Downloaded via UNIV OF ARIZONA on September 9, 2024 at 19:44:50 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

| Catalysis

pubs.acs.org/acscatalysis

Research Article

The Evolution of the Acylation Mechanism in g-Lactamase and

Rapid Protein Dynamics

Clara F. Frost, Dimitri Antoniou, and Steven D. Schwartz*

I: I Read Online

Cite This: ACS Catal. 2024, 14, 13640-13651

ACCESS |

[l Metrics & More

Article Recommendations

ABSTRACT: f-Lactamases are a class of well-studied enzymes that are
known to have existed since billions of years ago, starting as a defense
mechanism to stave off competitors and are now enzymes responsible
for antibiotic resistance. Using ancestral sequence reconstruction, it is
possible to study the crystal structure of a laboratory resurrected 2—3
billion year-old B-lactamase. Comparing the ancestral enzyme to its
modern counterpart, a TEM-1 f-lactamase, the structural changes are
minor, and it is probable that dynamic effects play an important role in
the evolution of function. We used molecular dynamics simulations and
employed transition path sampling methods to identify the presence of
rate-enhancing dynamics at the femtosecond level in both systems,
found that these fast motions are more efficiently coordinated in the
modern enzyme, and examined how specific dynamics can pinpoint
evolutionary effects that are essential for improving enzymatic catalysis.
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Bl INTRODUCTION

Understanding the role of protein dynamics in enzymatic
catalysis continues to be a topic of contention, particularly
pertaining to the role of dynamics during the chemical step."”
There are two distinct types of dynamics that can affect
catalysis: slow conformational motions and fast femtosecond
motions that have a similar time scale to chemical barrier
crossing. The outcomes of these discussions may have strong
implications for protein engineering. Artificial enzyme design
has continued to advance, in part due to the successful
applications of directed evolution, and further identification of
the atomic mechanistic details that are the outcome of
evolution can be crucial. Evolutionary mutations can give
insight into the role of dynamics in catalysis. In earlier work,
we found that femtosecond rate promoting motions were
present in the fully evolved structures of the directed evolution
of artificial retro-aldolase enzymes, while absent from the less
evolved structures.’” The structures with rate promoting
motions show the highest catalytic rates compared to those
of the rest of these artificial enzymes. Uncovering the
mutations that improve function will prove to be essential to
synthesizing enzymes that can compete with the catalytic rates
of natural enzymes.

To continue our previous work, we turn to the natural
evolution of a reconstructed ancestral enzyme. Studying
ancestral enzymes has been successful in the past and has
contributed to understanding the dynamic properties that
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maintain their role over billions of years."~” Ancestral enzymes
tend to have larger active sites and slower catalytic rates and
are often promiscuous, while modern enzymes are speci-
alized.>® It has been suggested that evolution of conforma-
tional motions is crucial to the development of substrate
specificity.' In the present work, we analyze two structures of
P-lactamases. It is estimated these enzymes originated more
than 3 billion years ago, and they are still primarily responsible
for antibiotic resistance. Several Precambrian class-A f-
lactamases have been sequentially reconstructed, including
one from an ancestral Gram-negative bacteria enzyme
(GNCA).” We analyzed the effects of protein dynamics in
catalysis of the ancestral GNCA and a class-A TEM-1 f-
lactamase, both shown in Figure 1.

Even though there are many amino acid mutations between
the ancestral GNCA and modern TEM-1 p-lactamase,”"’
within the active site there are no significant structural changes.
This enzyme pairing was chosen due to the similarities in the
active sites (which makes it easier to decouple structural from
dynamical effects) and their function in terms of substrate
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Figure 1. Nearly identical equilibrated structures of the ancestral
GNCA enzyme (red) and a modern TEM-1 f-lactamase (blue) with
the substrate benzylpenicillin in their respective active sites.

specificity. TEM-1 strongly prefers penicillin substrates, yet
GNCA has nearly identical catalytic rates for multiple
antibiotics including penicillin and CTX.”'’ In addition,
TEM-1 f-lactamase degrades penicillin at an activity 2 orders
of magnitude higher than that of the ancestral GNCA.'""!
Understanding the catalytic mechanism and rates of ancestral
versus extant enzymes can provide insights that pinpoint
essential and natural evolutionary changes in catalysis.

P-Lactamases break down antibiotics such as penicillin by
hydrolyzing the pf-lactam ring rendering the antibiotic
inactive.'”” The first step in the reaction mechanism, the
acylation step, is a two-step process: formation of a tetrahedral
intermediate; then acylation of that intermediate.”””"* The
second step is a deacylation reaction that returns the enzyme
to its initial state by hydrolyzing the acylenzyme."> The
deacylation mechanism is well understood;'” however, the
specific mechanism to obtain the tetrahedral intermediate, the
“preacylation” step, is a point of contention. Multiple pathways
have been suggested due to the possibility of the catalytic base
being Glul66 or Lys73. There is both experimental and
computational evidence that the initial catalytic water hydro-
gen transfers to Glu166,"* but other recent computational and
potential energy studies suggest that the first transfer goes
through Lys73.">'” The details of this acylation step are
challenging to identify experimentally. For this study, we focus
solely on the two steps that make up the acylation mechanism.

