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Abstract

The gas-phase acidity and proton affinity of nucleobases that are substrates for
the enzyme human hypoxanthine-guanine phosphoribosyltransferase
(HGPRT) have been examined using both theoretical and experimental
methods. These thermochemical values have not heretofore been measured
and provide experimental data to benchmark the computational results.
HGPRT is important for human health and is also a key target for antiparasitic
chemotherapy. We use our gas-phase results to lend insight into the HGPRT
mechanism and also propose kinetic isotope studies that could potentially dif-
ferentiate between possible mechanisms.
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1 | INTRODUCTION

Hypoxanthine-guanine phosphoribosyltransferase
(HGPRT) is an enzyme that is essential for purine salvage
in both humans and parasites.!') HGPRT catalyzes the
formation of a glycosidic bond, via the transfer of a ribose
phosphate moiety (5-phospho-a-p-ribose 1-diphosphate
[PRPP]) to a purine nucleobase, to transform the purine
nucleobase to a nucleoside monophosphate (Scheme 1,
shown for hypoxanthine).'"*!

In humans, a complete lack of HGPRT leads to
Lesch-Nyhan syndrome, a condition characterized by
severe neurological and behavioral abnormalities.*! A
partial HGPRT deficiency results in hyperuricemia,
nephrolithiasis, and gouty arthritis.!>*! HGPRT is also a
target for antimalarial and antiparasitic treatments.!”'"!
Mammalian cells can synthesize nucleic acids by the de
novo pathway, as well as by the HGPRT “salvage” path-
way. By contrast, protozoan parasites only have the

enzyme catalysis, gas-phase acidity, gas-phase proton affinity, kinetic isotope effects,

salvage pathway for purines and the de novo pathway for
pyrimidines. Thus, blocking the purine salvage pathway
is a target for antimalarial design.”®’ Plasmodium
falciparum (Pf) is a parasite that is responsible for the
most widespread and lethal malaria.'”) The analogous
enzyme to human HGPRT is Pf HG(X)PRT.!"®! Pf HG(X)
PRT catalyzes the same reaction, of transferring the
ribose to the nucleobase. It has a wider range of sub-
strates, including xanthine (thus, the “X” in the enzyme
name). The provenance of the wider substrate range of
the Pf enzyme is not known.!*!! Therefore, mechanistic
studies to ascertain the similarities and differences
between human HGPRT and Pf HG(X)PRT are impor-
tant 71421241

Herein, we focus on the properties of human
(Hu) HGPRT substrates. In prior work, we have found
that the examination of properties in the gas phase,
which provides the “ultimate” nonpolar environment,
uncovers intrinsic, inherent reactivity that correlates to
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activity in other nonpolar media, including hydrophobic
enzyme active sites.””°/ In this paper, we calculate and
measure the gas-phase acidities of a series of human
HGPRT purine substrates not heretofore studied in
vacuo. We also conduct energetics and KIE calculations;
all these results are discussed in the context of the
HGPRT mechanism.

2 | RESULTS

21 | 6-Thioguanine (6-Tg, 1)
2.1.1 | Calculations: Tautomers, acidity, and
proton affinity

In our experience, calculations using B3LYP/6-31+G
(d) generally yield accurate values for thermochemical
properties of nucleobases, so we utilized this to calculate
the relative tautomeric stabilities (relative enthalpies),
acidities (AH,q), and proton affinities (PAs) of
6-Tg.2>*%1 6-Tg (1) has many possible tautomeric struc-
tures; in Figure 1, the tautomers whose energies are

within 10 kcal/mol of the most stable tautomer are
shown. Data on the remaining tautomers are given in the
supporting information. There are three tautomers
within roughly 1 kcal/mol of the most stable tautomer.
The most stable tautomer (N7H 6-Tg 1a) is 0.4 kcal/mol
more stable than the 6-thiol N9H tautomer 1b. The next
most stable tautomer is the rotamer (at the 6-thiol) of 1b
(1c), which is 1.2 kcal/mol less stable than 1a. In terms
of the thermochemical properties, the most acidic site of
1a is calculated to be the N1-H (AHg.y = 327.0 kcal/
mol). The most basic site of tautomer 1a is the N9
(PA = 225.3 kcal/mol). Tautomer 1b has a computed
acidity of 331.4 kcal/mol (at N9-H) and a PA of
222.6 kcal/mol, at N1. The most acidic site of tautomer
1c is the N9-H (AH,.q = 332.4 kcal/mol), whereas the
most basic site is the N7 (PA = 222.2 kcal/mol).

2.1.2 | Experiments: Acidity and PA

The acidity of 6-Tg was assessed using Cooks’ kinetic
method (see Section 5 for details and the supporting
information for data). The reference acids difluoroacetic
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dimethylacetamide (PA = 217.0 + 2.0 kcal/mol), and o-
anisidine (PA = 216.3 + 2.0 kcal/mol). A PA of 218
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acid (AHgig = 331.0 + 2.2 kcal/mol), 3,5-bis

(trifluoromethyl)phenol (AH,.iq = 329.7 + 2.1 kcal/mol),

o,a,0-trifluoro-2,4-pentadione (AHgeiq = 328.3 + 3 keal/mol was obtained.*”)

+ 2.9 kcal/mol), pentafluorophenol (AH, 4 = 328.0
+ 2.2 kcal/mol), and 3,5-bis(trifluoromethyl)pyrazole
(AH g = 324.6 + 2.1 kcal/mol) were used, to yield a
AH,;q for 6-Tg of 329 + 3 keal/mol.>”!

