THE HYBRID BARREL MECHANISM OF OUTER MEMBRANE PROTEIN
FOLDING BY THE BAM COMPLEX AND ITS INHIBITION

A Dissertation
Presented to
The Academic Faculty

Katie M. Kuo

In Partial Fulfillment
of the Requirements for the Degree
Doctor of Philosophy in the
College of Sciences
School of Chemsitry and Biochemistry

Georgia Institute of Technology

December 2023

© Katie M. Kuo 2023



THE HYBRID BARREL MECHANISM OF OUTER MEMBRANE PROTEIN
FOLDING BY THE BAM COMPLEX AND ITS INHIBITION

Thesis committee:

Prof. JC Gumbart
School of Physics
Georgia Institute of Technology

Prof. Raquel Lieberman
School of Chemistry and Biochemistry
Georgia Institute of Technology

Prof. Jesse McDaniel
School of Chemistry and Biochemistry
Georgia Institute of Technology

Prof. Loren Williams
School of Chemistry and Biochemistry
Georgia Institute of Technology

Prof. Andreas Bommarius

School of Chemical and Biomolecular En-
gineering

Georgia Institute of Technology

Date approved: November 28 2023



Be the change you wish to see in the world.

Mahatma Gandhi



Thank you to my parents, Shue-Lin and Jennshi Kuo, my sister, Maggie Kuo, and my

boyfriend, James Hamraie, for their unending support and love.



ACKNOWLEDGMENTS

I would like to thank the members of my thesis committee for their continuous advice,
comments, and support over the course of my PhD — Raquel Lieberman, for advocating for
me especially with the GAANN fellowship, Jesse McDaniel, who has always been kind to
me, Andreas Bommarius, for his wisdom and insight, and Loren Williams, for his support-
ive nature. I would also like to thank my PhD advisor, JC Gumbart, who simultaneously
gave me the space and support I needed to become a scientist.

Special thanks are due to the friends and colleagues who made this work possible. All
of my labmates were invaluable both as friends and as colleagues to help me brainstorm
ideas and troubleshoot so many different problems. To my lab cohort, David Ryoo, Andrew
Pang, and Zijian Zhang, I'm glad we were together and I think we really learned so much
from each other.

The author gratefully acknowledges the support for this work offered by the N.I.LH.
Further support came from the N.S.F. and the Georgia Tech Biochemistry and Biophysics
GAANN Fellowship. Any views and conclusions contained herein are those of the author,
and do not necessarily represent the official positions, express or implied, of the funding

sources.



TABLE OF CONTENTS

Acknowledgments . . . . . . . . . . i ittt e e e e e v
Listof Tables . . . . . . . . . i i i it it et it ettt i et ix
Listof Figures . . . . . . . . . @i it ittt it ittt ittt e e X
Listof Acronyms . . . . . . 0 v i it i i i it et e e e e et e e e e e e XVi
SUMMATY . & v v i v i it e e e e et o ot o oo oo o oo o oo o oooeesoeos Xvii
Chapter 1: Introduction and Background . . . . . ... .............. 1
1.1 Antibiotic resistance inbacteria . . . . . . . ... ..o 1
1.2 Gram-negative bacteria . . . . . . . . .. .. ... 2
1.3 The BAM complex and outer membrane protein folding . . . . . . ... .. 3
1.4 Homologous proteins in eukaryotic organelles . . . . . . . . ... ... .. 5
1.5 Results. . . .. . 6

Chapter 2: Modelling intermediates of BamA folding an outer membrane protein 8

2.1 Introduction . . . . . . . . . .. 8
22 Methods . . . . . . e 10
2.2.1 Systemconstruction. . . . . . . . . . ... 10
2.2.2 Iterative opening at the BamA lateral gate . . . . . ... ... ... 11

vi



2.3

2.4 Discussion

223

224

225

2.2.6

2.2.7

Results

2.3.1

232

233

234

Building the hybrid-barrel intermediates for BamA-EspP(n)

Building the hybrid-barrel intermediate for BAM-EspP . . . . . ..
Building the hybrid-barrel intermediate for BAM-BamA . . . . . .
Molecular dynamics simulations . . . . . . ... ... ... .. ..
Analysis of simulations . . . . .. ... ... ... .. .. ..., .

Hybrid-barrel intermediates are typically asymmetric . . . . . . . .

The shape of the substrate in the hybrid barrel is determined by its

final folded state . . . . . . . . . . . ... ...

Inward-facing glycines found at the turns of the final hybrid-barrel

intermediate and those of fully folded substrates . . . . . . ... ..

Distinct features in hybrid barrels with the full BAM complex

Chapter 3: BAM complex orchestrates OMP biogenesis - the synergy of simu-

3.1

3.2

33

34

lations and experiments

Introduction

333

Discussion

Cryo-EM structures of BAM-EspP hybrid-barrel intermediates . . .

Membrane thinning and asymmetry at BamA b16 in simulations of

intermediates . . . . . ... .. e

Cryo-EM structure of SurA with the BAM complex during sub-

strate OMP folding . . . . . ... .. ... ... ... ......

Vil



Chapter 4: Drug binding to BamA targets its lateralgate . . .. ......... 40

4.1 Introduction . . . . . . . .. . 40
42 Methods . . . . . . . L 41
4.2.1 General System Construction . . . . . . . . . ... ... ...... 41
422 Buildingtheligands . . . . . . .. ... ..o 42
4.2.3 Building the simulation systems . . . . . ... .. .. ... .... 42
424 MDProtocol . . ... ... 43
425 Dataanalysis . . . . . . . .. ... 44
43 Results. . . . . L 44
4.3.1 Interactions between ligands and BamA . . . . . ... ... .. .. 44

4.3.2 Characterizing the BamA lateral gate with and without bound ligands 49

4.3.3 Lateral gate behavior in resistant BamA mutants . . . . . . .. . .. 51

4.4 DISCUSSION . . . . . oL e e 53
Chapter 5: Conclusion . . ... ... ...ttt ittt eneennn 56
Appendices . . . . . . L Lt e e e e e e e e e e e e e e e e e e e e 58
Appendix A: Supplementary Info Chapter2 . . . . . .. ... ... ... .... 59
Appendix B: Supplementary Info Chapter3 . . . . . . ... ... ... ..... 72
Appendix C: Supplementary Info Chapter4 . . . . . .. ... ... ... .... 75
References . . .. ... . i it i ittt it ittt ittt 79
L 91
Appendix S.1:List of publications . . . . . . . . ... ... L Lo 92

viil



4.1

LIST OF TABLES

Summary of simulations run in this study. Each system was run for four
S-usreplicas. ... ..o

1X



2.1

2.2

2.3

2.4

2.5

LIST OF FIGURES

BamA (green)-EspP (grey) hybrid barrels modeled. Snapshots are taken from the end of a
2-ps equilibrium simulation (A-E) or 5-us simulation (F), with the focus on the separation
between EspP and BamA¥ 6 strand. The images show (Apihairpin of EspP (BamA-
EspP(1)), (B) b-hairpins (BamA-EspP(2)), (C) B-hairpins (BamA-EspP(3)), (D) b-

hairpins (BamA-EspP(4)), (E) &hairpins (BamA-EspP(5)), and (F}®hairpins (BamA-
ESPP(6)). . « v v v e e e e e e e e e e e e 14

Hydrogen bonds between the backbones oftHseams, measured for each BamA-EspP
hybrid-barrel intermediate and replica. (A) BanbA and Espi12. (B) BamAbl6 and

the adjacent EspB-strand. The solid colored bar is the average over 2 us (5 s in the case
of BamA-EspP(6)) and the black line represents the standard deviation. . . . . . . 18

Hybrid-barrel intermediates as viewed from the extracellular side. (top) After 100 ns with
inter-strand hydrogen bond colvars. (middle) Replica 1 at the end of equilibrium simula-
tions. (bottom) Replica 2 at the end of equilibrium simulations. Viewpoint highlights the
cleft formed at the BamAl16 strand in intermediates. . . . . . . . . . . . . . ... 19

Shapes of EspP in a hybrid barrel or alone (1 is circular and 0 is completely at). Shapes
for EspP in each of the two replicas of hybrid barrels BamA-EspP(2) through BamA-
EspP(6) are shown, along with those for EspP in the full BAM-EspP complex. Finally,
for comparison, shapes for three replicas of the mature EspP membrane domain alone
are shown. BamA-EspP(1) is not included due to the low numbérldirpins. As the

hybrid barrel increases in the number of substtatairpins, the shape of the substrate
approaches the shape of EspP whenfullyfolded. . . . . . . . . ... ... ... 20

Hybrid intermediates of the BAM complex. (A) BAM-EspP hybrid-barrel intermediate at
timet = 0 us and the end conformationtat 2 us. Shown are BamA (green), the rest of the
BAM complex (transparent) and EspP (grey). (B) BAM-BamA hybrid-barrel intermediate
att = 0 ps and = 2 ps. Shown are BamA-machine (green), the rest of the BAM complex
(transparent), and the BamA-substrate (blue). Both BAM-EspP and BAM-BamA hybrid-
barrel intermediates begin the simulatiort &0 us in the "8"-shaped conformation. The
"8"-shaped conformation is maintained for BAM-BamA, but BAM-EspP shifts to a "B"-
shaped conformation by theendtof 2 us. . . . . . . . . . . . . oo . 22



