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Abstract  
MgtE channels play crucial roles in Mg2+ homeostasis and are implicated in bacterial survival under antibiotic 
exposure. Previous structural and biophysical studies have focused predominantly on Thermus thermophilus 
MgtE, leaving the structural and mechanistic diversity of MgtE family proteins largely unexplored. In this study, via 
a genome mining approach, we identify diverse MgtE homologs, including a novel subclass termed the “mini-N 
type”, which lacks the canonical cytoplasmic N and CBS domains but possesses a unique small N-like domain. 
Despite extensive expression screening, mini-N-type homologs cannot be stably purified. To address this issue, we 
design a series of de novo proteins and determine their crystal structures. A selected de novo protein is fused to a 
mini-N-type MgtE, enabling successful purification and preliminary cryo-EM imaging. Our findings demonstrate 
that de novo-designed protein fusions serve as powerful tools for stabilizing and purifying otherwise unstable 
membrane proteins, opening new avenues for structural and functional studies of otherwise inaccessible mem
brane proteins. 
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Introduction 
MgtE represents a widely conserved Mg2+ channel in bacteria that 
plays a critical role in Mg2+ homeostasis [1–4] and contributes to 
bacterial survival under antibiotic exposure by counteracting 
hyperpolarization [5]. In Pseudomonas aeruginosa, MgtE inhibits 
the transcription of the type III secretion system, a critical virulence 
factor, by promoting the expression of the translation-inhibiting 
sRNAs RsmY and RsmZ [6,7]. In humans, MgtE homologs are 
referred to as SLC41A1 to SLC41A3 and have been implicated in 
various physiological functions and diseases, including Parkinson’s 
disease [8–11]. Accordingly, the MgtE/SLC41 family of proteins has 
attracted considerable interest as potential therapeutic targets. 

To date, extensive structural and mechanistic studies have been 

conducted on MgtE [12–14]. These studies revealed that MgtE 
functions as a “Mg2+-gated Mg2+ channel” where the binding of Mg2+ 

to the cytoplasmic domain leads to channel inactivation [3,15–17]. 
High-resolution structural analyses of the MgtE transmembrane 
(TM) domain have elucidated the mechanism of Mg2+ selectivity 
[18,19], whereas the cryo-EM structure of MgtE in the absence of the 
Mg2+ domain has provided insights into the gating mechanism [20]. 

However, these studies have focused predominantly on Thermus 
thermophilus MgtE (TtMgtE), and structural and biochemical data 
for MgtE homologs from other species are extremely limited [21– 
23]. As a result, the structural and functional diversity of the broadly 
conserved MgtE family remains largely unexplored. In parallel, the 
recent explosion in genomic data has made it increasingly feasible 
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to investigate the diversity of specific protein families via genome 
mining approaches [24,25]. 

One major challenge in studying membrane proteins such as 
MgtE lies in their generally low expression levels and poor stability 
in detergents [26], which significantly hinders structural and 
functional analyses. Recently, AI-based de novo protein design 
technologies, such as ProteinMPNN [27] and RF diffusion [28], 
have rapidly advanced [29] and are expected to facilitate research 
on membrane proteins [30]. De novo-designed proteins typically 
exhibit high stability, and fusing them to target membrane proteins 
may increase their expression and stability, potentially enabling the 
preparation of large quantities of stable membrane protein samples. 

In this study, we conducted a bioinformatics analysis of the MgtE 
family and identified a novel subclass of MgtE proteins with unique 
domain architectures. Despite extensive expression screening, these 
proteins could not be stably purified. To overcome this challenge, 
we designed de novo proteins and successfully determined the 
crystal structures of several designed proteins. Furthermore, by 
generating fusion constructs with the de novo-designed protein and 
the novel MgtE subclass, we achieved successful expression and 
purification. Overall, this study highlights a promising strategy for 
stabilizing and purifying membrane proteins via a de novo-designed 
protein fusion approach. 

Materials and Methods 
Bioinformatics analysis of MgtE proteins 
The prokaryotic proteomes and taxonomic information were 
downloaded from the Genome Taxonomy Database Release 06- 
RS202 [31]. Only the high-quality genomes (completeness ≥ 95% 
and contamination ≤ 5%) identified via CheckM [32] were used for 
the analysis. The genome quality of phylum Patescibacteria was 
estimated by using a custom marker set provided by CheckM. The 
hidden Markov model profile of Pfam PF01769 (divalent cation 
transporter, MgtE) was used as the query for hmmsearch to find 
MgtE homologs from the proteomes [33,34]. The domain architec
ture of MgtE was determined via an InterProScan search [35]. The 
InterPro IDs IPR006667, IPR046342, and IPR006668 were used as 
proxies for the TM, CBS and N domains of MgtE, respectively. 

