THE JOURNAL OF Library

PHYSICAL CHEMI Uﬁiversity & Archives

Molecular Dynamics and Free Energy Simulations of Phenylacetate
and CO Release from AMDase and its G74C/C188S Mutant:
A Possible Rationale for the Reduced Activity of the Latter
Tarak Karmakar, and Sundaram Balasubramanian

J. Phys. Chem. B, Just Accepted Manuscript « DOI: 10.1021/acs.jpcb.6b07034 « Publication Date (Web): 24 Oct 2016
Downloaded from http://pubs.acs.org on November 1, 2016

Just Accepted

“Just Accepted” manuscripts have been peer-reviewed and accepted for publication. They are posted
online prior to technical editing, formatting for publication and author proofing. The American Chemical
Society provides “Just Accepted” as a free service to the research community to expedite the
dissemination of scientific material as soon as possible after acceptance. “Just Accepted” manuscripts
appear in full in PDF format accompanied by an HTML abstract. “Just Accepted” manuscripts have been
fully peer reviewed, but should not be considered the official version of record. They are accessible to all
readers and citable by the Digital Object Identifier (DOI®). “Just Accepted” is an optional service offered
to authors. Therefore, the “Just Accepted” Web site may not include all articles that will be published
in the journal. After a manuscript is technically edited and formatted, it will be removed from the “Just
Accepted” Web site and published as an ASAP article. Note that technical editing may introduce minor
changes to the manuscript text and/or graphics which could affect content, and all legal disclaimers
and ethical guidelines that apply to the journal pertain. ACS cannot be held responsible for errors
or consequences arising from the use of information contained in these “Just Accepted” manuscripts.

N4 ACS Publications

The Journal of Physical Chemistry B is published by the American Chemical Society.
1155 Sixteenth Street N.W., Washington, DC 20036

Published by American Chemical Society. Copyright © American Chemical Society.
However, no copyright claim is made to original U.S. Government works, or works
produced by employees of any Commonwealth realm Crown government in the course
of their duties.



Page 1 of 31 The Journal of Physical Chemistry

Molecular Dynamics and Free Energy Simulations

©CoO~NOUTA,WNPE

1 of Phenylacetate and CO, Release from AMDase
15 and its G74C/C188S Mutant: A Possible

o Rationale for the Reduced Activity of the Latter

23 Tarak Karmakar and Sundaram Balasubramanian®

26 Chemistry and Physics of Materials Unit, Jawaharlal Nehru Centre for Advanced Scientific

28 Research, Bangalore 560 064, India, Telephone: +91-80-22082808

31 E-mail: bala@jncasr.ac.in

58 *To whom correspondence should be addressed

1

ACS Paragon Plus Environment



©CoO~NOUTA,WNPE

The Journal of Physical Chemistry

Abstract

Arylmalonate decarboxylase (AMDase) catalyzes the decarboxylation of a-aryl-a-
methyl malonates to produce optically pure a-arylpropionates of industrial and medic-
inal importance. Herein, atomistic molecular dynamics simulations have been carried
out to delineate the mechanism of the release of product molecules, phenylacetate
(PAC) and carbon dioxide (CO2) from the wild-type (WT) and its G74C/C188S mu-
tant enzymes. Both the product molecules follow a crystallographically characterized
solvent-accessible channel to come out of the protein interior. A higher free energy
barrier for the release of PAC from G74C/C188S compared to that in the WT is con-
sistent with the experimentally observed compromised efficiency of the mutant. The
release of COy precedes that of PAC; free energy barriers for CO5 and PAC release in
the WT enzyme are calculated to be ~1-2 kcal/mol and ~23 kcal/mol, respectively.
Post-decarboxylation, CO2 moves toward a hydrophobic pocket formed by Pro 14, Leu
38, Leu 40, Leu 77 and the side chain of Tyr 48 which serves as its temporary ’reser-
voir’. COg releases following a channel mainly decorated by apolar residues, unlike in

the case of oxalate decarboxylase where polar residues mediate its transport.
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Introduction

Molecular level investigations of structure and dynamics of an enzyme is of paramount inter-
est to understand its function. In general, the catalytic turnover is constituted by three broad
components: substrate binding, catalytic reaction in the active site, and release of products
from the protein active site to the exterior.? Biochemical experiments provide convincing
information about the enzyme and its functions, and can throw some light on microscopic
details as well. Computer simulations are an excellent complementary tool to reveal details
of the system in a dynamical framework. While the substrate (or a small molecule such as a
drug) binding® " and the catalytic reaction® '3 have been studied using molecular modeling
methods in a number of enzymes, that of product release has been far and few.'*2! The
current manuscript addresses this issue in a specific decarboxylase enzyme.

