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ARTICLE INFO ABSTRACT

Keywords: The use of styrene-maleic acid copolymers (SMAs) to produce membrane protein-containing nanodiscs without
Photosystem I (PS_U o ) the initial detergent isolation has gained significant interest over the last decade. We have previously shown that
Styrene maleic acid lipid particle (SMALP) a Photosystem I SMALP from the thermophilic cyanobacterium, Thermosynechococcus elongatus (PSI-SMALP), has

Small angle neutron scattering (SANS)

Lipidomics much more rapid energy transfer and charge separation in vitro than detergent isolated PSI complexes. In this

study, we have utilized small-angle neutron scattering (SANS) to better understand the geometry of these
SMALPs. These techniques allow us to investigate the size and shape of these particles in their fully solvated
state. Further, the particle's proteolipid core and detergent shell or copolymer belt can be interrogated separately
using contrast variation, a capability unique to SANS. Here we report the dimensions of the Thermosynechococcus
elongatus PSI-SMALP containing a PSI trimer. At ~1.5 MDa, PSI-SMALP is the largest SMALP to be isolated; our
lipidomic analysis indicates it contains ~1300 lipids/per trimeric particle, >40-fold more than the PSI-DDM
particle and > 100 fold more than identified in the 1JBO crystal structure. Interestingly, the lipid composition
to the PSI trimer in the PSI-SMALP differs significantly from bulk thylakoid composition, being enriched ~50 %
in the anionic sulfolipid, SQDG. Finally, utilizing the contrast match point for the SMA 1440 copolymer, we also
can observe the ~1 nm SMA copolymer belt surrounding this SMALP for the first time, consistent with most
models of SMA organization.

1. Introduction cyanobacteria convert sunlight into chemical energy, fueling all life on
earth. The initial capture of photonic energy and conversion to electrical
Oxygenic photosynthesis is the process by which plants, algae and energy, termed the light reactions, occur in galactolipid rich membranes
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called thylakoids. In plants and algae, these membranes reside within an
organelle called the chloroplast, resulting from the endocytosis of a
cyanobacteria. In other words, cyanobacteria are the ancestors of the
chloroplast. Over the course of this evolution, the architecture of the
thylakoid membranes and the proteins embedded within them have
changed to suit the needs of the organism, as life proceeded onto land.

Across these kingdoms, oxygenic photosynthesis occurs in concert
among variants of the following four protein complexes: photosystem II
(PSII), cytochrome bgf, photosystem I (PSI), and ATP synthase. From
cyanobacteria to plants, these protein complexes have remained rela-
tively unchanged considering oligomeric states of their individual do-
mains, with the exception of PSI. PSI exists as a trimer in cyanobacteria
[1], displaying 3-fold radial symmetry, and as a monomer in plants and
algae. Recently, PSI has been shown to exist as a tetramer in heterocyst
forming cyanobacteria, which has been proposed to be an intermediate
state in the monomerization of PSI [2]. This dynamic evolutionary his-
tory has led to speculation as to how these structural differences affect
the overall function or activity of PSI in vivo, and further, how various
extraction methods may alter this activity in vitro through modification
of the thylakoid lipid environment [3].

Within the trimeric PSI complex from Thermosynechococcus elongatus
(Te), each monomer is ellipsoidal in shape, with near 2-fold symmetry
between the core protein subunits PsaA and PsaB [4]. These core sub-
units each contain 11 transmembrane helices, and bind nearly all of the
96 chlorophyll molecules responsible for funneling light energy to the
reaction center, where charge separation occurs [5]. This complex is
comprised of 12 protein subunits, PsaA, B, F, I, J, K, L, M, and X
contributing to a total of 32 transmembrane helices, with PsaC, D, and E
being bound to the stromal surface in the middle of the monomeric
ellipsoid, toward the center of the trimer [5,6]. The latter 3 subunits are
often referred to as “the stromal hump” and protrudes ~30 A into the
stroma, whereas the converse (lumenal) face is relatively flat, with a ~
30 A indentation in the center [6]. This indentation occurs within the
region of the reaction center, possibly to facilitate reduction of the re-
action center by the soluble electron carrier cytochrome cg, following a
photooxidation event. In a seminal cryo-EM study from 1994, Boekema
et al. show that upon dissociation of cyanobacterial PSI trimers into
monomers using detergents, the outer contour of cyanobacterial PSI
monomers differs greatly depending on the solubilization conditions.
The authors posit that these structural changes are caused by differing
lipid:detergent ratios in the proximal environment of the monomers [6].
Seven years later, Jordan et al. report 4 lipid molecules in the crystal
structure of trimeric PSI from Te, near the core of the PSI complex. This
coupled with the binding of an antennae chlorophyll molecule by one of
these lipids, suggest that these lipids are not merely artifacts arising from
sample preparation, but are integral and important to the function of the
PSI complex [5].

Cyanobacterial thylakoid membranes are primarily composed of the
following four lipids: monogalactosyldiacylglycerol (MGDG), diga-
lactosyldiacylglycerol (DGDG), sulfoquinovosyldiacylglycerol (SQDG),
and phosphatidylglycerol (PG), at ~45 %, 25 %, 15-25 %, and 5-15 %,
respectively [7,8]. The predominant lipid in these membranes, MGDG, is
unusual in that it is an example of a Hy-phase forming lipid, in part due
to the high degree of unsaturation within the acyl chains. MGDG is a
very prevalent polar lipid in all phototrophs and has been described as
the most abundant polar lipid in nature [9]. The interaction of mem-
brane proteins and lipids can be highly specific and have been shown to
be critical in the overall function and structural integrity of bioenergetic
protein complexes, such as PSI and PSII, as well as ion channels and
receptors [10].

