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YidC/Oxa/Alb3 family proteins catalyze the insertion of integral
membrane proteins in bacteria, mitochondria, and chloroplasts,
respectively. Unlike gram-negative organisms, gram-positive bac-
teria express 2 paralogs of this family, YidC1/Spolll) and YidC2/
YgjG. In Streptococcus mutans, deletion of yidC2 results in a
stress-sensitive phenotype similar to that of mutants lacking the
signal recognition particle (SRP) protein translocation pathway,
while deletion of yidC1 has a less severe phenotype. In contrast to
eukaryotes and gram-negative bacteria, SRP-deficient mutants are
viable in S. mutans; however, double SRP-yidC2 mutants are
severely compromised. Thus, YidC2 may enable loss of the SRP by
playing an independent but overlapping role in cotranslational
protein insertion into the membrane. This is reminiscent of the
situation in mitochondria that lack an SRP pathway and where
Oxa1 facilitates cotranslational membrane protein insertion by
binding directly to translation-active ribosomes. Here, we show
that OXA1 complements a lack of yidC2 in S. mutans. YidC2 also
functions reciprocally in oxa1-deficient Saccharomyces cerevisiae
mutants and mediates the cotranslational insertion of mitochon-
drial translation products into the inner membrane. YidC2, like
Oxa1l, contains a positively charged C-terminal extension and
associates with translating ribosomes. Our results are consistent
with a gene-duplication event in gram-positive bacteria that en-
abled the specialization of a YidC isoform that mediates cotrans-
lational activity independent of an SRP pathway.

membrane protein insertion | mitochondria | Streptococcus mutans |
gram-positive bacteria | ribosomes

M embers of the YidC/Oxa/Alb3 family of proteins are
involved in the insertion of proteins into membranes of
bacteria, mitochondria, and chloroplasts, respectively, but are
absent from the endoplasmic reticulum and the plasma mem-
brane of eukaryotes (1-3). Whereas their primary sequences are
not well conserved, all members of this family are comprised of
a core region of 5 transmembrane domains flanked by N- and C-
terminal regions of variable length (4). This core region repre-
sents the catalytically active domain of the protein and functions
as a protein insertase: that is, an enzyme that promotes the
integration of hydrophobic stretches into the membrane (5, 6).
In addition to its integrase activity, the core region contributes
to the folding and assembly of membrane proteins, perhaps by
helping the proteins to reach their correct topologies in the
membrane (7, 8). The molecular mechanism by which members
of the YidC/Oxa/Alb3 family facilitate the insertion of their
client proteins still remains elusive.

The mitochondrial protein Oxal (Oxidase assembly 1) is the
founding member of this family. Oxal plays an essential role
during diverse steps of inner membrane biogenesis, in particular
during the membrane insertion of mitochondrial translation
products, the assembly of cytochrome oxidase, and of the
membrane sector of the FiF,-ATPase (8-11). In addition to
Oxal, mitochondria contain a second member of the YidC/Oxa/
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Alb3 family named Cox18 or Oxa2 (12-14). Cox18 functions in
a posttranslational manner downstream of Oxal in cytochrome
oxidase assembly (12). In contrast to Cox18, Oxal contains a
C-terminal positively charged extension that binds to mitochon-
drial ribosomes so that Oxal can insert nascent chains in a
cotranslational process (15, 16). This physical association of the
ribosome with the membrane-embedded insertion machinery
presumably allowed the loss of a signal recognition particle
(SRP) from mitochondria during evolution. Cox18 lacks such a
ribosome-binding domain and interacts with translation products
only after their Oxal-mediated membrane insertion (12). Never-
theless, Cox18 also exhibits insertase activity because it functionally
complements Escherichia coli mutants lacking YidC (17).

Gram-negative bacteria contain only one YidC/Oxa/Alb3
protein family member. The E. coli homolog is the most well-
characterized representative (reviewed in ref. 3). YidC is indis-
pensable for viability in E. coli. YidC of E. coli lacks a ribosome-
binding domain but facilitates cotranslational protein insertion
in collaboration with the bacterial SRP system. It functions both
in concert with the Sec translocon as part of the cotranslational
machinery, as well as independently to insert proteins via a
posttranslational mechanism (18, 19).

