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SUMMARY

Pathogenic bacteria, such as Pseudomonas aeruginosa, depend on scavenging
heme for the acquisition of iron, an essential nutrient. The TonB-dependent transporter
(TBDT) PhuR is the major heme uptake protein in P. aeruginosa clinical isolates.
However, a comprehensive understanding of heme recognition and TBDT transport
mechanisms, especially PhuR, remains limited. In this study, we employed single-particle
cryogenic electron microscopy (cryo-EM) and a phage display-generated synthetic
antibody (sAB) as a fiducial marker to enable the determination of a high-resolution (2.5
A) structure of PhuR with a bound heme. Notably, the structure reveals iron coordination
by Y529 on a conserved extracellular loop, shedding light on the role of tyrosine in heme
binding. Biochemical assays and negative-stain EM demonstrated that the sAB
specifically targets the heme-bound state of PhuR. These findings provide insights into
PhuR's heme binding and offer a template for developing conformation-specific sABs

against outer membrane proteins (OMPs) for structure-function investigations.
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INTRODUCTION

TonB-dependent transporters (TBDT) are integral outer membrane (OM) proteins
found in Gram-negative bacteria. TBDTs play vital roles in the acquisition of essential
nutrients that are either too large or scarce to be taken up by simple diffusion through the
semi-permeable OM, including iron, heme, vitamin B12, and carbohydrates’-?. These OM
transporters form transiently open channels that enable the selective uptake of substrates
into the periplasmic space while preserving the integrity of the outer membrane?3. TBDTs
are physically coupled to an inner membrane energy transducing complex, which
allosterically powers nutrient uptake into the periplasm using the proton motive force, the
details of which are not completely understood*-5.

Iron is one such essential nutrient for the survival and virulence of many bacterial
pathogens, and hence iron complexes, including heme, constitute the majority of
substrates taken up by TBDTs®78. Pseudomonas aeruginosa is an opportunistic
pathogen with at least two heme uptake systems: the heme assimilation system (has)
and the Pseudomonas heme uptake (phu) system®'0. The has operon encodes a
secreted hemophore, HasA, which extracts heme from environmental hemoglobin and
delivers it to an OM TBDT, HasR'"'2. The phu operon encodes an 82-kDa OM TBDT,
PhuR, that captures heme directly from the extracellular milieu®'3. Substrate binding to
each TBDT triggers a signal transduction cascade across the membrane, with the TonB-
ExbB-ExbD complex catalyzing heme uptake into the periplasmic space. The presence
of multiple systems, common in Gram-negative bacteria, thus provide P. aeruginosa a
significant advantage in competing for this limited resource within the host environment'®.

Moreover, iron acquisition is known to be essential for biofilm formation™s.
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It is in this setting that PhuR appears to play a crucial role. Transcriptome analyses
from P. aeruginosa clinical lung isolates show PhuR is the major OM heme receptor in
clinical infections, rather than HasR, with mutations in the phu operon resulting in
increased PhuR expression levels'. P. aeruginosa AphuR knockout strains are unable
to utilize heme as well as the wild-type, suggesting an important role for PhuR®. These
observations suggest potential physiological roles for each system, with HasA/HasR
thought to functional primarily in heme sensing while PhuR is mainly involved in uptake's.
Biochemical analysis of PhuR suggest a His-Tyr pair is involved in heme binding, but
limited structural evidence is currently available for heme recognition by TBDTs'O.

To better understand the structural basis for heme recognition by PhuR, we
endeavored to determine its three-dimensional structure using single particle cryogenic
electron microscopy (cryo-EM). Due to the current size limitations of cryo-EM, we assisted
our efforts by the generation of a synthetic antibody (sAB) specific for PhuR using a robust
phage display technology developed in our group'®-'8. These sABs have demonstrated
utility as fiducial markers in cryo-EM'%-22, We determined a 2.5 A resolution cryo-EM
structure of PhuR using one sAB from this campaign, termed sAB11. Our structure
contains bound heme and an LPS molecule, both co-purified with PhuR, providing
structural insights into heme recognition and lipid interactions with OM proteins. In
contrast with a previous biochemical study in which PhuR was identified as dependent on
Y519 and H124 for heme binding, our structure reveals that Y529 plays a pivotal role in
coordinating heme near the top of the extracellular domain'®. We further demonstrate that

sAB11 is conformation-specific by showing it can bind to holo-PhuR, but not apo-PhuR.
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Our results provide insight into substrate recognition by TBDTs and serve as a template

for the generation of biochemical tools against similar OMPs.

RESULTS
Purification of P. aeruginosa PhuR and synthetic antibody generation

We recombinantly expressed Pseudomonas aeruginosa PhuR using an N-terminal
hexa-histidine tag and by replacing the native signal peptide (spanning residues 1-25)
with a PelB sequence?®. PhuR was expressed in E. coli C41 (DE3) cells, solubilized from
outer membranes using DDM, and purified by immobilized metal affinity chromatography
(IMAC). DDM-solubilized PhuR was then analyzed by gel filtration chromatography, and
eluted as a highly pure single peak from the column (Supplemental Fig. 1A). Circular
dichroism (CD) spectroscopy confirmed the purified detergent-solubilized protein was
primarily comprised of 3-sheets, and thermal denaturation experiments showed purified
PhuR has a melting temperature (Tm) of 71°C (Supplemental Fig. 2).

To overcome current cryo-EM size limitations, we screened a highly diverse and
fully synthetic antibody (sAB) library to obtain binders specific for recombinant PhuR?“.
PhuR was reconstituted into lipid-filled nanodiscs (Supplemental Fig. 1C) formed using
chemically biotinylated membrane scaffold protein (MSP) E3D1. The nanodisc provides
PhuR a lipid environment to ensure the protein a natural environment during the phage
display selection procedure. Five rounds of biopanning were performed using a well-
established selection protocol'”'825 increasing stringency round to round by
systematically lowering protein concentration from 200 nM in round 1 to 25 nM in round

5. Notably, no heme was added to the selection buffer. We screened 96 clones from the
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final round phage pool for the initial validation and, through sequencing, identified over
70 unique PhuR-specific binders. We then selected the 18 candidates with highest
binding signal from this pool for subcloning, expression, purification, and further analysis
(Fig. 1A-B, Supplemental Table 1). This set was then filtered based on sAB affinities for
PhuR and complex formation efficiency (Fig. 1C, Supplemental Table 2). Based on this
ECso analysis, sAB11, which has an ECso of ~9 nM, was chosen for structure

determination of PhuR by fiducial-assisted cryo-EM.

sAB-assisted single-particle cryo-EM enables high-resolution structure
determination of PhuR

For cryo-EM single-particle analysis (SPA), PhuR was reconstituted into
amphipols, which have demonstrated utility in cryo-EM SPA of membrane proteins?®.
Amphipol-reconstituted PhuR similarly forms a stable complex with sAB11 as PhuR
reconstituted into nanodiscs (Supplemental Fig. 1C, E-F). To improve the cryo-EM data,
we also utilized a nanobody (Nb) that binds with high-affinity to the sAB hinge region and
functions as an additional fiducial marker for cryo-EM SPA?’. We obtained high-quality
grids of the tripartite complex and collected cryo-EM data (Supplemental Fig. 3A).

Using this sample preparation, we determined the structure of the PhuR-sAB11-
Nb complex to an overall nominal resolution of 2.5 A, with most of the PhuR structure
resolved to ~2.4 A (Fig. 2A, Supplemental Fig. 3A-C). The majority of the cryo-EM data
contained monomeric PhuR; however, it also included an antiparallel dimer form of PhuR,
which could be readily segregated into a separate particle class. The two distinct particle

classes are apparent from two-dimensional class averages, and the intact complexes of
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PhuR with sAB11 and Nb are clearly visible (Supplemental Fig. 3A). The antiparallel
PhuR dimer similarly contained two molecules of the sAB11-Nb complex and had a
nominal 3 A resolution. Given the non-physiological nature of the dimer and overall lower
resolution, it was not further analyzed.

For initial cryo-EM density fitting, we started with a model of monomeric PhuR
comprising residues 47-578 and 585-764 (Table 1, Supplemental Fig. 4-5) using
AlphaFold?®. The final experimental structure shows PhuR is an 22-stranded B-barrel
outer membrane protein (OMP). The strands are all uniformly tilted approximately 45° to
the normal of the membrane (as depicted in Fig. 2B) and the structure features an N-
terminal plug domain situated within the barrel. These structural features are conserved
amongst TonB-dependent transporters (TBDT)?3. PhuR is overall asymmetric in shape,
with strands 6-9 forming a 74 A high wall along one side of the barrel that extends well
into the extracellular domain, and shorter wall on the other side of the barrel (Fig. 2B).
We identified density along the shorter outer wall of the barrel, near strands 16-20, that
was tentatively assigned as a portion of a lipopolysaccharide (LPS) molecule that was
present during purification (Fig. 2A-B). We could resolve the Lipid A and first KDO sugar
in this density, while the rest of the LPS was not visible in the cryo-EM map (Fig. 2C-D).
The structure revealed the Lipid A C-1 and C-4’ phosphate headgroups likely interacting
with PhuR residues K721 and R670, respectively, while a number of conserved
hydrophobic residues appear to form van der Waals interactions with the six fatty acid
tails (Fig. 2E). Headgroup interactions involving both arginines and lysines are commonly
observed features in LPS binding sites, with recent evidence of such, including

hydrophobic residues with the acyl chains, demonstrated in the case of the ferrichrome
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transporter FhuA (PDB ID 8A8C)?°. Another study, based on molecular dynamics
simulations, suggests that the proximity of arginine residues to the Lipid A phosphate
groups supports the interpretation that these residues play pivotal roles in LPS binding?'.

