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ABSTRACT: SlyD is a putative folding helper protein from theEscherichia colicytosol, which consists of
an N-terminal prolyl isomerase domain of the FKBP type and a presumably unstructured C-terminal tail.
We produced truncated versions without this tail (SlyD*) for SlyD fromE. coli, as well as for the SlyD
orthologues fromYersinia pestis, Treponema pallidum, Pasteurella multocida, andVibrio cholerae. They
are monomeric in solution and unfold reversibly. All SlyD variants catalyze the proline-limited refolding
of ribonuclease T1 with very high efficiencies, and the specificity constants (kcat/KM) are equal to∼106

M-1 s-1. These large values originate from the high affinities of the SlyD orthologues for unfolded RCM-
T1, which are reflected in lowKM values of∼1 µM. SlyD also exhibits pronounced chaperone properties.
Permanently unfolded proteins bind with high affinity to SlyD and thus inhibit its prolyl isomerase activity.
The unfolded protein chains do not need to contain proline residues to be recognized and bound by SlyD.
The conservation of prolyl isomerase activity and chaperone properties within the SlyD family suggests
that these proteins might act as true folding helpers in the bacterial cytosol. The SlyD proteins are also
well suited for biotechnological applications. As fusion partners they facilitate the refolding and increase
the solubility of aggregation-prone proteins such as the gp41 ectodomain fragment of HIV-1.

Protein folding is a spontaneous process that is driven by
the small difference in Gibbs free energy between the native
and unfolded state (1-3). Aggregation of incompletely
folded molecules competes with productive folding, and this
constitutes a major problem both in vitro and in vivo (4, 5).
In living cells, folding is assisted by helper proteins (6-8).
Folding catalysts such as disulfide oxido reductases and
peptidyl-prolylcis/trans-isomerases accelerate slow steps in
protein folding and thus shorten the lifetime of folding
intermediates, whereas chaperones bind to unfolded or
partially folded protein segments and thus prevent aggrega-
tion (9-14). Ideal folding helpers should combine chaperone
and enzyme properties, and in fact, several disulfide isomeras-
es and prolyl isomerases are also chaperones. These folding
helpers with dual or multiple functions should also be
valuable for the production of recombinant proteins.

In the periplasm ofEscherichia coli(15), the oxidoreduc-
tases DsbA and DsbC introduce and isomerize disulfide

bonds in folding proteins (16-20). FkpA1 and SurA mediate
the folding of translocated protein chains and combine both
prolyl isomerase and chaperone function (21-24). In the
cytoplasm, the trigger factor and SlyD also possess prolyl
isomerase activity and chaperone properties. There is good
evidence now that the trigger factor is a chaperone for
nascent protein chains at the ribosome (25-27). Little is
known about the physiological role of SlyD. Earlier specula-
tion that SlyD might be involved in the hydrogenase
biosynthetic pathway ofE. coli, probably by aiding the
assembly of [Ni-Fe] clusters as a metallochaperone (28, 29),
has recently been corroborated (30).
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SlyD was originally discovered as a persistent contaminant
of recombinant proteins that had been purified by im-
mobilized metal affinity chromatography (IMAC) (29, 31,
32). The N-terminal part of SlyD encompasses a FKBP-like
prolyl isomerase domain with a weak affinity for proline-
containing short peptides (29). The kcat/KM values for the
catalysis of prolyl isomerization in peptides are low and range
between 6000 and 29 000 M-1 s-1 (28, 33). Since SlyD is
very susceptible to proteolysis, its prolyl isomerase activity
is barely detectable in the chymotrypsin-coupled standard
assay (28, 29, 33, 34). The C-terminal part of SlyD is rich
in cysteine and histidine residues and therefore binds tightly
to divalent cations such as Ni2+, Zn2+, Cu2+, and Co2+ (29).
The binding of Ni2+ in the C-terminal region reversibly
inhibits the prolyl isomerase activity of SlyD (28).

SlyD plays a pivotal role as a host factor for theφÌ174
lysis cycle by stabilizing the hydrophobic viral lysis protein
E, possibly by a chaperone-like mechanism (35-37). E. coli
variants with mutations in theslyDgene are resistant to lysis
by the bacteriophageφÌ174; hence, its actual designation
is sensitivity to lysis D (38).

The isolated N-domain of SlyD is active as a prolyl
isomerase (28) and possibly harbors both prolyl isomerase
and chaperone activity. Such a combination would increase
the affinity for incompletely folded protein chains and thus
increase the overall folding activity in a manner found
previously for the trigger factor (27, 39-41), SurA (22, 42),
and DsbA (43). Trigger factor forms complexes with
unfolded proteins that showKD values in the 0.1-1 µM range
(41, 44, 45) and are highly dynamic (46). This renders trigger
factor one of the most efficient prolyl isomerases known to
date (40, 41, 47).

