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ABSTRACT: The evolutionarily conserved YidC/Oxal/Alb3 family of proteins represents a unique membrane protein
family that facilitates the insertion, folding, and assembly of a cohort of a-helical membrane proteins in all king-
doms of life, yet its underlying mechanisms remain elusive. We report the crystal structures of the full-length
Thermotoga maritima YidC (TmYidC) and the TmYidC periplasmic domain (TmPD) at a resolution of 3.8 and 2.5 A,
respectively. The crystal structure of TmPD reveals a 3-supersandwich fold but with apparently shortened 3 strands
and different connectivity, as compared to the Escherichia coli YidC (EcYidC) periplasmic domain (EcPD). TmYidC
in a detergent-solubilized state also adopts a monomeric form and its conserved core domain, which consists of 2
loosely associated a-helical bundles, assemble a fold similar to that of the other YidC homologues, yet distinct from
that of the archaeal YidC-like DUF106 protein. Functional analysis using in vivo photo-crosslinking experiments
demonstrates that P£3 coat protein, a Sec-independent YidC substrate, exits to the lipid bilayer laterally via one of the
2 a-helical bundle interfaces: TM3-TM5. Engineered intramolecular disulfide bonds in TmYidC, in combination
with complementation assays, suggest that significant rearrangement of the 2 a-helical bundles at the top of the
hydrophilic groove is critical for TmYidC function. These experiments provide a more detailed mechanical insight
into YidC-mediated membrane protein biogenesis.—Xin, Y., Zhao, Y., Zheng, J., Zhou, H., Zhang, X. C,, Tian, C.,
Huang, Y. Structure of YidC from Thermotoga maritima and its implications for YidC-mediated membrane protein
insertion. FASEB ]J. 32, 2411-2421 (2018). www.fasebj.org
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In eubacteria, membrane proteins account for ~30% of
the total proteins synthesized in the cell. The YidC/
Oxal/Alb3 family of proteins, which shares no se-
quence identity and has substrates distinct from those

ABBREVIATIONS: BhYidC, Bacillus halodurans YidC; BPA, benzoyl-
L-phenylalanine; DM, n-decyl-B-D-maltopyranoside; EcPD, Escherichia
coli YidC periplasmic domain; EcYidC, Escherichia coli YidC; IPTG, iso-
propyl B-p-thiogalactoside; LB, Luria Bertani; LDAO, lauryldimethylamine-
N-oxide; pBPA, p-benzoyl-L-phenylalanine; PD, periplasmic domain; TM,
transmembrane; TmPD, Thermotoga maritima YidC periplasmic domain;
TmYidC, Thermotoga maritima YidC

! Correspondence: Hefei National Laboratory for Physical Sciences at
Microscale, School of Life Sciences, University of Science and Technol-
ogy of China, Hefei, 230026, China. E-mail: cltian@ustc.edu.cn

2 Correspondence: National Laboratory of Biomacromolecules, CAS
Center for Excellence in Biomacromolecules, Institute of Biophysics,
Chinese Academy of Sciences, No. 15 Datun Rd., Chaoyang District,
Beijing 100101, China. E-mail: yihuahuang@sun5.ibp.ac.cn

doi: 10.1096/1j.201700893RR
This article includes supplemental data. Please visit http://www.fasebj.org to
obtain this information.

0892-6638/18/0032-2411 © FASEB

of other membrane protein insertion mechanisms, such
as the Sec61/SecYEG translocon (1) and the Getl/2
complex (2), represents a unique membrane protein
family that facilitates the insertion, folding, and assem-
bly of a cohort of a-helical membrane proteins (3-5). In
prokaryotes, the YidC proteins promote the insertion of
proteins into the bacterial cytoplasmic membrane, ei-
ther independently (6) or cooperatively, with the SecYEG
translocon (7), whereas, in eukaryotes, the mitochondrial
Oxal and chloroplast Alb3 homologues catalyze the in-
sertion of proteins into the inner membrane of mito-
chondria and the thylakoid membrane of chloroplast,
respectively (3, 5). Despite the presence of an extra
transmembrane (TM) helix and a large periplasmic do-
main (PD) at the N terminus in Gram-negative bacterial
YidC homologues (8), a signature of the YidC/Oxal/
Alb3 family proteins is the presence of a conserved C-
terminal core domain that consists of 5 TM segments, an
essential domain for its membrane insertase activity.
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Recent structural and functional studies have greatly
advanced our understanding of the molecular mecha-
nisms underlying the YidC/Oxal/Alb3-mediated mem-
brane protein biogenesis. Ravaud et al. (9) and Oliver et al.
(10) independently determined the crystal structures of the
isolated large Escherichia coli YidC (EcYidC) PD (EcPD),
revealing a B-supersandwich fold commonly seen in
sugar-binding proteins, yet its exact function remains
elusive. Using cryo electron microscopy methods, sev-
eral groups reported the structure of ribosome nascent
chain-bound YidC, but the oligomerization state of
YidC in the cotranslational translocon remains contro-
versial (11-14). Breakthroughs have been made recently
by Kumazaki et al. (15, 16), who determined the high-
resolution crystal structures of the Gram-positive bacteria
Bacillus halodurans YidC2 (BhYidC) and the Gram-negative
bacteria EcYidC, both crystallized as monomers by the li-
pidic cubic phase method, revealing that both BhYidC and
EcYidC contain 5 conserved TM helices that assemble to
form a substrate-loading hydrophilic groove in the inner
leaflet of the bilayer, open to both the cytoplasm and the
lipid bilayer. Combined with functional analysis, they
further demonstrated that a conserved positively charged
residue in the hydrophilic groove plays a critical role in
attracting substrates. More recently, Borowska et al.
(17) determined the crystal structure of the archaeal
DUF106 protein, a YidC-like membrane protein, from
Methanocaldococcus jannaschii (Mj0480) in a detergent-
solubilized state. Intriguingly, distinct from BhYidC and
EcYidC, the DUF106 protein oligomerizes to form a tet-
ramer in the crystal structure and possesses only 3 TM
segments that correspond to the location of TM2,-3, and -6
of the EcYidC, but exhibiting a certain degree of structural
similarities to the core region of EcYidC and BhYidC (18).

