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Abstract

The pyranopterin dithiolene (PDT) ligand is an integral component of the molybdenum cofactor 

(Moco) found in all molybdoenzymes with the sole exception of nitrogenase. However, the roles 

of the PDT in catalysis are still unknown. The PDT is believed to be bound to the proteins by an 

extensive hydrogen bonding network, and it has been suggested that these interactions may 

function to fine-tune Moco for electron and atom transfer reactivity in catalysis. Here, we use 

resonance Raman (rR) spectroscopy to probe Moco-protein interactions using heavy atom 

congeners of lumazine; molecules that bind tightly to both wt-XDH and its Q102G and Q197A 

variants following enzymatic hydroxylation to the corresponding violapterin product molecules. 

The resulting enzyme-product complexes possess intense NIR absorption, allowing high quality 

rR spectra to be collected on wt-XDH and the Q102G and Q197A variants. Small negative 

frequency shifts relative to wt-XDH are observed for low-frequency Moco vibrational. These 

results are interpreted in the context of weak hydrogen bonding and/or electrostatic interactions 

between Q102 and the −NH2 terminus of the PDT, and between Q197 and the terminal oxo of the 

Mo≡O group. The Q102A, Q102G, and Q197A, Q197E variants do not appreciably affect the 

kinetic parameters kred, and kred/KD, indicating a primary role for these glutamine residues is to 

stabilize and coordinate Moco in the active site of XO family enzymes, but not directly affect 

catalytic throughput. Raman frequency shifts between wt XDH and its Q102A variant suggest the 

changes in the electron density at the Mo ion that accompany Mo oxidation during electron 

transfer regeneration of the catalytically competent active site are manifest in distortions at the 

distant PDT amino terminus. This implies a primary role for the PDT as a conduit for facilitating 

enzymatic electron transfer reactivity in xanthine oxidase family enzymes.
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A combination of spectroscopy, kinetics, and computations has been used to evaluate Moco-

protein interactions in R. capsulatus xanthine dehydrogenase. Weak hydrogen-bonding interactions 

between Moco and the active site glutamine residues Q197 and Q102 contribute to anchor the 

cofactor to the protein. Our work further supports a hypothesis that the PDT component of Moco 

functions as a conduit for electron transfer in the oxidative half reaction of the enzyme.

Keywords
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INTRODUCTION

R. capsulatus xanthine dehydrogenase (RcXDH) is a pyranopterin molybdenum enzyme1–3 

that possesses broad substrate specificity1, 3–4 and a high degree of sequence homology with 

the mammalian molybdenum hydroxylase, xanthine oxidoreductase (XOR). XDH and XOR 

belong to the xanthine oxidase (XO) family of pyranopterin molybdenum enzymes, possess 

nearly identical coordination geometries about the Mo center,5–6 and catalyze the formal 

oxidative hydroxylation of a variety of purine and aldehyde substrates.1, 3–4, 7–8 XDH, like 

all molybdenum enzymes except nitrogenase, possesses an MoOn(PDT) (PDT = 

pyranopterin dithiolene ligand) molybdenum cofactor (Moco) that is comprised of an oxo-

molybdenum species coordinated by the ene-1,2-dithiolate side chain of the pyranopterin. 

The global importance of Moco and the PDT resides in that fact that the Moco biosynthesis 

pathway traces back to the last universal common ancestor (LUCA) of cells, with obvious 

implications for the origin of life on Earth.9 The PDT is also referred to as molybdopterin 

(MPT) in the literature.10 Recent bioinformatics and computational data have been used to 

show that the pyranopterin in XO family enzymes possesses a larger out-of-plane distortion 

when compared to pyranopterins found in enzymes that belong to the sulfite oxidase (SO) 

family of pyranopterin Mo enzymes.11 This study has been used to suggest that the 

pyranopterin in XDH is in the fully reduced tetrahydro oxidation state (Figure 1).11 

