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ABSTRACT: The mRNA guanylyltransferase, or mRNA
capping enzyme, cotranscriptionally caps the 5’-end of nascent
mRNA with GMP during the second reaction in a set of three
enzymatic reactions that result in the formation of an N7-
methylguanosine cap during mRNA maturation. The mRNA
capping enzyme is characterized, in part, by a conserved lysine
nucleophile that attacks the a-phosphorus atom of GTP,
forming a lysine—GMP intermediate. Experiments have firmly
established that magnesium is required for efficient inter-
mediate formation but have provided little insight into the
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requirement’s molecular origins. Using empirical and thermodynamic integration pK, estimates, along with conventional
molecular dynamics simulations, we show that magnesium binding likely activates the lysine nucleophile by increasing its acidity
and by biasing the deprotonated nucleophile into conformations conducive to intermediate formation. These results provide
additional functional understanding of an important enzyme in the mRNA transcript life cycle and allow functional analogies to
be drawn that affect our understanding of the metal dependence of related superfamily members.

uring transcription, within the nuclei of eukaryotic cells,

GTP-dependent mRNA capping enzymes, members of
the nucleotidyltransferase superfamily, participate in the
addition of an N7-methyl-GMP cap to the S’-end of nascent
mRNA, a critical modification that plays several essential roles
in the functional cycle of mRNA. Cap recognition is essential in
mRNA splicing, transcript stability, nuclear export, and
ribosomal translation initiation.' > Because of its fundamental
role in many of the events responsible for the normal flow of
biologic information, the presence of an mRNA cap is essential
in all eukaryotic cell types examined thus far.*~® Cap formation
occurs by a set of three sequential enzymatic reactions; the
mRNA capping enzyme conducts the second of these. During
the first step, the S’-phosphate is hydrolyzed from nascent
mRNA by a triphosphatase. In the second step, the resulting 5'-
diphosphate end is guanylated by a guanylyltransferase, or
mRNA capping enzyme. Finally, during the third step, the N7
atom is methylated by a methyltransferase. GTP-dependent
mRNA capping enzymes belong to a larger superfamily of
enzymes called the nucleotidyltransferase superfamily, whose
members also include ATP- and NAD*-dependent DNA ligases
and ATP-dependent RNA ligases.'® Members share common
structural features and catalyze reactions following similar
mechanisms. "

Biochemical,'"'? structural,® and kinetic'* studies independ-
ently demonstrated that a magnesium ion is required for the
capping enzyme to efficiently catalyze GMP transfer. Following
GTP binding, the first chemical step of the reaction occurs
when a conserved lysine nucleophile attacks the a-phosphorus
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atom of GTP, displacing pyrophosphate and forming a lysine—
GMP intermediate (Figure 1). Following the release of

P20§"

Figure 1. Guanylyltransferase mRNA capping mechanism. Following
GTP binding, a conserved lysine nucleophile attacks the a-phosphorus
atom of GTP, displacing pyrophosphate, resulting in the formation of
a lysine—GMP intermediate. After the release of pyrophosphate and
the subsequent binding of nascent mRNA, GMP is transferred from
the lysine nucleophile to the mRNA 5’-phosphate completing the
reaction.

pyrophosphate, nascent mRNA binds to the intermediate,
and GMP is transferred from the lysine nucleophile to the
mRNA 5'-phosphate during the second and final chemical step
of the reaction (Figure 1). Although magnesium binding is a
known prerequisite of both chemical steps,'* the molecular
origins of the requirement are ambiguous, and several possible
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explanations may suffice."> For example, assuming the first
chemical step is an associative in-line attack,"®'” the divalent
magnesium cation may stabilize the negative charge present in
the pentavalent transition state. Magnesium binding may also
influence active-site geometry, optimally orienting the lysine
nucleophile and pyrophosphate leaving group for formation of
the lysine—GMP intermediate. Still another possibility is that
magnesium binding increases the acidity of the lysine
nucleophile, effectively increasing the concentration of the
reactive enzyme. This is not an exhaustive list, and the
possibilities given may all enhance catalysis to varying extents.
In this work, we explore the influence of magnesium binding
on activating the lysine nucleophile during the first chemical
step in the mRNA capping reaction. We examine how
magnesium binding may affect lysine nucleophile acidity and
influence the conformational distribution of the deprotonated
lysine nucleophile. Specifically, empirical pK, estimates and
thermodynamic integration (TI) were used to estimate changes
in lysine nucleophile acidity that may occur upon magnesium
binding. Additionally, conventional molecular dynamics (MD)
simulations were conducted in the presence and absence of
magnesium to determine the influence of magnesium binding
on the distance between the nucleophile and electrophile, as
well as the angle formed by the nucleophile, electrophile, and
leaving group. Throughout this work, structures from Para-
mecium bursaria Chlorella virus 1 (PBCV-1), the smallest
functional mRNA capping enzyme known,'"'* were used.

