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a b s t r a c t
Small-angle neutron scattering (SANS) and molecular dynamics (MD) simulation were used to investigate
the structure of trimeric photosystem I (PSI) from Thermosynechococcus elongatus (T. elongatus) stabilized
in n-dodecyl-b-D-maltoside (DDM) detergent solution. Scattering curves of detergent and protein–detergent
complexes were measured at 18% D2O, the contrast match point for the detergent, and 100% D2O, allowing observation of the structures of protein/detergent complexes. It was determined that the maximum
dimension of the PSI–DDM complex was consistent with the presence of a monolayer belt of detergent
around the periphery of PSI. A dummy-atom reconstruction of the shape of the complex from the SANS
data indicates that the detergent envelope has an irregular shape around the hydrophobic periphery of
the PSI trimer rather than a uniform, toroidal belt around the complex. A 50 ns MD simulation model
(a DDM ring surrounding the PSI complex with extra interstitial DDM) of the PSI–DDM complex was
developed for comparison with the SANS data. The results suggest that DDM undergoes additional
structuring around the membrane-spanning surface of the complex instead of a simple, relatively
uniform belt, as is generally assumed for studies that use detergents to solubilize membrane proteins.
Ó 2014 Elsevier Inc. All rights reserved.

Introduction
Photosystem I (PSI)1 is a large pigment protein complex involved
in cyanobacterial, algal, and plant photosynthesis. PSI provides both
a large antenna for harvesting solar energy and the reaction center
that converts these excitons into a stable charge separation. It has
been determined that PSI has an internal quantum yield near 1.0
[1]. The robust and stable nature of PSI has led to many studies using
PSI in in vitro applications for alternative energy solutions, such as
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hydrogen or direct electricity production as part of biohybrid devices
or materials [2–7].
In cyanobacteria, PSI is located in the thylakoid membrane and
exists primarily as homo-trimeric complexes of the PSI monomer, a
multi-subunit complex with several membrane-spanning domains
[8]. The monomer of PSI from Thermosynechococcus elongatus
(T. elongatus) is made up of 12 subunits. The PsaA and B subunits
contain the majority of the transmembrane helices, the reaction
center pigments including P700, 100 light harvesting chlorophyll
a (chl a), carotenoids, quinones, and the proximal iron–sulfur
cluster (Fx) that functions as an electron acceptor [8,9]. The
PsaC, D, and E subunits do not contain transmembrane domains
yet are stably associated on the stromal surface of the thylakoid.
The terminal electron acceptors, FA and FB are found in this stromal
domain and coordinated via PsaC. Electrons are transferred from FB
to the soluble FeS protein, ferredoxin, upon its transient association with the PsaD and E subunits [10]. Ferredoxin then provides
electrons to support carbon ﬁxation and other redox reactions.

