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Abstract

In order to fully understand the function of a protein its native environment must be taken
into account. Native membranes contain many unique features inaccessible in reconstituted
systems that may greatly influence membrane protein function. Despite its importance, an
unrealized goal in structural biology is the determination of structure and conformational

change at high resolution for membrane proteins within the cellular environment.

BtuB, the Escherichia coli outer membrane TonB-dependent cyanocobalamin transporter
has been widely studied but its transport mechanism is not fully understood. TonB
dependent transporters are essential for the success of many pathogenic bacteria, making
these interesting targets for new antibiotics. These proteins are a family of outer membrane
B-barrels that Gram-negative bacteria use to transport essential nutrients such as vitamin
B12 or iron. Although high-resolution crystal structures have been obtained for many of
these proteins, the mechanism of substrate transport is still unclear. The outer membrane
environment is low in free reactive cysteines and thus provides low background signal for

Double Electron-Electron Resonance (DEER) measurements

DEER is a well-established technique to follow conformational changes in purified
membrane protein complexes. This work details the development of DEER in whole living
cells and intact outer membranes. Our approach avoids detergent extraction, purification
and reconstitution usually required for these systems. With this approach structure,
function, conformational changes and molecular interactions of outer membrane proteins

can be studied at high resolution in the cellular environment. We then observe and



iii
characterize conformational changes in the second extracellular loop of BtuB upon ligand
binding and compare the DEER data with high-resolution crystal structures. These

comparisons reveal that ligand binding in whole cells is reflective of previous studies done

in reconstituted systems.

Finally using the native-system DEER technique we show that signaling also occurs from
the periplasmic to the extracellular surface in BtuB. The binding of a TonB fragment to the
periplasmic interface alters the second extracellular loop to create a more open loop
configuration, and it diminishes the affinity of BtuB for substrate. This work demonstrates
that the Ton box and the extracellular substrate binding site are allosterically coupled in

BtuB, a feature that appears to be critical to the TonB-dependent transport mechanism.
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Chapter 1: Introduction

1.1 Significance

Proteins are arguably the most important class of macromolecules; they perform a range of
diverse functions and are responsible for all the reactions that make life possible. Due to
their importance, proteins have been widely studied, and many protein-related
breakthroughs have won Nobel prizes. One major subfield of proteomics that has been
poorly represented in literature is membrane proteins. One third of cellular proteins are
thought to represent membrane proteins.! Membrane proteins are thought to be the target
of over 60% of all pharmaceutical drugs.? However, only 1.5% of the structures deposited
into the protein data bank represent membrane proteins. Since the first membrane protein
sturcture was deposited in 1985, 518 unique membrane protein sturctures have been
deposited. This growth, while promising, has been much slower than predicited as recently

as 2005.3

One hurdle to better understanding of the structure and mechanisms of action of membrane
proteins is the complex membrane itself. This poorly understood environment is very
dynamic and heterogeneous, showing domains and charged regions similar to those found
in the most complex proteins.* The function of membrane proteins has been proven to be

greatly affected by lipid composition and membrane curvature.®®

In order to properly study membrane proteins, both the protein and lipid have to be taken
into account. Finding techniques that are able to accurately examine the protein in detail

without being severely impacted by the membrane has been a very large challenge. The



two most commonly used techniques for the structural characterization of soluble proteins,
X-ray crystallography and Nuclear Magnetic Resonance Spectroscopy (NMR), have been
known to struggle with reconstituted proteins. X-ray crystallography has long been the
most utilized method of obtaining protein structures, but these structures suffer from X-ray
damage and limited solvent choice. Furthermore, limited conformers and tricky ligand
refinement procedures limit the completeness of this technique.”® NMR has filled in some
of the gaps left by X-ray crystallography but struggles with large membrane proteins due
to overlapping peaks requiring complex peak assignment procedures and reduced data

quality due to rapid sample relaxation.®

1.2 Cell Membranes and membrane proteins

The membrane is the medium or solution in which membrane proteins exist. The little work
that has been done to understand lipid-protein interactions has been largely driven by
crystal structures. Furthermore, it is known that soluble proteins are greatly affected by the
solvent and understanding solvent-protein effects has been the topic of many studies.%*
It is no surprise then that the composition and curvature of the membrane environment has
long been implicated as very important to proper protein function.'? The lipid environment
can affect proteins in two different ways. The first would involve lipid based modulation
of the character of the membrane as a whole; this tuning might produce the right membrane
physical parameters for membrane protein function. The second way lipids might modify
proteins is through a direct lipid-protein contact or binding. Both interactions are likely

play a critical role in proper protein dynamics and 3D fold. The cellular membrane is very



complex and heterogeneous, whether it’s a cytoplasmic membrane of a eukaryotic cell, the

inner or outer membranes of E. Coli.

Gram negative bacteria have two membranes, the cytoplasmic membrane (CM) and the
outermembrane (OM) (Figure 1.1). These two membranes are separated by a 15-20 nm
aqueous space called the periplasm. The periplasm contains peptidoglycan as well as a
diverse complement of proteins that protect the cell from lysis and increase cell rigidity.™
The OM also provides the bacterium with resistance to many components of the host
immune system, such as lysozyme and leukocyte proteins, as well as digestive enzymes
and bile salts.* The outer leaflet of the OM is dominated by lipopolysaccharide. These
lipids possess a long string of sugars that form a very effective barrier to small hydrophobic
molecules.’™>® The OM is the main reason that these families of bacteria are able to
colonize harsh environments; the antibiotic resistant nature of this barrier further enhances

the efficacy of these pathogens.
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Figure 1.1: The membranes of a gram negative bacterial cell. Here the outer membrane is
shown in great detail populated with membrane proteins and large amounts of
lipopolysaccharide (LPS). Figure taken from Poinsot el al (2012).1

Cell membranes are comprised of lipids that vary in chain length, charge and head group
hydrophobicity. Cells contain hundreds of different lipid species that are usually grouped
by head group and chain differences. In phospholipids, the polar head group at the sn-3
position of the glycerol defines the type of lipid. Some examples include
phosphatidylcholine, inositol, serine, ethanolamine or simply unmodified, phosphatidic
acid.1”® Beyond the approximately 1000 lipid species that have been discovered in cell
membranes, computer models have shown that tens of thousands of combinations are
possible.® This lipid diversity and large size make these membrane systems very difficult
to study using most techniques. Biological membranes are complex, they function much
the same as two dimensional fluids would. These amphipathic barriers host a high density
of proteins and carbohydrates and are very heterogeneous on various time and length

scales.?® Many studies have been performed to show how specific and important protein



lipid interactions are. Based on lipid mobility measurements lipids were foundto exchange
from the protein surface to the bulk lipid in fluid bilayers at a rate of 107 s, indicating
these proteins exhibit transient interactions with many lipids. Interactions on longer
timescales have also been observed.?* The transmembrane flux of a fluorescent dye in lipid
vesicles has been shown to increase when concentrations of phosphatidylglycerol,
phosphatidic acid or cardiolipin increase due to a direct hydrogen bond formation and not
curvature changes.?>% The anionic lipid phosphatidic acid has been shown to form stable

micro domains around the nicotinic acetylcholine receptor.?42

The outer membrane specific lipid LPS (Figure 1.2) are described as heat resistant,
endotoxic components of Gram-negative bacterial cell walls that consist of conserved and
highly variable regions.?”?® Modifications to LPS such as O-glycosylation have been
shown to modulate the activity of a major auto lysin in species of lactic acid bacteria.?®
Immunological studies of H. pylori show that LPS lipid A molecules mimic host cell
antigens and thus keep the pathogen invisible to immune cells.*® There are also many
proteins that are soluble but possess known lipid binding or associating domains. Lipid
anchored proteins found in the cytosol have lipid attachment moieties and can sometimes
partition into bilayers.3}® These studies leave the question of how these interactions take
place at the lipid-protein interface. Is it simply a non-specific van der Waals interaction or
one of that involves specific charges? Questions like this mirror ones that are seen in
soluble proteins, where solvent choice and solute concentration has been shown to be

quintessential.3*
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Figure 1.2: Lipopolysaccharide molecule. LPS is a lipid molecule specific to the outer
membrane of Gram negative bacteria and undoubtedly plays a big role in function of the
proteins that reside there. Figure taken from Reyes et al (2012).%°

Currently we are only beginning to understand membrane protein function, and
understanding that function in the context of the lipid environment is a key aspect of our
current studies. Crystal structures of membrane proteins have been achieved but of the over
75,000 crystal structures only 1635 are of membrane proteins.® This is particularly
troublesome as an estimated 20-30% of all genes in genomes code for transmembrane
proteins.®* These membrane protein crystals are almost all in detergent; while most
detergents are mild and allow for some protein function, not much is known about the
perturbation this non-native solvent produces. Crystallography can only provide limited

information on dynamics or structural fluctuations and thus often provides just a starting



point for deeper studies into protein function. NMR has been used to study lipids and
proteins but due to the large size of the membrane protein complex it is frequently poorly
suited to study them together. The rare studies that have been done still require a detergent
based environment which may obscure contributions from membrane-protein

interactions.36:%7

In silico studies have made substantial progress toward better understanding of lipids and
membranes as well as protein movements within these environments.® This powerful
technique has been applied to outer membranes and B barrels, and in many ways, these
simulations have guided direct experimental work.®” Computer based modeling does suffer
from short simulation times and force field design problems. Other techniques attempting
to shed light of this problem include time-resolved fluorescence microscopy**“2 and 2D

Infared spectroscopy.*4°

EPR is uniquely positioned to study these systems because the timescales of protein
backbone motion and sidechain rotation are well within the EPR timescale. In fact, EPR is
able to access time scales that represent the vast majority of lipid-protein interactions.*®
Currently, a major hurdle in EPR is the transition from detergents and lipids into native
membranes and whole cells. This problem is mainly due to the large amount of free

cysteines on proteins that can be labeled in heterogeneous systems.

Recent advances have resulted in the development of in lipid mimetic environments such
as bicells, nanodiscs and lipid cubic phases.*’° In spite of this, the gold standard remains
the intact membrane and whole cell. There is no substitute of the kind of lipid diversity and

protein density seen in these in-vivo systems.



1.3 TonB dependent transporters (TBDTYs)

Iron is an essential metal that is at the core of many metabolic processes, and bacteria all
use a similar active transport system for the uptake of iron.>® This method of iron uptake
involves a family of outer membranes proteins that couple to and require the inner
membrane protein TonB. They are, therefore, termed TonB-dependent transporters
(TBDTSs). The expression levels of many proteins involved in iron uptake are regulated by
the external iron concentration.® Other TBDTSs such as the receptor for cyanocobalamin
(CN-Cbl), BtuB, also appear to be regulated by the concentration of substrate.>? Based on
sequence homology, over 98 TBDT proteins have been found across multiple gram
negative bacterial species. The 45 crystal structures of this family that exist represent 12
structurally similar proteins.>® Most of these proteins transport iron chelating molecules
but cobalt and nickel chelators, carbohydrates and copper complexes are also among the

known substrates for this diverse class of outer membrane proteins.>

The TBDT family is comprised of selective outer membrane pores that transport large,
scarce, and important molecules that are very tightly controlled by host organisms. >’ In
the cytoplasmic membrane active transporters employ ion gradients or adenosine
triphosphate (ATP) hydrolysis. The OM does not have an energy source, so in order to
achieve selective uni-directional transport, the electrochemical potential of protons or
proton motive force (PMF) from the inner membrane is transduced by the periplasm
spanning inner membrane bound protein TonB. This protein also interacts with the inner

membrane proteins ExbB and ExbD (Figure 1.3). These two proteins are essential for



transport and are thought to harvest the PMF from the CM and use it to drive the energy

dependent TonB cycling steps.

o Ligand

Ton box

Peptidoglycan

Figure 1.3 TonB Dependent Transport system and proposed transport cycle. Figure
adapted from Freed et al. (2013).%8A) TonB is driven into a dimeric state by the proton
motive force transduced through the inner membrane proteins ExbB and ExbD. B) This
kinetically trapped state associates with the peptidoglycan layer.%® When substrate binds
and the Ton Box is presented C) TonB binds to the green beta barrel as a monomer and is
then able to provide energy for transport of the ligand.

All TDBT proteins are comprised of three domains; the 22-stranded p-barrel, a hatch or
plug domain, and the TonB interacting domain or Ton Box. Each transporter in this family
has outer loops of varying lengths. These loops may be used to help bind and draw
substrates to the transporter interface. They then may close over the barrel during transport
allowing for unidirectional transport. The hatch domain is 130-150 resides in length

comprised of both a-sheets and f-sheets. The motions of this plug have long been a source
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of study. In order for the large metal complexes like cyanocobalamin to pass through the
barrel, the plug domain has to create a pore or dissociate from the barrel. An analysis of
water molecules at the interface of the barrel and plug has revealed a highly solvated plug.
This has been shown to be true for BtuB, FhuA, FecA and FepA.°” The mechanism of this
pore formation is not fully known but has been hypothesized to either include a transient
rearrangement or partial unfolding. The Ton box is a highly conserved N-terminal sequence
found in this family of transporters. The consensus sequence of the ton box is
D/ETXXVXA, where X is a small hydrophobic residue.>® Studies of many members of the

TBDT family directly show that TonB does in fact bind to the Ton box.%-62
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Figure 1.4 Crystal structure of BtuB co-crystalized with the C-terminal portion of TonB.
The protein is oriented like it would be in the outer membrane with the bound vitamin B1>
(cyanocobalamin) shown as red spheres. The B-barrel of BtuB (residues 138-594) is shown
in orange, the hatch or plug domain is in green (residues 14-137) and the Ton box in blue
(6-13). The first 5 residues did not crystallize due to fast motions of this segment. The
TonB C-terminal domain (residues 153 to 233) is shown in magenta. Figure taken from
Shultis et al. (2006).%*

TonB is a 239-residue periplasm spanning protein that is anchored in the inner membrane
and is comprised of three domains. The first 32 resides comprise a cytoplasmic helical
transmembrane anchor. This segment is likely responsible for TonB responses to PMF via
the essential residues Serl6 and His20, probably through its interactions with ExbB and

ExbD. The interactions with ExbB and ExbD are likely not controlled by ionization

changes in H20 of TonB, because the His20N mutant is still viable.®® This 33 residue
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segment can be modeled as an a-helix. The next domain is responsible for TonB rigidity
and allows for easy transit through the periplasm. It consists of a 36 residue proline rich
linker comprising of (EP)s and (KP)s repeats, followed by another extended region
spanning residues 103-149. EPR and circular dichroism (CD) studies have shown this
whole domain exists in an extended polyproline H helix.%* Polyproline helices are used by
many proteins and are the ideal structure to provide a rigid structure to TonB so that it
might transit the periplasm.®® Residues 150-239 make up the C-terminal domain that is
responsible for association with the B-barrel transporters. Crystal structures of this domain
have been obtained using X-ray crystallography®® and NMR spectroscopy.t” These
structures are identical to a root mean squared deviation (RMSD) of 0.9A, both show three
stranded antiparallel B-sheet and two a-helices. There is controversial evidence about a
dimeric form of the fragment, specifically a 4™ B-strand (B4) that seems to induce
dimerization in the NMR structure at high concentrations. Bioinformatic studies of
bacterial genomes have shown the B4 is not present in most TonB proteins.®® EPR distance
measurements have shown that monomeric TonB is required for the high affinity

transporter-TonB complex.>®

The cytoplasmic membrane proteins ExbB and ExbD are 244 residues and 141 residues,
respectively. While neither protein has been crystallized, protein topological experiments
indicate they are both globular and a-helical.®® In cells, the ratio of the protein complex
is 1 TonB, 2ExbD, 7 ExbB."* The exact roles for ExbB and ExbD are unknown but they
are required to transfer the PMF to TonB in a cyclical manner.”>"® Furthermore ExbB has
been shown to be responsible for PMF dependent changes in TonB,’? and ExbD may act

as a regulator, preventing transport related movements when a PMF is not present.’
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Another theory postulates that in the absence of PMF, ExbD and TonB exist as homodimers
stabilized by ExbB tetramers. When the PMF appears, TonB ExbD heterodimers transmit

the energy for transport.”™

This work details the design and utilization of native environments, whole cells and intact
outermembranes, for the study of membrane proteins. A new technique, double electron
electron resonance (DEER) with two protein bound spin labels in the whole cell
environment is introduced in Chapter 3. This technique is proven to be a viable way of
obtaining intraprotein distances using the BtuB protein, and the distances obtained closely
resemble previous work in reconstituted systems. The main advantage of whole cells lies
in the lipid and protein diversity that may contribute towards the full understanding of
membrane protein structure and function. Chapter 4 shows that we are able to obtain the
first data on protein conformational changes in the whole cell environment with DEER.
This chapter describes more potential uses for the whole cell DEER technique and
increases its appeal for future studies. In Chapter 5 we describe work that utilizes native
systems in the study of the BtuB transport cycle. The binding of TonB to the periplasmic
side of the BtuB protein causes a reduction in the transporter’s affinity for its substrate. We
are able to measure this change in affinity and show that TonB binding does not produce
this effect in mutants which are transport deficient due to a ton box mutation. Finally, we
present a study of BtuB hatch domain stability in Chapter 6. The hatch must reorganize
during transport so the large substrate has room to pass through the transporter. We use
urea denaturation to examine the energetics of unfolding the along the hatch domain of

BtuB.
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Chapter 2: Electron Paramagnetic Resonance (EPR)

2.1 Electron Paramagnetic resonance Theory!?

Electron Paramagnetic Resonance (EPR) spectroscopy is a magnetic resonance technique
that detects unpaired electrons. Free electrons can be found in many natural compounds,
most notably metal binding proteins and free radicals. Free electrons are short lived but are
very important in many enzymatic processes such as photosynthesis, catalysis and
oxidation, to name a few. In site-directed spin labeling electron paramagnetic resonance
(SDSL-EPR), an organic stable free-radical called a nitroxide is incorporated into a protein
though site directed mutagenesis and reaction with a target residue. The following EPR
theory will be presented in the context of these nitroxides, although many concepts are

general and may be applied to any unpaired electron.
2.1.1 Zeeman Interactions

The spin magnetic moment can be described by its relation to spin angular momentum S:

w= gpS (2.1.1)

where g is the g factor for an unpaired electron and f is the Bohr magneton. The g factor
is a measure of the magnetic moment of a particle (section 2.2). For a lone electron the g

factor has been shown to be 2.0023. The Bohr magneton is represented as:

eh

g =" (2.1.2)

T 2mc
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In equation 2.1.2 e is the charge of the electron and m is its mass. h is Planck’s constant

divided by 2 and c is the speed of light.

A signal is produced during an EPR experiment when transitions occur between quantized
Zeeman energy levels in the presence of an applied magnetic field. These quantized energy
levels are a result of the interaction between the spin magnetic moment p and the magnetic

field B and can be expressed by the following Hamiltonian operator:

H=-u'B (2.1.3)

Substituting i from equation 2.1.1 into 2.1.3 we get

H=gpS" B (2.1.4)

The quantized angular momentum is taken along the z direction, thus the Hamiltonian in

the z direction is:

H=gBS: - B; (2.1.5)

The electron spin angular momentum in the z direction is expressed by the operator S..
Since the system is comprised of only a free electron the eigenvalues for the Hamiltonian

are ms + ¥2. Making the energies of the system:

E =+ %gpB (2.1.6)

And the difference between the energy levels

AE = gpB (2.1.7)
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Expressing this according to the Bohr condition, AE=hv the expression becomes:

hv = ¢pB (2.1.8)

The frequency at which the electron spin p precesses about H is known as the Larmor
frequency and can be expressed in terms of electron gyromagnetic ratio yeand the angular

frequency o:

Where ® = 2nv and ye= gf/ h. When the Larmor frequency is met the Zeeman transitions

are observed in the resulting EPR signal.

