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Structure and mechanism of PCAT]1, a polypeptide processing and secretion transporter
Virapat Kieuvongngam, Ph.D.
The Rockefeller University 2022

ATP-binding cassette (ABC) transporters utilize the energy from ATP to transport
substrates across biological membranes. Various ABC transporters perform diverse biological
functions across all forms of life ranging from importing essential nutrients to exporting toxic
drugs (Ford and Beis 2019; ter Beek, Guskov, and Slotboom 2014).

Bacterial cells utilize a class of ABC transporters for exporting proteins or peptides.
Unlike the Sec translocon machinery, the ABC peptide exporters are dedicated to specific
peptides (Fath and Kolter 1993). These peptides function as quorum sensing peptides, biofilms,
or antimicrobial peptides. Among these ABC peptide exporters are Peptidase Containing ABC
Transporters (PCATs) that perform dual functions of peptide maturation through proteolytic
cleavage and peptide export (Gebhard 2012). As the name connotes, these transporters contain
an accessory cysteine protease domain that interacts with the core ABC transporter. This
structural feature is essential for the function and is unique among ABC transporters, making it a
biologically interesting target for investigation.

Although PCATSs, which were first described 20 years ago, are essential to prokaryotic
life, structural and functional studies of these proteins have been lacking. Until recently, only
soluble parts of the proteins have been crystallized. The first full-length structure of PCATs was
described in 2015 (Lin, Huang, and Chen 2015). However, structures of PCATs in complex with
their substrates are needed to understand how PCATSs recognize and transport their peptide
substrates.

To understand how PCATs work at the atomic level, I mainly took a structural approach.
To this end, I decided to use cryo-electron microscopy (cryo-EM) and single-particle
reconstruction techniques to obtain high-resolution structures of PCATs in various
conformational states in complex with their substrates. These structures, together with the
biochemical evidence, give us a clearer mechanistic picture of PCATs.

First, to understand how PCATSs bind substrate, I determined the structure of a PCAT
from Clostridium thermocellum (abbreviated as PCAT1) in the substrate-bound inward-facing
conformation. I have identified structural features that enable the substrate to bind, translocate
into the transmembrane cavity, and orient properly for cleavage.

Next, to understand how substrate binding coordinates with ATP binding, I have
determined three structures of PCAT] in the active-turnover condition, where PCAT] is allowed
to transition freely through the transport cycle. In addition, I have determined the structure of a
clear outward-facing structure PCAT] trapped in the Mg?* condition that elucidates how the
behavior of the core transporter affects the accessory peptidase domain. These structures together
enable us to propose a mechanism of how the ATP binding and hydrolysis cycle is synchronized
with substrate binding and processing, a unique feature crucial for strict coupling of cleavage and
translocation.

In addition to the cryo-EM work, I collaborated with Dr. Paul Dominic Olinares in
Professor Brian T. Chait’s laboratory to study the stoichiometry of the PCAT1-substrate complex
and intermediates of PCAT] in the transport cycle. This work allows us to delineate the steps
along the transport cycles that are short-lived and cannot be captured using structural study.
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CHAPTER 1: Introduction
1.1 Overview of ABC transporters
1.1.1 Function of ABC transporters

Cells are the basic functional units of life. Cells consist of cytoplasm enclosed within biological
membranes. Composed of phospholipid bilayers, the cellular membranes establish boundaries of
cells and the environment. The membranes maintain cellular homeostasis needed for
metabolism.

Embedded within the lipid bilayers are membrane transport proteins that function as pumps to
selectively pump in essential nutrients and pump out toxic chemicals. These transporters work to
maintain the concentration of chemical substrates against their electrochemical gradients by
harnessing the energy either directly from ATP or indirectly from electrochemical gradients of
other molecules.

Among these transporters are ATP-binding cassette (ABC) transporters. This superfamily of
transporters share unique structural and functional characteristics in that functionally they
harness the energy from ATP to unidirectionally transport the substrates across membranes.
Structurally, this task is accomplished through a protein domain called the nucleotide-binding
domain (NBD) which bind ATP and couple the binding to transport function (Srikant and Gaudet
2019; Binet et al. 1997; Locher 2016).

ABC transporters are found in all domains of life. Both importers and exporters are found in the
prokaryotes (Davidson and Chen 2004). Prokaryotic cells use ABC exporters to secrete
molecules performing diverse biological functions, including cell-to-cell communication,
quorum sensing, biofilm formation, and antimicrobial activity (Fath and Kolter 1993). The
secreted molecules are chemically diverse ranging from small molecule drugs, to short peptides,
to large proteins.

1.1.2 General structural features of an ABC transporter

A typical ABC transporter is a dimer of two half transporters forming a conserved core
component of the transporter. Each half transporter contains two domains: the transmembrane
domain (TMD) and the nucleotide binding domain (NBD) (Ford and Beis 2019) (Fig. 1.1 A).
The TMD consists mainly of a helices spanning the lipid bilayers, forming a cavity in the
membrane. The NBDs are in the cytosolic side attached to the TMD. With the ATP binding site
facing each other, the NBDs can form a dimer when ATP is bound. The assembly of ABC
transporters can either be a homodimer; that is to say, the two half-transporters are encoded in
one gene, or a heterodimer, when the two half transporters are encoded on different genes or as
different domains in one gene. These protein domains can be encoded as separate genes that
assemble to form functional transporters or fused as domains connected through flexible linkers.



1.1.3 General features of ATP-powered pump in ABC transporters

All ABC transporters share a highly conserved nucleotide binding domain consisting of a core
catalytic subdomain, ABC-specific three-stranded antiparallel B-sheet (ABCP), and an a-helical
subdomain (ABCa). The core catalytic subdomain is RecA-type ATPase. ABC signature motif
(also known as LSGGQ motif) is located at the end of an ABCa subdomain (Locher 2016; Rees,
Johnson, and Lewinson 2009).

Nucleotide binding is stabilized by a Walker A motif on the RecA subdomain (Fig. 1.1 B). The
Walker A motif provides amide NH groups binding to the B and y phosphate of the nucleotides.
The serine/threonine residue of the Walker A motif is involved in coordinating the Mg?* ligand
that further coordinates 3 and y phosphate. The A loop provides an aromatic residue forming a m-
7 stacking interaction with the base ring of the nucleotide. The Walker B motif helps coordinate
the Mg?" ion. The catalytic glutamate responsible for polarizing the attacking water molecule is
located near the y phosphate. The conserved histidine of the H switch motif is responsible for
stabilizing the catalytic transition state. (C. Thomas and Tampé 2020; Locher 2016).

NBD dimerizes in a head-to-tail arrangement such that each of the nucleotide binding sites are
formed by a Walker A/B motif of one NBD and the signature motif of the opposite NBD. Two
nucleotides are sandwiched at the dimer interface, stabilizing the dimer (J. Chen et al. 2003). The
signature motif makes a contact along the nucleotide molecule and orients the nucleotide for
hydrolysis. After hydrolysis, the inorganic phosphate is released, allowing the NBD to disengage
(Oldham and Chen 2011).

The contact along the NBD and the coupling helix of the TMD translates motion of NBD
dimerization to conformational changes on the TMDs. This links the cycle of NBD dimerization
and ATP hydrolysis to the cycle of TMD motion from inward-facing to outward-facing
conformation. This cycle is the basis of a transport cycle. The thermodynamic role of ATP
binding and hydrolysis is to provide an irreversible process that drives the transport cycle in one
direction; thereby the substrate transport process can build up the substrate concentration against
its concentration gradient.



A

extracellular <5

TMD

90°

\J
P9

% \
VLS F)
¥ ,t((-f/ ;
-

i)/
(e 4
2

H switch

Fig. 1.1 The overall architecture and mechanism of a canonical ABC transporter

(A) Cartoon ribbon diagram representing overall architecture of a canonical ABC transporter, Sav1866 (PDB: 2hyd).
The domain is color-coded and labeled. Magenta, NBD; orange, TMD; green, PEP.

(B) A zoom-in view of the nucleotide binding site of Sav1866 showing the mechanism of ATP binding and hydrolysis.
Motifs participating in ATP binding and hydrolysis are color-coded and labeled. Green, A-loop;

yellow, ABC signature motif; light pink, Q loop; blue, Walker A; magenta, Walker B; purple, H switch.
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1.1.4 General transport mechanism of ABC transporters

ABC transporters mediate transport processes of diverse molecules, ranging from nutrients to
xenobiotics, to peptides. However, based on the structural and biophysical studies, the
mechanism of transport of a canonical ABC transporter is consistent with the alternating access
model (Khare et al. 2009; Jardetzky 1966). The alternating access model proposes that
transporters conformationally alternate between an inward-facing conformation and an outward-
facing conformation. In the inward-facing conformation, the transmembrane cavity is open to the
cytosolic side. On the contrary, the transmembrane cavity of the outward-facing conformation is
open to the extracellular side. The model proposes that the transport substrate is captured at the
binding site in one conformation. The conformational change allows the bound substrate to be
exposed and be released from the binding site at the opposite side of the membrane. In the case
of an exporter, the substrate binds to the binding site opening to the cytosol in the inward-facing
conformation. The substrate is enclosed within the transmembrane cavity. After the
conformational transition to the outward-facing conformation, the substrate is exposed to the
extracellular side and is released.

The alternating access model of transporters makes three predictions on the structures of the
transporters. These predictions are:

1. transporters contain a transmembrane cavity in the lipid membrane that is large enough to
host the substrate

2. transporters can assume two different conformations such that the transmembrane cavity
is open to one side of the membrane in one conformation, and to other opposite of the
membrane in the other conformation.

3. the transmembrane cavity contains a binding site for the transported substrate. The
affinity for the transport substrates is high in one conformation and low in the other
conformation.

There are many exceptions where the alternating access model may not account for how a
particular ABC transporter works (Locher 2016). For example, transport of a protein substrate
too large to be accommodated inside the transmembrane cavity is not consistent with the model.
The notable example of this case is the hemolysin secretion mechanism by the type 1 secretion
system in E. coli (S. Thomas, Holland, and Schmitt 2014; Binet et al. 1997; Michiels et al. 2001;
Lecher et al. 2012).

In the next section, I shall discuss a few notable studies of ABC transporters to shed light on how
the various ABC transporters employs the alternating access mechanism. A special emphasis is
placed on structural diversity in ABC transporters correlated with variations in the alternating
access mechanism and how they contribute to functional diversity among ABC transporters.



1.2 Structural diversity of ABC transporters

ABC transporters share a common domain architecture consisting of TMD and NBD.
Nevertheless, sequence homology and structural studies have categorized ABC transporters
based on direction of transport, domain folds, and symmetry of nucleotide binding sites (Rees,
Johnson, and Lewinson 2009). In the following paragraphs I shall discuss representative ABC
transporters for classes that are relevant to my work from which we have sufficient structural
information.

1.2.1 A case study of homodimeric ABC exporters: ABCG2

ABCG?2 is a representative transporter for a homodimeric exporter where both nucleotide
binding sites are ATP-hydrolysis competent (consensus sites). ABCG2 functions as broad
specificity efflux pumps of xenobiotic molecules and is implicated in multi-drug resistance in
cancers. ABCG2 adopts an inward-facing apo state with the transmembrane cavity accessible
from the inner membrane leaflets (Taylor et al. 2017). The substrate-bound structure is shown to
exist in an inward-facing state with flat polycyclic compounds bound to a hydrophobic binding
pocket in the cavity (Manolaridis et al. 2018). In the ATP-bound state, ABCG2 adopts an
outward-facing state with an external cavity facing extracellular space, and the hydrophobic
binding pocket is collapsed. The collapsed binding pocket is no longer able to bind substrates.
Therefore, the conformational changes upon ATP binding is found to be consistent with the
classic alternating access mechanism (Manolaridis et al. 2018; Q. Yu et al. 2021). It is
hypothesized that upon inward-facing to outward-facing conformational changes, the
hydrophobic substrate is squeezed out through a peristatic movement of the cavity. ATP binding
alone is important for substrate extrusion while ATP hydrolysis is necessary to reset the
transporter back to an inward-facing state. It is curious to see if two ATP must be hydrolyzed or
simply one ATP hydrolysis is sufficient to reset the transporter back to an inward-facing state.

Recent cryo-EM study of ABCG2 under an active turnover condition reveals two distinct
inward-facing classes: turnover-1 and turnover-2. Transport substrates are found at the binding
pocket in both conformations indicating that these are pre-translocation states. Moreover, ATP is
found binding to the nucleotide binding sites in both conformations. suggesting that ATP binding
per se, does not induce conformational changes from inward-facing to outward-facing states.
Rather, ATP binding plays a role in stabilizing NBD dimerized states, or primes NBDs for full
dimerization. The result from the active turnover experiment indicates that the full NBD
dimerization is a short-lived state and is not observed in the active turnover condition. This
implies that NBD dimerization is the rate limiting step in the transport cycle.

1.2.2 A case study of ABC transporters with asymmetric nucleotide binding sites: MRP1

MRPI is a well-studied ABC exporter representing a class of asymmetric transporters with one
consensus nucleotide binding site, and one ATP-hydrolysis deficient (degenerate) site. MRP1
functions as a xenobiotic molecule pump and is implicated in drug resistance in cancers. MRP1
adopts an inward-facing apo state with the transmembrane cavity accessible from the cytosol
(Johnson and Chen 2017). The binding pocket is located in the transmembrane cavity and is
composed of two parts: a positively charged region and and a hydrophobic pocket. The binding



site configuration explains the ability of MRP1 to recognize large amphipathic substrates. Upon
substrate binding, the binding pocket accommodates the substrate, bringing two halves of the
TM bundles closer together via rigid body rotation. Consequently, NBD moves about 12 A
closer together. Therefore, the probability of NBD dimerization through thermal fluctuation is
higher. Thus, the conformational change upon substrate binding primes NBD for dimerization
and hydrolysis of ATP (Johnson and Chen 2017).

In the ATP-bound state, MRP1 adopts an outward-facing conformation with the substrate-
binding site rearranged into a low-affinity state (Johnson and Chen 2018). This suggests that the
substrate is released upon inward-facing to outward-facing conformational changes. These
structures together provide conclusive evidence for the alternating access mechanism of
transport.

Recently, a single molecule kinetic study of MRP1 establishes that the rate limiting step of the
MRPI1 transport cycle is the transition from outward-facing state to inward-facing state,
suggesting that MRP1 spends the majority of its time in the OF conformation under
physiological condition (Wang et al. 2020). Furthermore, the cryo-EM structure of MRP1 under
active turnover condition is in the outward-facing post-hydrolysis conformation where ADP is
found at the consensus site and ATP is found at the degenerate site. The overall conformation in
the post-hydrolysis state is essentially identical to the ATP-bound conformation, suggesting the
release of inorganic phosphate from the consensus site does not induce any conformational
change.

The nucleotide binding site configuration under active turnover condition suggests a hypothesis
that the asymmetry of the nucleotide binding site may play an important role in modulating the
rate of OF-IF transition, shifting the rate limiting step to NBD dissociation. My analysis of
PCATI under active turnover condition in chapter 3 will further expand on the distinction that
asymmetric nucleotide binding sites play in setting the rate limiting step.

1.2.3 A case study of ABC transporters lacking substrate binding sites in the TMD:
BtuCD

Unlike the previous two case studies, BtuCD is an ABC importer responsible for cobalamin
import in bacteria. BtuCD forms a homodimer consisting of two subunits of BtuC and two
subunits of BtuD in the inner membrane. BtuCD employs a substrate-binding protein BtuF that
binds cobalamin in the periplasmic space and feed it to the transmembrane cavity of the TMDs.
BtuCD forms an outward-facing conformation in the absence of BtuF (Locher, Lee, and Rees
2002). This observation is consistent with the hypothesis that an ABC exporter in the apo state
adopts an inward-facing conformation, while an ABC importer adopts an outward-facing
conformation. The substrate-loaded BtuF docks onto the binding site on the TMDs in the ATP-
bound conformation. BtuF releases the ligand into the transmembrane cavity of BtuCD
(Korkhov, Mireku, and Locher 2012b). After ATP hydrolysis, release of inorganic phosphate
causes the cytosolic gate to open allowing the substrate to leave the transmembrane cavity.