In contrast to gram-negative bacteria, the genomes of most
gram-positive bacteria encode 2 YidC proteins. For example, 2
paralogs known as YidC1 and YidC2 were identified in Strep-
tococcus mutans (20), the major causative agent of human dental
caries. Both proteins are functional orthologs of E. coli YidC and
each complements multiple defects of YidC-deficiency in E. coli
and can mediate insertion of both Sec-dependent and Sec-
independent YidC-only substrates (21). However, the effects of
introducing YidC1 or YidC2 into YidC-depleted E.coli are not
identical, suggesting that the proteins are functionally distinct.
This is supported by observations in S. mutans, where deletion
of yidC1 alone has little obvious effect and the deletion mutant
appears robust, whereas the phenotype of a yidC2-deletion strain
is strikingly similar to that of SRP pathway mutants, including
stress-sensitivity and diminished genetic competence (20). In-
terestingly, double mutants lacking both YidC2 and SRP com-
ponents are not viable and cannot be propagated, even in the
absence of environmental stressors. This suggests that YidC2
overlaps functionally with the SRP pathway to mediate cotrans-
lational protein insertion.
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Fig. 1. Gram-positive bacteria express 2 members of the YidC/Oxa/Alb3

family of proteins. (A) Schematic representation of the topology of bacterial
and mitochondrial Oxa/YidC proteins. Transmembrane domains are indicated
as gray boxes. The numbers of amino acid residues are depicted for the
homologs of E. coli, S. mutans, and S. cerevisiae. (B) An unrooted neighbor-
joining tree was calculated on the basis of pairwise alignments of all se-
quences. See Materials and Methods for details. Bootstrap numbers are
indicated as indication for the confidence of the individual branches. Se-
quences used and the corresponding accession numbers are listed in Table S1.

S. mutans YidC2 is predicted to possess a charged cytoplasmic
tail similar to that of yeast Saccharomyces cerevisiae Oxal. This
region of Oxal interacts with mitochondrial ribosomes and
supports cotranslational membrane protein insertion in the
absence of an SRP (15, 16). Here we show by genetic analyses in
S. mutans and in yeast that YidC2 and mitochondrial Oxal can
partially complement each other. Employing mitochondria as a
specialized system that lacks an SRP pathway, we show that upon
expression in yeast, YidC2 binds ribosomes and promotes co-
translational integration of proteins into the mitochondrial inner
membrane in the absence of Oxal. Our results indicate that
independent gene duplications in gram-positive bacteria and in
organelles have led to specialized co- and posttranslational
functions of YidC/Oxa/Alb3 proteins.

Results

Independent Gene Duplications in the YidC/Oxa/Alb3 Family. Gram-
positive bacteria contain 2 YidC paralogs. Both lack the periplasmic-
loop domains that are characteristic for YidC proteins of gram-
negative bacteria (Fig. 14). In gram-positive bacteria, the
N-terminal regions of YidC are significantly shorter. They
contain consensus signatures for signal peptidase II, which in the
case of YidC1 and YidC2 proteins of S. mutans are located at
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amino acid positions 18 to 21 and 21 to 24, respectively. Thus,
YidC homologs of gram-positive bacteria resemble in topology
and membrane orientation the Oxal and Cox18 proteins of
mitochondria. Although YidC1 and YidC2 are of similar topol-
ogy and overall structure, they differ considerably in the length
of their C-termini. YidC2, but not YidC1, contains a hydrophilic
tail domain. This hydrophilic stretch would protrude into the
bacterial cytosol and has a predicted isoelectric point of 11.29.
This highly positively charged sequence resembles the tails found
in yeast and human Oxal (pI = 11.25 and 11.23, respectively).
The fact that gram-negative bacteria contain one YidC/Oxa/
Alb3 protein, whereas gram-positive bacteria, chloroplasts, and
mitochondria contain 2 paralogs, could have two explanations.
Either there was an initial gene duplication event early in
evolution followed by a selective loss in recent gram-negative
bacteria for which sequence information exists, or alternatively,
3 independent gene duplications in gram-positive bacteria, mi-
tochondria, and chloroplasts resulted in the presence of the
different subbranches of the family. To distinguish between both
scenarios, we analyzed carefully the sequence of various family
members [see supporting information (SI) Table S1]. Compre-
hensive alignments of multiple sequences by using classical
algorithms were unsuited to construct reliable trees because of
the very low identity of the sequences. To avoid artificial
clustering and problems that arise from long-branch attractions,
we decided to follow a different strategy. We made individual
alignments of all sequences and constructed from these a
similarity matrix that was used to calculate a phylogenetic tree
and bootstrap support numbers as a measure of reliability. In Fig.
1B, the relationship of YidC/Oxa/Alb3 homologs is depicted as
an unrooted tree in which mitochondrial, plastidic, and bacterial
branches are clearly distinct. This tree shows early duplications
in mitochondria and chloroplasts, and also in bacteria. The
gram-positive sequences clearly fall into 2 separate groups that
we named YidCl and YidC2 according to the proteins in S.
mutans. Consistent with known phylogenetic relationships for
most proteins analyzed, it is unlikely that the YidC/Oxa paralogs
in bacteria and mitochondria resulted from horizontal gene
transfer, but arose rather from independent gene duplications in
bacteria and in mitochondria followed by convergent evolution.
Based on sequence, YidC1 proteins appear more closely related
to the YidC proteins of gram-negative bacteria. It should be
noted that this tree is a result both of the evolutionary relation-
ship among YidC/Oxa/Alb3 proteins and the similarities of the
sequences that result from common functional constraints.

