
from the cytosol markedly stimulated MVL
formation, whereas control antibodies had no
effect (Fig. 2, C and E).

When Alix expression was silenced by
small interfering RNAs (siRNAs) in HeLa
cells (Fig. 3A), the number of acidic, late
endocytic compartments appeared to be re-
duced (based on a probe selective for pH
values between 5 and 5.5; Fig. 3B), where-
as the acidification properties of other or-
ganelles (such as early endosomes and the
trans-Golgi network) seemed to be unaf-
fected (based on a probe detecting less
acidic pH; Fig. 3C). By EM, LBPA (Fig. 3,
D and E, open arrows) was found in HeLa
cells both in multilamellar regions (Fig.
3D, black triple arrow) and multivesicular
regions (Fig. 3D, star and inset), frequently
within the same late endosome. Consistent-
ly, Alix siRNAs reduced the number of late
endosomes containing multilamellar re-
gions (which could be unambiguously iden-
tified on sections) (Fig. 3B), whereas other
organelles, including the Golgi complex,
seemed to be unaffected (Fig. 3G).

A biochemical analysis showed that Alix
downexpression reduced LBPA to �50% of
that of the control. Consistently, the LBPA
staining of Lamp1-positive late endosomes
was decreased by immunofluorescence (Fig.
3J), as were the total number of anti-LBPA
gold particles both per cell profile (Fig. 3H)
and per late endosomes (Fig. 3, E and F,
quantification in I) by EM. Vesicular stoma-
titis virus (VSV) infects cells from the endo-
cytic pathway, but beyond early endosomes
(26, 27). The acidic endosomal pH triggers
fusion of the VSV envelope with endosomal
membranes, allowing nucleocapsid release
into the cytoplasm. Viral infection (Fig. 3K,
quantification in L) was inhibited by Alix
downexpression, presumably because the
number of acidic late endosomes was de-
creased. Alternatively, Alix-dependent dy-
namics of late endosomal membranes may be
required for efficient nucleocapsid release.

We found that LBPA possesses the capac-
ity to drive the formation of membrane in-
vaginations within acidic liposomes. We also
found that Alix controls this invagination
process in vitro and the organization of
LBPA-containing endosomes in vivo. We
postulate that internal vesicles and the limit-
ing membrane interact dynamically by means
of fission and fusion events, and that the
inward fission process is controlled, at least
in part, by transient interactions between
LBPA membranes and Alix (28), presumably
together with other factors, including perhaps
ESCRT proteins (22, 23).
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Snapshots of DsbA in Action:
Detection of Proteins in the
Process of Oxidative Folding
Hiroshi Kadokura,1 Hongping Tian,1* Thomas Zander,2†

James C. A. Bardwell,2 Jon Beckwith1‡

DsbA, a thioredoxin superfamily member, introduces disulfide bonds into newly
translocated proteins. This process is thought to occur via formation of mixed
disulfide complexes between DsbA and its substrates. However, these com-
plexes are difficult to detect, probably because of their short-lived nature. Here
we show that it is possible to detect such covalent intermediates in vivo by a
mutation in DsbA that alters cis proline-151. Further, this mutant allowed us
to identify substrates of DsbA. Alteration of the cis proline, highly conserved
among thioredoxin superfamily members, may be useful for the detection of
substrates and intermediate complexes in other systems.

The formation of disulfide bonds is essential
for the folding, activity, and stability of many
proteins exported from the cytoplasm. In both
prokaryotes and eukaryotes, proteins with the
thioredoxin fold are responsible for introduc-
ing disulfide bonds into substrate proteins
(1–3). When a substrate protein appears in the
periplasm of Escherichia coli, DsbA rapidly
oxidizes it by donating the disulfide bond
from its active site, Cys30-Pro31-His32-Cys33,

to a pair of cysteines in the substrate (4–7).
DsbA, in turn, is maintained in its oxidized
form (8) by a membrane protein DsbB (9),
which transfers electrons from DsbA to qui-
nones in the respiratory chain using its four
essential cysteines (10–12).

