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ABSTRACT. Progesterone receptor membrane component 1 (PGRMCI1) binds heme via a
surface-exposed site and displays some structural resemblance to cytochrome b5 despite their
different functions. In the case of PGRMCI, it is the protein interaction with drug-metabolizing
cytochrome P450s (CYPs) and the epidermal growth factor receptor (EGFR) that has garnered the
most attention. These interactions are thought to result in a compromised ability to metabolize
common chemotherapy agents and to enhance cancer cell proliferation. X-ray crystallography and
immunoprecipitation data have suggested that heme-mediated PGRMC1 dimers are important in

facilitating these interactions. However, more recent studies have called into question the



requirement of heme binding for PGRMCI1 dimerization. Our study employs spectroscopic and
computational methods to probe and define heme binding and its impact on PGRMCI1
dimerization. Fluorescence, electron paramagnetic resonance (EPR) and circular dichroism (CD)
spectroscopies confirm heme binding to apo-PGRMC1 and were used to demonstrate the
stabilizing effect of heme on the wild-type protein. We also utilize variants (C129S and Y 113F)
to precisely define the contributions of disulfide bonds and direct heme coordination to PGRMC1
dimerization. Understanding the key factors involved in these processes has important implications
for downstream protein-protein interactions that may influence the metabolism of
chemotherapeutic agents. This work opens avenues for deeper exploration into the physiological
significance of the truncated-PGRMCI1 model and for developing design principles for potential

therapeutics to target PGRMC1 dimerization and downstream interactions.

INTRODUCTION.
Progesterone receptor membrane component 1 (PGRMC1) is a member of the membrane-
associated progesterone receptor (MAPR) protein family, and it contains a heme-binding domain

resembling that of Cytochrome bs.!"'* PGRMCI is highly expressed in heme-rich organs such as
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breast, liver, and ovaries, suggesting its involvement in diverse functions including
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membrane trafficking , drug, hormone and lipid metabolism , apoptosis
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3

regulation , glucose-stimulated insulin release from beta cells'”* *°, steroidogenesis

13.15.23 " and even amyloid beta accumulation in neurons'* 24, Over the

systemic iron homeostasis
past decade, immunoprecipitation and Western blotting studies have revealed that PGRMC1, when
loaded with heme, interacts with downstream epidermal growth factor receptor (EGFR) and drug-

metabolizing cytochromes P450 (CYPs).!>2% 26 However, the detailed nature of these interactions

remains unclear, and requires further study to understand their structural characteristics and



functional roles. PGRMCI is of particular importance due to its association with enhanced tumor
cell proliferation, overexpression in multiple types of cancers and increased resistance to common
chemotherapeutic agents.!® 2-*! Understanding these links can provide valuable insights into the

role of PGRMCI in cancer progression and drug metabolism.

Lys163
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Figure 1. Heme (salmon) binding site in PGRMCI. Tyrl113 (magenta) coordinates iron (Fe)
(orange/red). Amino acids that may interact with heme by hydrogen bonding with the propionate
groups are shown in yellow. Trp156 (cyan) is also shown as it is positioned below the heme plane
and was used as a spectroscopic handle (discussed later). Cys129 (green) is the only cysteine
present in the cytosolic domain and is relevant to later discussion of intermolecular disulfide bond
formation (PDB entry: 4X8Y).

In 2016, the X-ray crystal structure of the PGRMCI1 cytosolic domain was published,

showing that PGRMC1 binds heme (Figure 1, salmon).!? In the crystal structure, heme binding
appears to involve a single axial residue, Tyr113 (Figure 1, magenta), that directly coordinates to
the heme iron to form a five-coordinate (5C) complex with an open axial coordination site.” - 1?
In the same manuscript, Kabe et al. hypothesized that it is the heme-mediated PGRMCI1 dimer that

is required for the interaction with CYPs and EGFR,'* %6 and that the PGRMC1 dimer is formed

through hydrophobic heme (n-m) stacking. Support for the proposed heme-stacked dimer model



comes from an X-ray crystal structure, analyzed using the Protein Interfaces Surfaces and
Assemblies (PISA) software.?® 32

Another potential route to form PGRMCI1 dimers is through intermolecular disulfide
bonding. Disulfide bonds are widely appreciated to stabilize protein structure; however they are
often sensitive to and are disrupted by addition of thiol-containing reducing agents. In the cases of
mouse PGRMCI1 and the yeast homologue, Dapl, dithiothreitol (DTT)-resistant dimers and
tetramers have been reported.” Kabe et al. also noted that the heme-mediated dimer they studied
was not sensitive to DTT, suggesting to them that disulfide-bond formation was not the dominant
source responsible for generating PGRMC1 dimers.'?> However, the influence of disulfide bond
formation in the absence of heme was not investigated, thus leaving open the question of whether
the only cysteine amino acid in the heme-binding domain of PGRMC1, Cys129 (Figure 1, green),
could contribute to early, apo-protein dimerization. Thus, additional studies are required to define
and understand the precise mechanism(s) and pathway(s) involved in the formation of PGRMC1
multimers.

In the initial study that reported the interaction of PGRMC1 with CYPs, the authors also
highlighted Tyr113 as playing an important role in facilitating the formation of the heme-mediated
dimer, and claimed this effect is independent of intermolecular disulfide bond formation.!?
However, in more recent work, it is proposed that interaction of PGRMC1 with CYPs does not
necessarily require heme and that Tyr113 is not absolutely required for heme binding.!'> !4
McGuire et al. concluded that while Tyr113 may not be required for heme binding in PGRMCI,
it is required for PGRMCI1 binding to Ferrochelatase (FECH), the terminal enzyme in
mitochondrial heme synthesis.'* This latest report seems to relate to an earlier publication®* where

the authors suggested that PGRMC1 may serve as a heme chaperone or sensor that plays an



important role in delivering newly synthesized heme to apo-hemeproteins in various cellular
locations.”- % 13- 14.21

Together, these reports underscore the fact that, to understand the requirement of heme in
PGRMCI1 dimerization, we need to first understand the structural and functional effects of heme
binding in PGRMC1. Additionally, the mechanism underlying heme-mediated versus disulfide
bond-mediated dimerization, and the role of disulfide bond formation in heme dependent versus
independent dimerization pathways, remain unclear. Understanding the interplay between Tyr113
and intermolecular disulfide formation in facilitating PGRMCI1 dimerization has direct
implications in future studies aimed at defining the interaction interface between PGRMC1 dimers
and CYPs involved in drug metabolism.

