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ABSTRACT: Geranyl pyrophosphate synthase (GPPS) is responsible for the formation of geranyl pyrophosphate (GPP), a key
intermediate which has the potential to derive numerous functionally and structurally diverse groups of terpenoid natural
products via the head-to-tail assembly of two isoprenoid building blocks (dimethylallyl diphosphate, DMAPP; isopentenyl
diphosphate, IPP) in the initial step of carbon-chain elongation during isoprenoid biosynthesis. Elucidating the detailed catalytic
mechanism in GPPS is of significant interests as it will stimulate the development of new technology in generating novel natural
productlike scaffolds. It has been known that the catalytic reaction involves three sequential steps, namely “ionization—
condensation—elimination”, but the exact catalytic mechanism has remained controversial since the 1970s. By employing Born—
Oppenheimer density functional quantum mechanics (B3LYP/6-31(+)G*)/molecular mechanics dynamics simulations, here we
suggest that GPPS adopts a protonation-induced catalytic mechanism, in which there are two key points different from previously
hypothesized mechanisms. The first point is the protonation of DMAPP which is essential in the initial “ionization” process but
was not considered in previous mechanisms. The second point is the stereoselectivity of proton transfer (Hg) from IPP to H76
residue in the final “elimination” step as identified in our simulations, in contrast to the proton transfer from IPP (Hy) to
DMAPP in previous hypotheses. Moreover, the free energy barrier of the whole assembly reaction is predicted to be 18.8 + 0.6
kcal/mol, in agreement with the experimental value of 18.0 kcal/mol. Furthermore, the catalytic roles of the two Mg** ions at the
bottom of the active site are also discussed, and key residues (K44, R47, R94, R9S, K180, K235, and E73 around DMAPP and
IPP) responsible for the stabilization of transition states, intermediates, and/or product are clarified. These findings can assist
site-directed mutagenesis experiments in protein engineering as well as inhibitor designs.
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1. INTRODUCTION

As one of the most ancient and widespread classes of
structurally and functionally rich biomolecules, the terpene
family includes many kinds of compounds that play essential
roles in a variety of important biological pathways.'™* Almost
all terpenes are derived from the universal isoprenoid building
blocks, dimethylallyl diphosphate (DMAPP) and isopentenyl
diphosphate (IPP).>”® As shown in Figure 1, the terpene
biosynthetic pathway involves three stages. At the first stage,
DMAPP and IPP are synthesized via the mevalonate phosphate
pathway (MVA)*’~'* or the methylerythritol phosphate
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pathway (MEP)."”'" Afterward, the synthesized DMAPP
grows by further assembling IPP through elongation reactions
to form linear or branched hydrocarbon products with longer

. 12-14
chains,

in which enzymes prenyl transferases (PTs) play
the catalytic role.'>'® Finally, the hydrocarbon products would
generate a vast assortment of terpene end products by

multistep cascade reactions such as rearrangement and/or
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Figure 1. Schematic overview of isoprenoid biosynthesis pathway.
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Figure 2. (a) Enzyme—substrate binding mode of GPPS. (b) Enzyme—substrate binding mode of FPPS. Their catalytic cavities are surrounded by
three conserved loops denoted as loop1 (in yellow), loop2 (in blue), and loop3 (in pink). Two conserved DD(X),_,D motifs (where X can be any
residues, shown in cyan) are essential for substrate and cofactor binding. The residue ID is based on the Mp-GPPS. Herein, the substrate DMAPP is

replaced by the substrate analog DMASPP in crystallization.

cyclization,'®"” and these terpene end products ultimately yield
chemically diversified terpenes including various monoterpenes,
sesquiterpenes, diterpenes and so forth, catalyzed by the
terpene synthases (TPSs) or terpene cyclases.”"®