Residues 47-166 form the N-terminal plug domain, a hallmark feature of TBDTs
that is critical for sensing and uptake of the ligand®3°. The N-terminal residues preceding
the plug, which exclude the processed signal peptide but potentially include the Ton box,
were not resolved?. These residues are resolved in some structures, including BtuB (PDB
ID 1NQH), but has also been shown to be more dynamic when substrates are bound in
other TBDTs%3'32, The rest of the plug was well resolved and contained the conserved
fold typical of B-barrel TBDTs®. The core of this domain is a 4-stranded B-sheet tilted with
respect to the plane of the membrane, while the remainder is composed of short helices
and long loops projecting upwards towards the extracellular surface (Fig. 2B).

The periplasmic loops, or turns as they are conventionally described, of PhuR are
all relatively short. The longer of the extracellular loops, many composed of well-
structured elements, collectively form a vestibule (~1780 A® volume) above the
hydrophilic interior of the barrel, which is 40 A wide and occluded by the plug in our
structure. We could confidently model all of these segments except for the tip of the L8
connecting strands 15 and 16 (residues 579-584), which appears to be disordered in the
experimental structure. (Supplemental Fig. 4A-B).

The majority of the loops in the experimental PhuR structure have identical or
similar conformations to the AlphaFold model, with RMSD values of 0.7-2.0 A for nine of
the eleven loops. The two notable exceptions were the long extracellular loops 10

(residues 669-694) and 11 (718-754), which, when compared to the AlphaFold model,
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have backbone RMSD values of 3.9 and 4.8 A, respectively. These loops, particularly
L11, converge towards the center of the extracellular section of the barrel, effectively
creating a seal that encloses the vestibule (Supplemental Fig. 4C).

The sAB11 interacts extensively with the extracellular vestibule of PhuR, primarily
through complementarity-determining regions (CDRs) H2, H3, and L3. The contacts are
formed by both hydrogen bond and van der Waals interactions with the extracellular loops
L3, L4, L5, and L7, and bury ~1000 A? of surface area at the interface (Fig. 2F-G). The
16-residue long sAB CDR-H3 forms a blunt wedge, packing against an extracellular
conserved loop (CL). This loop, L7, contains the conserved FRAP/PNPNL motif that
spans residues 510-513 and 533-537, respectively and the 3-strands that comprise the
taller edge of the barrel (Fig. 2B, Supplemental Fig. 4B). This conserved motif, which is
found in all TBDTs, which transport heme and is the loop that contains the axial heme
ligand, diverges somewhat in PhuR, where the sequence is actually FRTP3334, This is the
loop that contains Y529, the axial ligand in PhuR. Hydrogen bond interactions mediate
many of the contacts between sAB11 and PhuR, including CDR-H3 residue S114 with
CL residue Q526, HC residues Y57 and Y107 with PhuR D279, and H3 residue Y111
with R398. The latter two PhuR residues are located on the tall edge of the barrel within
extracellular loops and B-strands, respectively. Notably, the conformations of the
extracellular loops forming the sAB epitope are identical or similar to the conformations

predicted in the AlphaFold model.

PhuR cryo-EM map revealed heme coordinated by conserved loop residue Y529
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We observed well-resolved non-protein cryo-EM density in the extracellular
vestibule near the sAB epitope, which we readily modeled as a bound heme molecule
that co-purified with PhuR (Supplemental Fig. 5). The presence of heme was readily
apparent by visual inspection of purified PhuR and confirmed by analysis of the UV-vis
spectra of the PhuR-sAB11-nanobody complex (Supplemental Fig. 1D, Fig. 2G, Fig.
3A-C, Fig. 5A). Additionally, the fact that both the antiparallel dimers and monomer
classes of PhuR, which constitute 85% of the particles present after several rounds of 2D
classification, displayed identical densities strongly implies that the heme-bound form of
PhuR was predominant in solution (Supplemental Fig. 3A).

The heme molecule is bound through multiple sets of interactions with the protein.
The heme iron is coordinated through the hydroxyl group of Y529, which is located on the
structured extracellular CL between strands 13-14 that forms a -turn and contacts sAB11
CDR-H2. The distance between the Y529 hydroxyl oxygen and heme iron (1.9 A) is
consistent with the typical Fe-O distance observed in heme-coordinating tyrosine
residues®. The aforementioned conserved FRTP (FRAP) and PNPNL motifs flank the
conserved Y529, with the CL forming a lid over the extracellular heme-binding site to
create a predominantly hydrophobic binding pocket near the outermost surface of PhuR
(Fig. 3B, D-F, Supplemental Fig. 6). Several nearby residues stabilize heme in this
pocket, including R353 and R355, which form hydrogen bonds with the propionate
sidechains, F522 and F588 through n-m stacking, and L416, 1531, V735, and L741
through van der Waals interactions (Fig 3B, E, Supplemental Fig. 7). At the tip of a 24-
amino acid long loop rising upwards from the plug domain are residues F116, P119, and

Y120, which also interact with heme, thus connecting the extracellular binding site with

10
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the region of PhuR responsible for partnering with inner membrane energy-transducing
complexes to facilitate ligand uptake. While the conformation of the plug domain is similar
to those observed in B-barrel OMP structures in their apo states, such as BtuB (PDB ID
1NQG) and ShuA (PDB ID 3FHH), the orientation and substrate interactions of this loop
are distinct in our PhuR structure (Fig. 3G-H)3"-36. Combined with the lid formed by the
CL, this plug loop sandwiches the heme into its binding site. This is structurally similar to
the HasA-HasR complex (PDB ID 3CSL), where the heme iron is coordinated after
transfer from HasA by HasR to residues H603, which resides in the same extracellular
loop, and H189 from the plug loop™2. In the BtuB structure with bound cyanocobalamin
(1NQH), the plug, including the homologous loop, interacts extensively with the substrate,
in part due to the binding site residing at a lower position within the barrel and due to the
substrate size®'.

Biochemical and mutational analyses previously reported that the conserved
residues Y519, located on the CL following the FRAP motif, and H124, on the plug
domain, are involved in heme coordination'®. In the structure reported here, Y519 is
pointing away from heme, with the hydroxyl positioned towards the extracellular space.
H124, which is part of the same plug domain loop that contacts the heme, is located too
far, ~16 A, to participate in heme binding (Fig. 3D-F), and is instead likely forming
hydrogen bond interactions with plug residues E85 or Q122. Neither H124 nor Y519 are
located near the vestibule where heme is observed to be bound (Fig. 4A). Notably, the
conformations of H124, Y519 and Y529 are essentially identical (0.74 A RMSD) in the
AlphaFold model. A second, much smaller cavity (536 A®) spans the space between Y519

and H124 located below the observed heme binding site (Fig. 4A-B), with a narrow

11
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channel connecting the two cavities (Fig. 4C-E). There was no cryo-EM density in the
second cavity corresponding to heme; while it is apparently large enough in volume to
accommodate heme (~460 A%), there are no potential ligands to accommodate its
occupancy. The proposed Y519-H124 coordination would require conformational
changes to correctly position these residues in this potential binding pocket. Moreover,
access to this pocket for heme would require an expansion of the extracellular region of
PhuR, as the pathway to the Y519-H124 from the vestibule is constricted in the structure
by L10 (Fig. 4E). Therefore, if this cavity represents a second ligand binding site lower in
the barrel along the uptake pathway, as has been proposed for homologous TBDTs from
other studies, a conformation of PhuR distinct from both the experimental structure and
AlphaFold model would be required to enable heme binding at this site and coordination

by Y519 and H12437-39,

Refolded PhuR is active for heme binding

To better understand the conformational changes of PhuR associated with heme
binding, we endeavored to isolate the apo state by expressing into inclusion bodies PhuR
without the signal peptide. This method is well-established for obtaining high yields of 3-
barrel outer membrane proteins for structural studies?®. PhuR was denatured using 5 M
urea, applied to an IMAC column, refolded by slow buffer exchange in the presence of
DDM, and subsequently purified. Gel filtration chromatography was used to separate
folded and unfolded proteins. Peak fractions containing folded PhuR were pooled and
analyzed using CD spectroscopy, which established that refolded PhuR is composed

predominantly of [B-sheet secondary structure (Supplemental Fig. 2). Thermal

12
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denaturation of refolded PhuR showed a Tm of 65°C, 6°C lower than the natively
expressed version. Spectroscopic analysis of refolded PhuR suggested heme was not
present in the sample (Fig. 5A). Employing a spectrophotometric assay, we determined
that refolded PhuR binds hemin, eliciting a redshifted spectrum in the Soret region
compared with unbound heme. The observed shift is characteristic of the typical spectral
changes associated with both unbound and bound heme, and the wavelength of the Soret
peak was nearly identical in the natively expressed PhuR-sAB11 complex (Fig. 5A)°°.
We observe that, employing this assay, the estimated affinity for the binding of hemin to
refolded PhuR is approximately 12.5 yM (Fig. 5B). This affinity appears lower than
anticipated, given the consistent presence of an intact heme-loaded complex throughout
multiple rounds of washing steps during the phage display biopanning process for native
PhuR. We speculate that the compromised affinity of this heme analog may stem from
two potential factors: its low solubility and the likelihood that the refolded material could
encompass a population of non-natively folded molecules.