Unlike the cases of ABCG2 or MRP1, no substrate binding site is observed in the
transmembrane cavity of BtuCD. The surface lining of BtuCD shows no significant affinity for



the substrate, likened to a “Teflon coating” pathway merely providing a conduit traversing the
lipid bilayer (Korkhov, Mireku, and Locher 2012b). Here the third requirement of the alternating
access mechanism is provided by the high cobalamin affinity BtuF which remains in the
periplasmic space, and absence of any cytosolic cobalamin binding site on BtuCD. My analysis
of PCAT]1 in the substrate-bound conformation will further discuss how PCAT1 can transport
substrates even though it lacks the substrate binding sites in the TMDs.

1.3 General knowledge of Peptidase Containing ABC Transporters (PCATs)
1.3.1 Discovery of PCATSs

A particular family of ABC transporters found in gram-positive bacteria functions to export a
short peptide or a small protein out of the cells. The peptides function as quorum-sensing
molecules, biofilms, or antimicrobial peptides. Notably, the ABC transporters are found to
contain an accessory protein domain that are cysteine proteases (Havarstein, Diep, and Nes
1995). Because of this, the family of ABC transporters are named Peptidase Containing ABC
Transporters, or PCATs (Lin, Huang, and Chen 2015). The accessory domains are fused to the
core transporters or located in the same operon and assembled with the core to form a functional
transporter.

Furthermore, the peptide substrates of PCATs contain two domains: the N-terminal leader
peptide domain and the C-terminal cargo domain. The N-terminal leader peptide is important for
binding to the PCATs, and the C-terminal cargo domain is the domain that carries the function.

1.3.2 Cellular functions of PCATSs

Biochemical studies establish that PCATs serve a dual function, both as a proteolytic maturation
for the peptide substrates and an exporter pumping the peptide substrates (Nishie et al. 2011).
The proteolytic maturation occurs when the peptidase domain of PCATs cleave off N-terminal
domain of the substrates at a conserved cleavage site. This conserved cleavage site contains a
conserved double-glycine motif (van Belkum, Worobo, and Stiles 1997). The peptidase domain
cleaves the N-terminal leader peptide from the C-terminal cargos. Concomitantly, the C-terminal
cargos are transported to the outside of the cells (Havarstein, Diep, and Nes 1995). The
requirements for cleavage before transport may evolve as a safety mechanism to prevent active
cargo some of which are toxins from harming the secreting cells.

1.4 Prior studies of PCATSs
1.4.2 Structural studies of PCATSs

Due to the difficulty of obtaining crystal structures of membrane proteins, early structural studies
mainly investigated the soluble domains of PCATs. For instance, a peptidase domain of ComA
system from Streptococcus has been crystallized (Kotake et al. 2008; Ishii, Yano, and Hayashi
2006; Ishii et al. 2010). Similarly, a peptidase domain of the LahT system from Lachnospiraceae
has also been crystallized (Bobeica et al. 2019). These studies have established that the peptidase
domains of PCATSs are structurally and catalytically similar to the papain-like cysteine proteases



as predicted from sequence alignment (Drenth et al. 1968). The study has identified a catalytic
active site and a plausible substrate recognition site. Therefore, it has shown that PEPs are
important for recognition and cleavage of the substrate.

The first full-length structural study of PCATs is that of PCAT1 from Clostridium thermocellum,
a Gram-positive thermophilic bacterium (Lin, Huang, and Chen 2015). Two crystal structures are
reported: apo wtPCAT] in the inward-facing conformation and ATP hydrolysis deficient mutant
E648Q ATPyS-bound occluded conformation (Fig. 1.1). The inward-facing conformation shows
TM helices of PCAT]1 forming a large a helical barrel that may be able to accommodate its large
90 amino acid residue peptide. Moreover, the peptidase domain is found to locate adjacent to the
cytosolic opening of the transmembrane cavity. This evidence suggests the possibility that
perhaps PCATs transport the peptide substrate via the alternating access mechanism. Sequence
alignment of PCATs and their substrates suggest that even though the cargo domains are diverse,
the N-terminal leader domain of the substrates are well conserved. The double glycine motif at
the most C-terminal end of the leader peptide is all conserved among PCAT substrates
suggesting a common cleavage mechanism.

Unlike the apo inward-facing conformation, the E648Q mutant ATPyS-bound occluded
conformation shows dimerized NBD, and the transmembrane cavity is closed off from both
cytosol and extracellular space. The peptidase domain cannot be observed in the occluded
conformation suggesting that the peptidase domain is flexible relative to the core transporter
upon NBD dimerization.
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Fig. 1.2 The crystal structures of wfPCAT1 in apo inward facing conformation

and E648Q PCAT1 in ATPyS-bound occluded conformation

(A) Cartoon illustration depicting a general domain organization of PCAT1 and its substrate CtA
(B) Two orthogonal views of the apo PCAT1 structure (PDB: 4ry2)

The cartoon is color-coded by domains. Magenta, NBD;

yellow, TMD; green, PEP.

(C) Two orthogonal views of the ATPyS-bound occluded structure (PDB: 4s0f).
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Fig. 1.3 Domain organization and sequence alignment of PCATSs and their peptide substrates

Sequence alignments of PCATs and their substrates.

PCAT1 from Clostridium thermocellum, LagD from Lactococcus lactis,

ComA from Streptococcus pneumoniae, HlyB from Escherichia coli,

and 1ahT147 from Lachnospiraceae bacterium C6A11;

and CtA from Clostridium thermocellum, ComC from Streptococcus pneumoniae,

LagB from Lactococcus lactis, plantaricin-A (plnA) from Lactobacillus plantarum,

ColicinV from Escherichia coli, and the leader sequence peptide of LahT147 . % identity is color-coded in blue.

10



1.3 Dissertation summary

The present dissertation includes all my work in the Chen lab investigating the structure and
function of PCAT]I.

Chapter 1 contains a general introduction to ABC transporters aiming at laying a
background knowledge of ABC transporters relevant for future discussions. I place particular
emphasis on the PCAT1 from Clostridium thermocellum. This work was performed by Dr.
David Lin from the Chen lab and serves as a background for my present work.

Chapter 2 contains the structural and biochemical study of the interaction between
PCATTI and its substrate. I shall present briefly the stoichiometric study of the PCAT1-substrate
complex. This question is answered through a native mass spectrometry project performed by my
collaborator, Dr. Dominic Olinares, in the Brian Chait Laboratory. Further, I will give a detailed
description of the cryo-EM work on the PCAT1-substrate complex. This work includes the study
of catalytic proteolytic mechanisms of PCATSs, the substrate recognition mechanism, and the
substrate orientation in the translocation cavity.

Chapter 3 contains the structural study of PCAT1 aiming at capturing conformational
states of PCAT]1 in the active transport cycle. I shall focus on the cryo-EM study of PCAT1 in
the ATP-regenerating active turnover condition. This work attempts to investigate how PCATs
couple substrate proteolytic cleavage to ATP hydrolysis. Furthermore, I will describe how the
conformational changes in PCAT]1 enable strict coupling between substrate cleavage and
transport.

Chapter 4 explores the biophysical study of PCAT1 using native mass spectrometry
technique. This project aims at capturing the real-time dynamics of PCAT1 proteolysis and ATP
hydrolysis activities. The mass spectrometric work was performed by Dr. Dominic Olinares from
the Brian Chait Laboratory.

Chapter 5 discusses the conclusions that the thesis work has advanced. I shall compare
the work on PCATT1 in the context of structural studies of other ABC transporters. In the end, I
shall discuss a plausible research direction that flow from my work, what future advancements in
the field may look like, and what limitations a future investigation may encounter.
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CHAPTER 2: Cryo-EM structure of the substrate-bound PCAT1
2.1 Summary

The first full-length structural study of PCAT1 in 2015 yielded two valuable structures: the
apo inward-facing conformation, and the ATPyS bound occluded conformation (Lin, Huang, and
Chen 2015). Despite these structural data, it was not clear how the peptide substrates interact
with PCATI. Therefore, obtaining the structure of PCAT 1-substrate complex is critical. In this
project, I solved the structure of PCAT1-substrate complex to 3.3 A resolution by cryo-EM
single particle reconstruction technique. Overall, transporters resemble the apo inward-facing
conformation. In addition, we found the substrate bind to the peptidase domain. However, only
one substrate is oriented for translocation. Through native mass spectrometry (native MS)
experiments, we validated the stoichiometry of the complex. Disulfide cross linking experiments
confirmed the substrate is translocated in an unfolded state. This work enables us to propose the
transport mechanism of PCAT1 where two peptide substrates are bound, yet one is transported.

This chapter is adapted from my work co-authored with Paul Dominic B. Olinares, Anthony
Palillo, Michael L. Oldham, Brian T. Chait, and Jue Chen. The work was published in eLife on
January 14, 2020 (Kieuvongngam et al. 2020).

2.2 Results
2.2.1 Stoichiometry determination of PCAT1-substrate complex

PCATI contains two identical PEP domains, raising the question of whether two copies
of the substrate can bind and be translocated simultaneously. To address this question, we used
native MS to determine the maximum binding capacity of PCAT]I.

To obtain a stable PCAT1-CtA complex, we used a proteolytic-deficient mutant (C21A)
that can bind but does not cleave the substrate. We purified C21A PCAT]1 using Glutathione
affinity column followed by gel filtration chromatography (Fig. 2.1). We purified CtA from
inclusion bodies using 6xHis affinity column under 8M urea condition to unfold the aggregates.
CtA is then refolded overnight in urea-free buffer. The final gel filtration chromatography is used
to further purify CtA (Fig. 2.2).

Two-fold molar excess of the substrate was mixed with PCAT]1 prior to MS analysis. In
both detergents, we observed two main assemblies of 172.3 and 182.5 kDa, corresponding to
dimeric PCAT]1 bound to one or two CtA, respectively. The result indicates that PCAT1 can bind
up to 2 substrates, most likely one on each peptidase domain (Table 2.1, Fig. 2.3).

12



mAU

500

400

300

200

100

[at|n2| a3 aa| a5 | a6 | A7 | a8 | a9 [rt0at1iat2Br211lB10] 0 |
10.0

85|67 |86 |85 |4 B3| B2 | B1|C1 | 2| 03| 04| 5| B | 07| CB| 9 e H0lC 11l 12D A2
.0 20.0 ml

Fig. 2.1 Gel filtration chromatography profile of PCAT1

mAU
120
100
800|
600|
4004

200

71cs|colerdeterzo1|o2|osos| o5

.0

|a1]n2|n3| ad |45 | a6 | 7| a8 | a0 |nt0at1lat2l 1| 82| B3 B4 |5 | 86 | 87| B8 | BO B10IB1 112l 1 |
5.0 10.0 15.0

0.0

Fig. 2.2 Gel filtration chromatography profile of CtA
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Table 2.1 Mass measurements from native MS analysis of PCAT1 samples

In UDM In C3E4
Sample Expected Measured l:’::(s): Z)b alm Meissu];?:D 1:1[':(5):' :fb d
mass a un ass a un
@a) [MasSESDTDD) 0w nce ) (%)" ance
w'tPCATl 162,176] 162,175 + 1 0.0008 - 162,171 £+ 1 0.003 -
dimer
CtA 10,207.90}10,206.50 = 0.5 0.014 10,206.50 + 0.3 0.014
C21A-
P.CATI 172,320] 172,337 + 4 0.01 25+2 172,341+ 3 0.012 16 +2
dimer + 1
CtA
C21A-
P.CATI 182,528] 182,549 + 3 0.012 75+ 2 182,558 + 6 0.017 84 +2
dimer + 2
CtA
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Fig. 2.3 Native mass spectrometry analysis of w/PCAT1 and C21A PCAT1-CtA complex
Samples were analyzed in 200 mM ammonium acetate containing C.E,. The mass of
the protein complex corresponding to PCAT1 complex is indicated. (A) wfPCAT1. (B) C21A PCAT1

in the presence of 2x molar ratio CtA.
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2.2.2 Structural determination of PCAT1-substrate complex

To obtain the samples of PCAT1-substrate complex, we incubated excess substrates to
proteolytic-deficient mutant (C21A) PCATI. The samples were plunge-frozen in liquid ethane
for cryo-EM data collection. Using single-particle reconstruction software Relion and
CryoSPARC (Zivanov et al. 2018; Kimanius et al. 2016; Punjani et al. 2017), we were able to
obtain a cryo-EM density map of the PCAT1-substrate complex without symmetry imposed (Fig.
2.4, Table 2.2). The local resolution from the Bsoft package ranges from 3.0 to 5.5 A (Fig. 2.5)
(Heymann and Belnap 2007). The TMDs are much more well-resolved than NBDs and PEPs,
indicating the local flexibility of the NBDs and PEPs. The extra-density belonging to the
substrate N-terminal leader peptide is observed on both binding grooves of the PEPs, consistent
with the native MS analysis. In this substrate-bound ATP-free conformation, the TM cavity is
continuous with the cytosol and closed off to the extracellular space. The two PEP domains, each
binding a CtA molecule, interact with the transporter core at the TMD/NBD interface. The
structure is two-fold symmetric, except for the C-terminal regions of the substrate, a point that
we will discuss in detail below (Fig 2.6).
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Table 2.2 Summary of cryo-EM data and structure refinement statistics for PCAT1-

LA complex
Data collection
Microscope Titan Krios, 300 keV (FEI)
Detector K2 summit direct electron detector (Gatan)
Energy Filter 10 eV (Gatan)
Pixel size (A) 1.09
Number of movies 3478
Frames/movie 60
Total exposure time (s) 12
Exposure time per frame
0.2
(s)
Total exposure (e/A%) 80.8
Defocus range (uM) 0.8t02.2
Final reconstruction
Number of particles 133698
B-factor correction (A%)  —80
RMS deviations
bond length (A) 0.0028
bond angles (°) 1.287
Ramachandran
Favored (%) 94.95
Allowed (%) 5.05
Outlier (%) 0
Rotamer
Favored (%) 87.3
Allowed (%) 9.73
Poor (%) 2.97
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Fig. 2.5 Local resolution estimation of the PCAT1-CtA complex density map
(A) The local resolution estimation of the cryo-EM density map. The box shows the
magnified view of the substrate density highlighted in the thick boundaries.

(B) Cross sectional view of the translocation pathway.
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Fig. 2.6 The cryo-EM structure of PCAT1-CtA complex

(A) Cartoon illustration depicting domain organization of PCAT1

and its substrate, CtA. The symbol GG denotes the double glycine motif.

The dotted line represents the unstructured cargo region.

(B) Two orthogonal views of the PCAT1-CtA complex structure,

the leader peptide helix of CtA is shown as a cylinder.

The cartoon is color-coded by domains. Blue-cyan, CtA; magenta-pink, NBD;
yellow-orange, TMD; green, PEP.
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2.2.3 Investigating the proteolysis mechanism of PCAT1

The sequence of the CtA leader peptide is homologous to that of other PCAT substrates
in Gram-positive bacteria. The cleavage site contains a consensus sequence of
L(—12)XXXE(—8)L(—=7)XXXXG(—2)G(—1). Residues 8-25 of the leader peptide form a L-
shaped structure that wraps around the PEP domain, with the N-terminus in the cytosol and the
C-terminal end at the lateral opening of the translocation pathway. Residues 15-21 form a short
helix, docking onto a hydrophobic groove on PEP. The double-glycine motif (G23 and G24),
inserted to the active site of PEP, interacts with catalytic residues C21A and H99 (Fig. 2.7). The
total buried surface of the leader peptide by the PEP domain is approximately 740 A2

The substrate-binding cleft at the cleavage site is very narrow, which explains the specificity
for the double-glycine motif in proteolysis. The Cp atom of C21 (mutated to alanine) is about 5.5
A away from G24, consistent with C21 serving as a nucleophile to attack the substrate backbone
(Schechter and Berger 1967). H99 orients the N atom of its imidazole ring towards the C21A,
consistent with its role to polarize the attacking C21 (Husain and Lowe 1968; K. H. Wu and Tai
2004). The side chain of D115 forms a hydrogen bond with H99, maintaining H99 in an
electronegative state and a catalytically favorable position (Vernet et al. 1995). In addition, the
highly conserved Q15 residue is in the vicinity, suggesting that it may function as an oxyanion
hole that stabilizes the tetrahedral intermediate (Ménard et al. 1991). The configuration of the
active site is typical of a cysteine protease, indicating that PCAT1 processes the CtA substrate
via the common catalytic thiol mechanism (Drenth et al. 1968; Kamphuis et al. 1984).
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Fig. 2.7 Substrate-peptidase domain interaction

(A) Sequence alignment of different leader peptides. Consensus residues are

highlighted in gray. (B) Docking of the leader peptide (blue) on the PEP surface (green).
The catalytic triad residues are indicated as red spheres and the CtA double glycine motif
are indicated as blue spheres. (C) A zoomed-in view of the catalytic site.