R.K. Le et al. / Archives of Biochemistry and Biophysics 550–551 (2014) 50–57

The monomer has an approximate diameter and height of 15 nm
and 9 nm (Fig. 1A), respectively [11]. It was determined from the
crystal structure of trimeric PSI from the thermophilic T. elongatus
resolved at 2.5 Å [8] that the trimer has a clover-leaf-structure
with a diameter of 22 nm (Fig. 1B) [12]. Hydrodynamic diameter
measurements from dynamic light scattering of a single trimer
have estimated its dimension to be 30 nm in diameter by 9 nm
in height suggesting the presence of additional mass around the
periphery of the complex that can be assumed to be lipid or
detergent [13].
Since PSI is a large multi-subunit membrane complex its isolation
requires the use of non-ionic detergents such as Triton X-100,
n-octyl-b-D-glucoside, n-dodecyl-b-D-maltoside, or a combination
of them. These detergents both disrupt the membrane and solubilize
the membrane complexes in mixed micelles that prevent aggregation and mimic its native membrane-like environment. Though
detergents allow membrane complexes to be soluble in aqueous
solution, their abundance and non-native characteristics can interfere with the ability to study protein–protein interactions and/or
structural and functional properties [13–15]. The difﬁculties associated with solubilizing and stabilizing membrane proteins like PSI
are due primarily to the exposure of its hydrophobic domains, which
are protected by the lipid bilayer in the native environment. Therefore it is necessary to understand the effects of detergents used for
membrane protein studies, as it has been shown that short alkyl
chain detergents are more effective at solubilization than long alkyl
chain detergents, which can cause protein denaturation [16,17]. Furthermore, it is important to understand the impact of detergent
micelles on membrane proteins in solution, particularly the protein–detergent interactions that affect protein conformation or
cause aggregation. Recent studies [13,18] have shown that the critical micelle concentration (CMC) and critical solubilization concentration (CSC) are of particular importance for determining how
effective a detergent is at solubilizing a membrane protein. Both
parameters have been studied for various detergents, such as
n-dodecyl-b-D-maltoside (DDM) which was used in this study.
Our interest in understanding the interaction of detergent with
cyanobacterial PSI stems from its ability to undergo charge separation for unidirectional electron transfer upon exposure to light,
which can be integrated into bio-hybrid solid-state electronic
devices for electricity [19–23] or hydrogen [7,24–28] production.
As these technologies have great potential in the ﬁeld of energy
conversion, it is important to develop robust, reproducible techniques to uniformly orient PSI molecules on conductive substrates
or in complexes with other proteins. Knowledge of the protein–
detergent interactions is important for retaining protein activity
and preventing denaturing environments for studying protein
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function in vitro [29] as well as addressing issues related to solution-phase aggregation which could impact the oriented assembly
of PSI at a surface.
Small-angle neutron scattering (SANS) is very useful for probing
structural properties of biological complexes [30]. By varying the
ratio of H2O and D2O in solution, which have distinct scattering
length densities [31], it is possible to match the background scattering to one component of the complex, effectively masking it
and allowing a view of the remaining portions of the complex
without disturbing the complex. There have been many different
applications of contrast matching methods, ranging from block
copolymers [32,33] and self-assembled materials [34] to biological
systems [35–37]. The naturally occurring differences in scattering
length densities of protein and other molecules makes SANS with
the contrast matching an excellent tool for such studies [38,39].
Molecular dynamics (MD) simulation is a valuable tool for
interpreting neutron scattering data. It has been widely used to
investigate polymer systems [40,41], chemical reactions [42–44],
and biological systems [42–51]. Additionally, the simulations can
be used to generate simulated scattering curves for comparison
against experimental SANS data. This allows a greater understanding of the interactions between protein and detergent, and the
structure of the overall complex. For example, Scott et al. demonstrated that MD models of membrane proteins, such as PSI, require
additional bilayer lipid molecules beyond those deﬁned in the
crystal structure to maintain the native structure [52].
We combined neutron scattering and MD simulations to study
the interaction of PSI from T. elongatus with DDM in solution to
improve our understanding of how the complex is solubilized by
the detergent. The results from MD simulations were compared
to scattering from protein-detergent complexes with and without
detergent contrast-matching, providing detailed structural information on the protein–detergent complex. The results indicate that
the detergent belt around the PSI transmembrane domains is not
consistent with a uniform toroidal structure, as previously suggested [18]. Instead, the monolayer of DDM molecules adopts a
clover-like envelope around the PSI trimer shape. The structural
insight gained not only improves the broader understanding of
membrane protein–detergent interactions, but will also guide
strategies for incorporating PSI into energy harvesting devices.
Materials and methods
Isolation and puriﬁcation of trimeric PSI from T. elongatus
PSI trimers used in this study were obtained from T. elongatus
BP-1 [53]. Cells were grown in a bioreactor and stored at 80 °C