Substrate oxidation by DsbA likely be-
gins with a deprotonated cysteine in the
substrate attacking the disulfide bond in the
active site of DsbA (2, 3, 6, 13) (Fig. 1A).
This reaction leads to the formation of a
complex in which DsbA and the substrate
are linked together by an intermolecular
disulfide bond. In the next step, the mixed
disulfide bond is attacked by a second dep-
rotonated cysteine of the substrate to re-
solve the complex and release the oxidized
substrate and the reduced DsbA. Although
in vitro data are consistent with this model
(6, 13, 14), the covalent reaction interme-
diate between DsbA and substrate has not
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been detected during oxidative folding of
protein under physiological growth condi-
tions (15). Nor is it known at which point in
the protein translocation process disulfide
bond formation takes place, or how DsbA
recognizes substrates. Here we describe the
properties of a mutant DsbA protein that
appears to slow down step 2 of the DsbA
reaction (Fig. 1A), thus accumulating
DsbA-substrate complexes. Mutants of this
type should be generally useful for study-
ing the mechanism of thioredoxin super-
family members.

To find new mutants of the DsbA-DsbB
pathway, we conducted a genetic screen us-
ing a chromosomally encoded malF-lacZ fu-
sion that expresses �-galactosidase activity
only when there is a defect in disulfide bond
formation (16, 17). From approximately one
million ultraviolet (UV)-mutagenized colo-
nies (18), we obtained three missense muta-
tions in dsbA that altered amino acids other
than cysteines: V150G (Val150 3 Gly150)
(two isolates), P151T (Pro1513 Thr151) (two
isolates), and P151S (Pro151 3 Ser151) (two
isolates). The Val150 and Pro151 residues are
both located at the N-terminal end of a ���
motif of DsbA and touch the active site cys-
teines in the structural model of DsbA (Fig.
1B) (1, 19, 20). The Pro151 residue, which is
conserved in most thioredoxin superfamily
members, assumes a cis configuration (1, 19).

We transferred these mutations to other
strains by P1 transduction and examined
the ability of the mutants to promote disul-
fide bond formation in �-lactamase, a
periplasmic protein with one disulfide
bond. To determine the oxidation status of
proteins including �-lactamase, we used an
“acid trap” technique to inhibit thiol-
disulfide reactivity and then alkylated free
cysteines with 4-acetamido-4�-maleimidyl-
stilbene-2,2�-disulfonic acid (AMS) (18).
This modification retards the mobility of
the reduced form of proteins on gels. All of
the mutants were weak. They were partially
defective in disulfide bond formation, oxi-
dizing 40 to 50% of �-lactamase (Fig. 1C).

To further characterize the mutants, we
assessed the redox state of DsbA by prob-
ing AMS-alkylated cell lysates with anti-
body to DsbA. The three mutants exhibited
different phenotypes. In normal cells,
DsbA exists mainly as the oxidized mono-
mer (Fig. 2A). However, the P151S mutant,
while accumulating both oxidized and re-
duced DsbA, also accumulated a major
band with an apparent molecular mass of
36 kD (Fig. 2A). This band, which disap-
peared upon sample treatment with reduc-
ing agent, was also recognized by antibody
to DsbB (21). Thus, it represents a pre-
sumed intermediate in DsbA reoxidation,
the mixed disulfide complex between DsbA
and DsbB (15, 22, 23). The DsbA-DsbB

complex accumulates in the mutant only
when the mutant DsbA is actively oxidizing
substrate proteins; coexpression of wild-
type DsbA resulted in disappearance of the
DsbA-DsbB complex (21). Thus, the DsbA
P151S-DsbB complex was formed in the
process of oxidation of the P151S protein
by DsbB. The accumulation of substantial
amounts of the complex suggests that the
P151S mutant has a defect in a step re-
quired for the resolution of the mixed di-
sulfide intermediate. By contrast, in the
V150G mutant, more than half of the DsbA

remained reduced with accumulation of
less DsbA-DsbB complex than wild-type
(Fig. 2A), suggesting that a step in the
complex formation is defective.

