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ABSTRACT: 7-Carboxy-7-deazaguanine synthase (QueE) is
a radical S-adenosylmethionine (SAM) enzyme that catalyzes
the conversion of 6-carboxy-S,6,7,8-tetrahydropterin (CPH,)
to 7-carboxy-7-deazaguanine (CDG). QueE also shows a clear
dependence on Mg*" ion and is considered a new feature for a
radical SAM enzyme. The catalytic mechanism of QueE from
B. multivorans has been studied using a combined quantum
mechanics and molecular mechanics (QM/MM) method. The
results of our calculations reveal that the key ring-contraction
step involves a bridged intermediate rather than a ring-opening
one. For the QueE—Mg®* system, the elimination of ammonia

is calculated to be rate limiting with a free energy barrier of 18.8 kcal/mol, which is basically in accordance with the estimated
value (20.9 kcal/mol) from the experiment. For QueE—Na* complex, the rate-limiting step switches to the formation of the
bridged intermediate with an energy barrier of 29.3 kcal/mol. Natural population analysis indicates that the metal ions do not act
as Lewis acids; therefore, they mainly play a role in fixing the substrate in its reactive conformation. The different coordination of
Mg®" and Na* with the substrate is suggested to be the main reason for leading to the different activities of QueE—Mg** and

QueE—Na* complexes.

KEYWORDS: 7-carboxy-7-deazaguanine synthase (QueE), reaction mechanism, 7-carboxy-7-deazaguanine (CDG),
6-carboxy-5,6,7,8-tetrahydropterin (CPH,), QM/MM, SAM radical enzyme

1. INTRODUCTION

Pyrrolopyrimidine-containing compounds, also called 7-deaza-
purines, are widely distributed in nature and include a series of
structurally diverse nucleoside analogues that exhibit antineo-
plastic and antibiotic activities.' " 7-Deazapurine moieties are
also found in the hypermodified tfRNA nucleosides queuosine
and archaeosine.”® Queuosine was found to occupy the first
anticodon position of fRNAs for histidine, aspartic acid,
asparagine, and tyrosine.”” The precise physiological role of
the hypermodification remains uncharacterized. Archaeosine is
located at the dihydrouridine loop of most archaeal tRNAs and
has the function to stabilize the tertiary RNAs structures.”'
On the basis of the previous studies, the 7-deazapurine
moiety, which is the core of pyrrolopyrimidine nucleosides, can
be biosynthesized via a series of common pathways from
guanosine S'-triphosphate (GTP) involving four enzymes, GTP
cyclohydrolase I (GCHI), 7-cyano-7-deazaguanine (preQp)
synthase (QueC), 6-carboxy-5,6,7,8-tetrahydropterin (CPH,)
synthase (QueD), and 7-carboxy-7-deazaguanine (CDG)
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synthase (QueE), as shown in Scheme 1.%'"'* GTP is first
converted by GCHI and QueD to CPH,."”~"> Then CPH, is
transformed by QueE to CDG,"" which is further converted to
the central preQ, intermediate. From CPH, to CDG, a
complex and unprecedented heterocyclic rearrangement is
involved, and CDG is thought to be a central precursor for all
7-deazapurine-containing compounds.'”

CDG synthase (QueE) belongs to the radical S-adenosylme-
thionine (SAM) enzyme superfamily, which was first classified
in 2001.%'>'“'7 A typical feature of the radical SAM enzymes is
the presence of a CX;CX®PC motif, which is conserved in
almost all known radical SAM enzymes. The three cysteine
residues of CX;CX®C motif coordinate with three of the iron
atoms of the essential [4Fe—4S] cluster in the active site.'*™**
The remaining fourth iron atom binds with both the a-amino
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Scheme 1. Biosynthesis Pathway of CDG*'""*
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and a-carboxylate groups of SAM, forming a five-membered
chelate ring.”*"*° During the catalytic reactions, one electron
transfers from the +1 oxidation state of the [4Fe—4S] cluster to
SAM, leading to the reductive cleavage of the S—C5’ bond and
the formation of a methionine and a highly reactive §'-
deoxyadenosyl radical (5'-dA°®) (Scheme 2). This radical (5'-
dA®) can abstract a hydrogen atom from either the substrate
molecule or other residue of the protein to initiate a variety of
enzymatic reactions, including DNA repair, enzyme activation,
protein and nucleic acid modification, primary metabolism, and
cofactor synthesis.””*"

Although QueE belongs to the SAM superfamily, it exhibits a
clear structural difference compared to the common SAM
enzyme. Most of the SAM radical enzymes obtained so far
display the adoption of either a partial or full (f/a)g triose—
phosphate isomerase (TIM) barrel fold,'*~*** which is called
the SAM radical core. Whereas QueE from B. multivorans
adopts both a noncanonical cluster-binding CX;,CX®C motif
and a hypermodified protein fold named (f6/a3) architec-
ture,”” where a short 3,y-helix (3,,H5) and two short loops (L3
and L4) replace the three a-helices (a3, a4, and a5) of the
common SAM radical fold. In addition, QueE also shows a
metal dependence.””*® For example, in the assays of QueE
from B. multivorans, Mg** enhances the activity by 3-fold, but
Na* and Mn** do not accelerate the QueE activity. It should be
noted that the QueE from B. subtilis exhibits a different
dependence of Mg**; ie, Mg’* can enhance the activity by
approximately 10-fold. However, the crystal structure of QueE
from B. subtilis has not determined yet.