Among the above three stages in the terpene biosynthesis,
the chain elongation is the key step and produces terpene
precursors for the sequential rearrangement or cyclization.”"”
As shown in Figure 1, the controller PT's are generally classified
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into three major groups, namely linear isoprenyl transferases
(IPPSs), protein prenyltransferases (PPTs), and aromatic
prenyltransferases (ABBA PTs).””® More specifically, the
PPTs catalyze the transfer of an isoprenyl pyrophosphate
(PPV) to a protein or a peptide,””* and the ABBA PTs
catalyze the transfer of prenyl residues to C, O, or N atoms of
aromatic structures,”*~>° while the IPPSs catalyze the chain
elongation of isoprenoid building block DMAPP via the
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Figure 3. Previously suggested catalytic mechanisms of assembling isoprenoid building blocks for isoprenyl pyrophosphate synthases (IPPSs).
Scheme 1: proposed reaction mechanism in a nonenzyme environment. Scheme 2: three possible reaction mechanisms for the coupling of the first
CS units with DMAPP in FPPS. The residue ID is based on the FPPS.

consecutive 1’-4 assembly reactions with IPP to generate linear
polymers with defined chain lengths.'”*® The IPPSs could be
further classified into short-chain PTs, medium-chain PTs and
long-chain PTs based on the chain lengths of products.” The
geranyl pyrophosphate synthase (GPPS), which catalyzes the
assembly reaction of DMAPP with one IPP to form the geranyl
pyrophosphate (GPP, C10),”’7°° and FPPS, which is
responsible for the assembly with two IPP to produce the
farnesyl pyrophosphate (FPP, C15),*"** both fall into the
category of short-chain PTs (see Figure 1).5 Structures of
several GPPS and FPPS enzyme-ligand complexes®>** have
been determined recently. Interestingly, the GPPS family can
be divided into homomeric (such as At--GPPS) and heteromeric
proteins (such as Mp-GPPS), while the heteromeric FPPS has
not been found or crystallized so far."*”~*° Figure 2 shows that
the heteromeric Mp-GPPS consists of a large subunit (LSU)
and a small subunit (SSU) while the homomeric Ec-FPPS only
include two identical subunits. The catalytic site of LSU is
surrounded by three loop motifs denoted as Loop1, Loop2, and
Loop3.*® Loopl (residues 83—108) contains a DD(X),D motif
which is highly conserved in the PTs superfamily, Loop2
(residues 220—253) includes a DD(X),D motif, and Loop3
(residues 289—295) is thought to be closely related to the IPP
binding.” Both the active site and DD(X),_,D motifs are not
found in SSU where instead a R-loop is identified and thought
to play an important role in the product release.””*> These key
structural motifs for substrate binding in GPPS were
illuminated by our classical molecular dynamics (MD)

4468

simulations very recently.”® As shown in Figure 2, the catalytic
site is highly conserved between Mp-GPPS and Ec-FPPS, and
their coordination shells of the center Mg®* ions are highly
conserved with the pyrophosphate (PPV) of DMAPP, D83 and
D89 in Loopl, D221 in Loop2, and several water molecules.
However, a significant difference is that there are three Mg2+
ions in the active site of FPPS while only two in GPPS.

A number of structural and computational studies of terpenes
have been conducted to explore the molecular basis in the
terpene biosynthesis pathway.”’~*' Based on the first crystal
structure of cis-PTs reported by Fujihashi and co-workers, **
researchers articulated the enzyme’s architecture and the chain
elongation mechanism.”*** Notably, Tantillo and co-workers
performed detailed quantum mechanical dynamics simulations
of the terpene formation™* and proposed the reaction
mechanism of a triquinane forming sesquiterpene synthase
from chamomile by combining computations and deuterium-
labeling experiments.’® Merz et al. explored the substrate
selectivity and product regioselectivity of PTs in Orf2"” as well
as the conformational activation of FTase prior to the catalytic
reaction.”® As GPPS is responsible for the critical initial stage of
consecutive assemble chain elongation reactions, elucidating its
catalytic mechanism is highly important and will help the
development of new technology in generating novel natural
productlike scaffolds. Unfortunately, there has been no report
on the assembly mechanism of DMAPP and IPP catalyzed by
GPPS until now. FPPS, as a well-studied and important target
for the treatment of parasitic diseases such as Chagas disease
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. . 49-53 . .
and African trypanosomiasis, is referential for the