Enzymes in the decarboxylase family are vital as they catalyse the decarboxylation of
molecules containing mono- and di-carboxylate group in order to produce several chemicals
of biological and industrial importance. They also participate in various metabolic pathways

in living organisms. Examples of few such decarboxylase enzymes are oxalate decarboxy-

22,23 4

lase, acetolactate decarboxylase,?* arylmalonate decarboxylase?’ etc. In this work, we
have performed computational investigations aiming to understand the structure, dynam-
ics and the product release step of arylmalonate decarboxylase (AMDase) using classical
molecular dynamics simulations.

AMDase, an enzyme in the decarboxylase family,?® catalyzes the decarboxylation of aryl-
a-malonates to a-arylpropionates and carbon dioxide (CO;) (Figure S1 of SI).?> Owing to
its metal or cofactor-independent catalytic efficiency (unlike other decarboxylases?”) and its
capability to produce optically pure organic compounds, this enzyme has been claimed to be a
promising biocatalyst having biotechnological applications. 32831 Additionally, AMDase has
been found to produce several analgesics in the profen groups, e.g., ibuprofen, flurbiprofen,

26,32

ete

AMDase is a monomeric enzyme with two four-stranded parallel S-sheets, seven promi-
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nent a-helices, a few short helices, and random loops. The active site is buried deep inside
the protein core (Figure 1), surrounded mostly by a-helices and few random loops.?®> A
"dioxyanion hole’ in the reaction center has been proposed to bind two carboxylate groups
of the substrate.?®333* While the natural substrate of AMDase is yet to be confirmed, a
number of alkenyl- and aryl-malonates are found to get decarboxylated by this enzyme.333°
The presence of the aryl (or an alkenyl) group has been proposed to stabilize the enediolate
intermediate that is generated during the reaction. Biochemical experiments proposed a
two-step decarboxylation mechanism for AMDase,? the first being the detachment of one
carboxylate group leading to the formation of CO, and an enediolate intermediate, followed
by the transfer of a proton from an active site residue, Cys 188 to the intermediate so as
to produce the monocarboxylate compound. Figure S1 of SI provides the reaction scheme.
A recent theoretical study based on quantum chemical cluster calculations has delineated
both the mechanism and enantioselectivity of the decarboxylation reaction in AMDase.'?
Biochemical studies have shown that the mutation of Gly 74 (another active site residue)

to Cys and Cys 188 to Ser (G74C/C188S) (Figure 1(c)) converted this enzyme to act like a

racemase that produces racemic mixtures.?%3” However, this double mutant showed 20,000

&674&74

C188/5188

fold lesser activity than the WT enzyme.?®

Figure 1: (a) Overlay between the WT (green, PDB ID; 31P8) and G74C/C188S (pink, PDB
ID: 3IXL) mutant enzymes, (b) interactions between phenylacetate (PAC) and residues in
the active site of the mutant enzyme, (c) residues in the active site that were mutated.

Okrasa et al. have identified a hydrophobic pocket comprising residues P14, 140, Y48,

L72, L77 and S76 (Figure 2(a)) to be present near the reaction center which facilitates
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the decarboxylation process by destabilizing the carboxylate group in its electrostatically
disfavored region.?® Furthermore, a narrow channel that connects the reaction center to
bulk water (Figure 2(b)) has been identified in the crystal structure of AMDase.? This
solvent-accessible channel has been proposed to be the pathway for the substrate uptake
and product release. The phosphate group of benzylphosphate (B85) forms hydrogen bonds
with several polar amino acid residues, T75, S76, Y126, and G189. The same residues bind
phenylacetate (PAC) in the active site as shown in Figure 1(b) (in the case of the mutant, the
crystal structure contains PAC). A w-stack between the phenyl ring of PAC and the amide
bond formed between G189 and G190 stabilizes the ligand (substrate and/or product) in
the active site (Figure 1(b) and 2(b)). Hydrogen bonding and w-stacking are the two key

interactions that mediate the substrate binding in the active site.