The present work aims to address these knowledge gaps by utilizing a combination of
spectroscopic and computational techniques to report on the structural and electronic properties
associated with PGRMC1 heme binding and PGRMC1 dimerization in solution. In this work, our
results support the findings of McGuire et al. that Tyr113 is not an absolute requirement for heme
binding. The data presented here also challenges early reports that Tyr113 is necessary for
PGRMCI1 dimerization. Furthermore, our results support a mechanism for PGRMC1 dimer and
higher-molecular-weight oligomer formation in-vitro that involves heme-binding and formation
of intermolecular disulfide bonds. Interestingly, these pathways seem to act in concert in the wild-

type protein but can be selectively highlighted using several site-directed variants, each of which

displays their own unique oligomerization trends.

MATERIALS AND METHODS



Plasmid Construction. The codon optimized, cytosolic, heme binding domain of human
PGRMCI1 (amino acids 44-195 from UniProt entry O00264; Protein Data Bank (PDB) entry:
4X8Y), with a 6-His-tag, Tobacco Etch Virus (TEV) binding site and custom overhangs, was
cloned into a pET28 vector with ampicillin resistance gene using the Gibson Assembly method.
The complete, codon-optimized g-block for the cytosolic domain of PGRMC1 was ordered from
Integrated DNA Technology (IDT). The plasmids used for Gibson Assembly are shown in Table
S1. The pET28 His TEV._PGRMCI1 WT vector was transformed into NEB 5-alpha competent
Escherichia coli (E. coli) cells (New England Biolabs), and mini preps were carried out to obtain
purified plasmids that were then sent for Sanger sequencing (GENEWIZ LLC, Azenta Life
Sciences). The verified sequence for WT PGRMCI1 is shown below:
HHHHHHSSGENLYFQGSHKIVRGDQPAASGDSDDDEPPPLPRLKRRDFTPAELRRFDGV
QDPRILMAINGKVFDVTKGRKFYGPEGPYGVFAGRDASRGLATFCLDKEALKDEYDDL
SDLTAAQQETLSDWESQFTFKYHHVGKLLKEGEEPTVYSDEEEPKDESARKND

Y113F, C129S and Y113F/C129S (2X MUT) variants were prepared using a Q5-Quick Change
Site-Directed Mutagenesis kit from New England Biolabs. Preparation of the 2X MUT was
performed starting from the C129S PGRMCI1 construct. Primers used for the mutagenesis are
shown below in Table S1. All sequences were verified by Sanger sequencing.

Protein Expression. Aliquots of the transformation product were plated on LB agar + ampicillin
plates and were grown in a stationary incubator at 37 °C overnight. Bacterial colonies of
pET28 His TEV_PGRMCI1 NEB-5-alpha were inoculated into LB broth with 0.1 mg/mL
Ampicillin (Quality Biological™) and were grown overnight in a 37 °C shaker incubator set to
220 rpm. The inoculated cultures were isolated, mini preps were made, and purified plasmids were

sent to GENEWIZ LLC for Sanger sequencing. The sequence-verified, purified plasmid was then



transformed into BL21 (DE3) competent E. Coli cells (New England Biolabs) and inoculated
following the same procedure. After 18 h, the culture was seeded into 0.5 to 4 L LB broth with 0.1
mg/mL Ampicillin and grown at 37 °C (220 rpm) until the OD600 reached 0.5-0.6. Protein
expression was induced by adding isopropyl B-D-1-thiogalactopyranoside (IPTG) to a final
concentration of 1 mmol/L. The induced cultures were incubated overnight at 25 °C with shaking
at 100 rpm. Cultures were then centrifuged at 4 °C and 4000g for 20 min. The cell pellet was then
recovered and stored at -80 °C until it was ready for lysis.

Protein Purification. Each 4 L scale-up yielded approximately 10 g of cell pellets. The cell pellets
were resuspended in 100 mL of lysis buffer (50 mM sodium phosphate monobasic, 150 mM
sodium chloride, 10 mM imidazole, 5% glycerol, 0.1% triton-X-100, pH7.5), with 2 units of
Benzonase Nuclease (Novagen) per mL cell culture, 1 mM magnesium chloride and 1 mg/mL
lysozyme (G-Biosciences). The cells were lysed by sonication (QSonica Sonicator, Model: Q55
with 1/8 in. probe) at 80% amplitude, for a total of 10 min (each cycle was 15 s on and 15 s ofY).
Following sonication, the lysate was centrifuged at 35,000g at 4 °C for 1 h. The clarified
supernatant was then filtered through a 0.45 pm sterile syringe filter, loaded onto a Ni-NTA
affinity gravity flow column (G-Biosciences) and incubated for 1 h at 4 °C, after which time the
flow through was collected. The column was washed with 1 column volume (CV) wash buffer I
(50 mM sodium phosphate monobasic, 100 mM sodium chloride, 20 mM imidazole, pH7.5) and
1 CV wash buffer II (50 mM sodium chloride, 50 mM sodium phosphate monobasic, 50 mM
imidazole, pH7.5). The protein was eluted with 1.3 CV elution buffer (50 mM sodium phosphate
monobasic, 150 mM sodium chloride, 250 mM imidazole, pH 7.5). Eluted protein was dialyzed
into a buffer containing 150 mM sodium chloride, 50 mM sodium phosphate monobasic, 0.5 mM

ethylenediamine tetraacetic acid (EDTA), pH 7.5 using 10k molecular weight cutoff (MWCO)



