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Abstract
Bacteria maintain their cell shape and resist the cytosol's internal pressure by constructing
a cross-linked polymer, peptidoglycan. The penicillin-binding proteins (PBPs) are a
ubiquitous family of glycosyltransferase and transpeptidase enzymes that maintain and
develop peptidoglycan in bacteria. The transpeptidase domain is the primary target of b-
lactam antibiotics and is particularly interesting to drug discovery and the study of
bacterial growth and division. Despite their ubiquity and interest, the individual roles of
PBPs are not well understood, partly due to a lack of selective chemical tools. To this
end, the Carlson lab in the Department of Chemistry at UMN has developed PBP1b and
2Xx co-selective b-lactone probes that are click-chemistry capable activity-based probes
(ABPs). This thesis primarily focuses on dynamics-contextualized structure-activity
rel ati on-s bBcp s n e-lactamnbibitdrs to rationalize and predict affinity and
selectivity for individual inhibitors in PBP1b and PBP2x. Chapters 2 and 3 describe
structure and dynamics analyses of inhibitors bound to PBP1b, providing a greater
context for binding modes within and between series of inhibitors. Importantly, we found
the average distance of the b-lactam carboxylate to the motif 11l lysine to be capable of
rank-ordering inhibitors by their kinact/Ki. Additionally, we identified a chloride ion in both
X-ray crystallography and molecular dynamics to be ubiquitous in non-carboxylate
c o nt a i-lactomegnhilitors, potentially rationalizing their ability to bind despite lacking
the negatively charged moiety. Chapter 4 focuses on using and optimizing free energy
perturbation (FEP) simulations to predict affinity and selectivity changes for analogs of
7Az. This work expanded the available understanding of simulation parameters

necessary for rigorous free energy estimates for irreversible covalent inhibitors. Finally,
(Y,



we propose multiple 7Az analogs predicted to have greater selectivity for PBP1b over

PBP2x compared to currently available b-lactone ABPs.
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Chapter 1: |l ntroducti on

1. The Bacteri al Cel | Wa l |

Bacteria rely on a layer of peptidoglycan exterior to the cytoplasmic membrane to
resist the cell's internal pressure and prevent bursting. In Gram-positive bacteria, the
internal pressure, or turgor, can reach up to 20 atm.! In Gram-negative bacteria, it ranges
from 2-4 atm.2® Additionally, the peptidoglycan layer regulates the cell shape.*s
Peptidoglycan is composed of glycan strands connected by short peptides that are
crosslinked (Fig. 1a). Glycan strands are made of b-1-4 linked N-acetylglucosamine
(GlcNAc) and N-acetylmuramic acid (MurNAc) sugars that are anchored to the cell
membrane by a pyrophosphorylated-undecaprenyl (C55-PP) group linked to the
MurNAc.®

Mur NA c-8 gl-lactoyl group is an attachment point for the stem peptide
composed of D-Ala, D-Glu, D-GIn, and other unusual amino acids and linkages. The
structure and composition of peptidoglycan can vary between species or strains of
bacteria. In Streptococcus pneumoniae, the pentapeptide is initially L-Ala-D-iGlu-L-Lys-
D-Ala-D-Ala, where D-iGlu is eventually amidated to D-iGIn by the MurT/GatD complex.”#
The entire undecaprenyl-glycan-peptide group is known as Lipid II.? Lipid Il precursors
are polymerized by peptidoglycan glycosyltransferases (PGTs) (Fig. 1b). Long
peptidoglycan chains are crosslinked by transpeptidases (Fig. 1b) in order to develop

mature and structurally rigid peptidoglycan.
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Stem pept-ldekcngsmechani sm of peprtanogeéptciadhasdai hpr,i wh

perf or m icnrkoisnsg of adj a'®ent stem peptides.
1.PBP I nvolvement in Baciteroal Growt h &

Penicillin-binding  proteins  (PBPs) function as either bi-functional
glycosyltransferases (GTs) and transpeptidases (TPs) or monofunctional transpeptidases
that are often essential enzymes. Bacteria encode 4i21 PBPs that fall into three
categories. Bifunctional class A PBPs (aPBPs) possess glycosyltransferase and
transpeptidase (TP) domains that cross-link glycan strands and stem peptides.it Six
PBPs are found in S. pneumoniae. PBP1a, 1b, and 2a are class A bi-functional GT and
TPs that polymerize lipid Il precursors to form glycan chains and perform peptide cross-
linking, respectively.*12 PBP2x and PBP2b are class B monofunctional transpeptidases
that perform peptidoglycan synthesis.82 PBP3 is a D-D-carboxypeptidase. Importantly,
selective inhibition of PBPs leads to morphological defects in cell shape.

For example, inhibition of PBP2x by methicillin leads to elongated and deformed
cells, attributable to interference with septal ring closure.®®* Genetic deletion of PBP2x is
non-viable, reflecting its essential nature in bacterial growth.:* PBP2b is primarily
responsible for peripheral cell wall synthesis, as morphological defects in low PBP2b
expression mutants and non-viability upon on deletion.»415 Both class B PBPs are
essential for cellular growth due to their seemingly orthogonal roles in septal and
peripheral peptidoglycan development. PBP1b, while not individually essential, has been
used as a model enzyme primarily because high-resolution X-ray structures of soluble

constructs of PBP1b (PBP1b*) can be produced more easily than other PBP isoforms.26



PBPs are key members of the divisome and the elongasome, large protein
complexes required for division and cell elongation, respectively. While the PBPs have
been reported to interact with several members of both complexestizo, significant gaps
remain in our understanding of how the PBPs facilitate bacterial cell growth and division.

Il n contrast to other-l dbatcama s as t thdattampd naluye
antibiotics or express efflux pumps to actively transport antibiotics out of the cell, S.
pneumoniae primarily gains antibiotic resistance by mutations in PBPs and mosaic gene
transfer of PBPs genes from other streptococcal species.?!' 23

As PBPs are critical drug targets for the treatment of bacterial infections, the roles
of these proteins in bacterial growth and division have also been the subjects of intense
investigation.’"8 Se v er a l PBPs are also involved 4+n the
lactam antibiotics.1724128 S, pneumoniae is an ideal model organism in which to perform
PBP functional analyses and to explore the utility of potential new chemical probes and
inhibitors, as it possesses a relatively small collection of PBPs and utilizes both division
and elongation machinery during its growth and division processes.8
1.2.1 PBP Structure

PBPs possess three regions, i n which the
approximately to the N-terminal and linker domains,and t he f@Abodyo regi on
the C-terminal TP domain (Fig. 2a) . The TP domain <cogshgeti ses
sur r oun delicestanyd islighly conserved in multiple PBP structures (TPs and
carboxypeptidases). The PBP active site features three highly conserved motifs in the TP
domai n, t -lactams bind. Motib | is an SXXK sequence where the conserved

serine acts as the active-site nucleophile that either promotes the transformation of the
4



native substrate (the C-terminal D-Ala-D-Ala moiety of the PG stem peptide) or covalently
i nt er a c {astamwdiugshMotif Il possesses an S(Y)XN(C) sequence, and motif Il
includes K(H)T(S)G (Fig. 2b). Despite the low sequence similarities among different
PBPs, the overall structural conservation of these maotifs is very high: the position of the
conserved active-site residues often varies by less than 1 A.102420135

The PBP active site can also be described as an elongated tunnel, where inhibitor
side chains are positioned in two distinct pockets. Pocket | is flat and located toward the
back of the active site, pointing awalyis
close to this loop region and harbors residues that stabilize aromatic rings in different
inhibitors.1¢ Pocket | is shown in Figure 3, where the phenyl of penicillin G roughly
occupies the pocket. It is primarily flanked by Ser 457, Ser 459, Met 556, and Asn518.
Pocket Il consists of Ser 516, Val628, Thr629, Lys651, Thr652, and GIn686. Pocket Il
consists of multiple motif residues and is much larger, while Pocket | is more hydrophobic

and flatter due to the orientation of the residues within the pocket.

from

1
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Figoeirxray structure of penicillinmnr®alteumde pirod s EPBoRcEkedt,0 nh i

(above), containing four representative residues involywv



and Met 556. Pocket 11 is shown below, with four repres:«

Val 628, Thr 629, Lys651, and Thr 652.
1.3 Achhasved yPrABRS

Activity-based protein profiling (ABPP) probes are typically small-molecule probes
with a reactive warhead group, a linker, followed by a tag. Warheads may be electrophilic

or photoreactive to provide labeling of enzyme active sites (Fig 4a).%

—~
< — w 1"
\J Re p o rttaegr
ProteinWarhead Linker (Fluoropahfofriena)gg y Cl irckactsiubistratep

B
One-step labeling H —_— H

- -

D Y A Y
Two-step labeling <_| e <_| A_, H
Figdir&Gener al out pbrobeotleABBR gewi tharadnre@d),( drienker (bl a
reporter tag (green), and possiblydebeokdi ngaoni amesula
approm6Gener al ovewstviepwaamfledpmwdabel ing approaches, in wh
tag is already | i nksetdept)o otrh et hwea rrheepaodt t{emanreh a g dti & i aldal e d 3

targestepwo

In cases where the cell permeability of the probe is problematic or a wide variety

of reporter tags are used, a two-step approach to attach reporter tags post-labeling can
8



be advantageous to improve the physicochemical properties of the probe prior to labeling.
These two-step approaches are primarily possible due to advances in bioorthogonal
chemistry like copper (I)-catalyzed azide-alkyne cycloadditions (CUAAC) reactions or
copper-free cycloaddition reactions.3739

Some experiments may require that non-specific labeling is minimized, which
introduces a challenge in choosing and modifying a warhead with high enough reactivity
to label efficiently and enough specificity to minimize non-specific binding. The linker
length is essential to display the tag appropriately in solvent for functionalization. The third
component, the tag, can play many roles. Examples include fluorophores like fluorescein
or rhodamine and click-chemistry handles like azides or alkynes. Depending on the label,
analysis may be performed with gel electrophoresis, mass spectrometry, or fluorescence
microscopy.

