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One of the rate-limiting steps in protein folding has
been shown to be the cis-trans isomerization of proline
residues, which is catalyzed by a range of peptidylprolyl
cis-trans isomerases. To characterize the interaction be-
tween model peptides and the periplasmic peptidyl-
prolyl cis-trans isomerase SurA from E. coli, we em-
ployed a chemical cross-linking strategy that has been
used previously to elucidate the interaction of sub-
strates with other folding catalysts. The interaction be-
tween purified SurA and model peptides was significant
in that it showed saturation and was abolished by dena-
turation of SurA; however the interaction was inde-
pendent of the presence of proline residues in the model
peptides. From results obtained by limited proteolysis
we conclude that an N-terminal fragment of SurA, com-
prising 150 amino acids that do not contain the active
sites involved in the peptidylprolyl cis-trans isomeriza-
tion, is essential for the binding of peptides by SurA.
This was confirmed by probing the interaction of the
model peptide with the recombinant N-terminal frag-
ment, expressed in Escherichia coli. Hence we propose
that, similar to protein disulfide isomerase and other
folding catalysts, SurA exhibits a modular architecture
composed of a substrate binding domain and distinct
catalytically active domains.

During the past three decades processes involved in the
misfolding, aggregation, and degradation of proteins have at-
tracted increasing interest. However, our understanding of the
molecular mechanisms of protein folding and hence protein
misfolding is far from being complete. Folding catalysts have
been identified that facilitate specific isomerization steps that
would otherwise limit the rate of polypeptide folding. Protein
disulfide isomerase (PDI)1 catalyzes the formation, isomeriza-
tion, and reduction of disulfide bonds (for review see Ref. 1),
and peptidylprolyl cis-trans isomerases (PPIases) accelerate
the rate of conformational interconversions around proline res-
idues in polypeptides in vitro (2, 3). PPIases are ubiquitous in
both prokaryotes and eukaryotes (4, 5); however, their biolog-

ical significance remains elusive. Three classes of PPIases have
been identified so far: the cyclophilins, the FK506-binding pro-
teins, and PPIases that have sequence homology with the cat-
alytic domain of parvulin (3).

Some PPIases are thought to have separate substrate bind-
ing domains structurally distinct from their catalytic domains
(6), and hence it has been postulated that these folding cata-
lysts also can exert chaperone-like activities. Trigger factor, a
bacterial cytoplasmic PPIase, was found to have two domains
at the N and C terminus that did not influence catalytic activity
but are essential for substrate binding (6). FkpA, a periplasmic
PPIase, was found to assist the folding of single-chain antibody
fragments (scFv) independent of its PPIase activity. It ap-
peared that FkpA was able to interact with early folding inter-
mediates to prevent aggregation and also interact with un-
folded or partially aggregated proteins to prevent irreversible
aggregation and facilitate their reactivation (7, 8). Interest-
ingly, FkpA had this chaperone effect also on scFv antibody
fragments that did not contain any proline residues. In con-
trast, the coexpression of the periplasmic PPIase SurA pro-
duced no increase in the functional scFv fragment level in the
periplasm (7, 8).

SurA was originally isolated as a protein product of station-
ary phase survival genes of Escherichia coli (9–11). Null mu-
tants of SurA resulted in loss of cell viability after 3–5 days of
incubation, leading to the conclusion that SurA was essential
for stationary phase survival (11). Sequence analysis revealed
that SurA contained two domains with strong homology to
parvulin, and from this finding it was inferred that SurA has
PPIase activity (10, 12, 13). Further functional studies were
carried out, and it was concluded that SurA was important in
maintaining outer membrane integrity probably through the
binding of peptidoglycans (10, 11). It was also found that those
null mutants, or mutants with decreased amounts of SurA in
the periplasm resulted in a decrease in the folding of the
maltose-inducible porin Lam B (11). This led to the conclusion
that SurA was important not only in maintaining outer mem-
brane integrity but also in catalyzing the folding of other outer
membrane proteins (12).

To address the question of the nature of the interaction
between SurA and its substrates we used chemical cross-link-
ers, powerful tools to study interactions between proteins,
which can be applied to proteins available in small amounts
even in crude cell extracts (14, 15). Here we report the results
of our recent studies using chemical cross-linking of purified
SurA and its fragments to model peptides, which mimic
substrates.

