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Solution Structure of an Intramembrane Aspartyl
Protease via Small Angle Neutron Scattering
Swe-Htet Naing,1 Ryan C. Oliver,2 Kevin L. Weiss,2 Volker S. Urban,2,* and Raquel L. Lieberman1,*
1School of Chemistry and Biochemistry, Georgia Institute of Technology, Atlanta, Georgia and 2Neutron Scattering Division, Oak Ridge
National Laboratory, Oak Ridge, Tennessee
ABSTRACT Intramembrane aspartyl proteases (IAPs) comprise one of four families of integral membrane proteases that hy-
drolyze substrates within the hydrophobic lipid bilayer. IAPs include signal peptide peptidase, which processes remnant signal
peptides from nascent polypeptides in the endoplasmic reticulum, and presenilin, the catalytic component of the g-secretase
complex that processes Notch and amyloid precursor protein. Despite their broad biomedical reach, basic structure-function re-
lationships of IAPs remain active areas of research. Characterization of membrane-bound proteins is notoriously challenging
due to their inherently hydrophobic character. For IAPs, oligomerization state in solution is one outstanding question, with pre-
vious proposals for monomer, dimer, tetramer, and octamer. Here we used small angle neutron scattering (SANS) to charac-
terize n-dodecyl-b-D-maltopyranoside (DDM) detergent solutions containing and absent a microbial IAP ortholog. A unique
feature of SANS is the ability to modulate the solvent composition to mask all but the enzyme of interest. The signal from the
IAP was enhanced by deuteration and, uniquely, scattering from DDM and buffers were matched by the use of both tail-deuter-
ated DDM and D2O. The radius of gyration calculated for IAP and the corresponding ab initio consensus model are consistent
with a monomer. The model is slightly smaller than the crystallographic IAP monomer, suggesting a more compact protein in
solution compared with the crystal lattice. Our study provides direct insight into the oligomeric state of purified IAP in surfactant
solution, and demonstrates the utility of fully contrast-matching the detergent in SANS to characterize other intramembrane pro-
teases and their membrane-bound substrates.
INTRODUCTION
Intramembrane proteases (IPs) cleave membrane-embedded
substrates within the confines of the lipid bilayer. Products of
IPs are peptides and proteins involved in various biochem-
ical processes such as cell metabolism, differentiation,
development, immune response, and surveillance (1), and
IPs are drug targets for a number of diseases (2). IPs are cate-
gorized by their nucleophile: serine, cysteine, aspartate, or
their metal ion requirement (2–5). Intramembrane aspartyl
proteases include presenilin and signal peptide peptidase
(SPP). Presenilin is the catalytic component of g-secretase
responsible for generating amyloid-b (Ab) peptides impli-
cated in Alzheimer’s disease from amyloid precursor protein
(3,5), and SPP cleaves remnant leader peptides in the endo-
plasmic reticulum membrane after cleavage by the soluble
signal peptidase (6). In humans, SPP substrates include
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leader peptides from proteins involved in immune system,
inflammatory response, and hepatitis C viral maturation
(7–9). SPP and presenilin share key sequence and catalytic
similarity, including signature catalytic motifs (YD and
GxGD where x is any amino acid) and inhibition (10–13);
similarities extend to microbial orthologs (12–14).

Despite their broad biomedical reach, the structure of
active intramembrane aspartyl proteases (IAPs) including
the number of subunits in the functional enzyme, has re-
mained ambiguous. Membrane proteins require the pres-
ence of a mild detergent or other amphiphilic system to
solubilize and stabilize a given membrane protein in an
active conformation, which hinders structural characteriza-
tion using standard analytical techniques used for soluble
proteins such as size exclusion chromatography or small
angle x-ray scattering (SAXS). In the case of size exclusion
chromatography, even coupled with multiangle light scat-
tering, molecular mass determination is only possible
when the protein-detergent complex is well separated
from empty micelles (15), and in SAXS, the signal from
the membrane protein cannot be isolated from that of the
solubilizing agent (16). For IAPs, stoichiometries of one
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IAP Structure by SANS
(17) through eight (18) subunits have been proposed. Before
recent cryo-electron microscopy studies of g-secretase that
indicate a monomer (17), homodimer (19–23) was the
predominant proposal. Fluorescence lifetime imaging mi-
croscopy was used to demonstrate that both SPP (21,22)
and presenilins (19,20) are dimers. The lattice arrange-
ment of the 3.8 Å resolution crystal structure of the micro-
bial Methanoculleus marisnigri IAP (WP_011844759.1,
MmIAP) ortholog suggests either a dimer or tetramer (24).