Data analysis and visualization were performed via R 4.3.2 [36] 
with the following packages: tidyverse [37], plyranges [38], Bio
strings [39] and patchwork [40]. The code for the analysis is provided 
in the GitHub repository https://github.com/0mae/mgte_short. 

Screening of MgtE expression via FSEC-Nb 
MgtE genes and their mutants were synthesized by Azenta (Suzhou, 
China) and subcloned and inserted into a pETNb-nALFA vector [41] 
containing an N-terminal 8× His tag, an ALFA tag [42], and an HRV 
3C protease cleavage site. Escherichia coli Rosetta (DE3) cells were 
transformed with the expression vectors and cultured in 8 mL of LB 
medium containing 50 μg/mL kanamycin and 30 μg/mL chloram
phenicol at 37°C with the addition of 0.5 mM isopropyl-β-D- 
thiogalactopyranoside (IPTG) when the OD600 reached ~0.6. E. coli 
cells were then cultured at 18°C for 16 h and harvested via 
centrifugation. The E. coli cell pellets were suspended in 400 μL of 
buffer TBS (50 mM Tris-HCl, pH 8.0, 150 mM NaCl) containing 
1 mM phenylmethylsulfonyl fluoride (PMSF) and disrupted by 
sonication. The cell debris was removed by centrifugation (20,000  
g, 10 min). The supernatant was solubilized with 500 μL of buffer 
TBS containing 2% (w:v) n-dodecyl-β-D-maltoside (DDM) and 

0.5 mM PMSF for 1 h, followed by ultracentrifugation (200,000 g, 
20 min). One microgram of EGFP-tagged NbALFA was added to half 
the amount of the supernatant and incubated for 30 min. After 
centrifugation (20,000 g, 10 min), 50 μL of the sample was applied 
to a Superdex 200 Increase 10/300 GL column or a Superose 6 
Increase 10/300 GL column (Cytiva, Waltham, USA) equilibrated 
with buffer TBS containing 0.05% (w:v) DDM for FSEC analysis 
[43,44]. The fluorescence was monitored via an RF-20Axs 
fluorescence detector (Shimadzu, Kyoto, Japan) at an excitation 
wavelength of 480 nm and a mission wavelength of 512 nm. 

Expression and purification of MgtE 
Large-scale expression of the MgtE protein followed the same 
method as that used for small-scale expression screening, and 6 L of 
LB medium was used for expression. After harvesting by 
centrifugation, the E. coli cell pellets were resuspended and 
disrupted via a microfluidizer in TBS buffer. After centrifugation 
to remove cell debris, the supernatant was ultracentrifuged at 
200,000 g for 1 h to isolate the membrane fraction. The membrane 
was solubilized in S buffer [50 mM Tris, pH 8.0, 150 mM NaCl, 
1 mM PMSF, and 1 mM β-mercaptoethanol (β-ME), and one of the 
following detergents: 2% DDM, 2% DDM + 0.2% cholesteryl 
hemisuccinate (CHS), or 1% lauryl maltose neopentyl glycol 
(LMNG)] for 1 h. After ultracentrifugation at 200,000 g for 1 h, the 
supernatant was loaded onto Ni-NTA agarose beads (QIAGEN, 
Hilden, Germany). The beads were washed with 10 column 
volumes of buffer A (50 mM Tris-HCl, pH 8.0, 150 mM NaCl, 
20 mM imidazole, 1 mM β-ME, and one of the following detergents: 
0.03% DDM, 0.03% DDM with 0.003% CHS, or 0.01% LMNG), and 
the proteins were eluted via buffer B (50 mM Tris-HCl, pH 8.0, 
150 mM NaCl, 250 mM imidazole, 1 mM β-ME, and one of the 
following detergents: 0.03% DDM, 0.03% DDM with 0.003% CHS, 
or 0.01% LMNG) and concentrated via Amicon Ultra 50K and 100K 
centrifuge filters (Merck Millipore, Billerica, USA) for the wild-type 
construct and ZZ1-fused construct, respectively. For the wild-type 
construct, the concentrated elution was further analyzed by FSEC 
on the Superdex 200 Increase 10/300 GL column equilibrated with 
buffer TBS containing 0.03% DDM, 0.03% DDM + 0.003% CHS, or 
0.01% LMNG, detected via intrinsic protein fluorescence (excita
tion: 280 nm, emission: 325 nm). For the ZZ1-fused construct, the 
eluted fractions were dialyzed against buffer C (20 mM HEPES, pH 
7.0, 150 mM NaCl, 1 mM β-ME, and one of the following detergents: 
0.03% DDM, 0.03% DDM with 0.003% CHS, or 0.01% LMNG) for 
16 h at 4°C. The protein was injected onto the Superdex 200 
Increase 10/300 GL size-exclusion chromatography column (Cytiva) 
and eluted with buffer D [20 mM HEPES, pH 7.0, 150 mM NaCl, 
0.5 mM Tris (2-carboxyethyl) phosphine (TCEP), and one of the 
following detergents: 0.03% DDM, 0.03% DDM with 0.003% CHS, 
or 0.01% LMNG]. The main peak fractions in SEC were further 
analyzed by FSEC on the Superdex 200 Increase 10/300 GL column 
equilibrated with buffer TBS containing 0.03% DDM, 0.03% DDM + 
0.003% CHS, or 0.01% LMNG, detected via intrinsic protein 
fluorescence. The main peak fractions in DDM were used for the 
subsequent amphipol reconstitution experiment. 

