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ABSTRACT: Tyrosyl-DNA phosphodiesterase I (Tdp1) is a DNA
repair enzyme conserved across eukaryotes that catalyzes the hydrolysis
of the phosphodiester bond between the tyrosine residue of topoisomer-
ase I and the 3′-phosphate of DNA. Atomic level details of the
mechanism of Tdp1 are proposed and analyzed using a fully quantum
mechanical, geometrically constrained model. The structural basis for the
computational model is the vanadate-inhibited crystal structure of human
Tdp1 (hTdp1, Protein Data Bank entry 1RFF). Density functional theory
computations are used to acquire thermodynamic and kinetic data along
the catalytic pathway, including the phosphoryl transfer and subsequent hydrolysis. Located transition states and intermediates
along the reaction coordinate suggest an associative phosphoryl transfer mechanism with five-coordinate phosphorane
intermediates. Similar to both theoretical and experimental results for phospholipase D, the proposed mechanism for hTdp1 also
includes the thermodynamically favorable possibility of a four-coordinate phosphohistidine “dead-end” product.

Phosphorus plays a crucial role in biochemistry, and
phosphate esters (P-OR) are known leaving groups in

hundreds of metabolic reactions in the bacterial, plant, and
animal kingdoms.1−5 The mechanism of P−OR bond breaking
and bond forming is known as phosphoryl transfer, and the
utilization of quantum chemistry techniques to study enzyme-
catalyzed phosphoryl transfer has been a decades-long active
subject of debate.2,5−38 Proposed mechanisms for phosphoryl
transfers generally fall into three categories: (1) fully
“dissociative” mechanisms, in which a three-coordinate
metaphosphate intermediate is formed, (2) fully “associative”
mechanisms, in which a five-coordinate phosphorane inter-
mediate is formed, or (3) concerted mechanisms without
intermediates.
Tyrosyl-DNA phosphodiesterase I (Tdp1), a purported

phospholipase D (PLD) superfamily member, is an enzyme
known to participate in DNA repair mechanisms, as it catalyzes
the hydrolysis of a phosphodiester bond between a tyrosine
residue and a DNA 3′-phosphate moiety.39−42 Tdp1 is
suspected to have very high specificity, because there are only
a few known occurrences of the required type of P−O bond in
the eukaryotic cell.43−46 Nevertheless, Tdp1 can be considered
a 3-DNA end-processing enzyme, and its main function may be
to hydrolyze the transient covalent bond formed between the
active site tyrosine residue of DNA topoisomerase I (Top1)
and 3′-phosphoryl DNA groups during DNA unwinding.
Without properly functioning Tdp1 enzymes, the aforemen-
tioned covalent linkage can lead to single-strand or double-
strand DNA breaks. Stalled Top1 enzymes caused by
phenomena such as ionizing radiation or Top1 “poisons”

(including anticancer medications such as camptothecin) can
“collide” with the DNA replication fork, leading to cell
death.47−49 In fact, mutation of an active site histidine residue
in human Tdp1 (hTdp1) has been implicated as a potential
cause of the hereditary neurodegenerative disease spinocer-
ebellar ataxia with axonal neuropathy (also called
SCAN1).50−54

Our laboratory has conducted a series of computational
studies of phosphoryl transfer enzymes, including β-phospho-
glucomutase (β-PGM),14,55 cyclic AMP-dependent protein
kinase (cAPK),19 and bacterial PLD.21 In our study of
Streptomyces sp. PMF PLD (or PLDPMF), an ONIOM56

QM:QM “cluster model”14,55,57−63 was used on the basis of
the X-ray crystal structure obtained by Leiros, McSweeney, and
Hough64,65 (PDB entry 1V0Y). On the basis of the various
minima and transition states obtained, three “submechanisms”
were proposed: (A) the first phosphoryl transfer and
condensation of the model phospholipid headgroup, (B) the
hydrolysis of the phosphohistidine intermediate, and (C) the in
vitro second phosphoryl transfer leading to a “dead-end” four-
coordinate phosphohistidine product. All three proposed
submechanisms showed associative-type phosphoryl transfers
with five-coordinate intermediates. A rationale for the short but
observable lifetime of the five-coordinate intermediate akin to
that observed in the PDB entry 1V0Y X-ray crystal structure
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was given. Accordingly, computed relative free energies
validated the dead-end four-coordinate phosphate intermediate
as an extremely stable thermodynamic sink, akin to what is
observed in the longer substrate-soaked and product-soaked X-
ray crystal structures (PDB entries 1V0W, 1V0V, 1V0T, and
1V0U).64 Examination of possible mechanisms of the enzyme
on an atomic level with density functional theory (DFT) is
driven by the intrinsic chemistry inferred by the X-ray crystal
structures. Indeed, the “cluster model” has been successfully
used to provide an exquisite level of mechanistic detail.63

Upon publication of the first sequencing and X-ray crystal
structure of hTdp1 by Hol, Interthal, Champoux, and co-
workers in 2001 and 2002,66−68 they claimed that Tdp1 is a
member of the PLD superfamily of enzymes.68 This
classification has propagated throughout the Tdp1 literature
on structure, mutation, and pharmaceutical activity.42,47,48,69−74