EXPERIMENTAL PROCEDURES

“Scrambled” ribonuclease A, the homobifunctional cross-linking rea-
gent disuccinimidyl glutarate (DSG), Juglon, and all other chemicals
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were obtained from Sigma. Cyclosporin A and FK506 were from Cal-
biochem. 125I-Bolton-Hunter labeling reagent, enhanced chemilumines-
cence reagent, and x-ray films were purchased from Amersham Phar-
macia Biotech. N-Hydroxysuccinimidyl biotin and streptavidin-
horseradish peroxidase conjugates were from Pierce. The somatostatin
derivative without cysteine residues (�-somatostatin, Ala-Gly-Ser-Lys-
Asn-Phe-Phe-Trp-Lys-Thr-Phe-Thr-Ser-Ser) and peptide P (Phe-Thr-
Glu-Gln-Thr-Ala-Pro-Lys-Ile-Phe-Gly-Gly-Glu-Ile-Lys) were synthe-
sized as described previously for other peptides (16).

Methods—125I-Bolton-Hunter labeling of �-somatostatin was per-
formed as recommended by the manufacturer. Scrambled ribonuclease
A was biotinylated with N-hydroxysuccinimidyl biotin as described
by the manufacturer. Bovine liver PDI was purified as described
previously (17).

Cloning of SurA and Fragments and Purification of Full-length
SurA—The gene encoding SurA was amplified from the E. coli genome
by polymerase chain reaction using the following primers. Forward primer,
5�-TTTTTTTTCATATGGCCCCCCAGGTAGTCGATAAAGTCG-3�; reverse
primer, 5�-TTTTTTTTCTCGAGCTATTAGTTGCTCAGGATTTTAA-
CGTAGGC-3�.

For the amplification of the N-terminal fragment (Ala21–Arg133) the fol-
lowing primers were used. Forward primer, 5�-TAATAATACATATGGC-
CCCCCAGGTAGTCGATAAAGTCGCAG-3�; reverse primer, 5�-TAATAA-
TAGTCGACTTATTAGCGGATCTGGTTACGATAGGTGTTGTAGTTC-3�.

For the amplification of the fragment without the N terminus
(Asp169–Asn428) the following primers were used. Forward primer, 5�-
TAATAATACATATGGACGCCAGCACTGAGCTGAACCTGAGC; reverse
primer, 5�-TAATAATAGTCGACTTATTAGTTGCTCAGGATTTTAACGT-
AGGCGCTGGC-3�.

These primers allowed the insertion of a NdeI site at the N terminus
and a SalI site at the C terminus. The primers complementary to the
3�-end included a stop codon. The inserts were cloned between the NdeI
and SalI site of pLWRP51, a modified pET23d vector, which contained
an insert coding for an initiating methionine residue followed by a
hexahistidine tag.2

Gene Expression—Protein production was carried out in E. coli strain
BL21(DE3) carrying the pLysS plasmid to control leak-through expres-
sion and to allow subsequent cell lysis by freeze thawing. For the
production of full-length SurA and its fragments, E. coli BL21(DE3)-
pLysS was transformed with the corresponding plasmid-DNA. The cells
were incubated at 37 °C in LB medium containing 100 �g/ml ampicillin
and 25 �g/ml chloramphenicol. Three hours after induction with 1 mM

isopropyl-thio-�-D-galactopyranoside the cells were harvested by
centrifugation.

For the purification of full-length SurA, the cell pellet was suspended
in buffer A (20 mM sodium phosphate, pH 7.3), and DNase to a final
concentration of 10 �g/ml was added. After freezing and thawing the
suspension twice, the lysate was centrifuged at 12000 � g for 30 min.
The filter-sterilized supernatant was loaded onto a nickel-nitrilotriace-
tic acid column (12-ml volume, Qiagen), which, after activation with
NiSO4, was equilibrated with buffer A. Unspecifically bound proteins
were removed by washing the column with buffer A containing 500 mM

NaCl and 50 mM imidazole, followed by buffer A. Recombinant SurA
was eluted with buffer A containing 10 mM EDTA. The elution fraction
was loaded onto a ResourceQ column (6 ml, Amersham Pharmacia
Biotech) equilibrated with buffer A and eluted with a linear gradient
from 0 to 0.5 M NaCl in buffer A. Fractions containing homogenous
SurA were pooled and dialyzed against 10 mM phosphate buffer, pH 7.2.

Fragmentation of SurA—Purified SurA was incubated with chymo-
trypsin (30 �g/ml) for 30 min at 0 °C. The reaction was stopped by the
addition of 10 mM PMSF and subsequent incubation for 5 min at 0 °C.

