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Abstract

NphB is an aromatic prenyltransferase that catalyzes the attachment of a 10-carbon geranyl group
to aromatic substrates. Importantly, NphB exhibits a rich substrate selectivity and product
regioselectivity. A systematic computational study has been conducted in order to address several
question associated with NphB catalyzed geranylation. The reaction mechanism of the prenylation
step has been characterized as a Sy1 type dissociative mechanism with a weakly stable
carbocation intermediate. A novel n-chamber composed of Tyr121, Tyr216 and 1,6-DHN is found
to be important in stabilizing the carbocation. The observed difference in the rates of product
formation from 5 and 2-prenylation arises from the differing orientations of the aromatic substrate
in the resting state. 4-prenylation shares the same resting state with 5-prenylation, but the lower
free energy barrier for carbocation formation makes the latter reaction more facile. The high free
energy barrier associated with 7-prenylation is caused by the unfavorable orientation of 1,6-DHN
in active site pocket, along with the difficulty of proton elimination after the prenylation step. A
water mediated proton transfer facilitates the loss of hydrogen at the prenylation site to form the
final prenylated product. Interestingly, the same crystallographically observed water molecule has
been found to be responsible for proton loss in all three experimentally identified products. After
proton transfer, the relaxation of the final product from a sp2 carbon center to a sp? center triggers
a “spring-loaded” product release mechanism which pushes the final product out of the binding
pocket towards the edge of the active site. The hydrogen bond interactions between the two
hydroxyl groups of the aromatic product and the sidechains of Ser214 and Tyr288 help to “steer”
the movement of the product. In addition, mutagenesis studies identify these same two sidechains
as being responsible for the observed regioselectivity, particularly 2-prenylation. These
observations provide valuable insights into NphB chemistry, offering an opportunity to better
engineer the active site and to control the reactivity in order to obtain high yields of the desired
product(s). Furthermore, the Sy1 reaction mechanism observed for NphB differs from the
prenylation reaction found in, for example, the farnesyltransferase, which proceeds via an Sy2-like
reaction pathway. The spring-loaded release mechanism highlighted herein also offers novel
insights into how enzymes facilitate product release.

Prenyltransferases catalyze the attachment of prenyl groups to various substrates®. Based on
substrate preferences, this family of enzymes can be further categorized as protein
prenyltransferasel* (PPTase) and aromatic prenyltransferase>’ (APTase). PPTases catalyze
the posttranslational attachment of either a 15-carbon farnesyl or a 20-carbon geranylgeranyl
group to cysteine residue(s) contained in specific amino acid sequences (e.g., CajapX
farnesyltransferase) including G-proteins that are well known for their roles in signaling cell
growth and differentiation. APTases usually transfer smaller prenyl groups like the 5-carbon
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dimethylallyl or 10-carbon geranyl moieties to a variety of aromatic substrates. Known
APTases include, but are not limited to, NphB>8 (formerly Orf2) purified from
Streptomyces sp. Strain CL190 and the fungal indole prenyltransferase FtmPT17:9 extracted
from Aspergillus fumigatus.

APTases are involved in the biosynthesis of terpenoids, in combination with a variety of
terpenoid synthases!C. Terpenoids are widely distributed natural products, which are found
in fungi, animals and plants'1-13, Plant isoprenoids are well known for their application in
traditional herbal remedies due to their aromatic qualities'. Many isoprenoids and their
derivatives possess pharmaceutically desirable properties such as antiviral, anti-
inflammatory, antioxidant and anticancer characteristics®24. In addition, the low cellular
toxicity and excellent penetrability into cell membranes have made this class of compounds
desirable as drug templates?>. Therefore, the biosynthesis of these terpenoids is of great
interest and importance to chemists, biochemists and medicinal chemists. As a result,
APTases have drawn considerable attention from both experimental and computational labs
interested in biosynthesis of terpenoids®-8:26-30,

NphB, identified from Streptomyces, catalyzes the addition of a 10-carbon geranyl group to
a number of small organic aromatic substrates (see Figure 1), and is involved in the
biosynthetic pathway of the antioxidant naphterpin®. The 3-D structure of NphB features a
novel a/p barrel fold termed PT-barrel (prenyltransferase barrel, see Figure 1)%31, composed
of 10 anti-parallel B-strands surround by 10-a helices. Inside the barrel, a spacious and
solvent accessible binding pocket is provided and two substrates molecules, namely geranyl
diphosphate (GPP) and 1,6-dihydroxynaphthalene (1,6-DHN), are bound. GPP is stabilized
via interactions between its negatively charged diphosphate moiety and several amino acid
sidechains, including Lys119, Thr171, Arg228, Tyr216 and Lys284, in addition to Mg2*. A
Mg?2* cofactor is required for the activity of NphB, despite the lack of a (N/D)DXDX motif
usually found in Mg2* containing enzymes32:33, The metal ion is coordinated to a
carboxylate oxygen atom from Asp62, an a-diphosphate oxygen atom and four water
molecules. The divalent metal cation has been proposed to stabilize the developing negative
charge on the diphosphate leaving group in the chemical step. For instance, in FTase
catalysis, a magnesium ion reduces the free energy barrier height by approximately 4kcal/
mol, despite the fact that Mg2* is only required for optimal activity of FTase34.