188 G190

Figure 2: (a) Hydrophobic pocket situated near the reaction center (structure is collected
from WT AMDase with PDB ID: 3IP8). The residues forming the hydrophobic pocket
are shown both in stick and quicksurf, blown-glass representation as implemented in VMD
software.?? (b) Solvent-accessible channel connecting the active site to bulk water. The
residues lining the channel are shown in stick representation.

Although a wealth of information regarding the structure of AMDase and its mutant is
available in the literature, a comprehensive molecular level description of the functioning
of this important catalyst is yet to be discerned. While the mechanism of the catalytic
reaction is known, 25 the processes of substrate uptake and product release demand special

attention.
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Herein, our interest on this enzyme is (i) to study the dynamics of the apo and the
products-bound enzymes, (ii) to investigate if the product molecules (PAC and CO;) release
via the crystallographically characterized solvent-accessible channel and find out microscopic
details of the release pathways, and (iii) to calculate the energetics of the products’ escape
from the active site of WT and the mutant enzymes to bulk water, and see if it correlates
with the reduced catalytic efficiency of the G74C/C188S mutant compared to the WT.
Unraveling the product expulsion processes, in turn, would help in gaining knowledge about
the mechanism of substrate binding to this enzyme.

In the case of WT AMDase, the catalytic reaction has a rate constant of 260 s~! which

1.38 If the product release involves a

can be converted to a free energy barrier of ~14 kcal/mo
barrier larger than this value, then it becomes the rate limiting step in the catalytic turnover.
An examination of product release is important from this point of view as well.
Investigations on the interactions of small molecules i.e., Oy, CO,, %04 CO,4>43 NO,* and
H,0,% with proteins has been a topic of interest to biochemists.*6 As AMDase produces
CO; in the catalytic reaction, we were curious to understand the migration of this gas
molecule from the active site to bulk water which too has been examined in this work using
MD simulations. Results obtained here are compared against our earlier study on oxalate
decarboxylase (OXDC).*? Anticipating our results, we observe a larger free energy barrier for
the PAC release in AMDase than what is reported experimentally for the catalytic reaction
itself, making the former, the rate limiting step. Further, the calculated product release

barrier is higher for the double mutant than that for the WT enzyme, correlating with the

reduced activity of the mutant.
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Computational methods

Unbiased molecular dynamics (MD) simulations

Initial structures of the WT and the mutant with PDB IDs 3IP8 and 3IXL, respectively
were collected from protein data bank (www.rcsb.org). The WT enzyme with PDB ID:
3IP8 contained benzylphosphonate (BP). Retaining the phenyl ring coordinates, the phos-
phonate group was replaced by an acetate group using GaussView software?” to generate
the initial coordinates for PAC. On the other hand, the mutant enzyme with PDB ID: 3IXL
contained PAC itself, and thus the structure was directly used for simulations. Missing
residues (residues 1-6 & 239-248 in the case of the WT and residues 1-5 in the case of the
mutant) and atoms were added using GaussView software.” The generated structures were
then protonated and subsequently solvated in water. An appropriate number of counteri-
ons (Na™) were added to neutralize the systems. The systems contained a total number of
~47,000 to 56,000 atoms. The apo structure of the WT enzyme was obtained by selecting
the protein configuration from the last frame (after 500 ps) of the short equilibrium NPT
simulation trajectory of PAC-bound WT AMDase, from which the PAC was removed. The
resulting pdb was then resolvated. Structural changes which had occurred at the terminii
of the collected pdb required more number of water molecules to resolvate it. Details of the
systems simulated are presented in Table 1. Minimizations were carried out in two steps,
keeping the protein atoms constrained and subsequently, without constraints. The systems
were then heated up from 0 to 300 K within 300 ps of NVT simulation, followed by short
simulations for 500 ps at 300 K in the NPT ensemble. Nosé-Hoover thermostat*® 5" and

t°! were used to maintain the temperature and pressure at 300

Parrinello-Rahman barosta
K and 1 bar, respectively. A time step of 1 fs was used to integrate the equations of motion.
Covalent bonds involving hydrogen atoms were constrained using LINCS algorithm5? as im-
plemented in Gromacs simulation package.®®%* Particle Mesh Ewald method was used to

calculate the long-range electrostatic interactions in the systems. Charmm36 force field >

7
ACS Paragon Plus Environment



©CoO~NOUTA,WNPE

The Journal of Physical Chemistry

for the protein and CGenFF parameters® for the ligands were used in the simulations. All

39 was used to

simulations were carried out in Gromacs-4.5.5 software.?>> VMD software
visualize the trajectories; both VMD and PyMol®® were utilized to produce the figures.

