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ABSTRACT Reactions that occur within the lipid membrane involve, at minimum, ternary complexes among the enzyme, sub-
strate, and lipid. For many systems, the impact of the lipid in regulating activity or oligomerization state is poorly understood.
Here, we used small-angle neutron scattering (SANS) to structurally characterize an intramembrane aspartyl protease (IAP),
a class of membrane-bound enzymes that use membrane-embedded aspartate residues to hydrolyze transmembrane seg-
ments of biologically relevant substrates. We focused on an IAP ortholog from the halophilic archaeon Haloferax volcanii
(HvolAP). Hvol AP purified in n-dodecyl-B-D-maltoside (DDM) fractionates on size-exclusion chromatography (SEC) as two frac-
tions. We show that, in DDM, the smaller SEC fraction is consistent with a compact HvolAP monomer. Molecular dynamics flex-
ible fitting conducted on an AlphaFold2-generated monomer produces a model in which loops are compact alongside the
membrane-embedded helices. In contrast, SANS data collected on the second SEC fraction indicate an oligomer consistent
with an elongated assembly of discrete HvolAP monomers. Analysis of in-line SEC-SANS data of the Hvol AP oligomer, the first
such experiment to be conducted on a membrane protein at Oak Ridge National Lab (ORNL), shows a diversity of elongated and
spherical species, including one consistent with the tetrameric assembly reported for the Methanoculleus marisnigri JR1 |AP
crystal structure not observed previously in solution. Reconstitution of monomeric HvolAP into bicelles increases enzyme activ-
ity and results in the assembly of HvolAP into a species with similar dimensions as the ensemble of oligomers isolated from
DDM. Our study reveals lipid-mediated HvolAP self-assembly and demonstrates the utility of in-line SEC-SANS in elucidating
oligomerization states of small membrane proteins.

SIGNIFICANCE How lipids regulate membrane-bound enzyme activity is poorly understood but can be probed by
neutron scattering experiments in solution. Here, we studied how lipids affect the oligomerization state of an
intramembrane aspartyl protease from H. volcanii. We show that lipids promote the assembly of H. volcaniilAP into higher-
order oligomers. We also introduce a new in-line size-exclusion chromatography small-angle neutron scattering
experiment at the ORNL beamline.

INTRODUCTION and bulk water. IPs underlie major biological pathways
such as immune response and surveillance, cholesterol
biosynthesis, and other signaling pathways in the cell (1).
However, molecular details of how the various components
work in concert to perform hydrolysis at the right time and
place remain poorly understood.

Even the most basic characterization, such as the oligo-
meric state of a catalytically active IP, remains unclear.

For example, evidence for monomer (2), dimer (3-5), and

Proteolysis within the lipid membrane requires a quaternary
complex composed of an intramembrane protease (IP), a
transmembrane segment of a substrate, a lipid membrane,
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tetramer (6-8) has been put forth for the subject of this
study, the intramembrane aspartyl protease (IAP) family,
where two catalytic aspartates are used for hydrolysis in
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the membrane. The archetypal members of the IAP family
are signal peptide peptidase and presenilin, the latter of
which is found in the heterooligomeric, y-secretase com-
plex associated with Alzheimer’s disease (9). Determining
the oligomeric state of membrane proteins such as IAPs is
challenging by standard biophysical and biochemical
methodology due to the presence of detergent in the purifi-
cation buffers, which is required to retain the native enzyme
in solution. To underscore the importance of oligomeriza-
tion, for human signal peptide peptidase, different states
are proposed to be responsible for differential functions in
the cell, either cleaving signal peptides for nascent protein
maturation or degrading protein as part of endoplasmic-
reticulum-associated degradation (10). In addition, for
Y-secretase, super-resolution microscopy indicates both
monomers and dimers of the four-component system are
seen, depending on the specific cellular membrane
imaged (11).

Lipid mimics are required for studies of membrane proteins
and, of these, bicelles (12) are a convenient choice. Bicelles
composed of 1,2-dimyristoyl-sn-glycero-3-phosphocholine
(DMPC) and 3-[(3-cholamidopropyl)dimethylammino]-2-
hydroxy-1-propanesulfonate (CHAPSO) are fluid miscible
with proteins in solution at low temperature, whereas their
consistency changes to a gel at higher temperature. Character-
ization of DMPC/CHAPSO bicelles by our labs (13) using
small-angle neutron scattering (SANS) shows how the
nanoscale morphology of the lipid changes as a function of
temperature. At low temperatures, bicelles form membrane-
bilayer-like discs, whereas, at higher temperatures, bicelles
form cylindrical ribbons of significant length (>3000 A).
This finding raises the question of what happens to a mem-
brane protein embedded in a bicelle as a function of
temperature.

Here, we use SANS to study bicelle-dependent protein olig-
omerization, focusing on an IAP ortholog from the halophile
H. volcanii (HvolAP) (UniProt: AOA8TS5CTS5S8, GenBank:
WP_004043830.1). Recombinant expression of HvolAP in
E. coli yields high levels of protein including conditions
yielding perdeuterated protein for SANS, which is required
to enhance the scattering signal of this small membrane
enzyme. HvolAP purified in n-dodecyl-B-D-maltoside
(DDM) fractionates by size-exclusion chromatography
(SEC) into two main species. SANS data show that the frac-
tionated HvolAP species are best described as a compact
monomer and an oligomer forming an elongated cylinder.
In-line SEC-SANS experiments, the first such experiments
conducted on a membrane protein at Oak Ridge National
Lab (ORNL), reveal that the oligomeric fraction is composed
of a multitude of assemblies, the smallest species of which is
consistent with a tetramer. Our study demonstrates a role for
lipids in the self-assembly of membrane enzymes that corre-
lates with enzyme activity as well as the utility of SEC-
SANS in detecting different oligomeric species of small mem-
brane proteins in solution.

