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Abstract

Queuosine (Q) is a highly modified nucleoside of transfer RNA that is formed from
guanosine triphosphate over the course of eight steps. The final step in this process, involving the
conversion of epoxyqueuosine (0Q) to Q, is catalyzed by the enzyme QueG. A recent X-ray
crystallographic study revealed that QueG possesses the same cofactors as reductive
dehalogenases, including a base-off Co(II)cobalamin (Co(I)Cbl) species and two [4Fe-4S]
clusters. While the initial step in the catalytic cycle of QueG likely involves the formation of a
reduced Co(I)Cbl species, the mechanisms employed by this enzyme to accomplish the
thermodynamically challenging reduction of base-off Co(II)Cbl to Co(I)Cbl and to convert 0oQ to
Q remain unknown. In this study, we have used electronic paramagnetic resonance (EPR) and
magnetic circular dichroism (MCD) spectroscopies in conjunction with whole-protein quantum
mechanics/molecular mechanics (QM/MM) computations to further characterize wild type QueG
and select variants. Our data indicate that the Co(II)Cbl cofactor remains five-coordinate upon
substrate binding to QueG. Notably, during a QM/MM optimization of a putative QueG reaction
intermediate featuring an alkyl-Co(III) species, the distance between the Co ion and coordinating
C atom of oQ increased to >3.3 A and the C—O bond of the epoxide reformed to regenerate the
0Q-bound Co(I)Cbl reactant state of QueG. Thus, our computations indicate that the QueG
mechanism likely involves single-electron transfer from the transient Co(I)Cbl species to oQ rather
than direct Co—C bond formation, similar to the mechanism that has recently been proposed for

the tetrachloroethylene reductive dehalogenase PceA.



1 Introduction

To date, more than 140 different modifications have been identified in RNA molecules.!
These modified RNA molecules include intermediates along sequential, multistep syntheses of
hypermodified nucleosides. Queuosine (Q) is one example of a highly modified nucleoside of
transfer RNA (tRNA) that is formed from guanosine triphosphate (GTP) over the course of eight
steps. The presence of Q in the wobble position of tRNA has been known for nearly 50 years;>>
however, the final enzyme in the de novo biosynthetic pathway responsible for converting
epoxyqueuosine (0Q) to Q, termed QueG (Figure 1), has only recently been identified.*> Q is
incorporated at the wobble position, position 34, of the 5'-GUN-3’ anticodon, which decodes
substrate codons with either a corresponding U or C in the 3’ position (encoding Asp, Asn, His,
and Tyr).% Q has an unclear biological role, but because it is conserved in the RNA of organisms
in nearly all kingdoms of life, this tRNA modification may be of key importance.” The presence
of Q in tRNA has been shown to stimulate methylation of DNMT2, the most strongly conserved
cytosine DNA methyltransferase in eukaryotes.® Alternatively, the lack of Q in tRNA correlates
with negative physiological phenomena such as cancer pathology®'* and neurological disorders'.
At the molecular level, the lack of Q has been implicated in the production of unfolded proteins
that trigger endoplasmic reticulum stress'> and increased ribonuclease cleavage of cognate tRNA
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Figure 1. Conversion of 0Q to Q as catalyzed by QueG.



Surprisingly, QueG shows little similarity with other tRNA modifying enzymes, even
though 0Q is already incorporated into the tRNA molecule before it is converted to Q. Instead,
QueG was found to possess the same cofactors as, and share high sequence similarity with the
reductive dehalogenases (RDases) PceA!” and NpRdhA,'® all of which contain a base-off
Co(I)cobalamin (Co(II)Cbl) species and two [4Fe-4S] clusters.!” QueG and these RDases
constitute a recently discovered, relatively poorly studied class of cobalamin-dependent enzymes
that are isolated in the Co(Il) state with an axial water molecule completing the five-coordinate,
square pyramidal coordination environment of the cobalt center. This class differs from the
extensively characterized adenosylcobalamin (AdoCbl) and methylcobalamin (MeCbl) dependent
enzymes, which catalyze radical-mediated rearrangement reactions and methyl transfer reactions,
respectively.?’2® While experimental and computational studies have provided evidence that
RDases likely use an outer-sphere electron transfer from a reduced Co(I)Cbl species to initiate
substrate dehalogenation reactions,!”*! the mechanism that QueG employs to convert 0Q to Q
remains unexplored. Also, it is not known how QueG facilitates the thermodynamically
challenging reduction of base-off Co(II)Cbl to Co(I)Cbl to initiate substrate turnover.