B MATERIALS AND METHODS

Empirical pK, Estimates. PROPKA3'*™>' was used to
conduct empirical pK, estimates. PROPKA3 benefits from
explicitly incorporating the columbic interactions that arise
from mutually titrating residues via the Tanford—Roxby
scheme,”®** but it suffers from implicit estimations of the
conformational reorganization that alter a titrating residue's
microenvironment and affect its pK,.>> Consequently, titrations
in which conformational reorganization plays a significant role
may be inaccurately estimated. To conduct the PROPKA3
estimates, a model of the magnesium-bound GTP complex was
first constructed from chain B of Protein Data Bank (PDB)
entry Ickm and chain B of PDB entry 1ckn."® Using the root-
mean-square deviation trajectory tool in VMD,** the two chains
were aligned by their a-carbon atoms. Following alignment, the
magnesium was positioned in chain B of PDB entry 1ckm to
overlap with the location of manganese from chain B of PDB
entry 1ckn. This model, along with chain B of PDB entry 1ckm,
was submitted to the PROPKA server, and the results were
used to estimate the effects of magnesium binding on the
acidity of the lysine nucleophile.

Thermodynamic Integration (TI). TI, which relies on
MD simulations,”® more adequately captures the conforma-
tional reorganization that may occur upon titration of a residue.
However, as MD simulations rely on classical mechanics to
propagate system dynamics, traditionally, only a single residue
of interest may change protonation state, while the protonation
states of other residues remain fixed.”’ >’ Hence, despite more
accurately modeling conformational affects, TT suffers from the
complete neglect of coupled titration. While neither PROPKA
nor TI perfectly captures the physics of multisite titration and
neither is likely to give a completely accurate answer, their
trends should provide a qualitatively reasonable understanding
of the effects of magnesium binding on the acidity of the lysine
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nucleophile. Below, we develop thermodynamic integration in
greater detail.

The change in lysine nucleophile acidity upon magnesium
binding is measured by the extent of proton dissociation in the
presence and absence of bound magnesium, as described by the
two reactions in Figure 2. The extent of proton dissociation in

AG(KH*- Mg*)
protein- KH'- GTP- Mg* ———> protein-K- GTP- Mg*'

AG(KH")
protein-KH*- GTP ———>  protein-K- GTP
Figure 2. Thermodynamic cycle linking lysine nucleophile deproto-
nation in the presence and absence of magnesium bound in the active

site.

each reaction is measured by the reaction equilibrium constant,
K,, which is related to the free energy change, AG:

AG = L 1n(k)

p (1)
where ' = RT, with R being the universal gas constant and T
the temperature. Using eq 1, the pK,, defined as the negative
log of the equilibrium constant, is expressed

p
log(@) ¢ )

where the extent of nucleophile deprotonation upon
magnesium binding, relative to the extent of deprotonation in
the absence of magnesium, can be formulated in terms of the
double free energy difference [AAG = AG(KH"Mg*) —
AG(KH")], which is given by the thermodynamic cycle in
Figure 2:

pK, =

b
log(e) AAG (3)

where the pK, difference, ApK,, is given by pK,(KH*-Mg*") —
pK,(KH").

