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ABSTRACT: Enzymatic efliciency and structural discrimination
of substrates from nonsubstrate analogues are attributed to the
precise assembly of binding pockets. Many enzymes have the
additional remarkable ability to recognize several substrates.
These apparently paradoxical attributes are ascribed to the
structural plasticity of proteins. A partially defined active site
acquires complementarity upon encountering the substrate and
completing the assembly. Human hypoxanthine guanine phos-
phoribosyltransferase (RHGPRT) catalyzes the phosphoribosy-
lation of guanine and hypoxanthine, while the Plasmodium
falciparum HGPRT (PfHGPRT) acts on xanthine as well.
Reasons for the observed differences in substrate specificities of
the two proteins are not clear. We used ultraviolet resonance

Raman spectroscopy to study the complexes of HGPRT with products (IMP, GMP, and XMP), in both organisms, in resonance
with the purine nucleobase electronic absorption. This led to selective enhancement of vibrations of the purine ring over those of the
sugar—phosphate backbone and protein. Spectra of bound nucleotides show that HGPRT distorts the structure of the nucleotides.
The distorted structure resembles that of the deprotonated nucleotide. We find that the two proteins assemble similar active sites for
their common substrates. While hHGPRT does not bind XMP, PfHGPRT perturbs the pK, of bound XMP. The results were

compared with the mutant form of hHGPRT that catalyzed xanthine but failed to perturb the pK, of XMP.

Understanding of physical interactions that lead to molecular
recognition of substrates is central to understanding and
manipulating enzyme function and to the rational design of inhib-
itors. X-ray and NMR spectroscopies are invaluable in providing
information about these interactions in the form of three-dimen-
sional structures. If structures of the enzyme—substrate (or sub-
strate analogue) complex are available, the juxtaposition of sub-
strates vis-a-vis the amino acids of the active site assists in deciphering
the chemistry that takes place in the enzyme. However, if an
enzyme displays substrate promiscuity or multiple-substrate speci-
ficity, structures of several enzyme—substrate complexes must be
determined to understand the active site interactions and chemical
mechanism in each case. Similarly, when apparently structurally
analogous enzymes exhibit differing substrate specificities, high-
resolution X-ray or NMR structures of each analogue with its
substrate are needed to provide insight into the mechanisms of
molecular recognition. Vibrational spectroscopy is a relatively
underutilized tool that can provide detailed information about small
molecule—protein interactions with selectivity and specificity even if
only low-resolution structures are available from other techniques.

The vibrational Raman spectrum of a molecule is a chemical
fingerprint that provides its unique identity. When this spectrum
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is obtained with an exciting line in resonance with the absorption
of a specific ligand or substrate, it selectively yields the spectrum
of that molecule even in the presence of a binding partner such as
the enzyme. Importantly, interactions of the substrate with the
active site of the enzyme result in perturbations in the band
positions of the substrates. Thus, high-resolution Raman spectra
of enzyme-bound substrates are a direct measure of the distortion
of the substrate structure by the enzyme. In turn, the extent and
direction of distortion of the substrate inform on the nature of
the active site. In this work, we demonstrate the ability of Raman
spectroscopy to detect subtle distortions in the purine base of the
nucleotide when present within the active site of the enzyme
hypoxanthine guanine phosphoribosyltransferase (HGPRT).
HGPRT converts free purine nucleobases to nucleotides and
is a part of the salvage pathway in humans and other organisms.
Parasitic protozoa like Plasmodium falciparum rely exclusively on
nucleotides recycled through the salvage pathway. As a conse-
quence, it has long been postulated that the enzyme is a potential
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Figure 1. (a) Reaction catalyzed by human HGPRT. P. falciparum
HGPRT catalyzes the conversion of xanthine to XMP in addition. (b)
Structures of neutral and anionic XMP.

therapeutic target for the development of antiparasitic drugs." >

Both human HGPRT (hHGPRT) and P. falciparum HGPRT
(PfHGPRT) convert hypoxanthine and guanine into inosine
monophosphate (IMP) and guanosine monophosphate (GMP),
respectively, in an Mg”"-dependent reaction. The ribose phos-
phate from phosphoribosyl pyrophosphate (PRPP) (Figure la)
is transferred to the N9 atom of the free purine base. While the
activity of PPEHGPRT for hypoxanthine and guanine is lower than
that of the human enzyme,” remarkably, it is able to phosphor-
ibosylate xanthine"* and many more non-natural nucleobases.®
Table S1 of the Supporting Information summarizes the mea-
sured kinetic parameters and the dissociation constants for the
three natural substrates of HGPRTs investigated in this work.
Overall, structures of the various HGPRTs are highly similar
(44% identical sequences for human and P. falciparum) )7 contain-
ing a conserved PRPP motif and a flexible loop that covers and
sequesters the active site from the solvent during catalysis.® While
several crystal structures of the human enzyme bound to different
ligands are available,® ' only a single structure of the PFPHGPRT
bound to a transition-state analogue is known."> An enduring
puzzle is how the oxo group of xanthine is accommodated at the
same site that forms contacts with the exocyclic NH, group of
guanine in the parasite enzyme given the reversed requirement of
hydrogen bonding partners (Figure 2). The presence of crystal
water, which could potentially explain this conundrum, is not found
at this site in the available crystal structure of hHGPRT bound to
IMP."" This also raises the question of whether the two HGPRTS
recognize their common substrates through similar interactions.
In the following, with extensive experiments with hHGPRT,
we first demonstrate that Raman spectra of bound nucleotides
are indeed highly informative with respect to the active site
interactions. Further, we show that despite their differences,
enzymes from the two organisms modulate the nucleotide
geometries to assemble precisely the same active site configura-
tions for their common products. We then extend the investiga-
tion to XMP that binds only PPHGPRT. Our data reveal that the
active site of PHGPRT perturbs the pK, of bound XMP. While
XMP in solution at pH 7.0 is in the anionic form (Figure 1b),"*
XMP bound to PfHGPRT exists as a mixture of the neutral and
anionic forms at the same pH. We also used an interesting,

Figure 2. Active site of (a) Toxoplasma gondii HGPRT bound to XMP,
pyrophosphate, and Mg*" (Protein Data Bank entry 1QKS) and (b)
human HGPRT bound to GMP (Protein Data Bank entry IHMP).
Dashed green lines represent inferred hydrogen bonds between the
purine ring of nucleotides and protein amino acids. Dashed cyan lines
represent the coordinate bonds formed by one of the Mg*" ions
(purple). Aromatic residues [(a) W199 and (b) F186] form a 7-stack
atop the pyrimidine ring.

non-active site mutation in the human enzyme (F36L) that
catalyzes xanthine,* to compare the human and Plasmodium
enzymes. We show that although the F36L mutation expands
the substrate specificity of hHGPRT, the active site assembled in
the modified human enzyme is unable to achieve the same
structural configuration as that in PPHGPRT. This is a first report
that describes the subtle changes in the electronic characteristics
of IMP, GMP, and XMP when bound to HGPRT.