Remarkably, the P151T mutant accumu-
lated a large number of bands of different
apparent molecular masses (Fig. 2A, solid
arrowheads) that reacted with antibody to
DsbA. We suggest that these bands represent
DsbA-substrate complexes for the following
reasons: First, these bands disappeared when
samples were treated with reducing agent
before electrophoresis (21) (Fig. 2C). Sec-

Fig. 1. New DsbA mutants. (A) Ox-
idation of a substrate protein by
DsbA. (B) Ribbon representation of
DsbA structure (PDB accession num-
ber, 1FVK) generated by PyMol. Yel-
low spheres represent sulfurs of ac-
tive site cysteines. Pro151 and Val150

residues are also indicated by red
and blue spheres, respectively. (C)
Disulfide bond formation is partially
defective in the dsbA mutants.
Strains HK354 (�dsbA, lane 1),
HK353 [wild-type (WT), lane 2],
HK348 (dsbA P151T, lane 3), HK349
(dsbA V150G, lane 4), and HK351
(dsbA P151S, lane 5) were trans-
formed with pUC18 carrying bla and
were grown at 30°C. Proteins of cul-

ture were alkylated with AMS, separated by SDS-PAGE, and visu-
alized byWestern blotting with antibody to �-lactamase (Bla) (18).

Fig. 2. Characteristics of the dsbA
mutants. (A) The redox state of
DsbA in the mutants. AMS-alkylated
lysates of HK354 (lane 1), HK353
(lane 2), HK355 (�dsbB, lane 3),
HK348 (lane 4), HK349 (lane 5), and
HK351 (lane 6) were subjected to
SDS-PAGE and Western blotting
with antibody to DsbA. Open arrow-
heads, nonspecific bands; asterisk,
unknown complex. The positions of
marker proteins are indicated on the
left in kD. (B) Formation of the
mixed disulfide complexes in the
P151T mutant depends on DsbB.
AMS-alkylated lysates of HK355
(�dsbB, lane 1) and HK357 (�dsbB,
dsbA P151T, lane 2) were analyzed
with antibody to DsbA. (C) Forma-
tion of mixed disulfide complexes in
the P151T mutant occurs only tran-
siently after the synthesis of the
substrates. HK353 (lanes 1 to 10)
and HK348 (lanes 11 to 20) were
pulse-labeled with [35S]-methionine
for 30 s and chased with excess cold
methionine for the indicated times. After alkylation of the pulse-chased samples with AMS, the
DsbA and DsbA-substrate complexes were immunoprecipitated from the lysates with antibody to
DsbA and analyzed by SDS-PAGE and fluorography. Samples in lanes 6 to 10 and 16 to 20 were
incubated with 50 mM dithiothreitol before electrophoresis. DTT, dithiothreitol; c, DsbA P151T-
substrate complexes; p, partners of DsbA P151T (substrates).
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ond, the formation of the complexes depend-
ed on DsbB (Fig. 2B), indicating that their
presence requires that DsbA be in the oxi-
dized state. Finally, coexpression of wild-
type DsbA from a plasmid to oxidize sub-
strate proteins resulted in decreased amounts
of the complexes (21), indicating that these
complexes were formed during the oxidation
of the substrate proteins by the P151T mutant
and not, for example, by reaction of reduced
DsbA with oxidized substrates.

We followed the formation of the mixed
disulfide complexes in the P151T mutant by
pulse-chase experiments. Cellular proteins
were labeled, and DsbA complexes immuno-
precipitated with antibody to DsbA. The pre-
cipitated proteins were analyzed by SDS–
polyacrylamide gel electrophoresis (SDS-
PAGE) under nonreducing and reducing
conditions (Fig. 2C). Complex formation
reached a maximum within 1 min after the
synthesis of substrates, indicating that these
complexes were formed between DsbA P151T
and newly synthesized substrate proteins.