To date, no IP has been structurally characterized using
small angle neutron scattering (SANS), a method well
suited to study the solution properties of macromolecules
and complex multicomponent assemblies like membrane
proteins (25). For membrane protein-detergent complexes,
the different scattering length densities of each component
can be exploited so that only the membrane protein is visu-
alized during the scattering experiment. Typically, the scat-
tering length densities of the detergent and buffer/solvent
are matched by judiciously adjusting the ratio of H2O and
D2O in the solvent (26), and the signal from the membrane
protein can be further enhanced by deuteration during cell
growth (25).

Here we report the solution structure of deuterated
MmIAP in n-dodecyl-b-D-maltopyranoside (DDM) deter-
mined by SANS. After deuterating MmIAP, the detergent
was fully contrast-matched using a specific ratio of hydro-
genated and tail-deuterated detergent, and the scattering
profile for MmIAP was recorded. The radius of gyration
(Rg) calculated for MmIAP from SANS is smaller
than the Rg calculated from the crystallographic MmIAP
monomer, suggesting a more compact protein in DDM-
containing solution. Our SANS study provides, to our
knowledge, new insight into the solution oligomeric state
of MmIAP in detergent solution, and bolsters the utility
of SANS to characterize other IPs and their membrane-
bound substrates.
MATERIALS AND METHODS

Expression and purification of protonated and
deuterated MmIAP

The plasmid containing the MmIAP gene with a C-terminal hexahistidine

tag was transformed into Escherichia coli Rosetta 2 cells (Novagen, Mad-

ison, WI). Cells were grown, membranes isolated, and protein purified as

described previously for enzyme activity assays (14). Modest modifications

were made to scale purification to the higher protein requirement for SANS

experiments. Membrane (�2 g) was solubilized in 160 mL of 50 mMHepes

(pH 7.5), 500 mM NaCl, 20 mM imidazole, and 1% (w/v) DDM (Anatrace,

Maumee, OH) by gentle rocking for 1 h at 4�C. Unsolubilized material was

removed via ultracentrifugation at 162,000� g for 45 min. The supernatant

containing solubilized membranes was loaded onto a 1 mL HisTrap FF

Crude nickel affinity chromatography column (GE Healthcare, Chicago,

IL) pre-equilibrated with Buffer A [50 mM Hepes (pH 7.5), 500 mM

NaCl, 20 mM imidazole, 0.1% DDM]. Before elution of MmIAP, weakly

bound impurities were removed with 5% Buffer B [50 mM Hepes

(pH 7.5), 500 mM NaCl, 500 mM imidazole, 0.1% DDM]. Elution of

purified MmIAP was accomplished using a linear gradient by mixing
Buffer A and 5–60% Buffer B. Elution fractions containing MmIAP

were pooled and further purified on a HiPrep 16/60 Sephacryl-S300 (GE

Healthcare) using gel filtration buffer [20 mM Hepes (pH 7.5), 250 mM

NaCl, 0.05% DDM]. Purity of protein was assessed by denaturing sodium

dodecyl sulfate polyacrylamide gel electrophoresis analysis (12% poly-

acrylamide) stained with Coomassie and concentration was measured

using a NanoDrop spectrophotometer (Thermo Scientific, Waltham, MA)

(ε ¼ 33,920 M�1 cm�1). Before SANS measurements, pure (protonated)

