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Abstract: The human enzyme 2'-deoxynucleoside 5'-phosphate N-
hydrolase 1 (HsDNPH1) catalyses the hydrolysis of 5-hydroxymethyl-
2'-deoxyuridine 5'-phosphate to generate 5-hydroxymethyluracil and
2-deoxyribose-5-phosphate via a  covalent  5-phospho-2-
deoxyribosylated enzyme intermediate. HsDNPH1 is a promising
target for inhibitor development towards anticancer drugs. Here, site-
directed mutagenesis of conserved active-site residues, followed by
HPLC analysis of the reaction and steady-state kinetics are employed
to reveal the importance of each of these residues in catalysis, and
the reaction pH-dependence is perturbed by each mutation. Solvent
deuterium isotope effects indicate no rate-limiting proton transfers.
Crystal structures of D80N-HsDNPH1 in unliganded and substrate-
bound states, and of unliganded D80A- and Y24F-HsDNPH1 offer
atomic level insights into substrate binding and catalysis. The results
reveal a network of hydrogen bonds involving the substrate and the
E104-Y24-D80 catalytic triad and are consistent with a proposed
mechanism whereby D80 is important for substrate positioning, for
helping modulate E104 nucleophilicity, and as the general acid in the
first half-reaction. Y24 positions E104 for catalysis and prevents a
catalytically disruptive close contact between E104 and D80.

Introduction

The human enzyme 2'-deoxynucleoside 5'-phosphate N-
hydrolase 1 (HsDNPH1) (EC 3.2.2.-)" catalyses the N-ribosidic
bond cleavage of 5-hydroxymethyl-2'-deoxyuridine  5'-
monophosphate (5hmdUMP), a cytotoxic nucleotide resulting
from the deamination of epigenetically modified 5-hydroxymethyl-
2'-deoxycytidine 5'-monophosphate, to generate 5-
hydroxymethyluracil (5ShmUra) and 2-deoxyribose 5-phosphate!
(Scheme 1). The presence of 5hmdUMP in the nucleotide pool
and its eventual erroneous incorporation into DNA requires
nucleotide excision and repair, usually single-strand break repair

by poly(ADP)-ribose polymerase 1 (PARP1). In breast cancer
gene (BRCA)-deficient cancers, PARP1 inhibitors (PARPI) trap
PARP1 at the 5ShmdUMP-induced DNA single-strand repair site,
resulting in synthetic lethality because, unlike healthy cells,
BRCA" cancer cells cannot undergo homologous recombination
to repair DNA.?3 Accordingly, increased cellular 5hmdUMP
concentration enhances sensitivity of BRCA-deficient tumours
(breast, prostate, pancreatic and ovarian cancers) to PARPI,
while upregulation of HsDNPH1 leads to PARPI resistance as the
enzyme depletes 5ShmdUMP levels.” Hence, HsDNPH1 is a
promising target for inhibition to potentiate PARPiI action and to
counter resistance to PARPI therapy resulting from 5hmdUMP
depletion.!

To help elucidate its catalytic mechanism and aid inhibitor design,
HsDNPH1 structures have been solved in unliganded form and
bound to the slow-reacting substrate 2'-deoxyuridine 5'-
monophosphate (dUMP), and in complex with an inhibitor.?!
HsDNPH1’s specificity constant kca/Kw is 1,940-fold higher for
5hmdUMP than for dUMP at 37 °C.% 8 Structural and kinetic
studies using dUMP as substrate hypothesized a double-
displacement mechanism where the conserved E104 residue
would act as a nucleophile to form a covalent 5-phospho-2-
deoxyribosyl-enzyme intermediate in the first half-reaction, and
the conserved D80 residue would serve as the general base to
activate a water molecule to hydrolyse this intermediate in the
second half-reaction.™ Intriguingly, E104 was found in crystallo in
a strong hydrogen bond (H-bond) with the conserved residue
Y244

Recently, the crystal structures of an E104Q-HsDNPH1 mutant
bound to 5hmdUMP, and, crucially, an E55Q-HsDNPH1 mutant
covalently bound to the 2-deoxyribosyl-5-phosphate intermediate
via E104 were obtained. The latter structure provided direct
evidence for the double-displacement mechanism, but showed
that E55, not D80, was the general base in the second half-
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reaction.l”! The importance of Y24 and D80 to HsDNPH1 catalysis,
if any, remained an open question.

Here we describe the biocatalytic synthesis of 5ShmdUMP, and its
use, along with pH-rate profiles, solvent deuterium isotope effects,
site-directed mutagenesis, high-performance liquid
chromatography (HPLC), differential scanning fluorescence
(DSF), and protein crystallography to characterise the wild-type
HsDNPH1 (WT-HsDNPH1) reaction and assess the contributions
of Y24, D80, and other conserved residues to catalysis. The
findings advance our mechanistic understanding of HsDNPH1
catalysis and may help inform inhibitor design.

Results and Discussion

Production of HsDNPH1 Variants

Full-length  HsDNPH1 variants, used for biochemical and
biophysical analysis, and N-terminally truncated HsDNPH1
variants, used for crystallography,” were purified to homogeneity
as estimated by Coomassie Blue-stained SDS-PAGE (Figure S1).
Electrospray ionization-time-of-flight mass spectrometry (ESI-
TOF-MS) confirmed the expected masses of all variants (Figure
S2).

Biocatalytic Production of 5ShmdUMP

Chemical synthesis of 2'-deoxynucleotides are often cumbersome,
requiring high temperatures, hazardous chemicals, and several
protection and deprotection steps.l®! We developed a one-pot,
room temperature, biocatalytic route to 5hmdUMP from
commercially available 5hmUra and 2'-deoxyinosine. First, a 2-
deoxyribosyl-transfer  reaction catalysed by  Bacillus
psychrosaccharolyticus nucleoside 2-deoxyribosyltransferase
(BoNDT)®! was used to form 5-hydroxymethyl-2'-deoxyuridine.

