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Abstract 

Membrane proteins (MPs) constitute a large fraction of the proteome, but exhibit physicochemical 

characteristics that impose challenges for successful sample production crucial for subsequent 

biophysical studies. In particular, MPs have to be extracted from the membranes in a stable form. 

Reconstitution into detergent micelles represents the most common procedure in recovering MPs 

for subsequent analysis. n-dodecyl-β-D-maltoside (DDM) remains one of the most popular 

conventional detergents used in production of MPs. Here we characterize the novel DDM analogue 

t-PCCαM, possessing a substantially lower critical micelle concentration (CMC) than the parental 

compound that represents an attractive feature when handling MPs. Using three different types of 

MPs of human and prokaryotic origin, i.e., a channel, a primary and a secondary active transporter, 

expressed in yeast and bacterial host systems, respectively, we investigate the performance of t-

PCCαM in solubilization and affinity purification together with its capacity to preserve native fold 

and activity. Strikingly, t-PCCαM displays favorable behavior in extracting and stabilizing the three 

selected targets. Importantly, t-PCCαM promoted extraction of properly folded protein, enhanced 

thermostability and provided negatively-stained electron microscopy samples of promising quality. 
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All-in-all, t-PCCαM emerges as competitive surfactant applicable to a broad portfolio of 

challenging MPs for downstream structure-function analysis. 

Keywords  

cryo-EM, crystallization, detergent, membrane proteins, solubilization 

Introduction  

Membrane proteins (MPs) exert functions fundamental for cell physiology and, when 

dysregulated, contribute to disease progression(1, 2). Although MPs account for 20-30 % of 

the proteins encoded by sequenced genomes(3) and constitute 60 % of all human drug 

targets(4), the progress with deciphering high-resolution 3-D structures of MPs is rather 

slow(5) and hence they remain significantly underrepresented in the RCSB Protein Data 

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

X-ray crystallography however the current progress in the cryo-electron microscopy (cryo-

EM) has yielded a growing number of entries, many of which match the resolution of the 

crystal structures(7, 8). 

MPs are notoriously challenging to overproduce and isolate in a chemically and 

conformationally homogeneous form, significantly hindering structure-function 

characterization efforts(9, 10). One of the greatest obstacles within the MP structural 

biology field is to obtain samples in the necessary quality and quantity, largely reflected by 

the difficulties in extracting target proteins from the lipid bilayer environment and 

preserving stability in vitro(11). The most frequently used compounds in biochemical 

studies of MPs are surfactants, mainly due to their amphipathic nature, exhibiting ability to 

solubilize lipid bilayers, and to maintain MPs in solution during purification and structural 

determination(12). Based on the nature of the hydrophilic headgroups, detergents are 
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divided into three major classes, i.e., ionic, zwitter-ionic and non-ionic(13). Due to charged 

headgroups, ionic detergents (e.g., sodium dodecyl sulfate, SDS) are capable of disrupting 

protein-protein interactions and can display denaturing properties detrimental for protein 

activity(5). The zwitter-ionic detergents share properties with the ionic detergents, but since 

their head group has a net charge of zero, they are considered less harsh and thus more 

suitable for biophysical applications, e.g., nuclear magnetic resonance (NMR) spectroscopy 

where they are frequently used(14). In contrast, non-ionic detergents are milder and 

represent the subfamily of surfactants most commonly utilized in MPs studies(5, 15). 

Among other parameters, detergent selection should consider solubilization efficacy and 

the effects on protein stability. Moreover, the size of formed micelles is important, dictating 

the overall size of protein-detergent complexes that can be vital for the downstream 

applications, e.g., crystallization(16, 17) or cryo-EM(18). The length and composition of the 

alkyl chain highly affect the properties of the detergent, including the critical micelle 

concentration (CMC). Typically, longer chain non-ionic detergents such as n-dodecyl-β-D-

maltoside (DDM), 2,2-didecylpropane-1,3-bis-β-D-maltopyranoside (LMNG) and n-decyl-

β-D-maltoside (DM) are preferred for both purification and structural studies of MPs (Fig. 

1a)(15). However, although shorter chain, i.e., C7−C10, non-ionic detergents, e.g., n-octyl-β-

D-glucoside (OG), have been shown to affect activity of certain classes of MPs(13), they 

can facilitate obtainment of crystals with high diffraction properties(19). 

While several non-detergent systems for extraction or stabilization of MPs have been 

developed, e.g., amphipols(20), nanodiscs(21), peptidiscs(22) or styrene maleic acid co-

polymer lipid particles (SMALPs)(23), novel surfactants, including detergents and 

amphiphiles, are regularly reported(24-26). Many of these new generation compounds are 

DDM analogues, building on its outstanding track record within MP research(25, 27). 

Recently, the novel DDM derivative was synthetized, 4-trans-(4-trans-propylcyclohexyl)-
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cyclohexyl α-maltoside (t-PCCαM; Fig. 1b), in which the hydrophobic tail compared to the 

parental linear alkyl chain is bearing two cyclohexyl rings, rendering the molecule overall 

more rigid(28). Notably, t-PCCαM displayed promising properties in recovering chloroplast 

ATP synthase from spinach leaves(29), bovine mitochondrial super-complexes(30) or 

human the neutral and basic amino acid transport complex (b[0,+]AT1-rBAT)(31), and, as a 

secondary detergent, maintained stability and permitted crystallization of bacterial 

cytochrome b6f(28) or RC-LH1-PufX(32) complexes. Here we report a comparative 

analysis of t-PCCαM to isolate a diverse set of MPs from the two of the most commonly 

used heterologous expression platforms, i.e., bacterium Escherichia coli and yeast 

Saccharomyces cerevisiae. We have evaluated the performance of t-PCCαM covering 

multiple aspects of MP studies, including solubilization, affinity purification, structural 

preservation and activity. Strikingly, t-PCCαM displays favorable behavior for all the 

assessed MPs, most importantly a uniform distribution of discrete particles in negative 

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

 

Results and discussion 

Micellization of t-PCCαM 

As reported previously, the CMC value of t-PCCαM is ~5 times lower than of DDM and 

both detergents exhibit nearly identical micellar masses, i.e., ~60 kDa (Table 1)(28), 

although higher Mw (i.e., ~90 kDa) has also been reported for t-PCCαM micelles(32). It 

cannot be excluded that such discrepancy may be introduced by, e.g., experimental 

conditions(33) and has also been observed for DDM (i.e., ~70 kDa)(34, 35). Reported 

aggregation numbers for t-PCCαM and DDM are rather similar (average Nagg ~164.5 and 

~127.5, respectively)(36). Here, by using dynamic light scattering (DLS), we investigated 
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the properties of self-assembly of both detergents in the applied buffer conditions. From the 

obtained volume-weighted particle size distributions, we determined the average 

hydrodynamic radius of 42 and 41 Å for t-PCCαM and DDM, respectively (Table 1), 

indicating that t-PCCαM and DDM micelles possess similar molecular weight and diameter. 