Before an X-ray crystal structure of QueG had been solved, biochemical studies were
performed to identify specific amino acid residues that important for enzymatic activity.>? These
studies demonstrated that substitution of the conserved D104, Y105, H106, or D134 residues by
an alanine residue had a particularly large negative effect on the rate of 0oQ reduction by QueG in
vivo. Consistent with this finding, the electron paramagnetic resonance (EPR) spectrum obtained
for the Y105A variant was dominated by contributions from a unique Co(II)Cbl species, while that
of the D134A QueG variant could be simulated by adding the EPR spectra of the wild-type (WT)

and Y105A proteins in a 1:1 ratio.>? In contrast, the EPR spectra of the HI06A and D104 A variants



exhibited only minor differences from the WT QueG spectrum. X-ray crystal structures confirmed
that the residues found to be critical to support enzymatic activity are in close proximity to the Co
ion (D134 and Y105) or directly adjacent to the active site (H106 and D104).* Additionally, it was
observed that D134 is on a labile loop that points into the active site when substrate is bound (pdb
entry 5d0b), but can be found pointing in (Asp-in state, pdb entry 5d08) or out (Asp-out state, pdb
entry 5t8y) otherwise.*

In this study, we have used EPR and magnetic circular dichroism (MCD) spectroscopies
to further characterize Co(II)Cbl bound to QueG. The effect of the hydrogen bond between Y105
and D134 was investigated by comparing data obtained for WT QueG as well as the Y105A and
Y 105F variants. Additionally, the first EPR spectra of QueG in the presence of 0Q were collected
to explore the effect of substrate binding to the active site on the Co(II)Cbl coordination
environment. Whole-protein models of QueG in the absence and presence of substrate were
generated via combined quantum mechanics/molecular mechanics (QM/MM) geometry
optimizations and validated on the basis of published X-ray crystal structures and spectroscopic

data.

2 Experimental Methods
Protein Production. Protein was produced and reconstituted as previously described.>
Sample Preparation. All chemicals were purchased from Sigma and used as received
without further purification. Water was purified in a Millipore Milli-Q water purification system.
Diaquacob(III)inamide [(H20).Cbi**] was prepared by adding the reductant NaBH4 to an
aqueous solution of dicyanocob(Ill)inamide [(CN)>Cbi], loading the reaction mixture on a C18

SepPack column, washing with H>O, and eluting the product with methanol, as described in a



previous report.*> (H20)2Cbi** was then reduced to Co(II)Cbi" in an anaerobic environment via
dropwise addition of saturated potassium formate in buffer containing 50 mM TrisHCI, 100 mM
KCl, and 2 mM DTT (pH 8).>* Absorption spectroscopy was used to verify the oxidation state of
the product and determine its concentration using Beer’s Law via the reported molar extinction
coefficient for Co(II)Cbi* of 11 mM-'em™ at 470 nm.>*

An 0Q-containing stem loop substrate was generated as previously described.!” Dried 0Q
stem loop was dissolved in doubly distilled, RNA free water. QueG was incubated with oQ for 3
minutes prior to the addition of glycerol and freezing in liquid nitrogen.

Spectroscopy. Low temperature electronic absorption (Abs) and magnetic circular
dichroism (MCD) spectra were collected with a Jasco J-715 spectropolarimeter in conjunction with
an Oxford Instruments SM-4000 8 T super conducting magnetocryostat or 7 T SpectromagPT
cryofree magnet. For low-temperature studies, samples were prepared with 55-60% (v/v) glycerol
to ensure glass formation upon freezing in liquid nitrogen. Final protein concentrations ranged
from 150 to 180 pM. CD background and glass-strain contributions to the MCD spectra were
removed by taking the difference between spectra collected with the magnetic field oriented
parallel and anti-parallel to the axis of light propagation.

X-Band EPR spectra were recorded on a Bruker ESP 300E spectrometer using an Oxford
ESR 900 continuous-flow liquid helium cryostat and an Oxford ITC4 temperature controller. Final
protein concentrations were 175 pM. Variable concentrations of glycerol were used to explore the
effect of this glassing agent on the protein conformation. All spectra were collected with the
following parameters: 2.0 mW (non-saturating) microwave power, 9.390 GHz microwave
frequency, 87 ms conversion time, 327.68 ms time constant, 5 G modulation amplitude, 100 kHz