Binding of Peptides and Biotinylated Scrambled RNase—After pre-
cipitation with trichloroacetic acid, the radiolabeled �-somatostatin
was dissolved in distilled water. Labeled �-somatostatin (approximate-
ly 30 �M) or biotinylated scrambled RNase (approximately 50 �M) was
added to buffer B (100 mM NaCl, 25 mM KCl, 25 mM sodium phosphate
buffer, pH 7.5) containing purified SurA or PDI (approximately 2 mg/
ml) or E. coli lysates containing full-length SurA or fragments of it. The
samples (10 �l) were incubated for 10 min on ice before cross-linking
(14).

Cross-linking—Cross-linking was performed using the homobifunc-
tional cross-linking reagent DSG (18). The samples were supplied with
one-fifth volume of cross-linking solution (2.5 mM DSG in buffer B). The
reaction was carried out for 60 min at 0 °C. Cross-linking was stopped
by the addition of SDS-polyacrylamide gel electrophoresis sample

buffer (18).
The samples were subjected to electrophoresis in 10, 12.5, or 17.5%

SDS-polyacrylamide gels with subsequent autoradiography. For pro-
tein sequencing the proteins were electrotransferred onto polyvinyli-
dine difluoride membranes and subjected to N-terminal Edman degra-
dation (492 Protein Sequencer, Applied Biosystems). Biotinylated
products were detected using streptavidin-horseradish peroxidase con-
jugates. The detection was carried out with enhanced chemilumines-
cence reagent.

RESULTS

Radiolabeled Peptides Can Be Cross-linked to Purified
SurA—Chemical cross-linking of radiolabeled peptides has2 L. W. Ruddock, unpublished results.

FIG. 1. Cross-linking of 125I-Bolton-Hunter-labeled peptides to
purified SurA. A, 125I-Bolton-Hunter-labeled �-somatostatin (�-SRIF)
or peptide P (pept P) (33 �M) were incubated with 3.3 �M SurA, 3.3 �M

PDI, or buffer B for 10 min at 0 °C in a total volume of 10 �l. Samples
were subsequently incubated with DSG (final concentration 0.5 mM) for
60 min at 0 °C or were kept untreated. After cross-linking the samples
were analyzed on 10% polyacrylamide gels with subsequent autoradiog-
raphy. The cross-linking products are indicated by an arrow. B, 125I-
Bolton-Hunter-labeled �-somatostatin (33 �M) was incubated with 3.3
�M SurA, which was either untreated or heat-inactivated for 5 min at
95 °C prior to cross-linking with DSG. After cross-linking the samples
were analyzed on 10% polyacrylamide gels with subsequent
autoradiography.
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been successfully employed to study the interactions between
various folding catalysts, specifically members of the protein
disulfide isomerase family, and small peptides. Here we ex-
tended our studies and asked whether this technique can also
be employed to study the interactions between the periplasmic
PPIase SurA and peptides. To this aim 125I-Bolton-Hunter-
labeled peptide P was cross-linked to purified SurA (Fig. 1A),
using the chemical cross-linker DSG. Purified bovine liver PDI
served as a positive control whereas a sample without SurA or
PDI, supplemented only with buffer, served as a negative con-
trol (lanes 5 and 6). In the absence of DSG, no cross-linking
products could be detected (lanes 1–4). In the presence of pu-
rified SurA a single cross-linking product with an apparent
molecular mass of 48 kDa could be observed (lane 10). This
indicates that a radiolabeled model peptide containing a pro-
line residue can be cross-linked to purified SurA.

To address the question whether or not the interaction be-
tween SurA and peptides depends on the presence of proline
residues in the peptide, we used another radiolabeled model
peptide, �-somatostatin (�-SRIF). As with the proline-contain-
ing peptide, a cross-linking product could be detected (lane 9),
indicating that the interaction of SurA with peptides does not
depend on the presence of proline residues in the peptide. From
these data we conclude that peptides without proline residues
can be cross-linked specifically to purified SurA.

After heat inactivation of purified SurA (5 min at 95 °C) prior
to chemical cross-linking, the interaction between �-somatosta-
tin and SurA was strongly inhibited (Fig. 1B). Thus, the inter-
action of radiolabeled �-somatostatin with purified SurA de-
pended on its native conformation.