Some of the first activity-based protein profiling was arguably in the 1970s, using
radiolabeled Penicillin G to identify the existence of multiple homologs of PBPs in
bacteria. Furthering this technology, Tipper and Strominger developed other penicillin and
cephalosporin analogs for covalent affinity chromatography to capture and release PBPs.
They were able to elucidate the roles of single PBPs in cell wall biosynthesis and cell
shape by selectively inhibiting or mutating homologs.443 In 1999, Eli Lilly published a new
activity-based probe for studying PBPs.+ The authors from Lilly noted that isotope-labeled
penicillins for labeling PBPs suffered from accumulation of hazardous material, time-
intensive experiments ranging from days to weeks, and lack of commercial availability.
To overcome this, they developed BOCILLIN-FL, a derivative of penicillin V, attached to

boron-dipyrromethene (BODIPY-FL) as a labeling reagent. They obtained ICso values for
9



a series of dazlactams for PBP2x in S. pnuemoniae. While BOCILLIN-FL labels PBPs, it
does so relatively unselectively, as penicillin V is noted as a global PBP inhibitor. Given
the lack of selectivity, the Carlson lab observed that answering questions about individual
PBP isoforms was intractable given the currently available tools.4> Specifically, while
studying the localization of PBP2x in S. pneumoniae during mid-to-late division, they
found that active PBP2x had different localization patterns that changed depending on
the division stage. They could not confirm if PBP2x remained in the outer division site by
fluorescent D-amino acid (FDAA) labeling, as FDAAs were coselective for multiple PBPs.
Genetic deletion of essential PBPs is unfeasible to overcome this obstacle. The artificial
fusion of single PBPs with large fluorescent labels was likely to perturb the biology of
PBPs, as they are typically membrane associated and form large multimeric complexes
for the construction of peptidoglycan. Additionally, fusion tagging provides only an
indicator of localization for the fused protein construct, not the activity of the enzymatic
domain. To better understand the activity and localization of individual PBPs during
stages of cell division, they aimed to develop more selective activity-based probes. b-
lactones (2-oxetanones) are a class of compounds noted as electrophilic for active site
serine residues.* Of particular interest was the inhibition of a D, D-carboxypeptidase ClpP
in Mycobacterium smegmatis, as well as hydrolysis by a b-lactamase enzyme for the 2-
oxetanone-containing natural product obafluorin.474¢ Consequently, Sharifzadeh et al.
synthesized a series of b-lactone probes analogs by linking an amino acid to the core 2-
oxetane, followed by their fluorescent tag and a linker, hypothesizing it would better mimic

currently known inhibitors like penicillin G.
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Sharifzadeh et al. found that of the b-lactone probes synthesized, all fluorescein-
tagged probes targeted PBP1b. This is in contrast to the available b-lactam activity
profiling data collected by the Carlson lab, which indicated that most b-lactams are
relatively selective for PBP2x or PBP3.4 Their criteria were defined by apparent ICso
values for each PBP isoform was generated for a series of b-lactams by a BOCILLIN-FL
competition assay in live cells. Briefly, the BOCILLIN-FL competition assay was
performed by centrifugation of an S. pneumoniae culture and resuspension in PBS
containing varying concentrations of inhibitors. The cells were re-centrifuged, supernatant

removed, and washed. The resulting pellet was resuspended with 1 pM BOCILLIN-FL
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and incubated at room temperature for 30 minutes, followed by lysis and SDS-PAGE
analysis. To obtain ICs0?P values, integrated density for each band was measured and
normalized to protein loading, followed by the construction of dose-response curves.

The lowest IC50?PP value was compared to the next most inhibited PBP. If the
ICs02P value was at least 4-fold lower than the next most inhibited PBP, that compound
was considered selective for the most inhibited PBP. If a second or third PBP was below
the 4-fold threshold, the compound was considered coselective for those PBPs.

The Db-lactones studied were varied by their amino acid diversity group. They
included a variety of hydrophobic side chains to more closely mimic common b-lactam
antibiotics, which frequently contain phenyl or hydroxyphenyl groups (Fig. 5b). The least
selective b-lactone probes were D-Ala, Gly, and a lactone-only probe. These probes
tended to label 4-5 PBPs, although never inhibiting PBP3. Their study of fluorescein-
tagged hydrophobic b-lactone probes showed that L-Ala, Val, Phe, Tyr, and Trp were all
coselective for PBP1b and PBP2x as determined by the fluorescent intensity of individual
bands assigned to each isoform by SDS-PAGE. A stereochemical change from L-Phe to
D-Phe was noted to introduce coselectivity for PBP3 in addition to PBP1b and 2x.
Importantly, they noted that their b-lactone probes lacked the pharmacophore carboxylic
acid that is ubiquitous on b-lactam antibiotics, as well as the D-Ala-D-Ala C-terminus of
the substrate.

These studies raised many questions regarding the novel scaffold for PBP activity-
based probes. First, why are b-lactones consistently selective for class A and class B
PBPs, while none label PBP3? Second, given the lack of negatively charged carboxylate,

how does b-lactone binding differ in PBP transpeptidase active sites compared to b-
12



lactams and the natural substrate? Chapter 2 primarily focuses on the second question,

while the lack of binding to PBP3 by b-lactone probes remains unanswered.

14Thermodynamics and Kinetics of Covalent Lige
Unlike traditional small molecule ligands binding to macromolecules like proteins,
activity-based probes follow a two-step mechanism for an inhibitor | and its corresponding

protein target P.

0 ‘G 0do° 0 ©

First, the unbound protein and inhibitor form a reversible complex P:1, where the
potency of this complex is defined by K, defined as the concentration of inhibitor required
for half of the maximum potential rate of covalent bond formation, Kinact. Following the
reversible complex formation, a reaction must occur, in which the protein and reactive site
of the ligand form a covalent bond, P-I. b-lactams' case is considered irreversible, as the
hydrolysis rate of b-lactams is typically on the order of days compared to the high Kinact.5°
Overall, the kinac/Ki is a second-order rate constant that describes the efficiency of
covalent bond formation. Experimentally, kinact/Ki can be challenging to obtain compared
to typical non-covalent affinity measures.s!

Traditional affinity parameters for non-covalent ligands like ICso data have proven
inadequate to describe the potency of small molecule covalent inhibitors, mainly due to
their dependence on both time and protein concentration. Consequently, kinact/Ki values
are essential to fully understanding the structure-activity relationships and translatability
to in vivo potency. The Carlson lab has developed an end-point competition assay with

BOCILLIN-FL to obtain kinact/Ki values for PBP inhibitors in live S. pneumoniae cells.
13



Briefly, by obtaining the pseudo-first-order rate constant kobs in a live cell gel-based
fluorescence assay for different inhibitor concentrations of BOCILLIN-FL and performing
linear regression analysis, the second-order rate constant kinact/Ki for BOCILLIN-FL in the
different PBP isoforms can be obtained. From this, a gel-based end-point competition
assay with BOCILLIN-FL can be used to calculate b-lactam and b-lactone kinac/Ki values.
The structure-activity relationship now includes two aspects: the probe's non-covalent
binding affinity and the warhead's reactivity. Both may increase overall potency, although
low affinity and high reactivity inhibitors tend to be too non-selective to be useful in a drug
development context or in many biological assays. In addition, a lower K directly implies
a lower concentration of inhibitor needed to reach one-half the maximum covalent bond
formation rate, which can be advantageous in both a research and clinical setting.
Because of this, both aspects of binding must be optimized to improve the overall potency
and selectivity of a covalent inhibitor.
15Mol ecul ar Simul ations

World War Il marked a significant turning point in electronic computation, partly
due to the Manhattan Project's efforts and the breaking of the Enigma code. Many of
these new electronic computers were built within US national labs for military
applications.s2 Due to these advances in computing hardware, scientists aimed to apply
the new electronic computers for use in molecular simulation. The mid-1950s introduced
two pillars of molecular simulations: Monte Carlo (MC) sampling and molecular dynamics
(MD).52'5« Monte Carlo simulations estimate properties of systems by sampling at random

from a probability distribution appropriate to the ensemble of interest.
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Molecular dynamics approachesthes i mul ati on of mol ecul
equations of motion for classically-modeled particles in the system of interest. By
numerically integrating forward in time, one obtains information regarding both the
statistical properties by time averaging and the evolution of the system over time, known
as the trajectory. While MC sampling is briefly addressed, molecular dynamics is a
cornerstone of the computational research in this dissertation and will be the primary
focus of discussion.

Of particular historical note is the work of Rahman and Stillinger, who reported
molecular dynamics simulations on models of liquid water in 1971, providing essential
insights into the characteristics of diffusion and intermolecular interactions within water.ss
Six years after, J.A. McCammon, B.R. Gelin, and M. Karplus published the first MD

simulations of a globular protein bovine pancreatic trypsin inhibitor.5¢ Another notable

es

achievement i n MD was Ander senos extension

pressure ensembles in 1980, previously untenable by the methodology at the time.s”
Shortly after, Nosé followed a similar strategy to Andersen, providing the methodology for
coupling kinetic energy to an external temperature, resulting in the Nosé-Hoover
thermostat.s85° Significant advances in algorithms and applications for biomolecular
simulation have occurred between the first molecular simulations by Alder and Wainright
in 1957 and the 215t century, culminating in Warshel, Levitt, and Karplus sharing a Nobel
prize in Chemistry in 2013.

In 2024, MD simulations are now commonplace in chemistry, biochemistry,
biophysics, materials science, and drug discovery. Recent advances in computing

hardware, mainly graphics processing units (GPUs), have significantly increased total
15
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computing capabilities.®® These hardware and algorithmic advances converge to modern-
day MD simulations, where systems can now include hundreds of thousands to billions
of atoms®:, and simulations are breaking the millisecond timescale by specialized
computing hardware like Anton.¢2

Still, molecular dynamics suffers from a variety of issues. Namely, they depend on
the accuracy of the force field describing the underlying intramolecular and intermolecular
forces. Many important statistical and thermodynamic parameters collected from MD also
require extensive sampling of the system's available configurational space. However,
simul ati ons of &alecal mgimda, unébte towwekcame high-energy barriers
and fully sample the available rugged free energy landscape to estimate the properties of
interest accurately. Various enhanced and biased sampling techniques have been
introduced to overcome this, such as replica exchange®, metadynamics®, and simulated
annealing.ss These algorithms aim to escape or artificially lower high-energy barriers to
improve overall sampling and increase computational efficiency.ss6?
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Molecular mechanics based computer-aided drug design (CADD) is particularly
suited to enhancing non-covalent binding affinity that leads to improvements in K, for a
series of inhibitors, given that molecular mechanics force fields primarily describe
intramolecular and intermolecular forces implicitly by parameterized functions (Fig. 6),
compared to ab initio calculations that approximate the Schrédinger equation and
describe electrons explicitly by numerical methods. By circumventing the computationally
expensive explicit description of electrons, it becomes feasible to perform large and time-
intensive simulations on protein-ligand complexes to obtain statistical and thermodynamic
properties. In contrast, mixed quantum mechanics/molecular mechanics (QM/MM)
simulations to obtain kinetic parameters are time-consuming to setup and analyze, may
require extensive fine-tuning/optimization, and can be challenging to correlate to many
typical biochemical assays. While QM/MM methods are vital for understanding reaction
mechanisms and other chemical and biological processes, the computing power and time
required prove a significant obstacle to their practicality in many chemical biology and
drug discovery contexts.

