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The essential bacterial membrane protein YidC facilitates
insertion and assembly of proteins destined for integration into
the inner membrane. It has homologues in both mitochondria
and chloroplasts. Here we report the crystal structure of the
Escherichia coli YidC major periplasmic domain (YidCP1) at
2.5 A resolution. This domain is present in YidC from Gram-
negative bacteria and is more than half the size of the full-length
protein. The structure reveals that YidCc-P1 is made up of a
large twisted B-sandwich protein fold with a C-terminal a-helix
that packs against one face of the 3-sandwich. Our structure and
sequence analysis reveals that the C-terminal a-helix and the
B-sheet that it lays against are the most conserved regions of the
domain. The region corresponding to the C-terminal a-helix
was previously shown to be important for the protein insertase
function of YidC and is conserved in other YidC-like proteins.
The structure reveals that a region of YidC that was previously
shown to be involved in binding to SecF maps to one edge of the
B-sandwich. Electrostatic analysis of the molecular surface for
this region of YidC reveals a predominantly charged surface and
suggests that the SecF-YidC interaction may be electrostatic in
nature. Interestingly, YidCg-P1 has significant structural simi-
larity to galactose mutarotase from Lactococcus lactis, suggest-
ing that this domain may have another function besides its role
in membrane protein assembly.

The biogenesis of membrane proteins is a fundamental
aspect of cell biology that involves proteinacious factors. In
Gram-negative bacteria, most proteins destined for the cell
envelope are targeted to the inner membrane in a post-transla-
tional manner via the cytosolic chaperone SecB or in a co-trans-
lational manner via the ribonucleoprotein SRP and its inner
membrane-bound receptor FtsY (1). At the membrane, pro-

* This work was supported in part by a Canadian Institute of Health Research
operating grant, a National Science and Engineering Research Council of
Canada discovery grant, a Michael Smith Foundation for Health Research
Senior Scholar award, a Canadian Foundation of Innovation grant (to
M. P.), and a Michael Smith Foundation for Health Research postdoctoral
fellow award (to D.C.0.). The costs of publication of this article were
defrayed in part by the payment of page charges. This article must there-
fore be hereby marked “advertisement” in accordance with 18 U.S.C. Sec-
tion 1734 solely to indicate this fact.

The atomic coordinates and structure factors (code 3BLC) have been deposited in
the Protein Data Bank, Research Collaboratory for Structural Bioinformatics,
Rutgers University, New Brunswick, NJ (http://www.rcsb.org/).

' To whom correspondence should be addressed: Simon Fraser University,
Dept. of Molecular Biology and Biochemistry, South Science Bldg., 8888
University Dr., Burnaby, British Columbia V5A 156, Canada. Tel.: 604-291-
4320; Fax: 604-291-5583; E-mail: mpaetzel@sfu.ca.

5208 JOURNAL OF BIOLOGICAL CHEMISTRY

teins endowed with a Sec-dependent N-terminal signal peptide
are exported across, or into, the inner membrane via the Sec
system. The Sec system consists of the proteins SecY, SecE, and
SecG, which form a heterotrimeric protein-conducting channel
in the inner membrane (2); SecA, a cytosolic ATPase motor
protein that unfolds (3) and pushes polypeptide substrates
through the SecYEG channel (4); and the proteins SecD, SecF,
and YajC, which form a heterotrimeric complex that interacts
with SecYEG (5). The SecDFYajC complex has been proposed
to (i) promote the release of substrate proteins from the
SecYEG translocase following translocation (6) and/or (ii)
enhance protein translocation by regulating SecA membrane
cycling (7, 8). Proteins intended for integration into the inner
membrane engage the essential protein YidC, which directly
contacts transmembrane segments (9) and facilitates insertion
(10), folding (11), and assembly (12, 13) of proteins into the
inner membrane. Depending on the nature of the substrate,
YidC can function in a Sec-dependent (SecYEG-YidC) (14, 15)
or Sec-independent (“YidC only”) manner (16). It is thought
that for Sec-dependent substrates, large hydrophilic domains
are first exported across the membrane into the periplasm via
the SecYEG channel, followed by movement of the transmem-
brane regions from the channel into the lipid bilayer; the latter
step may be facilitated by YidC (9). How YidC promotes mem-
brane protein insertion in a Sec-independent manner is
unknown. YidC has been shown to co-purify with components
of the Sec translocase (15), and a direct interaction between
YidC and the SecDFYajC complex has been demonstrated, spe-
cifically with SecD and SecF (17, 18). YidC also plays a role in
the biogenesis of lipoproteins (19), but its role in this process is
not clear.