10.1002/cbic.202400047
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Xanthine oxidase was used to drive forward the reaction
equilibrium by converting the hypoxanthine coproduct to uric acid.
Selective phosphorylation of the 5-hydroxymethyl-2'-deoxyuridine
to yield 5hmdUMP was achieved by adding Drosophila
melanogaster 2'-deoxynucleoside kinasel'%, ATP, and MgCly,
along with pyruvate kinase and phosphoenolpyruvate to
regenerate ATP. The final product was purified by anion
exchange, and showed one peak by HPLC (Figure 1a). High-
resolution desorption electrospray ionization mass spectrometry
(DESI-MS) detected the desired m/z (Figure 1b), and the UV-VIS
absorbance spectrum (Figure 1c) showed the characteristic Amax
at 264 nm.['1 Both 'H-NMR and *'P-NMR spectra are shown in
Figures S3 and S4, respectively.

pH-rate profile of WT-HsDNPH1

To allow a more detailed mechanistic analysis of the HsDNPH1
reaction, we developed a direct and continuous activity assay. We
determined the extinction coefficient at 264 nm (g264) of ShmUra
to be 8000 M' cm™ (Figure S5), which allowed quantification of
substrate consumption during the HsDNPH1-catalysed reaction
under steady-state conditions based on a Aess of 2,200 M cm™
when compared with the g4 of ShmdUMP (10,200 M- cm™).['1]
Initial rates were dependent on HsDNPH1 concentration (Figure
S6). A 5ShmdUMP saturation curve at 37 °C was fitted to equation
(1) to yield a steady-state catalytic rate constant (kcat) of 0.34 +
0.01 s (value = fitting error), in excellent agreement with the Kgat
recently published using a continuous coupled assay.®®! Owing to
the relatively low sensitivity of our assay, the lowest concentration
of 5hmdUMP (2.5 uM) that resulted in a reliable rate
measurement was only marginally below the Michaelis constant
(Km) of 3.5 + 0.4 uM; thus, this value should be interpreted with
caution, even though it lies within 2-fold of that recently reported. !
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Figure 1. Characterisation of biocatalytically synthesized 5hmdUMP. a) HPLC elution profile of 5ShmdUMP. b) High-resolution DESI-MS analysis in negative mode

of 5ShmdUMP. The inset depicts a possible ionisation state whose expected m/z matches the experimental values. c) UV-VIS spectrum of 5ShmdUMP, with a peak

at 264 nm.

To permit comparison with recently reported kinetic parameters
for WT and mutant HsDNPH1,m all subsequent kinetic
measurements were carried out at 25 °C. To probe the role of
acid-base catalysis in the HsDNPH1 hydrolysis of 5ShmdUMP, a
pH-rate profile was obtained. Because of the apparently low K,

only data on ket was obtained, and fit of the seemingly bell-
shaped profile (Figure 2a) to equation (2) showed k..t decreases
upon deprotonation of a group with an apparent pK, of 7.8 + 0.2.
While k.ot Seems to decrease upon protonation of another group,
its predicted pKa lies below 6.0, the lowest pH employed. The
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group that must be deprotonated for maximum catalysis is
probably E104, the nucleophile in the covalent catalytic
mechanism."! Candidates for the group that must be protonated
for maximum catalysis include Y24, which shares an H-bond with
E104, and D80, which has been hypothesized to donate a proton
to the anionic 5ShmUra leaving group in the first half-reaction.™!
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Figure 2. HsDNPH1 kinetics. a) HSDNPH1 pH-kcat and pD-kcat profiles. Data are
fitting value = fitting error of 5ShmdUMP saturation curves at different pHs, with
two independent measurements at each substrate concentration. The L in pL
denotes either H or D. The lines are best fit to equation (2). b) Substrate
saturation curves in either 0% or 9% glycerol (v/v). All data points are shown for
two independent measurements. The lines represent best fit to equation (1).

The pD-kcat profile showed a displacement to higher pKas (Figure
2a), with a basic limb pK, of 8.1 £ 0.1, a common observation due
to the increase of ~0.5 units in the pKas of monoprotic acids in
D,O as compared with the corresponding values in H,0.['%
Importantly, the pL-independent keas produced a solvent
deuterium kinetic isotope effect (P2%kq) of 1.0 + 0.1, indicating
that proton transfers do not accompany rate-limiting steps for Kcat.
At pH 7.0, where HsDNPH1 kg is highest, substrate saturation
curves (Figure 2b) produced a ket of 0.22 + 0.01 s, and a
predicted Ky of 3.1 £ 0.4 uM, although the latter is too close to the
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lowest nonzero 5hmdUMP concentration used (2.5 pM).
Therefore, it is more accurate to interpret 3.1 uM as an upper limit
for the HSDNPH1 Ky (keat/Km = 7.1 x 10* M s1). For comparison,
an HsDNPH1 Ky of 2.1 uM at 25 °C and pH 7.0 was recently
reported.”? A substrate saturation curve in 9% glycerol (v/v),
mimicking the equivalent viscosity of ~100% D.O at 25 °C,
produced no solvent viscosity effect (Table 1), suggesting
diffusional steps encompassed by k.. (release of the two reaction
products) are kinetically insignificant.!'®]

Site-directed mutants of HsDNPH1

To probe the catalytic contribution of several active-site residues,
Y24F-, Y24H-, Y24K-, E104A-, E104D-, D80N-, D80A-, R30A-,
and H56A-HsDNPH1 variants were characterised. Reaction
mixtures containing, in turn, 5ShmdUMP (150 uM) and each of the
HsDNPH1 variants (20 uM) were analysed by HPLC after being
allowed to react for 6 h at 25 °C (Figure 3a and Figure S8). The
reactions catalysed by Y24F-, D8ON-, D80A-, R30A-, and H56A-
HsDNPH1, as well as WT-HsDNPH1, went to completion,
showing these variants are active and capable of multiple
turnovers. On the other hand, E104A-HsDNPH1 was inactive, as
expected given the absence of the nucleophilic residue, as
reported for an E104Q-HsDNPH1 variant,”! but so was Y24K-
HsDNPHA1, indicating a linear chain with positive charge disrupts
the charge balance and/or positioning, required for catalysis,
around E104. Curiously, variants E104D-HsDNPH1 and Y24H-
HsDNPH1 displayed incomplete conversion, as peaks matching
the retention time of 5ShmdUMP and 5hmUra remained after 6 h.
It is possible that either the activity of these variants is extremely
reduced and they would take much longer than 6 h to reach
reaction completion, they are capable of only one turnover (or
half-turnover), or they are unstable and unfolded before the
reaction reached completion.
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Figure 3. Characterisation of HSDNPH1 variants. a) HPLC elution profiles of the reaction catalysed by HsDNPH1 variants. The substrate 5ShmdUMP elutes at ~4.9

min, whereas the product 5ShmUra elutes at ~1.4 min. b) DSF-based thermal denaturation of HsDNPH1 variants in the absence and presence of 5ShmdUMP. Black

lines (solid lines: in the absence of 5hmdUMP; dashed lines: in the presence of 5ShmdUMP) are best fit to equation (3).