The PA of 6-Tg was also measured, using Cooks' kinetic
method. The reference bases 4-picoline (PA =226.4
=+ 2.0 kcal/mol), 3-picoline (PA = 225.5 + 2.0 kcal/mol),
adenine  (PA = 225.3 + 2.0 kcal/mol),  tert-amylamine
(PA = 224.1 + 2.0 kcal/mol), and cyclohexylamine
(PA = 223.3 + 2.0 kcal/mol) were used.®” The measured
PA (PA = AH) for 6-Tg is 225 + 3 kcal/mol.

2.2 | 6-Mercaptopurine (6-Mp, 2)

221 | Calculations: Tautomers, acidity,
and PA

In Figure 2, we show the four 6-Mp tautomers that are
within 10 kcal/mol of the most stable structure (data on
the remaining tautomers are given in the supporting
information). The most stable tautomer (N7H 2a) is
5.4 kcal/mol more stable than the N9H tautomer 2b. The
most acidic site of 2a is calculated to be the N1-H
(AHgeg = 327.0 kcal/mol). The most basic site of tauto-
mer 2a is the N9 (PA = 217.6 kcal/mol).

222 | Experiments: Acidity and PA

For Cooks' kinetic method acidity measurement, five ref-
erence acids were used: difluoroacetic acid
(AH g = 331.0 + 2.2 kcal/mol), 3,5-bis(trifluoromethyl)
phenol (AH,.q = 329.7 + 2.1 kcal/mol), a,u,a-trifluoro-
2,4-pentadione  (AHgeq = 328.3 + 2.9 kcal/mol), pen-
tafluorophenol  (AHqciq = 328.0 + 2.2 kcal/mol), and
3,5-bis(trifluoromethyl)pyrazole (AHq = 324.6
+ 2.1 kcal/mol), yielding an acidity (AH,q) for 6-Mp of
328 + 3 kcal/mol.’”!

The measurement of the PA of 6-Mp utilized the ref-
erence bases benzylamine (PA = 218.3 + 2.0 kcal/mol),
m-anisidine (PA = 218.2 + 2.0 kcal/mol), N,N-

FIGURE 2 Calculated data for

6-mercaptopurine. Gas-phase acidities are in 206.1 2057
red; gas-phase proton affinities are in blue. a0 H NH 3;67:4
Relative stabilities are in parentheses. a5 0/’,"\\-35‘ g}\; »—H
Calculations were conducted at B3LYP/6-31+-G H 21’?5.7 276
(d); reported values are AH at 298 K, in kcal/ 2a

00

mol

2.3 | 8-Azaguanine (8-Ag, 3)

2.3.1 | Calculations: Tautomers, acidity,
and PA

The 12 most stable 8-Ag tautomers are shown in Figure 3
(data on the remaining tautomers are given in the
supporting information). The N9H structure 3a is more
stable than the N7H structure 3b by 1.7 kcal/mol. The
most acidic site of 3a is at the exocyclic NH,
(AH,q = 327.9 kcal/mol). The most basic site is the N7
site, with a PA of 217.5 kcal/mol. The most acidic site of
tautomer 3b is calculated to be the NI1-H
(AH,q = 326.0 kcal/mol). The most basic site of tauto-
mer 3b is the N9 (PA = 219.2 kcal/mol).

2.3.2 | Experiments: Acidity and PA

For the acidity measurement of 8-Ag, we used references
pyruvic acid (AHggq = 333.5 + 2.9 kcal/mol),
difluoroacetic  acid  (AHgqq = 331.0 + 2.2 kcal/mol),
3,5-bis(trifluoromethyl)phenol (AHgeig = 329.7
+ 21kcal/mol), and aaa-trifluoro-2,4-pentadione
(AH g = 328.3 % 2.9 kcal/mol), which yielded a AHqq4
of 330 + 4 kcal/mol.|*”)

For the PA measurement of 8-Ag, four reference
bases were used: N,N-diethylhydroxylamine (PA = 218.6
+ 2.0 kcal/mol), benzylamine (PA = 218.3 + 2.0 kcal/
mol), m-anisidine (PA = 218.3 + 2.0 kcal/mol), and
3-bromo-pyridine (PA = 218.3 + 2.0 kcal/mol). We mea-
sure a PA of 217 + 3 kcal/mol.*”!

2.4 | Allopurinol (Apn, 4)

2.4.1 | Calculations: Tautomers, acidity,
and PA

Apn (4) has three tautomers within 10 kcal/mol of the
most stable tautomer (Figure 4, 4a, 4b, and 4c; data on

gato 3306
2158 219.2 ’ H, 183.1
3315 5 506 2‘;35275 2095 $ 2
H,N N ; N/s N 2‘87’\‘) N
15 7Y—H TS 75—n TS 7%—H
362.6 1.3 3 390.8 |8 age. L3 7
H)\\N 3679 H)\N ?4 365.0 H)\N ‘h 367.2
2039 H 2133 H 2133 |
3245 3266 327.8
2 2 2d
(5.4) (5.9) (63)
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FIGURE 4 Calculated data for allopurinol. Gas-phase acidities are in red; gas-phase proton affinities are in blue. Relative stabilities are
in parentheses. Calculations were conducted at B3LYP/6-31+G(d); reported values are AH at 298 K, in kcal/mol

remaining tautomers are in the supporting information).
The most acidic site of 4a is the N1-H, with a AHq of
333.1 kcal/mol. The most basic site of tautomer 4a is the
N8, with a PA of 208.2 kcal/mol.