Fig. 1. (A) Crystal structure of T. elongatus PSI monomer (PDB ID: 1JB0) shown stromal side up. (B) Trimeric PSI complex constructed from 1JB0 structure shown lumenal
side up.
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until use for PSI preparation. Trimers were generated from frozen
cell pellets following a protocol similar to that previously established by Fromme et al. [54]. Previous transmission electron
microscopy (TEM) of the complexes puriﬁed in this manner also
conﬁrmed the uniformity and purity of the trimeric PSI nanoparticles [55]. Details of the growth and puriﬁcation methods can be
found in Iwuchukwu et al. [6,55]. Puriﬁed trimers were stored in
20 mM MES buffer with 0.03% DDM of 99.5% purity (GLYCON Biochemicals, D97002-C). The chl a concentration of the PSI trimer
used was 0.59 mg/ml and 0.64 mg/ml in the 18% D2O and 100%
D2O samples respectively.
Analytical procedures
The concentration of chlorophyll a present in the samples was
determined by Eq. (1):

lg chl a
ml

¼ Abs665  13:9

ð1Þ

as in Hall (1999) [56]. The trimer concentration was approximated
by stoichiometric conversion with conversion factors: 893 g chl a
per mol chl a, 96 mol chl a per mol P700, and 3 mol P700 per mol
trimer.
Small-angle neutron scattering
SANS experiments were performed at the Bio-SANS beamline
[57] located at the High Flux Isotope Reactor (HFIR) of the Oak
Ridge National Laboratory. Samples were measured at 20 °C, in
1 mm path length quartz cells (Hellma U.S.A., Plainview, NY). Scattered neutrons were collected with a 1 m by 1 m two-dimensional
(2D) position-sensitive detector with 192 by 192 pixel resolution
(ORDELA, Inc, Oak Ridge, TN). The 2D data were corrected for
detector pixel sensitivity, as well as the dark current, from ambient
background radiation and the detector’s electronic noise. The 2D
reduced data were azimuthally averaged to yield the 1D scattering
intensity I(q) vs. q, where q is described by Eq. (2):

q¼

4p sinðhÞ
k

ð2Þ

and 2h is the scattering angle from the incident beam and k is the
neutron wavelength (6 Å, Dk/k, 0.15%). SANS data were taken at
sample-to-detector distances of 1.1 m, 6.8 m, and 15.3 m for each
sample to cover the expected q-range. The 1D proﬁles from different detector distances were merged to produce a complete scattering intensity plot.
PSI in 0.12% DDM was measured in 18% D2O buffer, the contrast
match point for the detergent [58], and in 100% D2O buffer. Additionally, a PSI-free DDM solution at 0.12% (w/v) was measured in
100% D2O. The corresponding buffers with DDM were also measured for background correction for the PSI-containing samples.
The radius of gyration (Rg) was determined from the Guinier region
of the SANS data with the Guinier approximation [59], Eq. (3):

IðqÞ ¼ Ið0Þe

q2 R2
g
3

ð3Þ

where I(0) is the forward scattering intensity, a shape-independent
function of the total scattering power of the sample. A linear
ﬁt of ln(I(q)) vs. q2 (a Guinier plot) provides I(0) and Rg from the
y-intercept and slope, respectively [60]. The data were processed
using the program package PRIMUS [61].
Shape restoration and MD simulation
The pair distance distribution function (P(r)) analysis of the
SANS data was carried out using the indirect Fourier transform