DSF-based thermal denaturation assays (Figure 3b and Table
S1) showed D80ON-, D80A-, and E104A-HsDNPH1 have
increased melting temperatures (Tr) relative to WT-HsDNPH1,

and the presence of 5ShmdUMP had no significant effect on their
Tm. Y24H-HsDNPH1 T, drastically increased (AT = +13 °C) in
the presence of ShmdUMP. E104D- and Y24K-HsDNPH1 did not
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produced interpretable DSF data, as they seemed significantly
unfolded even at the lowest temperature.

pH-rate profiles of HsDNPH1 mutants

Given that Y24F-, D80N-, D80A-, R30A-, and H56A-HsDNPH1
were capable of multiple catalytic turnovers, their steady-state
kinetics were evaluated over different pHs (Figure 4a) to gauge
the contribution of residues Y24, D80, H56, and R30 to HsDNPH1
catalysis. Y24F-HsDNPH1 produced a similar pH-kct profile to
WT-HsDNPH1, with a group with apparent pKa, below 6.0 required
to be deprotonated for maximum catalysis, and another with
apparent pKj, of 8.1 £ 0.1 that must be protonated for maximum
catalysis. This suggests that Y24 is unlikely to be the group whose
protonation state is reflected in the basic limb of WT-HsDNPH1
pH-keat profile, but its absence probably causes a small increase
in the pK, of that group from 7.8 to 8.1. Furthermore, Y24F-
HsSDNPH1 ket is reduced 400-fold as compared with WT-
HsDNPHA1, indicating Y24 contributes ~3.6 kcal/mol to HsDNPH1
catalysis, based on equation (4).

10.1002/cbic.202400047
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The D80N-HsDNPH1 pH-kca profile only showed a decrease in
the acidic limb, upon protonation of a group with an apparent pK,
of 6.1 = 0.2. Although the value must be taken with caution as it
is within experimental error of the lowest pH value employed, this
pKa likely reflects the ionisation state of E104, as in the WT- and
Y24F-HsDNPH1 profiles. Interestingly, the basic limb of the
D80N-HsDNPH1 profile was flattened, suggestive that the group
whose deprotonation abolishes catalysis in the WT enzyme is
either D80 or directly influenced by its protonation state. This
notion is reinforced by the D80A-HsSDNPH1 pH-kg.: profile, which
is pH-independent, and also points to the loss of H-bond
donor/acceptor ability upon the D80A substitution as perturbing
the pK, of E104. The D80N and D80A substitutions result in 129-
and 629-fold lower kg relative to the WT variant (Table 1),
consistent with D80 contributing ~2.9 kcal/mol to catalysis from its
ability to participate in acid-base chemistry (which is lost in DS8ON-
HsDNPH1), and another ~1.0 kcal/mol from its capacity to
participate in H-bonds (which is further lost in D80A-HsDNPH1).
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Figure 4. Enzyme kinetics of HsDNPH1 mutants. a) pH-kcat profiles of active-site HsDNPH1 variants. Data are fitting value = fitting error of 5ShmdUMP saturation

curves at different pHs, with two independent measurements at each substrate concentration. The lines are best fit to either equation (2) for Y24F, equation (5) for

D80N, or equation (6) for R30A. b) Substrate saturation curves in either H20, D20, or glycerol. All data points are shown for two independent measurements. The
lines represent best fit to either equation (1) for R30A or equation (7) for H56A, Y24F, D80N, and D80A.

In the recently reported crystal structure of E104Q-HsDNPH1,
H56 donated an H-bond to 02 of 5hmdUMP, and an H56A
mutation decreased activity 11-fold relative to WT-HSDNPH1.Il In
agreement, our results showed H56A-HsDNPH1 has a 15-fold
lower kqat in comparison to WT-HsDNPH1 (Table 1), a relatively
modest catalytic contribution (~1.6 kcal/mol) when compared to
those of Y24 and D80. However, this value was pH-independent,
demonstrating the H56’s ability to participate in polar interactions
and/or acid-base chemistry influences the pK, of key groups in

the active site. H56 A-HSDNPH1 kca/Ku of 2.5 x 103 M" s is ~28-
fold lower than the WT value, pointing to a slightly higher
contribution of H56 to the first half-reaction, which ends upon
departure of 5hmdUra from the 5-phospho-2-deoxyribosylated
enzyme, in agreement with a previous suggestion.!

R30A-HsDNPH1 led to just an ~6-fold decrease in k.t as
compared with WT-HsDNPH1 (Table 1), in excellent agreement
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with recently published observations.l! R30 interacts with the O4
of 5hmUra moiety of 5hmdUMP via a water molecule.[
Interestingly, R30A-HsDNPH1 Ky increased to 46 + 5 uM (Figure
4b), which resulted in a ke/Km of 804 M- s, at least an 88-fold
reduction from the WT value. This indicates that R30 makes a
more sizable contribution to the first half-reaction. Moreover, the
R30A-HsDNPH1 kea/Ky with dUMP as a substrate (5 M s™) is
reduced only ~3-fold from the WT-HsDNPH1 kca/ Ky with dUMP
(16 M s") (Figure S9), showing R30’s contribution to kei/Kw is
only relevant with the physiological substrate. Intriguingly, the
R30A substitution shifted the optimum pH for kg, from 7.0 to 6.5
(Figure 4a), with ket decreasing upon deprotonation of a group
with an apparent pK; of 7.3 £+ 0.3. This suggests R30, and/or its
interaction with another group, helps modulate the pKj of another
active-site group, since it is unlikely that R30 itself participates in
acid-base chemistry.