Interestingly, Tdp1 does not rigidly fit into the description of a
PLD enzyme, other than its role in biology as a
phosphodiesterase. For example, sequences of known Tdp1
enzymes do not contain the conserved HxKxxxxD motif, but
rather only conserve the HxK part.47,66,67,70,73,74 Though
sequencing of Tdp1 is dissimilar to that of PLD, the Tdp1
active site still closely resembles that of PLD because of an
asparagine residue occurring later in the sequence. Scheme 1
shows a two-dimensional (2D) cartoon of the native Homo
sapiens Tdp1 active site (PDB entry 1JY1) and the bacterial
PLDPMF active site (PDB entry 1V0S).
Interestingly, the pros nitrogen atom of the C-terminal

histidine (H263) of hTdp1 possesses a hydrogen bonding
environment similar to that of the typical HKD motif of
PLDPMF, with a glutamate residue (E538) serving the same H-
bond acceptor role that the PLD-conserved aspartate (D473)

residue does.66 Also similar is the R group of a nearby serine
residue (S514 in hTdp1 and S463 in PLDPMF) donating a
hydrogen bond to the carboxylate group in E538. This extra H-
bond stabilization of H263 (in hTdp1) and H170 (in PLDPMF)
may rationalize the formation of the covalent phosphohistidine
bond on these histidines, rather than the active site histidine
near the C-terminus (H493 in hTdp1 and H448 in PLDPMF).
Though the sequence homology of these two enzymes is fairly
different, the general “construction” of the active sites is easily
superposed (Scheme 1). The main difference between the two
is the presence of Q294 in hTdp1 forming a hydrogen bond
with H493 rather than an Asp or Glu residue. This fact likely
alters the general acid−base chemistry of H493 with the
phosphohistidine bond. There has been speculation in the
literature that Tdp1, with its HxK(x)N motif and wider
differences in specificity upon comparison of prokaryotic and
eukaryotic function, is less or divergently evolved compared to
most members of the PLD superfamily and thus belongs in its
own subclass of enzymes.70,73,74

Since the publication of the first X-ray crystal structures of
hTdp1, a great deal of research has been conducted to generate
inhibited and transition state/intermediate analogue crystal
structures in attempts to better understand its function and
substrate specificity. White, van Waardenburg, and co-authors
have performed studies on Tdp1 to learn more about the
relationship of this protein with the disease SCAN1, specifically
mutation studies of the active site of yeast Tdp1
(yTdp1).48,73,74 Their most recent study of yTdp1 contained
a curious feature; after reanalyzing the data for the X-ray crystal
structure (PDB entry 1Q32), they found that strong electron
density near the tele nitrogen atom of the N-terminal histidine
(H162) could be interpreted as a four-coordinate phosphohis-
tidine similar in structure to the “dead-end” product observed
in the in vitro PLDPMF study.

21,64,73,74 After a period of substrate
aging, the equilibrium can be driven toward a four-coordinate
phosphate thermodynamic sink.
In this work, we will discuss comparisons between the

phosphoryl transfer of human Tdp1 and PLDPMF that are based
on completely quantum mechanical models for Tdp1 and PLD.
Kinetics and thermodynamics of a proposed phosphoryl
transfer mechanism will be obtained using a model of tyrosyl-
DNA phosphodiesterase I. The feasibility of substrate
reorganization and formation of the dead-end phosphohistidine
product will also be proposed.

■ METHODS AND MODEL BUILDING
All computations were performed using the Gaussian09
software package.75 For our quantum mechanical “cluster
model”, density functional theory (DFT) with the hybrid
B3LYP functional was employed76,77 with the 6-31G(d′) basis
sets for N, O, and P atoms78−80 and the 6-31G basis sets for C
and H atoms. Structures containing vanadium atoms were
computed with either the 6-31G(d) basis set on the V atom or
the Hay and Wadt basis set as modified by Couty and Hall (V:
341/341/41), where the two outermost p functions have been
replaced by a split of the optimized V 4p function and effective
core potential (ECP) combination (LANL2DZ).81,82 Free
energy differences between all electron and ECP basis sets on
the V atom were generally less than 0.8 kcal mol−1. Thus, all
discussion involving vanadium-centered substrates refers to
computations using the modified Hay and Wadt basis set and
LANL2DZ ECP. The default integration grids were used: the
fine grid for two-electron integrals and gradients and the coarse

Scheme 1
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grid for the Hessian. The gas-phase energies, gas-phase free
energies, and solution-phase free energies of all reported
structures are listed in Table S1 of the Supporting Information.
The structural basis for our computations was to begin with

the geometry from the X-ray crystal structure of human Tdp1
in its intermediate analogue form complexed with vanadate, the
octapeptide KLNYYDPR, and the tetranucleotide AGTT (PDB
entry 1RFF).70 Monoanionic substrates [M(O)2(OR