The g-factor for a free electron is known with a great deal of accuracy, it has a value of
2.0023193043622. There is a deviation that occurs when the free electron is stabilized into
a radical. This change is due to the unpaired electron interacting with local magnetic fields

produced by other atoms. The new Bess felt by the electron is:

Bett = B(1 — o) (2.1.10)

Here o represents the local field contributions. So the resonance condition becomes

hv = gBB(1 - o) (2.1.11)

This quantity g(1 — o) can simply be expressed as g, the nitroxide g factor. The local

magnetic field contribution can be positive or negative.
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2.1.2 Nitroxide Hyperfine Interactions

A simple unpaired electron would produce only one transition but this unpaired electron is
localized onto the 2p morbital of the nitrogen atom. Due to the fact that the lone electron
is on this nitrogen a hyperfine interaction between the electron and nucleus produces three
transitions. This nitrogen nucleus has a spin of 1, this results in the spin quantum numbers
miare 1, 0 and -1. And transitions at each represented by AE1, AEo, and AE-1 as shown in
Figure 2.1. These three transitions result in a spectrum as seen in figure 2.1.1 b. The
electron-nuclear interaction stems from two sources. The first is the Fermi contact which
arises from an isotropic interaction. The second interaction is anisotropic magnetic dipole-
dipole. Both of these terms are combined into the hyperfine tensor A, however the dipolar
component dominates this interaction. The relationship of S and I, the electron and nuclear
spin angular momentum respectively, in this hyperfine interaction is represented by the

Hamiltonian:

H=S-A-I (2.1.12)

Adding this hyperfine interaction to the original electron spin Hamiltonian:

H=gBS B+S-A-1 (2.1.13)
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a A
m=1
m,=0
m,=-1
m.=+%
E
mg=-%
m,=-1
m,=0
m=1
>
B
b mi=1 mi=0 mi=-1

Figure 2.1 Nitrogen Hyperfine Interaction. a) The electron magnetic moment interacts with
the nitrogen nuclear magnetic moment results in the hyperfine interaction. This interaction
results in three transitions, one for each nuclear quantum number m;= 1, 0, -1. b) Each
transition AE1, AEo, AE.1 can be detected and when converted to the first derivative results

in a characteristic CW-EPR lineshape
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2.1.3 Spin magnetic frame*?®

The EPR spectrum is highly dependent on the orientation of the spin label in the magnetic
field. This results in spectral anisotropy in both the Zeeman and hyperfine tensors. Each
tensor, g and A respectively are represented by a 3 by 3 matrix that is diagonal in the
magnetic frame (Figure 2.2). These tensors are highly dependent on environment of the
electron therefore, A and g tensors for a given spin label and environment can only be
accurately determined using multiple EPR frequencies and/or extensive simulations.® For
the spin label, S-(1-oxyl-2,2,5,5-tetramethyl-2,5-dihydro-1H-pyrrol-3-yl)  methyl
methanesulfonothioate (MTSL R1), in solvent exposed sites the magnetic parameters are:

gxx = 20089, gyy = 20050, and gzz = 2.0023 and Axx = 62, Ayy =59 and Azz = 37.5’7

Figure 2.2 Nitroxide spin magnetic frame. The three principle axis of the nitroxide
magnetic frame are shown. Zn, is parallel to the nitroxide p, orbital and the N-O bond lies
along the Xm axis. In this figure carbon is green, oxygen is red, nitrogen is blue and sulfur
is yellow. (Figure adapted from Freed. D. Thesis)
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2.2 Nitroxide and Site Directed Spin Labeling

Unpaired electrons are normally very reactive and are not normally present in proteins or
other macromolecules. In site-directed spin labeling, the molecule most often used is
MTSL (Figure 2.3) although other labels based upon nitroxides and other stable free

radicals have been used.

| |
NH

SS0,CH, NH R1
¢ >(=§ 0=¢ ————
HC-CH,SH  + N — HC-CH,S8
0=C 0=C N

| MTSL | Ve

Figure 2.3 Diagram of the spin labeling reaction. The disulfide reaction of the amino acid
cysteine with an MTSL molecule to form the EPR probe MTSL. The dot on the N-O bond
indicates the free electron.

As seen in figure 2.3 MTSL reacts with cysteines on proteins to form the R1 group. This
reaction is specific and spontaneous under normal laboratory conditions.” R1 is about the
size of a large aromatic amino acid such as tyrosine or tryptophan. The labeled side chain
R1 can generally be incorporated into proteins without perturbing their structure, although
the stability of the protein can be altered when R1 is placed within the protein interior.8 In
addition to g and A tensor effects described above, lineshape is affected by the polarity of
the environment due to the nitroxide resonance forms. The neutral form [N — O] is favored
by nonpolar solvents while the zwitterionic resonance form ['N* — O] is favored when the

solvent is polar.® Spin labels have also been developed that are rigidly fixed to a protein
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backbone, that are sensitive to pH and that can be incorporated into nucleic acids. Amino

acid spin labels that can be directly synthesized into a protein have also been developed.?

2.3 Lineshapes and spin label dynamics

R1 is most often used because it is small, bonds specifically to free cysteines and is
sensitive to motions of the protein, specifically those that occur in the nanosecond time
scale: rotational diffusion of the protein, bond rotation of the spin label and protein
backbone fluctuations. The rotational diffusion of the protein is not important for any
protein larger than 40kDa, and viscous solutes such as sucrose can be used to slow the

diffusion of smaller proteins.!!

2.3.1 Relaxation

Interactions between the nitroxide and its surroundings limit the lifetime of spin states. The
Bloch equations describe relaxation of spin states, and a brief overview of the main
components of this set of equations is presented. Here a number of spins N is considered
in the magnetic field H. The spins separate into two populations where N, spins are in the
state o and Ng are in the state . Spins populate these energy states according to a

Boltzmann distribution equation:

Na _ﬂ

G e M (2.3.1)

Where N, and Ng are the populations of the ms = -%2 and ms = +% Zeeman levels,
respectively, T is the temperature and k is the Boltzmann constant. Net absorption of

energy in the presence of an external magnetic field occurs because there is a slightly larger
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particle population in Ng at thermal equilibrium. The spins have a bulk magnetic moment
represented by M. M is a combination of all the individual magnetic moments L, thus we

can represent the z component of the magnetic moment as:
M; =X = yeh(Ny— Np) = yehn (2.3.2)

Here n = N, — Np. After the external magnetic field is removed the spin population

difference n relaxes back to equilibrium exponentially by:

on_ (2.3.3)

dt Ty

T is the spin-lattice relaxation time and describes relaxation in the z direction. Since M. is

proportional to dn:

My = M (2.3.4)

dt Ty

In the presence of a magnetic field M, decays to an equilibrium value Mo after the time Tj.

Mo is proportional to the magnetic susceptibility y:

_ (Nye?1%s)

235)

Therefore relaxation in the z direction or spin-lattice relaxation can be expressed by

equation 2.3.6:

%_ _(MZ_MO) (236)
dt Ty o
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The transverse relaxation time T is relaxation in the Myand My directions. This can be

expressed as:

dMy _ —My

praali=s (2.3.7)
And

amy _ —My

el (2.3.8)

Experiment has shown that for a nitroxide on a peptide T is about 3 us'? and T is about

30 ns.™® These data lead to the conclusion that in general T2 is much smaller and so would

dictate the total line width. In fact the line width is on the order of le .
el2

There are several factors that affect line shape. They can most easily be broken down into
relaxation and non-relaxation effects. Non-relaxation effects such as proton hyperfine
splitting contributes to broadening the intrinsic line shape by about .1 to .4G.}41
Relaxation effects can change the T1 or T2, however the linewidth is almost exclusively
driven by the shorter T», the T broadening does not show up in the line shape. T is affected
by spin-spin interaction such as spin diffusion. The oxygen dissolved in the sample can

also homogenouly broaden a line shape by about 150 mG.1®
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The final and most important aspect of line shape is its response to molecular motion, that
is, nitroxide motion with respect to the magnetic field. The speed of this motion or the
rotational correlation time, 1, is related to the average time in which a molecule moves in
any given direction'’. When working at X-band, rotational, correlation times greater than
50ns give a rigid limit line shape. tr Smaller than ~1ns produce a completely motionally
averaged line shape representing the fast motional limit of this technique. Another
important measure of nitroxide motion is the order parameter S. Using the “wobble”
model*®, the order parameter measures the amplitude of motion of the spin label moving in

a cone with maximum angle 6 about the Z-axis.
S = 2(3(cos®*0) — 1) (2.3.9)

The values of S range from 0to 1, at S= 1, 6 = 0° and all motion is completely restricted.
When S =0, 6 =90°and all motions are allowed indicating a completely free motion of the

label.

2.3.2 Regimes of nitroxide motion

The three regimes of motion for a nitroxide include rigid limit, isotropic limit and
intermediate motion. Fast and isotropic limit motions are defined by rotational correlation
times that are faster than 500ps for X-band. In this time regime, relaxation effects are
negligible as the magnetic parameters are almost completely averaged, and the speed of
nitroxide reorientation is too fast to be broadened by transverse relaxation effects. This
type of motion can be simulated by the time dependent effective Hamiltonian. At the rigid

limit of motion the nitroxide is frozen on the EPR timescale and the resulting spectra are
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indistinguishable from a crystal crushed into powder. All orientations are represented in
this very broad spectrum. The final regime of motion encompasses tr < 50ns and tr > 2ns.
This type of motion includes a large variety of motions and can be simulated by the

Microscopic Order Macroscopic Disorder Model (MOMD).*®

2.4 Pulsed EPR to determine intraprotein distances

One of the most powerful and most commonly utilized applications of site directed spin
labeling EPR is double electron-electron resonance (DEER) spectroscopy. This technique
selectively measures pairwise couplings between electrons spins. The power of this
technique comes from its ability to measure spin couplings, allowing distance information
to be extracted. The DEER experiment produces a signal that decays over time. This
technique was first introduced by Milov et al?®?! and was later extended to the four pulse
sequence used currently in commercial spectrometers by Pannier et al.?? DEER is widely
used to study macromolecular distances between 1.8 and 8 nm.?3?* DEER is used to study
both soluble proteins® and membrane proteins?®. Constraints obtained from this technique
have been used to determine changes to protein structure that can’t be obtained using
crystallography.?” Unstructured proteins are also good targets for this technique especially
because they are normally too flexible to crystallize.?® DEER is unusually amenable to
diverse environments and whole cell DEER experiments have been pioneered, first with a

gadolinium spin label?® and then with a nitroxide spin labels incorporated into the protein.3°
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DEER measures the dipole-dipole interaction between unpaired electrons. A pair of
coupled spins, S1 and Sz, are shown in figure 2.4. Their distance and orientation relative to

the magnetic field are given by an inter-spin vector.

Figure 2.4. Diagram of spins coupled in a DEER experiment. S; and S; represent a pair
of electron spins are separated by a distance ri2 in the z axis. Bo represents the direction
of the magnetic field.

The dipolar coupling, a, depends on the distance between the spins:

a(r, 0) = wq (1 — 3c0s20) (2.4.1)
Where wq is the dipolar frequency and is described by:
2
o0 = 2mvg = X7 (2.4.2)

During the DEER experiment the pulse sequence consists of pulses at the observer

frequency, o1 followed by a time variable inversion pulse at the pump frequency, .. The
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second 7 pulse at the observer frequency refocuses the inhomogeneous broadening

allowing the DEER echo to be measured (Figure 2.5).

TU T DEER Echo
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Figure 2.5 The DEER pulse sequence. The DEER pulse sequence is comprised of four
pulses. The spins at w1 are coupled to those at w2 in a dipolar interaction that is dependent
on distance. Varying the timing, t, of the m at the pump frequency modulates the DEER
echo intensity as a function of this dipolar coupling.

The DEER experiment aims to extract the dipolar frequency wq from the other magnetic
components of the electron. This is achieved by first applying a /2 pulse at w1, which tips
the magnetization into the xy plane. The S: spins precess at o1 and start to dephase after

the pulse ends due to transverse relaxation and inhomogeneous broadening. This

dephasing leads to echo attenuation by a factor e ~2k(*1+ 72) Here the decay constant k=

1

P— and depends on S; transverse relaxation time and instantaneous diffusion Kip =
281 1D

c1Ki. The concentration of S;spins is given by c1 and K is related to the length of the
observer m pulses.?® The inversion of S; spins increases the frequency of a fraction A of Sy

spins by wq. The frequency of the S; spins is now ®1 + %2 @d. A is the fraction of Sz spins
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coupled to the S: spins that are excited by the 7 pulse at w2, which is always less than 1.
During the DEER experiment we adopt certain assumptions. First the exchange coupling
between spins is neglected and spins S1 and Sz, are assumed to be quantized along the

magnetic field. This allows us to modify equation 2.4.1 to
O¢= r% (1 — 3cos?0) (2.4.3)

where C is proportional to the g values for the two spins in the system. Next a  pulse is
applied at the observer frequency. This flips the spins by 180° into the — z axis resurrecting
the signal by refocusing the S1 spins. This results in the undetected Hahn echo. This signal
is not detected because the high energy kW pulses would damage the nW detector. As the
S1 spins in the —z axis again begin to dephase, an inversion « pulse is applied at the pump
frequency. This changes the dipolar contribution experienced by the Si spins from + wq/2
to — wa/2. The final 7 pulse at the observe frequency produces a DEER echo that is a
function of the dipolar frequency, wq, and the phase lag of the S; spins which is dependent

on the timing, t, of the « pulse at the pump frequency.

Using equation 2.4.3 we can express the amplitude of the DEER echo as a function of time

t as:
V) {1-2[1-55 (55 (1 - 3cos?6)t) d cos O]}B(1) (2.4.4)
B (t) is the background form factor and is expressed by equation 2.4.5

B(t) = e~c2Knt"" (2.4.5)
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D is the fractional dimension which contains information on S2 homogenous spatial
distribution. For membrane proteins in liposomes D = 2.3? This background form factor is
not analytically known and so the background must be fitted to the raw signal and
subtracted to extract distance information. This distance information is encoded as a cosine
function of the DEER signal. Information about the width of the distribution of distances
can be extracted from the amplitude of the signal oscillations after the initial decay. This
distribution is very valuable because unlike other techniques DEER data allows us to not

only get the main distance but also the relative populations of minor distances.
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Chapter 3: Distance Measurement on an Endogenous
Membrane Transporter in E. coli Cells and Native Membranes

Using EPR Spectroscopy!”

3.1 Abstract

Membrane proteins may be influenced by environment, and they may be unstable in
detergents or fail to crystallize. As a result, approaches to characterize structure in a native
environment are highly desirable. Here, we report a novel general strategy for precise
distance measurements on outer membrane proteins in whole Escherichia coli cells and
isolated outer membranes. Inthis work, the cobalamin transporter BtuB was overexpressed
and spin labelled in whole cells and outer membranes and interspin distances were
measured to a spin labelled cobalamin using pulse EPR. A comparative analysis of the
data reveals a similar interspin distance distribution between whole cells, outer membranes
and synthetic vesicles. This approach provides an elegant way to study conformational
changes or protein-protein/ligand interactions for large outer membrane protein complexes
in whole cells and native membranes, and provides a method to validate high-resolution

structures of membrane proteins in their native environment.

* This chapter is based on the publication Distance Measurement on an Endogenous Membrane
Transporter in E. coli Cells and Native Membranes Using EPR Spectroscopy. Jospeh, B., Sikora, A.,
Bordington, E., Jeschke, G., Cafiso, D., Prisner, T. Angew. Chem. Int. Ed. Engl. 54, 6196-99
(2015), and has been reformatted to departmental guidelines.
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3.2 Introduction

Membrane protein function often depends upon local and global motions that occur over a
wide range of time scales (from ps to ms). These motions may be modulated by the
surrounding environment and tools to study membrane proteins under native conditions are
of great value.? However, determining membrane protein structure or dynamics with high
resolution in whole cells is challenging and yet to be demonstrated. DEER is a tool with
the potential to examine conformational changes in biomolecules in the cellular
environment.® DEER enables distance measurements in the 1.5-8 nm range between two
paramagnetic centers with high precision and reliability.*® It is more sensitive than NMR
and there is no size limit to the protein of interest, both important features for in-cell

spectroscopy.

Most biomolecules are not paramagnetic, and for EPR they must be modified with an
appropriate spin label. Generally, labels are attached by covalently linking a MTSL to
cysteines generated by site-directed mutagenesis.® Alternatively, spin probes may be
incorporated using genetic encoding in response to a nonsense codon.”® Both whole cell
labeling of endogenously expressed proteins using MTSL and genetic encoding have been
demonstrated in E. coli.®® Distance measurements using DEER have also been performed
by microinjection of spin labeled RNA, DNA, peptide and ubiquitin into eukaryotic cells.%-
14 However, the application of DEER on an endogenously expressed biomolecule (RNA,
DNA or protein) has not been performed, primarily due to difficulties in obtaining high
expression levels and the difficulties of specific and efficient labeling in a complex

environment.
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Here we introduce a general strategy to make accurate distance measurements on an
arbitrary outer membrane protein in intact E. coli using DEER. Gram-negative bacteria are
surrounded by a cell envelope (CE) composed of an OM and a CM separated by a
periplasmic space containing a thin peptidoglycan layer. The OM is intrinsically
asymmetric and is composed of phospholipids (PL), LPS and numerous [-barrel proteins
that function in transport, signaling, motility, resistance to toxic compounds and membrane
biogenesis.™® The function of many of these proteins requires the presence of a PMF and
an interaction with proteins in the periplasm or the CM. For cysteine labeling with MTSL,
the target protein should lack reactive cysteines or have all the natural reactive cysteines
replaced. Proteins in the OM of bacteria are generally free of reactive cysteines, thereby

minimizing potential sources of non-specific signals.®*®

Here, we chose the high affinity (Kp < 1 nM)*” CNCbl outer membrane transporter BtuB
from E. coli as a model system to determine whether in-cell DEER can be performed on a
membrane protein. BtuB belongs to the TBDT protein family that all require the inner
membrane ExbB-ExbD-TonB complex and the PMF for function. A conserved segment
near the N-terminus of BtuB termed the Ton box acts as an energy-coupling segment and
is believed to interact with the C-terminal region of TonB to release substrate into the
periplasm.'® BtuB has been crystalized in apo-, vitamin Bi2-bound*® and TonB-bound?
states. In these crystal structures the barrel is occluded with a central plug domain and the

mechanism by which substrate is released is presently not known.
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3.3 Results and Discussion

Typically, 200-300 copies of BtuB are expressed per E. coli cell when CNCbl is omitted
from the medium??, which is far below the level required for a DEER experiment (10-50
HUM). Therefore we over expressed WT BtuB and the cysteine mutants 188C and 404C
located on extracellular loops 2 and 7, as seen in Figure 1A and spin labeled the E. coli
cells (termed whole cells) with MTSL. Reaction of the MTSL with cysteine forms the spin-

labeled side chain R1 to produce 188R1 and 404R1 derivatives of BtuB.

WT
apo
apo+CNCbl+Ca®

4 TmT
periplasm

Figure 3.1: MTSL labeling of BtuB in live E. coli cells. A) Spin labeled positions (shown
in space filling model) and the loops carrying them highlighted in green using PDB 1NQH.
The core domain inside the barrel is in shown in red. B) X-band RT CW EPR spectra for
MTSL-labeled E. coli expressing WT, 188C or 404C BtuB using a 20 uL suspension
containing 2x10° cells. For 188R1, the WT control and the apo- samples were measured
under identical conditions for a quantitative comparison. The spectra of 188
apo+CNCbl+Ca?* (100 pM CNCbl + 1 mM CacCly) is scaled to the intensity of 188-apo
sample. Calcium increases the affinity of substrate binding. For position 404, the spectra
are scaled to the same intensity. The arrow indicates the mobile (m) and the immobile (i)
components in the spectra and the asterisk indicates artifacts from sample tubes.

The X-band, 9.4 Gigahertz (GHz), CW-EPR of whole cells is shown in Figure 3.1B and
yielded a two-component spectrum composed of a mobile and an immobile component

(marked ‘m” and ‘i’) for both 188R1 and 404R1. These two components are resolved due
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to their different correlation times and suggests the existence of two distinct modes of R1
motion at these positions in whole cells. When calcium (Ca?") or CNCbl and Ca?* were
added to the E. coli, the immobile components vanish, and for 188R1 the spectra narrowed
as a result of greater averaging of the magnetic anisotropy of R1 reflecting an increased
motion of the loop. This observation indicates that overexpression does not affect the
ability of BtuB to bind the ligand and undergo conformational changes. An earlier study
with 188R1 reconstituted in 1-palmitoyl-2-oleoylphosphatidylcholine (POPC) vesicles
revealed a different line shape and the presence of the ligands reduced loop mobility
(Figure 3.2), showing that the dynamics and conformational changes are modulated by the
surrounding environment 22, Unlike the poor stability of nitroxide spin labels against
reduction observed inside the cells®%2 the signal intensity for both 188R1 and 404R1 was
stable for at least 7 hours when the cells were kept on ice. When WT BtuB was expressed
at levels comparable to the mutants (Table 3.1), the EPR signal was very weak indicating
that most of the signal from the cysteine mutants originated from specific reaction with the
MTSL. In contrast to residues 188 and 404 that face the cell surface, residue 10 in the Ton
box that faces the periplasm could not be labeled in whole cells, likely due to spin label
reduction upon entry into the periplasm. Thus in whole cells, labeling is limited to those

surface-exposed residues with direct access to MTSL from outside.



53

Table 3.1: Calculated labelling efficiency for BtuB cysteine mutants in intact E. coli cells
and isolated outer membranes. Spin concentrations were estimated from the double
integral of the room temperature CW EPR spectrum of MTSL labelled BtuB and the
amount of BtuB was quantified using the TEMPO-CNCbI bound. A 15-20% error is
estimated for the given values of BtuB labelling.

