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Membrane proteins (MPs) constitute a third of all proteomes, and contribute to a myriad of cellular
functions including intercellular communication, nutrient transport and energy generation. For example,
TonB-dependent transporters (TBDTs) in the outer membrane of Gram-negative bacteria play an
essential role transporting iron and other nutrients into the bacterial cell. The inherently hydrophobic
surfaces of MPs complicates protein expression, purification, and characterization. Thus, dissecting the
functional contributions of individual amino acids or structural features through mutagenesis can be a
challenging ordeal. Here, we apply a new approach for the expedited protein characterization of the
TBDT ShuA from Shigella dysenteriae, and elucidate the protein’s initial steps during heme-uptake. ShuA
variants were displayed on the surface of an M13 bacteriophage as fusions to the P8 coat protein. Each
ShuA variant was analyzed for its ability to display on the bacteriophage surface, and functionally bind to
hemoglobin. This technique streamlines isolation of stable MP variants for rapid characterization of binding
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to various ligands. Site-directed mutagenesis studies targeting each extracellular loop region of ShuA
demonstrate no specific extracellular loop is required for hemoglobin binding. Instead two residues, His420
and His86 mediate this interaction. The results identify a loop susceptible to antibody binding, and also a
small molecule motif capable of disrupting ShuA from S. dysenteriae. The approach is generalizable to

DOI: 10.1039/c7mb00163k

Published on 12 June 2017. Downloaded on 31/07/2017 21:23:23.

rsc.li/molecular-biosystems

Introduction

Membrane proteins (MPs) perform a wide variety of essential
biological functions including intercellular communication,
nutrient transport and energy generation. Their intrinsic hydro-
phobic properties require bicelles, membrane mimics or deter-
gents to solubilize the MP in vitro, and prevent aggregation in
an aqueous solution.” This tendency to aggregate complicates
structural and biophysical studies of MPs. Therefore, only 1%
of the 50 000 unique entries deposited in the Protein Data Bank
(PDB) are MPs.” Similarly site-specific mutagenesis as a tool
to dissect structure-function relationships of MPs is far less
commonly applied compared to soluble proteins.**

B-Barrel MPs are found on the outer membranes of mito-
chondria, chloroplasts, and Gram-negative bacteria. Proteins in
this class perform perform essential cellular functions including
as porins, transporters, enzymes, virulence factors and receptors.”

“ Department of Molecular Biology and Biochemistry, University of California,

Irvine, CA, USA. E-mail: gweiss@uct.edu; Tel: +1 949-824-5566
b Department of Chemistry, University of California, Irvine, CA, USA
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the dissection of other phage-displayed TBDTs and MPs.

This class of proteins shares common structural features that
maintain their stability in the lipid bilayer. Hydrogen bonds
connect the 8 to 22 antiparallel B-strands that form the rigid
cylindrical barrel. In addition, hydrophobic residues face the lipid
bilayer exterior, and polar residues line the interior of the B-barrel.
This transmembrane channel can allow passage of polar ligands
through the membrane and into the cell.®

For this report, we probed the structure and function relation-
ships of key residues of a protein in a major class of p-barrel
membrane proteins, the TonB-dependent transporters (TBDT).
This class of MPs is anchored at the bacterial cell surface, and
actively transports nutrients through its transmembrane channel
into the cell for survival and virulence.” TBDTS use a proton motive
force to generate the energy required for transport of essential
nutrients across the outer membrane. These transporters directly
interact with the TonB protein in the TonB-ExbB-ExbD complex
located in the inner membrane to transduce energy from the
proton motive force.®

Bacterial pathogens use TBDTs to transport iron across their
outer membrane. Iron, an essential nutrient, is utilized for redox
oxidation catalysis by a myriad of enzymes. However, the bio-
availability of free iron in physiological conditions is severely
limited by the insolubility of ferric ions (Fe**). Additionally,
heme-containing proteins sequester free iron in solution.

This journal is © The Royal Society of Chemistry 2017
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Therefore, bacterial pathogens have evolved specialized iron
acquisition systems to fulfill their biological imperative for
obtaining iron.’

Iron acquisition systems can be simplified into two general
mechanisms. The first mechanism requires a direct contact
between the bacterium and iron or iron-containing proteins. In
the second mechanism, siderophores and hemophores are
secreted into the extracellular medium to scavenge for free
iron or heme in the surrounding solution or from the host’s
iron/heme-containing proteins. Both iron acquisition systems
require a TBDT to transport iron bound siderophores or heme
across the bacterial outer membrane.'*'"

Shigella dysenteriae, the causative agent of bacillary dysentery,
uses a TBDT to acquire heme as its source of iron. The Shigella
bacterium infects an estimated 165 million people worldwide by
spreading through ingestion of contaminated food or water.
About 1 million deaths occur each year from this infection.
Victims are often children under the age of 5 and elderly
adults."” Antibiotic drug resistant strains are emerging."* Hence,
novel therapeutic approaches are needed to combat infections,
and reduce its public health burden.