S. mutans YidC2 can be Functionally Replaced by Oxa1. Independent
gene duplications in the gram-positive bacterial and organellar
systems might have been driven by similar specializations of the
proteins. To test the functional similarity of the streptococcal
and yeast homologs we used a complementation approach. S.
mutans is a remarkably resilient organism and normally survives
acidic and high-salt environments; however, cells lacking YidC2
show an inability to contend with environmental stressors and
slower growth under nonstress conditions (20). We constructed
expression plasmids that allowed the synthesis of Oxal or Cox18
in the S. mutans AyidC2 mutant background. Expression of Oxal
restored the growth rate of the mutant under nonstress condi-
tions, whereas introduction of Cox18 had a lesser effect on this
phenotypic property (Table 1). When cultured under stress
conditions, growth of the AyidC2 mutant was virtually nonde-
tectable. The ability to grow under stress was partially comple-
mented by Oxal and less well by Cox18. The greater ability of
Oxal compared to Cox18 to complement the lack of YidC2 led
us to examine the relevance of the C-terminal tail of YidC2.
Deletion of the C-terminal 52-aa residues of YidC2 reduced the
growth rate of S. mutans under stress and nonstress conditions,
but not to the extent as elimination of the entire yidC2 gene. This
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Table 1. Summary of mean generation times of S. mutans
wild-type and mutant strains and the AyidC2 mutant
complemented with S. cerevisiae Oxa1 or Cox18

Growth condition

Strain description Nonstress pH 5.0 4% NadCl

Wild-type (NG8) 57.00 =+ 0.000 133.0 = 0.001 211.0 = 0.006
AyidC2 156.0 = 0.003* No growth No growth
AyidC2 + Oxal 54.00 = 0.001 181.0 = 0.008* 222.0 = 0.017

100.0 = 0.001*" 194.0 = 0.001*" 325.0 + 0.004**
78.00 = 0.001* 201.0 = 0.004* 264.0 = 0.001

AyidC2 + Cox18
yidC2AC

Values were derived from triplicate growth curves for each strain and
expressed in minutes * SD.
A 2-tailed t-test (alpha = 0.05) was used to determine significance.
*P < 0.001 relative to the wild-type strain and TP < 0.05 and *P < 0.005 relative
to the AyidC2 + Oxa1 strain.

implies that there are distinct functions of YidC2 that do and do
not depend on an intact C terminus.

Acid tolerance in S. mutans is mediated in part by the
FiF,-ATPase that hydrolyses ATP to pump protons across the
plasma membrane into the extracellular space. YidC and Oxal
are known to play crucial roles in assembly of the F,F,-ATPase
complex (6, 8, 10, 11). In S. mutans, elimination of YidC2 or
signal recognition particle components have comparable nega-
tive effects on membrane associated ATPase activity (20).
Although both YidC1 and YidC2 can functionally replace E. coli
YidC to facilitate membrane insertion of the F, subunits ¢ and
¢ in the gram-negative background (21), deletion of yidC2, but
notyidC1, results in acid sensitivity and diminished FF,-ATPase
activity in S. mutans (20). This suggests that in this organism,
YidC2 functions to support the biogenesis of the F|F,-ATPase
complex, particularly in the absence of the SRP cotranslational
membrane protein-insertion pathway. Western blot analysis of
membrane preparations of S. mutans mutant strains demon-
strates that disruption of the SRP pathway by removal of ffA does
not preclude insertion of YidC1 or YidC2, and elimination of
yidC1 or yidC2 does not impede membrane localization of the
other paralog (Fig. S1). Therefore, inadvertent effects on mem-
brane insertion of the other proteins under study do not cause
the phenotypes of these deletion mutants. The expression of
Oxal, but not of Cox18, completely restored the ATPase activity
of the AyidC2 mutant (Fig. 24). Hence, Oxal can take over this
function of YidC2, whereas Cox18 cannot. Cells expressing
YidC2AC showed a similar diminution in ATPase activity as
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Fig. 2. S. cerevisiae Oxal complements a lack of YidC2 in S. mutans. (A)