NphB chemistry features diverse substrate selectivity and interesting product
regioselectivity®>82%, NphB catalysis of the prenylation of 1,6-DHN yields three different
products, where the geranyl chain being attached to different carbon atoms of the aromatic
unit (see Figure 1). The major product, a 5-geranyl-1,6-DHN, and the minor product, a 2-
geranyl-1,6-DHN, were originally characterized, with a product ratio of 10:1°. In subsequent
work, another minor product - 4-geranyl-1,6-DHN, was identified, with a much smaller kg4t
than that observed for the other two products®. Earlier computational work identified the
source of the product diversity as arising from the different orientations of 1,6-DHN found
within the active site??, In the resultant free energy profile, the free energy minimum that
leads to the major product and another local minimum stabilized by hydrogen bond (H-
bond) interactions between the hydroxyl groups of 1,6-DHN and the sidechains of Ser214
and Tyr288 responsible for the minor product were found to be connected via an
intermediate state. The free energy minimum is favored by 2.3kcal/mol over the second
minimum. However, this work did not locate a binding orientation that could be responsible
for 4-geranyl-1,6-DHN.

Similar to FTase catalysis, the reaction mechanism of for NphB prenylation is not certain.
Proposed mechanisms include an associative pathway featuring a Sy2-like nucleophilic
attack and a dissociative pathway via a carbocation-mediated electrophilic capture®. The so-
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called associative mechanism with dissociative characteristics ascribed to FTase chemistry
can't be excluded as well32-37, Despite the aromatic nature of the target substrate, most
APTases also possess an aromatic-rich active site that PPTases usually do not have. Whether
these aromatic residues stabilize a positively charged prenyl carbocation is as yet unknown.
Structural analysis and currently available experimental evidence are insufficient to
determine the preferred prenylation pathway. Furthermore, a proton transfer step is required
after the prenylation step to re-aromatize the product. A water mediated proton transfer has
been proposed for this step, but hasn't been unequivocally proven®.

Computational tools have proven useful in the mechanistic study of PPTases and other
enzymes36-39. Combined QM/MM methods are effective in the study of enzyme catalysis,
but given the sizes typically employed and sampling requirement most studies have been
restricted to semiempirical models. Herein we use the self-consistent charge density-
functional based tight-binding (SCC-DFTB) method? as our QM tool of choice given its
accuracy and computational performance. SCC-DFTB/MM method has been widely applied
to simulate enzymatic reactions and reported to generate good accuracies*148, Moreover,
SCC-DFTBPR has proven effective in the study of phosphate complexes*9:50. In our studies
of FTase carried out using the SCC-DFTB(PR)/AMBER QM/MM level of theory coupled
with molecular dynamics (MD) and umbrella sampling (US) techniques have yielded
excellent results in comparison with experiment3’. Hence, given this latter success we
decided to extend our efforts to the fascinating case of NphB catalysis. The performance of
SCC-DFTBPR for this prenylation reaction was also examined and is discussed in Sl.

All QM/MM>1 MD simulations in this study were performed using SANDER and PMEMD
was utilized for long classical MD simulations. Both programs are part of the AMBER1152
suite of programs.. The particle mesh Ewald (PME) method®3 was used to model the long-
range electrostatic interactions. X-H bonds were constrained using the SHAKE algorithm®4.
Quantum calculations were conducted using the Gaussian’09 package®®.

QM/MM equilibration of NphB complexed with GPP and 1,6-DHN

The QM/MM X-ray refined structures of the free energy minimum (leading to 5-prenylation,
termed P5) and the second local minimum (leading to 2-prenylation, termed P2) were used
to start all of our studies?®. Each structure was first solvated in a truncated octahedral water
box filled with TIP3P%6 water molecules and then equilibrated using classical MD
simulations for several ns. The protocol was similar to that described by Cui et al.?% and will
not be discussed in detail here. For each system, the two substrates, GPP and 1,6-DHN, were
incorporated into the QM region while the rest of the system remained in the MM part (see
discussion in SlI). This partitioning includes the important groups involved in the chemistry
steps, while allowing for long umbrella sampling®’-58 (US) simulations in the following
potential of mean force (PMF) studies. The systems were a fully minimization using the
hybrid QM/MM (SCC-DFTB/ff99SB) potential for 1000 steps the using steepest descent
algorithm. These structures were then slowly heated to 300K over 50ps using a Langevin
thermostat. The collision frequency was set to 5ps™t while the time step was 0.5fs.
Subsequently, the systems were equilibrated at 1atm in the NPT ensemble for 450ps with a
1fs time step. SHAKE was turned off for the QM region during all QM/MM simulations. A
modified PME approach was used to treat the QM/MM long-range electrostatics®.

