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YidD is required for efficient membrane insertion of
the NADH dehydrogenase subunit NuoK

Abstract
In Escherichia coli, most inner membrane proteins are inserted into the membrane
via the SecYEG complex and/or via YidC. YidD is a small peripheral membrane
protein whose gene localizes in a well-conserved gene cluster rpmH-rnpA-yidDyidC-trmE. A functional link between YidC and YidD has been suggested, but the
role of YidD in membrane biogenesis is unknown. Deletion of the yidD gene resulted
in a reduction of the proton motive force and a weak overexpression of the stress
protein PspA. YidD co-purified with SecYEG and NuoK, the membrane subunit of
the NADH dehydrogenase complex. An interaction with YidC was observed only
when YidC and YidD were co-overexpressed. Membrane insertion of NuoK, which is
dependent on both SecYEG and YidC, was stimulated by YidD, whereas membrane
insertion of subunit c of the F1F0ATPase complex, a specific YidC substrate, remained
unaffected. Yet YidD was still required for the functional assembly of the F1F0ATPase
complex. We propose that YidD is a new component of the translocase that stimulates
SecYEG-YidC mediated insertion.
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Introduction
In E. coli, inner membrane proteins (IMPs) are co-translationally inserted into the membrane
via YidC and/or the SecYEG complex [1]. The latter forms a hourglass-shaped channel with
a constriction called “pore ring” and a short helical “plug” at the periplasmic face of the
membrane folds back into the channel [1–3]. IMPs may exit the SecYEG channel via the
lateral gate of SecY that provides a direct access to the lipid bilayer. Some IMPs require both
SecYEG and YidC for membrane insertion. YidC localizes to the lateral gate [4] and may
facilitate membrane partition of transmembrane segments (TMSs) of IMPs and/or function
as a chaperone assisting in the folding and/or assembly of IMPs [5]. YidC belongs to the YidC/
Oxa1/Alb3 superfamily of membrane insertases that facilitate the assembly of membrane
proteins in bacteria, mitochondria and plant thylakoids, respectively. YidC possesses a
conserved core domain of five TMSs with a hydrophilic groove at the cytoplasmic leaflet of
the membrane [6]. This groove is supposed to be the catalytic center of membrane insertion
and may allow inserting TMSs to slide directly into the hydrophobic acyl region of the lipid
bilayer [7]. Some IMPs, such as the F0a and F0b subunits of the F1F0ATPase [8,9], CyoA of
the cytochrome bo3 oxidase [10,11], and NuoK of the NADH dehydrogenase [12] require
both YidC and SecYEG for membrane insertion. Other proteins, such as LacY and MalF
[13,14] insert via SecYEG but depend on YidC for proper folding. YidC can also function
independently of SecYEG as an insertase for a subset of small IMPs, such as the endogenous
substrates F0c subunit of the F1F0ATPase [15] and MscL [16] in E. coli, and the exogenous Pf3
phage coat and M13 procoat proteins [17,18].
The yidC gene is localized in a well conserved operon composed of five genes in the order of
rpmH, rnpA, yidD, yidC and trmE, which are involved in protein synthesis and membrane
targeting [19,20]. The yidD gene localizes upstream of the yidC gene with only two base pairs
in between the two genes. The yidD gene encodes for a small protein termed YidD (85 residues,
~9.3 kDa), which localizes at the inner membrane via a predicted N-terminal amphipathic
α-helix [21]. Deletion of the yidD gene resulted into a number of fitness phenotypes in a
recent high-throughput phenotyping screen of a library of non-essential gene deletions in E.
coli, including increased sensitivity to detergents, paraquat, aminoglycosides and bleomycin
[22]. These phenotypes were shared by all other non-essential components of the SecYEG-

91

Chapter 4
YidC system that were part of the same screen (Fig. 1), suggesting a functional relationship
between YidD and SecYEG-YidC. Additional observations re-enforce this functional
correlation between YidC and YidD [21]. Deletion of the yidD gene was shown to result in
reduced levels of YidC-dependent IMPs such as the M13 procoat protein, F0c and CyoA [21].
In vitro crosslinking suggests that YidD is in close vicinity to a nascent FtsQ which is a SecYEG
dependent IMP [21]. These data point to a role for YidD in membrane protein biogenesis, but
direct evidence for a function in membrane insertion is lacking. Here, we demonstrate that
the small NADH dehydrogenase subunit NuoK that inserts into the membrane in a SecYEG
and YidC-dependent manner requires YidD for efficient membrane insertion. These data

Number of strains

suggest that YidD is a component in the SecYEG-YidC pathway.

Figure 1. Chemical sensitivities of ΔydiD cells correlated with those of ~ 4,000 bacterial mutants [22],
and represented as a histogram of correlation [R] values. Some of the most highly associated mutants
include that of the genes involved in the function of the SecA/SecYEG complex: secG is the only nonessential gene of the complex, yajC is a non-essential subunit of the SecDF complex that assists in the
SecA/SecYEG translocation, and hflC is modulating SecY stability.
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Table1. E. coli strains, plasmids and primers used in the study
Plasmid/strains

Description

Source

Plasmids
pTrc99A
pET15b
pBAD30yidD
pEK745
pEK746
pEThisYidDYidC
pJK810
pTrcyidC
pETNuoK

Expression vector with a hybrid trp/lac promotor
Expression vector with T7 promotor
pBAD30 containing yidD
pET15b containing yidD
pET15b containing yidD with an N-terminal 6×His-tag
pET15b containing his-yidD followed by yidC
pET15b containing yidC
pTrc99a harboring yidC
pET20 containing nuoK