We will briefly summarize previous work on this system that
identified evolutionary changes in (a) slow conformational
motions and (b) electric fields in the active site.

Previous studies on reconstructed ancestral f-lactamases
propose that evolutionary changes and ancestral promiscuity
result from differences in conformational dynamics.'”"" Ozkan
et al. suggested that mutations that can lead to the evolution of
conformational dynamics are expected to alter substrate
specificity. By mutating the ancestral GNCA enzyme residues
with low flexibility, they changed the previously promiscuous
ancestral enzyme to a substrate-specialized enzyme.'® One
region of low flexibility that has been well studied and present
throughout the evolved species is the €2-loop, found at the
opening of the active site.'”'? This loop acts as the entrance to
the active site and is responsible for the positioning of several
key residues such as the catalytic base Glul66 and an active
site residue Asn170.'® This evidence of changes in conforma-
tional dynamics in the two species raises the possibility that
there may be changes in rapid dynamics too.

Other work studying the evolutionary changes in f-
lactamases focuses on the evolvability of electric fields. This
topic continues to give insight toward understanding
enzymatic catalysis, as Boxer and coworkers have shown
there is a correlation between the strength of the electric field

and the catalytic rate enhancement of an enzyme, and both are
related to substrate configuration and rigidity.”"~** Within f-
lactamases, the active sites are highly charged, and an oxyanion
hole stabilizes the anion of the tetrahedral intermediate as a
result of the first part of the acylation step. As the tetrahedral
intermediate is formed after the Ser70 nucleophile attacks the
C7=08 carbonyl on the f-lactam ring, the oxyanion hole
stabilizes the negative charge on the O8 oxygen.”® This
oxyanion hole in TEM-1 f-lactamase relies on the amide
hydrogens of Ala237 and Ser70. Boxer et al. studied the
differences in the electric field within TEM-1 f-lactamase and
an ancestral penicillin-binding protein, with penicillin-G as a
substrate in the former and an inhibitor in the latter. It is
suggested that proteins evolve with mutations that increase the
size of the electric field in the active site to better catalytic
function.

In the present work, we will examine how the evolution of
this enzyme may have affected important femtosecond-level
dynamics that influence the function of the ancestral and
modern enzymes. Such rapid femtosecond dynamics has been
found to impact the catalytic step in several systems providin
evidence of a link between dynamics and catalysis.”” >° In
collaboration with experimentalists, we have shown that
isotopically heavy enzymes can lower the coupling of dynamics
to barrier passage and in turn lower rate.”” In earlier work, we
have seen how the presence of rate-enhancing fast dynamics in
laboratory evolved enzymes plays a critical role in the function
of those enzymes.”***” In more recent studies, we have shown
how dynamics affects free energy barriers in engineered
enzymes,”” as well as how a coupling between conformational
motions and promoting vibrations shape free energy barriers.’!
Other authors have found that the evolution of dynamic
networks enhances catalysis.>

We employed transition path sampling (TPS)** and found
that there are important rapid atomic motions that are present
in the modern TEM-1 enzyme but missing from the
reconstructed ancestral GNCA system for the formation of
the tetrahedral intermediate. As we will discuss later, the key
residues important for function are conserved at the active site,
so the changes we observed are completely dynamic in nature.
The presence of these coordinated fast atomic motions
suggests further explanations for the changes in the specificity
and increased catalytic rate of the extant enzyme. As
mentioned above, there is evidence that the changes in
function are affected by slow conformational dynamics, and
this work suggests that rapid dynamics also plays a role.

B RESULTS AND DISCUSSION

We generated hundreds of unbiased reactive trajectories
through transition path sampling for both GNCA and TEM-
1 enzymes. Transition path ensembles were generated for each
enzyme to analyze both steps of the acylation process: the
formation of the tetrahedral intermediate and the formation of
the acylenzyme. Through a computational analysis of the
generated transition path ensembles, we identified the residues
that make up the reaction coordinate for both systems. The
same reaction mechanism was observed in each enzyme, albeit
with differences in dynamics on the femtosecond time scale.
We also found differences between the electric field projected
along the same dipole on the substrate benzylpenicillin’s
C15=016 carbonyl, found adjacent to the p-lactam ring.
Below, we detail the findings of the differences for both steps
between the ancestral enzyme and its modern counterpart in
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terms of the atomic details of the mechanism, reaction
coordinates, rapid dynamics, and electric fields.

