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Abstract

Membrane proteins (MPs) constitute a large fractibthe proteome, but exhibit physicochemical
characteristics that impose challenges for sucekessimple production crucial for subsequent
biophysical studies. In particular, MPs have toeltracted from the membranes in a stable form.
Reconstitution into detergent micelles represeimésmost common procedure in recovering MPs
for subsequent analysis. n-dodefyD-maltoside (DDM) remains one of the most popular
conventional detergents used in production of Mige we characterize the novel DDM analogue
t-PCCGuM, possessing a substantially lower critical meeadbncentration (CMC) than the parental
compound that represents an attractive feature whaedling MPs. Using three different types of
MPs of human and prokaryotic origing., a channel, a primary and a secondary active ficates,
expressed in yeast and bacterial host systemseatdagly, we investigate the performance of t-
PCQuM in solubilization and affinity purification togeér with its capacity to preserve native fold
and activity. Strikingly, t-PC&M displays favorable behavior in extracting andsitang the three
selected targets. Importantly, t-P&@@ promoted extraction of properly folded proteimhanced

thermostability and provided negatively-staineccten microscopy samples of promising quality.



All-in-all, t-PCCoM emerges as competitive surfactant applicable tdread portfolio of

challenging MPs for downstream structure-functiaalgsis.
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I ntroduction

Membrane proteins (MPs) exert functions fundameifdal cell physiology and, when
dysregulated, contribute to disease progressi@)(JAlthough MPs account for 20-30 % of
the proteins encoded by sequenced genomes(3) amslitate 60 % of all human drug
targets(4), the progress with deciphering highdtggm 3-D structures of MPs is rather
slow(5) and hence they remain significantly undemesented in the RCSB Protein Data

Bank (https://www.rcsb.org/)(6). Most of the rematMP structures were determined using

X-ray crystallography however the current progresthe cryo-electron microscopy (cryo-
EM) has yielded a growing number of entries, mahyvbich match the resolution of the
crystal structures(7, 8).

MPs are notoriously challenging to overproduce asaolate in a chemically and
conformationally homogeneous form, significantly ndering structure-function
characterization efforts(9, 10). One of the grdatdsstacles within the MP structural
biology field is to obtain samples in the necessarglity and quantity, largely reflected by
the difficulties in extracting target proteins fromhe lipid bilayer environment and
preserving stabilityin vitro(11). The most frequently used compounds in biocb&im
studies of MPs are surfactants, mainly due to theiphipathic nature, exhibiting ability to
solubilize lipid bilayers, and to maintain MPs ioligion during purification and structural

determination(12). Based on the nature of the Mphitic headgroups, detergents are



divided into three major classe<., ionic, zwitter-ionic and non-ionic(13). Due toariyed
headgroups, ionic detergentsg(, sodium dodecyl sulfate, SDS) are capable of gisng
protein-protein interactions and can display demaduproperties detrimental for protein
activity(5). The zwitter-ionic detergents sharepedies with the ionic detergents, but since
their head group has a net charge of zero, theycamsidered less harsh and thus more
suitable for biophysical applicationsg., nuclear magnetic resonance (NMR) spectroscopy
where they are frequently used(14). In contrast-iooic detergents are milder and
represent the subfamily of surfactants most comynotilized in MPs studies(5, 15).

Among other parameters, detergent selection shoauidider solubilization efficacy and
the effects on protein stability. Moreover, theesof formed micelles is important, dictating
the overall size of protein-detergent complexest tten be vital for the downstream
applicationsg.g., crystallization(16, 17) or cryo-EM(18). The lehgind composition of the
alkyl chain highly affect the properties of the etgent, including the critical micelle
concentration (CMC). Typically, longer chain nomiio detergents such as n-dodegyb-
maltoside (DDM), 2,2-didecylpropane-1,3-ifido-maltopyranoside (LMNG) and n-decyl-
B-D-maltoside (DM) are preferred for both purificatiand structural studies of MPs (Fig.
1a)(15). However, although shorter chaia,, C;—Cj0, non-ionic detergent&,g., n-octyl{3-
D-glucoside (OG), have been shown to affect agtioit certain classes of MPs(13), they
can facilitate obtainment of crystals with highfdittion properties(19).

While several non-detergent systems for extractorstabilization of MPs have been
developed,e.g., amphipols(20), nanodiscs(21), peptidiscs(22) tgreme maleic acid co-
polymer lipid particles (SMALPs)(23), novel surfaots, including detergents and
amphiphiles, are regularly reported(24-26). Manythladfse new generation compounds are
DDM analogues, building on its outstanding trackorel within MP research(25, 27).

Recently, the novel DDM derivative was synthetizddyans-(4-trans-propylcyclohexyl)-



cyclohexyla-maltoside (t-PC@M; Fig. 1b), in which the hydrophobic tail comparedthe
parental linear alkyl chain is bearing two cycloylerings, rendering the molecule overall
more rigid(28). Notably, t-PCé&M displayed promising properties in recovering cofpast
ATP synthase from spinach leaves(29), bovine miadhnal super-complexes(30) or
human the neutral and basic amino acid transpaoniptex (H°*/AT1-rBAT)(31), and, as a
secondary detergent, maintained stability and pezthi crystallization of bacterial
cytochrome b6f(28) or RC-LH1-PufX(32) complexes. réleve report a comparative
analysis of t-PC@M to isolate a diverse set of MPs from the two g most commonly
used heterologous expression platforms, bacterium Escherichia coli and yeast
Saccharomyces cerevisiae. We have evaluated the performance of t-BRCcovering
multiple aspects of MP studies, including solulaitian, affinity purification, structural
preservation and activity. Strikingly, t-PGM displays favorable behavior for all the
assessed MPs, most importantly a uniform distrdoutof discrete particles in negative

staining EM, prerequisite for successful cryo-EMséx structural determination.