MmIAP was buffer-exchanged using a 500 mL Amicon Ultra MWCO

50K concentrator (Millipore, Burlington, MA) into gel filtration buffer con-

taining 22% D2O (Acros Organic, Geel, Belgium).
Fed-batch cultivation, expression of deuterated MmIAP (d-MmIAP), and

cell lysis was carried out in the Bio-Deuteration Laboratory at Oak Ridge

National Laboratory (ORNL, Oak Ridge, TN). Before d-MmIAP produc-

tion, E. coli Rosetta 2 cells were first adapted to D2O by transferring an

individual colony of transformed cells from a Luria Broth agar plate to

0.5% (w/v) glycerol minimal medium in H2O, and then subculturing into

the same medium with an increasing D2O content (25, 50, 75, and 90%),

100 mg/mL carbenicillin, and 17 mg/mL chloramphenicol. Once the cells

were growing in 90% D2O medium, a 400 mL preculture was used to inoc-

ulate 3.6 L of fresh 90% D2O medium in a benchtop BioFlo 310 bioreactor

system (Eppendorf, Hauppauge, NY) equipped with a 5.5 L working vol-

ume vessel. At the outset of the experiment, the temperature was maintained

at 30�C, aeration was maintained throughout at 4 L/min, and agitation was

varied from 200 to 800 Rpm to maintain dissolved oxygen above a set point

of 30% saturation. A solution of 10% (w/v) NaOH in 90% D2O was added

on demand to maintain a pD >7.3. When the dissolved oxygen spike

occurred upon depletion of the 0.5% (w/v) glycerol, a feeding of a solution

consisting of 10% (w/v) glycerol and 0.2% MgSO4 in 90% D2O was

initiated. After �7 h of feeding, the temperature set point was reduced to

18�C and d-MmIAP expression was induced by adding 1 mM isopropyl-

b-D-1-thiogalactopyranoside. Upon harvesting via centrifugation at

6000 � g for 45 min, cell paste containing d-MmIAP (�145 g wet cell

weight) was suspended (0.1 g/mL) in 50 mM Hepes (pH 7.5) and

200 mM NaCl containing EDTA-Free SIGMAFAST Protease Inhibitor

Cocktail Tablets (Sigma Aldrich, St. Louis, MO), and lysed at 15,000 psi

via three passages through an EmulsiFlex-C3 homogenizer that was fitted

with a chilled heat exchanger (Avestin, Ottawa, ON) and stationed in a

6�C cold room. After lysis, cellular debris was removed by centrifugation

at 5000 � g for 15 min for four times. The supernatant (�1.8 L) was

then subjected to ultracentrifugation at 162,000 � g for 30 min. The

pelleted membrane fraction was washed by resuspension in a Dounce

homogenizer and the membrane fraction was again isolated by ultracentri-

fugation as above. d-MmIAP-containing membranes (�22 g) were solubi-

lized by gentle rocking for 0.5 h at 4�C in 200 mL of a solution containing

50 mM Hepes (pH 7.5), 500 mM NaCl, 20 mM imidazole, and 4% (w/v)

DDM. The membrane resuspension was subjected to ultracentrifugation

as above to remove insoluble material.
The supernatant containing the solubilized membrane was purified using

the protocol for MmIAP described above except for the following addi-

tional steps to maximize yield of purified enzyme. Namely, the flow through

fractions from the first nickel affinity chromatography run were diluted in

Buffer A lacking detergent, to a final concentration of 2% DDM, and puri-

fied on the column again. A third round of nickel affinity chromatography

was then performed on the flow through from the second column, which

was diluted with Buffer A lacking detergent to 1% DDM. Elution fractions

from the three nickel affinity purification runs were pooled, concentrated to

two �900 mL aliquots using a 15 mL Amicon Ultra MWCO 50K concen-

trator (Millipore), and each loaded onto a HiPrep 16/60 Sephacryl-S300

(GE Healthcare) pre-equilibrated as for MmIAP above. Fractions contain-

ing purified d-MmIAP as judged by sodium dodecyl sulfate polyacrylamide

gel electrophoresis were pooled and a third Sephacryl-S300 column was

used to further polish the sample. In a final step, purified d-MmIAP was

loaded onto a Superose-12 10/300 GL (GE Healthcare) column equilibrated

with 20 mM Hepes (pH 7.5), 250 mM NaCl, 48.5% D2O, and 0.05%

total DDM, of which 44% (w/v) is tail-deuterated d25-DDM (Anatrace)
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(Fig. S1). The final yield was �1 mg of d-MmIAP, all of which was used in