Step 1 — Formation of the Tetrahedral Intermediate.
As previously mentioned, the reaction mechanism for the
formation of the tetrahedral intermediate is still debated. The
results from our unbiased transition path sampling trajectories
for both the ancestral and modern enzymes validate the older
accepted reaction pathway with Glul66 as the initial catalytic
base. Even though our results show the first step with Glul66
as the catalytic base, we should mention there is an alternative
opinion, a pathway through Lys73.'®"” The results in this work
suggest the mechanism shown in Figure 2.

H
H
N, H H
0 }< NP
" ° X
0) coo” N~

sEr70-07 ——————> s ® 0 oo
.

H
_/ “SER130 o

(‘ H-Oy ; c')f‘ “SER130
o Hoy H Hoy
LU1 OH Hoy
o 66«o Lys7a GLU166— N
LYS73

o)

Figure 2. Mechanism of the formation of the tetrahedral intermediate.
Two proton transfers through the catalytic water from Ser70 to
Glul66, and a nucleophilic attack of the Ser70 oxygen at the carbonyl
on the beta-lactam ring.

Our transition path sampling analysis identified the
mechanism for the first step of acylation (the “preacylation
step”) as follows: Ser70 loses a proton to the catalytic water;
Glul66 acts as the catalytic base and accepts a hydrogen from
the catalytic water. This is followed by the nucleophilic attack
of the deprotonated Ser70 oxygen at carbon of the
benzylpenicillin carbonyl on the lactam ring.

Transition States. We identified the transition states in
reactive trajectories using transition path sampling and
committor analysis. The results show that the ancestral
GNCA enzyme has concerted proton transfers, whereas the
modern TEM-1 f-lactamase has sequential transfers. This is

illustrated by the reactive trajectories for the ancestral and
modern enzymes for the preacylation step shown in Figure 3:

In the ancestral enzyme, there is one primary transition state.
In the modern enzyme, there are two isocommittor points: the
first isocommittor point involves the two hydrogen transfers
between Ser70, the catalytic water, and Glul66; the second
isocommittor point isolates the nucleophilic attack of the
Ser70 oxygen, which we label OGX, as it forms a bond with the
benzylpenicillin carbon C7 found on the beta lactam carbonyl.
This second point generally occurs around 30 fs after the first.

Reaction Coordinates. Using TPS and committor
analysis,”* we identified the reaction coordinates for both the
ancestral and modern f-lactamases. For the ancestral GNCA
enzyme, the set of reaction coordinate residues consist of
benzylpenicillin, Ser70, Ser130, Glu166, and Lys73 (these form
the QM region of our simulations) and also the residues
Asnl132, Prol67, Lys23S, Gly236, and Thr237. The commit-
ment probability distribution histogram is shown in Figure 4.

The modern enzyme has two isocommittor points, meaning
that we need to identify reaction coordinate residues for two
transition states. The first reaction coordinate contains the
following residues: the QM region mentioned above, Asn132,
Pro167, Lys234, Gly236, and Ala237. This is identical to the
set in the ancestral enzyme except for the mutation of Ala237
from Thr237. The reaction coordinate residues for the second
transfer consist only of the QM region residues. Figure 5 shows
the commitment probability distributions labeled with the
reaction coordinate residues for the first sequential transfer,
TS1, and the second transfer TS2.

The reaction mechanism for the formation of the tetrahedral
intermediate remains the same from the ancestral enzyme to
extant TEM-1. The roles of the reaction coordinate residues
have been well studied for the entire acylation step. All
identified sets of reaction coordinate residues surround the
substrate and the QM region.

Three residues that are consistently part of the reaction
coordinates for both systems are Asnl32, Lys234, and Thr/
Ala237.

Asnl32 interacts with the O16 carbonyl oxygen of the
substrate and also with the QM residues Ser130, Lys73, and
the catalytic water, which is crucial for substrate binding and
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Figure 3. Reactive trajectories of the ancestral (left) and modern (right) enzymes for 100 fs. Multicolored lines indicate the distance between
acceptor and donor atoms: the two proton transfers are red and green, and the Ser70 nucleophilic attack is black.
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Figure 4. Committor distribution probability histogram for the
ancestral GNCA enzyme. The constrained residues that make up the
reaction coordinate are listed above the histogram, and the QM
region listed in the text is included as well.

positioning in the active site.'” In the ancestral GNCA enzyme,
Asnl32 does not interact with the same oxygen, 016, due to

the difference in substrate orientations. However, it still
remains a key residue as it stabilizes the active site, particularly
through interactions with Lys73.

