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ABSTRACT. The YidC protein ofEscherichia coliis required for inserting Sec-independent membrane
proteins and has a supportive role for the insertion of Sec-dependent proteins into the membrane bilayer.
Because a portion of YidC copurifies with the Sec translocase, this interaction might be necessary to
assist in the membrane insertion of Sec-dependent proteins. This study describes a deletion analysis that
investigates which parts of YidC are required for its interaction with the SecDF complex of the Sec
translocase and for the function of YidC as an insertase for the Sec-dependent membrane proteins. The
results suggest that the first periplasmic region, which includes residue3484 is required for the
interaction of YidC with the Sec translocase, in particular with the SecF protein. Further studies showed
that residues 215265 of YidC are sufficient for SecF binding. Surprisingly, the interaction of YidC with
SecF is not critical for cell viability as YidC, lacking residues-264, was fully functional to support

the growth ofE. coli. It was also observed that this YidC mutant was fully functional to insert the Sec-
dependent subunit A of theilk, ATP synthase and an M13 procoat derivative, as well as the
Sec-independent M13 procoat protein and subunit C of the ATP synthase. Only when additional residues
of the periplasmic region were deleted (268%6) was the membrane insertase function of YidC inhibited.

Proteins of the bacterial inner membrane use different newly synthesized membrane proteins so that they can adopt
pathways for reaching their final destinations in the cell. atransmembrane configuratioh2j. The newly synthesized
Some Sec-independent proteins are targeted directly to theSec-independent proteins contact YidC at the membrane,
membrane by interacting with the negatively charged head- presumably by binding the hydrophobic regions prior to their
groups of the phospholipidd,(2), whereas others use the transmembrane insertion. Photoreactive probes introduced
signal recognition particle for targeting to the membrane into the hydrophobic regions of the Pf3 coat protein or leader
surface 8). After membrane binding, the hydrophobic peptidase were found to cross-link these protein substrates
regions of a protein partition into the membrane bilayer and {4 yiqdc during the membrane insertion processl(3, 14).
the periplasmic_ hydrophilic _regions transI(_)cate across the Remarkably, YidC was also cross-linked to the Pf3 coat
membrane. This translocation step requires energy and.gpqtrate even when membrane insertion was inhibited either
depending upon the Iength of the hydrophlhc region to_ _be by a mutation introduced into the substrate or by dissipation
::)a?hséofri'f;r’aﬁng&i%’gigﬁsﬁg%fégrgﬁ':;Ii)eccé(’)'rnsaedg't'on of the membrane potentiall, Recently, we purified the
dependent proteins, the integration of the hydrophobic YidC protein and reconstituted the protein into functionally

' active proteoliposomes. When the purified Pf3 coat protein

regions into the bilayer likely occurs after the translocation dded 1o th teoli h t tei
of the flanking hydrophilic regions and then the hydrophobic was added 1o these proteoliposomes, the coat protein was
efficiently inserted and assumed its transmembrane config-

regions leave the Sec translocase laterally qontacting 4 . .

YidC, prior to integration into the lipid bilayer6}. YidC gratlon 9. Slmllarly, subgmt C of -the H:f’ ATPase, gSec-
has been proposed to play a role in the lateral integration!“depe”dem protein, was inserted into YidC proteoliposomes
(6, 7) and folding of the Sec-dependent proteifs ( in contrast to a Sec-dependent protei6)(

The YidC protein ofEscherichia colibelongs to a novel Structure-function studies on th&. coli YidC showed
class of membrane assembly components that include hothat, when 90% of the large periplasmic domain is deleted,
mologues in mitochondria and chloroplas®s-(L1). These YidC remains functional for the membrane insertion of the
proteins are dedicated to support the membrane insertion ofSec-independent procoat protelrf), Other studies revealed
that the first transmembrane segment is not important for

byTt-fll-QiSNmozél\\l/lvgggég)-%%;t?g SVE”I‘De DFG (Ku 749/3-3) to AK. and  the YidC function per sel@) but is critical for translocation
*To whom correspondence should be addressed: Institute of Of the large periplasmic domairl§). When these data are
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Copurification studies demonstrate that YidC forms a
heterotetrameric complex with SecDFyajQQ0), which
presumably allows YidC to associate with SecYEX®)(To

Xie et al.

YidC Membrane Insertion Assay. E. cé87131 cells with
pMS-8 encoding the M13 procoat protein and pGZ-IM60
encoding the respective YidC mutant were depleted for the

investigate which parts of YidC are important for its chromosomally expressed YidC by growing the bacteria in
interaction with the SecDF complex, we constructed various LB medium with 0.2% glucose for 3 h. The cells were
YidC deletion mutants. We found that a YidC mutant, where washed with minimal medium (M9) and resuspended into
a large portion of the first periplasmic domain was deleted, M9 with 0.2% glucose, supplemented with 20/mL of each
showed an impaired interaction with SecF. Interestingly, this amino acid, except methionine, and grown for an additional
mutant is sufficiently active to promote the insertion of both hour. The expression of M13 procoat and the plasmid-
Sec-dependent and Sec-independent proteins, suggesting thancoded YidC derivative was induced with 1 mM IPTG for
binding SecF is not vital for the membrane insertase function. 10 min; cells were pulse-labeled witPP$]-methionine for
Finally, we show that residues 214265 of YidC include 1 min and precipitated with 10% trichloroacetic acid. The
the SecF-binding region because a chimeric protein betweengrowth conditions for PClep-3M, ATP synthase subunits
the maltose-binding protein (MBP) and this YidC region still A-P2 and C-His, were slightly different. The derivative of

copurified with SecF by affinity chromatography.