QM/MM PMF study of NphB prenylation

QM/MM equilibrated P2 and P5 structures were used to start the PMF studies. For each
prenylation reaction, the reaction coordinate (RC) was defined as the distance between two
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reacting atoms - C, of GPP and the corresponding prenylation center in 1,6-DHN; For
example, Cs of 1,6-DHN for P5. For P2 and P5, it was straightforward to use the two
existing systems adopted from a previous MM based PMF study?2®. For 4-prenylation (P4),
we used the P5 minimum because it had the closest contact between the C; of GPP and the
C,4 of 1,6-DHN making it appropriate as a starting point for the QM/MM PMF simulation of
P4 prenylation. We also examined the possibility of 7-prenylation (P7). In this case, another
snapshot from the equilibrated P5 system was chosen as the initial structure. Steered
MD69-62 (SMD) scans were first conducted for all systems in order to propagate the
trajectory along the RC. The force constant was 5000 kcal/moleA2 and the pulling speed was
0.02A/ps. Starting structures for the subsequent US simulations were extracted from the
corresponding SMD trajectory with an interval of 0.1A between adjacent windows. Thus,
based on drc, there were 26, 31, 26, 31 windows generated for P2, P4, P5 and P7,
respectively. These windows covered the RC from 1.5A to 4.0A for P2 and P5, and from
1.5A to 4.5A for P4 and P7. Each window was first equilibrated for 100ps followed by a
150ps production run during which RC data was collected. The applied harmonic force
constant was 100-500 kcal/moleA2 for each window (with larger force constants applied to
higher energy regions to ensure thorough sampling). In order to improve the overlap
between adjacent windows in areas associated with bond breaking or bond forming, 14
additional windows were added, yielding over 10ns US simulations for each state.
Grossfield's WHAM code®3 was used to reconstruct the unbiased RC distribution for all US
simulations reported in this work.

QM/MM PMF study of the effect of point mutations in NphB prenylation

In the prenylations step, the sidechain of Tyr121 was in close contact with the geranyl group
throughout the course of the prenylation reaction and likely stabilizing the developing
carbocation. In this regard, a computational mutation study was carried out to investigate the
effect of the Y121L mutation. A snapshot from the P5 QM/MM equilibration was selected,
modified and re-equilibrated for 100ps, connected by another set of SMD and US PMF
studies following the same strategy previously described. In an previous study by Cui et
al.?% Ser214 and Tyr288 were identified as stabilizing 1,6-DHN in an orientation required
for 2-prenylation. Therefore, we carried out another two sets of QM/MM PMF studies to
investigate the effect of S214A and Y288F mutation on 2-prenylation. A snapshot of the P2
QM/MM equilibration was extracted and followed by two series of QM/MM simulations
adopting an identical procedure as previously described for the Y121L study.

QM/MM PMF study of the proton transfer step of NphB catalysis

NphB catalysis requires a proton transfer step to remove the extra hydrogen atom at the
prenylation site in 1,6-DHN to generate the final product. In order to study this, each
prenylation product was equilibrated for another 250ps and prepared for a second PMF
study. The RC at this stage was defined as the distance between the hydrogen atom attached
to the prenylation center in 1,6-DHN and the oxygen atom of the water molecule serving to
“shuttle” the proton. A SMD simulation was performed with the same force constant and
pulling speed as applied in the prenylation step for each state. For these studies, the “shuttle”
water molecule was also included in the QM region. Starting configurations were then
extracted from the SMD trajectory with an interval of 0.1A for the US studies. In this way
17, 21 and 18 windows were prepared for the P2, P4 and P5 states. The P7 state was
excluded from this series of US simulation (see discussion below). For each of the final
product states, a snapshot was extracted from the final US simulations (for the P7 state this
was taken from a SMD study) and equilibrated for another 100ps using the QM/MM model.
In order to test the feasibility of a Tyr216 mediated proton transfer, another SMD was
performed for the P5 state with the distance between the tyrosine hydroxyl oxygen atom (in
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these simulations the Tyr216 sidechain was placed into the QM the region) and the extra
hydrogen atom connected to Cs of 1,6-DHN as the reaction coordinate.

QM calculation of the weakly stable carbocation intermediates in the prenylation step of
NphB catalysis

For each of three states that lead to experimentally observed products (P2, P4 and P5), along
with the possible product P7, an interesting n-chamber was identified and appeared
important to carbocation stabilization. Therefore, we decided to further investigate the
weakly stable carbocation in the intermediate state of each prenylation reaction. The atomic
coordinates of the geranyl carbocation, 1,6-DHN and the phenol sidechains of Tyr121 and
Tyr216 were extracted from a snapshot close to the carbocation intermediate for each state
and subjected to higher-level QM analysis. A hydrogen atom was added to each tyrosine
sidechain to generate a phenol group. For each structure, an optimization at the M06-2X/
6-31G** level54.65 was first performed to locate the potential energy minimum, followed by
a set of single point calculations using basis set superposition error (BSSE) corrections to
quantitatively study the interaction between the carbocation and each aromatic group®6:67.
All carbon atoms were restrained during the optimization. The water and the low dielectric
calculations (see Sl) were run using the Polarized Continuum Model (PCM) using the
integral equation formalism variant (IEFPCM) for both optimizations and single point
calculations®8. The single point calculation were also carried out at the M06-2X/6-31G**
level. In addition, we also carried out QM calculations at the same level of theory on the
prenylated carbocation intermediates for each of four possible prenylation pathways in order
to evaluate the inherent stability of such an intermediate state for each reaction channel. The
atomic coordinates for the prenylated carbocation were obtained from a snapshot of the
intermediate for each reaction pathway. Each intermediate was optimized at the M06-2X/
6-31G** level with the PCM solvation model and all heavy atoms restrained.