De novo protein design 
All de novo proteins in this study were designed via the ColabDe
sign framework (https://github.com/sokrypton/ColabDesign). 
Briefly, the backbone structures of the ZZ1–ZZ3 proteins were 
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generated via RFdiffusion [28] with a specified length of 200 amino 
acid residues and an unconditional folding mode. The correspond
ing sequences were then generated via ProteinMPNN [27], and the 
designed protein sequences were subsequently validated via 
AlphaFold [45]. The ZZ4–ZZ7 proteins were designed similarly 
but in the conditional folding mode. 

Expression screening of de novo-designed proteins 
The DNA sequence encoding each de novo-designed protein was 
synthesized by Azenta and subcloned and inserted into a pETNb- 
cALFA vector [41] containing an HRV 3C protease cleavage site, an 
ALFA tag, and an 8× His tag at the C-terminus. E. coli Rosetta (DE3) 
cells were transformed with the expression vectors and cultured in 
8 mL of LB medium supplemented with 50 μg/mL ampicillin and 
30 μg/mL chloramphenicol at 37°C. When the OD600 reached ~0.6, 
0.5 mM IPTG was added to induce protein overexpression. The E. 
coli cells were then cultured at 18°C for 16 h and harvested via 
centrifugation. The E. coli cell pellets were resuspended and 
disrupted by ultrasonication in 400 μL of TBS buffer (50 mM Tris- 
HCl, pH 8.0, 150 mM NaCl) supplemented with 1 mM PMSF. After 
ultracentrifugation (200,000 g, 20 min), 1 μg of EGFP-tagged 
NbALFA was added to the supernatant and incubated for 30 min. 
The mixture was then centrifuged at 20,000 g for 10 min, and 50 μL 
of the sample was applied to the Superdex 200 Increase 10/300 GL 
column (Cytiva) equilibrated with TBS buffer for the FSEC assay. 

Expression and purification of de novo-designed 
proteins 
Large-scale expression of de novo-designed proteins was performed 
via the same method as that used for small-scale expression 
screening, with 6 L of LB medium used for expression. After 
harvesting by centrifugation, the E. coli cell pellets were resuspended 
in TBS buffer. Following centrifugation, the supernatant was loaded 
onto Ni-NTA agarose beads and washed with 10 column volumes of 
buffer E (50 mM Tris-HCl, pH 8.0; 150 mM NaCl; 20 mM imidazole). 
The proteins were then eluted with buffer F (50 mM Tris-HCl, pH 8.0; 
150 mM NaCl; 250 mM imidazole). After elution, the ALFA tag and 
8× His tag were cleaved by the HRV 3C protease, and the eluates 
were dialyzed against buffer G (20 mM HEPES, pH 7.0, 150 mM 
NaCl) for 16 h at 4°C. The sample was then reapplied to Ni-NTA 
beads, and the flow-through fractions were injected onto either a 
Superdex 200 Increase 10/300 GL or the Superdex 75 Increase 10/300 
GL size-exclusion chromatography column (Cytiva) in buffer G. The 
peak fractions were concentrated to 10 mg/mL for crystallization. 