Results and discussion

Micellization of t-PCG@M

As reported previously, the CMC value of t-P&MCis ~5 times lower than of DDM and
both detergents exhibit nearly identical micellansses,i.e, ~60 kDa (Table 1)(28),
although higher M (i.e.,, ~90 kDa) has also been reported for t-lBRIOmicelles(32). It
cannot be excluded that such discrepancy may heduted by,e.g., experimental
conditions(33) and has also been observed for DB, (~70 kDa)(34, 35). Reported
aggregation numbers for t-PG@M and DDM are rather similar (averagggh~164.5 and

~127.5, respectively)(36). Here, by using dynangbtl scattering (DLS), we investigated



the properties of self-assembly of both detergantee applied buffer conditions. From the
obtained volume-weighted particle size distribusionwe determined the average
hydrodynamic radius of 42 and 41 A for t-P@& and DDM, respectively (Table 1),

indicating that t-PC@M and DDM micelles possess similar molecular wemyd diameter.

Selection of target MPs

To characterize the performance of t-REBA; we selected three MPs belonging to different
families, originating from diverse species and ¢@veduced in the two separate
heterologous platforms (Table 2, Fig. S1). Thet fiessted MP, human aquaporin 10
(hAQP10), is a member of the aquaglyceroporin suby&37). This protein is a glycerol
facilitator expressed in the small intestine angpask tissue, and it contributes to energy
homeostasis. hAQP10 was overproduced in the yeastevisiae in a N- and C-terminally
truncated form with a C-terminal Hisag fusion (Fig. Sla), in agreement with the
structurally determined form(37). The second targ&CopA from Archaeoglobus fulgidus,

is a prokaryotic P-type ATPase, permitting effluik aytoplasmic C{(38). AfCopA was
expressed as an N-terminal fiag fusion lacking the so-called heavy metal bigdi
domains (Fig. S1b), using & coli-based production platform. The third selected MP,
BbZIP, is a zinc transporter froBordetella bronchiseptica belonging to Zrt- and Irt-like
protein family (ZIP)(39). BbZIP was overproducedpaying E. coli in its full-length form

fused to N-terminal Histag (Fig. S1c).

Solubilization and stabilization of hAQP10 in t-P&T

We first examined the properties of t-PENCto extract and stabilize hAQP10. Based on our

previous findings, the employed yeast expressiatfgim is able to deliver large amounts



of hAQP10 and, importantly, the protein can becgdfitly solubilized in DDM from crude
S. cerevisae membranes(40). We solubilized identical amounts tlud crude yeast
membranes overexpressing hAQP10 in either DDMRE&M (final concentration of 2 %
w/v). Subsequently, solubilized material was sutgecto immobilized-metal affinity
chromatography (IMAC) and eluted with an imidazgedient (Figs. 2a and S2a). The
obtained IMAC elution profile for hAQP10 extractadth t-PCGxtM (Fig. 2a, red) shares
high similarity with the one observed for DM (Fi§2b), the detergent that was previously
used for solubilization and affinity purificationf othe hAQP10 sample used for
crystallization(41). For both t-PG@M1 and DM, the main hAQP10 peak (2) eluted at 500
mM imidazole, while a preceding minor peak (1),tetluduring linear part of the gradient
(50-500 mM imidazole), corresponded to only ~5 %haf total protein yield (Figs. 2a and
S2a, red). Conversely, DDM-solubilized hAQP10 yesldmainly peak (1) with the
remaining ~5 % (peak 2) eluted at 500 mM imidaz@tey. 2a and S2a, blue). Despite
differences in the distribution of peaks in thepagive IMAC profiles, we did not observe
any major changes in purity of hAQP10 purified4A@CaM and DDM (Fig. S3a). Overall,
both tested detergents display similar extractiooperties as reflected by the total protein
yields obtained in each preparation, ranging fro&nt8 3.5 mg per 1-L culture for t-PGMI
and DDM, respectively.

Next, fractions originating from the two peaks @ick IMAC-based purification were
pooled and concentrated separately. Subsequeh#y samples were subjected to size-
exclusion chromatography (SEC) to evaluate the lygameity. The protein derived from the
main IMAC peak (1) of DDM-solubilized hAQP10 showkidh degree of aggregation as it
eluted mainly in the void volume (-8 mL), with onty marginal amount eluting at the
typical retention volume observed for this target, ~11 mL (Fig. 2b, blue). Conversely,

the remaining IMAC peak (2) of DDM-purified hAQP1@isplayed high grade of



homogeneity, eluting as a symmetric peak at ~11(Rg. 2c, blue), similarly to what is
typically observed for SEC profile of hAQP10 obtinin n-nonylB-D-glucoside (NG, Fig.
S2c¢) or OG(40). In case of hAQP10 purified in t-RGA the SEC profile obtained for
IMAC peak (1) revealed the existence of two protpopulations reflected by the two
monodispersed peaks (Fig. 2b, blue). However, munthe two peaks indicated protein
aggregation, displaying elution following the colunvoid volume. Hence, they likely
represent two oligomeric states of hAQP10 presettie sample, the latter corresponding to
the hAQP10 monomer. SEC analysis of the main IMAGKp(2) of hAQP10 purified in t-
PCGuM resulted in monodisperse profile preceded by momshoulder, indicating a high
degree of homogeneity of the sample in the oligammstate (Fig. 2c, blue). Collectively,
although both tested detergents were demonstrateelxtract hAQP10 from the yeast
membranes with similar efficacy, t-PGM was able to provide significantly larger amount
of protein stabilized in the native oligomeric stat

DLS measurements on hAQP10 showed that the auedaton curve for the t-PG/
sample is slightly shifted to the left when comphte the DDM sample (Fig. 3a). This
indicates the presence of particles with smalledrbglynamic radius in t-PG{MD/1 as
compared to DDM in solution and also corroborated tess aggregates in suspension are
contributing to the scattering signal. Subsequently applying nanoscale differential
scanning fluorimetry (nanoDSF), we assessed thestalility of the hAQP10 samples
purified in both detergents (Fig. 3b). Analysistbé estimated melting temperaturesg)r
revealed that hAQP10 solubilized and IMAC-purified t-PCGuM displayed increased
stability as compared to the DDM-derived samplejceoning the peak 1 fractions. The
peak 2 samples appear more stable in both detsrgenteflected by the higher onset
temperature for denaturation (de; Table S1). In conclusion, the sample solubilired-

PCGuM exhibited the highest,Jand hence stability (Fig. 3b).