[23]
Novagen
This study
This study
This study
This study
This study
[24]
[12]

supE44 hsdR14 recA1 endA1 gyrA96 thi-1 relA1∆lacU169
(Φ80 lacZ ∆M15); K12 derivative
∆yidC attB::(araC+ PBAD yidC+); Kanr
F- dcm ompT hsdSB(rB-mB-) gal (λDE3)
fhuA2 [lon] ompT gal (λDE3) dcm ∆hsdS/pLemo(Camr)
F-Δ(araD-araB)567ΔlacZ4787(::rrnB-3)λ- rph-1 Δ(rhaDrhaB)568 hsdR514
BW25113yidD::kanr

[25]

E. coli strains
DH5α
FTL10
BL21 (λDE3)
Lemo21 (DE3)
BW25113
BW25113∆yidD

[26]
Novagen
New England Biolabs
[27]
[28]

Materials and methods
Strains and plasmids
E. coli BW25113 and BW25113 ∆yidD::kanr was obtained from the Keio collection. E.
coli DH5α was used for molecular cloning. E. coli BL21 (λDE3) and E. coli Lemo21 (DE3)
were used for YidD overexpression. To clone yidD in pET15b, a PCR reaction was carried
out with the primers JDK157 (GATTATCCATGGCGCCGCCACTGTC) and JDK158
(CAGAAAGGATCCGCCAAAACAGCCAAGC) using pBAD30YidD as template. The
resulting fragment was cloned into the NcoI and BamHI sites of pET15b, yielding pEK745.
To fuse a hexa-histidine tag at the N-terminus of yidD, a PCR reaction was carried out
with the primers JDK158 (CAGAAAGGATCCGCCAAAACAGCCAAGC) and JDK159
(CCGATTACATATGGCGCCGCCACTGTC). The product was cloned into the NdeI and
BamHI sites of pET15b, resulting in pEK746.
For a plasmid allowing the overexpression of both hisYidD and YidC, the genes were amplified
with primers JDK159 and His-YidD-YidC using genomic DNA of E. coli K12 as template. The
product was cloned into the NdeI and XhoI sites of pET15b, resulting in pEThisYidDYidC.
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Cell growth and inner membrane vesicle isolation
E. coli BW25113 and BW25113∆yidD were grown overnight at 37 °C in LB medium without
and with 25 µg/ml kanamycin, respectively. Overnight cultures were 1:100 diluted into fresh
LB medium and grown at 37 °C to an optical density at 600 nm (OD600) of ~0.6. Cells were
harvested by centrifugation (7,500 × g, 10 min) and suspended in buffer S (50 mM Tris-HCl,
pH 8.0, 20 % (w/v) sucrose). Isolation of inner membrane vesicles (IMVs) was performed as
described [29].
To moderately express YidC in E. coli BW25113 and BW25113∆yidD harboring plasmid
pTrcyidC or the empty plasmid pTrc99A were grown overnight at 30 °C in LB medium
supplemented with 100 µg/ml ampicillin and when required 25µg/ml kanamycin. Expression
was induced with 25 µM isopropyl 1-thio-β-D-galactopyranoside (IPTG). Overnight cultures
were diluted 100-fold into fresh LB medium supplemented with 100 µg/ml ampicillin and 25
µM IPTG. Growth was continued to an OD600 of ~0.6 and cells harvested by centrifugation
(7,500 × g, 10 min), resuspended in buffer S, and subsequently used for IMVs isolation [29].
To obtain IMVs containing overexpressed hisYidD, E. coli Lemo21(DE3) cells containing
pEK746 were grown overnight at 30 °C in LB medium supplemented with 100 µg/ml
ampicillin. After a 40-fold dilution into fresh medium, growth was continued to an OD600 of
~0.5. Expression of YidD was induced by addition of 500 µM IPTG for 2 hours, and cells were
collected for IMVs isolation as described above.
YidC depleted IMVs from the strain E. coli FTL10 were prepared as described [24]. Cells
were grown overnight at 37 °C in LB medium with 0.2 % (w/v) arabinose and 100 µg/ml
ampicillin. Overnight cultures were washed with pre-warmed LB medium and diluted into
fresh LB medium containing 0.2 % (w/v) glucose and 100 µg/ml ampicillin. Growth was
continued to an OD600 of 0.6 whereupon the culture was two-fold diluted with fresh medium.
The procedure was repeated until growth cessation occurred. Cells were harvested for IMVs
isolation.
Proton motive force measurements
Generation of the transmembrane pH gradient (∆pH) was monitored by following the
fluorescence quenching of 9-amino-6-chloro-2-methoxyacridine (ACMA) [30]. The reaction
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mixture (total volume of 1 ml) at 30 °C contained buffer A (50 mM Hepes-KOH, pH 8.0, 50
mM KCl, 1 mM DTT and 5 mM MgCl2), 12.5 µg/ml IMVs and 1 µM ACMA. To generate
a ∆pH, 0.625 mM NADH or 1 mM ATP was added. Fluorescence quenching of ACMA was
monitored using SLM2 spectrofluorometer (Aminco Bowman) at the excitation and emission
wavelengths of 411 and 474 nm, respectively, with slit widths of 3 nm.
The generation of a ∆ψ was measured by using the potential sensitive dye oxonol VI [31].
The reaction containing 100 µg/ml IMVs in buffer A was initiated by addition of 1.25 mM
NADH or 1 mM ATP. Oxonol VI fluorescence was measured at the excitation and emission
wavelengths of 523 and 624 nm, respectively, using slit widths of 5 nm.
NADH dehydrogenase activity
NADH dehydrogenase activity was determined spectrophotometrically [32]. Measurements
were performed at 25 °C using 80 µg/ml IMVs and the artificial electron acceptor K3Fe(CN)6
(1 mM) in a buffer of 50 mM potassium phosphate, pH7.5, and 5 mM MgSO4∙Reaction was
initiated by the addition of 1 mM NADH and the reduction of K3Fe(CN)6 was monitored
spectroscopically at 420 nm. Measurements were calibrated with a concentration series of
K3Fe(CN)6 recorded at 420 nm.
To measure the NADH dehydrogenase activity as part of the entire electron transfer chain, the
absorbance change of NADH at 340 nm was followed in the presence of the electron acceptor
O2 [32]. Reactions were performed with 75 µg/ml IMVs in 50 mM Hepes-KOH, pH7.5, using
350 µM NADH.
ATPase activity
The ATPase activity of IMVs was measured by the release of inorganic phosphate using the
malachite green phosphate assay kit (GENTAUR). IMVs (15 µg/ml) were incubated in 50
mM Hepes-KOH, pH 8.0, 50 mM KCl, 2.5 mM MgCl2, 2 mM DTT and 1 mM ATP for 15 min
at 37 °C. Reactions were stopped at various time intervals by the addition of the malachite
green agent and the mixture was incubated for 30 min at 37 °C for color development. The
absorbance was measured at 660 nm, and the activity was calculated from a phosphate
standard curve. Measurements were corrected for background activity in the absence of
IMVs. The N,N’-dicyclohexylcarbodiimide (DCCD)-sensitive ATPase activity, which is the
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proton pumping coupling ATPase, was determined in the presence of 0.5 mM DCCD that
was prepared as a 100 mM stock solution in ethanol.
In vitro transcription, translation and insertion
In vitro synthesis and insertion was performed as described previously [12], except that the
buffer used was 50 mM Hepes-KOH pH 7.6. The reaction was carried out at 37 °C for 20
min (for F0c) or 30 min (for NuoK) in the presence of T7 polymerase, EasyTag EXPRESS35S
Protein Labeling Mix (PerkinElmer) and IMVs. A small portion of the reaction mixture was
taken as synthesis control, and in the case of F0c, the remainder was subjected to proteinase
K (2.5 mg/ml) digestion for 20 min at room temperature. For NuoK, the material was loaded
on a 20% (w/v) sucrose cushion in 50 mM Hepes-KOH, pH 8.0 and centrifuged for 30 min in
an Beckman Airfuge at 28 p.s.i.. The pellet was resuspended in 50 mM Hepes-KOH, pH 8.0
and treated with proteinase K (0.5 mg/ml) for 30 min on ice. After trichloroacetic acid (TCA)
precipitation, membrane inserted F0c and NuoK was analyzed on 16% tricine SDS-PAGE
followed by phosphor imaging and quantification with ImageJ [33].
Protein interaction and immunoblotting
IMVs were isolated from E. coli BL21 transformed with plasmids pET15b, pEK746,
pEThisYidDYidC, or pJK810. The IMVs (1 mg/ml) were solubilized in 25 mM Tris-HCl, pH
8.0, 2 % n-dodecyl β-D-maltoside (DDM), 100 mM KCl and 10% glycerol at 4 °C for 30 min.
After centrifugation at 4 °C (15,000 × g, 10 min), the supernatant fraction was incubated
with Ni+-NTA agarose beads at 4 °C for 1 h on a rolling bank, washed with five bed volumes
of a buffer containing 25 mM Tris-HCl, pH 8.0, 0.1 % DDM, 100 mM KCl and 10% glycerol
supplemented with 50 mM imidazole. Bound protein was eluted with the same buffer but
containing 400 mM imidazole. Fractions were analyzed by SDS-PAGE and Western blotting
using antibodies directed against YidC, SecYEG and NuoK. IMVs derived from strains E. coli
FTL10 and BW25113∆yidD were analyzed by immunoblotting using antibodies against YidC,
SecYEG, NuoK, PspA and LepB [24].

