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ABSTRACT Measuring protein thermostability provides valuable information on the biophysical rules that govern the structure-
energy relationships of proteins. However, suchmeasurements remain a challenge for membrane proteins. Here, we introduce a
new experimental system to evaluate membrane protein thermostability. This system leverages a recently developed nonfluo-
rescent membrane scaffold protein to reconstitute proteins into nanodiscs and is coupled with a nano-format of differential scan-
ning fluorimetry (nanoDSF). This approach offers a label-free and direct measurement of the intrinsic tryptophan fluorescence of
the membrane protein as it unfolds in solution without signal interference from the ‘‘dark’’ nanodisc. In this work, we demonstrate
the application of this method using the disulfide bond formation protein B (DsbB) as a test membrane protein. NanoDSF mea-
surements of DsbB reconstituted in dark nanodiscs loaded with 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC) and
1,2-dimyristoyl-sn-glycero-3-phosphorylglycerol (DMPG) lipids show a complex biphasic thermal unfolding pattern with a minor
unfolding transition followed by a major transition. The inflection points of the thermal denaturation curve reveal two distinct un-
folding midpoint melting temperatures (Tm) of 70.5

�C and 77.5�C, consistent with a three-state unfolding model. Further, we
show that the catalytically conserved disulfide bond between residues C41 and C130 drives the intermediate state of the unfold-
ing pathway for DsbB in a DMPC and DMPG nanodisc. To extend the utility of this method, we evaluate and compare the ther-
mostability of DsbB in different lipid environments. We introduce this method as a new tool that can be used to understand how
compositionally and biophysically complex lipid environments drive membrane protein stability.
SIGNIFICANCE Lipids are essential for membrane protein stability and serve as determinants underlying the biophysical
rules that regulate membrane protein folding, structural dynamics, and function. Experimental measurements of
membrane protein thermostability provide thermodynamic parameters key to understanding these relationships, but such
measurements are typically relegated to systems like detergent micelles. This work develops an experimental system to
monitor the thermal unfolding of membrane proteins in spectroscopically silent ‘‘dark’’ nanodiscs by nanoDSF. We use
DsbB to demonstrate the utility of this method and show that we can monitor the thermal unfolding of DsbB by nanoDSF
without signal interference from the nanodisc. This dark nanodisc system provides a new tool to advance knowledge
regarding the biophysical basis of lipid-mediated membrane protein thermal unfolding.
INTRODUCTION

Membrane proteins represent a class of proteins that are
challenging targets for biophysical studies because they
associate with unique asymmetric lipid environments. Eval-
uating the thermal stability of membrane proteins relies on
spectroscopic or calorimetric assays that perform well and
are robust for water-soluble proteins, such as circular di-
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chroism (CD) (1), differential scanning calorimetry (DSC)
(2), and differential scanning fluorimetry (DSF) (3). These
tools often fall short for membrane proteins because they
require a model membrane system for in vitro studies, which
often convolute the signal and measurement. Detergent mi-
celles are the most widely used model membrane systems
for biophysical studies, despite their known effect on mem-
brane protein structure, stability, and function (4,5). To date,
few studies tabulated in the membrane protein thermody-
namic database (MPTherm) report thermostability measure-
ments for membrane proteins in the presence of lipids (6)
despite the key role lipids play in thermal stability (7–9).
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FIGURE 1 The structural topology and location of the tryptophan and

tyrosine residues mapped onto the NMR-derived model of DsbB reconsti-

tuted in a dark nanodisc (PDB: 2K73). DsbB is reconstituted in a dark nano-

disc system loaded with DMPC and DMPG lipids at a 3:2 molar ratio and

the nonfluorescent MSP. The four transmembrane domains are labeled

TMD1–TMD4 and the interloop disulfide bond C41–C130 is shown in yel-

low. The C41–C130 interloop disulfide bond connects the two periplasmic

loops. We also show the tryptophan and tyrosine residues as purple spheres

for visualization.

Dark nanodiscs as a model system for DSF
This is largely due to technical hurdles associated with
developing simple tools to investigate the effects of lipids
on membrane protein stability.

Model membrane systems used for membrane protein sta-
bility measurements range from micelles and bicelles to
more native-like systems such as membrane scaffold protein
(MSP)-based nanodiscs (10,11), saposin-derived lipid nano-
particles (12), styrene-maleic acid copolymers (13), and
proteoliposomes (14). Many sophisticated attempts have
been made to evaluate how lipids affect membrane protein
stability using a variety of approaches. For example, an
ion mobility mass spectrometry approach showed that spe-
cific lipid types increased protein unfolding resistance for
several membrane protein systems compared to micelle con-
ditions alone (15). Using a green fluorescent protein (GFP)-
based thermal shift assay, Nji et al. revealed that cardiolipin
increased the thermal stability of detergent-solubilized so-
dium-proton antiporter (16). Treuheit et al. studied the
thermal stability of a membrane-associated cytochrome
P4503A4 demonstrating an increase in the thermal stabiliza-
tion of cytochrome P4503A4 incorporated into nanodiscs by
DSC, an approach that requires substantial sample con-
sumption (17). Flayhan et al. tested the thermostability of
three different membrane protein systems—DtpA, PepT,
and the small-conductance mechanosensitive channel T2
in saposin lipid nanoparticles—using a nano-format of
DSF (nanoDSF) (18). All three membrane protein test sys-
tems revealed an increase in thermal stabilization (i.e.,
melting temperature) in saposin lipid nanoparticles
compared to n-dodecyl-b-D-maltoside (DDM) micelles
but offer less control over lipid composition compared to
MSPs. Although these methods have made valuable at-
tempts to study the lipid regulation of membrane proteins,
they often suffer from complexity, substantial sample re-
quirements, reliance on the introduction of nonnative fluo-
rescent tags, and lack of precise control over lipid
composition, hindering quantitative comparisons. These at-
tempts suggest we still lack robust tools for evaluating and
quantitatively comparing how lipids regulate the structure
and stability of membrane proteins.

Recently, an MSP construct was engineered that replaces
all tryptophan and tyrosine residues with phenylalanine for
reconstituting membrane proteins in nanodiscs, making
them fluorescently dark (19). Nanodiscs are attractive sys-
tems because the lipid composition can be precisely
controlled and, therefore, can be used as a model membrane
to systematically dissect the effect of lipid types on mem-
brane protein thermal stability. In this work, we introduce
a new method that couples the nonfluorescent MSP to
form dark nanodiscs with nanoDSF measurements of
intrinsic tryptophan fluorescence. This offers a facile mea-
surement of the thermal unfolding of reconstituted mem-
brane proteins without signal interference from the
nanodisc. Further, thermostability measurements by
nanoDSF offer many advantages in that it is a label-free
approach that monitors the shift in intrinsic tryptophan fluo-
rescence as the protein unfolds and does not require a high
sample consumption. We test the utility of this approach us-
ing the Escherichia coli (E. coli) disulfide bond formation
protein B (DsbB) as a model membrane protein system.
The topology of DsbB is shown in Fig. 1 and consists of
four transmembrane domains (TMD1–TMD4) with a cata-
lytically conserved interloop disulfide bond that plays an
important part in the reaction cycle (20). We use this as a
model membrane protein because the thermodynamic
behavior of DsbB has been extensively evaluated under
chemical denaturation conditions, making it an ideal test
system for comparison (21,22).