To evaluate whether t-P@® also preserves protein activity, we performedctional
characterization of the SEC-purified samples odgimg from IMAC peaks (2) for both
detergents. Here we reconstituted the sampledipitbvesicles and assessed water flux in
the resulting proteoliposomes(42). As investigdigdhe stopped-flow kinetic assay where
water permeability is estimated from obtained fasmence traces (Fig. 4a), hAQP10
exhibited activity in both tested detergents. Samgerived from t-PC&M-purified
hAQP10 showed moderately higher water flux rateofk)4.2 & (Fig. 4a, red) as compared
with DDM-solubilized protein (flux rate of 12.6'sFig. 4a, blue). Furthermore, t-PGKa-
purified hAQP10 displayed marginally lower watemdactance as compared with DM-
derived samplei ., 20.0 &, Fig. S2d, redis orange). However, it has to be stressed that the
applied reconstitution procedure was optimized tgeior DM detergent, which in turn can
affect the overall measured activity of hAQP10 skEmprepared in other surfactants.

Finally, to further asses sample quality, we euva@daSEC-grade hAQP10 originating
from IMAC peaks (2) for both detergents by emplgyimegative staining EM and focusing
on particle distribution and homogeneity. Negasten micrographs of hAQP10 purified in
t-PCCGuM showed monodisperse particles with only few eximspof heavily stained,
variably sized particles that could indicate aggteg or contaminants (Fig. 4b). In contrast,
negatively-stained DDM-solubilized sample reveaddwer degree of monodispersity with
large number of particles that varied significantlysize and accumulated stain (Fig. 4c),
indicative of decreased level of homogeneity andtyuAll-in-all, it can be concluded that
t-PCGuM appears compatible with isolation, purificatiostabilization and biophysical
applications of yeast-derived human aquaporin meymbatching the available state-of-the-

art detergents for this protein family.

Solubilizing and stabilizing properties of t-P&@ on AfCopA




We then evaluated the effects of t-R@Con the bacterial CuATPase fromA. fulgidus
(AfCopA) that was overexpressed and purified framEacoli-based platform according to
previously established procedures(43). Here weop@ed identical purification principles
as for hAQP10, including solubilization from is@dtcrude membranes, IMAC and SEC.
Following solubilization of the same amount of i@l membrane material (with the final
detergent concentration of 1 % w/v) and affinityripcation, the resulting IMAC elution
profiles and purities of AfCopA obtained in t-P&@ and DDM were almost identical
(Figs. 5a, S3b and S4a). Importantly, the totatgnoyield for t-PCG@M-purified AfCopA
was marginally higher as compared to the DDM-sdizdxd sample, with 5.&s 4.7 mg of
protein per 1-L of cell culture, respectively. Fmmparison, typical purification of AfCopA
in dodecyl octaethylene glycol ether (Eg) upon solubilization in DDM typically yields 7 —
8 mg of protein per 1-L of cell culture (Fig. S4B)btained SEC profiles of AfCopA in t-
PCGxM and DDM were again comparable, with the protemaks eluting at similar
retention volumes (Fig. 5b). However, the sampléafied in t-PCGM showed a slightly
lower void-to-peak ratio and the resulting protegak was more monodisperse as compared
to the DDM-solubilized sample. SDS-PAGE analysistted main peak fractions did not
reveal any differences between the two tested geetes (Fig. S3b). In conclusion, the SEC
profile of t-PCGM-purified AfCopA resembles more the one typicallyserved during the
purification in G2Eg (Fig. S4c).

To assess activity of SEC-purified (peak (2)) Af@opbtained in t-PCa@M and DDM,
we conducted the so-called Baginski assay, a veddlbdishedin vitro ATPase functional
characterization method based on the colorimet&teation of the free inorganic phosphate
generated from hydrolysis of ATP(44). DDM-deriveflCApA exhibited marginally higher

activity compared to t-PG&/ (Fig. 5¢), but moderately lower functionality cpared to the



sample obtained in gEg (Fig. S4d), the most commonly used surfactanpfaoification of
CopA or other P-type ATPases(45, 46).

To evaluate the quality of t-PG@®-solubilized SEC-purified AfCopA sample further,
we also performed negative staining EM. Analysis tbé obtained negative stain
micrographs revealed that AfCopA purified in botR@CxM and DDM exhibited identical
particle distribution and quality (Figs. 5d andespectively), with areas indicating patches
of aggregation. Noteworthy, it has previously besbown that AfCopA exhibits fibril-like
particle formation when performing EM(47). Thus,cdan be speculated that the possible
aggregation pattern observed here resembles ratwgein fibrils, since the particles
aggregate in a more linear shape and do not fampe lausters. Taken together, these results
indicate that even though minor differences in @irotyield and activity are observed
between the two compared detergents, t-60@Gs fully capable of delivering stable and

active AfCopA.

Effects of t--PCGM on solubilization and stabilization of BbZIP

To further assess the effects of t-RMOAL we turned to the only successfully produced and
structurally characterized member of the ZIP family zinc transporter fromB.
bronchiseptica (BbZIP)(48). This MP class has previously beeregatized as difficult to
express and purify in a stable form(49). SimilaAf@opA, BbZIP was also expressed using
E. coli as the production host; however, in the case sftdrget, the obtained protein yields
are typically notably lower. To investigate theeefs of t-PCGM on BbZIP, we first
performed solubilization with the final detergerdncentration of 1 % w/v using equal
amount of isolated bacterial membranes. SubsegydMAC purification was conducted
and resulted with nearly identical elution profifes both t-PC@M and DDM (Figs. 6a and

S5). Moreover, the yields of purified BbZIP protewere very similari(e., ~3 mg per 1-L of
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cell culture) together with the overall purity detsamples, including the fraction retained as
a native dimer (Fig. S3c), indicative of the mildperties of t-PC&M detergent.