1)(OR2)]−

are included, where M = P or V. In this work, “OR1” will
designate the substrate ligand involved in the first phosphoryl
transfer and “OR2” will designate the ligand involved in the
second phosphoryl transfer. The octapeptide OR1 ligand is
trimmed to a p-cresolate ligand (called “OTyr” in this study),
while the tetranucleotide (OR2) is trimmed to a methoxy ligand
(called “OMe” in this study). We are currently exploring
rational design and construction of QM cluster active site
models based on the topology of hydrogen bonding in
geometries derived from X-ray crystal structures. This
algorithm is currently based on modified versions of the
reduce,83 probe,84 and RINalyzer85,86 codes. Rather than
inclusion of residues and solvent molecules based on a
spherical/radial distance cutoff from an arbitrary point in the
active site, the H-bond topology of the active site is exploited to
create elliptical models. Combined with evidence that con-
strained backbone atoms in the QM cluster model can mimic
the behavior of hydrophobic side chains in residues such as Ala
and Ile, these rationally constructed active site models can
minimize both the number of atomic constraints and the total
number of atoms in the system, while also maximizing the
percentage of included residues and fragments that are directly
or indirectly participating in the proposed catalytic mecha-
nism.87

Via this process, our cluster model contains 17 amino acid
residues from the 1RFF X-ray crystal structure from chain A:
N203, Y204, C205, H263, K265, T281, S282, N283, D288,
Q294, F398, S399, H493, K495, S514, N516, and E538. Also,
two explicit water molecules (denoted as wat633 from chain D
and wat730 from chain A) are included in the active site model.
Peripheral atoms on distant residues were truncated to reduce
the size of the models and maintain neutral charge (see Table
S2 of the Supporting Information for details). Figure 1 provides
a 2D representation of the cluster model, including constrained
atoms (in red).
X-ray crystal data for hTdp1 are generally recorded at pH

7.2−8.0, which suggests that all included Asp and Glu residues
will be deprotonated, all Lys residues will be protonated, and all
His residues will be neutral. However, deprotonation of either
N in H493 is not consistent with the chemistry in the context
of catalysis for a number of reasons. (1) If the tele nitrogen
atom of H493 was deprotonated, then this residue would not
be able to perform as a general acid in the experimentally
proposed mechanism. (2) A proton bound to the pros nitrogen
atom of H493 has favorable H-bond donation to both the
backbone oxygen atom in T281 and the R group oxygen atom
of Q294, both in our models and in the X-ray crystal structure.
(3) A doubly protonated H493 creates a positively charged
active site environment that would enhance the Coulombic
attraction of the negatively charged phosphoryl group of the
Top1 substrate. Overall, the cluster model has neutral charge
when the substrate is included and contains 228 atoms in the
proposed mechanism of the first phosphoryl transfer and 215
atoms after replacement of the cleaved p-cresolate ligand with a
bulk solvent water molecule. Only 15 strategic atoms were
needed to be constrained at their crystallographic positions to

Figure 1. 2D structure of the hTdp1 “cluster model” based on PDB entry 1RFF. The 15 frozen carbon atoms are colored red.
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retain the general shape and H-bonding network of the active
site. Typically, only the Cα atom of each major fragment was
constrained. Exceptions were that (1) the Cβ atoms for K265
and K495 were frozen, (2) the Cγ atom for N203 was frozen,
and (3) the Cα and Cβ atoms for D288 and the Cβ and Cγ

atoms for E538 were frozen.
All structures 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. All
reported minima have all real frequencies, and transition states
have one imaginary frequency. 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 via single-point energy computations
on the gas-phase equilibrium geometries 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 (ε) of 4.0 to simulate the less polarized
protein environment.

■ RESULTS AND DISCUSSION
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 sections b−d.
The first two submechanisms correspond to the in vivo catalytic
cycle for the hydrolysis of Top1 to yield 3′-phosphate DNA
and free tyrosine (Scheme 2, blue): the substrate−enzyme
bonding and first phosphoryl transfer (section b) and
subsequent hydrolysis event (section c). The third submechan-
ism, postulated to occur in vitro (Scheme 2, red) is the second
phosphoryl transfer (section d). These three submechanisms
are separated by processes for which direct transition states will
not be located computationally. Specifically, between the first
phosphoryl transfer and hydrolysis, the cleaved “tyrosyl”
(HOR1, where R1 = p-cresolate in silico and R1 = a tyrosyl-
containing polypeptide in vivo and/or in vitro) will exit the
active site and be replaced by an incoming water molecule. In
the hydrolysis and second phosphoryl transfer mechanisms, R1

= H. Between the hydrolysis event and the second phosphoryl
transfer, the equatorial OH and the axial OR2 of the unbound
substrate switch positions; that is, the substrate must be
“reorganized”. Mechanisms in this work 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 substrate specificity.