Early studies by Otzen et al. combined fluorescence-
based stopped-flow kinetic experiments and chemical dena-
turation in sodium dodecyl sulfate-DDM (SDS-DDM)
mixed micelles to study the unfolding/refolding of DsbB.
These experiments revealed a three-state unfolding model
for DsbB consisting of the native state in DDM, an unfold-
ing intermediate, and the SDS-denatured state (21). The au-
thors also performed the same experiments under reducing
conditions to investigate the role disulfide bonds play in
the stability of DsbB. They showed that, under reducing
conditions, unfolding rate constants increased and that the
disulfide bonds contribute to the stability of the protein.
Regardless, it remains unclear if the observed intermediate
state in SDS-DDMmixed micelles is biophysically relevant.

In this work, we report nanoDSF thermostability data
for DsbB reconstituted in dark nanodiscs to showcase
the utility of our method. Our data suggest DsbB undergoes
a three-state/biphasic unfolding process in dark nanodiscs
loaded with 1,2-dimyristoyl-sn-glycero-3-phosphocholine
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(DMPC)/1,2-dimyristoyl-sn-glycero-3-phosphorylglycerol
(DMPG) lipids. We compare these results to a panel of
different detergent micelle conditions and under reducing
conditions where the C41–C130 interloop disulfide bond is
disrupted. Furthermore, we showcase that this method can
be used to investigate how lipids with different physiochem-
ical properties alter the thermostability profiles for DsbB.
METHODS

Expression and purification of the nonfluorescent
dark membrane scaffold protein and fluorescent
MSP1D1 construct

The nonfluorescent and fluorescent membrane scaffold protein MSP1D1

genes were cloned in a pET28a vector containing a tobacco etch virus

(TEV) protease-cleavable N-terminal His6 tag. BL21(DE3) competent

E. coli cells were transformed with the target plasmid and grown on

Luria-Bertani (LB) agar plates overnight at 37�C. A single colony was

selected and used to inoculate a 150-mL LB starter culture and grown over-

night at 37�C. Flasks containing 1 L of terrific broth medium were inocu-

lated with 10 mL of the starter culture and grown at 37�C at 230 rpm in

the presence of 100 ng/mL kanamycin. Protein expression was induced at

an optical density 600 of 0.6–0.8 with 1 mM isopropyl b-D-1-thiogalacto-

pyranoside (IPTG) and cultured for another 24 h at 20�C. Cells were har-
vested by centrifugation at 6500 rpm for 20 min and cell pellets were

stored at�80�C or immediately resuspended in lysis buffer for purification.

Cell pellets expressing the nonfluorescent or fluorescent MSP1D1 pro-

teins were resuspended (5 mL/g of pellet) in buffer A (50 mM Tris,

300 mM NaCl, pH 8.0) with the addition of 1 mM phenylmethylsulfonyl

fluoride (PMSF), 1% Triton X-100, EDTA-free protease cocktail inhibitor

tablet (Sigma-Aldrich) (1 tablet per 50 mL of buffer), and 5 mM Mg ace-

tate. The cells were lysed by sonication for 10 min (60% amplitude with

5 s on/5 s off) on ice. The cell lysis solution was centrifuged at

50,000 � g for 20 min and the supernatant was loaded onto an Ni-NTA

(nitriloacetic acid) gravity-flow column. The Ni-NTA resin was washed

with 10 column volumes of the following in this order: buffer A and 1%

Triton X-100, buffer A and 75 mM sodium cholate, buffer A, and buffer

A plus 20 mM imidazole. Proteins were eluted with buffer A containing

500 mM imidazole. Isolated proteins were dialyzed against TEV cleavage

buffer (20 mM Tris-HCl, 100 mM NaCl, 1 mM DTT, pH 7.5) at 4�C for 24

h. The TEV cleavage reaction was set up using TEV protease at a 1:50 ratio

of protease to protein to remove the N-terminal His6 tag.

The cleaved sample was loaded onto a second Ni-NTA column to remove

the TEV protease and N-terminal His6 tag. The flow-through was collected

containing the target protein. The MSP1D1 samples were size excluded us-

ing a 120-mL HiLoad 16/600 Superdex S200 preparative column (Cytiva)

equilibrated with reconstitution buffer (40 mM Tris-HCl, 200 mM NaCl,

pH 7.5). Protein fractions were analyzed by SDS-PAGE. Pooled fractions

were quantified using a Bradford assay and concentrated to 500 mM in an

Amicon centrifugal filter with a molecular weight cutoff (MWCO) of

10,000 Daltons (Da) and analyzed by SDS-PAGE to confirm that the purity

of the samples was greater than 95%. As a control, the Ni-NTA-bound TEV

protease and His6 tag were eluted from the resin. The resin was washed with

reconstitution buffer followed by a 10 mM imidazole wash. The TEV pro-

tease and cleaved His6 tag were eluted with reconstitution buffer and

500 mM imidazole. The final yield we obtained of the dark MSP1D1 was

0.55 mg per liter of culture.
Expression and purification of DsbB

The wild-type DsbB protein construct (20) was inserted into pET22b vector

and transformed into BL21(DE3) E. coli cells. Cells were grown on LB agar
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plates containing 100 mg/mL ampicillin overnight at 37�C. A single colony

was selected and used to inoculate a 150-mL starter culture grown overnight

at 37�C. Flasks containing 1 L of minimal (M9) medium were inoculated

with 10 mL of starter culture and grown in the presence of 100 mg/mL ampi-

cillin. Cells were cultured at 37�C at 230 rpm until the optical density 600

reached 0.6–0.8. Cells were transferred to room temperature and protein

expression was induced with 1 mM IPTG for 18 h. Cells were harvested

by centrifugation at 6500 rpm for 15 min at 4�C. Cell pellets were stored

at �80�C or immediately resuspended in lysis buffer for purification.

Each cell pellet was resuspended in 40 mL of buffer B (50 mM Tris-HCl,

300 mMNaCl, pH 8.0) with the addition of 1 mM PMSF, 5 mMMg acetate,

and 1 EDTA-free protease cocktail inhibitor tablet (Sigma-Aldrich) (1 tablet

per 50 mL of buffer). The cell lysis solution was rotated at 4�C for 30 min

and then lysed by sonication for 10 min (60% amplitude with 5 s on/5 s off).