Interestingly, the roles of the PDT component of Moco in enzymatic catalysis are still 
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unknown, but it has been suggested to (1) function as an anchor for the molybdenum ion, (2) 

serve as a conduit for electron transfer between the Mo ion and other redox partners, (3) 

contribute two redox equivalents for substrate transformations,12 and (4) modulate the Mo 

reduction potential.1, 10, 13–16

The first coordination sphere geometry about the oxidized Mo(VI) ion in XDH and XOR is 

roughly square pyramidal (Figure 1A), with the Mo ion being ligated by the dithiolene side 

chain of the PDT, an axial oxo ligand, and equatorial sulfido and hydroxide ligands. The 

coordination sphere is unusual for a metalloprotein in that the Mo ion is not ligated to the 

protein by any amino acid residues. As a result, hydrogen bonding interactions, including 

those involving the PDT, likely contribute to stabilizing and coordinating Moco in the active 

site of XO family enzymes.17 X-ray crystallographic studies suggest that Moco is tightly 

bound to the protein via fifteen different hydrogen bonding interactions that are highly 

conserved.5–6, 18–19 These hydrogen bonding interactions between Moco and various protein 

residues may play a role in fine-tuning PDT and cofactor contributions to enzymatic 

catalysis.1

Previously, we used 4-thiolumazine and 2,4-dithiolumazine (Figure 1B) as reducing 

substrates to produce strong near-infrared (NIR) absorbing Mo(IV)-product complexes with 

both mammalian xanthine oxidase and RcXDH.16, 20 These studies were important since 

they showed that high quality resonance Raman (rR) spectra could be obtained in order to 

directly probe Moco coordination in XO and XDH. Since the extremely red-shifted NIR 

band does not appreciably overlap with the intrinsic absorption features of the reduced 

enzyme, this results in rR spectra that are devoid of contributions from the highly absorbing 

2Fe2S clusters and FAD, which are the additional redox chromophores found in XO family 

enzymes. In this manuscript, we use a combination of enzyme kinetics, electronic absorption 

and resonance Raman (rR) spectroscopies, and vibrational frequency calculations to probe 

the effects of potential hydrogen bonding or electrostatic interactions between Q197 and the 

Mo≡O group of Moco, and between Q102 and the −NH2 terminus of the pyranopterin in 

RcXDH.

R. capsulatus XDH is comprised of two subunits, XDHA and XDHB. X-ray crystallographic 

studies indicate that Q102 is potentially hydrogen bonded (3.09 Å) to the −NH2 terminus of 

the PDT (Figure 1A),5–6, 18–19 and the putative hydrogen bond between the pyranopterin of 

Moco and Q102 is the only one that derives from the XDHA subunit. Q102 lies in proximity 

to one (Fe/S I) of the two 2Fe2S clusters in XDH and is specifically oriented for direct 

contact with the pterin ring of the PDT. Thus, a hydrogen bonding interaction between Q102 

and the PDT may mediate electronic communication between the pyranopterin and Fe/S I as 

part of an electron transfer chain21 that sequentially removes reducing equivalents from the 

enzyme. Q102 may also function as an anchor to connect the PDT to the protein. Q197 is 

poised for a hydrogen bonding interaction (2.78 Å) to the terminal oxo of the Moco Mo≡O 

moiety and may contribute the stabilizing the coordination of Moco in the protein. 

Additionally, Q197 may also modulate the Mo redox potential by controlling the effective 

nuclear charge of the Mo ion during catalysis and the pKa of the equatorial sulfido ligand. 

Both Q102 and Q197 are highly conserved in all XOR and even the related aldehyde 

oxidoreductase2–3 (AOX) enzymes, and a primary impetus for this work is to obtain a better 
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understand of the function of the pyranopterin and Moco in XO/XDH and related enzymes 

through spectral and kinetic probing of wt enzyme and specific Q102 and Q197 variants.

EXPERIMENTAL

Enzyme Preparation and Characterization.

Wild-type R. capsulatus XDH was expressed in E. coli6 and RcXDH variants were produced 

as reported previously.19 The enzyme activity of the reductive half reaction of XDH was 

performed using a stopped-flow instrument (Applied Photophysics SX20, United Kingdom). 