Despite this significant progress, some important
questions on how the YidC/Oxal/Alb3 proteins facili-
tate membrane protein substrate insertion in the mem-
brane remain open. First, the substrate-loading hydrophilic
groove assembled by the 5 conserved TM segments in all
the reported YidC homologue structures remains closed to
the periplasmic space, and it is unclear whether confor-
mational changes are necessary to promote substrate entry
into the groove and release into the membrane. Second,
both BhYidC and EcYidC structures illustrate that the
architecture of the core domain consists of 2 a-helical
bundles that are loosely associated via the TM3-TM5 in-
terface and the opposite TM2-TM6 interface in EcYidC (or
the TM2-TM4 interface and the TM1-TM5 interface in
BhYidC). Which interface serves as the substrate exit gate
remains to be resolved. In addition, YidC proteins appear
to adopt different conformations and oligomerization
states in the detergent-solubilized state and in a lipidic
environment (12-16, 19). It is unclear whether detergents
and lipids have different effects on the oligomeriza-
tion states and conformational states of YidC proteins.
To clarify these questions, we determined the crystal
structures of the full-length Thermotoga maritima YidC
(TmYidC) and the TmYidC PD (TmPD) at a resolution of
3.8and 2.5 A, respectively. Intriguingly, despite no amino
acid sequence identity between EcPD and TmPD, crystal
structure reveals that TmPD also forms a 3-supersandwich
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fold but with apparently shortened 8 strands; TmYidCin
a detergent-solubilized state adopts a monomeric form,
and its conserved core domain arranges to form a fold
similar to that of the other YidC homologues, yet distinct
from that of the archaeal YidC-like DUF106 protein.
Functional analysis using in vivo photo-crosslinking ex-
periments demonstrates that the Pf3 coat protein, a Sec-
independent YidC substrate, exits to the lipid bilayer
laterally at the TM3-TM5 interface, but not at the
TM2-TM6 interface, of TmYidC. Engineered intra-
molecular disulfide bonds in TmYidC, in combination
with complementation assays, suggest that significant
rearrangement of the 2 a-helical bundles at the top of
the hydrophilic groove is critical for TmYidC function.

MATERIALS AND METHODS

Protein expression, purification, and structure
determination of TmPD and TmYidC

The full-length yidC gene was amplified by the standard PCR
method from the genomic DNA of T. maritima (American Type
Culture Collection, Manassas, VA, USA). The amplified frag-
ment was subcloned into the pET-20b vector (Novagen, Darm-
stadt, Germany) via restriction enzymes Ndel and Xhol. The
generated plasmid pET20b-TmYidC contains a His, tag at the C
terminus of TmYidC to facilitate protein affinity purification. The
sequence of yidC from T. maritima was then verified by DNA
sequencing. The pET20b-TmYidC plasmid was transformed into
BL21 (DE3) for protein expression. Cells were grown in Luria
Bertani (LB) medium supplemented with ampicillin (50 mg/ml)
at37°C to an absorbance at an optical density at 600 nm (ODggo) of
1.0, induced with 0.3 mM IPTG for 6 h at 30°C, and harvested
by centrifugation at 4500 g for 30 min at 4°C. Cell pellets were
resuspended in PBS (pH 7.5), lysed by sonication (Misonix
SonicatorS-4000; Cole Parmer, Vernon Hills, IL, USA), and
centrifuged at 39,000 g for 1 h at 4°C, to collect the total
cell membranes. The membrane fraction was subsequently
resuspended in PBS (pH 7.5) supplemented with 1% (w/v)
lauryldimethylamine-N-oxide (Anatrace, Maumee, OH, USA)
and 50 mM imidazole and was solubilized for 2 h at 4°C. The
supernatant was collected after another centrifugation at 39,000 g
for 1 h, and affinity purified on a HiTrap nickel column (GE
Healthcare, Waukesha, WL, USA). TmYidC protein bound on the
nickel column was washed with 3 column volumes of washing
buffer that contains PBS (pH 7.5) and 0.5% (w/v) n-decyl-B-D-
maltopyranoside (DM; Anatrace), to change the detergent, and
was subsequently eluted off the column with buffer containing
PBS (pH 7.5), 300 mM imidazole, and 0.25% (w/v) DM. The
eluted protein was concentrated in a 50 kDa cutoff concentrator
(Thermo Fisher Scientific, Waltham, MA, USA) and loaded onto a
Superdex-200 size-exclusion column (GE Healthcare) that was
pre-equilibrated with a buffer containing 20 mM Tris-HCl (pH
8.0), 150 mM NaCl, 0.2% (w/v) DM. The peak fractions were
collected and concentrated to ~10 mg/ml for crystallization.
For constructing plasmid pET20b-TmPD that expresses the
PD of TmYidC, the DNA sequence encoding residues 24-222 of
TmYidC was amplified from the full-length yidC and sub-
sequently subcloned into a pET20b vector via restriction enzyme
sites Ndel and Xhol, with a C-terminal Hisg tag to facilitate affinity
purification. The constructed plasmid pET20b-TmPD was
transformed into BL21 (DE3) for protein expression. Cells were
grown in LB supplemented at 37°C to an absorbance at ODg( of
1.5, induced with 0.3 mM IPTG overnight at 30°C, and harvested
by centrifugation at 4500 g for 30 min at 4°C. Cell pellets were
resuspended in PBS (pH 7.5), lysed by sonication, and then
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centrifuged at 39,000 g for 1 h at 4°C to collect the supernatant.
After incubation with Nickel NTA agarose beads (Gold Bio-
technology, Olivette, MO, USA) for 1 h at 4°C, the TmPD-bound
beads were washed with 3 column volumes of washing buffer
that contained PBS (pH 7.5) and 10 mM imidazole. After 2
washes, TmPD protein was eluted off the beads with a buffer
containing PBS (pH 7.5) and 300 mM imidazole. The eluted
protein was concentrated in a 30 kDa cutoff concentrator and
loaded onto a Superdex-200 size-exclusion column that was pre-
equilibrated with a buffer containing 20 mM Tris-HCI (pH 8.0),
and 150 mM NaCl. The peak fractions were collected and con-
centrated to ~20 mg/ml for crystallization.