 

Selection of target MPs 

To characterize the performance of t-PCCαM, we selected three MPs belonging to different 

families, originating from diverse species and overproduced in the two separate 

heterologous platforms (Table 2, Fig. S1). The first tested MP, human aquaporin 10 

(hAQP10), is a member of the aquaglyceroporin subfamily(37). This protein is a glycerol 

facilitator expressed in the small intestine and adipose tissue, and it contributes to energy 

homeostasis. hAQP10 was overproduced in the yeast S. cerevisiae in a N- and C-terminally 

truncated form with a C-terminal His8-tag fusion (Fig. S1a), in agreement with the 

structurally determined form(37). The second target, AfCopA from Archaeoglobus fulgidus, 

is a prokaryotic P-type ATPase, permitting efflux of cytoplasmic Cu+(38). AfCopA was 

expressed as an N-terminal His6-tag fusion lacking the so-called heavy metal binding 

domains (Fig. S1b), using an E. coli-based production platform. The third selected MP, 

BbZIP, is a zinc transporter from Bordetella bronchiseptica belonging to Zrt- and Irt-like 

protein family (ZIP)(39). BbZIP was overproduced employing E. coli in its full-length form 

fused to N-terminal His6-tag (Fig. S1c). 

 

Solubilization and stabilization of hAQP10 in t-PCCαM 

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

previous findings, the employed yeast expression platform is able to deliver large amounts 
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of hAQP10 and, importantly, the protein can be efficiently solubilized in DDM from crude 

S. cerevisiae membranes(40). We solubilized identical amounts of the crude yeast 

membranes overexpressing hAQP10 in either DDM or t-PCCαM (final concentration of 2 % 

w/v). Subsequently, solubilized material was subjected to immobilized-metal affinity 

chromatography (IMAC) and eluted with an imidazole gradient (Figs. 2a and S2a). The 

obtained IMAC elution profile for hAQP10 extracted with t-PCCαM (Fig. 2a, red) shares 

high similarity with the one observed for DM (Fig. S2b), the detergent that was previously 

used for solubilization and affinity purification of the hAQP10 sample used for 

crystallization(41). For both t-PCCαM and DM, the main hAQP10 peak (2) eluted at 500 

mM imidazole, while a preceding minor peak (1), eluted during linear part of the gradient 

(50-500 mM imidazole), corresponded to only ~5 % of the total protein yield (Figs. 2a and 

S2a, red). Conversely, DDM-solubilized hAQP10 yielded mainly peak (1) with the 

remaining ~5 % (peak 2) eluted at 500 mM imidazole (Fig. 2a and S2a, blue). Despite 

differences in the distribution of peaks in the respective IMAC profiles, we did not observe 

any major changes in purity of hAQP10 purified in t-PCCαM and DDM (Fig. S3a). Overall, 

both tested detergents display similar extraction properties as reflected by the total protein 

yields obtained in each preparation, ranging from 3.3 to 3.5 mg per 1-L culture for t-PCCαM 

and DDM, respectively. 

Next, fractions originating from the two peaks of each IMAC-based purification were 

pooled and concentrated separately. Subsequently, the samples were subjected to size-

exclusion chromatography (SEC) to evaluate the homogeneity. The protein derived from the 

main IMAC peak (1) of DDM-solubilized hAQP10 showed high degree of aggregation as it 

eluted mainly in the void volume (~8 mL), with only a marginal amount eluting at the 

typical retention volume observed for this target, i.e., ~11 mL (Fig. 2b, blue). Conversely, 

the remaining IMAC peak (2) of DDM-purified hAQP10 displayed high grade of 

Jo
urn

al 
Pre-

pro
of



 7

homogeneity, eluting as a symmetric peak at ~11 mL (Fig. 2c, blue), similarly to what is 

typically observed for SEC profile of hAQP10 obtained in n-nonyl-β-D-glucoside (NG, Fig. 

S2c) or OG(40). In case of hAQP10 purified in t-PCCαM, the SEC profile obtained for 

IMAC peak (1) revealed the existence of two protein populations reflected by the two 

monodispersed peaks (Fig. 2b, blue). However, none of the two peaks indicated protein 

aggregation, displaying elution following the column void volume. Hence, they likely 

represent two oligomeric states of hAQP10 present in the sample, the latter corresponding to 

the hAQP10 monomer. SEC analysis of the main IMAC peak (2) of hAQP10 purified in t-

PCCαM resulted in monodisperse profile preceded by a minor shoulder, indicating a high 

degree of homogeneity of the sample in the oligomeric state (Fig. 2c, blue). Collectively, 

although both tested detergents were demonstrated to extract hAQP10 from the yeast 

membranes with similar efficacy, t-PCCαM was able to provide significantly larger amount 

of protein stabilized in the native oligomeric state. 

DLS measurements on hAQP10 showed that the autocorrelation curve for the t-PCCαM 

sample is slightly shifted to the left when compared to the DDM sample (Fig. 3a). This 

indicates the presence of particles with smaller hydrodynamic radius in t-PCCαM as 

compared to DDM in solution and also corroborates that less aggregates in suspension are 

contributing to the scattering signal. Subsequently, by applying nanoscale differential 

scanning fluorimetry (nanoDSF), we assessed thermal stability of the hAQP10 samples 

purified in both detergents (Fig. 3b). Analysis of the estimated melting temperatures (Tms) 

revealed that hAQP10 solubilized and IMAC-purified in t-PCCαM displayed increased 

stability as compared to the DDM-derived sample, concerning the peak 1 fractions. The 

peak 2 samples appear more stable in both detergents as reflected by the higher onset 

temperature for denaturation (Tonset, Table S1). In conclusion, the sample solubilized in t-

PCCαM exhibited the highest Tm and hence stability (Fig. 3b). 