To determine quality and homogeneity of the t-lB®EGsolubilized sample, we
performed SEC-based analysis. Strikingly, wherggsaximately half of the DDM-purified
BbZIP eluted as void peak, reflecting large protaggregation (Fig. 6b, blue), the vast
majority of the sample produced in t-P& remained stable (Fig. 6b, red) and eluted at the
retention volume typically observed for DDM-solubdd BbZIP (e, ~11.5 mL).
Moreover, assessment of the SEC-grade samplesdeskdghtly higher purity of t-PCé&M-
solubilized BbZIP as compared with DDM-derived giot(Fig. S3c).

Identically to hAQP10 and AfCopA, we also attemptidevaluate SEC-purified t-
PCGuM-solubilized BbZIP employing negative staining EWnfortunately, both t-PC&M-
and DDM-solubilized samples exhibited severe aggfieg during staining and no
conclusive results were obtained (data not showhis highlights the overall difficulty in
handling ZIP family members due to their instapiléind hence more optimization of the
BbZIP isolation procedures should be consideredrkethis target can be applied for

subsequent downstream biophysical analysis.

Conclusions

Extraction of MPs from the native lipid environmemth concomitant maintenance of their native
state and activity is one of the most challengegk$ within the structural biology field. We here
performed a systematic characterization of the Divivative, t-PCGM, and demonstrated that it
represents a powerful tool for solubilization atabgdization of three selected and separate types o
MPs produced in two expression host systems. Pbgfs&nically, t-PC@M forms micelles with a
less flexible hydrophobic core and more compactgimedetergent complexes than DDM, desirable

features in structural studies of MPs(16, 26, 50, Bhis tighter assembly of empty micelles by t-
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PCGuM may indeed be superior to DDM in respect to ezssnof their removal, an important
parameter as elevated concentration of detergeats lave detrimental effects on both
crystallization and cryo-EM efforts. Importantlymaller protein-detergent complexes are likely
beneficial in formation of crystal contacts, prang well-defined NMR spectra or in establishing
more uniform cryo-EM specimens.

Overall, t-PC@M exhibited similar potency as compared to DDM xtracting the tested MPs.
However, the stabilizing properties of t-P@ET were superior to DDM. Strikingly, t-PGfM
improved the thermostability of hAQP10, a targedtthlisplays already high initial stability in
different detergents. Here t-P@Ka allowed for production of more uniformed IMAC-gla sample
exhibiting high monodispersity (as assessed by &itnegative staining EM) and activity. Similar
results were obtained for AfCopA, where the stalily effect of t-PCGM was marginally better
than for DDM. In case of the least stable target, BbZIP, t-PCG@M provided significantly
enriched population of monodisperse SEC-grade jprthean DDM. However, this improvement of
the stability was insufficient to perform negatstaining EM-based analysis on BbZIP, indicating
that further optimization of the isolation proceelus necessary for this target.

All-in-all, based on these findings we concludetthd®CCGM is a highly suitable and
competitive surfactant to be included in both stgrtsolubilization screens and to be considered as
a secondary detergent in final steps of MP sami@pgration. Based on the studies of members of
three separate target families of MPs, we belibe¢ this detergent can be successfully applied to a

broader portfolio of challenging MPs for downstrebimphysical applications.

Materials and M ethods

Production of hAQP10

Human AQP10 (hAQP10) was produced essentially a&viqgusly described(41, 52).

Briefly, the protein was overexpressed in Saeerevisiae PAP1500 straino{ ura3-52 trpl::

12



GAL10-GAL4 lys2-801 leuR1l his3A200 pep4::HIS3 priAl.6R canl GAL) transformed
with the pPAP2259 vector(53) encoding an M1-10) and C-terminally X277-301)
truncated hAQP10 fused to a C-terminal octa-hisédiHig) stretch. Yeast was grown in
shaker flasks in minimal medium supplemented withrdg/mL ampicillin and VV200. Cells
were propagated to Qg = 1.0 — 1.5 at 30 °C and 100 r.p.m.. Protein esgo:m was
induced with a final concentration of 2 % w/v gatese at 15 °C for 24 h prior to harvesting.
Cells were resuspended in a lysis buffer (25 mM-HCI pH 7.5, 500 mM NacCl, 20 % v/v
glycerol and 5 mM pB-mercaptoethanol, BME) supplemented with 1 mM
phenylmethylsulfonyl fluoride (PMSF) and 1 pg/mL deupeptine, pepstatin and
chymostatin (LPC; Sigma Aldrich, USA). Following licdomogenization using a bead
beating system (BioSpec, USA), cell debris-freeenal was ultracentrifuged at 190,000 x
g, 4 °C for 3 h using a Beckman Ti-45 rotor (BeckmdSA). Isolated crude membranes
were then resuspended in a solubilization buffé & Tris-HCI pH 7.5, 200 mM NacCl,
20 % v/v glycerol and 5 mM BME) supplemented witmM PMSF and 1 pg/mL of LPC,
followed by solubilization in 2 % w/v n-dodec@tD-maltoside (DDM; Anatrace, USA) or
t-PCCGuM (Glycon Biochemicals, Germany)(28) for 4 h at@. Solubilized material was
subsequently diluted twice to reduce the final dgtet concentration and bound to a 5-mL
nickel-charged affinity HisTrap HP column (Cytiv®enmark). Following washes, the
protein was eluted in immobilized-metal affinityromatography (IMAC) buffer (20 mM
Tris-HCI pH 7.5, 200 mM NacCl, 20 % v/v glycerol,ddM BME and 500 mM imidazole)
supplemented with 0.03 % w/v DDM or t-P@@. Purified hAQP10 was subsequently
concentrated using Vivaspin concentrators (MWCOKID®&; Sartorius, Germany) and size-
exclusion chromatography (SEC) was performed uaisgiperdex 200 Increase 10/300 GL
column (Cytiva) equilibrated with a SEC buffer (&M Tris-HCI pH 8.0, 100 mM NacCl,

10 % v/v glycerol and 2 mM BME) containing 0.03 %/vidDM or t-PCGiM.
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Dynamic light scattering (DLS) measurements

DLS measurements were performed using a DynaProstandevice and the data were processed
with Dynamics v.7 software (both from Wyatt Techomgy} Corporation, USA). Samples were
centrifuged at 10,062 x g for 10 minutes prior teasurements performed at 25 °C usingL4-
plastic cuvettes (Wyatt Technology Corporation)e BEtquisition time was 5 s with and a total of

30 acquisitions were averaged.

