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ABSTRACT

To import large metabolites across the outer membrane (OM) of Gram-negative bacteria,
TonB dependent transporters (TBDTs) undergo significant conformational change. After
substrate binding in BtuB, the E. coli vitamin B12 TBDT, TonB binds and couples BtuB
to the inner membrane proton motive force which powers transport. The role of TonB in
rearranging the plug domain to form a putative pore remains enigmatic. The aim of my
thesis is to advance understanding of the substrate transport process in BtuB.

Chapter 1 is a review of the outer membrane environment, TBDT biology, and a survey
of what is known about BtuB specifically. Models of BtuB pore formation and some of the
recent experiments supporting them are introduced. Some studies focus on force-mediated
unfolding while others propose force-independent pore formation by TonB binding leading
to breakage of a salt bridge termed the “Ionic Lock”. Additionally, an introduction is given
to the technique of hydrogen deuterium exchange mass spectrometry (HDX-MS), with an
emphasis on its application to outer membrane proteins.

Chapter 2 details work characterizing early steps in the BtuBs transport cycle, in a native
OM context. Our hydrogen exchange measurements in F. coli outer membranes find that a
region surrounding the Ionic Lock, far from the B12 site, is fully destabilized upon substrate
binding. A comparison of the exchange between the B12- and B12+TonB-bound complexes
indicates that B12 binding is sufficient to unfold the Ionic Lock region with binding of a
TonB fragment having much weaker effects. TonB binding accelerates exchange in the third
substrate binding loop, but pore formation does not obviously occur. This chapter provides a
detailed structural and energetic description of the early stages of B12 passage that provides
support both for and against current models of the transport process.

Chapter 3 presents a characterization of the independently folding plug domains found
among a surveyed set of TBDTs. The plug domains of BtuB and CirA were found to contain
substantial amounts of independently folding structure, and were characterized with a variety

of techniques. Attempts at structure determination by NMR were unsuccessful due to poor
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solution properties and rapid transverse relaxation rates. Initial experiments characterizing
BtuB constructs with stabilizing disulfide and/or bi-histidine site mutations were suspended
upon success of initial mass spectrometry HDX experiments, which were used to characterize
the folding of BtuB in a more native context.

Chapter 4 summarizes the conclusions from chapter 2. From these conclusions, future
directions are proposed to further advance understanding of BtuB biology, the mechanism
of TBDTs in general, and to address an intriguing new question raised about apparent
non-structural HDX protection conferred by the outer membrane. In summary, this thesis
represents an advance in understanding the mechanism of BtuB and explores TBDT plug
domain folding in various contexts. Additionally, it establishes a technique for routine ac-
quisition of high-quality HDX data in a challenging but valuable context, the native outer

membrane.



CHAPTER 1
INTRODUCTION

TonB-dependent transporters (TBDTs) are a family of proteins ubiquitously expressed in
the outer membranes (OMs) of Gram-negative bacteria, critical to the biology of this class of
microorganisms [1]. TBDTs serve to provide access across the OM, which Gram-positive bac-
teria (and most other organisms) lack. The unusual OM environment occupied by members
of this protein family causes them to have an unusual structure and to employ a complicated
mechanism to solve a simple problem, that of moving a substrate molecule from the outside
of the cell to the periplasm.

Though these are interesting qualities and merit study on their own, there are also very
practical reasons to understand TBDTs. TBDTs are present in many disease-causing or-
ganisms, and in some cases function as virulence factors, that is, the genes whose expression
causes otherwise benign microbes to become pathogenic [2]. TBDTs have therefore long been
the targets of drug design efforts, some of which are still ongoing. Progress in understanding
the biology of TBDTSs, and efforts at harnessing or altering these molecules to serve the
needs of humanity have and will continue to rely on mechanistic knowledge of their function.

Despite substantial advances over the past few decades, key aspects of the TBDT mech-
anism remain unknown. This thesis advances the understanding of the TBDT transport
mechanism from a protein folding perspective by bringing a powerful and yet-unapplied
technique of hydrogen deuterium exchange mass spectrometry (HDX-MS) to bear on a se-
ries of related and long-standing questions: How does a TBDT’s pore forming transport

intermediate form, and what are its structural and dynamical properties?

1.1 TonB-dependent transporters (TBDTs)

Membranes are key to supporting and categorizing life. A cell cannot exist without some

structure containing it. In nature this structure takes the form of membrane. Eukaryotes
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enclose their DNA within a membrane-bound nucleus, while prokaryotes do not. Among
prokaryotic bacteria, a major classification is into Gram-positives and Gram-negatives, refer-
ring to a method which by which bacteria are stained according to their membrane structure.
The Gram-positives, which have the peptidoglycan (“cell wall”) outside of their single mem-
brane, retain the color of the stain upon subsequent washing, while Gram-negatives, whose
peptidoglycan lies between their two membranes, do not. The double membrane structure
of Gram-negatives lends them several advantages by introducing an extra layer of defense
between the cell interior and the environment which the cells occupy. However, much like
a fence or moat around a building [3], a double membrane also introduces problems of its
own, most obviously by restricting transport across the cell envelope, complicating import
of nutrients and export of waste or secreted products. It is in this intuitive context that the

biology of TBDTs can be introduced to a general audience and interpreted.

1.1.1  The outer membrane (OM) environment and OM proteins

TBDTsS serve to solve the problem of access into and out of the periplasm (the space between
inner and outer membranes) for a certain class of molecules. The periplasm constitutes 10-
20% of the bacterial cell volume [4, 5], but whether it counts as the “inside” the cell is a
matter of definition. Just as a fence restricts access only to objects too large to fit between
the pickets and rails, or a moat deters only entities incapable of traversing water, the OM is
impermeable only to molecules with certain sizes and chemical characteristics. Small (lighter
than 600 Da) hydrophilic molecules can diffuse through porins, such as OmpF for E. coli,
which form non-specific pores in the OM. Consequently, the ionic strength and reduction
potential of the periplasm are less controlled than that of the cytoplasm, with the cytoplasm
considered to be an oxidizing environment [6]. Although no ATP is available in the periplasm
[7], active transport (against diffusion potentials) must occur across the outer membrane in
both directions [8, 9]. It is primarily for import of larger and more hydrophobic molecules,

then, that one may expect TBDTs to be utilized. Indeed, many of the longest-studied
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TBDTs have large metal-chelating molecules as their substrates, ranging in size from 660 to
1355 Da.

Besides lacking access to the cytoplasm on its inner face, the OM environment in which
these proteins reside is also compositionally distinct from a eukaryotic cell membrane, or
even the plasma membranes found in the same gram-negative bacteria. The inner leaflet
of the OM is composed of similar lipids as the plasma membrane, although possibly with
shorter distribution of acyl chain lengths [10], and the OM is undergirded on the periplasmic
side by peptidoglycan. Also known as the cell wall, peptidoglycan is a network of linear
oligosaccharides heavily crosslinked by short peptides [11] and covalently attached to the in-
ner leaflet of the OM through a small trimeric a-helical protein known as Braun’s lipoprotein
(12, 13].

The OM outer leaflet is even more unusual, containing large amounts of lipopolysaccha-
ride (LPS). LPS is a molecule composed of three parts: lipid A, core oligosaccharide, and
O-antigen. Lipid A is a phosphorylated glucosamine disaccharide, with six alkyl chains of
14 to 16 carbons each [14]. The core oligosaccharide is a short, branched network of sugars,
but can also include amino acids, ethanolamine, and phosphate components. The O-antigen
is a large polymer of sugars which can vary within as well as between species [15]. Certain
strains of E. coli (such as K-12) lack O-antigen completely, which dramatically changes their
membrane properties [16]. LPS has a high anionic charge density and contains a signifi-
cant amount of divalent metal ions to balance the negative charge. When Gram-negative
organisms are treated with metal chelators such as EDTA or EGTA, the unbalanced anionic
charge density resulting from removal of divalent ions can in certain cases lead to the ejection
of the charged LPS molecules from the cell membrane into solution [17]. Finally, the OM is
regarded to be less fluid than inner membranes, though there are exceptions to this trend
[18]. The above features of OMs cause them to be occupied by a set of proteins with a
[-barrel topology distinct from plasma membrane proteins.

Like the plasma membrane, the OM contains about a 50% mass fraction of proteins [19],



which collectively influence its properties. For example, the mechanical rigidity of OMs arises
not only from their LPS and PG layers, but also from the resident outer membrane proteins
(OMPs). Most [20]JOMPs are S-barrels [21]. Though occasionally seen in soluble proteins,
among MPs, -barrels are only found in outer and mitochondrial membranes. The S-barrel
domains of OMPs confers them high mechanical rigidity, with recent studies suggesting that
OMPs [22] can significantly contribute to cellular stiffness, along with LPS [23]. Although
oligomerization is common [24], most known OMPs have a single transmembrane [-barrel
domain, however recent informatics work has provided evidence of multi-barrel sequences
[25]. Additionally, there is emerging evidence that OMPs associate to form protein-dense
regions within the OM, termed “OMP islands” [26]. BtuB, the protein which this thesis
describes, is thought to engage in such interactions as well [27]. In summary, the outer
membrane environment is intimately linked to TBDT function (and the function of OMPs
generally) and it is a critical factor to consider when studying them. As reviewed below, the
results of experiments performed on TBDT's often depend on the choice of specific membrane

or membrane mimetic.

1.1.2 TBDTs in bactericidal and medical contexts

According to the US Centers for Disease Control and Prevention [28] millions of antibiotic-
resistant infections occur each year in the USA, resulting in tens of thousands of deaths.
Members of both Gram-positive and Gram-negative bacteria cause disease and death, with
well-known examples (and the diseases they cause) including S. pneumoniae (pneumonia),
S. aureus (MRSA), and S. pharyngitis (strep throat) for Gram-positives and N. gonorrhoeae
(gonorrhea), Y. Pestis (bubonic plague), and E. coli (meningitis) for Gram-negatives [28].
Many TBDTSs are expressed as virulence factors [29, 30, 31, 32, 33, 34|, meaning the genes
whose expression causes an organism to become pathogenic. Some TBDTs are engaged in
evolutionary conflicts with the mammalian immune system. For example, as part of the

innate immune response transferrin sequesters iron in the bloodstream, depriving pathogens
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of this vital nutrient. However, in a process termed iron piracy, transferrin can be bound by
H. influenzae TBDT ThpA and the iron cargo extracted, allowing the pathogen to survive
an otherwise successful immune reaction. This process has significant enough effects on
human health that evolutionary signatures have been detected in the proteins [35]. Likewise,
the N. meningitidis TBDT ZnuD is employed to scavenge low-abundance zinc ions during
host colonization [36]. Other TBDTs import siderophores (strong metal chelators) such as
enterobactin, which bacteria use to scavenge iron from their surroundings and from each
other [37]. Additionally, TBDTs can function in export of macromolecules, e.g., Oar, a
M. Xanuthis TBDT responsible for the starvation-induced secretion of the extra cellular
protease PopC [38]. In summary, TBDTs have multiple roles in the biology of Gram-negative
bacteria and their impact on the health and disease states of not only humans but virtually
all organisms these bacteria encounter.

TBDTs play roles in interbacterial interactions as well. Because TBDT's import essential
nutrients, they influence bacterial cooperation, parasitism, and competition. In both cooper-
ative and parasitic contexts, TBDT's can be used by an organism to take up a growth-limiting
nutrient. For example, iron can be absorbed in the form of a siderophore even though an
organism may not necessarily synthesize that siderophore [39].

In a purely adversarial context, TBDTs are the targets of various small molecules secreted
to the inhibit growth of their competitors. Bacteriocins are one class of such molecules,
discovered nearly a century ago [40], and are defined by being at least partially composed
of proteins or peptides. This large category of bactericidal compounds is categorized into
subclasses such as microcins (small bacteriocins) and colicins, which are bacteriocins made
by, and specific for, organisms such as E. coli [41]. Crystal structures have been obtained for
several TBDTs with attached colicins, and their mechanism of entry into cells is an active
area of research. In addition to bacterial attacks, TBDTs can serve as receptors for viral
entry to the cell [42], which is unsurprising given their ubiquity and essential role in nutrient

acquisition.



Though progress has been made in reducing the morbidity from Gram-negative infec-
tions, there is still need for development of novel antibiotics. With inspiration provided by
bacteriocin biology, multiple TBDTs have been targeted for a Trojan horse antibiotic strat-
egy [43, 44, 45, 46, 47]. In this strategy an antibiotic payload is covalently fused to a natural
TBDT substrate, resulting in a drug that the targeted bacterium spontaneously imports.
Albomyicins are a natural class of such compounds [43] whose total synthesis was recently
achieved [48]. Synthetic Trojan horse TBDT substrates have also been [49], and continue to
be [50, 51] developed. One such drug, cefiderocol, was FDA approved to treat complicated
urinary tract infections in 2019 [52, 53]. Additionally, TBDTs can be immunogenic [54], and
have been targeted for vaccine development [55, 34|. Expanding the basic understanding of

TBDT biology can aid in successfully employing these strategies.

1.1.3  Fwolution, structure, biogenesis, and regulation of TBDT's

Outer membrane proteins’ S-barrel structure places topological constraints on their biogene-
sis and appears to have resulted in a distinct mode of evolution [56]. Changes in OMP strand
number appear to occur via conversion of extracellular loops to hairpins, or duplications of
one or more hairpins at a time, each of which strictly increase strand number by multiples
of two [57, 56]. Correspondingly, OMPs, and with a few exceptions limited to mitochon-
dria [58, 59], transmembrane f-barrels in general have even numbers of S-strands, ranging
from 8 to 36 [60], as the proteins are composed of hairpins inserted into the membrane from
the periplasmic face. Unlike inner membrane proteins [61], OMPs follow a positive-outside
rule [62]. TBDTSs have sequence homology at the protein family and individual gene level,
and horizontal gene transfer has been implicated in their evolution [29]. TBDTs specific for
the same substrate across different species appear to share greater sequence identity than
different TBDTs of the same organism (Figure 3.8).

TBDTs have a prototypical domain structure composed of an amino terminal plug domain

130-150 residues in length, and a carboxy terminal S-barrel domain with 22 transmembrane
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strands. The plug domain has a mixed «/f topology with a central 4-stranded [-sheet,
and normally resides in the lumen of the f-barrel occluding it from forming a large pore.
The lumen of TBDT f-barrels is substantially wider than that of nonspecific porins such as
OmpF, which has 16 S-strands. Early studies comparing TBDT's to nonspecific porins led to
the term “ligand-gated porin” [63]. All known TBDTSs contain a Ton box sequence element
at the amino terminus of the plug domain, with a 5- to 7-residue sequence defined by its
ability to specifically bind the carboxy terminus of the TonB protein [64, 65]. TonB couples
TBDTs to the energy source of the inner membrane (termed the “proton motive force”) and
allows them to function.

TBDT p-barrel domains have short turns connecting adjacent strands on the periplasmic
face, and loops of variable length on the extracellular side of the membrane. These loops
are often long enough to contain entire secondary structural elements and interact with the
lipopolysaccharide extending from the OM outer leaflet. Some TBDT S-barrels are highly
asymmetric, with certain strands far exceeding others in length, leading to non-parallel
membrane planes for the inner and outer faces [66].

Biogenesis of TBDT's occurs in a similar manner as for most OMPs. The process begins
as normal for a bacterial secreted protein, until export through the plasma membrane is initi-
ated. While being exported through the SEC translocase [67], the nascent OMP polypeptide
encounters periplasmic chaperones such as DegP, Spy, Skp, and SurA [68, 69]. These chap-
erones keep the unfolded OMP soluble until it reaches the Bam outer membrane insertase
complex. Unlike many smaller E. coli OMPs whose folding has been reconstituted in vitro
[70], TBDTSs are not known to spontaneously fold into lipids, instead being fully reliant on
a Bam complex for membrane insertion. The initial few strands of an OMP to be inserted
are not stable on their own and a so templated folding mechanism is used to accommodate
them until a critical number is reached. Briefly, during insertion, which is dependent on
recognition of a [-signal sequence [71] and proceeds from the carboxy terminus, the BamA

protein opens at a labile seam and accommodates the extra strands of the nascent OMP into



its own barrel structure. The composite barrel grows as the client protein is inserted, one
hairpin at a time, until it is large enough that the nascent OMP can pinch off and form its
own independent structure. Much of the progress towards understanding the Bam complex
has been achieved in the last several years, and no adequate review was found as of the
preparation of this thesis [72, 73, 74, 75, 76, 77, 78, 79, 80, 81, 82, 83]. Additionally, for
at least some TBDTs, the plug domain appears to play a role in biogenesis. FhuA with
a deleted plug domain was expressed and inserted into the outer membrane, although at
lower levels, suggesting a biogenesis defect [84]. Expression of the plug domain as a separate
polypeptide restored the biogenesis and function.

Some TBDTSs have a small, soluble regulatory domain appended to their amino terminus
that resides in the periplasm. In the well-studied case of FecA [85], the periplasmic domain
is involved in detecting the binding of metal-free substrate at the extracellular face of the
transporter. The regulatory domain of FecA engages in interactions with other periplasmic
proteins which transduce the signal across the inner membrane to regulate transcription [86].
Transcription of many E. coli iron siderophore TBDTs is regulated through a common fur
transcriptional repressor [87], whereas for BtuB, a riboswitch is involved [88]. In this manner,
the activity of TBDTs regulates their own biogenesis and that of the ExbB/ExbD/TonB
complex members [45, 89, 90], which are subject to some of the same transcriptional controls.
Signal transduction affecting transcription of metal-acquisition genes by TBDT periplasmic
regulatory domains appears to be conserved [91], with evolutionary signatures present in
the distributions of amino acids found at multiple sites in these domains [92]. In addition,
TBDTs within the same cell can compete with each other for TonB function [93], with
overexpression of a transporter and addition of its substrate causing inhibition of the uptake
of other siderophores. The overexpression of TonB can relieve this inhibition [93], though
some organisms have multiple TonB genes [94] suggesting that regulation of TBDT function

is exerted at multiple levels.



1.1.4 Mechanism features common to TBDTs

TBDTSs having large substrates such as vitamin B12 (1355 Da), enterobactin (670 Da), and
ferrichrome (741 Da) are among the best studied members of the family, however, they are
not its only members. Other TBDTs import smaller substrates such as citrate, chitin, and
a general class of molecules termed “dissolved organic matter” [95] Though TBDTs specific
for polysaccharides [96] are not as well studied biophysically, metaproteome studies have
shown that TBDTs are among the most abundant proteins in oceans rich in nutrients [97,
98]. TBDTSs function as components of multi-protein complexes, with partners at the inner
and outer membranes, as well as in the periplasm. Pore dimensions seem likely to be variable
among TBDTs of such various substrates, but this remains unproven as the full mechanism
of pore formation has not yet been characterized for any TBDT.

The transport cycle of TBDTs begins with binding of the substrate on the extracellular
side of the transporter. Upon substrate binding, an allosteric signal is transmitted to the
inner face of the membrane with the Ton box becoming available for binding. The Ton box
can subsequently be engaged by the carboxy terminal domain (CTD) of TonB. TonB is an
integral inner membrane protein [99] and has a relatively rigid 110 residue linker connecting
its amino and carboxy terminal domains. The linker is rich in charged and proline residues
and EPR experiments [100] have shown that it prefers to exist in an extended conformational
ensemble which is capable of spanning the periplasm. The CTD of TonB can dimerize [101,
102, 103] and engage in interactions with peptidoglycan when not binding to TBDTs [104,
105, 106, 107, 108|.