Jo
urn

al 
Pre-

pro
of



 8

To evaluate whether t-PCCαM also preserves protein activity, we performed functional 

characterization of the SEC-purified samples originating from IMAC peaks (2) for both 

detergents. Here we reconstituted the samples into lipid vesicles and assessed water flux in 

the resulting proteoliposomes(42). As investigated by the stopped-flow kinetic assay where 

water permeability is estimated from obtained fluorescence traces (Fig. 4a), hAQP10 

exhibited activity in both tested detergents. Sample derived from t-PCCαM-purified 

hAQP10 showed moderately higher water flux rate (k) of 14.2 s-1 (Fig. 4a, red) as compared 

with DDM-solubilized protein (flux rate of 12.6 s-1; Fig. 4a, blue). Furthermore, t-PCCαM-

purified hAQP10 displayed marginally lower water conductance as compared with DM-

derived sample (i.e., 20.0 s-1, Fig. S2d, red vs orange). However, it has to be stressed that the 

applied reconstitution procedure was optimized mainly for DM detergent, which in turn can 

affect the overall measured activity of hAQP10 samples prepared in other surfactants. 

Finally, to further asses sample quality, we evaluated SEC-grade hAQP10 originating 

from IMAC peaks (2) for both detergents by employing negative staining EM and focusing 

on particle distribution and homogeneity. Negative stain micrographs of hAQP10 purified in 

t-PCCαM showed monodisperse particles with only few examples of heavily stained, 

variably sized particles that could indicate aggregates or contaminants (Fig. 4b). In contrast, 

negatively-stained DDM-solubilized sample revealed a lower degree of monodispersity with 

large number of particles that varied significantly in size and accumulated stain (Fig. 4c), 

indicative of decreased level of homogeneity and purity. All-in-all, it can be concluded that 

t-PCCαM appears compatible with isolation, purification, stabilization and biophysical 

applications of yeast-derived human aquaporin member, matching the available state-of-the-

art detergents for this protein family. 

 

Solubilizing and stabilizing properties of t-PCCαM on AfCopA 
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We then evaluated the effects of t-PCCαM on the bacterial Cu+-ATPase from A. fulgidus 

(AfCopA) that was overexpressed and purified from an E. coli-based platform according to 

previously established procedures(43). Here we performed identical purification principles 

as for hAQP10, including solubilization from isolated crude membranes, IMAC and SEC. 

Following solubilization of the same amount of bacterial membrane material (with the final 

detergent concentration of 1 % w/v) and affinity purification, the resulting IMAC elution 

profiles and purities of AfCopA obtained in t-PCCαM and DDM were almost identical 

(Figs. 5a, S3b and S4a). Importantly, the total protein yield for t-PCCαM-purified AfCopA 

was marginally higher as compared to the DDM-solubilized sample, with 5.6 vs 4.7 mg of 

protein per 1-L of cell culture, respectively. For comparison, typical purification of AfCopA 

in dodecyl octaethylene glycol ether (C12E8) upon solubilization in DDM typically yields 7 – 

8 mg of protein per 1-L of cell culture (Fig. S4b). Obtained SEC profiles of AfCopA in t-

PCCαM and DDM were again comparable, with the protein peaks eluting at similar 

retention volumes (Fig. 5b). However, the sample purified in t-PCCαM showed a slightly 

lower void-to-peak ratio and the resulting protein peak was more monodisperse as compared 

to the DDM-solubilized sample. SDS-PAGE analysis of the main peak fractions did not 

reveal any differences between the two tested detergents (Fig. S3b). In conclusion, the SEC 

profile of t-PCCαM-purified AfCopA resembles more the one typically observed during the 

purification in C12E8 (Fig. S4c).  

To assess activity of SEC-purified (peak (2)) AfCopA obtained in t-PCCαM and DDM, 

we conducted the so-called Baginski assay, a well-established in vitro ATPase functional 

characterization method based on the colorimetric detection of the free inorganic phosphate 

generated from hydrolysis of ATP(44). DDM-derived AfCopA exhibited marginally higher 

activity compared to t-PCCαM (Fig. 5c), but moderately lower functionality compared to the 
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sample obtained in C12E8 (Fig. S4d), the most commonly used surfactant for purification of 

CopA or other P-type ATPases(45, 46). 

To evaluate the quality of t-PCCαM-solubilized SEC-purified AfCopA sample further, 

we also performed negative staining EM. Analysis of the obtained negative stain 

micrographs revealed that AfCopA purified in both t-PCCαM and DDM exhibited identical 

particle distribution and quality (Figs. 5d and e, respectively), with areas indicating patches 

of aggregation. Noteworthy, it has previously been shown that AfCopA exhibits fibril-like 

particle formation when performing EM(47). Thus, it can be speculated that the possible 

aggregation pattern observed here resembles rather protein fibrils, since the particles 

aggregate in a more linear shape and do not form large clusters. Taken together, these results 

indicate that even though minor differences in protein yield and activity are observed 

between the two compared detergents, t-PCCαM is fully capable of delivering stable and 

active AfCopA. 

 

Effects of t-PCCαM on solubilization and stabilization of BbZIP 

To further assess the effects of t-PCCαM, we turned to the only successfully produced and 

structurally characterized member of the ZIP family, a zinc transporter from B. 

bronchiseptica (BbZIP)(48). This MP class has previously been categorized as difficult to 

express and purify in a stable form(49). Similar to AfCopA, BbZIP was also expressed using 

E. coli as the production host; however, in the case of this target, the obtained protein yields 

are typically notably lower. To investigate the effects of t-PCCαM on BbZIP, we first 

performed solubilization with the final detergent concentration of 1 % w/v using equal 

amount of isolated bacterial membranes. Subsequently, IMAC purification was conducted 

and resulted with nearly identical elution profiles for both t-PCCαM and DDM (Figs. 6a and 

S5). Moreover, the yields of purified BbZIP protein were very similar (i.e., ~3 mg per 1-L of 

Jo
urn

al 
Pre-

pro
of



 11

cell culture) together with the overall purity of the samples, including the fraction retained as 

a native dimer (Fig. S3c), indicative of the mild properties of t-PCCαM detergent. 

To determine quality and homogeneity of the t-PCCαM-solubilized sample, we 

performed SEC-based analysis. Strikingly, whereas approximately half of the DDM-purified 

BbZIP eluted as void peak, reflecting large protein aggregation (Fig. 6b, blue), the vast 

majority of the sample produced in t-PCCαM remained stable (Fig. 6b, red) and eluted at the 

retention volume typically observed for DDM-solubilized BbZIP (i.e., ~11.5 mL). 