Results
Deletion of the yidD gene results in a reduction in the proton motive force
YidC is essential for viability. The deletion of yidC gene results in a major reduction in the
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proton motive force (PMF) and the corresponding overexpression of the phage shock protein
A (PspA) [8]. Deletion of the yidD gene has no major effect on cell growth and morphology
[21]. To examine the effect of YidD on the generation of a PMF, IMVs were isolated from
E. coli BW25113 ∆yidD and the parental strain. The two components of the PMF, i.e. the
transmembrane pH gradient (∆pH) and the transmembrane electrical potential (∆ψ) were
measured by the use of the pH-sensitive fluorescent dyes ACMA and oxonol VI, respectively
[31,32]. Either NADH or ATP was used to energize the IMVs. To ensure that the ∆pH is the
only component of the PMF, valinomycin was added to convert the ∆ψ into a ∆pH, while
during the measurements of the ∆ψ, nigericin was added to collapse the ∆pH interconverting
it into a ∆ ψ. Compared to the parental strain, IMVs derived from the ∆yidD cells exhibited
reduced levels of the ∆pH and the ∆ψ, both with NADH and ATP as energy sources (Fig. 2),
showing some similarity to the phenotype of YidC depleted cells.
ACMA fluoresence (a.u.)

∆pH
ATP

NADH
Val.

A

Val.

B

Nig.

Nig.

oxonol VI fluoresence (a.u.)

Time (sec)

∆ψ
NADH

ATP
Nig.

Nig.

C

Val.

D

Val.