The ~70 sABs obtained from the native PhuR selection were tested for binding to
refolded PhuR. None of these sABs showed measurable binding to the refolded protein,
including sAB11. This was not surprising since in the absence of heme, which was not
observed using spectrophotometry, and LPS, which is not bound to proteins refolded from
inclusion bodies, parts of PhuR are likely highly flexible and dynamic. Relatedly, in several
crystal structures of B-barrel OMPs, density for extended loops is often missing due to
flexibility, and it is known these regions are essential for transport3!:36:40-42

To better understand the mode of sAB binding, we formed a complex between

sAB11 and refolded PhuR in the presence of hemin. Amphipol-reconstituted refolded

13
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PhuR was incubated with 50 yM hemin, and subsequently sAB11 was added to this
solution. The complex was purified by gel filtration chromatography (Fig. 5C). Analysis of
the peak fractions by SDS-PAGE showed bands for both PhuR and sAB11 when hemin
was present (Fig. 5D). The PhuR-sAB11 complex was not formed when hemin was not
present. This complex was subsequently analyzed by negative-stain electron microscopy
(ns-EM). Two-dimensional ns-EM class averages clearly showed the sAB bound to
refolded PhuR in a manner similar to native PhuR (Fig. 5E-F). These experiments
demonstrated both that sAB11 is specific to the heme bound conformation of PhuR, and
that the mode of sAB binding could be recapitulated by the addition of hemin to the

refolded PhuR preparation.

DISCUSSION

Iron is an essential nutrient for all bacteria, and establishing a ready source is
indispensable for growth and virulence for a number of pathogens®’. PhuR is a central
player in heme acquisition in Pseudomonas aeruginosa, and is particularly important in
clinical strains of this nosocomial pathogen®19-13, It is thus potentially an attractive target
for therapeutics, and understanding its structure-function relationship is key for the design
and development of drugs against this TonB-dependent transporter.

We describe here the first experimental structure of PhuR using single particle
cryo-EM. To overcome the current size limitation of cryo-EM for this 82-kDa integral
membrane protein, we generated a sAB11, using a phage display technology developed

in our group for nanodisc-reconstituted membrane proteins'>-'8. High-quality cryo-EM
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data was obtained for the complex of PhuR with sAB11, which facilitated accurate model
building and detailed interpretation at 2.5 A resolution.

The overall architecture is consistent with other TBDTs, with PhuR composed of
22 antiparallel B-strands and an N-terminal plug domain. Long extracellular loops form a
large vestibule, which contained a bound heme molecule. The cryo-EM density contained
well resolved features, enabling model building with high accuracy the interactions
facilitating heme binding and recognition with high accuracy. Notably, the heme molecule
was co-purified with PhuR and remained bound through multiple washing steps during
the phage display selections suggesting it associates with very high affinity to the native
protein. The conformation of the sAB epitope, composed of several extracellular loops, in
both the cryo-EM structure and the AlphaFold model were remarkably similar. The major
differences were in extracellular loops L10 and L11, which completed the heme binding
site. The heme is coordinated by a Fe-O bond formed between the heme iron and the
PhuR Y529 phenoxyl. This observation adds to a growing body of knowledge regarding
the role of tyrosine in heme binding for a variety of proteins'®'343, The location of the
observed heme binding site contrasts with earlier biochemical and mutational analyses
suggesting pivotal roles for Y519 and H124'°. These residues are distal to the observed
heme binding site, but instead identified proximal to a secondary, smaller cavity situated
lower in the barrel and closer to the plug domain. No discernible class averages in the
data indicated additional minor substates, leaving unanswered whether this second cavity
might represent a potential pathway to an intermediate state in heme transport. The
concept of two-site binding, previously inferred for PfeA from P. aeruginosa and E. coli

FepA, aligns with the presence of at least two binding sites for substrates in those
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TBDTs% -39, However, both our experimental structure and the AlphaModel model
indicate that a significant structural reconfiguration in both the extracellular loops and plug
domain, perhaps induced by TonB binding, are necessary for enabling heme binding at
this potential second site.

To better understand the conformational changes associated with heme binding,
we denatured and refolded PhuR to obtain its apo state, and determined its ability to bind
hemin. In the hemin bound form, refolded PhuR was able to form a complex with sAB11,
demonstrating the conformation-specificity of this reagent. Negative-stain EM analysis
confirmed the binding of sSAB11, showing we could recapitulate its binding mode using
the refolding preparation together with added hemin. Considering the heme-bound form
was utilized for sAB biopanning and the close proximity of the sAB epitope to the heme-
binding site, the specificity of the sAB for this particular conformational state is entirely
expected. Our group has previously shown that a necessary prerequisite to obtaining
conformation-specific sABs is the stabilization of the target protein in the desired
state?>44. In this case, the visual inspection, spectral analyses, and structural data all
demonstrated that the heme bound form is highly enriched in the preparation of
recombinant PhuR from E. coli membranes.

Overall, our findings shed light on the structural features of PhuR and its
interactions with heme, adding to the growing body of knowledge of how TBDTs initially
bind and recognize their transported substrates. Future studies could further investigate
the functional relevance of heme binding to the observed site, the role of the second
cavity, and the relevance of both to the transport mechanism of PhuR. Alternative

strategies could enable the structure determination of additional functionally-relevant
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states of PhuR. These could include mutational scanning to identify residues in the
vestibule and the plug domain along the transport pathway. Finally, our study underscores
the effectiveness of our biopanning methodologies in generating highly specific binders

against TBDTs.
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FIGURE LEGENDS

Figure 1: sAB generation and validation A. Single point phage ELISA comparing binding
of unique clones to PhuR-containing nanodiscs and empty nanodiscs as a control. B.
Single-point ELISA signal of purified selected sAB clones from the initial phage pool
(panel A). Binding of 300 nM of purified sABs tested using PhuR-containing nanodiscs
(green), empty nanodiscs (raspberry pink), and a buffer only control (purple). C. Affinity
estimation ELISA for select sABs measuring binding to PhuR-containing nanodiscs. Data
are background subtracted and normalized. Plots are fitted using a nonlinear regression

model with variable slope in Prism 9.0 to determine ECso.

Figure 2: CryoEM structure of PhuR-sAB11 complex A. Cryo-EM density map of PhuR
(green) bound to sAB11 (heavy chain (HC) shown in orange and light chain (LC) in golden
brown) and LPS (mustard). Regions excluded from the model are white. B. Front and
side views of PhuR-sAB11 complex with LPS and bound heme (raspberry pink) shown.
The complex is colored as in A. The conserved loop (CL) with heme-coordinating Y529
colored purple. C. Side view of LPS and PhuR residues potentially interacting with it. D.
Top view of LPS KDO sugar and Lipid A headgroup showing conserved interactions with

R670 and K721. E. Bottom view of LPS tails showing hydrophobic interactions with PhuR.
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F. Close-up view of LC interactions with PhuR. G. Close-up view of HC complementarity-

determining regions (CDRs) 2 and 3 interactions with PhuR.

Figure 3: Heme recognition by PhuR A. Side view of PhuR placed in a schematic lipid
bilayer with LPS molecules with indicated Lipid A (yellow), inner core sugars (green),
outer core sugars (purple), O-antigen (green). The plug domain (dark gray), bound LPS,
conserved loop, and heme are also visualized. PhuR dimensions in A indicated with
arrows. ES - extracellular space, OM - outer membrane, PS - periplasmic space. B.
Residues involved in the heme (raspberry pink) interaction, including the coordinating
Y529. Plug domain and conserved extracellular loop colored dark gray and purple,
respectively. C. Heme binding site overlaid with cryo-EM density map (gray mesh)
contoured to visualize the model and proximal water molecules. D. PhuR cryo-EM
structure colored according to evolutionary conservation scores of individual residues*5:46.
Legend for conservation scores shown below structure. E. Close-up view of heme binding
site to show conservation of interacting residues. F. Conservation of heme-binding
extracellular loop and plug domain shown with bound heme. G. Overlay of plug domain
structures of PhuR (this study), ShuA (3FHH)*'%¢ and BtuB (1NQG)*' to compare
conformations of the heme binding loop. Heme molecule in PhuR structure shown and
colored as above. H. Overlay of conserved extracellular loops from the same three

structures to highlight conformational differences.

Figure 4: Visualization of PhuR cavities suggest a potential heme uptake mechanism. A.

Side view of PhuR protein in cartoon representation with extracellular and periplasmic
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cavitites shown as transparent volumes. Heme is bound to PhuR in the extracellular cavity
1. The second extracellular cavity is proposed based on biochemical data from a previous
study'®. B. Close-up view of extracellular cavity 2 with H124 and Y519 shown as sticks
together with the bound heme and coordinating Y529. C. Top and D. side views of capped
PhuR structure in surface representation with heme in magenta. E. Side view of second
cavity bounded by dashed lines with His124 and Tyr519 represented as sticks showing a

narrow channel connecting the two cavities.

Figure 5: Biochemical analysis of refolded PhuR and its interaction with sAB11. A. UV-
Vis spectra for native sAB-bound PhuR, heme alone, refolded PhuR in the presence and
absence of heme, and the spectrum resulting from the subtraction of heme alone from
refolded PhuR with addition of heme. B. Spectroscopic evaluation of heme binding to
refolded PhuR using increasing concentrations of heme, performed in triplicate. Data are
plotted using Prism (v9.0) software and represented as mean + SEM, with the 95%
confidence intervals shown (orange). C. Overlay of chromatograms from size exclusion
column (SEC) for refolded PhuR alone (blue) and after incubation with heme and sAB11
(green). Dashed lines indicate collected fractions. D. SDS-PAGE gel of elution collected
after SEC from panel C of refolded PhuR in the presence of heme and sAB11. PhuR is
present as two bands due to the heat modifiability property of OM proteins*’. E.
Representative ns-EM micrograph of peak fraction from panel C. Scale bar represents 50
nm. E. 2D class averages of refolded PhuR with sAB11 (green arrows) and heme (top
panel) and PhuR alone (bottom panel). Both samples are reconstituted into amphipols.