In PSII from Te, anionic lipids PG and SQDG are found only in
pockets containing positively charged residues, mainly Lys and Arg,
whereas negatively charged Glu and Asp bind MGDG and DGDG. These
bound lipids are present at the interface of the dimeric PSII complex, a
dynamic interface that is required to associate and dissociate rapidly to
allow for the exchange of individual core subunits. Additionally, nearly
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1/3 of the chlorophyll molecules in Te PSII are coordinated at their
chlorin ring by a lipid molecule [8]. This coordination of pigment
molecules by lipids is also reported in the light harvesting 2 complex
(LH2) of Rhodobacter sphaeroides. Upon insertion into lipid nanodiscs,
the rate of energy transfer between two highly coordinated bands of
bacteriochlorophyll increased 30 %. The authors suggest that the lipids
serve to orient the pigment molecules for optimal energy transfer [11].
The nanodiscs used in this study are comprised of synthetic lipids meant
to mimic the target membrane and are bound by membrane scaffolding
proteins, such as originally described by Bayburt et al. in 2002 [12].
While this approach does demonstrate the importance of lipids on the
function of membrane proteins, it still requires the protein to be initially
solubilized in detergent prior to reconstitution and insertion into the
nanodiscs. In light of these drawbacks, a new technique utilizing
amphiphilic copolymers, such as styrene maleic acid (SMA), have gained
considerable interest over the last decade as an alternative to detergent
solubilization. This process yields protein nanodiscs while retaining the
native lipid environment surrounding and throughout membrane pro-
tein complexes, preserving more native function in solution [13]. These
particles are referred to as SMA lipid particles, or SMALPs, and for
comprehensive reviews into the current capabilities in this burgeoning
field, please refer to Overduin and Esmaili, 2019 [14], and Unger et al.,
2021 [15]. We have previously shown that SMA 1440 from Cray Valley
(now part of Polyscope) is most efficient in solubilizing thylakoid
membranes from Te [3]. Though the vast majority of SMALP studies use
copolymers that are 2:1 or 3:1 [16], the styrene to maleic acid ratio (S:
MA) of SMA 1440 is reported as 1.5:1. However, we previously deter-
mined the ratio to be closer to 1.21:1 by NMR [17], and approximately
37.5 % of the carboxylates in SMA 1440 have been esterified with
butoxyethanol (Fig. 1), further increasing its hydrophobicity and
potentially allowing for favorable interaction with galactolipid rich

Fig. 1. Structure of SMA 1440 copolymer used in this work. The ratio of sty-
rene to maleic acid groups is 1.5 and 72 % of the maleic acid groups have been
functionalized with butoxy-ethanol following hydrolysis with ammo-
nium hydroxide.



N.G. Brady et al.

membranes, by mechanisms yet to be fully understood [3].

Here, we report the dimensions of trimeric PSI from Te, the largest
SMALP to be reported to date, determined by small angle neutron
scattering (SANS) techniques. The ability to examine protein structure at
room temperature using SANS allows for an ensemble measurement to
be conducted across the natural dynamics of soft matter at physiological
temperatures, potentially giving a more accurate sense of protein overall
particle dimensions, as opposed to movement constraints caused cryo-
genic temperatures in typical EM studies [18]. Previously, small-angle
X-ray scattering (SAXS) of SMA particles free in solution, in the
absence of lipid or protein, suggest that SMA copolymers form prolate
ellipsoidal (egg shaped) particles, with SMA 1440 particles 80-100 Ain
maximum diameter, ~40-60 % larger than non-esterified SMA formu-
lations [19]. The addition of this ester group has been shown to increase
the rate of SMA 1440 partitioning to the air-water interface, compared
to the same backbone copolymer without the ester group [20]. Recent
neutron reflectivity studies suggest that galactolipid rich monolayers
allow for deep insertion of styrene and butoxyethanol portions of SMA
1440 into the hydrophobic tail region of the lipids [20]. Once formed,
PSI-SMALP from Te have demonstrated a 3 nm red-shift in chlorophyll
fluorescence, suggesting a more native orientation of the chlorophyll
antennae within the PSI, as well as faster reduction kinetics following a
photooxidation event [3]. The latter observation may be related to an
ultra-fast charge separation event that has been observed within PSI-
SMALP by transient absorption femtosecond spectroscopy. This study
shows a 1000 fold increase in the charge separation event of PSI-SMALP
(~80 fs) over detergent solubilized complex (36 ps) [21]. Using the
powerful tools of contrast variation and matching available only to
SANS, we present here a detailed dimensional analysis of the ~1.47 MDa
PSI-SMALP [3], breaking it into its individual components of protein
core, lipid annulus and copolymer or detergent micelle layers (for PSI-
DDM control).

Contrast variation in SANS experiments is achieved through exploi-
tation of the large variation in scattering length density between the
hydrogen atom and its heavy isotope deuterium. By varying the amount
of D50 in the solvent, one can take advantage of contrast match points,
which correspond to the fraction of D>0 in the solvent at which various
system components (i.e. protein, lipid, polymer or detergent) effectively
become “invisible” to the neutron beam [22-24]. Utilizing this
approach, along with supporting analyses including NMR and cryoEM,
Jamshad et al. demonstrated in 2015 that in SMALPs without protein,
the styrene moiety interacts directly with the acyl chains of the lipids
and the SMA forms a belt ~9 A in thickness around the particle [25].
Similarly, following determination of the contrast match point of SMA
1440 at ~27 % D»0, we report here a SMA polymer belt around PSI-
SMALP ~10 A in thickness, wrapping a discoidal particle ~354 A in
diameter. Using the previously determined contrast match point of DDM
at 18 % D,0, we determine PSI-SMALP is ~30 % larger than PSI-DDM
[26,27]. We also discovered the ability of Te to survive growth in up
to at least 70 % D,O, allowing for in vivo labeling of lipids and PSI
trimer, significantly lowering incoherent scattering in SANS analyses
and afford opportunities to exploit contrast variation to study different
component selectively (Fig. 2).