dialysis cassettes (Thermo Scientific™ Slide-A-Lyzer™ G2 Dialysis Cassettes). The His-tag on
the protein was cleaved by TEV protease (protein to TEVp ratio 1:100) after 48 h incubation at 4
°C. TEV protease is produced in-house from stocks prepared using the plasmid pDZ2087
(pDZ2087 was a gift from David Waugh; Addgene plasmid #92414; http://n2t.net/addgene:92414;
RRID:Addgene 92414).3* The His-tag cleaved protein was dialyzed against binding buffer
containing 10 mM imidazole, and then loaded onto an equilibrated Ni-NTA gravity flow column.
Protein run through the second column was collected in the flow-through (binding buffer) fractions
as well as in the initial wash buffer. The purity of the protein fractions was assessed using 12%
sodium dodecyl sulfate poly(acrylamide) gel electrophoresis (SDS-PAGE). Gels were stained with
Bio-Safe Coomassie Blue (Bio-Rad). Protein samples were concentrated using 10,000 MWCO
filters (Amicon) and dialyzed against buffer without imidazole. Protein concentrations were
measured (A280, A260/A280) using a ThermoScientific NanoDrop One spectrometer, and the
purified, concentrated protein samples were stored at 4 °C in salt-phosphate buffer (150 mM
sodium chloride, 50 mM 50 mM sodium phosphate monobasic, pH 7.0) for no longer than one
month. For longer-term storage, PGRMCI is stored in buffers containing 20% glycerol at -20 °C.
The same protein purification protocol is followed for Y113F, C129S and Y113F/C129S
(2XMUT) PGRMC1 mutants. The main difference was that TEV-digestion of the variants required
a protein: TEV protease ratio of 1:80.
Heme-Protein Sample Preparation. One milliliter hemin solution was prepared by dissolving
pre-weighed hemin powder (Chem Impex International Inc.), with 3 drops of 1 M NaOH, 1 mL of
150 mM sodium chloride, 50 mM sodium phosphate monobasic, pH 7.0 buffer. The solution was
filtered to remove undissolved solid. A 1000-fold dilution was used to determine the concentration

of the heme solution by UV/visible absorption spectroscopy (&3ssnm = 58,400 M! cm™). If needed,



the hemin solution was further diluted with the same buffer to achieve the desired final
concentration. One milliliter of the hemin stock solution and 1 mL protein solution, prepared in
the same buffer, were degassed on a Schlenk line equipped with Argon gas for ~30 min. All
materials were then transferred into an anaerobic glovebox under Argon atmosphere. Before
addition to apo-protein, a stoichiometric amount of DTT was added to the hemin solution. One
molar equivalent (equiv) of heme stock solution was titrated into the protein, and samples were
then incubated at 4 °C in the dark for at least 1 h.

Circular Dichroism (CD) Spectroscopy. Thermal denaturation CD studies of heme-PGRMC1
samples (protein concentrations ~13 uM) were carried out with a focus on the far-UV region.
Spectra were collected on an Applied Photophysics Chirascan V100 CD spectrometer equipped
with a Xenon lamp and large area avalanche photodiode detector (LAAPD). Samples were loaded
into 0.5 mm pathlength 6Q quartz cuvettes (Starna Cells), and data were collected from 190-250
nm with a step size of 1 nm at 10 °C. All CD spectra were baseline corrected by subtracting the
buffer spectrum. Thermal denaturation measurements were conducted across the temperature
range from 10 to 84 °C, with the temperature ramped in 2 °C stepwise increments at a rate of 1
°C/min using a Peltier temperature control unit and a recirculating water bath.

CD and absorption spectra in the UV-Visible region (300 to 700 nm) were collected for
heme-PGRMCI1 samples at concentrations of ~88 pM. These measurements were performed in a
2 mm pathlength 6Q quartz cuvette with airtight septum sealed cap.

Density Functional Theory (DFT) Calculations. Heme-bound WT (with Tyrosinate 113) and
Y113F PGRMCI1 monomer models were built starting from the x-ray crystal structure, PDB:
4X8Y.'? These models include heme as well as the primary (Tyr113/Phel13) and secondary

coordination sphere residues (Lysl105, Phel06, Tyrl07, Trpl56, Lys163, Tyrl64 and one



crystallographic water molecule). Amino acids were truncated at their C-o carbons, which were
capped with methyl groups. One hydrogen atom from each methyl cap was frozen to mimic the
constraints from the protein backbone. All geometry optimizations were carried out using Gaussian
09 revision e.01. The functional and basis sets used were B3LYP and LANL2DZ, including the
pseudopotential for Fe and 6-31G* for C, N, H, and O atoms respectively. The self-consistent
reaction field method was applied in all optimizations to account for solvation effects. In
previously established protein models featuring tyrosine binding to heme to create a SC complex,
the tyrosine is typically in a deprotonated form.*>-*} Therefore, in the calculations for the wild-type
(WT) PGRMCI1 monomer, Tyrl13 is assumed to be deprotonated, resulting in a total charge and
multiplicity of 0 and 6, respectively. In the case of Y113F PGRMCI, the total charge and
multiplicity remains 0 and 5, respectively. Visualization of the model was performed using
GaussView 6.0.16.

Fluorescence Spectroscopy. The fluorescence emission spectra for apo-WT and Y113F
PGRMCI (~1 uM) were recorded in 6Q quartz cuvettes (Starna cells) with 1 cm pathlength at 5
°C using a Shimadzu RF-6000 spectrofluorometer equipped with TC1 temperature controller. The
excitation wavelength was set at 295 nm and the emission spectra were recorded across the range
from 310 to 500 nm. Titrations were performed by adding increasing amounts of heme to the
WT/Y113F PGRMCI samples. Binding constants were obtained by fitting the data to a nonlinear
exponential decay using Origin 2022b (9.9.5.167 version).

Electron Paramagnetic Resonance (EPR) Spectroscopy. EPR samples of apo-WT PGRMCI,
WT PGRMCI with 1 and 2 equiv. of heme, and heme-only samples were prepared at
concentrations of ~500 pM in 150 mM sodium chloride, 50 mM sodium phosphate monobasic,

pH 7.0. Spectra were collected on a Bruker EMXplus X-band continuous wave (CW) EPR



spectrometer with a 9.5 in. double yoke magnet for studies ranging from room temperature to ~4.5
K. This setup includes high-sensitivity and dual-mode resonators for concentration limited or
integer spin samples. Samples were measured in high-quality quartz EPR tubes (Wilmad-
Labglass) using collection parameters 0-5000 G, 8 G modulation amplitude, 20 dB power
attenuation, 4.5 K and 9.63 GHz, unless stated otherwise.

Size Exclusion Chromatography (SEC). SEC studies were performed using 250 uL of 10 uM
heme-PGRMCI1. Samples were loaded onto an ENrich SEC 70 high resolution size exclusion
column (Bio-Rad) equilibrated with 150 mM sodium chloride, 50 mM sodium phosphate, pH 7.0
buffer. The NGC chromatography Bio-Rad NGC fast protein liquid chromatography (FPLC)
system, version 3.3, was run at a rate of 1 mL/min, and the column was pre-equilibrated with the
same running buffer before each run. The NGC system is equipped with a multi-wavelength

detector to record the protein and heme (Soret band) absorbances simultaneously.