HvolAP SANS structures

MATERIALS AND METHODS
Expression and purification of protiated HvolAP

A codon-optimized gene corresponding to wild type (WT) HvolAP WT was
cloned into a pET-22b(+) vector by BioBasic. The plasmid encodes an
N-terminal pelB leader sequence for periplasmic membrane insertion and a
C-terminal hexahistidine tag for affinity purification. Plasmid fidelity was
confirmed by DNA sequencing (Eton). HvolAP expression and purification
were adapted from previously established methods for Methanoculleus
marisnigri JRI (MmIAP) (14,15). A plasmid containing WT HvoIAP was
transformed into E. coli Rosetta 2 (DE3) cells (Novagen, Madison, WI). Sin-
gle colonies were selected and grown overnight in 100 mL cultures of LB me-
dium with 34 pg/mL chloramphenicol and 60 pg/mL ampicillin at 37°C.
Large cultures (1 L each) were inoculated with overnight inoculum and
grown in LB medium with 34 ug/mL chloramphenicol and 60 ug/mL ampi-
cillin in an orbital shaker (225 rpm, 37°C) until ODgyy of 1.5-1.8 was
reached. The cultures were cooled to 22°C for 1 h, and protein expression
was induced by 0.2 mM isopropyl-p-D-1-thiogalactopyranoside (IPTG). Cul-
tures were grown overnight, harvested by centrifugation at 5000 x g, flash-
cooled with liquid nitrogen, and stored at —80°C.

For membrane isolation, 6.5 g of frozen cell paste was thawed and sus-
pended in 35 mL cell resuspension buffer (50 mM HEPES, 200 mM
NaCl [pH 7.5]) containing Complete EDTA-free protease inhibitor cocktail
(Roche, Basel, Switzerland). The cell suspension was lysed by a French
press twice at 12,000 psi and centrifuged at 5000 x g for 45 min to remove
cell debris. The supernatant was ultracentrifuged at 162,000 x g for 30 min.
The pelleted membrane fraction was washed in fresh cell resuspension
buffer using a Dounce homogenizer. The membrane fraction was pelleted
again by ultracentrifugation at 162,000 x g for 30 min.

For purification, 0.5 g of wet membranes was solubilized in 40 mL of
50 mM HEPES, 500 mM NaCl, 20 mM imidazole (pH 7.5), and 1% (w/v)
DDM (Anatrace, Maumee, OH) by gentle rocking for 1 h at 4°C. The sample
was ultracentrifuged at 162,000 x g for 30 min. The supernatant containing
solubilized membranes was purified by a 1 mL HisTrap FF column (Cytiva,
Marlborough, MA) on an AKTA Pure chromatography system (Cytiva). The
column was equilibrated in buffer A (50 mM HEPES, 500 mM NaCl, 20 mM
imidazole [pH 7.5], 0.1% DDM) and proteins were eluted by a linear gradient
from 0% to 60% buffer B (50 mM HEPES, 500 mM NaCl, 500 mM imid-
azole [pH 7.5], 0.1% DDM). Elution fractions were pooled, and buffer
exchanged into PBS (10 mM Na,HPO,/KH,PO,, 150 mM NaCl [pH 7.2])
with 0.05% DDM in Amicon Ultra 15 mL centrifugal filter units (Millipore,
Burlington, MA) with a molecular weight cut-off (MWCO) of 50 kDa. The
sample was concentrated to ~900 uL and subjected to HiPrep 16/60 Se-
phacryl S-300 HR or Sephacryl S-200 Increase GL 100/300 columns (Cytiva)
using the same PBS buffer (0.05% DDM) at 4°C. Purity was assessed by 12%
SDS-PAGE analysis visualized by standard Coomassie staining. Fractions of
interest were pooled and concentrated using Amicon Ultra 15 mL centrifugal
filter units (Millipore) with a 50 kDa MWCO. For samples in bicelles, after
concentration, the sample was reconstituted into 5% (w/v) DMPC/CHAPSO
bicelles (2.8:1 M ratio, 3 mass ratio) (16) by diluting a 25% bicelle stock with
protein and buffer to the desired final concentrations in 5% bicelles and incu-
bating the samples on ice for >1 h, as described previously (14).
The concentration of HvolAP was calculated from Beer’s law using absor-
bance at 280 nm and an extinction coefficient calculated from ExPASy Prot-
Param (17).

Enzyme activity assay

We measured HvolAP activity in an established gel assay using a substrate
containing the leader sequence from the tyrosine receptor kinase ErbB4
(14). In brief, the sequence LVIVGLTFAV was inserted in between the
sequence for maltose binding protein and yeast small ubiquitin-like modi-
fier followed by a hexahistidine tag, and the fusion substrate expressed and
purified as described previously (14). Freshly purified HvolAP (16 uM) in
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either DDM or reconstituted into bicelles was incubated with substrate
(5 uM) at 37°C for 48 h. The assay buffer was 20 mM HEPES (pH 7.5),
2 M KCI. At each time point, 10 uL of the reaction mixture was taken
and quenched by an equal volume of 2x Laemmli sample buffer. At the
conclusion of the experiments, western blot analysis of each time point
was conducted. Samples were separated on 12% SDS-PAGE gel with a
PageRuler Plus Pre-Stained Protein Ladder (Thermo Fisher Scientific, Wal-
tham, MA) and transferred onto a PVDF membrane via the Trans-Blot
Turbo Transfer System (Bio-Rad, Hercules, CA). The primary antibody
to detect maltose binding protein was mouse monoclonal IgG (1:1000,
Santa Cruz Biotchnhology, Dallas, TX) and the secondary antibody used
was HRP-conjugated goat anti-mouse monoclonal IgG (KPL, 1:5000
dilution, Thermo Fisher Scientific). The membrane was incubated with
Denville Hyglo spray (Thomas Scientific, Logan Township, NJ) and visual-
ized using a ChemiDoc Imaging System (Bio-Rad). Data presented are
representative of at least two biological replicates.