The membrane fraction was pelleted by ultracentrifugation at 100,000 � g

for 1 h at 4�C and the supernatant was discarded. The membrane fraction

was homogenized on ice with buffer B (20 mL/pellet) containing 1% dode-

cylphosphocholine (DPC, FOS-CHOLINE-12, Anatrace). Homogenized

cells were ultracentrifuged at 100,000 � g for 30 min to remove the insol-

uble fraction. The remaining supernatant was loaded onto an Ni-NTA grav-

ity-flow column equilibrated with buffer B and 0.05% DPC. The Ni-NTA

column was washed with buffer B and 0.05% DPC followed by buffer B

plus 0.05% DPC and 10 mM imidazole. DsbB was eluted with buffer B

plus 0.05% DPC and 500 mM imidazole. The collected sample was concen-

trated to 500 mM and size excluded using a 120-mL HiLoad 16/600 Super-

dex S200 preparative column (Cytiva) equilibrated with fast protein liquid

chromatography buffer (50 mM Tris-HCl, 300 mM NaCl, 0.15% DPC, pH

8.0). The pooled fractions were concentrated to 500 mM in an Amicon cen-

trifugal filter (10,000 Da MWCO) and analyzed by SDS-PAGE to confirm

the purity of the sample was greater than 95%. For the reduced DsbB sam-

ple, we followed the above protocol with the exception that each buffer in

the purification protocol was supplemented with 2 mM tris (2-carbox-

yethyl) phosphine (TCEP).
Reconstitution reactions for DsbB in nanodiscs
and empty nanodiscs

All purified proteins were concentrated to 500 mM as described above and

reconstitutions were set up as previously described by Nasr. et al. (23).

Lipids were prepared as an 80 mM stock of DMPC and DMPG lipids at

a 3:2 molar ratio solubilized in 10% n-decyl-b-D-maltoside (DM). We

also prepared 80 mM stocks of 100% 1-palmitoyl-2-oleoyl-glycero-3-

phosphocholine (POPC) and E. coli polar lipid extract (EPL) solubilized

in 10% DM. Bio-Beads SM2 resin (Bio-Rad) was prepared freshly before

each reaction by washing the beads with 10 mL of methanol followed by

excess deionized water. DsbB was assembled into nanodiscs by adding

DsbB (160 mM), dark or fluorescent MSP1D1 (160 mM), and lipids

(13.6 mM) to reconstitution buffer at a 1:1:85 ratio, respectively. Reaction

components were added to the reconstitution buffer in the order of lipids,

MSP1D1, and DsbB. The reaction was then equilibrated at room tempera-

ture for 1 h. Fresh Bio-Beads (0.5 g of wet beads/300 mL of total reaction

volume) were added to the reaction and allowed to tumble overnight at

room temperature to remove all detergents. The DsbB-containing nanodisc

solution was collected to remove the Bio-Beads and loaded three times onto

an Ni-NTA column equilibrated with reconstitution buffer (i.e., DsbB is

His6 tagged). The Ni-NTA resin was washed with excess reconstitution

buffer to remove empty nanodiscs and/or large vesicles. The assembled

DsbB-nanodisc complex was then size excluded at room temperature using

a 24 mL Superdex 200 Increase 10/300 GL column (Cytiva) equilibrated

with reconstitution buffer. Selected fractions were analyzed by SDS-

PAGE to confirm the purity of the DsbB-nanodisc samples. Fractions

were pooled and concentrated at room temperature using a low spin speed

(i.e., 2500� g) in an Amicon centrifugal filter (30,000 DaMWCO) to 1 mg/

mL. Empty nanodisc reconstitution reactions were performed using the

same protocol described above with the exception that the volume of
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DsbB was replaced with reconstitution buffer (i.e., the reaction volumes

were the same for each reconstitution). Reduced DsbB was assembled

into nanodiscs as described above with the exception that the reconstitution

buffer was supplemented with 2 mM TCEP.
NanoDSF measurements for detergent-
solubilized DsbB under different micelle
conditions

To prepare DsbB under different detergent micelle conditions, we followed

the method outlined for a membrane protein stability detergent screen as

described (24). Briefly, DPC-solubilized DsbB was diluted 10-fold into

detergent buffers (LMNG, lauryl maltose neopentyl glycol; DDM,

LMPG, lyso-myristoylphosphatidylglycerol; DM, and LDAO, lauryldime-

thylamine oxide) that were made with a 50-fold excess of the critical

micelle concentration of the target detergent. The diluted DsbB samples

were incubated at 4�C overnight to ensure detergents were fully exchanged.

All detergent micelle samples were prepared to a final concentration of

1 mg/mL.
NanoDSF thermostability measurements

All samples were run on a Prometheus NT.48 nanoDSF instrument

(NanoTemper Technologies). Samples were set up in triplicate at a final

concentration of 1 mg/mL (10 mL/capillary). All nanodisc samples and

detergent samples were measured at a scan rate of 0.1�C per minute over

a temperature range of 25�C–95�C and 20�C–95�C, respectively. Samples

were excited at 280 nm and the intrinsic tryptophan fluorescence at 350 and

330 nm were recorded as a function of temperature to monitor changes

upon thermal unfolding.
CD spectroscopy

CD wavelength and temperature scans were performed using a Chirascan

VX instrument (Applied Photophysics) to monitor changes to DsbB second-

ary structure upon thermal unfolding in nanodiscs. Each sample was buffer

exchanged into 40 mM Tris-HCl and 100 mM NaCl at pH 7.5. The wave-

length range covered 190–280 nm. All samples were measured at a scan

rate of 1�C per minute over a thermal ramp of 25�C–95�C. Each sample

was scanned in triplicate at a final concentration of 0.2 mg/mL in a 1-mm

cuvette.
Quantification of free thiol content

The free thiol content for detergent-solubilized DsbB (DPC) and DsbB re-

constituted in dark nanodiscs (DMPC/DMPG) was quantified using the

Measure-IT Thiol Assay Kit (Invitrogen). Samples were measured in trip-

licate at a final DsbB concentration of 1 mg/mL and free thiol concentration

was quantitated relative to a reduced glutathione standard. We calculated

the average free thiol concentration and standard deviation and converted

this into a percentage relative to the total number of cysteine residues.

The dark MSP does not contribute to the thiol measurement because there

is no cysteine content in the dark nanodisc construct.
Data analysis

All raw nanoDSF data were collected and then exported from the Prome-

theus Panta Control software for visualization in MoltenProt (24,25). The

experimental derivatives were exported from MoltenProt and further

analyzed in a Jupyter Notebook throughMatplotlib (26). The F350/F330 ra-

tios for each of the triplicate samples were averaged and normalized to the

initial value with Matplotlib. The first derivatives were plotted with Mat-
plotlib to determine the inflection points corresponding to the melting tem-

peratures. The fraction unfolded curves were calculated and plotted by

fitting the F350/F330 ratio data to a two-state equilibrium model. The

rate constants of the unfolding transition and baseline transition as well

as the baseline offset and noise were extrapolated. These parameters were

utilized to calculate the baseline-corrected experimental curves from the

equation utilized by MoltenProt (27). For each CD spectrum, the ellipticity

value (Q, mdeg) was converted to standard units (deg$cm2/dmol) to

normalize molar ellipticity based on sample concentration, path length of

the cuvette, and the number of amino acid residues (28,29). The molar ellip-

ticity values were plotted as a function of wavelength in Matplotlib as an

average of the triplicate scans (n ¼ 3).
RESULTS

The thermal unfolding curve for DsbB
reconstituted in a dark nanodisc loaded with
DMPC/DMPG lipids follows a biphasic unfolding
pattern with a minor transition followed by a
second major transition