2. Materials and methods

2.1. Growth conditions and in vivo D20 labeling of Thermosynechococcus
elongatus

Te was cultured in BG-11 medium at 45 °C in an airlift bioreactor.
The flat panel bioreactor (Photon Systems Instruments) was illuminated
with 50 pmol photons m ™! s7! of both red (~680 nm) and full spectrum
white LEDs. Cells were harvested at OD ranging from 0.8 to 1.2 in late
log phase. The cells were pelleted at 10,000 x g and stored at —80 °C
prior to thylakoid membrane isolation. To improve contrast for SANS
experiments, Te was also grown in deuterated BG-11 medium with up to
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Fig. 2. Growth Curve of Te in D,O. OD corresponds to absorbance measure-
ments made at 680 nm. Percentages of D,O in the BG-11 medium are as follows:
0 % (blue), 50 % (red), 60 % (green), and 70 % (purple). PSI grown in BG-11
containing 70 % D20 was used for this study.

in 2 L bottle cultures. In this case, the Te cells were acclimated to
increasing levels of deuterium oxide in the BG-11 medium, up to a
maximum 70 % (v/v) D,0.

2.2. Isolation of thylakoid membranes

Thylakoid membranes were isolated from Te as previously described
[3]. Briefly, cells being prepared for detergent solubilization with DDM
were brought up in Buffer D (50 mM MES-NaOH, pH = 6.5, 5 mM CaCls,,
10 mM MgCly). Cells being prepared for solubilization with SMA
copolymer were brought up in Buffer S (50 mM Tris-HCl, pH = 9.5, 125
mM KCI). Chlorophyll concentration was determined using established
protocols [28]. Cells were diluted to 1 mg/mL chlorophyll in their
respective buffers plus 500 mM sorbitol for cell lysis. The cells were
lysed 3 times using a French press at 1.8 x 108 Pa. The lysate was then
spun at 10,000 xg for 10 min to pellet unbroken cells. The thylakoid
membrane rich supernatant was then pelleted following a spin at
180,000 x g for 30 min. These thylakoid membrane pellets were then
washed by resuspension in their respective buffers and Dounce ground
glass homogenization 3 times prior to solubilization.

Solubilization of PSI complexes with DDM detergent and SMA
copolymer.

Washed thylakoid membranes, at a concentration of 1.0 mg/mL
chlorophyll, were solubilized with DDM and SMA in their respective
buffers. For detergent solubilization, 0.6 % (w/v) was added to the
thylakoid membrane suspension and incubated at 25 °C in a circulating
water bath for 1 h. The SMA solubilization was carried out with 1.7 %
(w/v) SMA copolymer and incubated at 40 °C for 3 h, with gentle
agitation (250 rpm on an orbital shaker table).

2.3. SDS-PAGE

Sodium dodecyl sulfate—polyacrylamide gel electrophoresis
(SDS-PAGE) analysis was performed using a sample solubilization
buffer containing 350 mM dithiothreitol and 4 % SDS. The samples were
heated in a 65 °C water bath for 9 min prior to loading onto a 4-20 %
Bio-Rad pre-cast gel and then stained with CBB. The gel was then imaged
using a Bio-Rad ChemiDoc MP gel imaging system. The MW standards
used were Bio-Rad Precision Plus Protein Unstained Standards.

2.4. Small angle neutron scattering

The SANS experiment was performed at the Bio-SANS instrument at
the High Flux Isotope Reactor (HFIR) of Oak Ridge National Laboratory
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[29]. A single instrument configuration with the small-angle detector at
15.5 m and the wide-angle detector at 1.3 m to the sample was used to
collect the data within the scattering vector Q range needed. Q = 4nsin6/
2, where 20 is the scattering angle, X is the wavelength, set to 6 A with
the wavelength spread AA/A = 15 %. All samples were measured in
round quartz cells (Hellma USA, Plainview, NY) with a path length of 1
mm on a temperature-controlled sample holder. The SANS data were
corrected for instrument dark current, detector sensitivity, detector ge-
ometry, incident beam normalization, sample transmission, and solvent
background by using the facility supplied data reduction software
Mantid. The resulting curves were then inspected using PRIMUS soft-
ware, within which the radius of gyration (Rg) and maximum particle
diameter (Dyax) were then determined using the inverse Fourier
transform method, carried out in GNOM [30,31].

To determine the contrast match point (CMP) of SMA 1440, equal
amounts of the copolymer were analyzed by SANS at ratios of 24 %, 33
%, 43 %, 58 %, and 70 % D20 (v/v) in the sample buffer. The CMP of
SMA 1440 was found by plotting the square root of the intensity over the
fraction of D20 in the buffer. The X-intercept of the linear regression
analysis, which corresponds to the CMP, comes out to 26.6 % (Fig. 3).
The samples were subjected to the beam for ~3 h each. Following data
averaging and background subtraction, the quality of the SANS data can
be assessed by plotting the scattering intensity (I) against scattering
angle (Q) in a double logarithmic scale (Figs. 4A and B). Solution scat-
tering techniques, such as SANS and SAXS, require the particles to be
monodisperse. The Rg can be determined from the slope of the linear
regression, as previously discussed in the literature [30,31].