mechanistic study of GPPS, since they share similar active
site structures as discussed above. Figure 3 summarizes the
catalytic mechanisms of IPPS proposed so far. Poulter et al.
(Scheme 1 in Figure 3) were the first to suggest the essential
“ionization—condensation—elimination” three steps for assem-
bly reactions in 1970s, in which the heterolytic cleavage of the
C1'=07" bond of DMAPP yields a cationic carbon which
subsequently attacks the sp® carbon C4 of IPP, and finally a
hydrogen atom on C2 of IPP is eliminated to form
GPP.'”' %> gpecifically, Cornforth and co-workers confirmed
that the last elimination step is the deprotonation of IPP (Hy of
C2) based on the nonenzymatic experiment in aqueous
solution (Scheme 1 in Figure 3).5%%7 So far, three major
reaction mechanisms for FPPS have been proposed (Scheme 2
in Figure 3), and none is widely accepted.””***”® The earliest
one is the concerted mechanism (namely “one-step reaction”),
where the ionization, condensation as well as elimination
procedures were assumed to occur synchronously with only
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one transition state.””*® The theoretically predicted reaction
barrier is 26.4 kcal/mol with the difference of the C1'—07’ and
C1’—C4 bond distances chosen as the reaction coordinate.”
Alternatively, the “two-step reaction” mechanism treats the
condensation step and the elimination step as concerted.’”~®!
The last mechanism is the “three-step reaction” mechanism,
where the ionization—condensation—elimination processes are
stepwise.””>* All of the above three reaction mechanisms
concur that the final eliminated proton is Hy but not Hg of IPP,
and Hy is then transferred to the PPV cleaved from DMAPP in
the first “ionization” reaction.*®

In this work, Born—Oppenheimer density functional QM/
MM molecular dynamics simulations with umbrella sampling, a
state-of-the-art approach to simulate enzyme reactions,””” %
have been performed to characterize the C;—Cs units (DMAPP
and IPP) assembly reaction catalyzed by Mp-GPPS. Instead of
favoring any of the three existing and controversial mechanisms
for FPPS, our computations suggest that the protonation of
DMAPP is the key as it triggers the subsequent ionization
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process. Based on the derived free energy profile along the
most probable reaction pathway, the rate-limiting transition
state is determined and the catalytic roles of the conserved
residues and the two Mg*" ions in the active site are delineated.

2. COMPUTATIONAL METHODS

Similar to our previous classical MD simulations,* the crystal
structure of Mp-GPPS (PDB code: 3KRO)? for the
heterotetrameric geranyl pyrophosphate synthase (GPPS)
from mint (Mentha piperita) complexed with the non-
hydrolyzable DMAPP analog dimethylallyl thiopyrophosphate
(DMASPP) was selected for present study at the QM/MM
theoretical level. The spherical boundary condition was applied
and the atoms more than 22 A away from the C1’ atom of
DMAPP were fixed. Since the ligands coordinated to metal ions
are not involved in the subsequent reaction steps after
“ionization”, different QM/MM partition schemes were
considered for different reaction steps/mechanisms in order
to reduce computational costs (see Figure S1). For the
ionization step, the QM part is composed of DMAPP, IPP,
Asp83, Asp89, Lys180, two Mg** ions, and five water molecules
which coordinate with Mg** ions. For the condensation and
elimination steps, the QM part involves DMAPP, IPP, His76,
and Mg®" ions. All the QM subsystems were treated by the
density functional theory B3LYP®*®” with the 6-31+G* basis
set for the oxygen atoms of DMAPP/IPP and the 6-31G* basis
set for all other atoms. Benchmark tests were performed, as
shown in Figure S12 in the Supporting Information. Results
confirmed that the theoretical level B3LYP/6-31(+)G* is
reliable for this assemble reaction. The QM/MM boundaries
were described by the pseudobond approach with the improved
pseudobond parameters.”*””" All remaining atoms were
described with the Amber99SB force field at the molecular
mechanical (MM) level.”>~"* More detailed description of the
computational setups and procedures can be found in the
Computational Methods section of the Supporting Information
or similarly in our previous computational protocols.””~”” To
track the reaction of assembling isoprenoid building blocks,
various combinations of reaction coordinates (RCs) had been
chosen (see Figure S2), and all these density functional QM/
MM simulations were performed with the modified QChem-
Tinker programs.és’64