Position [spin, pM] A [BtuB, uM] B! 9% spin labelling®!
WT whole-cell below detection 25 Cys-less control
188 whole-cell 30 29 97%

WT - OM 77 21.5 Cys-less control
188 - OM 100 23 23

404 - OM 100 20 20

EA] MTSL labelled BtuB. [B] Obtained using TEMPO-CNCDbI binding. [C] Calculated as
[B]/[A]) x 100.

apo
apo+CNCbI+Ca*

TmT

intensity [a.u]

Figure 3.2: Cyanocobalamin mediated changes to BtuB loop position 188. 188R1 spectra
in apo-state (black line) and in presence of 300 pM CNCbl and 1.4 mM Ca?* (green)
obtained in POPC vesicles. The data has been published previously.?:
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In addition to whole cells we also isolated CE membranes (OM+CM) following over
expression of the protein. Our attempts to spin label BtuB in these CE membranes was not
successful due to a high level of non-specific labeling. Positions 188 and 404 were tested
and found to have identical spectra to the WT control samples (Figure 3.3A). Previously,
it was shown that sites in the Ton box of BtuB (residues 6-12) could be labeled with the
MTSL in isolated OM preparations.'® Therefore, we prepared isolated OM membranes by
selective removal of the CM with sarkosyl solubilization (see materials and methods).16:*
As expected, removal of CM reduced non-specific labeling (Figure 3.3B). However, the
spectra for 188R1 and 404R1 still contained significant contributions from non-specific
signals, making a direct comparison to the in-cell or POPC spectra difficult. We succeeded
in labeling position 399 on loop7 (see Figure 3.13) and position 10 in the Ton box at the

periplasmic face (see Figure 3.11) for which labeling failed in whole cells.
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A B WT apo
apo+CnCbl+Ca™

188
404
WT

TmT _
1TmT

Figure 3.3: Labeling of BtuB in cell envelope (CE, OM+CM) and isolated OM. A) X-band
CW-EPR spectra in CE. Membranes were isolated from a 1 L overnight culture of E. coli
RK5016 cells expressing WT, 188C or 404C BtuB. MTSL labeling was performed as
described in the materials and methods. The spectra were acquired under identical
conditions for a quantitative comparison. Similar shape and intensity of the spectra for WT,
404R1 and 188R1 samples reveal a large non-specific signal. B) RT CW EPR spectra in
OM. The CM was selectively removed by sarkosyl solubilization and MTSL labeling was
performed on isolated OM. Even after removal of CM, a significant amount of signal
originates from non-specific labeling as evident from the WT control spectrum. Addition
of the ligands (100 pM CNCbl + 1 mM CaClz, the spectra are shifted for clarity) did not
induce any visible changes for 188R1 spectra. For 404R1, the presence of these ligands
induced changes similar to those observed in whole cells.

Non-specific spin-labeling influences DEER distance distributions if the resulting dipolar
interactions are within the measureable range. If the non-specifically attached labels are
far apart or the two cysteines on BtuB are only partially spin labeled, the modulation
amplitude and the signal to noise (S/N) are reduced. Another complication could arise from
overexpression if this promotes protein oligomerization or aggregation. In order to
determine the feasibility of measuring DEER signals in native systems with intrinsic
background signals, a (2,2,6,6-Tetramethylpiperidin-1-yl)oxyl (TEMPO)-labeled
cyanocobalamin (Figure 3.4 A-E and Figure 3.7) was synthesized, which should yield a

specific distance to another spin label on BtuB.
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Figure 3.4: Synthesis and Characterization of TEMPO-CNCbI.
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A) Reaction scheme for the attachment of 4-amino TEMPO to CNCbl, (1355.38 g/mol).
CNCbl and CDT were incubated in DMSO at room temperature (rt) for 30 minutes.
Following incubation, 4-amino TEMPO was added and incubated for overnight at room
temperature and TEMPO-CNCbI (1552.62 g/mol) was purified as described in Materials
and Methods.

B C
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B) The UV-vis absorbance spectra for 50 uM CNCbl and 50 uM TEMPO-CNCbI (after
precipitation, calculated with the molecular mass of TEMPO-CNCbI). Modification of
CNCbl with TEMPO gives some changes in absorbance particularly at the lower wave
lengths. A quantitative analysis by Ase: (calculated with &€ = 27108 cm™*M™* for CNChbl)
revealed that the crude mixture contained only 31.8 puM cobalamin constituting 63.6% of
the total weight. C) CW EPR spectra of the above sample compared to a 50 UM 4-amino-
TEMPO standard. Quantitative analysis of the spectra (by double integration) reveals that
crude reaction mixture contains 27 UM spins constituting 54% of the total weight, which
is lower than the cobalamin content determined by UV. This reduction of cobalamin
content from EPR determination is mostly due to a fraction of TEMPO-CNCDbI existing in
reduced from (see the high performance liquid chromatography (HPLC) data below).
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D) Reverse Phase (RP)-HPLC of TEMPO-CNCDbI preparation (after precipitation) with
detection at 316 nm. Peak at tr = 17.108 (i) is unreacted CNCbl (1355.38 g/mol) as
identified with the standard. Peaks at tr = 28.622 (ii) and tr = 29.157 (iii) are TEMPO-
CNCbl peaks (1552.62 g/mol). RT CW EPR spectra of the peaks (ii) and (iii) are given as
inset. Peak (ii) gave a very weak EPR signal, which most likely comes from small overlap
with peak (iii) during fraction collection. Thus, peak (ii) contains TEMPO-CNCDbI in a

reduced form.

-

- 7
E )

- TEMPO-CnCbl

E) Growth assay for TEMPO-CNCDbl with E. coli cells. E. coli strain RK5016 (argH, btuB,
metE) cells can grow only in presence of methionine or CNCbl. Cells were grown for
overnight on minimal media agar plates containing 0.24% w/v glucose, 150 uM thiamine,
3 mM MgS04, 300 uM CaCl,, 0.01% w/v of Arg and 1 uM TEMPO-CNCbI (peak (iii)
separated from RP-HPLC in Figure 3.4D). Media containing TEMPO-CNCbI could
support the growth of the cells, revealing that modification of CNCbl does not perturb its

function.
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TEMPO-CnCbl binds to both BtuB (Figure 3.5) and the periplasmic binding protein BtuF
(Figure 3.6). Moreover, TEMPO-CNCDbI supported the growth of E. coli RK5016 cells on
minimal media (Figure 4H) indicating that the modification did not significantly disturb
structure and function. Using the binding of TEMPO-CnCbl, we estimated the amount of
BtuB in whole cells and OM (see materials and methods). For whole cells, we could
achieve up to 30 uM BtuB concentration with 97% specific labeling, whereas for the OM

preparations we obtain only 20-25% specific labeling due to a large background signal

(Table3.1).

Figure 3.5: TEMPO-CNChbI structure and binding. A) Structure of TEMPO-CNCbI with
the TEMPO and the bonds to the 5’ carbon of ribose highlighted in red. B) RT CW EPR
spectra of 10 uM TEMO-CNCbl (red) or 10 uM TEMPO-CNCbI + 1 mM CaCl, + BtuB
reconstituted in POPC vesicles (black). The arrow indicates the characteristic resonance
position for the third hyperfine line of free TEMPO-CNCDbI due to its smaller correlation
time and the asterisks indicate artifacts from sample tubes.
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Figure 3.6: Binding of TEMPO-CNCbl with the periplasmic binding protein BtuF. BtuF is
the periplasmic cobalamin binding protein, which delivers the substrate to the inner
membrane ABC transporter BtuCD-F for transport into cytoplasm. The spectrum was
obtained by mixing 40 uM BtuB with 10 uM TEMPO-CNCbI (black). The asterisk
indicates the free (unbound) ligand, which is easily distinguished at the high-field hyperfine
line. The spectrum of free TEMPO-CNCbI normalized to the high-field hyperfine line is
shown for comparison (red). The arrow indicates an artifact from paramagnetic
contaminant in the sample tube.

In a second step, we performed DEER measurements using 188R1 in whole cells, OM
and reconstituted DLPC vesicles after addition of TEMPO-CNCDbI (in 1:1 molar ratio to
BtuB). The presence of 15% [Ds]glycerol significantly improved the spin echo decay

both for whole cells and OM samples (Figure 3.8).
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Figure 3.7: DEER between BtuB188R1 and TEMPO-CNCblI spin pairs in whole cells, OM
and DLPC vesicles. The whole cells or outer membrane preparations contained 25-30 uM
BtuB after MTSL labeling, and DEER was performed after adding an equal amount of
TEMPO-CNCDbI. A) Normalized form factors obtained after intermolecular background
correction of the primary data (Figure 3.9 C-E) with the fittings overlaid (in dotted grey
lines). B) Distance distributions calculated with the DeerAnalysis2013° software using
Tikhonov regularization of the form factors. The Tikhonov regularization parameter o was
set to 10 with a 3D spin distribution. In DLPC, the modulation amplitude obtained is not
directly comparable to the other samples due to the bidirectional orientation and unknown
concentration of BtuB. Even with a large fraction of non-specific labeling (Table 3.1) the
OM sample gave ~8% modulation amplitude. Although devoid of non-specific signals,
whole cell samples as well gave similar modulation amplitudes, which might be due to the
transport of a fraction of TEMPO-CNCDI into the periplasm. The blue line shows the
MMM simulation?® (www.epr.ethz.ch/software/index) for DEER between 188R1 and
TEMPO-CNCDbIl on PDB 1NQH.
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Figure 3.8: Spin echo decay in whole cells and OM. The data were obtained at 50K by
observing at the maximum of the field swept echo at Q-band frequency using a /2 - nt
pulse sequence with 500 ns inter pulse delay, which was increased by 8 ns for 1024 steps.
The grey highlighted area indicates the range of t- values used in the DEER experiments.
The vertical lines indicate the 1/e time, which is approximately equal to the transverse
relaxation time (T2). A reduction of the echo decay rate when TEMPO-CNCDblI is added to
188R1 in whole cells (green) is probably due to a slow relaxation of the TEMPO-CNCbI
in the binding pocket. Addition of deuterated glycerol (D-glycerol) significantly improved
the echo decay for both OM and whole cells.

In the absence of TEMPO-CNCbI, both whole cells and OM gave only an exponentially
decaying signal (Figure 3.9 A,B), demonstrating that overexpression of BtuB does not
cause oligomerization or aggregation and that the non-specific labeling particularly in the

OM results in spins spatially separated by distances longer than 7 nm.
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Figure 3.9: Q-band DEER between 188R1 and TEMPO-CNCDbI in whole cells and OM. A,
B) Normalized primary data V(t)/V(0) from DEER with 188R1 in whole cells and OM
respectively are given on the left with an exponentially decaying intermolecular
background (red lines). Corresponding form factors F(t)/F(0) obtained after removal of the
background with DeerAnalysis2013 software.?® C,D,E) Normalized primary data V(t)/V(0)
from DEER between 188R1 and TEMPO-CNCDbI in whole cells, OM and DLPC vesicles
respectively with an exponentially decaying intermolecular background (red lines). The
corresponding form factors and distance distributions are shown in Figure 3.7.
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In presence of TEMPO-CNCDI, whole cells gave a DEER trace yielding a bimodal distance
distribution with mean values at 2.02 + 0.07 and 2.60 £ 0.15 nm respectively (Figure 3.7).
Despite the dramatic differences in the surrounding environments, the measured distance
distributions in whole cells, OM and 1,2-diauroyl-sn-glycero-3-phosphocholine (DLPC)
vesicles were similar. Remarkably, even with a large amount of non-modulated signals
from nonspecific labeling, OM preparations gave clean DEER traces, confirming that there
is specific binding of TEMPO-CNCDbI to BtuB. To compare the experimental data with the
crystal structure, we computed 188R1 - TEMPO-CNCDbI distance distributions in BtuB-
CNCbl structure (PDB 1NQH) using rotamer libraries calculated for R1% and TEMPO-
CNCDbIl (see materials and methods). In addition to distances seen experimentally,
simulations revealed the presence of longer distances (Figure 3.7), which arose primarily
from rotamers of TEMPO-CnCbl seen in the crystal-structure based simulation that were

not populated in the membrane environment (Figure 3.10).
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188R1

TEMPO-CnCbl

Figure 3.10: Simulation of rotamers for 188R1 and TEMPO-CNDbI. The rotamers were
calculated on the BtuB-CNCblI crystal structure (PDB 1NQH) as described in Materials
and Methods. For clarity all residues except position 188 and CNCbl carrying the spin
labels (R1 side chain and TEMPO respectively) are hidden. The predicted rotamers (115
and 24 rotamers respectively for 188 and CNChbl) lie inside the area marked by black
curves. The rotamers contributing to the experimentally detected distances (see Figure 3.7)
were computed with the “any rotamers” function available in MMM2014 software
(http://www.epr.ethz.ch/software/index) and are highlighted in red.?® For position 188, the
identified rotamers are distributed over the entire area (hence lower intensity for the color).
For TEMPO-CNCDbI, only few of the simulated rotamers contribute to the experimental
distance. The red circle inside TEMPO-CNCbl indicate the 5’ carbon of the ribose moiety
to which TEMPO is attached.
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To determine whether distances could be measured to sites that were not labeled in whole
cells, we attempted DEER across the OM between 10R1 located in the Ton box and

TEMPO-CNCbI (Figure 12A).
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Figure 3.11: DEER between BtuB10R1 and TEMPO-CNCbI spin pairs in OM. A)
Normalized form factor obtained after intermolecular background correction of the primary
data (Figure 3.12B) with the fitting overlaid (in dotted grey lines). B) Distance distributions
calculated with the DeerAnalysis2013 software using Tikhonov regularization of the form
factor.?® The vertical bars shows the full variation of the probability of a given distance
when the beginning of the background was varied between 600-1000 ns in 11 steps with a
3D spin distribution and the Tikhonov regularization parameter o. set to 10. The blue dotted
line is the distance distribution obtained from the simulation for DEER between 10R1 and
TEMPO-CNCDbI using BtuB-CNCbl structure (PDB 1NQH). The red dotted line is an
additional simulation using the “any rotamers” function in MMM software
(www.epr.ethz.ch/software/index), in which the side chain packing is disregarded to match
the experimental data.
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Figure 3.12: DEER data between V10R1 and TEMPO-CNCbI in OM.

és 10F‘21 < /"/ 7

g O
A) Position 10 and TEMPO-CNCDbI highlighted with the simulated rotamers on the BtuB-
CNCbl  crystal  structure (PDB  1INQH) using MMM2014  software
(http://www.epr.ethz.ch/software/index).8 The residues of the structure at the front surface
was depth cued to visualize the rotamers clearly. The balls indicate the midpoints of N-O
bonds and their size corresponds to the probability for each rotamer.
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B) Normalized primary data V(t)/V(0) for DEER between V10R1 and TEMPO-CNCDI in
OM with an exponentially decaying intermolecular background (red lines) fitted with
DeerAnalysis2013 software.?® The corresponding form factor and the distance distribution
is shown in Figure 3.11.
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Interestingly, DEER gave a single distance with mean value at 4.17 £ 0.21 nm (Figure
3.11). Simulations on BtuB-CNCbl structure (INQH) revealed a distance distribution
between 2.6-4.75 nm with mean distance at 3.78 £ 0.40 nm (Figure 3.11). This discrepancy
with experimental data may be accounted for by the differences in side chain packing
predicted in the crystal structure when compared to the OM (red line in Figure 3.4).
Additionally, DEER between spin labels attached to loop2 and loop7 (Figure 3.13) in OM

indicates that this approach can be used to follow conformational changes of the loops and

other flexible regions in native environments.
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Figure 3.13: DEER between 188R1 and 399R1 in OM. A, B) Normalized Q-band DEER
trace V(t)/V(0) for DEER between 188R1 and 399R1 spin pairs in outer membranes with
an exponentially decaying intermolecular background (red lines). B) Corresponding form
factor F(t)/F(0) obtained after removal of the background. C) Distance distribution
obtained using Tikhonov regularization with DeerAnalysis2013 software.?
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3.4 Conclusions:

In summary, we have demonstrated for the first time the application of DEER in complex
whole cell and native membrane environments to extract precise distance constraints for
an endogenously expressed membrane protein. In this study, the concentration of BtuB
used (30 uM) corresponds to about 10° copies per cell, which is comparable to the
expression level of some endogenous outer membrane proteins. A comparison of 188R1
and TEMPO-CNCbI DEER data between three different membrane environments indicates
that lipid composition does not significantly influence loop conformation. Further
measurements with other positions on BtuB will tell us whether this observation holds in
general. OM preparations provide a versatile tool to study membrane proteins and unlike
the alternate approaches such as nanodiscs,?’ it does not require the tedious processes of
solubilization, purification and membrane reconstitution of the target protein. The
approach presented here provides an opportunity to validate outer membrane protein
structures and to make new structural and functional investigations of several outer
membrane macromolecular complexes critical for Gram negative bacterial physiology

under native conditions.
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Contributions to the work

This work is a product of a great collaboration with many talented scientists. Dr. Jeschke
preformed the calculations of the TEMPO-CNCDbI rotomer library. Dr. Bordignon was
instrumental with the purification and characterization of the TEMPO-CNCDbI spin label.
All protein purification, label optimization, mutation design and CW-EPR measurements
were performed in the lab of Dr. Cafiso by Arthur Sikora. DEER measurements and CNCbl

growth assays were performed by Dr. Joseph in the lab of Dr. Prisner
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3.5 Materials and Methods

Mutagenesis and expression of BtuB

Plasmids harbouring wild-type or 10C, 188C, 404C and 188C-399C mutations in BtuB on
a pUCB8 backbone were engineered using the Agilent Technologies (Santa Clara, CA)
QuikChange Site Directed Mutagenesis Kit. The mutants were overexpressed in the E.
coli strain RK5016 (argH, btuB, metE).? Cells were grown for overnight in minimal media
containing 100 pg/mL ampicillin and supplemented with 0.24% wi/v glucose, 150 uM

thiamine, 3 mM MgSO4, 300 uM CaCly, and 0.01% w/v of Met and Arg.

Isolation of membranes

Following overnight growth in 1 L minimal Media, the cells were pelleted at 6000 rpm for
10 minutes using Sorval SLA-3000 rotor. The cells were suspended in 30 mL of 10 uM
HEPES buffer (pH 6.5) with 10nM 4-(2-Aminoethyl) benzenesulfonyl fluoride
hydrochloride (AEBSF) and lysed with a French press 2-3 times. The cell debris were
removed by centrifugation at 12,000 rpm for 20 minutes in Sorval SS-34 rotor and the
supernatant was collected. To isolate the intact membrane or CE, which is composed of the
OM plus the CM, the supernatant was centrifuged at 100,000 x g for 1.5 hours. To isolate
outer membranes alone, the inner membrane was removed by adding 0.5% sarkosyl and
the outer membranes were pelleted by centrifugation at 200,000 x g for 1.5 hour. Following

centrifugation, the pellets were suspended into 10 mL of the same buffer.
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Spin Labelling of E. coli cells and membranes

Following overnight growth, cells from 1 L culture were pelleted and suspended in 50 mL
of 50 mM Tris buffer (pH 7.5g) containing 60 mM NaCl and 0.5% glucose and spin
labelled with 20 uM MTSL (Toronto Research Chemicals, North York, ON, Canada) for
1 hour at room temperature. Following incubation, cells were pelleted and washed 2 times
and suspended into 2.5 mL total volume with the same buffer and kept on ice. The
membrane fraction was suspended in 10 mL of 50 mM Tris buffer (pH 7.5) with 60 mM
NaCl and was spin labelled with 40 uM MTSL at room temperature for 1 hour. Following
incubation, the membranes were washed until free spin label was completely removed and

suspended into 500 pL of the same buffer.

Synthesis of spin labeled cyanocobalamin (TEMPO-CNCDbI)

TEMPO-CNCbI was synthesized using a two-step reaction, in which the ribose-5’-
hydroxyl was first activated with CDT and subsequently reacted with 4-amino TEMPO.
Previously, this scheme was used for attaching cyanocobalamin to insulin.?® The synthesis
was performed under argon atmosphere using dry solvents. For the synthesis, 0.1 g of
cyanocobalamin was dissolved in 50 mL DMSO and 0.036 g of 1,1’-Carbonyl-di-(1,2,4-
triazole) (CDT, Sigma) was added and the reaction mixture was stirred for 30 minutes at
room temperature. Following incubation, 0.13 g of 4-amino-TEMPO (Sigma) was added
and the reaction mixture was stirred at room temperature for overnight. TEMPO-CNCbI
was precipitated with 200 mL of 1:1 mixture of acetone and diethylether. The precipitate
was centrifuged at 4°C for 15 min at 4000 x g. The supernatant was precipitated again and

the precipitate was removed by centrifugation as before. The pooled precipitate was
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washed with acetone, centrifuged, dried overnight under air and afterwards freeze-dried.

The yield of the crude product was 0.069 g corresponding to 69 % of the theoretical yield.