To identify the complexed substrates, we
purified the complexes using a deca-histidine
tag fused to the C-terminus of the P151T
mutant protein. The purified complexes were
separated by two-dimensional (2D) gel elec-
trophoresis in which the first dimension was
nonreducing and the second was reducing
(18). A number of spots migrated at 21 kD in
the second dimension (Fig. 3). Because anti-
body to DsbA reacts specifically with these
spots (21), they are DsbA P151T. Proteins in
each spot along the off-diagonal line (flanked
by two open arrows in Fig. 3) represent the
partners of DsbA P151T. For example, a 53
kD complex in the first dimension was re-
solved into a 32 kD protein and DsbA P151T
(21 kD) in the second dimension. Similarly,
every other spot between the two open arrows

has a corresponding DsbA spot; the sum of
the molecular masses of the two spots in each
pair agrees well with the apparent molecular
mass of the complex in the first dimension.

More than 10 spots are clearly recogniz-
able between the two open arrows on the
Coomassie brilliant blue–stained gel (Fig. 3).
Proteins in each of these spots were analyzed
by mass spectrometry. Fifteen different pro-
teins were identified in this way, including
well-characterized proteins and proteins iden-
tified as open reading frames (table S1).
Among these, OmpA is the only well-studied
substrate of DsbA. Most of the other proteins
are known (eight proteins) or predicted (five
proteins) to be exported and each of them has
at least one cysteine residue in its sequence.
Thus they are potential substrates of DsbA.
(A protein with only one cysteine may form
an intermolecular disulfide bridge). We also
identified Ef-Tu (elongation factor Tu) as a
minor component of one of the spots. This
protein apparently represents a false positive
because it is located in the cytoplasm. Ef-Tu
has also appeared as the major false positive
mixed disulfide complex with other redox
active proteins studied in our laboratory (24),
probably because of its extremely high abun-
dance and the high reactivity of its cysteines
(Cys81 and Cys137) (25).

To confirm that the identified proteins are
substrates of DsbA, we cloned some of the
genes and fused a c-Myc tag at the C-termi-
nus of the proteins for their detection (Fig. 4)
(18). Proteins tested were OmpA (positive
control), LivK, YodA, RcsF, and YbjP. In the
wild-type strain, the cysteines of these pro-
teins were completely oxidized. In a �dsbA
strain, however, they were mostly or partially
reduced. All of the tested proteins seemed to
have one or more disulfide bonds in vivo and
require DsbA for their efficient disulfide

bond formation, showing that they are sub-
strates of DsbA.

The accumulation of DsbA-substrate com-
plexes in the P151T mutant indicates that res-
olution of these complexes is retarded. We
considered the possibility that alteration of the
redox potential of the protein was responsible
for the defect. We measured the standard redox
potentials of the mutant proteins (18) and found
them to be equal to or slightly lower than that of
wild-type enzyme, which is –127 mV (P151T,
P151S, and V150G mutant proteins were –152
mV, –151 mV, and –128 mV, respectively).
Because the P151T and P151S proteins had
almost the same redox potential but showed
different phenotypes, redox potential alone can-
not explain why the P151T mutant accumulates
the DsbA-substrate complexes.

We suspect that specific structural fea-
tures of the P151T mutant prevent rapid res-
olution of DsbA-substrate complexes. The
published crystal structure of human thiore-
doxin complexed with the Ref-1 peptide (in
which one cysteine in Ref-1 and one in thi-
oredoxin are mutated to stabilize the com-
plex) (26) provides a possible explanation for
our findings. In the structure, the ring of this
cis proline residue abuts the sulfur of the
substrate cysteine that is involved in the
mixed disulfide. This interaction may be im-
portant for maintaining the correct positioning
of the mixed disulfide bond (26). The P151T
alteration in DsbA may change this positioning,
leading to slower resolution of complexes.