Here we examine the catalytic efficiency of SlyD as a
catalyst of the refolding of the reduced and carboxy-
methylated form of ribonuclease T1 (RCM-T1). This refold-
ing reaction is limited in rate by a prolyltrans-cis
isomerization and thus well suited for investigation of the
catalytic properties of prolyl isomerases (48-50). We asked
whether the chaperone function and the enzymatic activity
of SlyD both reside in the N-terminal FKBP-like domain
[residues 1-146 (28, 29)]. Truncated forms of SlyD that
varied in length and contained different parts of the cysteine-
and histidine-rich C-terminal tail (SlyD 1-196, wt-SlyD;
SlyD 1-165, SlyD*; SlyD 1-148, SlyD**) were character-
ized. In addition, we addressed the question of whether the
prolyl isomerase and chaperone properties are conserved in
SlyD homologues from different species. To this end, we
characterized the SlyDs fromE. coli, Vibrio cholerae,
Pasteurella multocida, Treponema pallidum, and Yersinia
pestis.

Recently, we found that the covalent fusion with theE.
coli chaperones SlyD and FkpA enhanced the cytosolic
expression and the solubility of aggregation-prone proteins.
Notably, SlyD and FkpA exerted their beneficial solubilizing
effect during in vitro refolding and thus paved the way for
the convenient and high-yield renaturation of extremely
aggregation-prone proteins into a soluble and functional
conformation (51). Here we ask whether this high solubili-
zation potential is conserved in the SlyD proteins from
different bacteria.

MATERIALS AND METHODS

Materials and Reagents.GdmCl (A-grade) was purchased
from NIGU (Waldkraiburg, Germany). Complete EDTA-free
protease inhibitor tablets,L-lysine, imidazole, and EDTA
were from Roche Diagnostics GmbH (Mannheim, Germany),
and all other chemicals were analytical grade and from Merck
(Darmstadt, Germany). Citrate synthase was purchased from
Roche Diagnostics GmbH, andR-lactalbumin was from
Sigma (St. Louis, MO). (S54G,P55N)-RNase T1 was purified
as described previously (52). The permanently unfolded
proteins for SlyD* inhibition (RCM-R-La, RCM-Ten-P7A/
P9A/P50A, and RCM-T1-P39A) were prepared by reduction
and carboxymethylation as described for wild-type RNase
T1 (52). FK506 was a kind gift of Fujisawa Pharmaceutical
Corp. Ltd. (Osaka, Japan). Ultrafiltration membranes (YM10
and YM30) were purchased from Amicon (Danvers, MA),
and microdialysis membranes (VS/0.025µm) and ultrafil-
tration units (biomax ultrafree filter devices) were from
Millipore (Bedford, MA). Cellulose nitrate and cellulose
acetate membranes (1.2, 0.45, and 0.2µm) for the filtration
of crude lysates were from Sartorius (Go¨ttingen, Germany).

Cloning of Expression Cassettes.The sequences of the
SlyD orthologues fromE. coli (accession number P0A9K9),
from Y. pestis(accession number Q8ZJC2), fromP. multo-
cida (accession number Q9CKP2), fromV. cholerae(ac-
cession number Q9KNX6), and fromT. pallidum(accession
number O83369) were retrieved from the SwissProt database.
Synthetic genes encoding the various SlyD orthologues and
human FKBP12 were purchased from Medigenomix (Mar-
tinsried, Germany) and cloned into pET24 expression vectors
(Novagen, Madison, WI). The codon usage was optimized
for expression inE. coli host cells. The expression cassettes
for the various fusion proteins were designed as described
for the E. coli SlyD* fusion module (51). QuikChange
(Stratagene, La Jolla, CA) and standard PCR techniques were
used to generate point mutations, deletion variants, or
restriction sites. Except wild-type SlyD fromE. coli, all
recombinant SlyD variants as well as hFKBP12 contained a
C-terminal hexahistidine tag to facilitate Ni-NTA-assisted
purification (53) and refolding.