Structurally, Escherichia coli YidC is a 548-amino acid
polypeptide with a molecular mass of 61,526 Da and a predicted
isoelectric point of 7.7. Saaf et al. (20) have experimentally
mapped the topology of YidC and shown that it consists of 6
transmembrane regions (TM) with a large ~35-kDa periplas-
mic domain (residues 24—342) located between transmem-
brane regions 1 and 2 (Fig. 1A4). Deletion analyses have revealed
that YidC insertase function is located mainly in the C-terminal
five transmembrane regions (18, 21). Remarkably, up to 90% of
the 35-kDa YidC periplasmic domain (residues 25—323) can be
deleted without affecting inner membrane protein biogenesis
or cell viability (18, 21). YidC is conserved in all three domains
of life and is homologous to the well characterized proteins
Oxal and ALB3 that are found in the inner membrane of mito-
chondria and the thylakoid membrane of chloroplasts, respec-
tively (22). Consistent with functional mapping studies of inser-
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tase activity, amino acid sequence alignments reveal that the
C-terminal ~200 residues of YidC, corresponding to trans-
membrane regions 2-5, are conserved in prokaryotic and
eukaryotic versions of the protein (22). Further, Oxal has been
shown to complement YidC insertase activity when expressed
in E. coli (23), underscoring the functional significance of this
region in catalyzing protein insertion. By comparison, the func-
tion of the YidC periplasmic domain remains largely unknown;
nevertheless, the conservation of this domain in Gram-negative
bacteria suggests that it performs a significant, but as yet unrec-
ognized, role in the cell.

To gain further insight into the structure and function of
YidC, we sought to determine the structure of the YidC
periplasmic domain. We report here the crystal structure of
residues 57—346 of E. coli YidC to 2.5 A resolution.

EXPERIMENTAL PROCEDURES

Cloning and Mutagenesis—A 942-base pair DNA fragment,
coding for residues 26 —340 of E. coli YidC, was amplified from
E. coli K-12 genomic DNA using the forward primer 5'-ATG-
CAAGCATATGGATAAAAACCCGCAACCTCAGG and the
reverse primer 5'-ATGCCTACTCGAGGCTGCCGCGCGG-
CACCAGCAGCGGCTGAGAGATGAACC that contain the
restriction sites Ndel and Xhol, respectively. The resulting PCR
product was ligated into vector pET20b (Novagen). The
YidC(26 —340)His construct includes an N-terminal methio-
nine and a C-terminal thrombin/hexahistidine affinity tag bear-
ing the sequence LVPRGSLEHHHHHH. DNA sequencing
(Macrogen) confirmed that the YidC insert matched the
sequence reported in the Swiss-Prot data base (P25714). To
facilitate crystallization, several residues within this construct
were targeted for mutagenesis using the QuikChange method
(Stratagene). The primer pair 5'-GTACTCCACGCCTGACG-
CGGCGTATGCGGCATACGCGTTCGATACCATTGCCG
and 5'-CGGCAATGGTATCGAACGCGTATGCCGCATAC-
GCCGCGTCAGGCGTGGAGTAC was used to construct a
version of YidC (26 —340)His that bears the mutations E228A,
K229A, E231A, K232A, and K234A. This construct (referred to
as pYidCpP1) yielded crystals suitable for structure determi-
nation. The expressed pYidC.-P1 encodes 330 residues has a
molecular mass of 35,702 Da and a theoretical pI of 5.3.