EXPERIMENTAL PROCEDURES

Strains, Plasmids, and Growth Conditions. E. ¢l8i7131
[MC1060: AyidC, attB::R6Kori, ParaBAD-yidC (Spe®)]
was from our laboratory stocks. To test for the membrane
insertion of the M13 procoat protein, the cells were trans-
formed with pMS-8 coding for M13 procoat protei4)
and pGZ-IM60 coding for YidC. pGZ-IM60 is a derivative
of pGZ119 with the isopropyB-b-thiogalactopyranoside
(IPTG)-inducibletac promoter and théacld gene 22). For
the experiments investigating the YigGecF interaction,

E. coliC43 (Avidis, Saint-Beauzire, France) was transformed
with pET16b expressing YidC derivatives and pCDF encod-
ing YajC, SecD, and SecR9) kindly provided by Franck
Duong (University of British Columbia, Vancouver, Canada).
To deplete the JS7131 strain of the YidC protein, fresh
overnight cultures [grown in Luria broth (LB) with 0.2%
L-arabinose (ara)] were washed with LB, diluted 1:50 into
LB with 0.2% glucose (glc), and grown for 3 h.

Generation of MutantsTo construct the mutanh24—
264, a newBanHlI restriction site at position 24 was
introduced and the region coding for residues-264 was
removed. Using the endogendBanHl| restriction sites, the
regions coding for the amino acid residues 2846 and
265-454 were removed, generating tie€265-346 and
A265-454 YidC mutants, respectively. This removes 82 of
the 322 amino acid residues within the large periplasmic
region in both mutants. In addition, th€265-454 mutant

has transmembrane helices 2 and 3 deleted. To construc

these deletion mutant8anHI restriction sites in the/idC

gene at codons 24, 264, 346, and 454 were used for partial

digestion of pGZ-IM60. The linear fragments were religated
using T4 ligase (Fermentas).

Stop codons (TAG/TAA) were introduced by oligonucle-
otide mutagenesis2fd) at codons 415, 493, and 527 to

construct the C-terminal deletion mutants. This produces a

YidC mutant lacking the carboxyl-terminal cytoplasmic tail
(YidC A527—-548) or YidC mutants missing transmembrane
segments 5 and 6A@493-548) or 3-6 (A415-548). The
site-directed deletions of YidC were made with Quikchange
(Stratagene) as describeld?). All mutants were sequenced
confirming the desired mutations.

1 Abbreviation: ara,-arabinose; DDM, dodecylmaltoside; ECL,
enhanced chemiluminescence; glc, glucose; IPTG, isoproyl-
thiogalactopyranoside; LB, Luria broth; M9, minimal medium; PAGE,
polyacrylamide gel electrophoresis; SDS, sodium dodecyl sulfate.

M13 procoat, PClep-3M, has the three negatively charged
residues (EDD) shifted from positions 2, 4, and 5 to positions
11—-13 within the periplasmic loop and, in addition, the P2
domain of leader peptidase at the C termin@d).( The
growth time wa 3 h in LB with 0.2% glucose and 30 min
after the wash step. The induction with 1 mM IPTG was for
5 min, and labeling with $S]-methionine was for 30 s.
PClep-3M was analyzed directly without immunoprecipita-
tion because the plasmid-encoded protein is a highly
expressed protein. The samples were then subjected to
sodium dodecyl sulfatepolyacrylamide gel electrophoresis
(SDS-PAGE) and analyzed by phosphorimaging. Quanti-
fication of the accumulation of procoat was measured by
phosphorimaging and calculated by (progeat procoaf,)/
total signal of procogt and coajfc. For analysis of the
membrane insertion of the ATP synthase subunit A-P2 and
subunit C-His, cells were depleted of YidC as described
above, pulse-labeled witf°B]-methionine for 30 s, and then
converted into spheroplast?5). The spheroplasts were
treated with or without proteinase K (0.5 mg/mL, final
concentration) for 30 min on ice. The subunit A-P2 was
immunoprecipitated with anti-leader peptidase serum (that
recognizes the P2 domain). The subunit C-His was isolated
using a BD TALON metal-affinity resin from BD Bioscience.
After acid precipitation and acetone washing, the pellet was
resuspendechi8 M urea buffer (8 M urea, 10 mM Tris-Cl,
and 100 mM NakPO, at pH 8.0). The sample was then
shaken with the resin (30L) for 20 min at room temper-
ature. The resin was washed with the urea buffer, and then
§ubunit C-His was eluted by adding the urea buffer contain-
ing 300 mM imidazole. The isolated subunit C-His and the
immunoprecipitated subunit A-P2 were then analyzed by
SDS-PAGE and phosphorimaging.

SecF Interaction Assayl.o analyze for the interaction of
YidC proteins with SecDF, we used the copurification
procedure reported for the isolation of the wild-type YidC
SecDF complex, as describe@0], with the following
modifications. YidC with an amino-terminal ¥Mis tag was
used to see whether coexpressed SecF coelutes after affinity
chromatographyk. coli C43 cells transformed with pCDF,
encoding SecDFyaj@), and pET16-IM60 coding for the
respective YidC mutant were grown at 30 to a cell density
of 2 x 10°)mL in 2xYT medium containing 25g/mL
chloramphenicol, 20@g/mL ampicillin, and 0.2% arabinose.
The YidC mutants were expressed by adding 1 mM IPTG
for 3 h. Cells from 100 mL of culture were disrupted in 25
mM Tris-Cl at pH 8.0, 10% glycerol, and 100 mM NacCl by
two cycles in a French pressure cell at 8000 psi. The
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Ficure 1: Mutants of YidC. Schematic representation of the
membrane topology (A) of YidC and the deletion mutants (B). The
boxes represent the transmembrane regions. Residue2624
265346, and 265454 were deleted from YidC exploitirigant1
sites (see the Experimental Procedures). The constARs 83,
A25—-214,A25—-323, andA25—323 were described in rdf7. For

the C-terminal deletion constructs, stop codons were introduced at
positions 415, 493, and 527.

homogenate was centrifuged at 16 §@6r 15 min, and the
clear supernatant was solubilized by the addition of 2%
dodecylmaltoside (DDM) fol h at 4°C. The cleared extract
was diluted to 0.1% DDM in 10 mM imidazole. Metal-
chelating sepharose loaded with CuStas added, and the
sample was incubated overnight @ while gently mixing.
The beads were sedimented by centrifugation for 5 min at
3000 rpm in a microfuge and washed twice with buffer
containing 10 mM imidazole and with buffer containing 500
mM imidazole. YidC-Sec complexes were eluted by buffer
containing 50 mM ethylenediaminetetraacetic acid (EDTA).