MD simulation and point mutation study of the product release process from NphB
catalyzed 5-prenylation

The structure of the QM/MM equilibrated P5 product was extracted with all water molecules
except the Mg2* bound water molecules removed in order to study the product release
process. The resulting structure was modeled using the AMBER force field ff99SB® for the
protein and the generalized AMBER force field (GAFF)70 for the ligand. The atomic
charges of diphosphate (OPP) and 5-prenylated-1,6-DHN (5P-1,6-DHN) were derived
following a two-stage restrained electrostatic potential (RESP) fitting procedure’%.72, In
addition to this wildtype (WT) system, point mutations were made S214A (MUT1) and
Y288F (MUT?2) in order to study their influence on the product release process. Thus, a total
of three systems were prepared for subsequent MD simulations. All three systems were
solvated in a truncated octahedral TIP3P water box with an 8A separate between the edge of
the box and nearest solute atom. The resultant structures were first minimized with steepest
descent and conjugated gradient methods for 2000 steps. Subsequently, a gradual heating
procedure was conducted on each of the three systems to bring them to 300K over 100ps of
simulation with a 1fs time step. A Langevin thermostat with a Sps~t collision frequency was
applied. This was followed by a 500ps NTP equilibration and 100ns production runs, for
each of the three systems.

Results and Discussions

It has been proposed that different orientations of 1,6-DHN in the starting state of NphB's
catalytic cycle are responsible for the observed product regioselectivity®29. However, to
further understand the nature of NphB catalysis, we carried out QM/MM studies to elucidate
the reaction mechanism for both the prenylation and the subsequent proton transfer steps.
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With an approach based on statistical mechanics principles and numerical simulation
techniques, we were able to both qualitatively and quantitatively study the course of the
catalytic reaction. Furthermore, unguided MD simulations at 10-100ns timescale were
conducted to study the mechanism of product release, yielding molecular-level insights into
protein-ligand, protein-solvent and ligand-solvent interactions during product release. Given
the detailed understanding we have obtained with regards to NphB catalysis we have set the
stage to engineer this system to synthesize compounds of interest with the desired
stereochemistry.

QM/MM MD simulation and PMF study of prenylation catalyzed by NphB complexed with
GPP and 1,6-DHN

Two separate 500ps QM/MM simulations were performed for P2 and P5 and in both cases
the backbone conformation of the protein and the orientation of both GPP and 1,6-DHN
were well preserved throughout. Mg2* maintained its octahedral coordination consisting of
the a-diphosphate of GPP, Asp62 and four crystal water molecules. The diphosphate group
was anchored throughout by H-bond interactions between itself and the sidechains of
residues Lys119, Asn173, Tyr216, Arg228 and Lys284. It has been previously observed that
the P2 and P5 states lead to two different experimentally observed products. However, no
stable resting state has been found for P4 prenylation, which was experimentally
characterized more recently. Moreover, the intermediate binding state found in a previous
study by Cui et al.2% could lead to 7-prenylation, because the C7 of 1,6-DHN was the closest
aromatic carbon atom to C4 of GPP. In addition, both the C, and Cs atoms of 1,6-DHN are
ortho to one of the hydroxyl groups while C4 is para to a hydroxyl group, but C; - another
ortho position, has not been reported to be prenylated. Furthermore, the average Mulliken
charges of Cy, Cy4, Cs and Cy are -0.24, -0.16, -0.24 and -0.18q respectively (averaged over
the last 25ps of simulation), and the RESP charges of such four carbon atoms are -0.14,
-0.17, -0.15 and -0.17q separately. Combining the above points, it appears that C; atom
should be able to carry prenylation also. The observed distance variations from the last 45ps
of the P5 simulation reveal that both C4 and C; of 1,6-DHN were accessible to the C; atom
of GPP (dc1.ca and dcg-c7 ~3.5A in spots; see Figure 2). Therefore, in the subsequent PMF
studies, both P4 and P7 were examined starting from a snapshot extracted from the P5
simulation.

In the subsequent PMF studies of the prenylation step, over 40ns of US simulations were
performed for the four systems examined. The weighted histogram analysis method
(WHAM) was utilized to unbias the distribution of the corresponding RCs and to construct
the free energy profiles (FEPs) (see Figure 3). The RC was defined as dc1-c2, dci-ca
dci-cs, and dci.c7 for P2, P4, P5 and P7, respectively. Alternate RCs choices were tried
(see SI), but the model chosen here performed the best overall. Figure 3 shows the computed
free energy profiles for each of the four reaction pathways. In each case the statistical errors
estimated via the Monte Carlo bootstrap analyses were typically less than 0.2kcal/mol across
the entire profile.

The free energy profile indicates a Sy1-like dissociative reaction mechanism for prenylation
of the aromatic substrate 1,6-DHN. Two free energy barriers are observed separated by an
intermediate state (see Figure 4). The first barrier, which corresponds to the cleavage of the
C1-0O1 bond of GPP and the formation of a carbocation, is the rate-limiting step for the
prenylation reaction. In each case, the geranyl carbocation is beautifully wedged between
two aromatic groups — Tyr121 and 1,6-DHN, and capped by another aromatic group —
Tyr216, leading to an interesting cation-n “n-chamber”’3-7> scheme (see Figure 5a and 5b).
More interestingly, visual examination of the reaction course clearly shows that the
carbocation repositions to better center itself between two aromatic units after formation.
The truncated model of this cation-x interaction scheme (see Figure 5a) were optimized at
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the M06-2X/6-31G** level with the IEFPCM water model. The BSSE corrected interaction
energies between the carbocation and each aromatic unit were computed using the same
level of theory to investigate their magnitudes. For the three experimentally characterized
prenylations, the resultant energies were ~-1kcal/mol and ~-3 to -6kcal/mol for the Tyr121
and Tyr216 carbocation interactions, while for the carbocation-1,6-DHN interaction values
of ~-7 to -20kcal/mol were computed (see Table 1). Moreover, a Y121L computational point
mutation study revealed that the loss of the cation-r interaction increases the free energy
barrier associated with carbocation formation by ~4.5kcal/mol and destabilizes the
intermediate state (see Figure 6). Hence, it is not surprising that a weakly stable carbocation
is observed in the NphB prenylation reaction. The same trend was observed in the IEFPCM
low dielectric water (see SlI). Furthermore, with a strong interaction between the geranyl
group and the aromatic substrate, it is not surprising to observe a low second barrier height
(corresponding to the Cgeranyi-Caromatic Pond formation) of ~1kcal/mol relative to the
intermediate state.