Lys234 contributes to stabilizing the tetrahedral intermediate
by forming an anchor cavity for the carboxylate side chain of
the substrate.'**

Thr/Ala237 forms a bond with Gly236 to form the oxyanion
hole. The amide backbone nitrogen is essential for acylation.'”
This is the primary mutation found in the active site, as the
ancestral contains threonine, a polar hydrophilic residue, and
the modern has alanine, a nonpolar hydrophobic residue.
Ala237 backbone amides interact with the TEM-1 f-lactam
ring bound carbonyl. This residue 237 serves as a hydrogen-
bond donor in both the ancestral GNCA enzyme and the
modern TEM-1 enzyme. Mutations by Boxer et al. from TEM-
1 to TEM-52 show that improved alignment of the C7=08
bond, the carbonyl on the S-lactam ring, with the backbone
amides generates larger electric fields."* These mutations led to
expansion of the active site to accommodate other f-lactam
antibiotics, such as CTX, in these studies. These results heavily
imply that the role of Thr237 in the ancestral enzyme
contributes to its promiscuity.

The remaining residues are Gly236 and Pro167. The Gly236
residue forms a peptide bond with Ala and Thr237 as part of
the oxyanion hole. The backbone amide hydrogens stabilize
the carbonyl oxygen OS8, and it stabilizes the transition
state.'”"” Pro167 is a part of the omega loop, which has a wide
range of implications at slower time scales."”'®'” The Pro167
is suspected to fix Glul66, the catalytic base, at the precise
moment for the chemical step. The rigidity, even at rapid time
scales, is expected to be responsible for the positioning
¢ All of the reaction coordinate
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Figure S. Committor distribution histograms for the modern TEM-1 f-lactamase. The first isocommittor point histogram is given on the left and
the second on the right. The constrained residues that make up the reaction coordinate are listed above each histogram, with the QM residues

included for the first isocommittor point as well.
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Figure 6. Distances between 4 of the identified reaction coordinate residues and their corresponding bonds to the substrate benzylpenicillin over
the course of 200 fs in the ancestral enzyme (top) and modern TEM-1 (bottom). Asn132 (green) is not seen in the ancestral enzyme due to its

distance to the substrate oxygen being greater than 3 A.

residues found are essential for the reaction to occur, but they
vary greatly in dynamics across the evolution of the ancestral
GNCA to modern TEM-1 enzyme.

Dynamics. We analyzed the dynamical information
gathered from the generated TPS trajectories and found that
there are significant differences between the dynamics present
in the two active sites for this preacylation step that forms the
oxyanion. We show the movements between the hydrogen
bonds of four reaction coordinate residues and the substrate
throughout transition state formation in both the ancestral and
modern enzymes.

Ancestral Enzyme. 1t shows low mobility, as seen in Figure
6. Lys234 has the smallest distance between the residue and
the substrate in the ancestral enzyme, reaching a bond length
of around 1.7 A 30 fs before the transition state as it interacts
with the benzylpenicillin oxygen O12 while forming the anchor
cavity. The bond between Asnl32 and the substrate oxygen
016 does not reach below 3 A and is not seen in Figure 6 for
the ancestral enzyme.

Modern Enzyme. The distances of the hydrogen bonds
between the catalytic residues Asnl32, Asnl70, Lys234,
Ala237, and benzylpenicillin oxygens for the modern TEM-1
enzyme are also shown in Figure 6. We see significant

13644

dynamics present in the modern enzyme before the transition
state as Asnl70 forms a hydrogen bond with Glul66, but it
remains static within the ancestral enzyme’s active site.

Over the course of 200 fs leading to the reaction event, the
residues in the ancestral enzyme remain nearly static compared
with the extant TEM-1 S-lactamase. Ala237 in particular forms
a hydrogen bond with the O8 oxygen of the C7=08 carbonyl
about 100 fs before the first transition state occurs in the
modern enzyme. As the bond breaks, the carbonyl becomes
polarized promoting the nucleophilic attack for the second
transition state. While the reaction mechanism and structure of
the active site remained constant over the course of 3 billion
years of evolution, clearly there was a significant increase in
rapid dynamics. The presence of rapid dynamics and increased
substrate specificity imply a possible connection between the
presence of rate-enhancing rapid dynamics and increased
substrate specificity, as well as increase the catalytic activity by
2 orders of magnitude.