a. Beginning of the Catalytic Cycle of Human Tdp1. 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 is needed
to determine the substrate binding energy. Migration of the
substrate into the active site and displacement of water is an
entropically favored process. Upon alignment of the backbone
atoms of the hTdp1 vanadate-inhibited 1RFF X-ray crystal
structure with the native human 1JY1 X-ray crystal structure,
visual inspection shows two solvent water molecules with
oxygen atom electron density near two of the equatorial oxygen
atoms of the vanadate substrate. In the superposed structures,
the distances between the solvent water oxygen atoms and the
nearest equatorial oxygen atoms on the vanadate are 0.92 and
1.11 Å. With these two water molecules being “pushed” into
the bulk solvent by an incoming substrate, we have chosen to
model a “native” active site using the crystallographic positions
of 1RFF. To model solvent position in similar X-ray crystal
structures of hTdp1, the model substrate was replaced by two
explicit water molecules, with heavy atoms placed in the relative
coordinates of wat704 and wat918 in the 1JY1 structure (as
well as the two explicit solvent molecules, wat633 and wat730,
included in the general model). Our optimized native enzyme
model is overlaid with the equivalently trimmed geometry from
the 1JY1 X-ray crystal structure (Figure 2).
The root-mean-square deviation of the 15 carbons frozen at

the crystallographic positions of 1RFF compared to the atomic
positions of 1JY1 is only 0.175 Å. The two extra water
molecules are in position to be H-bond donors to H263, and
wat918 can also be an H-bond acceptor for the doubly
protonated H493, which is the residue participating in the
general acid catalysis of the substrate. Except for slight
reorganization of the two lysine residues, there is no qualitative
difference between the H-bonding network in the residues
included within our native enzyme model and that of trimmed
1JY1. Relaxation of K265 and K495 occurs because of the
missing bulk of the substrate. In our models that include
substrate, the locations of these lysine residues match better
with those in the 1RFF X-ray crystal structure.

b. Formation of the Initial Phosphohistidine Intermediate.
In Scheme 2, a generalized depiction of the catalytic cycle of
Tdp1 is presented. To guide the reader toward understanding
the proposed in silico mechanism, a “plus” sign in the chemical
formula designates enzyme and substrate at infinite separation.

Scheme 2
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A space between the enzyme and substrate designates the
typical “ES” enzyme−substrate species with the substrate in the
active site but not covalently bonded to the enzyme. A dash
between the enzyme and substrate designates the “EI”
enzyme−phosphohistidine intermediate species.
At the beg inning of the cata ly t i c cyc le , the

[P(O)2(OR
2)(OR1)]− species enters the active site. Because

of the method by which the enzyme active site and substrate
have been truncated, there is no appropriate way to simulate or
compute the diffusion kinetics of the substrate. However, the
reaction energy and free energy of substrate binding from
infinite separation to the active site can be reported. As
expected, the gas-phase zero-point vibrational energy-corrected
difference between the infinitely separated [P(O)2(OR2)-
(OR1)]− and native enzyme with two extra waters versus
displacement of those waters with the substrate is quite
favorable, −62.5 kcal mol−1. The gas-phase free energy (ΔGrxn
= −70.2 kcal mol−1) of this reaction further favors the
“product” side because of the displacement of two water
molecules with one substrate molecule. When implicit solvent
effects are included, the computed free energy of substrate
binding (ΔGrxn = −24.6 kcal mol−1) becomes more reasonable.
With the [P(O)2(OR

2)(OR1)]− tetrahedral substrate situ-
ated in the active site, two minima relevant to the proposed
mechanism were found. The Tdp1 active site is required to be
quite large to accommodate the large OR1/2 substituents
ligands of the in vivo phosphodiester substrate. Therefore, it is
not surprising that the truncated [P(O)2(OR2)(OR1)]−

substrate used in our model can occupy more than a single
location in the active site region during its approach to the
H263 residue. The initial enzyme−substrate complex, des-
ignated A-1, has the substrate located just outside of the active
site pocket, with a distance of 4.53 Å between the substrate
phosphorus and the attacking N atom of H263. For
comparisons of relative free energies (gas phase and solution
phase), the free energy of A-1 will be the baseline (ΔG = 0.0
kcal mol−1) of our free energy diagrams. To form the A-2
structure, the OMe ligand of the substrate must undergo minor
conformational change. However, attempts to find a transition

state between the two unbound enzyme−substrate complexes
(A-TS-1-2) were unsuccessful. This transition state is extremely
unlikely to be the rate-limiting step of the entire enzyme
mechanism. The A-2 structure is aligned for the phosphohis-
tidine nucleophilic addition to take place, with a P−NH263 bond
distance of 3.023 Å. While in the gas phase, A-1 and A-2 are
nearly isoergonic [ΔG(g) of A-2 = 0.7 kcal mol−1], and the
ΔΔG(soln) of A-1 and A-2 is 7.2 kcal mol−1. Interestingly, there
are five hydrogen bonds between the enzyme and the substrate
(including the wat730−substrate H-bond) in A-2, versus only
three in A-1. The free energy penalty (exacerbated by the
implicit solvation model) in A-2 comes from repulsion of the
ligand phosphorus negative charge with the unpaired electron
on the H263 nitrogen atom. A-2 leads to the transition state of
P−N bond formation, A-TS-2-3 with a ΔG⧧