Computer-aided drug design is a growing field that aims to accelerate and
overcome challenges in early-stage drug discovery by modeling ligand-target complexes
to rationalize structure-activity relationships, develop new hypotheses for inhibitor design,
and better understand targets' relevant structures and conformations.s In particular,
much of CADD has focused on predicting inhibitor affinity to a biological target. Protein-

ligand binding is a vital component of inhibitor design. The advances in computing
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hardware and developments in molecular simulations like MD and Monte Carlo
techniques have provided a rigorous, physics-based methodology for calculating binding
free energies for a congeneric series of molecules. Modern binding free energy
calculations explicitly model solvents and can operate at temperature and ionic
concentrations relevant to cellular environments.?
16Al chemi cal FC aelec WEInaetrigoyn s

In a situation where a single ligand forms a reversible non-covalent stoichiometric
complex with a macromolecule at thermodynamic equilibrium, the free energy difference
between the free and bound ligand can be described by sampling (via MD or MC
simulation) a distribution of configurations, followed by computing the energy of each
configuration, and finally evaluating the partition function.”> The free energy difference
between two states is fundamentally related to the ratio of probabilities of each state.
Briefly, statistical ensembles represent systems where particular properties are held
constant. For example, the canonical ensemble (NVT) holds a constant number of
molecules, volume, and temperature. The isobaric-isothermal ensemble (NPT) holds a
constant number of molecules, pressure, and temperature. Here, the free energy 0 is the
Helmholtz free energy difference between two states “Cand "Qn the canonical ensemble
(NVT). Gibbs free energy "Ois equivalent in the case of the isobaric-isothermal ensemble
(NPT).7272

(Ao 0 O QY t—g—
(1)

The canonical partition function is given by:

18



(2)

Where Q is the Boltzmann constant, "Yis the temperature, “Y is the potential
energy as a function of coordinate and momenta # for a given state.”2 The integral is
evaluated over the phase space volume wQwhich is the total set of all allowed positions
and momenta of the system. By taking the statistical relationship of a free energy
difference in Equation 1 and performing some algebra, the relationship can be written
as:

&% oY 0 ? 2O
(3)

Where the brackets represent the ensemble average. Equation 3 is formally
known as either exponential averaging or as the Zwanzig relationship, named after Robert
Zwanzig, who derived the equation in 1954.7273 The Bennett Acceptance Ratio (BAR) and
Multistate Bennett Acceptance Ratio (MBAR) are further developments of the Zwanzig
relationship. Bennett derived an implicit function from the Zwanzig relationship to
minimize the variance of the free energy estimate.”” BAR estimates the free energy
between a pair of states at a time, while MBAR is an extension of BAR that allows for
estimating the free energy differences between two states, given the data from all states
sampled. MBAR has been shown to have the lowest variance of all estimators.”

All free energy estimators require sufficient phase space sampling for multiple
relevant states. Generally, calculations of binding free energies are either absolute

(op Gind) or relative (gp gp for a particular host-guest complex like an inhibitor bound to a
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protein. Absolute binding free energies require a different thermodynamic cycle

construction and are not the focus of this work. In the case of relative binding free energy

calculations, the following thermodynamic cycle is constructed:
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cryo-EM, or molecular docking. LigB is a related compound with a similar scaffold,

differing by a small number of heavy atom substituents. To calculate the relative binding
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observe these events with enough frequency to obtain reliable statistics for even a weak
binder is intractable for most contexts given current computation resources.’® In contrast,
pGa n d 1qaGbe obtained by computational alchemy and are much quicker to obtain
sufficient sampling for, in which LigA is slowly transformed into LigB by simulated
mutation, also known as computational alchemy. A’ coupl ing parameter o
transformation of A to B.
In this case, LigB is the end state (e~= 1) and LigA is the initial state (a-= 0). FEP-
based estimators like BAR and MBAR require sufficient overlap in phase space between
states to estimate the free energy accurately. Intermediate states are constructed
bet ween & = 0 and @& = 1 t Thesé roc-physical iatdrreediateu f f i c 1 «
states provide a method of scaling both Coulombic and Lennard-Jones (LJ) potentials for
LigA and LigB, allowing for a smooth transition between the initial and perturbed state.
Typically, lambda intermediates first decouple the noncovalent interactions for LigA,
followed by introducing Coulombic and LJ potentials for LigB. This approach is coupled
with a hybrid topology approach (Fig. 8a), where the LigA and LigB substituents' topology
exist simultaneously in the simulaton. The atoms scaled by the cou
in the dual topology region, while the unscaled atoms remain in the single topology region.
LigB is introduced using a slow scaling of Coulombic and LJ potential (Fig. 8b). Also, the
substituents for LigA are not allowed to interact with LigB, and vice versa. Importantly, the
Coulombic potential must be scaled to zero prior to reducing the Lennard-Jones potential
to prevent high magnitude charge-charge repulsion from causing numerical instabilities

due to extremely high numbers being calculated.
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These non-physical intermediate states provide an efficient pathway between two
physically relevant states. MBAR also provides an analytical method for calculating
uncertainty in the estimate.”.7s

To further enhance sampling of the phase space volume , techniques like
Hamiltonian replica exchange (HREX) and Replica Exchange with Solute Tempering
(REST/REST2) may be used.””"’® Hamiltonian replica exchange allows for a defined

interval for coordinate exchange between intermediates based on the Metropolis-

Hastings criterion (Fig. 9). 1 ndi vi dual trajectories defi

attempt exchange between a neighboring replica, which allows for improved sampling by
helping simulations overcome high energy barriers. REST increases the effective
temperature for intermediate states by re-scaling the Hamiltonian in conjunction with
attempting exchange between replicas. Increasing the effective temperature lowers the
high-energy potential energy barriers that classical MD ineffectively samples to allow for
more efficient sampling of the potential energy surface. In REST2, the interaction energy
between solute and solvent is re-scaled at higher effective temperatures to maintain

protein compactness at higher effective temperatures.®®
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As larger perturbations typically share lower phase space overlap with the initial
state, choosing perturbations for a large set of compounds is vital for efficient
convergence of the simulations. All perturbations are constructed individually in star-type
maps, with no perturbations occurring between final states (Fig. 10a). In the wheel-type
maps (Fig. 10b), closed thermodynamic cycles are constructed by perturbing between
the initial and all possible final states and between final states. Doing so would mean that
thef i nal sum of @G val ue s? Howeverahisésyfteh otthei | | e q
case due to ficycle closure hysteresiso or a

hysteresis provides another method of identifying and diagnosing problematic

24



perturbations that may not have sufficient sampling, convergence issues, an unrealistic
initial state, or force field parameter inadequacies. Finally, optimal maps (Fig. 10c)
minimize heavy atoms perturbed between initial and final states while introducing closed
thermodynamic cycles to calculate cycle closure hysteresis. Optimal map algorithm
examples include Lead Optimization Mapper (LOMAP) and PyAutoFEP6 s per t ur bat i

map generator.2283
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cycles for hys@eéwesexamplheégtsyopbe. oppetritruarlbat i on maps, wher
perturbations and the number of heavy atoms perturbed

mol ecule in a closed cycle for hysteresis analysis.

Overall, perturbation map choice and careful construction of perturbation pathways
are essential to accurately and efficiently estimating a compound's relative binding free

energy changes. Chapter 4 focuses further on the analysis of these simulations.

Chapt:&str2ictur al PAnacltyosnes Porfobes with PBP1
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2. 1.1 Back glaoctane Actiatf-Based Probes

The expression, spatiotemporal localization, and mechanisms of the individual
PBPs are not fully understood. While the different functions of several PBPs have long
been studied using methods such as deletion strains or fusion constructs (e.g.,
fluorescent or affinity tags), those strategies provide an incomplete picture, as they cannot
specifically report on PBP catalytic activities. To overcome this limitation, Erin Carlson at

the University of Minnesotat ° - 4 cartd others* ¢ . have utilized activity-based probes (ABPSs)
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to selectively characterize PBPs in an activity-dependent manner. In general, these ABPs
have relied upon modi fi c at-lactam scaffbldscwhiohmemicc i al |y
the native stem peptide substrate of the PBPs (Fig. 11a). However, previous work from

the Carlson group has shown that the utility of these molecules is limited, as they often
simultaneously inhibit numerous PBPs or target some PBPs only rarely, making the
development of tools to explore these isoforms difficult (e.g., PBP2a and PBP2b in S.
pneumoniae). ¢ 8Phus, expansion of the chemical space used for the design of PBP-
targeted probe molecules is essential and may also lead to the identification of new
scaffolds for therapeutic development. Later, the Carlson groupr e por t e-ldctohes,at D
based on a 3-amino-4-methyl-2-oxetanone scaffold, can specifically target the PBPs in a

full proteome.4s. 86This result was not anticipated, as this scaffold lacks a negatively
charged moiety to mimic the carboxy terminus of the native substrate (within 37 3.6 A of
carbonyl carbon) that is thought to be essential for active-site recognition and is found in

all clinically approved PBP inhibitors (highlighted in blue, Fig. 11a).8 8This striking result

and the fact that alteration of -lamtoneanalagpt e st er
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drastically changes their PBP-isoform selectivity prompted us to further explore this novel
PBP inhibitor class's binding mode(s).

Our collaborator, Andréa Dessen, at the IBS in Grenoble, France, produced high-
resol uti on st rlactone probessn camplexiwghuPBP1b*, a soluble form of
PBP1b from S. pneumoniae. Our analysis of the structural data shows that these
molecules bind to the PBP active site without a negatively charged functionality and also

point to significant variations in ligand-receptor interactions resulting from relatively minor
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changes in probe structure. Next, these novel structures were subjected to molecular
modeling and dynamics simulations to further elucidate the protein-ligand interaction
profile across this series of probes and pinpoint key structural features of the PBP1b
active site in ligand-bound and ligand-free states. Our results revealed key binding modes
of non-a n i o nlactone bgands to the PBP active site. They provided a necessary

foundation to guide the structure-based design of novel PBP ligand classes in future work.

22Materials and Met hods

2.2.1 Molecular Modeling

Simulations in this study were performed with Maestro v.2021-3 (Schrodinger, Inc.,
New York).2® Complexes of PBP1b* crystallized with 5Az, 6Az, 7Az, and 8Az were first

mutated from G656 to N656, with the lowest energy rotamer chosen. The azide handles

present in all | igands were manually edited u

types and charges, followed by minimization of the modified atoms. Solvent atoms were
kept in place. All structures were then
default settings with termini capped.® Hydrogens were minimized via the OPLS4 force

field.

2.3.2 Molecular Dynamics

Molecular dynamics simulations were performed using the Desmond software
within Maestro (D.E. Shaw Research, New York).°t The protein-ligand complexes were

solvated in an orthogonal box of PCM water with a 10 A buffer. The complexes were
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neutralized with Na+ counterions in addition to 0.15 M NaCl. The solvated complexes
were then relaxed and equilibrated using the default Desmond relaxation protocol. First,
an NVT simulation with Brownian dynamics was performed at 10 K with small time steps
and solute heavy atom restraints. A 12 ps NVT simulation was then performed at 10 K
with solute heavy atom restraints. Next, a 12 ps NPT simulation at 10 K and 1 atm with
solute heavy atom restraints was performed, followed by a 12 ps NPT simulation at 300
K and 1 atm with solute heavy atom restraints. Finally, a 24 ps NPT simulation at 300 K
and 1 atm was performed with no atom restraints. Following this protocol, a 30 ns NPT
simulation at 300 K and 1 atm was carried out with a 300 ps recording interval.
Simul ations were analyzed via the ASIimulati on
analysis tools provided in the Maestro workspace. RMSD and RMSF figures were
generated with Python 3.8.12 using matplotlib and seaborn libraries. The cosine content
of the trajectory PCs was calculated with Python 3.8.12 using MDAnalysis and matplotlib

libraries. 22

2.4 Results

2.4.1 Crystal Structures of PBP1b* Complexes

To obtain high-resolution structural data, the Dessen group crystallized a soluble
form of S. pneumoniaePBP1b, that harbors an Asn656Gly mu
maintain an open active site (PBP1b*).22 All four probes were soaked into PBP1b*
crystals, and data were collected at the ESRF synchrotron in Grenoble, France, allowing

us to obtain structures of 5Az, 6Az, 7Az, and 8Az covalently bound in the active site of
30



PBP1b* (PDB IDs 7ZUl, 7ZUJ, 7ZUK, and 7ZUL, respectively). In all four structures, most
ligand atoms were easily visualized and traced in the electron density maps, except for
the often highly flexible azide tails.

