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Abstract

Parvulins are small prolyl isomerases and serve as catalytic domains of folding enzymes. SurA (survival
protein A) from the periplasm of Escherichia coli consists of an inactive (Par1) and an active (Par2) parvulin
domain as well as a chaperone domain. In the absence of the chaperone domain, the folding activity of Par2 is
virtually abolished. We created a chimeric protein by inserting the chaperone domain of SlyD, an unrelated
folding enzyme from the FKBP family, into a loop of the isolated Par2 domain of SurA. This increased its
folding activity 450-fold to a value higher than the activity of SurA, in which Par2 is linked with its natural
chaperone domain. In the presence of both the natural and the foreign chaperone domain, the folding activity
of Par2 was 1500-fold increased. Related and unrelated chaperone domains thus are similarly efficient in
enhancing the folding activity of the prolyl isomerase Par2. A sequence analysis of various chaperone
domains suggests that clusters of exposed methionine residues in mobile chain regions might be important for
a generic interaction with unfolded protein chains. This binding is highly dynamic to allow frequent transfer of
folding protein chains between chaperone and catalytic domains.
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Introduction

Slow steps in protein folding are catalyzed by
enzymes such as thiol-disulfide oxido-reductases
[1–4] or prolyl isomerases [5–8]. Usually, these
enzymes consist of catalytic domains, which accel-
erate the respective slow folding steps, and of
chaperone domains, which provide binding sites for
the folding protein chains. Folding catalysts such as
trigger factor [9], FKBP22 [10], or SlyD [11] consist of
prolyl isomerase domains of the FKBP type and
chaperone domains of varying size and structure. In
most cases, the domains are contiguous along the
protein chain, but in SlyD, the chaperone domain is
inserted into a loop (the “flap”) near the prolyl
isomerase site of the FKBP domain. It is called the
insert-in-flap or IF domain.
thors. Published by Elsevier Ltd. Open access un
Human FKBP12 (12-kDa human FK506 binding
protein) is naturally devoid of a chaperone domain.
It is active as a prolyl isomerase with peptide
substrates but almost inactive as a folding enzyme.
Grafting the IF domain of SlyD into the flap loop of
human FKBP12 increased its folding activity
200-fold [12]. Strong increases were also observed
when foreign chaperone domains [from protein disul-
fide isomerase, GroEL, or SurA (survival protein A)]
were inserted into human FKBP12. Apparently, this
protein can be converted into a highly active folding
catalyst by fusing it with a chaperone domain [13].
Parvulins constitute a different family of prolyl

isomerases [14–16]. Here, we examined whether
parvulin domains can also be transformed into
folding enzymes by fusing them with chaperone
domains. The SurA protein of Escherichia coli is a
J. Mol. Biol. (2013) 425, 4089–4098der CC BY-NC-SA license. 
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periplasmic protein and participates in the matura-
tion of outer membrane proteins [17–19]. It consists
of two parvulin domains (Par1 and Par2) and a
chaperone domain [20,21]. Par1 and Par2 are
interleaved successively into the chaperone domain
of this protein (Fig. 1a). Par1 is tightly associated
with the chaperone domain and is apparently devoid
of prolyl isomerase activity toward both peptide and
protein substrates. Par2 resides in a protruding loop
[20], and, in isolation, it shows prolyl isomerase
activity when assayed with a tetrapeptide but is
almost inactive as a catalyst of proline-limited protein
folding [21].
Here, we analyzed how the folding activity of the

Par2 domain of SurA changes when it is linked with a
foreign chaperone domain (the IF domain of SlyD)
instead of its own chaperone domain and how the
activity of the Par2 domain responds to the presence
of both the endogenous and the foreign chaperone
domain. Remarkably, the foreign chaperone domain
increased the activity of the Par2 domain in a protein
Fig. 1. (a) The structure of SurA. The chaperone domain
chaperone domain) is shown in light green, and the Par2 doma
by broken lines. (b) Superimposition of the Par2 domain of S
(orange). The extended loop of Pin1 that binds to phospho-Se
relative to (a) and (c). (c) Schematic drawing of the chimeric pr
linkers taken from Pin1 are in blue. (d) Sequences of human P
chimeric proteins Par1 + IF and Par2 + IF. Loop residues of
inserted IF domain is colored red, and residues taken from Pin1
and Par2 with Pin1 are underlined. Residues implicated in catal
in (c). The Protein Data Bank files 1M5Y for SurA [20] and 1P
used for (a) and (b).
folding assay more efficiently than its own chaper-
one domain.
Results

