
the intermediate. Due to the relatively low activation free
energy necessary to break the P—Ny;7, bond (AAG = 4.3 keal
mol™'), the leaving OR” group instead removes the proton
from the equatorial OH ligand. Thus, the H170-bound four-
coordinate phosphohistidine lacks any protons (C-4), while
free alcohol (HOR?) is released from the active site. From this
final dead-end product comes a stabilization of —9.8 kcal mol™
in free energy compared to A-1.

(e). Full Reaction Kinetics and Thermodynamics. Now that
the chemical transformations of the submechanisms have been
described, the thermodynamics and kinetics of the overall
catalytic process will be discussed. It is first of interest to
compare the quantum mechanical (ONIOM QM:QM) cluster
model substrate binding energies with a molecular mechanical
docking study carried out by Reilly and coauthors.** In that
paper, computations were performed with the PO,-inhibited
PLDpyr crystal structure (1FOI) and Amber 95 partial charges.
Various phospholipids known to be hydrolyzed by PLD were
docked to the enzyme in order to assess relative binding
energies. With five different headgroup types, Reilly found a
monotonic increase in the magnitude of the binding energy
with increasing fatty acid chain length. Their docking
simulations of phospholipids with various head groups and
fatty acid chains truncated to methoxy ligands gave a range of
binding energies from —35.4 to —122.7 kcal mol~". This gives a
reasonable range of binding energies to compare to our
ONIOM QM:QM cluster model.

In the catalytic mechanism, the reference energy is the
enzyme/unbound substrate supermolecule with two infinitely
displaced solvent water molecules (A-1). Compared to the
appropriate reference native enzyme structure (Scheme 1) plus
infinitely separated substrate, the gas phase free energy of
substrate ”diffusion” (Scheme 10) is computed to be —63.1

Scheme 10

H,0 H,G

—2H,0

(His;zo) 20 H—(Hisesl +HPOROCHLI N (Hisir) §  H—(Hiswg
PO~ 1
H;0 H;0 o Y% R HoO
(1V0S) R?
kcal mol™".** Charge separation effects of the anionic substrate

and cationic native active site model will be exacerbated in the
gas phase. Thus, the free energy of bringing the substrate into
the active site is computed to be free energy favored, but less so
(—16.7 keal mol™) in solution. This solution phase binding
energy (from our trimmed in silico model substrate) is
qualitatively acceptable, near the higher (less negative) values
of smaller substrates in the investigation of Reilly and
coauthors.*

In Figure 5, stoichiometrically appropriate relative free
energies of the total reaction mechanism (submechanisms A,
B, and C) are shown for the solution phase computations.
Three possible hypotheses are available to rationalize the
existence of the 1VOY and 1VOW crystal structures. The first
hypothesis is that the substrate reorganizes directly from B-2 to
C-2; the second hypothesis is that five-coordinate intermediate
resides in a stable free energy basin; and the third hypothesis is
that the in vitro hydrolyzed model substrate (diC,PA) is slow to
migrate from the active site.
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Figure S. Free energy diagram for the proposed mechanism for PLDpyp. AGY i(soln) corresponds to the AG®/ 1(QM //ONIOM QM:QM soln) given in the
text. The persistence of the 1VOY X-ray crystal structure on the time scale of minutes is rationalized by the free energy basin (in dotted red) between
B-TS-1-2 and "substrate reorganization” (i.e.,, conversion of B-3 to C-1). The red "X” marks the location of the approximate AGi(Soln) of substrate
reorganization. Blue and red solid lines signify the relationship between in vivo, in vitro, and in silico proposed mechanisms. Green labels (PDB codes)
below the species identify a resemblance to the computed geometry and those observed in the X-ray crystal structure (see Figure 1). Note that
geometry optimized C-4 contains HOR?, whereas the leaving alcohol is not present in 1VOW/1VOV/1VOT/1VOU.