Crystallization 
One microliter of ZZ1 protein was mixed with 1 μL of crystallization 
reservoir buffer H (0.05 M zinc acetate, 0.05 M MES, pH 6.0, 7.6% 
PEG 8000), whereas 1 μL of ZZ4 protein was mixed with 1 μL of 
crystallization reservoir buffer I (0.2 M MgCl2, 0.1 M KCl, 0.025 M 
sodium citrate, pH 4.0, 24.5% PEG 400) for crystallization via the 
vapor diffusion method at 18°C. Crystals typically appeared within 
one week and were subsequently harvested in reservoir solutions 
supplemented with a final concentration of 30% glycerol for ZZ1 or 
38% PEG 400 for ZZ4 before flash-freezing in liquid nitrogen for X- 
ray diffraction experiments. 

X-ray data collection and structure determination 
X-ray diffraction experiments for ZZ1 and ZZ4 were performed at 

beamline BL02U1 of the Shanghai Synchrotron Radiation Facility 
(SSRF, Shanghai, China) [46]. Data processing was carried out via 
XDS [47]. The initial phase was determined by molecular replace
ment via Phaser [48], which uses AlphaFold [45] models as 
templates. Manual model building and iterative refinement were 
performed with Coot [49] and PHENIX [50], respectively. Structural 
figures were prepared via PyMOL (https://pymol.org). 

Construction design of ZZ1-fused VhMgtE 
ZZ1-fused VhMgtE harbors a 3- or 4-residue truncation at its C- 
terminus and is fused via one or two EK2R1 (AEEEKRK) helices 
[51]. The construct was validated by AlphaFold [45] before the wet 
experiments. 

Cryo-EM image of ZZ1-fused MgtE 
The purified ZZ1-fused MgtE protein was mixed with Amphipol A8- 
35 (Anatrace, Ohio, USA) at a mass ratio of 1:10 and incubated for 
16 h. Bio-Beads SM-2 (Bio-Rad, Hercules, USA) were then added to 
the mixture and incubated at 4°C for 4 h to remove detergent. The 
complex was further purified by size-exclusion chromatography 
using a Superdex 200 10/300 column in buffer J (20 mM HEPES, pH 
7.0, 150 mM NaCl, 0.5 mM TCEP). The peak fractions were 
concentrated to 2.0 mg/mL. Freshly prepared samples were 
incubated with 2 mM MgCl2 on ice for 30 min before vitrification. 
Cryo-grid preparation was performed at 4°C and 100% humidity 
using a Vitrobot Mark IV (Thermo Fisher Scientific, Waltham, USA). 
A 2.5 μL sample was applied to each freshly glow-discharged Au 
300-mesh grid (R1.2/1.3) (Quantifoil, Thüringen, Germany). The 
grids were then plunge-frozen in liquid ethane. Cryo-grids were 
screened via a 200 kV Glacios 2 microscope equipped with a Falcon 
4i camera (Thermo Fisher Scientific). 

Complementation of Mg2+ auxotrophy in E. coli 
The E. coli strain 3KO (BW25113 ΔmgtA ΔcorA ΔyhiD DE3) [3], 
which requires a high concentration of Mg2+ for growth, was 
transformed with a control vector or plasmids designed to express 
VhMgtE or TtMgtE on LB agar plates containing 50 μg/mL 
kanamycin and 100 mM MgSO4. The resulting transformants were 
spotted and streaked on LB agar plates containing 50 μg/mL 
kanamycin under one of the following conditions: 100 mM MgSO4; 
no supplementation; or 7.5 μM IPTG. The cells were grown 
overnight at 37°C. Notably, in this strain, a basal level of T7 RNA 
polymerase is constitutively produced from the chromosomal 
lacUV5 promoter even in the absence of IPTG. This low but 
sufficient amount of polymerase initiates transcription from the T7 
promoter, resulting in enough MgtE expression to sustain growth, 
which is particularly noticeable with TtMgtE. 

Results 
Bioinformatics analysis of MgtE proteins identified the 
mini-N type of MgtE 
We conducted an extensive search against prokaryotic genome 
datasets containing 27,742 genomes to identify genes encoding the 
TM domain of MgtE, which revealed a variety of domain 
architectures (Figure 1). The canonical type of MgtE (e.g., TtMgtE) 
contains all three domains: the N domain, the CBS domain, and the 
TM domain (N-CBS-TM; Figure 1A). While the binding of Mg2+ to 
the cytoplasmic domains of MgtE inactivates the channel, the Mg2+ 

-binding sites are located at two interfaces: between the N domain 
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and the CBS domain and between the CBS domain and the TM 
domain [3]. The binding of Mg2+ to these sites controls the 
orientation of the plug helix that links the CBS and TM domains, 
thereby modulating channel activity. Consequently, the CBS 
domain, which is directly connected to the plug helix, serves as 
the central module for Mg2+-dependent gating of MgtE, whereas the 
N domain provides additional structural support. In contrast, the 
TM domain forms an ion-conducting pore and provides a selectivity 
filter for Mg2+. 