2.6

2.7

3.1

3.2

3.3

3.4

3.5

3.6

Inward-facing glycines highlighted in van der Waals representation. Speci c glycines at
the turns of theb-barrels are colored purple for BamA and red, yellow, and green for
EspP. (A) BamA-EspP(6). (B) BAM-EspP. (C) BamA in the BAM complex. (D) EspP
alone. The purple glycines in BamA are consistently at the turns obibarrel. The

green glycines in EspP are also at the turns of the hybrid-barrel and fully folded substrate
b-barrel, while the yellow glycines are only at the turns in the hybrid barrel and the red
only at the turnsinthe fully folded BamA. . . . . . . . . . . . . . . . ... ... 23

Angles between normal vectors of the adjadesstrands at the two seams. (A) Repre-
sentative conformation from BamA-EspP(2) illustrating the two normal vectors. (B,C)
Measured angle at the (B) Bam#l- seam and (C) BamAi16 seam. See Figs. S10, S11

for the angles versus time. This measurement demonstrates in part the in uence of the
inward-facing kink of the BamA16 [63]. . . . . . . . . . . . . . . .. . ... .. 25

Cryo-EM structures of the hybrid barrel model, frofn-&rand to 1B-strands of the sub-
strate OMP. A) cryo-EM maps of BAM-EspP intermediates, strdoidsb12 tob1-b12 of

EspP (yellow), BamA (green) BamB (cyan) BamC (pink) BamD (orange) BamE (violet).
B) Top-down views (down the axis of the barrel domain) of the cryo-EM maps C) Models
of the cryo-EM maps and structures, BamA (green) EspP (yellow).. . . . . . . . . 31

Cryo-EM structures of the hybrid barrel model, the nal stages of substrate OMP release,
visualizing the separation of EspP from the BAM complex during the lateral release of
the susbstrate OMP A) Cryo-EM density of BAM-E42P12, B) BAM-Esp®1-12x2 C)
BAM-EspFb1-12 with top down views D, E, F, respectively. . . . . . . . . . . ... 32

Thickness of the outer membrane (nm) at different areas of the Baivekrel, measured

from simulations run of the different hybrid-barrels in tBe coli outer membrane. A)
Snapshot of disul de crosslinking required to obtain cryo-EM structures B) OM distance
in simulations w/ crosslink C) BAM-Esgi2-12 after 1 s of simulation D). . . . . . . 34

No. of hydrogen bonds between the lateral gate of BamA and the substrate EspP, for all
hybrid-barrels simulated. Number of hbonds at the BapiAor A) with disul de bonds
B) without. Number of hbonds attheBanbd6 . . . . . . . . . . . .. ... ... 35

Cryo-EM structure of the chaperone, SurA (blue), bound to the BAM complex on the
periplasmic side during substrate delivery. (A, C) side view. (B, D) bottom-up view of the
cryo-EM maps. (E) Zoom view of N-terminal domain of SurA interacting with POTRA1
(F) Zoomed view of PPlase domain and C-terminal domain of SurA with P3 and BamB
(G, H) Zoomed view of second PPlase domain of SurA with P4 and BamE.. . . . . 36

Most up-to-date model of the hybrid-barrel model, including the role of the chaperone SIFA.

Xi



4.1

4.2

4.3

4.4

4.5

4.6

4.7

4.8

Snapshot of BamA in cartoon representation in an A) closed lateral gate conformation and
B) open lateral gate conformation. Th& andb16 strands forming the lateral gate are
labeled in each. Red: initial binding position of CP3 in CP3-ecLs. Blue: binding position
of darobactin in daro-LG. Yellow: initial binding position of CP3in CP3-LG.. . . . . 45

Ligands studied via MD simulations. A) Different representations of CP3: (upper-left)
cartoon, (upper-right) licorice representation without hydrogens taken from a simulation
in water box, (bottom) line structure. THehairpin macrocycle was optimized from
murepavadin while the circular macrocycle was optimized from polymyxin B. B) Dif-
ferent representations of darobactin: (upper-left) cartoon, (upper-right) licorice represen-
tation without hydrogens taken from simulation with BamA, (bottom) line structure. . 46

Number of hydrogen bonds measured between ligand and protein for each system repre-
sented as a box plot with standard deviation bars and outliers plotted. Adjacent to each
plot is a snapshot of BamA (green) and the ligand at the end of the 5-us simulations, col-
ored by replica. Each snapshot is accompanied by a zoomed in view of the binding site.
A) CP3-ecLs. B)CP3-LG.C)daro-LG. . . . . . . . . . . . . . . ... ... 47

Hydrogen-bond interactions for the system CP3-LG. A) Speci ¢ hydrogen bond interac-
tions between CP3 and BamA (residues on each labeled). B) Snapshot of CP3-LG at the
end of one of the 5-us simulations. C) For replica 1, number of hydrogen bonds between
BamA and CP3 over time, labeled by CP3 residue along with the total number in light k.

Hydrogen-bond interactions for the system daro-LG. A) Speci ¢ hydrogen bond interac-
tions between darobactin and BamA (residues on each labeled). B) Snapshot of daro-LG
at the end of one of the 5-us simulations. C) For replica 1, number of hydrogen bonds
between BamA and darobactin over time, labeled by darobactin residue with the total
numberinlightblue. . . . . . . . . . . . ... e 49

The number of hydrogen bonds between the backbones of Baimehdbl6 strands for

A) BamA-apo, B) CP3-ecLs, C) daro-LG, and D) CP3-LG. In the daro-LG and CP3-

LG systems, thdl andbl6 strand selections include the ligands darobactin and CP3,
respectively. . . . . . . . o e e e e e e e e e e e 50

The number of hydrogen bonds between the BamA lateral gate, or the backbones of BamA
bl andbl6 strands, represented by the frequency normalized over the trajectory for A)

BamA-apo, BYM1,C)M2,andD)M3.. . . . . . . . e e e e e e e 51

Snapshots taken of interesting lateral gate behavior observed in the resistant BamA mu-
tants: A) M1 at t=3.2 s, B) M2 at t=4.6 us, and C) M3 repl and rep4 att=5yus. . . . 52

Xii



A.l

A.2

A3

A4

A5

A.6

A7

A.8

A.9

Aromatic girdles irb-barrels with tryptophan, phenylalanine, and tyrosine residues shown
in licorice representation. (A) BamA. (B) Fully folded EspP substrate. Aromatic girdles
are outward-facing residues that are aromatic and interact with the outer edges of the
hydrophobic core of the two lea ets of the membrane. . . . . . . . . .. ... .. 60

RMSD vs. time for different steps of construction of the BAM-EspP hybrid barrel con-
struct. RMSD of the BamA barrel for each step was measured against the BamA-machine
of BamA-BamA structure (PDB 6V05). The TMD stage is in black. Holding the whole
structure and holding the rst and last tvistrands of BamA and EspP are in red and
light green, respectively. Holding the secondary structure and hydrogen bonds are shown
in blue. The release step is shown in orange and darkgreen.. . . . . . . . . . .. 61

BamA-EspP(3), focusing on the interactions between the loops dfbizerels. Important
residues licorice representation. (A) replica 1. (B) replica 2. These interactions at the
extracellular loops facilitate keeping the seam at BamiB closed.. . . . . . . . . . . 62

The distance between BamA and Edp&trands at the (A) BamAl-seam and (B) BamA

Shape values for all BamA-EspP intermediates, BAM-EspP hybrid-barrel, and BAM-
BamA hybrid-barrel. (A) Full hybrid barrel. (B) BamA-machimebarrel. Full hybrid-

barrel shape is more elliptical in hybrid-barrels with the full BAM complex compared to

the BAamMA-ESPP SYSteMS.. . . . . . .« & v v v e e e e e e e e e e e 63

The shape measured over time for (A) BamA-machine, (B) EspP substrate, and (C) whole
hybrid barrel for BamA-ESpR. . . . . . .« . o o e e e e e e e e 64

Inward-facing glycines in van der Waals representation with signi cant ones colored in
magenta. (A) BAM-BamA hybrid barrel (onlg-barrels shown). (B) Fully folded BAM
complex (onlyb-barrel shown). (C) Shape of substrétbarrel in the hybrid barrel and

fully folded substrate. The shape of BamA-substrate in the hybrid barrel closely matches
the shape of the fully folded Bamibarrel. . . . . . . . . . . . . .. ... .... 65

The rotation angle of BamB-BamE vs. time for (A) BAM-EspP, (B) BAM-BamA, and

(C) their averages. The rotation angle of BamB-BamE in both hybrid-barrels is more
consistent with the previously measured rotation angle of BamB-BamE in the closed BAM
COMPIEX. v v v v o e e e e e e e e e e e e e e e e 66

(A) The angle of P5 to the BamA-barrel in BamA-EspRY), BAM-EspP, and BAM-

BamA. Residues responsible for mediating interaction between P5 and BamD in (B)
BAM-EspP, BamA D358 T359-BamD Q125 and (C) BAM-BamA, BamA-machine D358
T359-BamD L124. . . . . . . . o e e e e e e 67

Xiii



A.10 The angle between the rst principal axes of thetrands at the () BamAl-seam and

(1) BamA bl6-seam vs. time for (A) BamA-EspP(1), (B) BamA-EspP(2), (C) BamA-
EspP(3), (D) BamA-EspP(4), (E) BamA-EspP(5), and (F) BamA-EspP(6). . . . . . 68

A.11 The angle between the rst principal axes of thatrands at the (I) BamAl-seam and

Al

A.2

A.3

A4

B.1

B.2

B.3

B.4

C1l

(1) BamA bl6-seam vs. time for (A) BAM-EspP and (B) BAM-BamA.. . . . . . . . 69
Glycine residues itE. coliBamA b-barrel and % conserved across 2600 species.. . . 70
Table describing how BamA-Esp®-1to 4b-hairpin intermediates were built. . . . . . 70