(soln) of 15.2 kcal
mol−1. In Schemes 3−10, the compact “cloud” schematic is

used. In this representation, only the substrate bond breaking/
forming and general acid/base catalytic processes of the
optimized structures are explicitly shown.
From nucleophilic attack of the substrate phosphorus by the

tele N atom of H263, the five-coordinate phosphohistidine
intermediate, A-3, is formed with a ΔG of 14.7 kcal mol−1.
While the A-3 intermediate structure exists in a very short free
energy well along the submechanism A reaction coordinate, the
existence of A-3 is indicative of a fully associative phosphoryl
transfer mechanism. Via Hammond’s postulate, A-TS-2-3 is a
very late transition state as the P−N bond distance contracts by
only −0.13 Å to form A-3. Likewise, A-TS-3-4 is an early
transition state. At the five-coordinate intermediate, H493 is
already poised to conduct the general acid catalysis of the P−
O−Tyr substrate bond. The axial PO bond distance in A-TS-3-
4 increases by +0.33 Å, but as in A-TS-2-3, there is very little
change in nuclear position throughout the enzyme model.
Activation of the phosphohistidine intermediate occurs in A-
TS-3-4, with a ΔG of 15.6 kcal mol−1, and a ΔΔG of only 0.9
kcal mol−1 compared to that of A-3. Shown in Scheme 4, the

phosphoryl transfer is complete via a concerted condensation of
the OR1 ligand. The covalently bound pseudotetrahedral
phosphohistidine intermediate (A-4) is slightly less stable
than the A-1 substrate−enzyme complex, with a ΔG of 3.5 kcal
mol−1. Submechanism A is complete, with the four-coordinate
E-P(O)2(OR

2) complex and a free HOR1 molecule.

Figure 2. Overlay of the native geometry-optimized hTdp1 model
(with 15 constrained carbons from the X-ray crystal structure of
1RFF) compared to the experimentally determined native hTdp1 X-
ray crystal structure 1JY1 (magenta).

Scheme 3

Scheme 4
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c. Hydrolysis. Modeling the kinetics of diffusion, both the
migration of the cleaved HOR1 molecule (p-cresol in silico, the
tyrosine-containing peptide in vivo) out of the active site and
the migration of a bulk solvent water molecule into the active
site, is outside of the scope and possibility for a time-
independent QM cluster model. The relative free energies of
this process can be computed, however. The B-1 structure, with
the same orientation of the pseudotetrahedral E-P(O)2(OR

2)
complex and an explicit water molecule poised for hydrolysis,
has a ΔG of 1.5 kcal mol−1. This “reactant” for submechanism
B also has a ΔΔG of −2.0 kcal mol−1 compared to “product” A-
4 in submechanism A. This thermoneutrality between HOR1

and water also compares reasonably well to the difference in
free energy between submechanisms A and B of PLDPMF
computed using the ONIOM QM:QM model (ΔΔG = +1.6
kcal mol−1) . Scheme 5 depicts the activation of the incoming
water molecule by H493 and the concerted addition of OH to
the P(O)2(OR

2) substrate.

The transition state of hydrolysis, B-TS-1-2, has an overall
ΔG of 7.8 kcal mol−1 or a ΔΔG⧧ of 6.3 kcal mol−1 to B-1. To
our surprise, B-2 has a rather long P−NH263 bond length of
2.147 Å. The P−N bond distance in B-2 is not substantially
longer than the 2.092 Å P−NH263 bond distance of A-3.
However, the geometry of B-2 is not-quite trigonal bipyramidal,
which is somewhat odd, considering the intermediate lies in a
deeper well than the five-coordinate intermediate computed in
submechanism A, with a ΔG of 5.8 kcal mol−1 (ΔΔG = −2.0
compared to B-TS-1-2). The results are indicative of an
associative mechanism for hydrolysis of hTdp1. The free energy
of B-2 relative to B-TS-1-2 and B-TS-2-3 is also lower than
those of submechanisms A and B of our PLDPMF ONIOM
model, where those five-coordinate minima were effectively
isoenergetic compared to their surrounding transition states.21

The structure of B-TS-2-3 closely resembles that of B-2 but has
an elongated P−N bond distance of 2.254 Å, which further
distorts from the trigonal bipyramidal geometry. This very early
transition state has an overall ΔG⧧ of 6.2 kcal mol−1 (ΔΔG =
+0.4 kcal mol−1 compared to B-2). This transition state leads to
B-3 (Scheme 6), where the cleaved P(O)2(OR

2) substrate can
then diffuse out of the active site, completing the catalytic cycle
of DNA repair. Our computed structure for B-3 has a ΔG of
−2.4 kcal mol−1 relative to A-1. Like the overall proposed

mechanism for PLDPMF, the end of submechanism B has a free
energy similar to that of the beginning of submechanism A.