For the isolation of the MBPYidC fusion proteins, C43
cells (10 mL) were expressedrfd h at 37°C, harvested by
centrifugation, and resuspended in 20 mM Tris-Cl at pH 7.4,
200 mM NaCl, 1 mM EDTA, 1 mM dithiothreitol (DTT),
and 0.1 mM PMSF. The cells were broken by freetteaw
cycles and sonication and mixed with amylose resin for 30
min at 4°C. The resin was washed with 10 column volumes
of 20 mM Tris-Cl at pH 7.4, 200 mM NaCl, 1 mM EDTA,
and 1 mM DTT and eluted with 10 mM maltose in the same
buffer.

RESULTS

YidC Deletion MutantsThe 548 residuee. coli YidC
protein spans the membrane 6 times {®fFigure 1). The
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Ficure 2: Complementation of the growth defect and inducible
expression of plasmid-encoded YidC. &) Fresh overnight
cultures of JS7131 cells transformed with pGZ-IM60 encoding the
respective mutant were grownrf@ h in LB supplemented with
0.2% glucose and streaked out on LB agar plates supplemented
with 0.2% arabinose (A), 0.2% glucose (B), or 0.2% glucose and
1 mM IPTG (C). The empty plasmid (pGZ) and the plasmid coding
for wild-type YidC (YidC") are shown as controls. (D) To test for
expression levels of the mutant proteins, the cells were analyzed
for their YidC content on a Western blot with antiserum directed
to the C-terminal tail of YidC. Cultures (2 mL) encoding the wild-
type YidC or the respective mutant were grown in 0.2% arabinose
to a density of 2< 1 cells/mL, washed, and resuspended in fresh
medium containing 0.2% arabinose (lane 1), 0.2% glucose (lane
2), or 0.2% glucose and 1 mM IPTG (lane 3), respectively. The
cells were grown for 3 h, and the protein was acid-precipitated
and analyzed by SDSPAGE and Western blot. Cells encoding
A24—264 (lane 4)A265—-454 (lane 5), on265—346 (lane 6) were
grown with 0.2% glucose and 1 mM IPTG under identical
conditions. (E) Location of the mutant proteins in the cell was
analyzed by cell fractionation. Wild-type YidC (lanes-3) and
mutantsA24—264 (lanes 46), A265-454 (lanes 79), or A265—

346 (lanes 16-12) were expressed by the addition of 1 mM IPTG.
High-speed supernatant (cytoplasmic and periplasmic fractions)
(lanes 1, 4, 7, and 10), high-speed pellets (membrane fractions)
(lanes 3, 6, 9, and 12), and the low-speed precipitates potentially
containing inclusion bodies (lanes 2, 5, 8, and 11) were collected
and analyzed by SDSPAGE and Western blots.

E. coliJS7131 strain has a deletion in the origipialC gene

and therefore depends upon a second chromosgd@bene
under the control of tharaBAD promoter (4). Growth of
JS7131 in the presence of glucose causes depletion of YidC.
After growth in glucose for 3 h, the plasmid-encoded mutant
proteins were then analyzed for their ability to complement
the growth defect of the YidC depletion strain. Strains
containing specific YidC deletion mutants were plated on
LB with arabinose, LB with glucose, and LB with both
glucose and IPTG (parts-AC of Figure 2). IPTG induced
the expression of the plasmid-encoded YidC variants. The
cells expressing the wild-typadC showed normal growth

on arabinose medium (Figure 2A), but on the glucose
medium, normal growth was only observed in the presence
of IPTG (Figure 2C). In glucose medium without IPTG, the
formation of colonies was restricted and occurred only in

periplasmic domain between the first two transmembrane the heavy streak region (Figure 2B). Therefore, growth in
regions is 322 amino acid residues in length, whereas theglucose medium depends upon the induction of the plasmid-
other two periplasmic regions are rather small and predictedborneyidC. Interestingly, theA24—264 mutant, which lacks
to contain only 19 and 3 amino acid residues, respectively. 240 residues of the large periplasmic domain, was viable on
In this study, the functional roles of the large periplasmic glucose with IPTG. The\265—-454 mutant, missing the 82
and the transmembrane regions of YidC were investigated carboxyl-terminal residues from the periplasmic domain and
by a defined set of site-directed deletion mutants (Figure 1B). the transmembrane helices 2 and 3, and the m&266—

To test which regions of YidC are important for function, 346, where only the 82 residues of the periplasmic domain
we first examined whether the various mutants can comple- were deleted, did not grow under these glucose conditions
ment the growth defect of the YidC depletion strain, JS7131. in the presence of IPTG (Figure 2C). The expression levels
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of both mutants (lanes 5 and 6 in Figure 2D) were A24-264
comparable to the wild-type YidC (lanes 1 and 3 in Figure 6

WT-YidC
1, 2 3 4 5
2D), as determined by immunoblotting. The Yid{27— g
548, lacking the carboxyl-terminal cytoplasmic tail, was able - =
b - -

w
]
o
by
O

—__ T3kD
- AS2T-548
to support growth on medium with glucose and IPTG (Figure 35w
2C). However, when the last-2t transmembrane regions
of YidC were removed, as with th®493—548 andA416—