3. RESULTS AND DISCUSSION

3.1. Identification of the Michaelis Complex: The
Protonation of DMAPP. As discussed in the above, the high
similarity of the active sites in FPPS and GPPS leads to an
assumption that the proposed reaction mechanisms of FPPS so
far as summarized in Figure 3 apply to GPPS as well. As a
consequence, we explored these reaction mechanisms for the
assembly of isoprenoid building blocks GPP and IPP by
deriving the potential energy profiles along the reaction
coordinates defined in Figure S2 for Mp-GPPS. However, the
resulting energy profiles (Figure S3) show that both the
concerted and stepwise mechanisms (where only the first
ionization step was studied) are irrational with the original
model built in the above section, as the potential energy keeps
increasing with reaction barriers higher than 40 kcal/mol. This
is in contrast to the case of FPPS, as Sanchez et al. have
demonstrated that the reaction barrier (potential energy) for
FPPS is only 26.4 kcal/mol.>”
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To find alternative avenues for the chemical assembly
catalyzed by GPPS, we compare the present study with two
published works. One is related to the farnesyltransferase
(FTase).*® In order to understand how FTase recruits the FPP
substrate, Cui and Merz suggested that only when the
pyrophosphate (PPV®") of the FPP is monoprotonated
(FPP?7), a stable intermediate state could be identified, in
which FTase has a similar active site structure to PTs. In the
second work, Jiang et al. demonstrated that the doubly
protonated tetrametaphosphate [P,O;,H,]>” can be easily
formed in the methanolysis and protonolysis.”” These results
remind us that the protonation state of DMAPP may be the key
point but it is not considered in previous mechanisms for FPPS.
Obviously, the protonation of the PPV®~ of DMAPP is of great
importance on effecting the leaving ability of the PPV group to
promote the first “ionization” (i.e., the breakage of C1’-O7’) in
view of the basic organic reaction theory. As such, we
performed QM/MM MD simulations with all possible
protonation states, including one deprotonated model, three
singly protonated models, three doubly protonated models and
one triply protonated models, in attempt to find the most
probable Michaelis complex. Figure 4 shows the stable
structures with various protonation states derived from
computational simulations, in comparison with the exper-
imental structure. All models favor the C1'—C4 distance
around 4 A, and of particular, the triply protonated Michaelis
complex (model g in Figure 4) with the C1’—C4 distance 4.10
+ 0.41 A is the closest to the crystal structure (3.93 A). Further
structural analysis (see Figure S4) indicates that our QM/MM
MD simulations on the triple protonation complex can
reproduce the coordination shell of Mg** and hydrogen bond
network around the DMAPP and IPP in the crystal
structures.””

With these eight models, we performed extensive QM/MM
simulations to derive the potential energy profiles for the
concerted and stepwise mechanisms. Figure SS shows that the
concerted mechanism for all eight models can be excluded as
the potential energy monotonously increases in all cases. For
the stepwise mechanism, we examined the first ionization step,
and Figure S maps out the energy profiles for the eight models.
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Figure S. Reaction potential energy curves of the first ionization
reaction for GPPS. Herein, a—c and d—f represent the reaction
potential energy results of single protonation and double protonation
reactant complex, respectively. And, g and h stand for the results of
deprotonation and triple protonation reactant complex, respectively.
RC refers to Figure S2.
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Figure 6. Suggested reaction mechanism of assembling isoprenoid building blocks catalyzed by Mp-GPPS from our QM/MM simulations.