(D) A stereoview of the catalytic site. The cryo-EM map is shown as mesh.
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2.2.4 Mechanistic details of substrate recognition

The structure of the PEP domain is highly conserved among different PCATs. The
overall root-mean-square deviations (RMSDs) among the structures of ComA (PDB: 3K8U)
(Ishii et al. 2010), LahT147 (PDB: 6MPZ) (Bobeica et al. 2019), and the PEP domain of PCATI
are approximately 1 A. In addition, substrates of the different PEPs share a consensus leader
peptide sequence, yet each PEP specifically recognizes one or a small subset of substrates.

What are the common substrate recognition motifs and what are the unique features that
confer specificity? The leader peptides of CtA and the LahT147 substrate both contain a two-turn
helix consisting of residues from positions —10 to —4, docking into a shallow groove on the
surface of the PEP. A hydrophobic knot, formed by the two leucine residues at positions —7 and
—12 of the leader peptide and two hydrophobic residues on PEP, is observed in both structures
(Fig 2.8 A-C). To test the importance of this interaction, we mutated the conserved leucine
residues in CtA and estimated its affinity for PCAT1(C21A) using a pull-down assay (Fig. 2.8
D-E). Compared to the wt CtA, the L(—7)A and L(—12)A mutants have much lower affinity for
PCATI. The pulled down PCAT]1 could only be detected by Western blot even at the highest
concentration of CtA tested. We found hydrophobic residues A55 and I59 on PCAT] that are
within the Van der Waals radius of L(—7)A and L(—12)A, and are conserved in LahT147 as well.
Furthermore, reciprocal mutations introduced to residues A55 and 159 of PCAT1 lowered its
affinity for CtA by more than eightfold, consistent with the role that these residues play on the
CtA recognition. This hydrophobic interaction is likely a common feature shared by different
PEP domains. Alanine substitution of either one of the two leucine residues in the ComA
substrate decreased its affinity by approximately twentyfold (Kotake et al. 2008). Similarly,
LahT147 does not process precursor peptides with substitutions at L(—7) or L(—12) (Bobeica et
al. 2019).

Mutational data at the —4 position indicate that this residue is also important for the PEP-
substrate interaction; however, in contrast to the highly conserved L(—7) and L(—12) residues, the
amino acid identity at position —4 varies among different substrates and appears to correlate with
the interacting residue on PEP. For example, M (—4) of CtA packs against G135 of PCATI. In
LahT147, a much smaller residue V(—4) of the substrate interacts with a larger residue 1137 on
PEP. Therefore, it seems that the leader peptide position —4 confers specificity among different
PCATs.
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Fig. 2.8 Common PCAT residues for substrate recognition

(A) Insertion of three hydrophobic residues onto a hydrophobic groove on the surface of the PEP domain,
represented as electrostatic potential surfaces. CtA is shown in blue and the LahT147 substrate in gold.
(B) A conserved hydrophobic knot. (C) Residue at position —4 of the substrate conferring specificity.

(D) Pulldown of the w¢ or mutant CtA using PCAT1(C21A) conjugated resin. The CtA constructs contain
a 3x Flag tag at their C-terminus. Western blot was performed using the anti-Flag M2 antibody.

(E) Pulldown of PCAT1(C21A) using the M2 antibody resin against the Flag-tagged CtA.

Mutation of hydrophobic residue A55 and 159 were introduced to PCAT1(C21A) background.

IgG HC and IgG LC denote the heavy chain and the light chain of the M2 antibody, respectively.
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2.2.5 Asymmetric positioning of the cargos

In contrast to the leader peptide, the cargo region (residues 25-90) is flexible and less
defined. Inside the translocation pathway, we observe density of elongated shape packed along
the interior surface of the cavity shown in the composite cryo-EM map of PCAT1 and CtA (Fig
2.9 A). To test if this density corresponds to the C-terminal region of CtA, single cysteines were
introduced at six positions downstream of the leader peptide. We also placed single cysteine, in
three position, in the otherwise cysteine-free PCAT1: K275C and A433C on the interior surface
of the TM cavity and K417C in an extracellular loop outside the translocation pathway. The
proximity of the cysteine pairs was analyzed by mixing CtA with PCAT1 in the presence of the
oxidizing agent CuPhen or the reducing agent DTT, and then using Western blot to detect the
appearance of PCAT1-CtA crosslinked product (Fig. 2.9 B-C). Mass spectrometry analysis was
performed on three samples excised from the SDS-PAGE gel. In each case, the expected cross-
linked peptide containing the engineered disulfide bond was observed. Cysteines at multiple
positions along CtA can be crosslinked to K275C and A433C on PCAT], suggesting that the
cargo inside the cavity is unstructured and flexible, consistent with the amorphous nature of the
EM density. The cysteine at position 38 of CtA can be weakly crosslinked to K275C but not to
K433C, which is consistent with the structure. K38 is near the leader peptide at the cytoplasmic
side of the membrane and is not able to reach the extracellular ceiling of the cavity prior to
proteolytic cleavage. No crosslinking product was observed for the cysteine placed outside the
TM cavity (K417C), indicating that the reaction is specific.

The density inside the TM cavity appears to be connected to only one of the two leader
peptides, raising the question whether one or two cargos are inside the TM cavity. We asked if
the TM cavity is large enough to accommodate two cargos. Using the 3V server (Voss and
Gerstein 2010), the volume of the TM cavity is estimated to be 15,000 A3. Considering the
average density of a small protein is around 1.35 g/cm? (Fischer, Polikarpov, and Craievich
2009), the size of a CtA cargo is approximately 9000 3A3, a conservative estimate for an
unstructured protein. Thus, it is likely that only one cargo is inserted into the TM cavity. We
termed the cargo inside the TM cavity the ‘translocating CtA’ as it is positioned for cleavage and
translocation (Fig. 2.9 D). The density for the cargo region is weak and amorphous, suggesting
that there is no specific interaction between the cargo and transporter, and the substrate
specificity is conferred through the leader peptide only. For the other substrate, the non-
translocating CtA, no density is observed beyond S26, two residues beyond the double glycine
motif. Furthermore, G23, G24, and S25 form a kink, orienting the C-terminus towards the
cytoplasm. There is also biochemical evidence that the C-terminus of CtA is accessible: the
PCATI1-CtA complex can be pulled down using an antibody against a tag placed at the C-
terminus of CtA. Based on these observations, we suggest that the non-translocating cargo is
located in the cytosol, flexibly linked to the leader peptide.
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Fig 2.9 Positions of the two cargos

(A) Two orthogonal views of the the translocation pathway. A composite cryo-EM map displays

PCAT1 density, the CtA density, and the density inside the translocation pathway. The cryo-EM density
inside the TM cavity (shown in blue) likely corresponds to the C-terminal region of one CtA molecule.
(B) Disulfide crosslinking experiments between PCAT1 and CtA. Crosslinked PCAT1-CtA products
were detected by Western blot using an anti-HA antibody against HA-tagged CtA.

Three bands (indicated by arrows) were excised from the SDS-PAGE and analyzed by mass spectrometry.
In all three cases, peptide fragments with the correct disulfide bond were identified. (C) Summary of the
crosslinking results. A PCAT1 monomer is shown as grey surface and CtA is represented by a cartoon.
The dotted lines illustrate the crosslinked pairs (black, 275C crosslink pairs; red, 433C crosslinked pairs).
(D) Comparison of the cryo-EM density at the two catalytic sites. The density is displayed as surface.
Dark blue, the translocating CtA; light blue, the non-translocating CtA. The TMD and PEP are shown

as grey surfaces and the NBDs are omitted for clarity. The leader peptides are shown as ribbons.
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2.2.6 Conformational changes upon substrate binding

Comparing the structures of PCAT]1 in the presence and absence of CtA shows that in the
substrate-bound conformation, the intracellular opening of the TM cavity (formed from TM3 and
TM4) is approximately 3 A wider and the two NBDs are further apart (Fig 2.10).

The conformational change of PCAT]1 is opposite to that of the multidrug transporter MRP1
(Johnson and Chen 2017), in which substrate binding brings the two NBDs closer. MRP1, like
many other ABC transporters, has higher ATPase activity in the presence of its substrate (Jin et
al. 2012a; M. Chen, Abele, and Tampé 2003). In contrast, addition of CtA reduces the ATPase
activity of PCAT1 by about 10% for the wild-type protein and 50% for the cleavage-incompetent
C21A mutant. As ATP hydrolysis requires NBD dimerization, the structural observation
correlates well with the distinct biochemical property of this protein-conducting ABC
transporter. The insertion of a large cargo into the TM cavity would likely decrease the rate of
NBD dimerization thereby slowing down ATP hydrolysis.

Binding of the leader peptide also induces local conformational changes within the PEP
domain. The largest displacement, approximately 5 A, occurs in a loop (residues 91-98)
preceding the catalytic residue H99. As a result, in the substrate-bound structure, a path between
the catalytic site and the TM cavity opens, permitting insertion of the C-terminal cargo into the
translocation pathway at the lateral opening between TM3 and TM4.
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Fig. 2.10 Conformational changes upon CtA binding

(A,B) Widening of the lateral opening of the TM pathway. The arrow in the apo structure
delineates the CtA binding groove. The catalytic residues C21 and H99 are labeled.

The Ca distances between residues S268 and A342 that line the lateral opening

are shown. (C) The NBDs are further apart in the CtA-bound structure.

The Ca distances between S521 in the Walker A motif and D654 in the D-loop of

the other NBD are indicated.
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2.3 Discussion
2.3.1 Location of the substrate recognition site

The current understanding of substrate recognition of ABC exporters is that the substrates
interact with the core transporters directly through TMDs. The structures of ABC exporters, such
as the multidrug transporters MRP1 (Johnson and Chen 2017), ABCG2 (Taylor et al. 2017), P-
glycoprotein (Jin et al. 2012b), the Lipid A flippase MsbA (Mi et al. 2017), LPS transporter
LptB2FG (Tang et al. 2019), and the promiscuous exporter TmrAB (N6l et al. 2017) all reveal a
well-defined substrate-binding site at the interface of the two TMDs.

The structure of PCAT1-substrate complex presents a different mechanism by which the
polypeptide substrates are recognized. Instead of the TMDs, the cytosolic peptidase domain
binds substrate through its N-terminal leader peptide sequence. The common feature shared by
PCATs is a hydrophobic knot formed by two residues of the peptidase domain and residues at
positions —7 and —12 of the leader peptide. Position —4 of the leader peptide likely confers
substrate specificity for different PCATs.

2.3.2 Flexibility of polypeptide cargoes in the translocation cavity

Unlike most ABC exporters, the TMDs of PCAT1 do not provide any specific binding region for
the cargo. Instead, they merely provide a large conduit to transverse the lipid bilayer. This
observation explains two phenomena: First, the PCAT system can be used to secrete different
cargo proteins that are tethered to the same secretion signal. Second, the cargo is flexible inside
the TM cavity. The absence of a high-affinity binding site in the TMDs is reminiscent of the E.
coli cobalamin importer BtuCD, where the substrate is recruited by the periplasmic binding
protein and the TMDs provide a Teflon-like pathway for conduction (Korkhov, Mireku, and
Locher 2012a; Korkhov et al. 2014).

2.3.3 Proposal of PCAT]1 substrate binding, processing, and transport

The structure of the substrate-bound PCAT]1 enables us to expand the previous working
model of how polypeptides are processed and transported by PCATs in Gram-positive bacteria
(Fig. 2.11). PCAT1 adopts an inward-facing conformation in the absence of ATP, in which the
NBD interface is open and each PEP domain docks onto a lateral opening of the TM pathway.
Two substrates can bind to PCAT simultaneously, but only one substrate is positioned for
cleavage and translocation. The translocating substrate inserts its C-terminal cargo into the TM
cavity and the corresponding PEP domain cleaves the substrate to free the cargo. The other non-
translocating cargo is located in the cytosol. ATP binding brings the two NBDs into close
contact, orienting the translocation pathway towards the extracellular space. As the TM pathway
confers no specific binding of the substrate, the cargo will be released and, subsequently, the
TMDs will isomerize to form the occluded conformation where both the extracellular gate and
the cytoplasmic gate are closed (PDB: 4SOF). Formation of the closed NBD dimer disengages
the PEP domains from the core transporter permitting release of the leader peptide and binding
of a new substrate. ATP hydrolysis and ADP release reset the transporter to the inward-facing
conformation allowing the PEP to dock back and position one of the two substrates for cleavage
and translocation.
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A key aspect of this model is the strict coupling of substrate cleavage to translocation. In the
inward-facing conformation where two substrates are bound, the non-translocating substrate
adopts a kink at the double-glycine motif, preventing uncoupled cleavage. In the ATP-bound
conformation, the disengaged PEP domains have little proteolytic activity as the transporter core
is necessary for substrate cleavage.
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ATP hydrolysis

Fig. 2.11 The alternating access mechanism of PCAT1

CtA is recruited and cleaved in the inward-facing conformation.
ATP binding stabilizes the outward-facing conformation in which
the PEP domains are disengaged. After cargo release, TMDs
isomerize to form an occluded cavity. ATP hydrolysis resets PCAT1
back to the inward-facing conformation, allowing PEP to dock

into the TMD-NBD interface.
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2.4 Materials and Methods
2.4.1 Native mass spectrometry analysis

The purified PCAT1 samples were buffer exchanged into native MS solution (200 mM
ammonium acetate pH 7.5 with either 0.058% UDM or 0.5% CsE4) using Zeba microspin
desalting columns (Thermo Scientific) with a 40 kDa molecular weight cut-off (MWCO). The
typical concentrations used for native MS analysis were 4 uM PCAT1 monomer for the PCAT1-
only sample and 4 uM PCAT1(C21A) monomer + 8 uM CtA (a two-fold excess of CtA). An
aliquot (2-3 pL) of the sample was loaded into a gold-coated quartz capillary that was fabricated
in-house. The sample was then electrosprayed into an Exactive Plus EMR instrument (Thermo
Fisher Scientific) using a static nanospray source. The MS parameters used include: spray
voltage, 1.0—1.4 kV; capillary temperature, 125°C; S-lens RF level, 200; resolving power, 8750
or 17,500 at m/z of 200; AGC target, 1 x 10°, number of microscans, 5; maximum injection time,
200 ms; injection flatapole, 8 V; interflatapole, 4 V; bent flatapole, 4 V; ultrahigh vacuum
pressure, 7—-10 x 107!9 mbar; total number of scans, 100. The in-source dissociation (ISD) and
higher-energy collisional dissociation (HCD) parameters were varied and optimized accordingly.
Mass calibration was performed using cesium iodide. The acquired MS spectra were visualized
using Thermo Xcalibur Qual Browser (version 3.0.63) and deconvolution was performed either
manually or using UniDec version 3.2 (Marty et al. 2015; Reid et al. 2019a). The deconvolved
spectra from UniDec were plotted using the m/z software (Proteometrics LLC). Experimental
masses were reported as the average mass + standard deviation (S.D.) across all calculated mass
values obtained within the observed charge state series.

2.4.2 Expression and purification of PCAT1

The wt and mutant PCAT1 genes were subcloned into the pMCSG20 vector with an N-
terminal glutathione-S-transferase (GST) tag and a Tobacco Etch Virus (TEV) protease cleavage
site. E. coli strain BL21(DE3) codon plus (RIL) cells expressing PCAT1 were lysed and
solubilized in buffer containing 1% n-dodecyl-p-D-maltoside (DDM; Anatrace), S0 mM Tris pH
7.0, 500 mM NaCl, 10% glycerol, and 5 mM DTT. PCAT1 was enriched on Glutathione
Sepharose 4B resin, washed with buffer containing 50 mM Tris pH 7.0, 500 mM NaCl, 10%
glycerol, 5 mM DTT, and 2 mM n-undecyl-B-D-maltopyranoside (UDM; Anatrace). The GST
tag was removed by cleavage with TEV protease, and PCAT1 was further purified using a
Superdex 200 increase column (GE Healthcare) in a buffer containing 50 mM Tris pH 7.0, 150
mM NaCl, 2 mM UDM.