The Interaction of �-Somatostatin with SurA Shows Satura-
tion and Requires Hydrophobic Interactions—Chemical cross-
linking after increasing the concentration of radiolabeled �-so-
matostatin while keeping the concentration of purified SurA
constant (2 �M) revealed that there was saturation of binding
at concentrations above 45 �M (Fig. 2A).

To reveal the nature of the interaction between SurA and
non-proline-containing peptides, radiolabeled �-somatostatin
was chemically cross-linked to purified SurA in the absence or
presence of Triton X-100. Purified PDI, the interaction of which
with peptides is inhibited in the presence of Triton X-100,
served as a positive control. As with PDI, the binding of radio-
labeled �-somatostatin to purified SurA was completely abol-
ished in the presence of Triton X-100 (Fig. 2B). This experiment
clearly demonstrates that the interaction of SurA, like PDI,

with peptides is detergent-sensitive and presumably relies on
hydrophobic interactions.

Model Peptides and Scrambled Ribonuclease A Interact with
the Same Peptide Binding Site of SurA—Chemical cross-link-
ing of 10 �M radiolabeled �-somatostatin to purified SurA was
reduced in the presence of an excess (100 �M) of unlabeled
�-somatostatin (�-SRIF) or peptide P (Fig. 3A). This experi-
ment demonstrates that the interaction between SurA and
radiolabeled peptides is not due to an unspecific binding of
peptides via the 125I-Bolton-Hunter labeling reagent.

To further investigate whether SurA interacts with mis-
folded proteins as well as with model peptides, we performed
chemical cross-linking of radiolabeled �-somatostatin (10 �M)
to purified SurA in the presence of an excess of unlabeled
scrambled ribonuclease A (scRNase) (100 �M).

Fig. 3A clearly shows that unlabeled scrambled ribonuclease
A competed with radiolabeled �-somatostatin for the binding to
SurA, and hence we conclude that a misfolded protein and a
small peptide interact with the same principal binding site in
SurA. This was confirmed when biotinylated scrambled ribo-
nuclease A was used as a substrate for SurA. As with radiola-
beled peptides, a single cross-linking product could be ob-
served, the intensity of which was strongly reduced in the
presence of a 10-fold excess of unlabeled �-somatostatin (Fig.
3B). This demonstrates that the interaction is independent of
the identity of the cross-linked substrate or its method of
labeling.

The Interaction between SurA and Radiolabeled �-Soma-
tostatin Is Reversible—When an excess of unlabeled �-soma-
tostatin (S) was added to purified SurA simultaneously (Fig. 4,
lane 4) or before 125I-Bolton-Hunter-labeled �-somatostatin
(S*) was added (lane 3), the same decrease in the intensities of
the cross-linking products could be observed as when unlabeled
�-somatostatin (S) was added after preincubation with radio-
labeled �-somatostatin (lane 2). Thus we conclude that the
interaction between SurA and somatostatin is reversible.

The N Terminus of SurA Is Essential and Sufficient for
Peptide Binding—SurA shows a modular architecture consist-
ing of an N-terminal region with no significant similarities to
other E. coli proteins and two parvulin-like domains (Fig. 5B).
From the observation that the parvulin-specific inhibitor
Juglon (19) had no effect on the binding of radiolabeled �-so-
matostatin (data not shown), we hypothesized that the activity
of the parvulin-like domains is not required for peptide
binding.

FIG. 2. The binding of �-somatosta-
tin to SurA shows saturation and is
inhibited in the presence of deter-
gent. A, various concentrations of radio-
labeled �-somatostatin (�-SRIF, 9–150
�M) were incubated with purified SurA
(0.6 �M) for 10 min at 0 °C prior to cross-
linking with DSG. After cross-linking the
samples were analyzed on 10% polyacryl-
amide gels with subsequent autoradiogra-
phy. B, radiolabeled �-somatostatin (9
�M) was incubated with 0.6 �M purified
SurA or PDI in the presence of 0.1%
(v/v) Triton X-100 with subsequent cross-
linking with DSG. After cross-linking
the samples were analyzed on 10% poly-
acrylamide gels with subsequent
autoradiography.
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To further investigate the peptide binding site, purified SurA
was pretreated with chymotrypsin, and after stopping the pro-
tease activity with PMSF, the products were cross-linked to
radiolabeled �-somatostatin. We consistently observed a dou-
ble band with an approximate molecular mass of 32 kDa (O in
Fig. 5A, lane 4). When these fragments were probed by cross-
linking of radiolabeled �-somatostatin, we did not detect any
significant interaction between them and radiolabeled �-soma-
tostatin (Fig. 5A, lane 8). Full-length SurA that was not pro-
teolytically cleaved, however, still showed binding of radiola-
beled �-somatostatin indicating that the conditions did not
affect cross-linking in general. This was confirmed by using
control samples in which SurA was incubated with PMSF alone
(lane 6) or PMSF-inactivated chymotrypsin (lane 7) prior to
cross-linking.