548 proteins, the YidC mutants were defective in supporting
growth in glucose media in the presence of IPTG. These anti-6his
data suggest that the C-terminal cytoplasmic domain and
most of the first periplasmic region of YidC have dispensable
functions. Ficure 3: Interaction of YidC with SecFE. coli C43 cells (100
Membrane Fractionation of the YidC Deletion Mutants. ™Mk culltur%s) ovderﬁxpressigg Yid?-Hi_s-tagged mutlantslaggjl_Se;gF
The YidC mutants that have deleions in their perplasmio Yei> bS50 2118 memcrane acton as genty solubized by
domain were further tested for their localization in the cell. affinity chromatography and analyzed on SESAGE and Coo-
Exponentially growing JS7131 cells expressing the YidC massie-stained gels (upper panels) or immunoblotted and visualized
mutants were induced f& h with 1 mM IPTG and lysed by enhanced chemiluminescence (ECL) detection (lower panels).
using a French press. Potential inclusion bodies were SpunShown are the load fractions (lanes 1, 4, and 7), the fractions of

. P the last imidazole wash (lanes 2, 5, and 8), and the EDTA-eluted
down at 10 00g for 15 min (lanes 2, 5, 8, and 11 in Figure  factions (lanes 3, 6, and 9). Indicated by an arrow are the positions

2E), and the supernatant was subjected to high-speedof the wild-type YidC protein (lane 3), th&24—264 YidC mutant
centrifugation (100 00§ for 90 min) to separate the mem- (lane 6), theA527—548 YidC mutant (lane 9). The middle panels
branes (lanes 3, 6, 9, and 12 in Figure 2E) from the soluble shqw immunoblots of the respecti\(e bands with anti-His-tag
fraction that contains cytoplasmic and periplasmic proteins ggtr']fjir‘dvnilha;'gtit_hseelgg"g;gggf&sm show immunoblots of the respeciive
(lanes 1, 4, 7, and 10 in Figure 2E). The wild-type YidC '
(lanes +3) and the mutantd24—264 (lanes 46), A265— whether the first periplasmic region of YidC is sufficient
451 (lanes #9), andA265-346 (lanes 16-12) were found for SecF binding. To do this, residues-2347 were fused
in the membrane fraction, together with the leader peptidaseto the carboxyl-terminal end of the MBP, creating the fusion
Lep control (Figure 2E). GroEL, the cytoplasmic control, protein MBP-P1.E. coli C43 cells expressing the fusion
was found in the soluble fraction. No YidC protein was found protein MBP-P1 or MBP as a control were used. These cells
in the soluble fraction or in the low-speed pellet. Similarly, were induced fo3 h (lanes C= cells in Figure 4A), lysed
the mutantsA493—-548, A416-548, andA527—548 were by sonication, and incubated with amylose resin (lanes L
found in the membrane fraction (data not shown). We load). The nonbound material was washed off [lanes F
conclude that these deletion mutants are localized to theflow through (not shown) and W wash], eluted (lanes E
membrane. = eluent), and analyzed for the MBP binding (upper panel)
Interaction of YidC with the SecF Component Requires and SecF coelution (lower panel). Whereas the cell extract
the First Periplasmic Regior.he YidC protein interacts with  expressing MBP (right panel) did not show SecF coeluting
the Sec translocase by direct interaction with the SecDF with MBP, the corresponding fraction from cells expressing
proteins 20). We investigated whether the YidC deletion the MBP-YidC fusion (left panels) did show SecF coeluting
mutants still show this interaction by testing whether YidC with the MBP-P1 protein. This indicates that residues-24
copurifies with SecDF. To express the YidC deletion 347 of YidC are sufficient for binding SecF.
mutants, they were first subcloned into the plasmid pET16b, Residues 215265 Encompass the SecF-Binding Region.
which extends the protein with a &Mis tag at the N To determine which region of the periplasmic domain of
terminus. The His-tagged YidC proteins were expressed in YidC is required for SecF binding, deletions were made
C43 cells that overproduce and coexpress SecDF to ensurevithin the YidC portion of the MBP-P1 fusion protein
that the YidC proteins and SecDF are expressed in a similar(Figure 4B). The binding of YidC to the various MBP fusion
amount. After metal-affinity chromatography of the solubi- proteins was analyzed by copurification studies, as described
lized membrane material (lanes 1, 4, and 7 in Figure 3A), in the previous section for MBP-P1. All of the proteins
the final wash (lanes 2, 5, and 8 in Figure 3A) and elution containing YidC residues 21265 had SecF in the coelution
fractions (lanes 3, 6, and 9 in Figure 3A) were tested for fractions, whereas the fusion protein with the YidC residues
their His-tagged YidC using anti-His antiserum (middle 265-347 did not coelute SecF. These results suggest that
panels) and SecF content (lower panels). While the wild- the SecF-binding motif is located within the YidC region
type (lanes *3) and theA527-548 mutant lacking the = 215-265.
C-terminal cytoplasmic tail (lanes—®) showed efficient Membrane Insertase Function for Sec-Independent Protein
coelution of SecF with YidC, th&24—264 mutant lacking SubstratesTo test whether the mutant YidC proteins are
240 residues of the periplasmic domain, however, did not still functional for membrane insertion of Sec-independent
coelute (lanes 46). SecF and YidQ\24—264 were found proteins, the membrane assembly of M13 procoat protein
in comparable amounts in the load fraction (lane 1), but SecF (parts A and B of Figure 5) and subunit C of thg=FATP
was detected only in the flow through (data not shown). synthase (Figure 7) were analyzed. In the YidC depletion
Therefore, we conclude that the4—264 mutant is defective  strain JS7131, the Sec-independent procoat protein ac-
in the interaction with the SecDF of the Sec complex. cumulates in a nontranslocated form at the cytoplasmic side
The YidC Periplasmic Region, Encoding Residues 24 of the membrane and is not cleaved by leader peptid2&e (
345, Is Sufficient for Binding SeclNext, we investigated  Because the cleavage of procoat by leader peptidase can