Moreover, assessment of the SEC-grade samples reveled slightly higher purity of t-PCCαM-

solubilized BbZIP as compared with DDM-derived protein (Fig. S3c). 

Identically to hAQP10 and AfCopA, we also attempted to evaluate SEC-purified t-

PCCαM-solubilized BbZIP employing negative staining EM. Unfortunately, both t-PCCαM- 

and DDM-solubilized samples exhibited severe aggregation during staining and no 

conclusive results were obtained (data not shown). This highlights the overall difficulty in 

handling ZIP family members due to their instability and hence more optimization of the 

BbZIP isolation procedures should be considered before this target can be applied for 

subsequent downstream biophysical analysis. 

Conclusions  

Extraction of MPs from the native lipid environment with concomitant maintenance of their native 

state and activity is one of the most challenging tasks within the structural biology field. We here 

performed a systematic characterization of the DDM derivative, t-PCCαM, and demonstrated that it 

represents a powerful tool for solubilization and stabilization of three selected and separate types of 

MPs produced in two expression host systems. Physicochemically, t-PCCαM forms micelles with a 

less flexible hydrophobic core and more compact protein-detergent complexes than DDM, desirable 

features in structural studies of MPs(16, 26, 50, 51). This tighter assembly of empty micelles by t-
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PCCαM may indeed be superior to DDM in respect to easiness of their removal, an important 

parameter as elevated concentration of detergents can have detrimental effects on both 

crystallization and cryo-EM efforts. Importantly, smaller protein-detergent complexes are likely 

beneficial in formation of crystal contacts, providing well-defined NMR spectra or in establishing 

more uniform cryo-EM specimens. 

Overall, t-PCCαM exhibited similar potency as compared to DDM in extracting the tested MPs. 

However, the stabilizing properties of t-PCCαM were superior to DDM. Strikingly, t-PCCαM 

improved the thermostability of hAQP10, a target that displays already high initial stability in 

different detergents. Here t-PCCαM allowed for production of more uniformed IMAC-grade sample 

exhibiting high monodispersity (as assessed by SEC and negative staining EM) and activity. Similar 

results were obtained for AfCopA, where the stabilizing effect of t-PCCαM was marginally better 

than for DDM. In case of the least stable target, i.e., BbZIP, t-PCCαM provided significantly 

enriched population of monodisperse SEC-grade protein than DDM. However, this improvement of 

the stability was insufficient to perform negative staining EM-based analysis on BbZIP, indicating 

that further optimization of the isolation procedure is necessary for this target. 

All-in-all, based on these findings we conclude that t-PCCαM is a highly suitable and 

competitive surfactant to be included in both start-up solubilization screens and to be considered as 

a secondary detergent in final steps of MP sample preparation. Based on the studies of members of 

three separate target families of MPs, we believe that this detergent can be successfully applied to a 

broader portfolio of challenging MPs for downstream biophysical applications. 

Materials and Methods 

Production of hAQP10 

Human AQP10 (hAQP10) was produced essentially as previously described(41, 52). 

Briefly, the protein was overexpressed in the S. cerevisiae PAP1500 strain (α ura3-52 trp1:: 
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GAL10-GAL4 lys2-801 leu2Δ1 his3Δ200 pep4::HIS3 prb1Δ1.6R can1 GAL) transformed 

with the pPAP2259 vector(53) encoding an N- (∆1-10) and C-terminally (∆277-301) 

truncated hAQP10 fused to a C-terminal octa-histidine (His8) stretch. Yeast was grown in 

shaker flasks in minimal medium supplemented with 0.1 mg/mL ampicillin and V200. Cells 

were propagated to OD600 = 1.0 – 1.5 at 30 °C and 100 r.p.m.. Protein expression was 

induced with a final concentration of 2 % w/v galactose at 15 °C for 24 h prior to harvesting. 

Cells were resuspended in a lysis buffer (25 mM Tris-HCl pH 7.5, 500 mM NaCl, 20 % v/v 

glycerol and 5 mM β-mercaptoethanol, BME) supplemented with 1 mM 

phenylmethylsulfonyl fluoride (PMSF) and 1 µg/mL of leupeptine, pepstatin and 

chymostatin (LPC; Sigma Aldrich, USA). Following cell homogenization using a bead 

beating system (BioSpec, USA), cell debris-free material was ultracentrifuged at 190,000 × 

g, 4 °C for 3 h using a Beckman Ti-45 rotor (Beckman, USA). Isolated crude membranes 

were then resuspended in a solubilization buffer (20 mM Tris-HCl pH 7.5, 200 mM NaCl, 

20 % v/v glycerol and 5 mM BME) supplemented with 1 mM PMSF and 1 µg/mL of LPC, 

followed by solubilization in 2 % w/v n-dodecyl-β-D-maltoside (DDM; Anatrace, USA) or 

t-PCCαM (Glycon Biochemicals, Germany)(28) for 4 h at 4 °C. Solubilized material was 

subsequently diluted twice to reduce the final detergent concentration and bound to a 5-mL 

nickel-charged affinity HisTrap HP column (Cytiva, Denmark). Following washes, the 

protein was eluted in immobilized-metal affinity chromatography (IMAC) buffer (20 mM 

Tris-HCl pH 7.5, 200 mM NaCl, 20 % v/v glycerol, 5 mM BME and 500 mM imidazole) 

supplemented with 0.03 % w/v DDM or t-PCCαM. Purified hAQP10 was subsequently 

concentrated using Vivaspin concentrators (MWCO 100 kDa; Sartorius, Germany) and size-

exclusion chromatography (SEC) was performed using a Superdex 200 Increase 10/300 GL 

column (Cytiva) equilibrated with a SEC buffer (20 mM Tris-HCl pH 8.0, 100 mM NaCl, 

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

DLS measurements were performed using a DynaPro Nanostar device and the data were processed 

with Dynamics v.7 software (both from Wyatt Technology Corporation, USA). Samples were 

centrifuged at 10,062 × g for 10 minutes prior to measurements performed at 25 °C using 4-μL 

plastic cuvettes (Wyatt Technology Corporation). The acquisition time was 5 s with and a total of 

30 acquisitions were averaged. 