Purification and characterization of TEMPO-CNCDI

The crude reaction product was purified by HPLC (Agilent 1200 series) on a BDS-C18
column (5 pM, 2x250 mm from Hewlett-Packard) with detection at 254 and 316 nm. An 8
KL volume of a 1 mM stock of the TEMPO-CNCDbI was injected and eluted with 1 mL/min
flow rate with 400 bar pressure at room temperature. The following solvent system was
used for elution: solvent A: water; solvent B: methanol and elution was performed at a
linear gradient of 15-60% B in 40 min. MALDI-ToF —MS measurements were performed
on a Voyager STR Workstation DE pro (Applied Biosystems) with 100 kW laser (337 nm)
peak power using a matrix made of 2,5 Dihydroxybenzoic acid and 6-Aza-thiothymine.
The LC-ESI-MS measurements were performed either with a ThermoFisher Surveyor
MSQ or Shimadzu LCMS-2020 system. A 50:50 (v/v) mixture of methanol/water
(ThermoFisher) or 0.1% acetonitrile/formic acid (Shimadzu) solvent system was used for
column elution. Other conditions: capillary voltage - 3-4 kV, dry gas (N.) pressure - 5 bar,

mass range 80-2000 Da, detection: single quad.

Growth assay with TEMPO-CNCDbI

E. coli strain RK5016 (argH, btuB, metE) cells,?® which can grow only in presence of
methionine or CNCbl, was grown at 37°C for overnight on minimal media A agar plates
containing 0.24% w/v glucose, 150 uM thiamine, 3 mM MgSO4, 300 uM CaCl,, 0.01%

w/v of Arg and 1 uM TEMPO-CNCDbI (peak (iii) separated from RP-HPLC shown in
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Figure 3.4D). Following incubation, the ability of TEMPO-CNCDbI to support growth was
confirmed by observing for colony formation on the plates. TEMPO-CNCDbI was used to
estimate BtuB in OM and whole cells after overexpression. When bound to BtuB, TEMPO-
CNCDbI produces a broad CW EPR spectrum (Figure 3.5). Any free TEMPO-CNCbI can
be easily quantified by measuring the intensity of its high-field hyperfine line, which stands
out from the baseline without significant overlap with the signals coming from BtuB-bound
TEMPO-CNCDI. This method works only if the Kp of this interaction is much lower than
the total concentration of BtuB and TEMPO-CNCbI. Cyanocobalamin binds to BtuB with
high affinity (Ko < 1 nM)*’ and it is possible that its modification with TEMPO increases
Kp. We did not observe any EPR signal corresponding to free (unbound) form when 10
UM TEMPO-CNCbI was added to whole cells or outer membrane preparations, indicating
that the Kp for the interaction is lower than 10 pM. Thus we added increasing amounts of
TEMPO-CNCDbI to whole cells and OM and quantified free TEMPO-CNCDbI if any, by
comparing the intensity of the high-field hyperfine line with that for an external standard
(100 uM 4-amino TEMPO). The amount of BtuB ([BtuB]) was estimated by subtracting
the amount of free-TEMPO-CNCDbI from the total amount of TEMPO-CNCbl added. For
whole cells, 100 uM CCCP (carbonyl cyanide 3-chlorophenylhydrazone, Sigma) was
added to eliminate the proton motive force (pmf) and prevent transport of TEMPO-CNCDbI
into the periplasm. The spin concentration ([spin]) after MTSL labelling of whole cells or
OM was calculated from the double integral of the RT CW EPR spectra using an external
standard (100 uM 4-amino TEMPO). The labelling efficiency for whole cells or OM was
calculated by multiplying the ratio of [BtuB] (obtained using TEMPO-CNChI) to [spin]

(from the double integral of the MTSL labelled OM or whole cells) with 100. Here it is
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assumed that all BtuB present in whole cells or OM are labelled with MTSL. The
modulation amplitudes obtained,~ 8 %, in our DEER experiments with OM samples are in

agreement with this assumption.

Calculation of rotamer library for TEMPO-CNCDbI

A rotamer library for TEMPO-labelled vitamin B1> was generated on the basis of a Density
Functional Theory (DFT) computation of the geometry of 5'-labelled ribose and a Monte
Carlo search of torsion angles space. The DFT computation was performed on spin-
restricted Kohn-Sham B3LYP/VDZP level with ORCA 2.8.%° In Monte-Carlo sampling
torsion angles of five rotatable bonds starting with the 4'-5' bond of ribose were varied.
Torsion and non-bonding interaction potentials were taken from the universal force field
(UFF)BY and all bond lengths and bond angles were kept fixed. The torsion potentials were
considered in random selection of test conformations by assuming a Boltzmann distribution
at 298 K. An estimate for the minimum non-bonding energy was obtained from a pre-run
with 1'000'000 Monte Carlo trials. In the production run, only conformations were accepted
with a non-bonding energy that led to at least 1% of the Boltzmann population of the
conformation with minimum non-bonding energy that was encountered during the pre-run.
The ensemble of 20'000 of such low-energy conformations was reduced to 144 rotamers
by hierarchical clustering in torsion-angle space. The UFF non-bonding energy between
rotamer atoms on the one hand and vitamin B12 atoms not included in the rotamer construct
as well as protein atoms on the other hand is considered during attachment of the rotamers

with the MMM software (www.epr.ethz.ch/software/index), omitting the phosphorus atom

of vitamin Bi» that is directly bonded to the construct. Rotamers are attached by


http://www.epr.ethz.ch/software/index
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superposition of a right-handed coordinate frame defined by C4' (origin), the ring oxygen
(on the x axis), and C3' (in the xy plane) of ribose. Quality of the geometry resulting from
such attachment was tested on PDB structures 1CCW, 1EGM, 1ET4, 1N2Z, 1N4A, INQH,
2GSK, 3M8D, and 4KKI. In most cases the remaining atoms common to the construct and
vitamin B> superimpose within a few tenths of an Angstrom or better. We note, however,
that quality of the geometry of vitamin B1. in x-ray crystal structures of proteins may not
be as good as backbone and side group geometry of the protein itself, which could lead to
a somewhat larger prediction error for distance distributions compared to the case where

both labels are attached to cysteine residues.

CW-EPR and DEER measurements

CW-EPR measurements were performed at X-band frequency (9.4 GHz) using a Bruker
E500 spectrometer equipped with a TE102 cavity. Experimental parameters: 100 kHz
modulation frequency, 0.15 milli Tesla (mT) modulation amplitude, 0.2 mW microwave
power, 20.48 ms time constant, 81.92 ms conversion time, 1024 points, 15 mT sweep
width. The EPR signal was recorded as the first derivative of the absorption signal.

For DEER measurements, 15-20 pL of whole cells or OM samples with TEMPO-CNCbI
at 1:1 molar ratio (when present) containing 15% deuterated glycerol was transferred into
1.6 mm outer diameter quartz EPR tubes (Suprasil, Wilmad LabGlass). Pulsed EPR data
were recorded on an ELEXSYS E580 EPR spectrometer (Bruker) equipped with a DEER
unit (E580-400U, Bruker), a continuous-flow helium cryostat (CF935, Oxford
Instruments), and a temperature control system (ITC 502, Oxford Instruments).
Experiments were performed at Q-band frequencies (33.7 GHz) using an ELEXSYS

SuperQ-FT accessory unit and a Bruker AmpQ 10 W amplifier with a Bruker EN5107D2
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cavity at 50 K. For DEER experiments, the dead-time free four-pulse sequence with phase-
cycled n/2-pulse was used.? Typical pulse lengths were 32 ns (n/2 and =) for the observer
pulses and 20 ns (x) for the pump pulse. The pump pulse was set to the maximum of the
echo-detected field swept spectrum and the observer pulses were set 60 MHz lower. The
deuterium modulations were averaged by increasing the first interpulse delay by 16 ns for
8 steps. To obtain distance distributions, the normalized primary DEER data V(t)/V(0) were
processed to remove the background function from intermolecular interactions and the
resulting form factors F(t)/F(0) were fitted with a model-free Tikhonov regularization to
distance distributions with DeerAnalysis2013 software package.”> The MMM 2014
software package was used for in silico spin labeling and simulation of distance

distributions based on the crystal structures using a rotamer library approach.?
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Chapter 4: Ligand Induced Conformational Changes of a

Membrane Transporter in E. coli Cells Observed with DEER'"

4.1 Abstract

An unrealized goal in structural biology is the determination of structure and
conformational change at high resolution for membrane proteins within the cellular
environment. DEER is a well-established technique to follow conformational changes in
purified membrane protein complexes. Here we demonstrate the first proof of concept for
the use of DEER to observe conformational changes in a membrane protein in intact cells.
We exploit the fact that outer membrane proteins usually lack reactive cysteines and the
fact that paramagnetic spin labels entering the periplasm are selectively reduced to achieve
specific labeling of the cobalamin transporter BtuB in Escherichia coli. We characterize
conformational changes in the second extracellular loop of BtuB upon ligand binding and
compare the DEER data with high-resolution crystal structures. Our approach avoids
detergent extraction, purification and reconstitution usually required for these systems.
With this approach structure, function, conformational changes and molecular interactions

of outer membrane proteins can be studied at high resolution in the cellular environment.

* This chapter is based on the publication Ligand induced conformational changes of a
membrane transporter in E. coli cells with PELDOR/DEER. Joseph B., Sikora A. & Cafiso D.S. JACS.
6, 1844-47 (2016), and has been reformatted to departmental guidelines.
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4.2 Introduction

Determining biomolecular structures and their conformational changes at high resolution
has primarily been achieved with X-ray crystallography, NMR spectroscopy and more
recently with cryo-electron microscopy (EM). In many cases these studies have provided
detailed models for conformational transitions that drive function in many macromolecules
including several membrane proteins. In almost all these cases, the structures have been
obtained after isolating the target molecule from its native environment. This approach
masks the effect of the cellular conditions such as molecular crowding, specific
localization, interaction with other molecules/ions, pH or ionic gradients, the lipid
environment and physiological responses. All these factors may critically influence the
structure, function and dynamics of a biomolecule. For membrane proteins, there is
increasing evidence on the vital role of the native lipid environment on protein folding,
structure and activity.>® Thus, the next challenge for membrane protein structural biology

is to obtain structural and dynamic information in the cellular environment.

Membrane proteins are often extracted and purified in detergent and are typically returned
to a lipid environment by reconstituting the protein into a lipid bilayer consisting of native
or non-native lipids. In this manner, conformational changes in several membrane proteins
have been studied with EPR,*® Fluorescence resonance energy transfer (FRET)® and
ssNMR.” In-cell FRET usually employs fluorescent proteins as tags, and due to their large
size these tags can provide only low resolution information.® In-cell NMR experiments are
limited due to low sensitivity and the requirement that the macromolecule be small and

rapidly tumbling.® The requirement for a well-ordered 2D crystal severely limits the use
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of diffraction techniques to study membrane proteins in native environments. Thus
obtaining high resolution in-cell information for membrane proteins remains a challenge

that necessitates new approaches.

DEER®! has received a great deal of attention in structural biology, particularly for
membrane proteins. The technique can resolve distance distributions between spin pairs
with high precision in the range of 1.5 to 10.0 nm.>!*!2. Combined with simulations and
modeling, these distance distributions can validate existing structures and provide
information on alternate structural states that have not been observed.** DEER
experiments are typically performed at low temperature, although under proper conditions
it can be carried out in liquid solutions using spin labels having long phase memory time
(Tm).2>17 Since proteins are usually diamagnetic, paramagnetic spin labels, most commonly
MTSL, are introduced into a protein by covalent attachment to an engineered cysteine
residue.’® Spin-labeling of a cysteine with MTSL generates the side chain named R1.
Recently, Gd(I11) spin labels are attracting attention for in-cell DEER because they are
resistant to the reducing environment inside the cell.**? The in-cell DEER proof of
principle with spin-labeled ubiquitin was demonstrated previously.?%?! In these
experiments a spin-labeled ubiquitin was introduced into the oocytes or the HeLa cells.
Distance measurements have been reported on spin labeled colicin A added to E. coli.??
However, the signal-to-noise ratio was poor and such exogenous introduction of a protein
does not work for most of the membrane proteins. Recently, we used DEER to measure
distances between the endogenous cobalamin transporter (BtuB) and its spin-labeled

substrate in intact E. coli.?
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4.3 Results and Discussion

Here we report ligand-induced conformational changes in the extracellular loops of the
outer membrane cobalamin transporter BtuB in intact E. coli. To our knowledge, this is the
first report of conformational changes in a membrane transporter in the cellular
environment. We show the potential of this approach to verify conformational changes
observed in crystal structures and to obtain additional information in the cellular
environment. Beta-barrel proteins are ubiquitous in Gram-negative bacteria, chloroplasts
and mitochondria and they perform vital physiological functions such as membrane
biogenesis, substrate and protein translocation, motility, drug resistance, and signaling.
BtuB is a 22-stranded B-barrel protein with a 130 residuce N-terminal plug or hatch domain
in the center. It is a member of the TBDT family, requiring a PMF and the inner membrane
ExbB-ExbD-TonB complex for CNCbl transport. We expressed BtuB in E. coli having two
cysteines at the desired positions that were spin-labeled by adding MTSL to the cell
suspension. OM proteins in E. coli are often cysteine-free (cys-less) or have cysteines that
are not reactive. Thus labeling of the solvent-accessible target sites could be achieved by

adding MTSL to the cell exterior.?324
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Figure 4.1 MTSL is reduced in the periplasm. A) Structure of the the Gram-negative
bacterial cell wall. The OM is assymetric consisting of an inner phospholopid layer and an
outer LPS layer. The CM consists of a phosopholipid bilayer containing numerouns o-
helical proteins. Exposed cysteines on 3-barrel proteins can be labeled by additon of MTSL
from outiside. Those MTSL molecules which enter periplasm through the porins are
reduced.

The outer membrane is permeable to molecules below 600 Da, and the MTSL could easily
reach periplasm and react with exposed cysteines of inner membrane proteins (Figure
4.1A). However, we have never observed an EPR signal following labeling of E. coli cells
expressing ‘cys-less’ BtuB or other cysteine mutations located in periplasm. Attempts to
label cysteines at the periplasmic interface with maleimido-proxyl also did not give a
signal, indicating that there is no interference from the disulfide bond formation (Dsb)

system. These observations suggest that the MTSL is reduced following entry into the

periplasm. We demonstrated previously that a spin-labeled CNCbl, which binds tightly to
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BtuB, is not reduced by cells* confirming that the reduction must happen only after entry

into the periplasm.

To further understand the reduction process, we added 150 puM MTSL to a 30 mL
suspension containing cells collected from a 2 L overnight culture. Samples were collected
at periodic intervals and MTSL concentration in the supernatants was monitored using
CW-EPR. As shown in Figure 4.2 and 4.3A, the spin concentration in the supernatant
quickly decreased reaching less than 10 uM in 45 minutes. Similar results have been
observed for the reduction of Tempone (4-oxy-Tempo) and spin-labeled gentamycin by
Psuedomonas aeruginosa and E. coli cells® and for the TPOA spin label (2,2,5,5-
tetramethyl-pyrroline-1-oxyl-3-carboxylic acid amide) in Xenopus laevis oocytes.?®
Greater stability has been reported for another modified five-membered nitroxide spin-
label in E. coli.?” It is possible that the rather high concentration of the spin-label (10-20
fold) compared to what we used and other experimental conditions might have contributed
to the apparent greater stability. The apparent MTSL reduction was much faster for 188C-
399C mutant. At present we do not understand the reasons for this observation and it needs
to be further investigated whether the presence of unfolded precursors with reactive

cysteines in periplasm somehow accelerates MTSL reduction.

As we reported earlier, no signal could be detected for the WT cell pellet? or for cysteine
mutations located in periplasm (8C, 9C, Figure 4.4), whereas single or double cysteine
mutants located on the extracellular loops or the exposed surface of the hatch domain
yielded signal from bound MTSL (Figure 4.3C-E). We conclude that upon entry into

periplasm, MTSL may stay free, react with accessible cysteines or even cross the inner
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membranes. In any case it is quickly reduced. As suggested previously,? interaction with
the electron transport chain in the inner membrane might be a reason for the rapid
reduction. Whatever the exact mechanism of MTSL reduction is, this process eliminated

signals from unwanted sites, which is very critical for the DEER experiment.



90

333 334 335 336 337 338 339

B field [mT]
05 - mi
b - 188C-399C B i
x 10" 30 - min
. 45 - min

:7

intensity [a.u]
o

1
—
T

333 334 335 336 337 338 339
B field [mT]

Figure 4.2: Raw EPR data for the reduction of MTSL by E. coli cells. Original RT CW-
EPR spectra (analysis shown in Figure 4.3A) for the reduction of MTSL by E. coli cells
expressing WT or 188C-399C BtuB obtained at different time intervals after addition of
150 uM MTSL (see material and methods). The broad spectral feature between the
hyperfine lines is likely arising from biradical formation.
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Figure 4.3: Labeling of the BtuB plug domain in whole cells. A) Reduction of MTSL by
E. coli cells expressing WT or 188C-399C BtuB. A 10-15% error is estimated for the spin
concentration calculated using RT CW-EPR. B) apo-BtuB structure (INQE) with the plug
domain in black. Spin-labeled positions are highlighted in CPK representation. The 3/4
loop conformation as observed in the BtuB-Ca?* (blue, INQG) and BtuB-Ca?*-CNCbl
(yellow, INQH) is overlaid. (C, D, E) RT CW-EPR spectra measured in live E. coli cells
as indicated.

Despite the availability of several crystal structures, the mechanism for substrate transport
remains unclear for TBDTs.? In all the structures, the N-terminal hatch domain occludes
the barrel leaving no space for substrate movement. It has been suggested that the N-
terminal domain may remain within the barrel and rearrange,? exit the barrel partially*° or
completely®® during translocation. It is possible that a native cellular environment is
necessary for the N-terminal domain to achieve a translocation-competent conformation.
We attempted to spin label positions 66C, 74C and 90C located on the N-terminal domain
in BtuB (Figure 4.3B). We could label 74C and 90C whereas labeling failed for 66C

probably because it is sterically restricted as observed in the crystal structures (Figure
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4.4C). Interestingly, both 74R1 and 90R1 revealed spectra in the rigid limit (correlation
time (tc) > 100 ns, Figure 4.5) suggesting a static conformation for the N-terminal domain
in the cellular environment. In future, it will be interesting to explore how this rigid
conformation is modulated by the presence of ligands, PMF or TonB in the cellular

environment.
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Figure 4.4: In-cell spin labeling of cysteines located in periplasm or on the plug domain
in BtuB. RT CW-EPR spectra for spin-labeling of 8C, 9C (located on the Ton box in
periplasm) and 66C (located on the plug/hatch domain) obtained in live E. coli cells. Spin-
labeling failed for all the three positions. For 8C and 9C, a view of the corresponding
residues L8 and V9 as observed from periplasm in the BtuB-Ca?* (INQG) crystal structure
is shown. MMM simulation predicted 73 rotamers for position 8R1 (partition function,
0.35) whereas only one rotamer for position 9R1 (partition function, 0.33). Thus, labeling
for 9C might have failed due to limited accessibility as well, whereas 8C could not be
labeled most likely due to the reduction of the MTSL in periplasm (Figure 4.3A). For 66C,
a view from top of the corresponding residue 166 in the structure (LNQG) is shown with
the terminal carbon atom highlighted in green showing its location into the core of the plug.
MMM simulation predicted three rotamers (partition function, 0.00) for 66R1 revealing
that the site is too tight for labeling.
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Figure 4.5: Simulation of the in-cell RT CW-EPR spectra.®? EasySpin simulated RT CW-
EPR spectra for 74R1 A) and 90R1 B) overlaid on the experimental data obtained in live
E. coli cells. For 74R1 simulation, gxx = 2.00800, gyy = 2.00600, g, = 2.00200; Axx =
19.169, Ayy = 17.276, A;; = 102.2 (in MHz) and an anisotropic diffusion tensor with an
average correlation time of 2.64*107 s was used. For 90R1 simulation, gx = 2.00800, gyy
= 2.00614, g, = 2.00186; Axx = 16.217, Ay = 15.426, A, = 99.800 (in MHz) and an
average correlation time of 1.03*107 s was used.

To investigate the possibility of observing conformational changes in intact E. coli cells,
we spin labeled 188C—399C located on the 2nd extra cellular loop (connecting -strands 3
and 4) and 7th loop (connecting B-strands 13 and14), respectively. The 2nd loop shows
very large conformational changes in the crystal structures in response to ligand binding.33
It is not resolved in the BtuB-apo crystal structure, whereas it is completely ordered in both
BtuB-Ca?" and BtuB-Ca?*-CNCbl structures (Figure 4.3B). BtuB binds two Ca?* ions with

high affinity through an aspartate cage consisting of several residues from the loop 2 and

3. Loop 7 carrying position 399 is well ordered even in the absence of the ligands and has
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a very similar conformation to all three crystal structures (Figure 4.3B). Thus changes in

the 188R1-399R1 distance are expected to result from motion of the 2nd loop.

