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A B S T R A C T   

Transition metals such as copper and zinc are essential elements required for the survival of most organisms, 
from bacteria to humans. Yet, elevated levels of these elements are highly toxic. The Copper TRansporter protein 
family (CTRs) represents the only identified copper uptake proteins in eukaryotes and hence serves as key 
components for the maintenance of appropriate levels of the metal. Moreover, CTRs have been proposed to serve 
as an entry point into cells of certain cancer drugs and to constitute attractive drug-targets for novel antifungals. 
Nevertheless, the structure, function, and regulation of the CTRs remain elusive, limiting valuable information 
also for applied sciences. To this end, here we report procedures to isolate a range of CTR members using 
Saccharomyces cerevisiae as a production host, focusing on three homologs, human CTR1, human CTR2, and 
Candida albicans CTR. Using forms C-terminally-linked to a protease cleavage sequence, Green Fluorescent 
Protein (GFP), and a His-tag, assessment of the localization, quantification and purification was facilitated. 
Cellular accumulation of the proteins was investigated via live-cell imaging. Detergents compatible with 
acceptable solubilization yields were identified and fluorescence-detection size-exclusion-chromatography (F- 
SEC) revealed preferred membrane extraction conditions for the targets. For purification purposes, the solubi-
lized CTR members were subjected to affinity chromatography and SEC, reaching near homogeneity. The quality 
and quantity of the CTRs studied will permit downstream efforts to uncover imperative biophysical aspects of 
these proteins, paving the way for subsequent drug-discovery studies.   

1. Introduction 

Heavy metals such as copper are essential elements required in only 
minute quantities for the survival of almost all organisms [1]. Due to the 
coordination and redox properties of copper, the metal serves as a 
co-factor for a multitude of essential biological pathways, such as 
destruction of reactive oxygen species, oxidative phosphorylation, the 
formation of connective tissue, the production of the neurotransmitter 
dopamine, and iron metabolism [2]. Furthermore, deficiency or excess 
of copper, the latter mediating the formation of free radicals and the 
direct oxidation of lipids, proteins, and DNA, is linked to serious health 
concerns including Alzheimer’s disease [3,4]. Thus, the intracellular 
copper concentration is tightly regulated, maintained by a tight network 
of membrane proteins and copper chaperones [5,6]. Two classes of 
proteins orchestrate cellular copper uptake and secretion in eukaryotes: 
ATP-independent importers, CTRs, responsible for the uptake; and the 

ATP-dependent P-type ATPase pumps, ATP7A and ATP7B, which export 
copper against the concentration gradient from the cell interior into the 
surrounding environment or internal organelles [7]. Notably, mutations 
interfering with the production and/or function of the ATPases cause the 
severe genetic Menkes’ and Wilson’s diseases [8]. In contrast, CTR1 
deficiency has recently been shown to cause a disorder of brain copper 
metabolism [9]. 

CTRs are present in an extensive number of eukaryotic organisms, e. 
g. humans, yeasts, and plants [10], localized to the plasma membrane 
and endosomal vesicles [11,12]. Up to 16 separate members or variants 
(two members are available in humans, hCTR1 and hCTR2) have been 
identified in some species, having a variable length with low sequence 
homology and different cellular localization [13–17]. While CTRs have 
not been linked to human disease [18], studies have demonstrated the 
significance of the protein family for body copper homeostasis, as CTR1 
knockouts in mice lead to embryonic death [19]. Investigations have 
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also shown that both human and yeast CTR1 facilitate cellular uptake of 
the anticancer agent cisplatin (cis–diamminedichloroplatinum(II)) [20, 
21]. It is established that the CTRs serve as the key entry point of Cu 
(specifically Cu(I)) into eukaryotic cells, crucial for cellular copper ho-
meostasis and ferrous iron uptake [11]. Moreover, the critical role of 
copper for cell survival and the frequent presence of CTR genes in 
human pathogens such as the opportunistic Candida albicans render 
these proteins attractive targets for the development of novel antifungals 
[22]. 