Nanoscale differential scanning fluorimetry (nandl) ::easurements

Each sample was used to fill two standard gradeoD8f capillaries (Nanotemper,
Germany) and loaded into a Prometheus NT.48 defNamotemper) controlled by the
PR.ThermControl v.2.1.2 software. Excitation powes pre-adjusted to get fluorescence
readings above 2000 RFU for F330 and F350, and Isamyere heated from 15 to 95 °C
with a slope of 1 °C/min. An XLSX file containindhé processed nanoDSF data was
exported from PR.ThermControl and used for furthealysis to extract the melting T
and onset denaturation 4l.) temperatures(11). Normalization of curves to dakeuthe

fraction of unfolded protein was performed using EoltenProt software(54).

Reconstitution of hAQP10 into liposomes and waltex &ctivity assay

Reconstitution of hAQP10 was performed as previousported(42). Empty liposomes
were prepared usingscherichia coli polar lipid extract (Avanti Polar Lipids, USA)
rehydrated to a lipid concentration of 20 mg/mlLaimeconstitution buffer (20 mM HEPES-
NaOH pH 8 and 200 mM NacCl) supplemented with 10 B{8))-carboxyfluorescein (Sigma

Aldrich). Following sonication steps, the lipid stbn was flash-frozen and passed through
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a 200-nm polycarbonate filter mounted in an extr@deanti Polar Lipids). The lipids were
then diluted to 4 mg/mL in the reconstitution buftentaining 25 % v/v glycerol, 0.4 % w/v
n-nonyl$-D-glucoside (NG; Anatrace) and 0.02 % Triton X-1@8igma Aldrich).
Subsequently, SEC-purified hAQP10 was added tolighe solution to a lipid-to-protein
ratio of 100 (w/w) and the sample was dialyzed @#N4 °C against the reconstitution
buffer. The samples were centrifuged at 57,000fardL.5 h and the resulting pellets were
dissolved in the reconstitution buffer. All recandgions were performed in triplicates. The
stopped-flow measurements of water flux were perér using an SX-20 Stopped-Flow
Spectrometer (Applied Photophysics, UK), permittragid mixing of the proteoliposomes
with the reaction buffer (20 mM HEPES-NaOH pH 8 &@D mM NacCl). Data were
collected at the excitation wavelength of 495 nm 20s at room temperature. Empty
liposomes served as a negative control to estimat&ground water flux rates. The data
were analyzed and plotted using GraphPad Prisnsoftdvare (GraphPad Software, USA).
Each sample was measured ten times, then averagedalized and fitted using a double
exponential model. The smaller k rate is unaffechsd changes in the reconstitution
efficiency, and hence the larger k rate represt@toverall kinetics of water flux mediated

by the reconstituted hAQP10.

Production of AfCopA

CopA from Archaeoglobus fulgidus (AfCopA) was expressed 1. coli as a variant lacking
its N- and C-terminal heavy metal binding domaikBCopAdNC), essentially as previously
described for CopA fromlLegionella pneumophila (55). Briefly, a pET22b(+) vector
encoding the AfCopA gene N-terminally fused to astdtretch was transformed into tke

coli C43 strain. Cell cultures were performed in LB medsupplemented with 0.1 mg/mL

ampicillin in shaker flasks. Cells were grown to §Po= 0.6 — 0.8 at 37 ° and 120 r.p.m.
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before protein expression was induced with 1 mMGPThduction was performed for 16 h
at 20 °C and 120 r.p.m., before the cells were dsted, resuspended in a lysis buffer (20
mM Tris-HCI pH 7.6, 200 mM KCI and 20 % v/v glycéran a volume of 5 mL per 1 g and
stored at -80 °C. Thawed cell material was suppiget with 5 mM BME, 2 pg/mL
DNase, 1 mM MgGland 1 pg/mL LPC. The cells were broken by pastiegsuspension
through a cell disruptor twice at 25 kpsi press{@enstant Systems Limited, UK) and 1
mM PMSF was added to the lysate immediately aftandgenization. Subsequently, cell
debris was removed and the lysate was ultracegadat 190,000 x g, 4 °C for 3 h. Isolated
crude membranes were resuspended in a solubilizatifer (20 mM Tris-HCI pH 7.6, 200
mM KCI, 20 % v/v glycerol, 5 mM BME and 1 mM Mgglsupplemented with 1 mM
PMSF and 1 pg/mL LPC at 0.1 g membranes per 1 nifebband stored at -80°C.
Following determination of protein concentrationings Bradford assay (Thermo Fisher
Scientific, USA), an even amount of membranes wakibdized at a total protein
concentration of 3 mg/mL in 1 % DDM (Anatrace) é?€CuM (Glycon Biochemicals) for
2 h at 4 °C. Insolubilized material was removeduliyacentrifugation (190,000 x g, 4 °C, 1
h), and the supernatant was supplemented with 30immi¥azole and 500 mM KCI before
loading on a 5-mL HisTrap HP column (Cytiva). Theduemn was washed with 50 mL of an
IMAC buffer (20 mM Tris-HCI pH 7.6, 200 mM KCI, 2& v/v glycerol, 5 mM BME and 1
mM MgCl,) containing either 0.03 % w/v DDM (Anatrace), 0 %3w/v t-PC@M (Glycon
Biochemicals) or 0.015 % w/v dodecyl octaethyleheag ether (G:Es; Nikko Chemicals,
Japan) and supplemented with 50 mM imidazole. Bo&fCopA was then eluted in the
corresponding IMAC buffers supplemented with 500 mmitazole. IMAC-purified protein
was concentrated to 20 mg/mL using Vivaspin conmegots (MWCO 5KDa; Sartorius)
and the samples were injected on a Superose 6 AGRGolumn (Cytiva) equilibrated in a

SEC buffer (20 mM Tris-HCI pH 7.6, 80 mM KCI, 20 %v glycerol, 5 mM BME and 3
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mM MgCl,) containing either 0.03 % w/v DDM (Anatrace), 0 %3w/v t-PC@M (Glycon

Biochemicals) or 0.015 % w/v.gEg (Nikko Chemicals).