Table 1: Details of the unbiased simulations.

Systems Details No. of | Simulation No. of Box length
atoms | time (ns) | trajectories (A)
Apo 22885 100 1 81.0
WT with PAC 47839 100 1 78.3
with PAC & CO, | 52891 ~10-50 3 81.0
G74C/C188S Apo 55469 100 1 82.2
with PAC 25466 100 1 82.3
with PAC & COq | 55472 ~10-50 3 82.3

To study the migration of CO, in the enzyme and its subsequent release from the protein
interior, a COy molecule was placed near the PAC in the initial structures. Once the CO,
has been placed inside the active site, the structure was minimized using steepest-descent
algorithm. The systems were heated from 0 K to 300 K within 300 ps followed by a short
simulation of 500 ps in NPT ensemble. Equilibrium simulations aimed at investigating
the release of COy were carried out for ~10-50 ns duration in NPT ensemble at 300 K

temperature and 1 bar pressure.

Umbrella Sampling simulations

9 were performed to calculate the free

Additionally, umbrella sampling (US) simulations®
energy change for the release of COs from AMDase (WT and the mutant). The distance
between backbone nitrogen atom of Ser 76 and carbon atom of CO, was chosen to be a
suitable collective variable (CV) to study the latter’s migration. The entire distance (4.5
A to 15.0 A) traveled by CO, obtained from an unbiased trajectory was divided into small
windows of width 0.5 A. Harmonic umbrella potentials with a force constant of 5 kcal /mol /A2

was used in each window to restrict the COy within the reference value of the CV in a window.

Each window was then sampled for 500 ps in NVT ensemble to obtain the distribution of the
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1

2

2 CV at a particular chosen value. The distribution of last 200 ps of each trajectory was chosen
g to calculate free energy profiles. The weighted histogram analysis method (WHAM) was used
7

8 to calculate the PMF of the release process. %’ Such a protocol has been previously followed by
9

10 Amara et al. to study the diffusion of HyO, Oy and Hy0, in catalase.® Multiple independent
11

12 US simulations (five each for WT and the mutant) with different initial velocity during the
13

14 sampling of each window were carried out to obtain statistics and confirm the free energy
15

16 change associated with CO, release. Investigations on diffusion of gas molecules in proteins
17

18 is of long-standing interest in the field of biophysical chemistry. Computer simulations have
19

20 been performed to understand interaction of gas (and small) molecules with proteins®!62
21

22 and to examine their transport in several such systems. 46:63°68

23

24

25 . .

26 Steered MD simulations

27

28

29 Steered molecular dynamics (SMD) is an important tool to investigate ligand binding/unbinding
30

31 processes in enzymes. 4206970 SND simulations were carried out with configurations ran-
32

33 domly extracted from the last 20 ns of the unbiased simulation trajectory of the PAC-bound
34

35 systems. The distance between the centers of mass of Ca of the active site residues, G74
36

37 (C74 in the mutant), T75, S76, C188 (S188 in the mutant) and G189, and the heavy atoms
38

39 of PAC was chosen to be the collective variable (CV). The choice of the CV is based on
40

41 the observation that these residues are the key ones that bind the PAC in the active site
42

43 vta hydrogen bonding. Initially, a few SMD simulations were carried out to optimize the
44

45 force constant of the spring and the pulling velocity. Use of lower force constant (10 or
46

47 20 kcal/mol/A?) of the spring was found to disobey the stiff-spring approximation which is
48

49 the heart of SMD simulation. On the other hand, a very very slow pulling velocity (0.25
50

g; A/ ns) required long sampling time, and the trajectory was not found to follow stiff-spring
gi approximation. Thus, a higher force constant and relatively faster pulling velocity were used
gg in the SMD simulations. Three sets of SMD simulations each for WT and the mutant with
g; pulling velocities of 1 A/ns, 0.75 A /ns, and 0.5 A /ns and a force constant of 50 kcal /mol /A2
59