Thermodynamic integration (TI) was used to estimate the
double free energy difference in eq 3. In TI, the potential
energy is expressed as a function of a coupling parameter, 4,
which ranges from zero to one between end points. Assuming
negligible volume changes along the transformation pathway,
NPT and NVT results are equivalent, and the free energy
change between pathway end points is expressed as

1=1 ] gu
AG_Azo <§>i d “

Each free energy difference was calculated in three steps.
First, the side chain of the positively charged, protonated lysine
nucleophile was electrostatically decoupled from its environ-
ment by scaling the atomic partial charges to zero. Next, by
scaling the van der Waals potential to zero, we annihilated the
nonbonded interactions between one of the side chain amine
protons and the surroundings. Last, the atomic partial charges
of the deprotonated lysine side chain were scaled from zero to
one, electrostatically coupling the side chain and surroundings.
The integrand of eq 4 was estimated at 19 equally spaced 4
values and numerically integrated using the trapezoidal rule for
each transformation.

ApK, =
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Integrand averages in eq 4 were estimated by MD
simulations performed with the sander program in version 10
of the Amber simulation suite.”® The GTP-bound system was
constructed from chain B of PDB entry 1ckm. The magnesium-
bound GTP complex was built using the model described in the
Empirical pKa Estimates. With the exception of the lysine
nucleophile, K82, which was protonated in both systems,
protonation states were predicted using the PROPKA server.
The Amber 99 force field,*" with the Stony Brook
corrections,®” was used to describe the protein, while the
Meagher—Carlson parameters were used to describe GTP.*?
Magnesium was represented by the Oelschlaeger—Warshel
parameters, which delocalize charge over a central atom and six
cationic dummy atoms, providing a more accurate depiction of
divalent metal ion electrostatics and geometry.>* While the
presence of divalent magnesium may result in some charge
redistribution for surrounding residues, we assumed the effects
would be modest and neglected them. Ultimately, the validity
of this assumption is subjective. However, as our results,
discussed below, provide a reasonable interpretation of
macroscopic observables consistent with generally accepted
principles of enzyme mechanism, neglecting charge redistrib-
ution effects is a sensible, simplifying assumption for this study.
Each system was immersed in a pre-equilibrated box of TIP3P
water™ that provided a 10 A buffer between the longest protein
dimension and the water box edge along the x-, y-, and z-axes.
The systems were brought to electric neutrality by the addition
of sodium ions. At each A value, systems were minimized for
1000 steps using the steepest descent algorithm. To equilibrate
system density, simulation for 100 ps at 1 atm and 300 K was
conducted. Averaging followed and was performed over 2.25 ns
of simulation in the NVT ensemble at 300 K; data points were
sampled every 50 ps. A 1 fs time step was used in both
ensembles. The temperature was controlled using a Langevin
thermostat®® with a collision frequency of 5 ps~', and the
pressure was controlled with a Berendsen barostat.>” An 8 A
nonbonded cutoff was used, and long-range electrostatics were
evaluated by the PME method®® with default grid spacing.
Charge coupling contributions due to self-interactions between
periodic images are essentially identical alon§ the legs of the
thermodynamic cycle and can be neglected.*” To prevent the
so-called end point catastrophe,® a soft-core potential*' was
used to perform simulations that scaled the van der Waals
potential. All standard errors were calculated using distributions
generated by bootstrap resampling the data, with replace-
ment.**

Conventional MD Simulations. To probe the effects of
magnesium binding on active-site geometry, additional GTP-
bound simulations were constructed both with and without
bound magnesium. In all simulations, the lysine nucleophile
was modeled in a deprotonated, neutrally charged state. Each
model was immersed in an explicit water box; counterions were
added, and force field parameters were assigned as described in
the Thermodynamic Integration (TI) section. Simulations were
conducted identically for both models. Following 1000 steps of
steepest descent energy minimization, equilibration was
conducted for 1 ns at 1 atm and 300 K before NVT simulation
was conducted for 50 ns at 300 K. Temperature, pressure,
nonbonded cutoffs, and long-range electrostatics were treated
as described in the TI section. In both ensembles, a 2 fs time
step was used; bond lengths between hydrogen and heavy
atoms were constrained using the SHAKE algorithm.*

B RESULTS

Magnesium-Induced pK, Shift. The acidity change of the
lysine nucleophile, K82, was estimated by calculating the pK,
shift upon magnesium binding using PROPKA and TIL
PROPKA is a rapid empirical approach that utilizes a single
structure but accounts for cotitrating residues, while TI
approximates ensemble averages using MD simulations but
neglects cotitration. Though neither is expected to be
completely accurate, the trends provide qualitative insight
into the effects of magnesium binding on lysine nucleophile
acidity. PROPKA estimates were evaluated using a GTP-bound
crystal of the PBCV-1 mRNA capping enzyme, with and
without a bound magnesium ion, whose position was modeled.
The position was chosen to overlap with a manganese ion,
which was observed in an enzyme—GMP intermediate formed
by soaking the GTP-bound crystal in a solution of manganese
chloride; the choice is reasonable because of the high degree of
structural conservation between the lysine—GMP intermediate
and the GTP-bound crystal structures.”® Similarly, TI-MD
simulations were conducted on the GTP-bound structures, with
and without the modeled magnesium ion.