B MATERIALS AND METHODS

Enzyme Purification and Assay. Escherichia coli strain BL21-
(DE3) transformed with pET23d containing the human
HGPRT gene was used for protem expression. The enzyme
was purified as reported previously” using a Q-Sepharose (GE
Healthcare) column for anion exchange instead of a ResQ
column. PIHGPRT was overexpressed in E. coli strain S609
transformed with the expression construct in vector pTrc99A
and purified as described previously.'®

Protein concentrations were determined by using the method
of Bradford, using 1 mg/mL BSA as a standard. An activity assay,
as described previously,'® was conducted after each new batch of
protein purification to ascertain that the enzyme was active. The
activity was found to be unaffected in the presence of 30 mM
sodium nitrate, used as internal standard in Raman experiments.

Sample Preparation for End Product Binding Experi-
ments. IMP, GMP, XMP, sodium nitrate, and MgCl, were
obtained from Sigma Co. Nucleotide stocks (10 mM) were
prepared in water and diluted to 450 #M in 20 mM Tris-HCl
(pH 7.0) for experiments with the human enzyme and in 20 mM
potassium phosphate (pH 7.0) for experiments with the P.
falciparum enzyme. Purified human HGPRT was stored in
20 mM Tris-HCI (pH 7.0), 10% glycerol, and 1 mM dithio-
threitol (DTT). The human enzyme was incubated at 4 °C after
the DTT concentration had been increased to S mM overnight
before Raman experiments were conducted. Purified P. falcipar-
um HGPRT was stored in 20 mM potassium phosphate (pH
7.0), 20% glycerol, and 2 mM DTT. This enzyme was incubated
with 60 #M IMP and S mM DTT 3 h before the experiment was
conducted. For experiments at pH 8.5, the storage buffer of
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PfHGPRT was changed to 20 mM potassium phosphate (pH
8.5), 20% glycerol, and 2 mM DTT by dialysis.

For the H—D exchange experiments, buffers were prepared in D,0.
Human HGPRT was exchanged with 20 mM Tris-HCI, 10% glycerol,
and 1 mM DTT prepared in D,O by employing an Amicon Ultra
Centrifugal filter (Millipore). Similarly, PAHGPRT was exchanged
with 20 mM potassium phosphate (pH 7.0), 20% glycerol, and 2 mM
DTT prepared in D,O. Nucleotide (GMP, IMP, and XMP) stocks
were prepared by dissolving the required amount in D,0O.

The nucleotide binding experiments involved recording the
resonance Raman spectra using excitation at 260 nm of three
types of solutions: (a) hHGPRT/PfHGPRT (150 uM) and
12 mM MgCl, with 30 mM sodium nitrate, (b) hHGPRT/
PfHGPRT (150 «M), IMP/GMP/XMP (450 xm), and 12 mM
MgCl, with 30 mM sodium nitrate, and (c) 450 4M IMP/GMP/
XMP (pH 7.0) with 30 mM sodium nitrate. Spectra of all the
buffers were recorded with an internal standard (30 mM sodium
nitrate) to serve as reference spectra for subtraction.

Ultraviolet Resonance Raman Spectroscopy. The detailed
UVRR setup has been described in a previous publication.'® All
experiments reported in this work were conducted with 260 nm
Raman excitation that was generated by a Ti—S laser (Indigo,
Coherent Inc.) pumped by the frequency-doubled output of a
nanosecond-pulsed Nd:YLF laser (Evolution, Coherent Inc.) at
527 nm (1 kHz repetition rate). At the sample, average power was
kept below ~600 1'W. Light scattered from the sample was analyzed
using a monochromator (Jobin-Yvon) equipped with a 3600
grooves/mm grating for dispersing the light. Spectra were recorded
with a 1024 X 256 pixel, back-illuminated CCD camera (Jobin-
Yvon) and calibrated using known solvent bands. The solvents used
were dimethylformamide, cyclohexane, acetonitrile, trichloroethy-
lene, 2-propanol, and indene (HPLC grade from Ranchem chemicals
and Sigma Co.) and were used without further purification.

In experiments where the relative shift was measured, the
spectra were recorded without changing the spectrometer posi-
tion and intense bands are accurate to &1 cm™". All spectral
processing was conducted using SynerJY (Jobin-Yvon). Band
positions were determined by fitting Lorentzian line shapes to
the bands in the observed spectra. Although we have previously
characterized the spectra of the nucleotides,'” the spectrum of
each nucleotide was recorded on each experiment day just before
or after the spectrum of the enzyme - nucleotide sample had been
recorded to minimize errors due to grating movement.