Samples were prepared anaerobically in air-tight syringes using 50 mM Tris, 1 mM EDTA 

buffer (pH 8,0). Measurements where performed at a constant temperature of 20°C. 10 μM 

XDH was mixed with different xanthine concentrations (12.5; 25; 50; 125; 250; 500 μM) in 

the stopped-flow system. The reduction of the FAD was followed with a diode array detector 

at 465 nm. Data were fitted to a double exponential decay in a time range of 1 s to obtain the 

observed rate constant. Metal content analysis was performed using an Optima 2100DV 

inductively coupled plasma-optical emission (ICP-OES) spectrometer (Perkin-Elmer, 

Fremont, CA). Protein samples were incubated overnight in a 1:1 mixture with 65% nitric 

acid (Suprapur, Merck, Darmstadt, Germany) at 100 °C. Protein samples were diluted 10-

fold with ultrapure water (Millipore) prior to ICP-OES analysis. The multielement standard 

solution XVI (Merck) was used as a reference. pH assays were conducted at 25°C in 1 ml 

cuvettes in 100 mM CAPS, 100 mM KCl (pH 9–10); 50 mM Tris, 100 mM NaCl (pH 7–9) 

and 100 mM MES, 100 mM KCl (pH 5.5–6.5) using 500 μM NAD and varying 

concentrations of xanthine (25, 50, 75, 100, 200, 500 μM). The reaction was followed for 1 

min at 340 nm with a Shimadzu UV-2401PC UV-VIS recording spectrophotometer. Circular 

dichroism spectroscopy was used to construct thermal denaturation curves of wt XDH and 

Q102 and Q197 variants at 218 nm and at temperatures ranging from 25°C to 80°C. Signals 

were recorded using a 0.1 cm cuvette at 1°C/min and a data integration time of 8 sec using a 

Jasco (J-815) CD-Spectropolarimeter. Protein concentration was adjusted to 1 μM (ε465 = 

31600 M−1cm−1).

Preparation of the XDH Enzyme-Product Complexes.

The reducing substrates 4-thiolumazine20, 22–24 and 2,4-dithiolumazine20 were synthesized 

as described previously. The reduced XDHred-4-thioviolapterin product complex was 

prepared by addition of the reducing substrate 4-thiolumazine (8.3 mM, 15 μL) to oxidized 

RcXDH (143 μM, 60 μL) in BICINE buffer (50mM, pH=8.3, 120 μL). This reaction mixture 

was subsequently incubated for 5 minutes at room temperature under aerobic conditions to 

ensure complete substrate turnover, and then made anaerobic by bubbling with a stream of 

nitrogen gas for 15 minutes. The anaerobic reaction mixture was then treated with 15 μL of 

an anaerobic 0.4 M sodium dithionite solution to produce the reduced Mo(IV)-P species. 

The Mo(IV)-P species for the enzyme variants were produced in the same manner, with the 

initial concentrations of XDH Q197A as 185 μM and XDH Q102G as 170 μM. The 

production of reduced wt XDHred-2,4-thioviolapterin product complex complex with 2,4-

thiolumazine was performed in a similar manner, as were the reduced enzyme-product 

complexes with the Q197A and Q102G variants. Spectrophotometric measurements were 

used to confirm the formation of XDHred-4-thioviolapterin (wtred-4-TV), Q197Ared-4-
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thioviolapterin (Q197Ared-4-TV), Q102Gred-4-thioviolapterin (Q102Gred-4-TV), 

XDHred-2,4-thioviolapterin (wtred-2,4-TV), Q197Ared-2,4-thioviolapterin (Q197Ared-2,4-

TV) and Q102Gred-2,4-thioviolapterin (Q102Gred-2,4-TV) through the appearance of the 

characteristic metal-to-ligand charge transfer (MLCT) band in the near-infrared (NIR) 

region of the spectrum (720–740 nm).

Electronic Absorption Spectroscopy.

Electronic absorption spectra were collected on a double-beam Hitachi U-4100 UV-vis-NIR 

spectrophotometer (Hitachi High-Technology Corporation) capable of scanning a 

wavelength region between 185 and 3200 nm. The samples were measured in a 1 cm path 

length, black-masked, quartz cuvette (Starna Cells, Inc.) equipped with a Teflon stopper. The 

instrument was calibrated with reference to the instrument’s 656.10 nm deuterium line.

Resonance Raman Spectroscopy.

Room temperature solution resonance Raman spectra were collected on a commercial DXR 

Smart Raman Instrument (Thermo Fisher Scientific Inc.). The aqueous buffered samples 

were sealed in 1.5–1.8 mm diameter capillary tubes and mounted onto a capillary tube 

holder in the 180° back scattering accessory chamber. A 780 nm diode laser was used as the 

excitation source and the excitation power was 140 mW. A buffer background and an 

external standard sample (Na2SO4) were collected before the enzyme data collection. 