method implemented in GNOM [62]. The low-resolution shape of
the scattering particles in solution was reconstructed using the
ab initio modeling tool DAMMIF [63] and the SANS data from
q 6 0.1 Å1. The results of 50 runs of DAMMIF were averaged and
the average structure from multiple runs using P3 symmetry for
the trimeric complex [64] was determined using the program
DAMAVER [65]. The program SUPCOMB [66] was used to compare
the crystallographic structure of PSI (PDB ID: 1JB0) [8] with the
model generated from the PSI–DDM SANS data collected in 18%
D2O, and to compare the model generated from the data in 100%
D2O with that generated from the PSI–DDM SANS data collected
in 100% D2O. The resulting overlaid structures were displayed
using VMD [67] and rendered with Tachyon [68].
PSI/DDM models were developed and equilibrated using MD
simulations for comparison to the SANS experimental data using
the crystal structure of the PSI trimer from T. elongatus [69] as a
starting point. For the ﬁrst model (referred to as the DDM ring
model), a toroidal ring of approximately 800 DDM molecules was
built around the transmembrane region of the PSI trimer complex.
A second model was created from this structure by adding an additional 200 DDM molecules into the voids within the PSI trimer in a
bilayer-like conﬁguration, forming a void ﬁlling sheet 5 nm in
height, which is referred to as the void-ﬁlled DDM ring model. Simulations were performed using NAMD [70] with the CHARMM
force ﬁeld developed for biomolecular MD applications [71]. A
set of CHARMM parameters for chlorophyll a (CHLA), beta carotene
(BCR), and the iron–sulfur clusters (SF4), as well as DDM, were
developed using previously published parameters from simulation
studies of CHLA and BCR associated with PSII [72], SF4 from simulations of hydrogenase enzymes [73,74], and DDM [75]. MD simulations of the two models were equilibrated for approximately 5 ns
in a water box using an isothermal–isobaric ensemble. Comparison
of the SANS data with proﬁles calculated from the crystal structure
and the results of MD simulations were performed using
ORNL_SAS [76]. Analysis of the 5 ns equilibrated models revealed
that the simulated ORNL_SAS proﬁles were nearly identical.
Subsequently, a simulation of the void-ﬁlled DDM ring model
was run for 50 ns and the experimental SANS data was compared
against the proﬁle calculated from the model. The MD trajectory
of the 50 ns model was saved every 10,000 steps, resulting in
2500 frames for ﬁnal analysis. All simulations were performed
on the supercomputer Kraken [77] at The National Institute for
Computational Sciences (NICS), co-located at the University of
Tennessee – Knoxville and Oak Ridge National Laboratory
campuses.
Results
SANS analysis of DDM micelles
SANS measurements were performed to characterize the DDM
micelles in the absence of PSI. The SANS data P(r) derived from it
are shown in Fig. 2A and D (red curve), respectively. The radius
of gyration, Rg, of the DDM micelles in 100% D2O was determined
to be 2.04 ± 0.30 nm by the Guinier approximation (Fig. 3A) and
2.03 ± 0.02 nm from the P(r) ﬁtting (Table 1). This result is consistent with the value of 2.01 nm determined by Abel et al. [78]. The
fully extended length of a DDM molecule is 2.3–2.8 nm, determined by Auer et al. [79], suggesting a reasonable micellar structure. The value of Dmax from the GNOM ﬁt is 6.4 nm, which is
greater than twice this length and the P(r) is not symmetric, indicating that the micelles are not spherical. Using the gyration radius
of 2.6 nm to determine the approximate surface area of a spherical
DDM micelle (84.9 nm2) and assuming a DDM monomer head has
the projected area of an ellipse (0.63 nm2, with a = 1.05 nm and
b = 0.76 nm measured in PyMOL [80]) for dense hexagonal-packed
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Fig. 2. Experimental scattering and particle distance distribution functions of SANS samples. (A) 0.12% DDM in 100% D2O. (B) 0.12% DDM and PSI in 18% D2O. (C) PSI in 100%
D2O. (D) P(r) of 0.12% (w/v) DDM in 100% D2O (red curve), PSI with 0.12% (w/v) DDM in 18% D2O (black curve), and PSI with 0.12% (w/v) DDM in 100% D2O (blue curve)
generated with GNOM. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)

Fig. 3. Guinier analysis of (A) 0.12% (w/v) DDM in 100% D2O, (B) PSI with 0.12% (w/v) DDM in 18% D2O, (C) PSI with 0.12% (w/v) DDM in 100% D2O shown with linear ﬁts in the
respective experimental scattering in the low-q regime with qRg < 1.3. All plots are shown with the standard error associated with each point of the respective samples. See
Table 1 for the resulting Rg values and associated error.
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Table 1
Structural parameters of DDM micelles in 100% D2O and PSI in 0.12% (w/v) DDM in 18% and 100% D2O from SANS measurements. Calculated parameter values are shown as the
mean value plus/minus the standard error of the mean of Rg.
Sample

[D2O] (%)

[PSI trimer] (mM)

[DDM] (mM)

Guinier Rg (nm)

P(r) Rg (nm)

Dmax (nm)