Scale bar represents 10 nm.

20


https://doi.org/10.1101/2023.08.01.551527
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.08.01.551527; this version posted August 5, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

STAR x METHODS

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and

will be fulfilled by the Lead Contact, Anthony A. Kossiakoff (koss@bsd.uchicago.edu).

Materials availability
Primary data and other materials are available upon reasonable request to the lead

contact.

Data and code availability

The raw movie frames have been deposited into the Electron Microscopy Public Image
Archive (EMPIAR), with accession code EMPIAR-11627. The cryo-EM density maps
have been deposited into the Electron Microscopy Data Bank (EMDB, accession code
EMD-41255). The coordinate file has been deposited in the Protein Data Bank (PDB,
accession code 8THE). Synthetic antibodies generated in this study will be made

available upon request. This paper does not report original code.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS
The E. coli bacterial strains used for expression in this study are listed in the key
resources table and growth conditions are described in detail in the Method Details

section. Helper phage M13-KO7 was used for phage propagation in E. coli XL1-Blue cells.
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METHOD DETAILS
Expression and purification of PhuR from E. coli outer membranes

The codon-optimized phuR gene from Pseudomonas aeruginosa PAO1 strain
lacking the native signal sequence (MPLSPPFALRPCLALLLLSPSLALA) was
synthesized and cloned into the expression vector pET20b(+), which contains an N-
terminal pelB signal sequence and hexahistidine tag (Genscript). The construct was
transformed into chemically competent C41 (DE3) cells (Lucigen) and plated after heat
shock and recovery on LB agar supplemented with ampicillin. Colonies were allowed to
grow with an overnight incubation at 37°C. The following day, a single colony was used
to inoculate 30-mL of LB liquid media with 100 pg/mL ampicillin and grown overnight with
shaking. The inoculum was transferred to 3 L of TB media supplemented with ampicillin
and 0.4% (w/v) glycerol in baffled Fernbach flasks (Corning). Cultures were grown to mid-
log phase (ODeoo of 0.6-0.8), subsequently induced with 100 uM IPTG (RPI Chemicals),
and proteins were expressed for 4 hours at 37°C. Cells were harvested by centrifugation
and frozen until further use.

For purification, cell pellets were resuspended in lysis buffer (25 mM Tris, pH 7.4,
150 mM NaCl with 1 mM PMSF (Sigma) and homogenized (IKA Labs). Cells were lysed
by two cycles of sonication (Branson Sonifier; 40% amplitude, 1.5-min cycle of 1-s on/1-
s off). Membranes were solubilized by the addition of 1% n-dodecyl-3-D-maltopyranoside
(DDM, Anatrace) followed by a one-hour incubation at 4°C with nutation. Insoluble
material and cellular debris were removed by ultracentrifugation at 40,000 RPM for 45

minutes at 4°C using a Ti45 fixed-angle rotor (Beckman-Coulter). The resulting
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supernatant was supplemented with NaCl and imidazole to final concentrations of 500
and 20 mM, respectively, and subsequently applied to a 5-mL HisTrap column (GE
Healthcare) pre-equilibrated with wash buffer (25 mM Tris, pH 7.4, 500 mM NacCl, 20 mM
imidazole, 0.1% DDM). Following batch binding for one hour, the column was washed
using a linear imidazole gradient (20-500 mM) formed by mixing wash buffer with elution
buffer (wash buffer with 500 mM imidazole) on a fast protein liquid chromatography
system (FPLC, AKTA) with fractionation and monitored using Azso. Fractions containing
protein were analyzed by SDS-PAGE, and PhuR-containing fractions were pooled and
concentrated using 50-kDa MWCO centrifugal filters (Amicon). The resulting sample was
dialyzed overnight in 25 mM Tris, pH 7.4, 150 mM NaCl buffer. The dialyzed sample was
subsequently purified by size exclusion chromatography using a Superdex200 HiLoad
16/600 column (GE Healthcare). Fractions were analyzed by SDS-PAGE gel, and PhuR-
containing fractions were pooled, concentrated, supplemented with 10% glycerol, flash
frozen in liquid nitrogen, and stored at -80°C until further use. All protein concentrations

were determined using the theoretical extinction coefficients.

Expression and purification of PhuR from inclusion bodies

The codon-optimized phuR gene described above was also cloned into vector
pET28b(+) (Genscript), which contains an N-terminal hexahistidine tag but lacks a signal
sequence. A similar transformation and expression protocol was used, except using
kanamycin (50 pg/mL) instead of ampicillin. Cells were harvested, homogenized, and
lysed as described above. Inclusion bodies and other insoluble material were collected

by centrifugation at 10,000xg at 4°C for 10 minutes. The resulting pellet was washed
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twice with denaturing buffer (25 mM Tris, pH 7.4, 500 mM NacCl, and 5 M Urea) and
incubated for one hour at RT with nutation. The suspension was centrifuged at 10,000xg
at 4°C for 20 minutes. The supernatant was collected, passed through at 0.2 pm filter,
and subsequently injected onto a 5-mL HisTrap column (GE Healthcare) connected to an
AKTA FPLC system. Prior to injection DDM was added to the supernatant at a final
concentration of 0.1% (w/v). PhuR was refolded by slow exchange of buffer to remove
urea using refolding buffer (25 mM Tris, pH 7.4, 500 mM NaCl, 0.1% DDM). Following
refolding, PhuR was purified using a linear gradient of imidazole as described above for
native PhuR. Fractions were analyzed by SDS-PAGE, and those containing PhuR were
pooled, concentrated, and injected onto a Superdex200 HiLoad 16/600 SEC column (GE
Healthcare) to separate folded and unfolded proteins. The SEC was performed using
SEC buffer: 25 mM Tris, pH 7.4, 150 mM NaCl, and 0.02% DDM. Fractions were analyzed
by SDS-PAGE using the heat modifiability property to assess whether PhuR was folded
or unfolded*’. Fractions containing folded PhuR pooled, concentrated, and stored as

described above until further use.

Circular dichroism and thermal denaturation assays

Far UV CD spectra were measured in a wavelength range of 180-260 nm using a
Jasco J-1500 CD Spectrometer with a cell path length of 1 cm and a protein concentration
of 5 uM in SEC buffer. The spectra were recorded using triplicate scans. For thermal
denaturation studies, a fixed wavelength of 222 nM was monitored and simultaneous OD

and CD scans were measured from 26 to 98°C. Temperature was increased by steps of
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2°C with 3-min incubation periods between spectral measurements. Data fitting and

analysis were performed using Spectra Manager (Jasco) and Prism 9.0 (GraphPad).

Nanodisc reconstitution

MSP E3D1 was expressed and purified as previously described, including removal
of the polyhistidine tag by digestion with TEV protease (kind gift of S. Koide)*34°. For
phage display purposes, MSP was chemically biotinylated as previously described'’.
DDM-solubilized PhuR was mixed with either biotinylated or non-biotinylated E3D1 and
total E. coli lipid extract (Avanti) in a 1:6:480 molar ratio. A lipid solution was prepared as
previously described prior to incubation with the reconstitution mixture®®. Empty
nanodiscs for phage display were also prepared by mixing either biotinylated or non-
biotinylated E3D1 with lipids in a 1:130 molar ratio. To form nanodiscs, detergent was
removed by overnight incubation with activated Bio-Beads SM-2 (Bio-Rad). For
purification of PhuR-containing nanodiscs, the reconstitution mixture was transferred from
Bio-Beads to Ni-NTA resin (Qiagen). IMAC was performed using buffers similar to those
described above, except without detergent. Fractions containing PhuR nanodiscs were
pooled, concentrated, and injected onto a Superdex200-increase 10/300 GL SEC column
(GE Healthcare) pre-equilibrated with nanodisc buffer: 25 mM Tris, pH 7.4, 150 mM NaCl.
Fractions containing PhuR nanodiscs were pooled, concentrated, flash frozen in LN2, and

stored at -80°C until further use.

Identification of PhuR-specific sABs using phage display
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For sAB screening, biotinylated nanodiscs containing PhuR were used. Selections
were performed using PhuR both from native and refolding conditions. Prior to phage
display, the efficiency of capture on streptavidin-coated paramagnetic beads (Promega)
was evaluated as described before. Biopanning was performed using phage display sAB
Library E (kind gift of S. Koide) in selection buffer (25 mM Tris, pH 7.4, 150 mM NaCl, 1%
BSA) according to previously described protocol’~'°. In the first round, biopanning was
performed manually using 400 nM of PhuR nanodiscs immobilized onto paramagnetic
beads by one-hour incubation at RT with Library E. Following three washes with selection
buffer, beads enriched for phage displaying PhuR-specific sSABs were used to directly
infect log-phase E. coli XL-1 Blue bacteria. Following a 20-min infection, 2xYT media
supplemented with ampicillin (100 ug/mL) and M13-KO7 helper phage (10° PFU/mL) was
added and phage were amplified overnight. To increase the stringency of SAB selection,
four additional rounds of biopanning were performed by decreasing PhuR concentrations
in a stepwise manner: 200, 100, 50, and 25 nM. For rounds 2-5, the amplified phage pool
from each preceding round was using as the input, and biopanning was performed semi-
automatically using a Kingfisher magnetic beads handler (Thermo Fisher Scientific). The
phage pools for rounds 2-5 were pre-cleared with 200 uL of streptavidin beads to remove
non-specific binders. In all rounds, a tenfold molar excess of non-biotinylated E3D1
nanodiscs were used as soluble competitors to remove MSP-specific sABs. Finally, for
rounds 2-5 phage particles were eluted from magnetic beads by a 15-min incubation step

with 1% Fos-choline-12 (Anatrace) prepared in buffered saline.