The N-terminal amino acid sequences of both bands were

determined and compared with the sequence of SurA (Fig. 5B).
Both fragments contained the two parvulin-like domains but
were devoid of the N-terminal 108 and 116 amino acids, respec-
tively. These results indicate very clearly that the N-terminal
part of SurA is required for the interaction with radiolabeled
�-somatostatin. To confirm this result, we cloned and ex-
pressed the N-terminal fragment of SurA (Ala21–Arg133) and
the fragment containing the parvulin domains (Asp169-Asn428).
The expression of both fragments, as well as full-length SurA
(Ala21–Asn428), resulted in soluble products (data not shown)
that were probed for their interaction with radiolabeled �-so-
matostatin without purification from the E. coli lysates. Fig. 6
shows that radiolabeled �-somatostatin could be cross-linked
to full-length SurA and the N-terminal fragment but did not
interact with the C-terminal fragment containing the two par-
vulin domains. These results clearly indicate that the N-termi-
nal fragment of SurA is essential and sufficient for the inter-
action with model peptides.

DISCUSSION

Although the folding of many proteins can occur spontane-
ously, the folding of other proteins requires the assistance of
folding catalysts and molecular chaperones. Molecular chaper-
ones bind to partially folded intermediates in nascent polypep-
tide chains or newly synthesized proteins in a reversible proc-
ess to prevent aggregation and misfolding. Folding catalysts
enhance the rate of certain rate-limiting steps, e.g. formation
and isomerization of disulfide bonds and the cis-trans isomer-
ization of peptidylprolyl residues, to ensure that efficient fold-
ing occurs (1, 3). There is increasing interest in elucidating the
underlying principles of protein folding and the mechanisms by
which molecular chaperones and folding catalysts interact with
their substrates; however, those interactions are still poorly
understood. To reveal the nature of the interaction between the
purified PPIase SurA from E. coli and its substrates, we em-
ployed a cross-linking approach, which we had used previously
to determine the interaction between peptides and other fold-
ing catalysts (14, 15, 18, 20–22).

Specificity of the Interaction between Radiolabeled Peptides
and SurA—We found that the 14-amino acid peptide �-soma-
tostatin, which does not contain proline residues, and peptide
P, a proline-containing peptide, after 125I-Bolton-Hunter radio-

FIG. 3. Cross-linking of radiola-
beled �-somatostatin or biotinylated
scrambled ribonuclease is inhibited
in the presence of unlabeled pro-
teins. A, radiolabeled �-somatostatin (10
�M) was incubated for 10 min at 0 °C with
0.6 �M purified SurA in the presence of
100 �M unlabeled �-somatostatin (�-
SRIF), peptide P (pept. P), or scrambled
ribonuclease A (scRNase), respectively,
prior to cross-linking with DSG. A sample
without added proteins served as a con-
trol. The samples were analyzed on a 10%
polyacrylamide gel with subsequent auto-
radiography. B, 0.6 �M purified SurA was
incubated with 3 �M biotinylated scram-
bled ribonuclease A in the presence of a
10-fold excess of unlabeled �-somatosta-
tin (�-SRIF) prior to cross-linking with
DSG. Samples without unlabeled compet-
itor peptide, without SurA (phosphate-
buffered saline), or without DSG served
as controls. After cross-linking the sam-
ples were analyzed on 10% polyacryl-
amide gels with subsequent electrotrans-
fer onto polyvinylidine difluoride
membranes and detection by streptavidin
conjugated to horseradish peroxidase.
The cross-linking product is indicated by
an arrow.