Negative staining EM

SEC-purified hAQP10 and AfCopA were diluted to &f/mL in the respective SEC buffers.
Subsequently, 4L of the sample was applied to glow-discharged, A®sh carbon-coated grid
(Quantifoil Micro Tools GmbH, Germany) and inculzafer 1 min. The grids were stained with 4
uL of 2 % w/v uranyl acetate and washed withL4of water for 1 min, followed by drainage with a
filter paper. Negative stain EM micrographs welleetaon a Philips CM100 transmission electron

microscope (Philips, UK) operated at 100 kV.

AfCopA activity assay

The activity of AfCopA was determined using SECiped samples concentrated to 10
mg/mL and employing the so-called Baginski assay(B4iefly, 0.05 mg/mL protein was
added to a reaction buffer (40 mM MOPS-KOH pH &80 mM NacCl, 5 mM KCI and 5
mM MgCl,) supplemented with 0.2 mg/mL d—-phosphatidylcholine from soybean, 10 mM
cysteine, 5 mM Tris(2-carboxyethyl)phosphine, 20 mMmonium sulfate, 5 mM sodium
nitrate, 0.25 mM sodium molybdate and 0.5 mM ammuonietrathiomolybdate (all from
Sigma Aldrich), and either 0.33 mg/mL of DDM (Anate), t-PCGM (Glycon
Biochemicals) or ©Eg (Anatrace). Subsequently, 1 mM CuyGhas added following
incubation for 15 min at RT. The assay was perfarrae 72 °C and the samples were
incubated 5 min before the reaction was starteddming 5 mM ATP (Sigma Aldrich). For
a total of 40 min, 5QuL of the respective reaction mixtures was transféro a 96-well
microplate at 5 — 10 min intervals and mixed withegual volume of ascorbic acid solution

(formed by mixing a solution containing 0.17 M adso acid and 0.1 % SDS in 0.5 M HCI
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with aqueous 28.3 mM ammonium heptamolybdate inla&io, all from Sigma Aldrich).
After incubation for 10 min at RT, 74 of sodium arsenic solution (consisting of 0.068 M
trisodium citrate, 0.154 M sodium metaarsenic an% /v glacial acetic acid, all from
Sigma Aldrich) was added to stop color developmekiter 30-min incubation, the
absorbance was measured at 860 nm for the sampdgsmrepd in triplicates in three

independent experiments.

Production of BbZIP

BbZIP from Bordetella bronchiseptica was expressed in its full-length form as an N-
terminal Hig stretch fusion. The resulting construct was clomed pET15b(+) vector and
transformed into th&. coli C43 strain. Cells were grown in TB media supplet@erwith
0.1 mg/mL ampicillin in shaker flasks to @@= 0.8 at 37 °C and 150 r.p.m.. Subsequently,
protein expression was induced with 1 mM IPTG fdriRat 20 °C before the culture was
harvested and stored at -80 °C. Cells were resdggem a lysis buffer (25 mM HEPES-
NaOH pH 7.0, 500 mM NacCl and 20 % v/v glycerol) glgmented with 1 pg/mL LPC and
mechanically disrupted (Constant Systems Limiteéfoke the cell homogenate was
supplemented with 1 mM PMSF. Upon removal of thi debris, crude membranes were
isolated by ultracentrifugation at 190,000 x g, @ for 3 h and resuspended in a
solubilization buffer (20 mM HEPES-NaOH pH 7.3, 20 NaCl an 20 % v/v glycerol)
supplemented with 0.1 mM CdCl1 pg/mL LPC and 1 mM PMSF to a protein
concentration of 5 mg/mL. An even amount of membsawas solubilized with either 2 %
w/v DDM (Anatrace) or t-PC&M (Glycon Biochemicals) for 3 h at 4 °C. Followirgo-
fold dilution of the material in the solubilizatiobuffer to reduce final detergent
concentration, the samples were supplemented viitmBl imidazole and 500 mM NacCl,

and loaded onto a 5-mL HisTrap HP column (Cytivafler column wash with an IMAC
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buffer (50 mM HEPES-NaOH pH 7.3, 200 mM NaCl, 20W% glycerol and 500 mM
imidazole) containing either 0.1 % w/v DDM (Anateaoor 0.1 % w/v t-PC&M (Glycon
Biochemicals), bound BbZIP was eluted with 50-50@ imidazole gradient. Subsequently,
the purified protein was dialyzed O/N at 4 °C againe corresponding IMAC buffers and
concentrated to 8 mg/mL using Vivaspin concenteafMWCO 10kDa; Sartorius). Finally,
SEC was performed employing a Superdex 200 increB&800 column (Cytiva)
equilibrated with the SEC buffer (20 mM NaOAc pH.4200 mM NacCl, 15 % v/v glycerol)
supplemented with either 0.03 % w/v DDM (Anatrace)0.03 % w/v t-PC@&M (Glycon

Biochemicals).
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Figure 1. Detergents used for characterization of membrane proteins (MPs). (a) Cumulative
usage of the top four primary surfactants for poation and structure determination of MPs for the
period 2015-2019. The evaluation is based on in&ion deposited in the RCSB PDB database
(http://www.rcsb.orgfp) extracted by Anatrace (https://www.anatrace o®DM: n-dodecyIp-
D-maltoside; LMNG: 2,2-didecylpropane-1,3-tfisD-maltopyranoside; DM: n-decyi-D-
maltoside.(b) Chemical structure of the most commonly employedtasale detergent in studies of
MPs, i.e, DDM, and its novel derivativei.e.,, 4-trans-(4-trans-propylcyclohexyl)-cyclohexyt

maltoside (t-PC@M), characterized in this work.
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Figure 2
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Figure 2. Purification of human aquaporin 10 in DDM or t-PCCaM. (a) Immobilized-metal
affinity chromatography (IMAC)-based purificatiod bAQP10 expressed in a 2-L scale in shaker
flasks and solubilized from the same amount of ersatcharomyces cerevisiae membranes in 2 %
w/v of DDM (blue) or t-PCGM (red). IMAC profiles indicate the U, signal using an imidazole
gradient of 50-500 mM (greenjb) and (c) Normalized size-exclusion chromatography (SEC)
profiles originating from pooled IMAC fractions ecesponding to peak (b) eluted with 50-500 mM
imidazole gradient or in peak(2) eluted in the 500 mM imidazole and produced in DgMie) or
t-PCGuM (red). SEC was performed using a Superdex 200e&se 10/300 GL column by
monitoring the Agp signal. Arrows indicate the position of fractioalsited at the void volume (~8

mL).
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Figure 3. Physicochemical properties of human aquaporin 10 purified in DDM or t-PCCaM.