Time (sec)

Figure 2. Deletion of yidD leads to reduced PMF generation in IMVs. The generation of a ∆pH (A
and B) and ∆ψ (C and D) was determined by monitoring the fluorescence quenching of ACMA and
oxonol VI, respectively. Where indicated, 0.625 mM NADH or 1 mM ATP was supplied to IMVs to
generate a ∆pH. For ∆ψ generation, the reaction was initiated by the addition of 1.25 mM NADH or 1
mM ATP. Valinomycin (Val.) and nigericin (Nig.) were used at a final concentration of 1 µM to collapse
∆ψ and ∆pH, respectively. The PMF traces for IMVs derived from the BW25113 (WT, solid lines) and
BW25113∆yidD (∆yidD, dotted lines) strains were monitored in time. a.u. arbitrary units.
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B

C

WT

∆yidD

ATPase activity
(nmol/mg membrane protein/min)

[Fe(CN)6]3- reduction
(µmol/mg membrane protein/min)

NADH oxidation
(µmol/mg membrane protein/min)

A

WT

∆yidD

WT

∆yidD

Figure 3. Deletion of yidD results in a reduced activity of NADH dehydrogenase. The NADH
dehydrogenase activity was determined in IMVs derived from E. coli BW25113 (WT) and BW25113∆yidD
(∆yidD) by measuring the NADH-dependent reduction of the artificial electron acceptor K3Fe(CN)6 (1
mM) (A) and by the direct monitoring of NADH oxidation in the presence of the electron acceptor O2
(B). The activity of F1F0 ATPase was probed by measuring the release of the free inorganic phosphate
from ATP in the presence (gray bars) or absence (white bars) of 0.5 mM DCCD (C). The data are the
average of three independent measurements with the calculated standard deviation.

Subunits of the NADH dehydrogenase, cytochrome o oxidase and the F1F0-ATPase are
dependent on the function of YidC during biogenesis. To probe for the activity of the NADH
dehydrogenase, the NADH-dependent reduction of the artificial electron acceptor K3Fe(CN)6
by IMVs was measured. The activity of the NADH dehydrogenase in the ∆yidD IMVs was
reduced by about 50 % as compared to wide-type IMVs (Fig. 3A). When oxygen was used
as an electron acceptor, which also involves the cytochrome o oxidase, the rate of NADH
oxidation was even further reduced in the ∆yidD IMVs down to 30 % (Fig. 3B). The activity of
the F1F0ATPase measured by the release of inorganic phosphate from ATP was reduced in the
∆yidD IMVs (Fig. 3C). In the presence of DCCD, a F0c-specific inhibitor of the F1F0ATPase
[34], the ATPase activity of both wild-type and the ∆yidD IMVs was reduced to an identical
basal DCCD insensitive level. When taking the DCCD sensitive ATPase activity into account,
the activity of the F1F0ATPase is reduced by about 40 % in the ∆yidD IMVs relative to the
wild-type IMVs.
Next the level of several membrane proteins was examined by immunoblot analysis of the
IMVs. The yidD deletion resulted in a slight upregulation of PspA indicative of stress-induced
membrane damage [35] (Fig. 4, lanes 3-5). As expected a much stronger PspA response
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FTL10

BW25113

+

+
+

+
+

+
-

+
-

YidC
YidD
anti-YidC
anti-PspA
anti-NuoK
anti-F0c
anti-LepB

1

2

3

4

5

Figure 4. Deletion of yidD results in reduced levels of the NADH dehydrogenase membrane subunit
NuoK. Immunoblot analysis of IMVs of E. coli FTL10 grown under YidC expression (lane 1) or depletion
(lane 2) conditions, of E. coli BW25113 (lane 3) and of two independent BW25113 yidD::kan strains
(lane 4 and 5) obtained from the Keio collection. Immunoblots were decorated with antibodies against
YidC, PspA (PMF stress protein), F0c (YidC only substrate), NuoK (YidC-SecYEG substrate) or LepB
(SecYEG substrate) as indicated.

occurred when YidC is depleted (Fig. 4, lane 2), which more severely affects the PMF [8]
than the yidD deletion. Although the yidD deletion slightly influenced the membrane levels
of YidC (Fig. 4, lanes 3-5), it had little effect on the levels of the YidC dependent c-subunit
of the F1F0-ATPase (F0c). This observation differs from an earlier report where yidD deletion
resulted in reduced levels of F0c [21]. The level of LepB, a SecYEG dependent membrane
protein, was not affected by the absence of YidD. Remarkably, the level of NuoK, a subunit
of the NADH dehydrogenase was significantly reduced upon yidD deletion. NuoK is a
small membrane protein that requires both YidC and SecYEG for membrane insertion [12].
Although the effect was not as severe as observed with the YidC depletion (Fig. 4, lanes 1-5),
the decrease in the levels of the membrane embedded NuoK correlates with the observed
reduction in NADH dehydrogenase activity in the yidD deletion strain (see above). These
data suggest a role of YidD in the biogenesis of the NADH dehydrogenase.
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Figure 5. YidD interacts with SecYEG and NuoK and weakly contacts YidC. (A) Specific co-purification
of SecYEG and NuoK with his-tagged YidD. IMVs were isolated of E. coli BL21(DE3) transformed with
the empty vector pET15b (lane 1) or the his-YidD overexpression plasmid pEK746 (lane 2) and after
DDM solubilization subjected to Ni+-NTA affinity chromatography. The bound fractions eluted with
imidazole were analyzed by SDS-PAGE and coomassie brilliant blue staining, and by Western blotting
using antisera against SecY or NuoK. (B) Co-purification of overexpressed YidC with His-YidD. IMVs
of E. coli BL21 (DE3) transformed with an empty plasmid pET15b (-, lane 1), pEK746 (hisYidD, lane
2), pEThisYidDYidC (hisYidD/YidC, lane 3) or pJK810 (YidC, lane 4), solubilized in DDM and subject
to Ni+-NTA affinity chromatography. Elution fractions were analyzed by SDS-PAGE and coomassie
brilliant blue staining, and by Western blotting using an antibody against YidC.