Table describing how BamA-EspB-band @-hairpin intermediates were built as well as
BAM-EspP and BAM-BamA hybridbarrels. . . . . . . . . . . . . ... ... .. 71

Lateral gate opening using the iterative opening method used to build the BamA-EspP(1),
BamA-EspP(2), BamA-EspP(3), and BamA-EspP(4) systems. Graphs below show all
iterative opening runsovertime. . . . . . . . . . .0 et e e e e e e 71

Western blot of full length BAM-EspP construct, capturing interactions along the process
of the BAM complex folding of substrate EspP.. . . . . . . . . . . . . . . . ... 72

Open and closed conformations of the lateral gate observed in BAM during EspP biogeneis
(A, B) Two different structural classes resolved in BAM-EbBPL2 cryo-EM dataset, ob-
served BAM in both open and closed state. (C) Closed conformation of BAM complex
during OMP biogenesis with SurA bound (D) Zoomed in view to open vs closed conforma-
tion (E) Zoomed in view of open conformation in BAM-EdpR12* and BAM-Esp9-

12. (F) Top down view of open conformations of BAM-E4®P12* and BAM-EspiB9-12,
showing the budding behavior of EspP substrate. . . . . . . . . . . . . . . . .. 73

Rotation angle of periplasmic domains relative to the Babaarrel. A) A graphic de-
picting the calculation B) Rotation angle results, indicating that there is a role for BamB
in maintaining the rotation of the periplasmicdomains . . . . . . . . . .. .. .. 74

Number of backbone hydrogen bonds between the lateral gate, Bdnahdbl6. A)
Snapshots from the simulations of BAMin) and BAM (out), representing the closed

and open LG conformations, respectively. B) Quanti cation of hbond interactions at
the LG C) Snapshot of the speci c residues responsible for the altered LG behavior in
BAM B(OUL) . . . . . o e e e e e e e e 74

Initial poses used for simulations of ligand-bound BamA (green). A) CP3-ecLs B) CP3-
LGO)daro-LG. . . v v v o o e e e e e e e e e e e e e 75

Xiv



C.2

C.3

C4

C.5

C.6

C.7

For CP3-ecLs, snapshots of the interactions between ligand and BamA for A) replica 1
andB)replica3. . . . . . . . e e e e e e e e e 76

Contact area between ligand and LPS (upper lea et of the outer membrane) for A) CP3-
ecLsandB)CP3-LG.. . . . v v v o e e e e e e e e e e e e e 76

Number of hydrogen bonds between ligand and protein for the system CP3-LG, quanti ed
perresidue forA)rep 2,B)rep3,and C)rep.4. . . . . . . . . . ... .. 77

Number of hydrogen bonds between ligand and protein for the system daro-LG, quanti ed
perresidue forA)rep2,B)rep3,andC)rep.4. . . . v v v v v e e 77

The three resistant mutants of BamA studied with mutated residues in the van der Waals
representation: A) BamA-apo, B) M1 - G429V G807V, C) M2 - F394V E435K G443D,
and D) M3 -T434A Q445P A705T. . . . . & v v v v e e e e e e e e e e e 77

The distance between the residues 501 and 755 on BamA extracellular loops for the sim-
ulations A) BamA-apoand B)daro-LG. . . . . . . . . . ..o 78

XV



XVi



SUMMARY

Antibiotic resistance is a growing and pressing societal issue, with a projected mor-
tality rate of 50 million/year by the year 2050. In particular, Gram-negative bacteria are
inherently resistant to antibiotics. The presence of the inner and outer membrane makes it
dif cult for antibiotics to permeate and enter the cell, in addition to the other mechanisms
of resistance that have developed. The protein, the BAM complex, is an attractive target
to develop antibiotics against. By understanding the mechanism behind its function, outer
membrane protein (OMP) biogenesis, antibiotics can be developed to target BamA and
inhibit bacterial infections by Gram-negative species. The rst aim focuses on modeling
and simulating sequential hybrid-barrel intermediates of BamA-EspP and determining the
biophysical features. The second aim details the cryo-EM structures of the hybrid-barrel
intermediates and the subsequent simulations of the structures. The third aim identi es the
crucial interactions between two potential antibiotics and the target protein BamA as well
as the mechanism of action targeted. Investigating these three aspects of the BamA will
facilitate antibiotic development and mitigate current and projected mortality rates due to

antibiotic resistance.
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CHAPTER 1
INTRODUCTION AND BACKGROUND

1.1 Antibiotic resistance in bacteria

Bacterial infections have plagued human health and was responsible for high mortality rates
before the invention of penicillin [1, 2]. The illnesses that human populations suffered from
were endemic and constant, with an average life span of 28 years. With the discovery of
penicillin, the average life span dramatically increased and is now well over 70 years [3, 4,
5]. Life before its invention was described by a London social worker: "The dirt and the
illness, the diptheria, and the polio and the poverty and lack of hot water...the children who
died in infancy, the women who died in childbirth and the men who were crippled and the
lack of employment.” [5]

Alexander Fleming famously discovered penicillin in 1928, produced by a mold grow-
ing in a bacterial lawn on the petri dish [4, 2]. This discovery was followed by a revolu-
tion in healthcare with the development of several other antibiotics [2]. Diseases such as
tuberculosis and pneumonia was transformed from deadly diseases to treatable illnesses.
Infections from cuts were dramatically reduced, as well as deaths due to routine surgery or
childbirth. More recently, the development of antivirals in the past two decades have trans-
formed deadly viral infections such as HIV/AIDS into manageable lifelong conditions [6,
7].

While the 20th and 21st century have been dramatically impacted by the development
of antibiotics, antivirals, and modern drug discovery, the pathogens that affect the human
population continue to evolve [8, 9]. The bacteria and viruses develop resistance to the
drugs used to combat them [10]. Furthermore, the use of antibiotics has been rising but

the discovery of novel drugs has slowed drastically, exacerbating the problem of antibiotic



resistance [11, 12]. The issue of antimicrobial resistance threatens many of the medical
treatments and advances we currently implement [13]. Currently, antibiotic resistance is
responsible for around 1,270,000 deaths per year worldwide. It is estimated to claim 50
million deaths per year by the year 2050 [7].

The global pandemic due to COVID-19 exempli es the need for novel antibiotics and
antivirals [14, 15]. The speed and volume of international travel creates frequent opportu-
nities for infectious diseases to spread globally [7]. In addition, the mixing of the different
microbes presents the possibility for horizontal gene transfer, allowing the proliferation of
the genetic material and new resistant strains [16, 17]. The issue of antimicrobial and an-
tiviral resistance cannot be solved in isolation by one country individually, it will require a

global and cooperative effort [6].

1.2 Gram-negative bacteria

Most species of bacteria can be characterized into Gram-negative or Gram-positive, de-
scribed as such due to its pink or purple color, respectively, of the bacteria after Gram
staining [18, 19]. Gram-positive bacteria have a membrane followed by several layers of
peptidoglycan protecting the bacterial cell in the extracellular space [20, 21]. The large
amount of peptidoglycan gets stained purple by crystal violet.

In contrast, Gram-negative bacteria appear pink after staining. This is due to the fact
that Gram-negative bacteria have a cell wall instead to protect itself from the harsh ex-
tracellular environment. The cell wall has a double layer of membrane with only a small
amount of peptidoglycan in between, thus resulting in a pink color due to the counterstain.
The cell wall of Gram-negative bacteria rst has a symmetric inner membrane, followed by
a small amount of peptidoglycan in the periplasmic space, and then an asymmetric outer
membrane (OM) [22, 23].

The outer membrane of Gram-negative bacteria is asymmetric because it has an inner

lea et of phospholipids and an outer lea et composed of lipopolysaccharides [24, 25].



Lipopolysaccharides are distinct due to the very long sugars attached to the head group
with multiple carboyhydrate lipid tails. The phospholipids are typically interacting with
divalent ions in the extracellular space. As a result, the asymmetric outer membrane is
more rigid and dif cult to permeate [26, 27].

The presence of the outer membrane and outer membrane proteins (OMPs) make it
dif cult to treat Gram-negative bacteria [28, 29]. The ESKAPE pathogens are seven species
of bacteria that are highly virulent and resistant to antibiotics [30, 31]. Of these seven
species, four are Gram-negative bacteria, highlighting the additional dif culty in treating
them with antibiotics [32, 33]. This is due in part to the rigidity of the outer membrane but
also the OMPs [29, 34]. One such OMP is the ef ux pump that can extrude antibiotics and
other toxins from the cytoplasm to the extracellular space [35, 36]. While work has been
done to affect the outer membrane and associated proteins, one protein that potential drugs

are currently being developed against is the BAM complex.

1.3 The BAM complex and outer membrane protein folding

The BAM complex resides in the outer membrane of Gram-negative bacteria and is re-
sponsible for folding and inserting all OMPs into the outer membrane itself [37, 38]. Its
function is essential to the proper function of the outer membrane and its core component,
BamaA, is universal in all Gram-negative speciesinwitro experiments done witk. coli,
deleting the gene for BamA prevented bacterial cell growth [39, 40, 41, 42].

Outer membrane proteins are typicaliybarrels that are responsible for a range of
functions such as structural proteins, enzyme receptors, both passive and active metabo-
lite transporters, and translocation machineries [43, 44, 45]. In Gram-negative bacteria,
integralb-barrel proteins span from 8-26 amphipathic antipardiistrands arranged in a
cylindrical, barrel shape [46, 47].