Additionally, TonB is a peripheral member of the ExbB/ExbD complex, which harvests
energy from the inner membrane proton gradient. The complex shares sequence, structural,
and functional homology with the Mot and Tol motor systems, which transduce the inner
membrane proton gradient into torque [109]. Substantial progress has recently been made
on determining the structure and functional stoichiometry of the ExbB/ExbD complex [110,
111, 112] but the nature of the motions this inner membrane complex undergoes remains
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unclear. ExbD possesses a folded periplasmic domain which interacts with the periplasmic
linker of TonB [113, 114]. This interaction is thought to transduce the energy of the inner
membrane proton gradient, possibly in the form of a force which is then applied by TonB
onto the bound TBDT. The TonB CTD is involved in interactions with both ExbD and
bound TBDTs. However, the nature of a complex where TonB simultaneously engages both
ExbD and a TBDT remains unknown.

After passage through the outer membrane, TBDT substrates often interact with periplas-
mic regulatory domains [85] and are bound by periplasmic shuttle proteins [115]. The shuttle
proteins, which can be positioned near the OM by TonB [116], carry the substrates to spe-

cialized ABC transporters residing in the inner membrane [117, 118, 119].

1.2 BtuB, the E. col: vitamin B12 TBDT

BtuB was identified in 1973 as being responsible for B12 transport and as residing in the
outer membrane [120, 121]. The importance of TonB for BtuB’s function followed four years
later [122]. Since that early work, a variety of experimental techniques has been used to

probe the structure and function of BtuB, making it one of, if not the best-studied TBDTs.

1.2.1 The structure of BtuB

Many crystal structures of BtuB have been solved in a variety of both membrane mimetic
environments and ligand states. The INQE [123], INQH [123], and 2GSK [124] structures
were all solved in detergent, and represent the apo (Figure 1.1), B12-bound, and B12-and-
TonB-bound states of the protein, respectively. In addition, the structure has been solved
in a lipidic mesophase (2GUF [125]), bound to colicin E2 and E3 receptor binding domains
(2YSU [126], 1TUJW [127], respectively), bound to calcium ions (INQG [123]), and in a subset
of the above states with spin labels attached (3M8B [128], 3M8D [128], 3RGM [129], 3RGN

[129]). The inner and outer membrane planes of BtuB, defined by its aromatic girdles of
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Figure 1.1: Crystal structure of unliganded BtuB (PDBID: 1NQE) Residues 6-137
comprising the plug domain are shown in solid grey, and residues 138-594 comprising the
[B-barrel domain are shown as a light transparency.
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tyrosine and tryptophan residues [130], are more than 10 degrees away from parallel to each

other [66], reflective of the S-barrel’s asymmetry.

1.2.2  FEarly steps in BtuB transport

The first step in the transport pathway of BtuB involves binding of B12 to the outer face of
the transporter. The affinity of BtuB for B12 is increased from the low uM to the low nM
range in the presence of saturating amounts of Ca2T ions, for which BtuB has two specific
binding sites [131]. Upon B12 binding there is an allosteric change in BtuB which results
in the disengagement of amino terminal residues including the Ton box from their native
position. In POPC, this disengagement results in the relocation of these residues 20-30 A
into the periplasm [132]. Once exposed to the periplasm, the Ton box can be bound by TonB.
Disengagement of the amino terminus may be regulated by a salt bridge termed the “Ionic
Lock,” which has recently been proposed to be broken by TonB binding in vivo [133]. The
structure of BtuB with B12 (in the absence of the TonB CTD) has the Ionic Lock broken
in the rigorous sense that the distance between the carboxylate and guanidinium moiety
carbon atoms of the two involved residues, Argl4 and Asp316, increases from 4.9 to 7.8 A
away from each other in INQH and 1INQE structures, respectively. However, the backbone
conformation of residues 11-23 is essentially unchanged, with a C,, RMSD of 0.31 A. The
backbone dihedral angles for residues 6-9, comprising the amino terminal half of Ton box,
are mildly affected, but even this fragment of the protein is found in a similar position in the
two structures, with a C,, RMSD of 3.0 A. Figure 1.2 shows the extent of conformational

change at the amino termini of the apo and B12-liganded crystal structures of BtuB.

1.2.3 Models of pore formation in BtuB

The longest-standing and most popular models of pore formation in BtuB, and in TBDTs
generally, posit that TonB causes pore formation by applying a force onto the plug domain

via its linkage with the Ton box [134]. Experimental evidence supporting these models
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Figure 1.2: Conformational changes in the amino terminus upon B12 binding For
the apo (INQE) and B12-liganded (INQH) crystal structures of BtuB, the main chain atoms
of residues 6-9 are shown in dark red and dark teal, residues 10-23 are shown in light red
and cyan, and the side chains of residues Argl4 and Asp316 are shown in yellow and orange,
respectively. As in Figure 1.1, the remainder of the plug domain is shown as a dark grey
cartoon representation, and the barrel domain is shown as a transparent cartoon. Residues
1-5 are not resolved in either structure.
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includes fluorescence [108, 135] and atomic force [136] microscopy studies. Despite reconsti-
tution of pore formation (via unfolding of the amino terminal half of the plug sequence) by
both chemical denaturation [137] and force-induced methods, aspects of the model remain
problematic. For example, in the reconstituted force microscopy system, the distance which
the amino terminus of the TBDT had to be extended was longer than the width of the
periplasm.

Simulations have offered additional support for a force-dependent model [136, 138, 139,
140], though spontaneous transport has not been modeled, with simulated passage of B12
through the membrane relying on steered molecular dynamics techniques to apply forces and
drag the substrate through the pore. Models not involving pulling have also been considered

[141]. These models are further reviewed in Subchapter 2.2.

1.3 Hydrogen deuterium exchange mass spectrometry

(HDX-MS) at the outer membrane

1.3.1 Introduction to HDX-MS

Hydrogen deuterium exchange (HDX) is a technique where the rate of uptake or loss of hy-
drogen isotopes is used to infer structural or dynamic information about a molecule. HDX
has been used to study protein folding for well over half a century [142, 143]. Though
early studies measured exchange via radioactivity from tritium incorporation [144], den-
sity of solutions into which deuterated proteins were placed [144], or infrared spectroscopy
[145], modern approaches employ nuclear magnetic resonance (NMR) spectroscopy [146]
and mass spectrometry. HDX-NMR is well established as one of the leading techniques for
studying protein dynamics [147], with HDX-mass spectroscopy (HDX-MS) enjoying more
recent growth. Although HDX-NMR can yield amino acid resolution at nearly every site in
a protein, this remains a difficult feat for HDX-MS but it has been achieved with soluble
proteins such as RNAse H [148] and Maltose Binding Protein [149]. Counterbalancing this
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lower resolution is the ability of HDX-MS to handle samples of a more complicated compo-
sition, and the reliance of HDX-NMR data interpretation on peak assignments, which can
be difficult to obtain. The lack of a size limit (imposed onto NMR techniques by signal
loss due to slow molecular tumbling) has also made HDX-MS the technique of choice for
many proteins. Having undergone a growth in popularity in recent decades, HDX-MS has
by now been applied to a variety of systems, including membrane transporters [150]. The
HDX-MS technique has also emerged as one of the more popular methods to characterize
protein-protein interactions in industry, especially in the case of antibody epitope mapping
[151, 152]. Contributing to the popularity of HDX-MS is that deuterium labeling is essen-
tially non-perturbative, meaning that the incorporation of label does not significantly affect
protein folding or function [153]. HDX-MS has experienced sufficient growth in popularity
that leaders in the field have recently proposed a set of standards [154] for carrying out,
reporting, and analyzing experiments.

Proteins or peptides can be labeled by exposure to any environment with a hydrogen iso-
topic composition differing from their own. HDX-MS is most commonly applied in solution,
though performing exchange in the gas and [155, 156] and solid [157, 158] phases is possible.
The chemistry forming the basis of HDX-MS is well established [159], and in most cases for
proteins (pH > 2.5) is catalyzed by abstraction of an amide proton by hydroxide. Because of
this, the intrinsic hydrogen exchange rate (see section 2.3.3) in a reaction can be controlled
by altering pH as well as temperature, and to a lesser extent ionic strength. This allows not
only for control of labeling times at the experimenter’s convenience, but also for sampling a
wider range of time scales than would otherwise be reasonable. Pulsed exchange methods
accomplished with rapid mixing techniques and serial dilution allow for labeling times as
short as milliseconds [160], and there is no upper limit on length of labeling experiments,
although for practical reasons (including complication of interpretation by exchange at side
chain groups [161]) labeling is usually not carried out for longer than a few days.

After labeling, usually by dilution into a solution containing a high fraction of D»O,
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the protein is broken into short peptides for measurement of localized deuterium uptake.
Conversion of the protein into peptides can be achieved by two means: fragmentation inside
the spectrometer (“Top-down HDX-MS”) or proteolytic digestion (“Bottom-up HDX-MS”),
or a combination of the two (”Middle-down HDX-MS”) [162]. Of these, bottom-up HDX-MS
is the most commonly used due to issues with fragmentation rearranging the occupancy of
deuterium on a protein’s amides in a process termed “hydrogen scrambling” [163]. Bottom-
up HDX-MS relies on nonspecific proteolysis under cold acidic conditions, usually followed
by rapid desalting and separation of the peptides to minimize loss of label from a process
termed “back exchange”. Separation of the peptides is usually achieved by reversed phase
high performance liquid chromatography (RP-HPLC, sometimes shortened to “LC”) or ultra-
performance liquid chromatography (UPLC) [164], although other techniques such as size
exclusion chromatography (SEC) have also been employed [165].

The need for multiple steps to occur rapidly under controlled conditions has led to the
development of a standardized fluidics approach used by many HDX-MS labs. In a typical
system, protein is handled on injected into a loop attached to a computer-controlled valve,
used to synchronize the various elements of the automated sampling system. The injection
may be performed by a human, commercially available fluid handling robot, or custom-built
device designed to accommodate specific needs, e.g., short label times for pulsed labeling
studies [166, 167]. After injection, protein is passed across a nonspecific acid-compatible pro-
tease column to generate peptides (low pH is typically used to quench exchange). Columns
are commercially available or can be obtained by functionalizing a protease of choice onto
an appropriate resin [168, 169]. The low cost and high activity of porcine pepsin [170, 171],
A. saitoi fungal protease XIII [172], and Rhozipus fungal protease XVIII [173] have made
them popular choices for HDX-MS, though other hardy proteases such as nepenthesin (used
by tropical pitcher plants to digest insects) [174] or A. niger prolyl endopeptidase [175] have
also been explored as specialized tools to increase peptide coverage. Furthermore, proteases

may be combined to increase general or specifically targeted cleavage as desired [176, 177].
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Additionally, in order to minimize deuterium (D) signal loss from “back-exchange” [178]
to hydrogen (H) during the proteolysis and LC steps, the protein is usually “quenched” by
dilution into an ice-cold solution strongly buffered at pH 2.5 immediately after labeling. The
rate of back exchange depends on temperature and pH, so both parameters are controlled for
the entirety of the period between quenching and ionization. Back exchange rates are faster at
higher temperatures, so the entire chromatographic system is usually encased in a refrigerated
chamber kept near 0 °C, from the sample injection loop to the end of the analytical LC
column. The choice of pH 2.5 (2.25 at low ionic strengths) is made to minimize acid- and
base-catalyzed exchange [178], such that lowering pH any further results in increases in back
exchange rates. With the proper instrumentation, organic additives maybe used to achieve
separation at temperatures below the freezing point of water to further slow back exchange
[164]. If protein is not rapidly diluted into nearly 100% H solution after quenching, results
may be significantly affected by a process analogous to back-exchange, but which proceeds
in the forward direction. This process is termed “in-exchange” [179], and can be accounted
for by performing pseudo-zero time labeling control experiments. In such experiments, the
quench and label solutions are first mixed to simulate the protein spending an infinitesimally
short time in the label solution and going directly to the quenched state. The practical
aspects of peptide generation, separation, and measurement have been the subject of intense
study and the Sosnick lab has largely adopted the practices established by the Englander
group [180], as well as some specialized approaches developed for membrane proteins [181].
For further details and a more up to date review, see the following [182]. Analysis of HDX
data includes concepts such as the protection factor, and EX1 & EX2 exchange regimes.

These topics are covered in detail in Chapter 2.

1.3.2  Practical aspects of conducting HDX-MS

Assignment of peptides is carried out by tandem mass spectrometry, also known as “MS-

MS” or “MS2” (more generally “MSn”, referring to n rounds of subsequent fragmentation
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and mass analysis) experiments. In these experiments, signals in the primary mass spectral
scans (“MS1”) likely arising from unlabeled peptides (identified by their distinctive isotopic
patterns, ideally in charge states z = 2, 3, or 4) are automatically analyzed by the mass
spectrometer. If certain conditions are met (e.g., signal intensity, and a peptide-like iso-
topic pattern), a putative peptide’s ion envelope is isolated and subjected to secondary mass
spectral scans after fragmentation by collisions with an inert gas (collision-induced disso-
ciation, or CID). The CID energy is chosen to balance optimal fragmentation against the
possibility of deuterium label rearrangement by the collision energy. The fragments’ mass
spectra (“MS2”) are later compared to assign the sequence of the parent, using proteomic
search algorithms commonly used for protein identification [183]. To maximize the number
of peptides identified per assignment run, several MS2 scans can be triggered from a single
MS1 scan. Additionally, after a peptide ion candidate is sent to MS2, it is usually placed on
a “dynamic exclusion list” (usually lasting 30 seconds to a few minutes) to prevent constant
re-assignment of the most dominant peptide signals. Despite such measures, after analysis
of a peptide assignment experiment, it is good practice to place the assigned peptides on a
permanent exclusion list. The permanent list is coded into the MS2 method and instructs the
instrument to reject known candidate ions for fragmentation and MS2 scans, freeing them
up for less abundant peptides which were not chosen previously. This process of placing
contaminants or assigned peptides on an exclusion list is repeated until most or all plausible
peptide signals present in the data have been identified, and it is judged that no candidate
ions are being missed by insufficient opportunities for selection into MS2 scans.

Though peptide assignment requires more protein per injection than runs measuring
deuterium uptake, assignments are usually obtained at an early stage in an HDX-MS project
to evaluate feasibility. If peptide coverage is low in regions of interest, or those critical to
success of a project, coverage must be improved via optimization of some combination of the
digestion, separation, or measurement processes. Some iteration between assignment and

uptake measurement stages is to be expected, as spectral overlap can change when isotopic
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envelopes begin to move as the peptides acquire deuterium, and certain peptides may not
show up well in deuterated data. However, as a rule of thumb, obtaining a number of unique
peptides equal to the length of a target protein is a good starting point. With more peptides,
site resolution can increase, meaning that the size of regions with amides exchanging together
shrinks, down to an ideal of individual residues. Additionally, a greater number of peptides
affords greater redundancy, meaning an increase in the number of peptides covering a site
of interest, which can increase confidence in the measured uptake. Many assigned peptides
often fail to give interpretable uptake data and for various reasons such dropout can be
heavily biased to occur within certain regions. Therefore, extensive peptide coverage is a
good indicator of success for the HDX-MS project.

Once a dataset is collected, the first stage of analysis is to search the MS/MS data against
a protein sequence library and match the masses which were measured to those calculated
from the expected sequences. Computationally, allowing for post-translational protein mod-
ifications (either during biogenesis, or from chemical damage, e.g., deamidation or oxidation
of side chains) can increase coverage but also lead to a greater number of false positives and
misassigned peptides. The use of very short peptides in the search can also cause problems,
as they are less likely to have a unique source and may be generated from different parts of
a protein’s sequence, depending on the repetitiveness of the sequence. Where to place the
cut-off for filtering peptides by length largely project-specific, but a safe default to begin
with can be 5-30 residues in length. Similarly to using the known features of peptide assign-
ment run mass spectral data to filter assignments, data from labeling experiments is filtered
and processed using a variety of techniques designed to prevent interference from contami-
nants and increase confidence in measured deuterium uptake. Examples of such algorithms
are given in publications describing the original EXMS package, and more were added in a
recently updated version, EXMS2 [184, 185]. Briefly, data are checked for common issues,
potentially problematic cases flagged for manual review, and the isotopic envelopes are fitted

to a chosen model of isotopic envelope. Extension modules such as HDSite can then be used
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to compare the data from overlapping peptides to deduce the behavior of regions where the
peptides differ. In some cases, this process is capable of achieving individual amide site
resolution, and even when it does not it can reduce the size of sub-peptide segments whose
amides’ exchange cannot be deconvoluted, termed “switchable regions”.

Lastly, more data is not always strictly better. Despite automated analysis packages
being capable of construction of global exchange profiles with individually resolved amides,
human intervention is often needed to prevent obvious errors. Too much data, (particularly
data of low quality, if filtering thresholds are relaxed) can lead to onerous workloads when
manually inspecting every peptide. For nearly every HDX project undertaken in the Sosnick
laboratory so far, initially generated global exchange profiles (such as “heat maps” which
map the globally computed uptake over time to a sequence or structure) have contained
several nonphysical features such as non-monotonic uptake. This has been the case even
after optimization of m/z and retention time boundaries for a project. Though most of
the problematic features seen in such heat maps are due to poor integration of a peptide’s
elution profile, peptide misassignments can also cause issues even if data for every peptide
is individually internally consistent and physically plausible. Comparison of isotopic data
from multiple peptides (and different charge states of the same peptide) is critical to forming
confident conclusions about HDX-MS data, and an important stage of any project is cross-
checking all peptide data to ensure that it is self-consistent. Many commonly used software
packages for analyzing HDX-MS data are incapable of automatically detecting all the ways
in which data can fail to be self-consistent. Therefore, it is recommended to become familiar
with the most important uptake curves (and raw data behind them) as early in a project
as possible, as this is likely to result in time savings through identification and exclusion of

misassigned peptides.
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1.3.3  Applying HDX-MS at the outer membrane

As outlined above, HDX-MS is a technique well suited to studying proteins in their complex
native environment, provided that suitably labeled peptides can be obtained and measured.
The application of HDX-MS to membrane proteins (MPs) has necessitated development of
specialized protocols. Membrane proteins are insoluble in the absence of a membrane or a
membrane mimetic.

Unfortunately, many of the mimetics used to solubilize MPs have poor compatibility
with reversed phase HPLC and MS systems. Many early studies on MPs were conducted in
simple, bespoke systems such as lipid vesicles [186] and detergent micelles [187]. A major
difficulty in applying HDX-MS to MPs has been the effect of excessive quantities of lipids
and detergents on both the performance of the chromatographic system and the ionization
efficiency. Small amounts of detergents, especially if nonionic, appear to be well tolerated
by LCMS systems used in HDX-MS and are in sometimes used to clean columns and other
fluidics elements between sample injections. In such cases the primary effects of the detergent
seem to be the modification of retention times and introduction of modest chromatographic
peak tailing.

However, at high multiples of the critical micelle concentration (CMC), even otherwise
benign detergents can have a deleterious effect on signal intensity. For example, if injected
at a concentration below CMC, n-dodecyl-3-D-maltoside (DDM), one of the less structure-
perturbing and more MS-compatible detergents in use, will elute primarily as a single late
eluting peak. If nearly all of the measured DDM signal is confined to this peak, which is
found at higher fractions of organic mobile phase than peptides are, flow from the LC system
can safely be diverted to waste after most of the peptides have eluted. On the other hand,
if DDM is in excess of its CMC is injected, signals of not only the monomer but also a mix
of dimers, trimers, tetramers, and hexamers (the latter three can also be detected as doubly
positively charged ions) will be present in scans throughout the entire elution profile. The
presence of oligomers of detergent in mass spectral data may support the notion that micelles
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are preserved throughout the chromatographic separation, and peptides sequestered within
such micelles may fail to bind the stationary phase of the desalting column. Therefore,
if a membrane protein is kept soluble in DDM for a labeling experiment and digestion, if
possible the sample should be diluted to below CMC prior to injection. Though mitigation of
detergent and lipid effects can be achieved via several methods, the most effective is removal
of most of the detergents or lipids prior to injection onto the LC system.