d. Dead-End Product. It was suggested by van Waardenburg
and co-authors that yTdp1 could accordingly be rendered
catalytically inactive after several catalytic cycles of DNA
repair.73,74 In their crystallization study, a four-coordinate
phosphohistidine “dead-end” intermediate [presumably an E-
P(O)3 complex] was observed in the X-ray crystal structure of
the yTdp1 H432R mutant (PDB entry 3SQ8). Similar behavior
has been recognized in the PLDPMF X-ray crystal structures,
where Leiros and co-authors attributed the existence of the
phosphate-bound product to “substrate aging” or substrate
reorganization.64 The results of our previous computations
indicated that the catalysis of PLDPMF can be short-circuited by
substrate reorganization in the enzyme−hydrolyzed-substrate
complex. Van Waardenburg and co-authors “speculate that the
phosphate group originates from a similar E. coli phospholipid
that is encountered by Tdp1 during expression. The more open
active site of yTdp1 may allow processing of this substrate,
whereas the tighter active site of hTdp1 may not.” Indeed, there
is very little difference in the primary sequences of yTdp1 and
hTdp1 in their respective active sites. As will be shown below in
submechanism C, if a phospholipid with a P(O)2(OR

2)(OH)
structure can reorient itself within the active site of Tdp1, the
thermodynamics and kinetics of the proposed mechanism are
quite similar to those found with PLDPMF. Does this imply that
equilibrium can be driven toward the thermodynamic sink
character of the E-P(O)3 phosphate product for any member of
the PLD superfamily given the appropriate artificial/in vitro
conditions?
If the kinetic barrier of reorientation (Scheme 7) can be

overcome within the active site, the “product” of reorientation

has a significantly lower free energy. Instead of migrating
completely out of the active site, the P(O)2(OR

2)(OH)
substrate (structure B-3) is positioned for another nucleophilic
attack from the nitrogen atom in H263, but this time with the
OR2 group and OH group switched (C-1). In the theoretical
study of PLDPMF, an inversion of OR2 and OH ligands in the
five-coordinate phosphohistidine intermediate via turnstile
rotation of the axial OH and equatorial OR2 ligand in the
enzyme-bound substrate had a free energy 2−7 kcal mol−1

higher than the free energy of activation for substrate
reorganization. We have not recomputed this turnstile process
for Tdp1. However, because of similarities in the models, it can
be proposed that the stereomutation of the OH and OR2 ligand
will not be favorable energetically. In the PLDPMF computa-
tions, we found the final structure of submechanism B to be
nearly isoenergetic with the first structure of submechanism C
(ΔΔG = 2.9 kcal mol−1). In our Tdp1 model, C-1 seems to be
rather overstabilized as the ΔΔG of C-1 compared to that of B-
3 is −13.6 kcal mol−1. Initiation of a second phosphoryl transfer

Scheme 5

Scheme 6

Scheme 7
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occurs as the phosphorus−nitrogen bond of the substrate and
H493 is re-formed in C-TS-1-2 (Scheme 8). The free energy of
activation for C-TS-1-2 is 6.0 kcal mol−1.

The five-coordinate phosphohistidine intermediate formed in
structure C-2 is effectively isoenergetic to C-TS-1-2 in the
solution phase, but has a gas-phase ΔΔG(g) of −0.8 kcal mol−1.
A subtle conformational change in the orientation of wat730
brings about C-TS-2-3, which surprisingly has a free energy 1.4
kcal mol−1 higher than that of C-TS-1-2. While there is no
obvious visual change in superposed C-1 and C-2, the
substrate−H263 P−N bond is shortened from 2.020 to 1.971
Å, and the axial P−O bond is lengthened from 1.818 to 1.878
Å. Both C-2 and C-3 are five-coordinate phosphohistidine
intermediates with trigonal bipyramidal structures. This result
suggests an associative phosphoryl transfer for hTdp1
submechanism C. The slight free energy penalty of C-3
(ΔΔG = +0.7 kcal mol−1 compared to C-2) positions the axial
POR2 ligand for the second phosphoryl transfer occurring in C-
TS-3-4. This very early transition state has a free energy only
0.2 kcal mol−1 higher than that of C-3.
At this point, a fascinating difference between the proposed

submechanism C of Tdp1 and PLDPMF manifests itself. Unlike
PLDPMF, the appropriate proton on H493 is, at first,
nucleophilic enough to transfer to the substrate OR2 leaving
group (Scheme 9). Proton transfer in the proposed mechanism

of hTdp1 is different than submechanism C of PLDPMF, where
the leaving group scavenged the proton from the substrate
hydroxyl group creating free methanol and an enzyme-bound
P(O)3 phosphate. The Tdp1 C-4 structure has a free energy
11.6 kcal mol−1 lower than that of C-TS-3-4. There is a ΔΔG
of +11.3 kcal mol−1 upon comparison of C-4 to C-1, which is
not representative of a thermodynamic sink. However, an
essentially barrierless and concerted dual proton transfer (C-
TS-4-5) donates the HOR2 proton back to the H493 nitrogen
atom while abstracting the proton from the substrate equatorial
OH ligand (Scheme 10). The final C-5 product has a ΔG of
−14.0 kcal mol−1 relative to A-1 and is presumably a “dead-
end” product similar to that directly observed in studies of
PLDPMF.
In Figure 3, the solution-phase free energy diagram of the

proposed mechanism is shown. Stoichiometrically balanced free
energies of the total reaction mechanism are shown for the

solution-phase computations of submechanisms A−C. In
qualitative agreement with the proposed mechanism of
PLDPMF, the rate-limiting step of the in vivo catalytic cycle of
hTdp1 is the first phosphoryl transfer in which general acid
catalysis of the axial OR1 ligand leads to HOR1 loss and a
bound four-coordinate P(O)2(OR