The BAM complex folds this diverse range bfbarrel proteins and inserts them into

the outer membrane [46]. Typically, it is composed of the integral outer membrane protein



BamA, with the cordo-barrel component residing in the outer membrane and the POTRA1-
5 (polypeptide-transport-associated) domains in the periplasm. The lipoproteins, BamB,
BamC, BamD, and BamE, interact with the POTRA domains of BamA in the periplasm [38,
48, 49, 50, 51]. While not all species of Gram-negative bacteria have all the lipoproteins,
theb-barrel component and POTRAS5 domain of BamA are universal [37, 52, 53].

The integral OMP BamA is an essential 88kDa protein with a sixteen-stranded -barrel
located in the OM [54, 55]. It is part of the Omp85 superfamily of OMPs that is in-
volved in protein secretion and membrane protein insertion [56, 57]. Initially, BamA from
Haemophilus ducreydndNeisseria gonorrhoea@ere crystallized in two distinct confor-
mations at the lateral gate region [58]. The lateral gate is composed bfsam formed
from thebl andbl6 strands of the BamA-barrel. The two conformations are known as
closed and open; where th& andb16 strands are antiparallel with hydrogen bonding be-
tween the backbones in the closed conformation and separated in the open conformation
[59, 60].

In the closed conformation of BamA, the POTRAS (P5) domain is tilted towards the
side of theb-barrel, allowing access of the nascent substrate OMP from the periplasm. In
the open conformation, the P5 domain is found directly underneatitiaerel, occluding
the interior of the barrel from the periplasmic side [61]. These two distinct features of the
open and closed conformation indicates a role of both the lateral gate (LG) formed by the
bl andbl16 strands as well as the P5 domain [58, 59, 62].

The observations of the crystal structures and subsequent cryo-EM structures of the
full BAM complex led to two predominant hypotheses on the mechanism of BamA and
OMP biogenesis [59, 51, 49, 63, 64]. The rst hypothesis of the role of the BAM com-
plex in substrate OMP folding is the passive model [47, 65]. The exibility at the lateral
gate causes destabilization in the outer membrane and subsequent thinning. This allows
substrate OMPs, folded in the periplasmic space, to spontaneously insert into the outer

membrane [66, 59].



The second hypothesis of substrate OMP folding by the BAM complex is the hybrid
barrel model. The hybrid barrel states that the cycling between the closed and open con-
formation is critical for substrate OMP folding. In the open conformationpthandb16
strands are available for the unfolded nascent substrate OMP to begin foldirghanpin
atatime [67, 58, 68, 69, 70]. Thee lateral gate is utilized as a scaffold for the nascent sub-
strate OMP to fold, utilizing hydrogen bonding between the backboneb-gamplating to
fold. After all strands of the substrate OMP are folded between the open LG, the cycling of
BamA into the closed conformation allows the substrate GMfarrel to close at its rst

and last strands and be laterally released into the outer membrane [59].

1.4 Homologous proteins in eukaryotic organelles

The outer membrane is found in Gram-negative bacteria as well as chloroplasts and mito-
chondria, eukaryotic organelles with an endosymbiotic origin [71, 72, 73]. Interestingly,
b-barrel proteins are only found in the outer membrane [44, 74, 73, 75]. They are integral
membrane proteins formed lystrands that form sheets, wrapped into a barrel where the
rst and lastb-strands hydrogen bond it close. Thédsbkarrel proteins are responsible for

the translocation across the membrane and protein insertion into the membrane [44].

As previously described, the BAM complex is responsible for the protein folding and
insertion into the outer membrane of Gram-negative bacteria. However, in mitochondria,
the SAM complex is the homologous protein in chloroplasts [76]. While it is known that
these proteins are responsible for substrate OMP biogenesis in the outer membrane, the
mechanism of the homologues are still unclear. Mitochondria and chloroplasts both have
an endosymbiotic origin - as a key evolutionary step of eukaryotes was to acquire a bacterial

endosymbiont and evolve it into the mitochondrion [71, 72, 73].



1.5 Results

This thesis will focus on the mechanism by which the BAM complex functions and its
inhibition by potential antibiotics. The second chapter will delineate the computational
study and series of simulations done of the hybrid-barrel intermediates of BamA-EspP and
the asymmetry at the lateral gate. The third chapter will explore the harmony between
experiments and computational simulations in the validation of the hybrid-barrel model.
The fourth chapter will elucidate how potential antibiotics bind to the lateral gate of BamA
and affect its proper function. This work is the culmination of my efforts during my PhD
around the bacterial outer membrane protein, BamA.

Chapter 2 is a computational study, modeling sequential hybrid-barrel intermediates of
BamA-EspP as well as the nal folding intermediates of BAM-EspP and BAM-BamA. At
the time that this work began, there was no published structures of any hybrid-barrel com-
plexes. There was only a few papers on crosslinking studies done at the lateral gate by itself
and with a stalled substrate OMP. When initial hybrid-barrels were built and simulated of
BamA-EspP(1) and BamA-EspP(2), the lateral gate began in the closed conformation and
gradually opened over the course of both simulations. While at the time, | was concerned
about the model building in the systems, the work by the Bernstein Lab came out show-
ing the asymmetric nature of Bami#l interacting more strongly with the substrate OMP
overbl6. As the sequential model building continued, the cryo-EM structure of the BAM
complex folding itself, BamA, was released. This was the rst structural evidence of the
hybrid-barrel model and reassured that our model building efforts were continuing in the
correct direction. In the work presented in this chapter, we show the asymmetric nature of
the hybrid-barrel intermediates as well as the shape-driven nature of substrate OMP fold-
ing.

Chapter 3 is the second half of a collaboration that happened during my PhD between

our research group and the Noinaj Lab at Purdue University. Our collaborators solved the



cryo-EM structures of the folding intermediates, from thoestrands to all twelvé-strands

of the substrate OMP EspP. We took the cryo-EM maps, built models of each folding in-
termediate, and simulated the folding intermediates presented in this manuscript. This
manuscript is the rst record of a series of several sequential hybrid-barrel intermediates.
While there was debate over the mechanism by which the BAM complex folds substrate
OMPs, this work provides direct evidence of the integral role of hybrid-barrel intermedi-
ates in OMP biogenesis. In our simulations of the intermediates, there was consistently
membrane thinning at the Bami#l6 strand, exemplifying the role of the passive model
and the decrease in the energy barrier in the OM in OMP biogenesis.

Chapter 4 is a computational study of two potential antibiotics bound to BamA. When
preparing for the candidacy exam in Fall 2019, a unique series of ligands, described as
chimeric peptidomimetics, were identi ed to target BamA. This inspired the paper pre-
sented here, showing the ligand CP3 and another peptide darobactin bound to the BamA
lateral gate and affecting LG behavior. While vitro studies pointed towards the inte-
gral role of BamA in Gram-negative bacteria, its universal presence in the outer membrane
makes BamA an ideal protein target to develop antibiotics against. This work exhibited that
not only can the ligands stay bound to the lateral gate, but also that this is the mechanism

of action by which the ligands affect BamA function.



CHAPTER 2
MODELLING INTERMEDIATES OF BAMA FOLDING AN OUTER
MEMBRANE PROTEIN

Taken from Kuo, K. M., Ryoo, D., Lundquist, K., Gumbart, J. C. (2022). Modeling in-
termediates of BamA folding an outer membrane protein. Biophysical Journal, 121(17),

3242-3252.

2.1 Introduction

The outer membrane (OM) of Gram-negative bacteria is an asymmetric bilayer in which nu-
merous integrab-barrel outer-membrane proteins (OMPSs) are embedded [47, 65]. These
proteins carry out a number of necessary functions for the cell, such as transporting nu-
trients and chemical signals as well as expelling toxins and waste products [43, 44, 45].
Additionally, there are several proteins involved in building and maintaining the OM itself,
including the so-called BAMItbarrel assembly machinery) complex [23, 77, 42]. The
BAM complex catalyzes the folding and insertion of other OMPs into the OM [39, 37,
46]. Itis composed of BamA, labarrel in the OM, and, ifEscherichia colifour periplas-

mic lipoproteins named BamB, BamC, BamD, and BamE [38, 48, 49, 50, 51], although the
precise constituents can vary by species [42, 46]. Regardless, the core component BamA
is both essential and universal in Gram-negative bacteria [39, 40, 41, 42] with homologues
present in both chloroplasts and mitochondria [71, 72, 73].

While the role of the BAM complex in aiding the insertion of OMPs into the OM is
known, its precise mechanisms are still unclear. High-resolution structures of the BAM
complex have been solved in multiple conformations, exhibiting different states of BamA
and indicating its dynamic nature [48, 49, 50, 51]. In particularjdhandbl16 strands of

the BamAb-barrel are found either anti-parallel to each other in a "closed” conformation
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or partially separated [58, 61, 66, 64]. In the latter conformation, the rst bogtrands
are bent outward while the C-termintal6 strand kinks inward, leaving the Banibarrel
partially "open” to the OM [51, 78].