24 kD
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_ l._—._ e —— t:—-—-l FiIGURES: M13 procoat processing depends upon a functional YidC.
MBP85-347 e E. c0liJS7131 cells were transformed with pMS-8 coding for M13
MBP150-347 K*—- M procoat and pGZ-IM60 coding for the respective YidC mutants.
The cells were depleted of YidC by growth in the presence of 0.2%
MBP215-347 m g‘ glucose, as described in the Experimental Procedures. Plasmid-
encoded proteins were induced with 1 mM IPTG for 10 min and
MBP265-347 |""‘""""" "‘l |"""“""' | pulse-labeled with 3S]-methionine for 1 min. Samples were
MBP215-265 h! il :1 immunoprecipitated with an antibody to M13 coat and analyzed
by SDS-PAGE and phosphorimaging (A). The accumulation of
FiGure 4: Residues 214264 of YidC include the SecF-binding  procoat was followed in cells grown in the presence of 0.2% glucose
region. (A) Periplasmic region P1 of YidC (residues-B47) was (even-numbered lanes) and compared to cells grown in the presence

fused to the carboxyl-terminal end of the MBP, and the respective of 0.2% arabinose (odd-numbered lanes). (B) Quantification of the
plasmid (pMalY) was transformed int6. coli C43 together with accumulation of procoat under glucose conditions when the cells
pCDF, encoding SecF, SecD, and YajC (left panels). As a control, contained an empty vector (pGZ), a respective plasmid coding for
cells expressing the nonfused MBP were analyzed (right panels). wild-type YidC (pGZ IM60), and the indicated YidC mutants was
The cells were grown to exponential phase, induced with 1 mM performed as described in the Experimental Procedures.

IPTG, and grown for another 3 h. Then, the cells were lysed (lanes . . . .
C = cells), and the cellular extract (lanes= load) was passed  depletion strain (Figure 2C). YidB3493-548 andA415-

over an amylose column. The flow through (F) was collected. The 548 mutants, lacking either 2 or 4 transmembrane segments,
column was washed with 10 column volumes (lanessWash), respectively, could not complement the growth defect of the
and the bound material was eluted with 10 mM maltose (lanes E vyiqdc depletion strain (Figure 2C). As a control, we

= eluent). The samples were analyzed by SIPAGE, Coomassie - b ;
blue staining (upper panels), and Western blotting with antiserum confirmed that these two C-terminal truncated mutants were

to SecF (lower panels). (BJ. coli C43 cells overexpressing MBP ~ €xpressed and localized in the membrane by fractionation
fused to portions of the first periplasmic domain P1 of YidC. The studies (data not shown). These two mutants were also

numbe:jsaindthe MBP con?]truct ref:ar to the residu&as odeidCbthgt deficient in their membrane insertase function for M13
were added onto MBP. The samples were treated as described i i i i
Ay by st B i MEP (o ) 4 s st e e el s s
ght panels) sera. . . .
functional (lanes 15 and 16). Figure 5B summarizes the
easily be visualized by phosphorimaging after SIPAGE, results with the accumulated procoat protein for each of the
transformed JS7131 cells expressing the procoat protein weradeletion mutants. JS7131 cells with the wild-type24—
pulse-labeled for 1 min with*{S]-methionine and analyzed 264, andA527—548 YidC proteins showed no or very little
by immunoprecipitation, SDSPAGE, and phosphorimaging accumulation when depleted of the chromosomally encoded
(Figure 5A). When the cells were grown with arabinose, to YidC, yet the other four mutants accumulated procoat to a
express the chromosomal copy of YidC, nearly all of the level similar to the empty plasmid (pGZ). In conclusion, the
procoat protein was cleaved to the coat protein (odd- deletion of the residues 26346 in the periplasmic region
numbered lanes in Figure 5A). However, when the cells were of YidC severely affects the insertase function, whereas the
grown in glucose to deplete the chromosomal YidC, un- removal of the residues 24264 has no effect.
cleaved procoat accumulated in the cases where plasmid- YidC A24—264 Mutant Is Still Functional To Insert Sec-
encoded YidC was either not present (lane 2) or not Dependent Proteing.o test whether the impaired interaction
functional (lanes 8, 10, 12, or 14). In cells bearing the of the YidC A24—264 with SecF affects the membrane
plasmid pGZ-IM60, coding for the wild-type YidC, the insertase activity for Sec-dependent proteins, we examined
procoat was efficiently cleaved under glucose conditions the insertion of subunit A of i/ ATP synthase. The
(lane 4). Cells expressing the deletion muta#4—264 insertion of subunit A depends upon YidC and SecYEG, as
(lanes 5 and 6) also showed efficient cleavage of the procoatwas shown with subunit A-P2 with a C-terminally extended
protein under glucose conditions. The Yid&265-454 version derived from the P2 domain of leader peptidasg (
(compare lanes 7 and 8) and th&65-346 (see lanes 9  We used the proteinase protection assay to determine which
and 10) mutants were defective in their membrane insertion residues in the periplasmic domain of YidC are required for
function. Uncleaved procoat protein accumulated in both inserting the subunit A-P2 protein (Figure 6). The wild type
cases. and the A24—264 andA25—323 YidC mutants allowed
We also examined the effect of deleting the C-terminal normal insertion of subunit A-P2, because it was accessible
tail of YidC and the region of YidC containing the either to the protease and generated the protease-protected frag-
last 2 or 4 transmembrane segments (Figure 1B). As ments (PpfA and PpfB). Subunit A-P2 was largely resistant
mentioned previously, the Yid@Q527—548, lacking the  to proteinase K digestion when t265-346 YidC mutant
C-terminal tail, could functionally complement the YidC was present and therefore deficient for membrane insertion.
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FIGURE 6: YidC A24—264 can promote the insertion of a Sec- ‘ g ¢m
dependent proteinE. coli JS7131 cells expressing YidC, YidC | «p
A24—264, YidCA25-323, or YiIdCA265-346 from pACYC and ~ A24-264 Hﬂ“ﬂ —
coexpressing the ATP synthase subunit A-P2 were grown in i
arabinose to express the chromosomally encoded YidC (Ara) or in L p— -
glucose to deplete the chromosomal wild-type YidC (Glc). ATP A25-214 -mT e e ¢m