Electric Fields. Lastly, for the preacylation step, we
calculated the electric field along a dipole in the active site
for both the modern and ancestral structures. To study the
effect of the active site electric field in the ancestral and
modern f-lactamases, we analyze a carbonyl found on the
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Electric field calculations were done on C15=016.
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Figure 8. Electric field projected on the C15=016 carbonyl found on the substrate benzylpenicillin for the ancestral (left) and TEM-1 (right)
enzymes. The Mulliken charges were calculated and projected along the dipole at points before, during, and after the transition state(s). The
electric field overlays the distance between the 237 residue and the O8 oxygen.

substrate, which we labeled C15=016. The p-lactam ring While the peak electric field of the modern enzyme is only 8

carbonyl C7=08 is a part of the reaction mechanism and is MV/cm greater, the effect of the active site electric field is
significantly reoriented as the tetrahedral intermediate is quite different. The active site residues are nearly static in the
formed, resulting in an oxyanion. Figure 7 shows the ancestral enzyme, while the motions in TEM-1 vary greatly and
reorientation that prevents C7=08 from being suitable for form hydrogen bonds with several benzylpenicillin oxygens.
our electric field calculation and also shows the C15=016 This provides a possible explanation for both the minor
carbonyl. difference in magnitude and the role of the electric field itself
To get an accurate dipole approximation, we calculate the in each case.
electric field on the C15=016 carbonyl as this group remains In the ancestral enzyme, due to the lack of dynamics, the
rigid with little reorientation and is the only substrate carbonyl peak in the electric field is an effect of the chemical reaction, as
group suitable for this calculation.”” Ser70 attacks the f-lactam ring carbonyl. In the modern
Figure 7 shows the electric field projected along the dipole enzyme, the dynamics causes the electric field to drive the
throughout transition state formation. The ancestral enzyme formation of the transition state. The polarization of the f-
peaks at =230 MV/cm in the transition state. In the modern lactam carbonyl that correlates with the dynamics of Ala237
enzyme, the electric field peaks at —238 MV/cm, 17 fs before shown in Figure 8 coincides with the peak of the electric field
the first transition state. The size of the electric fields is larger in the modern enzyme, beginning around 12 fs before the first
than those determined experimentally (140—175 MV/cm).* transition state. The stabilizing effect of the Ala237 amide
Our calculations are slightly limited due to both a non- hydrogen on the O8 benzylpenicillin oxygen decreases as the
polarizable force field, resulting in higher calculated values for distance between the two becomes larger, contributing to the
electric fields, and the dipole approximation for the field. While sudden increase of the electric field.

there are significant advances in polarizable force fields,”>*” Additionally, the orientation of the benzylpenicillin in the

this is not something we can apply using the CHARMM force active site of the ancestral enzyme and the Ser70, Thr237, and
field, more advanced field modeling is probably not warranted. Asnl132 residues contribute to the highly polarized carbonyls.
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Figure 9. Mechanism of the acylation of the tetrahedral intermediate. Multiple proton transfers from Glu66 to Lys73, Lys73 to Ser130, and Ser130

to the benzylpenicillin nitrogen on the f-lactam ring.
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Figure 10. 100 fs showing the formation of product bonds and the transition states for the ancestral (left) and modern (right) enzymes.

The modern enzyme’s residue contribution of the amide
hydrogens stabilizes these charges, resulting in a similar-sized
electric field. While there are correlations with a stronger
electric field contributing to an enzyme’s catalytic rate, in this
ancestral GNCA enzyme, there are less electrostatic stabilizing
bonds than in the modern TEM-1 due to the orientation of the
substrate. This calculation points to the conclusion that while
the size of the electric field matters, timing and orientation
along a reaction coordinate are also critical.

Step 2 — Acylation of the Tetrahedral Intermediate.
To complete the acylation mechanism, we took the tetrahedral
intermediate formed in the first step and performed transition
path sampling on the second step that results in the acylation
of the tetrahedral intermediate. The second step also includes
multiple proton transfers but is less debated than the first part
of the oxyanion formation. The scheme showing the acylation
is shown in Figure 9: Lys73 donates a proton to Ser130, and it
receives a proton from Glul66, and the nitrogen we labeled
“N4” takes the Ser130 proton. Once the acylenzyme is formed,
the beta-lactam ring breaks between the N4 nitrogen and the
C7 carbon.

Transition States. The reactive trajectories generated
through transition path sampling are slightly different between
the ancestral and modern enzymes. We started the sampling
method with the tetrahedral intermediate as our reactant. In
the ancestral, Glul66 immediately loses the H2X atom to
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Lys73, as Lys73 donates a proton to the other Glul66 oxygen
and remains protonated. This happens before the next transfer
of the Lys73 hydrogen to Ser130 as shown in Figure 10: the
modern enzyme does show the initial transfer of Glul66
hydrogen to Lys73. In both cases, the proton transfers occur
essentially instantaneously within 10 fs of each other.

Reaction Coordinates. The reaction coordinates calcu-
lated for this second step in the acylation mechanism were
nearly identical to those for the first step. The two steps
contain all of the same catalytically relevant residues, and it fits
that the reaction coordinate residues are the same as well. In
the ancestral, we see the same exact reaction coordinate
residues as the first step: the QM region, Asnl32, Prol67,
Lys235, Gly236, and Thr237. For the modern enzyme, we see
only one change in the reaction coordinate residues; the QM
region, Asnl32, Asnl70, Lys235, Gly236, and Ala237. The
roles of the residues from step 1 stay the same, and Asnl170 is
accounted for, as well.