Design of chimeric proteins

For the construction of chimeras between the
parvulin domains of SurA and a foreign chaperone
domain, natural guidance could not be employed
because parvulins with chaperone domains inserted
close to the active site (as in the FKBP-type prolyl
isomerase SlyD) are not known. To identify a loop
near the catalytic center into which a chaperone
domain could possibly be grafted, we exploited the
structural homology between the parvulin domains
of SurA and human Pin1 (Fig. 1b). Pin1 contains a
prolyl isomerase domain of the parvulin type and is
specific for phosphoserine or phosphothreonine
is shown in red, the Par1 domain (located behind the
in is shown in dark green. Unresolved linkers are indicated
urA (dark green) and the parvulin domain of human Pin1
r or phospho-Thr is shown in blue. The figure is enlarged
otein Par2 + IF. Par2 is colored green, IF is in red, and the
in1 (hPin1), the Par1 and Par2 domains of SurA, and the
Pin1 are shown in blue. In the chimeric sequences, the
are shown in blue. Conserved residues used to align Par1
ysis are shown in stick representation in (b) and in boldface
IN for human Pin1 [15] and the program PyMOL [22] were



Table 1. Stability data for the chimeric SurA variants

Protein [GdmCl]1/2 (M) m (kJ mol−1 M−1) ΔGD 15 °C (kJ mol−1)

Par1 3.07 ± 0.15 9.3 ± 0.3 28.5 ± 0.7
Par1 + IF 1.15 ± 0.07 14.4 ± 0.5 16.5 ± 0.6
Par2 3.03 ± 0.17 13.4 ± 0.4 40.6 ± 1.1
Par2 + IF 1.89 ± 0.24 11.1 ± 0.7 21.0 ± 1.5

The transition midpoints [GdmCl]1/2, the cooperativity parameters m, and the Gibbs free energies of denaturation at 15 °C ΔGD
15°C were

derived from the analysis of the GdmCl-induced unfolding transitions shown in Fig. S2. Unfolding was followed by fluorescence at 340 nm
after excitation at 280 nm (Par1 and Par1 + IF) or by ellipticity at 222 nm (Par2 and Par2 + IF).

Table 2. Catalytic activities of the chimeric SurA variants

Protein
Peptide activity,

kcat/Km (mM−1 s−1)
Folding activity,

kcat/Km (mM−1 s−1)

Par1 n.d. n.d.
Par1 + IF n.d. n.d.
Par2 53 0.15
Par2 + IF 74 69
SurA 460 38
SurA + IF 365 240

The kcat/Km values for peptide activity were determined by the
increase in fluorescence of the peptide Abz-ALPF-pNA at 416 nm
after excitation at 316 nm in 0.1 M potassium phosphate, pH 7.5,
at 15 °C. The RCM-T1 refolding activity was followed by the
increase in fluorescence at 320 nm after excitation at 268 nm in
0.1 M Tris–HCl and 2.0 M NaCl, pH 8.0, at 15 °C; n.d., not
detectable. The precision of the kcat/Km values is ±10%.
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residues in front of the proline [15,23,24]. This
specificity is mediated by a 12-residue extension of
the loop between strand β1 and helix α1 (Fig. 1b).
This loop is located near the catalytic site, and,
apparently, it tolerates insertions. Based on the
structure of human Pin1 [15] and the sequence
alignment with the SurA Par1 and Par2 domains
(Fig. 1d), we excised residues 16–20 (Par2 num-
bering) and replaced them by the chaperone (IF)
domain of SlyD (residues 70–129). To optimize the
linkers between Par2 and IF, we inserted residues
from the sequence of Pin1 before and after the IF
domain (Fig. 1d). In this manner, the IF domain of
SlyD was inserted also into the isolated Par1 domain
and into full-length SurA. A schematic representation
of the chimeric protein Par2 + IF is shown in Fig. 1c.

Conformational stabilities of the chimeric proteins

At 15 °C, all chimeric variants showed CD spectra
with minima between 205 and 220 nm and maxima
near 190 nm, as typical for folded proteins (Fig. S1).
The isolated domains Par1 and Par2 are highly stable.
They show guanidinium chloride (GdmCl)-induced
unfolding transitionswithmidpoints near 3 M, and they
remain fully folded up to about 2 M GdmCl (Fig. S2).
Proteins are generally destabilized by domain
insertions, because the entropy of the unfolded state
is increased [13,25–28]. Par1 and Par2 were desta-
bilized by the insertion of the IF chaperone domain as
well (Fig. S2), but both remained fully folded in the
absence of denaturant (Table 1). The IF domain of
SlyD is not stable in isolation [29,30]. Therefore, its
unfolding is coupled with the unfolding of the Par
domains, which explains the cooperative transitions of
the chimeric proteins.