One approach to combat S. dysenteriae infections could
target its ability to acquire heme. The TBDT ShuA is necessary
for acquiring heme as an iron source through a direct inter-
action with methemoglobin.""® This TBDT folds into a typical
B-barrel protein with 22 antiparallel B-strands, which are con-
nected by eleven short turns on the periplasmic face and eleven
flexible extracellular loops that coalesce at the mouth of the
pore opening. The N-terminus forms a globular plug domain
that lies within the barrel (Fig. 1). In addition, extracellular loop 7
contains the FRAP (Phe406-Pro409) and NPNL (Asn434-Leu437)
domains, which are highly conserved in all heme transporters.'”*®

Periplasm

Fig. 1 The structure of ShuA from Shigella dysenteriae. This model of
ShuA protein (PDB 3FHH) highlights the protein’s extracellular loops (blue),
histidine residues H86 and H420 (red), and TonB plug domain (tan). The
electron density missing in extracellular loops 4, 5, and 10 results from their
flexibility (dashes). Molecular graphics were made with UCSF Chimera.**

This journal is © The Royal Society of Chemistry 2017
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Although the basic structure of ShuA is known, the initial steps in
the heme-uptake mechanism remain largely uncharacterized.
Numerous examples of iron-scavenging TBDTs have demon-
strated that motifs in its flexible extracellular loops or histidine
residues near the pore opening play a role in recognition and
binding to the iron source."®>" The structural and functional
similarities between ShuA and other TBDTs suggested that ShuA
could use a similar mechanism to bind hemoglobin and sub-
sequently extract heme.

To investigate the role of hemoglobin binding by extra-
cellular loops and histidine residues near the pore opening,
we introduced site-directed mutations in ShuA’s extracellular
loops and key histidines. Previous work in our laboratory has
examined the scope of using phage display as a tool for
solubilizing different types of membrane-associated proteins,
including single or multipass integral MPs and peripheral MPs.
These studies have demonstrated that functional membrane
proteins can be displayed on the phage surface, particularly the
peripheral, monotopic and B-barrel membrane proteins.**™>®
Here, we apply MP phage display to study structure-function
relationships in an MP.

Specifically, site-directed mutagenesis examined the extra-
cellular loops and key histidines proximal to the B-barrel opening
of the TBDT ShuA. Each MP variant was displayed on the surface
of an M13 bacteriophage, and evaluated for display levels and
ligand binding. This phage display approach requires relatively
low amounts of protein expression in E. coli for straight-forward
purification and rapid analysis of each MP variant. Further-
more the 16.5 mDa bacteriophage can act as a solubilizing
handle for ShuA to allow relatively high throughput assays for
MP dissection.

Results and discussion
Expressing the TBDT ShuA on the M13 bacteriophage surface

Previous reports by our laboratory have demonstrated success-
ful display of full-length (70 kDa) ShuA on an M13 filamentous
bacteriophage.> For these studies, wild-type ShuA and its site-
directed variants were fused through their C-termini to the
major coat protein (P8) of the M13 bacteriophage or “phage”
through a flexible Gly-Ser linker. A FLAG peptide epitope (amino
acid sequence of D Y K D D D D K) was fused to the N-terminus
of each ShuA variant to monitor its display levels on the
M13 bacteriophage surface. These site-directed mutagenesis
studies of a phage-displayed TBDT enable rapid screening
of MP variants, and provides the first mutational analysis of
hemoglobin binding by ShuA.

After initial failures to provide consistent display of ShuA
with each batch of phage, the following conditions were developed.
First, the incubation temperature during phage propagation
was lowered to 25 °C. At this temperature, the rate of protein
synthesis slows, and can allow the B-barrel protein to fold and
properly assemble in the inner and outer membranes. Next,
adding helper phage to the seed culture upon reaching a cell
density of ODggo = 0.4-0.5 (not the conventional 0.6) produced

Mol. BioSyst., 2017, 13, 1438-1447 | 1439
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more consistent yields of phage and levels of displayed ShuA.
Similar approaches are often used to improve the recombi-
nant expression of toxic or membrane-associated proteins.”®
Additionally, phage-displayed ShuA, wild-type and its variants,
were stored in a buffer solution supplemented with N,N-dimethyl-
dodecylamine N-oxide (LDAO) detergent. Fig. S1A-C (ESIt)
demonstrate that this zwitterionic detergent is required for dis-
play of functional ShuA on the phage surface. LDAO can stabilize
native conformational states of MPs by mimicking the lipid
bilayer and binding to the hydrophobic regions of the MP.*’

Functional characterization of wild-type ShuA on the M13
bacteriophage surface

Four phage-based ELISAs were employed to monitor display
levels of wild-type ShuA on the surface of M13 bacteriophage
and to assess its functional binding. The relative binding
affinities of wild-type ShuA to the following immobilized
target proteins were assayed: anti-FLAG (o-FLAG) monoclonal
antibody, anti-ShuA (a-ShuA) polyclonal antibody, methemo-
globin (met-Hb), or TonB. Relative levels of binding to these
immobilized targets was quantified through detection with
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anti-M13 antibody (2-M13) conjugated to horseradish peroxi-
dase (HRP).

To evaluate display levels of wild-type ShuA on the M13
bacteriophage surface, phage-displayed, wild-type ShuA was
assayed for binding to immobilized a-FLAG or a-ShuA antibody.
Each antibody probes for different regions of wild-type ShuA.
The o-FLAG antibody detects the FLAG epitope on the N-terminus.
The o-ShuA antibody recognizes a region within the protein
coding sequence of phage-displayed wild-type ShuA (Fig. S2, ESIt).
Fig. 2A and B demonstrate that phage-displayed wild-type ShuA
binds well to immobilized «-FLAG and o-ShuA antibodies, respec-
tively. As expected, no binding was observed for the two negative
controls: non-fat milk used as a blocking agent (NFM) or the bare
M13 bacteriophage packaged with an identical phagemid having
four stop codons in place of the ORF encoding ShuA (STOP4).
These results combined with DNA sequencing of the ShuA
phagemid confirm full-length wild-type ShuA successfully dis-
plays on the surface of the M13 bacteriophage.