One of the most widely used proxies for overall protein
stability is thermostability. We reconstituted DsbB in
dark nanodiscs loaded with a 3:2 molar ratio of DMPC
and DMPG lipids and measured the thermostability of
the protein by nanoDSF. Fig. 2 A shows the intrinsic tryp-
tophan fluorescence ratio at 350 and 330 nm for DsbB
(F350/F330 ratio) over a thermal ramp from 25�C to
95�C. The inflection points of the unfolding curve deter-
mined from the experimental derivative correspond to
the unfolding midpoint melting temperatures (Tm).
Fig. 2 B shows the first derivative of the F350/F330 ratio
as a function of temperature. Fig. 2 C shows a representa-
tive SDS-PAGE gel demonstrating sample purity after a
reconstitution reaction for DsbB in a dark nanodisc. The
experimental derivative of the unfolding curve reveals
two distinct Tm values of 70.5 5 0.3�C and 77.5 5
0.1�C. These results suggest that DsbB in a nanodisc fol-
lows a three-state/biphasic unfolding model: native (N) /
intermediate (I) / unfolded (U). The three-state/biphasic
unfolding model of DsbB in a DMPC/DMPG dark nano-
disc is consistent with prior observations of the folding/
unfolding of DsbB in mixed micelles measured by
stopped-flow kinetic experiments (21,30).

To confirm that the nanodisc does not contribute to the
three-state/biphasic unfolding mechanism, we performed
nanoDSF measurements on empty dark nanodiscs (i.e.,
in the absence of protein) loaded with the same lipid con-
tent. Indeed, the dark nanodisc itself is fluorescently unde-
tectable over the temperature gradient (Fig. 2 A, gray
line). This can be compared to the results for empty nano-
discs prepared using conventional (fluorescent) MSPs
(Fig. 3 A). The near-baseline signal for the empty dark
nanodisc sample up to roughly 85�C suggests that the en-
gineered MSP used for reconstitutions does not interfere
with the signal observed for the target DsbB protein.
Furthermore, DMPC and DMPG lipids have melting
Biophysical Journal 123, 68–79, January 2, 2024 71



FIGURE 2 NanoDSF thermal unfolding curve for

DsbB in a dark nanodisc. (A) The F350/F330 thermal

unfolding curve for DsbB reconstituted in a dark

nanodisc model membrane system (violet). The ther-

mal unfolding curve for empty dark nanodiscs is

shown in gray. (B) The first derivative plot of the

F350/F330 ratio with respect to temperature for

DsbB in a nanodisc. The inflection points correspond

to Tm values of 70.5 5 0.3�C and 77.5 5 0.1�C,
respectively. All samples were run in triplicate for

three independent preparations and the average is

plotted. (C) Representative SDS-PAGE gel after

size exclusion to showcase the successful reconstitu-

tion of DsbB in a dark nanodisc.

Selvasingh et al.
temperatures below the range of the thermal gradient
measured (i.e., below 25�C) and both are cylindrical lipids
that lack the required geometry for a transition to a hexag-
onal or inverted hexagonal phase (31). Therefore, we do
not expect that the phase transition of the lipids used in
this work contributes to the unfolding transitions observed
for DsbB.

For visualization of the Tm values at the inflection
point, we also report the fraction unfolded curves (base-
line corrected) in Fig. S1 A for DsbB in DMPC/DMPG
dark nanodiscs. Furthermore, we report the dynamic
light-scattering measurements collected in Fig. S2 A for
72 Biophysical Journal 123, 68–79, January 2, 2024
DsbB reconstituted in a DMPC/DMPG dark nanodisc
and Fig. S3 A for the empty dark DMPC/DMPG nanodisc
as a cumulative radius plot to evaluate any contributions
of aggregation to our unfolding curve data. In the case
of DsbB in a dark DMPC/DMPG nanodisc, the cumulative
radius plot shows that the system size increases moder-
ately to 340 nm at a temperature of 76.5�C and 664 nm
at a temperature of 83.9�C. These temperature-dependent
changes in cumulative radius occur after the minor and
major thermal unfolding states observed for DsbB. This
information suggests that 1) the change in system size cor-
relates with the unfolding of DsbB, and/or 2) protein
FIGURE 3 NanoDSF measurement for empty

and DsbB reconstituted fluorescent MSP-based

nanodiscs. (A) The F350/F330 thermal unfolding

curve for the empty fluorescent MSP-based nanodisc

(yellow). (B) The first derivative plot of the unfolding

curve shows an inflection point at a Tm value of

86.6�C 5 0.6�C. All samples were run in triplicate

and the average is plotted. (C) The F350/F330 ther-

mal unfolding curves for DsbB reconstituted in a

fluorescent MSP-based nanodisc (DMPC/DMPG).

(D) The first derivative plot of the F350/F330 ratio

with respect to temperature for DsbB in the fluores-

cent MSP-based nanodisc (green). The inflection

point corresponds to a single Tm value of

79.0�C 5 0.4�C for DsbB. All samples were run

in triplicate and the average is plotted.
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unfolding at the midpoint melting temperatures is fol-
lowed by protein aggregation.
The thermal unfolding curves for DsbB under a
panel of detergent micelle conditions each show
a major unfolding transition and decreased Tm

values compared to nanodiscs

We selected a range of detergents with different physio-
chemical properties and hydrocarbon chain lengths to
compare the thermostability of DsbB in dark nanodiscs to
different micelle conditions. Fig. S4 A–E shows the F350/
F330 ratio for the unfolding curves for detergent-solubilized
DsbB in LMNG, DDM, LMPG, DM, and LDAO. Fig. S4 F–
J shows the respective experimental derivative plots for the
unfolding curves under each detergent micelle condition,
revealing a single major inflection point corresponding to
a single Tm value. Detergent-solubilized DsbB switches to
a single major unfolding transition in the case of DDM
and LMPG micelles. A second less-defined peak can be
seen toward the end of the thermal gradient, roughly 40�C
above the first transition, for DsbB under LMNG, DM,
and LDAO conditions. The measured thermostability for
DsbB in detergent micelles from most stable to least stable
is LMNG > DDM > LMPG > DM > LDAO. The fraction
unfolded curves (baseline corrected) for each detergent con-
dition are reported in Fig. S5 for visualization of the Tm

values at the inflection point as well as the dynamic light-
scattering data collected as a cumulative radius plot in
Fig. S4 K–O. The cumulative radius plots for DsbB in deter-
gent micelles shows marked variability. DM, LMNG, and
LDAO have similar readouts with a drastic increase in sys-
tem size at the end of the thermal gradient. In contrast, DDM
and LMPG both show a minimal increase in the cumulative
radius at the end of the thermal ramp.