the SANS experiment.
SANS data collection

SANS data were collected at the Bio-SANS beam line CG-3 of the High-

Flux Isotope Reactor at ORNL using a single instrument configuration

with 7-meter sample-to-detector distance. Data were collected at 12�C us-

ing 1 mm quartz cells and neutron wavelength of 6 Å5 14%. The range of

momentum transfer Q used was 0.007 < Q < 0.7 Å�1 (Q ¼ 4p � sin(q)/l,

where 2q is the scattering angle and l is the neutron wavelength).

Additional descriptions of the instrument and setup have been previously

published (27–29). The recorded scattering data were circularly averaged,

and reduced to one-dimensional scattering profiles using MantidPlot

software (30). Calibration of the SANS data to an absolute scale was per-

formed by measuring a porous silica standard with known intensity at

zero angle (extrapolated from a Debye-Bueche plot). Blank buffers contain-

ing the same percentage D2O as the samples were similarly measured and

subtracted from the sample scattering for background correction using a

toolkit developed by Dr. Ken Littrell (ORNL) for IgorPro. Subsequent

data analysis and modeling of scattering profiles were facilitated with the

ATSAS 2.6.1 program suite (European Molecular Biology Laboratory,

Hamburg) (31).
SANS data analysis and modeling

An initial estimation of the Rg and forward scattering intensity (I0) was per-

formed using PRIMUS (32). Core-shell ellipsoid shape models were fit to

the scattering data using SasView v4.1 (33). Comparisons of SANS data

for d-MmIAP to structures of MmIAP and presenilin in the PDB were con-

ducted with CRYSON (34). For the simulation conditions, a deuteration

fraction of 0.75 was used for the protein chain with a D2O fraction in the

solvent of 0.49 to mimic the experimental contrast conditions.

ATSAS software tools were used for further modeling and interpretation

of the structural SANS information for d-MmIAP in solution with contrast-

matched detergent. The first step of this process employed GNOM (35)

to generate a pair-distance distribution function P(r), which described the

relative interatomic distances within the scattering particle. Scattering

data over the range 0.0106 < Q < 0.585 Å�1 were used for the real space

transformation and subsequent modeling, and provided a P(r) curve with a

single peak and Dmax of 46 Å. The Rg from the real space transformation

was 16.7 5 0.2 Å with an I0 of 0.610 5 0.001 cm�1. The GNOM output

was used for ab initio molecular shape generation with DAMMIF and

DAMMIN (36,37). The P(r) data were used as an input for fast DAMMIF

modeling to create 17 initial dummy atom models (DAMs). These initial

DAMs were aligned and averaged using DAMAVER (38), and one outlier

from the 17 was discarded based on normalized spatial discrepancy (NSD)