However, in our genome mining, some MgtE proteins lack the N 
domain (CBS-TM), whereas others lack both the N and CBS 
domains, retaining only the TM domain (TM; Figure 1B). These 
proteins are not negligible in number (~2600), and they are 
conserved in both bacteria and archaea (Supplementary Table S1). 
Notably, some proteins lacking both the N and CBS domains 
possess tandem-repeat TM (TM-TM) domains, similar to the 
eukaryotic MgtE homolog, the SLC41 family (Figure 1C). 

Intriguingly, we also identified a novel type of MgtE gene that 

lacks both the N and CBS domains but contains an additional 
domain structurally similar to, yet smaller than, the canonical N 
domain (Figures 1C and Supplementary Figure S1). We designated 
this class of MgtE the “mini-N” type (Figure 1D). The discovery of 
mini-N-type MgtE was surprising, as in canonical MgtE, the CBS 
domain is known to be essential for channel regulation, whereas the 
N domain itself does not appear to play a direct role in gating 
regulation [3]. Accordingly, mini-N-type MgtE represents a highly 
intriguing target for further investigation. 

Notably, the MgtE subclasses identified in our genome mining, 
although lacking part or all of the cytoplasmic domains, still retain 
the conserved TM domain responsible for ion conduction (Figure 
1B). Accordingly, we consider these diverse subclasses to be 
members of the MgtE Mg2+ channel family, similar to canonical 
MgtE. 

Expression screening of the mini-N-type MgtE proteins 
To characterize these various types of MgtE proteins structurally 

Figure 1. Bioinformatics analysis of MgtE proteins revealed various types of MgtE proteins (A) Canonical MgtE structure containing “N”, “CBS” 
and transmembrane (“TM”) domains. The structure of Thermus thermophilus MgtE (PDB ID: 2ZY9) is shown. (B) Bar plot (left) and violin plot (right) 
showing the number and length of MgtE proteins identified via bioinformatics analysis. Proteins are categorized on the basis of the presence (+) or 
absence (-) of the three domain components. (C) Length distribution of the MgtE gene, which lacks both the N and CBS domains. MgtE proteins are 
classified on the basis of the number of TM domains. The novel MgtE protein is indicated by the red arrow. (D) The structure of the novel “mini-N” 
type MgtE. The structure of Vibrio harveyi MgtE (UniProt ID: A0A0D0IA63) predicted by AlphaFold2 is shown.  
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and functionally, we initially selected mini-N-type MgtE proteins for 
expression screening before performing large-scale expression and 
purification. We expressed 12 genes encoding mini-N-type MgtE 
proteins in E. coli at a small scale and evaluated their expression 
profiles via fluorescence-detection size-exclusion chromatography 
(FSEC) [43,51], specifically through nanobody (Nb)-based FSEC 
(FSEC-Nb)[41] (Figure 2). In the FSEC-Nb method, targeted 
membrane proteins are fused to an ALFA peptide tag [42], and 
solubilized whole-cell extracts are mixed with anti-ALFA tag Nb 
(NbALFA) fused to GFP for subsequent FSEC analysis to detect the 
complex of the target membrane protein and the Anti-ALFA tag NB 
fused to GFP. FSEC-Nb screening of mini-N-type MgtE homologs 
revealed that multiple homologs (Nos. 5–9 in Figure 2) presented 
sharp, high-intensity peaks, indicating high levels of expression and 
monodispersity; thus, these homologs might be suitable for further 
large-scale expression and purification. While the ALFA tag has 
picomolar affinity for its nanobody, making it ideal for FSEC-Nb 
screening of membrane proteins [41], the His tag allows cost- 
effective and rapid purification by IMAC, and our expression 
plasmid carries both a His tag and an ALFA tag in tandem. 
Accordingly, we employed the ALFA tag during small-scale FSEC 
expression screening and the His tag during large-scale expression 
and purification. However, in further expression and purification 
trials, these proteins tended to aggregate or precipitate during 
purification. In particular, because its peak in the FSEC-Nb analysis 
was favorable (Figure 2C), we purified the homolog from Vibrio 
harveyi (No9, VhMgtE), a well-characterized marine pathogenic 
bacterium [52], under three detergent conditions (DDM, DDM-CHS, 
and LMNG; Figures 2D,E). However, the yield was very low in all 
the cases (DDM, 11.1 μg; DDM-CHS, 50.0 μg; and LMNG, 27.8 μg 
per liter of E. coli culture). 