(a) Dynamic light scattering autocorrelation functiafsmmobilized-metal affinity chromatography
(IMAC)-purified hAQP10 in t-PCGM (red) or DDM (blue) originating from peak 1 obted in
runs shown in Fig. 2a. The curves represent anageefrom 30 measurements. The mean
hydrodynamic radius value extracted from the cufeeshe range 0.2 10 nm is ~50/s ~59 nm for
t-PCCGuM and DDM, respectively.(b) Thermal denaturation curves originating from pdole
immobilized-metal affinity chromatography fractioosIMAC-purified hAQP10 in DDM (peak 1 in
cyan and peak 2 in dark blue), and in t-R®(peak 1 in orange and peak 2 in red), see FigTBa
nanoscale differential scanning fluorimetry curaes based on two replicates. Melting temperatures
(T, °C) for hAQP10 sample purified in DDM or t-P@G®I are also indicated. Jwas obtained by
curve fitting of nanoscale differential scanningdtimetry curves (f5¢/Fs30 ratio) for the respective

IMAC peaks, see Fig. 2a.
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Figure4
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Figure 4. Characterization of human aquaporin 10 purified in DDM or t-PCCaM. (a) Activity

of size-exclusion chromatography (SEC)-purified HXD samples (originating from immobilized-
metal affinity chromatography (IMAC) peak 2 obtainie runs shown in Fig. 2c) and reconstituted
into proteoliposomes. Normalized fluorescence sdcem a water flux assay are presented for the
proteoliposomes containing hAQP10 samples puriiie®DM (blue) and t-PC&M (red). Signal
derived from controli(e., empty) liposomes is shown in black. The data wastined from 3
separate reconstitutions, where each curve wasgeerfrom 10 stopped-flow traces and fitted to a
double exponential function (solid curves with twresponding colors). The calculated water flux
rate constants (k,’$ are indicated in the figure legenth) and (c) Electron microscopy (EM)
negative staining of hAQP10 samples also used nelpé@) in the presence of t-P@ (b) and
DDM (c), respectively. Scale bars: 200 nm. Arrows indicpteticles with accumulated stain

indicative of sample aggregation or contamination.
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Figure5
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Figure 5. Purification and characterization of the P-type ATPase AfCopA in DDM or t-
PCCaM. (&) Immobilized-metal affinity chromatography (IMACabed purification of AfCopA
expressed in a 2-L scale in shaker flasks and sidled from the same amount of cruBscherichia
coli membranes in 1 % w/v of DDM (blue) or t-P@@ (red). IMAC profiles indicate the U)o
signal using an elution with 50-500 mM imidazoledjent (green)(b) Normalized size-exclusion
chromatography (SEC) profiles originating from pebIMAC fractions produced in DDM (blue) or
t-PCGuM (red). SEC was performed using a Superose 6 D00 column by monitoring the Ay
signal. Arrow indicates the position of shouldeltged at the void volume (~8 mL{c) Activity (%)

of SEC-purified AfCopA samples (originating from Skpeak 2) using the so-called Baginski assay.
Data were normalized relative to the activity ob&al in dodecyl octaethylene glycol ethen,fs,
Fig. S4d) and represent averages of three indepéredg@eriments + SEM(d) and (e) Electron
microscopy (EM) negative staining of SEC-purifiedfCApA samples. Negative-stain EM

micrographs of AfCopA purified in t-PGf3/ (d) and DDM(e) are shown. Scale bars: 200 nm.
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of BbZIP protein in DDM or t-PCCaM. (a)

Immobilized-metal affinity chromatography (IMAC)-bed purification of BbZIP expressed in a 4-L

scale in shaker flasks and solubilized from theesamount of crud&scherichia coli membranes in

1 % wi/v of DDM (blue) or t-PC&M (red). IMAC profiles indicate the U4, signal using an elution

with 50-500 mM imidazole gradient (greei()

Normalized size-exclusion chromatography (SEC)

profiles originating from pooled IMAC fractions mtaoced in DDM (blue) or t-PC&M (red). SEC

was performed using a Superdex 200 Increase 10&0®Y monitoring the Agy signal. Arrows

indicate the position of fractions eluted at thedwmwolume (~8 mL).
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Tablel

Table 1. Physicochemical properties of t-PCCaM. Data for n-dodecyp-D-maltoside (DDM) are

shown for comparison. CMC: critical micelle congatibn.

parameter t-PCCaM DDM
molecular weight, g/mol 548.7 510.6
CMC (room temp), mM 0.036 0.170

CMC (50 °C), mM 0.027 ND
micellar mass, kDa 62.7+3.5 66.0
micellar radius, A 42 +01 41 +1.0°

" As reported by Hoverat al.(28)

” Results obtained from dynamic light scattering ([PliBeasurements. Data represent averages of 30
independent experiments + SEM. The percent of pebgatsity obtained for the samples was 11.4 an8@ 6.0
for DDM and t-PC@M, respectively.
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Table?2

Table 2. Membrane proteins (MPs) and quality control assays used for characterization of t-

PCCaM. SEC: size-exclusion chromatography; EM: electroicroscopy; nanoDSF: nanoscale

differential scanning fluorimetry; ZIP: Zrt- and-ike protein family.