RESULTS

Establishing Spectral Benchmarks for Heme Binding to WT and Y113F PGRMCT. It is well
known that heme moieties display intense Soret and slightly weaker Q-bands, and that the energies
of these features shift in response to changes at the metal centers and substituents on the porphyrin
ring.***® By exploiting the sensitivity of these spectral features to molecular-level changes in the
vicinity of the heme, we were able to detect heme binding to PGRMC1 using absorption and CD
spectroscopy in the visible energy range. Figure 2A shows UV—vis spectra of WT PGRMCI1 in
the presence (blue) and absence (black) of equimolar heme, as well as for the heme-only control
(red). The ferrous Fe(Il) heme signal in the heme-only sample features a Soret band with an

absorbance maximum at approximately 383 nm and Q-bands in the range of 550-580 nm. By



comparison, the Soret band of the anaerobically prepared WT PGRMCI-heme complex is
observed at approximately 392 nm, with Q-bands in the range of 500-540 nm and a charge transfer
band at 627 nm. The relatively high increase in the Soret band intensity, blue shift in the Q-bands,
and observation of a new charge transfer band are consistent with the formation of a five-

coordinate (5C) heme-bound PGRMC1 complex.”® 12
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Figure 2. UV-vis absorption (A) and CD (B) of heme binding to WT PGRMC1 and Y113F
PGRMCI. The spectra correspond to ~88 uM apo-WT PGRMCI in chloride-phosphate buffer
(black), ~88 uM apo-Y113F PGRMCI1 (gray), equal concentration heme (only) sample (red), WT
PGRMCI1 with 1 equiv of heme (blue) and Y113F PGRMCI1 with 2 equiv of heme (green). An
explanation for why 2 equiv of heme were added to the Y113F variant is presented in the results
section below. Figure insets show zoomed-in views of the weaker intensity absorbance and CD
features in the region from 425 nm to 700 nm.



To gain further insight into the nature of heme binding to WT PGRMCI1, we carried out
CD studies in the visible energy region. Figure 2B shows that neither heme only nor apo-PGRMC1
exhibited any CD signals in the visible range (red and black spectra). However, when 1 equiv of
heme is titrated into a solution containing WT PGRMCI, and the sample is incubated under
anaerobic conditions, in the dark, for ~1 h at 4 °C, we measured the CD spectrum shown in Figure

49,30 and definitively confirms the

2B (blue). This spectrum derives from protein-induced chirality
formation of the heme-PGRMCI1 complex. The blue spectrum in Figure 2B is comprised of
approximately 8 peaks that derive from metal-ligand (MLCT) or ligand-metal (LMCT) charge
transfers in the heme-coordinated PGRMC1 complex (Figure S1A). Furthermore, the fact that the
CD intensity does not increase beyond the addition of one molar equiv of heme indicates that the
protein heme-binding site is fully saturated at a heme:PGRMCI1 stoichiometry of 1:1 (Figure S2A).

To evaluate the requirement for Tyr113 in heme binding to PGRMC1, we recorded visible
CD data for the Y113F PGRMCI1 variant in the presence of increasing concentrations of heme (1,
1.5 and 2 equiv). The results indicate that achieving saturation in Y113F PGRMCI1 (Figure S2B)
over similar incubation times as studied in WT PGRMCI1, requires addition of 1.5-2 equiv of heme.
This result suggests that the Y113F variant binds heme less tightly than the WT protein, owing to
the mutation of the sole heme iron-binding residue. Perhaps not suprisingly, the spectrum of heme-
bound Y113F PGRMCI is distinct from that of heme-bound WT PGRMCI1, and shows three
distinct peaks at 335, 406, and 464 nm (Figures 2B, green and S1B).

In conclusion, the visible CD data for the WT and Y113F PGRMCI samples,
unequivocally confirms heme binding to PGRMCI, regardless of the presence of Tyrl13.

Moreover, in the presence of higher heme concentrations, Y113F PGRMCI shows a unique



spectrum distinct from that of heme-bound WT PGRMCI1, whereby highlighting differences in

geometric and electronic structures of these two complexes.

Heme Binding to PGRMC1 Enhances the Thermal Stability of the Protein. CD spectroscopy
was also employed to analyze the secondary structures of apo- and heme-bound WT PGRMCI.
Experimental CD spectra are simulated using the online “CD fitter and simulator” software.’! Our
experimental data shows peaks for both apo- and heme-bound WT PGRMCI1 that are characteristic
of random coil (200 nm) and o-helix (208 and 222 nm) structural features. Simulation of the CD
spectra revealed that both apo- and heme-bound WT PGRMCI1 contain ~35% of a-helix, ~10% [-
sheet, and ~55% random coil character (Figure S3). The relative percentages of each correlate well
with calculated values obtained using the YASARA visualization software®>>* to analyze the

available crystal structure (PDB: 4X8Y).!?
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Figure 3. Thermal stability of (A) apo- and (B) heme-bound WT PGRMCI. CD thermal
denaturation data are plotted for a variety of temperatures ranging from 10 to 84°C (increasing
temperature from blue to red). Dashed curves represent the measurements recorded after thermal
denaturation of the protein and return to a temperature of 10 °C.



We performed thermal denaturation studies to quantitatively assess protein stability and
determine the melting temperature (Tm) of WT PGRMCI1 in both the absence and presence of
heme. In Figure 3A, as temperature increases (blue to red), we observe a decrease in the
characteristic a-helix peak intensity at 222 nm for apo-WT PGRMCI1 with a concomitant increase
in random coil signal around 200-205 nm. The sigmoidal temperature versus CD intensity curves
(Figure S5), in combination with analysis using the Global3 software from Applied Photophysics,
enabled us to calculate a Ty value of approximately 50 °C for apo-WT PGRMCI (Table 1). The
CD data collected at 10 °C for PGRMCI1 with 1 molar equiv of heme did not show significant
spectral differences compared to the apoprotein in the far-UV region. However, the thermal
denaturation data recorded for this sample (Figure 3B, blue to red) do show a decrease in the
intensity of the a-helical signature. Using these data, we calculated a T of approximately 62 °C
for the heme-loaded samples (Table 1). The notable difference in T, values of 12 °C between apo-
and heme-loaded WT PGRMCI1 suggests that heme binding results in formation of a more stable
complex. We propose that the increased stability is due to the fact that second sphere residues
(Tyr107, Trp156, Tyr164, and Lys163) that appear to be important for stabilizing the heme in the
binding pocket of WT PGRMCI also reside in well-structured a-helices (Figure 1).