modulation frequency, and 60 dB gain. Spectra were simulated with EasySpin.*



Generation of Computational Models. All computational models were optimized by
performing quantum mechanics/molecular mechanics (QM/MM) calculations with the ONIOM
method as implemented in Gaussian09.%® Published crystallographic data for selenomethionine-
labeled QueG (pdb entry 5d08*) were used as the initial coordinates for the Asp-in model of WT
QueG and served as the basis for the generation of all other models. Selenomethionine was reverted
to methionine in silico. The D134 containing loop from pdb entry 5t8y* was substituted for the
corresponding amino acids from pdb entry 5d08* to generate the Asp-out model. To create the
product-bound QueG model, the Q nucleoside from pdb entry 5d0b* was truncated to queuine and
added to the optimized model based on pdb entry 5d08.* The substrate-bound QueG model was
generated by in silico addition of the epoxide to the initial product-bound model. H atoms were
added to the initial QueG models using the program PDBtoPQR?’ for the protein, and manually
for Co(I)Cbl, Q, and 0Q. For the QM/MM geometry optimizations, the QM region included the
sidechains of residues Y105, H106, D134, Q220, and W294, the Co ion and core of the corrin
macrocycle (including the first carbon of each of the sidechains) of the Co(II)Cbl cofactor, water
molecules within the active site, and substrate or product as applicable. The QM region was treated
with the B3LYP*? functional and TZVP*® basis set (note that initial attempts to perform QM/MM
geometry optimizations with the BP86 functional failed to converge). The remainder of the
enzyme was modeled with the AMBER MM forcefield.***! Bonds that cross the boundary between
the QM and MM regions were treated with a capping H atom, with the C—H bond lengths scaled
to 0.709 of the original C—C bond lengths. AMBER parameters for the cobalamin were taken from
the literature*> and were not needed for Q or 0Q, as those molecules were included in the QM
region. All optimizations were performed using the default ONIOM convergence criteria and a

charge and spin multiplicity consistent with a low-spin Co(II)Cbl species for the resting and



product/substrate bound states (total S=1/2), except for the model containing a Co(III)Cbl species
formed via nucleophilic attack of the reduced Co(I) ion on one of the epoxide carbon atoms (total
S=0). Figures for all models were created using PyMOL.*

The root mean square deviation (rmsd) of atomic positions between the optimized models
and published crystal structures were determined using the align method in PyMOL.** The Asp-in
QueG model has a rmsd of 0.858 A (for 2,410 of atoms) from the corresponding crystal structure
(pdb entry 5d08%) . The Asp-out QueG model generated from a combination of pdb entries 5d08*
and 5t8y* has a rmsd of 1.048 A (for 2,458 of atoms) from the Asp-out crystal structure (pdb entry
5t8y*). The substrate containing models with and without a lower axial water have rmsd values of
0.989 A (2,397 atoms) and 0.946 A (2,386 atoms), respectively, compared to the crystal structure
of substrate-bound QueG (pdb entry 5d0b*). Similarly, the product containing models with and
without a lower axial water have rmsd values of 0.985 A (2,416 atoms) and 0.940 A (2,387 atoms),
respectively, when compared to the substrate-bound QueG crystal structure (pdb entry 5d0b%).
These small rmsd values indicate that all of the QM/MM optimized QueG models are reasonable.

TD-DFT Calculations. After convergence of the QM/MM geometry optimizations, the
coordinates of the QM region, including those of the capping hydrogen atoms, were extracted for
time-dependent density functional theory (TD-DFT) calculations using the ORCA4.0* software
package. All TD-DFT calculations were performed with the cam-B3LYP* functional. The def2-
SVP* and def2/J*" basis sets were employed for all atoms except for Co and all coordinating
atoms, for which the TZVP* basis set was employed. The RIJCOSX approximation as
implemented in ORCA4.0 was used to speed up the calculation of the Hartree-Fock exchange

term.



EPR Parameter Calculations. EPR parameters were calculated with ORCA4.0** for the
same active site models as those used for TD-DFT calculations. The B3LYP*** functional along
with the CP(PPP)*® basis set was used for Co and IGLO-III*® for all ligating atoms. The SVP™’
basis set was employed for all other atoms. The resolution of the identity (RI) approximation in
conjunction with the SV/J auxiliary basis set were used to speed up the calculation of the Coulomb
term.***%>! The EPR g values and A(*’Co) hyperfine tensor were computed using coupled-
perturbed self-consistent field (CP-SCF) theory, with a complete mean-field treatment of spin-