Initial validation using single-point phage ELISA
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Colonies of E. coli XL-1 Blue bacteria containing individual phagemid clones from
round 5 of phage display were used to inoculate 400 pL of 2xYT media supplemented
with ampicillin (100 pg/mL) and M13-KO7 helper phage (10° PFU/mL). Phage were
amplified overnight in 96-well deep well blocks at 37°C with shaking at 280 RPM.
Amplified phage were diluted into ELISA buffer (selection buffer with 0.5% BSA) and then
tested against PhuR-loaded or empty biotinylated E3D1 nanodiscs. All ELISA
experiments were performed on 96-well ELISA plates (Nunc) coated overnight with 2
pug/mL neutravidin and blocked for at least two hours with selection buffer. ELISA were
performed as previously described and bound phage were detected with TMB substrate
(Thermo Fisher Scientific) following a 30-min incubation with HRP-conjugated anti-M13
monoclonal antibody (Antibody Design Laboratories)'®. Absorbance was measured at
450 nm following quenching with 1 M HCI. Wells containing empty biotinylated E3D1
nanodiscs were used to determine non-specific binding. Specific binders were determined

based on their signal/background ratio.

sAB expression and purification

Selected clones based on phage ELISA were sequenced at the University of
Chicago Comprehensive Cancer Center DNA Sequencing facility. Unique clones were
sub-cloned into the sAB expression vector pRH2.2 (kind gift of S. Sidhu) using the In-
Fusion Cloning Kit (Takara Bio). The best candidates (based on highest ELISA signals)

were expressed and purified as previously described'%%".

Assessment of sAB binding affinity for PhuR
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ELISA were performed using purified sABs to estimate apparent binding affinities
as previously described. ELISA plates were prepared as above for phage ELISA. 25 nM
of either PhuR-loaded or empty biotinylated nanodiscs were immobilized onto wells.
Binding was assessed using 3-fold serial dilutions of sABs starting from 3 yM maximum
concentrations. Bound sABs were detected with TMB substrate following a 30-min
incubation with HRP-conjugated recombinant protein L (Pierce). Reactions were
quenched with 1 M HCI and absorbance was measured at 450 nm. The signals were
background subtracted and normalized Asso values were plotted against the logio SAB
concentrations. ECso values were then calculated in Prism 9 (GraphPad) using a variable

slope model and assuming a sigmoidal dose response.

Amphipol (APol) reconstitution

APol A8-35 (Anatrace) was mixed with native or refolded PhuR in SEC buffer with
DDM in a 1:10 PhuR/APol mass ratio. The solution was incubated on ice for 20 minutes,
followed by the addition of Bio-Beads to remove DDM. Amphipol reconstitution was
performed overnight at 4°C with nutation. The reconstitution mixture was then transferred
from Bio-Beads, filtered using 0.2-um centrifugal filter units, and injected onto a
Superdex200-increase 10/300 GL column equilibrated with SEC buffer (without DDM).
Fractions containing PhuR reconstituted into A8-35 were analyzed by SDS-PAGE,
pooled, concentrated, and flash frozen until further use. An identical protocol, except
using biotinylated A8-35 (Anatrace), was used to reconstitute refolded PhuR into

biotinylated amphipols for phage display.
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Heme binding studies

5-uM of protein solution in APols was prepared and added to a 96-well plate.
Hemin (Sigma) was dissolved in 0.1 M NaOH and shaken at 1000 RPM for 10 min. The
resulting suspension was then centrifuged (16000xg, 10min) and passed through a 0.22
um filter. The concentration was determined by measuring absorbance (385 nm) of 1000X
diluted solution and the heme molar extinction coefficient (€385 = 58440 M-1 x cm-1).
Hemin solutions ranging from 1-50 yM were added to PhuR and incubated for 20 minutes
at RT. The UV-Vis spectrum was recorded from 190-850 nm using a Nanodrop One
(Thermo Fisher Scientific). The background signal was subtracted from protein-heme
wells using wells containing heme but not protein. Values at the Soret peak (410 nm)
were plotted as a function of heme concentration and analyzed using nonlinear regression
in Prism 9 (GraphPad). Additionally, the spectrum was recorded for the complex of native
PhuR, sAB11, and nanobody that was used to prepare the cryo-EM sample (~5uM total
protein concentration). These data were used for comparison with spectra collected from

the heme binding experiments.

PhuR complex formation with sAB11 and anti-sAB nanobody
Amphipol-reconstituted native PhuR (10 uM) was combined with a 2-fold molar
excess of sSAB11 and 3-fold molar excess of an anti-sAB nanobody, which was expressed
and purified as previously described. Following a 20 minute incubation, the complex was
loaded on a Superdex200-increase 10/300 GL column (Cytiva) in SEC buffer (without

DDM). Fractions containing all complex components were pooled and concentrated
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resulting in A2go 6.9, which was determined to be is 4.2 mg/mL based on the theoretical
extinction coefficients of the individual components.

Complexes with amphipol-reconstituted refolded PhuR with sAB11 were similarly
formed and isolated by using 1 uM of refolded PhuR, except for the addition of 50uM

hemin prior to incubation with the sAB and nanobody.

Negative-stain electron microscopy

To determine sample quality and success of complex formation, purified proteins
were diluted to 0.05 mg/mL and applied onto plasma-cleaned (Gatan Solarus) copper
grids with a continuous carbon layer (Electron Microscopy Sciences). The grids were
washed twice with droplets of water, and then blotted with Whatman 4 filter paper to
remove the excess solution. The grids were stained with two applications of 1% uranyl
formate (EMS), and again blotted. After drying, the grids were imaged using a FEI Spirit
120 kV microscope equipped with a digital CCD camera with 2k x 2k resolution using a
pixel size of 2.1 A. In total, 30-50 images were collected for the native and refolded PhuR
with and without sABs, using peak SEC fractions diluted into SEC buffer at the
aforementioned concentration to prepare the ns-EM grids. Images were processed using

Relion-3.1 to obtain two-dimensional class averages®.

Single-particle cryo-EM vitrification and data collection
APol-reconstituted native PhuR complexes with sAB11 and the nanobody were
concentrated to 1.1-4.2 mg/mL using a 100-kDa molecular weight cutoff concentration

(Amicon). Prior to vitrification, 0.25% CHAPSO was added to improve the quality of
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vitreous ice during freezing and reduce denaturation and aggregation at the air-water
interface. 3.5 puL of sample was applied to plasma-cleaned (Gatan Solarus) 1.2/1.3-um
UltrAuFoil grids (Quantifoil) and blotted using standard Vitrobot filter paper (Ted Pella,
47000-100) on both sides for 4 seconds using a Vitrobot Mark IV (Thermo Fisher
Scientific) operating at 8°C and 100% humidity. The grids were immediately plunged after
blotting into liquid ethane for vitrification. Cryo-EM images were collected at the University
of Chicago Advanced Electron Microscopy Facility using a Titan Krios G3 electron
microscope (Thermo Fisher Scientific) operating at 300 kV and equipped with a Gatan K3
direct detection camera and Energy Filter (BioQuantum). Automated data collection was
done in CDS mode using the EPU software package. A total of 5,031 movies consisting
of 50 fractions with a 60 e’/A total exposure were collected with a super-resolution pixel

size of 0.534 A, a calibrated pixel size of 1.068 A, and a defocus range of -1.0 to -2.5 um.

Cryo-EM data processing for PhuR-sAB11-nanobody complex

All data processing and visualization software used were part of the SBGrid
collection except for cryoSPARC (v3.3)%354. Movies were subjected to motion correction
by MotionCor2 (v1.4.0) within the Relion-4.0-beta GUI®*-%’, CTF parameters were
determined using GCTF (v1.06)%. Micrographs were filtered based on defocus values,
astigmatism, resolution, and figure of merit, leaving 4,153 micrographs in the final set.
Around 5 million particles were selected using the Laplacian-of-Gaussian (LoG) picker.
The particles were extracted using a box size of 360 pixels and imported into cryoSPARC
(v3.3). Several iterations of 2D class averaging were performed to remove junk particle.

Particles were selected based on whether 2D classes contained monomers or antiparallel
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dimers of PhuR. These sets were independently and in parallel subjected to Ab initio
reconstruction, classification using heterogeneous refinement, and non-uniform
refinement, with the final particle sets containing 277,088 and 141,268 particles and
producing monomer and dimer maps of 3.0 and 3.3 A resolutions, respectively. The
particle sets were exported to Relion for CTF refinement and Bayesian polishing using
pyem, and then imported back to cryoSPARC for non-uniform refinement and local
refinement using masks generated in Chimera around PhuR and the sAB variable
domains5%6%, This resulted in maps with 2.9 and 3.0 A for the monomer and dimer,
respectively.