Instrument spectral precision is listed at ±0.25cm−1. Raman shifts were calibrated externally 

against the standard Na2SO4 peak at 992 cm−1, and internally against the high frequency 

1293 cm−1 4-TV and 1296 cm−1 2,4-TV vibrations of the bound product molecules. A cubic 

spline function was fit to the 1293 cm−1 4-TV and 1296 cm−1 2,4-TV vibrational bands of 

the product molecules, respectively, to determine peak maxima. The Raman shift calibrated 

against these high frequency vibrations results in an estimated error of ~ ±0.3 cm−1 across 

the 4-TV data sets and ~ ±0.2 cm−1 across the 4-TV data sets. Subtraction of the buffer 

background was performed to yield the final resonance Raman spectrum.

Computational Details.

Spin-restricted gas phase geometry optimizations, vibrational frequency calculations, and 

TDDFT excited state calculations for the XDHred-product complexes were performed at the 

density functional theory (DFT) level of theory using the Gaussian 09W suite.25 All 

calculations used the B3LYP hybrid exchange-correlation functional. A 6–31G* basis set 

was used for all light atoms, and the LANL2DZ basis set, which includes an effective core 

potential, was used for Mo. Electron density difference maps (EDDMs) were generated 

using GaussSum (version 2.1.6).26–27 Computed vibrational modes were plotted using 

ChemCraft (version 1.7).28 CASSCF calculations, employing an 8-electron, 8-orbital active 

space, were performed using the ORCA software suite (version 3.0.3).29–30 A B3LYP hybrid 

functional was used in conjunction with the def2-TZVPP basis set for Mo and S atoms, and 

def2-SVP for all light atoms. The resulting molecular orbital depictions were rendered in 

ChemCraft.
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RESULTS and DISCUSSION

Electronic Absorption Spectroscopy.

Room temperature electronic absorption spectra of reduced wt, Q197A, and Q102G RcXDH 

Mo-product (Mo(IV)-P) complexes with 4-TV are shown in Figure 2. The corresponding 

electronic absorption spectra for the Mo(IV)-P complexes with 2,4-TV are virtually identical 

and are given in Figure S1. We note that the absorption energy and band shape of the 

Mo(IV)→product MLCT transition show that the Mo(IV)-P CT complexes that are formed 

with 4-TV and 2,4-TV are virtually unaffected by the potentially H-bonding variants Q197A 

and Q102G (Figure 1). This provides evidence that Q197A and Q102G do not adversely 

affect product binding; an expected result considering that both Q197 and Q102 are remote 

from the substrate binding pocket.

CASSCF calculations have been used to probe the nature of the near-infrared (NIR) charge 

transfer transition observed in these Mo(IV)-P CT complexes. The CASSCF results support 

an MLCT assignment for the lowest energy transition in the XDHred-product complexes 

Mo(IV)-4-TV and Mo(IV)-2,4-TV, with a Mo(xy) → product(π*) one-electron promotion 

being responsible for generating the MLCT excited state (Figure 2, bottom). Transition 

energies have also been computed for the MLCT state in Mo(IV)-4-TV (Ecalc: 12,800 cm−1; 

Eexp: 13,600 cm−1) and Mo(IV)-2,4-TV (Ecalc: 12,700 cm−1; Eexp: 13,100 cm−1), providing 

additional support for the assignment of this band as an Mo(xy) → product(π*) MLCT 

transition. The orbital nature of the MLCT state relative to the low-spin d2 Mo(IV) ground 

state configuration is important, since the MLCT state possesses hole character on the Mo 

ion. As such, the MLCT state closely mimics the Mo(IV) → Mo(V) electron transfer 

process that occurs in the oxidative, electron transfer half reactions of XO family enzymes to 

ultimately regenerate the catalytically competent oxidized Mo(VI) state (Figure 1A). 