 

Nanoscale differential scanning fluorimetry (nanoDSF) measurements 

Each sample was used to fill two standard grade nanoDSF capillaries (Nanotemper, 

Germany) and loaded into a Prometheus NT.48 device (Nanotemper) controlled by the 

PR.ThermControl v.2.1.2 software. Excitation power was pre-adjusted to get fluorescence 

readings above 2000 RFU for F330 and F350, and samples were heated from 15 to 95 °C 

with a slope of 1 °C/min. An XLSX file containing the processed nanoDSF data was 

exported from PR.ThermControl and used for further analysis to extract the melting (Tm) 

and onset denaturation (Tonset) temperatures(11). Normalization of curves to calculate the 

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

 

Reconstitution of hAQP10 into liposomes and water flux activity assay  

Reconstitution of hAQP10 was performed as previously reported(42). Empty liposomes 

were prepared using Escherichia coli polar lipid extract (Avanti Polar Lipids, USA) 

rehydrated to a lipid concentration of 20 mg/mL in a reconstitution buffer (20 mM HEPES-

NaOH pH 8 and 200 mM NaCl) supplemented with 10 mM 5(6)-carboxyfluorescein (Sigma 

Aldrich). Following sonication steps, the lipid solution was flash-frozen and passed through 
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a 200-nm polycarbonate filter mounted in an extruder (Avanti Polar Lipids). The lipids were 

then diluted to 4 mg/mL in the reconstitution buffer containing 25 % v/v glycerol, 0.4 % w/v 

n-nonyl-β-D-glucoside (NG; Anatrace) and 0.02 % Triton X-100 (Sigma Aldrich). 

Subsequently, SEC-purified hAQP10 was added to the lipid solution to a lipid-to-protein 

ratio of 100 (w/w) and the sample was dialyzed O/N at 4 °C against the reconstitution 

buffer. The samples were centrifuged at 57,000 x g for 1.5 h and the resulting pellets were 

dissolved in the reconstitution buffer. All reconstitutions were performed in triplicates. The 

stopped-flow measurements of water flux were performed using an SX-20 Stopped-Flow 

Spectrometer (Applied Photophysics, UK), permitting rapid mixing of the proteoliposomes 

with the reaction buffer (20 mM HEPES-NaOH pH 8 and 500 mM NaCl). Data were 

collected at the excitation wavelength of 495 nm for 2 s at room temperature. Empty 

liposomes served as a negative control to estimate background water flux rates. The data 

were analyzed and plotted using GraphPad Prism v.8 software (GraphPad Software, USA). 

Each sample was measured ten times, then averaged, normalized and fitted using a double 

exponential model. The smaller k rate is unaffected by changes in the reconstitution 

efficiency, and hence the larger k rate represents the overall kinetics of water flux mediated 

by the reconstituted hAQP10.  

 

Production of AfCopA 

CopA from Archaeoglobus fulgidus (AfCopA) was expressed in E. coli as a variant lacking 

its N- and C-terminal heavy metal binding domains (AfCopAdNC), essentially as previously 

described for CopA from Legionella pneumophila (55). Briefly, a pET22b(+) vector 

encoding the AfCopA gene N-terminally fused to a His6 stretch was transformed into the E. 

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

ampicillin in shaker flasks. Cells were grown to OD600 = 0.6 – 0.8 at 37 ° and 120 r.p.m. 
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before protein expression was induced with 1 mM IPTG. Induction was performed for 16 h 

at 20 °C and 120 r.p.m., before the cells were harvested, resuspended in a lysis buffer (20 

mM Tris-HCl pH 7.6, 200 mM KCl and 20 % v/v glycerol) in a volume of 5 mL per 1 g and 

stored at -80 °C. Thawed cell material was supplemented with 5 mM BME, 2 µg/mL 

DNase, 1 mM MgCl2 and 1 µg/mL LPC. The cells were broken by passing the suspension 

through a cell disruptor twice at 25 kpsi pressure (Constant Systems Limited, UK) and 1 

mM PMSF was added to the lysate immediately after homogenization. Subsequently, cell 

debris was removed and the lysate was ultracentrifuged at 190,000 × g, 4 °C for 3 h. Isolated 

crude membranes were resuspended in a solubilization buffer (20 mM Tris-HCl pH 7.6, 200 

mM KCl, 20 % v/v glycerol, 5 mM BME and 1 mM MgCl2) supplemented with 1 mM 

PMSF and 1 µg/mL LPC at 0.1 g membranes per 1 mL buffer and stored at -80°C. 

Following determination of protein concentration using Bradford assay (Thermo Fisher 

Scientific, USA), an even amount of membranes was solubilized at a total protein 

concentration of 3 mg/mL in 1 % DDM (Anatrace) or t-PCCαM (Glycon Biochemicals) for 

2 h at 4 °C. Insolubilized material was removed by ultracentrifugation (190,000 × g, 4 °C, 1 

h), and the supernatant was supplemented with 30 mM imidazole and 500 mM KCl before 

loading on a 5-mL HisTrap HP column (Cytiva). The column was washed with 50 mL of an 

IMAC buffer (20 mM Tris-HCl pH 7.6, 200 mM KCl, 20 % v/v glycerol, 5 mM BME and 1 

mM MgCl2) containing either 0.03 % w/v DDM (Anatrace), 0.03 % w/v t-PCCαM (Glycon 

Biochemicals) or 0.015 % w/v dodecyl octaethylene glycol ether (C12E8; Nikko Chemicals, 

Japan) and supplemented with 50 mM imidazole. Bound AfCopA was then eluted in the 

corresponding IMAC buffers supplemented with 500 mM imidazole. IMAC-purified protein 

was concentrated to 20 mg/mL using Vivaspin concentrators (MWCO 50 kDa; Sartorius) 

and the samples were injected on a Superose 6 10/300 GL column (Cytiva) equilibrated in a 

SEC buffer (20 mM Tris-HCl pH 7.6, 80 mM KCl, 20 % v/v glycerol, 5 mM BME and 3 
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mM MgCl2) containing either 0.03 % w/v DDM (Anatrace), 0.03 % w/v t-PCCαM (Glycon 

Biochemicals) or 0.015 % w/v C12E8 (Nikko Chemicals). 

 

Negative staining EM 

SEC-purified hAQP10 and AfCopA were diluted to 10 μg/mL in the respective SEC buffers. 