FIG. 4. The interaction between �-somatostatin and SurA is
reversible. 0.6 �M purified SurA were preincubated with 100 �M

unlabeled �-somatostatin (S) (lane 3) or 10 �M radiolabeled �-soma-
tostatin (S*) (lane 2) for 5 min at 0 °C. Subsequently 10 �M radiolabeled
�-somatostatin was added to sample 3, and 100 �M unlabeled �-soma-
tostatin was added to sample 2 with further incubation for 5 min at
0 °C. Samples that contained 33 �M radiolabeled �-somatostatin only
(lane 1) or 10 �M radiolabeled �-somatostatin with 100 �M unlabeled
�-somatostatin (lane 4) were incubated for 10 min at 0 °C and served as
controls. The samples were cross-linked with DSG and analyzed on a
10% polyacrylamide gel with subsequent autoradiography.
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labeling can be chemically cross-linked to purified SurA using
an homobifunctional cross-linker, specific for the N terminus or
the �-amino group of lysine residues.

To validate the cross-linking approach and to demonstrate
that the interaction between SurA and model peptides was
specific we performed various control experiments and com-
pared the results with previous findings obtained for the spe-
cific interaction between model peptides and purified PDI (14).

As with purified PDI, the interaction between radiolabeled
peptides and SurA was abolished after heat denaturation of
purified SurA prior to cross-linking, indicating that the inter-
action required native SurA.

We found that the interaction between SurA and a model
peptide was independent of the presence of a proline residue
within the peptide. This result is in line with the findings of
Scholz et al. (23), who showed very clearly that the PPIase
trigger factor recognizes protein substrates independently of
proline residues (23). These observations are not limited to
PPIases, and similar results were obtained with purified PDI,
which is a potent catalyst of disulfide bond formation and
isomerization in the ER. Using chemical cross-linkers we
showed previously that PDI interacts with model peptides and
that this interaction is independent of the presence of cysteine
residues within the model peptide (14). It appears that folding
catalysts in general interact with a range of model peptides,
even if those peptides do not contain the amino acids the
folding catalysts act on.

When radiolabeled �-somatostatin was cross-linked to a
crude cell extract of E. coli overexpressing SurA, cross-linking
of the peptides to SurA still could be observed (Fig. 6). This is
similar to results obtained when crude cell extracts of E. coli
overexpressing PDI were used (15).

The binding of radiolabeled peptides to purified SurA showed

FIG. 5. The N-terminal fragment of SurA is essential and sufficient for peptide binding. A, 3.3 �M purified SurA was pretreated with
chymotrypsin (Chtryp., 30 �g/ml) for 30 min at 0 °C. The reaction was stopped by the addition of 10 mM PMSF and subsequent incubation for 5
min at 0 °C. Untreated SurA, SurA treated with PMSF alone, or SurA incubated with PMSF-inactivated chymotrypsin served as controls.
Subsequently, all samples were supplemented with radiolabeled �-somatostatin (33 �M), and cross-linking with DSG was carried out. The samples
were analyzed on a 12.5% polyacrylamide gel with subsequent staining with Coomassie Blue and autoradiography. The stained gel is shown in
lanes 1-4, whereas the autoradiography is shown in lanes 5-8. O, chymotrypsin-resistant fragments of SurA; C, chymotrypsin. B, amino acid
sequence of SurA (26). The signal sequence is underlined. The N termini of the chymotrypsin-resistant fragments, obtained in A, are indicated in
boldface. The two parvulin-like domains are shown in boxes. The cloned and overexpressed N-terminal fragment is shown in italics.

FIG. 6. Interaction of the N-terminal fragment of SurA with
radiolabeled �-somatostatin. Equivalent amounts of an E. coli ly-
sate, expressing SurA or fragments of it, were incubated with 33 �M

radiolabeled �-somatostatin. The samples were cross-linked with DSG
and analyzed on a 17.5% polyacrylamide gel with subsequent staining
with Coomassie Blue and autoradiography. The stained gel is shown in
lanes 1-4, whereas the autoradiography is shown in lanes 5-8. SurA,
full-length SurA; N-term, N-terminal fragment of SurA Ala21–Arg133;
�-Nterm, C-terminal fragment containing the two parvulin-like do-
mains Asp169–Asn428. An arrowhead indicates overexpressed SurA and
fragments of it, whereas the cross-linking products are indicated by an
arrow.
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saturation, and as with purified PDI (14), cross-linking of ra-
diolabeled �-somatostatin to purified SurA could be inhibited
by the addition of unlabeled �-somatostatin. Half-maximal in-
tensity of the cross-linking product was observed at a 1:1 ratio
of unlabeled:radiolabeled �-somatostatin (data not shown), in-
dicating that the interaction with purified SurA was not due to
an unspecific binding of the radiolabeled �-somatostatin via
the 125I-Bolton-Hunter labeling reagent.