2.4.2 | Experiments: Acidity and PA

We measured the acidity of Apn using Cooks' kinetic
method.  Seven  reference acids were used:
difluoroacetic  acid  (AHqcia = 331.0 + 2.2 kcal/mol),
a,a,a-trifluoro-m-toluic acid (AHgeq = 332.2 + 2.2 keal/
mol), pyruvic acid (AHg.q = 333.5 + 2.9 kcal/mol),
4-acetylbenzoic  acid (AHgqq = 334.3 + 2.1 kcal/mol),
adenine (AHgciq = 335.3 + 2.2 kcal/mol),
3-fluorobenzoic acid (AH,. 4 = 336.1 + 2.1 kcal/mol),
and  444-trifluorobutyric  acid  (AH 44 = 336.5

+ 29 kcal/mol), yielding a AH, of 335+ 3kcal/
mol.B”)

Unlike the other purines that we studied, Apn is vola-
tile enough to be vaporized from our solids probe, in our
FTMS. We therefore also measured the acidity of Apn (4)
using acidity bracketing (Table 1; see also Section 5 for
details).  Deprotonated  4,4,4-trifluorobutyric  acid
(AHgeiq = 336.5 + 2.9 kcal/mol) deprotonates Apn (“+”
in the third column); the opposite reaction of the conju-
gate base of Apn with 4,4,4-trifluorobutyric acid also
occurs (“+" in the fourth column). We therefore bracket
the AHgq of Apn as 337 + 4 kcal/mol.

For PA, Cooks' kinetic method experiment had tech-
nical difficulties in producing the dimer, but we were
able to measure the PA by bracketing, shown in Table 2.
The results are somewhat surprising, on which we will
elaborate in Section 3.
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TABLE 1  Acidity bracketing of allopurinol (4)

Proton transfer”

Reference acid AH,q (keal/mol)* P fe to Dep d to refe
Difluoroacetic acid 3310 +2.2 - +
Pyruvic acid 333.5:£2.9 = +
Malononitrile 3358 +£2.1 - +
4,4,4-Trifluorobutyric acid 336.5 +2.9 + 4=
Trifluoro-m-cresol 3392 +21 + -
Ethoxyacetic acid 3420+22 + =
Acetylacetone 3438 +21 + -

“Linstrom and Mallard.*”!

b4+ indicates the occurrence of proton transfer, and “~” indicates the absence of proton transfer.

TABLE 2 Proton affinity bracketing of allopurinol (4)

Proton transfer”

Reference base PA (kcal/mol)* Protonated reference to substrate P d sub to refe
Diethyl sulfide 204.8 + 2.0 + -
Acetylacetone 2088 + 20 + -
Pyrrole 209.2 + 2.0 + —
2 4-Dimethylacetophenone 2109 + 2.0 + +
Pyrimidine 211.7 + 2.0 + +
o-Toluidine 2129 + 2.0 aF +
2-Chloropyridine 2153 + 20 + +
N,N-Dimethylacetamide 217.0 + 2.0 — =F
n-Propylamine 2194 +20 - +

“Linstrom and Mallard.”*”!

b4 indicates the occurrence of proton transfer, and “~ indicates the absence of proton transfer,

3 | DISCUSSION

31 |
values

Calculated versus experimental

The calculated acidity and PA values for the human
HGPRT substrates are summarized in Table 3. As we
noted earlier, in our experience, B3LYP/6-314-G(d) yields
accurate values for thermochemical properties of
nucleobases.!>***! For the purines studied herein, the
calculated and experimental values in Table 3 are in
agreement, within the experimental error, indicating that
B3LYP/6-31+G(d) appears to provide fairly accurate pre-
dictions for the thermochemical values. One exception is
Apn PA, which we will discuss later in this section.
Although the computed and experimental acidity and
PA values are in agreement, supporting the accuracy of
B3LYP/6-31+G(d) for these thermochemical properties,
we were still concerned about the relative tautomer

TABLE 3 Calculated (B3LYP/6-31+G(d); 298 K) and

experimental data for purines

Calculated " 1
Substrate value value®
AHge"

6-Thioguanine (1) 327.0 329
6-Mercaptopurine (2) 327.0 328
8-Azaguanine (3) 327.9 330
Allopurinol (4) 3331 335(337)
PA*

6-Thioguanine (1) 2253 225
6-Mercaptopurine (2) 217.6 218
8-Azaguanine (3) 217.5 217
Allopurinol (4) 208.2 (211-215)