Se-Met substituted TmYidC and TmPD protein were pre-
pared by using the same procedures as described above for the
native TmYidC and TmPD protein, respectively. To obtain pha-
ses for structure determination of TmPD, 3 Met mutations (L57M,
I105M, and L153M) were introduced into the native sequence by
standard PCR protocol, because TmPD contains only 1 Met res-
idue (M194) in its native sequence.

Crystallization was conducted at 16°C using the hang-
ing drop vapor diffusion method by mixing the protein and
precipitants ataratio of 1:1. Both native TmPD crystals and Se-
Met substituted TmPD crystals were obtained in a crystalli-
zation condition containing 0.05 M glycine (pH 9.0) and 55%
PEG400 (w/v); The best TmYidC crystals were obtained in a
solution containing 0.1 M HEPES (pH 7.5) and 20% PEG1500
(w/v) within 2 wk. Selenomethionyl TmYidC crystals were
obtained in a similar condition. The selenomethionyl data
of TmPD and TmYidC were collected at a wavelength of
0.9792 A, which corresponded to their anomalous dispersion
peak wavelength. The diffraction resolutions of the seleno-
methionine derivative TmPD and TmYidC crystals were up to
2.5 and 3.8 A, respectively. All the datasets were collected
at the beamline BL-17U (Synchrondron Radiation Facility;
Shanghai, China), and processed using HKL2000 (20). The

TABLE 1. Data collection and refinement statistics

TmPD and TmYidC crystals belonged to space groups P4, and
P2,2424, respectively.

Experimental phases of TmPD structure were obtained using
the single-wavelength anomalous dispersion method. Four Se-
Metssites for each of the TmPD monomer were quickly located by
using Shelx-D in the Phenix package (21). Phenix was used to
refine the sites and calculate phases (22). The initial model was
built using the program Phenix.autobuild, and the model was
improved by iterative cycles of manual fitting with COOT (23).
Model validation was performed using the Molprobity server.
The final model had Ry, ok and Rgee 0f 0.22 and 0.26, respectively.
The TmYidC structure was determined with molecular re-
placement (MR) using the isolated TmPD and BhYidC (PDB ID:
3WO6) structures as search models. The final model was refined
to 3.8 A resolution with Ry ori = 0.27 and Rgree = 0.31. The registry
in the core domain of the TmYidC was further validated using the
4 peaks in the Se Fourier maps at a contour level of 3.0 o. All
structural figures were prepared with PyMol (24). X-ray data and
refinement statistics are given in Table 1.

Construction of the yidC-depleted E. coli strain

The chromosomal yidC gene of E. coli strain BW25113 was deleted
by the Datsenko-Wanner knockout system (25). In brief, the
chloramphenicol resistance gene was amplified from the pKD3
plasmid by PCR, using the primers that include 20 nt of priming
sites of chloramphenicol resistance gene and 60 nt from each
side of the yidC gene. The PCR products were subsequently
transformed into E. coli BW25113 cells that carried both
the pBAD-yidC plasmid (Kan") and the pKD46 plasmid (Amp™).
The resulting recombinants, in which the chromosomal yidC
gene was replaced with chloramphenicol resistance gene
by homologous recombination, were isolated by plating on
LB agar at 37°C in the presence of L-arabinose (0.2%, v/w),