orbit coupling and the IGLO gauge.*

3 Results
Characterization of QueG Resting State

Because the 4.5 K Abs spectrum of as-isolated QueG (Figure S1) has contributions from
both the base-off Co(II)Cbl cofactor and the two [4Fe-4S]*" clusters, we have used MCD
spectroscopy to probe the electronic structure of QueG-bound Co(II)Cbl. MCD signal intensities
of paramagnetic species increase with decreasing temperature; thus, low-temperature MCD spectra
of QueG are dominated by contributions from Co(II)Cbl. An additional advantage of this technique
is that the prominent features below ~22,000 cm™ in the MCD spectra of Co(II)Cbl species are
due to Co ligand field (LF) transitions, which are particularly sensitive to changes in the axial
coordination environment of the cobalt center. Consistent with X-ray crystallographic and EPR
data reported in the literature, our MCD spectrum of as-isolated QueG is similar to that of
Co(Il)cobinamide [Co(II)Cbi*] (Figure 2), a natural Co(II)Cbl precursor that lacks the
intramolecular base and serves as a model of base-off Co(I[)Cbl at neutral pH. Yet, the WT QueG

MCD spectrum exhibits an additional weak, derivative-shaped feature centered at ~14,500 cm™,



and the features in the 17,000 — 22,000 cm™ range have different relative intensities than their
counterparts in the Co(I[)Cbi" spectrum, revealing small differences in the Co(II)-OH; bonding
interactions in these two species.

To complement our spectroscopic data of as-isolated QueG, a whole-protein computational
model was generated via QM/MM geometry optimization starting from the crystal structure of WT
QueG in the Asp-in conformation (pdb entry 5d08%). The optimized model is in excellent
agreement with the crystallographically determined structure, with the most notable difference
being a ~15° rotation of W294 into the active site (Figure S2). The computational model was
validated further by comparing the TD-DFT computed Abs spectrum for the QM region, which
included the core of the Co(II)Cbl cofactor and relevant active site residues, to our spectroscopic
data. Consistent with our MCD spectra, the TD-DFT computed Co(II) LF transition energies and
Abs intensities for QueG and Co(II)Cbi" are very similar (Figure S3). The small differences in
energies and relative MCD intensities of these transitions observed experimentally can be
attributed to the distinct hydrogen-bonding interactions involving the axial water molecule of the
base-off Co(IT)Cbl cofactor in the QueG active site and of free Co(II)Cbi" in aqueous solution.
Notably, the TD-DFT computation for the WT QueG model does not predict the appearance of a
new transition near 14,500 cm™', where a derivative-shaped feature with variable relative intensity
is observed in some of the MCD spectra obtained for the different QueG species investigated

(Figure 2).
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Figure 2. MCD spectra collected at 7 T and 4.5 K (blue) and 15 K (green) of Co(II)Cbi™, as well
as WT QueG and select variants. The lower and upper limits of the region dominated by Co(Il) LF
transitions are indicated by vertical broken lines. The low energy, derivative-shaped feature
centered at ~14,000 cm™ is marked by an asterisk.
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Analysis of Active Site Variants

Previous EPR spectroscopic studies of QueG>? demonstrated that the D104A, H106A, and
R141A substitutions perturbed the QueG-bound Co(II)Cbl cofactor minimally. On the other hand,
the D134A and Y105A QueG variants displayed EPR spectra with unique features that had no
counterparts in the WT spectrum. It is thus surprising that our MCD spectra obtained for the
Y105A and D134A variants are very similar to that of WT QueG (Figure 2). As the MCD features
in the 15,000-21,000 cm™ region are particularly sensitive to changes in the axial ligand
environment,>? the energies and relative intensities of these features would be expected to vary
much more dramatically, especially between the MCD spectra of the Y105A variant and the WT
enzyme.

Because different relative amounts of glycerol were used to prepare our MCD samples
(55% v/v) and the EPR samples by Britt and coworkers®? (15% v/v), it seemed possible that the
enzyme conformation is affected by the addition of glycerol. Indeed, while the EPR spectrum of a
Y105A QueG sample containing no glycerol (Figure 3) is similar to that previously reported for
this variant,>? the spectrum obtained for a Y105A QueG sample containing 55% (v/v) glycerol is
much more similar to that of the WT enzyme (Figure 3). The striking similarities between the
MCD spectra of WT QueG and the different variants investigated can then be attributed to the high
concentration of glycerol needed to prepare these samples. As glycerol is known to cause proteins
to favor of more compact states,> it is possible that the catalytic D134 residue, located on a labile

loop, is stabilized in the Asp-in configuration in samples containing 55% glycerol (v/v).
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Figure 3. EPR data collected at 20 K of Co(IT)Cbi", as well as WT QueG and select variants in the
absence and presence of 0Q and variable amounts of glycerol. EPR simulation parameters are
provided in Table 1. The asterisk (*) denotes contributions from [4Fe-4S] cluster degradation

products.>
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Table 1. Computational and Experimental EPR g Values and Hyperfine Coupling Constants