Apparently, all singly, doubly protonated and deprotonated
models (a—g in Figure 4) are irrational, since there are no
distinct transition and intermediate states with these models.
The only possibility is the triply protonated model (h in Figure
4), which is the most likely GPPS Michaelis complex, as with
this model there is a reaction barrier (~10 kcal/mol) and a
metastable intermediate. Further charge analyses (exhibited in
Figure S6) show that the electropositivity of C1’ (0.44 vs 0.24)
and electronegativity of O7' (—0.65 vs —0.40) as well as the
Lewis acidity of Mg*" (Mgl:1.84 vs 1.24; Mg2:1.86 vs 1.57) are
increased with the triple protonation of DMAPP in comparison
with the deprotonated state, and thus confirm that the triple
protonation of DMAPP is essential to achieve the most likely
GPPS Michaelis complex. The rationality of the triply
protonated DMAPP is mostly coming from the following two
reasons (see detailed discuss in the Supporting Information):
One hand, the experimentally measured and computationally
predicted pKa values indicated that the DMAPP is likely to
adopt doubly protonation in the enzyme environment, and the
waters in the active pocket could further stabilized the
protonated DMAPP via the complicated hydrogen bond
network (the binding site/environment of DMAPP is totally
different from that of IPP, thus their protonation state is
different). The other hand, the further QM/MM calculations
show that it is very facile for the proton transfer from K180 to
the double-protonated DMAPP to achieve the triple proto-
nation.
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In brief, our computational exploration of the most likely
initial Michaelis enzyme—substrate complex of GPPS with
DMAPP and IPP indicates that DMAPP should be triply
protonated on the pyrophosphate group. The following study
of the assembly reaction would start from this substrate-triple-
protonation Michaelis complex.

3.2. Protonation-Triggered Carbon-Chain Elongation:
The Rate-Limiting Elimination Step. As DMAPP is
confirmed to be triply protonated, DMAPP will not be able
to provide a suitable site to accommodate the Hy proton
transferred from IPP in the elimination step. We note that in
previously proposed mechanisms for FPPS (see Figure 3) the
proton transfer to DMAPP is a necessary step. As such, we
propose a different mechanism as shown in Figure 6, where the
final elimination step involves the proton transfer (H,) from
IPP to H76: N° after the ionization (C1’—07’ breakage in
DMAPP) and condensation (C1'—C4 formation between
DMAPP and IPP) steps. Following this mechanism, we
performed QM/MM MD simulations to derive the complete
free energy profile of the whole assembly reaction catalyzed by
GPPS, as shown in Figure 7. Overall, the reaction is exergonic
by ~22 kcal/mol, with the free energy activation barrier of 18.8
+ 0.6 kcal/mol. The latter is in agreement with the
experimental value of 18.0 kcal/mol estimated from the k.,
value of 0.58 + 0.02 s™*° based on the transition state theory,
and thus, the reaction rate is mostly controlled by the final
elimination step. There are two intermediates identified in our
simulations, the first intermediate It1 is stable while the second
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Figure 7. Free energy profile for the assembly reaction catalyzed by
Mp-GPPS determined by density functional QM/MM MD
simulations. The statistical error is estimated by averaging the free
energy difference between S and 15 ps and 15—25 ps. The chosen
reaction coordinates (RC) for each reaction step was illustrated in
Figure S2.

one, It.2, is more stable by only 1 kcal/mol than Ts.2, and thus
metastable. As the elimination step is proved to be the rate-
limiting step, thus the whole reaction is likely undergoing in a
stepwise way, and the proposed three-step reaction mechanism
is summarized in Figure 6