The three conserved catalytic motifs in the PBP1b* active site are Ser460-Thr461-
Thr462-X-Lys463, which incorporates the nucleophilic Ser460, Ser516-X-Asn518, and
Lys651-Thr652-Gly653. In all four complex crystal structures, electron density
correspondingt o t he probes indicates that, as expe
associated with the ligands. In addition to this covalent bond, several ligand-receptor
interactions are common to all four structures, including hydrogen bonding between
Asn518 and the secondary alcohol or the first amide carbonyl on the probe. We also
observed interactions with the backbones of Thr654 and Ser460. These two residues
form part of a conserved pocket known as the 0
complex prior to acylation; its formation is a key and obligatory step in ligand binding.®

| n dakctbne $iructures, a Cli atom (indicated as a gray sphere in Figure 12) is
located in close proximity (3.8 A) to Thr652 and Lys651 on motif I1I. Ligplots® indicate that
the primary interaction with the Cli atom is via Thr652, although Lys651 also points
toward the ion. The binding modes of 5Az, 6Az, 7Az, and 8Az within the PBP1b* active
site are broadly similar to that in which previously published boronic acid inhibitors (Fig.
3c) bind to Pocket | of PBP1b*, where the hydrophobic regions are located proximally to
the b3/ b4 | oop and the highly flexible azide
site.’6 Notably, the phenyl group of 8Az is also stabilized by a groove formed by the side

chains of Met556, Ile519, and Phe490 (Fig.12d).
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2.4.2 Molecular Dynamics Simulations of PBP1b* X-ray Structures

We utilized molecular dynamics (MD) to probe PBP1b* active-site conformational
flexibility, capturing a wider variety of dynamic intermolecular interactions between both
b-lactones and PBP1b and identifying short- and long-time-scale ligand-receptor
interactions that may affect inhibitor potency. In this study, we utilized in silico
mutagenesis to regenerate the wild-type PBP1b active site and MD simulations to capture
dynamic intermolecular interactions between these compounds and PBP1b. MD was
used to corroborate experimentally observed interactions and rule out interactions that,
while observed in crystallographic structures, may not maintain themselves over a
significant time scale. Furthermore, our approach allowed for the characterization of a
flexible protein active site when bound to a flexible ligand, including the study of solvent
dynamics.

To establish the simulation time necessary for extensive conformational sampling,
We first calculated CUroot-mean-square deviation (RMSD) values and the cosine content
of the principal components (PCs)® for PBP1b in preliminary dynamics runs. We found
that a 30 ns simulation time enabled sufficient system sampling, with protein RMSD
values stabilizing between 1 and 2 A, and the cosine content of the PCs consistently less

than 0.7. All subsequent dynamics simulations were therefore carried out for 30 ns.
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Molecular dynamics enabled us to prioritize the PBP1b ligand-receptor interactions
that most strongly contribute to ligand binding, as assessed by calculated interaction
fraction (IF). IF is defined as the simulation time in which an intermolecular interaction
occurs divided by the total dynamics runtime, as indicated by intermolecular distance and
angle criteria for that interaction type. For example, an IF of 0.5 indicates that an
interaction occurs during 50% of the entire simulation, and a fraction greater than 1
indicates multiple persistent ligand-receptor interactions. In all of our protein-ligand
dynamics simulations, the carbonyl oxygen in the acyli serine bond maintained interaction
with the backbone of both Ser460 and Thr654, as indicated by IF > 1 for Thr654 in all
ligands (Fig. 14). From our X-ray structures, We observed that both 6Az and 7Az (L-
configuration) interact with Asn518 (motif Il) via a direct hydrogen bond with the amide
carbonyl (Fig. 15).

However, dynamics predicted that the Asn518i 7Az interaction is far more
persistent than that of Asn518i 6Az, with IF values of 91% and 68%, respectively, which
is likely due to the presence in 7Az of a phenyl ring that securely occupies pocket | of the
receptor. Compound 5Az maintains a water bridge with Asn518 for 51% of the 30 ns
simulation and multiple water bridges to Met556. In contrast, 8Az (D-Phe) does not
significantly engage with motif Il. The orientation of 8Az allows for linker amide
interactions with both Asn656 and Met556 but not with Asn518 due to the D-Phe group

in8Azoccupying the space bdroadyethe madeledbAsidB56and b 3
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residue engaged in H-bondi ng wactorie prabes. Thé ubiquitously observed
chloride ion (Fig. 12) was predicted to maintain interaction with the ligand via Thr652 from
initial structures. Despite this, its IF of <10% suggests that interactions involving this CIi
are insignificant. Furthermore, the X-ray structures indicated an interaction between the
azide tail of 8Az and Glu659. This interaction fraction is <10% and is also predicted as

not significant.
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In all ligand-bound simulations, we confirmed the persistence of the experimentally
observed chloride ion (Fig. 12) occupyinga pocketpr oxi mal to mot i f 111 (

chloride ion is stabilized by a salt bridge with the protonated Lys651 (Fig. 16a). The study
of motif Ill has demonstrated it to be vital for catalysis in other PBPs, serving as an
electrostatic anchor for the terminal carboxylate of the D-Ala natural substrate or the

car boxy Hertanes (vind suppa).12%
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We hypothesizedt hat t he absence o flactanetganddatbows | at e

for an anion binding site to form in this pocket, as Lys651 and Thr652 participate in a
dense hydrogen bond network with a water molecule and the catalytic serine in a
previously solved apo-PBP1b* structure (PDB: 2BG1).2 In other solved PBP1b*
structures with carboxylate-containing small molecules, this carboxylate interacts directly
with motif Ill via hydrogen bonding with Thr652.2° From previous data as well as our own,
we hypothesized that this pocket becomes available for anion binding upon active-site
rearrangement following ligand binding, enabling the lactone-based probes to effectively
bind the PBPs despite the lack of a negatively charged moiety. Figure 16b highlights the
salt bridge interaction fraction between Lys651 on motif Ill and the observed chloride ion
occupying the active-site pocket. In all ligand-bound structures, the IF for this salt bridge
was greater than 90%, providing a rationale for the high occupancy of the CIi ion across

structures.
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Analysis of ligand root-mean-square fluctuation (RMSF) with respect to the protein
backbone can be used to compare the stability of ligands within the same active site. In
addition, ligand RMSF with respect to the initial ligand pose can be used to compare the
movement of the ligand to its initial experimentally determined binding mode. We
observed lower RMSF values with respect to both protein and ligand for 5Az when
compared to 6Az. This is likely due to the additional stabilizing water bridges present with
5Az. RMSF values with respect to protein and ligand were similar for 7Az and 8Az.

However, 7Az exhibited a higher RMSF in its phenyl side chain and bioorthogonal handle.
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The phenyl ring of 8Az was observed in both X-ray crystallography and molecular
dynamics results to be stabilized by Met556 (Fig. 14, Fig. 15) with RMSF values for the

covalently bound region remaining relatively low (<2 A) across the probes (Fig. 18).
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As expected, the ligands' bioorthogonal handle and flexible linker region exhibited
the highest RMSF values, as they are the most dynamic portion of the molecules. Overall,
our MD simulations reliably reproduced many of the protein-ligand interactions observed
via X-ray crystallography, indicating the suitability of these calculations for the PBP1bi

ligand systems studied here, and were also able to capture key interactions with Asn656.
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The MD calculations also successfully probed solvent dynamics within the PBP1b active

site, including stable ligand water bridges.

2.5 Concluding Remarks

b-Lactones represent a novel class of PBP inhibitors and a valuable tool for the
study of PBPs in an activity-d e pendent manner bsomet hing that
traditional biochemical methods that have been applied to PBPs. Labeling experiments
with these ABPs have revealed unique selectivity profiles among 5/6/7/8Az despite their
chemical similarity, illustrating key features that can be exploited to optimize ligand
binding. For example, PBP1b appears to be fairly promiscuous in the lactones that it will
bind. In addition, PBP2x may require a relatively large and hydrophobic group for binding,
as it was only labeled with Phe-containing probes and not with the Ala-functionalized
derivatives. Finally, PBP2b appears to favor probes with a d-configuration in the diversity
element, as it was only inhibited by 5Az and 8Az.

Previous structural analyses of the PBP1b* transpeptidase domain revealed
di stinct conformations for the b3/ b4 »20Oarop t ha
structur al bi ol ogy and dynamics 4aeteheprdbes conf i
within the PBP1b active site and call attention to the conservation of participating active-
site residues in the -hattunmamb, p-laqgiodes.dtbaskebrb st r at
not ed pr evi olacwrhsyalohghwihtthe naturabD-Ala peptide substrate, there
are three conserved binding features.2 Fi r st |, the substrateds amid
Asn from the second conserved motif and the b

terminal pepti de -lacam tadoxylateantemctsovia hytrégen bénding
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with the KTG motif. Third, the carbonyl oxygen sits within the oxyanion hole. Here, our
results further highlight these daotoneseWhileed bi n
X-ray crystallography captured many of the direct interactions made with the more stable
portion of the probe, molecular dynamics was needed to capture the interactions between
flexible portions of the ligand with both the protein and solvent molecules. In lieu of a
carboxylate group in the lactone-based probes, motif Il appears to participate in the
formation of an anion-binding site. It has previously been noted that the conserved lysine
of mot i f L1 i n other PBPs serves eaovaleatn nel e
binding in carboxylate-containing ligands.3+ Strikingly, our data indicate that not all PBP
inhibitors require this interaction for binding.
Our analyses via X-ray crystallography and molecular dynamics characterized the
bi ndi ng macthmres, asfwellbas the active site of PBP1b in the presence of
coval ent | y-lactonesu "Wk ddmonstrated conservation in protein-ligand
interactions between this series of probes, as well as chemically distinct ligands observed
previously. These results shed I ight on the
lactams, the D-Al a s ubst r at-lacionesa inchanmaberizingdthe protein-ligand
interactions and active site of a flexible system like PBP1b, a static perspective is
insufficient to fully capture the relevant intermolecular interactions. In particular, we
quantified the persistence of many solvent interactions and ligand interactions with
Asn656 and identified empirically observed interactions that did not maintain for a
significant time scale. Molecular dynamics simulations from crystallographic structures
serve as a gui de f o r-lactomedindng withicPBR1b,ad welbaatee s o f |

optimization of these probes in future studies. Additionally, insight into these key
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interactions within a novel PBP binding chemotype provides foundational knowledge for

the structure-based design and development of PBP inhibitors and probes in the future.