On the basis of sequence analysis, more
than 1000 proteins have been proposed to
contain a redox-active Cys-X-X-Cys motif in
a thioredoxin-like fold (27). Most of these
proteins are believed to carry out the oxida-
tion, reduction, or isomerization of substrate
proteins via formation of mixed disulfide
complexes (2, 3). A second reaction of these

Fig. 3. Purification and iden-
tification of the partners of
DsbA P151T. Culture (4 l) of
HK354 carrying a DsbA-His10
P151T expression plasmid
pHK630 was alkylated with
iodoacetamide (18). DsbA
P151T-containing mixed dis-
ulfides were purified from the
alkylated lysate using a deca-
histidine tag fused to the C-
terminus of DsbA P151T, sep-
arated on a nonreducing–re-
ducing 2D gel, and visualized
by Coomassie staining (18).
Proteins in spots along the
off-diagonal line flanked by
two open arrows represent
partners of DsbA P151T. They
were identified by mass spec-
trometry and are indicated.
DsbA P151T and DsbB, which
co-purified with DsbA P151T, are also indicated. Note that Imp was found at two positions. SlyD,
on the diagonal line, is a histidine-rich protein that binds to the Ni column. Some spots running
below the off-diagonal line could originate from oligomeric disulfide-bonded complexes.

Fig. 4. The partners of DsbA P151T have one or
more disulfide bonds in vivo and require DsbA
for their efficient oxidative folding. AMS-alky-
lated lysates of HK353 (WT) or HK354 (�dsbA)
carrying a plasmid, pHK643 (OmpA-c-Myc),
pHK641 (LivK-c-Myc), pHK642 (YodA-c-Myc),
pHK646 (RcsF-c-Myc), or pHK648 (YbjP-c-Myc)
were separated by SDS-PAGE and visualized by
Western analysis with antibody to c-Myc. The
positions of the oxidized (ox) and reduced (red)
forms of each protein were determined using the
samples without AMS alkylation (for oxidized po-
sition) and the samples that were first reduced
with 50 mM DTT and then alkylated with AMS
(for reduced position) (21).
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proteins is with enzymes that are responsible
for maintaining them in the appropriate redox
state for their activities, analogous to the
DsbB-DsbA interaction. These reactions also
appear to involve mixed disulfide intermedi-
ates. However the mixed disulfide bonded
reaction intermediates in either direction are,
in most cases (28), difficult to detect probably
because such complexes resolve very quickly
(29). Here, in the case of DsbA, we show that
it is possible to detect such intermediates by
mutations that alter a cis proline residue high-
ly conserved in the structures of proteins with
a thioredoxin-like fold. A striking finding is
that one of the mutations (P151T) results in
accumulation of complexes between DsbA
and its substrates, whereas the other (P151S)
accumulates complexes between DsbA and
the enzyme that oxidizes it, DsbB. Because
this proline residue is conserved in most thi-
oredoxin family members, it seems possible
that mutational alteration of this residue in
other family members will also allow detec-
tion of reaction intermediates. However, suc-
cess in such efforts may depend on the pre-
cise geometry and distance of the proline
relative to the active site and the nature of the
amino acid substituted.

Recently, mutants lacking the C-terminal
cysteine of the Cys-X-X-Cys motif of a plant
thioredoxin were used to trap putative en-
zyme-substrate complexes (30, 31). This ap-
proach may not be as informative for proteins
that act as oxidants such as DsbA, where the
formation of such complexes would represent
the reverse reaction from that normally car-
ried out by the protein.

Further studies with the DsbA P151T mu-
tant should allow identification of a larger
number of DsbA substrates. Analysis of these
complexes should also yield a more detailed
understanding of the mechanism of DsbA
action, including (i) which cysteines in sub-
strate proteins are recognized during its ac-
tion, (ii) at what point during protein translo-
cation these reactions take place, and (iii) the
role of the cis proline in this process.
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tiez, Protein Sci. 11, 1600 (2002).

15. S. Kishigami, E. Kanaya, M. Kikuchi, K. Ito, J. Biol.
Chem. 270, 17072 (1995).

16. H. Tian, D. Boyd, J. Beckwith, Proc. Natl. Acad. Sci.
U.S.A. 97, 4730 (2000).

17. H. Kadokura, M. Bader, H. Tian, J. C. Bardwell, J.
Beckwith, Proc. Natl. Acad. Sci. U.S.A. 97, 10884
(2000).

18. Materials and methods are available as supporting
material on Science Online.

19. L. W. Guddat, J. C. Bardwell, T. Zander, J. L. Martin,
Protein Sci. 6, 1148 (1997).

20. J. B. Charbonnier, P. Belin, M. Moutiez, E. A. Stura, E.
Quéméneur, Protein Sci. 8, 96 (1999).

21. H. Kadokura et al., data not shown.
22. H. Kadokura, J. Beckwith, EMBO J. 21, 2354 (2002).
23. U. Grauschopf, A. Fritz, R. Glockshuber, EMBO J. 22,

3503 (2003).
24. R. Ortenberg, F. Katzen, J. Beckwith, unpublished results.