“AH g and PA values are in kcal/mol.
“First listed experimental value is from Cooks' kinetic method; bracketing
value, if available, is in parentheses. Error is +3-4 kcal/mol.
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enthalpies, particularly for 6-Tg, where 1a and 1b are so
close in energy. To address this, we calculated the relative
enthalpies of the four most stable tautomers of 6-Tg (1),
6-Mp (2), 8-Ag (3), and the three most stable tautomers
of Apn (because Apn has fewer low-energy tautomers, 4),
using MO06-2X/6-311++G(2d,p), B3LYP/D3(BJ)/6-311+
+G(2d,p), ©b97X-D/6-311-+G(2d,p), and DLPNO-CCSD
(T)/aug-cc-pVTZ//M06-2X/6-311++G(2d,p). These
results are summarized in the supporting information.
For all but 6-Tg, the most stable tautomer is consistent
with that calculated at B3LYP/6-31+G(d). For 6-Tg,
regardless of the method/level, structures 1a, 1b, and 1c
are the most stable; all have enthalpies within roughly
1 kcal/mol. At B3LYP/6-31+G(d), 1a is more stable than
1b by 0.4 kcal/mol. With MO06-2X/6-3114++G(2d,p),
B3LYP/D3(BI)/6-311++G(2d,p), and wb97X-D/6-311+
+G(2d,p), structure 1b is more stable, by 0.3, 0.2, and
0.7 kcal/mol, respectively. We also additionally calcu-
lated 1la and 1b at DPLNO-CCSD(T)/aug-cc-pVTZ//
MO06-2X/6-311++G(2d,p); at this level, 1a is more stable
than 1b, by 1.2 kcal/mol. We can therefore only conclude
that 1a and 1b are quite close in energy, with 1c being a
little less stable.

Because of these proximal computed AH values,
under our experimental conditions, we may have one,
two, or all three of these tautomers of 6-Tg present.
Because the calculated acidities of the three most stable
tautomers 1a, 1b, and 1c are 327.0, 331.4, and 332.4 kcal/
mol, respectively, and the measured acidity of 329 kcal/
mol has a +3 kcal/mol error bar, we cannot discount the
possibility of more than one tautomer being present. The
experimental PA is 225 + 3 kcal/mol, whereas the com-
puted PAs are 225.3, 222.6, and 222.2 kcal/mol for tauto-
mers 1a, 1b, and 1c, respectively. Again, the
experimental error precludes knowing conclusively
which tautomer(s) may be present. We also calculated
the acidity and PA values using M06-2X/6-311++G
(2d,p), and these values are consistent with the
B3LYP/6-31+G(d) values, thus supporting our conclu-
sion that we may have one or a mixture of tautomers 1a,
1b, and 1c, under our experimental conditions.

8-Ag is also calculated to have two structures that are
energetically within 2 kcal/mol of each other, 3a and 3b.
The calculated acidities and PAs, like with 6-Tg, are too
close to be used to conclude whether one or a mixture of
tautomers is present.

We return now to Apn. We measured the PA of
Apn using a bracketing method, in our FTMS. The
bracketing result for Apn is of interest, as it yields a
wide range, where proton transfer occurs in both
directions (PAs from 210.9 to 215.3 kcal/mol [2/,4-
dimethylacetophenone, pyrimidine, o-toluidine, and
2-chloropyridine], Table 2).

In a PA bracketing experiment, the reaction of the
compound whose PA is unknown (in this case, Apn) and
a protonated reference base is examined. If proton trans-
fer occurs, this is indicated by a “+” (third column,
Table 2). If proton transfer does not occur, then this is
indicated by a “—”. Therefore, for the reaction of Apn
and protonated diethyl sulfide, proton transfer is
observed; thus, the first entry, third column, shows a
“+". This indicates that Apn is more basic than diethyl
disulfide. The reaction in the “opposite” or “reverse”
direction is also studied: protonated Apn reacting with
diethyl sulfide. For this reaction, we did not see proton
transfer; thus, there is a “—” in the last column, first
entry of Table 2. This is also consistent with Apn being
more basic than diethyl sulfide. We therefore conclude
that Apn has a PA value higher than that of diethyl
sulfide (204.8 kcal/mol).

Sometimes, when the reference base and the substrate
have similar PAs, the table may show a “+” for the reac-
tion in both directions. In Table 2, this is the case for the
reference base 2'.4'-dimethylacetophenone: There is a
“+" entry in both the third and fourth columns. This
would indicate that Apn must have a PA close to that of
2 4'-dimethylacetophenone, around  210.9 kcal/mol.
However, what is surprising is that this “+, +” in the
third and fourth columns occurs for several bases.
The reaction was found to occur in both directions
(protonated reference base to Apn and protonated Apn
to reference base) for reference bases with PAs
from 2',4-dimethylacetophenone (210.9 kcal/mol) to
2-chloropyridine (215.3 kcal/mol).

Apn has two tautomers that are somewhat close in
energy: The N9H tautomer 4a and the N8H tautomer 4b
are calculated to be within 3.6 kcal/mol, regardless of
computational method or level (Figure 4 and the
supporting information). Interestingly, these two tauto-
mers have quite dissimilar PAs: Although 4a is calculated
to have a PA of 208.2 kcal/mol, 4b has a computed PA of
216.4 kcal/mol. (We also calculated these values at
M06-2X/6-311++G(2d,p), and they are consistent with
the B3LYP/6-31+G(d) values.) We suspect that both tau-
tomers are present, resulting in the wide bracketed PA
range.’¥

If only 4a were present, we would expect a bracketed
PA of around 208 kcal/mol, based on the calculations
(Figure 4 and Table 3). The bracketing table would have
a clean “crossover” point near pyrrole, as shown in
Table 4.