PROPKA predicts that magnesium binding facilitates K82
deprotonation. In the absence of bound magnesium, the
predicted K82 pK, is 14.51. Upon introduction of magnesium
into the GTP-bound crystal structure, the predicted pK, value
decreases by 6.6 units to 7.89, indicating the predicted fraction
of K82 in the deprotonated state increases by >6 orders of
magnitude (Table 1).

Table 1. Comparing pK, Prediction Methods®

method pK, without Mg** pK, with Mg** ApK,
PROPKA 14.51 7.89 —6.6
TI - - —42+03

“For the PROPKA results, ApK, was determined by subtracting the
value without Mg?* from the value with Mg®". PROPKA is
deterministic and yields a single value for a single structure, so no
statistical error is reported. For the TI results, ApK, was determined
using eq 3 and the error calculated with standard propagation
techniques.

Similarly, TT predicts that magnesium binding facilitates K82
deprotonation. The time series of the double free energy
change, AAG, which was determined by subtracting the free
energy change of deprotonating K82 in the GTP-bound state
from the free energy change of deprotonating K82 in the GTP-
magnesium-bound state, is reported in Figure 3. The double
free energy change reaches a plateau after roughly 1 ns, taking a
final value of —5.7 + 0.5 kcal/mol after 2.25 ns. The negative
double free energy change predicts that it is thermodynamically
more favorable for K82 to release a proton following
magnesium binding. Consistent with these predictions, the
pK, of K82 is expected to decrease by 4.2 + 0.3 units after
magnesium binds (Table 1). The increased acidity would cause
the deprotonated fraction of K82 to increase by >4 orders of
magnitude, a result consistent with the PROPKA estimates.

Magnesium Influences Active-Site Geometry. The
putative effects of magnesium binding on the relative position
and orientation of the lysine nucleophile and pyrophosphate
leaving group were assessed by two SO ns MD simulations of
the GTP-bound and GTP-magnesium-bound states. The
magnesium position was modeled as described in Magnesi-
um-Induced pKa Shift. In both simulations, K82 was

dx.doi.org/10.1021/bi301224b | Biochemistry 2012, 51, 10236—10243



Biochemistry

AAG (kcal/mol)

0 05 1 15 p)
time (ns)

Figure 3. Double free energy change (AAG) time series. AAG was
determined by subtracting the change in free energy of deprotonating
the lysine nucleophile GTP-bound state from the change in free
energy of deprotonating the lysine nucleophile in the GTP-
magnesium-bound state and is described in the legend of Figure 2.
The standard error is reported.

represented in the deprotonated or neutral charge state, which
is expected to mimic the state that reacts with the a-
phosphorus atom of GTP. The relative position between the
lysine nucleophile and a-phosphorus electrophile was deter-
mined by measuring the distance between the NZ atom of K82
and the PA atom of GTP (Figure 4B). Similarly, the relative
orientation of the nucleophile and pyrophosphate leaving group
was determined by measuring the angle formed among the NZ
nucleophile atom of K82, the PA electrophile atom of GTP,

251,(102
T AN\
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Figure 4. Non-magnesium-bound active-site geometry. (A) Two-
dimensional probability distribution function (PDF) showing two
predominant states, S1 and S2: distance marks the separation of the
NZ nucleophile atom of K82 and the PA electrophile atom of GTP;
angle indicates the angle formed by the NZ nucleophile, the PA
electrophile, and the O3A atom, the first atom of the pyrophosphate
leaving group. Each of these atoms is labeled in panel B. (B)
Representative conformation from the predominant state with the
smaller nucleophile—electrophile separation (S1). (C) Representative
conformation from the predominant state with the larger nucleophile—
electrophile separation (S2). In panels B and C, a pocket formed by
K236, K234, D213, and 1216 is shown with yellow carbon atoms while
the carbon atoms of K82 and GTP are colored cyan.

and the O3A atom of GTP, the first atom of the pyrophosphate
leaving group (Figure 4B).