Importantly, the only appreciable PDT contributions to the Mo(xy) donor orbital (Figure 2, 

bottom) are localized on the ene-1,2-dithiolate sulfur atoms. This bonding interaction has 

been described previously in the small molecule analog complex Tp*MoO(bdt) (Tp* = 

hydrotris(3,5-dimethylpyrazol-1-yl)borate; bdt = benzene-1,2-dithiolate).31–32 Removal of 

an electron from the donor orbital is anticipated to result in molecular distortions within the 

S-Mo-S dithiolene fragment, leading to resonance Raman enhancement of low-frequency 

Mo-dithiolene core vibrations31–32 that may be kinematically coupled to other low-

frequency Moco modes. In this way, resonance Raman spectroscopy of wt XDH and its 

Q197A, and Q102G variants provides a means of making detailed low-frequency Moco 

vibrational assignments and sensitively probing specific Moco - protein interactions.

Resonance Raman Spectroscopy.

Low frequency (200 – 400 cm−1) vibrational Raman spectra for reduced Mo(IV)-4-TV and 

Mo(IV)-2,4-TV forms of wt, Q197A, and Q102G Rc XDH were collected on resonance 

with the NIR MLCT band and are presented in Figure 3. These data are also summarized in 

Table 1. The relative intensities and frequencies of vibrational Bands A-D in enzyme-

product complexes of wt, Q102G, and Q197A XD are observed to be very similar, and. this 

indicates that the respective potential energy distributions for these normal modes are 

essentially identical. Using substrates that can be converted to Mo(IV)-P complexes with 

Dong et al. Page 6

Inorg Chem. Author manuscript; available in PMC 2021 February 26.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



NIR absorbing MLCT transition is important, since it dramatically reduces the spectral 

overlap with the strongly absorbing 2Fe2S centers and FADH, which form part of the 

electron transfer chain in all XO family enzymes, including XDH. We note that XDHox, 

XDHred, the 4-thiolumazine and 2,4-dithiolumazine substrates, and the 4-TV and 2,4-TV 

products do not produce resonantly enhanced Raman vibrations with laser excitation at 780 

nm (12,821 cm−1). Thus, the rR data presented in Figure 3 derive solely from the reduced 

Mo-P complex. Since the low frequency rR spectra of Mo(IV)-4-TV and Mo(IV)-2,4-TV in 

Figure 3 are very similar, this further indicates that (1) no gross changes have occurred in the 

pyranopterin or product binding sites as a function of these specific mutations, (2) these 

modes do not have dominant contributions from the Mo bound product, (3) they represent 

modes primarily associated with Moco, and (4) the observed vibrational frequency shifts are 

observed to be small.20

Low frequency resonance Raman spectra of small molecule analogs for the active sites of 

pyranopterin Mo enzymes are typically quite simple and display two vibrations. These have 

been assigned as arising from symmetric S-MoS stretching and bending modes, which have 

been observed to be mixed due to their similar frequencies.31, 33 The situation is quite 

different for XDH and XO,20 where six low-frequency vibrations are observed (Figure 3). 

Here, we consider the experimental rR data for these XDH Mo(IV)-P CT complexes in the 

context of the small molecule analog resonance Raman data and DFT frequency 

calculations. This allows us to make quality vibrational frequency assignments (Table 1 and 

Figure 4) for four of these bands (bands A-D in Figure 4).

Band A occurs at 234 cm−1 in Mo(IV)-4-TV, and has previously been assigned as a 

dithiolene folding + Mo≡O rocking mode. Our work here supports the prior assignment by 

providing additional evidence that this mode possesses both the Mo≡O rocking and 

pyranopterin terminal − NH2 twisting character that is observed in the DFT calculated 

vibrational mode. The Mo≡O rocking contribution to this normal mode is supported by the 2 

cm−1 shift in the vibrational frequency as a function of the Q197A substitution. A similar 

Mo≡O---H hydrogen bond has been postulated to occur between the Mo≡O oxo moiety and 

an active site Trp from resonance Raman studies on R. capsulatus dimethyl sulfoxide 

reductase.34 There may also be some product out-of-plane bending character that contributes 

to this normal mode since there is a small 1–2 cm−1 difference in the Band A vibrational 

frequency of 4-TV compared to 2,4-TV. A schematic diagram of the normal mode 

displacements is shown in Figure 4 with the view oriented in a plane orthogonal to the apical 

Mo≡O bond.