YidD interacts with SecYEG and NuoK
Previous crosslinking studies have shown that YidD is in close vicinity to nascent FtsQ, a
SecYEG dependent membrane protein [21]. To determine whether YidD contacts other
proteins, his-tagged YidD was overexpressed in E. coli BL21(DE3). IMVs derived from cells
transformed with the empty expression vector pET15b were used as a control. Likely because
of the His-tag, YidD showed an aberrant migration behavior on SDS-PAGE, running at
a molecular mass of approximately 13 kDa (Fig. S1, lane 3), whereas its expected mass is
9.3 kDa. IMVs were solubilized and subjected to Ni+-NTA affinity chromatography. When
analyzed by SDS-PAGE, the elution profile showed the 13 kDa band corresponding to YidD
and several other proteins, while no Ni+-NTA resin associated protein was observed with the
control (Fig. 5). Immunoblotting analysis showed that one of the proteins that co-purifies with
his-tagged YidD is NuoK (Fig. 5A). In addition, SecY was found to be present in the elution
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fraction (Fig. 5A), while under these conditions, no co-purifying YidC could not be detected
(Fig. 5B, lane 2). The absence of YidC could either mean that YidD and YidC do not interact,
or that the interaction is only transient or weak. To distinguish between these possibilities,
the yidD and yidC genes were cloned and overexpressed (Fig. S1, lane 4). Overexpression
of both proteins enabled the co-purification of YidC with his-tagged YidD (Fig. 5B, lane 3),
while in the absence of his-tagged YidD, YidC was not present in the elution fraction. These
results demonstrate that YidD stably interacts with SecYEG and NuoK, and suggest a weak
interaction between YidC and YidD.
YidD is required for efficient membrane insertion of NuoK
Since the levels of NuoK were affected in the yidD deletion strain, and since NuoK copurified
with His-tagged YidD, the role of YidD in NuoK insertion was analyzed using a wellestablished in vitro transcription, translation and insertion assay [12]. NuoK is a small
membrane protein with two transmembrane spanning segments (Fig. 6A) that has been
shown to require both YidC and SecYEG for the membrane insertion [12]. In vitro coupled
synthesis and insertion of NuoK was carried out in the presence of [35S]-methionine and IMVs
of wild-type E. coli BW25113 or the ∆yidD strain. Proteinase K resistant bands corresponding
to the C-terminally cleaved NuoK were analyzed by autoradiography and quantified. In the
absence of IMVs, the in vitro synthesized NuoK was fully digested by proteinase K (Fig. 6B).
Significant membrane insertion was observed in the presence of wide-type IMVs (Fig. 6B
and C). Remarkably, the membrane insertion of NuoK by the ∆yidD IMVs was dramatically
decreased, to approximately 50 % of that the levels observed in the wide-type IMVs (Fig. 6B
and C).
The yidD gene is co-transcribed with the yidC gene [21]. Deletion of yidD slightly influenced
the downstream expression of the yidC gene (Fig. 4). However, this could be restored by a
subtle overexpression of YidC (Fig. S2). The deletion of yidD had no effect on the SecYEG
translocon, as the levels of the signal peptidase LepB in ∆yidD IMVs was identical with that
in wide-type IMVs (Fig. 4). To rule out that the reduced levels of NuoK insertion in the ∆yidD
IMVs was caused by the reduced YidC levels, IMVs of the ∆yidD mutant containing the
restored levels of YidC were isolated and analyzed for NuoK insertion. Increasing the levels of
YidC in the IMVs had no significant effect on the membrane insertion of NuoK (Fig. 6B and
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Figure 6. YidD is required for the efficient membrane insertion of NuoK. (A) Membrane topology
model of NuoK. (B) In vitro insertion of NuoK into IMVs derived from E. coli BW25113 (WT) and
the ∆yidD strain were transformed either with the empty overexpression vector pTrc99A or the YidC
overexpression vector pTrcyidC. Mild expression of YidC was induced by the addition of IPTG (25
µM) to compensate for the slight reduction of YidC levels in the ∆yidD strain. (C) Quantitation of
the membrane insertion of NuoK from panel B. (D) In vitro insertion of NuoK into IMVs derived
from the E. coli Lemo21 (DE3) harboring the empty vector pET15b or the YidD overexpression vector
pEK746. (E) Quantitation of the membrane insertion of NuoK from panel D. The in vitro transcription,
translation and insertion assays were carried out as described in the Materials and Methods section.
A small portion of the reaction was taken as the synthesis control. The remainder was subjected to
proteinase K treatment and TCA precipitation. Full length NuoK is labeled with three arrow heads
(<<<). The proteinase K resistant bands corresponding to the N-terminal NuoK fragment is labeled with
two arrow heads (<<). Membrane insertion of NuoK was quantified with ImageJ and the level observed
with the WT IMVs was set at 100. All the data points shown here are obtained from the average of five
independent experiments with the indicated standard deviation.
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C). Next, the effect of YidD overexpression was investigated. Herein, the E. coli BL21(DE3)
cells were transformed with empty overexpression vector pET15b and YidD overexpression
vector pEK746, and YidD overexpression was induced with IPTG (Fig. S1). In comparison
to wide-type IMVs, membrane insertion of NuoK was enhanced by ~ 50 % upon YidD
overexpression (Fig. 6D and E). Taking together, these data suggest that YidD is involved in
the efficient membrane insertion of the SecYEG and YidC dependent substrate NuoK.
YidD is not required for the membrane insertion of F0c
Membrane insertion of the c subunit of the F1F0 ATPase complex F0c is exclusively YidC
dependent (Fig. 7A) [15]. A yidD deletion strain has previously been reported to contain
reduced membrane levels of F0c in vivo [21], but this effect appears marginal in this study
(Fig. 4). Therefore, we examined the dependence of membrane insertion of F0c on YidD
using an in vitro protease protection assay. In the absence of YidD, the membrane insertion
of F0c was slightly reduced by about 20% (Fig. 7B and C). However, this reduction could
be fully complemented by the subtle overexpression of YidC (Fig. 7B and C). Furthermore,
overexpression of YidD hardly affected F0c membrane insertion (Fig. 7D and E) indicting that
YidD is not required for the membrane insertion of F0c.