Unlike the positions located on the hatch domain, RT CW-EPR spectroscopy revealed a
rather mobile spectra for 188R1-399R1 in agreement with their location on the loops
(Figure 4.3E). For the 188R1 single mutant, we could achieve up to 30 uM spin
concentration using a 2x10'! cells/mL suspension.?®> However, for the 188R1-399R1
double mutant we could obtain only 30 uM spin (instead of the expected 60 uM) at the
same cell density. The modulation depth (A) of the DEER traces for the in-cell samples
presented below is in the 6-8 % range (Figure 4.8). This is about 25% of the maximum A
achievable with our Q-band instrument for a sample with 100 % spin-labeling efficiency.
Thus we obtained only 50-60% spin-labeling efficiency for the 188C-399C double mutant
in E. coli cells. There could be several reasons for this low labeling efficiency in whole
cells. The surrounding LPS molecules may interfere with MTSL accessibility (Figure
4.1A). As the reduction appears to be very fast (Figure 4.3), some of the reduced MTSL
might have diffused back from periplasm and reacted with 188C and 399C. In spite of the
low spin concentration and A, we could achieve high quality DEER data in intact E. coli
cells with 36-48 hrs of accumulation. The DEER data were analyzed using DeerAnalysis
software*® employing Tikhonov regularization with L-curve criterion and the error of the
distance distribution was estimated by systematically varying the intermolecular

background function (Figures 4.6 & 4.7).
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Figure 4.6: DEER data analysis for whole cell samples. Data analysis was performed with
DeerAnalysis®* software. (A, B, C) Left panels; original DEER data for BtuB in different
functional states obtained in whole cells (black) with an exponential background function
overlaid (red). Middle panels; the corresponding L-curves with the used regularization
parameter (o) highlighted in red. The symbol p is the mean squared deviation between the
experimental and simulated dipolar evolution functions and n is a measure of the roughness
of P(r) given by the square norm of the second derivative of P(r) weighted by a. Right
panel; error validation for the obtained distance distributions. The beginning of the
background function was varied from 200ns to 1000 ns in discrete steps using the
validation tool in DeerAnalysis software.
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Figure 4.7: DEER data analysis for the OM samples. Data analysis was performed with
DeerAnalysis software. (A, B, C) Left panels; original DEER data for BtuB in different
functional states obtained in native outer membranes (black) with an exponential
background function overlaid (red). Middle panels; the corresponding L-curves with the
used regularization parameter (o)) highlighted in red. The symbols p and ) are explained in
Figure 4.6. Right panels; error validation for the obtained distance distributions. The
beginning of the background function was varied from 200 ns to 1500 ns (A) or from 320
ns to 2000 ns for the Ca®" and Ca?*+CNCbl samples using the validation tool in

DeerAnalysis software.

In the apo-state (no Ca?* or CNCbl) in E. coli cells, 188R1-399R1 cells showed a broad
interspin distance distribution with a mean distance at 2.66+0.9 nm (Figure 4.8D, red). It
is likely that the dynamic nature of the 2nd loop contributes to the broad conformational
distribution and explains why this loop is not resolved in the BtuB-apo crystal structure
(Figure 4.4B). Thus in the absence of Ca?*, the 2nd loop occupies a large conformational
landscape in E. coli cells and might completely occlude the binding pocket in some states.
Interestingly, addition of Ca?* ions to the cells populated a distinct conformation with a
mean distance at 2.82+0.30 nm (Figure 4.8E, red), in agreement with the appearance of the

2nd loop in BtuB-Ca?* structure.®® Simulation of this spin pair in the context of this crystal
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structure (INQG) using MMM?®® gave a predicted distribution that was broader with a mean
distance at 2.61+0.39 nm (Figure 4.8E, cyan). Further addition of CNCbl to form the
ternary complex shifted the main peak giving a mean distance at 3.12+0.33 nm. Simulation
on the corresponding crystal structure (LNQH) predicted a broader distribution with a mean
distance at 2.73+0.37 nm (Figure 4.8F, cyan). Despite the differences between the
experimental results and the simulations, the DEER data validated the Ca?*-induced

ordering of the 2nd loop observed in the crystal structures in the cellular environment.

To further investigate the role of the cellular environment, we isolated OM containing BtuB
using an established protocol.*® DEER with the OM revealed (Figure 4.8D-E, black) some
differences compared to the whole cell samples in the apo- and Ca**-bound states. In the
apo-sate, the overall distance distributions are similar, however in whole cells there is a
higher population of shorter distances (mean distance of 2.6+0.89 nm as compared to
3.1620.84 nm in OM). In the Ca*"-bound state, the 2nd loop again becomes ordered (mean
distances at 2.72+0.31 nm) as observed in whole cells and in the crystal structure. The
shape of the distance distribution in OM appears different when compared to whole cells.
In presence of both Ca** and CNCb], the distances obtained in OM (2.98+0.18 nm) were
virtually identical to the whole cell samples (Figure 4.8F). Notably in OM, the presence of
both Ca?" and CNCbl induced a narrower distance distribution as compared to Ca*" alone.
In summary, there exists small differences in the distance distribution between whole cell
and OM environments, however the overall responses of the loops to ligand(s) binding are
very similar. The differences observed between the simulations and the experiment could
be explained by the exclusion of some of the rotamers (populated in the crystals) in the

native membrane environment (Figure 4.8E-F, cyan vs. red and black). Such selective
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rotamer exclusion might result from additional steric interference around the spin labels
perhaps due to interactions with LPS, proteins or due to other components present in the

cellular environment.
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Figure 4.8: Calcium and substrate effects on the 3-4 loop in whole cells. (A-C)
Background corrected Q-band DEER data for 188R1-399R1 mutant in E. coli cells (red)
or OM (black) in different functional states. (D-F) Area normalized distance distributions
and the corresponding simulations (cyan) normalized to the maximum of the
experimental data.

The data presented here demonstrate that conformational changes in a membrane protein
can be observed using DEER in an isolated native membrane. The OM DEER data suggest

that isolation of the outer membrane using the standard procedure does not severely alter

the behavior of OM proteins such as BtuB. Moreover when compared to whole cells, the
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OM samples are very stable and may be concentrated allowing higher quality DEER data
and shorter acquisition times (Figure 4.8). In addition, these OM preparations are leaky
and provide access to both membrane surfaces, a feature that will be useful for studying
interactions between OM proteins and other molecular partners located in the periplasm or
inner membrane (with BtuF or TonB for example) or to investigate interaction and folding
of proteins into native outer membranes. In summary, we demonstrated the measurement
of conformational changes in a membrane protein within the native cellular environment
of intact E. coli cells for the first time. Our results reveal a very dynamic conformation of
the 2nd loop in the apo-state that is not resolved in the crystal structure. Further, we
validated the conformational changes of this loop upon ligand binding observed in BtuB
crystal structures in the cellular environment. Two important features of the E. coli cells
make this observation possible; the lack of native reactive cysteines in OM proteins and

the selective reduction MTSL that enters the periplasm.

With its higher sensitivity and ability to examine structures of any molecular weight,
DEER is ideally suited to obtain distance constraints in the cellular environment. In
principle any of the solvent exposed sites other than those located in the periplasm can be
spin-labeled. Thus, residues on the extra-cellular loops or the N-terminal domain which
are involved in substrate recognition and translocation in numerous B-barrel proteins can
spin-labeled and studied in intact cells. The general applicability of the method would be
extended with further improvement in sensitivity. The signal can be increased with
optimization of the labeling efficiency and by using stronger and tunable promoters to
increase expression levels. Addition of ds-glycerol can improve Tm in both OM and

whole cell samples,?® and it might be possible to increase the sensitivity by growing cells
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in a deuterated media. Normally, BtuB is expressed at less than 10° copies/cell and the
overexpression used here increases the expression up to 10° copies/cell.?® Several OM
proteins are expressed at more than 10° copies per cell, thus it should be possible to study
these proteins at physiological concentrations in the cellular environment. Combined with
the recent developments in pulsed EPR instrumentation,®”* it will be possible to perform

DEER at even lower expression levels.

Contributions to the work

This work is a direct continuation of previous published work on whole cell DEER
method development.? Here all work on mutant production, membrane isolation and OM
DEER data was obtained by A. Sikora in the lab of Dr. Cafiso. The in-cell data was
obtained by Dr. Joseph.
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4.4 Material and Methods

Cell growth

Mutations, culturing and spin labeling were performed as described before.?® Briefly, the
BtuB mutants 8C, 9C, 66C, 74C, 90C and 188C-399C in a pUC8 backbone were generated
using Agilent Technologies (Santa Clara, CA) QuikChange Site Directed Mutagenesis Kit.
The mutants were overexpressed in the E. coli strain RK5016 (argH, btuB, metE).*® To
avoid CNCDl repression of BtuB, cells were grown in minimal media for overnight. Media
was supplemented with 3 mM MgS0O4, 300 uM CaCly, 0.24% w/v glucose, 150 puM

thiamine, and 0.01% wi/v of Met and Arg and 100 pg/mL ampicillin.

Membrane isolation

The native outer membranes containing BtuB were isolated after selective removal of the
inner membranes with sarkosyl detergent. Briefly, cells from 1 L culture were pelleted
following overnight growth and suspended in 30 mL of 10 mM tris buffer (pH 7.5)
containing 60 mM NaCl. The cells were lysed by French press for 2-3 times and the cell
debris were removed by centrifugation for 20 minutes at 12,000 rpm using Sorvall SS-34
rotor. The supernatant was collected and the cell envelop consisting of both the inner
membrane and the outer membrane was pelleted by centrifugation at 100,000 x g for 1.5
hours. The pellet was suspended in the same buffer and the inner membrane was solubilized
by adding 0.5% sarkosyl detergent. The outer membranes (OM) were pelleted with
centrifugation at 200,000 x g for 1.5 hours. Following centrifugation, the pellet was

suspended into 10 mL of the same buffer for spin-labeling.
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Spin labeling
For spin-labeling, cells collected from 1 L culture was suspended in 30 mL of 50 mM Tris
buffer (pH 7.5) containing 60 mM NaCl and 0.5% glucose. For spin labeling, MTSL
(Toronto Research Chemicals, North York, ON, Canada) was added to 100 uM final
concentration and incubated with shaking for 1 hour at room temperature. Following
incubation cells were washed two times with the same buffer and suspended to 1x10
cells/mL. The viability of the cells was checked by plating the serial dilutions on LB-agar
plates. DEER samples were immediately prepared with addition of 15% dg-glycerol and

kept at -80°C until measurements.

The outer membrane fraction as prepared above was spin-labelled by adding 40 uM MTSL
and incubating at room temperature for 1 hour. Following incubation, the membranes were
pelleted and washed several times until the free spins were completely removed and
suspended into 500 pL final volume. As we reported previously, spin-labeling of outer
membranes produces signals arising from non-specific labeling as well. However, those
spins are far separated and do not give any distances in the measurable range. Thus other
than reducing the modulation depth and the absolute sensitivity, the non-specific labeling

does not cause any problems for the DEER experiments.

MTSL reduction by E. coli cells

Cells collected from a 2 L overnight culture was suspended into 30 mL of 50 mM Tris
buffer (pH 7.5) containing 60 mM NaCl and 0.5% glucose. MTSL was added to 150 uM
final concentration and cells were incubated with shaking at room temperature. 1 mL
samples were collected at periodic intervals, pelleted immediately and the supernatant was

collected in a fresh tube. The spin concentration in the supernatant was determined from
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the double integral of the RT CW-EPR spectra using a calibration standard prepared from

4-amino TEMPO.

RT-continuous-wave EPR measurements

An X-band (9.4 GHz) Bruker E500 spectrometer equipped with a TE102 or a SHQE cavity
was used for continuous-wave EPR measurements. For whole cell samples the viability of
the cells after the measurement was checked by plating on LB agar plates. Measurements
were performed in 2 mm quartz tubes at 100 kHz modulation frequency, 0.15 mT
modulation amplitude, 0.6 mW microwave power, 20.48 ms time constant, 81.92 ms

conversion time, 1024 points and 15 mT sweep width.

DEER measurements

In-cell DEER measurements were performed on a Bruker ELEXSYS E580 EPR
spectrometer equipped with a DEER unit (E580-400U, Bruker), a continuous-flow helium
cryostat (CF935, Oxford Instruments), and a temperature control system (ITC 502, Oxford
Instruments). For measurements, 15-20 pL of whole cells containing 15% ds-glycerol was
transferred into 1.6 mm outer diameter quartz EPR tubes (Suprasil, Wilmad LabGlass).
DEER measurements were performed at Q-band frequency (33.7 GHz) using an
ELEXSYS SuperQ-FT accessory unit and a Bruker AmpQ 10 W amplifier with a Bruker
EN5107D2 dielectric resonator at 50 K. A dead-time free four-pulse sequence with phase-
cycled m/2 pulse was used'® for DEER. For the observer pulses, typical pulse length was
32 ns (/2 and =) and for the pump pulse a 20 ns (w) pulse was used. The observer pulses
were set 60 MHz lower than the pump pulse, which was set to the maximum of the echo-

detected field swept spectrum. For the outer membrane samples, the measurements were
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performed on another Elexsys E580 EPR spectrometer fitted with a standalone Q-band
bridge with the EN5107D2 resonator. DEER data were acquired with the four-pulse
sequence with 16 and 32 ns 7/2 and © observation pulses, respectively, and a 32 ns T pump
pulse was used. The observation frequency was set 60 MHz lower than the pump
frequency, which was positioned to the maximum of the nitroxide spectrum. The deuterium
modulations were averaged by increasing the first interpulse delay by 16 ns for 8 steps.
The background function arising from intermolecular interactions were removed from the
primary data V(t)/V(0) and the resulting form factors F(t)/F(0) were fitted with a model-
free Tikhonov regularization to distance distributions with DeerAnalysis2013 software
package.®* The errors in distance distributions arising from uncertainties in background
correction was evaluated by systematically varying the background function. In silico spin
labeling and simulations on the crystal structures were performed using a rotamer library

approach with using the MMM 2015 software package.
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Chapter 5: Allosteric Signaling is Bidirectional in an Outer-
Membrane Transport Protein

5.1 Abstract

In BtuB, the Escherichia coli TonB-dependent transporter for vitamin Biz, substrate
binding to the extracellular surface unfolds a conserved N-terminal segment termed the
Ton box into the periplasm. This transmembrane signaling event increases the affinity of
BtuB for the inner membrane protein TonB. In the present work, continuous wave and
pulse EPR in a native membrane preparation demonstrate that signaling also occurs from
the periplasmic to the extracellular surface in BtuB. The binding of a TonB fragment to
the periplasmic interface alters the second extracellular loop to create a more open loop
configuration, and it diminishes the affinity of BtuB for substrate. Moreover, mutants in
the periplasmic Ton box that are transport-defective alter the binding site for vitamin B1>
in BtuB. This work demonstrates that the Ton box and the extracellular substrate binding
site are allosterically coupled in BtuB, a feature that appears to be critical to the TonB-

dependent transport mechanism.
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5.2 Introduction

The outer-membrane of Gram negative bacteria contain a family of specific, high-affinity
active transport proteins that derive energy from the inner membrane electrochemical
proton potential by coupling to the trans-periplasmic membrane protein TonB*“. These
TonB-dependent transporters actively transport various forms of iron, vitamin B1o, nickel
and carbohydrate and are essential for the survival of many pathogens. At the present time,
over 40 high-resolution structures of TonB-dependent transporters have been determined?;
however, the molecular mechanisms by which these proteins facilitate transport remain

uncharacterized.

BtuB is the outer-membrane Escherichia coli transport protein for vitamin Bi»
(cyanocobalamin or CNCbl). The structure of BtuB is homologous to other TonB-
dependent transporters, consisting of a 22-stranded P-barrel where the N-terminal 136
residues are folded within the barrel interior to form a domain that is sometimes referred
to as a hatch or core. The crystal structure of the substrate-bound form of BtuB is shown
in Figure 5.1, where two Ca?* ions act as co-ligands for vitamin Bi2. Near the N-terminus,
residues 6 through 12 in BtuB encompass a highly conserved energy-coupling segment
termed the Ton box, which is responsible for coupling BtuB to the inner-membrane protein
TonB. Although not observed in this structure due to the environment imposed by
crystallography?®, substrate binding is known to shift a conformational equilibrium in the
Ton box to favor an unfolded state, so that the Ton box projects 20 or 30 Angstroms into

the periplasm®. This transmembrane signaling event enhances the affinity of BtuB for
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TonB, and appears to facilitate transperiplasmic coupling between these inner and outer

membrane proteins’.
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Figure 5.1. Crystal structures of BtuB showing loop positions used in this study. (a) High-
resolution crystal structure of BtuB in the Ca?"-bound form (PDB: 1INQG) (left) and a
modified form of the Vitamin B12 bound form of BtuB (PDB: 1NQH) placing the Ton box
in an extended configuration consistent with EPR data (right). Two Ca?-ions (green
spheres) are coordinated by a cage of 4 aspartic acid side chains from the second and third
extracellular loops. The structure of BtuB is based upon a 22 stranded antiparallel 3-barrel
(blue) where the N-terminal region (yellow) is folded within the interior of the barrel. (b)
Sites that have been labeled with the spin-labeled side chain R1 on the exterior loops of the
BtuB barrel.
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Important questions remain unanswered regarding TonB-dependent transport and it is not
known how TonB-binding to the transporter drives substrate movement across the outer-
membrane. It has been suggested that TonB, which is in complex with ExbB and ExbD in
the inner membrane, may act by pulling on the N-terminus of BtuB thereby unfolding the
N-terminal core®, or TonB may act by rotating to drive rearrangements in the core domain®.
Crystal structures have been obtained for a fragment of TonB in complex with BtuB and
FhuA (the Escherichia coli ferrichrome transporter)!®t. In these structures, the Ton box
interacts with a three-stranded -sheet domain in TonB in an edge-to-edge manner. Inthe
case of BtuB, the Ton box must unfold for this interaction to take place, but there do not
appear to be significant changes occurring within BtuB upon TonB binding and there are
no obvious conformational changes in the core domain that would provide a pathway for

vitamin B12 movement through the protein interior.

In the present work, the spin labeled side chain R1 (Figure 5.1b) was engineered into
several extracellular loops of BtuB, and pulse EPR spectroscopy was used to examine the
configuration of the loops in a native outer-membrane preparation.  In the apo state, the
extracellular loops sample a broad conformational space. Calcium binding to BtuB
enhances vitamin B2 affinity by altering the configuration of the second extracellular loop
and limiting the conformations that are sampled by this loop. Remarkably, the
configuration of the second extracellular loop in BtuB is modulated by the binding of a C-
terminal fragment of TonB to the periplasmic surface of BtuB, producing a more open
extracellular loop configuration. Using a novel spin-labeled substrate (TEMPO-CNCbI)*?,
we find that TonB binding to the periplasmic surface diminishes the affinity of the

substrate, while transport-defective mutants in the Ton box lock the vitamin B1. into the
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ligand binding site. The data demonstrate that the Ton box and the substrate binding site
are allosterically linked in BtuB, and that interactions on either surface alter conformational
equilibria on the opposite surface of the protein. We discuss this two-way transmembrane

coupling, which is likely a key feature in the mechanism of TonB-dependent transport.

5.3 Results

In the present work, we carried out distance measurements using DEER on BtuB in intact
outer membrane preparations. Previously, it was shown that outer-membrane preparations
from Escherichia coli may be used to obtain high-quality data from pairs of spin labels on
BtuB*2'%, In these preparations, DEER signals are not obtained from wild-type BtuB or
single cysteine labeled sites in BtuB. And although there is typically a significant level of
background labeling in these preparations, this background labeling does not interfere with
the DEER signal from selectively labeled spin pairs. Moreover, the relaxation
characteristics of these samples are often better suited to DEER than those of purified

reconstituted membrane preparations.
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Figure 5.2. Ligand binding narrows the distance distributions sampled by the second
extracellular loop. On the left panels are background corrected DEER data for BtuB in
outer-membrane preparations and the panels on the right show the corresponding distance
distributions obtained from these data. The best fits to the DEER data are shown as red
traces and blue traces represent the best fit distribution. The grey error bars in the
distribution represent fits obtained by variation of the background form factor producing
fits that are within 15% RMSD of the best fit. Data are shown for measurements between
(a) the apex of extracellular loop 2 and site 399 in loop 7, and (b) between the apex of
extracellular loop 2 and site 488 in loop 9. Molecular models (PDB: 1NQH) are shown
indicating the positions of these spin labels. The histograms (magenta) for the Ca2+ and
Ca2+-vitamin B12 distributions represent predicted distance distributions based upon the
crystal structures for these states (either PDB: 1INQG or 1INQH) (see Methods). The data
in (a) from 188R1:399R1 were presented previously’®>. Data at X-band for the
188R1:399R1 spin pair were also obtained in a purified and reconstituted membrane
system®?,

Shown in Figure 5.2 are DEER data obtained under three sets of conditions for two pairs
of spin labels where one label is placed near the apex of loop 2 (188R1) and a second label
is placed closer to edge of the barrel at either site 399, in loop 7, or at site 488, in loop 9.
For both pairs of labels, broad distance distributions are obtained in the apo state, although
in both cases defined distances appear in the distribution (30 A for 188R1:399R1 and 34
A for 188R1:488R1). Upon Ca?* addition, clear oscillations appear in the background
corrected DEER data (F(t)/F(0)), indicating that Ca?* is placing loop 2 in a better defined
configuration. The subsequent addition of vitamin B1, further narrows the distribution
from the 188R1:399R1 pair, but does not significantly change the distribution obtained
from the 188R1/488R1 spin pair. Addition of vitamin B, alone in the absence of Ca®

does not significantly alter the distributions measured for loop 2.