Despite low sequence homology and functional differences, CTRs 
likely share a common fold with several joint structural features. 
Biochemical analyses have indicated the necessity of a trimeric assembly 
of the protomers for function [12,23], collectively establishing one Cu 
(I)-conducting pore and high affinity for Cu (Km ≈ 2 μM for hCTR1 
[7]) (Fig. 1A and B). A single high-resolution structure, that of the 
Atlantic salmon CTR1, AsCTR1, is currently available of the entire 
protein family [24] (Fig. 1A and B). Regarding the human proteins, only 
low-resolution structural information is present (for CTR1) [25–27]. The 
AsCTR1 structure revealed the overall architecture, with a core formed 
by three transmembrane helices (TM1-TM3) per monomer. The pore is 
constricted primarily of the MxxxM motif of TM2, forming two 
consecutive rings of methionines along the channel, and thereby a 
selectivity filter for Cu(I), able to interact with two Cu(I) ions. In 
contrast, TM3 encompasses a GxxxG motif that appears critical for 
maintaining the fold. Furthermore, CTRs have short intracellular 
C-termini with a conserved HCH motif, suggested to be involved in 
copper passage to intracellular chaperones and/or to serve as an intra-
cellular gate [24,28]. Nevertheless, CTRs differ considerably in molec-
ular size, suggesting functional differences between family members 
[26]. Two such variable aspects are the cytoplasmic loop between TM1 
and TM2 and, in particular, the N-terminus [24,25]. The latter is rich in 

histidines and harbors a methionine-rich copper-binding motif in certain 
members, which may interact with plasma located metalloreductases to 
permit initial Cu transfer to the CTRs (Fig. 1C) [26,29,30]. 

The most frequently used overproduction host of proteins is Escher-
ichia coli, due to its fast turn-over, low cost, and high protein yields. 
However, as a prokaryote, E. coli is frequently incompatible with the 
folding and post-translational modifications required for eukaryotic 
proteins. This can have a dramatic impact on the yields or it can result in 
formation of inclusion bodies, aggregated protein not suitable for most 
studies of membrane proteins. In contrast, Saccharomyces cerevisiae 
represents a powerful complementary tool for the overproduction of 
difficult targets such as eukaryotic membrane proteins. This method has 
already been effectively established for the production of a different 
range of eukaryotic membrane proteins. 

One such S. cerevisiae-based setup has previously been exploited for 
generation of diverse membrane proteins, including aquaporins, CLC 
proteins, TRP-channels, and ZIP transporters, primarily of human origin 
[33–37]. The system is based on the PAP1500 strain and the pEMBLyex4 
vector [38]. The cells encompass the transcription activator Galactose4 
(Gal4) overexpressed under galactose induction (Fig. 2A). The plasmid 
harbors a potent galactose inducible CYC-GAL promotor (CG-P) to 
enhance the expression, a leu2-d gene that confers a high-copy number 
of the plasmid per cell in response to leucine starvation, a URA3 selec-
tion marker, and a 2μ origin of replication to prevent plasmid loss [34]. 
Moreover, the investigated proteins are typically linked to fluorescent 
probes to permit straightforward assessment of parameters of relevance 
for downstream isolation and characterization efforts. 

Previously, biochemical studies of CTRs were primarily based on 
material in a cellular setting, precluding detailed investigations of the 
structure and the function. As an example, overexpression was con-
ducted in human HEK 239T cells and mouse embryonic fibrosis (MEFs) 

Fig. 1. The CTR fold and sequence alignment of 
CaCTR, hCTR1, and hCTR2. A. Overall architecture of 
CTR proteins as revealed by the structure of the 
Atlantic salmon CTR1 (PDB ID:6M97), AsCTR. Each 
monomer is shown in a distinct color and consists of 
three transmembrane segments, TM1-3, which 
assemble as a trimer forming an ion-conducting pore. 
The N- and C- termini, transmembrane helices, and 
sequence motifs are indicated. B. View from the 
extracellular with the pore in the center. C. Schematic 
topology of human CTR1 (hCTR1), showing only two 
of the monomers for clarity. The extracellular N-ter-
minus contains several methionine-rich motifs 
colored in yellow and pink, presumably responsible 
for Cu(I) binding and uptake. The Cu(I) selectivity 
filter establishing methionines reside on TM2 adja-
cent to the extracellular membrane interface. Two Cu 
(I) ions, interacting with the selectivity filter, are 
shown as blue spheres. The structurally important 
GXXXG motif of TM3 is pinpointed. The C-terminus is 
located on the intracellular side of the cell. It contains 
a conserved HCH motif, another Cu(I) binding site, 
perhaps forming an intracellular gate and/or being 
responsible for Cu(I) passage to intracellular chap-
erons. The overall architecture of the CTRs was 
generated using Chimera [31], and the schematic 
topology of hCTR1 was generated using Adobe Illus-
trator. D. Sequence alignment of the three targets. 
Metal-binding residues at the N-terminus are high-
lighted in yellow and purple. Selectivity filter methi-
onines of TM2 and the GXXXG motifs of TM3 are 
shown in dark red. The conserved HCH motif of the 
C-termini is pinpointed in red. Secondary structure 
elements are shown above the alignment, based on 
the determined structure of AsCTR1 [24]. Alignments 
were carried out using the multiple sequence align-
ment tool ‘Clustal Omega’ with default settings [32].   
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cells yielding information on the oligomerization and localization [39]. 
Furthermore, hCTR1 and AsCTR1 were overproduced and purified for 
structural studies from Pichia pastoris (also known as Komagataella pas-
toris) [24,25]. While this strategy was able to provide the structure of 
AsCTR1 [24], the yield and the quality of the protein has not been 
sufficient for elucidating a high-resolution structure of any of the human 
CTRs [25]. 