If only 4b were present, one would expect a “cross-
over” point close to the PA of the most basic site of 4b,
which is calculated to be 216.4 kcal/mol (Figure 4). If this
were the case, the data shown in the bracketing table
would show a change from “+, —” to “—, +” around
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TABLE 4  Hypothetical bracketing table if only 4a were present

Proton transfer”
Reference base PA (kcal/mol)* P fe to P d to refe
Diethyl sulfide 204.8 + 2.0 + -
Acetylacetone 208.8 + 2.0 + =
Pyrrole 209.2 + 2.0 - +
2',4-Dimethylacetophenone 2109 + 2.0 - +
Pyrimidine 211.7 + 2.0 — +
o-Toluidine 2129 +20 = =k
2-Chloropyridine 2153+ 20 - +
N,N-Dimethylacetamide 217.0 + 2.0 — +
n-Propylamine 219.4 + 2.0 - +

“Linstrom and Mallard."*"!

b+ indicates the occurrence of proton transfer, and “~" indicates the absence of proton transfer.

2-chloropyridine or N,N-dimethylacetamide. Instead,
there is no clean crossover point but a range in which the
proton transfer occurs in both directions (Table 2). We
suspect that the reason for this is the presence of both
tautomers 4a and 4b.

For the reaction of protonated Apn with the reference
bases, if both tautomers are present, then the protonated
Apn will be a mixture of 4aH™ and 4bH™ (Figure 5). Our
computational prediction is that any reference base with
a PA greater than or equal to roughly 208 kcal/mol (the
PA of the most basic site of 4a) should be able to
deprotonate 4aH . Consistent with this prediction, we do
observe proton transfer for all reference bases from 2',4'-
dimethylacetophenone (PA = 210.9 kcal/mol) to n-
propylamine (PA = 219.4 kcal/mol) (Table 2, fourth
column).

The “opposite” direction reaction is that of the proton-
ated reference base with Apn (third column, Table 2). If
both 4a and 4b are present, then the prediction is that we
should see reaction for any protonated reference base
with a PA of about 216 kcal/mol or less, because 4b has a
calculated PA of 216.4 kcal/mol (Figure 5). We do see pro-
ton transfer for all reference bases with PAs of 215.3 kcal/
mol and lower. This points to the presence of 4b, because
if only 4a was present, we would not see proton transfer
for reference bases with PAs above about 208 kcal/mol.

The presence of both 4a and 4b is therefore consistent
with the wide range of proton transfer in both directions
that we see in Table 2. We thus believe that under our
experimental conditions, we have a mixture of Apn tauto-
mers 4a and 4b.

Briefly, in terms of acidity, both 4a and 4b have a
calculated acidity of about 333 kcal/mol (Figure 5; also

ol
'H |
H216.4
daH* abH*
miz 137
o 0
333.1 H H H H
/NL\‘J [ 7 N2os.2 /:aﬁﬁw ~H333.4
H7ONTTN H7ONTTN

H 216.4

4a ap

(0.0) (3.6)

FIGURE 5 Structures of 4a, 4b, 4aH ", and 4bH . Calculated
proton affinities (the most basic sites) are shown in blue; calculated
acidities (the most acidic sites) are shown in red. Relative stabilities
of the two tautomers are shown in parentheses. Calculations were
conducted at B3LYP/6-31+G(d) and reported as AH at 298 K, in
kcal/mol

confirmed with MO06-2X/6-31++G(2d,p) calculations,
which yield a calculated acidity of 334 kcal/mol), so
acidity cannot be used as a means of providing evi-
dence for the presence of one tautomer versus the
other. The measured values for the acidity of Apn are
335 + 3 kcal/mol by Cooks' kinetic method and 337
+ 4 kcal/mol by bracketing. Although the bracketing
value is not as close to the calculated value as that
obtained by Cooks' kinetic method, both are in agree-
ment with the computed acidity of 333 kcal/mol,
within error.
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3.2 | Biological implications

The compounds studied herein are substrates for the
enzyme, Hu HGPRT. Hu HGPRT catalyzes the conver-
sion of purine nucleobases to nucleoside mon-
ophosphates through the transfer of a phosphoribosyl
moiety (Scheme 1). HGPRT is a target for antiparasitic,
particularly antimalarial development. Parasites are often
wholly dependent on salvage pathways that utilize PRT
enzymes, to synthesize DNA, whereas mammals have
both the salvage and de novo DNA synthesis path-
ways.|”14*124] Therefore, inhibiting the salvage pathway
is a way to specifically target parasites.

The human HGPRT mechanism is not fully under-
stood.131021-2439-%] Ope point of interest is the timing
of deprotonation of the N7-H proton; this deprotonation
could be envisioned either before or after nucleophilic
attack (Figure 6, shown for a general purine nucleobase).