UVRR spectra of nucleotides bound to HGPRT were ob-
tained by taking a 1:3 HGPRT:nucleotide ratio, in the presence
of MgZJr ions, to achieve maximal binding of the nucleotide to the
enzyme. The spectrum of the unbound nucleotide was sub-
tracted from that of the HGPRT - nucleotide mixture. All samples
contained 30 mM sodium nitrate as described above. The Raman
band of nitrate at 1048 cm ™' was used as an internal standard for
normalization of intensities across spectra. Similar UVRR experi-
ments were also conducted with the hHGPRT - AMP mixture
[adenosine monophosphate (see Figure S1 in the Supporting
Information)] to serve as a check for the presence of nonspecific
binding. Because AMP does not bind to hHGPRT,"® no shifted
peaks were obtained for this molecule in the presence of hHGPRT.
Spectra were recorded at 260 nm excitation by typically averaging 40
frames of 40 s exposure each. It was ensured that there was no
sample damage via comparison of the first and last frame (40th) of
the data. The change in the Raman shifts (AAv), for each vibrational
band listed in the tables, is the mean shift obtained by averaging over

data from several independent experiments conducted on different
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Figure 3. UVRR spectra of (a) GMP at pH 7 (inset shows an enlarged
view, and Lorentzian fit to the 1682 cm ' band of GMP assigned to
the carbonyl stretching mode), (b) [hHGPRT - GMP-+free GMP-+free
hHGPRT] minus free hHGPRT, (c¢) hHGPRT-GMP (b—a), (d)
PfHGPRT - GMP, and (e) F36L hHGPRT - GMP. The GMP concentra-
tion was 450 uM, and the HGPRT concentration was 150 4M.

days. Larger errors are usually obtained for bands with weak intensity
because of uncertainty in the fitting of the band shapes.

B RESULTS

The stable state probed in the following spectroscopic experiments
in which the Raman signal is acquired over several minutes is the
nucleotide - HGPRT complex. The forward reaction of the enzyme is
fast (ke values of 6 s~ " for hypoxanthine substrate and 13 s ! for
guanine substrate), and the rate-limiting step is the dissociation of the
nucleotide product from the enzyme following the release of PP;.'"

We exploited the different electronic absorption spectra of
proteins and nucleic acids by using a Raman excitation wave-
length in resonance with purine nucleobases at 260 nm. This
results in exclusive enhancement of vibrational bands from the
nucleobase without interference from either the sugar—pho-
sphate backbone of the nucleotide or the protein in the nucleo-
tide—protein complex as seen in Figure 3c. The small spectral
contribution from protein at this wavelength (Figure S2 of the
Supporting Information) was removed by subtraction.

The Active Site of hHGPRT Distorts the Guanine Nucleo-
base of Bound GMP To Weaken the N1—H and C=0 Bonds.
The UVRR spectra of GMP in buffer and the hHGPRT - GMP
complex in resonance with the nucleobase are shown in Figure 3-
(a and c, respectively). The spectrum of the complex contains
intense bands at 1640, 156S, 1479, 1407, and 1310 cm ' A
detailed normal-mode analysis of GMP has been reported
previously."” The corresponding bands of unperturbed GMP
occur at 1682, 1577, 1487, 1414, and 1318 cm ™}, respectively
(a typical downshift of 7—11 cm™ " barring the carbonyl mode).
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Table 1. Comparison of Shifts in Wavenumber Observed in UVRR Spectra of hHGPRT - GMP, F36L hHGPRT - GMP, and
PfHGPRT - GMP Complexes with Respect to GMP in Buffer at pH 7 and Shifts Observed with Deuterium Labeling of GMP and the
hHGPRT - GMP Complex (Vp,o minus vy o)

GMP hHGPRT-GMP’  F36L hHGPRT-GMP®  PfHGPRT-GMP” hHGPRT - GMP
shift in shift in

composition” H,0 D,0 D,0O° H,0 H,0 H,0 D,O D,O°
St C60+Be N1H 1682 1665 —19 1640 (—40) 1640 (—42) 1643 (—40) 1648/1614 8/—26
Py ring+Sci NH2+Be N1H 1603 1572 —31 1605 (2) 1603 (2) 1604 (2) 1574 —30
Sci NH2+-Py ring+Be N1H 1577 1582 S 1565 (—11) 1565 (—10) 1566 (—12) 1568 3
Pu ring+Be N1H+C8H+Sci NH2 1538 1540 2 1530 (—11) 1526 (—10) 1526 (—10) 1532 2
St N7C8+Py ring+Be C8H 1487 1480  —7 1479 (—7) 1479 (—7) 1481 (—7) 1470 -9

+N1H-+N2H2b

Py ring+St N7C8-+rock NH2+Be N1IH 1414 1405  —9 1407 (—=7) 1408 (—7) 1404 (—7) 1398 -9
Pu ring+Be N2H2a 1366 1355  —11 1356 (—8) 1357 (=7) 1356 (—9) 1348 -6
Be N1H-+N2H2b+C8H 1318 1318 0 1310 (—8) 1311 (—8) 1311 (=7) 1314 4

+St CSN7—C2N2

“ Abbreviations: St, stretch; Be, bend; Py, pyrimidine; Sci, scissors; Pu, purine. ®Values in parentheses are average shifts (Vigprr-Gyvp minus Vgyp)
obtained from three or more data sets. “ Shifts correspond to the shifts in wavenumber obtained upon going from H,O to D,0O (VDZO minus VHZO).

These shifts are summarized in Table 1 along with the primary
mode composition of each of these bands. Formation of the
hHGPRT - GMP complex causes changes not only in the posi-
tions but also in the relative intensities of the bands.

The carbonyl stretching mode of GMP undergoes a large
downshift of 40 cm™ ' when GMP binds to hHGPRT. This is in
accordance with the interaction of the C=0 group of GMP with
Lys16S in the active site via hydrogen bonding observed in the
X-ray crystal structure. In free GMP, this mode is known to
undergo an H—D isotopic shift of 19 cm ™" in D,O due to
contributions from N1—H bending motion.'® The large down-
shift observed in the enzyme complex reflects interactions of the
N1—H and C=O0 groups with the protein side chains. Further
support for hydrogen bonds at both the N1—H group and O6 is
provided by a comparison with the GMP anion. The GMP anion
is formed via deprotonation of the hydrogen at N1. This leads to
a downshift in the observed wavenumber of the carbonyl mode to
1592 em™ ' (Av = 90 em™')."”” The position of the carbonyl
stretching mode of the hHGPRT - GMP complex is intermediate
between that of the neutral and anionic forms of free GMP. The
hydrogen bond between Lys165 and the carbonyl group of GMP is
proposed to confer specificity for 6-oxopurine binding at the enzyme
active site.' Observed Raman shifts indicate that this interaction
leads to an increase in the C=0 bond length. The large downshift
observed in this mode is also partly attributed to hydrogen bonding
interactions of the N1—H bond of the purine ring of GMP with the
backbone carbonyl of Val187 in the active site of the enzyme. Similar
downshifts in the carbonyl mode, attributed to hydrogen bonds, have
been observed in the uracil—uracil DNA glycosylase complex by
Dong et al.”® and in the 4-hydroxycinnamyl chromophore in the
photoactive yellow protein (PYP) by Unno et al.*!