2.4.3 Expression and purification of PCAT1 substrate

The gene encoding CtA was subcloned into the pMCSG7 vector with an N-terminal
TEV-cleavable 6x His tag and a C-terminal 3x Flag or HA-tag. RIL cells expressing CtA were
resuspended in lysis buffer (50 mM Tris pH 7.0, 150 mM NacCl, and 10% glycerol), lysed by
three passes through a high-pressure homogenizer (Emulsiflex C-3; Avestin), and centrifuged at
80,000 g for 40 min to isolate inclusion bodies. The pellet was washed extensively with lysis
buffer plus 1% Triton X-100, then with lysis buffer alone, before solubilizing in 8 M urea. The
denatured protein was purified on cobalt affinity resin (Clontech Laboratories) and refolded via
dialysis in lysis buffer plus 5 mM DTT. The His-tag was removed by cleavage with TEV
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protease and the protein were further purified by gel-filtration chromatography (Superdex 75
HiLoad 16/60, GE Healthcare).

2.44 Cryo-EM sample preparation and data collection

Purified PCATI(C21A) (5 mg/ml, 62 uM monomer) was mixed with 62 uM refolded
CtA and incubated on ice for 30 mins. About 3 pl of sample was applied onto glow-discharged
holey carbon grids (Quantifoil gold R1.2—-1.3), incubated for 20 s at 100% humidity, and blotted
with filter paper for 3 s before being plunge-frozen into liquid ethane using a Vitrobot Mark IV
(FEI). A dataset of 3,478 movies was collected on the Titan Krios Transmission Electron
Microscope (FEI) outfitted with a K2 Summit direct electron detector (Gatan) with a super-
resolution pixel size of 0.545 A using Leginon (Suloway et al. 2009). The electron dose rate was
eight electrons/pixel/s with a total exposure time of 12 s resulting in a total electron dose of 80
electrons/A2 over 60 frames.

2.4.5 Single particle reconstruction

The procedure for image processing is summarized in Fig. 2.4. Movie frames were
corrected using a gain reference and binned by a factor of two to a pixel size of 1.09 A. Movie
frames were aligned using Unblur (Grant and Grigorieff 2015) and the effective contrast transfer
function (CTF) was determined from frame-summed micrographs using CTFFIND4 (Rohou and
Grigorieff 2015). Templates for auto-picking were generated from 2D classes generated from
5,000 manually picked particles in RELION. After manual inspection to remove false positives,
572,800 automated picked particles were extracted with a box size of 300 pixels and subjected to
drift correction using alignparts_Imbfgs (Rubinstein and Brubaker 2015). The resulting particles
were 2D-classified into 150 classes after which 383,002 particles were selected. An ab initio 3D
model with C2 symmetry, generated from CryoSPARC, was low-pass filtered to 60 A and used
as an initial model for 3D Classification in RELION. The most populated class was further
refined in RELION to 4 A resolution. A smoothed mask, excluding the detergent micelle, was
created and used for 3D classification without alignment and subsequent local refinement in
RELION. The final 3D reconstruction with C2 symmetry yielded a 3.9 A map.

The movie frames were also motion-corrected using MotionCor2 software (Zheng et al.
2017), and CTF estimation was calculated using gCTF (Zhang 2016) both implemented in
Relion 3 (Zivanov et al. 2018). Subsequently, the final set of selected particles were re-extracted
and subjected to three iterations of Bayesian particle polishing, CTF refinement, and local
refinement with C2 symmetry in Relion 3 (Zivanov, Nakane, and Scheres 2019). One round of
refinement in C1 was performed to release the symmetry from C2 to C1. Subsequent 3D
classification without image alignment was performed. The 3D classes were manually inspected
for differences in local asymmetry. The particles belonging to a 3D class that appeared to have
an opposite orientation were rotated 180° along the symmetry axis. One round of local
refinement with C1 symmetry yielded 3.6 A resolution in Relion. The final round of refinement
was performed using CryoSPARC producing a map of 3.37 A resolution (Punjani et al. 2017).
The resolution was estimated using Fourier Shell Correlation (FSC) with 0.143 cutoff
implemented in the 3DFSC web application (Zi Tan et al. 2017). Local resolution estimation
from two CryoSPARC half maps was performed in CryoSPARC.
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2.4.6 Model building and refinement

The crystal structure of PCAT1 (PDB:4RY2) was placed into a sharpened cryo-EM map
(sharpening factor, —80 A?) using rigid body fitting in Chimera (Pettersen et al. 2004) followed
by manual adjustments in Coot (Emsley and Cowtan 2004). The final model consists of residues
9-722 of PCATTI, residues 8-29 of the translocating CtA, and residues 8-25 of the non-
translocating CtA.

The model was initially refined against one working half map in real-space by PHENIX (Adams
et al. 2010), followed by rounds of refinement in reciprocal space using REFMAC (Brown et al.
2015), with secondary structure and reference restraints derived from ProSMART (Nicholls et al.
2014). The quality of the final model was evaluated by MolProbity (V. B. Chen et al. 2010). To
assess the degree of overfitting, we calculated the FSC curves between the model and working
half map, the non-working half map, and the full map using SPIDER (Shaikh et al. 2008; Frank
et al. 1996).

2.4.7 Site-directed mutation analysis of substrate binding

To assess residues on CtA for PEP binding, PCAT1 (C21A)-bound GST sepharose resin
was used to pull down w¢ or mutant CtA. CtA titration was performed by mixing 20 pl of
Glutathione resin with 0.2, 0.4, 0.8, 1.6, or 3.2 nmol of CtA in 100 pl reaction buffer. The
reaction mixture was incubated for 30 min on ice, after which the resin was washed twice with
400 pl wash buffer (50 mM Tris pH 7.0, 500 mM NacCl, 10% glycerol, 2 mM UDM, 5 mM
DTT). The samples were analyzed by SDS-PAGE as well as Western with M2 anti-flag mouse
antibody as primary antibody (1:5000) and goat anti-mouse Alexa Fluor 680 antibody as a
secondary antibody (1:1000).

To assess the reciprocal binding residues on PCATI, site-directed mutagenesis was
performed to introduce mutation to PCAT1 (C21A), after which the pulldown experiment was
performed using the C-terminal 3xFlag tagged CtA as a bait. For each reaction, 0.6 pM of
PCAT1 was incubated on ice for 10 min with 1.2, 2.4, 4.8, 9.6, or 19.2 uM of CtA in 100 pl
reaction buffer (50 mM HEPES pH 7.0, 150 mM NaCl, 2 mM UDM, 5 mM DTT). To capture
the PCATI1 (C21A)-CtA complex, 15 pl of Anti-Flag M2 agarose affinity gel (Sigma-Aldrich)
was added to the reaction and incubated for 30 min. The agarose affinity gel was washed twice
with 400 pl reaction buffer. Samples analyzed by SDS-PAGE.

2.4.8 Disulfide cross-linking analysis of substrate translocation

To perform disulfide cross-linking accessibility assay, we constructed a cysteine-free
PCATI by replacing all nine cysteines in PCAT1 with serine. Single cysteine substitutions at
positions 275, 417, or 433 were introduced to the cysteine-free PCAT1 construct by site-directed
mutagenesis. Mutant CtA (0.6 uM) containing an introduced cysteine residue and a HA tag was
mixed with equimolar single-cysteine PCAT]1 in buffer containing 50 mM HEPES pH 7.0, 150
mM NaCl, and 2 mM UDM. The reaction mixture was incubated at room temperature for 10 min

34



in the presence of 15 pM Cu-Phenanthroline or 50 mM DTT before being analyzed by SDS-
PAGE. For Western blotting, the cross-linked product was visualized with a primary anti-HA
mouse monoclonal antibody (1:10000) and a secondary goat anti-mouse Alexa Fluor 680
antibody (1:1000). In addition, we have verified the identity of the cross-linked products by mass
spectrometry for the following pairs: PCAT1 K275C-CtA K38C, PCAT1 K275C-CtA K44C,
and PCATI1 K275C-CtA K65C. MS analysis was performed by The Rockefeller University
Proteomics Resource Center.
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CHAPTER 3: Structure of PCAT1 under the active turnover and Mg2+ free condition
reveals the rate-limiting steps and the role of ATP in PCAT]1 transport cycle

3.1 Summary

The work described in the previous chapter proposed a hypothesis regarding the transport cycle
of PCAT]1. The hypothesis details a plausible mechanism for strict coupling between proteolytic
activity of PEP and ATP hydrolysis. However, despite the wealth of biochemical evidence
indicating the dual-functional coupling unique to PCATs, the structural mechanism remains
poorly understood. To obtain direct structural information, I examine the conformational states
of PCAT]1 in the full functional transport cycle. I use cryo-EM single particle reconstruction
techniques to reconstruct 3 structures of PCAT1 under an active turnover condition where
functional PCAT1 are allowed to go through the transport cycle. I also reconstructed a structure
of PCATI1 trapped in the outward-facing conformation using Mg?* free condition. The rigid-
body movement of NBD is consistently observed across all structures indicating the intrinsic
conformational heterogeneity of PCAT1. The rigid body movement of PEP relative to the TMD-
NBD, is observed in the outward-facing state. The PEP movement is consistent with the strict
coupling phenomenon and mechanistically explains how inter-domain motions coordinate the
hydrolysis and proteolytic cleavage. In the turnover condition, only a small fraction of PCAT1
adopts the NBD-dimerized conformation, indicating that ATP hydrolysis and the subsequent
NBD dissociation occur faster than NBD dimerization.

The data from the Mg?" free and ATP turnover condition support two mechanistic conclusions:

(1) the ATP-bound NBD-dimerized conformation is the lowest energy state.
(2) The rate-limiting step in PCAT1 is the formation of the NBD dimer.

Comparing these results to other studies suggest that whereas the thermodynamic property is
universal among ABC transporters, the kinetic bottleneck varies from transporter to transporter.
To my best knowledge this is the first example of using cryo-EM data to understand
thermodynamic and kinetic properties of an active transporter.

3.2 Results
3.2.1 Structure determination of w/PCAT]1 in the ATP-bound, pre-hydrolytic conformation

Previous biochemical studies established that addition of ATP in the absence of Mg?" inhibits
substrate cleavage of PCAT1 (Lin, Huang, and Chen 2015 ). To study the structure of the ATP-
bound, proteolytically inactive form, 6 mg/ml w/PCAT1 was vitrified in the presence of the
substrate CtA (2x molar ratio) and ATP (10 mM). Mg?* ion was omitted to prevent ATP
hydrolysis. Single particle reconstruction resulted one predominant conformation, with an overall
resolution of 4.5 A (Fig. 3.1). Density modification further improved the map, showing side-
chain densities for the NBDs and the intracellular regions of the TMDs (Fig. 3.1E, Fig. 3.2).
Prominent density at the ATPase sites is consistent with ATP without Mg?* ion (Fig. 3.1 F). The
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TMDs show well-defined density in the intracellular region; the outer leaflet region exhibits
clear secondary feature with little sidechain information. Densities corresponding to the two PEP
domains are visible as two amorphous blobs attached to the transporter core. No density
corresponds to the substrate was observed, possibly due to the limited resolution. The structure
of ATP-bound PCAT1 was built based on the crystal structure of apo PCAT1(PDB: 4ry2).
Polyalanine models were placed where sidechain densities were invisible. The final model
consisting of 1418 residues and 2 ATP molecules was refined to good stereochemistry (Table
3.1).

In the presence of ATP without Mg?*, wfPCAT1 adopt outward-facing (OF) conformations in
which the NBDs form a closed dimer, and the translocation pathway opens to the extracellular
space (Fig. 3.2). The intracellular, lateral opening of the translocation pathway observed in the IF
conformations is completely closed (Lin, Huang, and Chen 2015). The lower resolution of the
outer leaflet region of TMD indicating its flexibility (Fig 3.2 B), as observed in other ABC
transporters such as the multidrug transporter P-glycoprotein (Kim and Chen 2018). The PEP
domains are flexibly attached to the core transporter, with no defined interactions with TMDs
nor NBDs (Fig. 3.2 B).

Structural comparison with the ATPyS-bound, E648Q mutant PCAT1 determined in the absence
of substrate reveals two major differences (Fig. 3.3). First, in the crystal structure of the ATP
hydrolysis deficient E648Q mutant (PDB: 4s0f), the PEP domains are entirely invisible (Lin,
Huang, and Chen 2015). Second, the w/PCAT]1 is in an outward-facing conformation, containing
a TM cavity open to the extracellular space and closed off to the cytosol (Fig. 3.3 A). In contrast,
the E648Q-PCATTI is in an occluded conformation where the TM cavity is closed to both sides
of the membrane (Fig. 3.3 B). It is possible that these differences are due to the energetic
differences introduced by the mutation, the Mg?*, the substrate, or the influence of crystal
packing.

37



Table 3.1 Summary of Cryo-EM data and structure
refinement statistics for w/PCAT1 in Mg2+ free condition

Data collection

Microscope Titan Krios (FEI)

Voltage (kV) 300

Detector K2 (Gatan)

Pixel size (A) 1.03

Defocus range (uM) 0.8-2.2

Movies 11236

Frames/movie 50

Dose rate (electron/pixel/s) 8

Total dose (electrons/A?) 75
Model composition

Non-hydrogen atoms 8562

Protein residues 1458

ATP 2

Mg2+ 0
Refinement

Number of particles 98523

Resolution (A) 4.5
Validation

RMS deviation

Bond lengths (A) 0.014

Bond angles (o) 1.70

Ramachandran

Favored (%) 95.94

Allowed (%) 3.99

Rotamer

Favored (%) 99.09

Allowed (%) 0.68
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Fig 3.1 Summary of cryo-EM image processing of PCAT1 in Mg** free condition
(A) Flowchart summarizing the cryo-EM image processing
(B) Fourier shell correlation (FSC) curve for the two half maps used in the final reconstruction
(C) Estimated resolution dependent map quality of the original and the density modified map

(D) Model validation of the PCAT1 in the ATP-bound outward-facing conformation

(E) Local resolution estimation of the PCAT1 in the ATP-bound outward-facing conformation
(F) Cryo-EM density for the nucleotide in the OF conformation
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PCAT1 8 142 154 471 484 722

PEP TMD NBD

Fig. 3.2 The cryo-EM structure of PCAT1 in the OF conformation

(A) Cartoon illustration depicting domain organization of PCAT1.

(B) Two orthogonal views of cryo-EM density map of PCAT1 in OF conformation.
The density is color-coded by domains. Magenta, NBD; orange, TMD; green, PEP.
(C) The ribbon representation of PCAT1 in OF conformation color-coded by domains.
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wt, ATP-bound extracellular gate

extracellular gate

@y«

Fig. 3.3 Comparison of conformational differences between PCAT1 in OF and occluded conformations
Orthogonal views of PCAT1 shown as ribbon cartoons. The volume inside the TM cavity generated

using a probe of 3 A radius is shown as a blue mesh. The panel shows PCAT1 from the front view.

The zomed-in panel shows the extracellular gate viewed from extracellular space and the intracellular gate.
TM helices forming the gates are labeled.

(A) wPCAT1 in ATP-bound OF conformation

(B) E648Q PCAT1 in ATPyS-bound occluded conformation
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3.2.2 Structure determination of PCAT1 under active turnover condition

Next, we included Mg?* to investigate the conformational states of PCAT1 under active turnover
condition. The cryo-EM sample was prepared by vitrifying the w¢ PCAT1 with 2-fold molar
excess of the substrate CtA, 10 mM ATP-Mg?', and the creatine phosphate ATP-regenerating
system. In marked contrast to the structure determined in the absence of Mg?*, single particle
reconstruction delineates four distinct conformations (Fig. 3.4 and Table 3.2). Among the
671,000 particles analyzed by 3D classification, about 83% exhibit IF conformations with
different degrees of NBD separation and only 14% are in an NBD-dimerized configuration.
Subsequent refinement resulted in three IF structures, referred to as IF wide (IFw), intermediate
(IF1) and narrow (IFx), respectively (Fig. 3.4, 3.5). The overall resolutions of IFw, IF; and [Fx
structures are 4.1, 3.7, and 3.7 A, respectively (Fig. 3.5 A). A fourth structure, showing a full
NBD-dimerized configuration, could only be refined to 6.6 A suggesting that particles within
this class are heterogenous (Fig. 3.4).