60

9
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were performed. Fifteen trajectories were generated with each of the pulling velocities (see
Table 2). Potential of mean forces (PMF) were calculated from the work profiles of each
set obtained from the SMD simulations using Jarzynski’s equality. "7 All SMD simulations

were carried out in Gromacs software patched with Plumed-1.3 plugin.”™

Table 2: Details of the systems and the SMD simulations of PAC bound AMDase

Systems Pulling velocity | Simulation time | No. of trajectories
(A /ns) time (ns)

0.5 30 15
WT 0.75 20 15

1.0 15 15

0.5 30 15
G74C/C188S 0.75 20 15

1.0 15 15

Results

The stability of the apo and the ligand-bound enzymes are confirmed by plotting the RMSDs
of their backbone atoms as a function of equilibrium simulation time, shown in Figure S2 of
SI. The RMSD fluctuations of Ca atoms of WT and the mutant assure significant stability
of both the systems and reveal no significant difference (Figure S2 of SI) indicating that the
mutation does not affect the overall dynamics of the enzyme. Additionally, the presence of
the ligand molecule in the active site does not provide any extra stability to the enzymes.
Side chains of T75, S76 and Y126, and backbone -NH of G74 and G189 form hydrogen
bonds with the carboxylate group of PAC and thereby stabilize it in the active site. The
phenyl ring of PAC forms a m-stack with the amide bond formed between G189 and G190.%°
This interaction is very important in two ways: firstly, the m-stack helps in binding the
aryl group of the substrate in the active site and secondly, it stabilizes the negative charge
that arises on the enediolate intermediate during the catalytic reaction. In the unbiased

simulations of the PAC bound enzyme (both WT and the mutant), the 7-stack remains
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stable over the entire simulation time span (Figure S3 of SI).

PAC release from WT and the mutant

In all unbiased simulations of the PAC-bound systems, PAC does not move away from its
binding zone due to strong hydrogen bonding interactions between its carboxylate group
and the polar active site residues, T75, S76, and Y126. Therefore, we accelerated the release
of PAC by drawing it away from the active site using steered molecular dynamics (SMD)
simulations.” An examination of all the SMD trajectories reveals that PAC follows the

solvent-accessible channel to egress of the enzyme (Figure 3(a)). Work profiles obtained

a0 ib) -
230 Released |
=
o
<20 .
T
=
e 10 WT—
G74C/C188S —
0 L 1 1 1 1
4 6 8 10 12 14 16

CV (A)

Figure 3: (a) Release of PAC from the active site of the WT enzyme. Instantaneous positions
of PAC are shown in stick representation, red and blue colors indicate the initial and final
positions of the molecule. (b) averaged PMF profile for the release of PAC from the active
site of WT (black) and the mutant (blue) enzymes.

from each set are provided in Figures S4 and S5 of SI. The PMF profiles (individual profiles

11
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are shown in Figure S6 of SI) obtained from the three sets (each for WT and the mutant)
are averaged, and are provided in Figure 3(b). Free energy barriers of ~23 kcal/mol and
~37 kcal/mol were obtained for the release of PAC from the WT enzyme and the mutant,
respectively (Figure 3(b)). A considerably higher free energy barrier for the release of PAC
from the mutant compared to that in the WT system could be related to the compromised
activity of the former as observed in biochemical investigations.3® Zhang et al. obtained a
free energy change of ~21 kcal/mol for the unbinding of an acetamidomethylene substrate
(containing two carboxylate groups) from a hydrolase.™ In another study, the binding of
allophanate (with one carboxylate group) in allophanate hydrolase was found to involve a
free energy change of ~17 kcal/mol.”™ Thus, the value of ~23 kcal/mol for the WT AMDase
reported here is in line with these earlier investigations concerning the binding/unbinding of

mono- or di-carboxylate substrates in enzymes.

Mechanism of PAC release

We next examine the mechanism of the escape of PAC and the residues that mediate its
expulsion. PAC resembles an amphiphile, having a charged carboxylate at one end and
a hydrophobic phenyl ring on the other. During its release from the active site, at first,
the interactions between the carboxylate group of the ligand and the residues (G74, S76,
T75, Y126, and C188) binding it get disrupted (Figure 4(i, ii)). Simultaneously, the m-stack
between the phenyl ring of PAC and the amide bond formed by G189 and G190 is ruptured
(Figure 4(iii, iv)). These two processes are the main contributors for the crossing of a high
free energy barrier as manifested in the regions of 8-9 A of the PMF plots (Figure 3(b)). The
presence of additional hydrogen bonding interactions exerted by the side chains of C74 and
S188 in the mutant enzyme increases the free energy barrier, relative to WT (Figure S7 of
SI). An opening of the gate (residues 39-45 and 151-161, forming two flexible loops, Figure
S8 of SI) has been observed during the release of the PAC from both the systems (Figure
S9 of SI). The closure of the active site upon substrate binding by these flexible loops has