The interaction between SurA and �-somatostatin prior to
cross-linking was found to be reversible, as demonstrated by
the addition of unlabeled �-somatostatin to SurA, which has
been preincubated with radiolabeled �-somatostatin. Unla-
beled �-somatostatin displaced radiolabeled �-somatostatin in-
dicating that the interaction between SurA and peptides is
highly dynamic, which is very similar to results obtained pre-
viously for purified PDI (14).

As with PDI (14) we observed that the interaction between
SurA and radiolabeled peptides is sensitive to Triton X-100.
Although we cannot completely exclude the possibility that
Triton X-100 interferes with the structure of the N-terminal
fragment of SurA, this detergent is widely used for the func-
tional recovery of intracellular soluble and membrane-bound
proteins, and hence this sensitivity suggests that hydrophobic
interactions play an important role in the initial binding of
peptides to SurA.

When scrambled ribonuclease A was used in a competition
experiment, we found that this inhibited the interaction be-
tween radiolabeled �-somatostatin and SurA, similar to the
inhibition observed with purified PDI (14). We also observed
that the interaction between biotinylated scrambled ribonucle-
ase A and SurA could be inhibited by an excess of unlabeled
�-somatostatin, which indicates an interaction with the same
principal binding site in SurA.

Taken together, these data indicate that there is specific
binding of �-somatostatin and other peptides and that this
models the interaction of protein substrates with SurA.

The Peptide Binding Site of SurA Is Different from the Active
Site Involved in Peptidylprolyl cis-trans Isomerization—To in-
vestigate whether the peptide binding site of SurA resides in
the catalytically active site involved in peptidylprolyl cis-trans
isomerization, we performed experiments using limited prote-
olysis. Our results show very clearly that under the chosen
conditions the first 108 and 116 amino acids, respectively,
excluding the signal sequence, were protease-sensitive. The
catalytic activity of SurA resides only in the C-terminal of the
two parvulin-like domains (24); nevertheless, a fragment com-
prising both domains was comparatively resistant to protease
treatment. When cross-linking experiments with radiolabeled
�-somatostatin were carried out, we observed that this stable
fragment of SurA did not show binding activity, indicating that
the N-terminal, protease-sensitive fragment is required for
peptide binding. To confirm this result we cloned and overex-
pressed the N-terminal fragment and the C-terminal fragment
containing the two parvulin-like domains in E. coli. Cross-
linking of radiolabeled �-somatostatin was only observed with
the N terminus of SurA, confirming that this fragment is es-
sential and sufficient for the efficient binding of model pep-
tides. This observation is in excellent agreement with the re-
sults obtained recently by Behrens et al. (24). They showed that
a 24-kDa fragment of SurA, comprising the first 150 N-termi-
nal amino acids fused to the 43 amino acids of the very C
terminus of SurA, has a PPIase-independent chaperone activ-
ity and can complement the in vivo activity of intact SurA. It
was speculated that the 43 amino acids from the C terminus of

SurA stabilized the fragment containing the 150 N-terminal
amino acids but were not otherwise involved in the overall
chaperone activity of the fragment (24). The fragment that we
used in our studies was devoid of this C-terminal extension,
confirming the assumption that the C-terminal residues are
not essential for peptide binding.

Together these results show very clearly that substrate bind-
ing and PPIase activities of SurA are in distinct domains of the
protein. This is very similar to the situation in some other
folding catalysts, e.g. PDI (25) and the PPIase trigger factor
from E. coli. These proteins clearly exhibit a modular structure
with distinct and separate sites for protein binding and cata-
lytic activities (13) located in different structural domains (6).
Interestingly, however, Ramm and Plückthun3 observed that
the chaperone activity of FkpA appeared to reside in the PPI-
ase domain.

The picture that now emerges is that in many folding cata-
lysts domains that are specialized in a specific chemical isomer-
ization activity are linked in sequence to domains dedicated to
the binding of peptides or unfolded proteins. The combination
provides for efficient catalysis of protein folding linked to di-
sulfide isomerization and peptidylprolyl cis-trans isomeriza-
tion, respectively.

Acknowledgments—We thank Kevin Howland and Judy Hardy for
the synthesis of the peptides and peptide sequencing and the Wellcome
Trust for the establishment of a Protein Science Facility. We thank
Robert B. Freedman, University of Kent, Canterbury, UK, for helpful
comments on the manuscript.