Interestingly, the P2k, for all HSDNPH1 variants were either
unity or near unity (Figure 4B and Table 1). This indicates that
even for variants with a significantly decreased ke, including
those where a residue suspected to be directly involved in acid-
base chemistry is absent (such as D8ON and D80A), proton
transfers do not occur in a rate-limiting step. On one hand, if N-
ribosidic bond cleavage were rate-limiting for the first half-reaction
or the overall reaction, protonation of the anionic leaving group
can be envisioned to be fast, since it likely happens after the C1'—
N1 bond breaking transition state based on other pyrimidine
nucleoside N-ribosidic bond-cleaving enzymes.l' On the other
hand, if nucleophilic attack by a water molecule were rate-limiting
for the second half-reaction or the overall reaction, it would be
more difficult to envision proton abstraction by E55 and
nucleophilic water activation not occurring in the same transition
state as the C1-0 bond formation, which would produce a sizable
Dzokcat-

Crystal structures of D80N-, D80A-, and Y24F-HsDNPH1

To gain further insight into the role of the Y24 and D80 in catalysis,
the crystal structure of D8ON-HsDNPH1 was solved in complex
with  5hmdUMP, and D80A-HsDNPH1 and Y24F-HsDNPH1
structures were solved in their unliganded forms, with data to
1.75-, 1.95-, 2.14-A resolution, respectively. Data processing and
refinement statistics are summarised in Table S2. D8ON-
HsDNPH1 crystallised with a dimer and one subunit of another
dimer in the asymmetric unit. Interestingly, only one of the
subunits of the full dimer and the subunit of the other dimer
showed electron density for 5hmdUMP in the active site (Figure
5a and Figure S10), whereas the other subunit of the fully formed
dimer was in its unliganded state (Figure 5b).

In the D8ON-HsDNPH1:5hmdUMP complex, the R30 loop
extends over the active site, and R30 forms a salt-bridge with D73
(closed form) (Figure 5b), acting as a lid above the substrate. This
was observed also in the WT-HsDNPH1:dUMP complex™ and in
the E104Q-HsDNPH1:5hmdUMP complex.l! In the previously
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reported unliganded WT-HsDNPH1, however, the R30 loop is
presumably disordered, and no electron density could be seen.“
In the current unliganded D8ON-HsDNPH1 subunit, the R30 loop
is fully visible, furnishing insight into the conformational change
that is likely required to allow substrate access to and product
release from the active site (open form).

D80N-HsDNPH1 makes several polar and nonpolar contacts with
5hmdUMP (Figure 5a). The nucleobase moiety is wedged
between the 129 and 176 side chains. The 5'-PO4? moiety of the
substrate accepts H-bonds from the main-chain -NH of G31, R30,
G100, and 129, and from the side-chain —OH of S98. Interestingly,
an intramolecular H-bond is present between 5hmdUMP 5'-PO4*
and 5-CH,OH groups. This positions the substrate in the anti-
conformation with regards to the 2'-deoxyribosyl plane and the
nucleobase O2. This is the opposite conformation to that of WT-
HsDNPH1-bound dUMP™ (Figure S11).

Two additional interactions not present in the WT-
HsDNPH1:dUMPH and E104Q-HsDNPH1-5hmdUMP!
structures are identified: N80 donates an H-bond to 5hmdUMP
02, and E55 accepts an H-bond from 5hmdUMP N3. The
importance of the latter to substrate catalysis is likely small, since
E55Q-HsDNPH1 can form the covalent intermediate. The first,
however, could be mechanistically relevant. The two subunits with
bound substrate have subtle differences as E104, Y24, and N80
are concerned (Figure 5c and 5d). In one subunit, the nucleotide
C1'is 3.3 A away from the E104 —COO", and Y24 shares a very
short H-bond with E104 —COO" and a longer one with N80 (Figure
5c). In the other subunit, the Y24-E104 H-bond is now longer than
the Y24-N80 one, which is presumably required to free up the
E104 —COOon its way to attack on C1’, now 3.1-A away (Figure
5d). If the scenario described above is also operational in the WT
enzyme, the D80 must be protonated to donate an H-bond to
5hmdUMP O2, in line with the proposal from the pH-rate profiles.

In the D80N-HsDNPH1 unliganded subunit, E104 interacts with
both Y24 and E55, which now blocks substrate access to the
nucleophile (Figure 5e). Either E104 or E55 must be protonated
in this pose. This snapshot might represent a way for E55 to
regenerate its unprotonated state for the next round of catalysis,
after having abstracted a proton from a water molecule in the
second half-reaction.! Even if operational, this step would be fast,
given no P29k, is observed.

The D80A-HsDNPH1 unliganded structure shows an H-bond
between E104 and Y24 side chains (Figure 6a). Surprisingly, in
the Y24F-HsDNPH1 unliganded structure, the side chains of
E104 and D80 move much closer to each other (Figure 6b),
indicating at least one of the side chains must be in its protonated
state.
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Combining our structural and functional results, a mechanistic
hypothesis may be put forward for the first half-reaction that
refines those recently proposed, 7 and envisions roles in
positioning and acid-base chemistry for Y24 and D80 (Scheme 2).
Y24 shares a strong H-bond with E104. This helps align E104 for
optimum nucleophilic attack on the substrate. However, to make
E104 sufficiently nucleophilic, this H-bond is extended and
eventually disrupted as D80 pries the Y24 —OH away from E104,
allowing E104 to be esterified in the 5-phospho-2-deoxyribosyl-
enzyme adduct while Y24 donates an H-bond to D80. The latter
pose was captured in the E104Q-HsDNPH1 covalent
intermediate complex structure.[”? The H-bond between D80 and

a) b)

E55

B2l o E104
Y24
C)
~2.8 A
' -
]
3.3 A
! N80
\\ l'

Y24
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5hmdUMP O2 may also play a role in positioning, by pulling the
substrate closer to E104. Following formation of the likely anionic
5hmUra, D80 acts as a general acid to protonate it, in a step that
is not rate-limiting. This interpretation explains the reduced Kc.t for
D80N-HsDNPH1 (the anionic 5ShmUra must be protonated by a
different group not as ideally positioned to do so) and a more
significantly reduced kc« for D80A-HsSDNPH1 as even the
positioning and E104 nucleophilicity-modulation roles afforded by
N80 are lost. Y24 is important for proper positioning of E104 and
for preventing D80 and E104 from coming in close contact with
each other, which would be detrimental to nucleophilic attack,
explaining the reduction in Y24F-HsDNPH1 Kcat.