Notably, while we encountered difficulty in purification, we 
verified the functionality of VhMgtE in a growth-complementation 
assay (Figure 3). An E. coli triple knockout devoid of Mg2+ 

transporters (ΔmgtA ΔcorA ΔyhiD) normally grows only when LB 
medium is supplemented with excess Mg2+ [3]. When this strain 
was transformed with VhMgtE, it regained the ability to proliferate 
in Mg2+-deficient LB, matching the rescue observed with the 
positive control construct TtMgtE (Figure 3). While VhMgtE lacks 
the CBS domain, canonical MgtE dimerization is not mediated solely 
by the CBS domain. As shown in Figure 1A, the TM region, which 
consists of five helices per subunit, forms a tight dimer interface that 
is essential for creating ion-conducting pores [3]. This interface is 
also conserved in the VhMgtE structure, as predicted by AlphaFold2 
(Figure 1D). Given that VhMgtE also showed Mg2+ uptake activity 
(Figure 3), it is most plausible that VhMgtE also still assembles as a 
homodimer. We believe that a detailed comparison of the functional 
or regulatory differences between mini-N-type MgtE and other MgtE 
homologs is beyond the scope of the present work and should be 
addressed in future studies. 

Design of de novo proteins 
To overcome these challenges in the purification of mini-N-type 
MgtE homologs, we designed a series of de novo proteins (Figure 4 
and Supplementary Table S2) to serve as potential fusion partners. 
Protein fusion strategies have been widely employed for membrane 
protein stabilization and structural studies [52,53], as fusion 
partners can not only increase the stability of membrane proteins 
but also facilitate crystallization and particle alignment during cryo- 

EM data processing. Furthermore, de novo-designed proteins 
generally exhibit extremely high stability [28,29], potentially 
making them particularly suitable as fusion partners for membrane 
proteins. Using RFdiffusion [28], we designed seven de novo 
proteins: three (ZZ1–ZZ3) in unconditional folding mode with a 
fixed length of 200 amino acid residues and four (ZZ4–ZZ7) in 
conditional folding mode with lengths close to 200 residues. 
Validation through AlphaFold2 prediction yielded high pLDDT 
and pTM scores, with small root mean square deviation (RMSD) 
values ranging from approximately 0.4 to 0.6 Å (Supplementary 
Table Table S2). In unconditional folding mode, we generated all-α 
(ZZ1), α/β (ZZ2), and α+β (ZZ3) structures (Figure 4A–C). In the 
conditional folding mode, in addition to an all-α structure (ZZ5), we 
aimed to design β-barrel architectures containing internal α-helix 
elements (ZZ4, ZZ6, and ZZ7), reminiscent of the GFP fold [54]. 
Intriguingly, despite their relatively simple topologies, none of these 
designed proteins exhibited significant overall structural similarity 
to proteins in the PDB100 database as analyzed by FoldSeek [55] 
(minimum structural alignment overlap of 90% and an E value 
cutoff of 0.01 as a threshold). These observations support the idea 
that the structural space accessible by de novo-designed proteins is 
far broader than the space currently represented by naturally 
occurring protein structures [56]. 

Experimental verification of de novo-designed proteins 
The designed proteins were screened for expression in E. coli via the 
FSEC-Nb method [41] prior to structural analysis (Figure 5A). 
Although FSEC techniques are primarily utilized for screening 
membrane protein expression, they can also be effectively applied to 
soluble proteins [51]. All seven designed proteins presented high 
and sharp peaks corresponding to the complexes of the ALFA-tagged 
proteins and NbALFA fused to GFP in FSEC (Figure 5A) and were 
subsequently purified for crystallization trials. Notably, the elution 
profiles of these proteins corresponded to monomeric molecular 
weights, as anticipated from our design. Crystals of ZZ1 and ZZ4 
diffracted to resolutions of 1.61 Å and 2.03 Å, respectively, and their 
structures were successfully determined by molecular replacement 
using AlphaFold2 models as templates (Figure 5B and Supplemen
tary Table S3). Structural superposition revealed RMSD values of 
0.65 Å and 0.83 Å for the Cα atoms of ZZ1 and ZZ4, respectively, 
between the AlphaFold-predicted models and crystal structures, 
demonstrating the high accuracy of our designs (Figure 5B). 