Multiple studies have demonstrated the critical role of the separation between the BamA
bl andbl16 strand [59, 51, 49, 63, 64]. This separation is the rst step of the so-called
“hybrid-barrel model” (also referred to as the “budding model”) [67, 58, 68, 69, 70].
The hybrid-barrel model postulates that the lateral gate created by the separation allows
a nascent substrate OMP's C-termiestrand to insert between the BanbA andbl6
strands, using one or both as a template for folding its bvaarrel. The threading model
further postulates that nascent OMRBtrands enter BamAs lateral gate sequentially from
C- to N-terminus [59]. While recent biochemical and structural studies are in agreement
with the hybrid-barrel model [57, 79, 69, 78, 80], they do not preclude other models as
many intermediate steps remain unclear. Recent experiments on BamA coupled to a stalled
inserting EspP have been used to propose an asymmetric hybrid barrel as a late-stage inter-
mediate, with several hydrogen bonds maintainingaiseam interactions between BamA
bl and Esp®12 [79]. On the other side of the gate, the Batvl®s strand does not interact
as strongly with the EspBl strand. This asymmetric hybrid barrel has also been supported
through recent structures of hybrid barrel intermediates [69, 80, 78].

Structural and experimental data point towards the hybrid-barrel as the mechanism of
BamA function, but many of the intermediate steps and conformational states are still un-
clear. To resolve the physical plausibility of the hybrid-barrel model, we have built and
simulated hybrid-barrel intermediates between BamA and a substrate OMP, the 12-stranded
type Va autotransporter EspP. There are six initial folding intermediates modeled here with
either two, four, six, eight, ten, or twelestrands of EspP. The dynamics and structural
characteristics are explored in these models and simulations. We nd that the hybrid-barrel
intermediates are asymmetric, with the substrate EspP becoming more circular as the num-

ber of b-hairpins increases. The intermediates with Isilxairpins of EspP were consis-



tently observed in a "B” conformation of the twsbarrels. This nding is in contrast to
the "8” shape observed in a high-resolution structure of the BAM complex folding a sub-
strate BamA [69]. The simulation results further suggest that the sequence of the substrate

has an in uence over the shape of the fully folded OMP.

2.2 Methods

2.2.1 Systemconstruction

Eight systems in total were built in this study. To investigate the intermediates of hybrid-
barrel folding, we built six folding intermediates of EspP with the BalmBarrel (residues
424-810) and the POTRAS domain (P5; residues 347-423) towpli. These interme-
diates had either one, two, three, four, ve, or $bhairpins of EspP (PDB ID: 3SLJ)
within the BamA lateral gate [81]. The systems with 1 tb-Bairpins were based off of
a cryo-electron microscopy structure of the BAM complex, with BamA in a laterally open
conformation (PDB ID: 5LJO) [51]. These rst six structures are identi ed as BamA-
EspP(), wherenis a number between 1 and 6. An additional folding intermediate with all
six b-hairpins of EspP and the entire BAM complex was also built, labeled as BAM-EspP in
this study. The eighth and nal system is the full BAM complex folding a substrate BamA
b-barrel (PDB ID: 6V05) [69]. The BamA-EspP(1), BamA-EspP(2), BamA-EspP(3), and
BamA-EspP(4) systems were built following one protocol (Table A2) while the BamA-
EspP(5), BamA-EspP(6), BAM-EspP, and BAM-BamA systems were built using a differ-
ent protocol (Table A3). The speci ¢ protocols are further elaborated on in the sections
below.

The systems studied were all built using CHARMM-GUI [82, 83]. Every system and
simulation in this study used a realis&c coli OM. The outer lea et was K12 Type E.
coli rough LPS with lipid A, R1 core, and no O-antigens. The lipid A was neutralized with
C&"* ions and the R1 core with Mg ions. The inner lea et was composed of a ratio of

15:4:1 PPPE, PVPG, and PVCL2 lipids [62]. The system was solvated with TIP3P water
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[84] and 0.15 M KCIl was added. Each system was built with differeamidy dimensions

to accommodate the size of the growing hybrid barrel.

2.2.2 lterativeopeningatthe BamA lateralgate

The rst step in building the BamA-EspP hybrid barrels was to separatéthrendbl6

strands of BamA until there is enough space to accommodate the width f loaiepin.

To increase the distance between the lateral gate strands in a minimally pertubative manner,
a one-sided harmonic restraint (100 kcal/md) on the distance between thé andb16

strands was imposed, which prevented the distance from going below whatever it was at the
start of the simulation. After the rst run, the maximum distance spontaneously achieved
between the lateral-gate strands was determined, with the corresponding conformation used
to seed the next run. This distance was also set as the harmonic restraint minimum distance
for the next run. This process was repeated until there was suf cient space between the
BamA bl andbl6 strands to accommodate dmairpin. For these systems, the process
was applied around 10-20 times to generate enough separation. Speci ¢ run times and the

number of runs are detailed in Table A4.

2.2.3 Building the hybrid-barrelintermediate$or BamA-EspPi)

The hybrid barrel intermediate with the BanmAbarrel plus the P5 domain and obe
hairpin of EspP was built by separating the lateral gate using the iterative opening method
described above and then inserting the Ekfsfrands within the gate. Two key features of
b-barrels were used to determine the register of the BsgtRands with respect to Bant#l
andbl6. The rst feature is the alternating polar and nonpolar residues alongstrand
where theb-barrel resides in the OM, excluding periplasmic domains and extracellular
loops [85]. The second feature is the aromatic girdles that cap-tserel at its top and
bottom (Fig. A-1). The aromatic girdle is composed of outward-facing aromatic residues

where theb-barrel interfaces with the edges of the hydrophobic core of the outer and inner
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lea ets of the membrane [86]. Using these features, the Bd@Pandbll strands were
aligned within BamAbl andbl6, respectively, to construct BamA-EspP(1).

The intermediate of BamA-EspP with twehairpins, BamA-EspP(2), was built in a
similar fashion to BamA-EspP(1) (Table A2). The BarbA andbl6 strands were sep-
arated using the iterative lateral gate opening method until enough space was created to
accommodate twb-hairpins of EspP. Thel2 andb9 strands of EspP were aligned with
BamA bl andbl6, respectively, matching the alternating non-polar residues and the aro-
matic girdles of botlb-barrels.

BamA-EspP(3) was built by separating the Barb26 seam from the adjacent EspP
strand in BamA-EspP(2) using the iterative opening method until there was enough space
at theb-seam for the third-hairpin. The same considerations of the aromatic girdles was
followed to determine the register of the thibehairpin with BamAbl6. This method
was also followed to build BamA-EspP(4), creating separation at the Blabé/seam of
BamA-EspP(3) until there was enough for the fousthairpin of EspP (Table A2). De-
termining the suf cient degree of separation at the Babi®6 strand to add &-hairpin
within the space for BamA-EspP(1), BamA-EspP(2), BamA-EspP(3), and BamA-EspP(4)
was done through trial and error with each additiamahkirpin. Hydrogen-bond restraints
used to equilibrate the resulting hybrid structures are described below.

The BamA-EspP(5) and BamA-EspP(6) intermediates were modeled from the BAM-
EspP hybrid barrel described below, where the hydrogen-bond restraints were applied at
theb-seams between BamA and EspP. From the BAM-EspP intermediate péreel and
P5 domain of BamA were retained along with the substrate EspP. For BamA-EspP(6), all
strands of EspP were retained. For BamA-EspP(5), onlyb\mirpins of EspP were kept
for the model (Table A3), and the gap was closed with hydrogen-bond restraints between

adjacenb-strands.
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2.2.4 Building the hybrid-barrelintermediatédor BAM-EspP

To build the hybrid barrel intermediate for BAM-EspP, the full BAM complex (PDB ID:
5LJO) [51] and EspP (PDB ID: 3SLJ) [81] structures were positioned close to each other.
The position of EspP relative to the BAM complex was based on the previously identi-
ed photo-crosslinks, where residues F1300, F1113, and F1214 of thelizlspfel were
found to be close to BamA, BamB, and BamD, respectively [87]. Then, using distance
restraints between the respective rst and lastrands of eacb-barrel, BamA and EspP
were forcibly opened laterally to a separation a0 A, measured from the & atoms.

Next, hydrogen-bond restraints were appliedioof BamA andbl2 of EspP as well as

to b16 of BamA andbl of EspP, aligned based on the two features noted above, namely
matching the polar/nonpolar residues as well as the aromatic girdles. These hydrogen bonds
at theb-seams were enforced for 100 ns.

To re ne the resulting BAM-EspP hybrid-barrel construct, we also used targeted molec-
ular dynamics (TMD) with the cryo-EM BAM-BamA hybrid structure (PDB ID: 6V05)
[69] as a reference. This experimentally determined structure shows the BAM complex
(BamA machine) folding and inserting another copy of BamA (BamA substrate). BamA
machine of the BAM-BamA hybrid structure was aligned to BamA of the merged BAM-
EspP hybrid model, and the rst twiestrands and last twie-strands of the BamA substrate
of the BAM-BamA hybrid structure were aligned to those of EspP of the BAM-EspP hy-
brid intermediate. However, since th& andb2 strands of the BamA substrate are missing
in the BAM-BamA hybrid structure, we aligned t& andb4 strands of the BamA sub-
strate structure to the rst twb-strands of the modeled EspP barrel. The RMSD of the
targeted atoms at the start of TMD was 2A.3and the nal RMSD was 1.3&\, giving a
rate of 0.007%A/ns of change over the 100-ns simulation. The resulting conformation was
restrained for 100 ns, followed by an additional 100 ns with only the rstiwatrands and
last twob-strands of BamA and EspP respectively restrained. Finally, the secondary struc-

ture and the hydrogen bonds of the whole structure were maintained for 350 ns (see Fig.
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Figure 2.1:BamA (green)-EspP (grey) hybrid barrels modeled. Snapshots are taken from the end of a
2-us equilibrium simulation (A-E) or 5-us simulation (F), with the focus on the separation between EspP and
BamAs b16 strand. The images show (A)bthairpin of EspP (BamA-EspP(1)), (B)2hairpins (BamA-
EspP(2)), (C) J-hairpins (BamA-EspP(3)), (D) #-hairpins (BamA-EspP(4)), (E) b-hairpins (BamA-
EspP(5)), and (F) B-hairpins (BamA-EspP(6)).