In prior work, we have found that gas-phase proper-
ties often lend insight into enzyme mechanism, particu-
larly in cases where the enzyme active sites provide a
hydrophobic environment.*>* Experiments in the gas
phase reveal intrinsic reactivity that can be correlated to
the nonpolar interior of the enzyme. Enzymes that have
a wide range of substrates, such as Hu HGPRT, often dis-
criminate between various substrates by providing a
hydrophobic environment, because differences in reactiv-
ity are often enhanced in such environments. Some
HGPRTs are believed to have a key loop that protects the
transition state from bulk solvent.!**”) Qur gas-phase

Mechanism 1: Deprotonation before addition

7

7,
2N Z N Z
N Y _ N/\l, ) deprotonation N
K S N -k
N SN
NH tautbhner N7H tautomer
5a 5b 5
o
Mechanism 2: Deprotonation after addition
H
~ N N
N7 - N7 substitution
TS = .
SN NG N7 NB
H
N9H tautomer N7H tautomer
5a 5b
o 2
0-P-0 o
o

experimental and calculational data can therefore poten-
tially help reveal aspects of the Hu HGPRT mechanism.
In Mechanism 1 (Figure 6), deprotonation precedes
substitution, such that the nucleophile would be the
deprotonated nucleobase 6. If 6 is the nucleophile, then a
first pass to assess nucleophilicity would be to probe the
basicity of the anion 6 at the N9 position (or the acidity
of the conjugate acid 5a, at N9-H). Should Mechanism
1 be operative, we would therefore expect the N9 basicity
of anion 6 to correlate to the HGPRT
phosphoribosylation rate for the various substrates.
Table 5 shows the calculated N9-H acidities of 5a (which

TABLE 5 HGPRT rate constants and basicity of N9 anion
(structure 6)

N9 anion
Substrate Kear (s basicity®
Guanine (G, 7) 134 334.3°
6-Thioguanine (6-Tg, 1) 7.6 3284
Hypoxanthine (Hx, 8) 7.4 330.5¢
6-Mercaptopurine 18 324.5

(6-Mp, 2)
Allopurinol (Apn, 4) 0.08 336.9
8-Azaguanine (8-Ag, 3) Not 330.0
measurable

At pH 8.5, from Keough et al.!*']

®Values calculated at B3LYP/6-31+G(d); all values are AH in kcal/mol.

“Zhachkina et al.l**!
“Sun and Lee ")

substitution

NZ N
deprolonation W I
N7 TNe

0
B-0-8

o 0

OH

FIGURE 6 Possible mechanisms for the reaction catalyzed by human HGPRT, shown for a general purine nucleobase
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corresponds to the basicity of 6 at N9) for the HGPRT
substrates studied herein, as well as other known sub-
strates for which there are experimental data (guanine
and hypoxanthine, Figure 7, previously studied by our
lab as well).2532%8] The rate of phosphoribosylation by
HGPRT is also shown, and the substrates are ordered in
decreasing k,,, values.

If the deprotonated anion 6 is the nucleophile, one
would expect the N9 anion basicity (last column, Table 5)
to steadily decrease as one moves down the table, because
the entries are ordered in decreasing k.o, However, the
trends for N9 anion basicity and k... do not correlate.
Although the kg values decrease in the order:
G > 6-Tg > Hx > 6-Mp > Apn > 8-Ag, N9 anion basicity
decreases as Apn > G > Hx > 8-Ag > 6-Tg > 6-Mp. These
data imply that at least for our model, Mechanism 1 is
not supported.

For Mechanism 2 (Figure 6), the neutral nucleobase
is the nucleophile. For this mechanism, the N7H tauto-
mer (5b in Figure 6) would be the most likely structure
for the nucleophile, as the N9H tautomer 5a has the pro-
ton on the N9 position, rendering it less nucleophilic.
Prior studies over the years have identified an aspartate
(Asp 137 in human HGPRT) that appears to stabilize the
proton on the N7, favoring the N7H tautomer
5b.3:214243.40.47.5039] Thjg aspartate is also believed to aid
in the deprotonation step.

Regarding the N9H (5a) versus the N7H (5b) tauto-
mer, the predominant tautomer by calculation is shown
for each nucleobase in Table 6. We calculated each
tautomer using B3LYP/6-31+G(d), M06-2X/6-311++G
(2d,p), B3LYP/D3(BJ)/6-311++G(2d,p), ©b97X-D/6-311
+-+G(2d,p), and DLPNO-CCSD(T)/aug-cc-pVTZ//M06-2X/
6-311++G(2d,p). We also include guanine (7) and
hypoxanthine (8), which are HGPRT substrates. Interest-
ingly, we find that for the poor HGPRT substrates (those
with lower k., values—Apn (4) and 8-Ag (3))—the most
stable tautomer in the gas phase is the N9H tautomer 5a
(Table 6, third column). This is of interest, because for
Mechanism 2, the N7H tautomer, not the N9H tautomer,
is the desired structure. Apn (4), which has a slow
phosphoribosylation rate, and 8-Ag (3), which is so slow
that it is reported as not measurable, are both calculated,

o o

Ho Ay H Al
A G Ty
HaNTNTTN H7NTTN
H H
guanine hypoxanthine

7 8

FIGURE 7  Structures of human HGPRT substrates guanine
and hypoxanthine

energetically, to prefer the unreactive N9H tautomer (5a)
form in the gas phase. For the HGPRT substrates with
larger ke values, guanine (7), hypoxanthine (8), and
6-Mp (2), the desired N7H tautomer is the most stable,
and for 6-Tg (1), calculations indicate a mix, so the N7H
form would still be present to react as a nucleophile.
Thus, in a nonpolar site, the “best” substrates are already
in the N7H tautomeric form (5b) that would favor
nucleophilic attack. Our gas-phase results thus support a
scenario where HGPRT provides a hydrophobic environ-
ment to “prime” certain nucleobases to nucleophilically
attack PRPP, by favoring the nucleophilic tautomer
N7H (5b).