ATPase-specific activities of membrane fractions prepared from parent, mu-
tant, and complemented mutant strains were calculated and expressed as
nanomoles of phosphate released per minute per milligram of total protein.
Statistical significance relative to the parent is indicated by an asterisk, with
P < 0.001 using a 2-tailed t test (alpha = 0.05). (B) Genetic competence was
assessed by natural transformation using plasmid pDC123 (Cm"). The trans-
formation efficiency is indicated as the percentage of transformants of the
mutant or complemented mutant strains compared to the S. mutans parent
strain. Statistical significance relative to the AyidC2 and AyidC2 + Cox18
strains was P < 0.001(*) and P < 0.05(") using a 2-tailed t test (alpha = 0.05).
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mutants lacking YidC2 entirely (see Fig. 2A4). From this we
conclude that YidC2 requires its C terminus to function in the
biogenesis of the FiF,-ATPase complex in S. mutans.

Like mutants lacking the SRP pathway, YidC2-deficient
strains show impaired genetic competence (20). Competence
development in S. mutans is associated with a complex machin-
ery, including membrane-localized and secreted components
and a quorum-sensing signaling system (22). This machinery is
specific for prokaryotes and is not present in mitochondria. We
therefore asked whether Oxal is able to substitute for YidC2 in
the membrane biogenesis necessary for competence (Fig. 2B).
Introduction of Oxal, but not of Cox18, was able to partially
restore competence in the absence of YidC2. This again points
to a specific property of Oxal that enables its broader degree of
functional complementation of YidC2 in S. mutans. Transfor-
mation efficiency was diminished by elimination of the C-
terminal tail of YidC2, but not to the extent as elimination of the
entire yidC2 gene. Similar to the effects on bacterial growth, this
result is consistent with a complex multifactorial phenotype and
C terminus-dependent and -independent substrates of YidC2,
and suggests why Oxal did not completely restore competence
in the yidC2-deletion strain as it did for ATPase activity.

S. mutans YidC2 Partially Complements Aoxal Mutants. Next, we
asked whether YidC1 or YidC2 could take over the function of
Oxal in mitochondria. To this end we constructed fusion pro-
teins consisting of the mitochondrial-targeting sequence of Oxal
fused to full-length YidC1 and YidC2, or to the C-terminally
truncated variant of YidC2 (Fig. S2A4). These fusion proteins
were expressed from the OXAI promoter in an Oxal-deficient
yeast strain. YidC2 and YidC2AC were efficiently expressed in
yeast cells and targeted to mitochondria (Fig. S2B). Because of
the absence of a functional respiratory chain, Oxal-deficient
strains are unable to grow on nonfermentable carbon sources.
This defect was partially compensated for by expression of
YidC2 but not by YidC2AC (Fig. 34) and is consistent with a
common function of the C-terminal tails of YidC2 and Oxal.
YidC1 was found in whole-cell extracts but not in isolated
mitochondria, suggesting a lack of import (not shown); there-
fore, its ability to complement Oxal in this system could not
be assessed.

Subunit 2 of the cytochrome oxidase (Cox2) is inserted into
the inner membrane of mitochondria in an Oxal-dependent,
cotranslational process (9, 23). Cox2 is synthesized as a precursor
protein that is matured by the Imp1 protease of the intermem-
brane space. In the absence of Oxal, the N terminus of Cox2 is
not translocated across the inner membrane and Cox2 accumu-
lates in the matrix in its precursor form. We radiolabeled
translation products in mitochondria isolated from wild-type and
mutant strains, purified Cox2 by immunoprecipitation, and
analyzed the samples by autoradiography (Fig. 3B). In wild-type
mitochondria, newly synthesized Cox2 was completely processed
to its mature form. In contrast, in Aoxal mitochondria, Cox2
remained in the precursor form. Expression of YidC2 again
allowed the efficient maturation of Cox2, confirming that YidC2
can replace Oxal in cotranslational protein insertion in mito-
chondria. As now expected, this activity required the presence of
the C terminus of YidC2 and Cox2 was not efficiently processed
in the YidC2AC-expressing mitochondria.