DDM only
PSI+DDM
PSI+DDM

100
18
100

0
2.27  103
2.48  103

2.35
2.35
2.35

2.04 ± 0.30
7.79 ± 2.86
9.49 ± 2.32

2.03 ± 0.02
7.59 ± 0.09
9.31 ± 0.11

6.4 ± 0.5
21.5 ± 1.0
28.0 ± 1.0

headgroups ðg ¼ 2pp ﬃﬃ3Þ yields an aggregation number of 122 DDM
molecules. Our measured aggregation number for the DDM
micelles is consistent with previously reported values [81–87].
This aggregation number yields a micelle concentration of
1.79  102 mM (2.18 mM DDM in micelles) calculated from Eq.
(4):

½total detergent ¼ ½monomer þ ½micelles  ANDDM

ð4Þ

where [total detergent] = 2.35 mM DDM, [monomer] = [CMC] =
0.17 mM DDM, and ANDDM = 122 monomers per micelle.
SANS analysis of PSI
The SANS data collected for the PSI–DDM sample in 18% D2O,
the contrast match point for DDM, are shown in Fig. 2B and represent the scattering proﬁle of PSI alone. The P(r) is shown in Fig. 2D.
The Rg of PSI/DDM in 18% D2O, presented in Table 1, are
7.79 ± 2.86 nm from Guinier analysis (Fig. 3B) and 7.59 ± 0.09 nm
from P(r) ﬁtting, and agree well with each other. The P(r) curve
has an asymmetric shape similar to those previously reported for
membrane proteins [75,76]. It has a peak at 8.6 nm and trails to
a maximum particle size, Dmax of 21.5 nm ± 1.0, suggesting a
disk-shaped structure [14,88,89]. These dimensions are in good
agreement with the crystal structure trimer (PDB ID: 1JB0) [8].
Interaction of PSI and DDM
The structure of the PSI–DDM complexes and the interactions
between the two components of the mixture were probed by collecting scattering data for PSI with 0.12% (w/v) DDM in 100%
D2O, which is shown in Fig. 2C. At 100% D2O there is maximum
contrast between both PSI and DDM and the solvent and scattering
results from both protein and detergent. The Rg of the protein–
detergent complexes was determined by Guinier analysis
(Fig. 3C) of the experimental scattering and by using the program
GNOM, yielding Rg values of 9.49 ± 2.32 nm and 9.31 ± 0.11 nm,
respectively. The P(r) curve has an asymmetric parabolic shape
and peak at 10.1 nm that tapers off at longer distances, which is
suggestive of a disk-like structure [14,90], a Dmax of
28.0 ± 1.0 nm, and a shoulder feature at short vector lengths below
5 nm. In Table 1, the Rg value for PSI in 0.12% (w/v) DDM and 100%
D2O as determined by both Guinier analysis (9.49 ± 2.32 nm) and
P(r) analysis (9.31 ± 0.11 nm) is larger than the value of a 7.7 nm
in the DDM contrast-matched sample at 18% D2O. A change in
the Dmax from PSI/DDM at 18% and 100% D2O by 6.5 nm from
P(r) is slightly larger than the expected size change for twice the
fully extended length of a DDM molecule, approximately 5 nm.
These values support the existence of detergent around the periphery of the trimer, surrounding the trans-membrane alpha-helixes
that have also been seen in other studies [18,91–95].
The aggregation number for the PSI/DDM complex was estimated by assuming the complex is roughly a squat cylinder (made
up of two concentric cylinders, the inner of which is PSI and the
outer is a toroidal band of DDM) and that the DDM exists with
the hydrophilic head groups closed packed on the periphery of
the cylinder. The geometry of the cylinder was determined using
the radius (13 nm) calculated from Rg of the PSI–DDM complex
and a height excluding the stromal hump of 6.7 nm (height of

the crystal structure of the PSI trimer transmembrane-spanning
domain as measured by PyMOL). These radius and height values
were used to calculate the approximate surface area of the periphery of a cylindrical PSI trimer-DDM complex (547 nm2). The number of DDM monomer ‘‘heads’’ around the complex was
determined by assuming a DDM monomer head has the projected
area of an ellipse of 0.63 nm2 (with axes of 1.05 nm and 0.76 nm as
measured in PyMOL). It was further assumed that the monomer
heads are packed in a dense hexagonal pattern around the periphery of the cylindrical complex ðg ¼ 2pp ﬃﬃ3Þ. This procedure yields an
aggregation number of 792 DDM molecules per PSI trimer. The
concentration of micelles was calculated using Eq. (5):