The early 2010s saw the introduction of techniques for routine detergent and lipid re-
moval. These include organic solvent extraction of detergents [188], spin column filtration
through resins capable of binding detergents [189], and chemical precipitation of the phos-
pholipids. Organic solvent extraction, in this context usually employing dichloromethane
or chloroform, separates molecules by hydrophobicity, and thus is usually applied after di-
gestion of the membrane protein, as the resulting peptides are less hydrophobic than the
intact protein. Since MP-derived peptides, particularly those covering the transmembrane
regions, can still be hydrophobic, the use of organic solvent extraction often resulted in loss
of coverage for transmembrane regions, even with optimization of proteolysis to minimize
peptide hydrophobicity.

Spin column detergent removal has been adopted in proteomics [190] and crystallography
[191] studies, but incompatibility with quench conditions (the resin does not function above
pH 5) has precluded its use in HDX-MS. The chemical precipitation technique involves the
use of beads coated with zirconium oxide, which acts as a Lewis acid to bind the phosphate
moiety of lipids. Though only applicable to phosphate-containing molecules, zirconia treat-
ment has proven to be an effective tool for removing phospholipids from solutions containing
labeled proteins or peptides [192], with recent years seeing an integration into automated
sample handling systems [193]. Thanks to the popularization of these techniques, MPs have
in the past decade been studied in a wider variety of membrane mimetics [164], including
bicelles [194], nanodiscs [184], styrene maleic acid lipid particles (SMALPs) [195], and outer

membrane vesicles (OMVs) [196]. Despite the increased array of options for handling MPs,
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many of the HDX studies on integral membrane proteins have achieved only modest coverage
of the transmembrane regions. Reported signals are usually concentrated in juxtamembrane
loops connecting the transmembrane segments, or in soluble, membrane-tethered domains.
As of the writing of this thesis, the outer membrane vesicle study remains the only report of
HDX measurements of an outer membrane protein in a context where it can interact with
lipopolysaccharide, a critical component of outer membranes.

In that work, outer membrane vesicles were obtained by filtration and ultracentrifugation
of the supernatant left over from harvesting a culture of log-phase from a culture of E. coli
[196]. Unfortunately, BtuB does not express well in outer membrane vesicles, and attempts
to measure BtuB peptide signals from OMVs prepared by following the protocols described
in that publication were unsuccessful. Consequently, a preparation of OMs derived from F.
coli cells was required for the desired HDX-MS measurement of BtuB. OMs were obtained by
a method involving repeated centrifugation and a brief extraction with sarkosyl, a detergent
which dissolves IMs but not lipopolysaccharide [183].

When optimizing proteolysis for coverage of the BtuB plug domain, (and during testing
of the LCMS system on CirA plug domain, see Chapter 3), many proteolytic conditions were
assayed. For denaturant- and detergent-solubilized BtuB samples, use of a protease column
gave adequate coverage, but these conditions were not ultimately used because BtuB failed
to exhibit any evidence of ligand binding. For membrane-embedded BtuB, use of soluble
protease under denaturing conditions was found to give superior peptide coverage to passage
over a protease column. The plug domain is known to sequentially unfold from the amino
terminus at denaturant concentrations tolerated by pepsin [137], and since the unfolded
polypeptide likely exits the membrane under denaturing conditions, a soluble protease is
better able to access the protein for proteolysis than if the protease were immobilized on
a column. Rather than having an immobilized protease, which target protein molecules
must diffuse over for proteolysis to occur, the membrane protein may be kept immobilized

in the outer membranes, and the protease brought to it. This strategy has the additional
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benefits of relieving the need for extraction of BtuB from membranes prior to proteolysis
and minimizing the amount of membrane components introduced to the LC system. Many
of the results in Chapter 2 relied on off-column in-membrane digestion, and its importance

to the success of the project cannot be overstated.
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CHAPTER 2
CONFORMATIONAL RESPONSE OF BTUB TO LIGAND
BINDING IN OUTER MEMBRANES (ZMYSLOWSKI ET AL

2021

The following chapter appears as work submitted to be published in 2021, followed by re-
lated unpublished results. This work represents the first high-resolution HDX-MS study
of an outer membrane protein embedded in the native outer membrane environment. In
addition to advancing the understanding of the BtuB transport cycle, this work identifies
an environmental protection effect which may be common to all HDX-MS experiments per-
formed on integral membrane proteins. The method described represents a step towards
expanding the technique to study proteins in a difficult yet important context.

Michael Baxa maintained the mass spectrometry system and assisted in measurements
and data interpretation. Isabelle Gagnon assisted with cloning, expression, and purificaiton
of protein samples. Professors Robert Nakamoto, Heedeok Hong, and Nicholas Noinaj pro-
vided materials and valuable advice on the project, as well as feedback on the manuscript
during preparation.

I designed, cloned, expressed, and purified all protein constructs. I performed all mass
spectrometry experimental design, conducted experiments, and analyzed data. I designed

and performed the offline proteolysis assays.
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2.1 Summary

HDX-MS performed on BtuB in E. coli Outer Membranes Delineates the Lumi-
nal Domain’s Allostery and Unfolding upon B12 and TonB Binding.

Authors:

Adam M. Zmyslowski, Michael C. Baxa, Isabelle A. Gagnon, Tobin R. Sosnick.

To import large metabolites across the outer membrane of Gram-negative bacteria, TonB
dependent transporters undergo significant conformational change. After substrate binding
in BtuB, the E. coli vitamin B12 TBDT, TonB binds and couples BtuB to the inner mem-
brane proton motive force which powers transport. The role of TonB in rearranging the plug
domain to form a putative pore remains enigmatic. Some studies focus on force-mediated
unfolding while others propose force-independent pore formation by TonB binding leading
to breakage of a salt bridge termed the “Ionic Lock”. Our hydrogen exchange measurements
in E. coli outer membranes find that a region surrounding the Ionic Lock, far from the B12
site, is fully destabilized upon substrate binding. A comparison of the exchange between
the B12- and B12+TonB-bound complexes indicates that B12 binding is sufficient to unfold
the Tonic Lock region with binding of a TonB fragment having much weaker effects. TonB
binding accelerates exchange in the third substrate binding loop, but pore formation does
not obviously occur. This study provides a remarkably detailed structural and energetic
description of the early stages of B12 passage that provides support both for and against

current models of the transport process.

2.2 Introduction

TonB-dependent transporters (TBDTs) are ubiquitously found in the outer membranes

(OMs) of Gram-negative bacteria where they import scarce nutrients [95]. Some members of
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the family function as virulence factors, counteracting nutrient sequestration by the innate
immune response [197]. Aspects of the transport mechanism remain unclear, especially the
nature of the structural changes involved in the creation of the pore required for substrate
passage through the transmembrane S-barrel [110]. Pore formation in each TBDT is tai-
lored to its substrate, which can range in size from 56 Da (iron) to 1.4 kDa (cyanocobalamin,
“B12”). In some TBDTs, the large extracellular loops close behind the substrate and prevent
back-diffusion upon formation of a pore [198]. Therefore, formation of a pore through the
lumen of the barrel need not imply bi-directional diffusion. Alternatively, the pore may be
formed in stages, with no single conformation allowing for unrestricted diffusion across the
length of the membrane. Though the individual mechanisms may be substrate-specific, pore
formation generally involves conformational changes within the plug domain that normally
occludes the lumen of the S-barrel.

BtuB is a prototypical E. coli TBDT that has been studied extensively in both functional
and biophysical contexts (Figure 2.1) [199, 124, 123]. B12 is a relatively large substrate
which places constraints on the minimum pore size. In proposed models of pore formation
[136, 133], B12 binding initiates an allosteric signaling event that leads to the release of the
7 residue, amino terminal “Ton box” [132] into the periplasm where it binds the periplasmic
carboxy terminal domain (CTD) of TonB (TonBcpp), an inner membrane (IM) protein
[104].

The binding of TonBcTp enables the energetic and possibly mechanical coupling between
the IM and OM that is necessary for transport against a B12 gradient [200]. In the periplasm,
TonB interacts with the ExbB/ExbD complex, which harvests the proton motive force of the
IM [113]. The steps leading from TonBcrp-Ton box binding to the formation of a pore are
currently under debate. Though many structures of the TonB/ExbB/ExbD complex have
recently been solved, the relationship between the transport mechanism and the assumed
rotation of this inner membrane complex on TBDTs remains ambiguous [110]. In force-

dependent models, TonB transduces energy from the IM either by pulling the plug domain’s
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amino terminus towards the periplasm [134, 136, 124] or by applying a torque [201]. These
forces are proposed to remodel the plug to form a pore, as seen in simulations [136, 140].
Other steered MD simulations have characterized the interactions of B12 as it was pulled
through the lumen [138].

Alternatively, pore formation has been proposed to be regulated in a force-independent
manner by the Ionic Lock (IL), a conserved salt bridge between Argl4 on the plug and
Asp316 on the nearby inner surface of the transmembrane f-barrel [202, 133]. In the force-
independent model, TonB binding need only disengage the IL to allow pore-forming motions
in the third substrate binding loop (SB3) when B12 is present [133].

In the B12-bound crystal structure of BtuB (PDBID 1INQH [123]), the IL region adopts
a very similar backbone conformation to the apo state (PDBID 1INQE). The major change
in the IL region is the rotation of the Argl4 sidechain and the loss of the salt bridge with
Asp316. (Figure 2.2) However, the IL is fully broken and the Argl4 Ca atom moves by
30.2 A in the ternary complex with TonBorp (PDBID 2GSK, [124]). This breakage occurs
along with the residues immediately carboxy terminal to the Ton box adopting an extended
conformation, which permits them to exit the lumen and bind TonBorp (Figure 2.2).

Cafiso and coworkers have suggested that the folded IL region in B12-bound BtuB
(INQH) is a crystallographic artifact, as the B12 was soaked into crystals (grown in de-
tergent) rather than added before crystallization [128]. This potentially crucial difference
leaves unresolved the actual conformation of the IL region in the B12 bound state in the
native membrane context. Determining when the IL region unfolds is important as it has
been recently proposed that the subsequent binding of TonB is the critical event that breaks
the Tonic Lock rather than the binding of B12 [133]. This ambiguity on how the amino
terminal region of BtuB responds to B12 and subsequent TonB binding events is the focus
of the present work.

Studying the forces that promote transport experimentally in the context of the intact

cell envelope is desirable but so far has been prohibitively difficult. Hence, most biophysical
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measurements of BtuB have been performed in reconstituted, single bilayer systems. How-
ever, the results of these experiments have depended on the choice of environment, which
have included detergents, liposomes, supported bilayers, OMs, or recently even live E. coli
[203]. The pore-forming intermediate state of BtuB has proven difficult to characterize, and
efforts have relied on either extraction from native membranes, use of cysteine mutants and
spin labels, or a combination thereof [136, 203].

Here we present a label-free investigation of the effects of B12 and TonBcp binding on
the conformation of BtuB plug domain using hydrogen-deuterium exchange (HDX) in OMs
(Figure 2.1). As anticipated, we find that binding of B12 slows down HDX on the plug’s
three substrate binding (SB) loops (Figure 2.1, blue). Upon the binding of B12 alone,
however, HDX is increased by 102-103-fold (i.e., destabilized) for at least a dozen residues
surrounding the IL. These residues stretch from the carboxy terminal side of the Ton box to
the beginning of the first f-strand (Figure 2.1, red), supporting the proposal [133] that
a binding event breaks the IL as a prerequisite to transport. However, we find that the
binding of B12 by itself, rather than TonB, can accomplish this IL disruption. Accordingly,
we propose that B12 binding leads to an allosterically-induced unfolding of BtuB’s amino
terminus via breakage of the IL, which in turn enables TonB to bind the newly-exposed Ton
box (Figure 2.1, red). In addition, we observe a mild acceleration within a four-residue
segment located between the /L and the B12-contacting apex of the SB3 loop, which is near
a recently proposed site for pore formation [133]. This co-localization suggests that B12
initiates only the first step in a cascade of events that promotes its own transport (Figure
2.3). The binding of TonB is a subsequent step, but our results suggest that it too, may
be insufficient to cause pore formation in the absence of coupling to an active ExbB/ExbD

complex.
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Figure 2.1: BtuB purification and HDX protocol Sample preparation in outer mem-
brane (OM) involves no chromatography, only repeated centrifugation and resuspension with
a sarkosyl extraction step to remove inner membranes (IM). All steps except HDX labeling
on ice. Structure shown is for the apo state of BtuB (PDBID: INQE [123]), with the -
barrel domain displayed transparently to highlight regions of the plug domain. N/D refers
to residues whose deuterium uptake could not be determined due to rapid back exchange
(see main text). Cartoons made with BioRender.com.
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Figure 2.2: Detailed comparison of Ionic Lock and IL Region in PDB struc-
tures A) apo BtuB (PDBID: INQE [123]) B) BtuB:B12 complex (PDBID: INQH [123])
C) BtuB:B12:TonBCTD complex (PDBID: 2GSK [124]) structures. The amino terminal
tail through the ILR is colored red. The IL is shown as yellow sticks and mesh
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Figure 2.3: HDX-derived model of the BtuB plug domain’s conformational re-
sponse to two ligand binding events A), C), D) are the three major steps identified by
the HDX data whereas B) is a structure with bound B12 observed by crystallography but
not observed in our data. The Ionic lock sidechains are shown as yellow sticks, with oxygen
and nitrogen atoms colored in red and blue, respectively. Inset ovals show an expanded
mesh representation of the IL in states A) and B) with bolded numbers corresponding to
the distance between Argl4 guanidinium and Asp316 carboxylate carbon atoms.
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2.3 Results

We first present the protocols and reproducibility of our HDX measurements in OMs, fol-
lowed by data for regions where stability increases due to B12 binding, focusing on SB1-SB3
(Figure 2.4, shades of blue/green). We next describe the large decrease in stability ob-
served near the IL and the smaller stability losses for regions at the nearby amino terminus,
first strand, and start of the SB3 loop (Figure 2.4, red shading). We conclude with an
examination of the regions where minimal changes in HDX are seen upon B12 binding. To
allow access to the HDX data of this study, the HDX data summary table (Table S1) and

the HDX data table (Table S2) are included in the supporting information [154].

2.3.1 OM sample preparation, sequence coverage

We measured deuterium uptake at pD 7.2 (pD,eaq = 6.8), 22 °C for apo, B12- and TonBop
-liganded states of BtuB in native-like OMs from three biological replicates. To study the
effects of TonBcp binding, we used TonBay;, a construct containing the CTD and periplas-
mic linker, lacking only the amino terminal transmembrane helix (hereafter referred to as
TonB within the context of our experiments). OMs and OM proteins (OMPs) are signifi-
cantly more stable than their IM counterparts, and thus the protocols used to study OMPs
employ strategies not commonly used for IM proteins.

To our knowledge, the only published HDX-MS study of OMPs performed in a native
OM-like environment was conducted on OmpF in E. coli OM vesicles [196]. BtuB, however,
did not express well in OM vesicles, so we adapted protocols used in the EPR studies of BtuB
embedded in native-like OMs [204]. Based on a strategy employed on FhuA [205], a BtuB
construct was created with five histidines, glycine, and two serines inserted after His449 on
the apex BtuB’s seventh extracellular loop. This construct and the wild-type were overex-
pressed in E. coli, and after lysis, total membranes were separated using ultracentrifugation

followed by extraction with sarkosyl to selectively remove the IMs. Initially, the OMPs were
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Figure 2.4: Effects of B12 binding on HDX Uptake plots show biologically triplicated
data (circles, triangles, and squares) for BtuB measured in apo (black) and B12-bound (red)
states. Insets contain uptake curves for the peptides depicted by the colored regions on the
BtuB structure. The number of exchangeable sites is assumed to be the number of non-
proline residues minus two. The exchanged and remaining masses at the last time point are
given in grey, after correcting for back exchange by normalizing to unfolded controls which
assumed to be fully deuterated (purple circles with dashed lines). On the structure, black
corresponds to regions with undetectably slow exchange, dark grey to regions with exchange
unaffected by B12 and/or TonB binding, and pale grey to regions with no data available.
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extracted with detergent, but detergent-solubilized BtuB failed to exhibit evidence of B12
binding in the ILR by HDX, consistent with earlier findings that detergent solubilization
perturbs the folding of the amino terminus [206]. Hence, BtuB was left in its native OM
environment for our HDX studies.

Accordingly, our workflow was altered to allow HDX labeling of BtuB still embedded in
the OM preparations. After HDX labeling, we added denaturant and soluble pepsin in the
HDX quench buffer rather than employing an in-line protease column as typically done in
HD-XMS measurements. This change afforded us greater control over the cleavage conditions
while eliminating fouling of the chromatographic system as it was no longer necessary to
extract BtuB from OMs. We optimized digestion for redundant and nearly complete peptide
coverage of the plug domain, in part by decreasing S-barrel cleavage (Figures 2.1, 2.5B).
Consistent with the known trends of BtuB unfolding in response to denaturant [140], the
proteolysis was best near the amino-terminus. Pepsin’s weak preference to cleave after
hydrophobic residues caused the peptides to cluster into regions with similar boundaries,
with peptides within each region exhibiting similar HDX behavior. In our nomenclature,
regions are capitalized while the sequence bounds are denoted in subscript, with important
peptides following in parentheses, e.g., BtuB’s amino terminus is covered by Regions_g
(Peptidep_g).

The imperfect correspondence between peptide and region boundaries is caused by an
effect common to all HDX-MS studies: The intrinsic exchange rate (kepem) for the first
two residues on any given peptide is sufficiently fast that the residues undergo essentially
complete back exchange and do not measurably impact the deuterium uptake level [207].
Consequently, we defined regions to start at the third residue of the most amino terminal
peptide of the cluster, except for situations where other peptides can provide information
for those residues. Our partitioning of the plug domain into regions mapped well to the
secondary structure boundaries. Areas previously reported to undergo distinct motions

usually separated into distinct regions (Figure 2.4) [139]. Despite each region having
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Lane:

BtuB

66 kDa
Plugless BtuB
(confirmed by MS)

OmpF
37 kDa

Figure 2.5: SDS-PAGE of A) OMP abundance and B) soluble pepsin digestion of
BtuB in OMs A) Total OMP content of the three OM samples used in this study. Lanes 1
and 3, duplicates prepared from OMs of AABCF E. coli, that lack several naturally abundant
OMPs, e.g., OmpF. Lane 2 is prepared from OM of wild-type E. coli. B) Digestion of BtuB
in OM by pepsin under HDX quench conditions, with lanes 5, 6, and 7 corresponding to
digestion times of 1, 3, and 10 minutes, respectively. Lane 4 is a molecular weight marker.
Note the progressive weakening of the intact BtuB band and the appearance of a plugless
BtuB band (whose identity was confirmed by tryptic digest experiments performed at an
independent facility), along with several intermediates. A digestion time of 3 minutes was
used for HDX samples.
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markedly different exchange behavior, peptides within a region were internally consistent
with respect to their deuteration levels. Peptides spanning more than one region displayed

intermediate effects, weighted by the number of amide protons in each region (SI).

2.3.2  Reproducibility and heterogeneity

Three biological replicates were initially prepared, two from a quadruple OMP knockout
strain of E. coli, with a third replicate using unmodified BL12 (DE3) E. coli to examine the
potential effects of the knockout strain [208]. Use of the knockout strain did not significantly
perturb HDX results (Figure 2.7) although it did reduce the non-BtuB OMP content as
intended (Figure 2.5A). One of the two knockout replicates had high levels of non-native
signals, complicating the analysis. Although the slowly exchanging subpopulations matched
the other samples, this replicate was excluded from analysis to simplify data processing and
a fourth knockout sample was prepared to take its place.

For most peptides, the slowest exchanging population was dominant and hence, was con-
sidered to represent the natively folded protein. For certain peptides, however, we observed
multiple populations with distinct exchange kinetics. Their isotopic envelopes remained
separated even in our longest measurements of 10° seconds implying that the underlying
populations do not interconvert on this time scale. The heterogeneity generally was man-
ifested as bimodal isotopic envelopes that varied in relative intensity for different peptides
but exhibited a systematic correlation within a bioreplicate.