Relatively larger (4 cm−1) spectral shifts are observed between Mo(IV)-4-TV and 

Mo(IV)-2,4-TV for Band B. Again, we attribute this to a small degree of product character 

being admixed into this vibrational mode, and this is observed in the DFT computed 

vibrational mode descriptions. The admixture of product character in this normal mode was 

also evident in the comparison of wt XOR and wt XDH resonance Raman spectra with 4-TV 

and 2,4-TV as enzyme bound product molecules.35 In the prior Raman study, the normal 

mode associated with Band B appeared to possess some product character since this band 

was also observed to shift by ~ 4 cm−1 as a function of the nature of the product, which is 

bound to the Mo ion as the enolate tautomer (Figure 1B).35 Here, we find that band B 
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possesses dominant Mo-Sdithiolene and Mo-SH core vibrations (Table 1). The small negative 

frequency shifts observed relative to wt enzyme in the Q197A and Q102G variants are 

consistent with additional pyranopterin terminal − NH2 rocking and Mo≡O rocking 

contributions to this mode that would be affected by changes in hydrogen bonding due to the 

amino acid substitutions.

The 326 cm−1 mode (Band C) observed for wt Mo(IV)-4-TV XDH was also probed in 

earlier work that compared wt XOR and wt XDH resonance Raman spectra with both 4-TV 

and 2,4-TV bound product molecules.20 This mode is assigned as primarily arising from the 

symmetric Sdithiolene-Mo-Sdithiolene core stretching vibration by analogy to small molecule 

oxomolybdenum-dithiolene analog compounds31, 33 and this is additionally supported by 

comparison with our DFT frequency calculations. We note that a small 2 cm−1 shift to lower 

frequency is observed for this mode in the Q197A variant. Interestingly, inspection of the 

DFT calculated vibrational mode reveals an additional, albeit small, Mo≡O rocking 

contribution to this mode. This adds additional support to our hypothesis that the terminal 

Mo≡O oxo ligand is involved in a weak electrostatic or Mo≡O---H-(NH)-R hydrogen 

bonding interaction with Q197.

The higher frequency observed for Band D, coupled with its near invariance as function of 

the nature of the violapterin product bound to the Mo ion, indicates that this is a nearly pure 

Moco vibration with no bound product character. DFT frequency calculations support this 

assignment, with asymmetric Sdithiolene-Mo-Sdithiolene + Mo-SS-H stretching contributions 

dominating in the vibrational mode description. The asymmetric stretching nature of this 

band is also consistent with its relatively lower resonance Raman enhancement relative to 

the symmetric stretch of Band C. The frequency of Band D is not sensitive to the Q197A 

mutation, suggesting a reduction in Mo≡O rocking character contributing to this vibration 

compared with Band C. This observation is also evident in the computed normal mode 

description of this vibration. In contrast, the 2–3 cm−1 shift to lower frequency for the 

Q102G variants with either 4-TV or 2,4-TV as enzyme bound product supports pyranopterin 

terminal −NH2 character being admixed into this predominantly Mo-S stretching vibration.

The bathochromic shifts observed for vibrational Bands A-D in the Q197A and Q120G 

variants relative to wt RcXDH point to the elimination of weak Moco-protein hydrogen 

bonding interactions in these variants that are present in the wt protein. This red shift is most 

consistent with Moco bending contributions to these normal modes in vicinity of Q197 and 

Q102, and reflects a reduction in vibrational force constants that accompany the loss of 

hydrogen bonding. The magnitude of the observed vibrational frequency shifts are in accord 

with what has been observed for weak hydrogen bonding interactions,36 including weak 

protein-flavin hydrogen bonding,37 and weak hydrogen bonding interactions between amino 

acid residues and heme cofactors in metalloproteins.38–40

The observation of multiple low-frequency vibrations in the resonance Raman spectra of 

these XDH-product intermediates, and their Q197A and Q102G variants, with optical 

pumping into a Mo(IV)→product charge transfer excited state is important, since only two 

low-frequency vibrational modes are observed in Tp*MoO(dithiolene) small molecule 

analog Raman spectra.31–32 However, multiple low-frequency vibrations have also been 
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observed in blue copper proteins and related small molecule analog compounds.41–44 The 

observation of multiple resonantly enhanced low-frequency vibrations in blue copper 

proteins has been attributed to a mechanical, or kinematic coupling that mixes low-

frequency protein bending modes with a dominant Cu-S vibrational mode that is distorted 

and resonantly enhanced with optical excitation into a SCys→Cu charge transfer excitation. 