Protein Expression and Purification—The expression plas-
mid pYidCP1 was transformed into E. coli expression strain
BL21(DE3) and used to inoculate (1:100 back dilution) 3 liters
of Luria Bertani medium containing ampicillin (100 ug/ml).
Cultures were grown at 37 °C to an A4, of 0.6 and induced with
1 mMm isopropyl-1-thio-B-p-galactopyranoside for 3 h. Cells
were harvested by centrifugation and lysed using an Avestin
Emulsiflex-3C cell homogenizer. The lysate was clarified by
centrifugation (30,000 X g) for 30 min at 4 °C. The supernatant
was applied to a 5-ml nickel-nitrilotriacetic acid column (Qia-
gen) that had been equilibrated with 20 mwm Tris-HCI, pH 8.0,
100 mm NaCl (buffer A). The column was washed with 30 ml of
buffer A containing 20 mm imidazole and eluted with a step
gradient (100 -500 mm imidazole in buffer A at 100-mM incre-
ments) in 5-ml volumes. The majority of the protein eluted
from the column in fractions containing 100, 200, and 300 mm
imidazole, which were pooled and concentrated using an Ami-
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TABLE 1
Data collection, phasing, and refinement statistics

The data collection statistics in brackets are the values for the highest resolution
shell.

Crystal Parameters

Space group 14,22

abe (A) 126.1, 126.1, 288.5
Data Collection Statistics

Wavelength { A) 0.979474

Resolution (A) 50.0 - 2.5 (2.6 - 2.5)
Total Reflections 357,038

Unique reflections 40,327 (3687)

o 0.079 (0.379)
Mean (f)a (1)

44.7 (4.0)
Completeness (%) 99.1 {92.0)
Redundancy 13.8(9.7)

Phasing Statistfes

Mumber of Sites B (out of a possible 10)
Overall FOM® (50 - 2.5 A) 0.49

Overall  FOM"  (after  density 0.72

modification)

Refinement Statistics
Protein molecules (chains) in AL

Residues 558
Water molecules B0
Total number of atoms 4,371
Repw® /Rise? (%) 21.2/249
Average B-factor (A°) (all atoms) 339
Rms deviation on angles (%) 1.515
Rims deviation on bonds { A) 0.015
pINIAL] ﬂ[hk!1 -
e = Z LK) where [ (hiT) is the observed intensity, and I(J‘JH}
[T
is the average intensity obtained from multiple observations of symmetry-related reflections afer
rejections.
[ Pla

L/Z f’[ub' where @ is the phase angle and P(o) is the phase

"FOM = figure of merit = \l
W

probability distribution.

con ultra centrifugal filter device (Millipore). Concentrated
protein was then applied to a Sephacryl S-100 HiPrep 26/60
size-exclusion chromatography column on an AKTA Prime
system (GE Health Care) running at 1 ml/min in buffer A. Frac-
tions containing pure YidC.-P1 were pooled and concentrated
to 32 mg/ml and stored at —80 °C. Analytical size-exclusion
chromatography in line with Multi-Angle Light Scattering
analysis is consistent with YidC.-P1 being a monodispersed
monomer in solution (data not shown).

Se-Met-incorporated YidC.-P1 was prepared by growing an
overnight culture of BL21(DE3) transformed with pYidC..P1
in M9 minimal medium supplemented with 100 ug/ml ampi-
cillin. 30 ml of overnight culture was used to inoculate 3 X 1
liter of M9 minimal medium (100 ug/ml ampicillin) that was
grown at 37 °C to an A, of 0.6. Each 1-liter culture was then
directly supplemented with a mixture of the following amino
acids: 100 mg of lysine, phenylalanine, threonine; 50 mg of iso-
leucine, leucine, valine; 60 mg of selenomethionine. After 15
min, protein expression was induced with 1 mwm isopropyl-1-
thio-B-p-galactopyranoside (final concentration) for 3 h at
37°C. The purification procedure of Se-Met-incorporated
YidC.P1 was the same as that used for the native protein.