As for the reaction mechanism of conversion of CPH, to
CDG, several studies, including the spectroscopic and steady-
state kinetic experiments, have been carried out to explore the
biosynthetic pathway of CDG catalyzed by QueE from B.
subtilis.””*° They demonstrated that QueE is indeed a member
of the radial SAM superfamily. The isotope-transfer experi-
ments afforded a clear evidence of the direct abstraction of a
hydrogen atom from the C-6 of the substrate (CPH,) by S'-
dA® to initiate the complex chemical transformation. On the
basis of their experimental observations, a working model that
is consistent with the biochemical and spectroscopic data for
the conversion of CPH, to CDG was proposed,””*” which is
shown in Scheme 3. From the proposed mechanism, we have
no idea how the ring rearrangement occurs. As shown in
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Scheme 3, the reaction may undergo either a hemolytic
cleavage of the C4a—NS bond of the substrate leading to the
generation of an imine intermediate or formation of a C4a—C6
bond yielding a bridged azacyclopropylcarbinyl intermediate.
Both of the routes have precedents to go by. The former
resembles the Baldwin S-exo-trig radical-mediated ring
closure,®’ while the latter is analogous to the central radical
intermediate in the reaction catalyzed by lysine 2,3-amino-
mutase.””

In 2014, the crystal structures of QueE from B. multivorans
were successfully determined in which all of the cofactors were
reported, including the intact substrate and the product.” It
was the best structurally characterized SAM radical enzyme. As
described above, QueE is not only a SAM-dependent enzyme
but also requires a metal ion (Mg**) for its catalysis.””*" As
shown in Figure la, Mg*" directly interacts with three water
molecules, the hydroxyl group of Thr51 and the carboxyl and
carbonyl groups of the substrate, forming a pseudo-octahedral
structure. Mg™" is supposed to play multiple important roles in
the complex chemical transformation. QueE is the first member
of the radical SAM superfamily that requires a divalent
magnesium ion to assist its catalytic reaction. Bandarian and
co-workers have proposed that Mg®* may activate the C6
proton and thereby facilitate the hydrogen abstraction step by
its interaction with the carboxyl and carbonyl groups of the
substrate and acts as 2 Lewis acid to accelerate the ammonia
molecule elimination.” Tt should be noted that these roles of
Mg’ are only based on the hypothesis. In addition, a
monovalent Na* ion can also stabilize the substrate in the
active site by a similar coordination with the carboxyl group
(Figure 1b), but the acceleration for activity was not observed.

QueE utilizes a S'-dA radical and Mg®* to catalyze the
conversion of CPH, to CDG. As described above, several
questions for the reaction details have no clear answers yet. For
example, we still do not know how the key carbon skeleton
rearrangement occurs, how the ammonia molecule eliminates,
and how the five-membered ring aromatizes. To answer these
questions, in this work, the combined quantum mechanics and
molecular mechanics (QM/MM) method®** has been
employed to explore the catalytic mechanism of QueE from
B. multivorans. The QM/MM method has been widely applied
in elucidating the catalytic mechanism of extended sys-
tems,”” "’ including the radical SAM enzyme.**~* On the
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Scheme 3. Proposed Mechanism for QueE*”*°
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basis of the recently obtained crystal structures of QueE from B.
multivorans, the reaction detail was illuminated, and the
different influences of Mg** and Na' on the reaction were
compared as well.

2. METHODS

2.1. Computational Models. The crystal structures of QueE in
complex with the [4Fe—4S] cluster, SAM, substrate, and Mg>* or Na*
(PDB codes: 4NJI and 4NJH)*’ provided good templates for our
theoretical studies. Both structural and biochemical analysis indicate
that QueE is a homodimer with two identical monomers, and two
identical active sites locate at the two monomers, respectively.
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Therefore, all of the atoms labeled “A” (chain A) in the pdb data
were selected to construct the initial computational models. Based on
the crystal structures of QueE in complex with Mg** and Na*, two
models were constructed. During the catalytic reaction, a proton
abstraction process by the NS atom of the NH, group of the initial
product is required to facilitate the elimination of the ammonia
molecule. By checking the crystal structures of QueE, we found that
only residue GlulS locates at a reasonable position to donate its
proton to the NH, group. Thus, GlulS was set to be protonated in the
computational models. The protonation states of other titratable
residues were assigned according to their pK, values predicated by the
PROPKA3.1 program“_46
Subsequently, the missing H atoms were put into the systems by

under the experimental conditions.
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Figure 1. Crystal structures of active sites of QueE in complex with Mg** (a) and Na* (b). The coordination bonds are shown in blue dashed lines

and hydrogen bonds in black dashed lines.

using the HBUILD program in the CHARMM package.*” Afterward,
both of the systems were fully placed into the TIP3P** water spheres
with a radius of 32 A. The water molecules that located at less than 2.5
A from the non-hydrogen atoms were deleted. To neutralize the
systems, 8 or 9 Na* were added into the QueE—Mg®** or —Na*
complex at random positions, respectively. After a series of
minimization steps, 20 ns MD simulations were performed to
equilibrate the systems by using the CHARMM?22/CMAP force
field.****° The prepared models were divided into an inner reaction
region (r < 28 A) and an outer buffer region (28 A < r < 32 A) during
MD simulations, which were, respectively, described by Newton’s
equations of motion and Langevin dynamics with friction and random
force. The MD simulations were performed by three steps: (1) the
systems were first heated from 0 to 298.15 K for 50 ps with a time step
of 1 fs; (2) the systems were then equilibrated for 50 ps at the 298.15
K with a time step of 1 fs; (3) and finally, 20 ns MD simulations were
carried out. The Mg®* and Na* were frozen on their initial positions
during the simulations.