REFERENCES

1. Freedman, R. B., and Klappa, P. (1999) in Molecular Chaperones and Protein
Folding (Bukau, B., ed.), pp. 437–459, Harwood Academic Press, London

2. Bang, H., Pecht, A., Raddatz, G., Scior, T., Solbach, W., Brune, K., and Pahl,
A. (2000) Eur. J. Biochem. 267, 3270–3280

3. Fischer, G., Tradler, T., and Zarnt, T. (1998) FEBS Lett. 426, 17–20
4. Maruyama, T., and Furutani, M. (2000) Front Biosci. 5, D821–D836
5. Schiene, C., and Fischer, G. (2000) Curr. Opin. Struct. Biol. 10, 40–45
6. Zarnt, T., Tradler, T., Stoller, G., Scholz, C., Schmid, F. X., and Fischer, G.

(1997) J. Mol. Biol. 271, 827–837
7. Bothmann, H., and Plückthun, A. (2000) J. Biol. Chem. 275, 17100–17105
8. Ramm, K., and Plückthun, A. (2000) J. Biol. Chem. 275, 17106–17113
9. Tormo, A., Almiron, M., and Kolter, R. (1990) J. Bacteriol. 172, 4339–4347

10. Lazar, S. W., and Kolter, R. (1996) J. Bacteriol. 178, 1770–1773
11. Lazar, S. W., Almiron, M., Tormo, A., and Kolter, R. (1998) J. Bacteriol. 180,

5704–5711
12. Missiakas, D., Betton, J. M., and Raina, S. (1996) Mol. Microbiol. 21, 871–884
13. Scholz, C., Stoller, G., Zarnt, T., Fischer, G., and Schmid, F. X. (1997) EMBO

J. 16, 54–58
14. Klappa, P., Hawkins, H. C., and Freedman, R. B. (1997) Eur. J. Biochem. 248,

37–42
15. Klappa, P., Ruddock, L. W., Darby, N. J., and Freedman, R. B. (1998) EMBO

J. 17, 927–935
16. Klappa, P., Mayinger, P., Pipkorn, R., Zimmermann, M., and Zimmermann, R.

(1991) EMBO J. 10, 2795–2803
17. Freedman, R. B., Hawkins, H. C., and McLaughlin, S. H. (1995) Methods

Enzymol. 251, 397–406
18. Ruddock, L. W., Freedman, R. B., and Klappa, P. (2000) Protein Sci. 9,

758–764
19. Hennig, L., Christner, C., Kipping, M., Schelbert, B., Rucknagel, K. P., Grab-

ley, S., Kullertz, G., and Fischer, G. (1998) Biochemistry 37, 5953–5960
20. Klappa, P., Dierks, T., and Zimmermann, R. (1996) Eur. J. Biochem. 239,

509–518
21. Klappa, P., Stromer, T., Zimmermann, R., Ruddock, L. W., and Freedman,

R. B. (1998) Eur. J. Biochem. 254, 63–69
22. Klappa, P., Koivunen, P., Pirneskoski, A., Karvonen, P., Ruddock, L. W.,

Kivirikko, K. I., and Freedman, R. B. (2000) J. Biol. Chem. 275,
13213–13218

23. Scholz, C., Mucke, M., Rape, M., Pecht, A., Pahl, A., Bang, H., and Schmid,
F. X. (1998) J. Mol. Biol. 277, 723–732

24. Behrens, S., Maier, R., de Cock, H., Schmid, F. X., and Gross, C. A. (2001)
EMBO J. 20, 285–294

25. Kemmink, J., Darby, N. J., Dijkstra, K., Nilges, M., and Creighton, T. E. (1997)
Curr. Biol. 7, 239–245

26. Yura, T., Mori, H., Nagai, H., Nagata, T., Ishihama, A., Fujita, N., Isono, K.,
Mizobuchi, K., and Nakata, A. (1992) Nucleic Acids Res. 20, 3305–3308

3 K. Ramm and A. Plückthun, personal communication.

Interaction of SurA with Model Peptides 45627


	Interaction of the Periplasmic Peptidylprolyl cis-trans Isomerase SurA with Model Peptides: THE N-TERMINAL REGION OF SurA IS ESSENTIAL AND SUFFICIENT FOR PEPTIDE BINDING
	EXPERIMENTAL PROCEDURES
	RESULTS
	DISCUSSION
	ACKNOWLEDGEMENTS
	REFERENCES