The intrinsic stabilities of the prenylated intermediate states also influences the different
reaction channels. Hence, the potential energies of all prenylated 1,6-DHN intermediates
arising from the various reaction channels were computed and compared to P5 channel
intermediate (see Table 2). In our M06-2X/6-31G** (with IEFPCM) optimizations of the
four prenylated intermediate state structures, the major product channel, P5, has the lowest
energy, while P2, P4 and P7 are ~7, ~10 and ~16 kcal/mol higher, respectively. The second
barrier (around 2 A) from Figure 3 also indicates the ease of formation of the carbocation
intermediate. Importantly, both the trend and the energy difference are in agreement with
our QM calculations. On the other hand, the negatively (-4) charged diphosphate leaving
group is stabilized by Mg2* coordination and H-bond interactions with the sidechains of
Lys119, Asnl73, Tyr216, Arg228 and Lys284. Tyr216 situates itself between diphosphate
and prenylated-1,6-DHN, suggesting it might be involved in shuttling out the excess proton
(see Figure 7). Alternatively, a crystallographically observed water molecule that remains in
the NphB active site throughout our simulations could serve as a proton shuttling group as
well. Indeed, the short distance between the excess proton and this water molecule (further
localized via a H-bond with a hydroxyl group of 1,6-DHN) makes it the most likely
candidate to facilitate the proton transfer step (see Figure 7).

For P2, a rotation of 1,6-DHN was observed in our study, possibly in order to reduce the
steric repulsion between itself and the geranyl group due to their original orientation. In the
resting state of P2, 1,6-DHN is stabilized by H-bond interactions with the sidechains of
Ser214 and Tyr288. However, in the intermediate state, the aromatic substrate starts to rotate
slightly, reorienting itself relative to the geranyl carbocation. While in the product state, the
1,6-DHN rotates ~90° counterclockwise (see Figure 7), reducing the steric repulsion in the
complex thereby generating a configuration akin to what is observed for P4 and P5. In the
free energy profile, the “zero” point for P2 starts at 2.3kcal/mol, which is the relative free
energy difference between the resting states for P2 and P5. Indeed, in the rate-determining
step the computed energy difference (~1kcal/mol) suggests that the less stable starting state
for P2 prenylation is solely responsible for the observed product distribution. This is
consistent with the QM calculations of the interaction energy found in the “z-chamber”
since in the intermediate state the carbocation and 1,6-DHN were more negative for P2 than
P5. Moreover, the free energies of the intermediate and product states for P2 are higher than
for P5, possibly due to conformational effects. In the S214A and Y288F computational point
mutation studies, H-bond interactions between the sidechains of Ser214 and Tyr288 and the
two hydroxyl groups of 1,6-DHN were lost. As a result, the barrier for carbocation
formation increased by 0.7 and 1.3kcal/mol (see Figure 6), respectively, further confirming
that these two residues help stabilize the required 1,6-DHN orientation via H-bond
interactions over the course of P2 prenylation. Moreover, the free energies associated with
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the prenylation products of S214A and Y288F were both lower than the wildtype, implying
that the H-bonds between these two residues and 1,6-DHN destabilize the initial product
state and thereby facilitate the formation of the final product via proton transfer.

The rates of product formation for the three experimentally characterized products are (1.1 +
0.1) x 103571, (0.32 + 0.02) x 10351 and (4.2 + 0.2) x 10357 for P2, P4 and P58,
respectively. These correspond to free energy barrier heights for these three systems of
13.4kcal/mol, 14.1kcal/mol and 12.6kcal/mol, respectively. Our predicted free energy
barrier heights for the three observed prenylation reactions are 13.5kcal/mol, 14.6kcal/mol
and 12.3kcal/mol, all in good agreement with experimental measurements. On the other
hand, we predict a free energy barrier height of ~17.6kcal/mol for P7 prenylation, which
prohibits the formation of this product relative to the others. The much higher free energy
barrier for P7 might be associated with the unfavorable arrangement of the two substrates
(see Figure 7). Indeed, QM calculation on the intermediate state of P7 reveals repulsive
interactions between the carbocation and aromatic substrate (see Table 1), which suggests an
unfavorable arrangement in the transition state and intermediate state. In fact, based on the
relative orientation of 1,6-DHN and GPP in the so-called S2 state reported by Cui et al.2®,
could be a better starting state, but is was unstable relative to the P5 and P2 starting states in
our MD simulations suggesting that it is a poor starting state for P7 prenylation.