In the presence of Ca?*, vitamin Bi2 has an affinity (Kq) for BtuB of approximately 5 nM,
which is diminished 1000 fold in the absence of Ca®* to 5 uM*®. A comparison of the apo

and Ca®*-bound states indicates that Ca®" is acting to narrow the conformational space
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available to this loop, and the data from Figure 5.2 indicate that Ca?* is acting to pre-

configure loop 2 to enable high-affinity vitamin By binding.

A comparison may be made between the predictions from high-resolution crystal structures
and the distance distributions measured by DEER (see Methods). In these crystal
structures, the second extracellular loop is not resolved in the apo state, indicating the
presence of some disorder in the protein crystal in this region. However, this loop is
resolved in the presence of Ca?* or Ca?*-vitamin Bi,. Shown in Figure 5.2 are the
predictions generated by MMM?*® (see Methods) using the crystal structures for the Ca?*
and Ca?*-vitamin By, states of BtuB (magenta histograms). For the 188R1:399R1 pair, the
distributions from the model match well with the experimental data. The agreement is
close, but not quite as good for the 188R1:488R1 spin pair, where the predicted
distributions are slightly broader than the experimental distributions. Since sites 399 and
488 are close to the edge of the barrel and are likely fixed relative to the barrel structure,
this comparison indicates that the configuration of loop 2 observed in intact outer-

membranes is similar to that seen in the high-resolution structures.

In addition to loop 2, we made measurements between pairs of spin labels on loops 7, 8, 9
and 10 on the extracellular surface of BtuB, and the distributions obtained for several sites
in the apo state are shown in Figure 5.3. In almost all cases very broad distributions are
obtained that span the limits of the accessible distance range in these experiments. For
most of these loop sites (Fig. 5.3b), the addition of Ca?* or Ca?*-vitamin Bi2 produces no
significant change in the inter-spin distance distribution, suggesting that much of the

extracellular region remains unchanged upon the binding of substrate. One exception is
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the measurement between loops 8 and 10 shown in Figure 5.3c, where vitamin By addition
acts to shorten the major distance in the distribution by approximately 5 A. In this case,
Ca?* alone produces no change in interspin distance. As seen in Figure 5.3b, the
corresponding measurement from loop 8 to loop 9 (449 to 488), yields a much broader
distance distribution, with only minor changes seen upon B1. addition. This suggests that
upon substrate binding loop 8 undergoes a movement towards the opposite side of the

protein rather than a movement towards the membrane interface (Figure 5.3).
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Figure 5.3. Vitamin B12 effects on loop 8. (a) Positions of spin-labeled sites in the
extracellular loops. (b) Distributions measured between extracellular loops 7 and 10
(404R1:530R1 and 399R1:530R1), loop 8 to 9 (449R1:488R1), loop 8 to 10
(449R1:530R1) and loop 9 to 10 (488R1:530R1). The blue traces represent the best fit
distribution, and the grey error bars represent fits obtained by variation of the background
form factor that produce fits within 15% RMSD of the best fit. (c) For measurements to
loop 8 from loop 10, vitamin B2 acts to shorten the inter-spin distance by approximately
5 A. Fits to the DEER data are shown in red, and the distributions are as described in (b).
Histograms in magenta represent the predicted distance distributions based either on the
apo or substrate-bound structures (PDB: 1INQE or INQH).
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Many of the distributions seen in Figure 5.3 for the BtuB apo state cover distances from 20
out past 50 A; nonetheless, these loops are resolved in high-resolution crystal structures of
the apo state and it is possible to examine the predicted distribution from these structures.
The predicted distances from these structures for the in-sulfo structure!’ are shown as
histograms in Figures 5.3b,c. In most cases, the predictions are far from the actual
experimental distributions, suggesting that these loops are conformationally trapped in the
crystal and that the loops sample a much broader range of conformations in the outer
membrane than is revealed by these structures. Measurements between the periplasmic
end of the barrel at site 488 to the ends of loops 8 (449) and 10 (530) yield much longer
distances than predicted by the crystal structures (Fig. 5.3b), suggesting that loops 8 and
10 are extended much further into the extracellular space than is indicated in these
structures. A meso phase structure has been obtained for BtuB in the apo state!®, When a
comparison is made between the resolved sites in this structure and the DEER data, the
crystal structures are generally represented in the shorter ends of the distribution (Figure
5.4), suggesting that this crystal structure represents one of the more compact structures

among those sampled in the outer membrane.
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Figure 5.4. The extracellular loops in BtuB span a broad conformational space.
Comparison of the DEER-derived distance distributions obtained for measurements
between loops 7, 8, 9 and 10 with the lipidic phase crystal structure of BtuB in the apo state
(PDB: 2GUF). The solid blue lines represent the best fits to the DEER data and the grey
shaded regions represent fits that fall within 15 % RMSD of the best fit at a specific
distance. The predictions based upon the structures are shown as histograms in magenta
and were obtained using MMM?® as described in Methods. In many cases, the distances
predicted based upon the crystal structures match with the shorter end of the experimental
distributions. However, many of the distributions are much broader and exhibit longer
inter-spin distances than are expected based upon the structures.
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As indicated above, substrate binding is known to unfold the Ton box in BtuB; however,
it is not known whether an interaction or modification of the Ton box will alter the vitamin
B1> binding site or the protein exterior. In the ferrichrome transporter FhuA, antibody
binding Kinetics and fluorescence quenching suggest that TonB binding alters the
configuration of the extracellular loops®®; however, significant structural changes in FhuA
are not revealed in the crystal structure for the FhuA-TonB complex!®. In the high-
resolution structure for the BtuB-TonB complex, there is also little evidence for significant
conformational changes in BtuB upon TonB binding*!. This structure does show a change
in the position of loop 8 when TonB is bound, however, this loop is in a region of protein-

protein contact within the unit cell.

a b 188R1/399R1 c 188R1/488R1

P(r)
P(r)

P(r)
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Figure 5.5. TonB binding widens the distance distribution sampled by the second
extracellular loop. The configuration of loop 2 is modulated by the binding of TonB. (a)
High-resolution crystal structure of BtuB bound to AN-TonB (PDB: 2GSL). The Ton box
is in magenta and AN-TonB is in green. (b) Distance distribution obtained for
188R1:399R1 in the apo state (top) and TonB bound state (bottom). (c) Distance
distribution obtained for 188R1:399R1 in the apo state (top) and TonB bound state
(bottom).
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Pulse EPR measurements allow us to directly probe loop conformations in BtuB in native
membrane preparations, and we used DEER to determine whether the binding of a TonB
fragment to BtuB might alter the configuration of the extracellular loops. In the substrate
bound state, an examination of 8 interspin distances among the labeled loops showed little
change in the configuration of the extracellular loops upon the binding of a TonB fragment
(TonB(150-239 or AN-TonB) ; however, in the apo state, the binding of AN-TonB
produced clear changes in the distributions for the spin pairs located between loop 2 and
either site 399 or site 488. As seen in Figure 5.5, the distributions are broad in the apo
state, but there is a significant distance for the 188R1:399R1 pair at 30 A and a significant
distance for 188R1:488R1 pair at 34 A. Addition of TonB broadens the distribution at both
sites, and in the case of the 188R1:488R1 pair, a 50 A distance rather than the 33 A appears
to be the major feature in the distribution. The broadening and lengthening of these
distances suggests that loop 2 is on average displaced further from the central axis of the
barrel upon TonB binding and that it samples a broader range of conformations. Thus,
TonB binding to the periplasmic surface modulates the structure of the protein at the

opposite extracellular interface.
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Figure 5.6. TonB binding alters the affinity of a spin-labeled vitamin Bi> analog and
promotes dissociation of the substrate. a) Structure of 2,2,6,6- tetramethylpiperidine 1-
oxyl-CNCbl (TEMPO-CNCbI). (b) Spectra of 100 uM TEMPO-CNCDbI in the presence
of outer membranes from Escherichia coli in the absence (black trace) or presence (blue
trace) or BtuB expression. The unbound lineshape is slightly broader than that obtained in
buffer due to the viscosity of the outer-membrane preparation. (c) The lineshape of the
TEMPO-CNCDbI bound to wild-type BtuB. A small fraction of free label has been
subtracted from this spectrum and the arrows indicate the position of the incompletely
averaged hyperfine resonances. In this case, A;;’ = 58 Gauss. (d) Spectra of 50 uM
TEMPO-CNCDbI in the presence of outer membranes expressing BtuB at approximately 50
KM concentration in the absence (blue trace) and presence (red-trace) of excess TonB (150-
239). These spectra are normalized and their amplitudes scaled as indicated.

We recently described a novel spin-labeled vitamin Bi, analog, TEMPO-CNCbI (see
Figure 5.6a), which binds and appears to be transported though BtuB!2. When this labeled

substrate is added to outer membrane preparations in the absence of BtuB expression, the

EPR spectrum indicates that the ligand is freely diffusing and shows no evidence for
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binding; however, the spectrum is dramatically broadened and reduced in amplitude if
added to outer membrane preparations where BtuB has been expressed (Figure 5.6b). The
EPR spectrum for bound TEMPO-CNCbI is expanded in Figure 5.6c, and it exhibits
hyperfine extrema that are not completely averaged, indicating that the spin label is
relatively restricted in its motion on the ns time-scale. The addition of TonB to these
samples produces a dramatic change in the EPR spectrum of the spin labeled substrate. As
seen in Figure 5.6d, AN-TonB addition increases the unbound component in the TEMPO-
CNCDbI spectrum, indicating that some of the TEMPO-CNCbI has dissociated from BtuB

upon TonB binding.

The spectra in Figure 5.6d suggest that TonB binding has diminished the affinity of the
substrate for BtuB, and we carried out titrations of TEMPO-CNCbI with outer membrane
preparations to estimate the changes in labeled substrate affinity using EPR. Shown in
Figure 5.7 are titrations carried out using outer membrane preparations expressing BtuB in
the presence and absence of a soluble TonB fragment. For BtuB alone, the titration (Figure
5.7b) yields a dissociation constant of approximately 60 nM. However, because the free
ligand concentration is difficult to accurately determine in this measurement, the error in
this estimate is quite large. The standard error in this fit covers Kq values from 20 to 100
nM; as a result, the reported affinity for vitamin B12 to BtuB, which is 5 nM**, may or may
not be dramatically different than that for the TEMPO-CNCDbl analog. In the presence of
AN-TonB, the affinity is approximately 10 fold weaker, or approximately 700 nM, and
standard error in this Kq value is approximately 20%. The bound TEMPO-CNCDblI is readily
displaced by non-labeled substrate, indicating that the substrate is in equilibrium with the

binding site in BtuB (Figure 5.8).
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Figure 5.7. Substrate affinity changes in the presence of TonB and binding is altered in
transport deficient mutants. (a) Titrations were carried out by measuring the amplitude of
the central (m=0 transition) of the TEMPO-CNCbI spectrum as outer membranes
containing BtuB were titrated into the substrate. Titrations in the absence (b) and presence
(c) of TonB that were fit to a 1:1 binding isotherm (see Methods). Substrate concentrations
were 20 UM for the BtuB alone and p10 M for BtuB+TonB. (d) A comparison of the bound
EPR lineshapes for TEMPO-CNCDbI bound to wild-type BtuB, and bound to two transport-
defective Ton box mutants (a 5-alanine mutation and V10P — red traces). The dashed
spectrum in black represents a rigid limit fit to the mutant spectra, where Az is
approximately 35 Gauss. The arrows and lines indicate the position of the hyperfine
extrema. (e) EPR spectra obtained for R1 at position 10 within the Ton in the presence
(red trace) and absence (black trace) of substrate for protein only with V10R1 mutation
(top spectra) or the transport-defective A5 mutant (bottom spectra).
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These data suggest that the binding of TonB alters the affinity of the substrate for its
binding site and promotes dissociation of the substrate. From the titrations in Figures
5.7b,c and the change in the free substrate population seen in Figure 5.6d, we estimate that
TonB binding shifts the free energy of substrate binding by approximately 1.5 kcal/mole;
however, the affinity of TEMPO-CNCDbI to apo BtuB may be an underestimate, and this

shift in energy may be larger or smaller.

< —— 25 uM TEMPO-CNCbl
+50 uM CNCDbI

b —— 25 uM TEMPO-CNCbl+TonB
+50 uM CNCDbI

Figure 5.8. Unlabeled vitamin B12 will displace TEMPO-CNCbl. EPR spectra of
TEMPO-CNCDbI bound to excess BtuB in outer membranes with the addition of 2-fold
excess vitamin B12.
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The changes in affinity that are seen for TEMPO-CNCbI upon addition of TonB are likely
mediated by the binding of TonB to the BtuB Ton box. To ensure that this is the case, we
tested to see whether mutants in the Ton box that show diminished TonB affinity’, and are
transport defective?®2!, would suppress or eliminate the substrate-induced changes. When
we examined the mutant V10P or a 5 alanine mutant (5AV10C: D6A, T7A, L8A, VA,
V10C, T11A) the reversal of TEMPO-CNCbI binding was either diminished or completely
blocked. This indicates that the changes in substrate affinity that are produced by TonB
binding are being mediated through the BtuB Ton box. In this experiment, interesting
differences appeared in the bound lineshapes for TEMPO-CNCbI. Shown in Figure 5.7d
is a comparison of the TEMPO-CNCbI spectrum when bound to wild-type BtuB (blue
trace) to the spectra obtained when bound to either the A510C and V10P mutants (red
traces). These spectra indicate that the label motion is dramatically altered in the transport-
defective mutants. In these spectra, the field difference between the hyperfine extrema has
increased, so that value of A;;” has increased from 58 Gauss in the wild-type protein to
approximately 70 Gauss in either of the mutant proteins. This value of 2A;;” in the mutant
spectra is close to that expected for a nitroxide near its rigid limit (rotational correlation
times longer than about 50 ns) and as seen in Figure 5.7d, the spectrum may be
approximated by a simulation of the nitroxide in its rigid-limit where no motional
averaging is taking place (dashed trace). This suggests that the label is trapped and
effectively fixed relative to BtuB in these Ton box mutants. Using a simple model for

motion in a cone??, the smaller hyperfine splitting observed in the spectrum from the wild-
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type protein relative to that for the Ton box mutants can be approximated by rapid motion

in a cone that has a half angle of approximately 30 degrees.

In summary, mutations in the Ton box that produce a transport defective phenotype alter
the dynamics of TEMPO-CNCDbI in its binding site. Taken together, the data in Figures
5.6 and 5.7 provide a clear indication that the energetics and dynamics of the ligand in the
substrate binding site of BtuB are coupled to the state of the Ton box on the periplasmic

surface.

It should be noted that the mutants L8P, V10P and A5V10C are known to be transport
defective?®?, In addition, the mutants L8P and VV10P lack the ability to bind to TonB with
high-affinity” and the Ton box in these two mutants appears to be constitutively unfolded?.
We tested the A5V10C mutant in both a reconstituted and native membrane system and
also find that a large fraction of the Ton box is unfolded either in the absence or presence

of substrate (Figure 5.9).
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Figure 5.9. The Ton box in transport-defective mutants appears to be constitutively
unfolded. Previous work has shown that the Ton box in the transport-defective L8P and
V10P mutants appears to be unfolded either in the absence or presence of substrate(S4).
Shown in the figure are EPR spectra of the spin-labeled, purified, and reconstituted V10R1
mutant (top) and the transport-defective alanine mutant (bottom: D6A, T7A, L8A, V9A,
V10R1, T11A) in the absence (black trace) and presence (red trace) of vitamin B..

5.4 Discussion

In the vitamin B2 transporter BtuB, substrate binding to the external binding site promotes
the unfolding of an energy coupling segment, the Ton box, on the periplasmic surface.?*2°
This transmembrane signaling event increases the affinity of the transporter for TonB’, and
it may help direct TonB to those transporters that are bound to substrate. In the present
study, we demonstrate that signaling also takes place from the periplasmic surface to the

extracellular surface of BtuB. The binding of a fragment of TonB to the periplasmic Ton
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box alters the configuration of the second extracellular loop to produce a more open
configuration (Figure 5.5), and TonB binding diminishes the affinity of the transporter for
a labeled substrate (Figures 5.6 and 5.7b). Moreover, mutants in the Ton box that produce
a transport-defective phenotype, such as V10P or A5V10C, modulate the substrate binding
site, and as seen in Figure 5.7d they restrict the dynamics of a spin-label substrate within

its binding site.

The data presented here provide clear evidence that the substrate binding site and the Ton
box are energetically and structurally linked, which raises interesting questions regarding
the mechanism of TonB-dependent transport. In the high-resolution structures of BtuB,
there is no obvious pathway for substrate to move through the BtuB barrel; and for transport
to occur through BtuB, an unfolding or transient rearrangement of the N-terminal core
region must take place. As indicated above, TonB has been proposed to pull® or rotate®
when bound to BtuB in order to promote unfolding or conformational changes in the core
necessary to promote transport. However, the allostery that is observed in BtuB suggests

that it might not be necessary to pull or rotate the ton box to achieve transport.

Under the conditions used in these experiments, the binding of a fragment of TonB lowers
substrate affinity and partially dissociates the TEMPO-CNCbI. We do not presently know
whether the dissociated substrate exits the transporter on the exterior surface or is released
to the periplasmic surface. If released to the periplasmic interface, one round of transport
might be occurring in BtuB simply as a result of TonB binding. In this case, transport
could be driven simply by a cycle of attachment and release of TonB from BtuB, where

the attachment of TonB to the Ton box alters the population of transient high-energy (or
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excited) protein conformational states that are required to mediate substrate movement
through the transporter. Such transient states have not been observed in high-resolution
structures of TonB-dependent transporters; however, this may simply reflect a failure to

populate these states under the conditions used for crystallography.

It was previously suggested that the binding and release of TonB from BtuB might be
driven by the conversion of TonB from a monomer to a dimer by the ExbB/ExbB inner
membrane proteins’. TonB appears to dimerize in-vivo?’, and both crystallography and
EPR indicate that soluble TonB fragments tend to dimerize’”?2°, Since the TonB dimer is
observed to convert to a monomer upon interaction with BtuB’, the conversion of TonB to
a dimer would be expected to dissociate TonB from BtuB. Rather than pulling or rotating,
the inner-membrane proteins ExbB and ExbD might utilize the inner membrane proton
potential to convert TonB from a monomer to a dimer, thereby driving a cycle of

attachment and release of TonB from BtuB.

Mutations in the Ton box that are transport-defective, such V10P, were previously found
to lack high-affinity binding to TonB’, and the absence of this high-affinity binding could
account, at least in part, for the transport-defective phenotype. However, cold-chase
experiments in whole cells indicate that the release of substrate is dramatically slowed in
these mutants, presumably as a result of an enhanced affinity of BtuB for substrate®®. This
suggests that these mutants might also fail to transport because the substrate is kinetically
or thermodynamically trapped and cannot be released from its binding site. It is interesting

that rigid-limit EPR spectra are observed for TEMPO-CNCbl when bound to these
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transport-defective mutants (Figure 5.7d), indicating that the substrate is rigidly fixed

within its binding site in these mutants.

In BtuB, calcium is known to be a co-ligand for vitamin B12 and it is reported to increase
the affinity of substrate for the transporter by 1000 fold®®. Previous work performed at X-
band in reconstituted membrane systems indicated that Ca?" acted to order the second
extracellular loop and produce slight changes in the position of the loop?. The
measurements made here at Q-band in intact membrane systems are generally consistent
with this result, but they have greater resolution and indicate that the range of structures
sampled in the apo state is very large. For example, in Figure 5.2b, distances between
labels in loops 2 and 9 vary by more than 20 A. The addition of Ca?* acts to narrow the
distribution and appears to select one of the conformations present in the apo distribution.
In this manner, Ca?* binding appears to promote a conformational selection in the second
loop?, leading to an ordering of the loop and the formation of a binding site that is
favorable for substrate interaction. Movements in this loop were also examined by
molecular dynamics (MD) simulations, and it was also found that Ca?* tended to order the
loops®; however, the extent of the distance fluctuations seen by MD were much smaller

than that seen here, perhaps because of the time-scale of the simulation.