2.2. QM/MM Calculations. In this work, the last snapshots taken
from MD simulations were used as the reactant structures to perform
the subsequent QM/MM calculations. Each system was divided into
two regions: the QM region that was treated by DFT with B3LYP
functional®™*> in Turbomole®® and the MM region that was
characterized by the CHARMM?22 force field® in DL-POLY.**
Turbomole and DL-POLY programs were combined by the
ChemShell package™ in all QM/MM calculations. For a better
description of the catalytic mechanism of QueE, the entire reaction
was divided into two parts: the mutase and deamination reactions, as
shown in Scheme 3. In the mutase process, the substrate CPH,,
S’-dA radical, side chains of Glul$, Asp50, Glul16, and Pro210,
part of the residue 1le209, Mg**, three Mg**-coordinated water
molecules, and one coordinated residue Thr51 were included in
the QM region, which is shown in Scheme 4. After MD
simulations, a noncrystal water molecule was found to locate
between the CPH, and Glul16. This water molecule may play
an assistant role in the catalytic reaction. Therefore, it was also
included in the QM region. Thus, the QM region totally
contains 124 atoms. In the later stage of the deamination
reaction,
subsequently removed from the QM region. To investigate
the dependence of metal ions, the mutase and deamination
reactions catalyzed by the Na'-containing QueE were also
considered. The remaining atoms of systems were included in
the MM regions.

an ammonia molecule was formed, which was
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Scheme 4. QM Region of Mutase Reaction”

L

$S\P50 Thr51
N 7 O o ud
;
O~
He1 M(H,0) -
Oe1 0
o] S \(5"6"2’ ...... H,C5-dA
le2090 2\ 5870-6, 2 g.gA radical
C4. r
7 a-
‘,\N"‘\( o " L N

4
\ CT.
e |
N \02~ /ésa'NS/ 9 H7r‘1'(‘)‘0w w4
O—H N/ “~N1 H 11 H1
2

“0¢2

Glu116
Y o

e

“In the calculation of the deamination reaction, an ammonia molecule
was formed and then removed from the QM region. Atoms and
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Na*.

In this work, hydrogen link atoms were used to treat the QM/MM
boundary with the charge shift model.*® In addition, the polarizing
effects of surrounding on the QM subsystem were accounted for by
using an electronic embedding scheme > in which the MM region
charges were incorporated into the one-electron Hamiltonian of the
QM calculations. All structures along the reaction path were optimized
at the basis set of 6-31G(d,p). The hybrid delocalized internal
coordinates (HDLC) optimizer™® was applied to perform the
geometry optimizations, and the local minima were searched by
using the quasi-Newton limited memory Broyden—Fletcher—Gold-
farb—Shanno (L-BFGS) method.””® The partitioned rational function
optimization (P-RFO) algorithm®" was used to find transition states by
following eigenmodes of the Hessian. All obtained transition states
were confirmed by only one single negative eigenvalue. On the basis of
on the optimized structures, the single-point energies were calculated
with the 6-311++G(3df,3pd) basis set, and the frequencies were
performed at the 6-31G(d,p) level to calculate the entropy effect. As
we all know, the dispersion interaction could not be accuratel
characterized by the B3LYP functional. Thus, the DFT-D3 program®*
was employed to correct the energies of dispersion. It should be noted
that the correction of dispersion energies only applied for the QM
regions, and the structures of QM regions were cut from the QM/
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Figure 2. RMSDs and RMSFs of QueE in complex with Mg®* and Na* obtained from 20 ns MD simulations.
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Figure 3. Optimized structures of active sites of QueE in complex with Mg** (a) and Na* (b). The atoms in QM region are displayed in ball and
stick models. Coordination bonds are shown in blue dashed lines and hydrogen bonds in black dashed lines.

MM-optimized geometries. The entropy contributions and empirical
dispersion corrections are shown in Table SI. As shown in Table S1,
both of the entropies and dispersion effects are minor. Besides, the
natural population atomic charges of QM regions were calculated at
the 6-31++G(d,p) level by using QM/MM methods, and the spin
densities were calculated by using the Gaussian03 package® at the
same level. During the QM/MM calculations, the MM region residues
beyond 13 A of the CPH, molecule were frozen, while the rest of the
MM atoms were allowed to move. In addition, the potential energy
surface (PES) was calculated at the B3LYP/6-31G(d,p) level to
indicate how the key carbon skeleton rearrangement occurs.

3. RESULTS AND DISCUSSION

3.1. Structures of QueE in Complex with Mg?* and
Na*. The crystal structures of QueE in complex with Mg>* and
Na* were taken and subjected to a 20 ns MD simulations. The
obtained root mean square deviations (RMSDs) and root mean
square fluctuations (RMSFs) are displayed in Figure 2. One can
see from Figure 2a that the backbone of the QueE—Mg**
complex is basically equilibrated after 2 ns, which is earlier than

that of QueE—Na*. On the whole, a 20 ns MD simulation is
sufficient for equilibrating the systems. The stabilized RMSD of
QueE—Mg’* is maintained at 1.3 A, which is smaller than that
of QueE—Na* (1.8 A). Figure 2b shows that the fluctuation of
RMSFs of QueE—Na" is similar to that of the QueE—Mg**
complex, but some minor differences can also be found. For
example, the RMSFs of residues 80—85 and 164 and the
terminal of the QueE—Na* protein are larger than that of
Q_ueE—Mg2+. In addition, the fluctuations of residues 43, 65,
139, 144, 156, and 185 of the two systems are relatively large,
indicating these residues display major conformational changes
after MD simulations.