Here, we report production and purification principles of three 
separate key targets of this protein family, human CTR1 (hCTR1, mo-
lecular weight = 21.1 kDa), human CTR2 (hCTR2, MW = 15.6 kDa), and 
Candida albicans CTR (CaCTR, MW = 27.9 kDa) (Fig. 1D). To this end, 

we took advantage of the robust PAP1500-based overproduction plat-
form, previously successfully employed for the generation of a plethora 
of membrane proteins [33–37,40]. We exploited full-length GFP-fused 
CTR forms to enable rapid detection of cellular localization as well as a 
straightforward assessment of production yields. The membrane 
extraction was refined using a detergent screen in conjunction with 
fluorescence-detection size-exclusion chromatography (F-SEC). The 
optimized conditions were successfully applied to large-scale cell cul-
tures. Development of affinity and size-exclusion-based purification 
procedures yielded milligrams protein with the purity, homogeneity, 
and stability required for downstream biophysical and structural char-
acterization efforts. 

2. Materials and methods 

2.1. Construction of expression plasmids 

Full-length codon-optimized genes of CaCTR, hCTR1, and hCTR2 
were purchased from GenScript, USA. Expression plasmids of genes 
were generated through homologous recombination, transforming 
PAP1500 with CTRs, Tobacco Etch Virus (TEV) protease-linker(G4S)- 
GFP-His8 PCR fragment, and the expression vector pEMBLyex4 diges-
ted via BamHI and HindIII [34]. A TEV cleavage site followed by a linker 
(G4S) was introduced between the CTRs and C-terminally GFP tag fused 
to a sequence of 8 histidines. All plasmid constructs were verified by 
DNA sequencing. 

2.2. Yeast strain and growth conditions 

GFP-fused CTRs were overexpressed in the S. cerevisiae strain 
PAP1500 (α ura3-52trp1::GAL10-GAL4 lys2-801 leu2Δ1 his3Δ200 pep4:: 
HIS3prb1Δ1.6 R can1 GAL) [38]. PAP1500 transformants were first 
grown in 5 mL synthetic defined (SD) media supplemented with leucine 
(60 mg/L), and lysine (30 mg/L) at 30 ◦C. Following 24 h, the culture 
was diluted 50 times in 100 mL SD media supplemented with lysine (30 
mg/L) but no leucine to ensure a high copy number of the plasmid 
through leucine starvation, and incubated at 30 ◦C, 210 rpm for 30 h. 
Next, 800 mL media containing 1x leucine-uracil drop out, 0.5% (w/v) 
glucose, 3% (v/v) glycerol, and 1x yeast nitrogen base (YNB) was 
inoculated using 100 mL of leucine starved precultures, and incubated at 
25 ◦C, 210 rpm until the optical density at 600 nm (OD600nm) reached ~ 
3. Cultures were thermo-equilibrated to 15 ◦C and induction initiated by 
adding 200 mL of equivalent media containing galactose, resulting in a 
final concentration of 2% (w/v) galactose. Cultivation was continued at 
15 ◦C, 180 rpm along with measuring the OD600nm and GFP signal using 
a spectrophotometer (Fluoroskan Ascent spectrofluorometer Thermo 
Labsystems) until the cells were at stationary phase. Following 74 h of 
induction, the GFP signal was dropping, and hence cells were harvested 
using centrifugation for 30 min at 4000 rpm with a JL-4s rotor at 4 ◦C. 
Accumulation of CTR-TEV-Linker-GFP-8His proteins was monitored 
through live-cell bioimaging. Induced S. cerevisiae cells were imaged 
using a fluorescence microscope (Axiovert 200). 

2.3. Membrane preparation and solubilization 

Crude yeast cell membranes were resuspended in ~25–30 mL lysis 
buffer (50 mM Na-PO4, pH = 7.4, 5% (v/v) glycerol, 4 mM ethyl-
enediaminetetraacetic acid (EDTA), 2 mM dithiothreitol (DTT), and one 
protease inhibitor tablet (Merck), transferred into a pre-frozen X-press, 
and frozen at − 20 ◦C for 16 h. The following day, cells were disrupted 
five times using the X-press. Membranes were collected first by low- 
speed centrifugation to remove unbroken cells and cell debris, and 
then by ultra-centrifugation at 40,000 rpm in a 45 Ti rotor (Beckman) 
for 1.5 h at 4 ◦C. Crude membrane suspension was resuspended in 0.1 g 
membranes per mL lysis buffer, and homogenized via a rotating ho-
mogenizer. DDM:Cholesteryl hemisuccinate (CHS) of 5:1 (w/w) ratio 