When minor populations were present, they usually exchanged much faster than the ma-
jor population. Several of their features, including their insensitivity to B12, suggested that
these fast populations represent unfolded or damaged proteins (Expanded data). The up-
take trends of the minor populations were similar to membraneless controls measured in 0.5
M urea. These controls were prepared using a BtuB construct lacking a signal sequence that
was expressed in inclusion bodies and purified in 8 M urea so that the S-barrel was unlikely

to have ever folded properly. By comparing our main dataset to this control, we identified
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and excluded populations of peptides that likely arose from non-native BtuB and focused
our analysis on the major, slowly exchanging population. The minor subpopulations were
computationally isolated or suppressed using the bimodal fitting capability of the HDExam-
iner 3.1 program and were not plotted in the main figures but are shown in the supplement
(Figure 2.6 and Expanded data). We additionally required consistency between multi-
ple peptides and replicates in constructing our comprehensive profile of the plug domain’s
behavior.

Our conclusions regarding B12 binding hold for every presented peptide across all repli-
cates, though minor features of HDX uptake trends varied between bio-replicates (Figure
2.7). For the major population, the only significant difference between biological replicates
is that one had a diminished effect of TonBayn binding (Figure 2.7B). Optimization of
integration bounds for our data using HDE3 program resulted in average apo state standard
deviations of approximately 0.24 Da, averaged across the 35 presented peptides. Table S3
provides estimates of mass differences significant at the 98% confidence level for each pep-
tide. These intervals varied from 0.17 (Peptideqs_53) to 8.30 Da (Petidegg_103) and had a
mean of 1.14 Da and median of 0.62 Da. The average level of back exchange observed in
our data was 25.1%, with an interquartile range of 9.0%. Further plots summarizing the

reproducibility are provided in Figure 2.8.

2.3.8 HDX formalism

In apo-BtuB, substrate binding loops SB1-SB3 exchanged slowly with most associated pep-
tides retaining greater than 50% of their H-level even after 10° seconds, the longest measured
time point. This slow exchange translates to an HDX protection factor (PF) > 10°, where
PF is defined as the relative slowing of the observed HDX rate (k) compared to the in-
trinsic chemical exchange rate for an exposed amide proton (Kpem); i-€., PF = Kepem/Kobs-
In this commonly used formalism, exchange is assumed to occur when an H-bond is broken

in a transient open state, and the amide is exposed to solvent [210].
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Figure 2.6: Multi-modal exchange in the third substrate binding loop Left: un-
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ulation weights.

39



A 100,

%D

10 100 1000 10* 10° 10 100 1000 10%* 105
time (sec) time (sec)

Figure 2.7: HDX in the Ionic Lock Region A, B) Uptake plots for Peptideg o3, three bi-
ological replicates (black), and (red), and TonBay (green). Four long points of an unfolded
control shown in purple. B) Uptake plots for Peptideg_93, apo (black), B12 (red), and
B12+TonBay (blue) C) & D): Position of the amino terminal regions relative to the mem-
brane plane. C) apo (PDBID: INQE) and D) BtuB:B12:TonB complex (PDBID: 2GSK)
crystal structures, taken from the OPM database [209]. N atoms for residues 6-23 are shown
as red spheres. Distances from Leu23’s N atom to the nearest membrane plane dummy atom
are shown as dashed red lines, in both cases about 10 A.
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Figure 2.8: Statistical summary plots Scatterplots show the reproducibility as stan-
dard deviations (left) or 98% confidence intervals (right), in terms of %D (top) or Daltons
(bottom). Peptides are ordered sequentially by amino terminus. Peptide index 26, where
reproducibility begins to decrease, corresponds to Peptidegy_1¢2, the first to cover the SB3
loop apex.
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kO en
H-bond formed = H-bond broken s 1.1y exchange (2.1)

close
where kopen and kgjoge are the opening and closing rates, respectively. In general, the

observed HDX rate for this reaction is given by

kchem : kopen

kobs - Kk (2’2>

close T kopen + Kchem
Under the so-called EX2 condition where k¢joqe >> kepem, the PF is directly related to

the equilibrium stability according to [159]:

[closed]
[open]

) =RT- mw) —RT-In(PF—1) (2.3)

AGpx = RT - In(Keq) = RT - In(
[ open]

In the EX1 limit where k¢ jose << Kepems €very opening event produces a concerted ex-
change for all exposed amide protons with the observed rate equal to the opening rate, kg
= kopen. Unfortunately, we cannot use the kjoge >> Kepep criterion to test for EX2 behavior
as commonly employed in site-resolved NMR studies [210] because we lack explicit informa-
tion on kejoee for BtuB. However, we can take advantage of the behavior of HDX /MS isotopic
envelopes to identify whether our measurements are in the EX1 or EX2 limit. Specifically,
in the EX1 limit, the concreted exchange should produce a decreasing protonated isotopic
envelope and the concomitant rise in the corresponding deuterated isotopic envelope [211].
In the EX2 limit, however, the isotopic envelope for a peptide should exhibit a continuous
increase in mass as a function of time, as exchange at each residue in the peptide is uncor-
related. The D uptake is consistent with EX2 behavior for the presented peptides and we

therefore interpret the data as occurring in the EX2 limit.

42



2.3.4  Substrate binding loops

As noted above, the three SB loops exchanged slowly with >50% of the H-level remaining
after 10° second. In addition, the presence of 20 M B12 further slowed exchange. An
examination of overlapping peptides indicated that this slowing was concentrated in the
residues nearer to the B12 binding site. SB1 exhibited the largest slowing effect, followed
by SB2 and SB3 (Figure 2.4). The observed slowing for SB2 was relatively small, about
10-fold, although most amides on the associated peptides already exchanged very slowly in
the apo state making any changes difficult to detect. Whereas the overall exchange for SB3
was slowed only 5-fold, some peptides displayed complex behavior, and exchange for other
peptides was even accelerated, as will be discussed later. Otherwise, the general slowing of
HDX by B12 in each of the SB loops indicates that binding stabilizes each of the regions

contacting the B12 binding site.

2.8.5  Destabilization of the lonic Lock (IL) and Ton box upon B12 binding

Our major finding is that upon B12 binding, exchange drastically increased for the IL
Regionyi_923 (Peptidesg_%’ 9-27,9-28, 929, 9—30)- The IL region contains the Argl4-Asp316
salt bridge that connects the plug domain to the inner wall of the f-barrel (Figures 2.7,
2.12). In addition, exchange was mildly increased for the amino terminal tail Regiong_g
(Figure 2.12, Peptide;_g). Specifically, peptides in the IL region exchanged up to 103-
fold faster with B12, with a majority of the exchange occurring in the 6 second dead-time of
the measurement. For the tail region, deuterium uptake increased mildly, with the uptake
increasing from 50% to 80% at 6 seconds. From this widespread acceleration of HDX, we
infer that both regions are unfolded in the B12 bound state and that upon B12 binding the
amino terminus partially exits the lumen. The smaller acceleration for the tail region is the
result of it being less stable in the apo state to begin with.

We interpret the sizable B12 effect on the HDX of the IL region to be a result all residues

within the region losing specific interactions with the g-barrel, most importantly the Argl4-
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Asp316 salt bridge. This disruption results in the exit of the Ton box from the lumen into
the periplasm. Residues 1, 2, 9, and 10 are unobservable due to HD back exchange (an
inherent HDX-MS issue occurring during sample handling). These four residues likely are
also unstructured given the rapid exchange of every observable residue surrounding them
(e.g., Peptides; _g and 9—23)- Notwithstanding, the data provide strong evidence that BtuB’s
first 23 residues undergo a complete or near-complete loss of native structure in response to
B12 binding.

Our inference that both the IL region and the Ton box were unfolded upon B12 binding
alone is further supported by our finding that the addition of TonBayn did not further
accelerate exchange. The binding of TonB (specifically the carboxy terminal domain) to the
Ton box requires that the Ton box extend into the periplasm, which in turn necessitates that
the IL be broken. Therefore, if the IL region remained folded after B12 binding and then
unfolded when TonB AN bound, one would have expected a marked increase in exchange for
the IL region upon TonBan binding. However, exchange did not markedly increase upon
TonBan addition (in fact, exchange even slowed for a few residues, which provides direct
evidence of TonB binding, Figure 2.9, right). This minimal response is in the opposite
direction than expected if B12 binding were insufficient for lock breakage. Therefore, the IL
region was already unfolded prior to TonBayn binding and B12 binding alone was sufficient
to unfold the IL region.

In ostensible disagreement with this conclusion is that the IL region does retain a signif-
icant amount of HDX protection even after B12 binding. The approximate PF is 102 when
referenced to the intrinsic exchange rate (k.pep) determined for peptides in bulk solution
[207]. This reference rate may be inappropriate in the present situation as the IL region’s
carboxy terminus is located 10 A within the barrel lumen, which prevents portions of the
region from fully exiting into bulk solvent. In this partially confined state inside the barrel,
the access of OD- to peptide backbone is reduced, and the residues which do exit into the

periplasm may be subject to a milder but similar effect from interactions with the nearby
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peptidoglycan (Figure 2.9). In addition, the effective [OD~] should be lower in the bar-
rel than in the bulk solvent as the anion prefers to be hydrated rather than reside in the
lumen’s lower dielectric environment [212]. Both the reduced access to the backbone and
lower [OD™] concentration will retard exchange and, hence, may account for the slower than
expected HDX observed for the IL and for other regions especially those further inside the
barrel.

Our B12 results imply that the extent of conformational change in the amino terminus
of BtuB is greater than previously inferred. Early EPR studies probing the Ton box found
that B12 binding caused the first residue within the Ton box, Asp6, to project 20-30 A
into the periplasm [132]. Whereas the authors modeled the first 15 residues as exiting the
lumen, we observed rapid deuteration of every observable amide on Peptides|_g and9-23
suggesting that an additional eight residues are affected by the same B12 binding event.
A comparison of Peptideg_o3 with overlapping Peptidesg_97 9_98 9—29. and 9—30 found that
acceleration of HDX was also occurring in some additional residues between 24-29, which
encompass BtuB’s first f-strand (Figure 2.10). The acceleration in Residuesoq 99 did not
affect all five exchangeable residues equally, however. Some residues within BtuB’s first (-
strand remained very slow to exchange, implying that the strand remains folded, while its
exposed face becomes more solvent exposed when B12 binds. Thus, our data identify the

B12 sensitive region as being at least eight residues (>50%) larger than previously proposed.

2.3.6 Complex ligand effects in the third substrate binding loop, including

destabilization by B12

In sharp contrast to the generally slowed exchange observed for the substrate binding loops,
the amino terminus of SB3, i.e., Regiongy g5, exhibited accelerated exchange upon B12
binding (Figure 2.10). The apparent exchange timescale for the fastest amide among
Residuesgo_g5 on Peptidegy_g5 was approximately 2,000 s, and B12 binding increased ex-

change of this single amide by about 5-fold. Other amides within Regiongs_g5 remained
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Figure 2.9: Outer membrane environment Structures of A) apo BtuB (PDBID: INQE)
and B) BtuB:B12:TonB ternary complex (PDBID: 2GSK) highlighting amide nitrogen atoms
of Residuesg_o3 as red spheres. The 10 A distance from Leu23 to the membrane plane defined
by OPM [209] is shown as a dashed orange line. The shaded background shows approximate
zones of various outer membrane layers. Dark grey indicates lipid tails, yellow indicates
the headgroup region, solid pale red indicates extracellular lipopolysaccharide, and brick
indicates peptidoglycan (the cell wall). The lipid zone thickness value of 23.4 A is taken
from OPM, the headgroup value of 7.5A is taken from [66], although the model presented
here with parallel planes is an oversimplification. The membrane plane has been measured to
be significantly distorted around BtuB in lipid vesicles as the hydrophobic thickness varies
significantly around the circumference of the [-barrel. However, regardless of membrane
plane tilt, several amides on the amino terminus exit the lumen into the periplasmic zone
occupied by peptidoglycan where [OD™] apparently is lower than in bulk solvent, based on
our findings that HDX for this region remains 10? slower than ke, in the presence of B12.
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too protected to be seen exchanging in our experiments, so the data are agnostic regard-
ing whether these positions were affected by B12, unlike the remaining portion of SB3
(Regiongg—_103) and the other SBs, which were affected (Figures 2.10). Though the change
in HDX upon B12 binding was relatively mild compared to that seen at the amino terminus
of the protein, Regiongo_ g5 was unique in having its exchange further enhanced beyond
the already B12-accelerated rates by addition of TonBay. (Figure 2.10). Hence, this re-
gion allosterically responds to distal B12 as well as TonB binding events, supporting it as

potentially important for TonB-dependent pore formation [133].

2.3.7 Regions with no significant HDX differences

The HDX of the three remaining regions of the plug domain did not display a significant
response to B12 binding (Figure 2.10). Two of these (Regionssy_46 and 47—53) lie between
the IL and SB1, and the third, (Regionjgs_128) is carboxy terminal to SB3. Comparison of
overlapping peptides within Regiongg_46 (Figure 2.10, Peptidesss 460 31—46) confirmed
the mild response to B12 within Residuesgg_99 discussed earlier and showed that residues
flanking BtuB’s first stable helix do not respond to B12. Regionsy7_g3 and 104—128 (Figure
2.10, Peptidesigz—_121to 104—128) exhibited almost no exchange, indicating extremely high
stability. The high overall stability for these regions and lack of a response to ligand binding
indicate that rearrangements in the plug domain during ligand binding are restricted to the

areas surrounding the /L and SB3.

2.4 Discussion

Our major finding is that the binding of B12 promotes the complete breaking of the Ionic
Lock [212], a critical salt bridge connecting the amino terminal end of the plug domain to
the inner surface of the S-barrel (Argl4-Asp316). The breakage results in all of the residues

within Regiony_o3 unfolding, which enables TonB binding. Upon subsequent TonB binding
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to the B12-bound state, we did not observe evidence of pore formation or further unfolding
of the IL region. In fact, TonB binding alone only produced subtle HDX changes throughout
the plug domain, suggesting that its full function in pore formation requires an energized

inner membrane, or some other factor only present in live cells.

2.4.1 Bl12-induced dynamics at the amino terminus of BtuB

Binding of B12 alone resulted in stability changes throughout the plug domain, both in-
creasing and decreasing the HDX rates. We observed the anticipated slowing of exchange
for the loops that directly contact B12. But the addition of B12 also resulted in a dra-
matic acceleration of HDX by up to 103-fold for all amide protons in the IL Region (e.g.,
Peptideg_o3), even approaching the rapid exchange rates seen in BtuB’s labile amino termi-
nus (Peptidej_g). The large change in HDX rates upon B12 binding for the Ton box residues
reflects the disruption of the entire /L region (11-23) in response to B12 alone. We believe
this disruption is responsible for exposing the Ton box thereby regulating TonB binding.

The IL is over 20 A away from the B12 binding site, implying an allosteric mechanism is in-
volved in the breaking of this salt bridge. The amino terminal segment of SB3, Regiongs_gs,
is located near the IL and also is accelerated by B12, pointing to the involvement of SB3 in
the allosteric mechanism. Additionally, HDX of Regiongy_ g5 is further accelerated by the
binding of TonB to the Ton box, suggesting a bi-directional coupling of one or both Ton
box-containing regions with the SB3 loop. The movement of SB3 upon B12 binding likely is
a critical initial step in the signal propagation downwards to the /L, and our data support
the notion that SB3 may undergo further motions upon TonB binding [133].

As discussed earlier, even with a 102-103-fold increase in exchange rate for the IL Regiony;_93
upon binding B12, exchange is still 102-fold slower than k.e,. One might consider that
this protection is indicative of residual structure in the IL region; however, there is direct
evidence that this region is indeed unfolded. Because the binding of TonB AN showed no fur-

ther unfolding of the IL region after B12 binding, the IL must already have been broken in
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the B12 bound state. Therefore, we propose that the 102-fold residual protection arises from
other factors including restricted access to the peptide backbone as the region is tethered
inside the lumen as well as a reduction of the local [OD™] inside the lower dielectric envi-
ronment [212]. Additionally, hydrogen bonding interactions with the peptidoglycan network
that normally undergirds the inner surface of the OM may be conferring protection even to

an otherwise unstructured chain.

2.4.2  Comparisons to existing models

Current models of BtuB transport can be broadly separated into two categories depending
on the location and energetics of pore formation, including whether it is force-independent
(FI) or force-dependent (FD). In both models, either implicitly or explicitly, the binding
of B12 is necessary for exposure of the Ton box and subsequent TonB binding. In the FI
model [133], TonB binding provides the energy for subsequent plug remodeling events, which
are sufficient to open a pore near the IL region and permit B12 transport. By contrast, a
recent FD model proposed that TonB binding establishes a mechanical linkage that transmits
the force to unfold the “mechanically weak subdomain” within the plug [136]. This partial
unfolding of the plug forms a substrate channel, although some uncertainty exists regarding
whether this mechanism applies in vivo.

While the results of our experiments do not fundamentally disagree with either model,
our HDX data demonstrate that binding of B12 alone is sufficient to disrupt the IL region
and expose the Ton box. However, our data find that neither the individual B12 nor TonB
binding events are sufficient to destabilize the substantial fraction of the plug domain, which
is postulated to unfold under the FD model (Regionsg_46 4753 and54—67). Peptides in
Regiongs_53 did not exchange in the duration of our measurements (105 sec), implying a very
high stability (Peptidess_53; PF > 107). Flanking regions that unfold in the FD model (as
observed in the atomic force microscopy study [136]) were either unaffected (Peptides; _46;
PF = 10%) or even stabilized (Peptidess_g7; PF = 103-10%) by B12 binding. We find this
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high stability to be unexpected, but not impossible within the FD model [136]. Our data
corroborate an argument [133] deployed against FD models related to the application of a
torque to BtuB by TonB [201]. We found that in the ternary complex of BtuB with both
B12 and TonB, nearly a dozen residues between the Ton box and BtuB’s stably folded core
are unstructured, consistent with what was reported for FhuA [213]. For these residues, the
free rotation of their (¢, 1) backbone torsion angles likely precludes the transmission of a
torque from the Ton box to the plug.

Our HDX results also differ with the FI model regarding the effects of ligand binding.
We find that the /L is broken by B12 binding alone whereas Cafiso et al. [133] found in vivo
that the IL is partially broken by B12 and only completely broken by TonB, based on the
conformational response of the SB3 loop to B12 binding. Specifically, mutations that broke
the IL (e.g., Argl4Ala, Asp316Ala) enabled a 20 A movement in SB3 and were thus reported
to mimic TonB binding. In OMs, however, we find that the IL fully breaks in response to B12
binding, and, additionally, the IL is not broken by TonB binding at a concentration of 26 uM
when B12 is absent. When B12 is added, however, we find the IL is sufficiently destabilized
that subsequent TonB binding does not cause a significant slowing of the HDX for the IL
region. In our view, the Ton box is normally sequestered in the lumen of the S-barrel and
becomes available for binding only when B12 binding allosterically induces breakage of the
IL. In this mechanism, the rest of the steps required to gate the pore cannot begin before

the initial B12 binding event.

2.4.8 Complex HDX behavior in the third substrate binding loop of BtuB

Instead of the large conformational change observed in SB3 by Cafiso et al. [133], we detected
only subtle HDX changes for this region upon TonB binding aside, from the substrate-
induced slowing common to all SB loops (Figure 2.10, Peptidesgy_gs5 to 80—87). The contrast
between the 103-fold increase seen in the IL region against the lack of a large effect on peptides

covering the apex of SB3 is difficult to reconcile with large scale motions occurring in SB3.
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Possible explanations for the difference include our use of sarkosyl to remove IMs [133] and
the EPR study’s use of live cells where endogenous TonB is presumably energized by the IM
proton gradient. The introduction of TonB and formation of the ternary complex reduced
the signal quality for certain peptides due to chromatographic overlap and mass spectral
crowding. Interestingly, for certain SB3 peptides, deuterium uptake trends became complex
even with B12 alone (tri-modal exchange), possibly reflecting increased heterogeneity where
the apo state splits into multiple slowly interconverting populations upon ligand binding
(Figure 2.6). Further study of the complex HDX behavior of the SB3 loops may shed light

on the allosteric mechanism.