Prolyl isomerase activities in a peptide assay

To measure the prolyl isomerase activity of the
SurA parvulin domains and of the chimeric proteins,
we employed the assay with the tetrapeptide
aminobenzoyl-Ala-Leu-Pro-Phe-4-nitroanilide
(Abz-ALPF-pNA). In this assay, the time course of cis/
trans isomerization is followed by the increase in Abz
fluorescence [31,32], and the couplingwith a protease
as in the traditional prolyl isomerase assay [5] is
avoided. In the fluorescence assay, the activity of the
isolated Par1 domainwas below the detection limit, as
noted previously [21] with the protease-coupled
assay.
The isolated Par2 domain was catalytically active

but about ninefold less active than full-length SurA
(Table 2). Previously, such a low activity had been
measured for both SurA and the isolated Par2
domain with the protease-coupled assay. Apparent-
ly, the protease had cleaved full-length SurA rapidly
during this assay, and thus the activity of the Par2
domain alone was measured in both cases [21]. The
peptide activities of isolated Par2 and of the Par2
domain of intact SurA remained almost unchanged
after insertion of the chaperone (IF) domain of SlyD
(Table 2), although the site of insertion is near the
prolyl isomerase active site and although the protein
stability is decreased (Table 1).

Folding activities

The impact of the IF chaperone domain on the
catalytic activity of the chimeric proteins as catalysts
of proline-limited protein folding (the protein folding
activity) was determined next. We used the reduced
and carboxymethylated form of the S54G/P55N
variant of ribonuclease T1 (RCM-T1) [33] as a
substrate protein. It contains a single cis prolyl
bond (Tyr38–Pro39) in its folded form [33–36]. In the
absence of salt, RCM-T1 is unfolded, and refolding is
started by increasing the NaCl concentration to
2.0 M. Fifteen percent of the unfolded RCM-T1



Fig. 2. Catalysis of the proline limited refolding of
RCM-T1 by SurA variants. (a) Refolding in the absence of
a prolyl isomerase (black) and in the presence of 1 μM of
Par2 (green), Par2 + IF (red), Par1 (magenta), or Par1 + IF
(blue). (b) Measured rate constants of catalyzed folding
kapp − k0 as a function of the concentration of Par2 (○),
Par2 + IF (●), and SurA (□). (c) Kinetics of folding in the
absence of a prolyl isomerase (black) and in the presence of
10 nM (blue) and 20 nM SurA + IF (red). The inset shows
the measured rate constants of catalyzed folding kapp − k0
as a function of the concentration of SurA + IF. The
refolding of 0.1 μM RCM-T1 was followed by the increase
in fluorescenceat 320 nmafter excitationat 268 nm in0.1 M
Tris–HCl and 2.0 M NaCl, pH 8.0 at 15 °C. The kcat/Km
values derived from the slopes are given in Table 2.
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molecules refold rapidly during the dead time of
manual mixing, because they contain a correct cis
Pro39. The remaining 85% refold slowly in a reaction
that is limited in rate by the slow trans-to-cis
isomerization at Pro39. It shows a time constant of
530 s (at 15 °C, pH 8.0) [33].
The isolated Par1 domain of SurA, which is

inactive in the peptide assay, is inactive in the
folding assay as well (Fig. 2a). Isolated Par2 shows a
very low folding activity, and its catalytic efficiency
(kcat/Km) as determined from the dependence of the
measured folding rates on enzyme concentration
(Fig. 2b) is only 0.15 mM−1 s−1 (Table 2), which is
near the detection limit. It agrees with a value
published earlier [21]. The insertion of the chaperone
(IF) domain of SlyD into the Par2 domain increases
its activity in the folding assay with RCM-T1 450-fold
to 69 mM−1 s−1 (Fig. 2a). In the presence of its
natural chaperone domain (in full-length SurA), the
folding activity is 250-fold increased to 38 mM−1 s−1