To better understand the essence of the assembly reaction,
we traced the charge evolution of a few selected atoms along
the reaction process which is exhibited in Figures 8 and S9. As
the PPV of DMAPP is in tight-binding with two Mg** ions, the
high positive charges on the two magnesium cation (~1.84 e
and ~1.86 e, as shown in Figure 8a) are critical to make the
Mg** ions serve as Lewis acids to polarize the electron density

of PPV which would further promote the O7'—Cl’ bond
breakage. With the ionization step going on, the positive
charges on Mg2+ ions decrease, e.g.,, about 1.41 and 1.52 e at
Ts.1 and 1.34 and 1.49 e at It.1 (see Figure 8a). These changes
suggest that there are certain charge transfers involved
intermolecularly in the “ionization” process to immensely
stabilize both Ts.1 and It.1, leading to a low reaction energy
barrier (~6 kcal/mol) and a very stable intermediate It.1, since
the positive charge removed from Mg** would be dispersed to
the PPV group. Following the C1'—O7’ breakage, the =&
electrons on the C2'=C3’ double bond would delocalize to
the C1'—C2’ single bond intramolecularly, to form a
delocalized 7 bond, and consequently the charge on Cl’
decreases from positive (~0.44 e in Figure 8a) to nearly neutral
continually and thus would not yield a carbonium ion after the
ionization. Due to the electron delocalization, the bond lengths
of C2'—C3’ and C1'—C2’ become very close at It.1, as shown
in Figure 8b.

In the “ionization” reaction process, the intramolecular
charge transfer within DMAPP is obvious and significant, but
the intermolecular charge transfer between DMAPP and IPP as
well as the intramolecular charge transfer within IPP are trivial
(Figure 8c). The stable negative charge (about —0.6 e with
small fluctuations) on C4 atom of IPP remains C4 to serve as a
nucleophile, which would promote the subsequent condensa-
tion between ionogenic-DMAPP and IPP with the C1'—C4
bond formation. For C1’ atom, its charge increases continually
at the beginning of the condensation reaction due to the
conformational rearrangement at It.1 state (detailed discussion
on the conformation rearrangement of DMAPP and IPP at It.1
state can be found in Figures S7, S8, and S9). Therefore, the
condensation occurs between a positively charge carbon and a
negatively charged carbon, not between two carbon radicals.
Along with the sequential condensation and elimination, the 7
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Figure 8. (a) Selected atomic charge variation at the reactant, transition and intermediate states of the first ionization step. (b) Distance variation of
C1’—C2’ and C2'—C3’ along the first ionization step. (c) Selected atomic charge variation at the reactant, transition, intermediate, and product
states of the whole assembly reaction. (d) Distance variation of C2—C3 and C3—C4# along the second condensation and the third elimination steps.
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Figure 9. (a) Stereochemistry of the proton elimination in GPPS. (b—h) Active site geometries of the reactant, transition, intermediate, and product

states along the assembly reaction in GPPS.

electrons on the C3=C4 double bond delocalize to Cl’
intermolecularly and C2 intramolecularly. As a result, the
negative charge on C4 reduces to around —0.40 e first and then
becomes very stable (about —0.35 e, see Figure 8c), but C3 gets
increasingly positive and eventually yields the ionogenic-GPP
(C3"). Owing to the elimination of the Hg proton of C2, the
charge difference between C2 and C3 is enlarged at the
elimination step, and the bond lengths of C2—C3 and C3—C4
gradually reverse, as demonstrated in Figure 8d, and the initial
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single C2—C3 and double C3=C4 bonds turn to double C2=
C3 and single C3—C4 bonds at the end of the elimination step.
Regarding the final elimination step, it was suggested that the
Hg on C2 (see Figure 9a) would be abstracted by the leavin
PPV of DMAPP based on the earlier work of Cornforth’s.”**
In our mechanism, however, the Hy proton could not be
transferred to PPV of DMAPP since PPV is already triply
protonated and there is no suitable site for PPV to accept any
proton further. Instead, the neighboring N’ atom of H76 is the
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Figure 10. Distance distribution between the selected atoms (upper four pannels) and the interaction energies (electrostatics and van der Waals)
distribution between the QM subsystem and key residues (K235 and R94, lower two panels) at the reactant, transition, and intermediate states of the
first ionization step. The atom names (HZ1, HZ2, HZ3, HH12, HH22, O1’, 02/, 03’, and O7’) refer to Figure S10, and r1—r4 refer to Figure 9b—h.