(MHz)
&x gy g Ax(Co)  Ay(Co)  A;(Co)
Computational Models
Co(IT)Cbi* 2252 2.231 2.008 218 222 584
Asp-In 2.228 2212 2.008 184 179 560
Asp-Out 2.244 2.204 1.998 6 23 552
0Q, no wat 2.247 2.239 2.009 223 232 581
0Q, ax wat 2.260 2227 2.009 227 251 602
Experimental from This Study (no glycerol unless indicated otherwise)
Co(ID)Cbi* 242 2.32 2.00 226 210 402
Y105A (55% glycerol) 2422 2.290 1.922 123 146 358
Y105A 2.234 2.190 2.000 6 23 245
Y105F (55% glycerol) 2422 2.290 1.922 123 146 358
Y105F 2.234 2.190 2.000 6 23 245
WT (15% glycerol) 2415 2.293 1.992 162 144 358
WT+0Q (15% glycerol) 2.415 2.293 1.992 162 144 358
Y105A+0Q (15% glycerol)  2.411 2.295 1.992 163 146 358
Experimental reported Previously (15% glycerol present)?*
WT 2.437 2.355 2.061 186 133 340
H106A 2.435 2.354 2.064 186 130 330
D104A 2.396 2.349 2.065 125 125 333
Y105A 2.282 2.250 2.063 9 11 235
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To test the hypothesis that the Y105A QueG EPR spectrum is unique because this variant
favors the Asp-out configuration, a computational model of QueG with the loop containing D134
swung out of the active site (as captured in pdb entry 5t8y*) was generated. Inspection of this
model reveals that when D134 is unavailable for hydrogen bonding, H106 and Y105 shift but
maintain their relative positioning (Figure 4). Residues across the active site, such as W294 and
Q220, do not move in response to the Asp-in to Asp-out transition. DFT-computed EPR g values
and cobalt hyperfine coupling constants for Co(II)Cbi" and the Co(II)Cbl species in the WT QueG
Asp-out and Asp-in models are shown in Table 1. The calculated and observed g values and °Co
hyperfine tensors for Co(IT)Cbi" serve to assess the accuracy of these EPR calculations. While the
magnitude of the z-component of the computed >°Co hyperfine tensor is overestimated and the
computed gx value is underestimated compared to the experimentally determined parameters, the
computational results are consistent with those previously reported for Co(I)Cbi*.>*

The most notable difference between the computed EPR parameters for the Asp-in and
Asp-out QueG models in Table 1 is the larger g spread predicted for the first model. Thus, the
decrease in g spread observed experimentally from WT QueG to its Y105A variant is consistent
with the former adopting the Asp-in conformation and the latter adopting the Asp-out
conformation, as predicted on the basis of the EPR results obtained for the Y105A variant in the
absence and presence of glycerol. Because the upper axial water is bound at nearly the same
distance for the Asp-in and Asp-out models (2.33 A and 2.36 A respectively), the difference in the
computed EPR parameters underscores the importance of including second sphere residues in
these calculations.

The Y105F QueG variant, in which the —OH functional group of the original Tyr residue

is missing, was prepared to test the hypothesis that the key role of Y105 is to control the positioning
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of the axial water molecule of the Co(II)Cbl cofactor via its hydroxyl group. Indeed, the EPR
spectrum of Y105F QueG is nearly identical to that observed for the Y105A variant both in the
absence and presence of glycerol (Figure 3). These data suggest that the Y105A substitution leads
to the appearance of a unique EPR spectrum primarily due to the loss of a hydrogen bond donor
rather than a substantial active site reorganization caused by the replacement of the bulky Tyr

residue by Ala.

A FT\ H106 C

w294

\?-Kf Y105
Q220

D134

180°

Figure 4. Comparison between the active site regions of (A) the Asp-in and (B) the Asp-out QueG
computational models. These models are shown together in panel C, rotated by 180° from their
orientations in panels A and B. The dashed lines in panel A and C indicate the hydrogen bond

between D134 and Y105 that exists in the Asp-in state.

Notably, the relative intensity of the weak, derivative-shaped MCD feature centered at

~14,500 cm™! (Figure 2) correlates with the relative intensity of the EPR signals arising from [4Fe-
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4S] degradation products (Figure 3 and EPR data provided in ref 32). For this reason and the fact
that our TD-DFT computations do not predict the appearance of a new low-energy transition for
QueG-bound Co(II)Cbl, we attribute the MCD feature at ~14,500 cm™ to [4Fe-4S] degradation

products.