Expression and purification of deuterated HvolAP

To express partially deuterated HvolAP (d-HvoIAP), a shaker-flask growth
protocol (18) was first optimized for yield, with the highest yield obtained
with the following protocol. A starter culture (25 mL in LB broth) was
grown as for protiated HvolAP overnight, and then cells were centrifuged
at 5000 x g for 10 min. The pellet was resuspended in 25 mL fresh LB me-
dium and used to inoculate four 1 L cultures in LB medium with 34 pug/mL
chloramphenicol and 60 ug/mL carbenicillin. The cells were incubated in
an orbital shaker (225 rpm, 37°C) until ODgqo of 1.6-1.8 was reached.
The cultures were centrifuged at 5000 x g for 10 min in presterilized centri-
fuge bottles. Each pellet was washed in Enfors (19) minimal medium (7 g/L
(NH4)2S04, 5.25 g/ Na,HPO,, 1.6 g/L KH,POy,, 0.5 g/L citric acid ammo-
nium salt, 5 g/L glycerol, 1.0 mL/L 20% [w/v] MgSO,-7H,0, 1 mL/L
Holme trace elements [0.5 g/L CaCl,-H,0, 0.098 g/L CoCl,, 0.102 g/L
CuSO,4, 16.7 g/L FeCl;-6H,O, 0.114 g/ MnSO,-H,O, 22.3 g/L
Na,EDTA-2H,0, 0.112 g/L ZnSO,4-H,0]) (20) prepared in 75% D,0, re-
pelleted by centrifugation at 5000 x g for 10 min, and resuspended in
250 mL 75% D,0 Enfors minimal medium in 2.8 L Fernbach flasks. The
cultures were grown at 22°C for 1 h before being induced by 0.2 mM
IPTG for 48 h. Cells were harvested by centrifugation at 5000 x g, flash
frozen with liquid nitrogen, and stored at —80°C. Membrane isolation
was performed the same way as for protiated HvolAP (h-HvolAP). For
the SANS experiment characterizing the putative monomer in DDM,
d-HvolAP was purified with the same process as h-HvolAP with the
following modifications to account for the increased scale of membrane
to account for the overall lower expression. Each purification was initially
scaled 5-fold and the process repeated a total of three times. Specifically,
~2.5 g membrane was solubilized in 200 mL buffer and the affinity purifi-
cation was scaled to a 5 mL HisTrap FF column (Cytiva) before fraction-
ating on a Sephacryl S-300 SEC column. Three rounds of solubilization,
affinity chromatography, and SEC were conducted to purify d-HvoIAP
from a total of 7.5 g of membranes. Fractions of interest (putative oligomer
and monomer, see results) from each of the three SEC runs were pooled and
subjected again to SEC on a Sephacryl S-300 column. Per our contrast
matching protocol, the putative monomer fractions were pooled, concen-
trated using Amicon Ultra 15 mL centrifugal filter units (Millipore) with
a 50 kDa MWCO, and loaded onto a Superose-12 10/300 GL (Cytiva)
SEC column equilibrated with 20 mM HEPES, 250 mM NaCl (pH 7.5),
48.5% D,0, and 0.05% DDM (composed of 44% [w/v] tail-deuterated
d,s-DDM  [Anatrace]). The d-HvolAP sample was concentrated to
~400 uL using a 50 kDa MWCO 15 mL Amicon concentrator. A blank
sample buffer was concentrated in the same fashion. The final yield of pu-
rified putatively monomeric HvolAP was ~1 mg from a 7.5 mg membrane,
originating from 4 L E. coli cell culture.

For SANS experiments to characterize the putative d-HvolAP monomer
reconstituted into bicelles, the membrane was solubilized and purified
through the final polishing S-300 SEC step as above. After concentrating
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the sample, half of the sample was loaded onto a Superose-12 column equil-
ibrated with 20 mM HEPES, 250 mM NaCl (pH 7.5), 15% D,0, and the
other half was loaded on the column after equilibration with 20 mM
HEPES, 250 mM NaCl (pH 7.5), 21% D,0. The elution peaks from each
respective run were pooled and concentrated using Amicon Ultra 15 mL
centrifugal filter units (Millipore) with a 50 kDa MWCO. The sample in
15% D,0 was reconstituted into 5% DMPC/CHAPSO bicelles (16) pre-
pared as described previously (14), whereas the sample in 21% D,0O was
reconstituted into 5% DMPC/CHAPSO bicelles in which 18% (w/v) of
DMPC was tail-deuterated ds4-DMPC. Reconstitution proceeded by incu-
bating samples on ice for >1 h. For each sample, a buffer blank was concen-
trated and reconstituted into the bicelle mixture in the same way.

For SANS experiments to characterize the putative d-HvolAP oligomer
species in DDM, the associated fractions from three S-300 chromatograms
were pooled and polished on the S-300. The purified oligomer fractions
were pooled and loaded onto a Superose-12 column equilibrated with
20 mM HEPES, 250 mM NaCl (pH 7.5), 48.5% D,O0, and 0.05% DDM,
of which 44% (w/v) is tail-deuterated d,s-DDM (Anatrace) per our contrast
matching protocol. The final yield of purified putatively oligomeric HvolAP
was ~2.8 mg from 7.5 mg membrane derived from 4 L culture, with final
samples for SANS prepared at ~2.5 mg/mL. A buffer blank was concen-
trated in the same fashion.