Asnl70 is directly related to the catalytic water and
Glu166'* and is not found as a reaction coordinate residue
in the modern enzyme. Glul66 is the catalytic base and its
catalytic role is essential for the reaction, particularly pertaining
to the ester hydrolysis."”*" Studies show that Asn170
coordinates with Ser70, Glul66, and the catalytic water and
is required for the enzyme to hydrolyze a penicillin substrate at
a wild-type level catalytic rate.”'
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Figure 11. Distances between 4 of the identified reaction coordinate residues and their corresponding bonds to the substrate benzylpenicillin over
the course of 200 fs in the ancestral enzyme (top) and modern TEM-1 (bottom) for the acylation of the tetrahedral intermediate.
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Figure 12. Electric field projected on the C15=016 carbonyl found on the substrate benzylpenicillin for the ancestral (left) and TEM-1 (right)
enzymes for the second step. The electric field overlays the distance between the 237 residue and the O8 oxygen in the ancestral, and the Asn132

residue and O16 in the modern as well.

Dynamics. As the reaction coordinates remained the same,
we calculated the distances between the same atoms as in the
preacylation step. The results shown in Figure 11 are
dramatically different than those in the first step and between
the two enzymes.
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The ancestral one clearly has more dynamics in this second
step than the first. Particularly, Thr237; it moves closer to the
substrate 100 fs before the transition state and after the
transition state. Thr237 is known to stabilize the O8 oxyanion,
and the dynamics present after the transition state is when the
oxyanion forms a double bond with C7 during the acylation
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step. Lys234 is also a part of the oxyanion hole, and we see
dynamics present with that specific residue in the ancestral
enzyme. We do not see this same motion from Ala237 in the
modern enzyme or Lys234, although the same mechanism
occurs. Ala237 is much more static in this step along with
Asnl170 and Lys234. The main change from step 1 is that we
see Asnl132 move toward the substrate right after the transition
state. Once again, the distance between Asn132 and O16 is
above 3 A in the ancestral enzyme, so that is why it is not
shown in Figure 11.

As the mechanism evolved over time, we see that the
dynamics present are different for the ancestral and the
modern enzyme. In the first step of acylation, the ancestral
enzyme active site is static, and the modern involves dynamics.
In the second step, it is almost reversed as the modern enzyme
is nearly static except for Asn132. This potentially plays a role
in the differences in specificity, as for the modern enzyme once
the tetrahedral intermediate is formed the enzyme is primed
for the following steps to lead to breaking the f-lactam ring. In
the ancestral enzyme, however, penicillin is not the only
possible antibiotic, and as the enzyme accounts for other
substrates, this second step is not as readily available.

Electric Fields. Finally, we repeated the process to calculate
the electric field projected along the C15=016 dipole for the
second step. There is a significant difference between the two
enzymes as well as compared to the electric fields in the first
step. The results are shown in Figure 12.

We see in the ancestral enzyme that for the acylation of the
tetrahedral intermediate, the electric field peaks before the
transition state, at —228 MV/cm. In the modern enzyme, the
electric field peaks in the transition state at —180 MV/cm. In
the first step, the modern enzyme peaks before the transition
state as a result of the dynamics seen as residue Ala237 moves
toward the benzylpenicillin O8 oxygen. In this second step, the
ancestral enzyme shows an increased presence of dynamics
concurring with this peak in the electric field before transition
state formation. In both steps, the enzyme that has dynamics
drives the electric field, while the enzyme that lacks dynamics
shows that the electric field is driven by the chemical reaction
itself.

The modern enzyme electric field is much lower than in step
1, and this is most likely due to the Asn132 hydrogen moving
close to the O16 oxygen that we calculate the projection along.
This is not seen in the first step or in the ancestral enzyme, and
this stabilizing effect explains the lower electric field value.

B CONCLUSION

The evolutionary path followed by f-lactamases shows how
mutations both specialized and increased enzymatic efliciency.
This was accomplished at least partially through the
introduction of protein dynamics. The results show that
modest changes in the active site structure are augmented by
changes in the body of the protein, which causes the
development of rapid protein motion. This in turn can mold
the dynamic electrostatic environment to optimize the modern
enzyme.

The evolutionary changes uncovered through this transition
path sampling study showed differences among transition state
formations, reaction coordinate residues, and electric fields in
the ancestral GNCA enzyme and its extant TEM-1 f-lactamase
for both steps in the acylation mechanism. Despite the minor
structural changes, the mobility of the active site in the modern
enzyme plays a significant role in the effect of the electric field.