Table 1. Melting Temperature (Tm, °C) of PGRMC1 (WT, C129S, and Y113F) + Heme.

PGRMCI1 melting temperature (Tm) in °C
without heme with 1 equiv of heme
WT 50.4 62.8
C129S 48.9 62.4
Y113F 50.9 56.0

Although we have focused up to this point on Tyr113, and have only briefly mentioned
Cys129 in the introduction, it is important to acknowledge that, in the absence of heme, Cys129

may also play a role in promoting adventitious dimerization. The role of Cys129 in facilitating



dimerization will be discussed further in the following sections; however initial characterization is
presented here to establish the model. Thermal denaturation data were also collected for Y113F
and C129S variants (Figure S4). Both Y113F and C129S PGRMCI displayed similar spectral
changes to those of the WT protein upon increasing temperature. The calculated Ty, for apo-Y 113F
is approximately the same as that of WT protein. However, analysis of the data for apo-C129S
revealed a Tr, of approximately 49 °C, suggesting that formation of a putative disulfide bond, even
in the absence of heme, could confer additional stabilizing benefits to PGRMC1 (Figure S5 and
Table 1). Upon heme addition to apo-Y113F PGRMC1, we observed a modest increase in Tr, of 6
°C. Considered in isolation, the thermal denaturation data collected for WT and C129S PGRMC1
provide compelling evidence in support of the role of Tyr113 in heme binding and subsequent

protein stabilization (Figure S5 and Table 1).

Energy Optimized Models of Heme Binding to WT and Y113F PGRMCI1. To further define
the effect of heme-binding on the structure of PGRMCI1, we performed DFT calculations using
the model described herein (Materials and Methods, Figure 4). Our DFT calculations confirm that
Tyr113 binds to the heme iron in WT PGRMCI as tyrosinate, to form a 5C complex. Energy
optimization of an in silico generated Tyr113 to phenylalanine (Y113F) variant revealed that the
Phel13-heme iron distance (~2.73 A) is significantly longer than the Tyr113-heme iron distance
(~1.98 A) in WT PGRMC]1 (Tables S4 and S5). Furthermore, in Y113F PGRMCI, the heme
remains four-coordinate with two open axial positions (Figure 4C,D). This result is consistent with
a previous report and suggests that although there is no direct bonding interaction between the
heme iron and the protein, residues in the binding pocket play a critical role in stabilizing heme

via the propionate groups (Figure S6).!?



Figure 4. DFT geometry optimized models of the heme-binding domain of (A,B) WT PGRMCl1
(slate blue) and (C,D) Y113F PGRMCI (green). Hydrogen bonding interactions are indicated by
yellow dashed lines. In parts (A) and (C), Lys163 and Tyrl64 are partially obscured. The
previously unmentioned residue Lys105 that participates in a H-bonding interaction with one of
the heme propionate groups is indicated by the black arrow. All H-bonding distances shown are in
units of A. Detailed bond length information for WT and Y113F PGRMCI1 is provided in Tables
S4 and S5. Although mentioned elsewhere, Phe106 and Trp156 have been omitted for clarity.

To gain insight into heme binding in the absence of Tyr113, we revisited previous works'?
13 highlighting Tyr107, Lys163 and Tyr164 (Figure 1, yellow) as being important for stabilizing
the heme moiety in the binding pocket of PGRMCI. This hypothesis is supported by the DFT
calculations presented here. The bond lengths and interatomic distances between key residues

before and after optimization are listed in Table S4. As expected, in WT and Y 113F models, both



heme propionate groups seem to be in close proximity to Lys163 and Tyr164, which supports the
earlier studies that Lys163 and Tyr164 could stabilize heme binding to PGRMC1 (Table S5)."
Interestingly, the previously unmentioned residue Lys105 also appears to play an important role
in stabilizing the heme propionate groups in the binding pocket (Figure 4, indicated by the black
arrow) in both WT and Y113F. These observations support the hypothesis that, apart from axial
Tyr113, H-bonding interactions with Lys105, Tyr107, Lys163, and Tyr164 could be sufficient to

stabilize the propionate groups of heme, thereby stabilizing the heme-PGRMC1 complex.

Intrinsic Tryptophan (Trp) Fluorescence as a Probe to Identify the Heme Binding Site in
PGRMCI1. The location of heme binding in PGRMCI1 was demonstrated using fluorescence
spectroscopy. Utilizing the intrinsic Trp fluorescence and the fact that there is only one Trp in our
PGRMCI system (Trp156) (Figure 1, cyan), we were able to monitor changes in the local Trp
environment in response to heme addition.>> Upon excitation at kex = 295 nm, Trp in water at
neutral pH gives rise to a spectral feature with emission maximum at 348 nm.*® In the case of our
protein system, we expect that structural changes in the vicinity of Trp156 that are caused by heme
interactions, protein conformational changes, self-association, or protein folding/denaturation
would alter both the fluorescence intensity as well as the emission wavelength.”> 3¢5

To determine whether the heme does indeed interact with PGRMCI1 in the vicinity of
Trp156, we recorded spectra for apo-WT PGRMCI in the absence and presence of increasing
concentrations of heme. Data were recorded using Aex = 295 nm, and the fluorescence spectra were
measured over the range from 310 to 500 nm (Figure 5). Apo-WT PGRMCI yields a strong
fluorescence signal with a maximum at 333 nm (Figure 5, black), attributable to Trp156 that is

positioned near the heme binding pocket (Figure 1). The addition of 0.2 to 10.4 molar equiv of



heme to PGRMCI resulted in quenching of the fluorescence signal (Figure 5), indicating that the
local environment around the tryptophan has changed relative to the apoprotein. Importantly, this
quenching behavior saturates after addition of 1 molar equiv of heme. Thus, we conclude that
addition of heme results in a less solvent-exposed, more buried Trp156, which is consistent with
heme binding in the vicinity of Trp156. This interpretation is further supported by the slight blue
shift in the fluorescence feature from 333 to 330 nm, which suggests the environment around

Trp156 becomes more hydrophobic.
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Figure 5. Raw intrinsic Trp fluorescence spectra of heme binding to apo-WT PGRMCI (1 pM)
(black) with increasing concentration of heme (from 0.2 equiv to 10 equiv), Aex = 295 nm. Inset:
titration curve of WT PGRMCI1 with heme. The data were fit using the equation y =
14307.47*exp(-x/0.36) +10107.14 to obtain a Kq value of 2.77 + 0.23 pM.