values, as its NSD value exceeded two standard deviations from the cluster

mean (cluster NSD: 0.7085 0.018; outlier NSD: 0.749). After averaging in

DAMAVER, the ‘‘damstart’’ (fixed-core) model was used for refinement

with DAMMIN, yielding a single refined SANS envelope. Superimposi-

tions of the SANS envelope with crystal structures were performed using

SUPCOMB (39), which minimizes NSD to find the best alignment of the

two models.
FIGURE 1 SANS contrast match point measurements for DDM micelles

(yellow, C), MmIAP with DDM (red, ;), d-MmIAP with DDM (orange,

:) in 22% D2O, and mixed micelles (blue, B) or d-MmIAP with DDM/

d25-DDM mixed micelles (blue, -) in 48.5% D2O. Data for contrast-

matched DDM micelles in 48.5% D2O was reproduced from (41). To see

this figure in color, go online.
RESULTS

SANS analysis of d-MmIAP

SAXS measurements showed, as expected, strong scattering
signal from DDM micelles that was similar with and
without MmIAP, and initial attempts of SANS experiments
using nondeuterated MmIAP, DDM, and D2O/H2O were un-
604 Biophysical Journal 114, 602–608, February 6, 2018
successful in isolating a signal for MmIAP unperturbed
by scattering contributions from the surfactant (Fig. S2).
Therefore, d-MmIAP was expressed and purified (Fig. S1)
immediately before data collection, using established
methods yielding active enzyme (14). Based on other
studies (40), the average deuteration level under growth
conditions is 70–75%. Scattering from the d-MmIAP pro-
tein-detergent complex produced a stronger signal overall
as a result of the increased protein contrast relative to the
solvent, but contributions from the detergent were still pre-
sent in the net scattering profile. These results are observed
in a comparison of the MmIAP-DDM complex versus
d-MmIAP-DDM in the same DDM contrast-matched condi-
tions (Fig. 1).

To achieve true extinction of any scattering contribution
from DDM, a more refined approach was required. The in-
dividual contrast match points (CMPs) of hydrophobic
DDM alkyl tails and hydrophilic maltoside headgroups are
2 and 48.5% D2O, respectively, which are very far from
the overall CMP of 22% D2O. This, together with the
similar size of both moieties and their distinctive location
in a micelle core and shell produces significant residual scat-
tering, even at 22% D2O (Fig. 1). This problem can be
resolved by raising the CMP of the DDM micelle core to
48.5% D2O to match the shell by precisely blending 44%
(w/v) tail-deuterated DDM (d25-DDM) with regular DDM
(41). Under these complete matching conditions, scattering
features from DDM micelles were rendered negligible
(Fig. 1), which is readily apparent by the absence of a sec-
ondary maximum in the SANS profile.

The combination of deuterated protein and completely
contrast-matched mixed micelles yielded an interpretable
SANS profile for the enzyme without interference from
buffer and detergent components (Figs. 1 and 2 A). Guinier
analysis was performed on the low-Q scattering data defined
by an upper limit ofQ� Rg< 1.3, and provided estimates of
I0 and Rg (Fig. 2 B). The measured Rg (16.15 0.5 Å), and a



FIGURE 2 SANS data obtained for d-MmIAP

with contrast-matched DDM/d25-DDM mixed

micelles (48.5% D2O). (A) A plot of the scattered

intensity versus Q, a function of the scattering

angle, with GNOM fit shown in solid line. (B) A

Guinier plot of the low angle scattering data with

a linear fit in the Guinier region shown as a solid

line. (C) A Kratky plot of the same scattering

data demonstrating the compact, folded shape of

the particle. (D) A pair-distance distribution func-

tion P(r) obtained from GNOM representing the

distribution of real space distances between scat-

tering centers within the particle.

IAP Structure by SANS
Kratky plot illustrating the folded nature of the scattering
object (Fig. 2 C), suggests that MmIAP is most likely mono-
meric with a compact, globular shape in detergent solution
(42). The forward scattering intensity determined from the
Guinier fit was 0.605 0.01 cm�1. An indirect Fourier trans-
form of the scattering data provided a plot describing the
pair-distance distribution P(r) of intramolecular distances
within the particle, constrained by a maximum particle
dimension of 46 Å (Fig. 2 D). Molecular weight was
estimated from the DAMMIN model and by the method
described by Rambo and Tainer (43) (see Supporting Mate-
rial for details). A summary of the physical parameters ex-
tracted from the SANS data in comparison with similar
values obtained from the final SANS envelope and the
PDB model (4HYC, chain A) is presented in Table 1. The
combination of these results from SANS suggest a mono-
meric MmIAP size and shape without the formation of
higher order oligomers in micellar solution.
Comparison with crystal structure and ab initio
modeling

SANS profiles were calculated from available structures for
pertinent enzymes (chain A from MmIAP PDB: 4HYC,
4HYD, 4HYG, and 4Y6K, and chain B, presenilin from
g-secretase PDB: 5A63, 5FN2, 5FN3, 5FN4, and 5FN5).
The four MmIAP crystal structures are �3.3–3.9 Å resolu-
tion, represent three different space groups, different bound
states (apo and inhibited), and are similar to each other with
TABLE 1 Summary of Physical Parameters from the SANS Data, R