To assess the ability of YidC2 to mediate assembly of mito-
chondrial respiratory chain complexes more generally, we also
measured the respiration-dependent oxygen consumption of
isolated mitochondria. Because of the severely reduced levels of
complex III and complex IV in Aoxal mitochondria, no respi-
ratory activity was detected in this mutant. The expression of
YidC2, but not YidC1 or YidC2AC, almost completely restored
the respiratory activity of the Aoxal mutant (Fig. 3C), again
indicating that YidC2 can serve as a functional equivalent and
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Fig. 3. S. mutans YidC2 can partially complement an Oxa1-deficient yeast
mutant. (A) Yeast wild-type cells (wt) and Aoxal mutants carrying plasmids
encoding the indicated chimeric S. mutans proteins were grown to exponen-
tial phase. Tenfold serial dilutions of the cultures were spotted on YP plates
containing glucose or glycerol. (B) Translation products were radiolabeled for
20 min at 30 °C in isolated mitochondria from the indicated strains. Cox2 was
isolated by immunoprecipitation and visualized by autoradiography. The
precursor and mature forms of Cox2 are indicated as ““pre’ and “‘m,"” respec-
tively. (C) Isolated mitochondria from the indicated strains were incubated in
400 pl of 0.6 M sorbitol, 1 mM MgCl,, 5 mM EDTA, and 20 mM Hepes pH 7.4
in an oxygen electrode (Oxygraph, Hansatech Instruments). Respiration was
started by addition of 15 ul of 0.2 M NADH and the consumption of oxygen
was recorded over time. (D) The chimeric fusion proteins represented on the
left were expressed in Aoxal cells. The strains were grown in liquid YPD
(glucose) and YPG (glycerol) medium and doubling times were calculated.
"+ ++"indicates doubling times of less than 8 h. '+ indicates doubling times
between 20 and 35 h. Strains indicated with *-"" did not grow or have doubling
times of more than 150 h.

substitute for Oxal in the insertion and assembly of proteins of
the mitochondrial inner membrane.

To identify the critical YidC sequences more systematically,
we constructed an array of fusion proteins in which the different
domains of Oxal, E. coli YidC, and YidCl and YidC2 of S.
mutans were combined (Fig. 3D) and stably expressed in yeast
cells (see Fig. S3). In addition, we replaced the C-terminal tail
of Oxal with the N-terminal 86 residues of histone H3 (Hht1)
that resembles the Oxal ribosome-binding region in that it has
an a-helical structure and positive net charge (pI''"! = 12.33;
ploxal = 11.25). All constructs that contained either the C
terminus of Oxal or YidC2 allowed the growth on the nonfer-
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mentable carbon-source glycerol. The C terminus of YidC1 or
the histone-derived sequence did not (data not shown). This
confirmed that the C terminus of YidC2 can functionally replace
the C-terminal ribosome-binding domain of Oxal in yeast mi-
tochondria, and that this result does not stem simply from a
nonspecific electrostatic interaction with the ribosome.