2.5. Laser flash photolysis

The samples for flash photolysis were measured at 10, 30, and 90 pg/
mL Chl a using a Joliot-type spectrophotometer (JTS-100) [32]. Total
Chl a extractions were performed on PSI-DDM and PSI-SMALP with 90
% methanol (as previously described) [28]. At time equal to zero, all
P700 in the sample is oxidized by a bright actinic flash and the Absg;(
results from the production of P700*. This photooxidized species is then
rapidly reduced back to P700 by 2,6-Dichlorophenolindophenol
(DCPIP). Upon photoexcitation, PSI becomes oxidized and the absor-
bance of 830 nm light disappears. As PSI becomes reduced, the absor-
bance signal of 830 nm returns. The rate at which this occurs can be
plotted and rate constants can be determined. Reduction kinetics of
P700 reaction center within PSI by various ratios of native cytochrome
ce soluble electron carrier and bovine cytochrome were measured for
PSI-DDM and PSI-SMALP. Observed reduction rate constants (Kops) are
plotted along with residuals, and the associated rate constants were
calculated. Fitting was done with a single exponential decay in Prism 9.

1.0
0.8

0.6+
0.4+

Y =1.898x - 0.5051

03 04 05 06 0.7 0.8

Square Root of Intensity

0.6 D,0 Volume Fraction

Fig. 3. Small angle neutron scattering intensity of SMA 1440 at various D,O
volume fractions. The Y-intercept corresponds to the contrast match point of
SMA 1440.
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2.6. Tandem mass spectrometry lipidomics

Mass spectrometry on a Xevo TQ-S (Waters Co., Milford, MA) was
used to analyze the intact lipids by direct infusion with precursor and
neutral loss scans, using the scans shown in Table S1. Data were pro-
cessed as described by Xiao et al. (2010) [33]. Except as noted for SQDG,
internal standards were detected by the same scan as the analytes.
Response factors were applied to the MGDG and DGDG analyses to
correct for differences in the response of the mass spectrometer to un-
saturated galactolipid species compared to the saturated internal stan-
dards. In addition, because the samples contained molecular species that
were the same as the internal standards, the samples were analyzed with
and without the internal standards, and ratios among peak intensities in
the two analyses were used to correct the internal standard intensities
and calculate the amounts of the naturally occurring lipids that matched
the internal standards.

3. Results and discussion

Initially, we used SANS with contrast variation to determine the
contrast match point (CMP) of SMA 1440 at ~27 % D0 as described in
the Materials and Methods. The CMP for DDM has been identified pre-
viously by a similar approach to be 18 % D20 [27]. SANS measurements
of PSI-SMALP and PSI-DDM were then performed in full contrast and at
CMP conditions for DDM and SMA 1440 (Fig. 4A, B). The mono-
dispersity of our samples are confirmed by Guinier analysis, where a
linear response is shown in the Guinier region, which is defined as the
portion of the scattering curve at which QRg < 1.3 when the scattering
data is plotted as Ln(I(Q)) versus Q2 (Figs. 4C and D) [30,31].

The radii of gyration for PSI-DDM and PSI-SMALP at full contrast and
at the respective CMPs for DDM and SMA 1440 are shown below in
Table 1. From the linearity of the Guinier fit, we ruled out the possibility
of coexistence of different oligomers such as dimer and trimer. For the
purposes of this investigation, the core represents the PSI trimer and any
retained thylakoid lipids, and the shell represents the contribution of the
DDM toroid or SMA copolymer belt surrounding the particle, to the
neutron scattering profile. To achieve full contrast, protiated PSI (hPSI)
was measured in 100 % D20 in the case of PSI-DDM, and reciprocally,
deuterated PSI (dPSI) was measured in 100 % H5O for PSI-SMALP.
Isotopic effects between dPSI and hPSI were minimal, as demonstrated
by the comparable Rg values for hPSI-DDM and dPSI-DDM at 18 % D20
(Table 1). Further, the R; values for PSI-DDM agree with previously
published results, which report 77.9 and 94.9 A for PSI-DDM at 18 and
100 % D,O, respectively [27]. Therefore, outside of Table 1 and the
Fig. 4 legend, these samples will be referred to as simply “PSI-DDM” and
“PSI-SMALP,” for clarity.

In similar fashion, we next performed a pairwise distance distribu-
tion analysis (also referred to as P(R) analysis) to obtain Dyax for PSI-
DDM and PSI-SMALP at their respective CMP and full contrast
(Figs. 4E & F). The slightly asymmetrical shape and of these curves
suggests an elongated shape, such as a oblate ellipsoid (egg shaped) or
discoidal in geometry as we would expect, with PSI-SMALP displaying
more exaggerated features in this region at high R (Fig. 4F) [19]. The
maximum dimension (Dyax) of these P(R) curves is another approach to
estimate the overall particle size and as we would expect, they shift to
higher R in full contrast than in DDM or SMA-contrast matched condi-
tion. The x-intercept at high R corresponds to the Dyax of PSI-DDM
(Fig. 4E) and PSI-SMALP (Fig. 4F). The results are highly consistent
with our recent results with TEM imaging of PSI-SMALPS which
observed a larger particle diameter for the PSI-SMALP particles (34.7
nm) than the PSI-DDM particles (21.5 nm) [17].