A-2 for RMSD of BamA during and after the tting process). The resulting BAM-EspP
model was used for simulations as well as to create the BamA-EspP(5) and BamA-EspP(6)

systems.

2.2.5 Building the hybrid-barrelintermediatdor BAM-BamA

To build the BAM-BamA hybrid-barrel system, we started from the previously identi ed
structure (PDB ID: 6V05) [69]. As the original PDB structure was missing several parts
of the BAM complex, we also had to align and combine those missing parts from other
published structures (PDB IDs: 5D00O, 5D0Q) [49]. For the lipoproteins BamB, BamC,
BamD, and BamE, we lipidated their N-terminal cysteines and anchored the three acyl
chains on each in the inner lea et of the OM. However, we did not add the mibgiagd

b2 strands of the BamA substrate.

2.2.6 Moleculardynamicssimulations

Each system went through multiple stages of equilibration. In the rst stage, we restrained
the entire system except the lipid tails for 0.5ns. In the second stage, we restrained the
proteins and allowed the rest of the system to equilibrate for 1 ns. In the third stage, we

restrained just the protein backbone for 1 ns. Following these stages, everything in the
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system was released and allowed to equilibrate for 10 ns with secondary structure restraints
(ssrestraints) applied. The ssrestraints maintain the dihedral angles and backbone hydrogen
bonds while allowing side chains to move freely.

Simulations were run at a constant temperature of 310 K using Langevin dynamics
and at constant pressure using the anisotropic Langevin piston barostat [88]. Long-range
interactions were evaluated using the Particle-Mesh Ewald (PME) method [89], while a 12
A cutoff was used for van der Waals interactions with a force-switching function beginning
at 10 A. The CHARMM36m force eld for proteins [90] and the CHARMMS36 force eld
for lipids [91] were used.

For the BamA-EspP hybrid barrels, we used collective variables (colvars) in NAMD to
maintain hydrogen bonds at the seams between BamA and EspP [92, 93] for 100 ns with
ssrestraints applied. After this stage, the hydrogen-bond colvars and ssrestraints were re-
leased and the system was allowed to equilibrate for 15 ns. While equilibration stages used
a 2-fs timestep, all subsequent simulations used hydrogen mass repartitioning (HMR) along
with a timestep of 4 fs [94, 95] and were run using AMBER [96]. For each hybrid barrel
system built, two replicas were run where the initial positions were the same but the initial
velocities were randomized. Further divergence occurs due to the Langevin thermostat,
which uses a different random seed for each simulation. The total simulation time across
all the different systems and replicas is 38 pus. Reduced simulation trajectories have been

made available at DOI: 10.5281/zenodo.6785311.

2.2.7 Analysisof simulations

Hydrogen bond measurements were done using VMD [97] with a distance cutoffaEB.&

angle cutoff of 30° (measured as Acceptor-Donor-Hydrogen). The number of hydrogen
bonds between the backbones of neighboring BamA and Bsgfands were measured

and then averaged over the trajectory. The distance between the center of mass of the back-

bones of neighboring-strands at each-seam was also measured and averaged over the
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total trajectory. Shape measurements [98] were done following previous protocols. The
shape measurement rst determines the position of th@tGms in theb-barrel. Using
the cv2 python library and cv2. tEllipse function, the coordinates were attened onto the
membrane plane, and an ellipse was t to them. The semi-majoarfd semi-minorIf)
axes of the tted ellipse were calculated and the ratio of the semi-minor to semi-rbgpr (
was taken. A shape value of 1 indicates a perfect circle, while lower values indicate a atter
shape.

The dynamics at thb-seams were further quanti ed by rst taking the angle between
the rst principal axes of the neighboring two BamA and two E$pstrands. Additionally,
the angle of the P5 domain with respect to the BalmBarrel was measured [62]. The
rotation angle of the periplasmic domains of the BAM complex, BamB, BamC, BamD,

and BamE, was also quanti ed following our previous study [78].

2.3 Results

2.3.1 Hybrid-barrelintermediategretypically asymmetric

Hybrid barrels between BamA and increasing numbers of BsgtPands were constructed
sequentially. For hybrid barrels with between 1 andtdairpins of EspP, denoted BamA-
EspP(1) through BamA-EspP(4), an iterative opening approach for BamA was used. In
this approach, opening of BamA's lateral gate was captured in equilibrium simulations
and then allowed to progressively increase by preventing any reduction in gate-opening
distance. After a suf cient opening was captured for each system, an additidraatpin

of EspP was inserted. For hybrid barrels with 5 ob-Bairpins of EspP, systems were
initially modeled based on the BAM-BamA cryo-EM structure [69]. See Methods for more
details on both approaches. The BamA-EspP intermediates had hydrogen-bond colvars
maintained at thé-seams for 100 ns before they were equilibrated for 2 pus in duplicate.
The BamA-EspP IB-hairpin intermediate was run for 5 us in duplicate to observe the long-

scale dynamics of the system.
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One feature of particular interest in the intermediates is the seams between BamA and
the adjacent EspB-strand. The rstb-seam is between BamBl and Espfl2, while
the second is between BanbA6 and the current N-terminal EsppFstrand (betweebl1
andbl). Among the six hybrid barrel intermediates, frequent separation was observed
between BamA16 and EspP (Figure 2.1). When quantifying the degree of interaction at
eachb-seam, the BamAl strand interacted with the EspR2 strand consistently via 3-5
hydrogen bonds (Figure 2.2A). At the BantA6 seam, the variability of its interaction
with EspP is re ected in the inconsistent number of hydrogen bonds (Figure 2.2B).

In the simulations of BamA-EspP(1), one replica exhibits an opening at the BAIBA-
seam while in the second replica, thiseam remained closed, quanti ed via the average
number of hydrogen bonds between the backbones di-8teands (Figure 2.2B). Similar
to the replicas for BamA-EspP(1), BamA-EspP(2) showed one replica with the BABGA-
seam open and the other with it at least partially closed.

While both closed and open conformations were observed atskam with BamAi16
for BamA-EspP(1) and BamA-EspP(2), the conformation oflth@ strand was consistent
for both replicas for BamA-EspP(3), BamA-EspP(4), BamA-EspP(5), and BamA-EspP(6).
BamA-EspP(3) maintained 4-5 hydrogen bonds at lieseams, keeping the lateral gate
closed (Figure 2.2B). It is important to note that the interactions betweednshrands of
BamA and EspP are facilitated by interactions between the extracellular loops (Fig. A-
3). In contrast, BamA-EspP(4), BamA-EspP(5), and BamA-EspP(6) are asymmetric with
a closed seam at BamBl and a more open seam at BarbA6. These intermediates
have 4-5 hydrogen bonds between Babifand Espbl12 in both replicas (Figure 2.2A).
However, there are 0-2 hydrogen bonds between the BahfAstrand and the Espi?
strand, meaning the BamBt6 seam remains open in these intermediates (Figure 2.2B).

The hydrogen-bond results are further supported by the distance between BamA and
EspPb-strands at the BamAi and b16 seams (Fig. A-4). The distances between the

b-strands at BamAl (Fig. A-4A) are lower compared to the distances at BabiA
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Figure 2.2:Hydrogen bonds between the backbones obtseams, measured for each BamA-EspP hybrid-
barrel intermediate and replica. (A) BanbA and Esp®12. (B) BamAbl6 and the adjacent EsfiPstrand.

The solid colored bar is the average over 2 us (5 us in the case of BamA-EspP(6)) and the black line represents
the standard deviation.

(Fig. A-4B). Consistent with the asymmetric-hybrid-barrel model, the Bat@\ strand
does not form stable and consistent hydrogen bonds with EspP in most intermediate states,

which results in a larger strand-separation distance.

2.3.2 Theshapeof thesubstratén the hybrid barrelis determinedy its nal foldedstate

When observing the different conformations of the hybrid-barrel intermediates, the equi-

librated conformations of BamA-EspP(2), BamA-EspP(3), BamA-EspP(4), and BamA-
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Figure 2.3:Hybrid-barrel intermediates as viewed from the extracellular side. (top) After 100 ns with inter-
strand hydrogen bond colvars. (middle) Replica 1 at the end of equilibrium simulations. (bottom) Replica
2 at the end of equilibrium simulations. Viewpoint highlights the cleft formed at the BafrGAstrand in
intermediates.

EspP(5) evolve from an oval shape towards a heart shape (Figure 2.3). The cleft of the
heart is at the BamAl16 seam, which bends inward. Interestingly, BamA-EspP(6) displays

a more dramatically altered conformation, a "B” shape when viewed from the extracellular
side (Figure 2.3). As the simulation progressed, both replicas underwent conformational
changes from an oval shape to this distinct "B” shape, where there is a inward-cleft at
BamAbl16 but the BamAdl side is at.