Chapt:&st raict ur al DPAnaacltyasm sAnotfi bi oti cs with F

31l ntroducti on

3.1.1 Chemistry of b-lactams

Because many PBPs play an essential role in the growth and division of bacteria, they

are a key antibiotic targett As pri mary targets odactgms ®BPsi | | i n
have emerged as popular targets of anti-infective therapeutic design. b-lactams are a

large and diverse family of bactericidal drugs, including cephalosporins, penicillins,
carbapenems, monobactams, and penems. These compounds all share a 2-azetidinone

core, the four-membered cyclic ring that enables the drug the ability to act as an
irreversible coval ent i nhibitor via sesrine n
lactams are classified based on the ring fused to the reactive 2-azetidinone. Penicillins

are fused to a five-membered ring containing sulfur, forming a penam core, whereas
cephalosporins contain a six-membered sulfur-containing ring that forms the cephem

core. (Fig. 19a) Their primary mechanism of action is covalent inhibition of the PBP
transpeptidase domain (Fig. 19c). By irreversibly occupying the transpeptidase active

site, they prevent further catalysis, weakening the cell wall and rendering the bacteria

susceptible to lysis. Cephem-b a s e dactains exhibit a unique chemistry due to

del ocali zation of t he troa ngheni ftr oedecrofittieo h 0 nsey s

dihydrothiazone ring.®” When heteroatom-containing R? groups are present, such as in
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ceftriaxone, the substituent will act as a leaving group upon acylation and ring opening.®’
By contrast, in cefditoren and cephalexin, no heteroatom-leaving group is available, and
the molecule remains uncleaved despite ring opening and acylation. A *H NMR study of
cephalosporin hydrolysis points to the elimination of the leaving group as not in concert

with C-N bond cleavage, although it is unclear if this mechanism is consistent among all

cephalosporins.®
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Figdm@eA)The fsliaxct ams studied ampicillin, methicillin, p
cephalexin. The cephal osporin core amnadz epteindiicniolnlei ne lceocrter
B)A previously crystallized PBP1lb* apo structure (PDB:

the GT/ TP interdomain region in pitnekr,mitnhad TdR mé&do maiim

Additionally, the three consheirgvheldi ghhBH nngo ttihfesi raesep altd ad |
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PBP1b* acCjAresisnmptle.f i ed brheacchtaanm sant yfloart i on by PBPs, wher

Ser 460 athlaaccktsant heel ectrophilic carbon.

While overall sequence similarity between PBPs is generally low, there is high
sequence conservation the three signature motifs. Briefly, motif | sequences are
consistently SXXK and include the nucleophilic serine. Motif 1l is defined as SXN, where
N typically plays a role in non-covalent recognition of the ligand via hydrogen bonding.
KTG is the third motif in the TP active site, and the positively charged lysine serves to
form a salt bridge with either the c-termus of the substrate stem peptide or with the
u b i g ui-lactann sarbbxylate.22®° The PBP1b active site can be viewed as a solvent-
exposed channel with two opposing pockets, Pocket | and Pocket Il. Pocket Il is
composed of a mix of charged and non-polar residues, including Ala 499, Val 628, Lys
651 (motif 1ll), GIn 686, and Asp 658. Pocket | is relatively flat, more hydrophobic than
Pocket II, and composed of Ser 457, Ala 459, Asn 518 (motif 1l), and Met 556. As well,
Pocket | is f-bankedpbgonthai B3ng Asn 656.

Previous studies on interactions between PBPs and non-carboxylate-containing
molecules such as b-lactones and boronic acids indicate that Pocket Il may be occupied
by non-charged moieties in the case of boronic acids or by negatively charged ions from
solvent i n tldctenesés®sl en oPfB PHadiams d@nd mechanism-based
inhibitors including b-lactones follow a two-step mechanism of inhibition. First, a
reversible complex is formed between PBP1b and the inhibitor, followed by a nucleophilic
attack by Ser 460 of Motif | in the TP active site, forming an irreversible complex with the
inhibitor. This nucleophilic attack is facilitated by Lys 463 of Motif | acting as a proton

acceptor for Ser 460. This mechanism is supported by QM/MM calculations with the
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natural substrate.®® Of particular importance for antibiotic design is the established
translatability of structure-activity relationships between similar isoforms. In previous
work, the Dessen group identified ten boronic acid PBP2a inhibitors via crystallographic
fragment screening of PBP1b*. These compounds were found to occupy either Pocket |
or Pocket Il with Pocket Il binders demonstrating strong bactericidal activity against
MRSA .16
To bett er ulactme birdingaim this nbodel enzyme, AndréaDe s seno6 s

group has crystallized six inhibitors with the soluble PBP1b*cess construct (Fig. 19a).
N656 has been noted as an essential residue in apo PBP1b as it forms a hydrogen bond
with the A499 backbone effectively closing the active site in the absence of a ligand.2
Consequently, mutation to G656 enables ligand-soaking into PBP1b* crystals, allowing
for the production of numerous high-resolution structures. These six inhibitors were
chosen based on R*and R2groups and included three representative penicillins: penicillin
G, methicillin, and ampicillin. As well, three representative cephalosporins were
crystallized: cephalexin, ceftriaxone, and cefditoren. We hypothesized that highly active
b-lactams would form strong hydrogen bonds and/or salt bridges with the major PBP
binding motifs. In pursuit of a structure-g ui d ed r a t-lactam dihdeng Witlirr thisb
model enzyme, we employed molecular modeling and dynamics to more extensively
sample relevant conformations of our ligand-bound structures. In-silico mutagenesis
allowed for modeling of the N656 active site. Molecular dynamics was utilized to
guantitate protein-ligand interactions and conformational flexibility of inhibitors and active
site residues. The resulting structural data were contextualized with recently obtained

knacKidat a for 5 oflactarhse 6 studied b
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3.2 Materials and Met hods

3.2.1 Molecular Dynamics

X-ray crystal structures (PDB: TBD) were processed in Maestro v2023.28 by

constructing two sets of initial structures, G656 and N656, by the mutagenesis tool,

foll owed by preparation via Schrodinger6s

including termini caps. Following preparation, the acyl-enzyme complexes were placed
into an orthorhombic water box at 0.15 M NaCl with a 10 A buffer, neutralized by the
addition of Na ions. Molecular dynamics were performed with Desmond using default
equilibration protocol and random initial velocity seeds for production runs. Ensembles

were generated by concatenating triplicate 50 ns trajectories and clustering using

Desmondbds trajectory <c¢l ust ertitmRyISDa RMSE,rand h m

interaction statistics were obtained using the Simulation Interaction Diagram tool. All
simulations were run on resources at the Minnesota Supercomputing Institute (MSI) at

the University of Minnesota.

3.3 Results

3.3.1 X-ray Crystallography

All b-lactams in our solved structures interact with backbone nitrogens of S460 and
T654 that make up the conserved oxyanion hole. (Fig. 20) As well, all b-lactam amide
nitrogens share a common hydrogen bond with the backbone carbonyl of T654. Both sets

of interactions are characteristic of PBP inhibitors that mimic D-Ala-D-Ala, where the
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second amide mimics the penultimate Pphepti de
carboxylate hydrogens of ampicillin, penicillin G, and ceftriaxone all interact with residues
K651 and T652. Cefditoren, cephalexin, and methicillin all share a key conformation
where the carboxylate is flipped away from motif 1ll/Pocket II, and instead is located
adjacent to Y498 and A499 on the solvent-exposed loop. (Fig. 20) All three penam b-
lactams (pencillin G, methicillin, and ampicillin) demonstrate similar binding modes for the
R1 amide, where the nitrogen hydrogen bonds to the T654 backbone of Motif IIl, and the
amide carbonyl to N518 on Motif Il. Ampicillin differs from penicillin G only by a single
heavy atom, but introduces chirality to the R1 group. The benzyl and dimethoxy phenyl
groups are fairly solvent exposed and do not appear to engage in significant interactions
with ligands. Interestingly, although cephalexin shares an R1 group with ampicillin, its
chiral amino moiety forms a hydrogen bond wi
nonchiral nitrogen does not.

The conformation of the b3- b4 loop was the major deviation between PBP* X-ray
structures. I n particul ar 6 TabléZalagvgthteeovefalb r G6 5 ¢
RMSD between CUG6s between solved structures

structure when compared to a previously solved apo-PBP1b*cess structure (PDB: 7ZUH).
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structures wisapoasPB@atepmwrpigehli ghting the varied backb
t hB8-b4 oop.

In methicillin, the b 3b 4loop shifts significantly (~1-2 A from other inhibitors), suggesting
a steric clash between the R1 group and the b 3b 4loop with the G656 mutation. This
may be even more significant in a PBP1b*ness-bound structure when a bulkier sidechain
is present. The observed conformational rearrangement necessary to accommodate

methicillin may contribute to its low Kinact/Ki.

. . Cy RMSD G6560dad st a

Il nhi bitor |G65®B, e g) apé) to apo (
Penicillin-58. 4, +14/0. 6668 4. 38

Met hicilli-13. 8, +98/0. 63014 5. 49
Ampicillin-53.6, +14/0. 6098 4. 07
Cephalexin-62.-31. 4 0.5741 3.57
Cefditoren-57. 8, +14/0. 6330 4. 37
Ceftriaxon-46.-98. 6 0. 5928 3. 84
Tab2ieBackbone phil/l psi angles for G656 n(ziyiétmed esdgrraiecd)ur efs .

structures wer e CARN®D.i mpotshe dtHReMSDv eéroalalpoC and t he dista

the apo G656 anedniywocévecodmplerney!l (in Angstroms) are shoyv

Ty pi c ddcthms formbinteractions with the lysine of motif Ill, mimicking the C-
terminus of the natur al substrate. Surprising
carboxylate was pointed away from motif Ill (Fig. 20a). Additionally, these compounds
have an unusual dihedral angle (Scheme 1, Table 3) compared to a prototypical b-lactam
binding mode. From these crystallographic structures, the rationale for these significant
changes in acylated pose between b-lactam rings is unclear. Almost all active site atoms
are in similar positions, with the b 3b 4loop being the only significant exception, as noted

in Table 2.
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Overall, the structures here represent an extensive collection of high-resolution (<2
Ang) b-lactam-bound PBP1b* structures. While most sidechains did not vary in position
between structures, the b3-b4 loop displacement and ( angle of G656 varied significantly
between inhibitors. Significant changes in ligand binding mode were observed between

closely related b-lactams.

o HO. _O
HO—<
/ »

>Z\NH g460 ZSNH - S460
A, ek,

\(O H NYO

R' R1

HN

SchemieHi ghlighted in blue is the dihedral angle for bot

wit-ha¥X crystallography.