The first hypothesis is that the substrate reorganizes directly
from B-2 to C-2. The five-coordinate phosphohistidine
intermediate (B-2) could undergo a series of turnstile rotations
(which would result in a stereomutation). However, the active
site lysine and arginine residues sterically eliminate most
possibilities for square—pyramial transition states that would
interchange the OR” ligand from the apical to the equatorial
position. We considered the detailed conformational flexibility
of the active site and its effects on the phosphoryl transfer
mechanisms by modeling the "high-level” layer only. A few
sterically allowed square-pyramial transition states were located,
but were 22—29 kcal mol™" higher in free energy than the
respective C-TS-1-2-like transition states. Also, the resulting
minima had oxo ligands switched with OH/OR, so that OH/
OR ligands were no longer oriented properly to be activated by
H448 (Figure S4a). Furthermore, no direct transition states
were found for equatorial-to-apical OH/ OR?, O/OR?, or OR!/
OR’ stereomutation (Figure S4b). Therefore, the possibility of
reorganization of the five-coordinate phosphohistidine inter-
mediate is implausible.

The second hypothesis is that after the hydrolysis of the four-
coordinate P(0),(OR?) intermediate (formation of B-2), the
resultant five-coordinate Enzyme-Ny;,,P(0),(OR*)(OH) in-
termediate would reside in a stable free energy basin. For this
hypothesis to be validated computationally, the transition states
of hydrolysis and P—Ny;,, bond dissociation would both have
the two highest free energies of activation of the total reaction
mechanism. According to our ONIOM QM:QM computations,
this is not the case. The activation free energy (AAG = 0.8) of
the P—Ny,7 bond dissociation of the hydrolyzed product (B-
TS-2-3) is surprisingly negligible.

While our computations agree with crucial mechanistic
interpretations of the 1VOY X-ray crystal structure data,'® the
hydrolysis of the four-coordinate phosphohistidine intermedi-
ate is not the catalytic rate-determining step as has been
suggested in the literature, but rather the first phosphoryl
transfer (A-TS-3-4, AG* (iy1,) = 20.3 keal mol ™). The hydrolysis
transition state has the second largest free energy of activation
(B-TS-1-2 AGT‘(SOIH) = 18.1 kcal mol™). This result suggests
that a low energy basin should exist between the first
phosphoryl transfer and the hydrolysis, and an intermediate
analog crystal structure should resemble the pseudotetrahedral
four-coordinate intermediates, while OR! is exchanging with
the bulk solvent (A-4 and B-1). We have also obtained low-
energy structures connected to B-3, where the H170 residue
mimics the conformational change that occurs when PLD
becomes inhibited by phosphate in vitro (akin to the 1FOI X-ray
crystal structure).

The third hypothesis is that the in vitro hydrolyzed model
substrate (diC,PA) is slow to migrate from the active site.
However, this migration is slow enough to allow for the
observation of the five-coordinate intermediate and fast enough
to allow for substrate reorganization. In the crystallization
experiment, high concentrations of model substrate were used
(~2—3 mM of diC,PC and 0.1 M of phosphate inhibitor). Our
results suggest that “substrate reorganization” becomes the
rate-limiting, yet surmountable kinetic step of the stoichiometric
formation of dead-end product (Figures 1 and S). The
activation free energy of substrate reorganization is approxi-
mated as the free energy change of removing PO,(OR*)(OH)
from the active site [from B-3 to infinitely separated 1V0S and
PO,(OR*)(OH)], which is computed to be 20.7 kcal mol™".
This free energy of “dissociation” approximates the free energy
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required for this rate-limiting step of substrate reorganization.
Explicitly determining the free energy of activation for the
diffusional process is complicated by a gradient in substrate-
solvent interactions from the protein environment to the bulk
solvent, as well as possible limitations in our computational
model. Thus, this value of 20.7 kcal mol ™" also approximates an
upper limit of free energy of activation for the diffusional
process.

Overall, the transformation of PC [the P(0O),(OR),
substrate] and subsequent water addition/hydrolysis are
kinetically fast (1VOS to 1VOY). In vivo, PLD catalyzes the
choline headgroup hydrolysis and removal of PA occurs with
high specificity (back to native enzyme 1V0S). The selectivity
of PLD might arise from the membrane-embedded position of
the substrate as well as the interactions of the enzyme with
activators such as phosphatidylinositide (PIP,).>’ A membrane-
embedded substrate cannot reorganize; therefore, the second
phosphoryl transfer and subsequent dead-end product
formation would not occur.