Magnesium binding is predicted to shorten the distance
between the nucleophile and electrophile and increase the angle
formed by the nucleophile, electrophile, and leaving group.
Two-dimensional probability distribution functions (PDFs)
that report the probability of a given distance and angle
occurring simultaneously are shown in Figures 4A and SA for

Ly xg} 5
1.2 -
< 08 >-°
< o4

0.

a o

a

Figure 5. Magnesium-bound active-site geometry. (A) Two-dimen-
sional probability distribution function (PDF) showing one predom-
inant state: distance and angle are as defined in the legend of Figure
4A. (B) Representative conformation from the predominant state.
Magnesium is shown as a magenta sphere. For reference, K236, K234,
D213, and 1216 are colored yellow. Carbon atoms of K82 and GTP are
colored cyan.

the non-magnesium-bound and magnesium-bound simulations,
respectively; the time series from which these results were
derived, and the corresponding one-dimensional histogram
distributions are shown in the Supporting Information.

Figure 4A shows that in the absence of magnesium, the lysine
nucleophile predominantly samples two states, one with an
average nucleophile—electrophile separation of 4.5 A that takes
on values as small as 3.2 A (labeled S1 in Figure 4A) and the
other with an average separation of 6.7 A with values as large as
9.7 A (labeled S2 in Figure 4A). In both states, the angle
formed among the nucleophile, the electrophile, and the leaving
group is approximately normally distributed, with an average
value of 141° (Figure 4A). In the state with the smaller
nucleophile—electrophile separation, S1, the K82 side chain
nitrogen atom interacts with the OS’ atom of GTP (Figure 4B).
The state with greater nucleophile—electrophile separation, S2,
is formed when the K82 side chain moves away from GTP,
likely because of electrostatic repulsion, into a pocket formed
by the K234, K236, D213, and 1216 side chains (Figure 4C). In
contrast, Figure SA shows that upon magnesium binding, the
lysine nucleophile occupies predominantly one state charac-
terized by an average nucleophile—electrophile separation of
3.5 A that takes values as short as 2.9 A and as long as 4.7 A
(Figure SA). The angle formed between the nucleophile,
electrophile, and leaving group is roughly normally distributed
with an average value of 160°, though angles of up to 179.8°
occur (Figure SA). This state is stabilized by electrostatic
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interactions between the negatively charged K82 side chain
nitrogen atom and the divalent magnesium cation (Figure SB).

B DISCUSSION

Structural, biochemical, and kinetic reports firmly established
that magnesium is required for the mRNA capping enzyme to
efficiently catalyze lysine—GMP intermediate formation but
have provided little insight into the requirement’s molecular
origins. The computational results presented here strongly
implicate magnesium in lysine nucleophile activation, facilitat-
ing the formation of the lysine—GMP intermediate (Figure 1).
Magnesium activation is predicted to occur with an increase in
nucleophile acidity and by biasing the deprotonated nucleo-
phile in conformations conducive to intermediate formation.
These results provide additional functional understanding of an
important enzyme in the mRNA transcript life cycle and allow
functional analogies to be drawn that affect our understanding
of the metal dependence of related superfamily members,
points we discuss in greater detail below.

Magnesium binding activates the lysine nucleophile, in part,
by increasing the fraction of the nucleophile in the
deprotonated, reactive state. This result is readily understood
in terms of electrostatic arguments and is consistent with both
pK, prediction methods employed. Prior to magnesium
binding, a significant fraction of the lysine nucleophile is likely
protonated, in an unreactive, metastable state. In this state,
elucidated by X-ray crystallography,? the lysine lacks a reactive
electron pair and is positively charged, creating favorable
interactions with the nearby, negatively charged GTP
triphosphate tail. Magnesium is predicted to bind within 4 A
of the lysine nucleophile, resulting in an electrostatically
unfavorable interaction that can be mitigated by lysine
deprotonation, consistent with the predicted downward shifts
in pK, (Table 1). Deprotonation exposes an electron pair and,
assuming the deprotonated nucleophile achieves a reactive
conformation, allows reaction with the a-phosphorus electro-
phile, leading to formation of the lysine—GMP intermediate.
Thus, with an increase in the concentration of the deprotonated
nucleophile, magnesium increases the concentration of the
enzyme that is able to form the lysine—GMP intermediate.