2.5 Conclusions

Using HDX, we identified regions of the BtuB plug domain that both increase and decrease
stability upon substrate binding. Most notably, the binding of B12 is sufficient to initiate
an allosteric pathway involving the disruption of a dozen residues located up to 20 A away
from the B12 binding site. The process involves the unfolding of the IL region to permit the
binding of TonB to the Ton box.

The remaining steps in the transport process are less clear. Potentially, an exit channel
forms that follows a route from the B12 binding site past SB3 and out through the space
formerly occupied by the IL region. Alternatively, TonB binding may initiate the force-
induced unfolding of the plug core to create a substrate channel. This latter mechanism
is appealing in its simplicity and generalizability, as one can envision the role of substrate
binding is simply to release the Ton box into solution where forces are applied by TonB,
and the channel is then formed by the unfolding of approximately half of the plug domain
core. However, the HDX data indicate that the core of the plug remains extremely stable
even when B12 and TonB are bound, providing a powerful example of how HDX’s ability
to access local thermodynamic information can help identify mechanism. Besides the study

of mutations that constitutively break the IL or disrupt potential allosteric pathways that
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cross the membrane, the measurement of the denaturant dependence of the HDX [207] could
further define the conformational changes resulting from binding and force.

Because results across multiple techniques have depended on the membrane environ-
ment, future BtuB studies should be performed in as native-like a context as possible. Our
application of HDX/MS in native OMs is a compromise between working in live cells and
in reconstituted systems such as detergents (which do not bind B12) or liposomes (which
are compositionally very different from OMs). The use of OMs provides both a native-like

bilayer and high yield, which may enable the ambitious goal of performing HDX in live cells.

2.6 Further Data

Here I present large supplemental figures and unpublished data related to the above manuscript.
Small supplemental figures have been incorporated into the sections above. These findings
detail the development of the methods employed and offer supporting data for application

of HDX-MS to outer membranes.

2.6.1 Supplemental Figures and Tables
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Figure 2.10 continued: Three deuterium uptake plots are shown for each peptide, together
with a structure highlighting the peptide in red. The first two residues of a peptide, which are
non-observable due to rapid back exchange, are colored a brighter shade of red to distinguish
them. Deuterium uptake plot color scheme is as follows: Apo BtuB (black), BtuB+B12 (red),
BtuB+B12+TonB (blue), BtuB+TonB, (green), and nonnative BtuB only control (purple).

For clarity, only the last 5 points for the nonnative control are shown.
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Data Set

apo BtuB

BtuB + B12

46.7 mM NaxHPOyq,

BtuB + TonB

BtuB + B12 + TonB
(Ternary)

46.7 mM NazHPOqs,

46.7 mM NazHPOq, 0.6 mM Tris, 46.7 mM NazHPOq, 0.6 mM Tris,
. . 0.6 mM Tris, pDread = 6.80, 0.6 mM Tris, pDread = 6.80,
HDX reaction details | 5 " 6 80, 20 UM B12, PDrea = 6.80, 2 UM B12,
22°C 1 mM CacCly, 22°C 1 mM CaCly,
22°C 22°C
HDX time course | , 010316, 1.0, 1 01,0316, 1.0, 144 033 10,35, |0.1,0.316,1.0,3.16,
- 3.16, 10, 31.6, 100, | 3.16, 10, 31.6, 100,
(min) 316. 1620 316. 1620 10, 36 10, 31.6, 100, 316
Maximally-labeled | Maximally-labeled Maximally-labeled Maximally-labeled
control control control control
HDX control
samples (LH4 construct, his- | (LH4 construct, his- | (LH4 construct, his- | (LH4 construct, his-

tagged on
extracellular loop)

tagged on
extracellular loop)

tagged on
extracellular loop)

tagged on
extracellular loop)

Back-exchange
(mean/IQR)

25.1% /9.0%

25.1% 1 9.0%

25.1% /9.6%

24.9% 1 9.3%

# of Peptides

35

35

29

31

Sequence coverage

95.4%
(of 130 residues
covering Nterminus
& plug domain)

21.2%
(whole protein)

95.4%
(of 130 residues
covering Nterminus
& plug domain)

21.2%
(whole protein)

90%
(of 130 residues
covering Nterminus
& plug domain)

19.7%
(whole protein)

90%
(of 130 residues
covering Nterminus
& plug domain)

19.7%
(whole protein)

Average peptide

length / Redundancy 16.5/0.7 16.5/0.7 16.5/0.7 15.9/0.6
Replicates 3 (biological) 3 (biological) 1 3 (biological)
2% /0.24 Da 2% /0.24 Da 3.2% /0.37 Da
Repeatability (average standard | (average standard N/A (average
deviation) deviation) standard deviation)
Significant 1.14 Da 1.16 Da 2.66 Da
differences in HDX (98% confidence (98% confidence N/A (98% confidence
(AHDX > X Da) interval) interval) interval)

Figure 2.11: Biochemical and statistical details for each measured state.
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Peptide Peptide

Number of

Standard
deviation
(S.D.) of

Number of

observable apo points triplicated

S.D. of
BtuB+B12
points

Number of
triplicated
BtuB+B12

Index Length Start End sites (%D) apo points (%D) points
1 8 1 8 5 1.65 6 1.81 6
2 15 9 23 12 0.69 5 1.69 5
3 19 9 27 15 0.80 5 2.14 5
4 20 9 28 16 0.83 6 1.85 6
5 21 9 29 17 1.61 5 1.69 6
6 22 9 30 18 0.67 6 1.84 6
7 20 24 43 18 0.50 6 0.69 6
8 21 24 44 19 0.49 6 0.91 6
9 23 24 46 21 0.47 6 0.64 6
10 30 24 53 28 1.45 6 1.61 6
11 19 28 46 17 0.72 6 0.86 6
12 16 31 46 14 0.88 4 0.98 6
13 9 45 53 6 0.60 6 0.60 6
14 7 47 53 4 1.69 6 3.81 5
15 19 47 65 12 0.63 6 1.07 6
16 20 47 66 13 1.44 6 0.95 6
17 21 47 67 14 0.37 4 0.80 6
18 12 54 65 10 1.29 6 0.90 6
19 13 54 66 11 0.86 6 0.72 6
20 14 54 67 12 1.35 5 1.17 6
21 14 66 79 12 1.12 6 1.20 6
22 13 67 79 11 0.42 6 1.24 6
23 12 68 79 10 0.44 6 0.85 6
24 6 80 85 4 1.89 6 2.38 6
25 8 80 87 6 2.20 6 1.77 6
26 23 80 102 20 2.14 6 1.39 6
27 24 80 103 21 8.18 6 5.01 5
28 17 86 102 14 4.50 6 2.06 4
29 18 86 103 15 3.42 6 3.21 6
30 16 88 103 13 3.98 5 3.51 6
31 8 96 103 5 4.27 5 4.66 5
32 7 97 103 4 14.39 6 10.38 6
33 19 103 121 18 1.95 2 2.87 3
34 18 104 121 17 1.14 6 1.37 5
35 25 104 128 24 1.02 4 1.37 4
Average of

peps 1-35 16.49 13.60 2.00 5.54 2.00 5.63

Figure 2.12: HDX peptide summary table Part 1. Continued on next page.

60



S.D.of Numberof S.D.of S.D.of S.D.of %Din last 98% 98% C.l.

BtuB+B12 triplicated BtuB+B12 S.D.of BtuB+ BtuB+B12 ureactrl. Confidence 98% C.I. for
+TonB BtuB+B12+ +TonB apo B12 +TonB point (100 - interval (Cl) for BtuB+B12+
points TonB points points points points back forapo BtuB+B12 TonB state
(%D) points (%D) (Da) (Da) (Da) exchange) state (Da) state (Da) (Da)

7.05 5 7.05| 0.08| 0.09 0.35|NAN 0.40 0.44 1.70
5.16 5 5.16| 0.08| 0.20 0.62 83.03 0.40 0.98 2.99
4.12 5 4.12| 0.12| 0.32 0.62 83.32 0.58 1.55 2.99
3.99 4 3.99| 0.13| 0.30 0.64 83.63 0.64 1.43 3.09
4.00 4 4.00| 0.27| 0.29 0.68 83.58 1.32 1.39 3.28
3.06 5 3.06| 0.12| 0.33 0.55 84.54 0.58 1.60 2.66
2.37 5 2.37| 0.09| 0.13 0.43 80.99 0.43 0.60 2.06
1.64 5 1.64| 0.09| 0.17 0.31 77.49 0.45 0.84 151
1.28 5 1.28| 0.10| 0.13 0.27 79.72 0.48 0.64 1.30
1.14 4 1.14| 0.41| 0.45 0.32 79.13 1.96 2.17 1.54
1.10 5 1.10( 0.12| 0.15 0.19 79.66 0.59 0.71 0.90
1.23 4 1.23] 0.12| 0.14 0.17 65.19 0.60 0.66 0.83
1.42 5 1.42( 0.04] 0.04 0.09 71.20 0.17 0.17 041
4.28 5 4.28| 0.07| 0.15 0.17 68.38 0.33 0.74 0.83
1.51 4 1.51| 0.08] 0.13 0.18 72.81 0.36 0.62 0.87
4.03 5 4.03| 0.19| 0.12 0.52 70.10 0.91 0.59 2.53
2.18 5 2.18| 0.05| 0.11 0.31 73.37 0.25 0.54 1.48
0.82 5 0.82| 0.13| 0.09 0.08 67.80 0.62 0.44 0.40
0.87 5 0.87| 0.10| 0.08 0.10 69.01 0.46 0.38 0.46
213 5 2.13| 0.16| 0.14 0.26 69.76 0.78 0.68 1.23
0.81 5 0.81| 0.13| 0.14 0.10 74.01 0.65 0.70 0.47
1.49 4 1.49( 0.05| 0.14 0.16 68.70 0.22 0.66 0.79
1.99 2 1.99( 0.04| 0.09 0.20 64.84 0.21 0.41 0.96
2.84 5 2.84| 0.08| 0.10 0.11 72.18 0.37 0.46 0.55
4.57 5 457 0.13| 0.11 0.27 78.64 0.64 0.51 1.33
21.19(NAN NAN 0.43| 0.28|NAN 78.74 2.07 1.34|NAN
10.17 4 10.17| 1.72( 1.05 2.14 76.42 8.30 5.08 10.32
3.53|NAN NAN 0.63| 0.29|NAN 66.09 3.04 1.40|NAN
3.53 3 3.53| 0.51| 0.48 0.53 70.58 2.48 2.32 2.56
5.33 4 5.33| 0.52| 0.6 0.69 70.63 2.50 2.20 3.34
12.30 3 12.30| 0.21 0.23 0.62 74.92 1.03 1.13 2.97
3.74 4 3.74| 0.58]| 0.42 0.15 75.04 2.78 2.00 0.72
8.16|NAN NAN 0.35| 0.52|NAN 78.38 1.69 2.49(NAN
3.64 5 3.64| 0.19| 0.23 0.62 75.84 0.93 1.13 2.98
2.86(NAN NAN 0.25| 0.33|NAN 78.40 1.19 1.58|NAN
3.99 4.48 3.35| 0.24| 0.24 0.40 75.08 1.15 1.16 1.94

Figure 2.12 continued: HDX peptide summary table Part 2. Continued on next page.
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Figure 2.12 continued: HDX peptide summary table. Standard deviations, number
of triplicated points in each condition, and sizes of 98% confidence interval sizes are provided
for each peptide. Some peptides in conditions with TonB present were excluded due to poor

signal quality and are marked with NAN.

2.6.2 Peptide assignment of BtuB and TonB

Can the transmembrane (-barrel and extracellular loops of BtuB be studied by HDX-MS?
How well is BtuB digested by pepsin while embedded in the OM? To address the possibility of
digesting extracellular loops and segments of the S-barrel, peptide assignments were carried
out on BtuB in a variety of membrane and membrane mimetic environments. The best
results, per unit protein, were obtained on detergent-solubilized BtuB, but due to a failure
of B12 to bind in detergent, digestion in OMs was attempted. The ease of producing large
quantities of BtuB-rich OMs allowed for use of very high protein concentrations, which gave
the best overall assignment results after the optimizations in Figures 2.18-2.23 were carried

out.
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Overlapping Map of the Generated Peptide List
(288 unique peptides, total 387 peptides)
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Figure 2.13: Peptide and resolution maps of BtuB in 8M urea BtuB was prepared
as a concentrated stock in 8M urea according to a protocol published by the Fleming lab for
spontaneous refolding studies [214]. Briefly, inclusion bodies were resolubilized in 8M urea,
run over a (Q Sepharose FastFlow anion exchange column on a gradient from 150 to 500
mM NaCl in 8.0 M urea, 20 mM borate pH 8.0, and desalted by concentration in a 10,000
MWCO Amicon spin column.
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Overlapping Map of the Generated Peptide List
(194 unique peptides, total 234 peptides)
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Figure 2.14: Peptide and resolution maps of BtuB in azolectin liposomes BtuB
was prepared in azolectin liposomes by extensively dialyzing a mixture of protein, lipid, and
detergent against a large volume of solution lacking detergent, with daily buffer changes.
For details, see [136].
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Overlapping Map of the Generated Peptide List
(205 unique peptides, total 252 peptides)
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Figure 2.15: Peptide and resolution maps of BtuB in DDM detergent BtuB LH4
was extracted with CgEy4 detergent and purified by a 50-900 mM LiCl gradient in BisTris pH
6.9 on a DEAE FastFlow Sepharose anion exchange column. Protein-containing fractions
were concentrated and desalted by spin column concentration, supplemented with 20x CMC
LMNG, incubated for 1 hour, and injected on a BioRad Enrich 650 SEC column with no
detergent in the running buffer, only 20 mM BisTris pH 6.9. This allowed for separation of
protein-laden from empty detergent micelles, as the demicellization time of LMNG exceeds
the time required to complete the SEC run. Eluting protein was immediately supplemented
with 2x CMC DDM, briefly concentrated to 1 M, and was proteolyzed with soluble pepsin
according to the same protocol as was used for OMs and assignment run data were searched
against the sequence of BtuB.
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Overlapping Map of the Generated Peptide List
(438 unique peptides, total 469 peptides)
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Figure 2.16: Peptide and resolution maps of BtuB in native-like OMs Several
assignment runs under the conditions described in section 2.7.4 were searched against the
LH4 sequence (BtuB with a hisgtag+GSS insertion on an extracellular loop).
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Figure 2.17: Peptide and resolution maps of TonB Assignment data from the same
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Overlapping Map of the Generated Peptide List
(17 unique peptides, total 22 peptides)
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runs as described in Figure 2.16 were searched against the sequence of TonBay.
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2.6.3 Offline proteolysis of BtuB assayed by SDS-PAGE

To assess and optimize the cleavage of BtuB for generating peptides for HDX-MS, “offline”
digestions were performed using soluble pepsin. Different temperatures, urea concentrations,
and choices of detergent were explored.

The 2M urea series presented on the left half of Figure 2.23 was deemed most likely to
provide the optimal cleavage results, with near-complete digestion of a mass corresponding to
the BtuB plug domain occurring within 3 minutes, and the greatest number of intermediate
cleavage products visible at shorter times. Intermediates present at the shorter times were
inferred to represent partial cleavages at more amino-terminal sites within the plug domain,
and therefore a cleavage course proceeding through the greatest number of intermediates in
the shortest time was seen as desirable.

To perform the offline proteolysis assays in Figures 2.18-2.23, 50 uM of detergent-
extracted BtuB LH4 construct (or a 2 pl aliquot of resuspended OMs) was subjected to
pepsinization in a 600mM glycine, pH 2.5 buffer, with various additives (detergents, urea,
ZrOs9). Proteolysis was initiated by adding 10% reaction volume pepsin from a stock of 10x
the working concentration to a mixture of the remaining components. Pepsin concentrations
in the proteolysis reactions were 2.5 uM unless specified otherwise. The proteolysis was termi-
nated by aliquoting samples into an equal volume of 2 M tris(hydroxymethyl)aminomethane
(Tris) buffer, pH 9.8, pre-mixed with SDS-PAGE loading buffer. Electrophoresis was carried
out for 80 minutes at 180 V in 4-20% Mini-PROTEAN TGX precast gels. 16 pL loaded of
quenched pepsinization reaction were loaded per lane, plus 4 pL of 5x SDS-PAGE loading
buffer.
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Figure 2.18: Offline SDS-PAGE assay measuring urea- and temperature- depen-
dence of BtuB proteolysis, part 1 Lane 1: undigested input protein (negative control).
Lanes 2 and 15: 3.5 uL. of GoldBio bluestain protein ladder. 48, 63, and 75 kDa masses
labeled for reference. Lanes 3-9: 7, 20, 60, 180, 540, 1620, 4860 sec. time points respectively,
of a protease reaction carried out in 2 M urea at 0 °C (tube kept on ice). Lanes 10-14: 60,
180, 540, 1620, 4860 sec. time points, respectively, of a proteolysis reaction carried out at
room temperature with no denaturant added.
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Figure 2.19: Offline SDS-PAGE assay measuring urea- and temperature- depen-
dence of BtuB proteolysis, part 2 Lane 1: undigested input protein (negative control).
Lanes 2 and 11: 3.5 uLi of GoldBio bluestain protein ladder. 48, 63, and 75 kDa masses
labeled for reference. Lanes 3-9: 7, 20, 60, 180, 540, 1620, 4860 sec. time points respectively,
of a protease reaction carried out at 0 °C (tube kept on ice) with no denaturant added.
Lanes 10, 12, and 13: 540 second time points of a protease reaction carried out in 2 M urea
at 0 °C using 0.24, 1.2, 0.6 uM pepsin, respectively. Lanes 14 and 15: 7 and 20 second time
points, respectively, of a protease reaction carried out at room temperature with no added
urea.
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Figure 2.20: Offline SDS-PAGE assay measuring detergent dependence of BtuB
proteolysis, part 1 Lane 1: undigested input protein (negative control). Lanes 6 and 11:
3.5 puLi of GoldBio bluestain protein ladder. 48, 63, and 75 kDa masses labeled for reference.
Lanes 2-5: 30, 60, 120, and 180 sec. time points, respectively, of a protease reaction carried
out at room temperature with no denaturant added. Lanes 7-10 and 12-15: Same as lanes
2-5, except with DDM and 3-(N,N-Dimethyltetradecylammonio)propanesulfonate (SB3-14)
detergents, respectively. Each detergent was used at 5x CMC (protein was extracted at 20x
CMC and after ultracentrifugation extracted protein fractions were diluted 4x for proteoly-
sis).
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Figure 2.21: Offline SDS-PAGE assay measuring detergent dependence of BtuB
proteolysis, part 2 Lane 1: undigested input protein (negative control). Lanes 6 and 11:
3.5 ulL of GoldBio bluestain protein ladder. 48, 63, and 75 kDa masses labeled for reference.
Lanes 2-5: 180, 120, 7200, and 25200 sec. time points, respectively, of a protease reaction
carried out at room temperature with no denaturant added. Lanes 7-10 and 12-15: Same
as lanes 2-5, except with DDM and SB3-14 detergents, respectively. Each detergent was
used at bx CMC (protein was extracted at 20x CMC and after ultracentrifugation extracted
protein fractions were diluted 4x for proteolysis).
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Figure 2.22: SDS-PAGE assay optimizing urea concentration for HDX proteolysis,
part 1 Lane 1: undigested input protein (negative control). Lanes 2 and 15: 3.5 uL of
GoldBio bluestain protein ladder. 48, 63, and 75 kDa masses labeled for reference. Lanes
3-8: 30, 60, 120, 180, 240, and 600 sec. time points, respectively, of a protease reaction
carried out at 0 °C (tube kept on ice) with no denaturant added. Lanes 9-14: Same as lanes
3-8 but with 1 M urea present in the digestion reaction.
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Figure 2.23: Optimization of urea concentration for HDX proteolysis, part 2 Lane
1: undigested input protein (negative control). Lanes 2 and 15: 3.5 uL of GoldBio bluestain
protein ladder. 48, 63, and 75 kDa masses labeled for reference. Lanes 3-8: 30, 60, 120, 180,
240, and 600 sec. time points, respectively, of a protease reaction carried out at 0 °C (tube
kept on ice) with 2 M urea in the digestion reaction. Lanes 9-14: Same as lanes 3-8 but with
3 M urea present in the digestion reaction.
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2.6.4 Sequence analysis of BtuB

To investigate the conservation of the Ionic Lock in BtuB, a multiple sequence alignment of
BtuB genes was carried out. The Ionic Lock was found to be strongly, but not absolutely
conserved, raising questions about the interplay between B12 and TonB binding events in

BtuB variants lacking the Ionic Lock.
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Figure 2.24: Multiple sequence alignment of BtuB Top) 392 BtuB genes retrieved from
the EggNOG 5.0 database (Query 4105CHI [215]). 456 protein sequences were aligned using
MUSCLE [216, 217]. Alignments were manually de-gapped by iterative deletion of columns
(other than E. coli BtuB) containing mostly gaps and re-alignment, with a final round
of alignment to E. coli BtuB (top row) to preserve the residue indexing. Sequences were
discarded if they did not contain an alignable plug domain or had large missing segments.
Clustalx coloring was used in the Jalview program (www.jalview.org) to plot the alignment.
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2.7 Materials and Methods

Chemicals were purchased from Sigma-Aldrich (St Louis, MO) unless otherwise noted.