Crystallization—The crystals used for single wavelength
anomalous diffraction data collection were grown by the hang-
ing drop vapor diffusion method. The crystallization drops
were prepared by mixing 1 ul of protein (32 mg/ml) with 1 ul of
reservoir solution and then equilibrating the drop against 1 ml
of reservoir solution. The YidC;P1 construct yielded crystals
in the space group 14,22 with unit cell dimensions 126.1 X
126.1 X 288.4 A. The crystals have two molecules in the

JOURNAL OF BIOLOGICAL CHEMISTRY 5209

#7102 ‘¥T 1udy U0 AMVHEIT AINN DNICIAG 7 /610°0g [ mmmy/:dny woly pepeojumoq


http://www.jbc.org/
http://www.jbc.org/

Structure of YidC

A.

periplasm m m
a64] [509] [513
inner
membrane
370 417 481 494 535

6
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548
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Sheet 1 Sheet 2

FIGURE 1. The protein fold of YidC.P1. A, the position of YidCcP1 within the full-length YidC membrane protein, shown schematically within the E. coliinner
membrane. The YidC.P1 domain is known to be localized in the periplasm (20); however, its exact orientation with respect to the membrane has not been
determined. B, a ribbon diagram of YidC.P1. The structure is colored gradually from N terminus (blue) to the C terminus (red). The strands are numbered 1-18
and the helices labeled a1-a3. C, a divergent stereo image of a Ca trace of YidC.P1. Every tenth residue is marked with a sphere and labeled. D, a protein
topology diagram for YidCg P 1. Strands are shown as arrows, helices as boxes, and loops as lines. B-sheet 1 is shown in blue, B-sheet 2 in red, and helix 1 in yellow.

asymmetric unit with a Matthews coefficient of 4.01 A>Da~!  polyethylene glycol 3350. Crystallization was performed at

(69.36% solvent). The optimal crystallization reservoir con- room temperature (~22 °C). The cryo-solution condition
dition was 0.1 m glycine, pH 3.1, 0.2 m (NH,),SO,, and 13% contained 0.1 M glycine, pH 3.1, 0.2 m (NH,),SO,, 15% pol-
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FIGURE 2. The YidC.P1 asymmetric unit. A, superposition of molecules A (blue) and B (yellow) shows a
difference in the position of the C-terminal a-helix 3. B, molecules A and B within the chosen asymmetric unit
are shown as a ribbon diagram. Many of the interactions between molecules A and B occur via the C-terminal

helix (a3).

yethylene glycol 3350, and 20% glycerol. Crystals were incu-
bated in cryo-solution for ~5 min before being flash-cooled
in liquid nitrogen.

Data Collection—Diffraction data were collected on seleno-
methionine-incorporated crystals at beamline 8.2.2 of the
Advance Light Source, Lawrence Berkeley Laboratory, Univer-
sity of California at Berkeley using a Quantum 315 ADSC area
detector. The crystal-to-detector distance was 320 mm. Data
were collected with 1° oscillations, and each image was exposed
for 3 s. The diffraction data were processed with the program
HKL2000 (24). See Table 1 for data collection statistics.

Structure Determination and Refinement—The YidCg.P1
structure was solved by single wavelength anomalous disper-
sion using a data set collected at the peak wavelength (0.9794
A), the program SHELX (25) within ccp4i (26), and Autosol
within PHENIX version 1.3 (27). SHELXC found eight of the
possible ten selenium sites. The program Autobuild within
PHENIX version 1.3 (27) automatically constructed ~90% of
the polypeptide chain and performed density modification. The
rest of the model was built using the program Coot (28). The
structure was refined using the program Refmac5 (29) and
the program CNS (30). The final models were obtained by
restrained refinement in Refmac5 with Translation Liberation
Screw Rotation (TLS) restraints obtained from the TLS motion
determination server (31). The data collection, phasing, and
refinement statistics are summarized in Table 1.