The trend in free energy barriers for the four prenylation reactions is largely consistent with
the results obtained from the M06-2X/6-31G** calculations of the n-chamber stabilization
energy of the corresponding intermediate states (see Table 1). The main exception is
between P5 and P2 prenylation where the former is the favored product, but the latter is
predicted to have the lowest barrier for prenylation. In this case the observed product
distribution reflects the relative stability of the starting state (P5 more stable than P2) from
which the product is formed. Hence, P2 possesses the most attractive interaction between the
geranyl carbocation and 1,6-DHN, consistent with the fact that the actual free energy barrier
of carbocation formation for P2 is lower than P5. We propose that the binding pose of 1,6-
DHN in P2 provides the largest contact “surface” for cation-n interaction with the
carbocation resulting in a greater interaction energy than for P5 (see Figure 7, resting and
intermediate state).

Based on our predicted free energy barriers, the C;1-O1 bond breaking/carbocation formation
step is less facile than attack of the carbocation on the aromatic substrate. In order to identify
the rate-determining step in the overall prenylation reaction we next needed to explore the
proton transfer step. However, prior to doing this it is instructive to compare NphB
prenylation to that of farnesyltransferase (FTase).

Comparison of the prenylation mechanism of NphB with that of FTase

The FTase catalytic mechanism has also been hotly debate for a number of years with
evidence supporting both an associative mechanism and a dissociative mechanism being
reported’8. It is not until recently that the so-called associative mechanism with dissociative
character was experimentally delineated for FTase chemistry, and subsequently seen
computationally3®-37. At this point it is instructive to compare the prenylation mechanism of
NphB relative to FTase.

The major difference in these two systems is the target substrates: FTase prenylates the S
atom in a cysteine residue contained in a CaaX motif while NphB prenylates aromatic
compounds. NphB possess an aromatic rich binding pocket, with Tyr121 and Tyr216
situated in such a way to form a n-chamber along with 1,6-DHN (see Figure 5b). Such an
environment stabilizes the developing positive charge on prenyl group or carbocation via
cation-w interactions (see above), thus favoring a Sy1-like mechanism. On the other hand,
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FTase does not exhibit an aromatic rich active site and prenylates a S atom which is bound
to a zinc ion. The lack of an aromatic rich active site may be the major deciding factor
disfavoring carbocation formation in FTase catalysis. Fungal prenyltransferase FtmPT1 is
another good example of an APTase. The target substrate is aromatic and, in addition, has a
unique “tyrosine shield” composed of 4 tyrosine residues surrounding the dimethylallyl
group. This environment appears to stabilize the developing carbocation and experimental
evidence has been obtained supporting the generation of a weakly stable carbocation’.

In summary, we propose that the aromatic nature of the target substrate as well as the active
site favors a dissociative mechanism for the APTases. In contrast, the lack of aromatic
character in both the target substrate and the binding pocket in PPTases makes it more
difficult to stabilize a carbocation, thereby, favoring mechanisms with more Sy2 character.

QM/MM MD simulation and PMF study of the proton transfer step in NphB catalysis

A proton at the prenylation center of 1,6-DHN must be removed in order to generate the
final re-aromatized product. To obtain the full picture of the NphB catalytic mechanism,
QM/MM MD simulations were carried out for all four systems and three PMF simulations
were carried out map out the free energy profiles for P2, P4 and P5.

During preliminary 250ps QM/MM MD simulations for each prenylated intermediate, the
same crystal water molecule was observed less than 3A away from 1,6-DHN during the
simulation timescale. For most of these simulations, this water molecule forms a H-bond
with a hydroxy! group from 1,6-DHN nearest to the prenylation center, ensuring that it
remains proximal to the extra hydrogen atom. Tyr216 also forms a stable H-bond with an a-
phosphate oxygen atom of the OPP leaving group and situates itself between OPP and
prenylated-1,6-DHN. Hence, Tyr216 mediated proton transfer is also possible.

In order to elucidate the favored reaction path for proton transfer, SMD simulation and
subsequent US PMF study were initially performed for P5, which yields the major product.
The direct proton abstraction from prenylated 1,6-DHN by the hydroxy! group of Tyr216
generates an unreasonably high free energy barrier of ~45kcal/mol. Therefore, proton
transfer via such a pathway is highly unlikely. The water mediated proton transfer is much
more energetically feasible, with a free energy barrier of ~7.7kcal/mol higher than the
prenylated intermediate, which is ~1-2kcal/mol higher than the resting state (see Figure 8).
Hence, we conclude that the formation of carbocation in the prenylation step is the rate-
limiting chemical step in NphB catalysis.

The computed PMF surfaces for the P2, P4 and P5 proton transfer step are shown in Figure
8. P7 was not examined since its barrier was significantly higher than the other cases for the
prenylation step. The P2 and P4 proton transfer reactions also have lower free energy
barriers than their corresponding prenylation steps. Therefore, we propose that the C1-O4
bond cleavage/carbocation formation step is the rate-limiting product formation step for
each product observed in NphB catalysis.

The four final product states were further equilibrated at the QM/MM level for an additional
100ps (initial structure for P7 was generated from a SMD simulation). Interestingly, for P2,
P4 and P5, the same trend was observed: accompanying internal geometric relaxation, the
corresponding XP-1,6-DHN (X=2, 4 or 5) product pushes itself out of the binding pocket
toward one edge of the PT-barrel. In fact, all three simulations end with XP-1,6-DHN
product localized in a similar location at the edge of the PT-barrel (see Figure 7). However,
the story for P7 is different: the H30™ ion is situated on the opposite side of 7P-1,6-DHN
from OPP and this arrangement seems to hinder the release of this the product (see Figure
7). Clearly P7 prenylation is disfavored throughout all phases of NphB catalysis.