Using Dyax of these particles at full contrast and at their corre-
sponding CMPs, we can build a detailed model depicting the dimensions
of PSI-DDM and PSI-SMALP (Fig. 5). These data support previous find-
ings that SMA forms a tight belt, ~10 A in thickness with very little
protrusion from the particle. Conversely, the difference in Dyax between
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Fig. 4. SANS analyses of PSI-DDM (A, C, and E) and PSI-SMALP (B, D, and F). (A) SANS curves of dPSI-DDM at 18 % D20 (green) and hPSI-DDM at 100 % D20
(blue), (B) SANS curves of dPSI-SMALP at 27 % D20 (green) and dPSI-SMALP at 100 % H20 (blue). (C) Guinier analysis of hPSI-DDM at 100 % D20 (blue) and dPSI-
DDM at 18 % D20 (green). (D) hPSI-SMALP at 100 % D20 (blue) and dPSI-SMALP at 27 % D20 (green). For C and D, linear trend lines (black) are superimposed over
square data points. (E) Pairwise distance distribution analysis of dPSI-DDM at 18 % D20 (green) and hPSI-DDM at 100 % D20 (blue), and (F) dPSI-SMALP at 27 %

D20 (green) and dPSI-SMALP at 100 % H20O (blue).

Table 1

Radii of gyration for PSI-DDM and PSI-SMALP by SANS at respective CMPs and

at full contrast.

Protein Percent R, (error, QRg (limit Comments
condition D50 (v/v) ;\) < 1.3)
90.04 Overall structure of
hPSI-DDM 100 (0.91) 1.26 purified PSI + DDM
73.49 PSI only, DDM is
hPSI-DDM 18 (3.87) 1.25 contrast matched
72.37 PSI only, DDM is
dPSI-DDM* 18 (0.86) 1.06 contrast matched
101.9 PSI + lipids + SMA
dPSI-SMALP 0 (4.44) 1.06 copolymer belt
dPSI- 112.36 PSI + lipids only, SMA
SMALP* 27 (4.38) 1.23 is contrast matched

* dPSI at contrast match point of shell provides improved contrast between
protein and buffer.

PSI-DDM measured at full contrast and 18 % CMPppy is much more
significant, at 29 A. This is reasonable when you consider the architec-
ture of the toroid (Fig. 5, inset), where the detergent layer will extend
the full length of the DDM detergent molecule. At the same time, the
particles in PSI-SMALP are significantly larger than PSI-DDM, regardless
the contrast conditions measured. The increased size of PSI-SMALP is
shown here to be due to retained native lipids, as is widely reported in
the literature to be the case with SMALPs [3,34-36]. Indeed, we confirm
this to be the case with trimeric PSI from Te as well by tandem mass
spectrometry. The subunit profiles of PSI-DDM and PSI-SMALP used in
these lipidomics experiments are similar to previous reports [3] and
confirm the presence of all major subunits for both sample preparations
(Fig. 6). All four thylakoid lipids are enriched in PSI-SMALP, with fold
increases of 20 for DGDG, 37 for MGDG, 18 for PG and 60 for SQDG
compared to PSI-DDM (Table 2). These lipid species are reported as
nanomoles lipid per mg PSI protein and the standard deviation (SD) for
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each data point were calculated across three biological triplicate sam-
ples. The SD for each lipid class (i.e. DGDG, MGDG, etc.), as well as total
lipid values for SMALP and DDM preparations, were calculated using Eq.
1.

Total SD = 1/ ( SD,* + SD,> + ...) €h)

As part of SANS data analysis, we attempted to reconstruct the low-
resolution model using ab initio methods such as DAMMIF or DAMMIN
in the ATSAS package. However, the large discoidal shape is known to
pose a challenge for these methods, and no sensible structures were
obtained. All data listed in Table 1, however, can be fit well with simple
elliptical cylinder and discoidal models (Figs. S1 and S2) without ac-
counting for the inhomogeneity in scattering density within a particle, e.
g., between protein and lipids (Tables S2 and S3). With less structural
parameters involved in these simple models, the results provide a robust
approximation on the overall shape only. From these results, the parti-
cles (regardless of being isolated within DDM or SMALP) show a
thickness of about 4-7 nm. This range arises from the inherent ambiguity
of using simple models to describe highly dynamic structures. The only
driving force for fitting here is the chi-square, which has nothing to do
with the physical reality. Future investigations using a physically con-
strained MD simulation model may yield more precision in determining
this Z-dimension. However, with these simple models offering less bias
to the structural results, we can see PSI-DDM fits very well in the dis-
coidal and elliptical models due to its more static nature in the X- and Y-
dimensions, having been stripped of its native membrane environment.
Conversely, the PSI-SMALP shows a larger disparity in its fits due to the
dynamic nature of the lipid annulus. This observation is also supported
by the P(R) analysis, as the symmetric curves for PSI-DDM suggest a
more symmetric particle shape (Fig. 4E) and the curves for PSI-SMALP
are much more extended, presumably suggesting a more extended
membrane sheet, which by its nature would be undulating (Fig. 4F). Rg
as the radius of gyration is a good indicator of size for globular particles.
However, because we are looking at very extended, discoidal structures
that are highly dynamic in solution, P(R) is a much stronger indicator of
size and shape in this case. For this reason, we only discuss Dyax as the
determination of size throughout this work. Being that the two di-
mensions for PSI-SMALP at the CMP and at full contrast are so close,

suggests that SMA belt is tightly wrapped with little protrusion from
particle. How this large lipid annulus undergoes dynamic changes in
solution may be complicated by the native lipid asymmetry in the
thylakoid membrane that might induce some curvature stress upon SMA
solubilization. In addition, the major enrichment in the anionic sulfoli-
pid with the PSI-SMALP compared to the total absences of sulfolipid in
prior DDM isolated forms of PSI [37], may also generate some electro-
static repulsions that might alter the particle dimensions in solution
(Table 2). This enhanced freedom of motion suggests the SMALP pro-
vides a less rigid membrane-mimic for the embedded membrane protein,
an important factor for higher protein activity.