2.7.1 Bacterial strains and plasmaids

TonB 32-239 in pHis Parallel and full length BtuB in pAG1 were received as a gener-
ous gift from Professor Robert Nakamoto at the University of Virginia. pHis is derived
from pET22b and contains a 0.7kb insertion of TonB except for the amino terminal trans-
membrane helix, described further in [218]. pAG1 is derived from pUCS8 and contains a
2.4kb insertion of the BtuB gene from E. coli [219]. For construction of the LH4 plasmid,
QuikChange IT mutagenesis was used to insert a five additional histidines, a glycine, and two
serines to form a hexahistidine tag and GSS spacer between residues Asp448 and Thr450
using the following primers: (Position 449 is already a histidine in the wild-type sequence)
forward 5’-CATCATCATCATCACGGCAGCAGCACCCTGAAATATTACAACGAAGGG-
3" and reverse 5'- CCGTGATGATGATGATGGTGATCATCATAATCGATCAAATCAC-3".

2.7.2  Protein expression and purification

TonBan (residues 32-239) containing an amino terminal HisTag and proTEV cleavage site
was transformed into BL21 (DE3) E. coli on LB plates supplemented with 100 M ampicillin
(LB/AMP). A single colony was picked to inoculate an overnight culture of 10 mL of 2 x
YT medium. This culture was used to inoculate 1L of 2 x YT medium and grown to 0.7-0.8
OD at 37 °C before induction with 0.5 mM IPTG at 20 °C for 5 hours. Cells were harvested
by centrifugation at 6500 RPM for 12 minutes at 4 °C, and frozen or resuspended in 25 mM
Tris-HCI1, 100 mM NaCl, 1 mM PMSF, pH 7.5 and lysed immediately by 5 passes through
a French press at 0 °C (solutions kept on ice). The lysate was clarified by centrifugation for
30 min at 12,500 RPM at 4 °C in a Sorvall Legend X1R centrifuge fitted with a FiberLite

F15-8x50c and applied to a 5 mL column of equilibrated nickel-NTA resin. The column
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was washed with 20 column volumes (100 mL) of wash buffer: 50 mM Tris-HC1, 100 mM
NaCl, 20 mM imidazole, pH 7.5 and eluted 6 times with 5 mL each of elution buffer, which
was the same as wash buffer, except that the imidazole concentration was increased to 300
mM. Protein containing fractions were pooled and dialyzed in a length of 3.5 kDa molecular
weight cutoff tubing against 2 L of dialysis buffer: 50 mM Tris-HCI, 100 mM NaCl, pH 7.6
for 2 hours before addition of 1 mg of homemade TEV protease in 1 mL of TEV protease
storage buffer: 50 mM Tris-HCI, 1 mM EDTA, 5 mM DTT, 50% glycerol, 0.01% Trion, pH
7.6. TEV cleavage was allowed to proceed under dialysis for 16 hours at 4 °C. Cleavage
was assessed by SDS-PAGE electrophoresis and a subsequent round of subtractive Ni-IMAC
performed to remove uncleaved protein. The flowthrough from this substractive Ni-IMAC
round was concentrated and injected onto a 5 mL pre-packed HiTrap SP HP anion exchange
column (Cytiva, Washington D.C., Cat# 17115201) for purification by a 20 min gradient
from 100% buffer A (25 mM Tris, 50 mM NaCl, pH 7.5) to 100% buffer B (25 mM Tris, 1 M
NaCl, pH 7.5). Protein-containing fractions were checked by SDS-PAGE and concentrated
to 30-70 M in 25mM Tris 50 mM NaCl pH 7.5 using spin filtration before addition to
pelleted outer membrane stocks to obtain BtuB:TonBayn or BtuB:B12:TonBay complex
samples (with B12 addition as above) with a final TonB concentration of 26 pM.

BtuB wild-type or LH in pAG1 was transformed into either BL.21 E. coli or a specialized
strain with four abundant OMPs deleted, termed AABCF [208]. A single colony was picked
to inoculate 5mL of LB/AMP and grown overnight at 30 °C with shaking at 225 RPM. The
next day, 1 mL of this culture was taken to inoculate 50 mL of LB/AMP medium and grown
at 30 °C for 6 — 8 hours, before seeding 1 L of cell culture. This 1 L of culture was either
grown to ODggg = 0.6 — 0.8 and induced or split into up to 10 L of LB/AMP medium for
large-scale expression. Protein was induced at 30 °C for 4 hours with 1 mM IPTG. Cells
were harvested by centrifugation in a Sorvall RC6+ centrifuge equipped with F10s 6x500y
rotor for 30 minutes at 6000 RPM (6340 x g) at 4 °C and frozen at -80 °C until purification.

Frozen cells were thawed on ice and resuspended in 40 mL of resuspension buffer per
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liter of cell culture. The resuspension buffer composition was: 50 mM Tris, 100 mM NaCl,
pH 8.0, supplemented before lysis with 10 mM MgCly, 0.1 mg/mL lysozyme (Sigma ref#
6876), 0.05 mg/mL DNAse I (Goldbio, St. Louis, MO, cat# D-300-1). For cell pellets grown
in AABCF E. coli, MgCly was omitted from the resuspension buffer as it causes clumping
of cells and outer membranes [208]. Resuspended cells were kept on ice and homogenized
by at least 5 passes through an Emulsiflex-C5 French press set to 40 psi. The cell lysate
was clarified by centrifugation in a Sorvall Legend-X1R, centrifuge equipped with F15-8x50cy
rotor for 30 minutes at 7000 RPM at 4 °C. The clarified lysate was ultracentrifuged in 70
mL polycarbonate (Beckman Coulter, Brea, CA, part # 355655) bottles for 60 minutes at
40,000 RPM (~100,000 x g) at 4 °C in a Beckman Coulter Optima L-100 XP ultracentrifuge
equipped with 45 Tirotor. The resulting total membrane pellets were washed by resuspension
with a number 10 round tipped paint brush in ~6 mL per gram of cell membrane mass of
resuspension buffer and Dounce homogenization before ultracentrifugation, performed as
before. Washed total membranes were resuspended and Dounce homogenized as before
prior to addition of 0.5% sodium N-lauroyl sarcosinate (“sarkosyl”, from a 10% w/v stock
in water) and incubation on a rotisserie for 30 minutes to 1 hour at room temperature or
overnight at 4 °C to solubilize the inner membranes. Following another ultracentrifugation
step as described above, outer membranes were again homogenized and ultracentrifuged as
described above to wash out residual sarkosyl. This step was repeated once more prior
to final resuspension of the washed outer membrane pellet in 5 mL of resuspension buffer.
Resuspended washed outer membranes were aliquoted and stored at 4 °C for use in native-
like outer membrane hydrogen exchange experiments, or frozen at -20°C until extraction for
use in detergent hydrogen exchange experiments.

Extraction from outer membranes was performed by addition of concentrated n-octyl
tetraoxyethylene (CgE4, BACHEM, Bubendorf, Switzerland, article # 4006356.0025) to a
final concentration of 150 mM (4.6% w/v, or 19 x CMC) and incubation on a rotisserie at

room temperature for 2 hours. Insoluble debris was removed by ultracentrifugation for 60
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minutes at 100,000 x g (47,246 RPM) at 4 °C in a Beckman Coulter MAX-XP microultra-
centrifuge equipped with TLA-55 rotor. CgEy4-extracted BtuB was either further purified
by IMAC on a 5 mL Ni-NTA column (Goldbio, cat# H-320-100), with a 50-600 mM LiCl
gradient on a DEAE FastFlow anion exchange column with 20mM BisTris pH 6.9 or taken
directly for detergent exchange. Detergent exchange was carried out by incubation of BtuB
aliquots with 50 x CMC of lauryl maltose neopentyl glycol (LMNG, Anatrace, Maumee,
OH, ref# NG310, added from a concentrated stock in water) for 1 hour at room temper-
ature before injection on a BioRad Enrich 650 SEC 10 x 300 mm column with 20 mM
BisTris pH 6.9 as the running buffer. BtuB-containing fractions were supplemented with
1.5 x CMC of n-dodecyl-$-D-maltoside (DDM, Anatrace, D322S, added from concentrated
stock in water) immediately upon elution and either concentrated or immediately taken for

HXMS experiments.

2.7.8 Proteolysis Assay

BtuB used for proteolysis assays was either washed and resuspended unextracted outer mem-
branes, CgEy extraction reaction supernatants, or Ni-IMAC and/or SEC purified DDM-
solubilized protein fractions. BtuB was diluted to 1 M on ice in HX quench buffer: 600
mM glycine pH 2.5 buffer, with 0 - 3 M urea, and the reactions were started by adding
0.5 mg/mL pepsin from a concentrated stock. At times ranging from 7 seconds to 243
minutes aliquots of the reaction were diluted with an equal volume of proteolysis quench
buffer: 2 M Tris pH 9.8 and spun at 15,000 x g for 3 minutes before addition of Laemmli
sample buffer and boiling prior to loading on SDS-PAGE. Electrophoresis was carried out
in Novex Wedgewell 4-20% acrylamide gradient Tris-Glycine mini gels (Thermo Fisher Sci-
entific, Waltham, MA), run in an Invitrogen Mini Gel tank at 180 V for 80 minutes at 4 °C
with ice packed around the cell. Gels were stained with AcquaStain protein stain (Bulldog
Bio), Coomassie R-250, Invitrogen His-Tag In-Gel Stain, or transferred to western blots, and

either imaged or selected bands were cut out for downstream applications such as Edman
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degradation or trypsin/endopeptidase LysC digestion followed by LC/MS/MS identification

of proteolysis products.

2.7.4 Hydrogen Exchange Labeling Experiments

Hydrogen exchange label, simultaneous quench/digestion, and injection steps were all per-
formed manually for experiments performed on protein in native-like outer membranes. La-
beling in a solution of ~93% D at room temperature (22 °C) was initiated by addition of
2 pL of thoroughly agitated native-like outer membrane stock (in 20 mM BisTris pH 6.9)
to 28 uL of deuteration buffer (50 mM NaPi, 150 mM NaCl, made with dibasic sodium
hydrogen phosphate and adjusted to pDreaq = PDdesired — 0-4 using DCI). For labeling
reactions involving B12 liganded samples, 1% v/v of 100x concentrated stocks (2 mM B12
and 100 mM CaCly) were added to aliquots both protein stock and label solutions to obtain
a final concentration of 20 uM B12 and 1 mM CaCly. For labeling reactions involving TonB
CTD, aliquots of BtuB samples were allowed to settle and half of the volume was aspirated
and replaced with a solution of TonBan concentrated to 50 pM in 20 mM BisTris pH 6.9.
Immediately after addition of outer membrane suspensions to label buffer, samples were
triturated 5 or more times to ensure complete mixing. Quenching of the HX label reaction
and digestion was performed by repeated trituration of the HX label reaction with a 200 L
pipette and aspiration of the entire volume and transfer into an Eppendorf tube containing
37 pL freshly prepared quench mix sitting inside an ice-chilled heat transfer block: 30 uL
of 600 mM glycine, 4 M urea, pH 2.5, 2.0 uLi of thrice-desalted 10 mg/mL porcine pepsin
(Sigma-Aldrich, ref# P6887) in 100 mM sodium citrate, pH 4.4, 2.5 ul of 2.5 mM DDM
in water, and 2.5 pL of a 300 mg/mL aqueous suspension of ZrOy coated silica (beads ex-
tracted from Supelco brand cartridges, Sigma-Alrich, ref# 55261-U). Digestion was carried
out for 3 minutes before resuspension by repeated trituration and aspiration of the whole
~67 pL volume onto a cellulose acetate spin cup (Thermo Pierce, Waltham, MA ref# 69702)

held in a 1.5 mL polypropylene Eppendorf tube. The quenched digestion mix was filtered
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by spinning for 30 seconds at 16,000 RCF in an Eppendorf 5415 R centrifuge fitted with a
FA-45-24-11 rotor pre-chilled to 4 °C. Filtered peptide-containing solutions were aspirated
with a glass ice-chilled 50 uL glass Hamilton syringe and immediately injected into the LC
sample loading loop.

For peptide assignment MS/MS runs, the protocol above was repeated, except for a
brief incubation in an undeuterated “mock HX” buffer using the same samples as the HX
experiments and with 8M urea solubilized BtuB derived from inclusion bodies instead of
native membranes. For these, the “mock HX” and quench buffers’ urea concentrations
were varied from 0 to 4 M to optimize peptide coverage and signal intensity. Additionally,
in-exchange controls to account for deuteration towards the 41.5% D level present in the
quench solution were performed by mixing HX and quench buffers prior to addition of BtuB.
Similarly, full-exchange (“All D”) controls were performed by incubating 8 M-urea solubilized
unfolded BtuB with pD¢orr 7.2 label buffer for 600 — 64500 seconds at room temperature.
In-exchange controls measured deuteration levels between 0 — 5% D, and All D controls
measured deuteration levels of 70-75%D. The mean level of back exchange in peptides used
in our analysis was 27%, with 73% of the label remaining on the longest urea control. There
was a weak correlation of back exchange levels with sequence position, with peptides covering
residues 1-79 having an average back exchange level of 25 and peptides covering residues 80-
137 having an average back exchange level of 30%.

Fluid handling operations for HXMS experiments in detergents were carried out with a
Trajan LEAP HDX PAL workstation. 25 to 30 uM of DDM-solubilized BtuB wild-type or
“LH4” samples (“LH4” is a construct of BtuB with a hexahistidine tag inserted after position
449) were diluted into >99%D 25 mM NaPi, 25 mM NaOAc, 100 mM NaCl, pH 5.0 - 7.0
labeling buffer for 0.25 - 900 minutes at 22 °C before 2-fold dilution into a 4 °C-chilled vial
containing HX quench buffer: 600 mM glycine pH 2.5, 2 M urea, with the quench vials being
manually supplemented with 2 pL of 10 mg/mL pepsin at the start of each time course. The

quench reaction time was set to 1 minute, and each fluid transfer operation involving BtuB
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was followed with two cycles of aspiration and dispensing to ensure proper mixing.

2.7.5 Mass Spectrometry

For labeling experiments, upon injection peptides were trapped and desalted by flowing
across a bxl mm C8 5 um particle column (TARGA brand, Higgins Analytical, Mountain
View, CA, TP-M501-C085) for 3 minutes at 100 pL/min. After desalting, the trap was
diverted to be in line with a Dionex Ultimate-3000 gradient pump flowing at 20 pL/min,
with a 50 x 0.5 um C18 3 um particle column (TARGA brand, Higgins Analytical, TS-05M5-
C183) in line for peak refocusing upstream of the HESI-II (Thermo Fisher Scientific, cat#
IQLAAEGABBFACNMAGY) probe attached to a Thermo Q Exactive mass spectrometer,
and a 14-minute gradient from 10% to 60% buffer B was immediately started. MS data were
collected from 2 to 13 minutes into the gradient, and the flow diverted to waste otherwise.
Buffer A was 0.1% formic acid in water, and buffer B was 0.1% formic acid in acetonitrile.
After the main gradient, the pump was set to 90%B for 2 minutes, then down to 10%B for a
minute, and two trapezoid washes up to 90%B were performed to clean the columns before
the next injection. FElectrospray ionization was performed at 180 °C, with the following
parameters: spray voltage set to 3.2 kV, 1 microscan per scan, resolution 140,000, AGC
target 3e6, minimum IT 100ms, scan range 400-2000 m/z, dynamic exclusion 10ppm, sheath
gas flow rate 5, aux and sweep gas flow rates 0.

For assignment experiments, peptides were analyzed by performing unlabeled injections
of outer membrane samples, or an 8 M urea solubilized concentrated stock of BtuB purified
from inclusion bodies, after being expressed without a signal sequence. MS/MS data were
acquired with the following parameters: data collected from 2 to 13 minutes of an identical
gradient to HX runs detailed above, Full MS as detailed above, dd-MS2: resolution: 17,500,
automatic gain correction target: leb, maximum integration time: 200 ms, loop count: 10,
MSX count: 1, TopN: 10, isolation window: 1.9, m/z isolation offset: 0.00, scan range: 200

to 2000 m/z, fixed first mass: 100.0 m/z, NCE / stepped: NCE 27, spectrum data type:
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profile.

2.7.6  Data Processing

Peptide signals were assigned by searching against a sequence database containing pepsin
and BtuB sequences using the meta-search program SearchGUI version 3.3.21, (search set-
tings: unspecific cleavage, precursor charge 1-8, isotopes 0-1, precursor m/z tolerance 10.0
ppm, fragment m/z tolerance 0.5 Da, no post-translational modifications, peptide length 5-
30) incorporating X! Tandem, MS Amanda, and Comet algorithms. Data were inspected in
PeptideShaker version 1.16.45, and results were imported into HDExaminer 3.1 (Sierra Ana-
lytics, Modesto, CA). HDExaminer was used to fit isotopic envelopes, enabling bimodal fits
where separately exchanging subpopulations were present. Integration bounds of retention
time as well as m/z were adjusted manually after an initial round of calculations performed
by the program. While attempting to maintain consistency, isotopic envelope integration
bounds were sometimes overridden to exclude obvious noise and carried over peptide signal
near 0%D. Occasionally, integration bounds had to be manually chosen to achieve consis-
tent extraction of heavily overlapped envelopes in cases where a peptide’s independently
exchanging subpopulations failed to diverge at early time points.

A subsequent round of manual adjustment was performed considering inter-peptide dif-
ferences, to ensure that all overlapping peptides for a sequence fragment exhibited the same
behavior. In cases where a peptide grossly disagreed with others covering the same sequence
it was excluded from further analysis. In some instances, all time points from pairs of pep-
tides with similar m/z signals and LC elution times were manually re-integrated multiple

times to assess the contributions from overlapping envelopes.
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CHAPTER 3
FOLDING STUDIES OF TBDT PLUG DOMAINS

The material presented in this chapter is unpublished work representing my early inquiries
into the folding of independently expressed TBDT plug domains. Yi Zhang from the Royer
lab performed high pressure NMR work described in Figures 3.5 and 3.5. Joseph Sachleben
assisted with collection and analysis of NMR data. Isabelle Gagnon assisted in cloning,
expression, and purification of protein constructs.