Subsequently, 4 μL of the sample was applied to glow-discharged, 400 mesh carbon-coated grid 

(Quantifoil Micro Tools GmbH, Germany) and incubated for 1 min. The grids were stained with 4 

μL of 2 % w/v uranyl acetate and washed with 4 μL of water for 1 min, followed by drainage with a 

filter paper. Negative stain EM micrographs were taken on a Philips CM100 transmission electron 

microscope (Philips, UK) operated at 100 kV. 

 

AfCopA activity assay 

The activity of AfCopA was determined using SEC-purified samples concentrated to 10 

mg/mL and employing the so-called Baginski assay(44). Briefly, 0.05 mg/mL protein was 

added to a reaction buffer (40 mM MOPS-KOH pH 6.8, 150 mM NaCl, 5 mM KCl and 5 

mM MgCl2) supplemented with 0.2 mg/mL L-α-phosphatidylcholine from soybean, 10 mM 

cysteine, 5 mM Tris(2-carboxyethyl)phosphine, 20 mM ammonium sulfate, 5 mM sodium 

nitrate, 0.25 mM sodium molybdate and 0.5 mM ammonium tetrathiomolybdate (all from 

Sigma Aldrich), and either 0.33 mg/mL of DDM (Anatrace), t-PCCαM (Glycon 

Biochemicals) or C12E8 (Anatrace). Subsequently, 1 mM CuCl2 was added following 

incubation for 15 min at RT. The assay was performed at 72 °C and the samples were 

incubated 5 min before the reaction was started by adding 5 mM ATP (Sigma Aldrich). For 

a total of 40 min, 50 μL of the respective reaction mixtures was transferred to a 96-well 

microplate at 5 – 10 min intervals and mixed with an equal volume of ascorbic acid solution 

(formed by mixing a solution containing 0.17 M ascorbic acid and 0.1 % SDS in 0.5 M HCl 
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with aqueous 28.3 mM ammonium heptamolybdate in a 5:1 ratio, all from Sigma Aldrich). 

After incubation for 10 min at RT, 75 μL of sodium arsenic solution (consisting of 0.068 M 

trisodium citrate, 0.154 M sodium metaarsenic and 2 % v/v glacial acetic acid, all from 

Sigma Aldrich) was added to stop color development. After 30-min incubation, the 

absorbance was measured at 860 nm for the samples prepared in triplicates in three 

independent experiments. 

 

Production of BbZIP  

BbZIP from Bordetella bronchiseptica was expressed in its full-length form as an N-

terminal His6 stretch fusion. The resulting construct was cloned into pET15b(+) vector and 

transformed into the E. coli C43 strain. Cells were grown in TB media supplemented with 

0.1 mg/mL ampicillin in shaker flasks to OD600 = 0.8 at 37 °C and 150 r.p.m.. Subsequently, 

protein expression was induced with 1 mM IPTG for 24 h at 20 °C before the culture was 

harvested and stored at -80 °C. Cells were resuspended in a lysis buffer (25 mM HEPES-

NaOH pH 7.0, 500 mM NaCl and 20 % v/v glycerol) supplemented with 1 µg/mL LPC and 

mechanically disrupted (Constant Systems Limited) before the cell homogenate was 

supplemented with 1 mM PMSF. Upon removal of the cell debris, crude membranes were 

isolated by ultracentrifugation at 190,000 × g, 4 °C for 3 h and resuspended in a 

solubilization buffer (20 mM HEPES-NaOH pH 7.3, 200 mM NaCl an 20 % v/v glycerol) 

supplemented with 0.1 mM CdCl2, 1 µg/mL LPC and 1 mM PMSF to a protein 

concentration of 5 mg/mL. An even amount of membranes was solubilized with either 2 % 

w/v DDM (Anatrace) or t-PCCαM (Glycon Biochemicals) for 3 h at 4 °C. Following two-

fold dilution of the material in the solubilization buffer to reduce final detergent 

concentration, the samples were supplemented with 50 mM imidazole and 500 mM NaCl, 

and loaded onto a 5-mL HisTrap HP column (Cytiva). After column wash with an IMAC 

Jo
urn

al 
Pre-

pro
of



 19

buffer (50 mM HEPES-NaOH pH 7.3, 200 mM NaCl, 20 % v/v glycerol and 500 mM 

imidazole) containing either 0.1 % w/v DDM (Anatrace) or 0.1 % w/v t-PCCαM (Glycon 

Biochemicals), bound BbZIP was eluted with 50-500 mM imidazole gradient. Subsequently, 

the purified protein was dialyzed O/N at 4 °C against the corresponding IMAC buffers and 

concentrated to 8 mg/mL using Vivaspin concentrators (MWCO 10 kDa; Sartorius). Finally, 

SEC was performed employing a Superdex 200 increase 10/300 column (Cytiva) 

equilibrated with the SEC buffer (20 mM NaOAc pH 4.5, 200 mM NaCl, 15 % v/v glycerol) 

supplemented with either 0.03 % w/v DDM (Anatrace) or 0.03 % w/v t-PCCαM (Glycon 

Biochemicals). 
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Figures and Tables 

Figure 1 

 
 
Figure 1. Detergents used for characterization of membrane proteins (MPs). (a) Cumulative 

usage of the top four primary surfactants for purification and structure determination of MPs for the 

period 2015-2019. The evaluation is based on information deposited in the RCSB PDB database 

(http://www.rcsb.org/)(6) extracted by Anatrace (https://www.anatrace.com/). DDM: n-dodecyl-β-

D-maltoside; LMNG: 2,2-didecylpropane-1,3-bis-β-D-maltopyranoside; DM: n-decyl-β-D-

maltoside. (b) Chemical structure of the most commonly employed maltoside detergent in studies of 

MPs, i.e., DDM, and its novel derivative, i.e., 4-trans-(4-trans-propylcyclohexyl)-cyclohexyl α-

maltoside (t-PCCαM), characterized in this work.  
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Figure 2 

 
 

Figure 2. Purification of human aquaporin 10 in DDM or t-PCCαM. (a) Immobilized-metal 

affinity chromatography (IMAC)-based purification of hAQP10 expressed in a 2-L scale in shaker 

flasks and solubilized from the same amount of crude Saccharomyces cerevisiae membranes in 2 % 

w/v of DDM (blue) or t-PCCαM (red). IMAC profiles indicate the UV280 signal using an imidazole 

gradient of 50-500 mM (green). (b) and (c) Normalized size-exclusion chromatography (SEC) 

profiles originating from pooled IMAC fractions corresponding to peak 1 (b) eluted with 50-500 mM 

imidazole gradient or in peak 2 (c) eluted in the 500 mM imidazole and produced in DDM (blue) or 

t-PCCαM (red). SEC was performed using a Superdex 200 Increase 10/300 GL column by 

monitoring the A280 signal. Arrows indicate the position of fractions eluted at the void volume (~8 

mL).  
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Figure 3 

 

 

Figure 3. Physicochemical properties of human aquaporin 10 purified in DDM or t-PCCαM. 