If Mechanism 2 is operative, we would also expect the
basicity of the neutral N7H tautomer, at the N9 position,
to correlate to enzyme phosphoribosylation rates. Table 7
shows the k., versus the N9 PA for guanine, 6-Tg, hypo-
xanthine, and 6-Mp, the four substrates for HGPRT that
have the fastest k., values. There is a correlation between

TABLE 6 Most stable tautomer versus excision rates for Hu
HGPRT substrates

Most stable tautomer, gas

Substrate kears )* phase®
Guanine (7) 134 N7HC (5b)
6-Thioguanine (1) 7.6 N7H/N9H mix (5a/5b)
Hypoxanthine (8) 7.4 N7H! (5b)
6-Mercaptopurine 1.8 N7H (5b)

(]
Allopurinol (4) 0.08 N9H (5a)
8-Azaguanine (3) NM NO9H (5a)

Abbreviation: NM, not measurable.

At pH 8.5, from Keough et al.'?*!

“Calculated at B3LYP/6-31+G(d), M06-2X/6-311++ G(2d,p), B3LYP/D3
(BJ)/6-311++G(2d,p), ©b97X-D/6-311++G(2d,p), and DLPNO-CCSD(T)/
aug-cc-pVTZ//M06-2X/6-311++G(2d,p).

“Zhachkina et al'**!

“Sun and Lee."*"!

TABLE 7 Human HGPRT rate constants and basicity of the
most stable tautomer (N7H, 5b)

Substrate Keae (s7Y)* N9 PA®
Guanine (7) 134 226.9°
6-Thioguanine (1) 7.6 2253
Hypoxanthine (8) 7.4 218.8¢
6-Mercaptopurine (2) 18 217.6

At pH 8.5, from Keough et al.'**}

bValues calculated at B3LYP/6-31+G(d); all values are AH in kcal/mol.
“Zhachkina et al."**!

“Sun and Lee."*"!
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TABLE 8 Calculated "*N/**N (on N9) KIEs

Substrate ‘hanism 1 ‘hanism 2
Guanine (7) 1.000 0.999
Hypoxanthine (8) 1.007 0.999

the rate of phosphoribosylation and the PA of the N9 posi-
tion: Both the k., and the N9 PA decrease in the order of:
G (7)>6Tg (1)>Hx (8)>6-Mp (2). The inter-
section between the better substrates favoring the desired
N7H tautomer in the gas phase, coupled with the in vacuo
PA trend, lends support to a mechanism where nucleo-
philic attack precedes proton transfer (Mechanism 2).

3.3 | Kinetic isotope effects

Because isotope effects are so often useful for determin-
ing mechanism, we utilized calculations to ascertain
whether heavy isotopes could potentially differentiate
Mechanism 1 from Mechanism 2 (Figure 6).

‘We calculated the effect of substituting a heavy iso-
tope for a normal isotope for various atoms (H, C, N, O,
and P) in hypoxanthine and guanine, for both mecha-
nisms. For Mechanism 1, the KIEs are calculated for
ribosyl transfer with the deprotonated purine nucleobase
(6). For Mechanism 2, the KIEs are calculated for ribosyl
transfer with neutral purine nucleobase (5b). We found
that substitution of the N9 with *N could potentially dif-
ferentiate between the two mechanisms (Table 8). With
guanine (7), the calculated KIE for Mechanism 1 is
1.000—the "N is not predicted to change the rate con-
stant, relative to "*N. The “N/'*N KIE for Mechanism
2, by contrast, is calculated to be slightly inverse (0.999).
These KIEs are probably too similar to be used to differ-
entiate mechanism. However, the contrast is more promi-
nent for hypoxanthine (8). Mechanism 1 has a calculated
normal "“N/"°N KIE of 1.007, whereas for Mechanism
2, the KIE is inverse (0.999). Depending on the precision
and accuracy of the experimental KIE, this difference
might potentially be utilized to differentiate the two
mechanisms.**%? Thus, an N/**N KIE could poten-
tially be used to differentiate the two mechanisms
(Figure 6). Such an experiment, if successful, would pro-
vide strong evidence supporting the nature of the nucleo-
philic purine nucleobase.

4 | CONCLUSIONS

‘We have calculated and measured, for the first time, the
gas-phase thermochemical properties of four nucleobase

substrates of HGPRT (6-Tg, 6-Mp, 8-Ag, and Apn). Specif-
ically, we calculated the relative energies of the possible
tautomers, and the acidities and PAs of the various acidic
and basic sites on each purine tautomer. Comparison of
our gas-phase experimental data with computations pro-
vides a valuable benchmark for the calculations. We also
utilized the experiments and calculations to ascertain
that under our experimental conditions, both the N9H
and N8H tautomers of Apn are likely to be present. The
four nucleobases, plus substrates hypoxanthine and gua-
nine, are examined in the context of HGPRT. The ther-
mochemical properties support a mechanism where
nucleophilic attack precedes proton transfer. Further-
more, we propose that “*N/*N kinetic isotope effects
could potentially be used to differentiate possible
mechanisms.

5 | EXPERIMENTAL

All the experimentally measured substrates are commer-
cially available and were used without further
purification.