Parameter SeMet-TmYidC TmYidC SeMet-TmPD
Data collection
Space group P2,2,2, P2,2,24 P4y
Cell dimensions
a, b, ¢ (A) 75.7, 103.6, 129.7 75.5, 102.9, 130.1 79.9, 79.9, 135.8
a, B, v (deg) 90.0, 90.0, 90.0 90.0, 90.0, 90.0 90.0, 90.0, 90.0
Wavelength (A) 0.97920 0.81523 0.97915
Resolution (A) 50-3.80 (3.94-3.80) 50-4.00 (4.14-4.00) 29.11-2.50 (2.54-2.50)
Rym 0.120 (1.0) 0.098 (0.9) 0.129 (1.0)
I/o 14.5 (1.0) 21.8 (2.7) 16.6 (2.1)
CCy 9 (%) 100 (53) 100 (88) 100 (71)
Redundancy 8.2 (8.3) 7.0 (7.1) 10.2 (9.6)
Completeness (%) 99.7 (100) 99.6 (100) 99.9 (99.9)
Sites (n) 5 4
Refinement
Resolution (A) 3.80 2.50
Reflections (n) 14,133 25,450
Ryork/ Riree 26.9/31.3 22.1/26.1
Atoms (n) 2680 6555
B-factors 69.7 34.5
RMS deviations
Bond lengths (A) 0.01 0.01
Bond angle (deg) 1.87 0.86
Ramachandran plot
Favored (%) 90.8 91.2
Allowed (%) 7.4 8.2
Outliers (%) 1.8 0.6

The numbers in parentheses denote the highest resolution shell.

STRUCTURE OF YIDC FROM THERMOTOGA MARITIMA
)m www.fasebj.org by (2400:dd0d:1001:1050:3832:2112:f7de:22cf) on October 15, 2019. The FASEB Journad Vol. ¥ article.issue.getVolume()}, No. ${ article.issue.getl ssueNumber()}

2413



chloramphenicol (24 wg/ml), and kanamycin (25 p.g/ml). Fol-
lowed by growing on LB agar at 42°C to eliminate the pKD46
plasmid, the resulting clones were transformed with pCP20
plasmid to remove the chloramphenicol resistance gene. pCP20
plasmids in the recombinants were further eliminated by
growing on LB agar plate at 42°C overnight. The constructed
yidC-depleted E. coli BW25113 strain was confirmed by PCR.

In vivo photo-crosslinking of Ec-Tm YidC fusion
protein and its substrate Pf3 coat protein

The coding sequence of Pf3 coat protein with a C-terminal Flag
tag and a preceding Tag promoter and the Ec-Tm yidC fu-
sion gene plus its endogenous promoter were subcloned into
pCDFDuet vector (Novagen) using restriction enzymes Ndel /
Xhol'and EcoRI/Notl, respectively. The generated pCDFDuet-
Pf3-YidC plasmid contained a Flag tag at the C terminus of
Pf3 for immunoblot detection. The amber TAG codon was
introduced into the indicated position in pCDFDuet-Pf3-YidC
plasmid by site-directed mutation mutagenesis. All of the
mutations were confirmed by DNA sequencing. Two plas-
mids pCDFDuet-Pf3-YidC and pSup-BpaRS-6TRN were
cotransformed into the yidC-depleted E. coli strain for in vivo
photo-crosslinking experiments.

The yidC-depleted E. coli that carries 2 plasmids, pSup-BpaRS-
6TRN and pCDFDuet-Pf3-YidC, was grown in LB medium in
the presence of chloramphenicol (25 wg/ml), streptomycin
(100 g/ ml), and benzoyl-L-phenylalanine (BPA; 1 mM; Bachem,
Bubendorf, Switzerland), at 37°C in the dark. Pf3 expression was
induced by addition of 1 mM IPTG at cell density of 0.4 (ODggo)
for 10 min. Subsequently, cells were transferred to a 6-well
microtiter plate and exposed to a UV lamp (365 nm, 100 W;
Thermo Fisher Scientific) for 20 min. Nonradiated samples were
taken as a control. Followed by membrane solubilization with 1%
lauryldimethylamine-N-oxide (w/v), sample supernatants were
subject to SDS-PAGE analysis and immunoblot analysis with
anti-Flag tag mADb (AP1013a; Abgent, San Diego, CA, USA) for
detection.

Complementation assay

The rescue plasmid was constructed by inserting the full-length
E. coliyidC gene, T. maritima yidC gene, or Ec-Tm yidC fusion gene
with a C-terminal His, tag coding sequence and its endogenous
promoter as well as a ribosome-binding site into the pACYC184
vector (New England Biolabs, Ipswich, MA, USA), which is a
low-copy-number plasmid. The pACYC184-Ec-Tm YidC plas-
mid was then used as a template to make all the mutants. All of
the mutations were confirmed by sequencing.

To perform a complementation assay, the yidC-depleted E. coli
strain was transformed with plasmids expressing either the wild-
type Ec-Tm YidC or various Ec-Tm YidC mutants and plated on
LB agar that was supplemented with L-arabinose (0.2%, w/v),
chloramphenicol (24 pg/ml), and kanamycin (25 pug/ml) at 37°C
overnight. A single colony was picked from the plate and in-
oculated in 5 ml LB medium supplemented with chloramphen-
icol (24 ng/ml), kanamycin (25 pg/ml), and L-arabinose (0.2%,
w/v)at37°C forabout 6 h. When cell density reached an ODg of
1.0, the cells were spun down to remove the growth medium,
followed by washing twice with fresh LB that did not contain any
antibiotics and L-arabinose, and cell density was adjusted to 0.5
(ODg¢qp). For each sample, a serial dilution (1:10, 1:100, 1:1000,
1:10000, and 1:100000) was made, and 1 pl of each diluted
sample was spotted onto LB plates containing antibiotics
(25 pg/ml kanamycin and 24 wg/ml chloramphenicol), with
or without -arabinose (0.2%, v/w). Lack of L-arabinose in the
LB medium strictly inhibited the expression of EcYidC from
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the pBAD-EcYidC plasmid. The plates were incubated over-
night at 37°C. The complementation assays were repeated at
least 3 times. Membrane fractions of cell lysates were collected
and subjected to SDS-PAGE and anti-His immunoblot anal-
ysis. Expression levels of selected inactive mutations were
verified with immunoblot analysis.