In the ancestral enzyme, the peak in the electric field
corresponds to the effects of the chemical reaction for the
formation of the tetrahedral intermediate. The modern
enzyme, however, presents that the dynamics is responsible
for the peak in the electric field as it corresponds to the
polarization of the f-lactam ring carbonyl before the
nucleophilic attack during the same step. The reverse is seen
during the acylation of the tetrahedral intermediate, as the
presence of dynamics in the ancestral GNCA during this step
also shows the electric field peaking before the transition state.
All of these differences have a level of correlation to the
presence of rate-enhancing dynamics found in the modern
enzyme and missing from the ancestral. We suggest that these
results have significant implications for the field of protein
engineering in terms of creating specialized enzymes and rate
enhancing catalysts. Clearly, the second step of this reaction
does not happen without the first. This suggests that free
energy barriers associated with the first step are at least
partially controlled by rapid promoting vibrations in the
modern enzyme, allowing the second step to occur. The values
of free energy barriers for both steps in these enzymes are
unknown and are a current investigation in our group using
our unbiased TPS methodology.*”

B METHODS

System Preparation. We started with the crystallized
structure from the Protein Data Bank with PDB ID: 4b88 for
the ancestral GNCA enzyme and PDB ID: 1fqg for the modern
TEM-1 p-lactamase. The modern enzyme contained the
benzylpenicillin substrate, while the ancestral GNCA was in
its apo form. To add the benzylpenicillin substrate to GNCA, it
was copied from the modern structure into the active site using
Schrédinger Maestro.*

This structure is an intermediate with the nucleophilic Ser70
oxygen (OGX) and benzylpenicillin carbon (C7) bond at 1.89
A, so we had to minimize our crystal structure to return it to a
prereactant state. All methods employ the CHARMMA42
program.**** Structures were solvated by placing the protein
with the substrate into a water sphere with the TIP3P water
model.***” Neutralization was accomplished by placing 9
sodium ions within the system. Minimization followed,
through 50 steps of steepest descent and then 2000 steps of
the adopted basis Newton—Raphson (ABNR) method. The
minimized structure showed the distance between Ser70
oxygen OGX and benzylpenicillin’s C7 to be 3.23 A, which
returned the initial intermediate structure to a reactant state.

We apply the QM/MM method and so partitioned the
system into two regions, QM and MM. QM residues were
treated with the semiempirical method AM1, which has shown
successful applications in these systems.'” The boundary atoms
were treated with the general hybridized orbital (GHO)
method,*® and the QM region included 70 atoms consisting of
the substrate benzylpenicillin and residues Ser70, Ser130,
Glul66, and Lys73 shown in Figure 12. The boundary atoms
for these 4 residues are labeled as follows: Ser70:CBX,
Ser130:CBY, Glul66:CD, and Lys73:CB. The classical (MM)
residues were treated with the CHARMM36 Force Field."”
The parameters for the substrate benzylpenicillin were
generated using Discovery Studio.*’

Once the system was prepped with both QM/MM regions,
it was slowly heated to 300 K, beginning with 15 ps of
harmonic constraints excluding the TIP3P water molecules
and hydrogen atoms, followed by S ps of small harmonic
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constraints, and finally 10 ps, with harmonic restraints on QM
heavy atoms. The SHAKE algorithm was used for the
hydrogen atoms. It was then equilibrated with QM on for 15
ps with harmonic restraints; then we removed the harmonic
constraints, and equilibration ran for 60 ps.

For the second step of acylation, we took the final structure
of the tetrahedral intermediate from a reactive TPS trajectory
and performed equilibration.

Transition Path Sampling. With our equilibrated
structures, transition path sampling simulations were used to
generate ensembles of reactive trajectories. The QM atoms
were specifically labeled, as shown in Figure 13.
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Figure 13. Labeled QM atoms are used to define order parameters for
TPS for the formation of the tetrahedral intermediate.

First, we defined order parameters: the preacylation reactant
state consists of the Ser70 and benzylpenicillin S-lactam ring
carbon distance remaining OGX-C7 > 1.6 A, the Ser70
oxygen—hydrogen donor bond OGX-HGI1X < 1.1 A, and
catalytic water oxygen—hydrogen donor bond OH2X-H2X <
1.1 A. The product state is defined as OGX—C7 < 1.6 A, the
catalytic water oxygen and Ser70 hydrogen OH2X—-HGI1X <
1.1 A, and the Glul66 oxygen and catalytic water hydrogen
OE1-H2X < 1.1 A.

To generate an initial biased trajectory, harmonic constraints
were used to force OGX—C7 to a distance of 1.45 A with a
force constant of 16 kcal/mol, OH2X—HGIX to 1.0 A at 8
kcal/mol, and OE1-H2X at 1.0 A at 5 kcal/mol. This 500 fs
generated trajectory connects the reactant state to the product
state. It contains the two proton transfers, and then the Ser70
nucleophile attacks the carbonyl and is then subjected to the
shooting algorithm.*® At a random time slice along this biased
trajectory, we perturb the momenta randomly drawing from a
Boltzmann distribution, and a new trajectory propagates
backward and forward in time for 250 fs. Over 150 reactive
trajectories were generated to make up the transition path
ensemble.