Direct comparison of phage-displayed ShuA with non-phage-
displayed ShuA demonstrates the two proteins bind similarly
well to two binding partners. The non-phage-displayed ShuA
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Fig. 2 Wild-type ShuA displayed on the phage surface and compared to non phage-displayed protein. Phage-displayed wild-type ShuA or STOP4
(negative control phage) was incubated with immobilized (A) anti-FLAG antibody (a-FLAG), (B) anti-ShuA antibody (a-ShuA), (C) methemoglobin (metHb)
or (D) a 92-residue C-terminal fragment of TonB (TonB). Relative levels of the bound ShuA displayed on phage were quantified by anti-M13 antibody
conjugated to HRP. The non phage displayed WT ShuA was detected by an anti-ShuA polyclonal antibody. Each data point represents the average of
three replicates, and error bars indicate standard deviation around the mean.
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was produced by laborious, conventional methods, and stabi-
lized with detergent using analogous conditions to the phage-
displayed protein.'® Methemoglobin (metHb) and TonB bind to
ShuA on its extracellular and periplasmic sides, respectively.'®?
Fig. 2C and D demonstrate phage-displayed and detergent-
solubilized, wild-type ShuA bound to immobilized metHb and
TonB with essentially identical apparent binding affinity. Further-
more, treatment of the phage-displayed, wild-type ShuA with 4 M
urea abolished binding to both binding partners, metHb and
TonB, and specifically adsorb to the blocking agent (non-fat milk)
or the polystyrene plate, as expected for a denatured protein
(Fig. S3A and B, ESIt). Taken together, these results demonstrate
that ShuA displayed on the M13 bacteriophage is fully folded and
functional, including both membrane proximal sides. Having
demonstrated both successful display of a membrane protein
and sensitive assays for its functions, mutagenesis of ShuA to
dissect its mechanism became the next objective.

Site-directed mutagenesis studies of conserved histidine
residues of ShuA

Site-directed mutagenesis studies by Wilks and co-workers has
identified ShuA His86, in the solvent exposed N-terminal plug
domain, and ShuA His420, on extracellular loop L7, extract
heme from hemoglobin; the single alanine substitution has
greatly reduced activity, and the double Ala-substituted ShuA is
non-functional.’® Given the potential of these highly conserved
histidine residues of ShuA to participate in hemoglobin binding
and heme transfer, the mutants were studied in our phage display
system. The three possible mutants, H86A, H420A, and H86A/
H420A, demonstrated high display levels on the viral surface, and
were recognized by the ShuA specific antibody. Moreover, all three
alanine-substituted ShuA variants have significantly reduced bind-
ing to hemoglobin as compared to the wild-type ShuA positive
control (Fig. 3). These data demonstrate ShuA H86 and H420 are
required for both heme extraction from hemoglobin, and the
initial recognition of hemoglobin.

Site-directed mutagenesis studies of the extracellular loops of
ShuA

To investigate whether ShuA requires other regions of the
protein to interact with hemoglobin, each extracellular loop of
ShuA was targeted for two site-directed mutagenesis approaches.
First, each extracellular loop was individually deleted. Second,
each residue position in the extracellular loops region of ShuA
was substituted for alanine. The phage-displayed variants were
then examined for display levels and the ability to bind to
hemoglobin. The two mutagenesis approaches ensure that
the observed phenotype results from loss of critical residues
required for the interaction, and not structural perturbation. For
example, removal of a critical motif in the extracellular loop
region can be expected to abrogate binding to hemoglobin. In
theory, the two approaches should provide complementary and
identical results.

The crystal structure of apo-ShuA (PDB 3FHH)"® was used to
design the deletion and alanine-substituted variants (Table 1).
Each construct was generated using overlap extension PCR. At a

This journal is © The Royal Society of Chemistry 2017
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Phage-Displayed ShuA Variants

Fig. 3 Substituting alanine for key histidine residues decreased apparent
binding affinity of ShuA for hemoglobin. Phage-based ELISAs for ShuA
H86A, H420A, and H86A/H420A were assayed for functional binding to
immobilized hemoglobin (A) and display levels by binding to immobilized
anti-ShuA antibody (Ag). The relative binding affinities to hemoglobin for
each ShuA variant were calculated as the ratio of A/Ag and normalized to
the observed relative binding affinity for wild-type ShuA, the positive phage
control. Numbers indicate the percentage loss of hemoglobin binding
affinity for each ShuA variant. Error bars were calculated from error propaga-
tion for the average of three replicates.

