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A periplasmic protein has been found to prevent aggregation of the acid-unfolded dimethyl sulfoxide
reductase (DMSOR), the periplasmic terminal reductase of dimethyl sulfoxide respiration in the phototroph
Rhodobacter sphaeroides f. sp. denitrificans, in a manner similar to that of the Escherichia coli chaperonin GroEL
(Matsuzaki et al., Plant Cell Physiol. 37:333–339, 1996). The protein was isolated from the periplasm of the
phototroph. It had a molecular mass of 58 kDa and had no subunits. The sequence of 14 amino-terminal
residues of the protein was completely identical to that of the periplasmic dipeptide transport protein (DppA)
of E. coli. The 58-kDa protein prevented aggregation to a degree comparable to that of GroEL on the basis of
monomer protein. The 58-kDa protein also decreased aggregation of guanidine hydrochloride-denatured
rhodanese, a mitochondrial matrix protein, during its refolding upon dilution. The 58-kDa protein is a kind of
molecular chaperone and could be involved in maintaining unfolded DMSOR, after secretion of the latter into
the periplasm, in a competent form for its correct folding.

The periplasmic space is the region between the inner and
outer membranes of gram-negative bacteria. The periplasmic
space contains many proteins, such as solute transport pro-
teins, and their functional expression in the space is essential
for bacterial growth. Recently, the periplasm of Escherichia
coli has been shown to play an important role in the expression
of a wide variety of recombinant proteins from different
sources. However, the mechanism of protein folding in the
periplasm is less well understood (reviewed in references 15
and 27). None of the classical molecular chaperones such as
GroEL and DnaK, which are located in the cytoplasm, have
been identified in the periplasm, and no general molecular
chaperone-like proteins, which play roles in the correct folding
of proteins by preventing side reactions, have been found.
Most recently, however, some periplasmic substrate-binding
proteins, the oligopeptide-binding protein OppA of E. coli, the
maltose-binding protein MalE of E. coli, and the galactose-
binding protein MglB of Salmonella typhimurium, have been
demonstrated to have chaperone activities (19). On the other
hand, some enzymes that facilitate protein folding in the
periplasm of E. coli have been found. Dsb proteins (required
for the correct formation of disulfide bonds of periplasmic
proteins), PPIase (peptidyl prolyl cis-trans isomerase), and
RotA (catalyzes cis-trans isomerization of proline) are enzymes
which modify the structures of amino acids within polypeptides
(15, 27). Specialized periplasmic chaperones such as PapD are
also known to serve in pilin assembly into pili (7).

The denitrifying phototrophic bacterium Rhodobacter sphaer-
oides f. sp. denitrificans (20) is capable of dimethyl sulfoxide
respiration as one of its anaerobic respiration systems. The
terminal reductase of the respiration, dimethyl sulfoxide re-
ductase (DMSOR), is a periplasmic soluble protein with a
molecular weight of 84,903. It consists of a single polypeptide

and contains one molecule of molybdenum (Mo) cofactor and
nine cysteine residues per molecule (21, 28). Recently, its
three-dimensional structure has been determined by X-ray
crystallography (22). We reported previously that spheroplasts
prepared from a Mo cofactor-deficient mutant secrete an un-
folded form of DMSOR into the medium (11) and that there
are no disulfide bonds in the native conformation of DMSOR
(12). In an in vitro refolding experiment, we have shown that
the acid-unfolded DMSOR prepared by releasing the Mo co-
factor from DMSOR by acidification is protected from aggre-
gation by GroEL or a protein(s) in the periplasm (13). There-
fore we thought that a molecular chaperone-like protein(s) is
present in the periplasm.

In this study we isolated a periplasmic chaperone-like pro-
tein from the periplasm of R. sphaeroides by monitoring its
ability to prevent aggregation of the acid-unfolded DMSOR.
This protein was homologous to DppA, the periplasmic dipep-
tide transport protein of E. coli. This fact agrees with the
findings that some periplasmic substrate-binding proteins have
molecular chaperone-like activities (19) but suggests that most
other periplasmic proteins do not have chaperone activity since
only DppA was isolated by the refolding activity assay.

MATERIALS AND METHODS

Bacteria and growth conditions. A green mutant strain of Rhodobacter sphaer-
oides f. sp. denitrificans IL106 (20) was used. The medium and conditions for
growth of the photodenitrifier were described previously (29).

Preparation of DMSOR and the periplasmic fraction. DMSOR was purified
according to published protocols (21). The periplasmic fraction was obtained as
described previously (13).