It should be noted that during the above MD simulations
both Mg** and Na* have been frozen on their crystal positions.
It is a common strategy to prevent the collapse of the
coordinate structures.””*> To check whether this scheme will
influence the active-site structures of the two QueE—substrate
complexes, we also performed 5 ns MD simulations without
fixing the positions of Mg** and Na*. The MD simulations
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Figure 4. Optimized structures of the reactant, intermediates, and transition states of mutase reaction catalyzed by QueE—Mg** complex. The
distances are given in angstroms. The isovalue of 0.01 au of the spin density was used.

showed that the coordination environments of the two metal
ions have been obviously deviated from the crystal structures,
especially for those of the QueE—Mg*" complex, as shown in
the Supporting Information (Figure S1). The main reason for
causing the collapse of the coordinate structures can be
attributed to the lack of effective force field parameters of
metal—ligand interactions of Mg** and Na'. Therefore, the last
snapshots taken from 20 ns MD simulations, in which the
positions of Mg*" and Na" were fixed, were used as the reactant
structures to perform the subsequent QM/MM calculations.
The optimized active-site structures of QueE—Mg** and
QueE—Na" complexes are shown in Figure 3. By comparing the
structures shown in Figures 1 and 3, one can see that the
surrounding residues of the active sites were well kept after MD
and QM/MM optimizations. A finding is that a noncrystal
water molecule (W4) enters the reactive center and forms two
hydrogen bonds with the carboxyl groups of CPH, and Glul16.
This water (W4) may act as a mediator to promote the
subsequent abstraction of the pro-R C7 proton. In both of the
active sites of QueE—Mg”** and QueE—Na", complex hydrogen
bond networks are formed between CPH, and pocket residues.
In the QueE—Mg** complex, in addition to coordinating with
three water molecules and the hydroxyl group of Thr51, Mg**
also directly interacts with the carboxyl and carbonyl groups of
the substrate, forming a pseudo-octahedral core. In the complex
of QueE—Na*, the coordination of Na* is similar to that of
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Mg**, but Na* only ligates to the carboxyl group of CPH,, It is
the main difference of the active sites between the two
complexes.

3.2. Calculated Reaction Mechanism of QueE—Mg?**
Complex. Mutase Reaction. In this work, the calculations
started with the abstraction of a hydrogen atom from the
substrate by the 5'-dA radical. Figure 4 shows the optimized
structures of the reactant, transition states, and intermediates of
the QM region. One can see that in the reactant R the CS§’
atom of the 5’-dA radical locates at an ideal position to abstract
the H6 atom of CPH, to initiate the catalytic cycle. From R to
IM1, the distance (r2) between the CS’ and H6 atom changes
from 2.56 t01.08 A via 1.41 A in TS1, and the distance of rl
(C6—HS6) elongates from 1.08 t02.69 A, suggesting that the H6
atom has been completely transferred to CS’ atom in IMI.
Along with the abstraction of H6 atom, the unpaired spin
density of the system is gradually transferred to the C6 atom,
generating the C6-based radical intermediate (IM1). The spin
density distribution on C5’ atom changes from 1.28 in R to
—0.01 in IMI1, and that of C6 atom changes accordingly from
0.00 to 0.88 (see Table S2). In IMI, the NS atom and two
oxygen atoms of carboxyl group delocalize 15% of spin density.
In addition, the spin density of C4a increases from 0.00 in R to
0.05 in TSI and finally delocalizes 9% of unpaired spin density
of IM1, implying that the C4a atom can also stabilize the C6
radical by delocalizing the spin density.
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Figure 5. Relative Gibbs free energy profiles including the dispersion corrections for the reaction catalyzed by QueE-Mg*". The free energy of

intermediate IMS was set to the same value of IMS-A.

Table S3 shows the natural population atomic charges of
some key atoms. A clear change in the H6-abstraction process
can be found at the C6 atom. In R, the charge of C6 is —0.17
au; after the abstraction of H6, it changes to 0.15 au. As for NS
and C7 atoms, with the formation of the substrate radical
(IM1), the charges of NS and C7 atoms almost remain
unchanged. It is understandable because the C6 atom bears the
most spin density, while the adjacent NS and C7 atoms only
possess little spin density. Another interesting finding is the
charge of Mg*". It always stays at 1.82, which implies that Mg**
does not act as the Lewis acid during the Hé6-abstraction
process.

The free energy barrier of the abstraction of H6 by the 5'-dA
radical is calculated to be 8.8 kcal/mol, which means the C6-
based radical intermediate (IM1) can be easily generated, as
shown in Figure S.

The next step is the radical-mediated ring-contraction step,
which includes two elementary processes. The C6 radical of
IMI1 first attacks the C4a atom of the substrate to generate a
bridged intermediate (IM2), which is followed by the cleavage
of the C4a—N3S bond, yielding the nitrogen radical intermediate
(IM3). From IM1 to IM2, the distance (r3) between C4a and
C6 atom decreases from 2.29 A in IM1 to 1.51 A in IM2 via
1.73 A in TS2. After formation of the C4a—C6 bond in IM2,
the radical transfers from the C6 atom to other atoms such as
C8a, C2, and C4. The Mulliken atomic spin densities of the
related atoms are listed in Table S2 (Supporting Information).
One can see that the unpaired spin density of C8a is only 0.34
in IM2, which means 66% of the radical has been delocalized to
other atoms. As shown in Table S2 and Figure 4, the spin
density of the C8a radical is obviously delocalized by the
adjacent pyrimidine- and pyrrole-like rings in TS2 and IM2. In
particular, the C2 atom delocalizes 25% of the spin density. The
free energy barrier for the formation of IM2 is 15.3 kcal/mol
(Figure S). We also note that IM2 is an unstable intermediate,
probably owing to the newly formed three-membered ring of
N5—C6—C4a, which immediately rearranges to the nitrogen
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radical intermediate (IM3) to finish the ring contraction step by
the cleavage of the C4a—NS$ bond. This skeleton rearrange-
ment corresponds to a very low free energy barrier of 3.2 kcal/
mol. From IM2 to IM3, the tension of the three-membered ring
no longer exists, and therefore, the nitrogen radical
intermediate (IM3) is more stable than IM2. In IM3, the
radical is mainly centered on the NS atom with the spin density
of 0.94 (Table S2), which is favorable for abstracting the
hydrogen atom of CS’ to regenerate the 5’-dA radical. In this
ring-contraction step from IM1 to IM3, the NPA charges of
related atoms such as C4a, C6, and NS show clear fluctuations,
which change from —0.08, 0.15, and —0.69 au to —0.27, —0.06,
and —0.49 au, respectively, as shown in Table S3.