(a) Dynamic light scattering autocorrelation functions of immobilized-metal affinity chromatography 

(IMAC)-purified hAQP10 in t-PCCαM (red) or DDM (blue) originating from peak 1 obtained in 

runs shown in Fig. 2a. The curves represent an average from 30 measurements. The mean 

hydrodynamic radius value extracted from the curves for the range 0.1 – 10 nm is ~50 vs ~59 nm for 

t-PCCαM and DDM, respectively. (b) Thermal denaturation curves originating from pooled 

immobilized-metal affinity chromatography fractions of IMAC-purified hAQP10 in DDM (peak 1 in 

cyan and peak 2 in dark blue), and in t-PCCαM (peak 1 in orange and peak 2 in red), see Fig. 2a. The 

nanoscale differential scanning fluorimetry curves are based on two replicates. Melting temperatures 

(Tm, °C) for hAQP10 sample purified in DDM or t-PCCαM are also indicated. Tm was obtained by 

curve fitting of nanoscale differential scanning fluorimetry curves (F350/F330 ratio) for the respective 

IMAC peaks, see Fig. 2a.  
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Figure 4 

 
 

Figure 4. Characterization of human aquaporin 10 purified in DDM or t-PCCαM. (a) Activity 

of size-exclusion chromatography (SEC)-purified hAQP10 samples (originating from immobilized-

metal affinity chromatography (IMAC) peak 2 obtained in runs shown in Fig. 2c) and reconstituted 

into proteoliposomes. Normalized fluorescence traces from a water flux assay are presented for the 

proteoliposomes containing hAQP10 samples purified in DDM (blue) and t-PCCαM (red). Signal 

derived from control (i.e., empty) liposomes is shown in black. The data were obtained from 3 

separate reconstitutions, where each curve was averaged from 10 stopped-flow traces and fitted to a 

double exponential function (solid curves with the corresponding colors). The calculated water flux 

rate constants (k, s-1) are indicated in the figure legend. (b) and (c) Electron microscopy (EM) 

negative staining of hAQP10 samples also used in panel (a) in the presence of t-PCCαM (b) and 

DDM (c), respectively. Scale bars: 200 nm. Arrows indicate particles with accumulated stain 

indicative of sample aggregation or contamination.  
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Figure 5 

 

Figure 5. Purification and characterization of the P-type ATPase AfCopA in DDM or t-

PCCαM. (a) Immobilized-metal affinity chromatography (IMAC)-based purification of AfCopA 

expressed in a 2-L scale in shaker flasks and solubilized from the same amount of crude Escherichia 

coli membranes in 1 % w/v of DDM (blue) or t-PCCαM (red). IMAC profiles indicate the UV280 

signal using an elution with 50-500 mM imidazole gradient (green). (b) Normalized size-exclusion 

chromatography (SEC) profiles originating from pooled IMAC fractions produced in DDM (blue) or 

t-PCCαM (red). SEC was performed using a Superose 6 10/300 GL column by monitoring the A280 

signal. Arrow indicates the position of shoulders eluted at the void volume (~8 mL). (c) Activity (%) 

of SEC-purified AfCopA samples (originating from SEC peak 2) using the so-called Baginski assay. 

Data were normalized relative to the activity obtained in dodecyl octaethylene glycol ether (C12E8, 

Fig. S4d) and represent averages of three independent experiments ± SEM. (d) and (e) Electron 

microscopy (EM) negative staining of SEC-purified AfCopA samples. Negative-stain EM 

micrographs of AfCopA purified in t-PCCαM (d) and DDM (e) are shown. Scale bars: 200 nm. 
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Figure 6 

 

Figure 6. Purification and characterization of BbZIP protein in DDM or t-PCCαM. (a) 

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

scale in shaker flasks and solubilized from the same amount of crude Escherichia coli membranes in 

1 % w/v of DDM (blue) or t-PCCαM (red). IMAC profiles indicate the UV280 signal using an elution 

with 50-500 mM imidazole gradient (green). (b) Normalized size-exclusion chromatography (SEC) 

profiles originating from pooled IMAC fractions produced in DDM (blue) or t-PCCαM (red). SEC 

was performed using a Superdex 200 Increase 10/300 GL by monitoring the A280 signal. Arrows 

indicate the position of fractions eluted at the void volume (~8 mL).  Jo
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Table 1 

 

Table 1. Physicochemical properties of t-PCCαM. Data for n-dodecyl-β-D-maltoside (DDM) are 

shown for comparison. CMC: critical micelle concentration. 

parameter t-PCCαM 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, Å 42 ± 0.1* *  41 ± 1.0* *  

   * As reported by Hovers et al.(28) 
** Results obtained from dynamic light scattering (DLS) measurements. Data represent averages of 30 

independent experiments ± SEM. The percent of polydispersity obtained for the samples was 11.4 and 6.03 

for DDM and t-PCCαM, respectively.  
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Table 2 

 

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

PCCαM. SEC: size-exclusion chromatography; EM: electron microscopy; nanoDSF: nanoscale 

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

target  

(UniProt ID)* 
organism 

MP 

family 

primary 

function 

expression  

host 

quality  

control 

assessment 

      

hAQP10 

(Q96PS8) 
Homo sapiens aquaporin 

glycerol 

facilitator 

Saccharomyces 

cerevisiae 

SEC, negative 

stain EM, 

nanoDSF, 

activity assay 

      

AfCopA 

(O29777) 

Archaeoglobus 

fulgidus 

P1B-1-type 

ATPase 

Cu+ 

transporter 

Escherichia  

coli 

SEC, negative 

stain EM, 

activity assay 

      
BbZIP 

(A0A0H3LM39) 

Bordetella 

bronchiseptica 
ZIP 

Zn2+ 

transporter 

Escherichia  

coli 
SEC 

      * UniProt database is accessible at: https://www.uniprot.org/(56).  
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Supplementary material 

Figure S1 
 

 
 