synthase subunit A-P2 expression was induced for 5 min with 1

. T ! | B | 4-p
mM IPTG, and cells were pulse-labeled wifig]-methionine for A25-83 a—— gy “‘ -
30 s. Cells were then converted to spheroplasts and analyzed by haed - =

the protease accessibility assay, as described under the Experiment: - . <
Procedures. The samples were then TCA-precipitated and subjecte(ﬂ265'346 - . iq Rl - 4-::1
to immunoprecipitation with anti-Lep (recognizes P2 domain)
serum. The amount of the nontranslocated subunit A-P2 was PK = % = s
quantified by comparing the amounts of the intact protein in the Ficure 7: Residues 323346 of the periplasmic domain of YidC
protease-treated and nontreated samples. The percentage of aare functionally important for membrane insertion of Sec-
cumulation is shown below the protease-treated lane. For controls,independent and Sec-dependent protels.coli JS7131 cells
the accessibility of GroEL (a cytoplasmic protein) and OmpA (outer expressing YidC, YidCA25—83, YidC A25—214, YidC A24—
membrane protein) to externally added protease was tested (lower64, YidC A25—323, YidC A25—332, or YidCA265-346 from
panels). The samples were analyzed by SP8GE using a 15% pACYC and coexpressing the ATP synthase subunit C-His (left
polyacrylamide gel and phosphorimaging. PpfA and PpfB are panels) or procoat-Lep-3M (PClep-3M) (right panels), respectively,
protease-protected fragments generated by digestion of subunitwere grown in arabinose (Ara) or in glucose ®h todeplete the
A-P2. chromosomal wild-type YidC (Glc) as described in the Experimental
. . . Procedures. Expression of subunit C-His was induced by the
In these studies, outer membrane protein A (OmpA), which addition of 1 mM IPTG for 5 min and then pulse-labeled with 60
serves as a positive control, is digested by externally addeduCi [3°S]-methionine for 30 s. The cells were converted to

protease (lower panels in Figure 6). The cytosolic protein spheroplasts and digested with proteinase K for 30 min on ice, and

GroEL, the negative control, is resistant to the addition of then the subunit C-His was pulled down using BD TALON metal-
protease affinity resin as described in Experimental Procedures and analyzed

. . . by SDS-PAGE and phosphorimaging (left panels). For PClep-
We then tested a series of YidC mutants, with small to 3\, the cells were labeled witt#35]-methionine for 30 s, TCA-

large deletions in the periplasmic domain, for the insertion precipitated, and analyzed by SBBAGE and phosphorimaging
of subunit C of the B, ATP synthase. The insertion of this ~ (right panels). _ _
protein requires only YidC 16, 25, 27). The membrane tlvely (Flgurg 7). We conclude th_at the region required for
insertion of the subunit C protein can be analyzed with a he interaction with SecF (residues 21Z65) has no
10x His tag engineered into the cytoplasmic loop and an 8 functional role in the membrane insertion of any of the
residue tag added to the periplasmic tail. Both its N- and Substrates.

C-terminal tails are exposed in the periplas@b)( The

addition of proteinase results in a small shift of the subunit DISCUSSION

C protein (left panels in Figure 7), if the protein was inserted  YidC is a novel participant in the protein-assisted pathway
into the membrane. The results confirm that residues265 of membrane protein insertion in bacteria. It is a key player
346 of YidC are functionally important for membrane in the Sec pathway because conditional chromosomal
insertion because the addition of the proteinase K did not mutants inyidC affect the translocation of certain Sec-
result in a shift in the molecular weight of subunit C when dependent membrane proteirg (4, 25). YidC forms a
the cells were grown in glucose to deplete the chromosomally complex with SecDF, allowing it to associate with the Sec
encoded YidC (lowest panel). While the Yid€25—-332 and translocase20).

A265-346 mutants could not promote the membrane inser- In this study, we analyzed a set of deletion mutants to
tion of subunit C-His, all of the other deletion mutants were identify the regions of YidC that are involved in the
able to stimulate membrane insertion of the protein. We theninteraction with SecDF. In addition, we tested which of the
tested the procoat-Lep mutant 38} and similar results  YidC regions are critical for its membrane insertase function
for all of the YidC mutants were obtained (right panels in and for cell viability. We found that the YidC mutan4—
Figure 7). The membrane insertion and processing of the 264, lacking 240 residues of the first periplasmic region of
PClep-3M derivative strongly depends upon SecDF and YidC, did not copurify with SecF, whereas the wild-type
YidC. Strikingly, the PClep-3M mutant was processed protein and theA527—548 YidC mutant lacking the C-
normally when expressed in the presence of Al2d—264 terminal tail region were capable of binding SecF (Figure
mutant (right panel in Figure 7), despite impaired SecDF 3). Furthermore, we showed that YidC residues 2265
binding (Figure 3A). PClep-3M was inhibited for membrane are sufficient for SecF binding, because we found that a MBP
insertion only when the cells were grown in glucose in the fused to YidCA215-265 is capable of copurifying SecF
presence of thA25—332 andA265-346 mutants, respec- by affinity chromatography (Figure 4). These observations




YidC—SecF Interaction Biochemistry, Vol. 45, No. 44, 2006.3407

seem reasonable because Oxalp, the mitochondrial homoACKNOWLEDGMENT
logue of YidC, lacks the region corresponding to the

periplasmic residues 24264. Accordingly, Sec homologues acknowledged. We are grateful to Stephanie Gutzmer for

are not present in mltochondrlaSQ. _ the initial studies of this project and to Fenglei Jiang for
Remarkably, the non-SecF-binding mutan®4-264  providing pACYC constructs encoding the YidC mutants.