Inhibitor C-C-C-N Dihedral Angle
(deg)

methicillin -60.4

Cephalexin -177.0

Cefditoren -176.3

Ampicillin -25.3

Ceftriaxone -23.9

Penicillin G -24.9

Tab3ieTabl e of di hedr al angl enziymedwgcegst Abr setauobt acegl v

inhibitor. The dihedral angle is defined by the scheme

52



3.3.2 Molecular Dynamics

While the N656G mutation is an essential strategy for straightforward
crystallization of ligands with PBP1b, it removes a critical active site residue that
participates in intermolecular interactions with ligands and the conformational changes in
the active site relevant for ligand binding. Therefore, we sought to better understand the
structure and dynamics of both the inhibitors and the active site via molecular modeling
and dynamics. Using molecular modeling, we created in silico mutants of the enzymes to
reestablish N656, as well as further sample the relevant conformations of our crystallized
inhibitors using molecular dynamics. We produced ensemble trajectories using three 50
ns replicas given different initial velocity seeds with both the crystallization mutant and
PBP1b*ness. From these, we generated statistics on ligand binding poses and interactions
to better understand the structure-act i vi ty r elacteamsiroRBBlb.i p of b

Penicillin G has the highest kinact/Ki crystallized thus far. Penicilin G has a
phenylacetamido group attached to a penam ring. (Fig. 19a) The pose from X-ray
crystallography indicates thBh4 tbep pilwnyPBPLIbD
Molecular modeling and dynamics simulations provide additional context to this binding
pose, where the ring can o0 ebcdupyo otph ey rsopavcee abnedt !
Penicillin GO0s most s ampdsse simulatons fare simiar toithen s i n
crystallographic pose. The R! phenyl translates back and forth in and out of Pocket I,
making weak hydrophobic interactions. These are likely less favorable energetically than
one might expect, as the pocket is relatively solvent-exposed. The carboxylate forms
strong and persistent interactions with K651 and T652 of motif Ill. Penicillin G also forms
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persistent hydrogen bonds between S460, T654, S516, and Y498. (Fig. 21) Between the
G656 and N656 simulations, there is no significant change to the conformations sampled.
In PBP1b*ness, K463 also participates in electrostatic interactions with the carboxylate.
Ampicillin is closely related to penicillin G, with a 2-amino-2-phenylacetamido
attached to the penamring. Amp i c ikidac/Ki i$12000 + 310 (M s1), around 1/20th of
penicillin GO s a f dest MD tsignulationis nfor anipieillin, PtiBePriajor
conformations sampled were almost identical to the X-ray crystallographic pose,
interacting with K651 and T652 of Motif Ill. The chiral amine and phenyl are solvent-
exposed, sitting between the b 3b 4oop and the opposing loop, including Y498 and A499,

adjacent to Pocket |. Neither R! group makes significant interactions during the

A

simulations. I nteractions between ampicillino:

the sum of IFs for K651 and T652 and the carboxylate at 1.15.
In the PBP1b*ness simulations, an alternative conformation represents more than 50% of
the simulation time between triplicates. In this conformation, the chiral amine shifts to form
a hydrogen bond with N656. Figure 21 shows an aligned view of the top five poses
clustered by RMSD. The most frequent conformations are ones in which the amine points
towards N656. Consequently, the carboxylate orients out of Pocket Il (sum of IFs = 077
for K651 and T652) and the IF for the amine to N656 interaction is 0.6. (Fig. 21) In both
the G656 and N656 simulations, the carboxylate is the highest RMSF group, consistently
above 2.5 A,

From this data, it is clear that the presence of the N656 sidechain significantly
alters ampicillinds preferred conformat:i

interaction in Pocket Il via the carboxylate interacting with K651 and T652, further
54
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simulation points towards less persistent occupancy of the carboxylate into Pocket II.
These results underscore the importance of further investigation by molecular modeling.
In this case, it is unclear a priori whether the presence of the N656 sidechain significantly
alters the preferred bound conformation, although our simulations suggest ampicillin has

other low-energy conformations in PBP1b*nese.

penicillin G

HN .
. THR
b 9 L 99 02
H NG & O/
3 P \
R N 94%
H \

H20

Figadeopcl ustered poses from combined trajectoneiees for

aligned bWytprothei moGt popul ated cluster, hi ghlbdi ghting
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| actbamding. Additionally, interaction diagrams contain

the right of the clustered poses. .Hydrogen bonds are s

Fi g@2rie( aboVep 5 clustered poses from cnewbiitnle dc esg maull eaxtiir
alignelit obyt hG t opebkAswhnudra.ti on interaction diagram from
shown, highlighting the unusual carboxylate and ceph

simulations. Purple interactions-paréenhgdaogeonnbonds, al
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Cephalexin is comprised of a cephem with a small methyl R? group and a
benzylamine R?! group, sharing the same R! group as ampicillin. Cephalexin in the
PBP1b*cess simulations has a high mobility within the active site, with the phenyl ring
atoms having an RMSF of ~3-4 A. The R! amino and phenyl frequently flip, with both
occupying Pocket I. In the flipped R* conformation, an intramolecular salt bridge forms
between the positively charged chiral amine and the carboxylate that is pointed away from
Pocket I. When the R? group is in the X-ray crystallography-determined pose, it forms a
hydrogen bond with M556 backbone carbonyl oxygen and T654 in Pocket I. In either case
of the R! ring conformation, the carboxylate is never oriented into Pocket Il and instead
is solvent exposed. We hypothesize that the unusual pose of the cephem ring observed
is a reflection of the strain in the pre-acyl complex, which may raise the Kiand be partially
responsible for its extremely low kinact/Ki of 220 + 83 (M s1). (Fig. 22) For a productive
acyl ati on wi tdactangeometry, thacepghéneringowould have to flip almost
180 from the experimentally determined pose. The energetic basis for the geometry
observed, and the conformation of the Michaelis complex is currently unknown and will

likely aid in rationalizing the low affinity observed.
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Both combined trajectories for cefditoren had ligand conformations that closely
match the pose from X-ray crystallography. As mentioned previously, cefditoren
structures remain uncleaved due to their lack of heteroatom leaving group. The relevant
interactions include a persistent hydrogen bond between the R! aminothiazole ring
nitrogen and the G656 backbone amide nitrogen, with an IF of 0.73 (Fig. 23). In a similar
conformation as cephalexin, the carboxylate is flipped away from motif I, interacting with

N518 and A499 for a total IF of 0.9.

Cefditorends pose is stable in both G656 ar

with thhe I[Mdp backbone being relatively

intramolecular hydrogen bond between the and the oxime ether. There is currently no
avail abl e dat akine/iK. Howeved givenathe eepliEms ring being flipped 180
degrees away from the typical conformation, we hypothesize that it will be a relatively
low-affinity inhibitor. It is unclear what impact the lack of the R? leaving group during the

acylation mechanism has on the kinetics of binding.
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Cef t r i aXkammahiazgole Bits in Pocket | in both the X-ray crystal structure
and combined simulations, and the carboxylate firmly sits in Pocket I, interacting with

motif Ill. Ceftriaxone has a kinact/Ki of 9200 + 3200 (M s?), the second most active
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inhibitor studied. In PBP1b*cess, the aminothiazole does not seem to make any significant
interactions in simulations beyond hydrophobic interactions with residues in Pocket I. In
N656, this aminothiazole frequently flips and is stabilized by hydrogen bonding via both
nitrogens interacting with G557 and N656 adjacent to Pocket I. However, this ring flip
does not result in a significant enough conformational change to disrupt the occupancy
of the carboxylate into Pocket Il. Ceftriaxone makes the same intramolecular hydrogen
bond between the cephem nitrogen and the oxime ether as cefditoren, although it was

observed to be less frequent than in cefditoren.
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Figaaeasummary of methicillinds idgstaenrda cPtBiPald)2Pr s uimimariyn b

of interaction profiles, including resiBJiHiest ong rtahmsi notfe
interaction fractions, where hydrogen bonds (green), wae
bridges (red) are color | abel ed.

Met hicillinbdés most populated conformations

X-ray crystallographicp o s e cl osellggct dm, tthhes R1 a-methoyt i c ri
points into Pocket I, although this ring does not form any significant intermolecular
interactions nor is it stable within the hydrophobic pocket (Fig. 25a). We hypothesize that
the lack of significant interactions and additional polar groups via the ortho substituents
interferes with a strong hydrophobic fit. In the X-ray crystallographic pose, along with both
sets of simulations, the carboxylate is not pointed towards K651 or T652 of motif Ill. (Fig.
20a, Fig. 25a) Ov e r al-lactam takessfew bsignificant interactions with the
carboxylate or R! group and, importantly does not firmly occupy either Pocket | or Pocket
I Me t Knat/I€ iis1650i +n480s(M* s1), which is not surprising given its lack of

interactions compared to the other inhibitors studied.
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Fig2beli st ogrhbdms tcommboxyl gt e ol m@®i f |11/ pocket |1

estimates are shown, highlighting the multiple binding

I n gened alk i &mddiends to be higher when the carboxylate is oriented
towards Motif I1l. Motif 1ll, in particular, K651 and T652 in PBP1b, have repeatedly been
observed as important for high affinity.= Pocket | occupancy seems to be a less significant
determinant in affinity, as even penicillin G only weakly occupies Pocket | with its
hydrophobic group. Notably, the average distance between the carboxylate of the b-
lactam and K651 from MD simulations is able to rank-order the compounds by Kinact/Ki up
to the most active inhibitor penicillin G (Fig. 26). Ceftriaxone and penicillin G both have
similar distributions of carboxylate to K651 distances. Clearly, the occupancy of Pocket Il

and specific motif 11l residues does not account for the approximately 4-fold increase in

penicillin GO6s ac Becausetofthisaisceepancy, vé expedt that athere .

factors like the hydrophobic effect via displacement of water(s), the major conformations

of the free Iligands in solvent, and kinet

in PBP1b. Kinetic rates may be explained partially by the increased Woodward height of
the penam nitrogen for penicillin G compared to a cephem ring like ceftriaxone.:=s
Molecular dynamics and molecular modeling proved vital in this study, as N656 plays a
key role in ligand binding for some ligands (ampicillin and ceftriaxone) while being
insignificant in others (penicillin G, cefditoren). Importantly, information regarding
interaction persistence in major binding pockets could not have been obtained via

analysis of the X-ray structures alone.

3.3.3 Comparison to Similar PBPs by PoSSuM K Search
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https://www.zotero.org/google-docs/?TvM3sy
https://www.zotero.org/google-docs/?V6wyJf

We used the PoSSuM database and search webserver to rank similar ligand-
bound structures of PBP1b. Because the X-ray crystalllography data contained within this
paper had yet to be submitted to the PDB before publication, PoSSuM had no reference
to the structures in this publication. Therefore, we used a previously crystallized PBP1b
structure containing nitrocefin (PDB: 2UWX). A K Search in PoSSuM identifies and ranks
similar binding sites of other PDB entries with a query protein-ligand complex. A table of

the top 10 hits is shown below.