Effects of Substrate Binding to the QueG Active Site

EPR spectroscopy was used to probe the effect that substrate (0Q) binding to the QueG
active site has on the Co(II)Cbl cofactor. The EPR spectrum of WT QueG incubated with oQ is
nearly superimposable on that of resting WT QueG, indicating that the Co(Il) ion retains an axial
ligand in the presence of substrate (Figure 3). Interestingly, binding of substrate has a much larger
effect on the Y105A variant, with the EPR spectrum of this variant in the presence 0Q more closely
resembling that of WT QueG than of the Y105A variant in the absence of substrate and confirming
that substrate does in fact bind to the active site. These data indicate that the binding of substrate
0Q to QueG causes the enzyme to favor the Asp-in conformation, even in the case of the Y105A
variant.

X-ray crystal structures of QueG revealed the presence of a water molecule 2.6 A away
from the Co(Il) ion, serving as the upper axial ligand of Co(II)Cbl prior to substrate binding.* No
electron density attributable to a water molecule was found near the lower face of the corrin ring,*
and R141 is properly positioned to restrict accessibility of the Co(Il) ion from the lower face.
While these crystal structures could be interpreted to suggest that substrate binding to QueG leads
to the formation of a four-coordinate Co(II)Cbl species, our EPR data clearly indicate that the
Co(Il) ion remains five-coordinate in this process, rather than four-coordinate as seemingly

captured in the X-ray crystal structure of product bound QueG (pdb entry 5d0b*). To establish the
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coordination environment of the Co(II)Cbl species in substrate bound QueG, two computational
models were considered, one with a water molecule added to the pocket between R141 and the
lower face of the Co(IT)Cbl cofactor to serve as the lower axial ligand, and one without water
molecule to explore if 0Q could coordinate to the Co(II) ion in the upper axial position (Figure 5).
For both models the upper axial water molecule present in the crystal structure and computational
model of substrate free QueG was removed prior to QM/MM optimization, as stipulated by the
crystal structure of product bound QueG.

In the QM/MM optimized model of 0Q-bound QueG that includes water molecule in the
lower axial position, the epoxide-containing cyclopentanediol moiety rotated to place the epoxide
oxygen 1.75 A from the hydroxyl group of Y105 (Figure 5, bottom left), supporting a role of Y105
as the immediate proton donor to the substrate-derived anion intermediate during oQ turnover.
Interestingly, D134, which has also been suggested to fulfill this role,* is situated 4 A from the
epoxide oxygen. One of the hydroxyl groups of the cyclopentanediol moiety assists in proper
substrate positioning through hydrogen bonding with Q220 (at a distance of 1.85 A). Additionally,
H106 and D134, which were identified as necessary for enzyme turnover,>? engage in a hydrogen-
bonding network that can shuttle a proton to the transiently formed Y105 anion. In all models with
D134 oriented into the active site (Asp-in conformation), H106 was initially modeled as an
imidazolium cation. During geometry optimization, the extra proton migrated to the carboxylate
group of D134, further supporting a role of these residues in proton shuttling.

Surprisingly, during QM/MM optimization of the 0Q-bound QueG model lacking a water
molecule in the lower axial position, a five-coordinate Co(Il) environment was restored (Figure 5,
top left). While the cylopentanediol moiety again rotated to place the epoxide oxygen 1.83 A from

the Y105 hydroxyl group, the ring additionally torqued to place the oxygen atom of one of the
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hydroxyl groups of to within bonding distance (2.50 A) of the Co(II) ion. The description of this
model as containing a five-coordinate Co(II) center is supported by EPR parameter calculations,
which yielded similar results for this model and that of 0Q-bound QueG with a lower axial water
ligand (Table 1). Both substrate-bound models show hydrogen-bonding interactions between
several active site residues and 0Q, supporting a role of substrate in stabilizing the Asp-in QueG
configuration. On the basis of these computational models and our EPR data, the diminished
activity of the Y105A variant®? can then be attributed to the loss of the necessary proton donor

rather than an Asp-out enzyme conformation in the presence of substrate.