(Table 2), which is also consistent with published
data [21]. The foreign chaperone domain thus
supported the protein folding activity of the SurA
Par2 domain better than its natural chaperone
domain as present in full-length SurA.
The variant SurA + IF contains both the natural

and the foreign chaperone domain. It is an extremely
powerful catalyst of folding when present at low
nanomolar concentrations (Fig. 2c). SurA + IF
(10 nM) accelerated the folding of RCM-T1 already
2-fold, and relative to the isolated Par2 domain, the
protein folding activity increased 1500-fold (to
240 mM−1 s−1). Above 100 nM SurA + IF, the rate
of catalyzed folding no longer increased linearly but
approached a limiting value. Presumably, progres-
sive binding at the two chaperone domains interferes
with productive refolding.
The linkage with one chaperone domain (as in

Par2 + IF) or with two (as in SurA + IF) thus led to
several-hundred-fold increases in the folding activity
of the Par2 domain of SurA. This boost in folding
activity required not only the binding to the chaper-
one domain but also a catalytically active prolyl
isomerase domain. The inactive Par1 domain of
SurA remained inactive in the protein folding assay
even after coupling it in the same fashion with the
same chaperone domains as the Par2 domain
(Table 2).

Affinities of the SurA variants for unfolded
proteins

The chaperone domains increase the catalytic
efficiency (the kcat/Km value) of the Par2 domain in
the protein folding assays presumably because they
improve substrate binding. In simple Michaelis–
Menten-type enzyme kinetics, Km reflects the Kd
value of the enzyme–substrate complex. To exam-
ine how the chimeric proteins with chaperone
domains bind to an unfolded protein, we used an
AEDANS [5-(((acetylamino)ethyl)amino)naphthale-
ne-1-sulfonic acid]-labeled variant of ribonuclease

image of Fig.�2


Table 3. Binding data for the interaction of AED-RNase T1 with the chimeric proteins

Variant Kd
a (μM) kon

b (s−1 μM−1) koff
b (s−1) koff/kon (μM) Kd

c (μM)

SurA 1.2 ± 0.1 14.6 ± 0.7 124 ± 6 8.5 ± 0.8 2.2 ± 0.4
Par1 + IF 6.6 ± 0.5 16.2 ± 0.5 109 ± 5 6.8 ± 0.7 7.3 ± 0.5
Par2 + IF 10.1 ± 0.2
SurA + IF 1.3 ± 0.1 19.3 ± 05 86 ± 5 4.4 ± 0.4 4.1 ± 0.5
SurA chaperone domain 0.8 ± 0.1 107 ± 4 140 ± 11 1.3 ± 0.2 2.6 ± 0.3
SlyD-D101W 1.2 ± 0.1 8.8 ± 0.5 10 ± 2 1.1 ± 0.2 2.6 ± 0.2

a These Kd values were calculated from equilibrium titrations as in Fig. S3 by assuming a 1:1 binding stoichiometry. Binding was
monitored by the increase in AEDANS fluorescence at 475 nm after excitation at 280 nm (SurA and SurA + IF) or 295 nm (all others).
Data for SlyD-D101W and the SurA chaperone domain were taken from Ref. [13].

b The microscopic rate constants of association kon and dissociation koff were derived from the dependence of the observed rate
constant on the enzyme concentration as in Fig. 3d–f.

c These Kd values were calculated from the amplitudes of association kinetics as in Fig. 3g–i by assuming a 1:1 binding stoichiometry.
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T1 (RNase T1) with seven substitutions (C2S, C6S,
C10N, P39A, S54G, P55N, and W59F), termed
AED-RNase T1. This form is permanently unfolded
and devoid of Trp [13]. Thus, it is well suited to
Fig. 3. Time course of complex formation between 0.5 μM A
Par1 + IF. Data were analyzed by fitting monoexponential fu
187 s−1 for SurA + IF, and 216 s−1 for Par1 + IF. The measu
formation are shown as a function of the concentration of Su
Values for koff and kon were derived from the intercept and the
Kd were derived from analyzing the amplitude data in (g), (h),
analysis. All data were analyzed assuming a 1:1 binding rea
450 nm after excitation at 280 nm in 0.1 M Tris–HCl, pH 8.0, a
derived from the analysis of the data are given in Table 3.
examine substrate binding, uncoupled from folding,
by Förster resonance energy transfer. The domains
Par1 and Par2 of SurA naturally contain one and two
Trp residues, respectively, and an additional Trp
ED-RNase T1 and 6 μM of (a) SurA, (b) SurA + IF, and (c)
nctions to the data. They gave kapp = 221 s−1 for SurA,
red rate constants (d–f) and amplitudes (g–i) of complex
rA (d and g), SurA + IF (e and h), and Par1 + IF (f and i).
slope of the lines in (d), (e), and (f), respectively. Values for
and (i). The open symbols were not included into the data
ction. The kinetics were followed by fluorescence above
nd 2.0 M NaCl at 15 °C. All equilibrium and rate constants