PDB | Cosine p- Aligned
# RMS D ( d Protein Name | UniProt ID
ID value value | length
Penicillin-
0.037
1 |3PBT |0.822 23 2.06 binding protein | G3XD46
147
3
Penicillin-
0.049 AOAOM3KKZ
2 |4WEJ | 0.803 23 2.11 binding protein
111 3
3
Penicillin-
1MW 0.028
3 0.833 22 1.58 binding protein [ Q93IC2
S 455
2a
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Penicillin-

0.042 AOAOH3JPA
3Z2G0 | 0.846 22 2.27 binding protein
881 5
2 prime
Penicillin-
0.043 AOAOM3KKZ
4WEL | 0.793 22 2.13 binding protein
084 3
3
Probable
peptidoglycan
0.045
6XQV | 0.841 22 2.53 D,D- P08149
268
transpeptidase
PenA
Penicillin-
0.055 AOA7U3Y2Z
3UE1 [ 0.868 21 2.24 binding protein
83 8
la
Penicillin-
0.037 AOA7U3Y2Z
3UE1 [ 0.893 21 2.39 binding protein
845 8
la
Penicillin-
0.043 AOAOH3JPA
3ZG0 [ 0.845 21 2.38 binding protein
536 5

2 prime
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Peptidoglycan
1 0.312
4R1G | 0.812 21 1.8 glycosyltransfer | CBW8H7

ase

Tab4-8&ummary of the top 10 K Sear cTthehiPtD8 flrDomsPcshdwWM, wa
the cosine si-mal ae i ftyr stcloate,cpsine similarity score, th

the RMBPo¢Cthat alignment i napnd tniePrdPatme of the protei

The first two unique hits from the K Search are PBP3 from Pseudomonas
aeruginosa (PDB: 3PBT, 4WEJ) and PBP2a from Staphylococcus aureus (PDB:
1MWS). The alignment statistics are shown above, as well as statistics from other ligand-
bound structures of PBP1b*. 10 of the 22 aligned residues in PBP2a are identical in
sequence to PBP1b*, and 9 of the 23 aligned residues are identical in sequence between
PBP3 and PBP1b*. Despite the relatively low sequence similarities, the active site
residues have a high cosine value in both cases and relatively low CURMSD (Table 4).
Therefore, we compared our observations in PBP1b* to the corresponding publications
from the query structures to identify similar trends in binding modes, conformational
changes, and structure-activity relationships between similar PBP TP domains between

species.
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Figam&uperi mposed binding sites from PoSSURBK: Sz@wx)h al
PBP3 (PDBandPPBP2a MWSDB: PBRhk*umoSesi dues are shown in
(Ppherug) nbeagreen, aundePBRP2hiI ISt bl ue. Resi dues are | ab

first, with PBP1lb* | abeling in parentheses.

Figure 27 shows the alignment of PBP3 and PBP2a to the PBP1b* active site. As
expected, the core motifs that are essential for catalysis are highly conserved structurally,
while the geometry di vbed glecsops,l ight wegl lonags helt
containing opposing loop. Notably, Han et al. found ligand soaking experiments
challenging due to the flexible loop regions that have been observed to regulate ligand
binding in PBP1b. Concerning PBP2a in S. aureus, Lim and Strynadka found a distortion
intheacyl Serr esi due between methicillin and nitroc
as a causative factor in methicillinds fAextre
penicillin G and nitrocefin, which was determined to be due to a low k2 value.18 In PBP2a,

they found nitrocefin to have a four-fold higher acylation rate (k2/Kp) than penicillin G, and
6 9



the higher acylation rate was pr iixéKrhadygt
to be determined in PBP1b, although penicillin G is similar in activity to the most active
reported cephalosporin cefotaxime, with a kinact/Ki of 52,000 + 4000 (M-1 s-1) compared
to penicillin Gds-1)BatHndrocovdlentassddaton &ntiithe acylation
i tsel f have -lactamactiviyandBP2a. n D

| n t he slactard-pound PBP® structures from Pseudomonas aeruginosa
by Han et al., they compared ceftazidime, imipenem, meropenem, aztreonam, and MC-
1. Ceftazidime was found to be stabilized by hydrogen bonding between the
aminothiazole, E291, R489, and Y409 (Fig. 27). The corresponding residues in the
aligned PBP1b* active site are S457, N656, and G558. These residues are all lining
Pocket | in PBP1b*, indicating that ceftazidime has a similar binding pose to ceftriaxone
and cefditoren in our study, in which the aminothiazole occupies Pocket I. However, our
MD simulations suggest that the hydrogen bonding of the aminothiazole in ceftriaxone is
inconsistent while being highly stable in cefditoren simulations. Han et al. also noted that
a water displacement score calculated from WaterMap by itself was able to rank order
the inhibitors based on their ko/Kp. The most active inhibitors tended to displace more
unstable waters and less stable waters. In this case, the displacement of unstable waters
affords a lower Kbp for inhibitors. While this has not been studied in PBP1b*, a similar
analysis may provide another avenue for further rationalizing structure-activity
relationships. Overall, the two highly similar active sites of PBP3 and PBP2a
superimposed by PoSSuM provide additional perspective on the structural rationale for

b-lactam kinact/Ki values.
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In our crystallographic and dynamics analysis, we primarily found inhibitor stability
within the active site via hydrogen bonding. Despite the numerous hydrogen bonds, the
b-lactam carboxylate to Lys651 distance in Pocket Il alone ranks the inhibitors by their
kinact/Ki up to penicillin G. The kinetic and thermodynamic contributions to the high
acylation rate observed for potent inhibitors like penicillin G have yet to be fully explored.
More insights into the structure-activity relationship of the inhibitors studied here will be
gained by further dissecting the kinetic and thermodynamic components of binding.
34Concluding Remar ks

Our work employed synergistic structural biology and molecular modeling to
assess structure-act i vity rel ati ons hiaptans ih Gireptoeddddsl b b ou
pneumoniae. Results reported here identified trends in inhibitor binding modes and how
they likely relate to kinact/Ki values obtained from whole-cell assays. In particular,
molecular dynamics trajectories suggest high occupancy within the polar Pocket Il as well
as stability of the acyl-enzyme complex as surrogate structural markers of high activity in
PBP1b. We expanded the current understanding of active site loop conformations in
PBP1b with N656 as a key residue in stabilizi

Compared to the PB2a inhibitor binding discussed above, we did not observe a
distortion in the position of the nucleophilic Ser residue as an explanation for methicillin
or cephal exi n ®Agregeowunderstandingi ovhow gctive site conformation
affects affinity is needed to fully capture ligand binding SAR in PBP1b. Future studies will
further investigate the thermodynamic and kinetic components of PBP1b binding affinity,

and shed light on active site loop residue conformations and their impact on overall
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binding affinity. Together, a comprehensive structural and dynamic understanding of
inhibitors and PBP active sites can be applied to the rational design of PBP1b inhibitors

toward development of novel antibiotic therapeutics and mechanistic probes.

CHAPTERead Opti miAz@BiPab/ 2x b ealcetcotnieveBasiedi ty

Probe

411 ntroducti on

To fully understand the role of individual PBPs within a live cell, chemical tools
must exist that probe individual PBPs. Prior experimental data from the Carlson lab
i ndi c at e-thctonéhcantainiag Lyrosine linked to fluorescein was coselective for
PBP1b and PBP2x. Given the consistent selectivity afforded by a large range of L-amino
acid diversity groups, along with our available structure of 7Az acylated to PBP1b* (PDB:
7ZUK), 7Az was the best lead compound for selectivity optimization between PBP1b and
PBP2x to obtain isoform-selective 7Az analogs. We also noted in Chapter 2 that 7Az6 s
aromatic ring points towards Pocket | in PBP1b*. However, no X-ray crystal structure has
been solved to date for 7Az acylated to PBP2x.

In this chapter, we focus on the design and optimization of a free energy
perturbation (FEP) protocol using molecular modeling and molecular dynamics to allow
for structure-based selectivity optimizati onlactoret ween
probes.

As experimental affinity data is particularly challenging to generate for these
probes within PBP1b and 2x, we used the L-Tyr derivative as a baseline for all future
designs. In particular, we performed relative binding free energy calculations for p-
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hydroxylation of 7Az in both PBP1b and 2x, and the magnitude of the gap in free energy
change was calculated ( qpqa &), providing the value Selip-2x. By calculating this
value, we were able to compare other predicted analogs to a probe that is already known
experimentally to co-label PBP1b and PBP2x*. Given a calculated Selib-2x for L-Tyr, any
value greater in magnitude was predicted to be more selective for PBP1b over PBP2x

compared to the L-Tyr probe. By doing so for a small library of 7Az analogs, we calculated

to rank order

the ratio of estimated selectivity between two compounds, A and B,

them in order of predicted selectivity. In this case, the largest negative values were
predicted to be most selective for PBP1b*, and the largest positive values would be most
selective for PBP2x when compared to the L-Tyr probe calculation.

Significant challenges are associated with the optimization of selectivity in this
particular case. First, experimental data on kinetics, thermodynamics, or Kinact/Ki are
unavai | adiattene grobas tobconstruct rational structure-activity relationships.
Second, PBP2x is a highly efficient enzyme and shares high active site similarity with
PBP1b despite their diverging roles in cell wall construction. Third, most optimization of
FEP has been performed in the context of lead-like and drug-like compounds, while 7Az
is not drug-like due to the number of rotatable bonds.

Given that the X-ray crystal structure available for 7Az (PDB: 7ZUK) is an acyl-
enzyme complex with the active site residue N656 mutated to Gly for ease of
crystallization, there were two major obstacles to obtaining the necessary pre-acyl non-
covalent protein-ligand complex in order to estimate binding free energies for these

analogs First, an appropriate Michaelis complex had to be constructed, providing a
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reasonable initial state for molecular dynamics. Second, G656 had to be mutated
computationally to provide a reasonable initial conformation for N656. N656 was seen in
Chapter 2 to be a key interacting residue with all probes in PBP1b*, thus it was deemed
necessary to be included for accurate free energy calculations. Finally, the steps outlined

above only provide insights into the relative affinities of 7Az derivatives within PBP1b.
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substituents and positions are varied to identify deri

and PBP2x.

To obtain selectivity estimates, a reasonable Michaelis complex of 7Az bound to
PBP2x was also necessary. Unfortunately, no X-ray crystal structures exist for this
protein-ligand complex. In this chapter, we focus on the efforts to obtain initial Michaelis
complex structures for PBP1b* and PBP2x, followed by validation and parameter

optimization of RBFE calculations using molecular dynamics. Finally, we provide both
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relative affinity and selectivity estimates for a series of 7Az derivatives and discuss future
directions for the structure-based design of isoform-selective PBP probes.

We hypothesized that either the introduction of bulky hydrophobic groups to
strongly disfavor binding in one PBP over another by steric clash or the introduction of
polar substituents to introduce isoform-specific hydrogen-bonding patterns with non-motif
regions would lead to experimentally observable changes in probe-selectivity between
isoforms. We also hypothesized that changes distal from the electrophilic ring would have
negligible effects on the rate of acylation and would primarily affect the non-covalent
binding affinity prior to acylation.

Figure 28 highlights the proposed amino acids for this study, where they were
chosen based on cost, computational feasibility for FEP, commercial availability, diversity
of the substituent position, and diversity of the substituent atoms to introduce both steric
and polar groups.