Fusion of the de novo-designed protein enables mini-N- 
type MgtE purification 
To fuse our de novo-designed proteins to the mini-N-type MgtE, we 
selected ZZ1 on the basis of its α-helix bundle architecture, which is 
highly compatible with fusion to membrane proteins in various 
configurations, as well as its demonstrated stability, as evidenced 
by successful X-ray crystallography (Figure 5). For the mini-N-type 
MgtE, we continued to choose VhMgtE. 

To fuse ZZ1 to VhMgtE, we employed an EK2R1 (AEEEKRK) 
helical linker (Figure 6A), which is known for its high stability [57] 
and utility in membrane protein structural determination via fusion 
strategies [58]. We designed three constructs, fusing ZZ1 to the C- 
terminus of VhMgtE: Construct 1 (3-residue truncation at the C- 
terminus of VhMgtE with one EK2R1 linker), Construct 2 (3-residue 
truncation at the C-terminus of VhMgtE with two EK2R1 linkers), 
and Construct 3 (4-residue truncation at the C-terminus of VhMgtE 
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Figure 2. Expression screening of mini-N-type MgtE proteins via FSEC-Nb (A-C) FSEC traces of unpurified ALFA-tagged mini-N-type MgtE 
proteins mixed with EGFP-tagged NbALFA on a Superdex 200 Increase 10/300 GL column, detected via EGFP fluorescence. The expression of mini- 
N-type MgtE proteins from the following species was screened: 1: Endozoicomonas elysicola (WP_081622142.1), 2: BD1-7 clade bacterium 
(CAA0079619.1), 3: Endozoicomonas sp. OPT23 (WP_228550828.1), 4: Endozoicomonas numazuensis (WP_034843082.1), 5: Photobacterium fri
gidiphilum (WP_107243853.1), 6: Enterovibrio baiacu (WP_129495674.1), 7: Vibrio thalassae (WP_096991926.1), 8: Vibrio (Multispecies) 
(WP_146490653.1), 9: Vibrio harveyi BSW5 (A0A0D0IA63), 10: Gloeocapsa sp. PCC 7428 (WP_015189061.1), 11: Nodularia sp. NIES-3585 
(WP_089089827.1), 12: Pandoraea terrae (WP_150700210.1). (D) SDS-PAGE for the purification of VhMgtE (No. 9) under different conditions. Lane 1: 
5 μL flow-through fraction purified with DDM; Lane 2: 5 μL elution fraction purified with DDM; Lane 3: 5 μL flow-through fraction purified with DDM- 
CHS; Lane 4: 5 μL elution fraction purified with DDM-CHS; Lane 5: 5 μL flow-through fraction purified with LMNG; Lane 6: 5 μL elution fraction 
purified with LMNG. The total volumes of the flow-through and elution fractions were 14 mL and 4 mL, respectively, for each condition. (E) FSEC 
analysis of the elution fractions on a Superdex 200 Increase 10/300 GL column, detected via intrinsic protein fluorescence. Five micrograms of 
protein were applied for each condition.  
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with two EK2R1 linkers), as validated by AlphaFold2 structure 
prediction (Supplementary Figure S1). These constructs were then 
screened for expression via FSEC-Nb (Figure 6B). 

All three constructs presented expression levels comparable to 
those of the wild-type (WT) VhMgtE (Figure 6B). Although the 
constructs displayed similar expression profiles and AlphaFold2 
prediction scores, construct 3 carried a shorter MgtE segment, a 
four-residue truncation at the C-terminus. We therefore expected a 
tighter linkage between ZZ1 and VhMgtE and selected construct 3 
for purification, which we performed under three detergent 
conditions: DDM, DDM-CHS, and LMNG (Figure 6C,D, and 
Supplementary Figure S2). The IMAC elution yields for construct 
3 were markedly greater than those of VhMgtE WT (DDM, 3.4 mg; 
DDM-CHS, 1.7 mg; and LMNG, 0.77 mg per liter of E. coli culture). 
Although the SEC profiles showed void peaks, we collected the 
main non-void peak fractions (Supplementary Figure S2, 0.16 mg 
from B3–B5 in DDM; 0.18 mg from D11–E1 in DDM-CHS; and 

Figure 3. Growth complementation of the Mg2+-auxotrophic E. coli 
strain The Mg2+-auxotrophic E. coli strain (BW25113 ΔmgtA ΔcorA 
ΔyhiD DE3), transformed with the indicated plasmids (Vector, VhMgtE, 
TtMgtE), was streaked on LB plates containing 50 μg/mL kanamycin. 
MgSO4 and IPTG were added as indicated above the panels. The 
plates were incubated overnight at 37°C.  