R30 D73

e)
E30 H56

E104 > 2.6 A% N80

Y24

Y24

Figure 5. Crystal structures of D8ON-HsDNPH1. a) Active-site close-up of D80N-HsDNPH1:5hmdUMP complex. b) Cartoon depiction of the overlay between
unliganded (white, with R30-loop in purple) and 5hmdUMP-bound D80N-HsDNPH1 (light cyan, with R30-loop in teal) subunits. The ligand is omited for clarity. c)
Stick model of the D8BON-HsDNPH1 catalytic triad and substrate in one subunit. d) Stick model of the D8ON-HsDNPH1 catalytic triad and substrate in another subunit.
e) Stick model of the D8ON-HsDNPH1 catalytic triad in the unliganded subunit. Residues are shown in teal, and 5hmdUMP in gray. The red sphere is a water

molecule. Black dashed lines depict polar interactions, whereas grey dashed lines depict distances only.
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. A80
E104 E104 D8O

Y24 F24

Figure 5. Crystal structures of D80A- and Y24F-HsDNPH1. a) Stick model
representation of D80A-HsDNPH1 E104, Y24, and A80. b) Stick model
representation of Y24F-HsDNPH1 E104, F24, and D80. Black dashed lines

represent polar interactions.

Table 1. HsDNPH1 variants steady-state kinetic parameters at 25 °C and

optimum pL.
HsDNPH1 Keat (5°) D20k ooyl Keat (s1) in 9%
glycerol
WT 0.22 +0.01 1.0£01 0.22 £ 0.01
Y24F®! 0.00055 + 1.1+£0.1 0.00058 +
0.00003 0.00002
D80AN® 0.00170 £ 1.14 £ 0.09 0.00160 +
0.00005 0.00009
D8OA! 0.00035 + 0.92 +0.07 0.00033 +
0.00001 0.00002
H56A! 0.0144 + 0.99 +£0.01 0.0151 +
0.0006 0.0003
R30AM 0.037 £ 0.002 1.3+0.1 0.040 + 0.001

[a] Value corrected for viscosity effect. [b] pL 7.0. [c] pL 7.5. [d] pL 6.5.
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Scheme 1. Hydrolysis of 5ShmdUMP catalyzed by DNPH1.
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Scheme 2. Proposed mechanism for the first half-reaction of 5hmdUMP
hydrolysis catalyzed by DNPH1.

Conclusion

The kinetic and site-directed mutagenesis analysis of HsDNPH1,
along with crystal structures of enzyme variants in unliganded and
substrate-bound forms is consistent with a mechanism where
proton-transfer steps do not accompany rate-limiting steps.
Furthermore, D80 helps position the substrate for nucleophilic
attack, and acts as the general acid for the first half-reaction, while
Y24 positions E104 for catalysis. This proposal is partly related to
the covalent mechanism suggested for MutY, an adenine DNA
glycosylase, on the basis of quantum mechanics/molecular
mechanics (QM/MM) calculations. In MutY, an asparagine is
poised to position a nucleophilic aspartate for attack on the
anomeric carbon.'8! Spectroscopic and QM/MM studies on
HsDNPH1 may uncover more details of the proposed mechanism,
including evidence for the anionic 5ShmdUra intermediate, charge
distribution among active-site residues, and the dynamics of the
R30-loop.

Experimental Section

Materials. All commercially available materials were purchased
from Merck, Roche, Expedeon, Formedium, Cambridge
BioScience, Agilent Technologies, Abcam, Cytiva, and
ThermoFisher Scientific, and used as received unless otherwise
stated. Tobacco etch virus protease (TEVP) was obtained as
previously described.l'® Escherichia coli 5-o. and BL21(DE3)
competent cells were from New England Biolabs. DNA
oligonucleotide primers were from Integrated DNA technologies
(IDT).

Site-directed mutagenesis of HsDNPH1. Expression of full-
length WT-HsDNPH1 for functional studies and N-terminally
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truncated, otherwise WT-HsDNPH1 for crystallographic studies
were carried out as previously published. Site-directed
mutagenesis was carried out with overlapping primers according
to the method of Liu and Naismith.['l Primer sequences are listed
in Table S3. For all mutants, WT-HsDNPH1 expression vector!*l
was used as the DNA template. The following single-amino-acid
mutants were produced: Y24F-, Y24K-, Y24H-, H56A-, D80A-,
D80N-, E104A, E104D-, R30A-HsDNPH1. Correct insertion of
each mutation was confirmed by DNA sequencing (Eurofins
Genomics).

Recombinant gene expression. E. coli BL21(DE3) competent
cells were transformed with pJexpress414 plasmids harbouring
His-tagged (with a  TEVP-cleavable site) Bacillus
psychrosaccharolyticus 2'-deoxyribosyltransferase (BpNDT),®!
Drosophila melanogaster deoxynucleotide kinase (DmdNK),!'%l
WT-, Y24F-, Y24K-, Y24H-, H56A-, R30A-, D80A-, D80N-, E104A,
or E104D-HsDNPH1. Cells were grown independently in
lysogeny broth (LB) containing 100 pg mL~" ampicillin at 37 °C to
an optical density of 0.6 — 0.8 at 600 nm before expression was
induced with 0.5 mM IPTG. Cells were grown for an additional 16
h (BoNDT, DmdNK) or 3 h (HsDNPH1 variants) at 37 °C,
harvested by centrifugation (6,774 g, 20 min, 4 °C), and stored at
-20 °C.