possible basic site to accommodate the proton Hg (also on C2)
with suitable stereochemical arrangement, as can be seen in
Figure 9a. Indeed, the amino acid residue H76 is highly
conserved among most IPPSs,”>*’ which implies that H76
might play a nonnegligible role in the assembly reaction. As
shown in Figure 9, the distance (d3) between IPP:Hg and
H76:N° gets increasingly short along the ionization and
condensation steps. At the It.2 state, d3 is reduced to 3.18 A.
Moreover, a strong hydrogen bond between H76:N* and PPV
of IPP, whose distance r12 is about 1.88 A, retains along the
ionization and condensation reaction. At the beginning of the
elimination reaction, double strong hydrogen bonds with E73
will be formed to construct a powerful catalytic dyad, Glu-His
dyad (also for Asp-His), which is commonly found to promote
proton transfer reaction in many enzymes such as HDACs*"*?
and Bacillus subtilis N-acetylglucosaminidase.*®

To experimentally determine the influence of H76 on the
GPPS catalytic activity, the H76 amino acid was mutated to an
alanine residue (A76), expressed in the BL21 (DE3) strains.
The finally purified wild type and H76A GPPS were tested for
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the enzymatic activity via the Pyrophosphate Assay kit
(Fluorometric, Abcam). The detailed experimental protocol
including enzyme expression, purification and activity assay
were provided in the Supporting Information, the data and
results were summarized in Figures S14—S18 and Table S1. As
shown in Table S1 and Figure S18, the enzymatic catalytic
activity is almost lost due to H76A mutant (see detailed
discussion in Figure S18). It further proves that the H76 is an
essential residue and likely directly involves in the enzymatic
catalytic chain elongation reaction. To some extent, it indirectly
supported our computationally suggested reaction mechanism
in which the N° atom of H76 is the potent basic site to
accommodate the proton Hg of IPP in the rate-limiting step.
In summary, our computations suggest that the GPPS-
catalyzed assembly reaction is induced by the triple-protonation
of DMAPP to generate an ionogenic-DMAPP intermediate
(It.1), followed by a metastable intermediate (It.2) which is
yielded via the condensation of IPP and ionogenic-DMAPP.
Finally, the proton transfer from IPP to H76 overcomes the
highest reaction barrier in the whole process to yield the
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Figure 11. Distance distribution between the selected atoms (upper four panels) and interaction energies (electrostatics and van der Waals) between
the QM subsystem and key residues (E73, R47, R9S, and K44, lower four panels) at the transition, intermediate, and product states of the second
condensation and the third elimination reactions. The atom names (HE2, OE1, OE2, HH12, HH22, HH21, HE, HZ1, HZ2, O1, 02, 03, OS5, 06,
and O7) refer to Figure S10, and rS—r14 refer to Figure 9b—h.

product GPP, with a large amount of energy released to the
surrounding. In this mechanism, only H76 directly participates
in the catalysis while all other residues as well as Mg** ions are
not directly involved but also play important environmental
roles, which will be discussed in the next section.
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3.3. Functional Roles of Key Residues in the Assembly
Reaction. We first look at the key residues around DMAPP.
Figure 9 shows that K180 and K235 move close to DMAPP
along the jonization reaction and form hydrogen bonds via
their NH;" groups with O7’ and O3’ respectively. For R94, its
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interaction with DMAPP gets much stronger at the state Ts.1
with two hydrogen bonds in comparison with the reactant state
where there is only one weak hydrogen bond and It.1 which
contains one hydrogen bond as well. Further interaction energy
analyses, as shown in Figure 10, reveal that both K235 and R94
considerably stabilize the states of It.1 and Ts.1. More
specifically, K235 largely stabilizes the intermediate product
by about —24.0 kcal/mol, while R94 greatly stabilizes the
transition state by about —25.3 kcal/mol.