Lipids were quantified using tandem mass spectrometry via com-
parison to internal standards and the protein mass was determined by
bicinchoninic acid protein analysis (BCA). However, our group previ-
ously discovered that the solubilization efficiency of plant thylakoids by
a number of SMA copolymers when determined by protein mass (by
BCA) and pigment content (spectrophotometrically) had a similar trend
but were not exact, for purposes not fully understood [38]. For this
reason, we decided to confirm the ratio of chl:protein between the DDM
and SMALP extracted samples using laser flash photolysis (Fig. 7).

Each PSI monomer contains approximately 112 antennae chloro-
phyll (chl) molecules that are mainly coordinated within core subunits
PsaA and PsaB [39]. Of these 112 spectroscopically identified Chl a
molecules, 96 have been placed in the crystal structure, 1JBO [5]. This
discrepancy of 18 chlorophyll molecules, which equates to a 16.1 % loss,
suggests that these chlorophylls are either lost during detergent isola-
tion, or exist within a less resolved region of the PSI protein structure
and can therefore not be assigned. These Chl a absorb light and funnel
that excitation energy to a uniquely modified duo of Chl a molecules
referred to as the “special pair” or P700, owing from their maximum
absorbance.

Upon receipt of energy from the antennae, a photooxidation event
occurs, converting the photonic energy into an electron that is then fired
through the interior of the protein. The oxidized P700™" also absorbs 810
nm light (Absg1), a signal that is lost as P700" becomes reduced. Using
a technique called flash photolysis, we can determine the number of
active PSI molecules in each sample, as well as the reduction rate
following the photooxidation event (Fig. 7).

The reduction of P700" occurs much slower for PSI-DDM (Fig. 7A)



N.G. Brady et al.

]
)
¥ Qo®
o & &
250
150
PsaA/B Trimer
100
|- PsaA/B Dimer
750 |*
S0 | . ,‘ }PsaA/B
37 ‘| Psal Trimer
Psal Dimer
25 %k %k
20
PsaF
.| Psal
15 ‘ \PsaD
PsaC/K/E
10l : Psal/K/1I/M
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compared to PSI-SMALP (Fig. 7B), as depicted by the more gradual
decay of the Absgy( signal over time. When analyzed with a one phase
decay, a 6-fold increase in Kops for PSI-SMALP reduction rate is observed
over PSI-DDM (Fig. 7C). This enhanced reduction rate of PSI-SMALP by
non-native electron donor horse heart cytochrome c has previously been
shown [3]. The reason for this expedited turnover rate is not completely
understood, however, ultrafast femtosecond transient absorption spec-
troscopy data suggests that the initial charge separation and transfer
event inside PSI may occur faster within SMALP compared to DDM
isolation [21]. This faster cycling of PSI-SMALP through multiple turn-
overs during the 100 ps actinic flash from the JTS-100 may lead to a
faster final reduction of P700™ on the back end of the light pulse. Across
all 3 levels of Chl a tested, the [P700] in PSI-SMALP is approximately 84
% that of PSI-DDM (Fig. 7D). Being that the samples were loaded with
equal total chl, these data suggest that on average 16 % of antennae Chl
a is lost in DDM extraction compared to PSI-SMALP. Interestingly, this
16 % loss agrees with the discrepancies between the previously reported
values of 112 and 96 Chl a molecules per PSI monomer as previously
reported [5,39]. Being that both of these previous investigations used
detergent solubilization, it is possible that this harsh condition de-
stabilizes the reaction center, leading to a loss of Chl a from the
antennae. Table 3 shows the concentrations of both Chl a and PSI for
each of the biological triplicates (for both extraction methods) used for
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Table 2

Lipid totals for PSI-DDM and PSI-SMALP by tandem mass spectrometry.
Lipid (# FA carbons: PSI-DDM PSI-SMALP
# of double bonds)

Lipid/protein SD Lipid/protein SD
(nmol/mg) (nmol/mg)

DGDG (32:0) 0.812 0.917 41.28 17.39
DGDG (32:1) 2.862 1.446 37.52 10.14
DGDG (32:2) 0.029 0.029 0.272 0.053
DGDG (33:0) 0.087 0.101 2.673 0.186
DGDG (33:1) 0.055 0.081 1.837 0.582
DGDG (34:0) 0.188 0.326 8.502 1.713
DGDG (34:1) 2.631 1.568 42.35 16.55
DGDG (34:2) 0.089 0.072 0.779 0.386
DGDG (35:0) 0.046 0.036 0.503 0.179
DGDG (36:0) 0.013 0.021 1.289 0.322
DGDG (36:1) 0.041 0.011 0.746 0.360
DGDG (36:2) 0.017 0.028 0.184 0.130
DGDG (37:1) 0.010 0.003 0.067 0.052
Total DGDG 6.880 2.350 138.0 26.13
MGDG (32:0) 0.460 0.467 25.72 13.27
MGDG (32:1) 2.856 1.268 87.33 37.25
MGDG (33:0) ND NA 1.306 1.190
MGDG (33:1) 0.036 0.062 3.985 1.813
MGDG (34:0) 0.547 0.736 31.77 14.17
MGDG (34:1) 2.938 1.542 105.2 46.53
MGDG (34:2) 0.045 0.020 0.814 0.347
Total MGDG 6.883 2.179 256.1 62.72
PG (32:0) 0.917 0.858 26.03 12.13
PG (32:1) 0.183 0.118 1.526 0.557
PG (34:0) 0.390 0.434 12.18 4.670
PG (34:1) 1.985 1.650 21.44 8.798
Total PG 3.476 1.913 61.17 15.71
SQDG (32:0) 4.693 4.147 340.1 153.6
SQDG (32:1) 0.174 0.109 2.598 1.124
SQDG (33:0) 0.313 0.259 21.50 7.511
SQDG (34:0) 4.779 4.444 327.7 131.1
SQDG (34:1) 2.307 1.768 41.73 17.98
SQDG (36:1) 0.012 0.013 0.530 0.405
Total SQDG 12.28 6.337 734.1 202.8
Total Lipid 29.51 7.354 1189 214.5

the lipidomics analysis in Table 2.