The pyrimidine stretching mode of GMP coupled to NH,
scissoring observed at 1577 cm™ ' in GMP downshifts by
11 cm™ " in the hAHGPRT - GMP complex. This downshift can be
attributed to hydrogen bonds formed with the NH, group at the
active site. The band at 1487 cm™/, arising from Im N7—C8
stretching and the pyrimidine ring and the N1—H bend, is
downshifted by 7 cm™". Coincidentally, a similar magnitude of
downshift is observed in this band upon H—D exchange in
GMP." Although the close match is fortuitous, the observed

4187

downshift in both cases indicates that N1—H group is involved in
hydrogen bonding with residues of the active site. The difference
in the magnitude of the shifts (11 and 7 cm ") of the two bands
discussed above is consistent with the descriptions of their modes.
While two hydrogen bonds influence the 1577 cm ™" mode, only
one participating atom is affected in the mode at 1487 cm ™. The
two lower-intensity bands at 1407 em ' (Av=—7)and 1310 cm ™!
(Av = —8) correspond to modes that are comprised of N1—H and
NH, motions and reinforce the presence of hydrogen bonding
interactions at the active site of hHGPRT.

These data indicate that the active site contacts observed in the
X-ray structure are largely preserved in solution for HGPRT. The
N1, C6=O0, and exocyclic NH, groups of the guanine base
participate in hydrogen bonding with active site residues Val187,
Asp193, and Lys16S (Figure 2b), leading to the perturbations in
the Raman spectrum discussed above.

Relative intensities of the GMP bands are also altered in the active
site pocket. While the intensity of the 1605 and 1479 cm ™' modes is
suppressed, that of the band at 1565 cm™ " is enhanced (Figure 3c).
Phel86 is positioned to form a 7T stack with the pyrimidine ring in
the crystal structure (Figure 2b). The observed intensity changes in
the Raman spectra confirm this interaction. We simulated the effect
of Phe stacking on the Raman intensities of GMP using DFT calcu-
lations. A depression in the intensities of the obtained Raman bands
is predicted as a result of aromatic 77 stacking from these calculations,
which can be seen in Table S2 of the Supporting Information.

Comparison of the spectrum of the hHGPRT - GMP complex
with that of GMP anion yields similarities with respect to the relative
intensity ratios in the wavenumber region from 1400 to 1600 cm ™,
especially the loss of intensity of the band at 1605 cm ™. While the
wavenumbers of the bands in the spectrum of the hRHGPRT - GMP
complex are intermediate between those of free GMP and deproto-
nated GMP, the intensity ratios correspond to those of anionic GMP.
On the basis of these observations, we conclude that upon binding to
the enzyme, the structure of the guanine nucleobase of the bound
GMP is distorted from that in neutral form to one that resembles the
GMP anion. Raman spectra thus provide unprecedented, detailed
information about the electronic structure of the ligand.

Isotope-Edited Spectra of the hHGPRT-GMP Complex.
Comparison of the isotope-induced shifts observed in the
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Figure 4. UVRR spectra of (a) GMP in D,O at pD 7 and (b) the
hHGPRT - GMP complex in D,0O. The number sign denotes the band
from unexchanged GMP. The GMP concentration was 450 M, and the
HGPRT concentration was 150 M.

hHGPRT - GMP complex with those in free GMP would help
identify alterations, if any, in the composition of normal modes of
GMP upon binding to the enzyme. Figure 4a displays the
spectrum of neutral GMP in D,0.'° The enzyme-bound GMP
undergoes isotope-induced shifts in all observed bands:
1574 em ™" [AV( 1 by = —30], 1568 cm ™' [Av(y o 1) = 3],
1470 cm ™' [AV(g o py = =91, 1348 cm ™! [Av(g 4o by = —6],
and 1314 cm ™' [Av(y ¢ by = 4] (Figure 4b and Table 1). The
isotopic shifts of the hHGPRT -GMP complex correlate very
well with those observed upon H—D exchange in free GMP'®
(Table 1), indicating that the normal mode description remains
largely unchanged despite interactions with the active site. These
shifts also confirm that all the protons of the nucleobase are still
bound to it in the active site. We observe that the C6=0 mode
has two components in D,0. This band is weak, and a corre-
sponding split in the H,O spectrum cannot be ruled out. This
may be due to the presence of two slightly different orientations
of the Lys that make hydrogen bonding contacts with the
C=0 group.

Interactions of IMP with the Active Site. The spectrum of
IMP bound to human HGPRT (Figure Sb) shows that the bands
corresponding to the nucleobase vibrations shift with respect to
those in neutral IMP. The bands at 1586 cm™' (Av = —7),
1546cm ! (Av=—9),1471cm ' (Av=4),1415em ' (Av=—6),
and 1313 cm™' (Av = —10) are shifted by the amounts
indicated in parentheses (Table 2). While most modes display
a downshift with respect to free IMP analogous to the case of
the hHGPRT -GMP complex, the band at 1471 cm™ ' is
upshifted by 4 &2 cm ™.

The normal mode corresponding to the band at 1593 cm™
comprises the pyrimidine ring coupled to C2—H and N1—-H
bending. The downshift in this band in the hHGPRT -IMP
complex to 1586 cm ™' indicates an interaction of the N1 proton
of IMP with the active site.

The N3C4—C4C5—N7C8 stretching vibration downshifts
from 1554 cm ™' in aqueous IMP to 1549 cm ™' in D,O. The
corresponding band in the h(HGPRT - IMP complex (1546 cm™ ")
displays a similar downshift with respect to aqueous IMP.