As proposed in Scheme 3 and the previous studies,” " in the
ring contraction process, the C4a—NS bond of IM1 may break
directly and then undergo a S-exo-trig ring-closure step to finish
the skeleton rearrangement. To further understand this ring-
contraction process, the potential energy surface (PES) as a
function of distances r3 (C4a—C6) and r4 (C4a—-N5) was also
mapped out using the adiabatic mapping approach at the level
of B3LYP/6-31G(d,p) for the QM region and the
CHARMM?22 force field for the MM region, as shown in
Figure 6. The horizontal axis represents the cleavage of the
C4a—NS bond, and the vertical axis describes the formation of
the C4a—C6 bond. The reaction coordinate of C4a—C6 ranges
from 2.37 t01.50 A with an increment of 0.03 A, and that of
C4a—NS ranges from 1.45 to 2.40 A with an increment of 0.05
A. Thus, a total of 600 (30 X 20) structures were optimized for
obtaining this PES. As shown in Figure 6, three low-energy
regions can be recognized in the upper left, lower left, and
lower right corners, respectively. The structure located at the
upper left corner represents IM1, and the one at the lower right
corner represents IM3. The low-energy region in the lower-left
corner corresponds to the unstable intermediate IM2. The TS2
is situated in the area of r3 ~ 1.73 A and TS3 at the region of r4
~ 1.68 A, which is in good agreement with the optimized
transition-state structures shown in Figure 4. One can also see
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Figure 6. PES calculated at the B3LYP/6-31G(dp) level using
distances r3(C6—C4a) and r4(C4a—NS) as reaction coordinates.

from Figure 6 that the nitrogen radical is generated through the
bridged intermediate rather than a ring-opening one. In
addition, a structure with r4 of 2.12 A and r3 of 2.50 A was
also found by using the scanning method, which can be named
as Bad-TS2-A, as shown in Figure 4. Compared with TS2, the
radical in Bad-T'S2-A is mainly centered on the C4a and NS§
atoms and is not delocalized by the adjacent atoms. Since Bad-
TS2-A represents a higher energy structure, it is an impossible
transition state.

After formation of IM3, the nitrogen radical abstracts the
hydrogen atom of CS’ to regenerate the 5'-dA radical and
forms the intermediate IM4 (initial product). The free energy

barrier of this step is 11.7 kcal/mol. So far, the mutase reaction
has been finished.

Deamination Reaction. In the deamination process, the
amino group is eliminated from the substrate to form the 7-
carboxy intermediate (IMS-A). The optimized structures of
transition states, intermediates, and product are shown in
Figure 7. One can see that, in the early stage of the
deamination, the proton is transferred from the carboxyl
group of residue Glul5 to the NS atom to facilitate the
elimination of the amino group. The elimination of ammonia
molecule corresponds to a high free energy barrier of 18.8 kcal/
mol. Since the protonated amino group bears one positive
charge, it is necessary to analyze the changes of NPA charges in
the related atoms. Table S3 shows that, along with the cleavage
of C6—NS5 bond, the charge of NS atom exhibits a considerable
variation, which changes from —0.89 au in IM4 to —1.01 in
TSS. But the charge of Mg*" also remains unchanged, implying
that the Mg®* does not act as a Lewis acid during the
deamination process. In the literature,” it was proposed that
the elimination of amino group may be facilitated by the
residue Pro210 through its interaction with the exocyclic amino
group of substrate. However, the charge of the exocyclic N
atom is basically unchanged, suggesting the residue Pro210 may
only have the function to stabilize the substrate. In IMS5-A, the
ligand molecules around the metal ion (Mg®*) have been
obviously disturbed owing to the interaction between NH; and
Mg**. In particular, the formed ammonia molecule replaces the
ThrS1 to coordinate with the Mg*". According to the crystal
structure of QueE in complex with Mg** and the product (PDB
code: 4NJK),* the coordination between Thr51 and the metal
ion was well kept during the catalytic reaction. Thus, the
optimized structure of IMS5-A may represent an unreasonable
intermediate, and therefore, another possibility is considered;
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Figure 7. Optimized structures of the intermediates, transition states, and products of the deamination reaction catalyzed by the QueE—Mg**

complex. The distances are given in angstroms.

3960

DOI: 10.1021/acscatal.5b00156
ACS Catal. 2015, 5, 3953-3965


http://pubs.acs.org/doi/suppl/10.1021/acscatal.5b00156/suppl_file/cs5b00156_si_001.pdf
http://dx.doi.org/10.1021/acscatal.5b00156

ACS Catalysis

Research Article

Thr51 j%ﬂ 3;2’50 i, 5-dA radical

r1=1.09
r2=3.22

Y
Pro210

M4

TSS'

< ¥ Yy r """ \
r3=1.50 I
r4=1.68 r4=1.47

IM2'

Glu1sﬁ]*0€1f> . -dA
K Hel -Ogtp HECS
Oy o ek
LIE P 5= 5116 \ “’HS, r1§ ’C—Oez
125l cs 167N C4. I'4/ rST-CG
r3=r, r7=r, / C4a"fé \
C6-Cda He1-0e1 H N 3 \ C7
M4=loians  B=Teans \ 8a....” \H7
C2zf N8
/%SNT H
HoN
CPH,
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i.e., the generated ammonia molecule was removed from the
active site to continue our QM/MM calculation. The optimized
structure (IMS) is shown in Figure 7. It can be seen that, after
removal of the ammonia molecule, the ligand environment
around Mg*" is well kept.