Q

No Axial Water

Lower Axial Water

Figure 5. Substrate (left) and product (right) containing models. The models in the bottom row

contain an axial water on the lower face of the Co(II)Cbl, which is absent in the models shown in

the top row.
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Corresponding models with and without the lower axial water ligand were also generated
with product Q bound (Figure 5, right). While the orientation of the cyclopentanediol moiety is
largely unchanged between the substrate and product bound QueG models containing an axial
water ligand, it is very different in the models lacking this ligand. Specifically, in the Q-bound
QueG model lacking an axial water ligand, the Co(II) center no longer engages in a bonding
interaction with the oxygen atom of one of the alcohol groups and thus resides in a four-coordinate
ligand environment. However, during QueG turnover, this four-coordinate Co(II)Cbl species could

be stabilized by coordination of the water molecule that is formed upon oQ reduction.

Computational Insights into the QueG Reaction Mechanism

Thus far, mechanistic proposals for QueG have been limited to a nucleophilic attack of the
reduced Co(I) ion on one of the epoxide carbon atoms, coupled with protonation by either Y105
or D134 (B. subtilis numbering).** However, due to striking structural similarities between QueG
and RDases, the possibility of outer sphere single electron transfer (SET) from Co(I)Cbl to the
substrate cannot be discounted. While the Co(II) substrate containing computational models
indicate a Co—substrate distance that is incompatible with Co—C bond formation, it is possible that
the active site reorganizes after reduction to Co(I)Cbl. To evaluate the possibly that an alkyl-
Co(Ill) intermediate is formed in the QueG catalytic cycle, a computational model with the
distance between the epoxide C and Co shortened and the C—O bond broken was prepared (model
of the first intermediate for the nucleophilic attack pathway in Figure 6). During the optimization,
the cobalamin reverted to the geometry expected for Co(I)Cbl, with the distance between the Co

ion and C atom increasing to >3.3 A, well beyond the ~2 A bond length expected for an
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organometallic bond with cobalamin (Figure S6). Additionally, the C—O bond of the epoxide that
was cleaved in the input geometry reformed in the course of the optimization. Thus, our
computations indicate that Co—C bond formation is highly unlikely to occur during the QueG-
catalyzed reduction of 0Q to Q. Rather, this reaction likely proceeds through SET, as has recently

been proposed for PceA.?!

H'\;%,_ o_/» H-Y105 W,

I
Z

Co>* Co3+

& (o) =[S

HO_
HO  on,

|
f 07*';

I
I

T

e B

Figure 6. Potential reaction mechanisms for the reduction of 0Q to produce Q. Red arrows:

O,
S

nucleophilic attack of the Co(I) ion on an epoxide C of the substrate. Blue arrows: SET from the

Co(I) ion to the substrate.

4 Discussion

The EPR data obtained in this study provide compelling evidence that Co(I1)Cbl remains
five-coordinate upon substrate binding to QueG. Our computations reveal two ways by which the
Co(Il) center can remain five-coordinate; i.e., either a water molecule migrates into the pocket

between R141 and the cobalamin to serve as the lower axial ligand, or the cyclopentanediol moiety
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on the substrate rotates such that one of the alcohol groups can become the upper axial ligand. In
the latter case, the substrate could simply swing up upon Co(II) — Co(I)Cbl reduction to form a
four-coordinate Co(I)Cbl species. Interestingly, during the QM/MM optimization of the model of
product-bound QueG lacking a lower axial water, no Co—O(product) bond formed. The four-
coordinate Co(IT)Cbl species present in this model could be stabilized through coordination of the

water molecule released in the course of the reaction (Figure 6).

TsrM (pdb entry 6wte) | | QueG (pdb entry 5d08)

Figure 7. Comparison between the active sites of TsrM>> and QueG*. Note the different

positioning of the Arg residue that is present below the face of the cobalamin in both enzymes.

Located on the lower face of the Cbl inside the QueG active site, R141 is oriented roughly
parallel to the plane of the corrin ring (Figure 7). This residue, in conjunction with the
propionamide side chains on the periphery of the corrin ring, limits accessibility to the lower face
of the Cbl cofactor. Recently, an X-ray crystal structure of TsrM was published revealing an
analogous Arg residue, R69, oriented with the guanidinium group perpendicular to the face of the
Cbl (Figure 7).> In TsrM, R69 is thought to weakly coordinate to the Co ion, destabilizing
methylcobalamin [i.e., the Co(IIl) state] relative to Co(I)Cbl and thus promoting transfer of the
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methyl group to the substrate tryptophan. In part, R69 accomplishes this destabilization by
preventing a water molecule from coordinating to the lower face of the Cbl cofactor, which would
stabilize the Co(IIl) state. While in QueG the side chain of R141 is too far from the Co ion to
invoke a direct interaction, this residue may serve a similar role in preventing a water molecule
from coordinating to the Co ion. However, this residue is not strictly conserved in QueG enzymes*
and so is unlikely to play a critical mechanistic role.