The most intense band in the IMP spectrum (1468 cm™ )
appears at 1471 cm ™' in the protein-bound spectrum. Similar to
the upshift observed upon binding to the protein, when free IMP

1

T T T T T T T T T
1300 1400 1500 1600 1700
Raman Shift (cm™)

L
1200

Figure S. UVRR spectra of (a) IMP at pH 7, (b) the hHGPRT - IMP
complex, (c) the PAHGPRT - IMP complex, and (d) the F36L hHGPRT -
IMP complex. The IMP concentration was 450 uM, and the HGPRT
concentration was 150 M.

is deprotonated, this band upshifts from 1468 cm ™" (pH 7) to
1473 cm ™' (pH 11)."” These shifts confirm that the hydrogen
bonding interactions observed in the crystal structure are re-
tained in solution and that contact with amino acids of the active
site apparently restrains the N1—H bending vibration. The
overall trend of downshifts in 6—10 wavenumbers indicates that
the structure of IMP in the active site is perturbed from that of
neutral IMP in solution to that of deprotonated IMP in which the
N1 proton is absent.

Active Sites of PfHGPRT and hHGPRT Provide Similar
Environments for IMP and GMP. The active sites of the two
enzymes have a degree of sequence homology as high as 80%.”
While a host of crystal structures are available for hRHGPRT,* %"
only a single crystal structure of the Plasmodium enzyme is avail-
able." This cocrystal structure with the transition-state analogue,
immucillinHP, shows an active site similar to that of hHGPRT,
so that the reason for the observed differing substrate specificity
in the two enzymes is not clear.

In the preceding section, we showed that the UVRR spectra of
hHGPRT - GMP and hHGPRT -IMP complexes prove to be
highly sensitive to the active site environment. Because these
experiments correspond to solution structures, we expect that
the UVRR spectra will be able to detect differences in the
hydrogen bonding interactions of IMP and GMP in the two
enzymes. Spectra of the complexes of PEHGPRT with GMP
(PfHGPRT -GMP) and IMP (PfHGPRT-IMP) are shown in
Figures 3d and Sc, respectively. A comparison with the corre-
sponding spectra of hHGPRT (Figures 3c and Sb, respectively)
shows that the perturbations introduced into the spectra upon
binding of enzyme to the nucleotide are equivalent in the two
enzymes. The fact that these shifts are comparable not only for
IMP but also for GMP (Tables 1 and 2) indicates that the
quantitative agreement in Raman shifts is not fortuitous. Despite
their differences, h(HGPRT and PfHGPRT achieve highly similar
active site configurations. Additional support for these interactions
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Table 2. Comparison of Shifts in Wavenumber Observed in UVRR Spectra of hHGPRT - IMP, F36L hHGPRT - IMP, and
PfHGPRT - IMP Complexes with Respect to IMP in Buffer at pH 7 and Wavenumber Shifts Observed upon Deuterium Labeling

of IMP and the PfHGPRT - IMP Complex

IMP  IMP’ IMP hHGPRT -IMP°  F36L hHGPRT.IMP°  PfHGPRT.IMP°  PfHGPRT.IMP
composition” H,0 D,0O  shiftin D,0? H,0 H,0 H,0 shift in D,0?
Py ring+Be C2H+N1H 1593 1580 -13 1586 (—7) 1587 (—8) 1588 (—7) —11
St N3C4—C4CS—N7C8+Be C8H 1554 1549 -5 1546 (—9) 1546 (—9) 1547 (—8) -3
Be N1H+C8H+Pu ring 1468 1428 —40 1471 (4) 1473 (4) 1473 (4) -52
Be N1H+C2H+Py ring 1420 1334 —86 1415 (—6) 1413 (—7) 1413 (—7) —78
Be C8H+C2H+N1H+Pu ring 1321 1309 —11 1313 (—10) 1312 (—10) 1313 (—8) -8

“ Abbreviations: St, stretch; Be, bend; Py, pyrimidine; Pu, purine. ¥ Taken from ref 17. ¢ Values in parentheses are average shifts (Vygprr.mvp minus
Vimp) obtained from three or more data sets. 7 Shifts correspond to the shifts in wavenumber obtained upon going from H,O to D,O (VDZO minus VHZO).

is provided by H—D exchange-induced shifts in the IMP com-
plex of the enzyme in D,O (Table 2).

The crystal structure of IMP in a complex with human
HGPRT has been determined by Xu et al."' This structure was
found to be isomorphous with the hHGPRT - GMP structure,
and similar hydrogen bonding contacts were predicted for the
purine binding site with the exception of the contacts with the
NH, group of GMP. In accordance with these data, we find that
most modes of IMP and GMP, barring the carbonyl mode, are
perturbed by 7—11 wavenumbers in the HGPRT active sites,
indicating similar distortions in both molecules.

The pK, of XMP Is Perturbed When It Binds to PfHGPRT.
The spectrum of XMP bound to PEHGPRT at pH 7.0 is shown in
Figure 6c¢. A large number of bands that are perturbed from their
corresponding positions in aqueous XMP (pH 7) are observed.
Like the spectra of HGPRT-IMP and HGPRT:-GMP com-
plexes, this spectrum shows systematic downshifts with respect
to the spectrum of aqueous XMP (pH 7). In addition, the
spectrum also displays altered relative intensities of the Raman
bands. Poorer binding of XMP to PfHGPRT (K, for xanthine of
261 £ 52 uM compared to values of <1 uM for hypoxanthine
and guanine*) compared to that of IMP and GMP is reflected in
the lower signal-to-noise ratio of this spectrum. As anticipated,
no change in the Raman bands of XMP is observed when it is
mixed with wild-type hHGPRT, indicating that binding does not
take place (Figure S3a of the Supporting Information).

XMP is unique among 6-oxopurine nucleotides because it
exists as an anion at pH 7.0 (pK, = 5.5)'* while others are in their
neutral forms (Figure 1b). The first deprotonation occurs at N3,
which leaves the N1—H proton intact and available to make
active site contacts similar to those made by the N1—H group in
IMP and GMP.'*'” The UVRR spectrum of aqueous XMP
obtained with 260 nm excitation at pH 7.0 is shown in Figure 6f
and has been previously assigned to its anion.'” The same work
also reported detailed assignments of the bands of XMP ™~ and
neutral XMP in water and D,0."” In the following interpretation
of the UVRR spectra of the PPHGPRT - XMP complex, we refer
to the normal mode descriptions reported therein.