To form the final product CDG, the pro-R C7 proton must
be deprotonated to aromatize the five-membered ring of the
substrate. Abstraction of the pro-R C7 proton by the carboxyl
group of Glull6 seems difficult because this proton is far away
from the carboxyl group. Nevertheless, we note that a water
molecule (W4) may act as a mediator to facilitate this proton-
transfer process. The W4 molecule just locates between the pro-
R C7 and residue Glul16, forming a perfect channel for proton
transfer. As shown in IMS, a strong hydrogen bond is formed
between the H1 atom of W4 and Og2 atom of Glul16 with a
distance of 1.84 A (r12). In addition, the H7 atom of the
substrate orients to the Ow of W4 and the distance is 2.32 A
(r10). According to the results of our calculations, the proton
transfer of this step proceeds in a concerted but asynchronous
manner. With the H7 proton transferring to the Ow atom of
W4, the H1 atom is gradually abstracted by residue Glullé.
The corresponding distance of r10 decreases from 2.32 A in
IMS to 1.16 A in TS6 and further decreases to 0.94 A in P.
Simultaneously, the distance of r11 increases from 0.99 A in
TS6 to 1.66 A in P. In the optimized structure of product P, a
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strong hydrogen bond is formed between the water molecule
(W4) and Glull6. The corresponding free energy barrier of
this step is 16.1 kcal/mol.

For comparison, we also calculated the deprotonation
process of the pro-R C7 proton without the assistance of
mediator water molecule (W4). During the calculations, the
water molecule was removed from the reaction center of IMS.
The calculated results are shown in Figures S2 and S3 of the
Supporting Information. We can see that the energy barrier at
B3LYP/6-311++G(3df,3pd) level increases from 15.3 to 21.6
kcal/mol.

In summary, the elimination process of ammonia is
calculated to be the rate-limiting step with the free energy
barrier of 18.8 kcal/mol, which is a little bit smaller than the
estimated value (20.9 kcal/mol) from the measured k, by the
classical transition-state theory. In the assays of QueE—Mg>"
from B. multivorans, the final k_,, value is 0.19 + 0.06 min~'.*’
Although the DFT method usually underestimates the energy
barrier, we should realize that the calculated result (18.8 kcal/
mol) was only derived from one snapshot of the MD
simulations; therefore, it is not conclusive considering the
sampling of our QM/MM calculations. As for the rate-limiting
step of the whole catalytic reaction, the elimination process of
ammonia is calculated to be rate limiting, but we also note that
the final aromatization corresponds to a free energy barrier of
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16.1 kcal/mol under the assistance of a mediated water
molecule. Without this water, the energy barrier increases to
21.6 kcal/mol. Therefore, it is also a possible rate-limiting step.
In addition, based on the calculated free energy profile, an
intermediate (IM4) has the lowest relative energy, which may
be probed by future experiments.

3.3. Influence of Metal lons and the Electrostatic
Effect of Environment. As described above, the active site of
the QueE—Na* complex is similar to that of the QueE—Mg*".
The main difference between the two systems is that Na* only
coordinates to the carboxyl group of the substrate, while Mg>*
not only coordinates to the carboxyl group but also ligates to
the carbonyl group of the substrate (Figures 1 and 3).”
Although the environmental difference around the active sites is
minor, the enzyme displays different activity. To investigate
how the metal ions influence the enzymatic reaction, the
mutase and deamination reactions catalyzed by QueE in
complex with Na* were also calculated by using the same
strategy. The optimized structures of reactant, transition states,
and intermediates are shown in Figure 8. The energy profiles of
the catalytic reactions of the QueE—Na® and QueE—Mg**
complexs are compared in Figure 9.
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densities and NPA charges of QueE—Na" system (Tables S4
and S5) with those of the QueE—Mg** system (Tables S2 and
S3), we can see that the two systems display similar changing
characteristics. For example, with the formation of C6 radical,
the spin density distribution on the CS’ atom changes from
1.28 and 1.14 in R and R’ to —0.01 and 0.00 in IM1 and IM1’
and that of C6 atom changes from 0.00 and —0.04 to 0.88 and
0.91, respectively; the NPA charge on C6 atom changes from
—0.17 and —0.17 au in R and R’ to 0.1S and 0.10 au in IM1 and
IM1’, respectively.

In the step of C4a—C6 bond formation, the energy barriers
for the two systems are quite different. It is 15.7 kcal/mol for
the QueE—Mg** system, while it raises to 29.3 kcal/mol in the
QueE—Na" system. We may attribute it to the different changes
of NPA charges of the ring atoms of the substrate. For example,
the charge of C6 atom changes 0.20 au from IM1 to TS2,
whereas it only changes 0.03 au from IM1’ to TS2'. In the
fourth step to regenerate the 5'-dA radical, the energy barrier of
the QueE—Na' system increases by 10.1 kcal/mol. This
increase can be attributed to the larger distance (rS) between
the H6 atom and the NS radical in IM3’. r5 is 3.62 A in IM3/,
but it is only 2.42 A in IM3. We also note that the relative
energies of IM4' and TSS’ are higher than those of IM4 and
TSS.