Fig. 2. CTR protein synthesis generation. A. The Saccharomyces cerevisiae strain 
PAP1500 overexpresses GAL4 transcription factor with galactose for the over-
production of CTR families. Plasmid outline for the expression of CTRs-TEV- 
G4S-GFP-8His fusion proteins. CG-P, a hybrid promoter carrying the GAL10 
upstream activating sequence fused to the 5′, CTR, copper transporter genes, T, 
TEV cleavage site plus G4S linker, GFP-8His, GFP fused to an 8-Histag, 2μ, the 
yeast 2-μm origin of replication; leu2-d, a poorly expressed allele of the b-iso-
propyl malate dehydrogenase gene; bla, a b-lactamase gene; pMB1, the pMB1 
origin of replication; URA3, the yeast protein-5′-P decarboxylase gene. B. GFP 
accumulation of GFP fused CTRs following induction of the cells with galactose 
at 15 ◦C. Whole-cell GFP fluorescence and the optical density at 600 nm 
(OD600nm) were measured and relative GFP fluorescence calculated (RFU). The 
graph represents GFP fluorescence (FL) divided by OD600nm plotted against time 
after induction. All three targets were harvested following 74 h of induction. C, 
live imaging of yeast cells expressing the CTRs. Each target GFP fluorescence is 
illustrated separately. 
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stock solution was supplemented, and membranes were solubilized for 2 
h at 4 or 18 ◦C at slow rotation. Finally, unsolubilized membranes were 
removed by ultracentrifugation at 40,000 rpm in a 45 Ti rotor (Beck-
man) for 1 h at 4 ◦C, and 100 μL of the supernatant was used for GFP 
fluorescence measurement to evaluate solubilization efficiency. 

2.4. Detergent screen 

Solubilization was assessed using six separate detergents, n-decyl- 
β-D-maltoside (DM), n-dodecyl-β-D-maltoside (DDM), octaethylen gly-
con monododecyl ether (C12E8), n-dodecyl-N,N-dimethylamine-N-oxide 
(LDAO), n-octyl-β-D-glucoside (OG), fos-choline 10 (FC10), hence 
covering different critical micelle concentrations (CMC) and other 
chemical properties, such as nonionic and zwitterioninc surfactant 
types. Crude membranes were prepared as above to 0.1 mg wet mem-
brane per mL cell breaking buffer including detergents. This part was 
conducted with and without CHS in the buffer, at a detergent:CHS molar 
ratio of 5:1. Subsequently, samples were solubilized at 4 or 18 ◦C for 2 h. 
Following the incubation, 100 μL of the samples were collected for 
fluorescence measurements of the uncentrifuged material (unsolubi-
lized + solubilized fractions), and solubilized proteins were collected via 
ultracentrifugation at 40,000 rpm using a TLA 120.2 rotor (Beckman) 
for 30 min at 4 ◦C. GFP fluorescence of both combined and solubilized 
samples was measured using a Fluoroskan Ascent spectrofluorometer 
(Thermo Labsystems) at 485 nm excitation and 520 nm emission. The 
solubilization efficiency of each sample was calculated using the ratio of 
GFP fluorescence of the supernatant and the detergent-solubilized 
membranes before centrifugation. 

2.5. Fluorescence-detection size-exclusion chromatography 

To evaluate the efficiency of solubilized samples, fluorescence- 
detection size-exclusion chromatography (F-SEC) was carried based on 
[41]. Membranes were solubilized as described in the detergent screen 
section, and 20 μL of each sample after ultracentrifugation was run on a 
7 mL Yarra-S3000 column (Phenomenex, USA), connected to the Shi-
madzu Prominence system with 487/512 nm fluorescence detection 
(Shimadzu Corp., Japan) with a flow rate of 0.5 mL/min. The column 
was pre-equilibrated with running buffer (50 mM Na-PO4, pH = 7.4, 5% 
(v/v) glycerol, 300 mM NaCl, 0.03% (w/v) DDM, with and without 0.2% 
(w/v) CHS). As previously described and to increase the output, all the 
samples were assessed in a running buffer containing 0.03% (w/v) DDM 
detergent instead of running in their respective solubilization de-
tergents; still considerable effects can be appreciated from the different 
detergents (as observed here) [41–43]. 