YidC2 Binds to Mitochondrial Ribosomes. Ribosome binding is
critical for functionality of Oxal (15, 16). Its positively charged
helical C-terminal tail is both necessary and sufficient for the
interaction with the ribosome. The hydrophilic C-terminal tail
domain of S. mutans YidC2 has a net charge of + 14 (Fig. 44).
Prediction programs suggest that the C-terminal half of this
region forms a helical structure that would expose many positive
charges to one face (Fig. 4B). Similar positive regions are often
found in proteins that interact with the negatively charged RNA
on the surface of ribosomes. To test whether YidC2 is able to
bind to ribosomes in the complete absence of any SRP compo-
nents, we radiolabeled mitochondrial translation products in
mitochondria before ribosomes were isolated by centrifugation
through a high-density step gradient (Fig. 4C). In wild-type
mitochondria, a large fraction of Oxal is released from the
ribosomes because of the high salt concentration in the lysis
buffer (350 mM KCIl); however, a significant amount of Oxal is
still recovered with the ribosomes. Likewise, when YidC2 was
expressed instead of Oxal in mitochondria, a fraction of this
bacterial homolog was also recovered with mitochondrial ribo-
somes. To confirm the suspected ribosome-binding activity
enabled by the C terminus of YidC2, we further tested the
ribosome association of chimeric proteins of E. coli YidC fused
to the C termini of S. mutans YidC1 and YidC2. E. coli YidC
cannot bind to yeast mitochondrial ribosomes unless the C-
terminal region of Oxal is appended to it (24). The YidC-YidC2
fusion, but not the YidC-YidCl1 fusion was recovered with the
mitochondrial ribosomal pellet (Fig. 4D). Likewise, when the C
terminus of Oxal was replaced with that of YidC2, this fusion
protein was also recovered from the mitochondrial ribosomal
pellet. Taken together, we conclude that YidC2, like Oxal, has
the ability to bind to ribosomes and to independently promote
cotranslational protein insertion without assistance from the
SRP machinery.

Discussion

Protein secretion and membrane insertion systems have been
more extensively classified and characterized in gram-negative
(25) compared to gram-positive organisms, and it is coming to
light that important differences exist (26). In gram-negative
bacteria such as E. coli, the SRP components Ffh and 4.5S RNA
are essential for viability, as they exhibit indispensable functions
in cotranslational protein insertion (27, 28). It therefore came as
a surprise that the gram-positive bacteria S. mutans (20) and
Streptococcus pyogenes (29) tolerate loss of SRP pathway com-
ponents. That the phenotypes of S. mutans SRP pathway and
AyidC2 mutants are highly similar suggests that these systems
might serve similar overlapping functions and operate in concert
to ensure cotranslational membrane-protein insertion in this
organism. Here we showed that YidC2 and Oxal can be ex-
changed between S. mutans and yeast cells and partially com-
plement one another. Like Oxal, YidC2 has a positively charged
C-terminal tail and demonstrated an ability to bind to ribosomes
and mediate cotranslational translocation upon expression in
yeast mitochondria. This property is not shared by E. coli YidC
but was conferred by appending YidC2’s tail to it. Interestingly,
the tail domains of Oxal and YidC2 do not show primary
sequence homology, although they share the physical property of
strong enrichment in positive charges. Our phylogenetic analysis
suggests that these domains developed independently during
evolution. Thus, the hydrophobic core domain of the core
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tion of the predicted topology and the cytoplasmic extension of S. mutans
YidC2. The C-terminal tail domain is very basic and has a net charge of + 14 as
indicated. (B) Helical-wheel representation of YidC2 C-terminal residues 288—
305. Positively charged residues are shown in bold. (C) Translation products
were radiolabeled for 15 min at 25 °C in isolated mitochondria of the indi-
cated strains. Ten percent of the sample total (10%T) was directly applied to
the gel. The residual extract was lysed in the high salt buffer and loaded on a
layer of 1.2-M sucrose and centrifuged for 60 min at 190,000 X g. Proteins of
the ribosome-containing pellet (P) and the supernatant (S) were analyzed by
autoradiography and Western blotting. Oxa1 and YidC2 were detected with
Oxa1l-specific antibodies that recognize the N-terminal region that is shared
by both proteins. Signals of the ribosomal protein Mrpl36, and of the non-
ribosomal proteins Tim50, Hep1, and Aco1 are shown for control. Please note
that the “smeary”” background in the pellet lanes of the autoradiography is
because of the presence of nascent chains that are associated with the
translation-active ribosomes. Cyt b, cytochrome b. (D) Mitochondria were
isolated from Aoxal strains expressing the fusion proteins indicated. The
samples were fractionated as described in (C). Arrowheads indicate fusion
proteins that comigrate with the ribosomal pellet.
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Fig.5. Independent gene duplications allowed a specialization of Oxa/YidC
proteins. As illustrated in the schematic diagram, gram-negative bacteria
contain one YidC homolog. Cotranslational protein insertion into the inner
membrane is facilitated by interaction of the SRP complex and its receptor
with the ribosome. In E. coli, Ffh and FtsY are essential for viability, but in
streptococci they are not. In mitochondria, a gene duplication event led to 2
insertases: Oxa1 that interacts with ribosomes and is specialized in the co-
translational insertion of translation products and Cox18 that serves a post-
translational role and functions downstream of Oxa1. Our phylogenic analysis
indicates that a similar gene duplication event occurred in the evolution of
gram-positive bacteria, giving rise to 2 YidC variants. By virtue of its charged
C-terminal tail, S. mutans YidC2 acquired the additional ability to mediate
cotranslational insertion of membrane proteins independent of the SRP path-
way, explaining the unexpected dispensability of the SRP pathway in this
gram-positive organism. The primary function of YidC1 is not yet known, but
the lack of obvious detrimental consequences of its elimination from S.
mutans indicates that it plays a limited physiologic role. The inability to
simultaneously delete yidC7 and yidC2 from S. mutans (20) suggests that YidC1
retains the functional potential (hence the illustration in outline form) to
serve as a back up to support SRP-mediated cotranslational membrane protein
insertion when YidC2 is absent.