2) substrate. The ΔG⧧
(soln) of

step A-TS-3-4 is 15.6 kcal mol−1. This can be compared to the
free energy change of removing PO2(OR2)(OH) from the
active site [from B-3 to infinitely separated native enzyme
model and PO2(OR2)(OH)

−], which is computed to be 23.3
kcal mol−1 for the Tdp1 model. This free energy of migration of
the substrate from the active site can be used to approximate an
upper limit to the free energy of activation required for
substrate reorganization.a The free energy estimate for the
Tdp1 model is 2.6 kcal mol−1 higher than the analogous value
obtained in our investigation of PLDPMF.
Using a QM cluster model of the hTdp1 active site, the

results imply that substrate reorganization may be more difficult
than was predicted in the QM model of the PLDPMF active site.
However, speculation about differences in hTdp1 and PLDPMF
kinetics cannot be conclusively made because of a variety of
factors. The most important are steric and electrostatic
differences in the OR1 and OR2 ligands of the in vivo/in vitro
substrates that would be encountered by each enzyme. In the
substrate pose encountered in submechanism A, the PLDPMF
OR1 group will be hydrophilic choline and the OR2 group will
be the long chain hydrophobic tail of the phospholipid. In the
X-ray crystallographic experiment that generated the isolatable
five-coordinate E-P(O)2(OH)(OR

2) intermediate (PDB entry
1V0Y) and the dead-end product (PDB entries 1V0W, 1V0V,
1V0T, and 1V0U), there is not an extreme difference between
the steric bulk of the choline headgroup and tail of their in vitro
substrate (dibutyrylphosphatidyl choline, or diC4PC). The
electrostatics of the OR2 ligand is reversed in Tdp1. The single-
strand DNA ligand occupying the OR2 position of the substrate
in vivo will possess robust negative charge along the chain, and
there are quite a few hydrophilic residues in this narrow volume
of the enzyme. From both PLDPMF and hTdp1 X-ray crystal
structures, the OR1 ligand is directed out of the active site
cavity and toward the bulk solvent. For the “product” of
submechanism B to convert to the “reactant” of submechanism
C within the active site, the substrate must have room to
reorganize, and reorganization is also required to be electro-
statically favorable. Our computations suggest that, in agree-
ment with the findings of van Waardenburg and co-work-
ers,73,74 the smaller active site cleft in hTdp1 may cause
substrate reorganization to be far more kinetically disfavored
compared to that of yTdp1 and PLDPMF. However, it may be
possible to isolate an X-ray crystal structure of dead-end
phosphate-bound product or inhibited complex of hTdp1 given
the appropriate in vitro conditions.

e. Thermodynamics of Vanadate Inhibition. For compar-
ison to the 1RFF X-ray crystal structure, the five-coordinate
intermediate has been reoptimized with a vanadium metal

Scheme 8

Scheme 9

Scheme 10
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center and OTyr and OMe ligands. A structure of free
[V(O)2(OR2)(OR1)]− has been optimized, along with
structures analogous to those of four-coordinate A-1 and five-
coordinate A-3 (which will be named VA-1 and VA-3,
respectively). No transition states between VA-1 and VA-3
were located. There is no corresponding VA-2 structure
analogous to that of A-2 where the incoming substrate center
is in line for nucleophilic attack by H263, likely because of the
favorable binding of the [V(O)2(OR

2)(OR1)]− inhibitor.
A surprising result from computations with the V-centered

complex is that the free energy difference between infinitely
separated native enzyme/[V(O)2(OR

2)(OR1)]− and the E-
V(O)2(OR

2)(OR1) complex is smaller than that of [P-
(O)2(OR

2)(OR1)]−. While ΔGrxn = −24.6 kcal mol−1 for
bringing [P(O)2(OR2)(OR1)]− into the active site, the
equivalent ΔGrxn for the approach of [V(O)2(OR

2)(OR1)]−

is −8.2 kcal mol−1. The primary difference between the
phosphorus-centered substrate and the vanadium-centered
substrate is the relative energies of the five-coordinate
intermediates. Whereas the P-centered complex (A-3) has a
free energy 14.7 kcal mol−1 higher than that of A-1 (and thus
−9.8 kcal mol−1 lower than that of the infinitely separated
enzyme and substrate), the five-coordinate vanadium-centered
intermediate (VA-3) has a free energy lower than that of the
VA-1 complex [ΔΔG = −0.8 (Figure 4)]. These relative free
energies provide quantitative validation of [V(O)2(OR