Figure S1. Overview of all the target membrane proteins included in the study. Planar topology models 

depicting the arrangement of transmembrane helices (TMs). Localization of the histidine (His) tag is 

indicated. (a) Human aquaporin 10 (hAQP10). (b) P1B-1-type ATPase from Archaeoglobus fulgidus 

(AfCopA). Two additional TMa and b, the soluble actuator (A), nucleotide-binding (N) and phosphorylation 
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domains (P) are also indicated. (c) Zrt- and Irt-like protein family (ZIP) zinc transporter from Bordetella 

bronchiseptica (BbZIP).  
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Figure S2 

 

Figure S2. Purification and activity of hAQP10 protein. (a) Immobilized-metal affinity 

chromatography (IMAC)-based purification of hAQP10 expressed in a 2-L scale in shaker flasks and 

solubilized from the same amount of crude Saccharomyces cerevisiae membranes in 2 % w/v of 

DDM (blue) or t-PCCαM (red). Complete IMAC profiles indicating the UV280 signal using an 

elution with an imidazole gradient of 50-500 mM (green). For a close-view of the imidazole elution 

profiles, see Fig. 2a. (b) Example of the complete IMAC profile from an optimized purification of 

hAQP10 solubilized in 2 % w/v of n-decyl-β-D-maltoside (DM, orange) originating from material 

obtained from 8-L of shaker flask cell culture. (c) Normalized size-exclusion chromatography SEC 

profile of DM-solubilized hAQP10 in n-nonyl-β-D-glucoside (NG, orange). The SEC was performed 

using a Superdex 200 Increase 10/300 GL column by monitoring the A280 signal. Arrow indicates the 

position of a shoulder eluted at the void volume (~8 mL). (d) Activity of SEC-purified hAQP10 

samples (IMAC peak 2) obtained in runs shown in Fig. 2c) and from DM-solubilized SEC-purified 
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samples reconstituted into proteoliposomes. Normalized fluorescence traces from a water flux assay 

are presented for proteoliposomes containing hAQP10 samples purified in DDM (blue), t-PCCαM 

(red) and DM exchanged to NG (orange). The signal derived from a control (i.e., empty) liposomes 

is shown in black. The data were obtained from 3 separate reconstitutions where each curve was 

averaged from 10 stopped-flow traces and fitted to a double exponential function (solid curves with 

the corresponding colors). The resulting water flux rate constants (k, s-1) are indicated in the figure 

legend.  
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Figure S3 

 

Figure S3. Electrophoretic analysis of the target membrane proteins included in the study purified in 

DDM or t-PCCαM. (a) hAQP10. (b) AfCopA. (c) BbZIP. Coomassie-stained SDS-PAGE gels are shown 

with samples collected during immobilized-metal affinity chromatography (IMAC) and size-exclusion 

chromatography (SEC) steps. FT: flow-through.  
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Figure S4 

 

Figure S4. Purification and activity of AfCopA protein sample. (a) Immobilized-metal affinity 

chromatography (IMAC)-based purification of AfCopA expressed in a 2-L scale in shaker flasks and 

solubilized from the same amount of crude Escherichia coli membranes in 1 % w/v of DDM (blue) 

or t-PCCαM (red). Complete IMAC profiles indicate the UV280 signal using an elution with an 

imidazole gradient of 50-500 mM (green). For the close-view of imidazole elution profiles, see Fig. 

5a. (b) Example of complete IMAC profile from optimized purification of AfCopA solubilized in 1 

% w/v of DDM and eluted in buffer containing dodecyl octaethylene glycol ether (C12E8, orange). 

Approximately five times more bacterial membranes were used as shown in (a). (c) Normalized size-

exclusion chromatography (SEC) profile of IMAC-purified AfCopA shown in (b). SEC was 

performed in C12E8 (orange) using a HiLoad 16/600 Superose 6 prep grade column by monitoring 

the A280 signal. Arrow indicates the approximate position of the void volume (~40 mL). (d) Activity 

(%) of SEC-purified AfCopA samples (originating from SEC run shown in (c) and SEC peak 2, Fig. 

5c) using the so-called Baginski assay. Data were normalized relative to the activity obtained in 

C12E8 and represent averages of three independent experiments ± SEM.  
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Figure S5 

 

Figure S5. Purification of BbZIP protein in DDM or t-PCCαM. Immobilized-metal affinity 

chromatography (IMAC)-based purification of BbZIP expressed in a 4-L scale in shaker flasks and 

solubilized from the same amount of crude Escherichia coli membranes in 1 % w/v of DDM (blue) 

or t-PCCαM (red). Complete IMAC profiles indicate the UV280 signal using an imidazole gradient of 

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

 

Table S1. Onset denaturation temperatures (Tonset) for hAQP10 sample purified in DDM or t-

PCCαM. Tonset was obtained by curve fitting of nanoscale differential scanning fluorimetry curves 

(F350/F330 ratio) for the respective immobilized-metal affinity chromatography (IMAC) peaks, see 

Fig. 2a. Tonset relates to the change in the slope equivalent to the temperature where 1 % of protein 

fraction becomes unfolded. 

detergent t-PCCαM DDM 

hAQP10 fraction peak 1 peak 2 peak 1 peak 2 

Tonset, ºC 62.5 ± 0.0 61.6 ± 0.1 61 ± 0.1 59.5 ± 0.0 
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Highlights  

• Novel DDM analogue t-PCCαM possesses a substantially lower critical micelle concentration 

than DDM, representing an attractive feature when handling membrane proteins  

• t-PCCαM displays favorable behavior in extracting and stabilizing the three selected membrane 

proteins 

• t-PCCαM promotes extraction of properly folded protein, enhances thermostability and provides 

negatively-stained electron microscopy samples of promising quality 

• t-PCCαM emerges as competitive surfactant applicable to a broad portfolio of challenging 

membrane proteins for downstream structure-function analysis 

 

Jo
urn

al 
Pre-

pro
of



Declaration of interests 
 

☐ The authors declare that they have no known competing financial interests or personal relationships 

that could have appeared to influence the work reported in this paper. 
 

☒The authors declare the following financial interests/personal relationships which may be considered 
as potential competing interests:  
 

 

 

 
 

The Authors declare no competing interests except that Čeněk Kolar has financial and commercial interests 
in Glycon Biochemicals GmbH. This information is also indicated in the manuscript under the Competing 
interests section. 

Jo
urn

al 
Pre-

pro
of