Acid denaturation. DMSOR (100 mg/ml) was denatured by elimination of Mo
cofactor by acidification as described elsewhere (13).

Measurement of prevention of aggregation of unfolded DMSOR. Acid-dena-
tured DMSOR was diluted 2.5-fold with refolding buffer (125 mM Tris-HCl [pH
8.0], 12.5 mM KCl). An aliquot (15 ml) of the acid-unfolded DMSOR in refold-
ing buffer was mixed with an equal volume of each fraction to be assayed. The
mixture was incubated at 30°C for 3 h, and aliquots (20 ml) were subjected to
electrophoresis on 7.5% nondenaturing polyacrylamide gels at 4°C. DMSOR on
the gels was transferred to nitrocellulose membranes as described elsewhere (11)
and analyzed immunologically as described elsewhere (29). The acid-unfolded
DMSOR in refolding buffer aggregated during incubation for 3 h and disap-
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peared on the nondenaturing gel because the protein did not enter the gel. When
a protein with the molecular chaperone-like activity was present during incuba-
tion, the unfolded form became visible on the gel. However, it was difficult to
quantitatively determine the activity.

Protein determination. Protein concentration was determined by using a pro-
tein assay kit (Bio-Rad Laboratories) with bovine serum albumin (BSA) as a
standard.

Purification of a protein capable of preventing aggregation. The periplasmic
fraction obtained from 10-liter bacterial cultures was precipitated with ammo-
nium sulfate at 34 to 85% saturation. The precipitates were dissolved in a
minimum quantity of 50 mM Tris-HCl buffer (pH 7.5) and applied to a column
(3.0 by 100 cm) of Sephacryl S-200 equilibrated with 50 mM Tris-HCl buffer (pH
7.5) containing 0.1 M NaCl. The proteins were eluted with the same buffer, and
the eluate was collected in 4.7-ml fractions. The activity was recovered between
fractions 57 and 72. These fractions were pooled and applied to a column (1.5 by
10 cm) of DEAE-Sephacel equilibrated with 50 mM Tris-HCl buffer (pH 7.5)
containing 0.1 M NaCl. The proteins were eluted with a linear NaCl gradient of
0.1 to 0.3 M in 80 ml of the same buffer. The activity was recovered in fractions
eluted at NaCl concentrations of 0.17 to 0.21 M. These fractions were pooled,
concentrated by ultrafiltration, resuspended in 50 mM potassium phosphate
buffer (pH 7.0) containing 2 M ammonium sulfate, and applied to a column (1.5
by 6 cm) of phenyl Sepharose CL-4B equilibrated with 50 mM potassium phos-
phate buffer (pH 7.0) containing 2 M ammonium sulfate. The proteins were
eluted with a linear ammonium sulfate gradient from 2 to 0 M in 80 ml of buffer.
The protein with the activity was not eluted at ammonium sulfate concentrations
from 2 to 0 M. Then, the protein was eluted with 50 mM potassium phosphate
buffer (pH 7.0) containing 40% ethyleneglycol.

Two-dimensional PAGE. Two-dimensional polyacrylamide gel electrophoresis
(PAGE) was carried out as described previously (11) except that the nondena-
turing gel in the first dimension was immersed in denaturing buffer containing
2% sodium dodecyl sulfate (SDS) and 10% 2-mercaptoethanol followed by
heating in a microwave oven for 20 s.

Determination of amino acid sequence. The amino-terminal amino acid se-
quence of the purified protein was determined by using a gas phase protein
sequencer (Applied Biosystems 473A). The internal amino acid sequence was
determined as follows. The purified protein (4.5 mg) was digested with 2.0 mg of
V8 protease in 40 ml of 50 mM Tris-HCl (pH 7.5) at 37°C for 3 h and electro-
phoresed on an SDS-polyacrylamide gel. Then, the amino acid sequences of the
two major polypeptides were determined.

In vitro assay of aggregation of rhodanese and refolding of MDH. Rhodanese
(0.393 mg/ml) was denatured in 80 mM potassium phosphate buffer, pH 7.6,
containing 10 mM dithiothreitol–5.6 M guanidine hydrochloride (Gdn-HCl) for
30 min at room temperature. Denatured rhodanese was diluted 100-fold into 50
mM Tris-HCl buffer, pH 7.2. Aggregation of denatured rhodanese was moni-
tored at 320 nm as the increase in turbidity at room temperature as previously
described (25). Malate dehydrogenase (MDH) (36 mg/ml) was denatured by a
procedure similar to that used for rhodanese. Refolding of MDH was measured
by monitoring MDH activity after dilution of 5 ml of the denatured MDH
solution with 195 ml of dilution buffer (100 mM potassium phosphate, pH 7.6)
(8).