Structural Analysis—Secondary structural analysis was per-
formed with the programs DSSP (32), HERA (33), and Promotif
(34). The programs SUPERIMPOSE (35) and SUPERPOSE (36)
were used to overlap coordinates for structural comparison.
The program CONTACT within the program suite CCP4 (26)
was used to measure the hydrogen bonding and van der Waals
contacts. The program CASTp (37) was used to analyze the
molecular surface and search for potential substrate binding
sites. The program SURFACE RACER 1.2 (38) was used to
measure the solvent-accessible surface of the protein and indi-
vidual atoms within the protein. A probe radius of 1.4 A was
used in the calculations. The Protein-Protein Interaction
Server (39, 40) was used to analyze the interactions between the
molecules in the asymmetric unit. The stereochemistry of the
structure was analyzed with the program PROCHECK (41).
The DALI server was used to find proteins with similar protein
folds (42).
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Figure Preparation—Figures were
prepared using PyMOL (43). The
alignment figure was prepared
using the programs ClustalW (44)
and ESPript (45).

RESULTS

Structure of YidCp.P1—We have
produced a C-terminal His,-tagged
soluble construct of the major
periplasmic domain of E. coli YidC
(YidCrcP1) that spans residues
Asp?®-Leu®* (Fig. 14). High resolu-
tion size-exclusion chromatogra-
phy analysis and multiangle light
scattering analysis of the YidC..P1 reveal that the protein is
very soluble in the absence of detergents and is monomeric in
nature (data not shown). YidC.-P1 was crystallized, and the
structure was solved by single wavelength anomalous diffrac-
tion and refined to 2.5 A resolution. There are two molecules in
the asymmetric unit, and the refined structure includes resi-
dues 57-340. In addition, there is electron density for 3 residues
at the C terminus that corresponds to the affinity tag used to
purify the protein. There is no visible electron density observed
for a presumably mobile loop that spans residues 207-216.
Additionally, no electron density is observed for the N-terminal
residues 26 -56. To facilitate crystallization and improve the
diffraction quality of the crystals the following mutations were
introduced into YidC.-P1: E228A, K229A, E231A, K232A, and
K234A. These lysine and glutamate residues were targeted for
mutation to alanine in an attempt to reduce the degree of con-
formational entropy associated with longer side chains that
may impede crystallization (46, 47). The mutant YidC.P1 pro-
tein behaves identically to the wild-type YidCp-P1 with regard
to its solubility, chromatographic behavior, and light-scattering
properties. In addition, no difference was seen between the
mutant and wild-type YidC.P1 proteins when analyzed by CD
spectroscopy (data not shown).

The YidC.P1 Protein Fold—YidC.P1 is a large distorted
B-sandwich motif (super sandwich) constructed from 18
B-strands in two 3-sheets and three a-helices (Fig. 1). Sheet 1 of
YidCP1 is a mixed B-sheet that contains -strands 1-6, 10,
13, 16, and 17, and sheet 2 is completely antiparallel and con-
tains strands 7-9, 11, 12, 14, 15, and 18. Strand 4 within sheet 1
is highly twisted in order to maintain anti-parallel interactions
between strands 2 and 5. Helix 1 (residues 235-239, between
B-strands 12 and 13) sits at the mid-point of the structure
between (-sheet 1 and B-sheet 2 and packs against the edge of
the B-sandwich. Helix 2 (314-317) and helix 3 (325-336) are
positioned near the C terminus and pack against 3-sheet 2.
There are also two 3,,-helices spanning residues 123-125 and
156 —158, respectively.