SANS data collection

SANS data were collected at the Bio-SANS instrument (21,22) on beamline
CG-3 of the High-Flux Isotope Reactor at ORNL (23). SANS experiments
for all samples except the d-HvolAP oligomer in DDM used a single instru-
ment configuration of the dual detector system, the flat main detector at
15.5 m from sample and the curved wing detector at an angle of 1.4°
with respect to the main beam. The Panel Scan feature of the data acquisi-
tion system was used to control the instrument during measurement. In
this configuration, the range of momentum transfer values (Q) was
0.003<Q<1 A~!, where Q = 47 - sin(0)/A (20 is the scattering angle
and A is the neutron wavelength). Neutrons with a wavelength of 6 A and
a relative wavelength spread (AMX) of 13.2% were utilized. SANS samples
were loaded in 1 mm pathlength cylindrical quartz cuvettes (Hellma,
Miillheim, Germany) and measured. The putative d-HvolAP monomer in
DDM, d-HvoIAP oligomer in DDM, and empty DDM micelles background
were measured at 48.5% D,0 (contrast match point of mixed DDM and d,s-
DDM micelles) and at 10°C maintained by a Peltier temperature control. d-
HvolAP monomer in DMPC/CHAPSO bicelles and empty bicelles back-
ground were measured at 15% D,O (contrast match point of bicelles) and
at 10°C. Buffer blanks were subtracted from the sample scattering for back-
ground correction. The processed scattering data were circularly averaged
and reduced to 1D scattering profiles using MantidPlot software (24). Cali-
bration of the SANS data to an absolute scale was performed by measuring
a porous silica standard with known intensity at zero angle (extrapolated
from a Debye-Bueche plot).

The SANS experiment for d-HvolAP oligomer in DDM used the
configuration with the main detector at 7 m and the curved wing detector
at 3.2°. In this configuration, the range of momentum transfer (Q) was
0.007 < Q < 1 A~'. Neutrons with a wavelength of 6 A and a relative wave-
length spread (AMA) of 13.2% were utilized.

SEC-SANS

SEC-SANS was carried out at room temperature using a modified AKTA
Pure 25 protein purification system (Cytiva) equipped with multiwave-
length detection, a DEGASi Plus Micro degasser (Biotech), an ALIAS
Bio Cool autosampler (Cytiva), and a Superdex 200 Increase 10/300 col-
umn (Cytiva). The column was equilibrated with two column volumes of
buffer consisting of 10 mM sodium phosphate (pH 7.4), 150 mM NacCl,
and 0.05% total DDM in 49% D,0. To enable contrast matching, the
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0.05% DDM consisted of a mixture of 0.028% DDM (Anatrace) and
0.022% d,s-DDM (Anatrace). The sample, 14 mg/mL day-HvolAP, was
centrifuged at 16,100 xg for 15 min at 4°C and transferred to a 0.3 mL
polypropylene vial and stored in the autosampler at a setpoint of 10°C.
The SEC method was executed with an initial flow rate of 0.5 mL/min
and subsequently decreased to 0.010 mL/min during elution. The outflow
from the chromatography system was directed to a custom, demountable
flow cell with a 1 mm pathlength for SANS data collection.

SANS data analysis and modeling

Azimuthally averaged and background corrected data were analyzed using
established approaches for solution small-angle scattering. Initial SANS
data analysis, including Guinier fits and pair-correlation, were performed us-
ing the BioXTAS RAW program and ATSAS suite (25,26). The pair distance
distribution function P(r) was calculated using the indirect Fourier transform
method implemented in the program GNOM (27). SANS data were fitted
with the theoretical scattering profiles generated from the coordinates of
atomic models using CRYSON (28). SANS data of HvolAP monomer in
DDM was used to perform ab initio shape reconstruction of the HvoIAP den-
sity map using DENSS software (www.tdgrant.com/denss/) (29). SANS data
of HvolAP monomer in bicelles was fitted with a cylinder model using the
software SasView (version 5.0.4) (www.sasview.org/).

Molecular dynamics flexible fitting

AlphaFold2 within ColabFold (30) was used to generate a structural
model for the HvoIAP monomer, and then tetramer, based on its primary
sequence. The model of the monomer was then improved using molec-
ular dynamics flexible fitting (MDFF) (31). To balance the map-derived
forces and those coming from the potential energy function, five
different map-coupling strengths, referred to as G-scale, were consid-
ered. For four cases (G-scale-0.3, G-scale-0.2, G-scale-0.1, and
G-scale-0.05), the additional map-derived force was applied to all resi-
dues except those in unstructured loops (primarily the acidic loop),
each with a corresponding scaling factor of 0.3, 0.2, 0.1, and 0.05,
respectively. In the fifth case (G-scale-0.1%), initially we applied the
map-derived force to the entire protein with a scale factor of 0.2. After
1.25 ns, the resulting structure was used as the input for an additional
1.25 ns of MDFF while applying the map-derived force with a scale fac-
tor of 0.1 to structured residues only. All simulations were executed us-

ing NAMD (32) along with the CHARMM36m force field for proteins
(33). The trajectory data generated from these simulations were further
analyzed and visualized using visual molecular dynamics (34).