Another interesting finding is the charges of Na* and Mg**
ions. As shown in Tables S3 and S5, during the catalytic
reaction, both of the charges of Na" and Mg2+ remain
unchanged. Thus, both of them do not act as Lewis acids
during the catalytic reaction but influence the spatial
orientations of the substrate by differently interacting with it.
As previously mentioned, in the QueE—Mg** complex, Mg**
coordinates with both the carbonyl and carboxyl groups of the
substrate, but in the QueE—Na* complex Na* only coordinates
with the carboxyl group of the substrate. The distances between
the two metal ions and the oxygen atoms of carbonyl and
carboxyl groups of substrate are shown in Figure 10. One can

Reaction coordinate

Figure 9. Energy profiles including the dispersion corrections along
the reactions catalyzed by QueE—Mg** (black) and QueE—Na* (red)
at the B3LYP/6-311++G(3df,3pd) level. Both energies of the two
reactants were set to zero.

As shown in Figures 8 and 9, the catalytic reaction pathway
of the QueE—Na" complex is not changed compared with that
of the QueE—Mg*, but their energy profiles show little
difference. The energy barriers of the first, second, and fourth
steps show clearly increase for QueE—Na* complex, which will
be discussed in detail in the next contexts.

For the first step, the energy barrier of the QueE—Na*
complex increases by 5.7 kcal/mol compared to that of QueE—
Mg?*. It can be attributed to the different interactions of Mg**
and Na" with the substrate. In the QueE—Na* complex, Na*
only coordinates to the carboxyl group of the substrate, leading
to the substrate molecule being far away from 5’-dA radical. As
a result, the distance (r2) between the H6 atom and the CS’
radical increases from 2.56 A in QueE—Mg** to 322 A in
QueE—Na*, which is supposed to be the main reason for the
increase of the energy barrier of the H6-abstracting step. In
addition, after formation of the C6 radical (IM1’), the distance
(r1) between the C6 and H6 atoms in QueE—Na* system is
larger than that in the QueE—Mg’* system, and the resulted
intermediate IM1’ is more stable. By comparing the atomic spin
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Figure 10. Distances between Mg®* (Na*) and the ligated atoms of
Mg** (Na*)-coordinated molecules.

see that the distances between the Na* and oxygen atom of
carbonyl group (Na—O) are always larger than 3.0 A, implying
the interaction between the Na' and carbonyl group is very
weak, but the distances between the Mg** and the oxygen atom
of carbonyl group (Mg**—0O) show obvious fluctuation during
the catalytic reaction, such as in the steps of R — IM1, IM1 —
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IM2, IM3 — IM4, and IM4 — TSS. Besides, the distances
(Mg?**—0el and Na"—Oel) between the metal ions and the
carboxyl group are almost unchanged. In addition, the distance
of Mg—Oel is always shorter than that of the Na*—Oel.These
results indicate that the interaction between Mg’* and the
carboxyl group are stronger than that of Na'.

In the QueE—Mg*" complex, the ammonia elimination
process is suggested to be the rate-limiting step with the free
energy barrier of 18.8 kcal/mol and energy barrier of 18.9 kcal/
mol (Figures S and 9). In the QueE—Na* complex, however,
the rate-limiting step changes. The step of C6—C4a bond
formation is calculated to be rate limiting with an energy barrier
of 29.3 kcal/mol.

The different features of the energy profiles of QueE—Mg**
and QueE—Na" systems seem to be mainly caused by the
different coordination of Mg** and Na® with the substrate,
which causes some key distance differences. For example, in the
first step, the distances (r2) between the H6 atom and the CS’
radical of QueE—Mg**and QueE—Na" systems are 2.56 and
3.22 A, corresponding to the energy barriers of 9.0 and 14.7
kcal/mol, respectively.

For comparison, we also studied how the initial structure
influences the energy profile. For the QueE—Na* complex, a
starting structure (R”) was further taken from a snapshot of
MD trajectory at 19 ns, and the corresponding QM/MM
calculations were performed. The optimized structures of the
reactant, intermediates, and transition states for the mutase and
deamination reactions at the B3LYP/6-31G(d,p) level are
shown in Figure S4, and the energy profile at the B3LYP/6-31+
+G(d,p) level in comparison with the results of the snapshot
taken at 20 ns is displayed in Figure S5. One can see that the
two calculated energy profiles are very similar, and the energy
barriers of the rate-limiting step from the two snapshots at 19
and 20 ns are 27.4 and 28.0 kcal/mol, respectively. Therefore,
the initial structures only have a minor influence on the energy
barrier of the rate-limiting step.

To evaluate the influence of electrostatic effect of MM
subsystems on the QM region energies, the energies of Eqy,pich
are derived from the QM/MM calculations and are compared
with the energies of Eqy. The Eqypicn characterizes the QM
region energy calculated in the field of MM point charges, and
the Eqy describes the QM region energy calculated without the
point charges at the same basis set by using Gaussian03
package. Thus, the differences between the Eqy and Eqpipich
represent the electrostatic effect of environments. The Eqy and
Equpteh of QueE in complex with Mg** and Na* are shown in
Figure 11. As shown in Figurell, the influence of electrostatic
effect of surroundings on the QM region of QueE—Mg*" is
great in TS1, IM2, TS4, and TSS, and the QM region energies
of the QueE—Na" complex suffer a greater influence by
electrostatic effects than those of the QueE—Mg**complex.