Materials. Sephacryl S-200, DEAE-Sephacel, and phenyl Sepharose CL-4B
were obtained from Pharmacia Biotech. GroEL was purchased from Takara
Biochemicals. Bovine liver mitochondrial rhodanese and BSA (fraction V) were
from Sigma. MDH was from Oriental Yeast.

RESULTS

Purification of the protein capable of preventing aggrega-
tion of acid-unfolded DMSOR. Previously (13), we showed that
acid-unfolded DMSOR aggregated during incubation in re-
folding buffer and that the aggregation was suppressed by
incubation with GroEL, one of the best-characterized cytoplas-
mic molecular chaperonins from E. coli, or a protein(s) with a
molecular mass of about 40 kDa from the periplasm of R.
sphaeroides f. sp. denitrificans. The periplasmic protein has
been further purified. The proteins were precipitated with am-
monium sulfate at 34 to 85% saturation and chromatographed
on a column of Sephacryl S-200, DEAE-Sephacel, and phenyl
Sepharose CL-4B. The results of the DEAE-Sephacel and
phenyl Sepharose CL-4B chromatographies are presented in
Fig. 1. Although the data in the insets are not quantitatively
exact, the peaks of activity appeared around fractions 34 to 46
in DEAE-Sephacel chromatography (Fig. 1A) and 104 to 116
in phenyl-Sepharose CL-4B chromatography (Fig. 1B), differ-
ing from the peaks of absorbance at 280 nm of 52, 57, and 64
(Fig. 1A) and 65 and 72 (Fig. 1B), respectively. These results
indicate that a specific protein took part in the activity. The

protein was purified to almost one polypeptide by phenyl
Sepharose CL-4B chromatography (Fig. 2). The protein con-
sisted of a single polypeptide with a molecular mass of 58 kDa,
since the molecular mass was about 40 kDa by gel filtration.
The 58-kDa protein was clearly visible in the protein profile of
crude periplasmic extracts (Fig. 2), showing that it was an
abundant periplasmic protein under the conditions used.

Amino-terminal and internal amino acid sequences of the
58-kDa protein. The amino-terminal and internal amino acid
sequences of the 58-kDa protein were determined (Fig. 3). A
comparison of the sequence with proteins in the DNA Data
Base of Japan revealed that the sequence of the 14 amino-
terminal amino acid residues was completely identical to that
of DppA, a periplasmic dipeptide transport protein of E. coli,
and that 16 of 20 amino-terminal amino acid residues were
identical between these proteins. The internal amino acid se-
quences of 50- and 18-kDa polypeptides were also highly ho-
mologous to DppA, i.e., 13 of 20 residues and 13 of 16 residues
were identical, respectively. E. coli DppA was reported to be
more similar to Salmonella typhimurium OppA, the oligopep-
tide-binding protein, than any other protein or region encoded
by an open reading frame in the data base, but it has weak
similarity to OppA (24% identity) (17). Between the amino-
terminal sequences of the 58-kDa protein and OppA, only 5 of
20 residues were identical. The 58-kDa protein was thus re-
ferred to as a DppA-like protein.

FIG. 1. DEAE-Sephacel and phenyl Sepharose CL-4B chromatography pro-
files. The periplasmic protein was precipitated with 34 to 85% ammonium sulfate
and applied to a column of Sephacryl S-200. Then, the fractions with the activity
were applied to columns of DEAE-Sephacel and phenyl Sepharose CL-4B as
described in Materials and Methods. Absorbance at 280 nm (F) and the ability
to prevent aggregation of acid-unfolded DMSOR (insets) were determined. (A)
DEAE-Sephacel chromatography. (B) Phenyl Sepharose CL-4B chromatogra-
phy. N, native DMSOR; U, acid-unfolded DMSOR with no sample.
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Specific activity. We previously showed that GroEL strongly
prevented aggregation of acid-unfolded DMSOR. The specific
ability to prevent aggregation of the 58-kDa protein was de-
termined in comparison with those of GroEL and BSA (Fig.
4). At concentrations of 50 and 25 mg/ml in the reaction mix-
ture, GroEL appeared to have the most intense activity among
the three molecules examined, with the 58-kDa protein show-
ing a little weaker activity than that of GroEL. BSA had low
activity. At a concentration of 10 mg/ml in the reaction mixture,
the 58-kDa protein appeared to have stronger activity than that
of GroEL. Since GroEL is an oligomeric protein composed of
14 subunits, each with a mass of 57 kDa (reviewed in reference
4), these results indicate that the 58-kDa protein had activity

comparable to that of GroEL on a monomeric basis. However,
the activity of GroEL on a molar basis was about 14-fold
stronger than that of the 58-kDa protein.