12
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48 Figure 4: Detailed steps of the PAC release from the WT enzyme; configurations are chosen
49 from a single SMD trajectory. (i) Initial PAC-bound state, residues binding the PAC are
51 shown in wheat colored sticks, (ii) twisting of PAC (this corresponds to the minimum at
52 CV=4 A in the PMF profiles) (iii) sliding of the 7-stack between the phenyl ring of PAC and
53 amide bond between G189 and G190, (iv) disruption of the m-stack and further movement
o4 of PAC toward the mouth of the channel, (v) PAC at the entrance of the channel, and (vi)
56 final release of PAC from the enzyme.

13
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previously been proposed for this enzyme.3® Once the interactions between the active site
residues are lost, PAC moves further away from its binding site toward the entrance of the
channel (Figure 4(v)) and finally gets released (Figure 4(vi)). Hydrophobic residues such
as V156, A16, P14, P15, and L19 present at the entrance of the channel (inside the circle)

interact with the phenyl group of PAC (Figure 5).

‘*\\ 1(& ~ >

Figure 5: Interactions of PAC with the hydrophobic residues present at the entrance of the
channel. Active site residues are shown in green color, and the channel in cyan colored
cylinder. The residues interacting with PAC at the mouth (circle) of the channel are shown
in stick representation (wheat color).

CO>, Release

To study the motion of CO, inside the pocket and its subsequent release, additional simula-
tions in which a CO5 molecule was placed near the PAC were carried out. It can be surmised
that CO5 should initially be located near the PAC where one of its carboxylate groups must
have detached during the catalytic reaction (Figure 6(a)). The PAC-COs bound systems
were simulated (equilibrium) for ~10-50 ns at 300 K temperature in the NPT ensemble.
Multiple, independent trajectories (three each for WT and the mutant) of PAC-CO, sys-
tems have been generated to confirm the release pathway (Figure 6(b)) for CO,. Unlike

PAC, CO, was found to get released spontaneously in equilibrium simulations, and thus

14
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SMD runs were not warranted. The movement of the CO, molecule from the active site to
bulk water was examined by the time evolution of the distance between nitrogen atom of
S76 residue and the carbon atom of CO, (Figure 6(c) and (d) and Figure S10 of SI). The

release of COy takes place within ~10-40 ns of simulation time.

(a)

G74C/C188S ——
40

w
o
w
o

iy
o

=)
S76N-CO, Distance (A)
]
o

S76N-CO, Distance (A)
N
o

15 20 25 0 2 4 6 8 10
Time (ns) Time (ns)

0 5 10

Figure 6: (a) Residence of CO, in the hydrophobic pocket, (b) release of CO, from the active
site of WT AMDase to bulk water; location of COs inside the hydrophobic pocket is depicted
by a circle; residues lining the CO, migration path are shown in stick representation, white:
hydrophobic residues and green & red: polar residues. The figure represents CO5 migration
data from an equilibrium simulation trajectory (WT) of length 25 ns. Equally spaced, five
thousand frames were extracted from the trajectory. Out of them, the positions of CO5 in
only 4050 frames are shown here for clarity. The release of COy from the left (active site,
situated near red asterisk) to the right (bulk water) can be seen. The change in color of COy
molecules from red to blue via white indicates initial, intermediate, and final locations of
the molecule in the channel. Distance between nitrogen of S76 located near the active site
and carbon of COg, is plotted as a function of unbiased simulation time for (¢) WT and (d)
mutant enzymes from one trajectory. Results from other trajectories are provided in Figure
S10 of SI.

15
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Hydrophobic pocket - a temporary ’reservoir’ for CO,

In the simulation trajectories of the PAC-CO; systems, the COy molecule transits toward
the hydrophobic pocket, which serves as its temporary 'reservoir’ (Figure 6(b) circled). Once
COq leaves this pocket, it follows the solvent-accessible channel to escape the enzyme (shown
in Figure 6(b)). The amino acids lining this channel are identified by calculating the distances
between any atom of COy and the atoms in residues with which it is interacting. A cut-off
distance of 3 A was used in this exercise. The calculated distances were then sorted to obtain
the minimum distance between CO, and any residue in the path of its transportation. The
list of residues interacting with CO, thus obtained is displayed in Table 3. Details of the

individual contacts are provided in Table S1 of SI.