Expression, Purification, and Refolding of SlyD Variants
and Fusion Proteins.All SlyD variants and human FKBP12
were purified by using virtually identical protocols.E. coli
BL21(DE3) cells harboring the particular pET24a expression
plasmid were grown at 37°C in LB medium with kanamycin
(30µg/mL) to an OD600 of 1.5, and cytosolic overexpression
was induced by adding 1 mM isopropylâ-D-thiogalactoside.
Three hours after induction, cells were harvested by cen-
trifugation (20 min at 5000g), frozen, and stored at-20 °C.
For cell lysis, the frozen pellet was resuspended in chilled
100 mM sodium phosphate (pH 8.0), 7.0 M GdmCl, and 10
mM imidazole, and the suspension was stirred for 2 h on
ice to complete cell lysis. After centrifugation and filtration
(cellulose nitrate membrane, 0.45 and 0.2µm), the lysate
was applied onto a Ni-NTA column equilibrated with the
lysis buffer, including 2.5 mM TCEP. The subsequent
washing step was tailored for the respective target protein
and ranged from 5 to 15 mM imidazole for the SlyD variants
and from 10 to 25 mM imidazole [in 50 mM sodium
phosphate (pH 8.0), 7.0 M GdmCl, and 2.5 mM TCEP] for
the SlyD fusion proteins. At least 10-15 volumes of the
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washing buffer were applied. Then, the GdmCl solution was
replaced with 50 mM sodium phosphate (pH 7.8), 100 mM
NaCl, 5 mM imidazole, and 2.5 mM TCEP to induce
conformational refolding of the matrix-bound protein. To
avoid reactivation of copurifying proteases, a protease
inhibitor cocktail (Complete EDTA-free, Roche) was in-
cluded in the refolding buffer. A total of 15-20 column
volumes of refolding buffer was applied in an overnight
reaction. Then, both TCEP and the Complete EDTA-free
inhibitor cocktail were removed by washing with 3-5
column volumes of 50 mM sodium phosphate (pH 7.8), 100
mM NaCl, and 5 mM imidazole. The native protein was then
eluted with 250 mM imidazole in the same buffer. Protein-
containing fractions were assessed for purity by Tricine-
SDS-PAGE (54) and pooled. Finally, the proteins were
subjected to size-exclusion chromatography (Superdex HiLoad,
Amersham Pharmacia), and the protein-containing fractions
were pooled and concentrated in an Amicon cell (YM10).
Trigger factor from E. coli was purified as described
previously (46).

Spectroscopic Measurements.Protein concentration mea-
surements were performed with a Uvikon XL double-beam
spectrophotometer. The molar extinction coefficients (ε280)
were determined experimentally by using the procedure
described by Gill and von Hippel (55); they are given in
Table 1. Theε280 values for the fusion proteins were
calculated according to the method of Pace (56).

Thermally induced unfolding and refolding of SlyD* were
followed by the change in absorbance at 288 nm in a
Hewlett-Packard diode array photometer. The proteins were
diluted to 10 and 100µM in 50 mM sodium phosphate (pH
7.5), 100 mM NaCl, and 1 mM EDTA. To prevent cysteine
oxidation, the thermally induced unfolding transitions of
wild-type SlyD were measured in the presence of 2 mM
TCEP. Heating and cooling rates were 1°C/min.

Near-UV CD spectra were recorded with a Jasco-720
spectropolarimeter with a thermostated cell holder and
converted to mean residue ellipticity. The buffer was 50 mM
sodium phosphate (pH 7.5), 100 mM NaCl, and 1 mM
EDTA. The path length was 0.5 or 1.0 cm, and the protein
concentration was 20-500 µM. The bandwidth was 1 nm;
the scanning speed was 20 nm/min at a resolution of 0.5
nm, and the response was 2 s. To improve the signal-to-
noise ratio, spectra were measured nine times and averaged.

For the thermal unfolding transitions of the SlyD variants,
the proteins were diluted to concentrations of 25 and 250

µM in 50 mM sodium phosphate (pH 7.5), 100 mM NaCl,
and 1 mM EDTA. Thermally induced unfolding-refolding
transitions were recorded at 278 nm under gentle stirring,
and the path length of the cuvette was 1.0 cm. Heating and
cooling rates were 1°C/min, and the response time was 4 s.
To assess the reversibility of unfolding, near-UV CD spectra
of the SlyD variants were recorded before and after the
thermally induced unfolding-refolding cycle.

Citrate Synthase Aggregation Assay.The assay was
performed essentially as outlined by Buchner et al. (57).
Citrate synthase was unfolded at 25°C in 6.0 M GdmCl, 20
mM DTE, and 50 mM Tris-HCl (pH 8.0) for 1 h and then
diluted 100-fold to a final concentration of 0.15µM
(momomer) in 60 mM GdmCl, 50 mM NaCl, 0.2 mM DTE,
50 mM Tris-HCl (pH 8.0), and varying SlyD concentrations
at 25 °C. Spontaneous aggregation was monitored by the
increase in light scattering at 360 nm in a Hitachi F4010
fluorescence spectrometer.

Folding Experiments.RCM-T1 was unfolded by incubat-
ing the 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 40-fold
dilution of the unfolded protein to final conditions of 2.0 M
NaCl and the desired concentrations of SlyD, RCM-T1, and
the inhibitory unfolded proteins (if appropriate) in the same
buffer. The folding reaction was followed by the increase in
protein fluorescence at 320 nm (10 nm bandwidth) after
excitation at 268 nm (1.5 nm bandwidth). The unfolded
inhibitory proteins (bovine RCM-R-La, RCM-Ten-P7A/P9A/
P50A, and RCM-T1-P39A) contain tryptophan residues, and
their contributions to the fluorescence were subtracted from
the measured values in the individual experiments. At 2.0
M NaCl, slow folding of RCM-T1 was a monoexponential
process, and its rate constant was determined by using GraFit
3.0 (Erithacus Software, Staines, U.K.).