We carried out the same study for the Y113F variant and observed similar fluorescence
quenching with increasing heme concentrations (0.2 to 10.4 equiv) (Figure S7). After subtracting
the spectral contribution from the inner filter effect of heme,”® we obtained Kq4 values of 2.77 +
0.23 uM and 1.71 + 0.096 uM for WT and Y113F PGRMCI1 bound heme, respectively (Figures 5

and S7). Although these K4 values are of a similar order of magnitude to those reported by McGuire



et. al, they are distinct from each other, suggesting there is a difference in heme binding

with/without Tyr113.1

Defining the Electronic and Geometric Structures of the PGRMC1 Monomer and Dimer
Using EPR Spectroscopy. Low temperature EPR spectra of WT PGRMCI1 in the presence of 1
equiv (black) and 2 equiv (red) of heme are shown in Figure 6. These spectra feature distinct peaks
with g-values ~6 and ~1.99 that resemble those previously reported for axial 5C high-spin (HS)

Fe(III) species,’ 36 38 3% 60-64 thyg

allowing assignment of the heme iron oxidation state (Figure
S8). As shown in Figure 6 (blue), addition of 0.5 equiv heme to the C129S PGRMCI1 variant yields
an EPR signal that resembles that of WT PGRMCI in the presence of 1 equiv heme, with a weak,
low field shoulder observed in the C129S spectrum. In summary, the EPR spectra recorded for
heme-bound WT and C129S PGRMCI are characteristic of a high spin heme in an axial zero field
splitting environment.

Comparison of the EPR data for WT PGRMCI1 with 1 versus 2 equiv of heme reveals a
slight decrease in the EPR signal intensity with increasing heme concentration. This subtle
decrease in the EPR signal intensity, most clearly seen in the derivative feature near g ~ 6 may
suggest slower formation of an antiferromagnetically coupled WT PGRMCI1 dimer wherein the
two heme molecules are close enough to experience a through space interaction with one another.

Interestingly, no perpendicular mode EPR signals were observed for Y113F and C129S
PGRMCI variants with 1 and 2 equiv heme, suggesting that the heme site in these systems is
distinct from that of the wild-type protein. The most obvious reason for this, in the case of the
Y 113F variant, is that in the absence of Tyr113, there is no direct interaction between the protein

and the heme iron, thus allowing for the iron to remain as an S=2 integer spin Fe(II) species that

is EPR silent in perpendicular mode. In the case of the C129S variant with 1 or 2 equiv of heme,



one potential reason for a lack of EPR-detectable signal may be that, in the absence of Cys129 the
PGRMC1 monomers are able to orient themselves more effectively for productive interaction and
stacking between the two heme moieties to yield an antiferromagnetically coupled heme-mediated
dimer. However, additional studies are necessary to understand the electronic structure of the

PGRMCI1 dimer model fully.

—— WT PGRMC1 + 1 equiv. Heme
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Figure 6. Overlay of EPR spectra of WT PGRMC1 with 1 (black) and 2 (red) equiv of heme, and
C129S with 0.5 equiv of heme (blue). EPR measurement parameters: 8 G modulation amplitude,
20 dB, 9.63 GHz, and 4.5 K.

Detection of the PGRMC1 Dimer in the Presence and Absence of Heme. To further monitor
the influence of heme addition on PGRMC1 monomer/dimer speciation, we turned to SDS-PAGE
and SEC. SDS-PAGE data of dimerization in WT as well as C129S and Y113F mutants (Figure
S9) was collected; however this technique has the inherent limitation that it does not readily resolve
the multitude of interactions we are interested in characterizing.®> Thus, to further explain our EPR
findings and explore potential routes for PGRMCI1 dimerization, we utilized SEC. Using a
multiwavelength UV-Vis detector in line with a Bio-Rad NGC FPLC system and a SEC70 column

(Bio-Rad), we monitored the absorbance at 280 nm (A280). SEC studies of WT PGRMC1 and



mutants (C129S, Y113F, Y113F/C129S also referred to as 2XMUT) were carried out in the
absence and presence of heme (0.5, 1, 2, 3 molar equiv of heme). The resulting chromatograms
are shown in Figures 7 and S10. The chromatogram for apo-WT PGRMCI (Figures 7A, green and
S10A) shows two peaks that eluted around 10 and 11 min after loading. Based on calibrations
using known protein standards, these peaks correspond to apo-PGRMCI in the dimeric and
monomeric conformations, respectively. The presence of the dimer conformation, even in the
absence of heme, likely results from an intermolecular disulfide bond between Cys129 residues in
adjacent PGRMC1 monomers (Figures 7A, green and S10A).!% Data collected after addition of
0.5-1 equiv of heme (Figure 7B,C) clearly show a shift in population from predominantly
monomer species to predominantly dimer. By evaluating the area under each curve, we estimate
that the percent speciation of WT PGRMCI species changes from 49% monomer/ 41% dimer to
16% monomer/75% dimer in apo- and 1 equiv heme-loaded samples, respectively (Figure
S11A,E). Incubation with higher heme concentrations (2-3 equiv) resulted in the observation of a
new peak that eluted 9 min after loading onto the column, and that likely corresponds to a higher
molecular weight multimer (possibly a trimer or tetramer). In sum, the results from our SEC study
of WT PGRMCI1 suggest that (i) the formation of higher molecular weight/larger oligomers
depends, at least in part, on heme concentration, and (i1) that PGRMCI1 can exist as a dimer even
in the absence of heme.

To confirm the degree to which dimerization requires formation of disulfide-bonds or heme
binding, we utilized our C129S, Y113F, and 2XMUT PGRMCI1 variants. SEC data recorded for
the C129S mutant (Figures 7A, red and S10B) in which we have removed the potential for disulfide
bond formation shows a single peak that eluted around 11 min after loading, suggesting little to no

dimer formation. This result suggests that a dominant pathway for heme-independent dimerization



involves the formation of disulfide bonds between adjacent Cys129. Addition of 0.5-1 equiv of
heme resulted in the observation of an elution peak at the position expected for the PGRMC1 dimer
(telution = 10 min), that increased at higher heme concentrations (2-3 equiv). This work confirms
the existence of a heme-mediated dimerization pathway that operates independently of disulfide
bond formation. Our findings also indicate there is a second, alternative route that operates

independent of heme, and that requires Cys129.
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Figure 7. SEC run of WT, C129S, Y113F, and 2XMUT PGRMCI in the presence of increasing
heme concentrations. Absorbance traces at 280 nm are shown for the elution of PGRMCI.
PGRMCI1 concentrations were kept constant, whereas increasing concentration of heme is listed
at the top of each plot.