Discussion
In E. coli, the yidD gene is localized in a well-conserved operon composed of the rpmHrnpA-yidD-yidC-trmE genes. The yidD gene encodes for a small peripheral membrane
protein that has been implicated in YidC dependent membrane biogenesis [21]. Here, we
show that deletion of the yidD gene induces a reduction of the PMF, which at least in part can
be attributed to a decreased activity of the NADH dehydrogenase (due to decreased NuoK
insertion). Although lowering the PMF decreases aminoglycoside uptake, cells lacking yidD
were more sensitive to aminoglycosides as were other mutants in the SecYEG-YidC system
[22]. This implies that YidD may be involved in the proper insertion of more IMPs, and in its
absence cells become more sensitive to aminoglycosides presumably due to an increase in the
mis-insertion of IMPs; the latter is known to increase aminoglycoside uptake [36].
YidC is essential for cell viability as it is involved in the membrane biogenesis of energy
transducing complexes [8]. Deletion of the yidC gene has a strong effect on the PMF and
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Figure 7. Membrane insertion of F0c occurs independent of YidD. (A) Membrane topology model of
F0c. (B) In vitro insertion of F0c into IMVs derived from E. coli BW25113 (WT) and the ∆yidD strain
were transformed with empty overexpression vector pTrc99A or YidC overexpression vector pTrcyidC.
IPTG (25 µM) was supplied to induce the moderate expression of YidC to compensate for the slightly
reduced YidC levels in the ∆yidD strain. (C) Quantitation of the membrane insertion of F0c from panel

B. (D) In vitro insertion of F0c into IMVs derived from E. coli Lemo21 (DE3) transformed with the empty
overexpression vector pET15b (WT) or pEK746 expressing His-YidD (YidD). (E) Quantitation of the
membrane insertion of F0c from panel D. Membrane insertion of F0c was analyzed by the proteinase K
resistant assay as described in the Materials and Methods section. Full-length proteinase K protected F0c
is labeled with two asterisks (**). To quantify the insertion of F0c, insertion by wild-type IMVs was set
to 100 %. The data shown are derived from three independent experiments with the indicated standard
deviation.
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triggers the PspA specific stress response [8]. Expression of PspA is an indicator of stressinduced membrane damage functionally linked to the dissipation of the PMF [35]. The
deletion of yidD induced a partial reduction of the PMF and this was accompanied with a
weak PspA response. This is in line with the notion that YidD does not specify an essential
function, in contrast to YidC. The NADH dehydrogenase plays an important role in the
generation of the PMF. The deletion of the yidD gene resulted in a significant reduction of the
activity of the NADH dehydrogenase, while only a slight effect was observed for the activity of
the F1F0 ATPase. Remarkably, when YidD was expressed as a his-tagged protein and purified
from the membrane, SecY and NuoK were found to co-purify. Both YidC and the SecYEG
translocase are essential for NuoK insertion [12]. Indeed, using in vitro synthesis and insertion
assays, deletion of yidD resulted in a reduced NuoK insertion whereas overexpression of YidD
caused an increased membrane insertion of NuoK, indicating that YidD is a new component
in the SecYEG-YidC-mediated membrane protein insertion mechanism. Importantly, yidD
deletion also caused a slight reduction of YidC expression. This is likely due to a polar effect
on gene expression. However, this slight reduction of the YidC expression cannot explain
the observed phenotypes. Subtle overexpression of YidC in the ∆yidD strain did not affect
the membrane insertion of NuoK. In contrast, membrane insertion of YidC-only substrate
F0c, which was slightly impaired in the ∆yidD IMVs and this was restored to wild-type levels
upon the subtle overexpression of YidC. Since the DCCD-sensitive F1F0ATPase activity was
significantly reduced in the yidD deletion strain, it appears that there is functional defect in
assembly of the membrane-associated F1 domain onto the membrane integral F0 domain in
the absence of YidD. This is in line with previous observations on the two YidC homologues
SpoIIIJ/YqjG in Bacillus subtilis [24] showing that the double deletion of spoIIIJ/yqjG only
slightly affects the membrane insertion of F0 subunits, while it had a significant effect on
the level of assembled F1F0 ATPase complexes as assayed by the DCCD sensitive ATPase
activity [37]. Previous studies suggest that deletion of YidC leads to an impaired membrane
assembly of the cytochrome o oxidase that contributes to the reduction of the PMF [8]. CyoA
is the subunit II of the cytochrome o oxidase, comprising two TMSs with an N-terminal
signal peptide and a C-terminal periplasmic domain. YidC is essential for the membrane
insertion of the N-terminal helical hairpin domain, while the membrane biogenesis of the
C-terminal domain is SecA/SecYEG dependent [10,11]. Yu and coworkers have shown a
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reduced membrane level of CyoA in a ∆yidD mutant. Likely, the decreased overall activity of
the respiratory chain with NADH also reflects a partial defect in the cytochrome o oxidase
contributing to the reduction in PMF generation in the IMVs derived from the yidD deletion
strain.
Taking together, our data suggest that the membrane protein NuoK depends on YidD for
efficient membrane insertion whereas F0c insertion is independent of YidD. We proposed that
YidD is a new, but non-essential component of the translocase that enhances the membrane
insertion of NADH dehydrogenase subunit NuoK and the assembly of other membrane
proteins complexes. YidD might recruit YidC for an efficient membrane insertion in the
SecYEG-mediated insertion pathway, as we found that YidD stably associates with SecY
whereas only a weak YidD-YidC interaction was observed.

Acknowledgements
We would like to thank Takao Yagi (The Scripps Research Institute, San Diego, CA) and W.
Wickner (Dartmouth Medical School, Hanover, NH) for the kind gifts of the NuoK and
LepB antibodies, respectively. We thank Arjan Oldebesten, Bibit Musnaini, and Andy Wu for
technical assistance.