For Apn, acidity and PA values were bracketed using
a Fourier transform ion cyclotron resonance mass spec-
trometer (FT-ICR or FTMS) with a dual cell setup, which
has been described previously.[>*2%2*6364] The magnetic
field is 3.3 T, and the baseline pressure is 1 x 10~° Torr.
The Finnigan FTMS is equipped with a heated batch inlet
system, a pulsed valve system, and a heatable solids
probe. Apn was introduced into the system using the
heatable solids probe. The reference acids and bases were
introduced via a system of heatable batch inlets or leak
valves. Water was pulsed into the cell via the pulsed valve
system and ionized by an electron beam to generate
either hydroxide (8 €V, 9 pA, and 0.5s) or hydronium
(20 eV, 6 pA, and 0.5 s) ions for acidity and PA measure-
ments, respectively.

Acidity is the enthalpy of reaction for the transforma-
tion shown in Equation 1, and PA is the enthalpy of reac-
tion for the transformation shown in Equation 2.

HA—A +H' (1)

B+H" - BH" (2)

We have previously described the typical protocol for
measuring gas-phase reaction rate constants,!2*2%30:36.641
The reactions between the nucleobase and reference
acids and bases were measured in both directions. For
acidity, in one direction, the deprotonated Apn anions
were generated by reaction of the Apn with the
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hydroxide ions. The Apn anions were then transferred
from one cubic cell to another via a 2 mm hole in the
middle trapping plate. Transferred ions were cooled with
pulsed argon gas. When the Ar gas is pulsed in, the pres-
sure typically rises to 10> Torr. The reference acid is
leaked into the second cell, and the reaction of the trans-
ferred deprotonated Apn ions with the reference acid can
be examined. In the opposite direction, the conjugate
bases of the reference acid were generated by reaction
with hydroxide. These anions were then transferred to
the second cell to react with neutral Apn. The same
methodology is used for PA, except protonated ions are
generated from neutral compounds by reaction with
hydronium. Experiments were conducted at ambient
temperature. These reactions are run under pseudo-first-
order conditions; the neutral reactant is in excess relative
to the reactant anions or cations. Because measurement
of the pressure of the neutral compounds by the ion
gauges is not always accurate, we instead “back out” the
pressure of the neutral substrate from fast control reac-
tions (described previously),|26:2%-32:26.65.661

We also measured gas-phase acidity and PA using
Cooks' kinetic method.'”7 For these studies, we uti-
lized a quadrupole ion trap. Cooks' kinetic method is well
known; briefly, for acidity, a proton-bound dimer was
generated between a reference acid HA with a known
acidity and the nucleobase HX (Equation 3).

o)
X HA
cib * ’
)
[XHA] (3)
ke Hx o+ A°

The proton-bound dimer was isolated, and then
collision-induced dissociation (CID) was used to dissoci-
ate the complex into monomeric anions, either
deprotonated nucleobase (via k) or deprotonated refer-
ence acid (via k). We can relate the rate constants (k;
and k) to the acidity (AH,.4) of the nucleobases, as
shown in Equation 4:

In (E) ~In (%) - ﬁmmm (HA) — AH o (HX))
(4)

where R is the gas constant and Ty is the effective tem-
perature (in Kelvin) of the activated complex.”” The
ratio of the abundances of the two deprotonated products
yields the relative acidity of the two compounds of inter-
est (Equation 4), assuming the dissociation has no energy

barrier for the reverse reaction and that the dissociation
transition structure is late and therefore indicative of the
stability of the two deprotonated products.”” These
assumptions are generally true for proton-bound sys-
tems.”%”>7*] In order to obtain the acidity of compound
HX, the natural logarithm of the relative abundance
ratios is plotted versus the acidities for a series of refer-
ence acids, where the slope is (1/RT,) and the
y intercept is (—AH,;((HX)/RT,z). The T,y is obtained
from the slope. The acidity of the nucleobase, AHgqq
(HX), can be calculated using Equation 4, or by using the
y intercept ((—AHocia(HX)/RTy5). The plots for Cooks’
kinetic method workup are in the supporting
information.

Electrospray ionization (ESI), with an electrospray
needle voltage of ~4.5 kV, was used to generate the
proton-bound dimers from a solution with a concentra-
tion of 10~* M, in methanol. The flow rate was 25 pl/
min. The proton-bound dimer ions were isolated and
then dissociated by applying CID; the complexes were
activated for about 30 ms. Finally, the fragment product
ions are detected to give the ratio of the deprotonated
nucleobase and the deprotonated reference acid. A total
of 40 scans were averaged for the product ions. The same
method was used for PA measurements.

All DFT calculations were performed with Gaussian
16.17*) B3LYPI”7®] optimizations were performed using
the 6-31+g(d) and 6-311++G(2d,p) basis sets,”” with
Grimme's dispersion correction D3 with Becke-Johnson
dampening applied where noted.*® ©B97X-D'®! and
M06-2X(52#3) goptimizations were performed using the
6-311++G(2d,p) basis set. All geometry optimizations
were subjected to frequency calculations to verify station-
ary points as minima in the potential energy surface.
Electronic energies were also calculated using the
DLPNO-CCSD(T)"™ method with ORCA 4.2.1'%! from
the MO06-2X optimized structures. DLPNO-CCSD
(T) calculations were performed using the aug-cc-pVTZ
basis set.[*”**! For the isotope effects, frequency calcula-
tions were performed on the B3LYP/6-31+G
(d) optimized geometries, and isotope effects were theo-
retically calculated using the Quiver program. -]
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