Purification of BpNDT and HsDNPH1 variants. Each
recombinant protein was purified independently, and all
purification procedures were conducted on ice or at 4 °C using an
ATKA Start FPLC system (GE Healthcare). All filtration of
samples was by syringe through a 0.45 pm membrane. All SDS-
PAGE used a NuPAGE Bis-Tris 4-12% Precast Gel
(ThermoFisher Scientific) with the PageRuler Plus Stained
Protein Ladder (ThermoFisher Scientific). Cells were thawed on
ice and resuspended in Buffer A [50 mM HEPES, 300 mM NacCl,
10 mM imidazole, pH 7.5] containing 0.2 mg mL-" lysozyme, 0.05
mg mL-' BaseMuncher (Expedeon), and half a tablet of EDTA-
free Complete protease inhibitor cocktail, disrupted in a cell
disruptor (Constant systems) at 30 kpsi, and centrifuged (48,000
g, 30 min). The supernatant was filtered and loaded onto a 5-mL
HisTrap FF column (Cytiva) pre-equilibrated with Buffer A. The
column was washed with 20 column volumes (CV) of 10% Buffer
B [50 mM HEPES, 300 mM NaCl, 500 mM imidazole, pH 7.5]
and the target protein eluted with a 30-CV linear gradient of 10 —
65% Buffer B. Fractions containing the protein of interest were
pooled, mixed with TEVP at a ratio of 15 mg of target protein to 1
mg of TEVP, and dialysed against 2 x 2 L Buffer C [20 mM HEPES,
150 mM NaCl, 2 mM DTT, 10% glycerol, pH 7.5], then dialysed
against 2 x 2 L of Buffer A. Samples were filtered and loaded onto
a 5-mL HisTrap FF column pre-equilibrated with Buffer A. The
flow through was collected and analysed by SDS-PAGE. Each
purified protein was dialysed against 2 x 2 L of 20 mM HEPES,
100 mM NaCl, pH 7.5. WT- and variant HsDNPH1 were
concentrated through a 10,000 molecular weight cutoff (MWCO)
ultrafiltration membrane (Millipore). BoNDT was used without
further concentration. Protein concentration was determined by
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UV absorbance (NanoDrop) at 280 nm using theoretical molar
extinction coefficients (e250) of 34,940 M~ cm™" (BpNDT), 23,950
M-"cm™ (WT-HsDNPH1, H56A-, D8ON-, D80A-, R30A-, E104A-,
E104D-HsDNPH1) and 22,460 M~" cm™ (Y24H-, Y24F-, Y24K-
HsDNPH1) (ProtParam tool - Expasy). Proteins were aliquoted
and stored at —80 °C. Molecular masses of HsDNPH1 variants
were determined by LC-ESI/TOF-MS analysis at the University of
St Andrews BSRC Proteomics and Mass Spectrometry Facility.

Purification of DmdNK. Cells were thawed on ice and
resuspended in Buffer A [50 mM HEPES, 500 mM NaCl, 5 mM
imidazole pH 7.5] containing 0.2 mg mL""lysozyme, 0.05 mg mL"
' BaseMuncher (Expedeon), and half a tablet of EDTA-free
Complete protease inhibitor cocktail, disrupted in a cell disruptor
(Constant systems) at 30 kpsi, and centrifuged (48,000 g, 30 min).
The supernatant was filtered and loaded onto a 5-mL HisTrap FF
column (Cytiva) pre-equilibrated with Buffer A. The column was
washed with 15 column volumes (CV) of 5% Buffer B [50 mM
HEPES, 500 mM NaCl, 200 mM imidazole, pH 7.5], then with 15
CV of 9% Buffer B. The protein was eluted with a 20-CV linear
gradient of 9 — 30% Buffer B and elution fractions analysed by
SDS-PAGE. Fractions containing the protein of interest were
pooled, dialysed against 2 x 2 L of 50 mM TRIS-HCI, 300 mM
NaCl, pH 7.5 and concentrated. The identity of the protein was
confirmed via tryptic digest and LC-MS/MS analysis of the tryptic
peptides at the University of St Andrews BSRC Proteomics and
Mass Spectrometry Facility.

Biocatalytic synthesis of 5ShmdUMP. A reaction mixture (10 mL)
of 1 mM dIMP, 1.5 mM 5-hmUra, 100 mM HEPES pH 8.0, 1 uM
BpNDT, and 0.3 mg of xanthine oxidase was incubated at room
temperature for 3 h under gentle stirring, after which 2 yM DmdNK,
5 mM MgCl, 0.375 mM ATP, 72 U/mL pyruvate kinase (Merck)
and 1 mM phosphoenolpyruvate (Merck) were added, and the
reaction left to proceed for a further 3 h under gentle stirring. The
reaction was quenched with ice-cold methanol, vortexed and
centrifuged at 3,005 g for 10 min to remove enzyme, and the
supernatant was lyophilized. The powder was resuspended in
water and loaded onto a 20-mL HiTrap Q HP anion exchange
column (Cytiva) pre-equilibrated with water at 4 °C in an ATKA
Start FPLC system (GE Healthcare). The column was washed
with 5 CV of water, and 5hmdUMP eluted with a 30-CV linear
gradient of 0 — 20% 1 M ammonium bicarbonate. Fractions
exhibiting absorbance at 280 nm corresponding to 5ShmdUMP
were pooled, lyophilized and stored at —20 °C. The concentration
of 5ShmdUMP was determined spectrophotometrically at 264 nm
(g264 = 10,200 M-* cm™)""l, High-resolution DESI-MS, HPLC, UV-
VIS spectrum, 3'P- and "H-NMR spectra (*'P- and 'H-NMR were
acquired on a Bruker AVIII 500 MHz in a total of 128 scans and 8
scans, respectively, with solvent lock achieved with D>0),
confirmed purity of the desired compound.

Extinction coefficient of 5-hmUra at 264 nm. The UV
absorbance at 264 nm of 5-hmUra at known concentrations
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(0.069 — 0.98 mM, determined spectrophotometrically at 261 nm,
€261 = 8,100 M cm™)!"" was measured (NanoDrop) (three
independent measurements) and a standard curve of absorbance
versus 5-hmUra concentration used to calculate the extinction
coefficient at 264 nm.