Radius of Gyration (Å)

Guinier GNOM DAM PDB GNOM

16.1 5 0.5 16.7 5 0.2 16.7 19.4 46.0
root-mean square deviation (RMSD) of �0.5–0.8 Å. The
five presenilin structures solved by cryo-electron micro-
scopy are 4.0–4.3 Å resolution, and represent four apo
states, as well as one that is bound to an inhibitor. Presenilin
shares just 15% identity with MmIAP yet pairwise RMSDs
for the two different structures are �2.5–3 Å. CRYSON fits
to the experimental data from representative members of
each PDB group are shown in Fig. 3 A. The simulated
scattering profiles for structural monomers are in relative
agreement with the measured scattering profile of d-MmIAP
in contrast-matched, mixed d25-DDM/DDM micelles
(Fig. 3). Each structure appears somewhat larger than that
measured in solution, denoted by the decrease in scattered
intensity from the plateau at lower values of Q for the simu-
lated SANS data compared with the measured data, but are
much closer to the data than a hypothetical d-MmIAP dimer
and tetramer (Fig. 3 A). The average Rg from the structure
(19.4 Å, Table 1) is also �3.4 Å larger than the Rg deter-
mined from a Guinier fit to the SANS data (16.1 5 0.5 Å).

Ab initio modeling from d-MmIAP SANS data with
contrast-matched detergent recapitulates the overall agree-
ment with the available structures. A representative scat-
tering profile from the remaining DAMMIF models
demonstrates strong agreement with the experimental data
(Fig. 3 A) and the SANS profile of the DAMMIN-refined en-
velope was indistinguishable from this representative trace.
The SANS envelope shown here has a protrusion that is
consistent with the predicted position of the long helix 6,
which contains the C-terminal YD motif, and a well leading
econstructed DAM, and the Related PDB: 4HYC:A

Dmax (Å) Volume (Å3)

DAM PDB SANS DAM PDB

47.7 72.9 21,030 20,590 31,258

Biophysical Journal 114, 602–608, February 6, 2018 605



FIGURE 3 CRYSON results and comparison with SANS data. (A) Simu-

lated SANS profiles from CRYSON for representative PDB entries related

to IAPs. Scattering from a possible MmIAP dimer and tetramer were simu-

lated using chains A and B from 4HYC, or chains A–D from 4HYC, respec-

tively, demonstrating that higher ordered oligomers are not consistent with

the observed scattering. (B) The ab initio model was overlaid with chain

A from 4HYC to provide a three-dimensional structural comparison. TM

helices numbered from 1 (N-terminus (blue)) to 9 (C-terminus (red)), and

catalytic motif YD. GMGD is represented as sticks. To see this figure in co-

lor, go online.
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to the general vicinity of the catalytic aspartates (Fig. 3 B).
However, we note that not all 16 DAMs show exactly these
features in the same location; thus, the fit shown here agrees
with the SANS data, but this envelope is not the only
possible model at this level of detail. The poorest fit is for
helix 4, half of which appears to protrude beyond the
SANS envelope in accordance with the larger Rg and Dmax

values (Table 1) and calculated scattering intensity at low-
Q values.
DISCUSSION