Different from the OF reconstruction, all three IF structures show strong densities in the TMDs,
enabling unambiguous residue assignment (Fig. 3.5, 3.6). The densities for NBD and PEP are
weaker, suggesting that these domains are relatively dynamic. Extra densities are observed in the
NBDs near the Walker A motif in all three IF reconstructions (Fig. 3.6 C). The shape and size of
the density are consistent with ATP and a Mg?" ion, indicating that ATP are bound to the IF
conformations.

The three IF structures share a similar overall conformation, with different degrees of separation
of the intracellular regions (Fig. 3.6 B). Similar to the structure of PCAT1-CtA complex that was
obtained with a proteolytic-deficient C21A mutant (PDB: 6V9Z) (Kieuvongngam et al. 2020),
the two PEP domains dock onto the intracellular openings of the TM cavity, each bound with a
leader peptide. No density was observed beyond the double-glycine cleavage site (G23-24),
suggesting that cleavage has already taken place (Fig. 3.7 A-B). Cleavage experiments using the
same cryo-EM sample indicates that a fraction of the substrate has been processed within the
time window of sample vitrification (Fig. 3.7 C).

Inside the TM cavity, we observe amorphous densities which may correspond to the cargo
peptide (Fig. 3.6 D). Recently an electron paramagnetic resonance study argues for direct
interaction between the cargo domain and the core transporter (Rahman and Mchaourab 2020).
In contrast, we do not observe any EM density that could be interpreted as specific interactions
between the substrate cargo and residues lining translocation pathway in all three IF structures.
The cryo-EM structures support the previous conclusion that substrate is recruited by the PEP
domain and the TM cavity serves as a “Teflon-like” conduit for the cargo (Kieuvongngam et al.
2020).

The discrepancy between the electron paramagnetic resonance study (Rahman and Mchaourab
2020) and the present cryo-EM results is worth considering. First the study uses a bimane-
labeled substrate at the native cysteine 31. Upon incubation with detergent solubilized PCAT]I, a
blue shift in fluorescence emission is observed consistent with changes of environment to a more
hydrophobic environment, compared to the detergent micelles negative control. In addition, a
methanethiosulfonate spin label substrate is used to probe the interaction. A broadening of EPR
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line is observed consistent with a restricted motion of the spin label. The authors argue that this
evidence indicate that the substrate is translocated into the hydrophobic transmembrane cavity
and thus the mobility of spin label on the substrate is restricted. We argue that this observed
interaction could be protein-protein interactions but can still be non-specific i.e. non-specific
promiscuous binding of substrates to a membrane protein. A better control should guard against
this possibility would be to use other small-molecule ABC transporters as a negative control.
Furthermore, an in-vitro pulldown experiment using the Flag-tagged substrate to pull down the
core transporter showed that the substrate cannot pull down the core transporter (Lin, Huang, and
Chen 2015). Therefore, if there is any direct interaction, the affinity is too low to be detected in a
bulk pulldown assay.

In summary, under turnover condition, the majority of PCAT1 adopt IF conformations. One of
the substrate has likely been cleaved and released to the TM cavity. Two ATPs are bound to the
separated NBDs. The presence of ATP-bound IF states suggests that ATP binding, per se, does
not induce conformational changes required for NBD dimerization. Rather, the role of ATP is to
stabilize the NBD dimers.

43



Table 3.2 Summary of cryo-EM data and structure refinement statistics for
wt PCATI1 under active turnover condition

Data collection
Microscope
Voltage (kV)
Detector
Pixel size (A)
Defocus range (uM)
Movies
Frames/movie
Dose rate (electron/pixel/s)
Total dose (electrons/A%)
Conformation
Refinement
Number of particles
Resolution (A)
Model composition
Non-hydrogen atoms
Protein residues
ATP
Mg2+
Validation
RMS deviation
Bond lengths (A)
Bond angles (o)
Ramachandran
Favored (%)
Allowed (%)
Rotamer
Favored (%)
Allowed (%)

Titan Krios (FEI)
300

K2 (Gatan)

1.03

0.8-2.2

11966

50

8

75
IFw IF,

134772 88549

4.1 3.7
11460 11460
1458 1458
2 2

2 2

0.0028 0.0025

1.29 1.22
94.95 94.89
5.05 5.11
87.3 96.63
9.73 3.13

IFN

80156
3.7

11444
1458

0.0027
1.26

96.05
3.95

95.34
4.10
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Motion correction
CTF estimation
Particle picking
Extraction

ERY

3% 16 %
Relion 3

3D refinement
masked 3D refinement

Relion 3
iterative polishing
CTF refinement
masked 3D refinement

CryoSPARC 2
non-uniform refinement

Relion 3

2.8 M particles

Relion 3
2 rounds of
3D classification

671K particles
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Fig 3.4 Summary of cryo-EM image processing of PCAT1 under active turnover condition
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Fig 3.5 Quality of the cryo-EM density map of wfPCAT1 in the IF conformations

(A) Fourier shell correlation (FSC) curve for the two half maps used in the final reconstruction

(B) Model validation of the PCAT1 in the inward-facing conformations under active turnover condition
(C) Local resolution estimation of the PCAT1 in the ATP-bound outward-facing conformation
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Fig 3.6 The cryo-EM structure of PCAT1 IF conformations

The left panels: IFW; The middle panels: IFI ; The right panels: IFN.

(A) The frontal views of cryo-EM structures of PCAT]1 in IF conformations.

The density is color-coded by domains. Blue, CtA; magenta, NBD; orange, TMD; green, PEP.
(B) The degrees of NBDs separation in the IF conformations. The Ca distances between G522
in the Walker A motif and S624 in the ABC signature motif of the other NBD are indicated.
(C) The presence of ATP-Mg in the IF conformations. The cryo-EM density of ATP-Mg

is shown as a blue mesh. The conserved aromatic residue Y495 is shown forming n-x stacking
interaction with the adenine ring stabilizing the ATP.

(D) The cargo densities inside the transmembrane cavity. Cross sectional views through the
cryo-EM densities maps of PCAT1. The cargo density is shown in blue.

47



A B C Time (sec)
0.0 20 40 60 80100120180

R —PCAT1
-4 :
-
H99 8 o

‘.......- —CiA
‘m — Cleaved cargo

G23

Fig. 3.7 Substrate cleavage under active turnover condition

(A) Docking of the leader peptide (blue) on the PEP surface (green).

The PEP catalytic triad residues are indicated as red spheres and the CtA double glycine motif

are indicated as blue spheres.

(B) A zoomed-in view of the catalytic site.

(C) Substrate cleavage assay recapitulating the cryo-EM sample preparation

of PCAT1 under active turnover condition: 10 mM ATP-Mg, 2 molar ratio substrate, and creatine phosphokinase
ATP regenerating system.
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3.2.3 Conformational dynamic in the active turnover condition

Next, we used the 3D variability analysis (Punjani and Fleet 2021) to visualize the
conformational dynamics of PCAT1 in the active transport cycle. The result illustrated that the
conformational transition is a continuous movement of NBD, coupled with rotational movements
of the TMDs and dissociation of the PEP domains (Fig. 3.8). Using one NBD subunit as a frame
of reference, dimerization of NBD is accompanied by concerted inward movement of the
cytosolic/inner leaflet regions of the TMDs and outward motion of the outer leaflet region. The
movements of the TMDs leads to conformation changes of the PEP-docking site, resulting in
dissociation of the PEP domains. The 3D variability analysis indicates that the association of the
NBD dimer is directly coupled with the formation of the OF conformation and the dissociation
of the PEP domains. We suggest that these structures represent conformations en route to the
NBD-dimerized, OF state.
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Fig. 3.8 Conformational variability in the active turnover dataset

The variability component resolves a motion along the NBD separation-dimerization axis

which correspond to the inward-outward motion in the transport cycle. The first and last frame

of 3D volume series from the 3D variability analysis is displayed in magenta and blue respectively.
Two perpendicular orientations are shown. The front views and the side views are shown

with arrows to indicate the direction of domain motion along the peptide transport cycle.
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3.3 Discussion

3.3.1 Functional coupling between substrate cleavage and substrate transport is achieved
by domain motion coupling

In this study, we determined the structures of wfPCAT] in the presence of substrate and
ATP, with and without Mg?* ion. In the absence of Mg?*, PCAT1 predominately exhibits an OF
conformation, in which the PEP domains are detached from the translocation pathway, the NBDs
are dimerized with two ATP poised for hydrolysis, and the cargo substrate has been released.
Inclusion of Mg?* to enable ATP hydrolysis resulted in completely different structures. The
majority of PCAT1 adopts IF conformation in which the NBDs are separated, the substrate is
enclosed inside the TM cavity and the PEP domains remain associated with the transporter core.
These results, together with previous biochemical and structural information (Lin, Huang, and
Chen 2015; Kieuvongngam et al. 2020), support a mechanism to explain how substrate
processing, translocation, and ATP hydrolysis are coupled in the PCAT1 transport cycle (Fig.
3.9). Substrate is recruited in the IF states and proteolytic cleavage takes place near the
intracellular opening. After proteolytic cleavage, the cargo is released into the TM cavity,
whereas the leader peptide remains attached to the PEP domain. ATP binding stabilizes the
NBD-dimerized, OF conformation, to release the cargo to the extracellular space. In this
conformation, the PEP domains are disengaged from the transporter core to recruit new
substrates. Dissociation of the PEP domains also diminishes proteolytic activity of PCAT]I,
thereby prevents cleavage of substrates before positioning them inside the translocation pathway.
Finally, ATP hydrolysis leads to NBD dissociation, thus resetting the transporter to the IF state.
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Fig. 3.9 Peptide transport cycle model of PCAT1

PCAT]1 is dynamically transitioned between multiple IF conformations. Substrate can bind
and is cleaved in the IF conformations. The rate limiting step is NBD dimerization.

After NBD dimerization, the substrate is released extracellularly.

ATP hydrolysis occurs bringing PCATT1 to IF conformations.
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3.3.2 Behaviors of PCAT]1 in active turnover condition compared to other ATP
transporters

The marked difference in the conformational distributions observed with and without Mg?*
reveals energetic and kinetic properties of PCAT1. To explain the cryo-EM observations, we
show a simplified transport cycle with two-states (Fig. 3.10). This simplification subsumes
multiple NBD-separated IF conformations into a single state (Fig. 3.10). PCAT]1 catalyzes the
hydrolysis of ATP with a Michaelis constant (Kn) of 0.23 mM (Lin, Huang, and Chen 2015).
Under our experimental conditions with 10 mM ATP, we assume that all I[F conformations
contain ATP. The transition from NBD-separated to NBD-dimerized states involves an
isomerization step (ki). The NBD-dimerized OF PCAT1 has two routes to return to the NBD-
separated state: through isomerization (k.1) or through ATP hydrolysis followed by NBD-
dissociation and nucleotide exchange. A composite rate constant ko is used to describe the latter
route.

Assuming the cryo-EM samples were vitrified after the system reaches steady state, then
the probability of observing the NBD-separated IF state (Pir) versus that of the NBD-dimerized

OF state (Por) is determined by equation 1:
Pip _ kptk_4

= (1)

Por kq

In the first experiment, Mg?" is omitted to prevent ATP hydrolysis, i.e ko=0 (Williams 2000).
Under this condition, the IF and OF states are in equilibrium and the Boltzmann distribution law
states that the conformational distribution depends on the energy difference between the two
states (Eor-Ej):

Pir _ ko

= — = (E -E )/k T
Por ) e\EoF )/ X 2)

where kg is the Boltzmann constant and 7 is the absolute temperature of the system.

Cryo-EM analysis only resolved the NBD-dimerized OF conformation, indicating that Por >>
Pir. Using equation 2, we conclude that the energy of the OF conformation is lower than that of
the IF conformation. The fact that Por >> Pir also means ki >> k_y, i.e, in the presence of ATP,
the NBD-dimerized OF conformation is stable, the reverse isomerization (k-.1) is much slower
than that of NBD-dimerization.

In the second experiment, addition of Mg?" enables energy dissipation from ATP hydrolysis,
shifting the system out of equilibrium. Under this condition, the Boltzmann distribution no
longer applies. As we learned from the first experiment, that ki >> k.1, equation 1 can be
approximated as

Pir _ k,+k_q _ k, k_q k,

~ —= 3)
PoF kq kq kq kq

The 3D classification analysis in the presence of Mg?* shows that approximately 83% of the
particles exhibit the NBD-separated IF conformations and about 14% are in the NBD-dimerized
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OF conformations (Fig. 3.4). If we were to make inference from this result, then the ratio of ka/k;
is about 6. In other words, resetting the NBD-dimerized OF conformation to the NBD-
dissociation IF conformation (k») takes place six times faster than formation of the NBD-
dimerized OF conformation (k).

Recent advances in cryo-EM enabled us to study the conformational landscape of dynamic
molecules such as ABC transporters. It is important to keep in mind that which conformation
dominates under ATP turnover conditions is a kinetic property specified by the relative rates of
transitions in the transport cycle. In contrast, in equilibrium conditions where ATP hydrolysis is
abolished, the relative abundance of conformations is a thermodynamic property of the system
determined by the relative energies of states. Our analyses of PCAT1 give rise to two
conclusions: 1. In the presence of ATP, the NBD-dimerized conformation is the lowest energy
state. 2. In the PCAT] transport cycle, the rate limiting step is NBD dimerization.

So far, the structures of many ABC transporters determined under equilibrium conditions using
non-hydrolysable ATP analogs or catalytic-deficient mutants resulted in an NBD-dimerized
conformation (Dawson and Locher 2006; Ward et al. 2007; Choudhury et al. 2014; Kim and
Chen 2018; Johnson and Chen 2018; Manolaridis et al. 2018; Perez et al. 2019; Hutter et al.
2019; Fan, Kaiser, and Rees 2020). Thus, it is likely a general property of ABC transporters that
in the presence of ATP, the NBD-dimerized conformation is the lowest energy state.

In contrast, under ATP turnover conditions, different conformational distributions were observed
for different ABC transporters. The multidrug transporter ABCG2 exhibits only IF, NBD-
separated conformations (Q. Yu et al. 2021), indicating that similar to PCAT1, NBD
dimerization is rate limiting. The opposite result was obtained with MRP1, which adopts the
NBD-dimerized, OF conformation in the presence of ATP and Mg?" (Wang et al. 2020). On the
other hand, the Thermus thermophilus multidrug-resistance proteins A and B (TmrAB) exhibits
both NBD-separated and NBD-dimerized conformations(Hofmann et al. 2019). These different
results suggest that the kinetic bottleneck of the transport cycle varies from transporter to
transporter.
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Fig. 3.10 Kinetic model diagram summarizing the cryo-EM experiments

Experiment 2
ATP turnover
condition

IF state enriched

Under physiological condition, ATP rapidly bind to the IF state. The process of IF-OF transition is governed by
the forward isomerization rate of NBD dimerization (k,) and the backward isomerization rate of NBD
dissociation (k ). The rate of ATP hydrolysis, nucleotide exchange, and NBD dissociation back to IF state

is represented as k..

The cryo-EM experiment 1 under Mg?* free condition investigated the NBD dimerization and dissociation under
equilibrium condition. It is found that OF state is enriched under this condition,

revealing that OF state is the lower energy state.