complemented the YidC depletion strain JS7131 for growth

(Figure 2). This implies that its interaction with SecF is not REFERENCES

an essential feature of YidC. In accordance Wlth. thisfinding, 3 chen, M.. samuelson, J. C., Jiang, F., Muller, M., Kuhn, A., and

it was recently reported that only the Sec-independent Dalbey, R. E. (2002) Direct interaction of YidC with the Sec-

function of YidC is conserved and essential for growan)( ;Dde%engertgg?’ Coazgr;;oggg%ggg its membrane protein inser-

. . 1on, J. lol. em. s .
When we analyzed thAZ4—264, mutant for its f“”?“"” to 2. Gallusser, A., and Kuhn, A. (1990) Initial steps in protein
insert Sec-dependent and Sec-independent proteins, we were  membrane insertion. Bacteriophage M13 procoat protein binds

Expert technical assistance of Marina Kossmann is greatly

surprised to observe that th&24—264 mutant was fully t207t2h36_ meznsbrane surface by electrostatic interac&BO J. 9
functlonal a_md all substrate proteins tested were.membrane- 3. Keenan, R.'J” Freymann, D. M., Stroud, R. M., and Walter, P.
inserted (Figures57). In contrast, when the region 265 (2001) The signal recognition particlannu. Re. Biochem. 70
346 was deleted from YidC, the function of YidC was 755-775.

inhibi _ i _ 4.Roos, T., Kiefer, D., Hugenschmidt, S., Economou, A., and Kuhn,
inhibited for both Sec-dependent and Sec-independent sub A. (2001) Indecisive M13 procoat protein mutants bind to SecA

strates (Figures-57). The results suggest that the residues but do not activate the translocation ATPa&eBiol. Chem. 276
24—264 of the first periplasmic domain of YidC are required 37909-37915.

for the interaction with SecF but that this region is not critical - Mitra, K., Schaffitzel, C., Shaikh, T., Tama, F., Jenni, S., Brooks,
for the YidC function C. L, lll, Ban, N., and Frank, J. (2005) Structure of tecoli

protein-conducting channel bound to a translating ribosome,
One possibility that explains these results is that the Nature 438 318-324.

. . . 6. Urbanus, M. L., Scaotti, P. A., Froderberg, L., Saaf, A., de Gier, J.
SecYEGDFyajC and YidC can operate sequentially and a W., Brunner, J., Samuelson, J. C., Dalbey, R. E., Oudega, B.,

direct molecular interaction is not crucial. Another possibility and Luirink, J. (2001) Sec-dependent membrane protein inser-
is that the high abundance of YidC over the SecYEG tion: Sequential interaction of nascent FtsQ with SecY and YidC,
components allows for the interaction with the Sec machinery EMBO Rep. 2524-529.

. . . . 7. Beck, K., Eisner, G., Trescher, D., Dalbey, R. E., Brunner, J.,
even with a low binding affinity. To address this, the low and Muller, M. (2001) YidC, an assembly site for polytopic

copy number plasmid pACYC was used for expressing the Escherichia colimembrane proteins located in immediate proxim-

; ; ; ity to the SecYE translocon and lipidEMBO Rep. 2709-714.
YidC mutant (Figure 6). Still, there was no observable effect 8. Nagamori, S.. Smimova, I. N., and Kaback, H. R. (2004) Role of

in ?he YidC function for Sec-dependent proteins _When YidC in folding of polytopic membrane proteind, Cell Biol.
residues 24264 were deleted. In contrast, the deletion of 165 53-62. _ _
the periplasmic residues 26346 of YidC severely affected 9. Dalbey, R. E., and Kuhn, A. (2004) YidC family members are

. . . involved in the membrane insertion, lateral integration, folding,
the insertase function (Figures-3) and also the growth of and assembly of membrane proteidsCell Biol. 166 769-774.

the cells (Figure 2), demonstrating that this region of YidC 10.van der Laan, M., Nouwen, N. P., and Driessen, A. J. (2005)
is essential. As a control, we confirmed that Yid@65— YidC—An evolutionary conserved device for the assembly of

: : : energy-transducing membrane protein complexasy. Opin.
346 is expressed in the cell and localizes to the membrane  y.cobi o) 8, 182-187.

(Figure 2E). However, deletion of residues 26816 from 11. Luirink, J., Samuelsson, T., and de Gier, J. W. (2001) YidC/Oxalp/

YidC may cause a structural perturbation in another region Alb3: E?/f;llll_:tg)gal_r")t/t ngiirvsed mediators of membrane protein
; ; ‘o Apit ; assembly ett. —5.

.Of the.YIdC prqteln that is Cr.ltlcal for the membrane p,rOtem 12. Dalbey, R. E., and Kuhn, A. (2000) Evolutionarily related insertion

insertion function. The requirement of this 26346 region pathways of bacterial, mitochondrial, and thylakoid membrane

for YidC activity nicely complements previous dath7], proteins,Annu. Re. Cell. Dev. Biol. 16, 51-87.

; ; i ; i 13. Houben, E. N., Scaotti, P. A, Valent, Q. A., Brunner, J., de Gier,
showing that YidC is fully functional for a Sec-independent 3., Oudega, B., and Luirink, J. (2000) Nascent Lep inserts into

substrate when residues 2823 of YidC are deleted, theEscherichia colinner membrane in the vicinity of YidC, SecY
whereas YidC is not functional when residues-2332 are and SecAFEBS Lett. 476229-233. _
deleted. Taken together, we suggest thatEheoli YidC 14. Samuelson, J. C., Chen, M., Jiang, F., Moller, I., Wiedmann, M.,

. . . . . . Kuhn, A., Phillips, G. J., and Dalbey, R. E. (2000) YidC mediates
C-terminal portion of the periplasmic region (residues-323 membrane protein insertion in bacterNature 406 637—641.