References
1.

Du Plessis, D. J. F., Nouwen, N. and Driessen, A. J. M. (2011) The Sec translocase. Biochim.
Biophys. acta Rev. 1808, 851–865.

2.

Van den Berg, B., Clemons, W. M., Collinson, I., Modis, Y., Hartmann, E., Harrison, S. C. and
Rapoport, T. a. (2004) X-ray structure of a protein-conducting channel. Nature 427, 36–44.

3.

Zimmer, J., Nam, Y. and Rapoport, T. a. (2008) Structure of a complex of the ATPase SecA
and the protein-translocation channel. Nature 455, 936–943.

4.

Sachelaru, I., Petriman, N. A., Kudva, R., Kuhn, P., Welte, T., Knapp, B., Drepper, F., Warscheid,
B. and Koch, H. G. (2013) YidC occupies the lateral gate of the SecYEG translocon and is
sequentially displaced by a nascent membrane protein. J. Biol. Chem. 288, 16295–16307.

106

Chapter 4
5.

Dalbey, R. E., Kuhn, A., Zhu, L. and Kiefer, D. (2014) The membrane insertase YidC. Biochim.
Biophys. Acta. 1–8.

6.

Kumazaki, K., Kishimoto, T., Furukawa, A., Mori, H., Tanaka, Y., Dohmae, N., Ishitani, R.,
Tsukazaki, T. and Nureki, O. (2014) Crystal structure of Escherichia coli YidC, a membrane
protein chaperone and insertase. Sci. Rep. 4, 7299.

7.

Shimokawa-Chiba, N., Kumazaki, K., Tsukazaki, T., Nureki, O., Ito, K. and Chiba, S. (2015)
Hydrophilic microenvironment required for the channel-independent insertase function of
YidC protein. Proc. Natl. Acad. Sci. 112, 5063–5068.

8.

Van der Laan, M., Urbanus, M. L., Ten Hagen-Jongman, C. M., Nouwen, N., Oudega, B.,
Harms, N., Driessen, a J. M. and Luirink, J. (2003) A conserved function of YidC in the
biogenesis of respiratory chain complexes. Proc. Natl. Acad. Sci. 100, 5801–5806.

9.

Yi, L., Celebi, N., Chen, M. and Dalbey, R. E. (2004) Sec/SRP requirements and energetics of
membrane insertion of subunits a, b, and c of the Escherichia coli F1F0 ATP synthase. J. Biol.
Chem. 279, 39260–39267.

10. Van Bloois, E., Haan, G. J., De Gier, J. W., Oudega, B. and Luirink, J. (2006) Distinct
requirements for translocation of the N-tail and C-tail of the Escherichia coli inner membrane
protein CyoA. J. Biol. Chem. 281, 10002–10009.
11. Du Plessis, D. J. F., Nouwen, N. and Driessen, A. J. M. (2006) Subunit a of cytochrome o
oxidase requires both YidC and SecYEG for membrane insertion. J. Biol. Chem. 281, 12248–
12252.
12. Price, C. E. and Driessen, A. J. M. (2010) Conserved negative charges in the transmembrane
segments of subunit K of the NADH:ubiquinone oxidoreductase determine its dependence
on YidC for membrane insertion. J. Biol. Chem. 285, 3575–3581.
13. Zhu, L., Kaback, H. R. and Dalbey, R. E. (2013) YidC protein, a molecular chaperone for LacY
protein folding via the SecYEG protein machinery. J. Biol. Chem. 288, 28180–28194.
14. Wagner, S., Pop, O., Haan, G. J., Baars, L., Koningstein, G., Klepsch, M. M., Genevaux, P.,
Luirink, J. and De Gier, J. W. (2008) Biogenesis of MalF and the MalFGK2 maltose transport
complex in Escherichia coli requires YidC. J. Biol. Chem. 283, 17881–17890.
15. Van der Laan, M., Bechtluft, P., Kol, S., Nouwen, N. and Driessen, A. J. M. (2004) F1F0 ATP
synthase subunit c is a substrate of the novel YidC pathway for membrane protein biogenesis.
J. Cell Biol. 165, 213–222.
16. Price, C. E., Kocer, A., Kol, S., van der Berg, J. P. and Driessen, A. J. M. (2011) In vitro
synthesis and oligomerization of the mechanosensitive channel of large conductance, MscL,
into a functional ion channel. FEBS Lett., Federation of European Biochemical Societies 585,
249–254.
17. Chen, M., Samuelson, J. C., Jiang, F., Muller, M., Kuhn, A. and Dalbey, R. E. (2002) Direct
interaction of YidC with the Sec-independent Pf3 coat protein during its membrane protein
insertion. J. Biol. Chem. 277, 7670–7675.
18. Samuelson, J. C., Jiang, F., Yi, L., Chen, M., Gier, J. De, Dalbey, R. E. and Kuhn, A. (2001)
Function of YidC for the Insertion of M13 Procoat Protein in Escherichia coli. J. Biol. Chem.
276, 34847-34852
19. Blattner, F., Plunkett G, I., Bloch, C., Perna, N., Burland, V., Riley, M., Collado-Vides, J.,
Glasner, J., Rode, C., Mayhew, G., et al. (1997) The Complete Genome Sequence of Escherichia
coli K-12. Science 277, 1453–1462.
20. Hayashi, K., Morooka, N., Yamamoto, Y., Fujita, K., Isono, K., Choi, S., Ohtsubo, E., Baba, T.,