Western blot analysis

Western blot analyses were performed to compare protein ex-
pression levels of the wild-type Ec-Tm yidC fusion and its various
mutants. To compare protein expression levels, plasmids
expressing the wild-type or various mutants were transformed
into the yidC-depleted E. coli strain and spread on LB agar plates
that contained chloramphenicol (24 pg/ml) and kanamycin
(25 pg/ml). After incubation at 37°C for 12 h, colonies were scraped
off the plates and transferred to Eppendorf tubes (Millipore-
Sigma, Billerica, MA, USA), and the cell density was adjusted to
ODggp of 1.0 by addition of 1X PBS buffer. Cells (10 pl) from
each sample were allocated into Eppendorf tubes and heated at
100°C for 5 min before SDS-PAGE analysis. After electropho-
resis, the proteins were transferred to a PVDF membrane and
blocked with TBST buffer [20 mM Tris-HCl (pH 8.0), 150 mM
NaCl, 0.05% Tween-20] that contained 5% skim milk for 1 h.
The PVDF membrane containing YidC proteins was then in-
cubated with anti-His mouse mAb (1:3000; Tiangen, Sichuan,
China) at room temperature for 1 h and subsequently washed
with TBST buffer twice and further incubated with horse-
radish-peroxidase—conjugated secondary antibody (1:3000;
HS201; TransGen Biotech, Beijing, China) at room temperature
for 1 h. For the PVDF membrane containing Pf3 proteins, FLAG
tag antibody (AP1013a; Abgent) was used as the primary anti-
body and horseradish peroxidase-conjugated antibody (1:3000;
HS101; Trans) as the secondary antibody. PVDF membranes
were exposed by using ECL reagents (EasySee Western Blot Kit,
TransGen Biotech). For those mutants that are unable to rescue
the growth of the yidC-depleted E. coli strain on LB agar plates
without addition of L-arabinose, cells were withdrawn from
their corresponding LB agar plates that contained 0.2% L-arabi-
nose, chloramphenicol (24 p.g/ml), and kanamycin (50 pg/ml).

RESULTS

Crystal structures of the PD and the
full-length YidC from T. maritima

The cloning, overexpression, purification, and crystalli-
zation of TmPD, including residues 24-222, and the full-
length YidC from T. maritima were performed as described
in the Materials and Methods section. Similar to EcYidC,
TmYidC has a molecular mass of 51.2 kDa and consists of 6
TMs and a large PD that is inserted between TM1 and -2 of
TmYidC (Fig. 1A). Sequence alignment indicates that the
conserved C-terminal core domain of TmYidC shares 32%
amino acid sequence identity to that of EcYidC, but the
TmPD domain exhibits no sequence similarity to EcPD.
To facilitate the determination of the structure of full-
length TmYidC, we first identified the crystal structure of
the isolated TmPD domain that covers residues 24-222.
TmPD was crystallized in a space group P4, with 4 mol-
ecules in 1 asymmetric unit. The structure was determined
with the selenomethionine-based, single wavelength anom-
alous dispersion method by introducing 3 extra Met mu-
tations (L57M, I105M, and L153M) in the wild-type
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Figure 1. Crystal structures of TmPD and TmYidC. A) A topology diagram of the full-length TmYidC based on prediction. Helices
are indicated by cylinders. TmYidC contains 6 TM segments (TM1-6), an amphipathic EH1 helix and a PD that inserts between
TM1 and -2. The CH1 and -2 helices in the cytosolic loop CI fold into a hairpin-like structure. The inset shows the crystal structure
of TmPD (residues 24-222). B) Overall structure of TmYidC in cartoon representation. The core domain of TmYidC consists of
2 a-helical bundles (a-helical bundle I: EH1, TM2, and TM3; a-helical bundle II: TM4, -5, and -6). The 2 «-helical bundles are
connected by the E2 loop (in cyan). The TM1 (residues 1-23), C1 region (residues 271-315), C2 loop (residues 378-388), and C
terminus (residues 423—-445) of TmYidC are disordered in structure. Hydrophilic residues (S371, T374, N413, R260, and Q322) in the
hydrophilic groove are labeled. The 2 interfaces of the 2 a-helical bundles are the TM3-TM5 interface and the TM2-TMS6 interface.
C) Overlay of BhYidC (cyan), EcYidC (magenta), and TmYidC (green): the conserved core domain of the 3 YidC proteins resembles
one another; the conserved positively charged residues in 3 proteins are located in a similar position in the hydrophilic groove. D)
Electrostatic representation showing the interior surface features of the hydrophilic groove in 3 YidC proteins.