Transmission electron microscopy imaging

Negative stain grids were prepared by applying 3 uL of 5% (w/w) empty bi-
celles, 2 uM h-HvoIAP oligomers in DDM, or 2 uM h-HvoIAP in the bicelle
sample to CF400-Cu-TH grids (Electron Microscopy Sciences, Hatfield, PA).
The sample was allowed to incubate on the grid for 1 min. Then the grid was
side-blotted using a torn piece of Whatman no. 4 filter paper and washed by
applying 3 uL of ultrapure water to the grid, followed by incubation for 30 s.
The grid was side blotted using a torn piece of Whatman no. 4 filter paper,
stained with 3 uL of 2% uranyl acetate, and incubated for 30 s. Excess uranyl
acetate was removed by side-blotting, and the grid was air-dried for 2 min.
Images were acquired at 120 kV using a JEOL JEM-1400 transmission elec-
tron microscope equipped with a Gatan OneView camera.

RESULTS
Fractionation and activity of HvolAP

HvolAP was identified in a bioinformatics study (9) as part of a
search for new IAP orthologs that may provide new insight
into this large enzyme family. HvolAP is 32% identical in
sequence to an experimentally characterized IAP from
the methanogen MmIAP, UniProt: A3CWV0, GenBank: ABN
57850.1) and contains the catalytic motif YD ... GXGD,
where X is typically a hydrophobic amino acid (Fig. S1).
The main difference between HvoIAP and MmIAP is an acidic
stretch of 33 residues in HvoIAP (N207-A140) that are absent
in MmIAP, a feature that may be adaptive for the high salinity
environment native to H. volcanii.

HvolAP is recombinantly expressed in E. coli and puri-
fied at particularly high yield and purity. HvolAP adopts
two distinct species when purified using a Sephacryl
S-300 column. One species overlaps with the elution frac-
tion corresponding to the MmIAP monomer (35), and the
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other is consistent with higher-order oligomer(s) (Fig. 1 A).
The higher-ordered oligomer is at equilibrium with the
monomer to some extent (Fig. 1 A). A survey of enzyme
activity with substrates tested previously with MmIAP on
either the monomer or oligomer fractions in DDM did
not reproducibly yield detectable cleavage products (not
shown). However, for a substrate derived from the tyrosine
receptor kinase ErbB4 leader sequence, after reconstitution
of the HvolAP monomer into 5% DMPC/CHAPSO bi-
celles, a condition that enhances catalysis of MmIAP
(36), a consistent cleavage band is observed (Fig. 1 B).

SANS contrast matching strategy

We followed the SANS strategy developed for deuterated
MmIAP (d-MmIAP) (35). First, we suppressed the scattering
contribution from detergent with a buffer containing
0.05% DDM composed of 44% (w/v) tail-deuterated DDM
(dy5-DDM) with 56% (w/v) tail-protiated (non-deuterated)
DDM. The partially deuterated DDM/d,s-DDM micelles
have similar scattering length density for the micellar core
and shell counterparts, resulting in near zero average scat-
tering intensity across the Q-range studied. Second, the
SANS experiments employed partially deuterated HvolAP
(d-HvoIAP), grown in 75% D,O. Protiated protein has a
typical neutron contrast match point of 42% D,0, which is
too close to the experimental conditions required for match-

1850 Biophysical Journal 123, 1846-1856, July 2, 2024

Q@AY

10‘_1 indicate the elution volumes for the void volume,
oligomer, and monomer species, respectively.
(B and C) SANS and P(r) profile for d-HvoIAP in
DDM mixed micelles are shown as green squares.
Error bars for SANS data are derived from counting
statistics errors (N*/N), where N is the number of
detector counts.The inset shows the Guinier fit of
d-HvolAP monomer in DDM mixed micelles.
The theoretical SANS and P(r) profile of the best
MDFF model, based on the AlphaFold2 prediction,
are shown as solid blue lines and overlaid with the
experimental data. Error bars are a1 error (68%
confidence level). (D) Three different views of a
DENSS ab initio model of HvolAP overlaid with
the final model from MDFF (green) and are shown
as rainbow shade (blue to red) and green colors,
respectively. To see this figure in color, go online.

ing the mixed DDM/d,5-DDM micelles (48.5% D,0),
limiting the extent of signal possible from the protein. The
partially deuterated d-HvolAP corresponds to a match point
around 80% D,O (37). Like h-HvolAP, purified d-HvolAP
(Fig. S1 A) fractionates into an apparent oligomer and mono-
mer (Fig. 2 A). When SEC is repeated, the monomer fractions
reequilibrate to some extent into monomer and oligomer,
whereas unlike h-HyoIAP (Fig. 1 A) the oligomer does not
appear to reequilibrate to monomer.

Characterization of d-HvolAP monomer in DDM by
SANS

As in the previous work on MmIAP, the aforementioned
contrast matching strategy successfully suppressed the deter-
gent signal for the proposed d-Hvol AP monomeric fraction in
DDM. SANS analysis indicates a radius of gyration (R,) and
maximum dimension (D,,,,) of 19.6 = 0.4 and 60 *= 5 A,
respectively (inset, Fig. 2, B and C; Table 1). In addition,
the pair-distance distribution function P(r) is symmetric,
indicating a globular-shaped protein (Fig. 2 C), while the
Kratky plot indicates a well-folded conformation in DDM
micelles (Fig. S2 B). The molecular mass calculated by the
Porod volume approach of the SANS data is 36.4 kDa, within
15% error of the calculated mass of HvolAP (43 kDa). Over-
all, SANS data analysis supports the interpretation that this
species is a monomer.