Enzyme Kinetics of Catalyzed Folding.To analyze the
enzyme kinetics of catalyzed folding and its inhibition by
unfolded proteins, we measured the kinetics of folding in
the presence of 20 nM SlyD* and (in the inhibition
experiments) of various concentrations of unfolded protein
chains under the folding conditions described above. Both
catalyzed and uncatalyzed folding occur in these experiments.
The initial velocities of catalyzed folding were determined
from the measured progress curves by using the procedure
originally developed for the analysis of enzyme-catalyzed
prolyl isomerization in a peptide (58) as adapted for the
analysis of the catalyzed folding of RCM-T1 (41, 45). The

Table 1: Spectroscopic and Stability Parameters of SlyD Variantsa

melting
temperature (°C)

extinction coefficient
ε280 (M-1 cm-1)

∆ε288

(M-1 cm-1)
absorbance
at 288 nm

CD at
278 nm

E. coli SlyD(1-196) wild type 5950 1196 41.5 42.8
E. coli SlyD*(1-165) 5788 1530 41.5 43.5
E. coli SlyD**(1-148) 5654 1390 ndb ndb

Y. pestisSlyD(1-165) 5500 1257 31.2 33.4
V. choleraeSlyD(1-157) 4550 1608 41.9 41.8
T. pallidumSlyD(1-160) 4356 1183 38.2 39.2
P. multocidaSlyD(1-156) 5910 1565 50.4 49.5

a Extinction coefficients were determined according to the method of Gill and von Hippel (55). CD-detected unfolding transitions were measured
at a protein concentration of 250µM and monitored at 278 nm. UV-detected unfolding transitions were performed at a protein concentration of 100
µM and monitored at 288 nm. Buffer conditions were 50 mM sodium phosphate (pH 7.5), 100 mM NaCl, and 1 mM EDTA.b Not determined.
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time course of folding in the presence of SlyD* is described
by the differential equation (eq 1)

where d[U]/dt is the rate of folding of the unfolded protein
U, -k0[U] is the contribution of uncatalyzed folding, and
-kcat[SlyD*][U]/([U] + KM) is the contribution of catalyzed
folding. kcat and KM are the catalytic rate constant and the
Michaelis constant, respectively, and [SlyD*] is the concen-
tration of SlyD*. A nonlinear least-squares fit of the observed
folding kinetics to eq 1 was performed by using Scientist
(MicroMath, St. Louis, MO). In the analysis, the fact that
only 85% of the unfolded RCM-T1 molecules contain an
incorrect trans Pro39 (49) was accounted for, i.e., [U]0 )
0.85[RCM-T1]. The slow refolding reaction, which is
analyzed here, originates from these molecules. The rate
constant of uncatalyzed folding (k0 ) 0.00173 s-1) was
measured in folding experiments in the absence of SlyD*
between 0.1 and 10µM RCM-T1. This value was used when
the experimental data were fitted to eq 1. The values forkcat

and KM as obtained from this analysis were then used to
calculate the initial rates of catalyzed foldingV0 at the
different substrate concentrations from eq 2. In this equation,
the initial value of [U]0 is 0.85[RCM-T1].

The contribution-k0[U] from uncatalyzed folding (eq 1)
increases linearly with the concentration of RCM-T1 and
dominates the observed folding kinetics at high RCM-T1
concentrations. Therefore, data at RCM-T1 concentrations
higher than 20µM were not used for the analysis.

Immunological ReactiVity of SlyD*-gp41 Fusion Proteins.
The different SlyD*-gp41 fusion proteins were used to
detect anti-gp41 antibodies, which abundantly occur in HIV-1
positive sera. The immunological reactivity was challenged
in an automated Elecsys 2010 analyzer using the double-
antigen sandwich format.

Signal detection in the Elecsys immunoassay is based on
electrochemoluminescence. The biotin conjugate (i.e., the
capture antigen) is immobilized on the surface of a strepta-
vidin-coated magnetic bead, whereas the signaling antigen
bears a complexed ruthenium cation as the luminiscent
moiety. In the presence of anti-gp41 antibodies, the chro-
mogenic ruthenium complex is bridged to the solid phase
and emits light at 620 nm after excitation at a platinum
electrode. The signal output is in arbitrary light units. For
their use as Elecsys antigens, the soluble gp41 fusion proteins
being studied were concentrated and modified withN-
hydroxysuccinimide-activated biotin and ruthenium moieties
as described previously (51). The concentration of the gp41
variants in the immunoassay measurements was∼750 ng/
mL. At least five negative sera were used as controls. To
minimize false positive results, polymerized unlabeledE. coli
SlyD* was added to the samples as an anti-interference
substance.