sequence for phasing, as there is only 1 Met residue the crystal, the 4 molecules, related by a 4-fold non-
(M194) in the TmPD native sequence. The final model crystallographic symmetry axis, are almost identical to
was refined to 2.5 A resolution with a seleno-derived each other with a root mean square deviation (rmsd) of
dataset, to Ryork = 22.1% and Rgee = 26.1% (Table 1). In - ~0.6 A for all 199 aligned Ca atoms.
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Overall, TmPD consists of 2 twisted antiparallel
B-sheets (S1 and S2) and 2 C-terminal short « helices (a1
and o2) (Fig. 1A and Supplemental Fig. S1A). S1 (8-
stranded B-sheet: B1-6, -11 and -15) and S2 (8-stranded
B-sheet: B7-10, -12-14, and -16) pack against each other
and form a B-supersandwich fold (Fig. 1A4). The C termi-
nus of the TmPD structure (residues 198-222) consists of
the helices a1 and o2, which are packed against the S2
layer of the B-supersandwich (Fig. 1A4). Although TmPD
shares no sequence identity with EcPD, it folds as a
B-supersandwich but with shorter lengths of the 3-strands
and different connectivities. These remarkable differences
resulted in failure to solving the TmPD structure by mo-
lecular replacement using the EcPD structure (PDB IDs:
3BS6 or 3BLC) as a search model. Unlike EcPD struc-
ture, TmPD lacks the characteristic concave surface, alarge
cleft that potentially serves as a sugar-binding pocket in
galactose mutarotase (9, 10) (Supplemental Fig. S1B). In
addition, SecYEG and SecDFYajC, components of the
holotranslocon that consists of single copies of YidC,
SecYEG, and SecDFYajC, were reported to interact with
part of the PD domain (residues 215-265) of EcYidC
(Supplemental Fig. S1B), yet this interacting region is also
not conserved in the TmPD structure, suggesting that the
PD domains of YidC proteins bind SecYEG and SecD-
FYajC components via nonconserved, interacting surfaces
(7,26,27).

The full-length TmYidC was crystallized in an n-decyl-
B-D-maltopyranoside (DM)—containing solution, and its
structure was determined by molecular replacement, us-
ing the isolated TmPD and BhYidC (PDB ID: 3WO6)
structures as search models. The final model was refined to
3.8 A resolution with R,,ox = 26.9% and Rgee = 31.3%
(Table 1). The register of the resulting model was further
confirmed by the 5 selenomethionine positions located
from a selenomethionyl crystal (Supplemental Fig. S2A).

In the crystal lattice, the TmYidC molecules appeared
to exist as monomers, in agreement with the observa-
tions in the crystal structures of BhYidC and EcYidC that
were crystallized in a lipidic environment (15, 16). This
observation further supports that YidC may function as
monomers, in line with the recent findings that monomeric
EcYidC binds to translating ribosomes in a detergent-
solubilized state (11, 14).

Intriguingly, the TM1 helix and the following N-
terminal region of the PD domain (residues 1-21) were
disordered in the TmYidC structure (Fig. 1B). N-terminal
sequencing confirmed that these TM1 residues were intact
in the crystallized TmYidC protein, a scenario that was
also observed in EcYidC structure (16). Intriguingly, apart
from the N terminus of TmYidC (residues 1-21), the cy-
toplasmic regions of TmYidC, which include the C1 re-
gion (residues 271-315); C2 loop (residues 378-388), which
connects TM4 and -5; and the C-terminal loop (residues
423-445) are all invisible in the structure, suggesting that
these cytoplasmic regions are highly dynamic, in accor-
dance with previous structural analyses of EcYidC and
BhYidC (15, 16).

Overall, similar to EcYidC structure, TmYidC com-
prises an N-terminal protruding PD domain in the peri-
plasm and C-terminal 5 TM segments (TM2-6), connected
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by the amphipathic EH1 helix, lying parallel to the plane of
the membrane (Fig. 1B). The 5 TM segments are tightly
packed together on the periplasmic side, but loosely in-
teract with each other on the cytoplasmic side, creating a
groove that is open to cytoplasm and inner leaflet of the
cytoplasmic membrane (Fig. 1B). The architecture of the
core domain of TmYidC has a topology similar to that of
BhYidC and EcYidC, consisting of 2 loosely associated
a-helical bundles—a-helical bundle T (EH1, TM2, and
TM3) and a-helical bundle IT (TM4, -5, and -6)—connected
by a long periplasmic loop E2 (Fig. 1B). Examination of the
interfaces between the 2 a-helical bundles indicates that
only 3 pairs of residues are in Van der Waals contact be-
tween TM2 and -6, and no contacts are found between
TM3 and -5, suggesting that both the TM2-TM6 and
TM3-TM5 interfaces could serve as substrate exit gates.
The hydrophilic groove of TmYidC contains several hy-
drophilic residues, including S371, T374, N413, R260, and
Q322 (15, 16, 28) (Fig. 1B). In particular, the highly con-
served positively charged residue R260 that sits on the
TM2 is located at the heart of the hydrophilic groove.

Structural comparisons indicate that the PD domain in
the TmYidC structure is essentially identical to the isolated
TmPD structure with an rmsd of 046 A over the 199
aligned Co atoms. By contrast, the TmPD domain is not
superimposable on the EcPD structure. Overlay of the
conserved core domain structure of TmYidC with that of
EcYidC and BhYidC reveals that the EH1 helix and 5 TM
segments adopt a quite similar conformation, with rmsd
of 1.2 and 1.1 A, respectively, over the 100 aligned
Ca atoms (Fig. 1C). Electrostatic representation of
TmYidC, BhYidC, and EcYidC indicates that the hy-
drophilic substrate-loading groove has similar interior
surface properties and opens to both cytoplasm and
the lipid bilayer (Fig. 1D). These features suggest that
this functionally important core domain of YidC pro-
teins is conserved, both structurally and in primary
sequence.