To test if Tyr113 is essential for heme-mediated dimerization, we carried out parallel SEC



studies for Y113F and 2XMUT PGRMCI. The Y113F PGRMCI data resemble those collected
for the C129S variant, with the notable exception of the appearance of a more intense, larger
species at highest heme concentrations (Figures 7, blue and S10C). This observation challenges
previous hypotheses asserting the absolute necessity of Tyr113 for PGRMCI1 dimerization. It is
important to note that at the highest heme concentrations studied, we do not observe distinct peaks
for trimer, tetramer, or larger protein multimers in the C129S and Y 113F mutants. We do, however,
observe broad shoulders left of the peaks corresponding to the dimer fractions. Interestingly, for
our 2XMUT in the presence of 2-3 equiv of heme, we observed a very high intensity multimer

peak and a shoulder at the position most consistent with the dimer (Figures 7, magenta and S10D).

DISCUSSION

Previous studies have shown that heme binds to PGRMCI via a combination of direct
coordination by Tyr113 and second-sphere residues that stabilize the propionate groups of heme b
in the PGRMCI1 binding pocket, and that these interactions may play important roles in heme-
mediated homodimer formation.” > 1> However, recent work has called into question the
requirement of Tyr113 for heme binding and downstream dimer formation.'* The work presented
here provides a definitive structural and electronic picture of heme binding in the cytosolic heme
b binding domain of WT PGRMCI1 as well as Y113F and C129S variants, and confirms the role
of Tyr113 in heme binding as well as the degree to which it is required for PGRMC1 homodimer
formation. These findings lay the foundation for us to define the molecular-level factors that
influence the interaction of apo-/heme-loaded-PGRMC1 with CYPs responsible for metabolizing

chemotherapeutic agents.



PGRMCI1 Binds Heme in a Solvent Exposed Site, Irrespective of Tyr113. CD studies in the
visible range and X-band EPR spectra for WT PGRMCI1 provide conclusive evidence for heme
binding to WT PGRMCI. The spectra are characteristic of a SC HS Fe(IIl) site, closely resembling
other heme systems that have been previously studied.” *¢-* Heme complexes with WT and Y113F
PGRMCI yielded distinct CD spectra in the visible energy region, suggesting non-trivial
differences in the coordination environments and supporting the idea that there are multiple heme
binding modes. EPR measurements recorded for the Y113F: heme complex do not show any EPR-
active signals. This could be the result of removal of the only axial ligand to the heme iron in
Y113F PGRMCI1, thus allowing the heme iron to remain in its HS Fe(Il), EPR-silent form.
However, intrinsic tryptophan fluorescence measurements exploiting Trp156 in WT/Y113F
PGRMCI displayed similar trends for both samples. The measurable impact to the local
environment and solvent accessibility at Trp156 indicates that heme binds both WT and Y113F
PGRMCI in its vicinity. The Kqvalues calculated here for WT and Y 113F are comparable to those
in previous reports.'> However, our data paints a different picture of heme binding in Y113F
PGRMCI1, wherein the heme binding pocket, comprised of Lys105, Tyr107, Lys163 and Tyr164,
stabilizes the heme via weak H-bonding interactions with its propionate groups (Figures 4 and S6).
Although several of these residues have been identified before,” 1> this is the first report we are
aware of that highlights Lys105. This picture is further supported by our thermal denaturation CD
studies and DFT calculations for the WT and Y113F PGRMCI samples. Most notably, addition
of heme to apoprotein enhances protein stability, with calculated increases in Tm of 12 and 6 °C
for heme-bound WT and Y113F PGRMCI, respectively. Finally, comparison of DFT energy
optimized structures for WT and Y113F PGRMCI1 reveals that in the absence of the tyrosinate

moiety, the Phe variant cannot directly bind to the heme iron. Consequently, the heme iron remains



HS Fe(II), thereby precluding detection by perpendicular mode X-band EPR. Another important
result from the present work is the observation that the WT and Y 113F models appear to stabilize
heme binding via H-bonding interactions with Tyr107 and Lys105. Additionally, our results
support the earlier conclusion that while Tyr113 clearly plays a role in stabilizing heme binding to
PGRMCl1, it is not absolutely required.'? !* Broader implications of these results relate to early
literature on PGRMC1 that identified Tyr113 as lying within a tyrosine kinase binding domain.'!
The thinking was that Tyr113 would be susceptible to phosphorylation, thereby providing a
regulatory switch that would preclude heme binding and would impact subsequent membrane
trafficking of full length PGRMC1.'! 12 66 Although it was hypothesized that heme-binding and

phosphorylation of Tyrl113 are mutually exclusive functions,'’: 2

our studies suggest that
PGRMCI retains its ability to form homodimers even in the absence (or phosphorylation) of

Tyrl13.

PGRMC1 Dimerization Proceeds via Several Routes. Early support for the heme-dependent
PGRMC1 homodimer structure was provided by X-ray crystallography and PISA analysis.!? 32
However, the data presented here indicate that adventitious dimerization of the cytosolic PGRMCl1
domain appears to be, at least in part, heme independent. Although previous reports focused solely
on the heme-heme stacking interaction as the main driver of protein dimerization, this work further
explores the role of Cys129 in the heme-independent pathway. Not only was the WT PGRMC1
dimer sensitive to addition of thiol-containing reducing agents such as DTT or beta-
mercaptoethanol (BME) (Figure S9), but SDS-PAGE and size exclusion chromatography of our

C129S variant revealed majority monomer speciation in the absence of heme (Figures 7, red, S9C,

and S10B).



Titration of 0.5 to 3 molar equiv heme resulted in a shift in speciation from monomer to
dimer and ultimately larger oligomeric conformers, as detected via SEC. Quantitative analysis of
the SEC chromatograms for PGRMC1 samples containing 1 equiv of heme revealed an increase
in the dimer population compared to monomer. Both WT and the C129S variant displayed a similar
distribution of monomer and dimer species, confirming a heme-dependent contribution to dimer
and multimer formation (Figure S11E,F). As the heme concentration is further increased from 1
to 3 equiv WT and C129S PGRMCI1 samples appear to be comprised of a majority dimer species,
with some amount of higher molecular weight multimers (likely trimer and tetramer), and traces
of the monomer population (Figures 7 and S10A,B). Conversely, in the case of Y113F and
2XMUT variants, even with increased heme concentrations up to 3 equiv, there is a nontrivial
contribution to the SEC chromatogram from the monomer population (Figures 7 and S10C,D).
This observation underscores the fact that although heme can still interact with the protein via its
propionate groups, its binding efficiency and ability to form heme-mediated dimers is impacted by
mutation of Tyr113.