Table 1 Design of extracellular loop deletion and alanine substitution
ShuA variants

Extracellular ~ Residue

loop positions  Amino acid sequence®

1 146-151 GTGDHS

2 176-189 RGDLRQSNGETAPN

3 225-238 KNPQTVEASESSNP

4 279-286 QNTGSSGE

5 235-226 PGGATTGFPQ

6 376-372 DGYKD

7A 408-422 APTMGEMYNDSKHFS
7B 423-439 IGRFYTNYWVPNPNLRP
8 483-487 DFAAA

9 526-537 DTDTGEYISSIN

10 564-578 DRSTHISSSYSKQPG

11 604-623 GNAFDKEYWSPQGIPQDGRN

“ Bold residues were targeted for mutagenesis either as a deletion or
alanine substitution.

long 32 residues in length, extracellular loop 7 was split in half, and
two deletion and two alanine substitution variants were designed to
minimize structural perturbation. The two halves were designated
loop 7A (residues 408-422) and loop 7B (residues 423-439). For
each variant, three to six loop residues remained unchanged. These
unchanged residues can ensure that the targeted loop still form
a B-turn, which typically requires a minimum of three residues.>
DNA sequencing verified successful mutagenesis. In this report, the
extracellular loop deletion and alanine-substituted phage-displayed
variants will be referred to as ‘phage-displayed AL1’ or ‘phage-
displayed Ala-L1’, respectively; the number indicates the mutated
extracellular loop, 4 indicates deletion of the targeted extracellular
loop, and Ala indicates substitution of the targeted loop residues
with alanine, respectively.

Small variations in the composition of the loop deletion
mutants were explored to examine the sensitivity of MP display

Mol. BioSyst., 2017, 13, 1438-1447 | 1441
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levels to changes involving just a couple of residues. A bottle-
neck in conventional MP mutagenesis studies is empirically
identifying the optimal length for a loop deletion variant with-
out perturbing its expression levels or tertiary structure. ShuA
loop deletion variants, AL6, AL7 and AL11 exhibited display
levels similar to wild-type ShuA (Fig. S4A, ESIt). These extra-
cellular loop deletion variants were targeted for further muta-
genesis by deleting an additional 1-2 residues, and the display
levels were evaluated. These second versions of ShuA AL6, AL7
and AL11 loop deletion variants could not be displayed on the
phage surface (Fig. S4B, ESIt). We hypothesize that the more
drastic deletions interfere with protein folding and prevent
ShuA variant display. By establishing a method that rapidly
evaluates varying lengths of ShuA extracellular loop deletion
variants, the bottleneck in experimentally probing MP structure
is shifted to mutagenesis, not protein expression or purification.
The twelve extracellular loop deletion variants chosen for this
report, ShuA AL1 through AL11, were propagated in identical
conditions and assayed in parallel to allow direct comparisons.
The phage-displayed, wild-type ShuA provided a positive control
and the 12 variants bound to the immobilized o-FLAG antibody
at similar levels (Fig. S5A and B, ESIY); the modest degree of
variability was accounted for by normalization as described
previously.*® The results confirm all loop variants used for this
study are displayed on the bacteriophage with similar levels.

Having established similar levels of phage-displayed ShuA
AL1 through AL11 variants were further evaluated for display
levels with an o-ShuA antibody ELISA. With the exception of
ShuA AL7A and AL7B, each of the extracellular loop deletion
variants bound to the o-ShuA antibody at similar levels as
phage-displayed wild-type ShuA (Fig. S5C-E, ESIY). Deletion of
loops 7A and 7B decreased apparent binding affinity to the
a-ShuA antibody. Notably, display levels for ShuA AL7A and
AL7B variants remain about the same, as verified by o-FLAG
ELISA. Furthermore, the two loop deletion ShuA variants main-
tained protein function, as demonstrated through binding
hemoglobin. The results suggest that deleting regions of loop
7 interferes with an a-ShuA antibody epitope.

Each extracellular loop deletion variant was then tested for
hemoglobin binding. Site-directed mutagenesis studies of
TBDT HgbA from Haemophilus ducreyi demonstrate that motifs
in the extracellular loops are required to bind hemoglobin, a
prerequisite to heme transfer.'®*" Thus, removal of an essential
extracellular loop region of ShuA was expected to disrupt the
ShuA-hemoglobin interaction. However, wild-type ShuA and its
loop deletions AL1 through AL11 bind hemoglobin with similar
binding affinity (Fig. S5F-H, ESIt). Thus, unlike other TBDTs,
ShuA does not rely on a specific extracellular loop to recognize
and bind to its ligand, hemoglobin.

To control for the possibility of severe structural pertur-
bations caused by loop truncation, these experiments were
repeated with less drastic modifications to ShuA. All residues
formerly targeted for deletion were substituted with alanine. As
before, the 12 alanine-substituted ShuA variants were displayed
on the bacteriophage surface and assayed for display levels and
function. The results confirm no specific extracellular loop

1442 | Mol. BioSyst., 2017, 13, 1438-1447

View Article Online

Paper

o)>

< 301

3 O Alanine Substitution
2 M Deletion

c

& 2.0

E

<

o

£

k=]

£ 1.0

[11]

o

2

k:

@ 0.0

x WT L1 L2 L3 L4 L5 L6 L7AL7B L8 L9 L10LM

Phage-Displayed ShuA Variants

1l

Ala-L3/  Ala-L3/ Ala-L5/  Ala-L3/
Ala-L5  Ala-L6  Ala-L6  Ala-L5/

Phage-Displayed ShuA Variants Ala-L6

Fig. 4 Binding to hemoglobin by ShuA variants with modified extracellular
loops. Phage-based ELISAs for ShuA extracellular loop variants were assayed
for functional binding to immobilized hemoglobin (A) and binding to
immobilized anti-ShuA antibody (Ag). The relative binding affinities to hemo-
globin for each ShuA variant were calculated as the ratio of A/Ag and
normalized to the observed relative binding affinity for the positive phage
control, wild-type ShuA (WT). (A) Mutations to ShuA extracellular loops, either
deletion (gray) or alanine substitutions (white) targeted the indicated indivi-
dual loops. These mutations resulted in no significant change in apparent
binding affinity for hemoglobin. (B) ShuA variants with alanine substitutions
targeting multiple extracellular loops (Ala-L3/Ala-L5, Ala-L3/Ala-L6, Ala-L5/
Ala-L6 and Ala-L3/Ala-L5/Ala-L6) demonstrate a 30% decrease in apparent
relative binding affinity to hemoglobin. Error bars were calculated from the
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is required for the ShuA-hemoglobin interaction (Fig. 4A).
Furthermore, both alanine-substituted ShuA L7 variants, ShuA
Ala-7A and Ala-7B, exhibited similar apparent binding affinity as
wild-type ShuA to the immobilized o-FLAG and methemoglobin
targets. Thus, display and function for the Ala-substituted loop
variants are not perturbed. The phage-displayed ShuA Ala-L7A
and Ala-L7B bound the a-ShuA antibody with decreased apparent
affinity as wild-type ShuA. The loss of a-ShuA antibody recogni-
tion to the four ShuA L7 variants, two deleted and alanine
substituted L7 halves, stems from ablation of an antibody
binding epitope present within loop 7 of ShuA (Fig. S2, ESIT).
The antibody target mapping demonstrated here suggests that
vaccine development could focus on loop 7.

We next turned our attention to additive effects from multiple
loops contributing to hemoglobin binding. To identify if multiple
extracellular loops of ShuA are required for hemoglobin binding,
2 or 3 loops of ShuA were substituted simultaneously with alanine.

This journal is © The Royal Society of Chemistry 2017
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For these studies, extracellular loop variants ShuA Ala-L3/Ala-L5,
ShuA Ala-L3/Ala-L6, ShuA Ala-1L5/Ala-L6, and ShuA Ala-L3/Ala-L5/
Ala-L6 were displayed on the bacteriophage surface and assayed
for display levels and function, as described above. The results
demonstrate extracellular loops may be required for binding
hemoglobin by accumulation of weak interactions, without the
need for a specific recognition motif (Fig. 4B). Thus, unlike other
TBDTs, ShuA does not rely on a single extracellular loop to
recognize and bind to hemoglobin, but each extracellular loop
cumulatively contributes a small amount of binding energy to
interact with hemoglobin.

Protein-protein interaction studies with purified ShuA protein
variants and hemoglobin

To verify observations made with phage-displayed protein accu-
rately represents the protein removed from the phage surface,
ShuA protein variants H86A/H420A, Ala-L11, and wild-type were
recombinantly overexpressed in the outer membranes of E. coli
bacteria. The MPs were isolated by ultracentrifugation, solubi-
lized in LDAO detergent micelles, and purified by multi-column
FPLC before visualization by SDS-PAGE analysis. Analytical SEC
of the purified protein demonstrates the effective removal of any
aggregated protein for subsequent analysis (Fig. 5A). A single
band with a 73 kDa molecular mass and 99.5% homogeneity
was observed for the three overexpressed proteins, including
wild-type ShuA (Fig. 5A). The three ShuA variants were further
examined for overall secondary structure by circular dichroism
(CD). Wild-type ShuA served as a positive control. Analysis of the
CD spectra of ShuA H86A/H420A and ShuA Ala-L11 demonstrate
that secondary structure was not perturbed by the introduced
mutations (Fig. 5B). Next, the three purified proteins were tested
for binding to hemoglobin; wild-type ShuA serves as the positive
control and NFM as the negative control. As observed for phage-
displayed proteins, the ShuA Ala-L11 variant bound to hemo-
globin with similar binding affinity as wild-type ShuA (Fig. 5C).
The measured ECs, values for ShuA Ala-L11 and wild-type
binding to hemoglobin was ~0.53 uM as estimated using non-
linear regression analysis of the dose response curve. This assay
confirms the results with phage-displayed ShuA that extra-
cellular loops can contribute to hemoglobin binding by having
cumulative weak interactions. In addition, ShuA H86A/H420A
bound to hemoglobin significantly less compared to wild-type
ShuA with an ECs, value of ~6.9 uM. Again, these results support
the phage-based studies reported here showing that the conserved
histidine residues play an essential role in hemoglobin binding
and subsequent heme extraction.