To obtain a higher number of “good” particles, template-based picking was
performed in Relion by first generating 2D classes using the monomer particle stack. 2.4
million particles were selected and subjected to rounds of 2D class averaging and 3D
refinement as above. Following CTF refinement and Bayesian polishing in Relion of the
best class of PhuR monomers, non-uniform refinement in cryoSPARC produced a 2.6 A
map. This map was subjected to local refinement in cryoSPARC using a tight mask
around PhuR and the sAB variable region prepared in Chimera (v1.15), which produced
a 2.5 A map. Local resolution maps were prepared in cryoSPARC and visualized using
ChimeraX (v1.5)6162, The detailed data processing workflow is shown in Supplemental
Fig. 3. Resolutions are reported based on the Fourier Shell Correlation (FSC) equals

0.143 criterion.

Structural model building and refinement
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The B-factor sharpened map from the cryoSPARC local refinement job was used
for model building of the PhuR-sAB11 complex. The AlphaFold model of PhuR was used
as the starting coordinates, and manually adjusted into the cryo-EM density map using
Chimera. The manually adjusted model and map were then brought into Coot (v0.9) and
further adjusted into the density using morphing®3. The sAB variable region was built using
a template (5BJZ) with the CDRs removed, and the sAB11 CDRs were manually built in
Coot using the sequence and cryo-EM density to guide manual fitting. PhuR residues
without experimental cryo-EM density were deleted. Heme and the lipopolysaccharide
(LPS) were built in Coot by manual adjustment into the density. Coordinates for heme
were obtained from the Refmac ligand library, and LPS coordinates were obtained from
PubChem®485, The LPS headgroup was truncated to the first KDO sugar due to the
absence of cryo-EM density for this region. The combined PhuR-sAB model with bound
ligands was subjected to multiple rounds of refinement in Coot and Phenix (v1.20), with
the map sharpened or blurred in Coot to facilitate model building®. The model was
inspected manually after each cycle, and refinement was performed until no further
improvement was observed. Waters were added into non-protein and non-ligand
densities using Douse and manually inspected. The models were validated in Phenix
using its comprehensive cryo-EM validation tools, MolProbity, and EMRinger®8,

Directional anisotropy of the map was evaluated using 3DFSC*°.

Structural Analyses

Protein surface interactions were calculated using the Proteins, Interfaces,

Structures, and Assemblies server and visualized using PyMol”®. Consurf was used to
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analyze evolutionary conservation using the PhuR structure*®4¢. Cavities were analyzed
using the Voss Volume Voxelator online tool (http://3vee.molmovdb.org/)’'. Heme
interactions were visualized using LigPlot+"2. All other images were prepared using

Chimera and ChimeraX.

QUANTIFICATION AND STATISTICAL ANALYSIS

e Cryo-EM data collection and refinement statistics are presented in Table 1.

e Heme binding assays, performed in triplicate, are expressed as mean + SEM.
Experiment details are in Methods.

e Supplementary Table 2 includes estimated sAB affinities from ELISA and non-

linear regression analysis. Refer to Methods for experimental details.

34


https://doi.org/10.1101/2023.08.01.551527
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.08.01.551527; this version posted August 5, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

REFERENCES

1. Ferguson, A.D., and Deisenhofer, J. (2002). TonB-dependent receptors-structural
perspectives. Biochim Biophys Acta 1565, 318-332. 10.1016/s0005-2736(02)00578-3.

2. Silale, A., and Van Den Berg, B. (2023). TonB-Dependent Transport Across the Bacterial
Outer Membrane. Annu. Rev. Microbiol. 77, annurev-micro-032421-111116.
10.1146/annurev-micro-032421-111116.

3. Noinaj, N., Guillier, M., Barnard, T.J., and Buchanan, S.K. (2010). TonB-Dependent
Transporters: Regulation, Structure, and Function. Annu. Rev. Microbiol. 64, 43—-60.
10.1146/annurev.micro.112408.134247.

4. Krewulak, K.D., and Vogel, H.J. (2011). TonB or not TonB: is that the question? Biochem. Cell
Biol. 89, 87-97. 10.1139/010-141.

5. Braun, V., Ratliff, A.C., Celia, H., and Buchanan, S.K. (2023). Energization of Outer
Membrane Transport by the ExbB ExbD Molecular Motor. J Bacteriol 205, e0003523.
10.1128/jb.00035-23.

6. Ferguson, A.D., Amezcua, C.A., Halabi, N.M., Chelliah, Y., Rosen, M.K., Ranganathan, R., and
Deisenhofer, J. (2007). Signal transduction pathway of TonB-dependent transporters. Proc.
Natl. Acad. Sci. U.S.A. 104, 513-518. 10.1073/pnas.0609887104.

7. Krewulak, K.D., and Vogel, H.J. (2008). Structural biology of bacterial iron uptake.
Biochimica et Biophysica Acta (BBA) - Biomembranes 1778, 1781-1804.
10.1016/j.bbamem.2007.07.026.

8. Hare, S.A. (2017). Diverse structural approaches to haem appropriation by pathogenic
bacteria. Biochimica et Biophysica Acta (BBA) - Proteins and Proteomics 1865, 422—-433.
10.1016/j.bbapap.2017.01.006.

9. Smith, A.D., and Wilks, A. (2015). Differential contributions of the outer membrane
receptors PhuR and HasR to heme acquisition in Pseudomonas aeruginosa. J Biol Chem 290,
7756-7766. 10.1074/jbc.M114.633495.

10. Smith, A.D., Modi, A.R., Sun, S., Dawson, J.H., and Wilks, A. (2015). Spectroscopic
Determination of Distinct Heme Ligands in Outer-Membrane Receptors PhuR and HasR of
Pseudomonas aeruginosa. Biochemistry 54, 2601-2612. 10.1021/acs.biochem.5b00017.

11. Dent, A.T., and Wilks, A. (2020). Contributions of the heme coordinating ligands of the
Pseudomonas aeruginosa outer membrane receptor HasR to extracellular heme sensing
and transport. J Biol Chem 295, 10456-10467. 10.1074/jbc.RA120.014081.

12. Krieg, S., Huché, F., Diederichs, K., I1zadi-Pruneyre, N., Lecroisey, A., Wandersman, C.,
Delepelaire, P., and Welte, W. (2009). Heme uptake across the outer membrane as revealed

35


https://doi.org/10.1101/2023.08.01.551527
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.08.01.551527; this version posted August 5, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

by crystal structures of the receptor-hemophore complex. Proc. Natl. Acad. Sci. U.S.A. 106,
1045-1050. 10.1073/pnas.0809406106.

13. Mourifio, S., and Wilks, A. (2021). Extracellular haem utilization by the opportunistic
pathogen Pseudomonas aeruginosa and its role in virulence and pathogenesis. In Advances
in Microbial Physiology (Elsevier), pp. 89—132. 10.1016/bs.ampbs.2021.07.004.

14. Marvig, R.L., Damkieer, S., Khademi, S.M.H., Markussen, T.M., Molin, S., and Jelsbak, L.
(2014). Within-host evolution of Pseudomonas aeruginosa reveals adaptation toward iron
acquisition from hemoglobin. mBio 5, e00966-00914. 10.1128/mBio.00966-14.

15. Herzik, M.A., Wu, M., and Lander, G.C. (2019). High-resolution structure determination of
sub-100 kDa complexes using conventional cryo-EM. Nat Commun 10, 1032.
10.1038/s41467-019-08991-8.

16. Wentinck, K., Gogou, C., and Meijer, D.H. (2022). Putting on molecular weight: Enabling
cryo-EM structure determination of sub-100-kDa proteins. Curr Res Struct Biol 4, 332-337.
10.1016/j.crstbi.2022.09.005.

17. Dominik, P.K., and Kossiakoff, A.A. (2015). Phage display selections for affinity reagents to
membrane proteins in nanodiscs. Methods Enzymol 557, 219-245.
10.1016/bs.mie.2014.12.032.

18. Dominik, P.K., Borowska, M.T., Dalmas, O., Kim, S.S., Perozo, E., Keenan, R.J., and
Kossiakoff, A.A. (2016). Conformational Chaperones for Structural Studies of Membrane
Proteins Using Antibody Phage Display with Nanodiscs. Structure 24, 300-309.
10.1016/j.str.2015.11.014.

19. Kim, J., Tan, Y.Z., Wicht, K.J., Erramilli, S.K., Dhingra, S.K., Okombo, J., Vendome, J.,
Hagenah, L.M., Giacometti, S.l., Warren, A.L,, et al. (2019). Structure and drug resistance of
the Plasmodium falciparum transporter PfCRT. Nature 576, 315-320. 10.1038/s41586-019-
1795-x.

20. Cater, R.J,, Chua, G.L., Erramilli, S.K., Keener, J.E., Choy, B.C., Tokarz, P., Chin, C.F., Quek,
D.Q.Y., Kloss, B., Pepe, J.G., et al. (2021). Structural basis of omega-3 fatty acid transport
across the blood-brain barrier. Nature 595, 315-319. 10.1038/s41586-021-03650-9.

21. Ashraf, K.U., Nygaard, R., Vickery, O.N., Erramilli, S.K., Herrera, C.M., McConville, T.H.,
Petrou, V.l., Giacometti, S.l., Dufrisne, M.B., Nosol, K., et al. (2022). Structural basis of
lipopolysaccharide maturation by the O-antigen ligase. Nature 604, 371-376.
10.1038/s41586-022-04555-x.