To explore these changes in overall hybrid-barrel conformations as well as in BamA and
EspP separately, we quanti ed the shapes of each. Here, the shape is de ned as the ratio
of the semi-minor axis to the semi-major axis of the ellipse t to thed@oms attened
onto a plane [98]. A value of 1 (the maximum) for the shape indicates thé&kliaerel (or
hybrid barrel) is circular, while the lower the value of the shape (minimum of 0), the atter

it is [98]. Visually, the shift from an oval conformation to something else is most extreme

in BamA-EspP(6), where it forms a "B” shape. This conformation exhibits a cleft at the
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BamADb16 but none at BamAl. We also see changes in the oval shape to a heart shape for
the intermediates with fewdrhairpins. However, after quanti cation, there is no obvious
trend in the values for the shape of the hybrid barrel of BamA-EspP nor in those for the

shape of BamA itself (Fig. A-5).

Figure 2.4:Shapes of EspP in a hybrid barrel or alone (1 is circular and 0 is completely at). Shapes for
EspP in each of the two replicas of hybrid barrels BamA-EspP(2) through BamA-EspP(6) are shown, along
with those for EspP in the full BAM-EspP complex. Finally, for comparison, shapes for three replicas of the
mature EspP membrane domain alone are shown. BamA-EspP(1) is not included due to the low number of
b-hairpins. As the hybrid barrel increases in the number of subdirhtgrpins, the shape of the substrate
approaches the shape of EspP when fully folded.

When looking more closely at the shape of only the EspP substrate in the hybrid-barrel
intermediates, a general trend is seen in which the shape value increases as the number
of b-hairpins in the hybrid barrel increases. From BamA-EspP(2) to BamA-EspP(6), the
shape of EspP begins relatively at, becoming more circular as the numbehairpins
of the EspMb-barrel increases. The shape of EspP in BamA-EspP(6) most closely matches
the shape of the fully folded EspP substrate alone (0.75-0.83) (Figure 2.4). At each inter-
mediate state, the uctuations encompass the shape of the fully folded substrate (Fig. A-6).
As the substrate grows ithairpins, the average shape approaches the fully folded state

and its nal value. This observation also holds true for the hybrid barrel of the full BAM
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complex with sixb-hairpins of EspP inserted (BAM-EspP).

We compared our BamA-EspP and BAM-EspP hybrid-barrel intermediates to our equi-
librium simulations of a recently published structure of the BAM complex folding a BamA-
substrate (PDB ID: 6V05 [69]), labeled as BAM-BamA. The BamA in the complex that
is folding the substrate is referred to as BamA-machine while the BamA being folded is
BamA-substrate. In both replicas of this hybrid intermediate, BamA-substrate is similar in
shape to a fully folded BamA. Looking at the BAM-BamA hybrid barrel from above, an
apparent "8"-shaped conformation of the hybrid-barrel is maintained throughout the simu-
lation for both replicas (Figure 2.5B). The cleft at the BarnAseam is present throughout
the simulation, and more dramatically at the Babi® strand. Even though the hybrid bar-
rel is in a different conformation with BamA-substrate compared to with EspP, the shape
of BamA-substrate closely matches its shape when fully folded (Fig. A-7C). This observa-
tion aligns with the previous nding that the shape of EspP in BamA-EspP(6) is close to its
shape when fully folded. When comparing the BAM-BamA and BAM-EspP simulations, it
is interesting to note that the BAM-EspP system also starts in the "8”-shaped conformation

but shifts to the "B"-shaped conformation over the course of the simulation (Figure 2.5A).

2.3.3 Inward-facingglycinesfoundattheturnsof the nal hybrid-barreintermediateand

thoseof fully foldedsubstrates

The shape of the substrate in the hybrid barrel becomes increasingly like a circle while
it reaches the shape of the fully folded substrate. This nding suggests a possible role
for sequence of the-barrel on its nal shape. Upon inspection of BamA and the EspP
substrate within the hybrid barrel, glycines were found at speci ¢ locations ofteaelnrel.

In particular, within the BamA-barrel, inward-facing glycines were found at both turns

of the barrel (highlighted in purple in Figure 2.6). The glycines at these turns of BamA are
between 57% and 97% conserved across nearly 2600 species (Table Al). Within the EspP

substrate, inward-facing glycines were also found at the turns of the substrate within the
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Figure 2.5:Hybrid intermediates of the BAM complex. (A) BAM-EspP hybrid-barrel intermediate at time

t = 0 us and the end conformation tat 2 pus. Shown are BamA (green), the rest of the BAM complex
(transparent) and EspP (grey). (B) BAM-BamA hybrid-barrel intermediate=dd ps and = 2 pus. Shown

are BamA-machine (green), the rest of the BAM complex (transparent), and the BamA-substrate (blue). Both
BAM-EspP and BAM-BamA hybrid-barrel intermediates begin the simulatian=ad us in the "8"-shaped
conformation. The "8"-shaped conformation is maintained for BAM-BamA, but BAM-EspP shifts to a "B"-
shaped conformation by the endtof 2 us.

hybrid barrel (green and yellow in Figure 2.6B) as well as the fully folbdzarrel (green

and red in Figure 2.6D). Interestingly, in the BAM-BamA hybrid barrel, glycines were also
found located at additional turns of BamA-substrate (Fig. A-7). The location of glycines
at the turns suggests that the glycines within the sequence bftitheel help to determine

the nal shape of the folded substrate during the hybrid-barrel assembly process.

The observations of glycines at the turnshebarrels and the resulting shape are sup-
ported by a previous computational study [98]. Analyzing the 119 available structures of
OMPs at the time, a correlation between glycines facing the interiortalbarrel and its
shape was found. The presence of these glycines resulted in a sharper turn wittin the

barrel, with more glycines found ib-barrels with fewer strands due to the sharper turns
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necessary compared lbebarrels with more strands. Here, we nd that the "B” versus the
"8” shape of the hybrid barrel corresponds to the substrate, with EspP associated with a "B”
shape and BamA-substrate with a "8” shape. The "B” shape is distinguished by the strands
at the BamAbl seam lying in the same plane while the strands at the Bat®Aseam
formed a cleft. This nding indicates that not only does the substrate sequence have an
in uence on the nal shape of the substrate, but also that the substrate itself can in uence

the conformation of BamA in the hybrid barrel.

Figure 2.6:Inward-facing glycines highlighted in van der Waals representation. Speci ¢ glycines at the
turns of theb-barrels are colored purple for BamA and red, yellow, and green for EspP. (A) BamA-EspP(6).
(B) BAM-EspP. (C) BamA in the BAM complex. (D) EspP alone. The purple glycines in BamA are consis-
tently at the turns of thé-barrel. The green glycines in EspP are also at the turns of the hybrid-barrel and
fully folded substratd-barrel, while the yellow glycines are only at the turns in the hybrid barrel and the red
only at the turns in the fully folded BamaA.

2.3.4 Distinct features in hybrid barrels with the full BAM complex

The hybrid barrels with the full BAM complex are observed in either the "B” or "8” shape
depending on the substrate. Examining brseeams between the BamA-machine and sub-
strate barrels, the angles between the rst principal axes of the two adjactrands on
either side of each seam were measured. The angles at the Baéngdeam are higher
in comparison to those at the BantA-seam (Figure 2.7) in both the full complex hybrid
barrels and the BamA-Esph(intermediates. The BamB16 and Esp®l strands are at

an angle of 123-127in the full complex hybrid barrel (Figure 2.7B), while the BamA-
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machinebl6 and BamA-substratgl strands are at a 110-17a&ngle to each other. In the
"8”-shaped BAM-BamA complex, thb-strands can range from an obtuse angle to a nearly
straight one. For the "B"-shaped BAM-EspP complex, they are consistently at an obtuse
angle to each other. For BAM-EspP in particular, the "B”-shaped hybrid barrel has a much
higher angle at the BamA16 seam compared to the BamA-EspR(termediates.

The BAM-EspP and BAM-BamA hybrid barrels are further distinguished from BamA-
EspP() by the angle between the P5 domain and the Bdori#arrel. In the majority
BamA-EspPr() systems, which only include the Bam#barrel and P5 domain, the P5
domain angle ranges from 20-3% the BamAb-barrel (Fig. A-8A). However, in the
hybrid barrels with the full BAM complex, the P5 domain angle is 80-85BAM-EspP
and 92-97 in BAM-BamA. BamD within the BAM complex interacts with the P5 domain
(Fig. A-9B,C), affecting its angle. More speci cally, BamD interacts with BamA P5 at
D358 and T359.

In both the BAM-EspP and BAM-BamA systems, the BamA-macltbhé strand is
separated from the adjacent substtatgrand. The lateral gate is effectively open with the
P5 domain occluding the Bamibarrel from the periplasmic side, as expected. However
the rotation angle of the periplasmic domains of the complex (BamB, BamC, BamD, and
BamE) is closer to what has been previously found for the BAM complex in a laterally
closed conformation. In previous work, the rotation angle of the BamB-BamE uctuates
around 60 in the BAM complex with an open lateral gate andwith a closed lateral
gate [78]. In the hybrid barrels with the full BAM complex simulated here, the lateral
gate is open but the rotation of BamB-BamE uctuates aroun(F@). A-8), closer to the
rotation angle of the closed BAM complex in our previous simulations. This shift in the
rotation angle of the periplasmic domains suggests a further unidenti ed role of BamB-

BamE during hybrid-barrel folding.
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Figure 2.7:Angles between normal vectors of the adjadestrands at the two seams. (A) Representative
conformation from BamA-EspP(2) illustrating the two normal vectors. (B,C) Measured angle at the (B)
BamA-bl seam and (C) BamAi6 seam. See Figs. S10, S11 for the angles versus time. This measurement
demonstrates in part the in uence of the inward-facing kink of the Bebh8.[63].