In the BtuB crystal structure, vitamin B2 interacts with residues in loops 2, 3, 4, 9, 10, 11.
Although we have not sampled loops 3 and 4 or attempted an exhaustive study of the
extracellular region, among those sites examined Ca?* produced changes in distance

distributions only for labels in loop 2, and vitamin B1> appeared to modulate the position
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of labels only in loops 2 and 8, with no significant differences in distribution seen for loops
7,9 and 10. As seen in Figure 5.3b, the loops that did not respond to substrate or Ca?*
exhibited very broad distance distributions covering a range of over 30 A. Unlike loop 2,
the predictions from the crystal structures for the other loops match poorly with the
experimental distributions, and the longer loops 8 and 10 appear to sample configurations
that vary quite dramatically from those in the high-resolution structures. This is not

unexpected, since these loops are known to be in conformational exchange®®.

In summary, data obtained from site-directed spin labeling and EPR spectroscopy on a
native outer membrane preparation indicate that the binding of TonB to the periplasmic
Ton box of BtuB alters the conformation of the extracellular loops and the substrate binding
site of this transporter. Mutations in the Ton box that are transport defective also modify
the substrate binding site and the state of the substrate. The data indicate that
transmembrane signaling travels in both directions in BtuB, a phenomenon that likely plays

a critical role in the molecular mechanism of TonB-dependent transport.
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5.5 Materials and Methods

Expression and purification of AN-TonB.

DNA encoding the Escherichia coli. TonB C-terminus (150-239) was transformed into T7
Express lysY/I4 competent cells, and the cells were grown in 2xYT media at 37°C and
induced with IPTG at 0.6 OD 600. Cell growth was continued at 20°C until an OD600 of
1.65 was reached, and the cells were then harvested by centrifugation at 4000 g for 10 min
and resuspended in 25mM Tris, pH 7.5 containing 1 mM 4-(2-aminoethyl)benzenesulfonyl
fluoride hydrochloride (AEBSF) (Thermo Fisher Scientific, Pittsburgh, PA), 0.5 mM
dithiothreitol (DTT) (Avantor Performance Materials, Inc., Phillipsburg, NJ), 20 units/mL
aprotinin (Calbiochem, Darmstadt, Germany), and 100 uM leupeptin (Roche Diagnostics,
Indianapolis, IN). The resuspended cells were then lysed using a French press at a pressure
of 1300 psi. The clarified lysate was incubated with 10 mL of Ni?*-NTA resin and
subserquenly eluted with 25 mM Tris (pH 7.5), 300 mM NacCl, and 250 mM imidazole.
The TonB containing fractions were subjected to proTEV plus (Promega, Madison, WI)
protease overnight at 4°C to remove the His6 tag. The protein was loaded onto a prepacked
5 mL SP HP anion-exchange column (GE Healthcare, Piscataway, NJ), and a gradient was
run from 0.25 M to 1.0 M of NaCl in 25 mM Tris buffer (pH 7.4). Following purification,
protein purity was analyzed by SDS-PAGE electrophoresis, and the fractions containing

pure TonB were pooled. The protein was dialyzed into 25mM Tris 128mM NaCl (pH 7.5).

Expression and labeling of BtuB in native outer-membranes.
Mutants of BtuB on a pUC8 backbone were engineered using the Agilent Technologies

(Santa Clara, CA) QuikChange Site Directed Mutagenesis Kit. The mutant A5V10 was
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provided by Prof. Robert Nakamoto (Department of Molecular Physiology, University of
Virginia). Wild-type and mutant BtuB were overexpressed in the E. coli strain RK5016
(argH, btuB, metE)?. Cells were grown for overnight in minimal media containing 100
ug/mL ampicillin and supplemented with 0.24% w/v glucose, 150 uM thiamine, 3 mM
MgSQOs4, 300 uM CaClz, and 0.01% w/v of Met and Arg. Cells were harvested by
centrifugation at 4000 g for 10 min followed by resuspension in 30 mL 25mM HEPES
buffer, pH 6.5. The resuspended cells were then lysed using a French press at a pressure
of 1300 psi. To prevent proteolysis of BtuB, AEBSF was added to a final concentration of
400 ug/mL. Following lysis, the solution was centrifuged at 14500 g for 10 min. to remove
cellular debris. The inner membrane in the supernatant was solubilized by addition of 0.5%
sarkosyl, and outer membranes containing BtuB were pelleted by ultracentrifugation at

104,000 g for 90 min. Each pellet was resuspended in 4 mL 25mM HEPES.

To spin label free cysteines in BtuB, 100 pL of S-(2,2,5,5-tetramethyl-3-pyrroline-3-yl)
methyl methanethiosulfonate (MTSL, Toronto Research Chemicals, North York, ON,
Canada) from a 12 mM stock solution in ethanol was added to the resuspended outer-
membrane pellet and allowed to react for 2 hours at room temperature. The unreacted spin
label was removed by centrifugation at 60,000 rpm for 20 minutes in a Beckman Airfuge
(Brea, Ca). Typically, three centrifugation steps were required to remove the unreated
label, where the final centrifugation step served to concentrate the sample. The
concentration of BtuB in the outer membrane was estimated by titrating the preparation
against a sample of known spin labelled substrate (TEMPO-CNCbI) concentration. This
was done at sufficiently high substrate concentrations that virtually no free ligand was

present until a 1:1 stoichiometry had been reached. To determine the affinity of TEMPO-
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CNCbl for BtuB, the concentration of TEMPO-CnCbl was held constant at 10 or 20uM
while BtuB was titrated into the sample. In these titrations, final protein concentrations

ranged from 5uM to 80uM.

Reconstitution of BtuB.

For measurements on BtuB in proteoliposomes, the outer membrane preparations were
solubilized by addition of 0.6g/L n-octyl-B-D-glucopyranoside (OG), ANAGRADE
(Anatrace, Marmee, OH) in 100 mM Tris buffer (pH 8.05), containing a final concentration
of 8 mM EDTA. After a 2 h incubation the detergent complex was ultracentrifugated at
90,000 g for 1 h to remove non-soluble material. The protein in the supernatant was then
spin-labeled by adding 200 pL of 12 mM MTSL, and the reaction was allowed to proceed
for 1 h at room temperature. The protein was then loaded onto a prepacked 5 mL Q-
sepharose high-performance anion-exchange column (Amersham Biosciences,
Piscataway, NJ), and a gradient was run from 0.25 M to 1.0 M of LiCl in 25 mM BisTris
buffer containing 17 mM OG (pH 7.0). Following purification, protein purity was analyzed
by SDS-PAGE electrophoresis, and the fractions containing pure BtuB were pooled. A
solution of 4:1 OG/1-palmitoyl-2-oleoylphosphatidylcholine (POPC) mixed micelles was
produced by sonication for 15 minutes (Branson Danbury, CT) the pure BtuB was then
added to this mixture. Dialysis to remove the OG was performed with 6 exchanges of 4
liters each containing 150 mM NaCl and 10 mM HEPES at pH 6.5 with 1 mM NaN3 and
100 nM EDTA. The dialyzed protein was pelleted by centrifugation at 10,000 g and
solubilized in ~mL dialysis buffer. Samples were subsequently concentrated for EPR

spectroscopy using a Beckman Airfuge (Brea, Ca). Final lipid concentration was
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determined using a phosphate assay and ranged from 20-60mM. Final protein concertation

was determined using a amido black assay and range from 90-200 uM.

Synthesis of TEMPO-CNCDbI.

The spin labelled substrate, TEMPO-CNCDbI, was synthesized as described previously*2.
Briefly, the ribose-5’-hydroxyl was activated with 1,1’-Carbonyl-di-(1,2,4-triazole) (CDT,
Sigma) followed by reaction with with 4-amino TEMPO in DMSO. This reaction was
carried out under argon and the TEMPO-CNCDbI product was precipitated by the addition
of a 1:1 mixture of acetone and diethylether. The crude reaction product was subsequently
purified by HPLC on a C18 reverse phase column and the product confirmed by mass

spectrometry.

Continuous Wave EPR.

For continuous wave EPR, 4uL of sample was loaded into glass capillaries with a 0.6mm
inner diameter and a 0.84mm outer diameter (VitroCom, Mountain Lakes, NJ).
Continuous-wave (CW) EPR measurements were recorded at X-band using a Bruker EMX
spectrometer fitted with a room temperature ER 4123D dielectric resonator (Bruker
Biospin, Billerica, MA). Unless otherwise noted, EPR spectra were 100 Gauss scans, using
a modulation amplitude of 1 Gauss and a microwave power of 2 mW. The spectra were
baseline corrected and normalized to the total spin number using LabVIEW software

provided by Dr. Christain Altenbach (University of California, Los Angeles).

To estimate the binding affinity of TEMPO-CNCDbI to BtuB, the normalized amplitude (A)
of the central (mi=) nitroxide resonance was measured and plotted versus the BtuB

concentration. Since the EPR spectrum is a linear combination of the aqueous and bound
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TEMPO-CNCbl spectra, the amplitude A may be given as:A = frA¢ — f, A,, Where fr and
fo are the fractions of aqueous and bound label and As and Ay are the intrinsic normalized
amplitudes of the aqueous and bound label, respectively. The values of Ar and A, were
independently determined from bound and aqueous EPR spectra, and the amplitude versus
[BtuB] data were then fit using a standard expressions for 1:1 binding® to generate a
dissociation constant Kg using the non-linear least squares fitting method implemented in

Mathematica (Wolfram Scientific, Champaign, IL).

Pulsed EPR measurements.

Samples for double electron-electron resonance (DEER) contained approximately 15-20
uL of double labeled outer membrane BtuB preparations in 15% deuterated glycerol. The
samples were placed into quartz sample tubes having a 1.5mm inner diameter 1.8 mm outer
diameter (VitroCom, Mountain Lakes, NJ) and then rapidly frozen in isopropanol cooled
with dry ice. The data were recorded at 80 K on a dedicated Q-band Bruker E580
spectrometer fitted with an EN5107D2 dielectric resonator. For DEER experiments, the
dead-time free four-pulse sequence with phase-cycled /2-pulse was used?. Typical pulse
lengths were 16 ns for n/2 and 32 ns for © the observer pulses and 20 ns & for the pump
pulse. The pump pulse was set to the maximum of the echo-detected field swept spectrum
and the observer pulses were set 60 MHz lower. The deuterium modulations were averaged
by increasing the first interpulse delay by 16 ns for 8 steps. To obtain distance distributions,
the normalized primary DEER data V/(t)/V(0) were processed to remove the background
function from intermolecular interactions and the resulting form factors F(t)/F(0) were

fitted with a model-free Tikhonov regularization to distance distributions with
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DeerAnalysis2013 software package®. The error ranges shown in the distance
distributions are based upon variation in the background form factors that produce fits
within 15% RMSD of the best fits. Predictions of the expected distance distributions based
upon published crystal structures were made using the program MMM?®. In this program,
we used a rotamer library for the R1 side-chain that was determined using density
functional theory and consistent with available crystal structures®®. Structures were

visualized using PyMOL Molecular Graphics System, Version 1.7.4 (Schrodinger, LLC).
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Chapter 6: Urea denaturation of the BtuB hatch domain

6.1 Introduction:

All TBDTs are proteins are comprised of three domains; the 22-stranded B-barrel, a hatch
or plug domain and the TonB interacting domain or Ton Box. The plug domain is
comprised of 130-150 resides comprised of both a-sheets and 3-sheets. The motions of this
plug have long been a source of study.>? A major hurdle to elucidating the transport cycle
of TBDTs has been proving the mechanism of substrate passage across the membrane
which must involve plug domain changes. However molecular dynamics simulations have
failed to produce a water channel large enough to facilitate substrate passage, indicating
large structural rearrangements of the hatch are necessary.® None of the crystal structures,
even with substrate and/or TonB bound show plug displacement great enough to allow for
substrate passage.’*° Previously obtained experimental data suggests two possible
mechanisms for the creating of this water filled channel. The first mechanism has a
significant portion of the plug domain unfolding into the periplasmic space. Steered
molecular dynamics simulations have been able to unfold enough of the N-terminal portion
of the plug to form a cavity big enough for substrate passage.® A cysteine accessibility
study suggests that large portions of the hatch domain become solvated upon substrate
binding, possibly by denaturation into the periplasm.” The second mechanism involves the
substrate passing between sequential binding sites as it is transported. Molecular dynamics
simulations show a large number of water molecules at the interface of the barrel and plug

in several TBDTS, proving the plug is highly solvated.® Thermal denaturation studies show
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that the hatch and barrel act as independent domains® and low urea concentrations are
needed to reversibly form a pore.l° These experiments point to a pore that is small with a

low energetic cost of formation.

Urea has long been used as a protein denaturant.!'? The unfolded state exposes the interior
hydrophobic residues to water, creating a water-swollen state with a smaller volume,
optimizing free energy of the macromolecule.®!* Studies conducted on both soluble and
membrane bound proteins clearly show reversible denaturation and a linear relationship

between denaturant concentration and free energy changes.>1°

A resulting linear extrapolation model (LEM) has been widely used for these
measurements, AGU™®? = AGYate" — m[C]. The m value or slope of this fit is a measure
of protein surface area exposed to solvent during denaturation and so correlated to protein

stability when exposed to urea.!’

In order to better understand which theory more closely resembles the actual TBDT
transport strategy a previous study out of the Cafiso lab utilized urea denaturation in
combination with SDSL-EPR to obtain thermodynamic data on the BtuB hatch domain.
The data presented in Flores Jimenez & Cafiso®® indicate that the hatch domain does not

unfold as a whole. These data are represented in Table 6.1.



Table 6.1 Previously obtained thermodynamics data from the hatch domain of BtuB

kcal

0 kcal
Mutant AGY (== —) Co (M)
V10R1 3.01+0.24 0.93 £ 0.06 3.25+ 0.13
T30R1 3.33+£0.12 1.00 £ 0.04 3.32 £0.04
V78R1 2.12 £ 0.05 0.29 £ 0.00 7.23+0.13
N128R1 2.53+0.08 0.36 £ 0.01 6.95+0.12

This table reports the denaturation data of the hatch domain residues tested. The AG[ is
free energy for unfolding in the absence or denaturant. The m parameter is a measure of
solvent accessible protein surface area exposed to solution upon denaturation. Co is the
concentration of urea that represent the midpoint of the denaturation. These parameters
were obtained from the EPR line shapes as described in the methods section. Table adapted
from Flores Jimenez & Cafiso, 20128,

The m and Co values obtained as part of that study paint a clear picture, the m values for
V10 and T30 are much higher than any other part of the hatch and the Co values for these
two residues are lower. These two parameters both point to this segment unfolding to
expose more protein surface area at a lower urea concentration. The authors concluded that
a segment including residues V10 and T30 but not V78 or further unfolds at low urea

concentrations.

Molecular dynamics simulations were performed to better understand the size a potential
pore needed to be in order to facilitate the transport of CNCbl. Figure 6.1 depicts the pore

formed by the removal of residues 6-65.
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Figure 6.1 Possible B1. substrate channel formed when residues 6-65 are removed. Here a
section of the BtuB hatch domain (residues 6-65, depicted in blue) are removed to reveal a
pore large enough to accommodate CNCDbl transport. A similar pore was observed during
a steered molecular dynamics simulation in which the ton box was pulled and portions of
the hatch were denatured. There is no data to indicate whether such a pore is opened during
transport in any TBDT. Taken from Flores Jimenez & Cafiso, 201218

Building on these experiments we set to probe similar energetic parameters for residues
between T30 and V78 in an attempt to narrow down the residues participating in the pore
and whether the denatured cooperatively, similar to V10 and T30 or independently. The
data indicated that the hatch between T30 and V78 does not unfold in one step and points

to a transient pore mechanism.
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6.2 Results and Discussion:

Using the procedure described in the materials and methods section five mutants of the
BtuB hatch domain were created. These mutants; L46, D53, N57, 166 and S74 were grown
and purified then subjected to increasing urea concentrations. The mutants were chosen to
represent a variety of hatch positions specifically on putative substrate binding loops 1
(N57) and 2 (S74) as well as on the two B-sheets (D53 and 166) and a-helix (L46) not tested

in the previous study. These residues are modeled in figure 6.2.
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Figure 6.2 Model of BtuB hatch domain residues. The hatch domain of the high resolution
BtuB crystal structure (PDB 1NQE) with the residues used in this study depicted as ball
and stick models in blue.

Each residue notably had fairly immobile line shapes when urea was absent with the
exception of N57. (Figure 6.3) These restricted line shapes indicate that the residues studied
are folded normally and are likely unperturbed by the mutagenesis and subsequent spin
labeling. This is very important especially for these sites because they are buried in the
hatch and such a location would produce a very immobile line shape. An analysis of residue
N57 using the simulation program MMM produced two predicted rotamers for the MTSL
spin label.*® This indicates that the N57 CW spectrum shows an unexpectedly high degree

of mobility, this is most likely due to its location on a solvent exposed substrate binding
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loop that is unnaturally ordered in the crystal structure. Further studies of the substrate
binding loops in the absence of crystallization buffers may provide more insight to their

specific functions.
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Figure 6.3 Line shapes of BtuB hatch domain residues in the absence of urea. Here the
position of the low field hyperfine extreme indicated with a red box. This hyperfine
extreme is where tertiary contact is seen in a CW-EPR spectrum. The nitroxide hyperfine
extrema, Az, was measured for each spectrum shown above. All residues with the
exception of N57 have A;; values that are between 34.35 and 35.35 G. These values are
consistent with predicted rigid limit simulation value of 37G% and experimental A;; values
for the most restricted MTSL in lipid of 35.982%. The Az value measured for N57 is
considerably lower at 26.84 + 0.89 G, indicating that this residue is much more mobile than
other hatch positions. This mobility is most likely due to the position of N57 on a hatch
domain loop putatively described as substrate binding loop 2.
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Figure 6.4 Representative spectra of D53R1 from 0 to 9M urea. As urea concentration
increases the broad spectral components decrease (red arrows) and the narrow spectral
components increase (blue arrows). These features highlighted here on the high and low
field line are also present in the mid field line. Narrow line features are a result of fast spin
label motions and will increase as the denaturation progresses while broad line features are
a result of slow moving or frozen spin labels and are expected to decrease. The distance
between peaks in the mid field line of the normalized CW-EPR spectrum is the normalized
amplitude.

Upon exposure to increasing concentration of urea, ranging from 0-7 (L46R1) to 0 -12
(S74R1 and 166R1) all line shapes exhibited increased mobility. This change occurs when
secondary and tertiary structure is lost allowing backbone dynamics to increase. An
example of the lineshapes seen during this type of denaturation experiment is shown in

Figure 6.4. The highest concentration of urea tested varied but always represented a line
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shape at which the unfolding transition is complete and that did not change with increasing
urea. A line shape that did not exhibit change with increasing urea represented a fully
denatured state for the local residue. Interestingly, some mutants (D53, 166 and S74)
releveled residual protein structure at these highest urea concentrations. Existence of
slower motional components in high urea concentrations have been reported in BtuB*! and
FepA?2 and is most likely due to variation in the unfolded structure of the protein at these
sites. It is also consistent with previous work that finds nativelike protein structure can be
found even in high denaturant concentrations? and with the hypothesis that denatured

states are more complex than just a random coil®*.
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Figure 6.5 Plots of the normalized amplitudes from the five hatch mutants as a function of
the urea concentration. The normalized amplitude is linearly related to the fraction of
unfolded protein. The red fit lines were obtained by fitting the data point to equation 6.1
(see Materials and methods). Here we assume a two state model in which the protein exists
in either a folded or unfolded state.

Figure 6.5 depicts the plots and fits of the normalized amplitude versus urea concentration.
The parameters obtained from the fit (see equation 1, Materials and Methods) were then
applied to Equation 6.2 to obtain the parameter m and to equation 6.3 to obtain AG,,. All
the thermodynamic data are listed in Table 6.2. The m parameter, which is a measure of
the surface area exposed upon denaturation varies widely but is unaffected by the addition
of CNCbl with the notable exception of N57. The m parameter data for L46R1, I66R1 and
S74R1 is reflective of previous work. In Flores & Cafiso'® denaturation at sites V10 and

T30 produced a m value very close to 1. These two residues are closer to the N terminus of
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BtuB and are close to L46. On the other side of the hatch, 166 and S74 exhibit m values
that are identical within error to previously studied sites on the C-terminus of the hatch
domain; E108, N128. The m values of D53 and N57 are intermediate between these two
extremes and do exhibit increases upon CNCbl binding. The CNCbl mediated m value
increases for these two residues indicates that the substrate is changing the unfolding event

by causing an increase in the surface area of protein that is unfolded.

Next we examine the Co values; in these data, we observe a trend of increasing Co from N
to C terminus with the exception of N57. Also in almost every case the addition of CNCbl
decreases that value significantly. Since the Co value indicates the urea concentration
required to denature half of the protein population, these data show that substrate binding
promotes hatch instability. Notably the 166 Co value increases over 1.5 M when Bi2 binds,

indicating this may not be a global hatch destabilization event.