2)-
(OR1)]− as a thermodynamic inhibitor of the in vitro enzyme

mechanism. There is also excellent visual and structure
agreement between the superposed VA-3 structures and
coordinates from the 1RFF X-ray crystal structure. For

Figure 3. Free energy diagram of the proposed phosphoryl transfer mechanisms for hTdp1. Submechanisms A and B are shown with a blue curve,
and the hypothesized submechanism C is shown with a red curve. As mentioned in the text, the transition state between A-1 and A-2 was not
located, and the transition state energy is merely estimated via the dashed blue line. The red dashed line from B-2 leads to the red dot, which marks
the approximate relative energy of “substrate reorganization” from B-3 to C-1.

Figure 4. Relative free energies of optimized structures with
phosphorus [P(O)2(OR2)(OR1)]− and vanadium-centered [V-
(O)2(OR

2)(OR1)]− substrates along submechanism A.
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example, the computed H263−vanadium equilibrium bond
length is 2.138 Å, compared to a V−N bond distance of 2.144
Å in the X-ray crystal structure.

■ CONCLUSIONS
The in vivo catalytic activity of human Tdp1 (hTdp1) has been
modeled with a QM-only active site cluster model containing
215−228 atoms depending on the substrate. The substrate has
been modeled with [P(O)2(OR

2)(OR1)]−, where the in vivo
octapeptide OR1 ligand is trimmed to a p-cresolate ligand
(called “OTyr” in this study), and the tetranucleotide (OR2)
ligand is trimmed to methoxy (called “OMe” in this study). The
proposed submechanisms outlined here are quite similar to
those given in our computational study of PLDPMF.
In submechanism A, the substrate has migrated into the

active site, which is exergonic by 24.6 kcal mol−1. Nucleophilic
attack of the phosphorus atom by the appropriate N atom on
H263 occurs, and a five-coordinate phosphohistidine inter-
mediate is formed. The existence of this stationary point along
the reaction allows an associative phosphoryl transfer
mechanism to be proposed. A concerted condensation and
ejection of the OR1 leaving group occurs, forming HOR1. This
transition state (A-TS-3-4) is the overall rate-limiting step of
the enzyme mechanism, with a ΔG⧧ of 15.6 kcal mol−1

compared to the initial enzyme−substrate complex (A-1). At
the end of submechanism A, the covalently bound pseudote-
trahedral phosphohistidine intermediate remains, while the free
HOR1 alcohol migrates out of the active site and is replaced by
a water molecule from the bulk solvent. In submechanism B,
hydrolysis of the four-coordinate substrate occurs. In the
proposed submechanism B, a five-coordinate trigonal bipyr-
amidal E-P(O)2(OR

2)(OH) minimum exhibits a quite long P−
N interaction but still proceeds through an associative
mechanism.
On the basis of the results from this study of hTdp1, an in

vitro “dead-end” product can be observed, similar to the results
from PLDPMF. While submechanism C is shown to be
thermodynamically favorable, steric and electronic effects
from residues on the periphery of the active site may cause
hTdp1 to be less promiscuous than PLDPMF and yeast Tdp1.
This second phosphoryl transfer also goes through a five-
coordinate phosphohistidine intermediate and thus is proposed
to undergo an associative mechanism. Computationally, it is
suggested that the free energy of activation for substrate
reorganization is ∼2.5 kcal mol−1 higher for hTdp1 than for
PLDPMF. This kinetic deterrence provides evidence that the
hTdp1 active site might not be as amenable to being pushed
toward a dead-end phosphate product. The five-coordinate
vanadate intermediate has a free energy slightly lower than that
of the infinitely separated substrate/enzyme, as well as the
noncovalently bound enzyme−substrate intermediate, consis-
tent with the experimental observation of a vanadate-inhibited
structure.
Recently, van Waardenburg and co-workers reported that

when H182 (yTdp1) is replaced with a small chain residue, the
neighboring conserved histidine residue (yTdp1 H181) can act
as an alternative nucleophile in forming the phosphohistidine
intermediate (although the catalytic activity is considerably
lower).88 In hTdp1, this neighboring residue is H262, which is
not included in the currently reported QM cluster model. The
exploration of Tdp1 in the context of SCAN1 therapy and
active site mutations with larger models (QM and layered QM/
MM models) are planned for future studies.

Though the active site structure of hTdp1 does not mirror
the typical HKD motif of the PLD superfamily, there is
significant overlap in overall structure and function. It may be
more difficult to drive in vitro equilibrium conditions toward a
dead-end four-coordinate phosphate bound to hTdp1, but we
encourage efforts to crystallize and characterize product
complexes of Tdp1 with the same properties as those observed
in PLDPMF. From the point of view of atom level
thermodynamics and kinetics, we have presented a QM cluster
model that validates experimental findings and reveals
interesting new questions about the relationships between
members of the PLD superfamily.
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