Aggregation of the 58-kDa protein. We found that the 58-
kDa protein migrated to make a broad band on nondenaturing
gels. We examined whether the purified 58-kDa protein prep-
aration was contaminated with heterologous proteins or if the
protein formed aggregates by two-dimensional electrophoresis
(Fig. 5). On the first nondenaturing gel, the DppA-like protein
migrated as a broadened band (Fig. 5A). The protein migrated
to one sharp band in the second round of SDS-PAGE after
the first gel was heated in a microwave oven in denaturing
buffer containing SDS and 2-mercaptoethanol. These results
indicate that the final preparation was composed of only
58-kDa protein and that the protein had a tendency to
aggregate.

Suppression of aggregation by the 58-kDa protein of rho-
danese. The major role of molecular chaperones in protein
folding is considered to be protection of the unfolded proteins
from aggregation (1, 9). To investigate whether the 58-kDa
protein has the chaperone-like effect on other proteins, MDH
from yeast (8) and bovine rhodanese (26) were selected as
unfolded protein substrates, since both enzymes have been
used as useful models for studying protein folding and the
functional roles of protein dynamics (14). Gdn-HCl-denatured
rhodanese and MDH were diluted into a large excess of dilu-
tion buffer containing the 58-kDa protein, GroEL, or BSA, and
aggregation of rhodanese and reactivation of MDH were ex-
amined (Fig. 6). Dilution of Gdn-HCl-denatured rhodanese in
this buffer resulted in its aggregation. The aggregation was
efficiently suppressed when GroEL and the 58-kDa protein
were present, although the 58-kDa protein (10 mg/ml) was
around 60% as effective as GroEL (Fig. 6A). BSA in the buffer

FIG. 2. Purification of the protein capable of preventing aggregation. Frac-
tions from the purification steps were separated by SDS-PAGE and stained with
Coomassie brilliant blue. The amounts of protein applied to the lanes of the gel
from left (periplasm) to right (phenyl Sepharose) were 20, 15, 15, 5, and 5 mg,
respectively. The migration positions of molecular mass marker proteins are
shown to the left of the gel.

FIG. 3. Amino-terminal and internal amino acid sequences of R. sphaeroides
58-kDa protein compared with those of E. coli DppA and S. typhimurium OppA.
Reverse-contrast letters show identical residues.

FIG. 4. Specific ability to prevent aggregation of the 58-kDa protein. An
aliquot (15 ml) of the acid-unfolded DMSOR in refolding buffer was mixed with
an equal volume of the purified protein (A), GroEL (B), or BSA (C) at final
concentrations of 2.5, 5, 10, 25, and 50 mg per ml in 30-ml reaction mixtures. N,
native DMSOR; U, acid-unfolded DMSOR with no sample.
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had no effect. The ability to prevent aggregation of rhodanese
was plotted as a function of 58-kDa protein and GroEL con-
centrations (Fig. 6B). The 58-kDa protein had a lower activity
than that of GroEL by about 40% on the basis of protein
quantity. This result is comparable to that in Fig. 4 which shows
that the 58-kDa protein had a little weaker activity than that of
GroEL on the denatured DMSOR. Reactivation of Gdn-HCl-
denatured MDH was rapid even in the absence of molecular
chaperones, and the 58-kDa protein and BSA appeared to
have little effect on reactivation (Fig. 6C). GroEL promoted
reactivation by about 130% of that of the control.

DISCUSSION

We have found that acid-unfolded DMSOR aggregates dur-
ing incubation in the refolding buffer and that GroEL and a
periplasmic protein prevent aggregation (13). This provides a

good experimental system in which to identify proteins which
function like molecular chaperones in the periplasm, and we
have attempted to isolate such proteins. In all chromatogra-
phies, the 58-kDa protein was recovered at specific fractions
and identified. It is an abundant periplasmic protein and ap-
pears to be hydrophobic with a tendency to aggregate.