2.6. Purification 

Following membrane extraction, non-solubilized material was 
removed through ultracentrifugation at 40,000 rpm in a 45 Ti rotor 
(Beckman) for 30 min at 4 ◦C. The samples were then loaded on pre- 
equilibrated 5 mL His-trap column (Cytiva, Sweden) using buffer A 
(25 mM Tris-HCl, pH = 7.5, 500 mM NaCl, 10% (v/v) glycerol, in their 
respective solubilized detergent). After washing the column with buffer 
A, then the fusion protein was eluted at 500 mM imidazole using elution 
buffer (25 mM Tris-HCl, pH = 7.5, 500 mM NaCl, 10% (v/v) glycerol, 
500 mM imidazole and respective detergent). Throughout the purifica-
tion, fluorescence was measured at 280 nm and 500 nm to also monitor 
the presence of the GFP fusion protein (GFP displays emission at 509 
nm). Immobilized metal ion affinity chromatography (IMAC) fractions 
were pooled, concentrated using Amicon Ultra concentrators (MWCO 
100 kDa) and buffer exchanged to size-exclusion chromatography (SEC) 
buffer (25 mM Tris-HCl, pH = 7.5, 500 mM NaCl, 1 mM DTT, 10% (v/v) 
glycerol and respective detergent) to remove the excess imidazole which 
is incompatible with TEV protease and impairs the digestion. Afterward, 
TEV protease was added to the protein sample at the ratio of 10:1 (w/w), 

incubated for 16 h on the shaker at 4 ◦C to remove the GFP-His8-tag. 
Subsequently, 16 h TEV protease treated sample was loaded on pre- 
equilibrated Superdex 200 10/300 (Cytiva, Sweden) column with SEC 
buffer. Fractions related to the desired protein were pooled and 
concentrated. The purity of the samples was assessed by SDS-PAGE and 
samples were flash-frozen for further biochemical and structural efforts. 

2.7. Mass spectrometry 

Protein bands of interest were cut from the SDS-PAGE and digested 
with trypsin into peptides. The peptides were subjected to a LC-MS/MS 
(Fusion, Thermo Fisher Scientific) and run in data dependent acquisition 
mode. The generated MS spectra were analyzed with Proteome 
Discoverer™ 2.5 Software (Thermo Fisher Scientific). Peptides were 
identified using SEQUEST HT against the relevant data base such as 
human and Candida albicans. The search was performed with the 
following parameters applied: static modification: cysteine carbamido-
methylation and dynamic modifications: N-terminal acetylation and 
methionine oxidation. Precursor tolerance was set to 15 ppm and frag-
ment tolerance was set to 0.05 ppm. Up to 2 missed cleavages were 
allowed. 

3. Results 

3.1. Production & localization 

With the intention to establish procedures for isolation of a multitude 
of CTR proteins, CTR-Tobacco Etch Virus (TEV)-linker-GFP-His8 fusions 
of three selected members, hCTR1, hCTR2, and CaCTR, were designed, 
representing targets that likely also are of importance for human health 
and disease. The DNA was codon-optimized for S. cerevisiae to improve 
the anticipated protein yields. The genes were incorporated into the 
pEMBLyex4 plasmid using homologous recombination in yeast. Because 
many biophysical characterization techniques necessitate large protein 
quantities, the generated protein levels were investigated in a 1 L scale. 
Induction was triggered using 2% (w/v) galactose and the protein pro-
duction was quantified using whole-cell fluorescence measurements to 
monitor GFP accumulation. We assessed two different induction tem-
peratures, 15 and 25 ◦C, based on previous experience, to elevate the 
yield and the quality of the obtained membrane proteins, deviating from 
the optimal temperature for yeast growth of 30 ◦C [33,34]. In addition, 
we investigated the duration of the induction, ranging up to almost 80 h. 
Notably, all the three members were expressed at high and similar 
levels, reaching a maximum following around 60 h cultivation at 15 ◦C 
(Fig. 2B). 

Another aspect of critical relevance is the membrane localization of 
the targets, indicative of proper biogenesis. In native cells, CTRs appear 
in both the plasma membrane (hCTR1) and internal membranes 
(hCTR2) [1]. However, overproduced targets do not necessarily display 
a similar trend in S. cerevisiae as in the native compartment, and yet 
frequently display retained integrity of the studied protein [33,44]. 
Moreover, since the C-terminal GFP only becomes fluorescent following 
the successful folding of the N-terminal portion of the construct, the 
observation of a fluorescence signal also hints at successful membrane 
insertion and obtainment of a proper fold of the preceding target, a 
property commonly exploited as a folding reporter (Fig. 2C) [34,45,46]. 