Despite the increasing number of available membrane
protein structures in the protein data bank determined by
x-ray crystallography, NMR spectroscopy, and cryo-elec-
tron microscopy, the percentage remains very low compared
with the total membrane-bound proteome, and determining
the oligomerization state of such proteins in solution
remains a major challenge (44–46). Here we used SANS
to determine the molecular envelope and oligomerization
state of an IAP in solution. Our strategy had three major
components, 1) deuterating MmIAP during cell growth to
increase the SANS signal from the enzyme, 2) utilizing
44% d25-DDM to match the CMP of the hydrophobic
tail core with that of the headgroup of the DDM micelle,
and 3) contrast matching the overall DDM micelle with
48.5% D2O to leave only scattering from d-MmIAP.
606 Biophysical Journal 114, 602–608, February 6, 2018
The process of contrast matching to detect only the
signal from the membrane protein is inherently challenging
(47); micelle-micelle interaction or protein-protein interac-
tions can corrupt low-Q data, and the residual signal from
incompletely matched lipid head and tail components
limit data interpretation to gross structural changes under
defined experimental conditions. Typically, SANS studies
of membrane proteins employ the average CMP for the
solubilizing agent. For example, Bu et al. (48) overall
contrast-matched the small unilamellar vesicles to detect
a change in the oligomeric state of SecA upon nucleotide
binding, and Zimmer et al. (49) used the average contrast
match for DDM of 22% D2O to detect differences between
truncated and full-length potassium channel KcsA solubi-
lized in DDM under different pH conditions. With our
improved understanding of the detergent contributions to
neutron scattering (41), reinspection of numerous SANS
studies that utilize a similar strategy (49–54) suggests
that the scattering profile exhibits contributions due to
incompletely matched surfactant or lipid components.
Thus, our recent efforts have been aimed at improving
the contrast matching protocol by matching the hydropho-
bic tail of the detergent to its headgroup before contrast
matching the overall micelle with D2O. One prior study
used an analogous strategy with sodium dodecyl sulfate
(55), but to our knowledge, our study is the first such appli-
cation to study a membrane enzyme solubilized in DDM, a
milder detergent with a larger headgroup (45). The theoret-
ical basis for the approach with DDM was recently reported
(41), and resulted in a strong interpretable signal free of
contribution from the detergent.

The d-MmIAP ab initio model in solution is consistent
with an approximately spherical monomeric protein, not a
dimer or higher ordered species suggested in earlier
biochemical experiments for SPP and other human IAP
family members. Interestingly, the experimentally deter-
mined Rg (16.1 5 0.5 Å) from SANS is somewhat smaller
than the calculated Rg (19.4 Å) from a monomer chain of
crystalline MmIAP, indicating a more compact structure is
present in solution. This finding agrees with the observation
that crystallized MmIAP was trapped in an inactive confor-
mation, with the two catalytic aspartates too far apart for
catalysis. Detergent identity and concentration are well
known to affect crystallization properties (56,57). In the
case of the MmIAP crystal structure, perhaps the limited
proteolytic digestion of the enzyme or mutations introduced
to enhance crystallizability (24), led to a less compact
bundle of transmembrane helices. Alternatively, the dy-
namic detergent micelles present during crystallization
might affect the lattice (58–60), as would be expected for
an a-helical membrane protein with predominantly mem-
brane-immersed helices (61). Our sample for SANS was
prepared using the same methods as for our enzymatic study
where it is active for nearly a week after purification (14),
suggesting our SANS envelope reflects that of an active
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enzyme in detergent solution, but whether the protein re-
mains a monomer in the presence of substrate is an open
question for further study.
CONCLUSIONS

SANS analysis of d-MmIAP measured with fully contrast-
matched detergent yields a molecular envelope consistent
with a monomeric enzyme in solution. Comparison of the
Rg value from SANS and previously reported crystal struc-
ture of an inactive IAP suggests the protein might form a
more compact protein in solution, namely, tighter packing
of the hydrophobic transmembrane helices. The finding
that MmIAP is a monomer is consistent with the recent
cryo-electron microscopy structure of presenilin in the
context of g-secretase, but differs from other experiments
conducted with indirect biophysical or biochemical
methods. The SANS approach and CMP strategy, used to
study d-MmIAP in solution, should be applicable to study
IAP structures in complex with substrates, other IP family
proteins, and other well-behaved, detergent-solubilized
membrane proteins.
SUPPORTING MATERIAL

Supporting Materials and Methods and three figures are available at http://

www.biophysj.org/biophysj/supplemental/S0006-3495(17)35097-X.
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Figure S1. d-MmIAP purification. Final size exclusion chromatogram (Superose-12 10/300 GL 

column) for d-MmIAP equilibrated with 20 mM Hepes (pH 7.5), 250 mM NaCl, 48.5% D2O and 

0.05% total DDM, of which 44% (w/v) is tail-deuterated d25-DDM (Anatrace). Inset: SDS-

PAGE analysis of pooled fractions labeled A, B, C. Region labelled “B” was used in the SANS 

experiment.  
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Figure S2. Preliminary (A) SAXS and (B) SANS data collected for solutions of micelles (DDM 

– unfilled markers) and the protein-detergent complex (PDC – filled markers). Strong similarity 

was observed in scattering profile shapes between these two conditions at all measured contrasts. 