346) is of functional importance for inserting Sec-indepen- 15. Serek, J., Bauer-Manz, G., Struhalla, G., van den Berg, L., Kiefer,

dent and Sec-dependent proteins_ D., Dalbey, R., and Kuhn, A. (ZOOABScherichia coliYidC is a
. . . membrane insertase for Sec-independent prot&NB0O J. 23
As predicted for its role as a membrane inserté&h, ( 294-301.

the transmembrane regions of YidC are primarily important. 16. van der Laan, M., Bechtluft, P., Kol, S., Nouwen, N., and Driessen,

; ; : ; ; A. J. (2004) kFy ATP synthase subunit c is a substrate of the
Most likely, YidC binds its substrates by hydrophobic novel YidC pathway for membrane protein biogenesdisCell

interactions. Site-specific cross-linking experiments have Biol. 165 213-222.
shown that hydrophobic regions of nascent chains are in 17.Jiang,(F., C;len,fM.,Yi,hL., de Gier,ﬂJ.V}\{., KlI:I]hn,AI., adnd I?]albey,
i ; ; R. E. (2003) Defining the regions @&scherichia coliYidC that
pro?(lmlty FO Yld.C (L. 6’.13’.14)' The function of th? large contribute to activityJ. Biol. Chem. 27848965-48972.
periplasmic region, which is more than half the size of the ;g Jiang, F., Yi, L., Moore, M., Chen, M., Rohl, T., van Wijk, K. J.,
total protein, is still unknown. Intriguingly, in Gram-positive de Gier, J. W., Henry, R., and Dalbey, R. E. (2002) Chloroplast
. ,h o) alth h fth b ia h YidC depletion strain and promote membrane insertion of both
is very short {1, 32), although some of these bacteria have bacterial and chloroplast thylakoid proteids,Biol. Chem. 277
homologues of SecF and SecD. 19281-19288.



13408 Biochemistry, Vol. 45, No. 44, 2006

19.

20.

21.

22.

23.

24.

25.

26.

Saaf, A., Monne, M., de Gier, J. W., and von Heijne, G. (1998)
Membrane topology of the 60-kDa Oxalp homologue from
Escherichia coli J. Biol. Chem. 27330415-30418.

Nouwen, N., and Driessen, A. J. (2002) SecDFyajC forms a
heterotetrameric complex with Yid®jol. Microbiol. 44, 1397
1405.

Scotti, P. A., Urbanus, M. L., Brunner, J., de Gier, J. W., von
Heijne, G., van der Does, C., Driessen, A. J., Oudega, B., and
Luirink, J. (2000) YidC, theEscherichia colihomologue of
mitochondrial Oxalp, is a component of the Sec translocase,
EMBO J. 19 542—-549.

Lessl, M., Balzer, D., Lurz, R., Waters, V. L., Guiney, D. G., and
Lanka, E. (1992) Dissection of IncP conjugative plasmid trans-
fer: Definition of the transfer region Tra2 by mobilization of the
Tral region in trans). Bacteriol. 174 2493-2500.

Duong, F., and Wickner, W. (1997) The SecDFyajC domain of
preprotein translocase controls preprotein movement by regulating
SecA membrane cyclindEMBO J. 16 4871-4879.

Cao, G., Kuhn, A., and Dalbey, R. E. (1995) The translocation of

negatively charged residues across the membrane is driven by the 31

electrochemical potential: Evidence for an electrophoresis-like
membrane transfer mechanisBEMBO J. 14 866—-875.
Yi, L., Celebi, N., Chen, M., and Dalbey, R. E. (2004) Sec/SRP

requirements and energetics of membrane insertion of subunits g5

a, b, and ¢ of theescherichia coliFiFy ATP synthase,). Biol.
Chem. 27939260-39267.

Samuelson, J. C., Jiang, F., Yi, L., Chen, M., de Gier, J. W., Kuhn,
A., and Dalbey, R. E. (2001) Function of YidC for the insertion

27.

28.

29.

Xie et al.

of M13 procoat protein irfE. coli. Translocation of mutants that
show differences in their membrane potential dependence and Sec
requirement,J. Biol. Chem. 27634847-34852.

van Bloois, E., Jan Haan, G., de Gier, J. W., Oudega, B., and
Luirink, J. (2004) kFy ATP synthase subunit c is targeted by the
SRP to YidC in theE. coliinner membrane;EBS Lett. 57697—

100.

Chen, M., Xie, K., Yuan, J., Yi, L., Facey, S. J., Pradel, N., Wu,
L. F., Kuhn, A, and Dalbey, R. E. (2005) Involvement of SecDF
and YidC in the membrane insertion of M13 procoat mutants,
Biochemistry 4410741-10749.

Glick, B. S., and von Heijne, G. (1998accharomyces cersiae
mitochondria lack a bacterial-type Sec machin@&mgtein Sci. 5
2651-2652.

30. van Bloois, E., Nagamori, S., Koningstein, G., Ullers, R. S., Preuss,

M., Oudega, B., Harms, N., Kaback, H. R., Herrmann, J. M., and
Luirink, J. (2005) The Sec-independent functionEsfcherichia
coli YidC is evolutionary-conserved and essentiaBiol. Chem.
280, 12996-13003.

Kuhn, A., Stuart, R., Henry, R., and Dalbey, R. E. (2003) The
Alb3/Oxal/YidC protein family: Membrane-localized chaperones
facilitating membrane protein insertionfdends Cell Biol. 13
510-516.

Yen, M. R., Harley, K. T., Tseng, Y. H., and Saier, M. H., Jr.
(2001) Phylogenetic and structural analyses of the oxal family
of protein translocase§EMS Microbiol. Lett. 204223—-231.

BI060826Z