RESULTS

Expression and Refolding of SlyD*.SlyD*(1-165) from
E. coli, SlyD*(1-165) fromY. pestis, SlyD*(1-156) from
P. multocida, SlyD*(1-157) fromV. cholerae, and SlyD*-

(1-160) fromT. pallidumwere produced in large amounts
in E. coli BL21(DE3) cells. Due to the high rate of synthesis,
a fraction of the protein formed insoluble aggregates in the
host cytosol. During cell lysis, the proteins were solubilized
in 7.0 M GdmCl and, after centrifugation and filtration,
bound to a Ni-NTA column. Refolding on the column was
initiated by washing with 50 mM sodium phosphate and 5
mM imidazole buffer, and the refolded protein was eluted
with 250 mM imidazole. After this coupled purification and
refolding,∼30 mg of SlyD*/g ofE. coli cells was obtained.
The purity of the various SlyD* homologues after the
refolding chromatography exceeded 95% as assessed by
Tricine-SDS-PAGE (54). Denaturant-unfolded wild-type
SlyD from theE. coli host has been reported to bind with
high affinity to Ni-NTA columns (34, 59). Unfolding of
wild-type SlyD in 7.0 M GdmCl (pH 8.0) probably leads to
disulfide-linked SlyD oligomers with increased affinity for
the metal support. By optimizing the imidazole concentration
and including the reducing agent TCEP during the metal ion
chromatography, we could prevent contamination of the
C-terminally truncated SlyD homologues by the wild-type
SlyD from theE. coli host.

Full-length SlyD has been described as a dimeric protein
(59, 60). The truncated SlyD variant fromE. coli, SlyD*-
(1-165), elutes from a Superdex 200 gel filtration column
at a position that is also suggestive of a dimer (Figure 1).
However, the position of this elution peak is independent of
the protein concentration. Equilibrium ultracentrifugation
experiments showed that SlyD* is in fact monomeric in
solution (H. Lilie, unpublished results). It is possible that an
elongated shape of SlyD* leads to the peculiar elution from
the gel filtration column. The SlyD* proteins fromY. pestis
(1-165), fromP. multocida(1-156), fromV. cholerae(1-
157), and fromT. pallidum (1-160) all show the same
elution behavior.

It should be noted that theP. multocidavariant has been
deposited in the TrEMBL protein sequence database as an
FkpA homologue (accession number Q9CKP2). Its length,
its high degree of homology (for alignment, see Figure 2),
and its C-terminal tail rich in histidine and cysteine residues,
however, rather point to a close relationship with SlyD. To

d[U]/dt ) -k0[U] - kcat[SlyD*][U]/([U] + KM) (1)

V0 ) kcat[SlyD*][U] 0/([U]0 + KM) (2)

FIGURE 1: Analytical gel filtration ofE. coli SlyD*(1-165) at
varying protein concentrations on a Superdex 200 HR 10/30 gel
filtration column. Two hundred microliters of a 180, 90, 45, 22.5,
11.25, 5.6, and 2.8µM SlyD* solution was applied on the SEC
column, and elution was monitored at 280 nm (left ordinate). The
Roche FPLC standard (gray dotted line, right ordinate) contains
â-galactosidase (465 kDa), sheep IgG (150 kDa), sheep IgG Fab
fragment (50 kDa), horse myoglobin (17 kDa), and the dipeptide
Gly-Tyr (0.238 kDa). SlyD* elutes invariably at∼16.1 mL,
suggestive of an apparent dimer.
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harmonize nomenclature and to facilitate reading, we there-
fore denote this enzymeP. multocidaSlyD.

Truncated SlyD* Variants Unfold ReVersibly.Previously,
we had found that thermal and GdmCl-induced unfolding
of E. coli SlyD* are reversible (51). Thermally induced
unfolding can be monitored by near-UV CD spectroscopy.
The CD signal originates from the tyrosine residues of the
SlyD variants and shows a maximum of∼40 deg cm2 dmol-1

at 278 nm in the folded protein. It disappears when the
tertiary structure collapses during the unfolding process
(Figure 3A). All SlyD* variants exhibited similar near-UV
CD spectra, pointing to a common nativelike conformation.
Figure 3B shows the thermal unfolding transitions of the
various truncated SlyD proteins as detected by CD at 278
nm. All of them unfold reversibly with different stabilities,
and theTM values range from 33.4 to 49.5°C (Table 1).
Near-UV CD spectra were recorded before and after the
thermal unfolding-refolding cycles and were found to
coincide.

The thermal unfolding transitions of the various SlyD*
proteins as measured by near-UV CD are independent of
the protein concentration between 25 and 250µM. A similar
result was obtained when the difference in absorption at 288
nm was used as a probe. The UV-detected thermally induced
unfolding transitions of 10 and 100µM SlyD also coincided,
and theTM values from the UV-detected unfolding transitions
correspond well with those from the near-UV CD-detected
melting curves (Table 1). This confirms the monomeric
nature of the various SlyD* variants. GdmCl-induced unfold-

ing transitions were measured by near-UV CD as well. The
stabilities of all SlyD* variants are very low. The transition
midpoints were all below 1.0 M, and the GdmCl-induced
transitions were also independent of protein concentration
(data not shown).