To deconvolute the second less-defined peak, which oc-
curs 40�C post the first thermal transition observed peak
for DsbB under LMNG, DM, and LDAO conditions, we
evaluated the dynamic light-scattering traces collected in
parallel with the fluorescence measurements (Fig. S4
K–O), which present several interesting observations. First,
the cumulative radius plots for DsbB in DM, LMNG, and
LDAO each show a significant increase in system size
(i.e., >4000 nm) toward the end of the thermal gradient.
This corresponds to the second less-defined peaks in the first
derivative plots. This suggests that the delay in the onset be-
tween the first and second peaks is the result of protein ag-
gregation and micelle dissociation from the unfolded
protein state. Second, the cumulative radius plots for
DsbB in detergent micelles show marked variability.
LMNG, DM, and LDAO have similar readouts with a drastic
increase in system size at the end of the thermal gradient. In
contrast, DDM and LMPG both show a minimal increase in
the cumulative radius at the end of the thermal ramp. We
speculate the different patterns observed for the change in
system size are attributed to the different chemical and
physical properties of the detergent micelles. For example,
DsbB has a þ4 charge state at the pH of our measurements,
and detergents such as LMPG are negatively charged (32).
We propose that electrostatic interactions between LMNG
and DsbB are strong enough to prevent micelle dissociation
from the unfolded state and thus prevent aggregation.
The experimentally determined Tm value for the
fluorescent MSP-based nanodisc is well outside
the range of Tm values observed for DsbB

We tested the thermostability of a fluorescent MSP-based
nanodisc to ensure that it was not contributing to the
three-state/biphasic unfolding pattern observed for DsbB.
Fig. 3 A shows the F350/F330 ratio for the unfolding curve
for a fluorescent MSP-based nanodisc in the absence of
DsbB. Fig. 3 B shows the respective experimental derivative
plot for the unfolding curve. The inflection point corre-
sponds to a Tm value of 86.6 5 0.6�C, which is more
than 10�C above the melting temperatures observed for
DsbB in a dark nanodisc (see Fig. 2 B). The melting temper-
ature we observe for the empty fluorescent nanodisc is
consistent with previous studies that report a Tm value of
roughly 85�C (33,34). Fig. S1 B shows the fraction unfolded
curve (baseline corrected) for the fluorescent MSP-based
nanodisc for visualization of the Tm value at the inflection
point. These data illustrate that the baseline DSF trace
from fluorescent nanodiscs would be problematic had these
nanodiscs been used for this study of DsbB. The dynamic
light-scattering data collected for the empty fluorescent
nanodiscs are shown in Fig. S3 B (third row) as a cumulative
radius plot indicating that aggregation of the empty fluores-
cent nanodiscs falls outside the range of Tm values observed
for DsbB in the dark nanodisc. This suggests that the delay
in the onset between the first and second peaks is the result
of protein aggregation and micelle dissociation from the
unfolded protein state.
The biphasic unfolding pattern for DsbB is
broadened and not well defined in a fluorescent
MSP1D1-based nanodisc (DMPC/DMPG)

We also reconstituted DsbB in a fluorescent MSP-based
nanodisc (DMPC/DMPG) to determine how the fluorescent
MSP affects the thermal unfolding curve of DsbB. Fig. 3 C
shows the F350/F330 ratio for the unfolding curve for DsbB
reconstituted in a fluorescent MSP-based nanodisc and
Fig. 3 D shows the respective experimental derivative plot
for the unfolding curve. These data reveal that the first in-
flection point (Tm1) is unresolvable, which convolutes the
interpretation of the biphasic unfolding pattern compared
to dark nanodiscs. We propose here that the unfolding of
the fluorescent MSP masks the signal of the first inflection
Biophysical Journal 123, 68–79, January 2, 2024 73
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point through peak broadening of the unfolding curve.
Fig. S1 C shows the fraction unfolded curve (baseline cor-
rected) for DsbB reconstituted in the fluorescent MSP-based
nanodisc for visualization of the Tm value at the inflection
point and the respective dynamic light-scattering data
collected are shown in Fig. S3 C (third row).
The thermal unfolding mechanism for DsbB
measured under reducing conditions shifts the
unfolding curve from three-state/biphasic to two-
state/monophasic

We purified wild-type DsbB under reducing conditions by
adding 2 mM TCEP to test the hypothesis that the interloop
disulfide bond between cysteine residues C41 and C130
plays a key role in the formation of the intermediate un-
folding state. Fig. 4 A shows the F350/F330 ratio for the
unfolding curve for C41–C130 reduced DsbB assembled
in a dark nanodisc. Fig. 4 B shows the respective first de-
rivative plot for the unfolding curve revealing a single in-
flection point corresponding to a Tm value of 76.6�C,
which is within the range of the Tm2 value observed for
DsbB under nonreducing conditions. This suggests that
the intermediate unfolding state observed for DsbB is
mediated by the C41–C130 disulfide bond. More interest-
ingly, this distinct three-state/biphasic unfolding pattern is
not observed under detergent conditions, further suggesting
that this interloop disulfide bond intermediate state is medi-
ated by the presence of DMPC/DMPG lipids. Fig. S1 D
shows the fraction unfolded curve (baseline corrected) for
C41–C130 reduced DsbB reconstituted in a nanodisc for
visualization of the Tm value at the inflection point and
Fig. S2 B (third row) shows dynamic light-scattering data
collected for DsbB under reducing conditions in a dark
nanodisc as a cumulative radius plot.

We also quantified the free thiol content for DsbB recon-
stituted in dark nanodiscs (DMPC/DMPG) to determine the
population of protein in the oxidized versus the reduced
state post assembly into nanodiscs and compared this to
detergent-solubilized DsbB in DPC micelles. The free thiol
74 Biophysical Journal 123, 68–79, January 2, 2024
content determined for DsbB in micelles and DsbB reconsti-
tuted in nanodiscs was 2.25% and 1.59%, respectively, and
is summarized in Table S1. This suggests that post reconsti-
tution into nanodisc, DsbB retains its oxidized state and rep-
resents the major population, and the fraction of reduced
cysteines is negligible in dark nanodiscs. These data support
that the reconstitution of DsbB into dark nanodiscs does not
result in a mixture of oxidized/reduced states and further
confirms that loss of the minor transition observed here is
indeed the result of the reduction of the C41–C130 disulfide
bond.
CD measurements reveal that DsbB reconstituted
in a dark nanodisc maintains residual a-helical
content at 95�C