The band at 1654 cm™ ' in the PfHGPRT -XMP complex
arises from the carbonyl bond stretching vibration. This mode is
observed at 1651 cm™ " in XMP ™ and at 1696 cm ™' in neutral
XMP."” Thus, the C=0 bond length in the enzyme-bound XMP
structure is closer to its bond length in XMP . The most intense
band in the spectrum of aqueous XMP ™ at 1573 cm™ " arises
from pyrimidine ring stretching and C8—H bending. In the
spectrum of the PEHGPRT - XMP complex, this mode is observed

) T T T T T T T T T 1
1200 1300 1400 1500 1600 1700
Raman Shift (cm™)

Figure 6. UVRR spectra of (a) XMP at pH 2, (b) the PAHGPRT - XMP
complex at pH 6.5, (c) the PAHGPRT - XMP complex at pH 7.0 (dotted
lines depict Lorentzian fits made to the obtained spectrum), (d) the
PfHGPRT-XMP complex at pH 8.5, (e) the F36L hHGPRT - XMP
complex at pH 7.0, and (f) XMP at pH 7. The XMP concentration was
450 uM, and the HGPRT concentration was 150 4M.

at 1570 cm ™. The corresponding band is at a higher wavenum-
ber (1613 cm™ ') in neutral XMP (Figure 6a)."”

The 1525 cm™' band in the PfHGPRT:-XMP complex
corresponds to the 1531 cm ™' band of XMP . These bands
are attributed to C8—H bending vibrations with a slight
contribution from the imidazole ring as well. The 6 cm !
downshift in this mode indicates that the C8 —H vibration is
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Table 3. Comparison of Shifts in Wavenumber Observed in UVRR Spectra of the F36L hHGPRT - XMP and PfHGPRT - XMP
Complexes with Respect to XMP in Buffer at pH 7 and 2 and Wavenumber Shifts Observed upon Deuterium Labeling of XMP

(at pH 2 and 7) and the PAHGPRT - XMP Complex

XMP neutral XMP anion  F36L hHGPRT - XMP” PfHGPRT - XMP” PFHGPRT - XMP
shift in shift in shift from pH 7, shift from pH 2,  shift from shift in

composition” pH2 D,0° pH7 D,Of XMP XMP pH 7, XMP D,0°
St C6~0+C2=0 1696 2 1651 -2 1654 (—42) 1654 (4) 2 anion
Py ring 1613 —6 1610 (—2) —17 neutral
Py ring+Be C8H 1573 2 1571 (-2) 1570 (—4) 0 anion
Be C8H+St N7C8-+C4N9 1531 =3 1522 (=7) 1525 (—6) 9 anion
St N7C8+Be C8H+N3H 1488 -7 1485 (—4) -5 neutral
Be N3H+N1H+Im ring 1459 —26 anion
Py ring+N7C8+Be C8H 1469 0 1458 (—11) 1459 (—12) -2
Be N1H+ Im ring+St N1C6 1420 2 1414 (=7) neutral
Be NIH+St C8N9-+C4CS5 1387 -7 1391 0 1385 (—4) 1381 (—7) 1381 (—10) 6 neutral/anion
Be N1H+C8H+Pu ring 1340 -5 1337 —4 1333 (—4) 1330 (—10) 1330 (—7) —4 neutral/anion
Be N1H+C8H+St N1C2 1319 -8 1320 -5 1311 (-9) 1310 (—12) 1310 (—12) 5 neutral /anion

“ Abbreviations: St, stretch; Be, bend; Py, pyrimidine; Pu, purine; Im, imidazole. ®Values in parentheses are average shifts (Vygprer-xap Minus Vyyp)
obtained from three or more data sets. “ Shifts correspond to shifts in wavenumbers obtained upon going from H,O to D,0O (VDZO minus VHZO)’

also influenced by enzyme binding. The pyrimidine ring mode
at 1469 cm ™' in XMP shifts to 1459 cm™ ' in the PFHGPRT -
XMP complex.

Other bands observed in the spectrum of the PPHGPRT - XMP
complex cannot be attributed to the anionic form of XMP. From
the intensity patterns and the positions, these are identified as
bands of neutral XMP (Figure 6a). The band at 1610 cm™ " in the
PfHGPRT - XMP complex corresponds to the pyrimidine stretching
mode observed at 1613 cm™ ' in neutral XMP. Bands at 1485 and
1414 cm™ " correspond to bands in neutral XMP at 1488 and
1420 cm ™, respectively. The primary contribution to the modes
giving rise to these bands is from N7—C8 stretching and N1—-H
bending vibrations, respectively.

Lower-wavenumber bands corresponding to both species are
observed as well. The bands at 1381, 1330, and 1310 cm ™" in the
spectrum of the PIHGPRT - XMP complex correspond to the
1391 and 1387 cm ™', 1337 and 1340 cm ', and 1320 and
1319 cm™ ' bands from anionic and neutral XMP, respectively.
Because these bands are downshifted from their positions
in neutral and anionic XMP, an unequivocal assignment to
specific species cannot be made for these bands (summarized in
Table 3).

From the data described above, it is clear that many features in
the spectrum of the PEHGPRT - XMP complex correspond to
those in the spectrum of XMP at pH 2, including two bands
around 1400 cm ™~ ' and the band at 1610 cm ™" that is absent from
the spectrum of anionic XMP. Several other bands in the
spectrum of the PFHGPRT - XMP complex correspond to those
in the spectrum of XMP at pH 7, e.g., the bands at 1570 and
1525 cm™'. This suggests that XMP in the active site of
PfHGPRT exists as a mixture of the neutral (N3—H) and anionic
(deprotonated at N3) forms.

PfHGPRT-XMP Complex in D,0. Using H—D exchange-
induced isotopic Raman shifts, we find that binding to the protein
does not significantly alter the normal mode composition for
most modes of the XMP complex because deuterium-induced
shifts are similar in magnitude to those of the substrate in
water or D,O (Table 3 and Figure S4 of the Supporting
Information). In the PfHGPRT:XMP complex, modes
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arising from both anionic and neutral forms that we observed
in H,O are also seen in D,O at expected shifts, further confirm-
ing the presence of these two forms in the active site of
PfHGPRT.