Figure 4. De novo protein design via RF diffusion (A–G) Cartoon representations of de novo-designed protein structures predicted by AlphaFold2.  
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0.07 mg from F11–F12 in LMNG). Subsequent FSEC analysis 
demonstrated that these main SEC fractions, particularly those 
purified in DDM, retained a well-defined peak (Figure 6D). 
Accordingly, the ZZ1-fused VhMgtE construct purified in DDM 
was reconstituted into amphipol A8-35 and again displayed a 
favorable peak in the SEC analysis (Figure 6E). Furthermore, 
preliminary cryo-EM imaging of amphipol-reconstituted ZZ1-fused 
VhMgtE via a 200 kV Glacios 2 microscope revealed little aggrega
tion of particles (Figure 6F). 

Taken together, our results showed that the fusion strategy 
utilizing de novo-designed proteins effectively enabled the purifica
tion of this novel subclass of the MgtE protein. 

Discussion 
Our bioinformatics pipeline identified a novel “mini-N” subclass of 
MgtE Mg2+ channels with atypical domain architectures, suggesting 
previously unrecognized structural diversity within the MgtE 
family. While we encountered challenges in the expression and 

Figure 5. Expression screening and structural analysis of de novo-designed proteins (A) FSEC traces of unpurified de novo-designed proteins 
ZZ1–ZZ7 mixed with EGFP-tagged NbALFA on a Superdex 200 Increase 10/300 GL column, detected via EGFP fluorescence. (B,C) Crystal structures 
of the de novo-designed proteins ZZ1 (B) and ZZ4 (C). The AlphaFold2-predicted structures are superimposed and shown in gray.  
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purification of mini-N-type MgtE, we addressed these technical 
issues via AI-driven de novo protein design and protein engineer
ing. We designed stable de novo proteins via state-of-the-art deep 
learning tools and determined the crystal structures of selected 
constructs, validating the design approach. The fusion of one such 
de novo protein (ZZ1) to a mini-N-type MgtE homolog significantly 
enabled purification suitable for structural studies. Preliminary 
cryo-EM analysis further confirmed the structural homogeneity of 
the fusion construct. Overall, our work highlights the utility of AI- 

assisted de novo protein design in overcoming key bottlenecks in 
membrane protein research. Our current findings demonstrate that 
the ZZ1-fusion strategy improves purification, but whether it 
facilitates particle alignment and enhances cryo-EM reconstruction 
remains to be determined in future work. 

Supplementary Data 
Supplementary data are available at Acta Biochimica et Biophysica 
Sinica online. 

Figure 6. Purification and preliminary cryo-EM of ZZ1-fused VhMgtE (A) AlphaFold-predicted structure (Construct 3) and domain composition 
of the ZZ1-fused VhMgtE construct. (B) FSEC traces of unpurified ZZ1-fused VhMgtE constructs mixed with EGFP-tagged NbALFA on a Superose 6 
Increase 10/300 GL column, detected via EGFP fluorescence. (C) SDS-PAGE for the purification of ZZ1-fused VhMgtE construct 3 under different 
conditions. Lane 1: 5 μL flow-through fraction purified with DDM; Lane 2: 5 μL elution fraction purified with DDM; Lane 3: 5 μL flow-through fraction 
purified with DDM-CHS; Lane 4: 5 μL elution fraction purified with DDM-CHS; Lane 5: 5 μL flow-through fraction purified with LMNG; Lane 6: 5 μL 
elution fraction purified with LMNG. The total volumes of the flow-through and elution fractions were 14 mL and 4 mL, respectively, for each 
condition. (D) FSEC analysis of the SEC fractions for each purification condition on a Superdex 200 Increase 10/300 GL column, detected via 
intrinsic protein fluorescence. The SEC profiles and SDS-PAGE results are shown in Supplementary Figure S2. Five micrograms of protein were 
applied for each condition. (E) SEC profile of ZZ1-fused VhMgtE construct 3 after amphipol reconstitution, as detected via UV absorbance. The SEC 
profile of free amphipol A8-35 is also shown as a reference. (F) Cryo-EM image of ZZ1-fused VhMgtE construct 3.  
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Data Availability 
The atomic coordinates of the de novo designed protein structures 
were deposited in the Protein Data Bank under the accession codes 
9LNI (ZZ1) and 9LX4 (ZZ4). All relevant data are included in the 
paper, its supplemental information or deposited in Mendeley Data 
(https://data.mendeley.com/datasets/kdns5hnrmw/2) and GitHub 
(https://github.com/0mae/mgte_short). 
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