The substrate exit gate is located at the
TM3-TMS interface in the C-terminal core
domain of TmYidC

Similar to the BhYidC and EcYidC structures, the con-
served core domain of TmYidC consists of 2 helical bun-
dles, each containing 3 o helices (a-helical bundle I: EH1,
TM2, and -3; a-helical bundle I1: TM4, -5, and 6; Fig. 1B, C).
The 2 o-helical bundles are connected by a long peri-
plasmid loop E2 at the top of the hydrophilic groove on the
periplasmic side. Packing of the 2 helical bundles gener-
ates 2 potential substrate exit gates: the TM3-TM5 in-
terface and the TM2-TM6 interface, raising the question of
which interface serves as the substrate exit gate, because
YidC is essential for bacterial viability (3,29), and TmYidC
appeared to be unable to rescue the yidC-depleted E. coli
(Fig. 24, B). After a study by Jiang et al. (30), we made a
YidC fusion protein (Ec-Tm YidC fusion) that consists of
the N-terminal 325 residues of EcYidC and the C-terminal
221 residues of TmYidC (Fig. 2A).This Ec-Tm YidC fusion
protein is able to efficiently rescue the yidC-depleted E. coli
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(Fig. 2B, C). To investigate which interface of the 2 helical
bundles serves as substrate exit gate in TmYidC, we mu-
tated residues from TM2 (L254), TM3 (F326 and R334),
TM5 (F395 and L398), and TM6 (L406, L408, and T412) of
Ec-Tm YidC fusion protein (Fig. 3A) to crosslink the
Pf3 coat protein, a Sec-independent YidC substrate, using
in vivo photo-crosslinking experiments. In this photo-
crosslinking assay, the pBPA), a photoreactive phenylal-
anine derivative, is incorporated into the amber codon
(TAG), and the carbonyl oxygen at the benzophenone
group of pBPA will react with nearby carbon-hydrogen
bonds when irradiated with UV radiation. Various Ec-
Tm YidC fusion mutants and its substrate Pf3 protein
that was C-terminally flag-tagged were coexpressed in
the yidC-depleted E. coli strain that harbors both the
coexpression plasmid and the pSup-BpaRS-6TRN plas-
mid. The pSup-BpaRS-6TRN plasmid encodes the amber
suppressor tyrosyl tRNA and tyrosyl-tRNA synthetase
mutated to incorporate pBPA into an amber codon.
Western blots show that residues from TM3 (F326) and
TM5 (F395 and 1.398) that are located at the exterior surface
of the TM3-TM5 interface were cross-linked to the flag-
tagged Pf3 coat protein upon UV radiation (Fig. 3B), in a
good agreement with a previous crosslinking study by
Klenner and Kuhn (31). By contrast, residues from TM2
(L254) and TM6 (L408 and T412) that are located at the
exterior surface of the TM2-TM6 interface did not cross-
link to the Pf3 coat protein. As a positive control, residue
L406 from TM6, whose side chain points to the hydrophilic
groove was also crosslinked to Pf3 (16). These analyses
suggest that the TM3-TMS5 interface, but not the TM2-
TM6 interface, serves as the sole substrate exit gate to the
membrane.
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102 109 104 10%

that Ec-Tm YidC is able to rescue the yidC-
depleted E. coli strain. Wild-type TmYidC is
unable to rescue the yidG-depleted E. coli
strain. C) Western blot showing the expres-
sion level of EcYidC, TmYidC, and Ec-Tm
YidC in the yidGdepleted E. coli strain.

Significant rearrangement of the 2 a-helical
bundles of the core domain of YidC on the
periplasmic side may be necessary, to
facilitate substrate integration into

the membrane

In all 3-structure available YidC proteins, the conserved
core domain of the YidC proteins consist of 2 loosely as-
sociated a-helical bundles that assemble to form a hy-
drophilic groove that is open to the cytoplasm and lipid
bilayer but is kept closed at the top of the periplasmic
region. To probe whether an open conformation or sig-
nificant rearrangement of the 2 a-helical bundles during
substrate insertion into the membrane is necessary, we
engineered several disulfide bonds within the Ec-Tm
YidC fusion protein with the hypothesis that intra-
molecular disulfide bond formation between 2 TM seg-
ments will lock their relative orientation and affect Ec-Tm
YidC fusion protein mobility on nonreducing SDS-PAGE.
To this end, we first selected residues 1.408 and T412 from
TM6 and M253 from TM2. The Ca distances of M253 to
that of L408 and T412 are 7.5 and 6.4 A (Fig. 4A), re-
spectively, and this distance could allow disulfide bond
formation in vivo. Consistent with this idea, 2 double
mutants (M253C/L408C and M253C/T412C) exhibited
apparently lower molecular weight on nonreducing SDS-
PAGE analysis, as compared to their single-point mutants
(Fig. 4B). By contrast, with the addition of 5 mM of the
reducing reagent 2-ME to the loading dye, these double
mutants returned to a position that corresponded to that of
single-point mutants on SDS-PAGE (Fig. 4C), suggesting
that these 2 double mutants formed an intramolecular
disulfide bond when expressed in cells. Complementation
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Figure 3. In vivo photo-crosslinking of Ec-Tm YidC and its substrate Pf3. A) Residues (shown in stick mode) at the TM2-TM6
interface and the TM3-TMb interface were selected for a photo-crosslinking experiment. Numbers in red and in black indicate
the residue (and type) in TmYidC and EcYidC, respectively. B) Western blot showing Ec-Tm YidC-crosslinked Pf3. Pf3 has a
C-terminal Flag tag for immunoblot detection. Only residue F326 from TM3, residues F395 and L.398 from TM5, and 1.406 from
TM6 were cross-linked to Pf3 upon UV radiation. The side chain of 1.406 from TM6 points to the hydrophilic groove, and it was
taken as a positive control in the experiment. The type and number of residues (labeled) correspond to those in the wild-type