These observations also indicate that there is a small contribution from the heme-dependent
oligomerization pathway in all constructs (WT/Y113F/C129S/2XMUT) studied in the presence of
2 or more equiv of heme. Although we currently lack the resolution required to definitely assign
the larger species as PGRMCI trimers or tetramers, the fact that the elution peak is observed 9 min
after sample loading clearly indicates that it is larger than the dimer (Figures 7 and S10).
Interestingly, this higher molecular weight band is most intense in 2XMUT PGRMC1 with 3 molar
equiv of heme. One possible explanation for this could be that in the absence of Tyrl113 and
Cys129, the heme is not locked into a specific orientation by direct coordination with the protein,

thus allowing formation of a putative stacked heme trimer/tetramer chain. With the help of the



ClusPro docking tool®* 47 we generated models for PGRMC1 trimers as well as tetramers. In
each case, there seems to be a preference for stacking of heme molecules and alignment of alpha
helices between adjacent protein molecules, whereby resulting in partially stable, larger oligomeric
conformations (Figure S12). Given that this work focuses only on the cytosolic domain of
PGRMCI, it is important to note that, even though we observed larger multimer formation in
PGRMCI at the highest concentrations of heme, such multimers are likely not physiologically
relevant. Nevertheless, the observation of larger multimers does appear to be heme concentration
dependent. This observation is particularly relevant when considered within the context of
physiological stress which can result in excess production of heme.”® 7! Under these conditions,
the current work suggests that PGRMC1 would predominantly exist in a dimeric state. Thus, if the
PGRMCI dimer is indeed required for downstream PPIs, such conditions would likely facilitate
interactions with cytochrome P450s.

Interestingly, low temperature X-band EPR data collected for each of these systems (WT,
C129S, and Y113F) in the presence of 1 equiv of heme revealed additional differences in their
electronic structure descriptions. Notably, WT PGRMCI incubated with heme is expected to be
primarily in the dimeric form by SEC, with the presence of PGRMC1 monomer species still
evident, as judged by the shoulder in the SEC chromatogram. Despite this, X-band EPR still shows
a signal characteristic of a HS Fe(IIl) heme. Granted, the two heme iron centers are estimated to
be ~7.3 A apart,'> %% as evaluated in the available crystal structure, thus potentially precluding
direct coupling of the two spin centers which could result in a diamagnetic system to yield an EPR
silent complex. This observation may be attributed to the potential presence of adventitious dimers,
formed through intermolecular disulfide bonds alongside the heme-mediated PGRMC1 dimer.

This discussion is particularly relevant given that EPR spectra of C129S PGRMCI are



characteristic of a HS Fe(IIl) heme system when 0.5 equiv of heme is added and that at this heme
concentration, SEC would predict that the majority of the protein is in the monomeric form.
However, upon addition of increasing concentrations of heme (1-2 equiv), the C129S variant did
not yield an EPR-active signal. In the case of Y113F, we established that the protein does not
directly coordinate to the protein via the iron center. Thus, the heme iron would remain in its Fe(II)
state even after incubation with PGRMCI, rendering the non-Kramers spin system silent in
perpendicular mode X-band EPR. In the case of C129S, however, the protein is still able to
coordinate to the heme iron via Tyr113 whereby the HS Fe(II) center is converted to HS Fe(III).
One potential hypothesis for the lack of observable EPR signal in the C129S variant is that
mutation of Cys129 removes steric/conformational restrictions that prevent the heme iron centers
from moving closer to one another in the final dimer structure. If this hypothesis is correct, one
could imagine that the two heme moieties may be able to move closer to one another (shorter Fe-
Fe distance), leading to more effective antiferromagnetic coupling. This hypothesis suggests that
the heme-mediated PGRMC1 dimer could show structural conformational differences as
compared to the PGRMCI1 dimer that results from disulfide bond formation.

Taken together, our work to define the roles of heme, Tyr113, and Cys129 in PGRMCl1
homodimer formation seems to support a picture of PGRMCI1 dimerization, whereby disulfide
bond formation and heme-heme stacking act together to influence the overall structural and
electronic description of the system (Figure 8). This unified perspective is also supported by the
observation of broadened SEC peaks and the appearance of additional peaks corresponding to
larger oligomeric species at the highest heme concentrations measured.

In summary, the present work confirms that PGRMCI1 dimerization proceeds via two

nonmutually exclusive routes that involve: (i) formation of intermolecular disulfide bonds and (ii)



hydrophobic heme (n-1) stacking. Previous in-vivo studies reported that PGRMC1 must form the
heme-dependent dimer in order to bind/interact with CYPs.!? This could mean that (i) the heme-
mediated PGRMC1 dimer undergoes a structural/conformational rearrangement that distinguishes
it from the PGRMCI1 dimer arising from intermolecular disulfide bond formation, or (ii) heme

itself may play a key role in the interaction of the PGRMC1 dimer and CYPs.

WT PGRMC1

(Cytosolic domain)

y v )
Heme-heme stacking and
hydrophobic interaction

Figure 8. Possible pathways for PGRMC1 dimerization: (1) (fop) Formation of an intermolecular
disulfide bond between two cysteines (Cys129). This dimerization is reversible, transitioning back
to a monomeric state in the presence of reducing agents like DTT and BME, and is independent
of heme-binding. (2) (bottom) Dimerization through stacking of heme molecules. This process is
not strictly dependent on the presence of Tyr113 and Cys129.

Implications for Future Studies.

The present work provides a clear description of heme binding to PGRMCI1 and the roles
of heme, Tyrl13, and Cys129 in PGRMCI dimerization. The structural and electronic
characterization of heme-bound PGRMCI1 presented here lays the groundwork for ongoing studies
in our lab to characterize full-length PGRMCI1 and its interaction with biomimetic membranes

which would, presumably limit the explorable surface area for homodimer formation and



downstream interaction with CYPs. Moving forward, consideration of membrane bound full-
length PGRMCI1 will provide a better understanding of the physiological and functional relevance

of the PGRMCI1 dimer and multimers reported here.
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