107

Chapter 4
Wanner, B. L., Mori, H., et al. (2006) Highly accurate genome sequences of Escherichia coli
K-12 strains MG1655 and W3110. Mol. Syst. Biol. 2, 1–5.
21. Yu, Z., Lavèn, M., Klepsch, M., de Gier, J.-W., Bitter, W., van Ulsen, P. and Luirink, J. (2011)
Role for Escherichia coli YidD in membrane protein insertion. J. Bacteriol. 193, 5242–5251.
22. Nichols, R. J., Sen, S., Choo, Y. J., Beltrao, P., Zietek, M., Chaba, R., Lee, S., Kazmierczak,
K. M., Lee, K. J., Wong, A., et al. (2011) Phenotypic landscape of a bacterial cell. Cell 144,
143–156.
23. Amann, E., Ochs, B. and Abel, K. J. (1988) Tightly regulated tac promoter vectors useful for
the expression of unfused and fused proteins in Escherichia coli. Gene 69, 301–315.
24. Saller, M. J., Fusetti, F. and Driessen, A. J. M. (2009) Bacillus subtilis SpoIIIJ and YqjG function
in membrane protein biogenesis. J. Bacteriol. 191, 6749–6757.
25. Hanahan, D. and Harbor, C. S. Studies on Transformation of Escherichia coli with Plasmids.
J. Mol. Biol. 166, 557–580.
26. Hatzixanthis, K., Palmer, T. and Sargent, F. (2003) A subset of bacterial inner membrane
proteins integrated by the twin-arginine translocase. Mol. Microbiol. 49, 1377–1390.
27. Datsenko, K. a and Wanner, B. L. (2000) One-step inactivation of chromosomal genes in
Escherichia coli K-12 using PCR products. Proc. Natl. Acad. Sci. 97, 6640–6645.
28. Baba, T., Ara, T., Hasegawa, M., Takai, Y., Okumura, Y., Baba, M., Datsenko, K. a, Tomita, M.,
Wanner, B. L. and Mori, H. (2006) Construction of Escherichia coli K-12 in-frame, singlegene knockout mutants: the Keio collection. Mol. Syst. Biol. 2, 1–11.
29. Van der Laan, M., Houben, E. N., Nouwen, N., Luirink, J. and Driessen, a J. (2001)
Reconstitution of Sec-dependent membrane protein insertion: nascent FtsQ interacts with
YidC in a SecYEG-dependent manner. EMBO Rep. 2, 519–523.
30. Nouwen, N., van der Laan, M. and Driessen, A. J. . (2001) SecDFyajC is not required for the
maintenance of the proton motive force. FEBS Lett. 508, 103–106.
31. Driessen, a J. and Wickner, W. (1991) Proton transfer is rate-limiting for translocation of
precursor proteins by the Escherichia coli translocase. Proc. Natl. Acad. Sci. 88, 2471–2475.
32. Matsushita, K., Ohnishi, T. and Kaback, H. R. (1987) NADH-ubiquinone oxidoreductases of
the Escherichia coli aerobic respiratory chain. Biochemistry 26, 7732–7737.
33. Schneider, C. a, Rasband, W. S. and Eliceiri, K. W. (2012) NIH Image to ImageJ: 25 years of
image analysis. Nat. Methods 671–675.
34. Spetzler, D., Ishmukhametov, R., Hornung, T., Martin, J., York, J., Jin-day, L. and Frasch, W. D.
(2012) Mechanism of the F1F0-type ATP synthase, a biological rotary motor. Trends Biochem.
Sci. 27, 561–590.
35. Joly, N., Engl, C., Jovanovic, G., Huvet, M., Toni, T., Sheng, X., Stumpf, M. P. H. and Buck, M.
(2010) Managing membrane stress: The phage shock protein (Psp) response, from molecular
mechanisms to physiology. FEMS Microbiol. Rev. 34, 797–827.
36. Ezraty, B., Vergnes, A., Banzhaf, M., Duverger, Y., Huguenot, A., Brochado, A. R., Su, S.Y., Espinosa, L., Loiseau, L., Py, B., et al. (2013) Fe-S cluster biosynthesis controls uptake of
aminoglycosides in a ROS-less death pathway. Science 340, 1583–1587.
37. Saller, M. J., Otto, A., Berrelkamp-Lahpor, G. a., Becher, D., Hecker, M. and Driessen, A. J.
M. (2011) Bacillus subtilis YqjG is required for genetic competence development. Proteomics
11, 270–282.

108

Chapter 4
Supplementary materials

-

kDa

+
-

+

+ YidC
+ hisYidD

100
70
55
40

YidC

Figure S1. Expression of YidC and YidD in E. coli BL21

35
25

(DE3). IMVs of E. coli BL21 (DE3) transformed with

pTrcyidC (-, lane 1), pJK810 (YidC, lane 2), pEK746

15

hisD

(hisYidD, lane 3), or pEThisYidDYidC (hisYidD/YidC, lane
4) were isolated and analyzed on SDS-PAGE by coomassie
brilliant blue staining, and by immunoblotting using

10

an antibody against the His-tag to detect hisYidD. The
15

anti-his

positions of YidC and hisYidD are indicated.

10
1

2

kDa

1

100
70

3

2

3

4

4

Figure S2. YidC expression in E. coli BW25113 ∆yidD can
be restored by the IPTG-induced expression of YidC. E.

55

coli BW25113 (WT) (lane 1 and 3) and the ∆yidD strain

40

(lane 2 and 4) were transformed with the empty vector

35

pTrc99A (lane 1 and 2) or the YidC expression plasmid
pTrcyidC (lane 3 and 4), and grown in the presence of 25

25

µM IPTG to allow mild overexpression of YidC. Isolated
IMVs were analyzed by SDS-PAGE and coomassie brilliant
blue staining, and by immunoblotting using antisera against

15

anti-YidC

T

the protein in the coomassie brilliant blue stained gels.

∆y

W

YidC. The levels of overexpressed YidC are too low to detect

id
D
W
T
∆y
id
D

+ + - - pTrc99A
- - + + pTrcyidC

109