25. G. Richarme, Biochem. Biophys. Res. Commun. 252,
156 (1998).

26. J. Qin, G. M. Clore, W. P. Kennedy, J. Kuszewski, A. M.
Gronenborn, Structure 4, 613 (1996).

27. A. Bateman et al., Nucleic Acids Res. 30, 276 (2002).
28. M. Molinari, A. Helenius, Nature 402, 90 (1999).
29. C. Frech, M. Wunderlich, R. Glockshuber, F. X. Schmid,

EMBO J. 15, 392 (1996).
30. Y. Balmer et al., Proc. Natl. Acad. Sci. U.S.A. 100, 370

(2003).
31. K. Motohashi, A. Kondoh, M. T. Stumpp, T. Hisabori,

Proc. Natl. Acad. Sci. U.S.A. 98, 11224 (2001).
32. We thank members of J.C.A.B. and J.B. laboratories

for discussions. J.C.A.B. is a Pew Scholar. J.B. is an
American Cancer Society Professor. Supported by
NIH grants GM57039 (J.C.A.B.) and GM41883 (J.B.).

Supporting Online Material
www.sciencemag.org/cgi/content/full/303/5657/534/
DC1
Materials and Methods
Tables S1 to S3
References

22 September 2003; accepted 26 November 2003

Extensive Gene Traffic on the
Mammalian X Chromosome
J. J. Emerson,1* Henrik Kaessmann,1,2* Esther Betrán,1,3

Manyuan Long1†

Mammalian sex chromosomes have undergone profound changes since evolving
from ancestral autosomes. By examining retroposed genes in the human and
mouse genomes, we demonstrate that, during evolution, the mammalian X
chromosome has generated and recruited a disproportionately high number of
functional retroposed genes, whereas the autosomes experienced lower gene
turnover. Most autosomal copies originating from X-linked genes exhibited
testis-biased expression. Such export is incompatible with mutational bias and
is likely driven by natural selection to attain male germline function. However,
the excess recruitment is consistent with a combination of both natural se-
lection and mutational bias.

The mammalian X and Y chromosomes
changed profoundly in their differentiation
from ancestral autosomes (1–3). Throughout
this process, the selective placement of new
genes can be driven by gene duplication (1,
4). The Y chromosome has been shown to
recruit male-specific genes (1, 2), whereas a
few individual X-linked genes have male-
specific duplicate counterparts on autosomes
(4). Furthermore, some male-specific genes
appear to be enriched on the X chromosome
(5, 6). However, analysis of human genome
project data indicated that no pattern exists
for gene movements involving the X chromo-
some in humans (7). To elucidate gene move-
ments in the human and mouse genomes, we

analyzed duplicate genes produced by ret-
roposition, whereby a mature messenger
RNA (mRNA) is reverse-transcribed and re-
integrated into the genome (8).

Retroposition is an important mechanism of
gene copying (9) and produces a large number
of functional genes in mammalian genomes. It
accounts for approximately 10,000 duplication
events in the human genome (10), of which
approximately 10% are functional (11). The
direction of copying can be inferred from se-
quence features of each member of the dupli-
cate pair (12): the processed retrocopy is intron-
less, whereas its parental gene usually contains
introns (13). Retrocopies that recently integrat-
ed into the genome may also display a 3� poly-
adenylate [poly(A)] tract and flanking direct
repeats. We screened annotated genes in the
human genome (7, 14, 15) for functional ret-
ropositions (16), identifying 655 retroposition
events, of which 366 involved interchromo-
somal movements. Furthermore, with the use of
stringent functionality criteria based on both
selective constraint, a nonsynonymous to syn-
onymous substitution rate ratio (KA/KS) less
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