This vibrational mode mixing was shown to be a function of the potential energy distribution 

(PED)41, 43 of the Cu–SCys distortions being dispersed over multiple low-frequency normal 

modes with vibrational frequencies similar to the S-Mo-S stretch. A related allosteric 

coupling has been suggested to be very important in modulating the magnitude of the 

electronic coupling matrix element between the T1 Cu and the trinuclear Cu cluster in 

multicopper oxidases.42 Our Raman data strongly suggest a similar kinematic coupling/

vibrational mode mixing is occurring in the reduced RcXDH enzyme-product complexes 

studied here. Such structural modulation of the electronic coupling by low frequency Moco 

vibrational modes may serve to increase the electron transfer rate in key pyranopterin 

molybdenum enzyme catalytic intermediates.44–45 Specifically, bovine XOR and RcXDH20 

we now have evidence for long-range kinematic coupling between a symmetric S-Mo-S 

dithiolene chelate distortion and the pyranopterin, as well as coupling between this S-Mo-S 

symmetric stretch and the Mo≡O moiety of Moco.

Rapid reaction kinetics of XDH variants.

Site-directed mutagenesis of Q197 and Q102 has been performed in order to gain additional 

insight into how these glutamine residues affect the XDH reductive half reaction. 

Specifically, the Q197A and Q197E variants have been produced in order to compare their 

kinetic parameters with wt enzyme. A series of rapid reaction kinetic experiments has 

allowed us to obtain values for the rate of substrate reduction, kred, and the equilibrium 

dissociation constant, KD (Figure S2). The Q197E variant is observed to possess a small, 

approximately 2-fold reduction in kred when compared with wt enzyme. The different nature 

of the amino acid side chains in wt, Q197E, and Q197A suggests that these variants may 

result in the elimination of a hydrogen bonding interaction between the glutamine amide − 

NH2 and the terminal oxo of the Mo≡O group (Figure 1A). However, we observe that the 

effects on kred are rather small. Certainly, the simple elimination of a potential hydrogen 

bond in Q197A shows that hydrogen bonding to Mo≡O does not affect kred. The KD for the 

Q197E variant with xanthine as substrate is essentially the same as that observed for wt 
enzyme. Since Q197 is positioned above the Mo≡O group, Q197 does not appear to play a 

critical role in substrate binding. The KD is also not noticeably affected in the Q197A 

variant. The pH dependence of Kcat/KM show maximum catalytic efficiencies at pH=8.0 for 

wt enzyme and pH=7.5 for Q197A (Figure S3). The kinetic parameters obtained for the 

Q102A and Q102G variants are also quite similar to those of the wt enzyme, indicating that 

any disruption in a putative electron transfer pathway that involves Q102 mediating electron 

transfer between Fe/S I and the PDT does not affect overall catalytic efficiency in the 

reductive half reaction. In summary, our kinetic studies indicate minor changes in kred and 

kred/KD between wt enzyme and the Q102 and Q197 variants studied here, consistent with 

Q102 and Q197 possessing weak hydrogen bonding or electrostatic interactions with Moco.
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CONCLUSIONS

The observed pattern of frequency shifts between wt enzyme and the Q197A and Q102G 

variants is consistent for both Mo(IV)-4-TV and Mo(IV)-2,4-TV enzyme-product 

complexes, and this has allowed the assignment of low-frequency wt XDH, Q197A, and 

Q102G vibrational modes. These assignments are consistent with the presence of either 

weak hydrogen bonding or electrostatic interactions existing between Moco and the 

glutamines Q102 and Q197 that do not appreciatively affect the kinetic parameters kred or 

kred/KD (Figure S2, Table S1).

The Mo(IV)→product charge transfer character20 present in the NIR MLCT band for XO 

and XDH product complexes leads to resonance enhancement of low-frequency vibrations 

that reflect the nature of Moco distortions that are coupled to a formal one-electron 

oxidation of the Mo4+-(product) ground state upon forming the Mo5+-(product)1– charge 

transfer excited state. Remarkably, this effect appears to extend all the way to the −NH2 

terminus of the pyranopterin, and supports a hypothesis that the PDT acts as an electron 

transfer conduit that connects the Mo center to a spinach ferredoxin type 2Fe/2S cluster 

proximal to the PDT of Moco.