image of Fig.�3
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residue was inserted into the IF domains of
Par1 + IF and Par2 + IF by the D101W substitution.
Upon binding, energy is transferred from these Trp
residues to the AEDANS group of AED-RNase T1,
which was employed to study the equilibrium and the
kinetics of the interactions between the different
variants and AED-RNase T1.
Representative titration curves are shown in Fig.

S3, the Kd values derived from the analyses are
given in Table 3. The proteins that harbor the natural
chaperone domain of SurA show the highest affinity
for our permanently unfolded protein, with Kd values
between 0.8 μM for the isolated SurA chaperone
domain and 1.2 μM for SurA. In the additional
presence of the IF domain (in SurA + IF), the Kd
value (1.3 μM) is almost unchanged. Possibly, the
measured titration curve (Fig. S3b) largely reflects
the binding to the chaperone domain of SurA.
For the isolated prolyl isomerase domains Par1

and Par2 without a chaperone domain, evidence for
binding could not be found. After the insertion of the
IF domain of SlyD, the inactive variant Par1 + IF and
the active variant Par2 + IF both bound to the
permanently unfolded protein Fig. S3a. The Kd
values were 6.6 and 10 μM, respectively (Table 3).
In isolation, the IF domain is unfolded, and therefore
its binding to the unfolded protein could not be
measured. In SlyD, it shows a Kd of 1.2 μM for
AED-RNase T1 (Table 3). The weaker affinity of the
IF domain of Par1 + IF and Par2 + IF might be
caused by a decreased accessibility of the binding
site in these chimeric proteins. In summary, all SurA
variants, with one or two chaperone domains, bound
to the unfolded protein AED-RNase T1 with Kd
values between 1 and 10 μM.

Kinetics of binding of the SurA variants to
unfolded proteins

The interaction between SlyD and the unfolded
protein AED-RNase T1 is characterized by high
rates of association and dissociation [13], and we
proposed that dynamic binding is important for an
efficient substrate transfer between the chaperone
domain and the catalytic domain and to avoid stalling
by damaged proteins.
Figure 3a–c shows representative kinetics of

binding of AED-RNase T1 to SurA, SurA + IF, and
Par1 + IF, as well as the measured rate constants
(Fig. 3d–f) and amplitudes (Fig. 3g–i) of association
as a function of the protein concentration. The values
for kon are derived from the slope and those for koff
are derived from the intercepts in Fig. 3d–f. Table 3
shows the data from the kinetic analysis for all
variants.
Full-length SurA binds to the unfolded protein very

rapidly (Fig. 3a) with a kon value N107 s−1 M−1 and a
koff N100 s−1 (Fig. 3d; Table 3), which implies that
the average lifetime of the complex is less than
10 ms. For the isolated chaperone domain of SurA,
the substrate binding dynamics is even higher [13]. It
binds to AED-RNase T1 with an about sevenfold in-
creasedassociation rate constant (kon = 108 s−1 M−1,
Table 3), which is close to the diffusion limit. The
decreased kon of full-length SurA thus originates
probably from a lowered accessibility of its binding
site. SurA + IF resembles SurA in the kinetics of
substrate binding, presumably because the probe
detects preferentially the interaction with the SurA
chaperone domain (Table 3).
After the insertion of the IF chaperone domain into

the isolated parvulin domains of SurA, the binding
kinetics could be measured only for the inactive
parvulin domain (Par1 + IF). For the active parvulin
domain (Par2 + IF), the changes in fluorescence in
the stopped-flow experiments were too small for a
quantitative kinetic analysis. As a part of Par1 + IF,
the IF domain reacted about twofold faster with the
unfolded substrate protein than SlyD itself, which
naturally harbors the IF domain (Table 3). The
dissociation rate is approximately 10-fold increased,
suggesting that the binding dynamics is increased
even though the substrate affinity of the IF domain is
decreased when it is inserted into the Par1 domain of
SurA.
The kinetic data also provide information about the