TmYidC.

assays showed that both single-point mutants (M253C,
L408C, and T412C) and double mutants (M253C/1.408C
and M253C/T412C) of Ec-Tm YidC fusion protein effec-
tively rescued the growth of the yidC-depleted E. coli (Fig.
4D), suggesting thatno significant rearrangement between
TM2 and -6 are necessary during substrate integration into
the membrane in this region. This observation also cor-
roborated with our finding that the TM2-TM6 interface is
not the substrate exit gate as disulfide bond formation
should not allow substrate laterally exit to the membrane
through the TM2-TM6 interface. Next, using a similar
strategy, we tested whether rearrangement of the 2 loosely
packed a-helical bundles is required for substrate in-
tegration into membrane. To test this, we mutated residue
1402, which is located on the E3 loop in the a-helical
bundle II, and residue W330 from TM3 in the a-helical
bundle I to cysteine (Fig. 44). The Ca—Ca distance be-
tween these 2 residues is 7.8 A. SDS-PAGE analysis in-
dicated that this double mutant (L402C /W330C) of Ec-Tm
YidC fusion protein also contains intramolecular disulfide
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bond, given that the double-mutant protein has a rapid
mobility on SDS-PAGE under a nonreducing condition
(Fig. 4B, C). In contrast to single-point mutants (L402C and
W330C), complementation assays showed that the double
mutant (L402C/W330C) was unable to rescue the growth
of the yidC-depleted E. coli (Fig. 4D), suggesting that sig-
nificant rearrangement of the 2 a-helical bundles may be
necessary during substrate insertion into the membrane.

DISCUSSION

YidC proteins have been reported to participate in a range
of cellular reactions, including ribosome and signal rec-
ognition particle binding, SecYEG translocon interactions,
and insertion, folding, and oligomerization of its sub-
strates. Despite great progress made recently in under-
standing the structure and function of YidC proteins,
the exact molecular mechanisms of YidC-mediated mem-
brane protein biogenesis are not fully understood. In
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Figure 4. Intramolecular disulfide bond formation and its effects on the growth of the yidGdepleted E. coli. A) Close-up view of
selected residues for intramolecular disulfide bond formation. B) Disulfide bond formation affects Ec-Tm YidC mobility on
nonreducing 12% SDS-PAGE. C) Addition of 2-ME disrupted intramolecular disulfide bond in Ec-Tm YidC and affected its
mobility on 12% SDS-PAGE. D) Growth phenotypes of the yidC-depleted E. coliwhen complemented with mutant Ec-Tm YidC. E)
Western blot showing the relative protein expression levels of the wild-type Ec-Tm YidC and various Ec-Tm YidC mutants. The
type and number of residues (labeled) correspond to those in the wild-type TmYidC.
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this study, we reported the crystal structures of the
TmPD, as well as the full-length TmYidC, that was
crystallized in a detergent-solubilized state. The first
crystal structure of YidC proteins in a detergent-
solubilized state is the archaeal YidC-like protein
DUF106 from M. jannaschii (Mj0480). Distinct from the
DUF106 protein that forms tetramers in a detergent-
solubilized state, TmYidC forms monomers and its
conserved C-terminal core domain closely resembles
that of BhYidC and EcYidC but not the DUF106 protein.
Our study presents the first crystal structure of YidC
proteins that form monomers in a detergent-solubilized
state and further supports the notion that YidC pro-
teins function as monomers in vivo. The findings that
TmYidC adopts monomers in a detergent-solubilized
state, and the structural conservation in the C-terminal
core domain between TmYidC and EcYidC and BhYidC
indicates that detergents may not affect the oligomeri-
zation state and conformational state of the YidC
proteins.

Using in vivo photo-crosslinking experiments, we fur-
ther showed that only residues from the exterior surface of
the TM3-TM5 interface but not from the TM2-TM6 in-
terface, are able to crosslink to YidC substrate Pf3, dem-
onstrating that the TM3-TM5 interface is the potential
substrate exit gate during substrate integration into mem-
brane. Supporting this hypothesis, intramolecular disulfide
bond formation between TM2 and -6 in the a-helical
bundle II of EcYidC did not affect the growth of the
yidC-depleted E. coli strain. By contrast, an engineered
disulfide bond that potentially fixes the relative ori-
entation of the 2 a-helical bundles on the periplasmic
side is deleterious to YidC function, suggesting that
significant rearrangement of the 2 a-helical bundles
on the periplasmic region occurs, whereas no re-
markable conformational changes within the a-helical
bundle II are necessary during substrate insertion
into the lipid bilayer. This observation is also in part
consistent with a previous study showing that large
conformational changes of the TM segments of
EcYidC took place upon binding of substrate to YidC
in vitro (19).

Our study provides more insights in understanding
YidC-mediated membrane protein biogenesis, yet a deep
mechanical understanding of YidC function awaits a fur-
ther structural snapshot of the YidC protein in complex
with its native substrate.
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