DSF. DSF measurements (Aex =520 £ 10 nm, Aey =558 £ 11 nm)
were performed in 96-well plates on an Applied Biosystems
QuantStudio™ 1 Real-Time PCR instrument. Reactions (20 pL)
contained 100 mM HEPES pH 7.0 (for WT-, Y24F-, Y24H-, Y24K-,
D80A-, H56A-, E104D-HsDNPH1), 100 mM HEPES pH 6.5 (for
R30A-HsDNPH1), 100 mM HEPES pH 7.5 (for DBON-HsDNPH1),
20 mM HEPES, 100 mM NaCl pH 7.5 (for E104A-HsDNPH1), 8
MM enzyme and 5X Sypro Orange (Invitrogen) in the presence
and absence of 30 yM 5hmdUMP. Thermal denaturation curves
were recorded over a temperature range of 25 — 95°C with
increments of 0.05 °C s™". Control curves lacked protein and were
subtracted from curves containing protein. All measurements
were carried out in a minimum of two independent measurements.

HPLC-Based Assay of HsDNPH1 Activity. Reactions (100 pL)
containing 100 mM HEPES pH 7.0, 150 ygM 5hmdUMP, and 20
MM either WT-, Y24F-, Y24H-, Y24K-, D80A-, D80N-, H56A-,
E104A-, E104D-, R30A-, or H56A-HsDNPH1 were incubated at
25 °C for 6 hours, quenched with 200 pL of ice-cold methanol,
vortexed for 2 min, and centrifuged (16000 g) for 10 min. The
supernatant was collected, dried under vacuum centrifugation,
and resolubilized in 100 yL HPLC-grade water before 20 pL were
loaded onto an Atlantis Premier BEH C18 AX column (1.7 pm, 2.1
A~ 100 mm) on a Thermo Dionex UltiMate 3000 HPLC. The
column was pre-equilibrated with 50 mM triethylamine:acetic acid
pH 5.0 and run with the same mobile phase for 8 min in an
isocratic manner at 0.35 mL min~". Elution was monitored by UV
absorbance at 260 nm. Control lacked enzyme. Standard
solutions of 1 mM 5-hmUra and 5ShmdUMP were injected (10 plL)
and run under the same conditons to determine 2'-
deoxynucleotide and nucleobase retention time.

Spectrophotometric Assay of HsDNPH1 Activity. Initial rates
of enzyme-catalysed hydrolysis of 5ShmdUMP at 25 °C were
monitored continuously in 1-cm optical path length quartz
cuvettes (Hellma) following the decrease in absorbance at 264
nm (Agps = 2,200 M7 cm™) in a Shimadzu UV-2600
spectrophotometer outfitted with a CPS unit for temperature
control. Reactions (500 uL) contained either 100 mM HEPES pH
7.0 (for WT-, Y24F-, D80A-, and H56A-HsDNPH1), 100 mM
HEPES pH 6.5 (for R30A-HsDNPH1), or 100 mM HEPES pH 7.5
(for DBON-HsDNPH1), varying concentrations of 5hmdUMP (2.5
— 20 uM for WT-HsDNPH1; 30 — 70 uM for D80A- and Y24F-
HsDNPH1; 10 — 160 pM for R30A-HsDNPH1; 2.5 — 40 uM for
H56A-HsDNPH1; 25 — 70 uM for D80ON-HsDNPH1), and one of
the HsDNPH1 variants. Activity of WT-HsDNPH1 (0.2 — 0.4 yM)
was assayed for 120 s; activity of D80A- (20 uM), Y24F- and
D80N-HsDNPH1 (10 uM) was assayed for 600 s; activity of R30A-

10.1002/cbic.202400047

WILEY . vcH

and H56A-HsDNPH1 (2 yM) was assayed for 180 s and 300 s
respectively. Cuvettes were incubated in the spectrophotometer
at 25 °C for 3 min before reaction was initiated by the addition of
enzyme. Controls  lacked enzyme. Two independent
measurements were performed. Initial rates of WT-HsDNPH1
were also measured in the presence of 20 yM 5hmdUMP and
varying enzyme concentrations (0.1 — 3.2 pM).

WT- and Mutant HsDNPH1 pH-Rate Profiles. The pH
dependence of the reaction rate constants were determined by
measuring initial rates at 25 °C via the spectrophotometric assay
in a composite buffer system of 100 mM MES, 100 mM HEPES,
and 100 mM TAPS pH 6.0-8.5 using the same conditions as
previously described, except for 5ShmdUMP concentration (2.5 —
40 uM for WT-HsDNPH1; 20 — 60 uM for D80ON-HsDNPH1; 5 —
300 uM for R30A — HsDNPH1; 2.5 — 80 uM for H56 A-HsDNPH1;
30 — 70 uM for D80A- and Y24F-HsDNPH1). Before the pH-rate
profile data were collected, enzyme stability at the extremes of the
pH range used was confirmed in the following manner: each
HsDNPH1 variant was diluted in buffer at either pH 6.0 or 8.5 prior
to the activity assay at either pH 6.5 (for R30A-HsDNPH1), 7.0
(for Y24F-, D80A-, H56A-HsDNPH1) or 7.5 (for DBON-HsDNPH1),
without any change in activity within experimental error. Two
independent measurements were carried out.

HsDNPH1 Activity in DO and Glycerol. Initial rates of
5hmdUMP hydrolysis were measured at 25 °C in either 100 mM
HEPES pH 7.0 (for WT-, Y24F-, D80A-, H56A-HsDNPH1), 100
mM HEPES pH 6.5 (for R80A-HsDNPH1) or 100 mM HEPES pH
7.5 (for D8ON-HsDNPH1) under the same conditions as
described for the spectrophotometric assay, in the presence of
9% glycerol. Alternatively, initial rates of 5ShmdUMP hydrolysis
were measured in either 100 mM HEPES pL 7.0 (pD = pH meter
reading + 0.4)'8 (for Y24F-, D80A-, H56A-HsDNPH1), 100 mM
HEPES pL 6.5 (for R30A-HsDNPH1) or 100 mM HEPES pL 7.5
(for D8ON-HsDNPH1) in either 95.8% D,O (v/v) (for D80A-),
99.4% D,0 (v/v) (for R30A-), 97.0% D,0O (v/v) (for DBON-), 97.9%
D20 (v/v) (for Y24F-), 99.3% D20 (v/v) (for H56 A-HsDNPH1). For
WT-HsDNPH1, a pD-rate profile was built under the exact same
conditions as the corresponding pH-rate profile, except it was in
99.5% D0 (v/v). The P20k, was calculated as the ratio of the kgat
in H20 to the ket in D20. Two independent measurements were
carried out.