3.2. Detergent screen and F-SEC analysis 

While S. cerevisiae is compatible with certain functional studies in 
vivo, more detailed analysis requires characterization of the targets with 
less background (outside of the cell), and hence protein purification 
procedures are applied. For membrane proteins, this is typically asso-
ciated with membrane extraction principles to maintain the targets in 
solution. To this end, it is critical to identify detergents that maintain 
protein mono-dispersity and stability for the duration of the downstream 
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experiments. Here, with this purpose, a rapid small-scale detergent 
screen was carried out using 0.5 mL membranes with 0.1 g/mL con-
centration and tested at two different temperatures, 4 and 18 ◦C, for 2 h 
to identify appropriate detergents for high-yield extraction. Solubiliza-
tion was performed using five commonly employed detergents for 
membrane proteins, n-decyl-D-maltoside (DM), n-dodecyl-D-maltoside 
(DDM), octaethylene glycol monododecyl ether (C12E8), laur-
yldimethylamine oxide (LDAO), and octyl beta glucoside (OG). The 
ionic surfactant n-dodecyl phosphocholine-10 (FC-10) was employed as 
a control, representing a tool (control) with typically high solubilization 
capacity, but frequently with harsh effects on the structure and function 
of the targets. Furthermore, we assessed the effect of supplementation of 
cholesteryl hemisuccinate (CHS), intended for stabilization of the CTR 
fusions during and following membrane extraction, as observed for 
many other membrane proteins [47]. Through assessment of the 
GFP-fluorescence levels, the results demonstrated modest extraction 
capacity of OG and C12E8, regardless of the used temperature and 
availability of CHS (Fig. 3A). In contrast, DDM, and LDAO displayed 
efficient solubilization reaching maximum levels of approximately 65, 
49, and 61%, respectively, for CaCTR (in DDM at 18 ◦C with CHS), 
hCTR1 (in DDM at 4 ◦C without CHS), and hCTR2 (in DM at 18 ◦C 
without CHS). Surprisingly, the yields were overall somewhat elevated 
at the lower temperature, which however aligns well with the increased 
stability frequently observed when proteins are maintained on ice. 
Furthermore, we noted that the supposedly positive control FC-10 
demonstrated relatively low extraction yields. 

Identification of solubilization detergents should be linked to the 

analysis of the protein stability to ensure that the extraction did not 
cause inactivation or degradation of the protein. Here, we exploited 
fluorescence-detection size-exclusion-chromatography (F-SEC) analysis 
for this purpose, assessing the crude samples generated through solu-
bilization without the need for further purification steps. The effect of all 
above-mentioned detergents, the presence or absence of CHS, as well as 
of the two solubilization temperatures employed previously were 
investigated, using a F-SEC running buffer containing 0.03% DDM for all 
conditions. While all samples exhibited a certain degree of aggregation 
as indicated by the presence of void peaks, several conditions displayed 
a relatively high second peak, which we interpreted as non-aggregated 
with retained trimeric fold (Fig. 3B and Figs. S1–S3), which is further 
substantiated by the below-mentioned large-scale purification analyses. 

Collectively, based on the solubilization yield and the F-SEC data, 
DDM, DM, and LDAO thus appeared suitable for downstream efforts. 
However, we focused the subsequent steps on DDM and LDAO consid-
ering the similar chemical structure of DDM and DM. Considering the 
relatively small differences in the solubilization capacities and the F-SEC 
analyses between DDM and LDAO, we selected DDM for hCTR1 and 
CaCTR, while LDAO was chosen for hCTR2. Two separate detergents 
were employed for the downstream large-scale efforts, to increase the 
likelihood of finding suitable conditions for work on CTR members. A 
focus on DDM is supported by the mild properties, TEV compatibility 
[34], and the extensive usage of DDM in previous membrane protein 
applications [48]. 

Fig. 3. Detergent screen of CTR targets. Membranes of yeast cells expressing hCTR1, hCTR2, and CaCTR were solubilized with the six different detergents indicated 
in figure. A. GFP fluorescence of the samples was estimated by the ratio of GFP fluorescence of the supernatant and the detergent-solubilized membranes before 
centrifugation. B. F-SEC analysis of the targets in the most efficient solubilization detergents, with the graph showing fluorescence intensity versus elution time. 
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3.3. Purification 

The purification was assisted through the tracking of the fluores-
cence of GFP, with emission at near 500 nm (UV500nm). To purify the 
CTR fusions, crude membranes isolated from 1 L cultures of hCTR1, 
hCTR2 and CaCTR were solubilized in the presence of LDAO, DDM or 
DDM:CHS, respectively, at a total-protein:detergent:CHS ratio of 1:5:1 
(w/w/w) for 2 h at 4 ◦C. The proteins were subsequently affinity- 
purified based on the C-terminal histidine-tag, and eluted using an 
imidazole gradient. GFP fluorescence was measured throughout the 
purification to monitor the yield and the elution profile. Next, the peak 
fractions were pooled, concentrated, and treated with TEV protease at a 
TEV:protein ratio of 10:1 (w/w) for 16 h at 4 ◦C to remove the GFP-8His- 
tag. 