22. Feng, P., Wu, X., Erramilli, S.K., Paulo, J.A., Knejski, P., Gygi, S.P., Kossiakoff, A.A., and
Rapoport, T.A. (2022). A peroxisomal ubiquitin ligase complex forms a retrotranslocation
channel. Nature 607, 374-380. 10.1038/s41586-022-04903-x.

36


https://doi.org/10.1101/2023.08.01.551527
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.08.01.551527; this version posted August 5, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

23. Noinaj, N., Mayclin, S., Stanley, A.M., Jao, C.C., and Buchanan, S.K. (2016). From Constructs
to Crystals &#8211; Towards Structure Determination of &#946;-barrel Outer Membrane
Proteins. JoVE, 53245. 10.3791/53245.

24. Miller, K.R., Koide, A., Leung, B., Fitzsimmons, J., Yoder, B., Yuan, H., Jay, M., Sidhu, S.S.,
Koide, S., and Collins, E.J. (2012). T cell receptor-like recognition of tumor in vivo by
synthetic antibody fragment. PLoS One 7, e43746. 10.1371/journal.pone.0043746.

25. Paduch, M., Koide, A., Uysal, S., Rizk, S.S., Koide, S., and Kossiakoff, A.A. (2013). Generating
conformation-specific synthetic antibodies to trap proteins in selected functional states.
Methods 60, 3-14. 10.1016/j.ymeth.2012.12.010.

26. Zoonens, M., and Popot, J.-L. (2014). Amphipols for each season. ] Membr Biol 247, 759—
796.10.1007/s00232-014-9666-8.

27. Tsutsumi, N., Mukherjee, S., Waghray, D., Janda, C.Y., Jude, K.M., Miao, Y., Burg, J.S., Aduri,
N.G., Kossiakoff, A.A., Gati, C., et al. (2020). Structure of human Frizzled5 by fiducial-
assisted cryo-EM supports a heterodimeric mechanism of canonical Wnt signaling. eLife 9,
e58464. 10.7554/elife.58464.

28. Jumper, J., Evans, R., Pritzel, A., Green, T., Figurnov, M., Ronneberger, O., Tunyasuvunakool,
K., Bates, R., Zidek, A., Potapenko, A., et al. (2021). Highly accurate protein structure
prediction with AlphaFold. Nature 596, 583-589. 10.1038/s41586-021-03819-2.

29. Van Den Berg, B., Silale, A., Baslé, A., Brandner, A.F., Mader, S.L., and Khalid, S. (2022).
Structural basis for host recognition and superinfection exclusion by bacteriophage T5.
Proc. Natl. Acad. Sci. U.S.A. 119, €2211672119. 10.1073/pnas.2211672119.

30. Chimento, D.P., Kadner, R.J., and Wiener, M.C. (2005). Comparative structural analysis of
TonB-dependent outer membrane transporters: implications for the transport cycle.
Proteins 59, 240-251. 10.1002/prot.20416.

31. Chimento, D.P., Mohanty, A.K., Kadner, R.J., and Wiener, M.C. (2003). Substrate-induced
transmembrane signaling in the cobalamin transporter BtuB. Nat Struct Biol 10, 394-401.
10.1038/nsb914.

32. Sarver, J.L., Zhang, M., Liu, L., Nyenhuis, D., and Cafiso, D.S. (2018). A Dynamic Protein—
Protein Coupling between the TonB-Dependent Transporter FhuA and TonB. Biochemistry
57,1045-1053. 10.1021/acs.biochem.7b01223.

33. Bracken, C.S., Baer, M.T., Abdur-Rashid, A., Helms, W., and Stojiljkovic, I. (1999). Use of
Heme-Protein Complexes by the Yersinia enterocolitica HemR Receptor: Histidine Residues
Are Essential for Receptor Function. J Bacteriol 181, 6063-6072. 10.1128/JB.181.19.6063-
6072.1999.

37


https://doi.org/10.1101/2023.08.01.551527
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.08.01.551527; this version posted August 5, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

34. Liu, X., Olczak, T., Guo, H.-C., Dixon, D.W., and Genco, C.A. (2006). Identification of Amino
Acid Residues Involved in Heme Binding and Hemoprotein Utilization in the Porphyromonas
gingivalis Heme Receptor HmuR. Infect Immun 74, 1222-1232. 10.1128/1A1.74.2.1222-
1232.2006.

35. Grigg, J.C., Vermeiren, C.L., Heinrichs, D.E., and Murphy, M.E.P. (2007). Haem recognition
by a Staphylococcus aureus NEAT domain. Molecular Microbiology 63, 139-149.
10.1111/j.1365-2958.2006.05502.x.

36. Cobessi, D., Meksem, A., and Brillet, K. (2010). Structure of the heme/hemoglobin outer
membrane receptor ShuA from Shigella dysenteriae : Heme binding by an induced fit
mechanism. Proteins 78, 286—294. 10.1002/prot.22539.

37. Moynié, L., Milenkovic, S., Mislin, G.L.A., Gasser, V., Malloci, G., Baco, E., McCaughan, R.P.,
Page, M.G.P., Schalk, I.J., Ceccarelli, M., et al. (2019). The complex of ferric-enterobactin
with its transporter from Pseudomonas aeruginosa suggests a two-site model. Nat Commun
10, 3673.10.1038/s41467-019-11508-y.

38. Payne, M.A,, Igo, J.D., Cao, Z., Foster, S.B., Newton, S.M.C., and Klebba, P.E. (1997). Biphasic
Binding Kinetics between FepA and Its Ligands. Journal of Biological Chemistry 272, 21950
21955. 10.1074/jbc.272.35.21950.

39. Annamalai, R., Jin, B., Cao, Z., Newton, S.M.C., and Klebba, P.E. (2004). Recognition of Ferric
Catecholates by FepA. J Bacteriol 186, 3578—3589. 10.1128/JB.186.11.3578-3589.2004.

40. Buchanan, S.K., Lukacik, P., Grizot, S., Ghirlando, R., Ali, M.M.U., Barnard, T.J., Jakes, K.S.,
Kienker, P.K., and Esser, L. (2007). Structure of colicin | receptor bound to the R-domain of
colicin la: implications for protein import. EMBO J 26, 2594-2604.
10.1038/sj.emb0j.7601693.

41. Buchanan, S.K., Smith, B.S., Venkatramani, L., Xia, D., Esser, L., Palnitkar, M., Chakraborty,
R., van der Helm, D., and Deisenhofer, J. (1999). Crystal structure of the outer membrane
active transporter FepA from Escherichia coli. Nat Struct Biol 6, 56—63. 10.1038/4931.

42. Cobessi, D., Celia, H., and Pattus, F. (2005). Crystal structure at high resolution of ferric-
pyochelin and its membrane receptor FptA from Pseudomonas aeruginosa. J Mol Biol 352,
893—-904. 10.1016/j.jmb.2005.08.004.

43. Mokry, D.Z., Nadia-Albete, A., Johnson, M.K., Lukat-Rodgers, G.S., Rodgers, K.R., and
Lanzilotta, W.N. (2014). Spectroscopic evidence for a 5-coordinate oxygenic ligated high
spin ferric heme moiety in the Neisseria meningitidis hemoglobin binding receptor.
Biochimica et Biophysica Acta (BBA) - General Subjects 1840, 3058—-3066.
10.1016/j.bbagen.2014.06.009.

38


https://doi.org/10.1101/2023.08.01.551527
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.08.01.551527; this version posted August 5, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

44. Yan, Y., Mukherjee, S., Harikumar, K.G., Strutzenberg, T.S., Zhou, X.E., Suino-Powell, K., Xu,
T.-H., Sheldon, R.D., Lamp, J., Brunzelle, J.S., et al. (2021). Structure of an AMPK complex in
an inactive, ATP-bound state. Science 373, 413-419. 10.1126/science.abe7565.

45. Yariv, B., Yariv, E., Kessel, A., Masrati, G., Chorin, A.B., Martz, E., Mayrose, |., Pupko, T., and
Ben-Tal, N. (2023). Using evolutionary data to make sense of macromolecules with a “face-
lifted” ConSurf. Protein Sci 32, e4582. 10.1002/pro.4582.

46. Landau, M., Mayrose, |., Rosenberg, Y., Glaser, F., Martz, E., Pupko, T., and Ben-Tal, N.
(2005). ConSurf 2005: the projection of evolutionary conservation scores of residues on
protein structures. Nucleic Acids Research 33, W299-W302. 10.1093/nar/gki370.

47. Noinaj, N., Kuszak, A.J., and Buchanan, S.K. (2015). Heat Modifiability of Outer Membrane
Proteins from Gram-Negative Bacteria. Methods Mol Biol 1329, 51-56. 10.1007/978-1-
4939-2871-2 4.

48. Alvarez, F.J.D., Orelle, C., and Davidson, A.L. (2010). Functional reconstitution of an ABC
transporter in nanodiscs for use in electron paramagnetic resonance spectroscopy. J Am
Chem Soc 132, 9513-9515. 10.1021/ja104047c.

49. Ritchie, T.K., Grinkova, Y.V., Bayburt, T.H., Denisov, I.G., Zolnerciks, J.K., Atkins, W.M., and
Sligar, S.G. (2009). Chapter 11 - Reconstitution of membrane proteins in phospholipid
bilayer nanodiscs. Methods Enzymol 464, 211-231. 10.1016/50076-6879(09)64011-8.

50. Erramilli, S.K., Dominik, P.K., Deneka, D., Tokarz, P., Kim, S.S., Reddy, B.G., Skrobek, B.M.,
Dalmas, O., Perozo, E., and Kossiakoff, A.A. (2023). Conformation-specific Synthetic
Antibodies Discriminate Multiple Functional States of the lon Channel CorA. Journal of
Molecular Biology 435, 168192. 10.1016/j.jmb.2023.168192.