A few bands do show altered H—D exchange shifts and hence
mode composition changes as listed in Table 3. The 1531 cm ™'
band of unbound XMP ™~ downshifts by 3 cm™ 'in D,O, while the
band of the PtHGPRT-XMP complex shows an upshift of
9 cm™ ' upon deuterium labeling. Thus, there is a large change
in the mode composition of this mode upon binding of
PfHGPRT. On the basis of similar reasoning, it can be concluded
that normal mode distributions of the 1391 and 1320 cm ™'
bands of XMP ™ are altered when this molecule is bound to
PfHGPRT.

Mutant hHGPRT with Expanded Substrate Specificity.
Although hHGPRT does not catalyze xanthine, a mutant of
hHGPRT, F36L, does catalyze the conversion of xanthine to
XMP* with a k.,, much lower than those of hypoxanthine and
guanine. F36 is present at the base of loop IV that is involved
in purine recognition. It was suggested that this mutation
rearranges the active site such that the repulsive interactions
with the C2=0 group of XMP and xanthine are avoided. To
probe if the rearranged active site in this mutant form of
hHGPRT is similar to that of PIHGPRT, we probed com-
plexes of F36L hHGPRT with the three products, IMP, GMP,
and XMP.

The Active Site Environment of IMP and GMP in F36L
hHGPRT Is Similar to That in Wild-Type hHGPRT. We first
studied binding of the end products, IMP and GMP, to F36L
hHGPRT for comparison with the active site of the wild-type
enzyme. The UVRR spectra of GMP bound to F36L hHGPRT
(Figure 3e) and IMP bound to F36L hHGPRT (Figure Sd)
obtained using 260 nm excitation are compared with those
obtained for the wild-type enzyme. The enzyme-induced pertur-
bations in both IMP and GMP are analogous to those seen with
the wild-type enzyme; the small differences are within experi-
mental error (Tables 1 and 2). Thus, the active site environments
of IMP and GMP in the wild-type and F36L hHGPRT enzymes
are identical. This supports the conclusions made from kinetic
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measurements of the forward reaction using hypoxanthine
and guanine.”

PfHGPRT and F36L hHGPRT Catalyze Xanthine and Bind
to XMP, but the Active Site Pockets Are Dissimilar. The
UVRR spectrum of the 1:3 F36L hHGPRT/XMP solution
shows specific shifts from the Raman spectrum of XMP at
pH 7.0 (Figure 6e). The bands at 1573, 1531, 1469, 1391,
and 1320 cm_1 undergo downshifts of —2, =7, —11, —4,
and —9 cm ', respectively (summarized in Table 3). The low
signal-to-noise ratio in the observed spectrum is due to the low
binding afﬁmty of the enzyme for XMP.

The 2 cm™ ' downshift in the pyrimidine ring mode in the
F36L hHGPRT - XMP complex is comparable to the 4 cm™
downshift observed in the PFHGPRT - XMP complex (refer to
the previous discussion). The comparable magnitudes of the
downshifts in the two cases suggest similar extents of reorga-
nization of the pyrimidine ring in the active site pockets of the
human and Plasmodium enzymes. A comparable downshift
of —7 is observed in the C8 —H bending and imidazole ring
vibration (1531 cm™ ' mode in XMP"), indicating strong
interactions of this part of the nucleobase with the active site.
Contrary to this, the N1—H bending vibrations undergoe
downshifts of only 4 cm ™' as opposed to _average shifts
of 10 and 7 cm " in PfHGPRT (1391 cm™'/1387 ecm ™!
and 1337 cm ™ '/1340 cm ™! bands in anionic/neutral XMP).
Thus, it appears that the exocyclic atoms of the pyrimidine
ring make weaker contacts in F36L hHGPRT than in
PfHGPRT.

Overall, more bands undergo large downshifts in the
PfHGPRT - XMP complex than in the F36L hHGPRT - XMP
complex, indicating that XMP makes more extensive contacts
with PfHGPRT than with F36L hHGPRT.

UVRR Spectra of the PfFHGPRT - XMP Complex as a Func-
tion of pH. To further investigate the change in the pK, of
XMP upon binding to PFGHPRT, we conducted experiments
with this complex at pH 8.5 and 6.5. At pH 8.5, we find that
only the anionic form of XMP is bound because no bands
corresponding to the neutral form are observed (Figure 6d).
Further, we find that the intensity pattern and wavenumber
shifts resemble those observed for the F36L hHGPRT - XMP
complex. This implies that binding of anionic XMP to
PfHGPRT at this pH occurs through interactions similar to
those observed in the mutant human enzyme. The presence of
the neutral form in the active site of PFHGPRT is then attri-
buted to the unique ability of the malarial protein to modulate
the pK,. To confirm that the additional bands in the spectrum
originate from the presence of a neutral species, we conducted
experiments at pH 6.5. At this pH, the population in the
protonated, neutral form should increase and the band corre-
sponding to this species should undergo an increase 1n
intensity. Indeed, we observed that the band at 1612 cm™
(neutral XMP) is intense compared to the band at 1568 cm
(anionic XMP) (Figure 6b).

The ability of enzymes to perturb the ionization state of the
bound ligand has been observed in other proteins. A mixture of
neutral and anionic forms of uracil bound at the active site of
uracil DNA glycosylase (UDG) was detected by NMR and
normal Raman spectroscopy.”® The pK, at the «C—H group
of substrate analogue 3-thiaoctanoyl-CoA of medium-chain acyl-
CoA dehydrogenase decreases when it binds to the enzyme.>
The pK, shift of a cytosine in a viral ribozyme has been
described previously by Carey and co-workers using Raman

—1

crystallography.”* Nemeria et al. have shown the existence of
different tautomers of thiamin diphosphate in four enzymes
and the pK, of the 4’-aminopyrimidinium moiety varies
among enzymes.”