Kd values. Kd is equal to the ratio of the rate
constants, koff/kon, and the amplitudes follow titration
curves (Fig. 3g–i). Table 3 shows the Kd values from
these analyses as well. In most cases, they are
higher than the values derived from the equilibrium
titrations, with the reason not being clear. Together,
the kinetic data indicate that the high dynamics of
substrate binding by the IF domain remained
conserved after insertion into the Par1 or Par2
domains of SurA.
Discussion

Domains for the binding of unfolded protein sub-
strates, loosely termed chaperone domains, are
important for prolyl isomerases to function as protein
folding enzymes, and the excision of the chaperone
domains from SlyD or from SurA almost abolished
their folding activities. The reciprocal insertion of the
SlyD chaperone (IF) domain into the human homo-
log FKBP12 increased its folding activity 200-fold
[12], indicating that the IF domain of SlyD can
cooperate with a related FKBP domain. Other
chaperone domains such as those from protein
disulfide isomerase, GroEL, or SurA also improved
the folding activity of FKBP12 but were less efficient
than the IF domain of SlyD [13].
SurA is a parvulin-type prolyl isomerase. Its Par1

domain is inactive in isolation and remains inactive
when linked with its natural chaperone domain in
intact SurA or with the IF domain of SlyD, even



Fig. 4. Structure of the IF domain of SlyD. The mobile
regions (helix 3 and the β8–β9 loop) with heteronuclear
1H–15N NOE effects lower than 0.6 [11,37] are shown in
red. M85 and M94 of SlyD from E. coli are shown in yellow,
and the side chain of residues that are changed to Met in
SlyD homologs are shown in green. The figure was
prepared by using the Protein Data Bank file 2K8I [11].
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though intact SurA and the chimera Par1 + IF bind to
unfolded proteins with high affinity.
The folding activity of the Par2 domain of SurA is

250-fold increased by its own chaperone domain
and 450-fold by the IF domain of SlyD when inserted
artificially into a loop near the prolyl isomerase active
site. It is remarkable that the foreign chaperone
domain is more efficient than the endogenous
chaperone domain. In the crystal structure of SurA
[20], the Par2 domain extends away from its
chaperone domain (Fig. 1a). The distance between
the protein binding and the prolyl isomerase sites
might thus be larger in SurA than in the artificial
chimera Par2 + IF, and accordingly, substrate trans-
fer might be less efficient. However, in the absence
of structural information for the chimeric construct,
this remains a speculation. Additional aspects such
as the relative orientation and mobility of the
domains in solution might be important as well.
When both chaperone domains are present, as in

SurA + IF, the folding activity of the Par2 domain is
further enhanced. This indicates that the two
chaperone domains do not compete with each
other for substrate binding. Rather, they cooperate
and lead to a 1500-fold increase in folding activity.
By providing two protein binding sites, they increase
the probability of capturing substrate for the transfer
to the active site. They also increase the probability
that protein molecules that leave the prolyl isomer-
ase active site with an incorrect prolyl isomer are
bound again and thus rerouted back for an
additional round of catalysis. At both chaperone
domains, the refolding protein molecules bind and
dissociate very rapidly. Thus, adverse effects on
productive folding caused by overly strong binding
are avoided.
The chaperone (IF) domain of SlyD activates its

own FKBP domain, human FKBP12 [12], and the
unrelated parvulin-type prolyl isomerase domain
Par2 of SurA in a similar fashion. In all cases, the
IF domain bound to refolding protein molecules in a
highly dynamic fashion and increased the folding
activity more than 100-fold.
The IF domains of SlyD or the SlyD-like protein

SlpA probably use a groove formed by helix 3 and
the β8–β9 loop (Fig. 4) for substrate binding [11,38–
40]. These two elements of structure (colored red in
Fig. 4) show the highest backbone mobility within the
IF domain, as indicated by heteronuclear 1H–15N
NOE effects lower than 0.6 in solution [11,37]. Unlike
the other parts of SlyD, helix 3 and the β8–β9 loop of
IF are rich in exposed methionine residues. SlyD
variants from various bacteria [41] constantly show
between two and four methionine residues in this
presumed substrate binding region. Interestingly,
these residues (marked in green, Fig. 4) are not at
conserved positions in the SlyD homologs but
occupy variable locations along the substrate
binding groove.
Unusually high numbers of Met residues occur
also in the chaperone domains of SurA (11 Met) [20]
and of trigger factor (5 Met) [9]. Flexible methionine
residues in mobile regions of a protein are ideally
suited for creating adaptive sites for the generic
binding to stretches of hydrophobic residues. In fact,
arrays of Met residues (“methionine bristles”) in
flexible chain segments are used by the signal
recognition particle to interact with a wide array of
hydrophobic sequences [42–44]. Presumably, the IF
domains of the SlyD homologs and the chaperone
domains of other folding enzymes use the same
principle for the adaptive binding to hydrophobic
patches that are exposed in unfolded or incompletely
folded protein substrates.
The backbone of the IF domain remains mobile