TABLE 1
MMAP crystal structure (PDB: 4HYC)

HvolAP SANS structures

Structural parameters of d-Hvol AP monomer and oligomer studies using regular SANS and SEC-SANS compared with the

d-Hvol AP monomer

d-Hvol AP oligomer d-Hvol AP monomer

MmIAP monomer MmIAP tetramer in DDM in DDM in bicelles
(%) D,O - - 485 48.5 15.0
1(0) (cm™) - - 0.252 + 0.003 0.053 = 0.002 0.74 + 0.02
RS (A) 20.0 34.8 196 + 0.4 69.8 + 3.1 86.7 + 3.4
RONOM (A) 20.4 34.4 189 + 0.2 713 + 2.7 1043 * 6.1
Dinax (A) 69.0 107 60 + 5 225 + 8 382 + 30
MwFord (kDa) 214 164.8 36.4 469 933
Porod volume (A%) - - 29,363.00 814,125.00 1,544,280.00
SEC-SANS of oligomer in DDM

First peak First tail Second peak Second tail

I1(0) (cm™Y) 0.20 + 0.02 0.14 + 0.02 0.06 + 0.01 -
RSNOM (A) 136.7 £ 9.5 102.6 + 9.6 92.8 + 21.4 30.1 = 6.1°

Error bars are o1 error (68% confidence level).
“R, determined from the fit using a sphere model.

Structural modeling of the d-HvolAP monomer by
combining SANS data with AlphaFold2 modeling

The crystal structure of MmIAP monomer (PDB: 4HYD,
chain A) provides an acceptable fit to the SANS data,
x> = 1.9 (Figs. S2 B and S3 A), and agrees well with
the experimental pair distance distribution function, P(r)
of HvolAP (Fig. S3 B). In addition, ab initio shape recon-
struction of HvoIAP obtained using DENSS* (Fi 2. S3 0O
overlies reasonably well with the MmIAP crystal structure
(PDB: 4HYD, chain A), particularly the position of the
o helix N/C-terminus inside the envelope. However, two
adjacent a helices (residues proline 44 to proline 94 in
MmIAP sequence) fall out of the SANS density map,
and the model lacks residues L180 to R211 in MmIAP
sequence, which are predicted to reside outside of the
membrane.

To gain insight into differences between the MmIAP
crystal structure and the SANS density shape model, we
conducted MDFF (31) on an AlphaFold2 (38) model of
the Hvol AP monomer generated using ColabFold (30), con-
strained by the SANS density map. In MDFF, forces to drive
atoms into the density map are applied, in addition to those
from the MD force field. Because the relatively low resolu-
tion of the density map does not allow for an unambiguous
fit of the atomic model, different MDFF protocols were at-
tempted to find the appropriate balance between the map-
derived forces and those from the force field (see materials
and methods). We selected a resulting model that represents
the best compromise between maintaining secondary struc-
ture and achieving an optimal fit to the density map accord-
ing to the cross-correlation coefficient; all fitted models are
shown in Fig. S4. The starting AlphaFold2 model largely
matches the MmIAP crystal structure model, particularly
in the membrane helices (overall root mean-squared devia-
tion ~1.5 A, not shown). The configuration of the acidic
loop (N207-A140), a region of low model confidence, is
extended away from the membrane. A model of HvolAP

with the loop in an extended conformation, while fitting
the SANS data to a reasonable degree (%2 = 3.42),
exhibits a longer D, (70 A). Our AlphaFold/MDFF model
adjusts the acidic loop to a compact conformation adjoining
the membrane and provides a good fit to the SANS data
(%2 = 2.8, Fig. 2 B). The D,,,, of HvolAP with the compact
acidic loop is 60 A, closely matching the experimentally
determined value of 55 + 5 A (Fig. 2 C). Finally, and in
contrast to the two adjacent o helices in MmIAP crystal
structure that were found outside of the SANS density, the
HvoIAP AlphaFold/MDFF model fits well within the den-
sity map (Fig. 2 D). In sum, minor adjustments to the mem-
brane helices combined with a compact acidic loop near the
membrane match the SANS data better than the MmIAP
crystal structure.

Characterization of d-HvolAP high-order
oligomers in DDM by SANS

The oligomeric fraction of d-HvoIAP was investigated next
using SANS at the same contrast match condition as for the
monomeric fraction (Fig. 3 A). SANS and P(r) analysis in-
dicates the presence of elongated or rod-like structures of
d-HvoIAP within the DDM environment (Fig. 3, A and
B). In addition, SANS indicates an R, of 69.8 = 3.1 A
for d-HvolAP oligomer(s) in DDM (Fig. 3 A, inset; Ta-
ble 1). To determine overall dimensions of these assem-
blies, we fit the data using a simple cylinder shape model
with a fixed cylinder radius of 50 A obtained from MmIAP
crystal structure (PDB: 4HYC) and the fit indicates that d-
HvoIAP oligomers adopt a length of 267 = 63 A (Fig. 3
C). The P(r) analysis is consistent with a rod-like shape
(Fig. 3 B), which in turn is consistent with the choice of
the fit model, cylinder. The D,,,, obtained from the P(r)
(225 + 8 A) agrees with the length determined by the cyl-
inder model (267 = 63 /0%) for these elongated d-HvolAP
oligomeric structures.
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FIGURE 3 SANS analysis of d-HvolAP oligomer in DDM. (A and B) SANS and P(r) profiles of d-HvolAP oligomer in DDM micelles are shown as orange
open circles and solid orange lines, respectively. The inset shows the Guinier fit of HvoIAP oligomer in DDM mixed micelles.Error bars for the morpho-
logical model and Guinier Fit are a1 error (68% confidence level), and for SANS data derived from counting statistics errors (N®5/N), where N is the number
of detectors counts. The fit to SANS data of d-HvoIAP oligomer in DDM using a cylinder model is shown as a solid red line and overlaid on the experimental
SANS data. (C) Morphological model of d-HvolAP oligomer in DDM micelles. To see this figure in color, go online.