Committor analysis was used to generate our transition state
ensemble.”* Along the reactive trajectory, we generate
momenta randomly from a Boltzmann distribution at each
time slice approaching the expected transition state, and the
system again propagates forward and backward. We repeated
this process S0 times for each random slice and recorded the
results of that slice committed to the reactant or the product
state. We identified the isocommittor point in each reactive
trajectory, the point along the reactive trajectory that has a 0.5

probability of committing to either the reactant state or the
product state, which is our transition state. The collection of
isocommittor Points from the reactive trajectories makes up
the separatrix.”’ For the ancestral GNCA enzyme, there was
one isocommittor point, or transition state, found, but the
modern TEM-1 f-lactamase has two isocommittor points
corresponding to sequential transfers.

To find the reaction coordinate residues, we guessed a set of
residues to constrain and perform a committor analysis. These
residues are a collection of the degrees of freedom required for
the reaction to reach the transition state and are orthogonal to
the stochastic separatrix.”> We generated a 250 fs trajectory
with the candidate reaction coordinate residues constrained,
starting from an identified transition state. We ran dynamics at
points along this trajectory, generating random momenta from
a Boltzmann distribution and then performed committor
analysis on those “constrained-walk” trajectories. If the correct
reaction coordinate residues were constrained, then the
probability of each point along this constrained-walk trajectory
would peak at 0.5.°" If it does not peak at 0.5, we repeat the
process again with a new guess for the reaction coordinate
residues. This process was continued until we found two sets
of residues for each enzyme that cause the commitment
distribution histograms to peak at 0.5. In the case of the
modern enzyme, an additional reaction coordinate was found
for the second isocommittor point.

The same procedures were performed for acylation of the
tetrahedral intermediate step as well. Figure 14 shows the
essential labeled atoms for the order parameters for the second
step.

HG1Y
0GY
H SER130
H-O
HZ2
H..H
o—H2X nNE
LYS73
GLU166—
0

Figure 14. QM region with donor—acceptor atoms labeled for the
second step.

The initial biased trajectories were generated by using
harmonic constraints to force Lys73 NZ—H2X to a distance of
1.1 A with a force constant of 15 kcal/mol, HZ2—OGY to 1.1
A at 11 kcal/mol, and HG1Y—N4 at 1.0 A at 9 kcal/mol. The
reactant state order parameters for the modern TEM-1
distances are as followed: the Glul66 oxygen and catalytic
water hydrogen OE1—-H2X < 1.2 A, Lys73 NZ—HZ1 < 1.2
A, and Ser130 OGY—HGI1Y < 1.25 A. The product state is
determined once the three protons are transferred: H2X—NZ
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<125 A, OGY—HZ1 1.25 A, and benzylpenicillin N4—HG1Y
1.25 A,

The ancestral enzyme is slightly different, due to the first
donor—acceptor pair of the Glul66 H2X and Lys73 NZ. This
transfer occurs instantly, within S fs of the trajectory, making it
impossible to perform the shooting algorithm on a biased
trajectory including this transfer. Therefor we defined the
following order parameters for the final acylation step in the
ancestral enzyme: Lys73 NZ-HZ2 < 1.25 A, Ser130 OGY-
HG1Y < 125 A. The product state is defined after the
transfers, so that HZ2-OGY < 1.25 A and benzylpenicillin N4-
HGL1Y < 1.25 A. Following the initial biased trajectory, the
transition path ensembles were formed and then committor
analysis was performed to identify the transition states, and
finally reaction coordinate residues were found using the same
method as in step 1.

Electric Field Calculations. We studied the electrostatic
interactions in the active site by calculating the electric field
along the substrate’s C15=016 carbonyl. The charges that
make up the active site in this case came from the
superposition of all electrostatic contributions from the QM
region as well as the rest of the classical atom protein within a
cutoff of 12 A. For both systems, ancestral GNCA and TEM-1
P-lactamase, we calculated the Mulliken charges before, during,
and after transition state formation for multiple reactive
trajectories. The forces projected along the benzylpenicillin
carbonyl come from all atoms in the active site along with the
classical atoms with a cutoff of 12 A:

. R-%
E = Z charge - —; _53
! "IR; - R (1)

The contributions of charges / are summed to produce the
field on point j. We calculated the field on C15 and a separate
field on O16 to find the projection along the C15=016 axis.
The electric field on the dipole is the result of 1/2 the sum of
the two fields on C15 and O16. The configuration of the active
site is responsible for the electric field.””** The process was
repeated in an identical manner for both systems and both
steps.
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