Table 3: CO, interacts with the amino acids listed here during its release via the solvent
accessible channel in WT enzyme.

Amino Acids | Pro | Val | Tyr | Leu | Ser | Gly | Ala | Met | Glu
14 | 13 | 48 | 19 | 42 | 74 | 22 | 73 | 157

Residue no. | 15 | 43 40 | 76 | 190 | 25 | 139
21 | 156 77| 212 160
192

Umbrella sampling simulations provide the energetics of the release of COs from the
enzyme interior to bulk water. A representative plot demonstrating the overlapping of the
distribution of the CV at different windows is shown in Figure S11 of SI. Individual PMF
profiles (five each for WT and the mutant) for the release of COq from WT and the mutant
enzymes are provided in the SI (Figure S12). The PMF profiles obtained from all US
simulations were averaged to obtain an averaged PMF plot, shown in Figure 7(a) and (b).
The release of CO, from the active site to the bulk water is found to involve a free energy
barrier of ~1-2 kcal/mol with a minimum near 6 A for the WT (Figure 7(a)) and ~7.5
A for the mutant (Figure 7(b)). This region corresponds to the hydrophobic pocket, and
the free energy minimum at this zone further confirms the temporary residence of the gas

16
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29 Figure 7: PMF profiles for the release of CO; from (a) WT and (b) the mutant enzymes,
30 respectively. The hydrophobic pocket where CO stays prior to its release is shown by an
arrow in both the systems.

35 molecule in the pocket. The free energy minimum in the mutant is shallower than in WT,
37 and its position is shifted toward right (Figure 7(b)). This is due to the presence of C74
39 occupying the pocket which does not allow the CO; to reside in the pocket and permits CO,
41 to get released in a more facile manner that in W'T. The low values of free energy barrier for
43 COs release allowed us to observe its escape within a few nanoseconds even in the unbiased
45 simulation trajectories. The free energy difference between the CO5 bound to the active site
47 of the WT enzyme and that in bulk solution is ~2.0 kecal /mol, while it is around 1.0 keal /mol
49 in the mutant. Monte-Carlo bootstrapping analysis (as implemented in the WHAM code)
51 was carried out to calculate the errors in the free energy. An average error of £0.02 kcal /mol
53 has been obtained. A representative PMF plot with the error bars is provided in Figure S13
55 of SI.
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Discussion

Transport of a substrate from bulk water to the buried active site, and conversely, the release
of the products following similar or different channels are two key events in an enzymatic
turnover. The facile release of CO, from the PAC-CO4 bound systems within a few nanosec-
onds of simulation time reveals that CO, indeed is likely to be the first candidate to escape
the enzyme, followed by the release of PAC. While the release of CO, is associated with a very
low free energy barrier (of ~1-2 kcal/mol), that for PAC is ~23 kcal/mol in WT AMDase.
Osterman et al. reported an initial fast release of CO,, a "burst phase’, in another enzyme
of decarboxylase family, ornithine decarboxylase (ODC).”® The release of CO, within a few
nanoseconds of unbiased simulations was also observed in our earlier investigation on oxalate
decarboxylase (OXDC) suggesting that CO, release could be facile among decarboxylases.

In WT ornithine decarboxylase (ODC), the release of the second product, putrescine has
been reported to be the rate limiting step,?”"® with a rate of dissociation (k_») of 0.0035 s™,
corresponding to a free energy barrier of ~21 kcal/mol (using Transition State Theory). ™
Given the approximations in computational modeling and differences between the enzymes,
the value of ~23 kcal/mol obtained by us for WT AMDase here is not too different for
the experimentally determined free energy barrier for product release in WT ODC. On this
note, an experimental determination of the rate of dissociation of the PAC from AMDase
would help in confirming our results related to the energetics of the product release. The
reduced efficiency of the mutant compared to that of the WT enzyme could be due to the
higher free energy barrier for the release of PAC from the former than the latter. However,
it should be realized that the overall reduced efficiency of the AMDase mutant relative to
the WT enzyme may not be solely dependent on the less favorable product release in the
former; other factors including substrate binding and the rate of the catalytic reaction itself
could influence the activity. However, as stated before, we have focussed here on the product
release step alone.