Around IPP there are a number of residues including E73,
R47, R9S, K44, and H76. Since IPP is not directly involved in
the first ionization step but participates in the final rate-limiting
condensation and elimination steps, evolutions of hydrogen
bonding and interaction energies are carefully analyzed for the
latter two steps, as plotted out in Figure 11 and Figure S11. As
E73 is close to the negatively charged PPV of IPP, there is
considerable repulsion between E73 and IPP, as evidenced by
the energy analyses. But this repulsive interaction is weakened
at Ts.3. In other words, the instability of transition state Ts.3
contributed by E73 is reduced, which is beneficial for the
following elimination reaction. Differently, there is strong
electrostatic attraction between IPP and R47, and the latter
thus highly stabilizes both the state Ts.3 and the product state.
This stability is consistent with the hydrogen bonding evolution
as shown in Figure 11. As for R95 and K44, their strong
hydrogen bonds with IPP are maintained well from the state
Ts.2 to the product state, and there are little changes for their
interaction energies at each reaction state, but R95 is largely
responsible for the stabilization of the product state while K44
stabilizes the metastable state It.2.

For H76, the H76---IPP:0S hydrogen bond becomes weak as
the system reaches to the Ts.3 state and then strengthens at the
product state. This change is accompanied by the variation of
the H76---IPP:OS hydrogen bond distance which becomes
longer from It.2 to Ts.3, and in the meantime, E73 gets close to
H76 and finally forms a strong hydrogen-bond with H76 at the
state Ts.3. With the presence of this “His-Glu” dyad, H76 acts
as a general base to attract the Hs on C2 of DMAPP and then
concertedly trigger the formation of carbon—carbon double
bond (C2—C3) in IPP to yield the GPP product.

Since the two Mg”* ions are pretty far away from the reaction
center in the subsequent rate-determining step, the functional
roles of the two Mg’* ions are serving as an anchor to tightly
bind DMAPP in the first ionization step. Meanwhile, due to the
high positive charges, the Mg** ions could play as Lewis acids
to polarize PPV, and this polarization would also promote the
07'—Cl’ bond breakage. Nevertheless, the reactivity is largely
triggered by the protonation of DMAPP as discussed in section
3.1

4. CONCLUSIONS

In this work, the ionization—condensation—elimination assem-
bly mechanism of IPP and DMAPP in Mp-GPPS has been
investigated by performing extensive Born—Oppenheimer
density functional QM/MM MD simulations. We proposed a
novel protonation-triggered carbon-chain elongation mecha-
nism, in which the triple protonation of the pyrophosphate
(PPV) group of DMAPP is essential for the initial ionization
reaction. Besides, the proton transfer in the rate-limiting
elimination step occurs from the Hg proton of IPP to the highly
conserved residue H76. These two key points are the novelty in
our new mechanism which are substantially different from
previously hypothesized mechanisms for FPPS. In other words,
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GPPS seemingly adopts different reaction mechanisms from
FPPS. The central Mg** ions serve as Lewis acids to promote
the O7'—C1’ bond breakage in the ionization process, while
H76 acts as a general base to attract the Hs on C2 of DMAPP
in the elimination procedure. Moreover, further mutant
experiments confirm that the H76 is an essential residue and
likely directly involving in the rate-limiting step of enzymatic
catalysis. For the ionization reaction, K235 mostly stabilizes the
intermediate product while R94 is responsible for the
stabilization of the transition state. In the condensation and
elimination steps, R9S contributes to the stabilization of the
product state, K44 stabilizes the metastable intermediate, and
R47 profoundly stabilizes both the transition state and product
state. All the detailed information on the structural and
functional changes of various residues provides insight into the
reaction mechanism in Mp-GPPS and is helpful for the
potential biosynthesis of novel natural productlike molecular
scaffolds which are crucial in the drug lead identification
process and also referential for FPPS inhibitor design.
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