Lastly, the tag-free CTRs were subjected to size-exclusion chroma-
tography to assess monodispersity and to control the final buffer, eluted 
at around 12 mL. While hCTR1 displayed considerable aggregation, 
hCTR2 and CaCTR yielded highly promising SEC-profiles (Fig. 4). In 
general, the SEC profiles revealed peaks with shoulders, perhaps rep-
resenting the oligomerization state of the proteins, congruent with the 
trimers and tail-to-tail dimer-of-trimers previously detected for CTRs 
[25–27]. GFP removed by TEV eluted at around 16 mL. Furthermore, an 
examination of the purity of the samples using SDS-PAGE analysis, 
indicated almost pure preparations, for all three CTRs applied to the 
above-mentioned procedure. No or only minor contaminants were 
visible (Fig. 4), and concomitantly, the target proteins appeared at the 
expected molecular weight of the monomers (hCTR1:21.1, hCTR2:15.6, 

CaCTR:27.9 kDa), sometimes displaying incomplete SDS-PAGE-induced 
degradation of the trimer. The SEC and SDS-PAGE profiles suggest TEV 
cleavage may have been efficient for hCTR1 and CaCTR1, while hCTR2 
remained largely uncleaved. The final yield of the protein purifications 
of each target was about 1 mg per L cell culture, and the identity of all 
targets in the final sample (shown by dotted lines in the SEC chro-
matograms of Fig. 4) was confirmed using MS (Tables S1–3). Conse-
quently, the yield, purity, and homogeneity of these samples suggest the 
studied CTR proteins are compatible with downstream structural and 
functional studies. 

4. Discussion 

A major challenge in eukaryotic membrane protein structural 
biology relates to the difficulties with production, solubilization, and 
purification of the high-quality samples required for structural and 
functional studies. This is underscored by the fact that membrane pro-
teins remain underrepresented in the Protein Data Bank. The lack of 
high-resolution structures represents an outstanding concern since 
membrane proteins constitute about one-third of various genomes 
(including the human genome), and because membrane proteins are 
well-established drug targets [49], thereby limiting both basic and 
translational research. 

In this light, it is apparent that the selection of the protein production 
host organism and strain to overcome this bottleneck in membrane 
protein structural biology studies is critical for the outcome. Yet, it 
represents a challenging and sometimes time-taking task, in particular 

Fig. 4. Purification of the studied CTR proteins. Blue 
and orange profiles indicate the relative absorbance 
at 280 nm and 500 nm (the latter is a signal for GFP). 
A, C, and E. Affinity protein purification, performed 
using immobilized metal ion affinity chromatography 
(IMAC). IMAC profiles for the eluted proteins and 
corresponding percentage of imidazole concentra-
tions used for elution (in gray). The target proteins 
were recovered from the peak fractions around 80 
mL, eluted using 500 mM imidazole (100%). The 
peaks are labeled on the corresponding chromato-
grams and SD-PAGEs with Roman numbers. The 
desired protein is shown with dotted blue lines on the 
chromatogram and SDS-PAGEs (IV). and B, D and F. 
Size-exclusion chromatography (SEC) profiles of the 
three targets in their selected solubilization condition 
and detergents. Coomassie-stained SDS-PAGE of the 
indicated monomeric peaks (shown using dotted lines 
in the chromatograms and SDS-PAGEs) of the SEC 
purification indicating efficient yield and quality of 
the samples. Different oligomerization states are 
shown with Roman numbers on the chromatograms 
and their corresponding SDS-PAGEs. I, is aggregation. 
II and III are desired protein. IV and V are contami-
nations and VI is cleaved GFP. Monomeric stated of 
the proteins are shown with an arrow on SDS-PAGEs.   
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for small membrane proteins such as CTRs for which protein demanding 
X-ray crystallography remains the preferred technique for structural 
studies. It is well-known that E. coli harbors many properties that are 
favorable for a protein generation platform [50]. Nonetheless, it is 
frequently not compatible with the isolation of eukaryotic membrane 
proteins, due to complications such as required posttranslational mod-
ifications and/or folding issues. Fortunately, many other hosts are 
available that may be beneficial for targets from higher organisms, 
including insect and mammalian cell lines, and different yeasts such as 
S. cerevisiae and P. pastoris. Among these, insect and mammalian cells 
may be preferable for certain eukaryotic proteins, but a disadvantage is 
that these systems are relatively complex, expensive, time-consuming, 
and difficult to handle [51]. In contrast, yeast cells have accessible ge-
nomes, are fast growing and inexpensive, and sometimes even provide 
quantities of protein that are comparable or superior to E. coli [52]. 