Biochemistry. Author manuscript; available in PMC 2013 March 27.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Page 10

Classical MD simulation and mutational study of NphB's product release process

During the final QM/MM equilibration of the NphB product states, the prenylated products
begin to release from the binding pocket largely driven by geometric relaxation after the loss
of the extra proton (see Figure 9). After proton transfer, the relaxation of the final product
from a sp3 carbon center to a sp? center triggers a “spring-loaded” product release
mechanism which pushes the final product out of the binding pocket towards the edge of the
active site. To further study this process, classical MD simulations were carried out on the
wildtype P5 system (WT) along with S214A (MUT1) and Y288F (MUT?2) point mutated
models. The goal of these studies were to qualitatively understand what key residues, etc.
that might be important in the product release process rather than obtaining a free energy
profile, which would require much more sophisticated and time consuming simulations.

The 100ns MD simulation of WT aimed to study the process of 5P-1,6-DHN release and to
study the protein-ligand and ligand-solvent interactions involved. During the simulation,
movement towards the edge of the PT-barrel was observed after ~20ns, as the distance
between the magnesium ion and the center of mass of the aromatic carbon atoms 5P-1,6-
DHN increases significantly, (see Figure 10) indicating that the product is departing the
active site. Once 5P-1,6-DHN reaches the lip of the active site it loosely associates with
protein surface for the remainder of the simulation. This observation might be related to the
hydrophobic nature of the product that inhibits its ready passage into aqueous solvent. By
monitoring the variation of two different distances during the 100ns product release process
of the major product (5-prenylation), we are able to generate a heat map (see Figure 10),
which displays an analysis of the distribution of these distances during the simulation and
estimates the free energy cost of product loss to the protein surface. Therefore,
quantitatively, we predict that the free energy barrier of this product release process is
~2kcal/mol for the major product. Hence, we further predict that the carbocation formation
step is the rate-determining step in NphB catalysis.

The motion of 5P-1,6-DHN out of the active site pocket appears to be steered by H-bond
interactions between the hydroxyl groups of the product and the sidechains of several
protein amino acid residues; notably, GIn161, Ser214 and Tyr288. Among these, both
Ser214 and Tyr288 have been previously determined as anchor residues for the less stable
P2 resting state. The importance of these interactions was further confirmed in the MUT1
and MUT2 simulations; the former mutation (S214A) inhibits the movement of the final
product toward the edge of the enzyme, while the latter case (Y288F) appears to facilitate
product release. Based on these observations, we propose a H-bond driven release
mechanism: the sidechains of Ser214 and Tyr288 help localize 5P-1,6-DHN in the active
site after geometry relaxation, while the former residue, along with sidechain of GIn161,
also facilitates the movement of the product towards the edge of the barrel via H-bonds with
the hydroxyl groups found in 5P-1,6-DHN. Additionally, cleavage of the H-bond interaction
between Tyr288 and the product appears to be required for facile release of 5P-1,6-DHN
from the PT-barrel (see Figure 10). Qualitatively we suggest that these three residues control
access and egress from the active site of NphB.

Rate-limiting step in NphB catalysis

Although we observed excellent agreement between the computed free energy barriers of
carbocation formation in the three experimentally observed reaction channels and the
experimental free energy barriers, its has not been demonstrated via experiment that either
the proton transfer step or the product release step are not the rate limiting steps. A case in
point is the catalytic mechanism of protein farnesyltransferase or protein
geranylgeranyltransferase, where the rate-limiting step is product release instead of the
chemical step. However, because we have computationally examined all steps in NphB
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catalysis we propose that the chemical step, or more accurately, the carbocation formation
during the prenylation step, is the rate-limiting step in NphB catalysis.

Conclusions

Unlike PPTases that prenylate sulfur in specific cysteine residue(s), the APTases and NphB,
in particular, exhibit diverse substrate selectivity and product regioselectivity. Hence, NphB
is essentially a reaction vessel for the prenylation of a great variety of small aromatic
organic compounds. In this regard, NphB can be readily tuned to synthesize products with
the desired functionality based on therapeutic needs as long as the details of its catalytic
mechanism are well understood. The present work goes a long way to fulfilling this need.