YidC.P1 has the approximate dimensions of 38 X 60 X 45
A with a significant groove formed along the face of the twisted
B-sheet 1. The groove formed along the opposing B-sheet
(sheet 2) of the sandwich is partially occupied by a-helix 3.
Examination of surface electrostatics indicates that YidC.-P1
does not appear to have any major hydrophobic surface that
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FIGURE 3. Sequence alignment of the major periplasmic region of YidC (YidC_P1). The secondary structure as calculated by DSSP (32) is shown above the
alignment. The sequences were acquired from the Swiss-Prot data base with the accession numbers for each sequence in parentheses: E. coli (P25714);
Salmonella typhimurium (Q8ZKY4); Yersinia pestis (Q8Z9U3); Vibrio cholerae (QIKVY4); Haemophilus influenza (A4N1U4); Pseudomonas aeruginosa (Q9HT06);

Neisseria meningitidis (Q9JW48); Bordetella pertussis (P65622).

could accommodate interactions with the acyl chains of the
membrane lipids but could possibly interact with the lipid head
groups. This is consistent with the solubility of YidCP1 in the
absence of detergents.

Protein-Protein Interactions Observed in the YidC. Pl
Crystals—Superposition of the two molecules in the asymmet-
ric unit shows that the only significant structural difference
between molecule A and molecule B is a shift in the orientation
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of the C-terminal a-helix 3 (Fig. 2). The difference in the orien-
tation of helix 3 is likely due to crystal-packing interactions. As
mentioned earlier, to facilitate crystallization, five mutations
were introduced into a region of YidC;P1 to replace a cluster
oflysine and glutamate residues. The structure shows that these
residues are located on or near 3-strand 12. Molecule A makes
a significant number of crystal contacts between its C terminus
and the residues that were mutated in a symmetry-related mol-
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. 4

FIGURE 4. Conserved amino acids within the large periplasmic domain of
YidCin Gram-negative bacteria mapped onto the structure of YidC.P1.
A, the regions that are most conserved are rendered in purple, the least con-
served in blue. Significant conservation is seen in a-helix 3 and the end of
B-sheet 2, which a-helix 3 packs against. B, a close-up view of the most con-
served region, as seen from the end of a-helix 3. The side chains are shown as
sticks, and the most conserved residues in this region are labeled.

ecule A. This type of interaction is not observed in molecule B,
giving a possible explanation for the differences seen in the
orientation for the C-terminal a-helix 3.

Conserved Regions of YidC-P1—Amino acid sequence align-
ment of eight YidC variants from various Gram-negative bac-
terial species reveals a number of conserved residues located
throughout Yidg-P1 (Fig. 3). Most notably, the region at the
extreme C terminus of the construct corresponding to a-helix 3
is well conserved. PFAM (48) analysis reveals that the residues
61-350 of YidC define a conserved domain PFAM-B_1222 that
is remarkably consistent with the region of YidC.-P1 observed
in the electron density (residues 57—340). Sixty-one YidC vari-
ants were extracted from the domain PFAM-B_1222, aligned
using ClustalW (44), and analyzed using the program
CONSUREF (49) that maps conserved residues onto a three-
dimensional structure. As shown in Fig. 4, a significant number
of conserved residues map to a-helix 3 and to B-strands 11, 12,
14, 15, 18 that cluster on the face of B-sheet 2 and pack against
a-helix 3 (Fig. 44). Closer inspection reveals that many of the
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343

FIGURE 5. The functional regions of YidC.P1. The blue region (215-265) has
been shown to be responsible for binding to SecF of the SecDFYajC hetero-
trimer (18). The red region (323-346) has been shown to have insertase func-
tion (18, 21).