Because Co(IT)Cbl remains five-coordinate upon binding of the 0oQ substrate to QueG, the
mechanism used by QueG to perform the thermodynamically challenging Co(II)—Co(I)Cbl
reduction differs fundamentally from that employed by adenosyltransferases (ATRs), which
catalyze the Co—C bond formation step during adenosylcobalamin biosynthesis.’*>® All ATRs
studied to date generate a four-coordinate Co(II)Cbl species upon addition of co-substrate ATP,
lowering the thermodynamic barrier for Co(Il) ion reduction by destabilizing the Co(Il) state.
Contrastingly, a low potential [4Fe-4S] cluster in the corrinoid/FeS protein facilitates the reduction
of the catalytically inactive Co(II)corrinoid species that is formed via off-cycle oxidation of the
Co(I) intermediate.’® Similarly, the RDase PceA maintains a five-coordinate Co(Il) coordination
environment following substrate binding and utilizes low potential [4Fe-4S] clusters to perform
the Co(II)—>Co(I)Cbl reduction.’! As the [4Fe-4S] clusters in QueG have been determined to
possess redox potentials below that of the Co(II/T)Cbl redox couple,* it is unsurprising that in this
enzyme Co(II)Cbl also remains five-coordinate upon substrate binding.

In addition to using similar mechanisms for the Co(II)—>Co(I)Cbl reduction, QueG and
PceA also share common structural features. In both enzymes the cobalamin and [4Fe-4S]
cofactors are positioned in nearly the same way and located within similar binding domains.*!’

Moreover, in each case, the substrate is bound with the closest atom more than 4 A from Co ion
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and an active site Tyr residue likely serves as the proton donor for the respective reduction
reactions (Figure 8). Moreover, calculations on QueG and PceA disfavor mechanisms invoking
Co—C bond formation and instead support an outer sphere electron transfer mechanism.

In principle, the second electron necessary for product formation (see Figure 6) could either
be directly transferred to the substrate radical intermediate from the [4Fe-4S] clusters or shuttled
through the transient Co(II)Cbl species (generated via initial outer-sphere single electron transfer
to the substrate) in both the QueG and PceA reaction mechanisms. For the computational models
of QueG and PceA with their respective substrates bound, the shortest S C(substrate) distance
between the proximal [4Fe-4S] cluster and the substrate ranges from 10.6 A (QueG) to 8.5 A
(PceA).>! While these distances are not unreasonable for a direct electron transfer, the ~5 A
distance from the proximal cluster to the edge of the corrin ring in both enzymes suggests that the
second electron is more likely passed through the Co(II)Cbl intermediate to regenerate a transient
Co(I)Cbl species. The absence of a water molecule on the lower face of the Co(II)Cbl intermediate
so as to maintain a four-coordinate Co(II) coordination environment (Figure 6) would lower the

thermodynamic barrier for Co(II)—>Co(I)Cbl reduction, as discussed above.
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Figure 8. Comparison between the computational models of substrate bound QueG and PceA at
the enzyme level (A and B respectively) and in the active site region (C and D respectively). The

PceA substrate shown is trichloroethylene (TCE).

5 Conclusion

To further characterize the QueG-bound Co(II)Cbl cofactor, we have collected MCD data
of the WT enzyme and validated a corresponding computational model on the basis of
spectroscopic and X-ray crystallographic data. Enzyme variants that had previously been studied
biochemically and with EPR spectroscopy,*? as well as the new variant, Y 105F, were characterized
using MCD and EPR spectroscopies. Minimal differences among the MCD data sets led to us to

investigate the effect of glycerol concentration on enzyme state. On the basis of our EPR and
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computational studies, we propose that high glycerol concentrations favor the more compact Asp-
in state, while the Asp-out state is favored by some variants when the glycerol concentration is
low. Further, the transition from the Asp-in to the Asp-out state primarily affects the residues
involved in proton transfer (Y105, H106, and D134), while the portion of the active site remote
from D134 is largely unaffected, supporting a role for the Asp-out state in substrate recognition
and orientation for binding and a role for the Asp-in state in catalysis. EPR data and computational
models of QueG in the presence of 0Q indicate that the Co(II)Cbl cofactor remains five-coordinate
upon substrate binding. Importantly, substrate binding favors the catalytically relevant Asp-in
state, even for the YI05A QueG variant, demonstrating the importance of hydrogen-bonding

interaction between 0Q and other active site residues.
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