The most noteworthy characteristic of the 58-kDa protein is
its amino acid sequence homology with E. coli DppA. E. coli
DppA has been suggested to be involved in the ability of cells
to utilize and undergo chemotaxis toward dipeptides (10) and
is a periplasmic dipeptide transport protein (17). The purified
58-kDa protein has almost the same molecular size as E. coli
DppA. The first 14 amino-terminal amino acid residues are
completely identical to those of E. coli DppA, and the internal
sequences also show high degrees of similarity to those of E.
coli DppA. Recently, the structure of the unbound form of E.
coli DppA was determined (16). Arg355 and Tyr357 in E. coli
DppA are located in the middle of a loop which has been
shown to be involved in the binding site for peptides (16).
These amino acid residues are also present in the internal
polypeptide 2 (18 kDa) obtained from the R. sphaeroides 58-
kDa protein. Thus, the purified 58-kDa protein can be called
R. sphaeroides DppA.

Richarme and Caldas (19) have shown that the periplasmic-
binding proteins E. coli OppA, E. coli MalE, and S. typhi-
murium MglB are able to behave as general molecular chap-
erones even in the absence of ATP. In our study, however, only
DppA was isolated as the chaperone for the unfolded DMSOR
from the cell. We found that DctP (23), the periplasmic dicar-
boxylate-binding protein purified from this phototroph, also
had the activity to prevent aggregation of the unfolded
DMSOR, but this activity was comparable to only that of BSA
(data not shown). Therefore, all of the periplasmic substrate-
binding proteins cannot have chaperone-like functions. It is
likely that R. sphaeroides DppA is the only protein playing a
role of molecular chaperone for at least the unfolded DMSOR
in the periplasm. However, it is not clear whether R. sphaer-
oides DppA serves as molecular chaperone for other periplas-
mic proteins or if there is a specific chaperone for each of the
other proteins in the periplasm. We are now isolating mutants

FIG. 5. Two-dimensional electrophoresis of the 58-kDa protein. The purified
58-kDa protein (10 mg) was first subjected to nondenaturing PAGE (A) and then
to SDS-PAGE (B). The gels were stained with Coomassie brilliant blue.

FIG. 6. Effects of R. sphaeroides 58-kDa protein on aggregation of rhodanese and reactivation of MDH. (A) Time course of aggregation upon dilution of
Gdn-HCl-denatured rhodanese in the absence of added proteins (F) and in the presence of BSA (E), GroEL (■), and R. sphaeroides 58-kDa protein (h) as monitored
by light scattering. BSA, GroEL, and the 58-kDa protein were added at a concentration of 10 mg/ml. The concentration of rhodanese was 3.93 mg/ml. (B) Plot of the
prevention of aggregation of rhodanese as a function of GroEL (■) or R. sphaeroides 58-kDa protein (h) concentration. (C) Time course of reactivation of denatured
MDH in the absence of added proteins (F) and in the presence of BSA (E), GroEL (■), and R. sphaeroides 58-kDa protein (h). The concentration of BSA, GroEL,
and the 58-kDa protein used was 10 mg/ml. The concentration of MDH was 0.9 mg/ml. At the indicated times aliquots were withdrawn and MDH activities were
measured.
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of the dppA gene in order to clarify the role of DppA for other
periplasmic proteins.

Protein disulfide isomerase (PDI), which acts as a catalyst of
disulfide bond formation (5), has also recently been shown to
exhibit a chaperone-like activity in the in vitro refolding of
proteins (2, 18, 24). Furthermore, PDI is suggested to be in-
volved in quality control (3, 30) and also accelerates protein
folding within cells (17). Its chaperone-like activity, however,
appears to be dependent on the proteins used as substrates. No
significant chaperone-like activity of PDI for dihydrofolate re-
ductase is evident, but PDI suppressed aggregation of dena-
tured rhodanese (6). These differences indicate that proteins
such as rhodanese, which are liable to aggregate and are un-
able to refold spontaneously, are preferable substrates for PDI,
whereas proteins such as dihydrofolate reductase and RNase
A, which spontaneously refold, are not (18). This also seems to
be the case for R. sphaeroides DppA; R. sphaeroides DppA had
little effect on the folding of MDH but effectively suppressed
the aggregation of rhodanese and DMSOR. The unfolded
DMSOR is liable to aggregate, and the efficiency of folding is
very poor (13).

Zahn et al. (30) reported that a monomeric polypeptide of
the chaperonin GroEL corresponding to residues 191 to 345
also has the activity of the tetradecamer in facilitating the
refolding of rhodanese in the absence of ATP. The weaker
binding of denatured rhodanese to the monomeric polypeptide
is adequate for chaperonin activity and weak enough to allow
the subsequent refolding of rhodanese (3). R. sphaeroides
DppA may show activity similar to that of this fragment of
GroEL.
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