The fundamental roles of CTRs in cellular copper homeostasis render 
these macromolecules fascinating targets. This is reinforced by the fact 
that the protein family remains poorly understood from a structural and 
functional point of view. It remains elusive if the tails and/or the large 
loop affect or regulate the ion passage across the membrane, are 
involved in copper transfer from or to chaperones on either side of the 
membrane, or if CTRs are involved in orchestrating the redox state of the 
metals being conducted. Furthermore, providing this information may 
well be valuable beyond basic science, presumably opening up a 
framework for a molecular understanding of copper homeostasis in 
medicine, and perhaps a new avenue for the development of novel 
therapies to combat pathogenic fungi that rely on these importers for 
survival. 

Previous efforts on CTR proteins included attempts to exploit mouse 
embryonic fibroblasts and human HEK 293T cells. There, the expression 
levels and the subcellular localization of hCTR1 and hCTR2 were 
demonstrated using immunoblotting, but no yields were reported, and 
the protein was not purified [39]. More relevant for the present work, 
the structural studies of hCTR1 and AsCTR1 were conducted based on 
material generated in P. pastoris [24,25]. However, high-resolution 
structural information of the human CTRs remains enigmatic, hinting 
that the quality of the isolated hCTR1 is insufficient. Furthermore, 
considering that culturing of P. pastoris is time-taking and necessitates a 
controlled environment and hence more advanced infrastructure, 
S. cerevisiae appears as an attractive alternative production host with its 
relatively low-costs, swift cloning and propagation, and often generous 
protein yields [51]. 

Therefore, in this study, we employed an S. cerevisiae production and 
purification platform capable of obtaining well-behaved protein samples 
from both humans and yeast, for the purpose of downstream structure- 
function studies. The system combines several advantageous plasmid- 
born properties such as two selection markers, an inducible promoter, 
and a very high copy number [38], with a modified S. cerevisiae strain 
harboring the Gal4 transcriptional activator [53]. 

We included three CTR targets, human hCTR1 and hCTR2 were 
selected due to their relevance in humans and their role in platinum- 
based chemotherapy, and CaCTR as an example of a member from an 
opportunistic fungus with clinical relevance [54]. The initiative started 
with the synthesis of the genes, codon-optimized for the host. Next, a 
tobacco etch virus (TEV) protease site, a flexible linker, GFP and 8His--
tag were supplemented to the C-terminus, and the final construct was 
assembled using homologous recombination. This inclusion provided 
capacity for swift assessment of the growth, protein yield, subcellular 
localization, solubilization, purification as well as protein quality. Ex-
amination of suitable membrane extraction detergents based on evalu-
ation of different classes of surfactants suggested that DDM, LDAO, and 
the FC-10 control solubilized 50–80% of the CTR material, whereas 
C12E8 and OG appeared inadequate for the purpose. Enhanced solubility 
was observed at 18 ◦C for hCTR2 and CaCTR, while hCTR1 was more 
favorably extracted at 4 ◦C. F-SEC analysis indicated the hCTR1 and 
hCTR2 samples in presence of CHS resulted in a higher amount of 

aggregation, while CaCTR fusion resulted in efficient solubilization with 
CHS in DDM (Supplementary Data). Further optimization, covering 
additional detergents or additives, clearly has the potential to reach 
even better-behaved targets with the improved mono-dispersity profile. 

The identified conditions were exploited for large-scale growth and 
purification of the three targets. hCTR1, hCTR2 and CaCTR were solu-
bilized in DDM at 4 ◦C, LDAO at 18 ◦C, and DDM:CHS at 18 ◦C, 
respectively, applying affinity-based chromatography and TEV cleav-
age. The quality of the samples was assessed using SEC in the respective 
detergents and conditions. TEV cleavage appeared rather efficient for 
hCTR1 and CaCTR, but not for hCTR2. The SEC and SDS-PAGE profiles 
suggested the targets are well-behaved and comparable to the samples 
successfully employed for structural studies of CTR proteins [24,25,27]. 
Thus, the results obtained here are likely suitable for down-stream 
biophysical characterization purposes. To our knowledge, these find-
ings represent the first overproduction and purification of the CTR 
family using S. cerevisiae. The system appears favorable in being prac-
tical and time-saving to produce milligrams of pure and stable CTR 
proteins. It is possible that the method can be used to produce 
high-quality samples suitable for functional and structural studies for a 
large variety of eukaryotic membrane proteins. We note, functional 
evaluation is typically preferred of purified proteins. However, for 
proteins that conduct or transport Cu(I) across cellular membranes such 
analyses are notoriously difficult, and hence we consider such efforts 
beyond the current manuscript. 
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