SlyD* Exhibits High Folding ActiVity and Michaelis-
Menten Kinetics.SlyD has been reported to catalyze prolyl
isomerizations in both proteins and peptides (28, 33, 61).
The catalytic efficiency of SlyD was fairly high with a
protein substrate (40), but barely detectable when assayed
with proline-containing peptides (33). This is reminiscent
of the trigger factor, which, in protein folding reactions,
combines a high prolyl isomerase activity with a chaperone
function (40, 41, 47). Here, we investigated the efficiencies
of the various C-terminally truncated SlyD molecules
(SlyD*) in the catalysis of a proline-limited protein folding
reaction. Reduced and carboxymethylated RNase T1 (RCM-
T1) was used as the model substrate. Its refolding reaction
is accompanied by a strong increase in tryptophan fluores-
cence and can be induced by increasing the NaCl concentra-
tion (48-50).

SlyD* from E. coli catalyzes the refolding of RCM-T1
very well. In the presence of∼2 nM SlyD*, refolding of
RCM-T1 is already 2-fold accelerated (Figure 4A). The
apparent first-order rate constant of foldingkapp increases
linearly with SlyD* concentration (Figure 4B). From the
slope of this plot, a specificity constantkcat/KM of 0.68 ×
106 M-1 s-1 was determined. Similarly, high catalytic
efficiencies were found for almost all SlyD* homologues.

FIGURE 2: Sequence alignment of SlyD* variants lacking the cysteine-rich C-terminal tail, as performed by CLUSTAL W (1.82) (122,
123). Shown are the SlyD orthologues fromE. coli (1-165, SwissProt accession number P0A9K9), fromY. pestis(1-165, SwissProt
accession number Q8ZJC2), fromP. multocida(1-156, SwissProt accession number Q9CKP2), fromV. cholerae(1-157, SwissProt
accession number Q9KNX6), and fromT. pallidum(1-160, SwissProt accession number O83369). Amino acids assumed to be essential
for FK506 binding (28, 73) are printed in white letters on a black background. Identical amino acids are indicated by bold print, and
identical and conserved amino acids are highlighted by a gray background. The insert in the flap region (98) is boxed, as well as the
C-terminal hexahistidine purification tag.
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Only the protein fromT. pallidumwas less active (Table 2).
With values between 0.65× 106 M-1 s-1 (Y. pestis) and 1.2
× 106 M-1 s-1 (P. multocida), most SlyD* homologues show
catalytic efficiencies as high as that of the trigger factor (40,
41, 47). Except forT. pallidum SlyD* (kcat/KM ∼ 0.12 ×
106 M-1 s-1), thekcat/KM values are∼100-fold higher than
the value determined for human FKBP12 (kcat/KM ) 0.014
× 106 M-1 s-1) (41).

To find out why SlyD* is such an efficient folding enzyme,
we measured the enzyme kinetics of SlyD*-catalyzed folding
and determined the individual kinetic parametersKM andkcat

from a Michaelis-Menten plot. In these experiments, the
concentration of the folding substrate RCM-T1 was varied
from 0.1 to 20µM, at a constant SlyD* concentration of 20
nM. The uncatalyzed refolding of RCM-T1 proceeds with a
half-time of 400 s and was accounted for in the analysis of
the data accounts for the refolding. The experiments and the
analysis were performed as described for trigger factor (41)
and parvulin (62).

The initial rates of folding catalyzed by SlyD* show
saturation behavior and are described well by the Michaelis-
Menten equation. The results forE. coli SlyD and P.
multocidaSlyD are depicted in panels A and B of Figure 5,
respectively. TheKM values are in the micromolar range and
are summarized in Table 2. Four of the five SlyD* variants
bind the refolding protein substrate with aKM between∼0.34
and 1.65µM; only the affinity of SlyD* fromT. pallidumis
∼10-fold weaker (17.3µM). The turnover numbers are rather
low, and range between 0.26 and 1.86 s-1. The composite

value for thekcat/KM ratios from this analysis agrees well
with the above-describedkcat/KM estimates as obtained from
Figure 4B, confirming that the enzyme kinetics of SlyD*-
catalyzed folding are adequately described by the Michaelis-
Menten model (Table 2).