51. Bloch, J.S., Mukherjee, S., Kowal, J., Filippova, E.V., Niederer, M., Pardon, E., Steyaert, J.,
Kossiakoff, A.A., and Locher, K.P. (2021). Development of a universal nanobody-binding Fab
module for fiducial-assisted cryo-EM studies of membrane proteins. Proc Natl Acad Sci U S
A 118,e2115435118. 10.1073/pnas.2115435118.

52. Zivanov, J., Nakane, T., Forsberg, B.O., Kimanius, D., Hagen, W.J., Lindahl, E., and Scheres,
S.H. (2018). New tools for automated high-resolution cryo-EM structure determination in
RELION-3. Elife 7, e42166. 10.7554/eLife.42166.

53. Morin, A., Eisenbraun, B., Key, J., Sanschagrin, P.C., Timony, M.A., Ottaviano, M., and Sliz, P.
(2013). Collaboration gets the most out of software. Elife 2, e01456. 10.7554/elife.01456.

54. Punjani, A., Rubinstein, J.L., Fleet, D.J., and Brubaker, M.A. (2017). cryoSPARC: algorithms
for rapid unsupervised cryo-EM structure determination. Nat Methods 14, 290-296.
10.1038/nmeth.4169.

39


https://doi.org/10.1101/2023.08.01.551527
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.08.01.551527; this version posted August 5, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

55. Zheng, S.Q., Palovcak, E., Armache, J.-P., Verba, K.A., Cheng, Y., and Agard, D.A. (2017).
MotionCor2: anisotropic correction of beam-induced motion for improved cryo-electron
microscopy. Nat Methods 14, 331-332. 10.1038/nmeth.4193.

56. Scheres, S.H.W. (2012). RELION: Implementation of a Bayesian approach to cryo-EM
structure determination. Journal of Structural Biology 180, 519-530.
10.1016/j.jsb.2012.09.006.

57. Zivanov, J., Otén, J., Ke, Z., Von Kiigelgen, A., Pyle, E., Qu, K., Morado, D., Castaio-Diez, D.,
Zanetti, G., Bharat, T.A., et al. (2022). A Bayesian approach to single-particle electron cryo-
tomography in RELION-4.0. eLife 11, e83724. 10.7554/elife.83724.

58. Zhang, K. (2016). Gctf: Real-time CTF determination and correction. J Struct Biol 193, 1-12.
10.1016/j.jsb.2015.11.003.

59. Zivanov, J., Nakane, T., and Scheres, S.H.W. (2019). A Bayesian approach to beam-induced
motion correction in cryo-EM single-particle analysis. IUCr) 6, 5-17.
10.1107/5205225251801463X.

60. Asarnow, D., Palovcak, E., and Cheng, Y. (2019). asarnow/pyem: UCSF pyem v0.5. Version
v0.5 (Zenodo). 10.5281/ZENODO.3576630 10.5281/ZENODO.3576630.

61. Pettersen, E.F., Goddard, T.D., Huang, C.C., Couch, G.S., Greenblatt, D.M., Meng, E.C., and
Ferrin, T.E. (2004). UCSF Chimera--a visualization system for exploratory research and
analysis. ) Comput Chem 25, 1605-1612. 10.1002/jcc.20084.

62. Pettersen, E.F., Goddard, T.D., Huang, C.C., Meng, E.C., Couch, G.S., Croll, T.I., Morris, J.H.,
and Ferrin, T.E. (2021). UCSF ChimeraX: Structure visualization for researchers, educators,
and developers. Protein Sci 30, 70-82. 10.1002/pro.3943.

63. Emsley, P., and Cowtan, K. (2004). Coot: model-building tools for molecular graphics. Acta
Crystallogr D Biol Crystallogr 60, 2126—2132. 10.1107/5S0907444904019158.

64. Murshudov, G.N., Skubdk, P., Lebedev, A.A., Pannu, N.S., Steiner, R.A., Nicholls, R.A., Winn,
M.D., Long, F., and Vagin, A.A. (2011). REFMAC 5 for the refinement of macromolecular
crystal structures. Acta Crystallogr D Biol Crystallogr 67, 355—-367.
10.1107/50907444911001314.

65. Kim, S., Chen, J.,, Cheng, T., Gindulyte, A., He, J., He, S, Li, Q., Shoemaker, B.A., Thiessen,
P.A, Yu, B, et al. (2023). PubChem 2023 update. Nucleic Acids Research 51, D1373—-D1380.
10.1093/nar/gkac956.

66. Afonine, P.V., Poon, B.K., Read, R.J., Sobolev, O.V., Terwilliger, T.C., Urzhumtsev, A., and
Adams, P.D. (2018). Real-space refinement in PHENIX for cryo-EM and crystallography. Acta
Crystallogr D Struct Biol 74, 531-544. 10.1107/52059798318006551.

40


https://doi.org/10.1101/2023.08.01.551527
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.08.01.551527; this version posted August 5, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

67. Chen, V.B., Arendall, W.B., Headd, J.J., Keedy, D.A., Immormino, R.M., Kapral, G.J., Murray,
L.W., Richardson, J.S., and Richardson, D.C. (2010). MolProbity: all-atom structure

validation for macromolecular crystallography. Acta Crystallogr D Biol Crystallogr 66, 12-21.
10.1107/50907444909042073.

68. Barad, B.A,, Echols, N., Wang, R.Y.-R., Cheng, Y., DiMaio, F., Adams, P.D., and Fraser, J.S.
(2015). EMRinger: side chain-directed model and map validation for 3D cryo-electron
microscopy. Nat Methods 12, 943-946. 10.1038/nmeth.3541.

69. Tan, Y.Z., Baldwin, P.R., Davis, J.H., Williamson, J.R., Potter, C.S., Carragher, B., and Lyumkis,
D. (2017). Addressing preferred specimen orientation in single-particle cryo-EM through
tilting. Nat Methods 14, 793—-796. 10.1038/nmeth.4347.

70. Krissinel, E., and Henrick, K. (2007). Inference of macromolecular assemblies from
crystalline state. J Mol Biol 372, 774-797. 10.1016/j.jmb.2007.05.022.

71. Voss, N.R., and Gerstein, M. (2010). 3V: cavity, channel and cleft volume calculator and
extractor. Nucleic Acids Research 38, W555-W562. 10.1093/nar/gkq395.

72. Laskowski, R.A., and Swindells, M.B. (2011). LigPlot+: multiple ligand-protein interaction
diagrams for drug discovery. J Chem Inf Model 51, 2778-2786. 10.1021/ci200227u.

41


https://doi.org/10.1101/2023.08.01.551527
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.08.01.551527; this version posted August 5, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

A
== PhuR-ND
== ND

10 -

08 -
=)
<
£
e 06 A
{ o
3
<
8 04 -
c
£
]
2 02

o || (I A (g

QAR AR AR AN AR RN B Y S PP B o B BB BT BBEBBRY

Well ID
B c
sABID
s10{ =¥
5 08 == PhuR-ND e
< E
E == ND £
g 06 = Buffer E
< O
o <
< 04 g
g z
g 02 S
o Qo
2 oo <
W =«NO®Onoon " ¥YP 00w~

sAB ID Concentration log [M]


https://doi.org/10.1101/2023.08.01.551527
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.08.01.551527; this version posted August 5, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Heavy Chain
Variable Domain



https://doi.org/10.1101/2023.08.01.551527
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.08.01.551527; this version posted August 5, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

i available under aCC-BY-NC-ND 4.0 International license.
Figure 3

>

1000000000

m
(7]

1000000000

T4A

11000000000

Variable

3
4
Average 5

Conserved !

Insufficient data ?

Plug domain

—— BtuB (PDB ID 1NQG)
—— ShuA (3FHH)
—— PhuR



https://doi.org/10.1101/2023.08.01.551527
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.08.01.551527; this version posted August 5, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Extracellular cavity 1 -
A observed heme binding site c

Extracellular
cavity 2

N-terminal
plug domain

, TS Tyrs19
His124 , ’*\c_/r/ }u i

amads” b
\ h % \;q
N & (‘ = ’{ s :

~ |



https://doi.org/10.1101/2023.08.01.551527
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.08.01.551527; this version posted August 5, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

A B
2.0 - — Native PhuR heme sAB11 15
18 — Refolded PhuR heme [10 pM] ’
1 — Subtractive [refolded PhuR heme - heme alone] =
16 J — Refolded PhuR E
— Heme alone =
5 :
2 2 1.0; }
£ b i
Q
3 8 f
[ [
© Qo
Qo F
5 3
n Qo
< 2 0.59
Q
2
©
£
(o]
z
o T b o o T v v v T v v 00 T T T T 1
300 400 500 600 0 10 20 30 40 50
Wavelength [nm] Heme concentration [uM]
Cc D
60 T — apoPhuR APols no sAB no heme
— apoPhuR APols 50 uM heme 2 uM sAB11
=) ;
Fractions
< IN
‘e 40 1
3 G e
% 75kDa | - < 3 > PhuR
y el e
§ 20 1 '
§ -
2 : o
25 kDa \! — — — — — sAB11
0 T T T T T T T T T T T | B |
5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
Retention volume [ml]
E

PhuR with bound sAB11



https://doi.org/10.1101/2023.08.01.551527
http://creativecommons.org/licenses/by-nc-nd/4.0/