½total detergent ¼ ½monomer þ ½PSI  ANDDM—PSI
þ ½micelles  ANDDM

ð5Þ

where [total detergent] = 2.35 mM DDM, [monomer] = [CMC] =
0.17 mM DDM, [PSI] = 2.48  103 mM PSI trimer, ANDDM–PSI = 792
DDM monomers per trimer, and ANDDM = 122 monomers per
micelle. The resulting concentration of DDM complexed with PSI
([PSI]  ANDDM–PSI) is 1.95 mM and that of detergent molecules in
micelles ([micelles]  ANDDM) is 0.23 mM. This yields a free micelle
concentration of 1.85  103 mM. The free micelle concentration in
the PSI–DDM sample was therefore about 10% of that in the DDMonly sample (1.79  102 mM free micelles). The resulting distribution of DDM monomer is 83% associated with PSI trimers, 10% in
micelles, and 7% in non-associated monomer. For this reason, we
used a monodisperse arbitrary particle model for calculating the
distribution P(r) and, in the following simulations, modeled only
the PSI/DDM complexes. This effectively assumes that the scattering due to the DDM micelles is negligible relative to that of the
PSI/DDM complexes.
To visualize the structure of PSI in DDM, shape restoration was
performed using DAMMIF from the SANS data for q 6 0.1 Å1. The
superposition of the average structure at 18% D2O with the crystal
structure can be seen in Fig. 4A–C. The reconstruction of PSI–DDM
at 18% (green) appears to be slightly larger than the crystal structure (blue) due to the selected representation, but its Dmax is
22 nm, which is consistent with the expected diameter from
the crystal structure. The reconstruction from the SANS data of
the PSI–DDM complex in 100% D2O (gray) shown in Fig. 4D–F overlaid with the model reconstructed from the SANS data collected in
18% D2O (green) show where the DDM is found around the PSI
structure. The models indicate that DDM exists primarily as a
non-uniform envelope about the periphery of the trimer. The overall structure of the PSI–DDM complex provided by the reconstruction indicates that the DDM is localized around the periphery of
the PSI (visible prominently in Fig. 4D–F) at each PSI monomer lobe
and ﬁlls interstitial spaces between the monomers. There is little
detergent on the stromal and lumenal surfaces, as can be seen in
Fig. 4D–F. Examination of the surface characteristics of the stromal
and lumenal surfaces of the crystal structure using VMD shows no
signiﬁcant hydrophobic patches on these surfaces, consistent with
minimal coverage of detergent there. Examination of the transmembrane regions of the trimeric crystal structure revealed a uniform distribution of hydrophobic alpha-helices around the
periphery of the complex, which is consistent with the distribution
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Fig. 4. Dummy-atom reconstruction of PSI trimer with DDM in 18% and 100% D2O buffer using DAMMIF. (A), (B), (C) Stromal side up, lumenal side up, and side views of the
trimeric crystal structure (blue) superimposed with the reconstruction of PSI–DDM at 18% D2O (green), respectively. (D)–(F) Stromal side up, lumenal side up, and side views
of PSI–DDM at 18% D2O reconstruction (green) superimposed with PSI–DDM at 100% D2O reconstruction (gray), respectively. (For interpretation of the references to color in
this ﬁgure legend, the reader is referred to the web version of this article.)

Fig. 5. NAMD generated conﬁgurations of (A) starting structure of PSI trimer in DDM ring, (B) PSI trimer in DDM ring after 5 ns equilibration, (C), side view of PSI trimer in
DDM ring after 5 ns equilibration, (D) starting structure of PSI trimer in DDM ring with DDM in interstices of PSI trimer, (E) PSI trimer in DDM ring with DDM in interstices of
PSI trimer after 5 ns equilibration, (F) side view of PSI trimer in DDM ring with DDM in interstices of PSI trimer after 5 ns equilibration, (G) PSI trimer in DDM ring with DDM
in interstices of PSI trimer after 50 ns equilibration, and (H) side view of PSI trimer in DDM ring with DDM in interstices of PSI trimer after 50 ns equilibration. All views are
shown with the lumenal side of protein complex facing up.