With respect to the postulated roles of the PDT in catalysis, our work suggests that hydrogen 

bonding interactions involving Q197 and Q102 function to partially anchor Moco to the 

protein. Our work further supports a hypothesis that the PDT functions as a conduit for 

electron transfer between the Mo ion and the proximal Fe/S I in XOR, XDH, and other 

members of the xanthine oxidase family of pyranopterion Mo enzyemes.1, 10,13–15, 20 Future 

studies will focus on other potential Moco - protein hydrogen bonds in XDH and in other 

pyranopterin enzymes in a concentrated effort to further define the role of the PDT in 

pyranopterin Mo enzyme mediated catalysis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
A: Active site of the XDH from R.capsulatus showing Q102 and Q197, which have been 

suggested to form hydrogen bonds to the amino terminus of the pyranopterin and the 

terminal oxo ligand bound to Mo. Both Q102 and Q197 are shown as the amide tautomer as 

opposed to the imide. E730 is catalytically essential and plays a role as an active site base in 

Mo-OH deprotonation upon nucleophilic attack of the hydroxide ligand on substrate 

molecules. B: Mo(IV) product complexes with 4-thioviolapterin and 2,4-dithioviolapterin.

Dong et al. Page 14

Inorg Chem. Author manuscript; available in PMC 2021 February 26.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
Top: Normalized electronic absorption spectra for wt XDH and the Q197A and Q102G 

variants using 4-thiolumazine as reducing substrate that clearly show the low energy NIR 

MLCT transition. Laser excitation wavelength for the resonance Raman experiments is 

shown using the black arrow. Bottom: CASSCF description of the MLCT transition as 

Mo(xy) → product (π*).
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Figure 3. 
Low frequency resonance Raman spectra for wt, Q102G, and Q197A Mo(IV)-4-TV (top) 

and Mo(IV)-2,4-TV (bottom). Data was collected using 780nm excitation on resonance with 

the Mo(IV)-P MLCT band.
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Figure 4. 
Normal mode depictions for vibrational Bands A-D in the Rc XHD Mo(IV)-2,4-TV 

enzyme-product intermediate. The dithiolene S donors are labeled S1 and S2, the sulfhydryl 

S donor is labeled as S3, and the O of the bound product as OProduct. These vibrations are 

displayed as a superposition of the maximum and minimum normal mode displacements. 

The molecular orientations are directed looking down the Mo≡O bond, and this is the z-axis.
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Table 1:

Computed low frequency Moco vibrations in XDH
a

Mo(IV)-(4-TV) Mo(IV)-(2,4-TV)

DFT Computed Normal Mode Description Exp Calc Exp Calc

A: dithiolene envelope folding + Mo≡O rocking + pyranopterin V28 240 V29 244

Q197A 231 Q197A 232

Q102G 233 Q102G 234

wt 234 wt 236

B: asymmetric dithiolene ring distortion + Mo-SH stretching + pyranopterin V31 290 V32 292

Q197A 288 Q197A 284

Q102G 289 Q102G 285

wt 290 wt 286

C: dithiolene S-Mo-S symmetric core stretch + slight Mo≡O rocking + pyranopterin V36 337 V36 337

Q197A 324 Q197A 324

Q102G 325 Q102G 326

wt 326 wt 326

D: dithiolene S-Mo-S asymmetric stretch + Mo-SH stretching V39 357 V39 357

Q197A 351 Q197A 351

Q102G 348 Q102G 349

wt 351 wt 351

a
Vibrational frequencies are given in wavenumbers (cm−1).
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Table 2:

Kinetic Parameters of the reductive half reaction
a

Enzyme Variant kred KD Kred/KD

XDH WT 127.5 ±8.6 31.4 ±8.3 4.0

XDH Q102G 112.3 ±4.1 54.5 ±6.7 2.1

XDH Q102A 107.9 ±3.3 38.8 ±3.8 2.8

XDH Q197A 130.4 ±6.7 38.2 ±8.4 3.4

XDH Q197E 48.4 ±1.5 28.4 ±4.9 1.7

a
Kinetic data were recorded in 50 mM Tris, 1 mM EDTA, pH 8.0.
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