Using the two previously published values of 96 and 112 Chl a
molecules per PSI monomer, we can calculate the presumed concen-
tration of PSI and compare this to the PSI concentration as determined
by BCA protein analysis. In both high and low Chl a cases, the deter-
mination of PSI concentration by pigment content is underestimated for
DDM extracted protein. In the low Chl a case, PSI protein is highly over-
estimated for PSI-SMALP and assuming 112 Chl a molecules, the [PSI]
concentration of PSI-SMALP is only 0.16 % lower for the pigment and
BCA derived values, respectively (Table 4). Assuming the plausibility of
Chl a to be lost and not added by the given extraction method, these data
suggest that there are indeed 112 Chl a molecules per PSI monomer and
further that ~18.5 % Chl a molecules can be lost due to detergent
isolation. These data also support the protein mass as determined by
BCA to scale the lipidomics results shown in Table 2. We have previously
reported the partial loss of PsaF subunit following SMALP extraction [3].
The PsaF subunit is a transmembrane helix that is peripherally associ-
ated to PsaB core subunit and accounts for <5 % of the overall PSI
complex by mass. Te PsaF does not contain the N-terminal extension that
extends out over the solvated portion of the lumenal face of PSI in algal
PSI orthologs [40]. Therefore, we speculate that the partial loss of PsaF
has little effect on the binding of Cu?* ions, thus conferring little change
on the protein measurement by BCA and corroborate the partial loss of
PsaF, though the PsaF band can still be seen at ~17 kDa (Fig. 6). Further,
these data of an 18.5 % loss of Chl a for PSI-DDM agree with the 16.1 %
loss of Chl a in this preparation as determined by flash photolysis
(Fig. 7).

In addition to the greatly increased lipid content of PSI-SMALPs as
compared to PSI-DDM, there are also distinct differences in percent
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Table 3
Pigment and protein concentrations for biological triplicates used in lipidomics
analysis.

Preparation Chlorophyll assay BCA analysis
[Chl] (mg/mL) [PSI] (mg/mL)
1.130 4.37
1.300 5.94

DDM 1.310 6.18
0.102 0.312
0.058 0.174

SMALP 0.123 0.530

Table 4

Percent change between PSI concentrations as determined by Chl a and BCA
analysis.

Preparation  Average Assumed [PSI] by [PSI] by Percent
[chl] Chl a BCA
(mg/mL) # Chla (mg/mL) (mg/mL) Change
Molecules
96 5.34 —2.87
DDM 1.25 112 4.48 5.50 —18.5
96 0.403 19.0
SMALP 0.094 112 0.338 0.338 —0.156

composition regarding degree of saturation, fatty acid length, and lipid
class between the two PSI particles (Fig. 8). Across all three of these
parameters, the standard errors across three replicates are greater for the
DDM preparation as compared to the SMALP preparation. This is likely

due to the relatively few lipids remaining in the PSI-DDM preparation,
and this process of delipidation may be fairly random during detergent
solubilization.

The percent composition for each lipid class was also recorded for
PSI-SMALP and PSI-DDV, confirming considerable differences between
the lipid profiles of both PSI particles, in a side-by-side comparison
without the use of any scaling factors (Fig. 8A). Perhaps most notably,
SQDG is found in far higher quantities in both PSI preparations, which is
in stark contrast to the 15-25 % SQDG in the overall cyanobacterial
thylakoid membrane [7,8]. This increased SQDG content seems to
support recent findings that suggest that this lipid is critical to the
overall function of PSI in different ways. Endo et al. report in 2016 that
SQDG is required for oligomerization of the PSI complex, and the
absence of this lipid causes decreased electron transfer in the phycobi-
lisome antennae complex, as well as decreased and blue-shifted chlo-
rophyll fluorescence (suggesting disturbed chlorophyll orientation
within the protein antennae) in PSI from Te [41]. The indication that
this lipid is so important to the overall function of PSI, coupled with this
significantly elevated level of SQDG in PSI-SMALP suggests that the
proximal membrane environment surrounding PSI is itself enriched in
SQDG, which is therefore being incorporated into the SMALP. Using
dimensional analysis, we can convert these lipid concentrations to
number of lipid molecules per PSI monomer and trimer (Table 5). The
associated standard deviation from the tandem mass spectrometry lip-
idomics analysis were converted in similar fashion, thus relating to a
+/— number of molecules for each lipid in Table 5. Keeping this sig-
nificant difference in lipid quantities between the two preparations in
mind, the major finding shown in Fig. 8B is that PSI-SMALP appears to
be highly enriched in saturated lipids as compared to PSI-DDM. Fatty
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Table 5
Number of lipid molecules for PSI monomer and trimer.

# Lipid molecules per PSI monomer and trimer

Lipid DDM SD SMALP SD
MGDG 2.476 1.109 92.11 31.91
DGDG 2.475 1.195 49.64 13.29
SQDG 4.416 3.223 264.1 103.2
PG 1.250 0.9732 22.00 7.991
Total (monomer) 10.62 3.740 427.8 176.1
Total (trimer) 31.85 11.22 1283 528.4

acid length seems to follow a similar trend between both preparations,
with DGDG preferring two chains of 16 carbon atoms and all other lipid
classes showing a preference for one chain of 16C atoms and one of 18C
atoms (Fig. 8C).