Due to the high free energy barrier, the release of PAC is likely to be the rate limiting
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step. In the case of WT AMDase, the catalytic reaction has a rate constant (k.. ) of 260
57138 which can be converted to a free energy barrier (using Transition State Theory) of
~14 kcal/mol. In the case of G74C/C188S, the rate constant is 0.020 s~ corresponding to a
free energy barrier of ~20 kcal/mol.?® Our simulations provide a free energy barrier of ~23
kcal/mol and ~37 kcal/mol for the release of PAC from WT and the mutant, respectively.
Based on these data, we propose that the product release could be the slowest step of
the catalytic turnover and thus, the rate limiting step of this enzyme. However, further
experimental investigations are required to confirm our results.

Our investigations on products’ release from AMDase provided two important outcomes,
the first being the identification of a hydrophobic pocket for the temporary residence of CO,.
The pocket’s function is two-fold; it facilitates the decarboxylation of malonate by exerting
a hydrophobic pull (engineering this pocket by mutating few residues led to a 9,500 fold
improved catalytic efficiency ™) on one of the carboxylate groups, as investigated by Yoshida
et al.”" and later, acting as a temporary reservoir’ for the generated CO, molecule. We have
previously observed the existence of a similar pocket for the residence of CO, in OXDC.%° It
remains to be seen if such a hydrophobic pocket is a common feature in all decarboxylases.
The second outcome from our study is that, unlike in OXDC where the release of CO, from
the active site to bulk water takes place via a polar channel comprising of polar amino acids,
e.g., Asp, Glu, Arg and His,?® in AMDase, CO, follows a channel that is decorated mostly by
hydrophobic residues (Table S1 of SI). It would be interesting to investigate different types
(based on the chemical nature of the residues) of channels (in both globular enzymes and
membrane proteins) through which the migration of CO, takes place. On this note, van Lun
et al. have shown that CO, prefers hydrophobic residues*! while previous investigations“0:62
of enzyme-CO, systems have delineated the role of polar residues like Arg, Tyr and His in
binding COs in enzyme cavities. Further studies in this field are required to draw general

conclusions about the behavior of CO5 in enzymes that either sequester CO4 or produce it.

The release of PAC from the active site of AMDase to bulk water along the solvent-
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accessible channel is mediated by interactions with several residues lining it. The hydropho-
bic residues present at the entrance of the channel modulate the final escape of PAC. It is
thus not unlikely to visualize their participation in the recognition of alkenyl and aryl mal-
onate substrates during the substrate binding step as well. A plausible mechanism for the
substrate binding would be, an initial recognition of alkenyl or aryl group of a substrate by
the hydrophobic entrance, followed by the formation of a m-stack between the side chain of
the substrate with the amide bond between G189 and G190. In the final step, polar residues
Ser 76, Thr 75, Tyr 126 and Cys 188 present in the active site drag two carboxylate groups
of the substrate and thereby bind the substrate. Thus, a mechanism of hydrophobic "pull’
for the release of PAC and a ‘push’ for the binding of the substrate toward the active site can

be prescribed for this enzyme.

Conclusions

In summary, based on extensive simulations, this work provides the following outcomes:
(i) the reduced efficiency of the G74C/C188S mutant reported in experiments could have
contributions from the higher free energy barrier for the release of second product molecule
(PAC) in the mutant as compared to that in the WT enzyme, and (ii) a hydrophobic recog-
nition mechanism may be operative for the binding of the substrate, thereby modulating
their specificity in AMDase, (iii) release of CO5 precedes the expulsion of PAC, the latter
could be the rate limiting step of the enzyme, (iv) temporary residence of COy in the hy-
drophobic 'reservoir’ and (v) COy migrates via a channel mostly decorated by apolar amino
acids residues unlike in OXDC where polar residues mediate its transport from the active

site to bulk water.
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Supporting Information

The Supporting Information contains figures reaction scheme, RMSD plots, work profiles,
PMF profiles for the release of PAC from WT and mutant, formation of hydrogen bonds
between PAC and active site residues in the mutant enzyme, gate formed between two loops
& gate width plots, CO, release profiles, a table listing residues lining the COy migration
channel, CV distribution plot obtained from US simulation, individual PMF profiles obtained
from US simulations for the release of COy from W'T and the mutant enzymes, and a PMF

plot with free energy error bars.
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