In-line SEC-SANS analysis of d-HvolAP oligomers ORNL. After initial purification by Sephacryl S-300, we
in DDM concentrated the pooled fractions of d-HvoIAP oligomers to

14 mg/mL and conducted SEC-SANS in continuous flow
To further fractionate the species comprising the d-HvolAP  mode, as described in the materials and methods. During the
oligomers, we conducted a SANS experiment with in-line ~ SEC-SANS experiment, two prominent peaks were observed
SEC, the first such experiment with a membrane protein at  (Fig. 4).
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FIGURE 4 SEC-SANS analysis of d-HvolAP oligomer in DDM. (A) SEC-SANS profile of polished oligomers studied at the contrast match point of DDM/
d,5-DDM mixed micelles (48% D,0). The UV absorbance at 280 nm, depicted on the left-hand y axis, was recorded upstream of the SANS flow cell. To
provide insight into the overall size variation of d-HvoIAP oligomers, we have plotted the radius of gyration (right-hand y axis) across the chromatogram.
Each colored segment corresponds to a specific time slice during which SANS data was processed to obtain the SANS profiles shown in the Fig. S3. The
gray segment represents the region where the smallest detectable d-HvolAP oligomer was recorded in the SANS experiment. Error bars for radius of
gyration are o1 error (68% confidence level). (B and C) SANS profile of the first peak and trailing tail colored as red and blue solid circles. (D and E)
SANS profile of the second peak and last trailing tail colored as green and gray solid circles. The fit to SANS data of d-HvoIAP oligomer in micelles using
a cylinder (B and C) and sphere (D and E) models are shown as solid lines and overlaid over the experimental SANS data. For (B)—(E), the slope in the mid-Q
region for Peak 1, Peak 1 tail, and Peak 2 is between power law —1 and —2, indicating elongated shapes such as cylinders or wormlike chains, which have
power law exponents in this range. Error bars for SANS data are derived from counting statistics errors (N*/N), where N is the number of detectors counts.To
see this figure in color, go online.
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FIGURE 5 SANS analysis of d-HvolAP
oligomer in DMPC/CHAPSO bicelles. (A) Com-
parison of TEM image of empty bicelles in DDM
buffer showing predominantly disc morphology
(red) and bicelles after reconstitution with
h-HvoIAP monomer showing predominantly rib-
bon morphology (blue). Samples were prepared
on ice and then negatively stained and imaged at
room temperature. Scale bars, 200 nm. Bicelle con-
centration is 5%, the same as used in SANS exper-
iments, and d-HvolAP concentration was 2 uM.
Bottom, zoom in from the box in the image above.
(B) SANS profile of d-HvoIAP in bicelles shown as
solid blue circles. The inset shows the Guinier fit of
HvolAP oligomer in bicelles. (C) Cylinder model
of the HvolAP oligomer in DMPC/CHAPSO bi-
celles. Error bars for Guinier Fit and morphological
model are a1 error (68% confidence level), and for
SANS data derived from counting statistics errors
(N®3/N), where N is the number of detectors
counts. (D) P(r) profile of d-HvolAP in bicelles.
The fit to SANS data of d-HvoIAP oligomer in
DMPC/CHAPSO bicelles using a cylinder model
is shown as a solid red line and overlaid on
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The first and major peak (red band) showed a wide elution
profile with a trailing tail (purple band, Fig. 4, A-C), suggest-
ing the coexistence of large d-HvolAP oligomeric structures
characterized by a similar overall size (R, = 136.7 = 9.5 and
102.6 = 9.6 A, for the species at the peak and tail fractions,
respectively) (insets of Fig. S5, A and B; Table 1). The
scattering profiles of these d-HvolAP oligomeric structures
agreed with existence of elongated or rod-like structures pre-
viously observed in DDM micelles without in-line SEC
(Figs. 4 B and S4 C). Fits using the cylinder model with a
fixed radius of 50 A indicate similar particle dimensions to
one another, 480 + 105 and 404 + 69 A for the peak and
tail fractions, respectively. These d-HvolAP structures are
approximately 2-fold more elongated than the oligomeric
species characterized using regular SANS measurements
above without SEC (267 + 63 A).

By contrast, in the second peak (green band), we
observe species with scattering profiles that resemble a
globular-like structure rather than a rod-like species
(Fig. 4, D and E). In the early elution portion, we observe
species with R, of 92.8 + 21.4 A (Fig. S5 C, inset;
Table 1), and these data best fit a sphere model with
radius of 56 + 4 A. The P(r) profile of d-HvoIAP oligo-
mers from SEC-SANS also indicates that the oligomers
become more compact for species eluting in the Peak 1
tail and Peak 2 compared with that of eluting in the
Peak 1 (Fig. S5 E). The data were also fit to a cylinder
model, but we believe a sphere model is most appropriate
because the SANS scattering profile shows limited
features and the cylindrical model may represent overfit-

100

200
Radius (&)

300 400  the experimental SANS data. To see this figure in

color, go online.

ting. At the tail of the second peak (gray band), we
observed d-HvoIAP assemblies with an R, of 30.1 =+
6.1 A (Table 1). Th1s R, value was determmed from the
radius (38.9 + 7.9 A) obtamed through a sphere model
fit to the scattering data (Fig. 4 B). Notably, this R, value
is close to the theoretical R, (36 A) determined for the
crystal structure of the MmIAP tetramer (PDB: 4HYC,
chains A-D), suggesting this d-HvolAP assembly is like-
wise a tetramer.