2.4 Discussion

In this study, the possible progressive states of OMP folding via sequential hybrid-barrel
intermediates were constructed and simulated to observe their characteristics and physical
plausability. Systems of the Bam#\barrel and its P5 domain with one to ¢hhairpins of
EspP were rst simulated (BamA-EspP(1) through BamA-EspP(6)). Within these BamA-
EspP intermediates, a greater number of hydrogen bonds were typically observed between
the proteins' backbones at the BaniA-seam compared to the BantA6 seam. Addi-
tionally, systems of the nal hybrid barrel intermediate with the full BAM complex and the
substrate EspP (BAM-EspP) or BamA (BAM-BamA) were constructed and simulated.

In the hybrid-barrel intermediates constructed here, the BamA and sulisstisnds
at both junctions, that with BamBl and that with BamA16, were initially fully hydrogen
bonded along their respective backbones. However, over time, the simulations revealed the
BamA b16 side to be more dynamic, possessing fewer hydrogen bonds thiah $ide in

most simulations (Figure 2.2). These results broadly support the asymmetric hybrid barrel
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model, which is based on disul de-bond crosslinking [79] as well as recently published
cryo-EM structures [69, 80]. In the crosslinking experiments, BapiAand EspFbl2
form stable interactions while Bami#l6 does not interact as strongly with ESpE2 [79].
The decreased stability of the seam between the substrate and BEniAas now been
observed in biochemical assays, high-resolution structures, and our simulations.

Considering the shape of the hybrid-barrel intermediates, as the numbdramfpins
increases in the hybrid barrel, the substrate EspP becomes more circular, approaching its
shape when fully folded and separated from BamA. Additionally, when looking at the
nal hybrid-barrel intermediates, BamA-EspP(6) and BAM-EspP, there is a consistent "B”
shape in which the BamAl side of the hybrid barrel is at while the BamBAl16 side
curves inwards. Notably, the BAM-EspP simulation starts in a "8” shape and gradually
transitions to the "B” shape (Figure 2.5). The BAM-BamA system, in contrast, starts in the
"8” shape and maintains this conformation throughout the simulation. We also found that
the turns of thés-barrels of both BamA and EspP contain inward-facing glycines, many of
which are moderately to highly conserved (Table Al), suggesting they play a role in the
folding and shape of OMPs. This nding is in agreement with previous work that found
glycines are predominantly located in sharp turns of OMPs [98]. When combined with the
different shapes observed for hybrids with EspP or a BamA substrate, a role for sequence
in hybrid-barrel shape as well as the fully folded shape becomes apparent.

The hybrid barrels built with the full BAM complex have a couple of unique features
that were characterized. In particular, the angle between the BamA-mddi@irsand adja-
cent substrate strand were 110-17® each other in the systems with the full BAM com-
plex. Theseb-strands at the lateral gate were separated from each other, leaving the gate
open with the P5 domain occluding the Barbarrel. While the P5 domain being per-
pendicular to théd-barrel was expected, what was not expected was that the rotation angle
of the periplasmic domains isO in both BAM-EspP and BAM-BamA (Fig. A-8). This is

in contrast to our previously reported work [78], where simulations of just the BAM com-
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plex in the laterally closed state showed the periplasmic domains rotation at aroasd O
well. Thus, the rotation of the periplasmic domains in the hybrid barrels towards the end
of OMP folding more closely matches the rotation in a closed BAM complex.

There are several theories, models, and hypotheses about how the BAM complex func-
tions [59, 99, 80, 100]. In our study, by modeling speci c intermediate states, we nd sup-
port for the asymmetric hybrid-barrel model. Furthermore, our simulations demonstrate
that BamA is suf ciently labile to interface with substrate intermediates of between 2 and
(at least) 12b-strands. The threading model, which is an extension of the hybrid-barrel
model, states that the unfolded substrate OMP is transferred from the periplasm to the open
lateral gate 1-D-strands at a time, utilizing BamAB1 andbl16 strands as a scaffold to
fold the substrate. Our simulations do not address how the substrate OMP is threaded nor
the transition between the unfolded and folded states, but they do demonstrate the physical
plausibility of the threaded intermediates. Recent cryo-EM structures of insertion interme-
diates have been interpreted as support for [78] or against [80] the threading model; more

data are needed to resolve this debate.
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CHAPTER 3
BAM COMPLEX ORCHESTRATES OMP BIOGENESIS - THE SYNERGY OF
SIMULATIONS AND EXPERIMENTS

3.1 Introduction

The hybrid-barrel model of the BAM complex has been proposed and debated in the litera-
ture. For several years, there was no direct evidence of the hybrid-barrels and exactly how
this would look in the bacterial outer membrane. In our previous work, we were able to
build computational models of BamA with varying numberetiairpins for the substrate,
EspP [101]. While working on the computational study, cryo-EM structures of the BAM
complex folding a substrate were released [69, 80, 78, 102]. However, these cryo-EM struc-
tures only depicted the end-stage of substrate OMP folding, still leaving the intermediate
steps of the mechanism up for debate.

Alternative models to the hybrid-barrel model of the role of the BAM complex have
been proposed. One notable model proposed is derived from three different states captures
of the end-stage of substrate OMP folding. While the substrate and the BAM complex
interact at the BamAl strand, the rest of the substrate OMP de ects the membrane. The
existing tension and spring-like nature of the OM would counteract the membrane de ec-
tion caused by the substrate OMP, driving closure of the substiaderel [80].

Further evidence for the role of the passive model in OMP folding was also addressed
[103]. In our group's previous simulations of BamA, the outer membrane distance was
measured. It was found to be consistent thinning at the BaffAstrand in a variety of
species of Gram-negative bacteria [58, 63, 60]. There appeared to be membrane thinning
at the BamAbl16 strand, as compared to thk or other strands of the Bami&barrel.

Another question remains regarding outer membrane protein folding is how the un-
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folded substrate OMP is transported across the periplasm, from the inner membrane to
the outer membrane to be folded [104]. Previous work has shown the role of SurA in the
periplasm, interacting with unfolded substrate OMPs [105]. Before binding, SurA has been
identi ed in two distinct conformations in solution [106]. The binding groove between
substrate OMP and the chaperone in SurA was subsequently identi ed in follow-up studies
[107]. In spite of that, how SurA interacts with the BAM complex is still unresolved.

This work with our experimental collaborator aims to address these questions. Through
cross-linking the stalled substrate OMP to the BAM complex, the folding intermediates
of the BAM complex folding the substrate EspP were solved via cryo-EM. Simulations of
each cryo-EM structure was performed. In addition, the cryo-EM structure of the chaper-
one SurA with the BAM complex-EspP was solved, providing the an initial look at the role

of chaperones across the periplasm and its role in OMP folding.

3.2 Methods

Taken from submitted manuscript, Wu, R., Ryoo, D., Kuo, K.M., Gumbart, J.C., Noinaj, N.
(2023) BAM orchestrates OMP biogenesis usingtamplating mechanism.

Starting from the resolved structures, each construct was placedsncati K12 outer
membrane model as used previously. Where necessary, missing loops were modeled and
added. Systems were equilibrated in 1-ns stages, rst with everything but the lipid tails
restrained, then only the protein restrained, and then only the protein backbone restrained.
The resulting systems were then equilibrated for 1 us with the disul de bond present, fol-
lowed by an additional 1-us simulation with the disul de bond broken and the residues
mutated back to their original form. Simulations were run using NAMD328 at constant
temperature (310 K) and pressure (1 atm); the CHARMM36m force eld for proteins,
CHARMMS36 force eld for lipids, and TIP3P water were used. The time step was 4 fs
with hydrogen mass repartitioning applied. Short-range Lennard-Jones interactions were

cut off at 12A with a switching function starting at 18. Long-range electrostatics were
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evaluated using the particle mesh Ewald method. Setup and analysis were carried out in

VMD. System sizes were approximately (175A)3 and 450,000 atoms.

3.3 Results

Figures from submitted manuscript, Wu, R., Ryoo, D., Kuo, K.M., Gumbart, J.C., Noinaj,

N. (2023) BAM orchestrates OMP biogenesis usirgtamplating mechanism.

3.3.1 Cryo-EM structuref BAM-EspPhybrid-barrelintermediates

Previous work has been done with a particular EspP intermediate, a stalled version that
aggregates the autotransporter portion of the protein, preventing the release of a fully-
folded substrate OMP. The full-length construct, MBP-EspP, was engineered with a cystine
mutation at each of the individubtstrands, fronbl tob12. In the full-length BAM-EspP
stalled construct, crosslinks were observed in viith b2, b3, b4, b5, b6, b7, andb8-
strands of EspP (Fig. B-1b). It was not observed ihbl10,bl1, andbl2. These initial
results show that the crosslinking strategy was successful in trapping naturally occurring
interactions in the hybrid-barrel mechanism as the BAM complex folds the substrate EspP.
Following these initial results, the truncated construct of MBP-EspP was expressed with
the BAM complex and cross-linked via the same disul de bonds explored. The truncated
constructs capturing the intermediate states of folding was expressed and observed (Fig.
B-1e).

The cryo-EM structure of each truncated construct MBP-EspP crosslinked to the BAM
complex was solved. Grids were prepared by our experimental collaborators and data
collected at the Purdue Cryo-EM Facility and National Center for Cryo-EM Access and
Training (NCCAT). The resolution of the structures was 3.8 - 4.9 A. When observing the
intermediates from the top-down perspective, it is clear that the substrate OMP folding sys-
tematically occurs at the Bamial 6 side while the EspP12-strand is consistently anchored

to and interacting with BamAl (Figure 3.1).
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