We reconstituted DsbB in a dark nanodisc using our stan-
dard DMPC/DMPG lipid composition and collected CD
data to determine how the secondary structural content for
DsbB changes along the thermal gradient. We also per-
formed CD melting experiments for empty DMPC/DMPG
dark nanodiscs as a control. Fig. 5 shows the CD signal
for empty dark nanodiscs and DsbB reconstituted in dark
nanodiscs plotted as molar ellipticity over the UV wave-
length range from 190 to 280 nm. In the case of the empty
dark nanodiscs, the molar ellipticity change is small over the
thermal ramp from 25�C to 95�C (%D208 ¼ 18.2% and %
D222 ¼ 31.8%). This is consistent with prior observations
for empty MSP1D1 nanodiscs (35). For DsbB reconstituted
in dark nanodiscs, the CD spectral signature for a-helix con-
tent is high at the beginning of the thermal ramp and
dampens over the thermal melting experiments. This is re-
flected by the strong signal at 208 and 222 nm 25�C and
the reduced signal at 208 and 222 nm 95�C (%D208 ¼
48.8% and %D222 ¼ 58.8%). This suggests that the contri-
bution of the dark MSP construct to the change in CD signal
is dependent on DsbB. Therefore, in the case of DsbB-
loaded nanodiscs, we interpret that the change in CD signal
is largely related to the unfolding of DsbB. Furthermore, we
would expect the CD signature to be flat at these two
FIGURE 4 NanoDSF measurements for DsbB re-

constituted in dark nanodiscs under reducing condi-

tions. (A) The F350/F330 thermal unfolding curve of

DsbB reconstituted in the dark nanodisc in the pres-

ence of the reducing agent TCEP at 2 mM. (B) The

first derivative plot shows a single inflection point

corresponding to a Tm value of 76.6�C 5 0.5�C.
The first derivative plot for DsbB reconstituted in

the dark nanodisc in the absence of reducing condi-

tions has been overlayed as a comparison. All sam-

ples were run in triplicate and the average is plotted.



FIGURE 5 CD spectra for DsbB reconstituted in a dark nanodisc

(DMPC/DMPG) and empty dark nanodiscs (DMPC/DMPG) in the absence

of DsbB at different temperature points along a thermal gradient. CD

spectra were collected over a thermal ramp ranging from 25�C to 95�C at

a step of 1�C/min in the 190- to 280-nm UV region. The CD spectra for

each sample are shown at 95�C (red), 65�C (orange), and 25�C (blue).

DsbB reconstituted in a dark nanodisc is shown as a solid line and the empty

nanodisc is shown as a dotted line at each respective temperature. All CD

scans were done in triplicate and the average is plotted.

Dark nanodiscs as a model system for DSF
wavelengths if all a-helical content were lost after the ther-
mal unfolding of DsbB, but the residual signature suggests
that DsbB partially maintains its secondary structural con-
tent and is consistent with prior observations for DsbB
(36–38).
The thermostability profile for DsbB shifts in
different lipid environments

We reconstituted DsbB in dark nanodiscs using two
different lipid compositions to compare to our standard
DMPC/DMPG dark nanodiscs and showcase the utility of
the presented method. We selected lipids based on the
criteria that they 1) had different phase transition tempera-
tures, 2) had a complex phospholipid content, and/or 3) rep-
resented a more native-like environment for DsbB. For these
reasons, we tested POPC because the phase transition tem-
perature is �2�C and well below that of DMPC (24�C) and
DMPG (23�C). We also tested E. coli polar lipid extract
(EPL) because the phospholipid content is compositionally
diverse and consists of 67% phosphatidylethanolamine,
23.2% phosphatidylglycerol (PG), and 9.8% cardiolipin.
Fig. 6 A shows an overlay of the F350/F330 ratios for the
unfolding curves for each lipid composition tested and
Fig. 6 B shows the respective first derivative plots. Surpris-
ingly, compared to the standard DMPC/DMPG lipid compo-
sition used in our method development experiments, the
unfolding pattern for both POPC and EPL is monophasic
with Tm values of 71.2 5 0.2�C and 82.9 5 0.5�C, respec-
tively. We attribute the reduced thermostability for DsbB in
POPC-loaded dark nanodiscs (DTm ¼ �6.3�C) to the lower
phase transition temperature, resulting in a more fluid-like
membrane environment where the lipids are disordered
and have higher lateral mobility. Additionally, POPC con-
tains a zwitterionic headgroup with a net charge of zero.
We would expect negatively charged headgroups such as
DMPG to enhance the stability of the cationic DsbB, which
is consistent with our data. We observe the opposite effect
for EPL (DTm ¼ þ5.4�C). This is expected as cardiolipin
is well recognized for its stabilizing effects on membrane
proteins (16) and because cardiolipin is negatively charged
and may stabilize DsbB given that the protein carries a pos-
itive charge (þ4) at physiological pH. Fig. S1 E and F show
the fraction unfolded curve (baseline corrected) for DsbB
reconstituted in POPC and EPL dark nanodiscs for visuali-
zation of the Tm value at the inflection point, and the respec-
tive dynamic light-scattering data collected are shown in
Fig. S2 C and D (third row). Collectively, these data demon-
strate the utility of our method and how lipids with different
biophysical properties shift the thermostability profile of
DsbB. For comparison, we summarize all nanoDSF re-
corded melting temperatures in Table 1.
DISCUSSION

Tools to evaluate membrane protein stability in the presence
of lipids or a lipid-based model membrane system remain a
technical challenge and are often reverted to studies in
detergent micelles. We describe in this work the develop-
ment and evaluation of dark nanodiscs as a model mem-
brane system for nanoDSF thermostability measurements.
We present this as a new tool that can be used to evaluate
how lipid-protein interactions regulate membrane protein
stability. We show that the dark nanodiscs are fluorescently
undetectable by nanoDSF, making them an ideal model
membrane system to investigate the effect of lipids and spe-
cific lipid types on membrane protein thermostability.

We observed that DsbB reconstituted in a dark nanodisc
loaded with DMPC/DMPG lipids follows a three-state/
biphasic thermal unfolding model that can be described in
terms of a native (N) state, an intermediate (I) state, and
an unfolded (U) state. Fig. 7 A depicts the assembled
DsbB-dark nanodisc complex as it unfolds along the thermal
gradient under nonreducing conditions where the interloop
disulfide bond between residues C41 and C130 is in the
oxidized state. In this model, DsbB retains part of its a-he-
lical secondary structural content in the U state. This is sup-
ported by the observation that the nanoDSF thermal
unfolding curve for DsbB does not reach a plateau (see
Fig. 2 A) and is also reflected in the CD spectral fingerprint
at the end of the thermal melt (see Fig. 5). For comparison,
we also depict the unfolding pathway for DsbB in the case
where the disulfide bond between residues C41 and C130
is in the reduced state in Fig. 7 B. The thermostability profile
for DsbB in DMPC/DMPG dark nanodiscs compared to
Biophysical Journal 123, 68–79, January 2, 2024 75



FIGURE 6 NanoDSF thermal unfolding curves

for DsbB in dark nanodiscs loaded with different

lipid compositions. (A) The F350/F330 thermal un-

folding curves for DsbB reconstituted in a dark nano-

disc loaded with 100% POPC (orange), DMPC and

DMPG at a 3:2 molar ratio (purple), and 100%

E. coli polar lipid extract (teal). (B) The first deriva-

tive plot of the F350/F330 ratio with respect to tem-

perature for DsbB in a dark nanodisc for each lipid

composition. The inflection points correspond to

melting temperatures of Tm ¼ 71.2 5 0.2�C
(POPC), Tm1 ¼ 70.5 5 0.3�C and Tm2 ¼ 77.5 5

0.1�C (DMPC/DMPG), and Tm ¼ 82.9 5 0.5�C
(EPL). All samples were run in triplicate and the

average is plotted.
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detergent micelles revealed two distinct differences: 1) the
thermostability for DsbB in a nanodisc is significantly
higher than under micelle conditions, and 2) the distinct
three-state/biphasic unfolding model of DsbB in a nanodisc
switches to a two-state/monophasic process under micelle
conditions revealing a major thermal transition state. These
observations further signify the impact and role lipids play
in the thermal stability and thermal unfolding of membrane
proteins.