The cryo-EM experiment 2 under active ATP turnover condition investigated the rate limitng step of the overall
transport cycle. It is found that IF state is enriched under this condition, revealing that k, is faster than k, and

NBD dimerization step is the rate limiting step of the transport cycle.
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3.4 Materials and Methods
3.4.1 Protein expression and purification

The wild-type and E648Q PCAT1 in pMCSG20 vector with an N-terminal glutathione-S-
transferase (GST) tag and a Tobacco Etch Virus (TEV) protease cleavage site were expressed
and purified using a protocol previously described in chapter 2. Briefly, the construct was
expressed in E. coli strain BL21(DE3) codon plus (RIL) cells expressing PCATI. The cells were
lysed and solubilized in buffer containing 1% n-dodecyl-pB-D-maltoside (DDM; Anatrace), 50
mM Tris pH 7.0, 500 mM NaCl, 10% glycerol, and 5 mM DTT. The supernatant was applied to
the Glutathione Sepharose 4B affinity resin followed by buffer exchange to 50 mM Tris pH 7.0,
500 mM NacCi, 10% Glycerol, 5 mM DTT, and 2 mM n-undecyl-p-D-maltopyranoside (UDM;
Anatrace). The GST tag was removed by TEV protease and the protein was further purified by
gel filtration chromatography using a Superdex 200 increase column (GE Healthcare) in a buffer
containing 50 mM Tris pH 7.0, 150 mM NaCl, 2 mM UDM.

The wild-type PCATI substrate CtA in MCSG?7 vector with an N-terminal TEV cleavable 6x His
tag were expressed and purified using a protocol previously described in chapter 2. Briefly, the
cell pellet containing inclusion bodies were solubilized in 8 M urea, 50 mM Tris pH 7.0, 150
mM NacCl, and 10% glycerol. The denatured protein was purified on cobalt affinity resin
(Clontech Laboratories) and refolded via dialysis in lysis buffer plus 5 mM DTT. The His-tag
was removed by cleavage with TEV protease and the protein were further purified by gel-
filtration chromatography (Superdex 75 HiLoad 16/60, GE Healthcare).

3.4.2 Cryo-EM sample preparation and data collection of the active turnover dataset

Purified wild-type PCAT]1 in the ATP regenerating buffer condition (0.1 mg/ml creatine
phosphokinase, 10 mM creatine phosphate) was mixed with twofold molar excess of refolded
CtA. Immediately 10 mM ATP and 10 mM Mg2+ was added to the mixture solution. The
solution was applied onto glow-discharged holey carbon grids (Quantifoil gold R1.2—1.3),
incubated for 20 s at 100% humidity, and blotted with filter paper for 3 s before being plunge-
frozen into liquid ethane using a Vitrobot Mark IV (FEI). A dataset of 11,966 movies was
collected on the Titan Krios Transmission Electron Microscope (FEI) outfitted with a K2
Summit direct electron detector (Gatan) with a super-resolution pixel size of 0.515 A. The
electron dose rate was eight electrons/pixel/s with a total exposure time of 10 s resulting in a
total electron dose of 80 electrons/A? over 50 frames.

3.4.3 Single particle reconstruction of the active turnover dataset

Movie frames were corrected for gain reference and binned by two to yield a pixel size of 1.03
A/pixel. Sub-frame alignment was carried out using MotionCorr2, and the contrast transfer
function (CTF) was estimated using Getf software. From 11,966 micrographs, 2.8 million
particles were selected using RELION particle picking with 3D template. To remove false
positive and broken particles, two rounds of batched 3D classification was carried out in
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RELION using a cryo-EM map of PCAT1-substrate complex low-passed-filtered to 60A as a
reference model. Four distinct classes, [Fw, IF1, IFx, and OF emerged. The particle numbers for
these classes are 134 K, 88 K, 80K, and 94K particles respectively. The OF class is too poorly
resolved and a separated dataset in the absence of Mg2+ was collected instead.

For each inward-facing class, masked 3D classification without alignment was performed to
ensure the homogeneity of each class. Each class was then subjected to one round of 3D
refinement followed by masked 3D refinement. Iterative cycles of CTF refinement, Bayesian
polishing, and masked 3D refinement in RELION were then performed to improve the map
quality. The final round of refinement was performed without symmetry imposed in
CryoSPARC-2 software using non-uniform refinement. The resolution of each cryo-EM map
are 4.2 A, 3.7 A, and 3.7 A for IFw, IF;, and IFx respectively.

For the 3D variability analysis, all particles belonging to each conformation were pooled
together. One round of a consensus refinement and another round of non-uniform refinement
were performed in CryoSPARC-2 on this set of particles. The consensus map was then used as
starting volume for 3D variability analysis. The maps were filtered to 5 A and three eigenvector
components were solved. One eigenvector component displays variability corresponding to the
IF-OF conformation change. The variability is visualized as movies in a series of 20 volumes.

3.4.4 Cryo-EM sample preparation, data collection, and single particle reconstruction of
the ATP-bound outward-facing conformation

Procedure in the previous section was followed except 10 mM ATP in the absence of Mg2+ was
added immediately before the freezing. A dataset of 11,236 movies was collected on the Titan
Krios Transmission Electron Microscope (FEI) outfitted with a K2 Summit direct electron
detector (Gatan) with a super-resolution pixel size of 0.515 A. The electron dose rate was eight
electrons/pixel/s with a total exposure time of 10 s resulting in a total electron dose of 80
electrons/A? over 50 frames.

The reconstruction strategy as in the previous section was followed. The 3D classification
yielded a single class revealing outward-facing features. A round of 3D refinement followed by a
masked 3D refinement was performed. Iterative cycles of CTF refinement, Bayesian polishing,
and masked 3D refinement in RELION were then performed to improve the map quality. The
final round of refinement was performed without symmetry imposed in CryoSPARC-2 software
using non-uniform refinement yielding a map of 4.5 A resolution.

3.4.5 Improving the cryo-EM map qualities using density modification procedure

The fundamental concept of the density modification is that information about the expected
values of density in one part of a cryo-EM density map can be used to partially correct errors in
the Fourier terms representing that map and the corrected Fourier terms lead to an improved map
everywhere (Terwilliger, Sobolev, et al. 2020; Terwilliger, Ludtke, et al. 2020). The density
modification procedure requires two assumptions. First, the errors in the Fourier space of the two
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independent half maps are uncorrelated. Second, prior knowledge about the macromolecules is
known in advance and can provide knowledge about the features of a cryo-EM map. For
example, the molecular weights can give an estimate of a volume size. Consequently, the ratio of
solvent region and macromolecule region can be estimated. It is also known in advance that the
macromolecular region has distribution of density like those found among other macromolecules
and the solvent region has nearly constant (flattened) density.

The importance of having two independent half maps with uncorrelated error in Fourier space
can be reasoned as followed. A single error in Fourier term causes global error throughout the
cryo-EM map in real space, including the solvent region. Thus, adjusting the Fourier coefficient
to yield flattened solvent region will improve the map quality in real space globally including the
map quality of the molecule region. The density modification procedure works by adjusting
Fourier coefficients of a density modified map to agree with both the original independent half
maps, and the expected features.

the maximum likelihood-based density-modification procedure is implemented in Phenix
(Terwilliger, Ludtke, et al. 2020). Two independent unsharpened half maps, a polyalanine model
without nucleotide ligands, and a generous mask are used as input. The output density-modified
cryo-EM map was used to improve model building and figure preparation.

3.4.6 Model building and refinement

The cryo-EM structure of PCAT]1 substrate complex (PDB:6V9Z) was docked into sharpened
inward-facing conformation cryo-EM maps. The docking was performed in Chimera using rigid
body fitting, followed by manual adjustments in Coot. The final models in all of the inward-
facing structures consist of residues 9-722 on PCAT]1, residues 14-24 on both CtAs, 2 ATPs and
2 Mg?",

The crystal structure of PCAT1 complexed with ATPyS in an occluded conformation (PDB:
4S0F) was rigid body fit into the outward-facing conformation cryo-EM map similar to the
procedure previously described. The final model consists of 9-722 on PCAT1, as well as two
molecules of ATP.

In all cases, the models were subjected to real-space refined in PHENIX followed by iterative
cycles of refinement in Refmac and manual rebuilding in COOT. MolProbity was used to assess
the quality of the final model. To assess the degree of overfitting, we calculated the FSC curves
between the model and working half map, the non-working half map, and the full map using
SPIDER.

3.4.6 Figure preparation
Figures were prepared with PyMOL, UCSF Chimera, and UCSF ChimeraX.
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CHAPTER 4: Additional native mass spectrometric study of PCAT1
4.1 Introduction

PCATs are highly dynamic ABC peptide exporters that function both as a peptide substrate
maturating processor and an ATP-driven peptide exporter. PCAT1 contains four enzymatic
active sites: two peptidase sites and ATPase sites. Previous structural studies have yet to
characterize whether one or two substrates are processed or whether one or two ATP molecules
are hydrolyzed in a cycle, and whether ATP hydrolysis happens in a parallel or sequential
manner. In addition, capturing short-lived intermediates with structural studies can be
challenging.

The standard analytical methods for assaying enzyme-catalyzed reactions involve absorbance,
fluorescence, or radioactivity readouts that require reaction components to be derivatized,
labeled, or indirectly coupled to chromophores and tags (Bloch 2006). These strategies can work
well for monitoring single reactant and product species but do not necessarily capture reactions
with multiple intermediates. Furthermore, it is challenging to design spectroscopic experiments
that can discriminate the activity of specific active sites in a multi-subunit enzyme complex,
determine the stoichiometry of the intermediates or monitoring the sequence of multiple catalytic
events.

The challenges of monitoring the PCAT]1 transport cycle presents an opportunity to further
develop a novel reaction monitoring strategy. Since chemical transformations mainly involve
changes in mass from substrate to product, techniques that profile the masses of species present
in the reaction and monitor mass changes are highly suitable (reviewed in (Ben-Nissan and
Sharon, 2011; Fabris, 2005; Greis, 2007; Liesener and Karst, 2005; Ray et al., 2018). Native
mass spectrometry (nMS) enables direct mass measurement of intact noncovalent
macromolecular assemblies upon gas-phase transfer from nondenaturing solution conditions
(Hernandez and Robinson, 2007; Leney and Heck, 2017; Loo, 1997; Tamara et al., 2021). By
maintaining the quaternary structure of protein assemblies, nMS has provided key
complementary structural information for hybrid and integrative structural studies, including
complex composition, subunit stoichiometry and inter-subunit connectivity. The utility of nMS
has also been extended to capture not only snapshots of these structural information under one
particular condition and timepoint but also the associated changes in time when protein
assemblies undergo dynamic processes such as subunit assembly/disassembly, conformational
transitions, protein-ligand and protein-protein interactions and chemical reactions (reviewed in
(Ben-Nissan and Sharon, 2011). With nMS being able to characterize noncovalent assemblies, it
can detect substrate-bound complexes and any mass changes associated with the chemical
reaction throughout the entire process and thus directly provide information on substrate
occupancy, enzymatic turnover, intermediates, and order of catalytic steps in the reaction.

Several continuous flow methods hyphenated with MS detection for kinetic studies have been
performed using various online setups and instrument configurations that monitored glycosidase,
peptidase, nuclease and other enzymatic reactions (Dennhart et al. 2009; 2008; Dennhart and
Letzel 2006; Kaufmann et al. 2014; Lee et al. 1989; van den Heuvel et al. 2005; Z. Yu et al.
2012). Here we perform nMS-based continuous monitoring of PCAT1 enzymatic reactions. this
application by nMS-based continuous monitoring of PCAT1 enzymatic reactions. With high
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resolution and accurate nMS readouts, the proteolytic cleavage and ATP hydrolysis reactions can
be tracked unambiguously from characteristic mass shifts due to specific enzymatic activity (e.g.,
release of cargo upon protease cleavage or loss of phosphate upon ATP hydrolysis).
Furthermore, whether one or two substrates are bound and then catalytically processed can be
directly measured from the corresponding mass losses. Overall, from the continuous recording,
the reaction trajectories of all the relevant species including short-lived intermediates can be
extracted and analyzed to uncover the stoichiometry, sequence of events, dynamics, and the
mechanism of the reaction.

4.2 Summary

In this chapter, we performed nMS-based reaction monitoring of PCAT1 substrate cleavages and
ATP hydrolysis. Four reactions are monitored: (1) PCAT1 peptidase activity in the absence of
ATP, (2) PCAT1 ATPase activity in the absence of the substrate CtA, (3) PCATI activity with
CtA and ATP but without Mg?" thereby preventing ATP hydrolysis, and (4) PCATI activity with
CtA and Mg-ATP.

This chapter is adapted from the work co-authored with Dr. Paul Dominic Olinares from the
laboratory of Brian Chait at the Rockefeller university. I performed the sample preparation and
provided help with analyses. Dr. Dominic Olinares performed all the nMS experiments and time
course data analyses.

4.3 Results
4.3.1 General workflow of the time-resolved nMS-based reaction monitoring

We performed real-time continuous reaction monitoring of PCAT1 activities with nMS readout
(Fig 4.1). In this online MS setup, the reaction mixture is prepared and then loaded in an
electrospray emitter that is directly coupled to the ion source of the MS instrument for
continuous sampling and analyte detection. Because of this direct coupling, the solution
conditions for the reaction must be nondenaturing, amenable for electrospray ionization and are
free from non-volatile salts, buffers, and additives that could otherwise interfere with nMS
characterization. First, PCAT1 and the substrate CtA are buffer exchanged into the nMS-
compatible solution 150 mM ammonium acetate, 0.5% C, which is a nonvolatile solution
maintained at physiological pH. The choice of MS-compatible detergent was based on previous
detergent screening experiments for optimal native MS analysis of PCAT1 membrane protein
wherein C was shown to require the lowest activation energy for detergent removal in the gas
phase with minimal destabilization of membrane protein complexes(Kieuvongngam et al. 2020;
Laganowsky et al. 2013).

For our nMS experiments, we use a commercial Exactive Plus EMR, an Orbitrap-based mass
analyzer that is configured for measuring the masses of macromolecular assemblies at high
resolving power and exceptional sensitivity (Rose et al. 2012). The samples are manually infused
into the instrument at nanoflow rates (typically 20 — 50 nL/min) with a modified static nanospray
source that enables easy access and on-the-fly troubleshooting of the electrospray (Olinares and
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Chait 2020). At these nanoflow rates, a 5-uL reaction mixture is generally sufficient for at least
an hour or more of continuous reaction monitoring.

The reaction start time is recorded upon mixing of the buffer-exchanged reactants at the desired
molar ratios. The reaction mixture is then quickly loaded into a conductive emitter and
electrosprayed at room temperature into the ion source of the mass spectrometer to transfer the
ionized analytes from solution to gas-phase for nMS detection. Upon mixing the reactants,
several steps including manual sample loading, source setup and electrospray initiation
contribute to an overall delay time of 1 — 2 min overall between the start of the reaction and MS
data acquisition.

Each nMS scan generates a mass-to-charge (m/z) spectrum. Mass spectra are acquired
continuously with each scan taking about 600 — 1,200 ms depending on the ion injection time,
automatic gain control (AGC) value, number of microscans, and instrument resolution settings,
which impact the overall data acquisition cycle. In all the time course experiments performed
here, this time window is sufficient to capture all the relevant species given their observed
lifetimes and reaction rates.

The complete recording of all the nMS scans across the entire duration of the reaction yields a
total ion chromatogram (TIC). Each species are detected as a population of multiply charged ions
and thus register multiple m/z peaks on the spectrum. To obtain the actual mass values for each
species present, the charge-state series are then processed and converted into zero-charge state
spectra (also called deconvolved spectra) showing a single mass peak for each observed species.
To obtain reaction snapshots at specific timepoints within the chromatogram, we use UniDec, a
robust, rapid and freely available Bayesian-based deconvolution software (Marty et al. 2015).
Each nMS spectrum takes ~1 min to deconvolve using UniDec enabling us to quickly process
raw nMS spectra during or immediately after spectra acquisition.