In this study, a systematic study consisting of QM, QM/MM and MM calculations was
carried out to shed light on NphB catalyzed prenylation of 1,6-DHN by GPP. First, QM/MM
PMF studies found that NphB follows a Sy1-like dissociative mechanism featuring a weakly
stable carbocation that is electrophilically captured in the prenylation step by 1,6-DHN. The
prenylated product is then re-aromatized via a water-mediated proton transfer pathway and
the resultant hybridization change (sp3 -> sp?) triggers the start of the product release. The
aromatic character of the active site of NphB has a strong impact in catalysis by stabilizing
the developing carbocation. A novel n-chamber composed by Tyr121, Tyr216 and 1,6-DHN
was characterized in the aromatic-rich binding pocket of NphB and proved to help stabilize
the developing carbocation via cation-n interactions. Different orientations of 1,6-DHN
results in different interaction energies between itself and the geranyl carbocation, thereby
governing the ease by which a specific atom in 1,6-DHN is prenylated. The computed free
energy barriers for the three observed prenylation reactions (P2, P4 and P5) are 13.5kcal/
mol, 14.6kcal/mol and 12.3kcal/mol and are all in good agreement with experimental
measurements (13.4kcal/mol, 14.1kcal/mol and 12.6kcal/mol, respectively). Moreover, we
predict a higher free energy barrier for 7-prenylation (~17kcal/mol), thereby, explaining why
this product is not experimentally observed. We also find that the water-mediated proton
transfer is quite facile and is not rate limiting for the chemistry part of the catalytic
mechanism. Furthermore, Ser214 and Tyr288 have been found to affect the release of the
aromatic product in addition to facilitating 2-prenylation. Finally, we estimate a ~2kcal/mol
free energy cost for 5P-1,6-DHN release to the protein surface and, thereby, predict that the
product release step is not rate limiting. However, we have not explored its full release into
aqueous solution, which will increase the free energy barrier for product release.
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Abbreviation

PPTase protein prenyltransferase

APTase aromatic prenyltransferase
G-proteins guanine nucleotide-binding protein
PT-barrel prenyltransferase barrel
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GPP geranyl diphosphate
1,6-DHN 1,6-dihydroxynaphthalene
H-bond hydrogen bond
QM/MM quantum mechanical molecular mechanical
SCC-DFTB self-consistent charge density-functional tight-binding
MD molecular dynamics
uUs umbrella sampling
PME particle mesh Ewald
PMF potential of mean force
RC reaction coordinate
SMD steered molecular dynamics
BSSE basis set superposition error
PCM polarized continuum model
OPP diphosphate leaving group
WT wildtype
WHAM weighted histogram analysis method
FEP free energy profile
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Figure 1.
Schematic representation of geranylation catalyzed by NphB complexed with GPP and 1,6-
DHN.
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Figure 2.

Distance variations observed during last 450ps of QM/MM MD simulation of the P5
reaction channel.
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Figure 3.

Free energy profiles for prenylation at four sites in 1,6-DHN. P2 starts at 2.3 kcal/mol,
which is the relative free energy difference of the P2 state to that of P5.
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Figure 4.
Dissociative mechanism of NphB catalyzed geranylation (P5 channel).
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Figure 5.

Schematic representation of n-chamber. (a) Truncated representation of the w-chamber
found at the intermediate state of (a) 2-prenylation, (b) 4-prenylation, (c) 5-prenylation and
(d) 7-prenylation. (b) m-chamber in the NphB binding pocket consisting of Tyr121, Tyr216
and 1,6-DHN found at the resting state (left) and intermediate state (right) of 5-prenylation.
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Figure 6.

Schematic representation of point mutation effects of Y121L on 5-prenylation (top), and
S214A & Y288F on 2-prenylation (bottom). Note: reaction direction is from LEFT to
RIGHT.
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Figure 7.

Key snapshots from NphB catalysis taken during the reaction course of (From top to

bottom) 2-, 4-, 5- and 7-prenylation. From left to right: resting state, intermediate state,
prenylation intermediate state, final product state and product released state. Note: (1) GPP;
(2) 1,6-DHN; (3) Mg; (4) D62; (5) K119; (6) Y121; (7) T171; (8) Y216; (9) R228; (10)
K284; (11) S214; (12) Y288; (13) OPP; (14) Geranyl carbocation; (15) Prenylated-1,6-
DHN; (16) Crystal water (shuttle); (17) Final product; (18) Hydronium.
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Figure 8.

(a) Computed free energy chart for the entire reaction course and (b) computed free energy
profile for the proton transfer step for the three experimentally observed products (Note:
reaction direction is from LEFT to RIGHT.). Note: (a) TS1 - carbocation formation step;
TS2 - prenylation reaction step; TS3 — proton transfer step. (b) the starting points are chosen
based on their corresponding prenylation product states and free energies shifted
accordingly.
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Figure 9.

Schematic representation of the correlation between the 5P-1,6-DHN geometry relaxation
and product release: (1) variation of distance (between Mg(Il) and the aromatic ring of the
product, (top, showing product release), (2) angle of Cs1 6.pHn)-C1(Gpp)-Ca(app) (Medium,
showing geometry relaxation), and (3) correlation between them over 100ps QM/MM
equilibration of P5 final product (bottom, showing correlation).
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Figure 10.

Top: (Dist 1) distance variation between the magnesium site and the aromatic ring of 5P-1,6-
DHN. Middle: (Dist 2) distance variation between the C-terminus capping o-helix and the
aromatic ring of 5P-1,6-DHN. Bottom: heat map based on Dist 1 and Dist 2.
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Cation-m interactions in “r-chamber” of each product. (Unit: kcal/mol. GCC = geranyl carbocation, negative

Table 1

value means attractive and positive value suggests repulsive). (See also Table S1.)

2-prenylation | 4-prenylation | 5-prenylation | 7-prenylation

GCC-Y121
GCC-Y216
GCC-1,6-DHN

-2.9 -4.4 -5.8 -2.7
-0.7 -1.3 -0.7 -0.5
-20.6 -6.8 -13.4 +1.0
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Inherent stability of prenylated carbocation intermediates. (Unit: kcal/mol)

Table 2

2-prenylation

4-prenylation

5-prenylation

7-prenylation

GCC-Y121

75

9.9

0.0

155
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