The decrease in thermal stability for detergent-solubilized
DsbB in micelles compared to DsbB reconstituted in nano-
discs is not surprising. It is well recognized that the function
and stability of membrane proteins are compromised during
isolation from the membrane and delipidation through
detergent solubilization and, even more, can be restored
by reconstituting the protein back into a lipid-based model
membrane system. For example, the light-harvesting chlo-
rophyll a/b complex of photosystem II was reported to
have a lower thermostability in DDM micelles (Tm ¼
59.4�C) and, when reconstituted in proteoliposomes,
increased to Tm values as high as 74.9�C in the presence
of monogalactosyl diacylglycerol lipids (39). Notably,
the thermal stability for LHCllb was determined over a
TABLE 1 Table summarizing the measured inflection points

(Tm)

Experimental condition Tm1 (
�C) Tm2 (

�C)

DsbB: dark nanodisc (DMPC/DMPG) 70.5 5 0.3

70.0 5 0.1

70.3 5 0.6

77.5 5 0.1

79.1 5 0.2

79.7 5 0.5

DsbB: dark nanodisc (POPC) 71.2 5 0.2 –

DsbB: dark nanodisc (E. coli polar lipid extract) 82.9 5 0.5

Empty fluorescent nanodisc 86.6 5 0.6

DsbB: MSP1D1 nanodisc (DMPC/DMPG) 79.0 5 0.4

DsbB: dark nanodisc þ TCEP 76.6 5 0.5

DsbB: LMNG 56.4 5 0.9

DsbB: DDM 49.5 5 1.0

DsbB: LMPG 45.4 5 0.1

DsbB: DM 40.1 5 0.9

DsbB: LDAO 36.7 5 0.2
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range of lipid compositions and revealed that specific lipid
types can shift the Tm value as much as 15�C (i.e., phos-
phatidylglycerol vs. monogalactosyl diacylglycerol) (39).
Thermograms for the Na,K-ATPase cation transporter re-
constituted in dipalmitoyl phosphatidylcholine and dipalmi-
toyl phosphatidylethanolamine proteoliposomes revealed
different thermostability profiles under varying concentra-
tions of cholesterol, suggesting that the mechanism by
which the protein thermally unfolds is dependent on choles-
terol content (40).

We also showcase in the study here how different lipid
compositions affect the thermostability of DsbB reconsti-
tuted in dark nanodiscs (see Fig. 6). Interestingly, the
biphasic unfolding pattern observed for DsbB in DMPC/
DMPG nanodiscs does not surface under POPC and EPL
compositions. This further suggests that lipid-mediated in-
teractions between the interloop disulfide bond and DMPC
and/or DMPG lipid types specifically drive the three-state/
biphasic thermal unfolding pattern. Prior studies have
investigated disulfide bond interactions in the presence of
lipids that contribute to the stability of proteins. For
example, a Raman spectroscopy study of a lung surfac-
tant peptide B co-solubilized in a lipid mixture of DPPC
(1,2-dipalmitoyl-sn-glycero-3-phosphocholine) and DOPG
(1,2-dioleoyl-sn-glycero-3-[phosphor-rac-(1-glycerol)](so-
dium salt)) at a 4:1 lipid to protein ratio suggests that the
presence of lipids ‘‘locks’’ the disulfide bond into a distinct
conformation (41). Another study of antimicrobial pep-
tides in lipid nanodiscs found that reduction of disulfide
bonds can have a drastic impact on the ability of these
peptides to interact with lipid bilayers (42). These studies
show that different lipid types can affect disulfide bond
conformations and interactions with disulfides. We pro-
pose here that the DMPC and/or DMPG lipids stabilize/
interact with the C41–C130 disulfide bond, resulting in
the formation of a metastable unfolding I state.

Time-resolved kinetic experiments showed that the sta-
bility of DsbB in mixed micelles was reduced by half
upon the reduction of the two periplasmic disulfide bonds



FIGURE 7 Schematic summarizing the proposed

three-state unfolding model for DsbB in a dark nano-

disc composed of DMPC/DMPG lipids. (A) DsbB re-

constituted in a dark nanodisc loaded with DMPC/

DMPG lipids under nonreducing conditions (i.e.,

the interloop C41–C130 disulfide bond is oxidized)

as it thermally unfolds from the native state (N) to

an intermediate state (I) and to the unfolded (U)

state. We propose that the three-state/biphasic model

is the result of a disulfide bond-mediated I state in

the presence of DMPC/DMPG lipids. (B) DsbB re-

constituted in a dark nanodisc under reducing condi-

tions (i.e., the interloop C41–C130 disulfide bond is

reduced) as it thermally unfolds from the N state to

the U state. We do not observe the formation of an

I state during thermal unfolding of DsbB in our

dark nanodisc system under reducing conditions.

DsbB is shown in dark gray, the dark nanodisc sys-

tem is shown in light gray, the tryptophan and tyro-

sine content for DsbB is represented in purple, the

loss in secondary structural content is reflected by

gray ribbons in the U state, and the C41–C130 inter-

loop disulfide bond in the oxidized state (left) or

reduced state (right) is shown in yellow.

Dark nanodiscs as a model system for DSF
between residues C41–C44 and C104–C130 (21). Disulfide
bonds have been shown to play key roles in membrane pro-
tein stability for a number of systems such as G protein-
coupled receptors (43) and ATP-binding cassette (ABC)
transporters (44). For example, a simulated thermal unfold-
ing of the G protein-coupled receptor rhodopsin revealed
that the C110–C187 disulfide bond is key to retinal binding
and stabilizing the folded state of rhodopsin (43). In
another example, the intramolecular disulfide bond
C592–C608 located in the extracellular loop of the ABC
transporter ABCG2 was shown to be critical for protein
stability (i.e., plasma localization and expression levels),
which was significantly reduced when this disulfide bond
was mutated out with glycine residues (44). However, in
the case of DsbB, we do not observe a significant reduction
in the overall thermostability of DsbB in a dark nanodisc
under reduced conditions. Rather, we do observe a change
in the unfolding pathway and a shift from a three-state un-
folding pathway for DsbB in the oxidized state to a two-
state unfolding pathway and loss of the unfolding interme-
diate under reducing conditions. This suggests that the
disulfide bond formed between the catalytically conserved
cysteine residues contributes to the stabilization of a meta-
stable I state during the thermal unfolding of DsbB but
does not contribute to the overall thermostability of DsbB.