Following deprotonation, magnesium increases the chances
that the nucleophile will achieve a reactive conformation,
further facilitating lysine—GMP intermediate formation.
Phosphoryl transfer reactions are known to follow three
distinct 6pathways: dissociative, concerted, or addition—elimi-
nation.'® In all three pathways, the approaching nucleophile is
oriented in-line with the leaving group, and the angle formed by
the nucleophile, electrophile, and leaving group is 180°. When
lysine deprotonation occurs in the absence of magnesium, the
simulation results presented here indicate that the deproto-
nated nucleophile will seldom be both proximal to the
electrophile and in-line with the leaving group. For example,
in the absence of magnesium, the nucleophile frequently moved
to an unreactive distance, away from the electrophile, into an
adjacent active-site pocket (Figure 4A,C). This rearrangement
is likely due to the electrostatic repulsion between the
nucleophile and the GTP a-phosphate oxygen atoms. On
occasions when the deprotonated lysine nucleophile ap-
proached the electrophile, it shifted below the reactive, in-line
position to a position near the GTP OS5’ atom (Figure 4C), also
likely because of electrostatic repulsion. Therefore, although
proximal-in-line conformations conducive to intermediate
formation existed, these conformations were rarely sampled.

This is apparent in the diffuse distance—angle distribution,
which is sparsely populated for distances of <3.5 A and angles
near 180° (Figure SA). These reactive conformations are made
more rare by the smaller fraction of deprotonated lysine—
nucleophile intermediate expected in the absence of magne-
sium. Consequently, the chances of lysine intermediate
formation occurring in the absence of magnesium are small,
consistent with the available experimental data. In contrast,
when lysine deprotonation occurs when magnesium is bound,
the deprotonated nucleophile spends more time proximal to
the electrophile and in-line with the leaving group, con-
formations conducive to lysine—GMP intermediate formation.
For example, likely because attractive electrostatic interactions
between the nucleophile and the divalent magnesium ion offset
repulsion from the a-phosphate oxygen atoms, the lysine
nucleophile stays highly localized, frequently sampling con-
formations near the electrophile (Figure 4A,B). The greater
frequency is evident in the more concentrated distance—angle
distribution, which is reasonably populated for distances of <3.5
A and angles near 180° (Figure 4A). These reactive
conformations are made more abundant by the greater fraction
of deprotonated lysine—nucleophile intermediate expected in
the presence of magnesium. Thus, magnesium binding
enhances the chances of lysine intermediate formation. Indeed,
it is only when a GTP-bound crystal is soaked in a solution of
manganese chloride, providing manganese, a surrogate for
magnesium that diffracts X-rays more strongly, that the lysine—
GMP intermediate is formed."

The computational results reported here strongly imply that
magnesium binding activates the lysine nucleophile prior to
intermediate formation; however, magnesium-induced catalytic
enhancement may originate from additional sources, such as
transition state stabilization. For example, during associative
phosphoryl transfer,'®'” in which the lysine—nucleophile
intermediate approaches the electrophile prior to leaving
group departure, the reacting phosphate passes through a
planar, pentavalent state. This state exhibits a formal charge of
—2 or —3, on the phosphate nonbridging oxygen atoms,
depending on whether the reaction follows a concerted or
addition—elimination pathway, respectively. In each case, the
presence of a divalent magnesium cation may provide
significant electrostatic stabilization as the pentavalent state
forms, which would provide catalytic enhancement by lowering
each pathway’s activation barrier. In a dissociative process, on
the other hand, the pyrophosphate group departs prior to the
lysine nucleophile reacting with the a-phosphorus electrophile.
This results in the departing leaving group accumulating
negative charge, which the divalent magnesium cation may also
be positioned to stabilize. Therefore, while the exact
phosphoryl transfer mechanism is unclear, it is physically
reasonable to expect the magnesium ion to participate in some
form of transition state stabilization.