quality
tar get MP primary expression
organism control
(UniProt ID)* family function host
assessment
SEC, negative
hAQP10 glycerol  Saccharomyces stain EM,
Homo sapiens aquaporin
(Q96PS8) facilitator cerevisiae nanoDSF,
activity assay
SEC, negative
AfCopA Archaeoglobus Pig.1-type Cu’ Escherichia
stain EM,
(029777) fulgidus ATPase transporter coli
activity assay
BbZIP Bordetella zn** Escherichia
ZIP SEC
(AOAOH3LM39) bronchiseptica transporter coli

" UniProt database is accessible at: https://www raniprg/(56).
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Figure S1. Overview of all the target membrane proteins included in the study. Planar topology models
depicting the arrangement of transmembrane hel{@®&4s). Localization of the histidine (His) tag is
indicated. (&) Human aquaporin 1G@hAQP10). (b) Piss-type ATPase fromArchaeoglobus fulgidus

(AfCopA). Two additional TMa and b, the solublewator (A), nucleotide-binding (N) and phosphoryati
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domains (P) are also indicatgd) Zrt- and Irt-like protein family (ZIP) zinc transger from Bordetella

bronchiseptica (BbZIP).
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Figure S2
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Figure S2. Purification and activity of hAQP10 protein. (a) Immobilized-metal affinity
chromatography (IMAC)-based purification of hAQPaxXpressed in a 2-L scale in shaker flasks and
solubilized from the same amount of crugsccharomyces cerevisiae membranes in 2 % w/v of
DDM (blue) or t-PC@M (red). Complete IMAC profiles indicating the Wy signal using an
elution with an imidazole gradient of 50-500 mMédgn). For a close-view of the imidazole elution
profiles, see Fig. 2gdb) Example of the complete IMAC profile from an optaed purification of
hAQP10 solubilized in 2 % w/v of n-decptD-maltoside (DM, orange) originating from material
obtained from 8-L of shaker flask cell cultufe) Normalized size-exclusion chromatography SEC
profile of DM-solubilized hAQP10 in n-nony-D-glucoside (NG, orange). The SEC was performed
using a Superdex 200 Increase 10/300 GL column dnyitaring the Ago signal. Arrow indicates the
position of a shoulder eluted at the void volum& (rnL). (d) Activity of SEC-purified hAQP10

samples (IMAC peak 2) obtained in runs shown in Rig) and from DM-solubilized SEC-purified
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samples reconstituted into proteoliposomes. Nouaedlifluorescence traces from a water flux assay
are presented for proteoliposomes containing hAQ$¥kfples purified in DDM (blue), t-PG®I
(red) and DM exchanged to NG (orange). The sigeaivdd from a controli(e.,, empty) liposomes

is shown in black. The data were obtained from [3ass®e reconstitutions where each curve was
averaged from 10 stopped-flow traces and fitted tiouble exponential function (solid curves with
the corresponding colors). The resulting water flate constants (k;" are indicated in the figure

legend.

37



Figure S3
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t-PCCaM
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Figure S3. Electrophoretic analysis of the target membrane proteins included in the study purified in
DDM or t-PCCaM. (a) hAQP10.(b) AfCopA. (c) BbZIP. Coomassie-stained SDS-PAGE gels are shown
with samples collected during immobilized-metaliraff chromatography (IMAC) and size-exclusion

chromatography (SEC) steps. FT: flow-through.



Figure 4
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Figure S4. Purification and activity of AfCopA protein sample. (a) Immobilized-metal affinity
chromatography (IMAC)-based purification of AfCo@kpressed in a 2-L scale in shaker flasks and
solubilized from the same amount of crugkeherichia coli membranes in 1 % w/v of DDM (blue)
or t-PC@M (red). Complete IMAC profiles indicate the Wy signal using an elution with an
imidazole gradient of 50-500 mM (green). For theselview of imidazole elution profiles, see Fig.
5a.(b) Example of complete IMAC profile from optimized nification of AfCopA solubilized in 1

% w/v of DDM and eluted in buffer containing dodeogtaethylene glycol ether (€, orange).
Approximately five times more bacterial membranesewsed as shown in (&) Normalized size-
exclusion chromatography (SEC) profile of IMAC-died AfCopA shown in (b). SEC was
performed in GEg (orange) using a HiLoad 16/600 Superose 6 pregegcalumn by monitoring
the Aggo signal. Arrow indicates the approximate positidrihe void volume (~40 mL)d) Activity

(%) of SEC-purified AfCopA samples (originating oSEC run shown in (c) and SEC peak 2, Fig.
5¢) using the so-called Baginski assay. Data wemnalized relative to the activity obtained in

C1.Es and represent averages of three independent expes + SEM.
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Figure Sb
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Figure S5. Purification of BbZIP protein in DDM or t-PCCaM. Immobilized-metal affinity
chromatography (IMAC)-based purification of BbZIRpeessed in a 4-L scale in shaker flasks and
solubilized from the same amount of crugkeherichia coli membranes in 1 % w/v of DDM (blue)
or t-PCQ@M (red). Complete IMAC profiles indicate the W signal using an imidazole gradient of

50-500 mM (green). For a close-view up of the imamla elution profiles, see Fig. 6a.
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Table S1.

Table S1. Onset denaturation temperatures (Tonst) for hRAQP10 sample purified in DDM or t-
PCCaM. T,nset Was obtained by curve fitting of nanoscale diffgi@ scanning fluorimetry curves
(Fsso/Fs30 ratio) for the respective immobilized-metal affinichromatography (IMAC) peaks, see

Fig. 2a. Tnsetrelates to the change in the slope equivalenbheéotémperature where 1 % of protein

fraction becomes unfolded.

detergent t-PCCaM DDM
hAQP10 fraction peak 1 peak 2 peak 1 peak 2
Tonsei °C 62.5+0.0 61.6 +0.1 61+0.1 59.5+0.0
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Highlights

* Novel DDM anaogue t-PCCoM possesses a substantially lower critical micelle concentration
than DDM, representing an attractive feature when handling membrane proteins

* t-PCCaM displays favorable behavior in extracting and stabilizing the three selected membrane
proteins

* t-PCCaM promotes extraction of properly folded protein, enhances thermostability and provides
negatively-stained electron microscopy samples of promising quality

* t-PCCaM emerges as competitive surfactant applicable to a broad portfolio of challenging
membrane proteins for downstream structure-function analysis
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