From these results, we conclude that the interloop disul-
fide bond 1) plays a critical role in the thermal unfolding
of DsbB and 2) is specific to the presence of DMPC and/
or DMPG lipids. Furthermore, the minor thermal transition
state is not observed under the detergent conditions tested
here or under POPC and EPL-based lipid compositions. In
light of these findings, our methodology offers a promising
and straightforward approach for future studies, enabling
the exploration of crucial protein-lipid interactions for
various membrane proteins of interest. Our quantitative
measurements will find application in membrane protein-
linked diseases such as cardiac long QT syndrome, cystic
fibrosis, and Charcot-Marie-Tooth disease.
CONCLUSIONS

Overall, the method developed herein will be broadly appli-
cable in membrane protein biophysics research. It provides
a simple tool to dissect the effect of lipid-protein interac-
tions on membrane protein thermostability, interactions
that are typically missed or difficult to measure using exist-
ing methods. For example, genetic mutations lead to the loss
of important intermolecular interactions that cause struc-
tural instability and misfolding of proteins. This leads to
serious genetic diseases such as cystic fibrosis, long QT syn-
drome, and Charcot-Marie-Tooth disease. Specifically,
these diseases are caused by the misfolding of an integral
membrane protein including the cystic fibrosis transmem-
brane conductance regulator (45), the KCNQ1 ion channel
(46), and the peripheral myelin protein 22 (47), respectively.
In such cases, mutations compromise membrane protein sta-
bility, resulting in aberrant protein function. Experimental
and high-throughput measurements are key for understand-
ing 1) the effects of genetic mutations on the thermostability
of membrane proteins and 2) how mutations reshape native
lipid-protein interactions to drive disease states, which have
been historically underappreciated (48,49). Furthermore,
Biophysical Journal 123, 68–79, January 2, 2024 77
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our method can also be used to test membrane protein
design candidates in cases where the goal is to design a
more thermostable protein to facilitate biochemical or struc-
tural studies (50,51).
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Table S1 17 

Sample [free thiol] free thiol (%) 

DsbB – DPC micelle 2.15 +/- 0.29 µM 2.25 % 

DsbB – dark nanodisc 1.52 +/- 0.19 µM 1.59 % 

 18 

Table S1. Quantification of free thiol content for DsbB in DPC micelles compared to dark nanodiscs. The 19 

Measure-IT™ Thiol Assay Kit was utilized to quantify the free thiol content of DsbB in micelles versus DsbB 20 

reconstituted in dark nanodiscs. Each sample was run in triplicate (n=3) at a DsbB protein concentration of 1 21 

mg/mL. The dark membrane scaffold protein does not contribute to the thiol measurement because there is no 22 

cysteine content in the dark nanodisc construct.  23 

 24 
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Figure S1 43 

 44 
Figure S1. Fraction unfolded plotted as a function of temperature for the nanodisc samples evaluated in 45 

this study. For visualization, baseline-corrected experimental curves were calculated from the rate constant of 46 

the unfolding transition, the rate constant of the baseline transition, baseline noise, and baseline offset. Fraction 47 

unfolded plots are shown for (A) DsbB in a dark nanodisc (DMPC/DMPG), (B) empty fluorescent nanodisc 48 

(DMPC/DMPG), (C) DsbB in an MSP1D1 fluorescent nanodisc (DMPC/DMPG), (D), DsbB in a dark nanodisc 49 

(DMPC/DMPG) under reducing conditions. (E) DsbB in a dark nanodisc (POPC), (F) DsbB in a dark nanodisc 50 

(E. coli Polar Lipid Extract).  51 

 52 

 53 

 54 

 55 

 56 

 57 

 58 

 59 

 60 

 61 
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Figure S2 62 

 63 
Figure S2. NanoDSF unfolding curves, first derivative, and cumulative radius plots for each dark 64 

nanodisc condition. (A) DsbB in a dark nanodisc (DMPC/DMPG), (B) DsbB in a dark nanodisc (DMPC/DMPG) 65 

under reducing conditions. (C) DsbB in a dark nanodisc (POPC), and (D) DsbB in a dark nanodisc (E. coli Polar 66 

Lipid Extract). Top row: The F350/F330 thermal unfolding curves for each of the nanodisc samples. Second 67 

row: The first derivative plots for each nanodisc sample. Third row: The cumulative radius plots from dynamic 68 

light scattering measurements collected in tandem with the fluorescence measurements. All samples were run 69 

in triplicate (n=3) and the average is plotted. 70 

 71 

 72 

 73 

 74 

 75 

 76 

 77 

 78 

 79 

 80 
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Figure S3 81 

 82 
Figure S3. NanoDSF unfolding curves, first derivative, and cumulative radius plots for all nanodisc 83 

control samples. (A) empty dark nanodisc, (B) empty fluorescent MSP1D1 nanodisc, and (C) DsbB in a 84 

fluorescent MSP1D1 nanodisc. All control nanodisc samples were loaded with DMPC/DMPG lipids. Top row: 85 

The F350/F330 thermal unfolding curves for each of the nanodisc samples. Second row: The first derivative 86 

plots for each nanodisc sample. Third row: The cumulative radius plots from dynamic light scattering 87 

measurements collected in tandem with the fluorescence measurements. All samples were run in triplicate (n=3) 88 

and the average is plotted. 89 

 90 

 91 

 92 
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Figure S4 93 

 94 
Figure S4. NanoDSF unfolding curves, first derivative, and cumulative radius plots for detergent-95 

solubilized DsbB under a panel of micelle conditions. (A) LMNG, (B) DDM, (C) LMPG, (D) DM, and (E) 96 

LDAO. A-E: The F350/F330 thermal unfolding curves for detergent-solubilized DsbB under a panel of different 97 

micelle conditions. F-J: The first derivative plots for detergent-solubilized DsbB. The inflection points correspond 98 

to Tm values of 56.4 ± 0.9 °C (LMNG, orange), 49.5 ± 1.0 °C (DDM, pink), 45.4 ± 0.1 °C (LMPG, dark purple), 99 

40.1 ± 0.9 °C (DM, green), and 36.7 ± 0.2 °C (LDAO, cyan). K-O: The cumulative radius plots from dynamic light 100 

scattering measurements collected in tandem with fluorescence measurements. All samples were run in triplicate 101 

(n=3) and the average is plotted. 102 

 103 
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Figure S5 112 

 113 
Figure S5. Fraction unfolded plotted as a function of temperature for detergent-solubilized DsbB under 114 

a panel of different detergent micelle conditions. The fraction unfolded is plotted for DsbB under a panel of 115 

different detergent micelle conditions including LMNG, DDM, LMPG, DM, and LDAO. For visualization, baseline-116 

corrected experimental curves were calculated from parameters derived after fitting the data to an equilibrium 117 

two-state unfolding model in MoltenProt. 118 
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