The kinetic parameters for the C-terminally truncated SlyD
variants almost coincide with the data for the full-length wild-
type proteins. Wild-type SlyD fromE. coli, for instance,
displays a specificity constant of 0.59× 106 M-1 s-1, a value
which compares well with the catalytic efficiency of 0.68×
106 M-1 s-1 for SlyD*. Since theE. coli SlyD* variants
studied so far comprised the cysteine-free, presumably
unstructured part of the C-terminal tail (residues 147-165),
we designed a further truncated variant, SlyD**(1-148),
which solely encompasses the N-terminal FKBP-like domain.
This variant is also indistinguishable from SlyD*(1-165)
and wild-type SlyD with respect to its specificity constant
of 0.62 × 106 M-1 s-1. This indicates that both prolyl
isomerase and chaperone activity are localized in the
N-terminal FKBP-like domain of SlyD. The C-terminal tail
does not seem to support the binding of peptide or protein
substrates to SlyD.

SlyD* Folding ActiVity Is Inhibited by Permanently
Unfolded Proteins IrrespectiVe of Their Proline Content.The
high affinity of the SlyD variants for unfolded RCM-T1
suggests that other unfolded proteins might compete with
the binding of RCM-T1 and inhibit the catalysis of folding.

FIGURE 3: Unfolding of SlyD*. (A) CD spectra of 360µM E. coli
SlyD*(1-165) in the near-UV region in the presence of (from top
to bottom) 0, 0.3, 0.6, 0.9, 1.2, and 1.5 M GdmCl in 50 mM sodium
phosphate (pH 7.8), 100 mM sodium chloride, and 1 mM EDTA
at 20 °C. (B) Thermally induced unfolding transitions of SlyD*
from Y. pestis(green),T. pallidum(dark blue),V. cholerae(light
blue), E. coli (orange), andP. multocida (red). Unfolding was
monitored by CD at 278 nm and normalized to the fractional
change. Protein concentrations were 250µM in 50 mM sodium
phosphate (pH 7.8), 100 mM NaCl, and 1 mM EDTA.

FIGURE 4: Refolding kinetics of RCM-T1 in the presence of
increasing concentrations ofE. coli SlyD* at 15°C. (A) The kinetics
of refolding of 100 nM RCM-T1, as followed by the change in
fluorescence at 320 nm, are shown in the presence of 0, 3, 5, 8,
10, 15, and 20 nME. coli SlyD*. (B) Dependence on SlyD*
concentration of the rate of slow folding. The ratio of the observed
rate constants in the presence,k, and in the absence,k0, of SlyD*
is shown as a function of the SlyD* concentration. A value of 0.68
× 106 M-1 s-1 is obtained forkcat/KM from the slope of the line in
panel B. Refolding of RCM-T1 in 0.1 M Tris-HCl (pH 8.0) was
initiated by dilution to 2.0 M NaCl in the same buffer.
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To investigate such an inhibition, we used the reduced and
carboxymethylated form ofR-lactalbumin (RCM-R-La) as
a competitor. RCM-R-La adopts an extended conformation,
and it remains soluble and unfolded when diluted into the
refolding buffer of RCM-T1. RCM-R-La is thus a good
substrate for chaperones (63) and a competitive inhibitor of
the prolyl isomerase activities of trigger factor (41, 64) and
of FkpA (65). RCM-R-La inhibits the prolyl isomerase
activity of SlyD* with apparent inhibition constants in the
micromolar range (Table 2). ForE. coli SlyD*, a 30% inhibi-
tion is observed in the presence of 1.0µM RCM-R-La.

A pronounced inhibition of the prolyl isomerase activity
of SlyD* was observed even when the competing unfolded

protein lacked proline residues. TheR-amylase inhibitor
Tendamistat contains three proline residues, and its native
form is stabilized by two disulfide bonds (66). As R-lactal-
bumin, it unfolds when these disulfide bonds are opened by
reduction and subsequent carboxymethylation (67). In the
P7A/P9A/P50A variant, all three proline residues are changed
to alanine (68, 69). We find that unfolded Tendamistat
molecules without the proline residues inhibit the catalyzed
folding of RCM-T1 very well (Figure 6A).

The P39A variant of RNase T1 lacks the proline (Pro39),
which determines the rate of slow folding of this protein,
and its RCM form is permanently unfolded (70-72). This
protein also inhibits the catalyzed refolding of RCM-T1 very

Table 2: Enzyme Kinetic and Inhibition Parameters for Catalysis of RCM-T1 Folding by the SlyD Variants

RCM-T1
refoldinga Michaelis-Menten experimentsb inhibition experimentsc

prolyl isomerase

specificity
constant

kcat/KM (M-1 s-1)

turnover
number
kcat (s-1)

Michaelis
constant
KM (µM)

composite
valuekcat/KM

(M-1 s-1)

Ki-app

(RCM-R-La)
(µM)

Ki-app

(RCM-Ten)
(µM)

Ki-app

(RCM-T1-P39A)
(µM)

Ki-app

(FK506)
(µM)