To chemically probe the role histidine residues play in
hemoglobin binding, wild-type ShuA was treated with a histidine-
specific reagent, diethylpyrocarbonate (DEPC). Binding to hemo-
globin for the treated ShuA was compared to an untreated,
otherwise identical sample. Wild-type ShuA lost about 60%
of its activity for binding to hemoglobin after treatment with
200 uM DEPC (Fig. 6). This observed loss of activity is similar to
the mutagenesis studies with phage-displayed and recombi-
nantly expressed ShuA H86A/H420A. To determine if the DEPC
modification of the histidine residue(s) could be reversed,
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Fig. 5 Non-phage-displayed ShuA protein variants binding to hemo-
globin. (A) Representative size exclusion chromatogram of a ShuA variant.
Inset: Coomassie blue stained 12% SDS-PAGE gel of purified ShuA variants.
Lane 1, molecular weight markers; lanes 2-4, purified wild-type ShuA,
Ala-L11 and H86A/H420A, respectively. (B) Circular dichroism spectra of
purified ShuA variants. Spectra of ShuA wild-type, ShuA L11-Ala and ShuA
H86A/H420A were recorded at 25 °C in 50 mM potassium phosphate
(pH 7.5) and 50 mM NaCl containing 0.05% (w/v) LDAO at a final protein
concentration of 5 uM. (C) ELISA assay measuring hemoglobin binding by
purified ShuA variants. Purified ShuA protein variants wild-type, L11A, and
H86A/H420A were applied to immobilized methemoglobin-coated wells
on a microtiter plate at the indicated concentrations. The amount of ShuA
bound to immobilized hemoglobin was detected by through binding by
anti-ShuA polyclonal antibody and secondary anti-rabbit HRP-conjugated
antibody, and measured at A4so. Error bars were calculated as the standard
deviation of three replicates.
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Fig. 6 DEPC treatment of wild-type ShuA protein abolishes hemoglobin
binding. Three samples of wild-type ShuA protein (5 pM) in 50 mM
potassium phosphate buffer, 50 mM NaCl (pH 7.0) were treated with
and without 200 mM DEPC. The positive control was an untreated sample.
Following treatment one of the DEPC-treated samples was subsequently
treated with 100 mM hydroxylamine. The three samples were assayed in a
hemoglobin ELISA as described above. The relative binding affinity is
normalized to the positive control. Error bars indicate the standard devia-
tion around the mean (n = 3).

a DEPC-treated sample was further treated with hydroxylamine,
a reagent widely used to deacylate N-carbethoxyhistidines.** As
shown in Fig. 6, DEPC-treated wild-type ShuA loss 60% hemoglo-
bin binding activity, and its activity could be partially restored to a
40% loss through further treatment with hydroxylamine. The
failure of hydroxylamine to restore hemoglobin binding activity
of the DEPC-modified wild-type ShuA likely is the result of
formation of N,N-dicarbethoxyhistidine. This double-substituted
adduct of His is irreversibly formed in excess DEPC.** Although
histidines residues are clearly important for hemoglobin binding
as shown by mutagenesis and DEPC treatment, further studies
could examine off-target effects by the promiscuous DEPC on
tyrosine and other residues.

Conclusion

In summary, we sought to identify specific surface-exposed extra-
cellular loops of ShuA that are important for hemoglobin binding.
For these studies, 24 variants of ShuA carrying deletion or alanine
substitutions in each of the surface-exposed extracellular loops were
displayed on an M13 bacteriophage surface and evaluated for display
levels and hemoglobin binding. We have shown that individual
loops do not significantly contribute to hemoglobin binding.
Instead, ShuA may be binding to hemoglobin by cumulative weak
interactions between its extracellular loops, and two highly conserved
histidine residues, H86 in the plug domain and H420 in extracellular
loop L7. The amino acid composition of the extracellular loops of
ShuA consists of a mixture of hydrophobic, acidic and basic residues
that vary in length from 6-32 residues. Short regions of the extra-
cellular loops of ShuA can interact with hemoglobin via accumula-
tion of hydrogen bonds, electrostatic, and hydrophobic interactions.
The transient interaction between the extracellular loops of ShuA
and hemoglobin may help orient hemoglobin at the pore opening
for effective heme extraction by the conserved histidine residues.
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This was demonstrated through phage-displayed mutagenesis
studies that exhibited a 30% reduction in hemoglobin binding
activity when 3 out of the 11 extracellular loops were alanine-
substituted. Hemoglobin ELISAs studies with phage-displayed and
non-displayed recombinantly expressed ShuA H86A/H420A that
exhibited a significant reduction to hemoglobin binding affinity.
In addition, a 60% reduction in hemoglobin binding activity resulted
from wild-type ShuA treated with the histidine-specific modifier,
DEPC, and partial restoration in hemoglobin binding activity upon
hydroxylamine treatment of DEPC inhibited wild-type ShuA.

Histidines are common axial ligands of heme-iron in
proteins.*?* TBDTs in the heme-uptake pathway of several
Gram-negative bacteria from Yersinia enterocolitica (HemR),
Yersinia pestis (HmuR), E. coli (ChuA), and Poryphyromonas
gingivalis (HmuR) demonstrate that histidines are essential for
heme binding, extraction and utilization."”*> For these structu-
rally similar receptors, it is apparent that the combination of
conserved FRAP/NPNL domains and histidine, or distinct binding
sites enable them to either functionally recognize specific heme-
protein complexes, such as Hb or Hb-haptoglobin, or recognize
multiple heme-protein complexes with a common motif. The
point mutations (H86A and H420A) and double mutations
(H86A/H4204A) illustrate the key role played by these positions in
the initial hemoglobin-binding step for heme-uptake. These
residues are then required for subsequent heme coordination,
and transfer.'® These results are in alignment with studies of
Y. enterocolitica (HemR) where two histidine residues (H128 and
H461) are essential for heme utilization by the heme receptor
HemR; furthermore, P. gingivalis uses histidines (H95, H434) in
HmuR for a similar role."”?

Additional structural characterization studies are required to
elucidate the mechanism histidines play in forming the ShuA-
hemoglobin complex and extracting heme from hemoglobin.
Although specific motifs in the extracellular loop regions did not
contribute significantly to hemoglobin recognition and binding,
they may play an essential role in heme transport through the
B-barrel and into the periplasmic space.