D236

FIGURE 6. Charged surface patches on the edge of the YidC¢P1 3-sand-
wich correspond to a region that prior experiments suggest interacts
with SecF (18, 21). A, the electrostatic molecular surface of YidC.P1. B, the
same view as A but rendered with a semitransparent surface revealing a rib-
bon diagram of YidC.-P1 and the side chains for charged residues at the edge
of the B-sandwich shown as sticks and labeled. The residues mutated to ala-
nine for purposes of improved crystal quality are labeled in red. These resi-
dues occur in a cluster on or near B-strand 12.
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FIGURE 7. YidC¢.P1 shows structural similarity to a group of sugar-binding proteins. YidC.-P1 (white) is
shown superimposed on the structure of galactose mutarotase (red) (Protein Data Bank code 1L7J) (50). This
image is shown in divergent stereo. The side chains for the residues involved in sugar binding in galactose

mutarotase are rendered as sticks.

conserved residues are involved in interactions between a-helix
3 and B-sheet 2 (Fig. 4B), suggesting that the interaction may be
biologically significant.

Mapping Functional Regions—Previous studies of YidC have
mapped two functional regions to the YidC periplasmic
domain. First, deletion analysis of YidC has revealed that resi-
dues 323-346 of the first periplasmic domain are essential for
cell viability and insertase activity (18, 21). This region corre-
sponds to the conserved a-helix 3 at the C terminus of Yid-
CecP1 (Fig. 5). Second, Xie et al. (18) have shown that residues
215-265 of E. coli YidC are sufficient for binding to SecF. As
depicted in Fig. 5, this region maps to B-strands 11-15 and

5214 JOURNAL OF BIOLOGICAL CHEMISTRY

a-helix 1 at the edge of the B-sand-
wich. The approximate molecular
surface area for the proposed SecF
binding region that includes
B-strands 12 and 13 and a-helix 1 is
450 A The surface of this region of
the structure includes the residues
that were mutated for purposes of
improving the crystal quality. If
these surface residues are modeled
back to their wild-type residues, it
can be seen that there is a significant
negatively charged patch of molec-
ular surface adjacent to a positively
charged patch corresponding to the
region that was found to be impor-
tant for SecF binding (Fig. 6). This
suggests that the interaction
between YidC and SecF may be elec-
trostatic in nature. It is worth noting
that the conserved regions of the
structure (Fig. 5) correspond well
with the regions known to be func-
tionally significant (Fig. 6).

Search for Structural Homo-
logues—Interestingly, despite very
low sequence identity, YidC. P1
shows a significant degree of struc-
tural similarity with galactose
mutarotase from Lactococcus lactis
(50). The root mean square devia-
tion for superposition of YidC.-P1
on galactose mutarotase is 3.3 A for
202 equivalent Ca atoms, with 8%
sequence identity for those residues
compared (Fig. 7). As noted by Tho-
den and Holden (50), other proteins
with related structures include cop-
per amine oxidase (51), hyaluronate
lyase (52), chondroitinase (53), B-ga-
lactosidase (54), and maltose phos-
phorylase (55). With the exception of
copper amine oxidase, most of the
related proteins contain sugar bind-
ing sites. The sugar binding pockets
for these proteins do not seem to be
conserved in YidC.-P1. Additionally, OpgG, which is located in
the E. coli periplasm and is required for the biosynthesis of osmo-
regulated glucans (56), shares structural similarity with YidCpP1.

DISCUSSION

In this study we present the first structure of the major
periplasmic domain of the protein YidC of E. coli. The domain
consists of a large stable B-sandwich with a short a-helix at the
midpoint of the fold and edge of the sandwich and two a-helices
at the C terminus that lay on the curved face of 3-sheet 2.