I designed all protein constructs, prepared all samples, performed all circular dichroism,
stopped-flow fluorescence, mass spectrometry, and SAXS measurements. I performed all
data analysis except for the chevron plot, which was made together with Michael Baxa, and
SAXS analysis, which was done by Joshua Riback. Srinivas Chakravarthy at APS BioCAT

assisted with SAXS measurements.

3.1 Summary

Authors: Adam M. Zmyslowski, Michael C. Baxa, Joshua A. Riback, Joseph R. Sachleben,
Isabelle Gagnon, Yi Zhang, and Catherine A. Royer, and Tobin R. Sosnick.

In TBDT crystal structures, the interface between the plugs and the inside surface of the
barrels is well hydrated and is composed primarily of H-bonded, charged, and polar contacts,
despite being located inside the membrane plane. The detailed folding behavior of the plug
during the transport cycle is unknown. CD, NMR, and SAXS results indicate that several
separately expressed plug domains are unfolded in solution whereas those from BtuB and
CirA adopt a partial globular fold consistent with their crystal structures. Thermodynamic
and kinetic folding experiments were carried out to characterize the partially folded state and

determine to what extent it might resemble a putative pore-forming transport intermediate

in BtuB.

85



3.2 Introduction

This project was originally initiated based on a report that the plug domain of F coli. FepA
retains residual structure and specific affinity for its substrate, enterobactin, when the do-
main is expressed alone [220]. A soluble construct of the first 150 residues, termed FepA150,
was shown to have several dispersed peaks in two-dimensional NMR spectra, and its cir-
cular dichroism spectrum indicated partial secondary structure. Iron-loaded enterobactin
underwent fluorescence polarization changes in the presence of this FepA150 construct, and
iron-loaded enterobactin caused paramagnetic relaxation enhancement signal decreases in
only a subset of peaks, unlike iron-loaded ferrichrome which uniformly reduced peak inten-
sity. Following the reasoning of the authors that it may be useful for the plug domain to
retain a weaker affinity and partial fold when it unfolds into the periplasm during transport,
we sought to perform a survey of other TBDTs to determine whether such features were
general. Two of six tested TBDT plug domains (constructs indicated by appending "p” to

their gene name, e.g. BtuBp) retained substantial structure in solution, and this chapter

describes their thermodynamic characterization.

3.3 Results

Plug domains were expressed as fusions to NuG2, a redesigned version of protein G [221],
with an intervening Hisg-GSS-TEV sequence. This expression system, which allows for high
expression levels of protein in inclusion bodies, is commonly used in the Sosnick lab and
has been described elsewhere [222]. Proteins were purified by Ni-NTA immobilization metal
affinity chromatography (IMAC) and reversed phase high performance liquid chromatog-
raphy (RP-HPLC). Protein-containing fractions were checked by sodium dodecyl sulfate

polyacrylamide gel electrophoresis (SDS-PAGE) and lyophilized for long term storage.
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3.3.1 Identification and circular dichroism characterization of TBDTs with

spontaneously folding plug domains

Lyophilized protein was resuspended in CD buffer: 10 mM NaPi, 100 mM NaF, pH 7.0. CD
spectra were collected at 20 °C, at concentrations of 1-100 M, with 0.01-1 ¢cm path length
cuvettes using a Jasco J715 spectropolarimeter. Raw data [f] were converted to normalized

units of mean residue ellipticity
0] = 100 - 6
- C-N-l

(3.1)

where C' is the concentration of protein in molar, N is the length of the protein in amino

acids and [ is the path length of the cuvette.
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Figure 3.1: Normalized circular dichroism spectra of six different TBDT plug
domains BtuB and CirA have spectra indicative of significant secondary structural content.
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3.3.2 SAXS studies of plug domains

Small angle X-ray scattering was performed to assess the folding of several plug domains.
CirAp and BtuBp were found to be partially folded, and the structured elements in CirAp
were able to be diminished or augmented by addition of denaturant (guanidinium hydrochlo-
ride) and cosmotropic osmolyte (glycine betaine), respectively. BtuBp was not stable in so-
lution above 150 uM, 4 °C. Raising temperature or concentration caused rapid precipitation
of BtuBp, precluding measurements with osmolyte and making sample generation difficult.
A dramatic precipitation of protein also happened for all plug domain constructs upon TEV
cleavage, and thus the samples were centrifuged prior to subtractive Ni2t-IMAC. FepAp,
ThpAp, and FhuAp were readily soluble, but did not contain detectable structure in any

condition measured.
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Figure 3.2: SAXS studies of plug domains A) Log-Log normalized scattering intensity
curves for FepA and ThpA proteins with calculated radii of gyration (Rg), which match those
for an unfolded polypeptide chain of the construct length. B) Dimensionless Kratky plots for
the data in A). Also shown is a simulated dimensionless Kratky plot for a simulated sphere of
protein-like density and mass matching the plug domains. C) Log-Log normalized scattering
intensity curves for CirAp under three conditions: native-like buffer (20 mM HEPES pH 7.4,
150 mM KCI, black), native-like buffer + 250 mM glycine betaine (red), native-like buffer
+2 M guanidinium hydrochloride (purple). In blue is simulated data from the conformation
observed in the crystal structure (PDBID: 2HDF). D) Dimensionless Kratky plots for the
data in C), along with simulated scattering curves for a sphere and self-avoiding random
walk (dashed, bottom and top, respectively).
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3.3.3  Kinetic folding studies of BtuB plug domain

A kinetic folding analysis was carried out for BtuB plug domain. Protein was rapidly diluted
into or out of high denaturant concentrations and the change in tryptophan fluorescence over
time was fit to a double exponential function. The major logarithm of the major exponential
phase (containing the larger amplitude) reflects the logarithm of the folding (or unfolding
rate). The extrapolation of these rates to the vertical axis reflects the rates of folding and
unfolding at no denaturant. Multiplication of the ratio of the folding rate to the unfolding
rate (the difference in vertical axis intercepts on a log plot) by RT (the ideal gas constant and
temperature) gives the free energy of folding. The minimum of the fitted curve, around 1.6-
1.8 M guanidinium-HCI, represents the folding midpoint of the protein, or the concentration
of denaturant at which the stability is zero, and the protein equally populates the folded and

unfolded states.
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Figure 3.3: Chevron plot for BtuB plug domain Data were fitted to two-state (red)
and three-state (blue) models, as the data above 3 M GdmCl appear to display evidence of
a folding intermediate (reduction in slope above 3M).
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3.3.4 NMR studies of TBDT plug domains

Plug domain folding was also assessed by collecting two-dimensional NMR spectra for several
TBDT plug domain constructs. BtuB and CirA plugs were found to contain dozens of well-
dispersed peaks, indicating a large fraction of their residues were folded in solution. Sample
buffer compositions used were 18 mM NaPi, pH 5.5-6.5, 0.45 mM EDTA, 10% D90, 0.018%
NaNsg, 45-180 mM NaCl. Temperatures were optimized for each sample, as the different plug
domains had very different temperature-solubility profiles. BtuB plug was not soluble for
more than a day above 15 °C and 250 uM, whereas CirA plug was able to be concentrated
to 1 mM and was stable for several weeks at 35 °C. Unfolded plug domains generally had

good solubility properties, and were measured at 25 °C, and 300-600 pM.
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Figure 3.4: 1H-1" N HSQC NMR spectra of plug domains BtuB and CirA plug do-
mains display chemical shift dispersion for several peaks each under native (non-denaturing)
conditions. The dispersed peaks disappear for BtuB plug upon denaturation of the structure
with 3 M urea. A similar effect was also observed for CirA plug.
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3.3.5 Pressure denaturation NMR

To reversibly investigate folding and provide an independent measure of the folding stability,
the BtuB plug domain was subjected to pressure denaturation by collaborators in the Royer
lab at Rensselear Polytechnic Institute. Yi Zhang collected the pressure denaturation NMR
spectra and and returned the data for analysis. Data were collected on a Bruker Avance
IIT 600 MHz/14 T widebore NMR spectrometer equipped with a 5 mm TBI probe, at 15
°C, using 450 uL of shipped sample + 50 uL of D9O. Peaks were picked for each spectrum,
volumes integrated, and fit to a sigmoidal profile of sign corresponding to peak appearance
or disappearance under increasing pressure. All NMR spectra were collected with 16 direct
dimension scans. Sample composition was 300 M BtuBp, 200 mM NaCl, 20mM NaPi pH
5.57, 50 uM EDTA, and approximately 20mM GdmCl (left over from sample solubilization,

lowered by spin filter concentration).
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Figure 3.5: Endpoint spectra of BtuB pressure ramp NMR experiments Left,
right: HSQC spectra collected at a pressure of 10 bar, before and after the pressure ramps,
respectively. Middle: HSQC spectrum collected at 2000 bar, the highest pressure applied.
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3.3.6  Analysis of pressure denaturation NMR data

Three well-dispersed peaks are indicated by red squares in the top right panel of Figure
3.6, but integrations were attempted for every peak. Because many peaks overlapped and
changed chemical shifts as a function of pressure, integration bounds had to be manually
adjusted for each peak in each spectrum. Fits were attempted for every peak in the spectrum
of BtuBp domain, but several outliers were discarded due to implausibly high or low AG

and Pigpoint values. Data were fit to the equation:

Amax
AP) = PAV_AG) (3.2)

1t ePRNT
Where A(P) is the signal amplitude (integrated peak volume) as a function of pressure,
Amax is the maximum signal amplitude, P is the pressure, AV is the volume change upon
unfolding, AG is the free energy of unfolding, R is the ideal gas constant, and T is the

temperature, 15 °C.

3.3.7 T2 relaxation rate measurements of BtuB plug domain

The transverse relaxation rate was measured in a series of specialized experiments. Peaks
were picked for each spectrum and their integrated volumes fitted using a specialized module
in the program NMRViewJ to obtain an average decay rate of 14.5 ms—1. This T2 decay
rate corresponds to a rotational correlation time of 10.7 ns, or an estimated molecular weight

of 17.5 kDa, 18% larger than the molecular weight of the BtuB plug domain.
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Figure 3.6: Pressure denaturation NMR data analysis Top left: Overlay of NMR
spectra collected with increasing pressure. Three well-dispersed peak series are indicated
with red rectangles to show chemical shift changes with pressure. Top right: Overlay of
NMR spectra collected with decreasing pressure. Bottom left: Integrated peak intensities
for three selected peaks. Bottom right: Stability vs. arbitrary peak index for 45 well-fitted
peaks, with a red line placed at the inverse-error weighted average value of 3.9 kcal/mol.
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3.4 Discussion

The BtuB and CirA plug domains were found to have a stably folded structure, for approx-
imately half of their sequence, each, with a free energy of unfolding of 2-3 kcal/mol. Prior
to re-orienting the project to study BtuB in the context of the S-barrel, assignments were
attempted on these BtuBp and CirAp, but during the process of collecting three-dimensional
data for peak assignment of BtuB plug domain it became apparent that signals from exper-
iments with long transfer times (e.g., HNCACB, CBCACONH) were significantly weaker
than expected given the relatively strong data for initial three-dimensional experiments such
as the HNCO and HNCA. Together with the poor solubility behavior of the BtuB plug, this
led us to suspect that the protein was not tumbling rapidly enough in solution to give good
NMR signals. CirAp had better solubility and sample stability properties, but many reso-
nances were also missing from long transfer time experiments necessary to unambiguously
assign the full sequence. Consequently, with the use of 1°N-edited TOCSY experiments
to aid in identification of an amide resonance’s sidechain, only certain di- and tri-peptides
within the sequence were assigned to peaks in the HSQC spectrum. These short segments
were concentrated within the amino-terminal half, where resonances were stronger and better

dispersed.

3.5 Supplemental Figures

The structural similarities between plug domains have been the object of some prior study
[220, 223], and early in the project I conducted bioinformatic analyses and comparisons of
published structures of the plug domains, as more structures and sequences had become

available since the early publications examining them.
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3.5.1 Structural analysis and sequence comparison of TBDT plug domains

Of the TBDT structures that have been solved, most or all appear to have a similar plug do-
main topology. The central four-stranded S-sheet is an invariant feature, as is the connection
between the plug & barrel domains. Besides the amino-terminal features involved in reg-
ulation and TonB interactions, the most variable parts of the structures are the secondary
structural elements on the periphery of the plug domain, particularly near the substrate
binding site (top left region of Figure 3.8) and extracellular loops. This is expected, as
ligands seen in crystal structures generally contact both the plug domain and extracellular
loops, and the loose packing of the periphery of the plug domain allows for accommodation

of differently sized secondary structural elements..

3.5.2  Plug domain contact map analysis

The similar orientation of the plug domain within the S-barrel of all TBDTs crystallized so
suggests that the plug is seated within the barrel by a similar set of contacts. I performed
a structure-based sequence alignment using the RaptorX webserver [224]. Structures corre-
sponding to the following 19 PDB codes were submitted: 1BY3, 1IFEP, 1FI1, IKMP, INQE,
1PO0, 1XKW, 2HDF, 2W75 (Chain A), 3CSN, 3FHH, 3QLB, 3V89, 4AIQ, 4B70, 4EPA,
4RDT, 4ZGV, and 5FQ6. The contact maps of each structure were mapped onto this align-
ment for the purpose of determining which TBDT structural features are conserved among

the crystallized subset, and which are idiosyncratic.
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Figure 3.8: Cross-species sequence comparison of TBDTs Top) An overlay of plug
domains from E. coli BtuB (red), FecA (yellow), FepA (teal), and FhuA (blue). The carboxy
termini of the plug domains, connecting them to the g-barrel, are on the bottom left, and
the amino termini are on the bottom right. The amino termini are often disordered, with
the position of the Ton box not resolved for many TBDT crystal structures. Bottom) A
sequence alignment of the plug domains from the above four TBDTs, from the three following
organisms: Escherichia coli (ECOLI), Klebsiella pneumoniae (KLEPN), and Salmonella
typhimorium (SALTY). Note that the sequences of the same TBDTs from different species
are more similar to each other than the different TBDT's from the same species.
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Figure 3.9: Contact map analysis of TBDTs Individual C,-C, distances shorter than
5A, found only in a single TBDT’s plug domain, are drawn as a black pixel. As the same
contact is counted in more structures, the color of the pixel lightens to shades of red, with
the brightest red corresponding to a contact shared among 8 structures.
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3.6 Methods

Plug domain constructs were cloned into a pET21 construct containing an amino terminal
NuG2 HisTag and proTEV cleavage site was. Plug domain constructs were transformed
into BL21 (DE3) E. coli on LB plates supplemented with 100 pM ampicillin (LB/AMP).
A single colony was picked to inoculate an overnight culture of 10 mL of 2 x YT medium.
This culture was used to inoculate 1L of 2 x YT medium and grown to 0.7-0.8 OD at 37
°C before induction with 0.5 mM IPTG at 20 °C for 5 hours. Cells were harvested by
centrifugation at 6500 RPM for 12 minutes at 4 °C, and frozen or resuspended in 50 mM
Tris-HCI, 150 mM NaCl, 1 mM PMSF, pH 7.4 and lysed immediately by 5 passes through
a French press. The lysate was clarified by centrifugation for 30 min at 12,5000 RPM at
4 °C in a Sorvall Legend X1R centrifuge fitted with a FiberLite F15-8x50c and applied to
a 5 mL column of equilibrated nickel-NTA resin. The column was washed with 20 column
volumes (100 mL) of wash buffer: 50 mM Tris-HCl, 100 mM NaCl, 20 mM imidazole,
pH 7.4 and eluted 6 times with 5 mL each of elution buffer, which was the same as wash
buffer, except that the imidazole concentration was increased to 300 mM. Protein containing
fractions were pooled and dialyzed in a length of 3.5 kDa molecular weight cutoff tubing
against 2 L of dialysis buffer: 50 mM Tris-HCI, 100 mM NaCl, pH 7.6 for 2 hours before
addition of 1 mg of homemade TEV protease in 1 mL of TEV protease storage buffer: 50
mM Tris-HCI, 1 mM EDTA, 5 mM DTT, 50% glycerol, 0.01% Triton, pH 7.6. TEV cleavage
was allowed to proceed under dialysis for 16 hours at 4 °C. Cleavage was assessed by SDS-
PAGE electrophoresis and a subsequent round of subtractive Ni-IMAC performed to remove
uncleaved protein. The flowthrough from this was concentrated and injected onto BIO-
RAD NGC chromatography system equipped with a Zorbax 300-SB C18 5 pum bead size,
9.4x250 mm reversed phase column (Agilent Technologies, Santa Clara, CA, P/N 880995-
202). Reversed phase purification was carried out by running a gradient from 5% (buffer A)
to 95% (buffer B) acetonitrile in water with 0.1% TFA in both buffers. Protein-containing

fractions were checked by SDS-PAGE and frozen at -80 °C before cryodesiccation to obtain
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pure protein powder for long term storage. For sample generation, protein powder stocks
were dissolved into the appropriate buffer with the aid of up 4 M guanidinium hydrochloride,
with the sample concentration and removal of the solubilization-aiding denaturant occurring
by spin filtration. For BtuB samples approaching the concentration ceiling, spin column
concentration was stopped every 10-15 minutes with trituration of the samples using a 200

1L pipette to prevent sample loss from formation of zones of high local protein concentration.
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CHAPTER 4
CONCLUSIONS AND FUTURE DIRECTIONS

The previous chapters describe work probing early stages of the BtuB transport cycle, specif-
ically the responses to B12 ligand and TonB CTD binding, and characterizing the folding
of the BtuB and other plug domains. This chapter will discuss the impact of the findings
described on the existing models of pore formation in BtuB and consider how future work
might address the outstanding questions about the transport mechanism, as well as newly

raised technical issues regarding HDX in OMs.

4.1 Conclusions

4.1.1  B12 binding allosterically unfolds the amino terminus of BtuB

Different aspects of our experimental results lend support to both the force-dependent and
the force-independent models of pore formation in BtuB. Mutations to the Ionic Lock have
recently been shown to induce changes in EPR spectra consistent with motions in the loops
of SB3. In the force-independent model [133], TonB binding breaks the Ionic Lock and
causes motions of SB3 when B12 is present. We have found that the Ionic Lock must be
broken before TonB binding, and that SB3 displays heterogeneous exchange behavior in
the presence of B12 alone, with SB3 data becoming difficult to interpret in the presence of
TonBAN. Surprisingly, we did not observe any evidence of pore formation, or even global
plug domain destabilization. This might be expected under the force-dependent model of
pore formation, but the high stability measured for even the first pair of helices of BtuB,
which comprise residues 31-47, implies that if pore formation does depend on force, the
transporter has not evolved to lower the force required for gating of the pore in response to

binding of either B12 or TonB.
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4.1.2  The unfolded state of BtuB’s plug domain experiences significant

nonstructural environmental protection

In Chapter 2, we hypothesized that local environmental effects, as well as weak binding to
the peptidoglycan to be together responsible (at least in part) for the slowed exchange in the
nonnative control as well as unfolded peptides in the B12-bound condition (Peptide;_g and
the series including Peptideg_93 through Peptideg_3g). Factors such as local electrostatic
fields and solvent accessibility have been proposed to influence protection factors [225, 226,
227, 228]. However, it is unclear how significant these effect are, as solvent exposed amides
can have measured protection factors of up to 40 if they are on an ordered secondary struc-
tural element such as a [-sheet [229]. Conversely, molecular dynamics has been employed
specifically to investigate these factors in the context of a small soluble protein, ubiquitin
[230], where the authors found that there was no difference in the solvation properties of
protected versus unprotected amides. This surprising result was interpreted to suggest that
water restriction near the protein surface does not play a role in measured HDX. Hydro-
gen bonding is therefore likely to be the dominant effect in protection of surface exposed
residues on soluble proteins, but the relative contributions of other effects are not settled.