even after substrate binding [37], which agrees well
with our finding that binding is very fast and not
followed by a lock-in step. The bound protein
substrate thus stays mobile as well, and the rates
of association and dissociation remain high. This is
an essential prerequisite for the rapid transfer of
the bound protein molecules to the catalytic site
and is important for the proper function of folding
enzymes.

image of Fig.�4
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Materials and Methods

Materials

GdmCl (ultrapure) was obtained from ICN Biomedicals
(Aurora, OH, USA). Isopropyl β-D-1-thiogalactopyranoside
was purchased from Gerbu (Haiberg, Germany); IAE-
DANS was from Invitrogen (Darmstadt, Germany). All
other chemicals were from Roth (Karlsruhe, Germany) or
Grüssing (Filsum, Germany). The Abz-ALPF-pNa peptide
was a gift from Dr. Tobias Aumüller (Technische Uni-
versität München). Fluorescence and CD were measured
by using a Jasco FP-6500 fluorescence spectrometer and
a Jasco J-600A spectropolarimeter, respectively.

Expression and purification of proteins

The gene fragments encoding the isolated parvulin
domains (Par1, Par2) were amplified from the correspond-
ing genes and cloned into the expression plasmid pET11a.
The gene fragment of SurA was cloned into the expression
plasmid pET24a. For the chimeric proteins, the gene
fragment of the IF domain (residues 70–128 of SlyD) was
inserted into the gene of SurA and the parvulin domains via
overlap extension PCR. Recombinant Par1, Par2,
Par1 + IF, and Par2 + IF were linked N-terminally with
the SUMO protein Smt3 from Saccharomyces cerevisiae
containing an N-terminal hexahistidine tag to facilitate
Ni-NTA-based purification [45]. The fusion proteins were
overproduced in E. coli BL21(DE3) (Stratagene, Santa
Clara, CA, USA). After lysis of the cells in 50 mM Tris–HCl,
50 mM NaCl, and 10 mM ethylenediaminetetraacetic acid,
pH 8.0, with a microfluidizer and centrifugation, the SUMO
fusion proteins were obtained in a soluble form. The fusion
proteins were purified by immobilized metal-affinity chro-
matography on a Ni-NTA column (elution with 250 mM
imidazole) and cleaved with 1 μM of a fragment of the
SUMO protease Ulp1 overnight at 4 °C. The SUMO
fragment was removed by a second passage over a
Ni-NTA column, and the protein variants were further
purified by gel filtration on a Superdex 75 prep-grade
column (GE Healthcare, Uppsala, Sweden). SurA and
SurA + IF were purified in a similar way, yielding the pure
proteins after immobilized metal-affinity chromatography
on a Ni-NTA column followed by gel filtration on a
Superdex 75 prep-grade column (GE Healthcare).
(S54G,P55N)-RNase-T1 was expressed, purified, re-
duced, and carboxymethylated under denaturing condi-
tions, as described previously [33]. (C2S,C6S,C10N,
P39A,S54G,P55N,W59F)-RNaseT1 was expressed, puri-
fied, and modified with IAEDANS (AED-RNase T1) as
described previously [13].

Equilibrium unfolding transitions

Samples of the protein variants (1 or 2 μM) were
incubated for 1 h at 15 °C in 0.1 M potassium phosphate,
pH 7.5, and varying concentrations of GdmCl. The
transitions of Par1 and Par1 + IF were measured by
fluorescence in 10-mm cells at 340 nm with 5-nm
bandwidth, after excitation at 280 nm (3 nm bandwidth).
The transitions of Par2 and Par2 + IF were measured by
CD at 222 nm in 10-mm cells with a bandwidth of 1 nm.
The unfolding transitions were analyzed on the basis of a
two-state model and assuming a linear dependence of the
Gibbs free energy on denaturant concentration [46].