To obtain higher signal-to-noise ratios and accurate mass measurements, the spectra across every
10 — 12 scans are averaged, which covers about 0.2 — 0.25 min time window in the
chromatogram. As such, every 10 minutes of acquired data yields about 40 — 50 averaged spectra
that need to be deconvolved. For efficient data processing, we use MetaUniDec, an expansion of
the UniDec software that enables automated, streamlined and high-throughput processing of
large nMS datasets (Reid et al. 2019b). The software extracts deconvolved mass and intensity
information for each species detected across the entire chromatogram and provides additional
post-processing features. To obtain the relative distribution of all relevant species at each
timepoint, each extracted peak intensity is normalized against the sum of the peak intensities for
all the relevant species that were observed within the spectrum. Note that as with other MS
techniques, nMS is not inherently quantitative as peak signals may vary for each species
depending on ionization efficiency, ion transmission and instrument response. Nevertheless,
changes in relative abundances along the progress of the reaction can still be captured as reaction
trajectories for each analyte. Based on the shapes of these plots, the type of reaction component
(reactants, intermediates and products) and the sequence of events can be readily identified. The
disappearance of the reactants during the reaction follows an exponential decay curve whereas
the appearance of the products follows a sigmoidal or logistic curve characterized by an increase
in abundance then subsequent plateau when all the starting material have been consumed.
Specific intermediates appear and subsequently disappear delineating a rise-and-fall or a hill-
shaped profile. In a multi-step reaction, the sequence of steps can be delineated by the reaction
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profiles of the intermediates. Note however that the exact mathematical model that fits the
intensity profile for each intermediate depends on the reaction mechanism, which can be
challenging to determine. As such, the reaction trajectories for the intermediates observed in this
study are derived from best-fit curves (typically a gaussian function or a sum of multiple
exponential functions) without minimal assumptions regarding the reaction mechanism.
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4.3.2 Time course of substrate cleavage revealed by nMS reaction monitoring

In Chapter 2 of this dissertation, the cryo-EM structure of the ATP-free, peptidase-inactive
PCATI1 mutant (C21A) incubated with CtA was elucidated. The structure shows that two
substrates can bind PCAT simultaneously, but only one substrate is poised for cleavage and
translocation while the other bound substrate has its cargo still oriented outside of the PEP
domain. The asymmetric positioning suggests that PCAT1 might process one substrate at a time.

To characterize how PCAT1 cleaves its substrate and specifically whether two substrates are
cleaved simultaneously or separately, we use native mass spectrometry to monitor the cleavage
reaction over time. (Fig 4.2) This would require the ability to discriminate what happens to each
of the two substrates. Because the binding and processing of substrates involves mass changes
both in the substrate alone and with substrate-bound transporter, nMS is well-suited to
continuously record all the events within the reaction and capture intermediates that would reveal
the stoichiometry of substrate processing.

Each PCAT1 dimer has a mass of 162 kDa. The CtA substrate is a 10 kDa protein consisting of
an N-terminal, 3-kDa leader peptide (LP) and a C-terminal, 7-kDa cargo (Fig 4.2 A). The
substrate binds to the PEP domain on PCAT]1 and gets cleaved thereby releasing the 7-kDa cargo
and retaining the 3-kDa LP. Thus, a characteristic mass loss of 7 kDa indicates CtA proteolysis
and cargo release. A range of possible substrate-transporter and mass combinations is possible
that correspond to binding and cleavage of substrate

wtPCAT1 were incubated with two molar-excess of the full-length substrate. The reaction
samples were continuously infused into the MS instrument at a constant rate. To capture the
proteolytic cleavage reaction, we monitored the PCAT1-CtA assemblies at the high mass range
(162-183 kDa) and the free substrate or cleaved cargo protein at the low mass range (7-10 kDa)
within the same time-course experiment. We alternately switched the MS parameters for high
mass range measurement and low mass range measurement (Fig 4.2 B).

In the beginning of the experiment, predominantly 183 kDa assemblies corresponding to PCAT1
bound to two full-length substrates were detected (Fig 4.2 C-D). This indicated that the PCAT1
can bind mainly two substrates. Over the course of the experiment, we detected the presence of
175 kDa assemblies. The 8-kDa mass difference corresponded to 66 amino acid residues of the
cargo leaving the complex. Indicating that one substrate was cleaved while the other substrate
remained bound to the complex. Later, we observed 172-, 168-, and 165-kDa assemblies
corresponding to the PCAT1 with one full-length substrate, PCAT1 bind to two N-terminal
binding domains of the substrates, and PCAT1 bound to only one N-terminal binding domain.

On the low mass range, the predominant peak at the earliest timepoint matched the mass of the
full length CtA (10 kDa) which was initially present in excess. The 7-kDa cleaved cargo is
observed coinciding with the presence of the 175-kDa in the high mass range that indicated that
substrates were being processed. As the reaction progressed, the peak intensities for full-length
CtA decreased as it was being consumed with concomitant increase in the peak intensities for the
7-kDa cargo.

Overall, the results of the time course study suggest that PCAT1 binds to two substrates but only
one substrate is cleaved at a time. Moreover, the C-terminal cargo domain is dissociated from the
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core transporter while the N-terminal binding domain remains tethered to the PEP. This finding
strengthens the structural evidence presented in Chapter 2 that only one substrate is cleaved and
inserted into the TM cavity while the other substrate remains bound outside the TM cavity. The
result implies that the binding interaction between PCAT1 and the substrate is primarily
composed of the interaction at the PEP. The cleaved cargo is weakly associated with PCAT1
inside the TM cavity and can dissociate from the complex. The presence of a cleaved cargo
domain is detected as well indicating that ATP is not necessary for cleavage or dissociation of
cargo from the TM cavity consistent with previous studies (Lin, Huang, and Chen 2015).
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Table 4.1 Mass measurements from the nMS-based reaction monitoring of PCAT1 activities.

A %
Sample Measured M:‘ s+ SD Protein or Protein Complex Expected Mass Mass
(Da) Mass (Da) (Da) Error
PCAT1 peptidase activity, ATP-free
182,649 =+ 4 PCAT1 +2 CtA 182,592 57 0.03
175,399 + 4 PCATI+1CtA+1LP 175,339 60 0.03
172,426 + 13 PCAT1 +1 CtA 172,384 42 0.02
168,149 =+ 5 PCAT1 +2 LP 168,087 63 0.04
165,192 + 8 PCATI +1LP 165,131 61 0.04
10,2039 + 04 full-length CtA 10,207.9 -4 -0.04
72672 £+ 03 CtA cargo (C-terminal) 7,270.6 -3 -0.05
PCAT1 ATPase activity, substrate-free
163,203 + 3 PCATI +2 ATP 163,190 12 0.01
163,114 + 2 PCAT1 +1 ATP + 1 ADP 163,110 4 0.002
163,031 =+ 1 PCATI + 2 ADP 163,030 1 0.001
162,606 =+ 1 PCATI +1 ADP 162,603 3 0.002
162,175 =+ 2 PCATI 162,176 -1 0.000
PCAT1 with substrate and ATP, Mgz+ absent
183,636 =+ 5 PCATI +2 CtA + 2 ATP 183,606 30 0.02
173,426 =+ 4 PCAT1I +1CtA +1 ATP 173,398 28  0.02
163,216 =+ 3 PCATI +2 ATP 163,190 26 0.02
PCATI peptidase and ATPase activity
183,649 =+ 11 PCATI + 2 CtA + 2ATP 183,606 43 0.02
183,563 =+ 4 PCATI +2 CtA +1 ATP + 1 ADP 183,526 37 0.02
183,500 =+ 9 PCAT1 +2 CtA +2 ADP 183,446 54 0.03
183,046 =+ 4 PCAT1 +2 CtA +1 ADP 183,018 28 0.02
176,251 + 12 PCATI +1CtA +1LP +2 ADP 176,194 57 0.03
175,799 + 9 PCAT1+1CtA+1LP +1 ADP 175,766 33 0.02
173,433 + 5 PCATI +1 CtA + 2 ATP 173,398 35 0.02
173,351 + 5 PCAT1 +1CtA +1ATP + 1 ADP 173,318 33 0.02
173,287 + 4 PCAT1 +1 CtA +2 ADP 173,238 49 0.03
172,840 + 5 PCAT1 +1CtA +1 ADP 172,811 29 0.02
169,003 + 12 PCAT1+2LP +2 ADP 168,941 62 0.04
168,546 + 9 PCAT1+2LP+1ADP 168,514 32 0.02
166,042 =+ 11 PCAT1+1LP+2 ADP 165,986 56 0.03
165,587 =+ 4 PCAT1+1LP+1ADP 165,558 29  0.02
163,074 + 6 PCATI + 2 ADP 163,030 44 0.03

* Masses were determined from averaged spectra within a specific timepoint range. Measured masses are

reported as the average and S.D. of all the calculated masses across the charge-state distribution (n > 4)

for each species.
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Fig. 4.2 nMS-based monitoring of the PCAT1 peptidase activity.

(A) Domain composition of PCAT1 and the substrate CtA.

(B) The TIC for the complete peptidase reaction. The nMS parameters were set to alternate

in monitoring the PCAT1 assemblies at the high-mass range and the substrate at the low-mass range.
(C) Representative deconvolved spectra at high-mass and low-mass ranges from specific timepoints.
(E) Reaction trajectories for the substrate-bound PCAT1 assemblies revealing the main

reaction intermediate.
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4.3.3 Transient ATP hydrolysis intermediates captured by time-resolved native mass
spectrometry

We monitored the ATP hydrolysis activity of PCAT]1 in the absence of the substrate (Fig. 4.3).
To setup the experiment, PCAT1 was incubated with 0.5 mM ATP, and 1 mM EDTA and then
buffer-exchanged into an ATP-free nMS solution to remove unbound ATP and other non-volatile
components. An aliquot of magnesium acetate stock was then mixed with the buffer-exchanged
sample to a final concentration of 0.5 mM Mg?" and the reaction mixture was immediately
loaded on the emitter for continuous nMS recording (Fig. 4.3 A).

At the earliest timepoint, the two nucleotide binding sites were occupied by ATP (Fig. 4.3 B-C).
The first mass change observed was a loss of 89 Da corresponding to the release of an inorganic
phosphate group from one round of ATP hydrolysis. At later time points, the remaining bound
ATP was also hydrolyzed resulting in another 83 Da loss forming the final product PCAT1—
2ADP. The nucleotide binding site has lower affinity for ADP. The dissociation of ADP is
observed generating PCAT1-1ADP and apo PCAT]1. The overall reaction trajectories and the
presence of the intermediate indicates that ATP hydrolysis processed sequentially one at a time.
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Fig. 4.3 nMS-based monitoring of the PCAT1 ATP hydrolysis activity.

(A) The TIC for the complete ATPase reaction.

(B) Representative deconvolved spectra at specific timepoints showing successive hydrolysis
of the bound ATP. (C) Reaction trajectories for the assemblies observed in the ATPase reaction
revealing the main reaction intermediate (in red).
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4.3.4 Determining the coupling of proteolytic cleavage function and ATP hydrolysis of
PCAT1

In the previous section, we have separately characterized how the peptidase domain processes
the substrate, and how NBD domains hydrolyses ATP. In the Chapter 3 of this dissertation, we
present structural evidence that the two functions are tightly coupled. Here we recapitulate the
cryo-EM finding using a different approach and answer the remaining challenge as to how many
ATP hydrolysis is required for a single substrate transport.

First, we performed a time course with PCATI in the presence of CtA and ATP but in the
absence of Mg?" to prevent ATP hydrolysis (Fig. 4.4). A previous cryo-EM experiment in
chapter 3 showed that ATP binding without Mg?* inhibited PCAT]1 peptidase activity. We
recapitulated this by incubating PCAT1 with 0.5 mM ATP and 1 mM EDTA first then buffer-
exchanged into the nMS solution. The substrate was buffer-exchanged separately into the same
nMS solution and then mixed with the PCAT1-ATP mixture. Despite having fully loaded active
sites (PCAT1 + 2CtA + 2ATP), no substrate cleavage occurred (i.e., no 7-kDa mass loss
observed) at any time within the 12 min reaction (Fig. 4.4 B-C), consistent with previous
structural conclusion in the chapter 3 that ATP binding without hydrolysis traps the transporter in
the proteolytic inactive state.

Next, to monitor what happens when ATP hydrolysis is allowed to proceed, the same mixture is
prepared as before with PCAT1-ATP but with a slight excess of ATP (10 uM) followed by
substrate addition and then flushed with 0.5 mM Mg?* (Fig. 4.5). From the time course analysis,
fifteen assemblies were observed and their reaction trajectories were monitored (Fig. 4.5B-C). At
the beginning (Fig. 4.5B, point a), the two starting assemblies (PCAT1 + 2 ATP + 2CtA and
PCATI1 + 2ATP + 1 CtA) are present. Then, the first reaction that took place was the hydrolysis
of one bound ATP on both starting assemblies as indicated by the mass loss of 80 Da (Fig. 4.5B,
point b-c). The dominant assemblies contained one ADP and one ATP bound to either one or
two full-length uncleaved substrate. This is consistent with the nMS-based monitoring for the
ATPase activity of substrate-free PCAT1 whereby two ATP molecules were loaded but ATP
hydrolysis proceeded one at a time. The remaining bound ATP was then hydrolyzed in the two
intermediates (Fig. 4.5B, point d-g) forming the +2 ADP assemblies and ADP diffuses out
forming +1 ADP assemblies.

Since the earliest time point to up to point d where +2 ATP were bound and then the two
subsequent hydrolysis occurred where at least one ATP remained bound, no substrate cleavage
was observed. However, between points d and e, where the predominance of +2ADP and +1ADP
assemblies indicating that all the bound ATP and the excess ATP in solution had been
hydrolyzed, cleavage of the bound substrate(s) began. At this point, new assemblies were
observed where one or two 7-kDa mass losses were detected due to cargo release (Fig. 4.5B,
point f-h). However, the cycle of one round of ATP hydrolysis and one round of substrate
processing was not observed. This point will be pointed out in the Discussion section.

Consistent with what was found in the time course analysis of peptidase activity with ATP-free
PCATI, the bound substrate was cleaved one substrate at a time. Overall, substrate cleavage only
proceeded when there was no ATP bound or all the bound ATP had been hydrolyzed in PCAT1
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(Fig. 4.5 C). Together with the structural findings in chapter 3, we conclude that (1) ATP binding
does not preclude the substrate binding, (2) one ATP binding is sufficient to inhibit proteolytic
cleavage activity, and (3) hydrolysis of both ATPs is required to reset the PCAT1 back to
inward-facing cleavage competent state.
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Fig. 4.4 nMS-based monitoring of PCAT1 peptidase and ATP hydrolysis activity in the absence of Mg>*
(A) Total ion count trace for the complete reaction. (B) MS snapshots at different timepoints along the reaction.
(C) Reaction trajectory plots for the three species observed. No major changes in species occurred throughout the
entire duration indicating that no substrate cleavage reaction had occurred.
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Fig. 4.5. nMS-based monitoring of the peptidase and ATP hydrolysis activity of PCAT1.
(A) The TIC for the complete PCAT1 reaction.
(B) Representative deconvolved spectra at specific timepoints for all the assemblies observed.

(C) Reaction trajectories for the observed PCAT1 assemblies that started out with 2 CtA (top panel)
or 1 CtA (bottom panel). In both cases, peptidase activity only occurred when the two bound ATP

have been hydrolyzed.
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4.4 Discussion

In this work, a novel native mass spectrometry-based continuous reaction monitoring strategy
was developed for characterizing the dynamics of large multimeric enzyme assemblies. The
method was tested on PCAT1 and had yielded valuable insights into the function of PCATI.

First, PCAT1 binds to two peptide substrates and only one substrate is cleaved at a time. This
finding supports our structural evidence in chapter 2 that even though two substrates are found at
the PEP, only one is oriented for translocation.

Second, PCAT1 under ATP non-hydrolysable condition permits substrate binding but inhibits
substrate cleavage. This finding further supports biochemical evidence in David Lin paper and
strengthens the structural evidence in chapter 3. The cryo-EM structure of wtPCAT1 in ATP-
bound conformation shows blob-like low resolution densities of disengaged PEP, making it
difficult to discern whether a substrate is bound or not. The nMS result here conclusively
demonstrates that indeed the substrate can still bind to a disengaged PEP.

Lastly, the time course experiment of PCAT1 in the presence of substrates and ATP-Mg reveals
that ATP hydrolysis occurs sequentially. Both ATP are hydrolyzed before PCAT1 can resume
substrate cleavage processing. This implies that the intermediate species PCAT1 + ATP adopts a
PEP disengaged conformation. It is curious to see if this prediction holds true if one engineers
heterodimeric PCAT1 having one inactive nucleotide binding site.

Despite the advances made by this approach, limitations should be noted as well. The nMS-
compatible condition for membrane protein complexes requires screening for an optimal
detergent. On the one hand the detergent stabilizes the membrane protein for nMS analysis. On
the other hand, the detergent should have a low activation energy for detergent removal in the
gas phase without destabilizing the protein complex. CsE4 is shown to be a promising nMS-
compatible detergent with minimal gas-phase dissociation. However, the choice of detergents
affects the structure and subsequently the functional properties of membrane proteins. For
example, PCAT]I in CgE4 has much slower substrate cleavage activity compared to PCAT1 in
UDM, the detergent used in chapter 2 and 3 for structural studies (Fig. 4.6).