Characterization of d-HvolAP monomer
reconstituted into DMPC/CHAPSO bicelles SANS
reveals assembly to a higher-order
oligomerization state

We reconstituted the purified d-HvoIAP monomer fraction
in bicelles using established procedures (14) and minimized
the scattering contribution of the bicelles with 15% D,O,
close to the contrast match point for the bicelles based on
our previous study (39). In buffer containing 15% D,O,
we still observed a peak in the high-Q region due to differ-
ences in the SLD of tail and headgroup of DMPC. However,
bicelles do not have appreciable scattering from the mid- to
low-Q region of the entire Q range studied, confirming a
good condition for contrast matching.

Transmission electron microscopy (TEM) images
h-HvolAP monomer reconstituted in bicelles, the condition
under which activity was detected (Fig. 1 B), show exten-
sive elongated ribbon-like species, distinct from the small
disc-like species in the empty bicelles sample (Fig. 5 A).
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SANS data for d-HvolAP monomer from SEC reconsti-
tuted in bicelles indicate an R, of 89.2 + 5.6 A (Fig. 5
B, inset; Table 1) and are best fit to a cylinder model
with a length of 320 *= 68 A and a radius of 51 = 7 A
(Figs. 5 B and 3 C). This species has a radius consistent
with MmIAP crystal structure and is about 1.5 times longer.
The shape of these ribbons is consistent with elongated,
worm-like lamellae morphology characterized by SANS
beyond the phase transition temperature of ~22-23°C
(39-41), and observed by TEM. In summary, d-HvolAP
monomer reconstituted into bicelles assembles into a
higher-order species.

DISCUSSION

Neutron-based experiments are proving increasingly useful
and accessible for the study of membrane protein structure
and function. Our study represents the first in-line SEC-
SANS experiment conducted on a membrane protein at
ORNL, using a similar setup to that at the D22 beamline
at the Institut Laue-Langevin (42,43). Thus far, SEC-
SANS has enabled new insight into conformational changes
adopted by membrane systems under different conditions
relevant to function, generally large membrane proteins
whose oligomeric state is already known (44,45). Smaller
membrane proteins, such as HvolAP, require different con-
siderations for SANS than larger counterparts because any
residual scattering from lipid or detergent components,
which are of approximately the same size as the protein it-
self, contributes significantly to the overall signal, thus
complicating interpretation. Resolving SANS data for small
membrane proteins, with or without SEC, can be addressed
with the assistance of complementary experiments (46,47)
or, as we have, using a contrast matching strategy for the
DDM tail and headgroup to extinguish the DDM signal
combined with protein deuteration to enhance the signal
in the SANS experiment (48).

In this study, we use SANS to reveal an interplay between
the lipid environment and HvolAP self-assembly. HvolAP
expression levels are the highest observed for any IAP,
both in H,O- and D,O-containing media, a considerable
advantage over MmIAP for SANS. The smaller HvolAP
species in DDM is a compact monomer similar to MmIAP.
MDFF in combination with AlphaFold2 and constrained
by the SANS data indicates some differences in HvolAP
as compared with MmIAP, particularly the acidic loop,
which is not modeled in the experimental structure of
MmIAP. Although nuances of the differences will require
additional structures at higher resolution, it is tempting to
posit that the acidic loop configuration in HvolAP is stabi-
lized by cations. The larger oligomer species purified in
DDM appears as an elongated cylindrical rod-like species.
Unexpectedly, upon reconstitution of HvolAP into bicelles
where enzyme activity was detected, SANS revealed that
the monomers oligomerize to a rod-like species consistent
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with the high-temperature bicelle ribbon phase, which was
further observed with TEM.

SEC-SANS enabled the oligomeric fraction of d-HvolAP
isolated from DDM to be probed in more detail than the bulk
fractionation experiment initially conducted. Although the
signal to noise of SEC-SANS was weaker overall, the data
show that d-HvolAP adopts assemblies of different sizes
that are conservatively modeled as cylinders. At the tail
end of the d-HvolAP oligomer fraction is a somewhat
more spherical species (~10-20 nm in length and ~5 nm
in height), similar to HvolAP tetramers predicted de novo
using AlphaFold2 and the tetrameric assembly seen in the
asymmetric unit of the MmIAP crystal structure (PDB:
4HYC), all of which have dimensions of ~10 nm in diam-
eter by ~4 nm in height. While an attractive interpretation
of the data, we caution that the crystal structure arrangement
cannot be unambiguously inferred from the SANS data.

Recently, using MmIAP, our lab reported that catalysis is
sensitive to the lipid environment for numerous substrates.
Namely, when the purified protein environment is changed
from detergent (DDM) to 5% (w/w) DMPC/CHAPSO
bicelles, cleavage is more precise (14) and there is a 3 in-
crease in catalytic efficiency (36). This increase in catalysis
is achieved in different ways. Depending on the substrate,
the apparent affinity or maximal velocity is improved.
Lipid-dependent oligomerization of HvoIAP is an attractive
explanation for the changed activity observed in MmIAP as
a function of lipid. In contrast to MmIAP, which has been
studied for over a decade, HvolAP is a new ortholog to be
characterized and thus little is currently known. We detected
enzymatic activity of HvolAP most reproducibly for the
monomer reconstituted into bicelles, suggesting that the
elongated configuration of HvolAP promoted by bicelles
and observed by SANS underlies the activity and that this
species is not misfolded HvolAP due to, for example, over-
expression in E. coli (49) or a mismatch in lipids (50). In the
long term, the ability to triangulate lipid content and protein
oligomerization alongside biological activity could lead to
new ways to modulate IAP activity in space and time, in
health and disease.

SUPPORTING MATERIAL

Supporting material can be found online at https://doi.org/10.1016/j.bpj.
2024.05.029.
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