Furthermore, these trends may not hold for membranes proteins.

4.2 Future directions

The mechanism of pore formation for BtuB remains an open question. Likewise, the proposed
environmental-induced residual HDX protection from interactions with PG or altered pH
should be considered in future studies on OMPs. Besides these issues, the physiological
relevance of certain plug domains’ capacity for independent folding remains unclear. Below
I explore the importance of these matters and suggest approaches to address questions they

raise.
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4.2.1 BtuB transport mechanism

The experiments presented above have clarified an important step along the pathway of pore
formation in BtuB and opened future avenues for exploration. Important next steps include
characterization of BtuB Ionic Lock mutants, optimization of the technique for probing
the SB3 loop, measurement of the denaturant dependence of HDX for the plug domain, and
comparison to other TBDTs. The lonic Lock mutants will allow for direct comparison to the
studies already performed on these mutants. Measurement of the denaturant dependence
will allow for identification of concerted unfolding events, which can be compared across
ligand states to understand the dynamics of BtuB in the states preceding pore formation.
Finally, comparison of BtuB’s HDX data to that of other TBDTs can aid in understanding
which features of the mechanism are specific to BtuB and which are general to other TBDTs,
or if they are incidental features produced by the protein family’s shared topology.

To address the differences in inferred causality of Ionic Lock breakage and TonB bind-
ing between our results and those reported by the Cafiso laboratory [133], HDX measure-
ments should be performed on at least one of the single Argl4Ala, AspD316Ala, and double
Argl4Ala/AspD316Ala mutants, as any of these will break the Ionic Lock and allow for TonB
binding in our model as well. I expect similar exchange behavior to be found in the apo and
B12-liganded states for all three of these mutants, each of them exchanging as rapidly as the
B12-liganded wild-type protein. Furthermore, TonB binding should no longer depend on the
presence of B12 for any of the mutants. The situation is likely to be very different in BtuB
variants that lack an Ionic Lock. A sequence alignment performed on 392 BtuB sequences
(Figure 2.24) [215] finds that the Tonic Lock is strongly conserved but is not maintained in
all BtuB genes. Argl4 is present in 80% of the sequences, and Asp316 in just 51%, although
35 of the remaining 49% of residues at site 316 are Glu, suggesting that the salt bridge is
largely conserved. Additionally, glycines appear to be conserved at positions two and four
residues amino terminal to the Asp316 position, possibly reflecting a requirement for space
to allow local structural rearrangements. Do any of the BtuB variants naturally lacking an
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Ionic Lock also regulate TonB binding in a B12-dependent manner? If so, how stably are
their amino termini folded? Both questions are can be answered by repeating our analysis
on mutants and variants of interest.

The binding of TonB and B12 can also be decoupled by using a linker insertion, which
will probably not accelerate the exchange behavior of residues carboxy terminal to Argl4.
For a construct with a linker inserted in between the Ton box and the Ionic Lock, the Ton
box should become more solution exposed. Hence, with a linker of sufficient length, the Ton
box should be able to extend into solution where it is able to be bound by TonB without the
Tonic Lock being broken. For a linker sequence, either the flexible sequence (GSS), [231], or
a double repeat of the natural sequence of residues 13-23 (NRFEQPRSTVL)2 could be used,
though it may be necessary to perform the Arg->Ala mutation in the doubled sequence to
prevent interference with proper formation of the Ionic Lock. Additionally, the repeat should
be inserted between positions 12 and 13 or positions 13 and 14, as residue A12 is the last
residue in the Ton box, and residue Argl4 is the cationic half of the Ionic Lock, and neither
of these residues should be perturbed to minimize unwanted effects on BtuB function.

The linker-insertion constructs should also have predictable behavior in atomic force
microscopy (AFM) experiments as performed by the Brockwell lab [136]. Specifically, for
linkers of sufficient length to allow TonB binding in the presence of an unbroken Ionic Lock,
the AFM experiments should become possible in the absence of B12, which was present in all
BtuB puling experiments reported in that study. Furthermore, an additional rupture event
should be seen reflecting the breaking of the Ionic Lock, occurring before the others, which
are expected to remain approximately the same in terms of force required for the rest of the
pulling profile. A minor increase in force is expected due to the additional sequence linking
the AFM probe with the folded domains, which is also expected to increase the contour
length of all rupture events. The additional rupture event would correspond to the breakage
of the Ionic Lock, which was presumably not originally observed because TonB cannot bind

when the Ionic Lock is unbroken. Such observations would bolster the model set forth in
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Chapter 2, whereas observations consistent with a folded amino terminus in mutants with a
broken Ionic Lock would argue against it.

Future work should not be restricted to the amino terminus of BtuB. The recently pro-
posed motions of SB3 [133] are partially reflected in our data, and merit further experimental
investigation. MS signals for these peptides are among the most heterogeneous and weakest
in our dataset. This complexity presents an opportunity as well as a challenge. The presence
of three differently exchanging populations suggests that this region of BtuB has at least two
structurally or dynamically distinct populations in the folded state, which do not intercon-
vert on the experimental time scale of multiple hours. Little is known about the significance
of these populations, or how one might separate them for individual characterization. Use of
proteases other than pepsin, as reviewed in the introduction, can help to produce more pep-
tides from this region, and use of combinations of proteases may produce shorter peptides.
Shorter peptides aid in interpretation by narrowing the sequence to which an exchanging
amide contributes signal, and more peptides can help in a similar manner by comparison of
their data, as outlined above. Another option to study SB3 behavior would be to re-analyze
existing data more completely by employing a more sophisticated analysis technique. The
Sosnick lab presently analyzes data with a program which reports at most two independently
exchanging populations. Extracting the isotopic envelope profiles and fitting them manually
for a single scan is not difficult, but iteration the process as needed for a full analysis is
intractable. The HDExaminer [232] program allows for convenient averaging of data over a
chosen range of scans, comparing these averages for different time points and conditions, and
performing constrained fits to extract deuterium uptake estimates. These features greatly
reduce the time needed for analysis for an HDX set. Until the HDExaminer software is
updated to support multi-modal fitting, such analysis would depend on the acquisition of
new analysis software.

Measuring the denaturant dependence of the preparations described in Chapter 2 is

another way to gain understanding of the folding properties of BtuB. The technique, termed
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“native state hydrogen exchange” (NSHX) [233], has been used to study subglobal unfolding
events in proteins that lead to partially unfolded intermediates [234]. Under the force-
dependent model of pore formation, we expect to see no decrease in the concentrations of
urea required for destabilization or unfolding of the plug domain past residues 25-30. In
our interpretation of the force-dependent model, the Ionic Lock exists solely to regulate
binding of TonB. Once TonB is engaged, force must be applied to form the pore, and the
binding of TonB alone does not exert a substantial force. If TonB binding can trigger pore
formation, however, then we expect exchange for certain elements of BtuB’s plug domain to
be accelerated, at least for some concentration of denaturant.

The experimental approach developed in Chapter 2 is likely to be applicable to different
TBDTs from E. coli as well as other Gram-negatives. The crystallized members of the
TBDT family generally share a common topology not only in the plug as well as [-barrel
domains, with the former containing insertions and deletions at the periphery but usually
keeping the same secondary structural elements in the same arrangement relative to the
[-barrel. However, substrate-induced motions and signaling are not universally conserved
among TBDTs even from the same species. For example, FhuA posseses a constitutively
unfolded Ton box, while FecA undergoes a similar Ton box unfolding event as BtuB [235].
Additionally, some [236, 237] but not all [203, 238] measurements of TBDTs have found
that they bind substrates in an induced fit mechanism [198], closing their extracellular loops
behind substrates to trap them in a bound state. The generality of this phenomenon is
unknown, as results depend on whether the experiments are performed in an environment
containing LPS. It will be interesting to investigate whether these loops undergo slowed HDX
in OM preparations compared to BtuB solubilized in detergents or vesicles. The existence
of organisms with multiple TonB genes also raises questions about crosstalk and specificity
between TonB and TBDT pairs within a single cell, and our technique may be used for
investigating these in a native-like OM context.

Relatedly, FepA has long been hypothesized to contain two extracellular binding sites
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for its substrate, enterobactin [239, 240], and an enterobactin transporter in P. aeruginosa
has recently been shown to have two binding sites with different affinities [241]. Other
transporters such as CirA [242] and PirA [243] also have long extracellular loops like these
two enterobactin transporters, suggesting that the double binding site feature might be
widespread [241]. Investigation of the HDX behavior at different ligand concentrations can
reveal the differences in plug domain dynamics, as well as those in the loops themselves,
which are induced by binding of substrate to one or both sites.

How feasible is measurement of in-OM HDX on disulfide-crosslinked mutants and the
extracellular loops of TBDTs? To handle the former, it will suffice to add reductant to the
quench solution. Tris(2-carboxyethyl)phosphine (TCEP) has been used in this manner, and
is well tolerated by the protease, only mildly decreasing peptide coverage in certain cases,
and sometimes increasing it in others [244]. Regarding the extracellular loops, preliminary
peptide coverage maps of BtuB (Figures 2.14-2.16) indicate that our proteolysis conditions
result in good digestion of the loops when BtuB is embedded in OMs, and near-complete
coverage of the p-barrel. Signal levels are weaker than for the amino terminus, however,
and the digestion gel assay shows that large quantities of S-barrel remain intact under our
standard conditions (Figures 2.5B, 2.18-2.23). The presence of an unfolded or misfolded
subpopulation may be disproportionately responsible for these signals, and care should be
taken to ensure that the results are not biased by such selective proteolysis. Proper interpre-
tation of extracellular loop HDX may require additional controls such as runs where proteins
are chemically separated from LPS after labeling (ideally using aprotic solvents to mitigate
back exchange) and measured after resuspension in denaturant. Fortunately, the digestion
of full length BtuB resolubilized with denaturants from an insoluble pellet is very efficient
(Figure 2.13) and should not require much optimization for most TBDTs. To increase
signal strength from difficult-to-digest extracellular loops and transmembrane [-strands, it
may be useful to employ longer digestion times, or different and possibly mixed, proteases.

Mutagenesis studies should not be restricted to investigation of the Ionic Lock. Within
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the plug domain, cysteine crosslinks between the inner barrel surfaces and amino termini
of FhuA [245] and FepA [246] prevented transport in the oxidized state, but such tethering
deeper inside the plug domain still permitted transport at a slowed rate [247]. More recently,
crosslinks within the plug domain of FepA were found to abolish transport, while those be-
tween the plug and (-barrel generally permitted it [248]. It is unclear to what extent the
disulfides were formed in those assays, however. Transport may have proceeded through a
population of protein which did not form disulfides. A technique such as HDX which can in-
dependently measure different populations co-existing within the same sample is well-suited
for follow-up studies. Additionally, it is unclear to what degree the introduction of disul-
fides interferes with transmembrane signal transduction, Our technique can quantitatively
measure release of the Ton box for binding by TonB CTD upon substrate binding, and is
well poised to answer some of the questions opened by recent studies of FepA [248]. Similar
mutations have also been made on BtuB [249], and collaboration with groups specializing
designing such mutations may aid in identification of motions seen in BtuB as functionally
significant.

Furthermore, investigating the dependence of HDX on denaturant concentration in these
mutants may reveal which unfolding events are relevant to the pore formation pathway.
Cysteine crosslinks which impair transport may perturb different dynamical modes of the
protein, observed as exchange through as local or subglobal unfolding events, than those
which restrain the protein in ways unaffecting transport. The use of cysteine mutants to
irreversibly trap a desired conformational state is fully compatible with the HDX-MS, and

the technique does not suffer from incomplete disulfide formation.

4.2.2  Towards more native HDX measurements in outer membranes

As recent work from the Cafiso laboratory has shown [27, 133, 213, 250], the function of BtuB
is somewhat perturbed even in outer membranes, relative to live cells. Sarkosyl treatment

has been identified as modifying the results of EPR experiments conducted on BtuB in outer
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membranes [133]. The potentially perturbative effects of sarkosyl in our experiments can be
controlled for by repeating the measurements on OM samples prepared by sucrose gradient
centrifugation [251, 252] instead of sarkosyl extraction. Alternatively, our approach can be
adapted to experiments where labeling is performed in vivo, if the matter of back exchange
during OM sample preparation is resolved. Two approaches are worth considering: either
the rate of back exchange must be slowed, or a labeling technique which is insensitive to
back exchange can be used.

Consideration of the second point is simpler, because a technique similar to HDX that
can be applied to live cells already exists. Many HDX practices can be carried over to
fast photochemical oxidation of proteins (FPOP), a technique which uses MS to detect
peptides labeled by hydroxyl radicals. FPOP requires additional instrumentation, as the
hydroxyl radicals are usually produced via Fenton chemistry consuming hydrogen peroxide
[253], but this has been proven to work even in wvivo [254]. Because the FPOP label is
covalent, after labeling the workflow up to the peptide generation and measurement stages
can remain the same, with the only major change required being accommodation of the
different chromatographic and mass spectral properties of the hydroxylated peptides. As
a final note, because FPOP labeling times are generally short, often in the microsecond
range, the technique is best suited to report of fast dynamics of proteins rather than on
thermodynamics or slowly interconverting populations, as HDX-MS does well. For this
reason, it is complimentary to HDX, providing information which could corroborate our
findings (e.g., about B12 causing unfolding in the amino terminus) but not recapitulate
them exactly.

Due to the permeability of the outer membranes to small molecules, labeling of live
cells can be accomplished by handling them as described for OM samples in Chapter 2. To
perform an HDX study of OMPs labeled in live cells, however, an important rearrangement in
the order of several steps would be required. This rearrangement would in turn necessitate

further changes to mitigate the resulting increase in back exchange. Instead of obtaining
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peptides immediately after labeling, peptides should be generated on the inner surface of the
OMs after lysis and OM isolation. This is because pepsin is too large to diffuse into cells
and applying pepsin to a total lysate would likely result in excessive unwanted signals from
other proteins.

Can the deuterium label realistically be retained throughout preparation of in vivo HDX-
MS samples? Under optimal quench conditions of 0 °C and pH 2.5, the time constant
for back exchange of BtuB’s amino terminal 23 residues is approximately 3 hours [255].
Theoretically, this time should allow for retention of detectable levels of label throughout
the OM preparation process used in Chapter 2. Practically, however, even transient heating
by a few degrees can dramatically shorten the window during which label is retained. For
this reason, a more rapid protocol with fewer steps is desirable. Ideally, the time between
the end of the labeling period and pepsinization should not exceed one hour, to keep over
60% of the label on the proteins during sample preparation. Back exchange in our protocol
which has labeling followed by pepsinization of OMs is about 25%. For example, a sample
labeled in 90% D solution, which has retained 60% of the label until this point, will still
be 40% deuterated at the longest time points. Additionally, if the outer membrane confers
protection to unfolded sequences, then even acid-denatured segments of labeled OMPs will
have a reduced rate of back exchange.

Reproducibility will also become a larger concern, as incubation times at different stages
will have different effects on label recovery, since back exchange will be allowed to proceed
for different amounts of time. Whole cell samples should therefore be frozen after labeling.
Once a batch filtered peptide samples is ready for injection, it can be re-frozen so that back
exchange is not proceeding while the samples are sequentially analyzed. Serialized sample
handling is acceptable when the steps are short, but to ensure good reproducibility as many
steps as possible after the labeling should be parallelized.

A critical feature of any protocol for extraction of labeled OMP peptides from whole cells

is that lysis should still be separated from pepsinization by at two ultracentrifugation steps
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so that no peptides are produced from cytosolic or inner membrane proteins. If sarkosyl
is added directly to the lysate, then inner membrane proteins will become dissolved and
only cell debris and OMs will pellet. In this way, a low-speed spin (e.g., 10 minutes at
6000 x g) can be used to separate the cell debris (and acid-precipitated proteins), and then
the supernatant would once again be centrifuged to pellet outer membranes (this time for
20-30 minnutes at 40,000 x g). Resuspension of this second pellet would give a solution to
which pepsin could be added to generate the labeled peptides. We harvested total and outer
membrane pellets by ultracentrifugation for two cycles 60 minutes each, but this long time
(and the repetition of each harvesting step) was chosen to optimize for sample yield and
purity, rather than minimizing back exchange. A single 30-minute step should be sufficient
to give measurable signals and keep the total sample preparation protocol under an hour in
length while allowing 15 minutes each for lysis and OM pellet resuspension. Additionally,
lysis may be carried out by cryomilling to minimize the contribution of this step to back

exchange [256].

4.2.8 Non-structural protection factors in outer membranes

OMPs embedded in the OM may serve as a novel system to test the relative contributions
of the effects discussed above to measured protection factors. Solvent exposure and local
electrostatic effects, which have not been strongly supported as contributing to protection
factors in solution, may be especially pronounced in the OM. Hydrogen bonding to pepti-
doglycan, on the other hand, which we consider to likely be the dominant effect, may be
manipulated according to established approaches.

A first step to test the issue involves examination of the HDX of BtuB’s well-behaved
amino terminal peptides in OM preparations that have altered or reduced peptidoglycan. F.
coli has been shown to remodel its peptidoglycan by introducing additional crosslinks when
biogenesis of the outer membrane is perturbed [257]. With a strong enough perturbation, the

effects of altered peptidoglycan structure might be manifested as altered protection factors in
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the amino terminal region of BtuB in the B12-liganded state, or even elsewhere. For example,
a strain of E. coli displaying peptidoglycan on its extracellular surface has been identified
[258], which might induce analogous environmental protection effects for peptides whose
exchange proceeds via exposure to solvent on the extracellular side. Potential expression
differences between the three biological replicates presented in Chapter 2 did not appear to
cause differences in protection factors, but it is possible that deliberate and more extreme
perturbations could. Our study employed a single treatment with lysozyme adapted from
standard protocols used for soluble protein, though many other cell wall hydrolases are
available [259]. The level of PG digestion in our experiments was unknown. Employing
combinations of hydrolases to digest the peptidoglycan more completely might reduce the
maximum observed environmental protection. Alternatively, deletion, mutation or altered
expression of Braun’s lipoprotein [260] can affect OM properties, and preparations from FE.
coli manipulated in this way may have different OM environmental protection factors. Our
technique is largely agnostic to sample composition as long as the denatured plug domain
sequence is accessible to soluble proteases. A simple approach would be to screen for altered
sequestration of BtuB’s plug domain. Figures 2.18-2.23 show perturbed digestion as a
function of different i) detergents used to solubilize the protein, ii) denaturant concentration,
iii) and temperature. Because the sample preparation process is relative short and not labor
intensive, conducting tests of digestion efficiency and preliminary uptake measurements in
a variety of OM contexts is likely to be feasible. The expression density in our system
was sufficient to allow for large dilution factors, enabling high %D fractions in labeling
experiments, so signal strength should not be a hindrance even if expression levels drop
several-fold due to genetic manipulations of the host organism.

Another way to investigate the environmental effects of the outer membrane on HDX
would be to express constructs of BtuB which lack the plug domain and use them as a
substrate to which reference peptides can be affixed. I have confirmed significant secondary

structural content of such plugless BtuB constructs inspired by early work on FhuA [84].
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Though the simplest approach would be to replace the plug sequence, the lack of native
cysteines in BtuB offers another possibility. A single cysteine could be mutated into a
residue on the inner surface of the barrel and used as a site for attachment of reference
peptides or small molecules.

In summary, a variety of protein engineering approaches could be combined with HDX
to investigate the chemical and steric effects imposed by the native OM environment, using
BtuB as both a reference with a large, easily controllable response, and as a scaffold for

attachment of new probes.
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