We observe that in the time course experiment of PCAT1 in the presence of substrates and ATP-
Mg, the active turnover cycle was not detected. Rather, we see that all the available ATP (even
the excess ATP present in solution) was hydrolyzed first before substrate cleavage occurred. One
possible reason is that substrate cleavage activity is much slower in CsE4 while ATP hydrolysis
and nucleotide exchange can occur at relatively faster rate. The faster cycle of ATP exchange
and hydrolysis blocks the slower substrate cleavage process. After ATP is exhausted then the
substrate cleavage can proceed.

In conclusion, this chapter has shown the utility of nMS for monitoring the multi-catalytic
activity and dynamics of wfPCAT]1. The setup is simple and robust. The focus of the nMS
experiment is to capture stoichiometric information. In addition, the time-resolved experiment
has answered fundamental questions of PCAT1 dynamics, namely sequences of events in ATP
hydrolysis and substrate cleavage, which would have been much more difficult to determine
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from other currently available analytical and biophysical methods. Although the nMS-
compatible conditions used (e.g., choice of CsE4 detergent and ammonium acetate solution) may
affect the reaction rate and other kinetic parameters, the stoichiometry and sequence of events
are likely to be preserved and can yield important insights into the function of PCATI.
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Fig. 4.6. Reaction monitoring of PCAT1 peptidase activity in nMS-compatible detergent C8E4 and
detergent used for structural study UDM

(A) 0.058% w/v UDM and (B) 0.5% v/v C8E4 detergent with SDS-PAGE as readout.

For these time course-experiments, 5 uM PCAT1 (monomer) was mixed with 10 uM CtA

(1:2 protease:substrate ratio) in 200 mM ammonium acetate with detergent at 2X CMC.

Aliquots were collected at specific timepoints and quenched with gel loading buffer prior to

SDS-PAGE analysis.
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4.4 Materials and Methods
4.5.1 Sample preparation for native mass spectrometric study

Sample preparation for native mass spectrometry is modified from the standard sample
preparation described in previous chapters. The modification aims at minimizing detergents and
replacing standard Tris buffer with a more volatile ammonium acetate buffer. Purifying PCAT1
in 1.2 mM UDM (2x critical micelle concentration) produces a functional PCAT1 that exhibit
cleavage activity and ATP hydrolysis activity. It has been shown that detergent C8E4 produces a
well-behaved sample for the purpose of native-MS for membrane proteins (Reading et al. 2015).
We buffer-exchanged the PCAT]1 from 1.2 mM UDM to 0.5% C8E4 just prior to native MS
analysis.

4.5.2 Native mass spectrometry analysis

All PCAT1 and CtA samples were buffer exchanged into nMS solution (200 mM ammonium
acetate pH 7.5, 0.5% C8E4) using Zeba microspin desalting columns (Thermo Scientific) with a
7 kDa or 40 kDa molecular weight cut-off (MWCO).

The typical concentrations used for native MS analysis were 4 uM PCAT1 monomer for the
PCATI1-only sample and 4 uM PCAT1 monomer + 8 uM CtA (a two-fold excess of CtA). An
aliquot (2-3 pL) of the sample was loaded into a gold-coated quartz capillary that was fabricated
in-house. The sample was then electrosprayed into an Exactive Plus EMR instrument (Thermo
Fisher Scientific) using a static nanospray source. The MS parameters used included: spray
voltage, 1.0-1.4 kV; capillary temperature, 125°C; S-lens RF level, 200; resolving power, 8750
or 17,500 at m/z of 200; AGC target, 1 x 10%, number of microscans, 5; maximum injection time,
200 ms; injection flatapole, 8 V; interflatapole, 4 V; bent flatapole, 4 V; ultrahigh vacuum
pressure, 7—-10 x 10—10 mbar; total number of scans, 100. The in-source dissociation (ISD) and
higher-energy collisional dissociation (HCD) parameters were varied and optimized accordingly.
Mass calibration was performed using cesium iodide.

For PCAT1 peptidase activity monitoring, the buffer-exchanged PCAT1 and CtA were mixed in
a tube at 1:2 mole ratio and 5 pL of the mixture was analyzed. It took 1.5 — 2 min to load the
sample, insert the tip to the instrument source and initiate nanoelectrospray; this lag time
between mixing the reactants and the start of spectra acquisition was recorded for every
experiment. Two alternating MS settings were used to capture changes in both the PCAT1
assemblies (162 — 182 kDa, designated here as high mass or HM) and the substrate (7 — 10 kDa,
designated here as low mass or LM). The differences in MS parameters when switching from
HM to LM included: HCD, from 200 V to 50 V; interflatapole voltage, from 4 V to 7 V; bent
flatapole voltage, from 4 V to 6 V. At least 100 scans at the HM range and 50 scans at the LM
range were acquired for every switching cycle. The rest of the MS parameters used were as
stated above. Mass spectra were acquired continuously in real-time mode without averaging until
no further changes in the spectral pattern were observed. Spectra were processed manually.

For the PCAT1 ATPase monitoring, PCAT1 was incubated with 0.5 mM ATP and 1 mM EDTA
on ice for 5 min and then buffer exchanged into nMS solution. Magnesium acetate was added to
a final concentration of 0.5 mM and immediately loaded unto spray emitter for nMS analysis.
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For the PCATT1 full activity profiling, PCAT1 was incubated with 0.5 mM ATP and 1 mM
EDTA on ice for 5 min and then buffer exchanged into nMS solution. An additional aliquot of
ATP to a final concentration of 10 uM was then added. Twofold molar excess of buffer-
exchanged CtA was then mixed to the reaction mixture. Magnesium acetate was added to a final
concentration of 0.5 mM and immediately loaded unto spray emitter for nMS analysis.

4.5.3 Data Processing

The nMS RAW file for each time course was processed using MetaUniDec software (v 4.4.1).
First, the RAW file was converted into a hierarchical data format 5 file (HDF5) using the
Automatic Chromatographic Parsing function with auto import by time (either 0.2 or 0.25 min).
To obtain higher signal-to-noise ratios and accurate mass measurements and to reduce the
number of data points, the spectra across every 10 — 12 scans are averaged, which covers about
0.2 — 0.25 min time window in the chromatogram. The resulting HDF5 was then used for
deconvolution to extract mass and intensity information for each species detected.

For the PCAT1 peptidase activity monitoring wherein the nMS settings were collected at
high mass (HM) and low mass (LM) ranges, the corresponding time points were manually
inputted using the HDF5 Import Wizard to create separate HDF5s for the two mass analysis
ranges.

For PCAT1 peptidase activity, High Mass: m/z range: 5,000 — 10,000 Th; no background
subtraction; mass range: 160,000 — 185,000; sampling mass: 1 Da; smooth charge distribution,
on; suppress artifacts, other with beta set to 20; picking range: 500 Da; picking threshold: 0.1.

For PCATT1 peptidase activity, Low Mass: m/z range: 500 — 5,000 Th; no background
subtraction; mass range: 5,000 — 15,000; sampling mass: 1 Da; smooth charge distribution, on;
suppress artifacts, none; picking range: 500 Da; picking threshold: 0.1.

For PCAT1 ATPase monitoring: m/z range: 5,000 — 10,000 Th; no background
subtraction; mass range: 160,000 — 185,000; sampling mass: 1 Da; smooth charge distribution,
on; suppress artifacts, other with beta set to 20; picking range: 50 Da; picking threshold: 0.2.

For PCAT1 peptidase-ATP binding (Mg?*-free) monitoring: m/z range: 5,000 — 15,000
Th; no background subtraction; mass range: 160,000 — 185,000; sampling mass: 1 Da; smooth
charge distribution, on; suppress artifacts, other with beta set to 20; picking range: 500 Da;
picking threshold: 0.1.

For PCAT1 peptidase-ATPase monitoring: m/z range: 4,000 — 12,000 Th; no background
subtraction; mass range: 160,000 — 185,000; sampling mass: 1 Da; smooth charge distribution,
on; suppress artifacts, other with beta set to 20; picking range: 10 Da; picking threshold: 0.05.

For all the processed data, the mass and peak intensities were extracted using the
following settings: Peak normalization, Max; Peak extraction, height; Extract normalization,
Sum. With these parameters, the peak heights for each deconvolved peak were normalized to the
sum of the peak heights for all species detected at each timepoint.

From the peak intensity and time course information, the reaction trajectories for the
relevant species were plotted and determined using Matlab R2021a (version update 3,
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Mathworks) with scripts prepared in-house. The time course data for the reactants and products
were either fit to an exponential decay or a sigmoidal/logistic function. The reaction trajectories
for the intermediates were plotted with the best-fit curves (typically a gaussian function or a sum
of two exponential functions) without minimal assumptions regarding the reaction mechanism.
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Chapter 5: Conclusion
5.1 Concluding remarks

Previous investigations of peptide processing and secretion ABC transporters have shown that
PCATs are proteolytically active and have identified the catalytic mechanism responsible for
substrate maturation cleavages (K. H. Wu and Tai 2004; K. Wu, Hsieh, and Tai 2012; van
Belkum, Worobo, and Stiles 1997). Prior structural studies have been focused on using X-ray
crystallography to study the peptidase domain and the full-length transporters (Ishii et al. 2010;
Bobeica et al. 2019; Lin, Huang, and Chen 2015). These investigations hint that the active
transport mechanism follows the alternating access model, and the substrate processing and
transport are coupled. The previous endeavors have been limited by the challenge of obtaining
crystals of PCATs in complex with the substrates. This limitation was circumvented with the
advent of cryo-EM techniques.

In the preceding chapters, I have determined the structure of PCAT1 in complex with its peptide
substrate using the cryo-EM technique. The structure establishes the determinants for substrate
specificity. Biochemical characterization has confirmed the conserved and unique residues that
participate in substrate binding. In addition, the work establishes a working model of how
polypeptides are processed and transported. I have found that PCAT]1 lacks a substrate binding
site in the transmembrane cavity, a feature widely found among ABC exporters. Instead, PEP
functions as an intracellular substrate recruiting site. The absence of a substrate binding site in
the cavity prevents mature cargo from re-entering the cavity in the outward-facing conformation.
This feature is consistent with the alternating access model that a high affinity substrate binding
site is found in one side of the membrane and is absent in the other side.

To study the mechanism responsible for substrate processing and transport coupling, I have
determined the structure of PCATI in the Mg?* free condition. This structure provides the first
outward-facing structures of PCATs and have established that the transport mechanism is indeed
consistent with the alternative access model. The coupling mechanism is mediated through the
concerted disengaging motion of PEP away from the core transporters as NBD becomes
dimerized.

In addition, to study the dynamic of the peptide transport cycle, I have determined the structures
of PCAT1 under the active turnover condition. The study has shown the existence of multiple
inward-facing conformations, suggesting that PCAT1 is a highly dynamic transporter. The
existence of inward-facing ATP bound states suggests that the NBD dimerization represents the
rate limiting step in the transport cycle. The role of ATP is to stabilize the NBD dimerized state
and provides directionality needed for active transport.

Finally, I have collaborated with the laboratory of mass spectrometry and gaseous ion chemistry
at The Rockefeller University to investigate the short-lived intermediates of PCAT]1 in the
transport cycle. A novel method for continuous, real-time reaction monitoring by native mass
spectrometry has been applied to the study of PCAT1 peptidase and ATP hydrolysis activity.
The study has uncovered the stoichiometric information of the intermediates of PCAT] in the act
of substrate cleavage. It has also captured the sequence of events in substrate cleavage and ATP
hydrolysis.
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In conclusion, these structural, biochemical, and biophysical studies further expand our
knowledge of peptide processing and secretion by ABC transporters. The work not only provides
a more in-depth understanding of gram-positive peptide processing and secretion, but it also
provides new insight into structural dynamics of ABC transporters.

5.2 Future directions

In the following sections, I discuss the relevance of the work in the context of the advancements
in ABC transporter research. I further discuss promising research avenues that the work can lead
to and what limitations and challenge may lie ahead.

5.2.1 PCATs in Gram-negative bacteria

While my present work has focuses entirely on PCAT1 from Gram positive bacteria, PCATs that
exist in Gram-negative bacteria forms a large membrane transporter complex, called Type-1
secretion systems (S. Thomas, Holland, and Schmitt 2014). The T1SS are large macromolecular
machinery composed of a PCAT, a periplasmic membrane-fusion protein, and an outer-
membrane porin. This assembly is thought to create a continuous channel spanning inner and
outer membranes, allowing for transport of a large protein substrate to be extruded
extracellularly (Lenders et al. 2013). This transport mechanism is different from PCATs in
Gram-positive bacteria which operates via the alternating access mechanism. Moreover, the
peptidase domain in T1SS lacks the catalytic residues for cleavage and is proteolytically inactive
(Lecher et al. 2012). The role of peptidase domain in binding the substrate and orienting the
substrate for translocation remains poorly understood.

It is curious to compare structures of PCATs in T1SS to PCAT] to understand how evolution has
adapted PCATSs for different functions. Other research goals may include investigations into
what role the inactive peptidase domain plays in the protein substrate binding and translocation,
and what transport mechanism is required for transport of a large protein substrate.

The current challenge in studying the structure and function of T1SS include the difficulty in
preserving T1SS assembly during sample preparation and purification. This is perhaps due to the
assembly spanning two membranes with different lipid compositions, making it difficult to
stabilize the whole protein complex. However, with the advent of high-resolution cryo-electron
tomography (cryo-ET) it may be possible to visualize the T1SS machinery in situ (Kaplan et al.
2021; Doerr 2017).

5.2.2 energetic landscapes of ABC transporters

Recent advances in ABC transporter research focuses on understanding the conformational
spaces in the transport cycle (Hofmann et al. 2019; Q. Yu et al. 2021; Wang et al. 2020). These
advances are enabled by single-particle cryo-EM multiple reconstructions from heterogenous
samples. My present work in chapter 3 was possible thanks to this technical breakthrough. I
conclude in chapter 3 that PCAT1 conformations obtained in the active turnover condition
reflects the kinetic bottleneck in the transport cycle, while conformations obtained under
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thermodynamic equilibrium reflect the energetic landscape of the system according to the
Boltzmann’s distribution.

Synthesizing from previous active turnover experiments that has been carried out thus far, |
conclude that the rate limiting steps differ among ABC transporters (Wang et al. 2020; Q. Yu et
al. 2021; Hofmann et al. 2019). The rate limiting steps of PCAT1 and ABCG2 is NBD
dimerization. Both PCAT1 and ABCG2 are homodimer having two “consensus” nucleotide
binding sites (Q. Yu et al. 2021). On the contrary, the rate limiting steps for MRP1 is ATP
dissociation from the degenerate site (Wang et al. 2020). It is tempted to think that the difference
is due to the presence of the degenerate site. However, future work on is needed to settle whether
this hypothesis holds for other ABC transporters, and what the structural determinant of the rate
limiting step difference is.

One should be cautious not to draw quantitative conclusions of conformation distribution from
the single particle 3D classification procedure alone. This is because the particles can be
misclassified to a wrong conformation at low resolution. In addition, conformational distribution
is influence by temperature according to Boltzmann distribution. The current plunge freezing
method for cryo-EM sample preparation is estimated to yield a cooling rate of ~ 10° K per
second (Dobro et al. 2010). Therefore, it is theoretically possible that a conformational change
faster than 1 microsecond to 1 microsecond could be influenced by sample freezing.
Furthermore, in the current 3D classification algorithms, users must specify the parameters for
class of particles (k). Users may not know a priori how many conformations exist in each
condition. Therefore, a class that contains a small number of particles may not be reconstructed
from the procedure. Moreover, the class distribution cannot inform us of how the states evolve
temporally. On the other hand, techniques such as single-molecule fluorescence resonance
transfer (smFRET) is more suitable for studying conformation distribution and kinetic
mechanism of ABC transporters (Husada et al. 2018; Liu et al. 2018; Wang et al. 2020). The
synergy between two approaches may enable the fields to both understand the mechanism at the
atomic level and the physiological temporal scale.
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