We also investigated the structural change of QueE in
complex with Mg" at the absence of substrate. On the basis of
the optimized structure of P, the product CDG was removed
from the active site, and the resulting system was performed for
an additional 8 ns MD simulation. The obtained RMSD is
shown in Figure S6, and the structure of the active site after
MD simulation is shown in Figure S7. One can see that the
environment around the active site is only slightly changed.
However, we note that the side chain of residue GInl3
undergoes a rotation around the CS—Cy bond, by which the
dihedral angle (¢c,—cp—c,-cs) changes by 102.66° compared to
the QueE in complex with the substrate (Figure 3a). Therefore,
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Figure 11. Relative energies of QM region calculated at the field of
MM point charges (AEQMﬂ)tch) and QM region energies without point
charges (AEqy,) for QueE—Mg?* and QueE—Na* complexes. All the
energies are calculated at the B3LYP/6-31++G(d,p) level. The
energies of the two reactants (R and R’) were set to zero.

the residue GIn13 may have the function to control the release
of the product CDG. In addition, the substrate-binding pocket
is occupied by several water molecules, and two of them replace
the carboxyl and carbonyl groups of CPH, to coordinate with
Mg*". A hydrogen bond is formed between the residues Glul5
and Glull6, which may facilitate the proton transfer from
Glull6 to Glul$ to reconstitute the reactive state of QueE.

In summary, on the basis of our calculation results, the
catalytic mechanism of QueE has been delineated more clearly.
In the previous study by Dowling et al.,”” it was proposed that,
after the formation substrate radical, a number of routes are
possible to generate the five-membered pyrrole ring. The
reaction may undergo an azocyclopropyl radical intermediate or
proceed through complex opening—closing steps. Our
calculations give the answer that the key ring contraction step
involves a bridged intermediate rather than a ring-opening one.
In addition, the present work provides the details of how the
nitrogen radical abstracts the hydrogen atom of CS' to
regenerate the 5’-dA radical and how the pro-R C7 proton is
deprotonated by the nearby residue to aromatize the five-
membered ring of the substrate. This information cannot be
derived from experiments alone.

We should note that the SAM radical enzymes belong to a
superfamily whose members have been estimated to surpass
50000.”" A common feature of these enzymes is that all of them
catalyze the reductive cleavage of AdoMet (SAM) to generate
the highly reactive and unstable oxidant S5’-deoxyadenosyl
radical (dA®) to initiate the chemistry in the active sites. The
SAM radical enzymes differ from the ordinary enzymes in that
the specific reactions catalyzed by SAM radical enzymes show
amazingly diversity, which include carbon methylation, sulfur
insertion, oxidation, methylthiolation, and complex carbon
skeleton rearrangements. We can envision that these catalytic
reactions follow different mechanism except they use the same
[4Fe—4S] cluster and SAM. Owing to the limitation of crystal
structures, the knowledge about the reaction mechanism is still
very hazy, and the theoretical studies for understanding the
chemistry of SAM enzymes are highly deserved.

Although QueE belongs to the radical S-adenosylmethionine
(SAM) enzyme superfamily, it displays different features
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compared to the other radical SAM enzymes. As described in
the Introduction, the typical SAM enzymes have the conserved
motif of CX;CX®C, while QueE from B. multivorans contains
the unique motif of CX;,CX®C. Besides, QueE shows a clear
dependence on Mg** ion. On the basis of our calculations, the
role of metal ions has been illuminated. Natural population
analysis indicates that, during the catalytic reaction, the metal
ions do not act as Lewis acids. They presumably play a role in
fixing the substrate in its reactive conformation. On the basis of
the crystal structures, Dowling et al. suggested that Na* and
Mn** cannot substitute for MgZJr because they interact
differently with the substrate.”” Our calculations also confirm
this point; i.e., it is the different coordination of Mg** and Na*
with the substrate that leads to the different activities of QueE—
Mg** and QueE—Na" complexes.

As for the QueE from B. subtilis,* its crystal structure has not
determined yet. Therefore, we cannot give detailed comparison
of the QueE from B. subtilis and B. multivorans, but both of the
enzymes catalyze the conversion of 6-carboxy-5,6,7,8-tetrahy-
dropterin (CPH,) to CDG, and they should have similar active
structures to accommodate the substrate and similar residues to
finish the chemical reaction. For example, the H6 atom of
CPH, (substrate) should locate in an ideal position for its
abstraction by the 5’-dA radical, and a nearby protonated
residue is required to protonate the NH, of the substrate.
Another deprotonated residue is also necessary to abstract the
pro-R C7 proton to complete the aromatization of the
substrate. Although experiments showed that QueE’s from B.
multivorans and B. subtilis differ markedly in terms of
structures,” for example, QueE from B. subtilis contains the
traditional CX;CX®PC motif, while QueE from B. multivorans
has the modified CX;,CX®C motif, they must share some
common features in their active centers.

4. CONCLUSION

The detailed catalytic mechanism of QueE in complex with
Mg** and Na* has been investigated at an atomistic level by
using the QM/MM method. The complex and heterocyclic
rearrangement of the carbon skeleton follows a radical-
mediated mechanism. The 5'-dA radical first abstracts a
hydrogen atom from C6 of the substrate to initiate the
catalytic reaction. The ring-contraction step involves a bridged
intermediate but not a ring-opening one. On the basis of the
results of our calculations, we speculate that the generated
ammonia molecule may immediately diffuse to the solvent
upon its formation. The abstraction of pro-R C7 proton by the
residue Glull6 to aromatize the product may be mediated by
an active-site water molecule. On the basis of our calculations,
the elimination of ammonia molecule is calculated to be rate
limiting for the QueE—Mg*" system with a free energy barrier
of 18.8 kcal/mol, which agrees basically with the estimated
value (20.9 kcal/mol) from the measured k. For QueE—Na*
complex, the formation of the bridged intermediate corre-
sponds to a higher energy barrier of 29.3 kcal/mol, suggesting
the formation of C4a—C6 bond is the rate-limiting step.
According to our calculations, Mg2+ and Na" ions do not act as
Lewis acids but mainly play a role in fixing the conformation of
the substrate. Our results may provide useful information for
further understanding the catalytic mechanism of QueE.
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