While the results reported in this work are specific to the
PBCV-1 mRNA capping enzyme, sequence and structural
homology to mRNA capping enzymes from other species,**~*°
and to other nucleotidyltransferase superfamily members,
allows functional analogies to be drawn that affect our
understanding of metal dependence in these enzymes as well.
For instance, significant homology among mRNA capping
enzymes makes it likely that the magnesium-induced lysine
activation described in this work is broadly applicable to all
mRNA capping enzymes. This is supported, at least in part, by
previously reported mutational analysis. D213, which is
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predicted to coordinate magnesium (Figure 4B), is conserved
among mRNA capping enzymes from Schizosaccharomyces
pombe, Saccharomyces cerevisiae, Candida albicans, Mus musculus,
and Homo sapiens™ and was found to be essential during
mutational studies of M. musculus** and S. cerevisiae* capping
enzymes. It is likely that mutating this residue destabilizes
magnesium binding, significantly reducing or completely
eliminating magnesium uptake and preventing lysine—GMP
intermediate formation. Similarly, structural homology with
related nucleotidyltransferase superfamily members implies that
magnesium may activate the lysine nucleophile in a manner
analogous to that found for the PBCV-1 mRNA capping
enzyme. For example, when ATP-dependent RNA ligase 1 from
T4 bacteriophage was crystallized with an unreactive AMPCPP
analogue, two divalent metals were found in the active site.¥” A
calcium ion was found adjacent to the a-phosphate in a
position analogous to that of the modeled magnesium in this
work, while a magnesium ion was coordinated between the f-
and y-phosphates (Figure 6).

A)

K82

AMPCPP

Figure 6. Metal position homology among nucleotidyltransferase
superfamily members. (A) PBCV-1 mRNA capping enzyme showing
the position of the modeled magnesium ion, the lysine nucleophile,
and GTP. Carbon atoms are colored yellow. (B) T4 phage RNA ligase
showing the position of cocrystallized calcium and magnesium ions,
the lysine nucleophile, and an unreactive ATP analogue, AMPCPP.
Carbon atoms are colored cyan.

The positions of the lysine nucleophiles are very similar in
the two structures, and because the two enzymes each form a
lysine—nucleoside—monophosphate intermediate and have
significantly conserved active-site residues, it is plausible that
a divalent metal bound at the calcium site activates the lysine
nucleophile in a manner identical to that described in this work.
Moreover, metal ions have been found, or metal-binding sites
proposed, adjacent to the a-phosphate in other superfamily
member active sites.**>° While these structures correspond to
later mechanistic steps, metal reconfiguration is thought to
occur following intermediate formation, implying a nucleoside
triphosphate metal configuration similar to those shown in
Figure 6; consequently, it is likely that the metal ion-induced
lysine activation described in this work holds across all enzyme
types within the superfamily.

B CONCLUSIONS

Using empirical and thermodynamic integration pK, estimates,
along with conventional MD simulations, we showed how
magnesium binding may activate the lysine nucleophile through
formation of the lysine—GMP intermediate during the first

10241

chemical step of the PBCV-1 mRNA capping enzyme reaction.
Consistent with simple electrostatic arguments, both pK,
estimation methods predict that magnesium binding increases
lysine nucleophile acidity, enlarging the fraction of the
nucleophile in the deprotonated, reactive state. Conventional
MD simulations predict that magnesium biases the deproto-
nated nucleophile to more heavily favor conformations
conducive to intermediate formation. While these results
improve our functional understanding of the Chlorella virus
capping enzyme, the smallest known functional capping
enzyme, homology between capping enzymes across species
implies that the results are applicable to all capping enzymes.
Similarly, structural and mechanistic homology among
members of the nucleotidyltransferase superfamily makes it
likely that the magnesium activates the lysine nucleophile of
these enzymes as well. While these broader conclusions need to
be independently validated on an enzyme-by-enzyme basis, this
work provides a platform to understand the magnesium
requirements in the PBCV-1 mRNA capping enzyme and
possibly other superfamily enzymes.

B ASSOCIATED CONTENT

© Supporting Information

Plots of the distance and angle time series used to construct
Figures 4A and SA and corresponding one-dimensional
histograms. This material is available free of charge via the
Internet at http://pubs.acs.org.
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