Free energy estimators like BAR and MBAR, which were discussed in Chapter 1,
require sampling of systems at equilibrium. Because of this, assessing if a simulation has
reached equilibrium is key to obtaining reliable and reasonable estimates. Typically, the
ppG is calculated at time intervals and
time-reversal of the data can provide insights into non-equilibrated regions of simulation
time. Time reversal is performed by estimating the change in free energy for the last N%
of the simulation time and comparing it to the change in free energy for the first N% of the
simulation time.192 In this way, each estimate in time shows data collected from the

beginning (forward) and data collected from the end (reverse).
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Figure 29 shows an unequilibrated sample (left) and a well-equilibrated sample
(right) in both the forward and reverse direction. Agreement within error bars for a portion
of simulation time indicates convergence and a well-equilibrated sample. In the case of
the left simulation, there is a large hysteresis and little agreement between the forward
and reverse directions. As non-equilibrium data is incorporated into the estimate, the
estimated @G -2OlD&calgnel to-18.4 keakimol. As the simulation continues,
the fraction of unequilibrated data becomes a smaller fraction of the total sampling time
and contributes less to the final estimate. By 3.5 ns, the estimate converges to a final -
20.0 kcal/mol. Quickly after the simulation begins, the free energy estimate begins to
change, indicating that new data is being incorporated into the overall estimate. However,
as the simulation continues, this data becomes a smaller fraction of the total time being
used to estimate free energy, and extended sampling shows the free energy approaching
a final value.

There are two explanations for the lack of convergence in the left plot. In one
situation, two metastable conformations exist. One conformation is sampled in the first
half of the simulation, while the other is sampled in the latter half. The conformational
transition between may be too slow for the simulation time, and adequate sampling of the
two states is never reached. Also, the free energy estimator would essentially use two
distinct conformations that disagree with their estimate rather than each distinct estimator
interval, taking into account both metastable states. The data provided does not have
sufficient sampling of the slow transition between these states to make a reliable estimate.
The other possibility is that the data is simply unequilibrated, and a significant portion of

the simulation time is spent converging to a local minimum. In this case, this non-
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equilibrated portion of the total simulation time contributes an incorrect weighting to the
final free energy estimate. The final estimate will likely be less accurate due to the

contribution of unequilibrated data.
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and reverse direction, while the right simulation agre

significantly vary in estimate magnitude as the simul af

The methods for estimating relative binding free energies in this work inherently
depend on the overlap in phase space between the states sampled. The phase space is
defined as the available positions and momenta available to the system being simulated.
In a general case shown below, the left plot (Fig. 30a) shows that the phase space of
state A and state B are distinct, with no overlap between the two. In this case, the
perturbation will fail, and no free energy estimate can be obtained as exponential
averaging, BAR, and MBAR rely on the phase space overlap to estimate free energy

differences. In the plot on the right (Fig. 30B), an intermediate state is constructed halfway
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between A and B. The BAR method will then calculate the difference in free energy
bet ween states AYito @abomagnwithie FYBe energy di
reality, a large number of intermediates are constructed, typically 10, 14, or 22

intermediates, depending on the complexity of the system and perturbation.

A B

> X > X

FigBOe,hase space overlap diagr-am svidmd prasmeé n teanmi (x,)) oaon
il lustratingA)A wohassxe napaowe .di-agepmpéoptuabathghefrom A t
is no over tbhaaps.edNd releEP ener gy esti mate ccBadA plasebtap acd
diagram where an intermediate state is simulated to in

end stAatnedhBs process is coatphladd rtamge spdrraometlert o 1.

Quantitively estimating phase space overlap requires the calculation of an overlap
matrix. In the overlap matrix, the probability in each cell can be interpreted as the average
probability of a sample from state | being observed in the ith state. Because this is

computed for all other states as well, the sum of each row or column in an overlap matrix
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will equal 1.0. In the overlap matrices shown below, there are 12 total windows being

simulated. In the left matrix of Figure 31, the overlap between states is high (> 0.03) for

neighboring states, which is necessary for the reasonable use of an estimator like MBAR.

However
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between windows in that region. For the right plot, the probability o f 6 being observed in

&/ Is approximately zero. As the off-diagonal value is not above 0.03, any free-energy

estimate, including @ a n d7, wall not have sufficient overlap and will be inaccurate.02

fodi-cat i

sufficie

ng

A 0 1 2 3 4 5 6 7 8 g9 10 11 A 0 1 2 3 4 5 6 7 8 9 10 11
0 .22 | 17 .13 | .10 | .08 | .09 | .09 | .05 .04 .02 .01 0 .24 | .12 | .06 | .02 .01
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3 10 | 11§ .12 ) .15 .14 .12 | .12 | .05 .04 | 03 .01 3 .06 | .10 | .22 | .34 | .22 | .06
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9 .02 .03 03 .03 .02 .02 .03 .11 .19 | .27 | .20 | .06 9 19y .20] .22 | .20 | .19
10j.01 .01 .01 .01 .01 .01 .01 .03 .08| .20 .26 10 15 | .18 | .20 | .24 | 23
11 .01 | .06 | .26 11 .12 | .15 | .19 | .23 | .30
FigBrlie(l eft) Overl| ajwi mdowi i mot adi aa, showing
(right) Overlap matadganaln oéllchi ed@awhfieo
based estimators cannot be used reliably.

Finally, a third quality-check for FEP simulations is used. The closed

thermodynamic cycle constructed by wheel-type or optimal-type perturbation maps allows

for the estimation of the cycle closure hysteresis. For a closed cycle containing three

pertur bati o@epPGC epds, thegs@dn of these perturbations is theoretically

equal to zero. However, practically, it often does not equal zero due to errors in force field
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parameters, inadequate sampling, or inaccuracies in the initial structure. The general goal
is to minimize the cycle closure error for simulations, as it indicates there is hysteresis
present in one or more thermodynamic cycle(s).

The primary goal of FEP is appropriately sampling the phase space volume for
each window to allow for estimation of the free energy difference between two states. By
stratifying intermediates into a larger number of windows, it is possible to obtain a higher
quality estimate due to improved consistency and magnitude in overlap. As well,
increasing simulation time may improve the data for the estimator, as it is more likely to
sample the relevant overlapping phase space given a longer timescale. An alternative
approach to improving overall sampling is to introduce enhanced sampling techniques,
such as HREX and REST2, which are discussed in Chapter 1.6.

Schrodinger, Inc. has published their criteria for convergence in their software
FEP+, which is considered state-of-the-art for FEP methods.1% For statistical uncertainty,
perturbations with an error of 0.3 kcal/mol or greater are considered low quality. For
convergence, they specify the rate of change for the free energy difference, where 0.3
kcal mol! ns? is the threshold. Good-quality simulations have a rate lower than 0.3 kcall
mol?! ns, while bad-quality simulations have a rate greater than the threshold. They also
calculate a hysteresis score, where the cycle closure error estimate is divided by the
square root of N, the number of molecules in the cycle. A hysteresis score lower than 0.5
is considered good, a score between 0.5 and 0.8 is considered fair, and a score greater
than 0.8 is bad. Notably, their FEP+ methodology now approaches experimental

uncer t ai snl, Whiclh is discugs€d in detail in their 2023 benchmarking study.s103
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In this chapter, we optimize simulation parameters for different perturbations of
7Az in both PBP1b and PBP2x using the metrics discussed above in order to obtain

reliable methods for the calculation of relative affinity and selectivity.

42Materials and Met hods

4.2.1 Molecular Modeling of Michaelis Complexes

Relative binding free energy calculations were carried out with the Minnesota
Supercomputing Institute resources. Simulations were prepared by taking PDB: 7ZUK,
mutating G656 to N656, and choosing the lowest energy rotamer, followed by manually
breaking the S460 0,71 7Azbond and addi ng a s i Hagtbneoxygenn d
and carbonyl carbon. As well, S460 was re-protonated. The stereochemistry was
manually adjusted to match the closed structure. The azide tail was manually charged as
a zwitterion, and bond orders are assigned. After the closed form of 7Az was generated,
the protein was prepared at a pH of 7.4 with PROPKA. K463 was manually assigned as
neutral, and the minimized pre-acyl 7ZUK complex is refined with two constraints: S460
051 K463 N within hydrogen bonding distance (2.5 A) with the coefficient of the harmonic
restraint potential at the default of 350 kcal mol™ A2, The second constraint is the S460
O - b-lactone electrophilic carbon, which was calculated by QM/MM to be ~2.5 A with the
natural D-Ala-D-Ala substrate.®® The same harmonic restraint potential was used in both
constraints.

For the preparation of the closed 7Az into PBP2x, PDB: 2Z2M was used as the

receptor. 2Z2M06s | jagdsSaed reywratsnatédi folleved by aignmente d
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of PBP2x residues with the corresponding catalytic residues in PBP1b*. The closed 7Az
structure was copied into the PBP2x active site, followed by the same preparation steps
as PBP1b* where K340 is set as neutral and the minimized structure is refined with the
same constraints as 7ZUK. Electron density was missing for the loop from Gly232 to
Arg254 in PBP2x (PDB: 2Z2M). The Crosslink Protein tool in Maestro v2023-2 was used
to reconstruct the loop based on the UniProt sequence. The PBP2x-7Az docked complex
was relaxed by equilibration and 1 ns NPT molecular dynamics to allow for the
rearrangement of sidechains around the closed 7Az ligand and to allow for the relaxation
of the modeled loop. The ligand-receptor structure at 900 ps was chosen as the initial
structure for binding free energy calculations. The prepared pre-acyl complexes were split

into receptor and ligand .pdb files for simulation.

4.2.2 Free Energy Perturbation

Receptor residue atom nameswerer e name d wi t h Pepata_tee. hEP 0 s

followed by manual renaming to ensure proper protonation and consistency with Gromacs
compatible OPLS-AA/M nomenclature. The closed ligand .pdb was modified manually
with the 2D Sketcher in Maestro to generate 7Az derivatives. These derivatives were
processed by LigParGen'®* to generate Gromacs-compatible OPLS-AA/M parameters

with 1.14*CM1A charges.'® PyAutoFEP was used as the perturbation map optimizer,

dual topology generator, and input file generator with Gromacs 2022. Theo super i mpo s e
and A g eeadens waredused with .pdb files downloaded from LigParGen that were
converted to mol files in Maestro 2023-2 by adding bond orders and saving them as mol
flesThe figenerico reader was used in cases of m
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t he Asuperi mposeo automatically determines t
substructure alignment with 7Az. Simulations were run using a PLUMED%® patched

Gromacs 2019.6.1%7 Simulation analysis was performed using Py Aut oFEP O s
analyze_results.py, while visualization was performed using UCSF Chimera and VMD.

All simulations were run on A100 GPU nodes on the agate cluster at the Minnesota

Supercomputing Institute (MSI) at the University of Minnesota.

43Resul t s
First, pre-acyl protein-ligand complexes were generated using the methods discussed

above.

FigBf@eaenerati-aoydf cpme7llebxye sc ofnosrt rai ned optimization of

a cl osed7s AAiforroom etfag Xrystathbhgyeemplddre. 1/APBP1l1praecyl

comxl evas generated with7RPBP2XAEHK.¢ Thenpdiegkhtwas gener a
PDB: 2bAM,ctaam bound PBP2x structure solved to 2.6 res
I l ysineshbomypdmagg dbret ween the |ysine andl ematcrd eplipihlid i d¢i ste

andxyanion hole interactions were kept constant betweel

With the relaxed pre-acyl complexes (Fig. 32), we began our perturbations with

7Az-PBP1b* to search vendor-available chemical space for L-Phe analogs that had large
83

























































































































































































































