To determine whether these numbers of lipid molecules agree with
dimensions of PSI-SMALP as determined by SANS, we first calculated the
area of the lipid annulus by subtracting the area of two circles. The first
circle corresponding to the cross section of PSI as determined by Dyax of
PSI-DDM at the CMP for DDM (18 % D50, v/v), subtracted from the cross
section of PSI-SMALP at the CMP for SMA (27 % D30, v/v). This
approach calculates the area of the lipid annulus around PSI-SMALP is
~450 nm?. Doubling this area to account for the lipid bilayer and using a
previously determined cross sectional area for compressed cyanobacte-
rial thylakoid lipids of 0.64 nm?, we determine this annulus should
contain ~1400 lipid molecules [42]. This value fits well within our
range of 755-1812 lipids as shown in Table 5.

However, this area calculation suggests a slightly higher number of
lipids molecules than the experimentally determined average, which
may be due to either variations in cross-sectional lipid area or non-lipid
entities being contained in the lipid annulus of PSI-SMALP, the latter
will require further investigations using techniques such as proteomics,
to determine.

Considering recent atomic force microscopy data, trimeric PSI in Te
exists in a uniform array within the thylakoid membrane [43]. Consid-
ering the lipid profiles presented here, the gaps between the PSI com-
plexes appear to be packed with SQDG, giving these patches of
membrane unique protein and lipid identities. This enrichment of SQDG
would have significant effect on the overall electrostatic landscape of
these membrane domains as well, being that this lipid carries a full
negative charge. Bringing these findings together lend further credibility
to a hypothesis we have offered regarding the selectivity of SMA 1440
for trimeric PSI in Te thylakoids. This procedure consistently isolates
trimeric PSI at ~40 % yield and does not extract PSII or any parts of the
cytochrome bgf or ATPase complexes to our knowledge [3]. This
observation led to the hypothesis that if photosystems were laterally
segregated in cyanobacterial thylakoids, this may cause (or result from)

lateral heterogeneity in the lipid content of that membrane domain.
Similar findings were recently reported supporting protein selectivity of
SMA copolymers in Synechosystis sp. PCC6803, where the cytochrome
bc; complex was isolated at ~70 % yield, where adjacent light har-
vesting proteins yielded only 10-22 % yields. Swainsbury et al. posit
that this was due to the comparatively lipid rich environment of the
cytochrome bc; complex, however the lipid profiles of each SMALP are
not directly compared in this study, rendering qualitative hypotheses
regarding lipid species facilitating SMA insertion/SMALP formation
difficult in this case at present [44].

To test this hypothesis, we recently published a study investigating
the interaction of SMA 1440 with galactolipid rich monolayers by
neutron reflectometry [20]. This study found that galactolipids dis-
rupted the packing of the monolayers, and interestingly, that the
galactosyl ring coupled with the negative charge on SQDG made this
lipid more disruptive to packing than DGDG, which contains two
galactosyl rings and is the “bulkiest” lipid by head group volume. SMA
1440 was also found to accumulate most on SQDG containing mono-
layers and galactolipid containing monolayers in general allowed for
deeper insertion of polymer into the monolayer [20]. These data, in light
of the findings reported in this work, suggest trimeric PSI exists as a
uniform array in Te, between which are membrane patches containing
primarily SQDG, and that this proteo-lipid environment is most
amenable to SMA 1440 insertion. Further, the functional group that sets
SMA 1440 apart from other SMA formulations used for protein purifi-
cation, the butoxyethanol group on nearly 1/3 of carboxylic acid moi-
eties, may be attracted to and/or directly interact with SQDG to
facilitate insertion into this region of Te thylakoids, therefore facilitating
the formation of PSI-SMALP. Lastly, it should be noted that this PSI
complex is derived from a thermophilic organism, however the SANS
was conducted at temperatures ~30° below the physiological temper-
ature. We cannot say with certainty how the dynamics of this system will
behave at various temperatures (or those closer to physiological) at this
time. We have plans to investigate this system at various temperatures
and/or defined lipids to probe for differences in particle dynamics, but
these experiments will take a considerable amount of time and deserve a
fully fleshed out analysis unto their own.

4. Conclusions

Here we show that the thermophilic cyanobacterium Te can grow in
up to 70 % deuterated media, yielding highly deuterated proteins and
lipids for use in neutron scattering experiments. We also determined the
contrast match point for the SMA formulation used in this study, the
butoxy ethanol esterified SMA 1440, to be approximately 27 % D5O.
This finding allowed us to match out the SMA, showing a decrease in
overall size of the PSI-SMALP of ~10 A, which is in line with previous
reports regarding the size of the SMA copolymer belt [25]. Similarly, the



N.G. Brady et al.

Dmax for PSI-DDM measured at the CMP for DDM and in full contrast
agree with previously published results [27]. The difference in Dyax
between these two particles suggests an ~30 % increase in size for the
PSI-SMALP compared to the detergent solubilized form. Tandem mass
spectrometry corroborates that this enhanced size is due to a greater
number of lipids from the thylakoid membrane retained within the
SMALP. Extrapolating these lipid concentrations and normalizing for PSI
concentration, we find PSI-DDM contains 31.85 + 11.22 lipid mole-
cules, whereas PSI-SMALP contains 1283 + 528.4 lipid molecules per
PSI trimer. Further, these data suggest that in the PSI-SMALP compared
to PSI-DDM, percent composition of saturated lipids increased, the
amount of 32 and 34 length carbon chains became more balanced, and
the lipid class most enriched is that of the negatively charged sulfolipid;
SQDG. Lastly, aside from delipidation of PSI complexes through deter-
gent solubilization, flash photolysis spectrophotometry suggests that
~16 % of antennae chlorophyll may also be lost during this process. This
loss of antennae chlorophyll seems to be mitigated through non-
detergent solubilization of PSI with SMA copolymers.
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