Interestingly the free energy of unfolding does not change very significantly as the hatch
is scanned. This is consistent with the previous study® but the values of AGy; should be
viewed cautiously as they have been known to be substantially affected by the SDSL
process, especially when sites of significant tertiary contact are probed.?® AAG,, on the
other hand directly measures the difference between spin labeled sites when the protein is
in the apo or substrate free state and after CNCbl is added. These data show that the
magnitude and sign of the free energy varies widely between positions in the hatch. The
change in free energy that is due to the CNCbl binding event seems to stabilize portions of

the hatch and destabilize other portions.
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Table 6.2: Urea denaturation curves for BtuB hatch domain mutants.

L46R1 Apo 1.03 £. 439 +.05 452 +.18
1.30

L46R1 CNChI 1.10 £.05 2.93 +.03 3.22+ .35

D53R1 Apo .615 £ .05 5.02 +.08 3.09 +.25
0.03

D53R1 CNCbI .696 £ .05 4.40 = .07 3.06 +.23

N57R1 Apo 534 + .12 6.72 +.03 3.59 +.08
-1.00

N57R1 CNCbI 877 +.08 5.24 + .07 459+ .41

I66R1 Apo 411 + .07 5.59 + .23 2.30 +.39
-0.53

I66R1 CNChl 399 £ .05 7.10 .17 2.83 +.33

S74R1 Apo 403 £ .06 8.14 + .35 3.28 +.05
0.99

S74R1 CNCbI .395 + .06 5.81+.26 2.29+ .35

Physical parameters derived using equations described in materials and methods section.
Co corresponds to the concentration of urea that results in half the protein being denatured,
m is related to the solvent accessible protein surface area exposed to solvent upon
denaturation. AGy, is the free energy of unfolding a specific residue. AAG,, is a good
measure of substrate induced stability changes at a specific residue. Errors calculated using
the procedure given in the materials and methods section.
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6.3 Conclusions:

The lack of a trend in the m data for the hatch domain indicates that a single unfolding
event of the entire N-terminus to about residues 60-65 allowing substrate passage, as had
been previously hypothesised®®, is unlikely. If a major section of the hatch left the barrel,
the free energy of unfolding might be expected to decrease for the entire domain upon
substrate addition. Instead, it supports the hypothesis that the hatch domain rearranges in
small chunks to allow for substrate passage. This type of rearrangement is seen in alpha-
helical transporters® and would cause certain sections of the hatch domain to destabilize
(+AAGu”) and others to stabilize (-AAGu’) when substrate is bound. In the context of the
pervious BtuB work, a possible region of lower stability that would be involved in substrate
passage can be better identified. L46 exhibits thermodynamic parameters clearly
resembling those of V10 and T30 while 166 and S74 fall into the group of S74 and residues
not part of the hatch (see table 6.1). Interestingly, S74 and 166 m values are not as small as
previously reported values for more C-terminal residues. The two residues that don’t fall
into either group, D53 and N57, are likely very critical for substrate passage. N57 is
discussed in more detail below. Based on these data, residues up to 166 participate in the
passage of CNCbl but do not unfold cooperatively as seen in figure 6.1. A transient pore
mechanism of alternating small openings that allow for CNCbl contact with conserved
sites® in the hatch and barrel is more likely. The thermodynamic data strongly indicate that
the addition of substrate destabilizes the entire hatch region in BtuB. Previous work shows
that certain residues C-terminal for T30 show some retained structure in their “fully
denatured” state.’® 166R1 and S74R1 also display some secondary structure in their fully

denatured state, usually 12M urea, further indicating that this region behaves similarly to
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protein regions further C-terminal in the protein that are not thought to unfold during
transport. This transient pore would not require a large energy contribution to form and

would refold quickly.

l% NN 574

s
e )I
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Figure 6.6 The hatch domain of BtuB with CNCbl bound. The hatch domain and 3 strands
of the B-barrel taken from BtuB (PDB 1NQH) shown in green with the three putative
substrate binding loops highlighted in blue®. The CNCbl molecule is shown as a stick
model in red. N57 and S74 are shown in yellow. Both of these residues lie close to the
substrate and may behave differently from other hatch domain residues due to direct
substrate interactions.

These data also show that N57 is denatured to a greater extent and at a lower urea
concentration than expected based on its location in the crystal structure, leading us to

believe that this residue behaves differently in the presence of substrate. N57 is on a loop
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region that is part of the hatch domain but resides fully inside the barrel. This residue has
the largest change in solvent exposed surface area when substrate is bound, while at the
same time exhibiting a large negative shift in unfolding transition midpoint. While not
definitive proof of this area’s involvement in transport these data show large changes in
N57 that may be relevant to transport. S74 also shows a large substrate mediated change.
This mutant has a large reduction in the midpoint of the folding transition (Co) when B2 is
bound. Previous crystallography data show that in the apo state, S74 is part of an alpha
helix but in the substrate bound state this region (72-76) loses secondary structure. The
substrate bound crystal structure also shows the B1> molecule in proximity to the N57 and
S74 containing turns. A third turn, residues 85-96 slows considerably, and shows root mean
squared difference (rmsd) greater than 6A (Figure 6.6). These data, taken together, agree
with previous work hypothesizing that these three turns participate in B2 binding®. One or
more of these turns may make direct contact with the substrate; they may also participate
in the alternating access method of transport by blocking access to the extracellular space

during transport.
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6.4 Materials and Methods:

Primer Design and Experimental Mutagenesis

Primers were designed such that annealing temperature (Tm) is greater than or equal to
78°C using the equation Tm=81.5 + 0.41(%GC) - 675/N, where %GC is the percentage of
guanine and cytosine and N is the number of residues. Cysteine mutations were introduced
into the BtuB wild-type plasmid (pAG1) using the Quick-Change site-directed mutagenesis
kit (Stratagene, La Jolla, CA). Plasmids were sent out for sequencing (GENEWIZ, South
Plainfield, NJ) to ensure the desired mutations were present. The mutants were then

transformed into the Escherichia coli strain RK5016.

Growth, Solubilization, Spin labeling, Purification, and Reconstitution

For overexpression, cells were grown in minimal “A” media, 0.1 M Phosphate buffer, 8
mM (NH4)2SOsand .02 M sodium citrate. After autoclaving, the media was supplemented
with 0.2% glucose, 3 mM MgSOa, 300 uM CaCly, 0.01% Methionine and Arginine and
0.1mg/L Ampicillin. Cells were harvested by centrifugation at 4000 g for 10 min followed
by resuspension in 30 mL HEPES buffer, pH 6.5. The resuspended cells were then lysed
using a French press at a pressure of 1300 psi. To prevent proteolysis of BtuB, AEBSF
was added to a final concentration of 400 pg/mL. Following lysis, the solution was
centrifuged at 14500 g for 10 min. to remove cellular debris. The inner membranes in the
supernatant were solubilized by addition of 0.5% sarkosyl, and the outer membranes
containing BtuB were pelleted by ultracentrifugation at 104,000 g for 90 min. Each pellet

was resuspended in 4 mL HEPES buffer. Addition of 0.6g/L n-octyl-p-D-glucopyranoside
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(OG), ANAGRADE (Anatrace, Marmee, OH) in 100 mM Tris buffer (pH 8.05), containing
a final concentration of 8 mM EDTA, was used to solubilize the outer membrane. After a
2 h incubation the detergent complex is ultracentrifugated at 90,000 g for 1 h, the
solubilized protein in OG micelles remained in the supernatant. The protein was then spin-
labeled by adding 200 uL of 12 mM of 1-oxyl-2,2,5,5-tetramethyl-3-pyrroline-3-methy!l
methanethiosulfonate (MTSL, Toronto Research Chemicals, North York, ON, Canada)
The reaction to generate side chain R1 was allowed to proceed for 2 h at 42°C in order to
label mutants deep in the barrel. The protein was loaded onto a prepacked 5 mL Q-
sepharose high-performance anion-exchange column (Amersham Biosciences,
Piscataway, NJ), and a gradient was run from 0.25 M to 1.0 M of LiCl in 25 mM BisTris
buffer containing 17 mM OG (pH 7.0). Following purification, protein purity was analyzed
by SDS-PAGE electrophoresis, and the fractions containing pure BtuB were pooled. The
pure BtuB was reconstituted into 1-palmitoyl-2-oleoylphosphatidylcholine (POPC) by
dialysis. A solution of mixed POPC/OG mixed micelles were sonicated to solubilize the
lipid, then added to the purified protein. Dialysis was performed over 3-4 d in 150 mM
NaCl and 10 mM HEPES at pH 6.5 with 1 mM NaN3 and 100 nM EDTA added, to remove
all the OG molecules. The dialyzed protein was pelleted by centrifugation at 10,000 g and
solubilized in ~ ImL dialysis buffer. A Beckman airfuge was used to concentrate the
protein to a final concentration ranging from 100-200uM. For experiments in which CNCbl
was present the CNCbl was added to a final concentration of 250uM to insure complete

saturation of available protein.
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Urea denaturation and CW-EPR measurements

Urea was added to 0.65 mL tubes to get specific urea concentration using the equation y =
0.7332x + 0.2643 where y is the goal final [urea] and X is the original [urea]. X is obtained
using the equation x= v(4/stock[urea]) where v is the volume in pL of stock urea added.
The urea was then dried O/N using a lyophilizer. 4uL of protein or protein with CNCbl
was added and three freeze thaw cycles were performed in order to evenly distribute the
denaturant within the vesicle. The sample was then loaded into glass capillaries with 0.60
mm i.d. x 0.84 mm o.d. (VitroCom, Mountain Lakes, NJ). Spectra were obtained using a
Varian E-line 102 series X-band spectrometer with a loop-gap resonator (Medical
Advances, Milwaukee, WI). All spectra were taken at 2 mW incident microwave power
and 1 G modulation amplitude, and were baseline subtracted and normalized based on the

area under the absorption curve.

Denaturation Data Analysis
The values of normalized amplitude of the EPR spectra as a function of urea concentration
are plotted in OriginPro (Origin Lab Northhampton, MA) and fit to equation 6.1.

__ ArAu
T 1+e(C-Cp)/dC

+ Ay, (6.1)

A two state model is assumed in which the protein is exists in either the folded or unfolded
state, represented by Arand Ay respectively. Co is the urea concentration that is represents
the midpoint of the denaturation. dC is a measure of the width in C at the point of the largest

change in A and it is used in equation 6.2 when calculating m.
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m= RT/dC (6.2)

Here R is the universal gas constant and T is the kelvin temperature of the sample. The
value of RT is taken to be 0.596 kcal/mol with an uncertainty of 1%.2” This method is

then used to get the free energy of unfolding in the absence of urea using equation 6.3.

AGy=mC, (6.3)

Error values on Co are determined by the quality of the initial fit of the dHpp data to
equation 6.1. Errors on m and AG,, were calculated with the proper error propagation

equations.
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Chapter 7: Conclusions and Future Directions

SDSL-EPR has long been used to study membrane proteins'. DEER specifically has
provided many unique insights into membrane protein structure and function®*. This work
details the development, optimization and utilization of this powerful technique into native
systems. Using DEER in whole cells and intact outer membranes has already produced
insights into the TBDT transport cycle. However, in order to reach its maximum potential,
we must continue to learn more about the outer membrane and how it may influence the

proteins inside it.

Chapter 3 describes the development of the first whole cell DEER measurements and
describes how this technique compares to other membrane systems. It details the
development of a technique that is sure to be utilized by many researchers in the future to
get high resolution structural data on membrane proteins in the whole cell environment.
Currently, this technique is not being used to examine other membrane proteins or cell
systems. The current protocol has only been applied to BtuB, but preliminary experiments
indicate it may be useful for other outer-membrane proteins. The next experiments in this
project will focus on performing DEER measurements in the closely related TBDTs, FhuA
and FecA. These proteins have been the subject of extensive study and have shown
promising signs of specific labeling in outer membranes. Initial attempts have not been
successful at producing DEER signals in whole cells. This is most likely due to the need
for IPTG induction and the resulting large inclusion bodies that are formed when
expressing these two transporters. These inclusion bodies have not been a problem when

these proteins are studied in OM and reconstituted systems because they are removed via
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centrifugation but they would remain in the whole cell system. Inclusion bodies do remain
in the cytosol of the cell but may constitute upwards of 90% of the mass of the cell. These
inclusion bodies stretch and strain the cell, they also may change the environment of protein
in the outer membrane by compressing the periplasmic space and increasing membrane
stress. If a protocol to limit the inclusion bodies were devised, by optimizing the IPTG
concentration and time/temperature of induction, the whole cell DEER protocol should be
easily applied to FhuA and FecA. The next steps after that might be development of
labeling the periplasmic sections of the protein such as the ton box and periplasmic turns.
We have found that the MTSL does not produce a signal for periplasmic sites in whole
cells. Probing these sites would be very useful because better understanding of the Ton box

motions and distances in whole cells may provide insights into the transport mechanism.

In chapter 4 the whole cell DEER technique is shown to be sensitive to ligands. The
calcium and CNCbl mediated changes to distance distribution clearly reflect OM and lipid
vesicle samples. This leads the way for studies of other ligand effects on BtuB and other
membrane transporters. Characterizing the OM preparation as well as better understanding
effects this system has on protein structure and function is a very important future goal of
this work. Currently the only work done towards characterization of the OM has been a
few cryo EM images that show a large amount of heterogeneity in vesicle shape and size.
Beyond that the OM preparation has not been well characterized and further studies with
the goal of understanding protein environment would be useful. It is also very useful to
understand the specific effects, if any, that the OM environment has on BtuB. The effects
that are most interesting are ones that may not exist or be different in reconstituted systems.

Direct comparison experiments between the artificial reconstituted systems and native
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systems have shown very similar data for loop 2 mutants (see figure 3.7 and 4.8). This is
unsurprising, because as a proof of concept we choose experiments that were likely to not
be affected by lipid environment. Experiments done at other sites in BtuB do show a
marked difference from crystal structure data. However, the whole cell DEER technique
was developed in order to study protein conformations and populations that would not be
accessible in lipid or detergent vesicles. Therefore a very important set of future
experiments would focus on elucidating the power and scope of native membrane DEER.
Understanding the specific benefits of native membranes over artificial lipids will make

the technique more promising and attractive to future researchers.

In addition to further native system DEER and CW method development a very important
future experiment involves using the loop DEER constraints to construct a map of loop
movements. Using the distance distributions that have been taken between the outer loops
of BtuB in a variety of ligand conditions as constraints, a molecular dynamics simulation
could provide a map of the motions of these loops. The outer loops of BtuB and other
TBDTs have long been the source of studies but very little is known about their exact
function or how their positions change during the various stages of transport. DEER data
were obtained on nine double loop mutants of BtuB. The data obtained from these
experiments have been very useful, but in order to paint a clear picture of loop motions a
MD simulation using all the distance distributions is needed. A few methods exist to use
EPR based constraints in combination with crystal structures to sample protein
conformations using MD. The lab of Benoit Roux has developed the MDDS and re-MD

techniques to use DEER data for just this purpose.>® Another technique, RosettaEPR, out
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of Vanderbilt University, also relies on EPR data to elucidate structural information not

easily obtainable by other means.’

Chapter 5 builds upon the developed method of native system DEER and utilizes the
TEMPO-CNCDbI substrate analog to describe the effects of TonB binding on the outer loops
of BtuB and its CNCbl binding affinity. These experiments clearly show that TonB binding
causes an allosteric effect that leads both to an explanation of how TonB mediates transport
through BtuB and how the loops are influenced when transport occurs. This reduction in
BtuB’s CNCbl affinity upon TonB binding is not seen in mutants that are known to be
transport deficient, further supporting the hypothesis that the role of TonB may simply be
a passive weight on the ton box. The energy step in TonB dependent transport would then
shift from the TonB-Ton box interaction to the dissociation and dimerization of TonB that
happens before or after transport. This finding is supported by previous work that suggests

a dimer-monomer conversion is very important for transport in this system.®

These experiments showing TonB binding causes release of bound CNCbI raise the
important question of sidedness. Does binding of the C terminus of TonB facilitate one
round of transport or does the CNCbl simply dissociate and leave the transporter binding
site? In order to solve this complex problem, BtuB would be solubilized into lipid vesicles,
TonB C-terminal fragments would be added and cycles of freeze thaw would insure the
TonB is present on both sides of the membrane. A paramagnetic relaxation agent such as
nickel ethylenediamine-N,N'-diacetic acid (NIEDDA) would then be added to the buffer in
contact with the outer leaflet. Upon addition of TEMPO-CNCbl, a CW-EPR signal would

only be detectable if the substrate was transported inside the vesicle where NIEDDA was
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absent. This experiment would require many controls but would shed definitive light on
the directionality of substrate release, providing a key piece of the molecular mechanism

of TonB mediated transport.

Finally Chapter 6 describes work that aims to better understand the energetics of BtuB
hatch changes during transport. Building on previous work®, denaturation of the BtuB hatch
domain provides data on stability and extent of change as a function of residue position.
These data show that there is no general trend in hatch stability or change in stability upon
addition of CNCbI; pointing to a transient pore mechanism for CNCbl transport. This
mechanism proposes that the substrate passes through the transporter using multiple
contact points on the barrel and hatch domain, thus creating a pore that opens sequentially
using low energy steps. This is in contrast to experiments that point to a large portion of
the hatch rearranging and the formation of a water filled cavity large enough for substrate
passage’®!. In order to strengthen the argument for the transient pore, more data points are
required. Future experiments in this direction will involve more residues so a better trend
emerges. Currently the exact residues involved in the transient pore are not known. Getting
energetic measurements for more sites in the hatch will give us a better picture of the nature
of the pore. Another future direction involves identifying the barrel substrate contacts that
only exist during transport. One possible method of doing this involves studying ion pairs
that are found to be in proximity in BtuB crystals. One such pair involves R14 and D316;
the distance between these two resides increases from 4.3A to 7.5A when CNCbI binds.
Furthermore the bactericidal protein colicin has the opposite effect; this lead the authors to
conclude that this ion pair may be involved in the transport cycle.*? This and similar ion

pairs may be vital contact points for substrate passage.



180

References

1. Altenbach, C., Flitsch, S.L., Khorana, H.G. & Hubbell, W.L. Structural Studies on
Transmembrane Proteins .2. Spin Labeling of Bacteriorhodopsin Mutants at

Unique Cysteines. Biochemistry 28, 7806-7812 (1989).

2. Borbat PP, Mchaourab HS, Freed JH. Protein structure determination using long-
distance constraints from double-quantum coherence ESR: study of T4 lysozyme.

J. Am. Chem. Soc. 124, 5304-14 (2007)

3. Bennati M, Weber A, Antonic J, Perlstein DL, Robblee J, Stubbe J. Pulsed
ELDOR spectroscopy measures the distance between the two tyrosyl radicals in
the R2 subunit of the E. coli ribonucleotide reductase. J. Am. Chem. Soc. 125,

14988-89 (2003).

4. Jeschke G, Wegener C, Nietschke M, Jung H, Steinhoff H. Interresidual distance
determination by four-pulse double electron-electron resonance in an integral
membrane protein: the Na+/proline transporter PutP of Escherichia coli. Biophys.

J. 86, 2551-57 (2004).

5. Roux, B. & Islam, S. M. Restrained-ensemble molecular dynamics based on
distance histograms from double electron-electron resonance spectroscopy. J.

Phys. Chem. B. 117, 4722-39 (2013).



10.

11.

181

Islam, S. M. & Roux, B. Simulating the distance distribution between spin-labels

attached to proteins. J. Phys. Chem. B. 119, 3901-11 (2015).

Hirst, S. J., Alexander, N., Mchaorab, H. S. & Meiler, J. RosettaEPR: An
integrated tool for protein structure determination from sparse EPR data. J. Struct.

Biol. 173, 506-14 (2011).

Freed, D.M., Lukasik, S.M., Sikora, A., Mokdad, A., & Cafiso D.S. Monomeric
TonB and the ton box are required for the formation of a high-affinity transporter-

TonB complex. Biochemistry. 52, 2638-48 (2013).

Flores Jiménez, R. H. & Cafiso, D. S. The N-terminal domain of a TonB-dependent
transporter undergoes a reversible stepwise denaturation. Biochemistry. 51, 3642-

50 (2012).

Gumbart, J., Wiener, M. C. & Tajkhorshid, E. Mechanisms of force propagation in

TonB-dependent outer membrane transport. Biophys. J. 93, 496-504 (2007).

Chimento, D. P., Mohanty, A. K., Kadner, R. J. & Wiener, M. C. Substrate-
induced transmembrane sgnaling in the cobalamin transporter, BtuB. Nat. Struct.

Biol. 10, 394-401 (2003).



182

12. Lukasik, S.M., Ho, D. & Cafiso, D. S. Molecular basis for substrate-dependent
transmembrne signaling in an outer-membrane transporter. JMB. 370, 807-11

(2007).