In vitro, the rate-determining step for the transformation to
dead-end product is the substrate reorganization (B-3 to C-1).
The next highest energy transition state is the first phosphoryl
transfer (A-TS-3-4). However, the migration of OR' and
exchange with H,O (from A-4 to B-1) should be considered
irreversible. Thus, the low energy basin actually exists between
the transition state of hydrolysis (B-TS-1-2) in submechanism
B and substrate reorganization (the reorientation of substrate
between B-3 to C-1). The computed free energy of substrate
reorganization of 20.7 kcal mol™" supports the persistence of
the geometry observed in the 1VOY X-ray crystal structure on
the minutes time scale. The transition states for P=N bond
reformation with an apical OR* (C-TS-1-2), as well as the
condensation of HOR? (C-TS-3-4), have activation free
energies that are lower than those of the in vivo catalytic
mechanism. Once the effective free energy of activation of
substrate reorganization is achieved, the supermolecule will not
persist as a five coordinate intermediate (C-2 or C-3), but will
instead quickly come to a resting state as the "dead-end” four-
coordinate phosphohistidine product (1VOW/1V0V). Further-
more, experimental evidence for a “dead-end” four-coordinate
phosphohistidine product in another PLD superfamily member
(tyrosyl- DNA phosphodiesterase I, Tdpl) has recently been
reported.*! In Tdpl, the rate of substrate—enzyme association
has been reported to be rate limiting.**

B CONCLUSIONS

The in vivo catalytic activity of PLDpy can be divided into two
submechanisms. The first in vivo submechanism (A) corre-
sponds to the formation of the five-coordinate phosphohisti-
dine intermediate and first phosphoryl transfer where the
choline-like headgroup is cleaved. The second in wvivo
submechanism (B) corresponds to the hydrolysis of the
phosphohistidine intermediate and bond dissociation of
hydrolyzed substrate. A third submechanism (C) corresponds
to the in vitro formation of a four-coordinate phosphohistidine
intermediate that is very thermodynamically stable and
kinetically favorable. The lowest-energy pathway for each of
the three submechanisms has been mapped and discussed in
unsurpassed atomic-level detail. The structural similarities
between the geometries of B-2 and C-4 and the known
PLDpyp X-ray crystal structures (1VOY and 1VOW/1VOV/
1VOT/1VOU, respectively) are quite striking

After extensive searches, not one three-coordinate meta-
phosphate minimum was located, nor were any transition states
found that contain phosphorane character. However, five-
coordinate phosphorane intermediates were located. These
structural details support an associative mechanism for each
phosphoryl transfer in each submechanism, not dissociative or
interchange mechanisms. This study provides bountiful
computational evidence in line with the experimental
observation of a five coordinate phosphorane intermediate in
1VOY. The catalytic activity of PLDpyp and perhaps all
members of the phospholipase D superfamily proceed via
associative phosphoryl transfers.

Our computations indicate that formation and cleavage of
the PN,;, bond are both thermodynamically and kinetically
facile (A-TS-1-2 and B-TS-2-3). The first phosphoryl transfer
(A-TS-3-4) is the in vivo rate-limiting step of the activated
PLDpyr enzyme. Based on computed dissociation energies of
the substrate when implicit solvation effects are considered, the
time-scale (minutes to hours) of substrate elimination is
competitive with in vitro/in silico substrate reorganization,
resulting in formation of the four-coordinate phosphohistidine
"dead-end” product, which is a thermodynamic sink. The
relatively small size and enhanced solubility of diC,PC
compared to typical in vivo phospholipids, as well as the
artificially high concentration utilized in the crystallization
conditions are the main factors attributed to the surprising
"PLC-like” /promiscuous activity of PLDpy. In vivo, membrane
immobilization of the phospholipids dominates the kinetics
because PLD “scoots” after formation of PA and release of
choline. The immobilized substrate will not "reorganize” before
PLD “scoots”.

The HKD motif is highly conserved in the PLD superfamily.
Therefore, quantitative mechanistic insight of PLDypy should
be transferable to many other superfamily members. Findings
from this article, as well as ongoing theoretical work being
carried out in our laboratory, support the associative-type
mechanism for phosphoryl transfers within the PLD super-
family. Tyrosyl- DNA phosphodiesterase I has also recently
been reported to form a "dead-end” four-coordinate
phosphohistidine product. Further experimental evidence for
other members of this superfamily exhibiting PLC activity/
behaving promiscuously under similar in vitro conditions would
be quite interesting.
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