of detergent molecules within the interstitial spaces of the monomers and on the exposed outer surfaces.
Atomic-resolution PSI/DDM models were developed and equilibrated using MD simulations for comparison to the SANS

experimental data. The starting structure of the DDM ring model
and the void-ﬁlled DDM ring model can be seen in Fig. 5A and D,
respectively. After 5 ns of equilibration for each of the models,
the detergent molecules evolved to a less uniform belt around
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the protein and detergent molecules began to move into the interstitial spaces between the monomers (not shown). The resulting
equilibrated structures were then used to generate theoretical
scattering curves using ORNL_SAS for comparison with the SANS
data. The model proﬁles calculated from the two 5 ns-equilibrated
models were nearly identical when superimposed (not shown).
Due to the near identity of the two models, the void-ﬁlled model
was used for a subsequent 50 ns equilibration. The averaged RMSD
of the C-alphas of each PSI monomer generated from the simulation starting structure for the void-ﬁlled model after 50 ns is
shown in Fig. 6.
The quality of the ﬁt of the ﬁnal model and the degree to which
the ‘‘monolayer belt’’ model contributes to the calculated SANS
proﬁle can be seen in Fig. 7. Fitting the theoretical scattering curve
of only the crystal structure trimer of PSI (PDB ID: 1JB0) (Fig. 7,
green curve) yields a v2 value of 8.85, compared to v2 = 3.83 for
the ﬁnal void-ﬁlled PSI–DDM model (red curve). This result supports the requirement of reconstructing the PSI trimer complex
with detergent around the membrane-spanning domains to
account for the increase in particle diameter indicated by the measured SANS data. Taken together with the DAMMIF reconstruction
(Fig. 4D–F), the results suggest that the idealized geometry of the
detergent ring encapsulating the hydrophobic regions of the protein used as the starting point for the simulations is a simpliﬁcation that does not fully represent the interaction of DDM with
PSI trimers. It should be noted that the modeled belt of detergent

has become less uniformly distributed around PSI as the simulation
progressed in time (compare Fig. 5E and F with G and H). With
longer simulations the non-uniformity could develop into a more
lobed structure, with the detergent concentrated around the lobes
of PSI, giving a larger maximum diameter.
Conclusions
The solution structure of detergent-associated PSI preparations
was investigated by SANS analysis and produced results that have
not been seen previously. Analysis and modeling of the data with
and without the scattering contribution of DDM suggests that the
detergent exists primarily as a belt surrounding the transmembrane domains of the protein complex. To explore this further,
atomistic MD simulations of a DDM detergent-PSI model were
performed. The SANS proﬁles calculated from the resulting
models demonstrate that the inclusion of a detergent belt around
PSI results in a structure more consistent with the experimental
data but indicate that the models fail to reproduce key structural
features of the DDM distribution around the protein complex.
This study provides important insights into properties of PSI
from the thermophile T. elongatus in solution with detergent that
can be utilized in designing solutions possessing minimal aggregation for energy converting applications that could lead to
enhanced operation and longer useful lifetimes. Additionally,
the results provide new information about how detergent
surrounds membrane proteins, which will be key for understanding how these detergent/protein complexes can interact with
other proteins or surfaces to form conjugate structures for energy
applications, such as protein fusions [7,26,96] or surface attachments [20–22,97]. The often-seen schematics of membrane
proteins suspended in solution within a uniform detergent
structure are an idealization and oversimpliﬁcation, as the results
presented here demonstrate.
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Fig. 6. C-alpha RMSD values versus time of void-ﬁlled model simulation after 50 ns.
This curve was generated from the simulation starting structure.

Fig. 7. Comparison of PSI/DDM in 100% D2O experimental scattering data (black)
and ORNL_SAS ﬁt simulation of NAMD constructed void-ﬁlled DDM ring model
(red). The trimeric crystal structure of PSI (PDB ID: 1JB0) was ﬁt for comparison to
theoretical scattering of the model reconstruction (green). (For interpretation of the
references to color in this ﬁgure legend, the reader is referred to the web version of
this article.)
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