WT- and R30A-HsDNPH1 Activity with dUMP. Initial rates of
enzyme-catalysed hydrolysis of dUMP at 25 °C were monitored
continuously for 10 min in 1-cm optical path length quartz cuvettes
(Hellma) following the decrease in absorbance at 282 nm (A&s2 =
1,600 M™' cm™)" in a Shimadzu UV-2600 spectrophotometer
outfitted with a CPS unit for temperature control. Reactions (500
pL) contained 100 mM HEPES pH 7.0, 10 yM either WT-
HsDNPH1 or R30A-HsDNPH1 and 0 — 700 pM dUMP. The
maximum dUMP concentration never exceeded 700 uM as the
linear range of the spectrophotometer at 282 nm was extrapolated
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at higher concentrations. Controls lacked enzymes. Cuvettes
were incubated in the spectrophotometer at 25 °C for 3 min before
reaction was initiated by the addition of enzyme. Two
independent measurements were carried out.

Protein crystallography. N-terminally truncated Y24F-, D80A-,
and D80N-HsDNPH1 were purified as described for WT-
HsDNPH1,# concentrated up to 10 mg mL" in 30 mM Tris-
HCI pH 7.5, 150 mM NaCl, and crystallization plates were set up
with commercially available screens (Molecular Dimensions).
Crystals were obtained using the sitting drop vapour diffusion
method at 20 °C. Crystals of D80A-HsDNPH1 were obtained in
0.1 M sodium acetate pH 4.6 and 8% PEG-4000 in 96-well plates,
and cryoprotected with the same solution before flash-freezing in
liquid nitrogen. Y24F-HsDNPH1 crystallized in 0.2 M ammonium
sulfate, 0.1 M MES, pH 6.5, 30% PEG-5000 monomethyl ether,
and cryoprotected with 0.2 M ammonium sulfate, 0.1 M MES pH
6.5, 5% PEG-5000 monomethyl ether, and 30% PEG-400 before
flash-freezing in liquid nitrogen. D8ON-HsDNPH1 crystallised in
24-well Linbro plates by mixing 2.5 uL of 10 mg mL™" protein with
an equal volume of reservoir buffer consisting of 25 mM sodium
malonate, 37.5 mM imidazole, 37.5 mM boric acid pH 4.0, and
15% PEG-1500. Each well of the Linbro plate contained 1 mL of
reservoir buffer. To obtain 5ShmdUMP-bound crystals, crystals
were soaked in cryoprotectant (5% PEG-1500 and 35% PEG-400
in the reservoir buffer) supplemented with 7.5 mM 5hmdUMP for
30 s before flash-freezing in liquid nitrogen. All X-ray diffraction
data were collected at beamline 124 (wavelength 0.6199A) at
Diamond Light Source, UK. Unmerged MTZ was processed and
scaled using the automated processing pipeline Xia2?% integrated
with DIALSPY and further processed using AIMLESS.PZ All
structures were solved by molecular replacement with
PhaserMR?3 using the HsDNPH1 unliganded structure (PDB ID
80S9)“ as the search model. Structures were refined using
iterative cycles of model building with COOT? and refinement
with either Phenix-refine?® or Refmac.?!

Kinetics and denaturation data analysis. Kinetics and protein
denaturation data were analysed by the non-linear regression
function of SigmaPlot 13.0 (SPSS Inc.). Substrate saturation
curves were fitted to equation (1); bell-shaped pH-rate profiles
were fitted to equation (2); thermal melting data, to equation (3);
the reaction activation energies were calculated with equation (4);
pH-rate profiles with pKj either on acidic limb only or on basic limb
only were fitted to either equation (5) or (6), respectively;
substrate saturation curves where pseudo-first order reaction
could not be assumed were fitted to equation (7); substrate-
dependence of the initial rate at low subtrate concentrations was
fitted to equation (8). In equations 1, 2, and 4 — 8, v is the initial
rate, Keat is the steady-state turnover number, Ky is the Michaelis
constant, Er is total enzyme concentration, S is the concentration
of substrate, C is the pH-independent value of ke, H is the proton
concentration, Ki1 and K, are apparent acid dissociation
constants, h is Planck’s constant, kg is Boltzmann constant, R is
the ideal gas constant, T is the absolute temperature, AG* is the
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reaction activation energy, « is the transmission coefficient
(assumed to be 1). In equation (3), Fy is fraction unfolded, T is the
temperature in °C, Tr is the melting temperature, c is the slope of
the transition region, and LL and UL are folded and unfolded
baselines, respectively.

v _ KcatS .
B = Kyts equation (1)

equation (2)

log k.o = log <;>
cat 1+(#.1)+(%)

Fy=LL+ "(LTL_LT)/ equation (3)
1+e c
Kear = lck"TTe‘M*/ (RT) equation (4)

log k.q; = log <ﬁ> equation (5)
al

log k., = log <ﬁ> equation (6)
H

Er+S+ Kp— / (Er+S+Kpy)%—4E7S

Eir = kea 2 equation (7)
v o_ M .
B K equation (8)
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The human enzyme 2'-deoxynucleoside 5'-phosphate N-hydrolase 1 (HsDNPH1) is a promising target for inhibition towards anticancer
drug development. Crystal structures, site-directed mutagenesis, and kinetic analysis, including pH-rate profiles and solvent deuterium
isotope effects, help quantify contributions from conserved residues Tyr24 and Asp80 to HsDNPH1-catalysed hydrolysis of 5-
hydroxymethyl-2'-deoxyuridine 5'-phosphate. These include nucleophile and substrate positioning and general-acid catalysis.
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