W DISCUSSION

The high degree of similarity and the partially overlapping
substrate specificity of hHGPRT and PfHGPRT provide an ideal
set of enzymes to ask the fundamental question of how proteins
discriminate between substrates and their analogues. HGPRT is a
well-studied enzyme, and X-ray crystal structures of HGPRT in
complex with the substrate analogues 7- hydroxy[4 3-d]pyrazolo-
pyrimidine (HPP)"* and 9-deazaguanine,® transition-state ana-
logues immucillinGP® and immucillinHP,"* and nucleotide
products GMP,'>*” IMP,'"*” and XMP*® are known. This rich
structural information demonstrated that the human enzyme is
highly flexible and undergoes a series of conformational changes
as it moves along the catalytic cycle.® Molecular dynamics®
simulations on the human and Tritrichomonas fetus HGPRT's
have indicated that there is additional plasticity in the parasite
analogues of HGPRT.*® The next challenge is to understand
how this plasticity of protein structure translates into differential
chemical recognition of the substrates by the parasitic enzymes.
This study provides a first step in the pursuit of these questions
and shows through vibrational spectroscopy that subtle enzyme-
induced distortion of the substrate is a part of the recognition
strategy.

It is well established that HGPRT carries out catalysis via an
ordered bi-bi mechanism."" Binding to the nucleotide is the first
step in the backward reaction, after which PP; is bound. In this
work, we have studied steady-state complexes of HGPRT bound
to nucleotides IMP, GMP, and XMP. The use of resonance-
enhanced Raman spectroscopy provides unprecedented selec-
tivity for the vibrational signatures of the bound nucleotides over
the protein environment.

At the outset, we find that H- bondm% interactions seen in the
crystal structures of hHGPRT -GMP'* and hHGPRT - IMP"!
complexes are preserved in solution. UVRR data reported in this
study show that the purine rings of IMP, GMP, and XMP are
primarily anchored via hydrogen bonds observed in the reported
crystal structures of human' "' and Toxoplasma gondii*”** HGPRTs.

Raman spectra of the HGPRT -substrate complexes also
report on the nature of the active site interactions quantitatively.
The bands of GMP undergo an overall downshift upon binding
to the protein active site. This indicates a distortion of the
structure of the GMP substrate to a more “anion-like” structure.
This is also true of IMP and occurs in both enzymes. The large
shifts in the C=0 mode indicate its role in anchoring of the
substrate to the active site. Nonresonant Raman spectra of G
proteins, EF-Tu, and p21 with GDP and IDP* also demon-
strated strong hydrogen bonding effects in the active site. The
typical shifts in wavenumber for the ring vibrations were similar
in magnitude to those observed in this study (~7—10 cm™").
The carbonyl stretching vibration was found to be perturbed by
~20 cm™ ' in the p21-IDP complex. The fact that we observe a
shift of 40 cm ™" in the carbonyl mode in our data suggests that
the HGPRT active site forms a stronger interaction with the
purine C6=0 group. Thus, Raman spectral shifts are sensitive to
a range of interaction strengths between the enzyme and sub-
strates, which in turn makes them more informative in conjunc-
tion with structures from other spectroscopies. These data
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provide direct evidence of the distortion of the substrate by the
enzyme. The magnitude and direction of perturbation of the
vibrational Raman bands provide additional information about
the nature of the distorted substrate.

The crystal structure of PIHGPRT bound to a product
nucleotide is not available. Because the Toxoplasma and Plasmo-
dium enzymes recognize xanthine, it is possible that their mode of
recognition of IMP and GMP may be different from that of
human HGPRT. Surprisingly, X-ray structures determined by
Heroux et al.”’ revealed that the IMP and GMP complexes of
TgHGPRT are similar to that of hHGPRT. Vibrational spectra of
the PIHGPRT - product complexes observed in this work corro-
borate this conclusion. Similar Raman shifts of both human and
Plasmodium product complexes suggest that despite differences
in the overall protein structure, both enzymes ultimately assem-
ble indistinguishable active site environments around IMP and
GMP in solution. The observed similarity in the two active sites
may be limited to the environment around the product, and
additional differences may be present in the active sites as-
sembled during the forward reaction of the enzyme.

Vibrational spectra add valuable information to known crystal
structural data by identifying the protonation state of the bound
ligand. Our experiments with the PPHGPRT - XMP complex have
revealed the remarkable ability of this enzyme to alter the pK, of
bound XMP. The TgHGPRT-XMP-Mg>" crystal structure
shows that N3 of XMP is contacted by the Mg*" via a water
molecule.”® A similar interaction could be present in PFHGPRT
as well, which leads to stabilization of XMP at the PfHGPRT
active site. This structure can also be used to gain insight into the
mechanism of xanthine recognition, which is exclusive to the
protozoan HPRTs. The highly conserved aspartate residue
adjacent to the C2=0 group (Asp206 in TgHGPRT, Asp204
in PfHGPRT, and Asp193 in hHGPRT) is key in this mechan-
ism. In the GMP structures, the backbone carbonyl of this residue
forms hydrogen bonds with the exocyclic NH, group. In the
TgHGPRT crystal structure with XMP,>”*® this residue is
rotated to minimize the repulsive interactions between the two
carbonyl groups and, at the same time, to allow favorable
H-bonding interactions with the backbone NH group (see
Figure 2). This rotation is a result of shifting of the entire loop
IV (residues 203—207 in TgHGPRT) of HGPRT. It has been
hypothesized, on the basis of this structure and molecular
dynamics simulations,”” that human HGPRT lacks the required
flexibility for shifting this loop, which is why it cannot use
xanthine as a substrate. UVRR spectra demonstrate unequivo-
cally that the mode of XMP binding is different in F36L
hHGPRT and PfHGPRT. We find that PPHGPRT binds to both
anionic and neutral XMP while mutant F36L hHGPRT can bind
to only the anionic form. It is possible that the F36L mutation in
hHGPRT allows a recovery of the flexibility of loop IV residues,
such that xanthine can now be catalyzed. The fact that it still
cannot bind to neutral XMP suggests that this recovery is only
partial, resulting in a reaction k., value that is far lower than that
of PEHGPRT as observed. Thus, the data presented in this work
provide evidence that further supports the current model of
HGPRT action.
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