The structure reveals that residues 323—-346, which have pre-
viously been shown to be essential for cell viability and insertase
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activity (18), correspond to a-helix 3. Remarkably, Jiang et al.
(21) have performed alanine scanning mutagenesis experi-
ments on residues 324 -342 of the YidC periplasmic domain
and shown that there is no single residue side chain (beyond
Cp) within this region that is essential for cell viability. Consist-
ent with this result, modeling using alanine side chains within
residues 324 —342 of the structure of YidCP1 suggests that the
structure of a-helix 3 would not be significantly altered. Thus, it is
reasonable to assume that a-helix 3 of the YidC periplasmic
domain is dependent on secondary structure, rather than on indi-
vidual side chain interactions, for insertase activity. Interestingly,
secondary structural analysis of the evolutionarily related proteins
Oxal of mitochondria and ALB3 of chloroplasts predicts an a-he-
lix located N-terminal to the first transmembrane domain. It is
tempting to speculate that this structural element represents a
conserved feature related to insertase function.

Xie et al. (18) have shown that residues 215-265 of the YidC
periplasmic domain fused to maltose-binding protein are suffi-
cient to interact with SecF of the SecDFYajC heterotrimer. The
structure presented here shows that this region (215-265) con-
sists of B-strands 11, 12, 14, and 15, which contribute to B-sheet
2, and B-strand 13 that contributes to B-sheet 1. This region
also includes the short a-helix 1 (residues 235-239) (Fig. 5).
This represents the edge of the B-sandwich structure and cor-
responds to a negatively charged surface just adjacent to a posi-
tively charged surface, suggesting that the interactions between
SecF and YidC may be predominately electrostatic (Fig. 6).

An interesting question is how the YidC periplasmic domain
is oriented with respect to the membrane. Because the structure
does not reveal a hydrophobic surface and the construct does
not require detergent for solubility, it is reasonable to assume
the domain is probably loosely tethered to the membrane. This
notion is consistent with the observation that residues 26 —55
donotappear in the electron density and are thus assumed to be
flexible. Furthermore, PsiPred analysis (57) does not predict
secondary structure for residues 28 —59. It is possible that this
region forms a flexible “tether” or “linker” (Fig. 14).

Previously it has been shown that full-length YidC purifies as
amixture of monomers and dimers in the presence of detergent
(58). High resolution size-exclusion chromatography analysis
in tandem with multiangle light dynamic light scattering anal-
ysis indicates that YidC.-P1 behaves as a monomer in solution
in the absence of detergent with and without the mutations
introduced for purposes of crystallization. Furthermore,
although two molecules are present within the asymmetric
unit, these molecules do not appear to interact in a manner that
would suggest the presence of a strong dimer except for the fact
that monomers in the chosen asymmetric unit (the one with the
most buried surface between the monomers) interact via a-he-
lix 3, the helix proposed to have insertase function (Fig. 2B). It is
possible that YidC oligomerization is mediated by interactions
between the transmembrane segments, as has been proposed for
the interaction between SecF and SecD (59). It is also possible that
the periplasmic domain studied here forms dimers or even higher
order oligomers when in close proximity to a membrane.

The function of the major periplasmic domain of YidC
remains unclear. In vivo assays of YidC-mediated protein inser-
tase activity have shown that up to 90% of the periplasmic
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domain (residues 25-323) can be deleted without inhibiting
function (21). Further, although it has been shown in vitro that
the YidC periplasmic domain interacts with SecF, this interac-
tion is not required for insertion of Sec-dependent or Sec-inde-
pendent substrates (18). Taken together, these observations
suggest that the YidC periplasmic domain, which is conserved
in all Gram-negative bacteria, may have a function unrelated to
protein insertion into the inner membrane. The structure pre-
sented here reveals that the YidC periplasmic domain shares
significant structural similarity with proteins that are involved
in binding sugars such as galactose mutarotase (Fig. 7).
Although the YidC periplasmic domain does not appear to bear
a sugar binding motif similar to galactose mutarotase, it is
tempting to speculate that it could still interact with sugars
present in the periplasm. Alternatively, it is conceivable that the
YidC periplasmic domain could interact with other periplasmic
proteins such as chaperones that facilitate protein folding or
secretion following translocation across, or into, the inner
membrane. The availability of a three-dimensional structure of
the YidC periplasmic domain, as well as stable, soluble protein
will facilitate experiments designed to address these ideas.
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