insertase appears to have been combined at least twice with a
ribosome-binding site, presumably to increase the efficiency of
cotranslational protein insertion (Fig. 5). Apparently, this spe-
cialization was accompanied by a gene duplication that allowed
the other paralog to operate independently of the translation
machinery. In mitochondria the SRP complex was lost; however,
gram-positive bacteria, such as the streptococci, still contain this
cotranslational pathway, now known experimentally to be dis-
pensable in several species. Thus, the situation in gram-positive
bacteria appears to resemble an intermediate state between the
systems found in the cytosol of eukaryotes and gram-negative
bacteria in which the SRP is still required, and that found in
mitochondria that relies exclusively on direct ribosome binding
of the insertase.

If such gene duplications were successful, why didn’t they
occur in gram-negative bacteria? Given the fundamental differ-
ence in cell-envelope structure, a double membrane and
periplasmic space in gram-negative organisms (compared to a
single membrane in gram-positive organisms), it is likely that
gram-positive bacteria have different functional requirements
than gram-negative organisms with regard to membrane protein
insertion and secretion, and the presence of 2 YidCs allows
greater flexibility and easier simultaneous use of co- and post-
translational pathways. In gram-positive bacteria the substrates
of co- and posttranslational pathways are as yet largely unex-
plored, and an understanding of membrane biogenesis in these
organisms is just at the beginning. Therefore, continued dissec-
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tion of the similarities and unique features of the gram-positive
membrane protein insertion and secretion machineries com-
pared to other prokaryotic and organellar systems promises to be
enlightening in the future.

Materials and Methods

Sequence Analysis. A neighbor-joining tree was calculated on the basis of a
distance matrix for all possible pairwise sequence combinations. See S/ Ma-
terials and Methods for details.

Strains and Growth Media. See Table S2. All of the yeast strains used in this
study are isogenic to the wild-type W303-1A (MAT a, ade2 ura3 leu2 his3
trp1). The plasmids expressing the various chimeric proteins used in this study
were introduced into a Aoxal strain (30). For details see SI Materials and
Methods. Yeast cultures were grown at 30 °Cin YP medium (1% yeast extract,
2% peptone) supplemented with 2% galactose, or in minimal medium sup-
plemented with 20 ug/ml adenine, histidine, and tryptophan, 30 ug/ml of
leucine and lysine, and 2% galactose.

Streptococcal mutant strains are isogenic to S. mutans wild-type NG8 and
were grown in Todd-Hewitt broth (BBL, Becton Dickson Microbiology System)
supplemented with 0.3% (wt/vol) yeast extract (THYE) at 37 °C with 5% CO..
Kanamycin (500 pug/ml plates or 100 wg/ml broth), erythromycin (10 pg/ml),
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and chloramphenical (10 wg/ml) were used as antibiotics. E. coli strain Top10F
(Invitrogen) was used for cloning and maintenance of plasmid constructs. E.
coli was grown in LB broth supplemented with erythromycin (300 wg/ml) or
kanamycin (50 ug/ml), when appropriate. For construction of strains and
plasmids see SI Materials and Methods.

Miscellaneous. Restriction endonucleases and other DNA-modifying enzymes
were obtained from Invitrogen, New England Biolabs, Inc., and Promega
Corp., and used according to the specifications of the suppliers. Details re-
garding the streptococcal competence assay can be found in S/ Materials and
Methods. The following methods were carried out as described: growth and
mean generation time measurements of S. mutans and ATPase assays (20),
labeling of mitochondrial translation products and immunoprecipitation (10),
and determination of enzyme activities (31).
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