This report demonstrates the potential of phage-based mutagen-
esis for protein engineering and structure-function studies of
membrane-associated proteins. As demonstrated here, MP phage
display opens the TBDT class of [B-barrel proteins to detailed
dissection. TBDT represent excellent targets for therapeutic and
vaccine development, as they necessarily remain exposed and avail-
able for targeting. However, methods to identify key features for such
proteins have lagged behind developments in high throughput drug
discovery. The phage-based mutagenesis method reported can be
generalizable to many proteins in this class. Furthermore, combin-
ing phage display with drug discovery could accelerate and allow
more detailed elucidation of structure-activity relationships.

Materials and methods
Cloning the ShuA variants for phage display and protein expression

Each extracellular loop deletion or alanine-substituted variant
of ShuA was constructed by overlap extension PCR with plasmid
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pEShuA'® as the template. The resulting PCR product, with
flanking 5’ Nsil and 3’ Ncol restriction sites, was sub-cloned
between the secretion signal peptide and the gene encoding the
major coat protein (g8p) for phage display studies, as previously
reported.>® The phagemid vector encoding the extracellular
loop deletion or alanine-substituted variants of ShuA served
as the template for subsequent PCR amplification with flanking
5’ Mscl and 3’ Xhol restriction sites. The resultant PCR product
was then sub-cloned into the pET22b (Novagen) plasmid vector
in-frame with a sequence encoding an N-terminal His, Tag for
recombinant protein expression and purification. Genewiz LLC
performed the DNA sequencing. Sequences of the oligonucleo-
tides used for mutagenesis appear in the ESIT (Table S1).

Purification of the phage-displayed ShuA variants

The phage-displayed ShuA variants were purified as described
previously*® with the following changes. The E. coli $S320 cell
strain (Lucigen) was transformed with the pM1165a phagemid
encoding the extracellular loop deletion or alanine-substituted
variants of TBDT ShuA. The seed culture was grown to an
ODggo = 0.4-0.5 and infected with M13 KO7 helper phage
(GE Healthcare) to package the viral particles. The seed culture
was transferred to 250 mL 2YT media supplemented with
40 pg mL ™" kanamycin and 25 pg mL ™' carbenicillin and
incubated at 30 °C. After the second phage precipitation step,
the phage-displayed ShuA variants were resuspended in ShuA
buffer (50 mM Tris, pH 7.8, 50 mM NaCl, and 0.04 to 0.05% (w/v)
LDAO). Phage concentrations were estimated spectrophoto-
metrically (1 ODy6g = 8.31 nM).

Phage-based ELISAs

Phage-based ELISAs were performed as described previously*>
with the following changes. To assess display and functionality
of the phage-displayed ShuA variants, specific wells of a 96-well
Nunc maxisorb plate were coated for 14-16 h at 4 °C with
100 pL per well of PBS solution containing one of the following:
monoclonal anti-FLAG M2 antibody (1:1000 dilution) (Agilent
Technologies), a polyclonal anti-ShuA antibody from rabbit
serum'® (1:2000 dilution), methemoglobin purified from red
blood cells (10 pg mL ), as described previously,* or Hiss-tagged
TonB protein (10 pg mL~"). The blocking agent was 0.2% w/v non-
fat milk (NFM).

Non-phage-displayed ELISA

Non-phage-displayed ELISAs were performed as described
previously,> with the following changes. The target protein
methemoglobin from red blood cells (10 ug mL ™) was coated
on a microtiter plate. After blocking with 0.2% w/v NFM in PBS,
the indicated concentrations of ShuA variants (WT, H420A/H86A
or Ala-L11) were added to the wells. An anti-rabbit conjugated to
horseradish peroxidase secondary antibody (1:2000 dilution)
(Thermo Fisher Sci) was used to measure ShuA-hemoglobin
binding. A sigmoidal dose response curve was obtained to calcu-
late ECs, values for purified ShuA variants binding to immobilized
met-hemoglobin. Non-linear regression analysis was performed
with GraphPad Prism.
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Cloning of TonB protein

A 92-residue C-terminal fragment of the tonB gene (encoding
residues 142-239) from S. dysenteriae was PCR-amplified from
the expression plasmid pND34'° and cloned into the expression
vector pET28a with an N-terminal Hiss Tag and flanking 5’ Ndel
and 3’ Xhol sites.

Purification of TonB protein

BL21 (DE3) cells were transformed with pET28a-TonB expres-
sion plasmid and incubated for 12 h at 37 °C. An overnight seed
culture was transferred to 1 L Terrific Broth (TB) media supple-
mented with kanamycin (40 pg mL™") and incubated at 37 °C
with shaking until the cells reached an ODg(, = 0.6. The cells
were induced by addition of 1 mM IPTG, and incubated at 25 °C
with shaking for 12 h. The cells were harvested by centrifuga-
tion (6000g, 15 min) resuspended in lysis buffer (50 mM Tris
pH 7.7, 300 mM NaCl, 10 mM imidazole) supplemented with
1x halt protease inhibitor (ThermoFisher Scientific), 1 mM
phenylmethylsulfonyl fluoride and 10 mM benzamidine before
lysis by sonication. The cellular debris was removed by centri-
fugation (30 000g, 45 min). The supernatant containing solubi-
lized TonB protein was applied to a nickel-bound IMAC resin
(Bio-Rad) equilibrated with lysis buffer, washed with 10 column
volumes of wash buffer (50 mM Tris pH 7.7, 300 mM Nacl,
50 mM imidazole), and eluted with 10 column volumes of wash
buffer supplemented with 250 mM imidazole. Purified TonB
protein was further purified by size exclusion chromatrography
and analyzed for purity by SDS-PAGE (ESI,f Fig. S4), which
demonstrated 99.5% homogeneity.