Peptide assay for prolyl isomerase activity

The prolyl isomerase activities of the proteins were
measured by a protease-free assay as previously described
[32]. For the assay, 750 μM of the peptide substrate
Abz-ALPF-pNa was dissolved in anhydrous trifluoroethanol
containing 0.55 M LiCl. Under these conditions, approximate-
ly 50% of the peptide molecules are in the cis conformation.
Upon dilution with aqueous buffer (0.1 M potassium phos-
phate, pH 7.5), the cis content decreases to 10%. The
corresponding shift of the cis/trans equilibriumwas followedat
a peptide concentration of 3 μM by the increase in
fluorescence at 416 nm (5 nm bandwidth) after excitation at
316 nm (3 nm bandwidth) in 10-mm cells at 15 °C. The Km
value for the assay peptide could not be determined, due to
the limited solubility, but it is larger than 50 μM. The peptide
concentration in the assays was much smaller and catalyzed
cis/trans isomerization of the prolyl bond was therefore a
monoexponential process, and its rate constant increased
linearly when plotted as a function of the prolyl isomerase
concentration. The catalytic efficiency kcat/Kmwasdetermined
from the slope of this plot. In these experiments, the enzyme
concentrations were typically varied between 0 and 1 μM.

Catalysis of proline-limited protein refolding

For the protein refolding assays, RCM-T1 was unfolded
by incubating 10 μM protein in 0.1 M Tris–HCl, pH 8.0, at
15 °C for at least 1 h. Refolding at 15 °C was initiated by a
100-fold dilution to final conditions of 0.1 μM RCM-T1 in
2.0 M NaCl, 0.1 M Tris–HCl, pH 8.0, and the desired
concentrations of the prolyl isomerase. The slow folding
reaction was followed by measuring the increase in protein
fluorescence at 320 nm (5 nm bandwidth) after excitation at
268 nm (3 nm bandwidth). In the refolding assay, the small
contribution of the prolyl isomerases to the fluorescencewas
subtracted from the measured values. The concentration of
the substrate RCM-T1 (0.1 μM)was lower than theKm value
and therefore the measured rate of folding kapp increased
linearly as a function of the prolyl isomerase concentration.
Themeasured rate of folding, kapp, is equal to the sum of the
rate of the uncatalyzed (k0) and the rate of the catalyzed
reaction. The latter rate is equal to (kcat/Km)⋅[E]0 [Eq. (1)]
when the substrate concentration is much lower than the Km
value, as in this case.

kapp ¼ k0 þ kcat
Km

⋅ E½ �0 ð1Þ

The catalytic efficiency kcat/Km could thus be determined
from the slope when kapp − k0 was plotted as a function of
the enzyme concentration [E]0. In these experiments, the
prolyl isomerase concentrations were typically varied
between 0 and 1 μM.

Equilibrium and kinetic measurements of substrate
association

The titrations of 1 μM AED-RNase T1 with SurA or the
chimeric variants were followed by the increase in the
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fluorescence of AED-RNase T1 at 475 nm (5 nm band-
width) upon energy transfer from the Trp residues of SurA
and the variants.
Excitation was at 280 nm (SurA and SurA + IF) or

295 nm (all others) with a bandwidth of 3 nm. The kinetics
of binding were measured after stopped-flow mixing using
a DX.17MV stopped-flow spectrometer from Applied
Photophysics (Leatherhead, UK). The path length of the
observation chamber was 2 mm, and a 10-mM solution of
p-nitroaniline in ethanol in a 5-mm cell was inserted in front
of the emission photomultiplier to absorb scattered light
from the excitation beam and fluorescence below 450 nm.
The kinetics were followed by fluorescence above 450 nm
after excitation at 280 nm (10 nm bandwidth). Kinetic
curves were measured 10 times under identical conditions,
averaged, and analyzed as monoexponential functions.
Minor drifts of the final values in the stopped-flow

experiments were accounted for by adding a linear term to
the equation used for the analysis. All binding experiments
were performed in 0.1 M Tris–HCl and 2.0 M NaCl,
pH 8.0, at 15 °C. The titration curves and the profiles
obtained for the binding amplitudes were analyzed by
assuming a 1:1 binding stoichiometry with the quadratic
Eq. (1)

F−F0¼ F∞−F0ð Þ⋅
P½ �0þ S½ �0þKd−

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
P½ �0þ S½ �0þKd

� �2−4� P½ �0� S½ �0
q

2 P½ �0
in which F is the measured fluorescence and F0 and F∞ are
the initial and final values, respectively. [P]0 and [S]0 are
the protein and substrate concentrations, respectively. The
program GraFit 5.0 (Erithacus Software, Staines, UK) was
used for the analysis.
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