Core-shell ellipsoid model fits are shown by the solid lines, colored according to the legend. 
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Particle molecular volume estimates 

 The SANS data were placed on absolute intensity scale, and an independent estimation of 

particle size from the forward scattering intensity (I0) is therefore in principle possible. The 

sample molecular weight (MW) can be determined using the calibrated I0 value, sample 

concentration (c), and particle contrast (Δρ) according to the following equation:  

  𝑀𝑊 =	   %&∙()
* ∆,∙- . (1) 

where NA is Avagadro’s number, and v is the partial specific volume of the protein (1). However, 

as Tainer et al. (2) have pointed out, this approach is difficult, given the limits in accuracy of 

known particle concentration and other factors. SANS experiments also have the added 

challenge of accurately assessing the particle’s neutron contrast, particularly when the particle is 

a protein expressed in deuterated growth media.  

 An estimate of the protein contrast was made by inferring the level of deuterium 

incorporation at non-exchangeable positions in the protein from published empirical evidence. 

Previous studies suggest that a protein expressed in growth media containing ~90% D2O yields a 

protein with 70-75% incorporation of deuterium at the non-exchangeable positions of the protein 

(3). Particle concentration was estimated to be 2.52 ±0.38 mg·mL-1 by NanoDrop 

spectrophotometer (ThermoScientific) measurements of the absorbance at 280 nm using a 

calculated molar extinction coefficient of 33,920 M-1 cm-1 from the IAP primary sequence. 

Although no absorbance in this region was observed for protein-free detergent micelle solutions, 

we cannot completely exclude the possibility that the suspension of membrane protein in 

detergent micelles interferes with this concentration estimate. From the apparent intensity of our 

gel electrophoresis data, we place an upper boundary of the concentration at 5 mg·mL-1.  This 

limit, in conjunction with the uncertainties in particle contrast, yields a total range of uncertainty 
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in molecular weight that is too broad to identify the oligomeric state of MmIAP from I0 with any 

useful accuracy.  

 Conversely, we obtained estimates for the particle volume from two intensity scale 

independent methods: The DAMMIN model yields a total excluded particle volume of 20,590 Å3 

in fair agreement with the calculated volume of monomeric MmIAP (31,258 Å3 from PDB 

4HYC, chain A, using VADAR v1.8, Univ. of Alberta, or 40,778 Å3 from primary sequence 

using MULCh, University of Sydney). The concentration-independent approach described by 

Rambo and Tainer to determine molecular weight was also employed (2), using the SAS 

invariant QR and the following relationship for proteins:  

  𝑀𝑎𝑠𝑠 = 	   12
3.5675

5.3
 (2) 

where QR = Vc
2·Rg

-1, and Vc is the volume-of-correlation.  Additional details and plots used to 

determine the volume-of-correlation from the integrated area of Q*I(Q) are provided in Figure 

S3 below. This approach yields a molecular weight of 16.4 kDa, smaller than a single molecule 

of MmIAP. Both estimates support the conclusion that MmIAP in solution is a rather small 

scattering object, a result that is consistent with the hypothesis of MmIAP being monomeric 

rather than oligomeric. 
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Figure S3. Determination of protein molecular weight from the SAS invariant QR. Data are 

replotted first as a modified Kratky plot (Q*I(Q) vs Q), where flexible and non-flexible proteins, 

and even unfolded proteins, should converge with zero intensity at high Q. This plot is then 

integrated to an upper limit defined by the scattering signal decay or plateau of integration (Qmax 

≈ 0.25 was used here). The ratio of I0 to this integrated value determines the volume-of-

correlation for the particle to be used in estimating the molecular weight of the particle. 
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