Expression and purification of ShuA protein variants

Seed cultures of E. coli C41 (DE3) cells transformed with
PET22b plasmid DNA encoding ShuA WT, ShuA H86A/H420A
or ShuA Ala-L11 were inoculated in 2YT medium supplemented
with 50 ug mL™" carbencillin for 14-16 h at 30 °C. The seed
cultures were transferred to TB media supplemented with
50 ug mL ™" carbenicillin, and incubated at 30 °C until the cell
density reached OD600 = 0.5. Protein expression was induced
by the addition of 1 mM IPTG at 30 °C for 22 h. Cells were
harvested by centrifugation (6000g, 15 min), resuspended in
buffer A (50 mM Tris-HCI, pH 7.8, 50 mM NacCl, 12% glycerol)
supplemented with 1x Halt protease inhibitor (Thermo Fisher
Scientific), DNasel (20 pg mL™") before lysis by lysozyme treat-
ment and sonication. The cell debris was removed by centri-
fugation (20000g, 15 min). The total cellular membranes
were pelleted by ultracentrifugation (105000g, 1 h). The inner
membrane proteins were solubilized in buffer A supplemented
with 1% (v/v) Triton X-100 and 1% (w/v) N-lauroylsarcosine, and
stirred at 4 °C for 3 h. The outer membrane was pelleted by
centrifugation (105000g, 1 h), and solubilized in buffer A
containing 1x Halt protease inhibitor and 1% (w/v) LDAO,
and stirred at 4 °C for 16 h. The cellular membrane debris was
pelleted by centrifugation (30000g for 1 h), and the clarified
supernatant was applied to nickel-bound IMAC resin (Bio-Rad)
equilibrated with buffer B (50 mM Tris-HCI, pH 8.0, 50 mM NaCl,
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0.04 to 0.05% (w/v) LDAO, 10 mM imidazole, and 12% glycerol).
The column was washed with 10 column volumes of wash
buffer (50 mM Tris-HCl, pH 7.8, 50 mM NaCl, 0.04 to
0.05% (w/v) LDAO, 20 mM imidazole, and 12% glycerol), and
eluted with 10 column volumes of wash buffer supplemented
with 125 mM imidazole. A fraction of the purified ShuA protein
was analyzed by SDS-PAGE, which demonstrated 99.5%
homogeneity after purification by Ni-IMAC. The remaining
protein was dialyzed into buffer A supplemented with 0.04 to
0.05% (w/v) LDAO and concentrated to 0.5-1 mL with a 50
MWCO filtered micro concentrator (EMD millipore). The con-
centrated ShuA was purified from protein aggregates with a
Superdex 200 10/300 GL column equilibrated in 50 mM Tris-
HCI (pH 7.8) containing 150 mM NaCl. Purified fractions were
analyzed by SDS-PAGE and pooled for subsequent experimental
analysis.

Circular dichroism of ShuA variants

Following overexpression and purification, the Hise-tagged
wild-type ShuA and variants, Ala-L11 and H86A/H420A, were
dialyzed into 50 mM NaH,PO04, pH 7.8, 50 mM Nacl, and 0.04
to 0.05% (w/v) LDAO. A circular dichroism spectrum from 190
to 260 nm was acquired for each protein sample (5 M) on a
Jasco spectropolarimeter (model J810) with a 0.1 cm path-length
cell, 0.2 mm resolution and 1.0 cm bandwidth at 23 °C. A total of
20 consecutive scans were accumulated for analysis. DichroWeb
was used to analyze the data.’”

Determining relative binding affinities for phage-displayed
ShuA variants

A single 96-well microtiter plate was used to simultaneously
measure display levels and hemoglobin binding levels for
various ShuA variants. The apparent binding affinity was calcu-
lated as the ratio between the binding levels to immobilized
hemoglobin for evaluating function (A) and the binding levels
to immobilized anti-ShuA antibody for monitoring the display
levels on the phage surface (4,), as described previously.*® The
apparent relative binding affinities were determined for each
ShuA variant, and normalized to the apparent binding affinity
of wild-type ShuA, which served as the positive control.

Inactivation of wild-type ShuA protein by diethyl pyrocarbonate
(DEPC)

A stock solution of 6.9 M DEPC was freshly prepared by diluting
DEPC with cold absolute ethanol (1:19, v/v). A solution of
0.5 mM DEPC in 0.1 M sodium phosphate buffer (pH 6.5)
was freshly prepared before use and kept on ice. The reaction
mixture was prepared with a final concentration of 5 pM wild-
type ShuA protein and 0.2 mM DEPC, and incubated at 25 °C
for 10 min.

Hydroxylamine treatment of inactivated wild-type ShuA

After 10 min incubation of wild-type ShuA with 200 mM DEPC,
0.5 M hydroxylamine was added to a final concentration of
0.1 M. The mixtures were then incubated at 4 °C for 40 min, and
analyzed by a protein ELISA to measure hemoglobin binding.
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