E. coli SlyD(1-196) 0.59× 106 ndd ndd ndd 1.5 0.22 0.19 4.6
E. coli SlyD*(1-165) 0.68× 106 0.70 1.65 0.43× 106 2.3 0.42 0.16 4.6
E. coli SlyD**(1-148) 0.62× 106 ndd ndd ndd 1.7 0.07 0.14 4.3
Y. pestisSlyD*(1-165) 0.65× 106 0.65 0.77 0.84× 106 4.6 0.16 0.18 2.9
V. choleraeSlyD*(1-157) 1.10× 106 0.26 0.34 0.76× 106 2.3 1.3 0.07 1.2
T. pallidumSlyD*(1-160) 0.12× 106 1.86 17.31 0.11× 106 1.6 2.7 1.13 7.5
P. multocidaSlyD*(1-156) 1.20× 106 0.66 0.88 0.75× 106 0.7 0.12 0.16 1.9

a Thekcat/KM values were obtained as described in the legend of Figure 4.b The kinetic experiments were performed as described in the legend
of Figure 5.c The inhibition data were obtained from experiments as described in in the legends of Figures 6 and 7.d Not determined.

FIGURE 5: Michaelis-Menten kinetics of the refolding of RCM-
T1 catalyzed by SlyD* fromE. coli (A) and from P. multocida
(B). The initial velocities of catalyzed refolding at 15°C are shown
as a function of the concentration of RCM-T1. The concentration
of SlyD* was 20 nM, and the buffer consisted of 0.1 M Tris-HCl
(pH 8.0) and 2.0 M NaCl. ForE. coli SlyD*, values forKM of
1.65 × 10-6 M and for kcat of 0.7 s-1 were obtained from the
analysis of the data. ForP. multocidaSlyD*, values forKM of 0.88
× 10-6 M and forkcat of 0.66 s-1 were obtained. The initial folding
rates were determined and analyzed as described in Materials and
Methods.

FIGURE 6: Inhibition of SlyD** [SlyD(1-148)]-catalyzed refolding
of RCM-T1 by the unfolded polypeptide chains of (A) RCM-Ten-
P7A/P9A/P50A and (B) RCM-T1-P39A. Shown is (from top to
bottom) the refolding of RCM-T1 in the presence of SlyD** and
in the presence of SlyD** and inhibitory protein and the spontane-
ous folding of RCM-T1 in the absence of SlyD**. The concentration
of SlyD** was 20 nM, and the concentration of the inhibitory
proteins was 1.2µM for RCM-Ten-P7A/P9A/P50A and 1.0µM
for RCM-T1-P39A. Otherwise, the refolding experiments were
carried out as described in the legend of Figure 4 and in Materials
and Methods.
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efficiently (Figure 6B). Comparable results were obtained
for the other SlyD* variants. The extent of inhibition by
RCM-T1-P39A is similar in all cases, and the apparent
inhibition constant is in the low micromolar range (Table
2). Together, these data suggest that the SlyD variants bind
to unfolded proteins with rather high affinity. This affinity
is independent of the presence of proline residues, and it
forms the basis for the good binding to unfolded protein
molecules and thus for the high folding activities of the SlyD
variants. This is strongly reminiscent of trigger factor, which
also recognizes and binds unfolded polypeptide substrates
well, irrespective of their proline content (44, 45).

Refolding ActiVity of SlyD* Is Inhibited by FK506.SlyD
is a FKBP-type prolyl isomerase (29, 38), and seven of 14
amino acids that are assumed to be important for FK506
binding by hFKBP12 (73) are conserved in SlyD (Figure
2); however, hitherto attempts to demonstrate inhibition by
FK506 in peptide-based prolyl isomerase assays have been
unsuccessful (28). If the affinity of SlyD for FK506 is low,
it cannot be detected in the prolyl isomerase assay with the
synthetic peptides of the Suc-Ala-Xaa-Pro-Phe-pNA type.
The affinity for small peptide substrates is also low, and
therefore, they must be used at a high concentration (∼100
µM) in the assays. Necessarily, the apparent affinity of SlyD
for FK506 is further reduced in the presence of excess
peptide substrate. Due to the poor solubility of FK506 in
aqueous buffers [<2.0 µM in water at 25°C (74)], its
effective concentration cannot be sufficiently increased to
compete with the proline-containing peptides for binding to
the active site of SlyD. In contrast, the affinity of SlyD* for
RCM-T1 is high, and catalyzed folding can be followed with
very high sensitivity at very low protein concentrations. The
refolding assays were performed with 100 nM RCM-T1 and
20 nM SlyD*. Under these conditions, the SlyD*-catalyzed
refolding of RCM-T1 is significantly decelerated in the
presence of∼2.0 µM FK506 (Figure 7). From the extent of
inhibition, the fraction of SlyD* in complex with FK506 may

be determined, thus allowing a tentative calculation of the
apparent inhibition constant. Indeed, the affinity of SlyD*
for FK506 is rather low. The apparent dissociation constants
range between 1.2 and 7.5µM (Table 2), suggesting that
FK506 binds to SlyD*∼3 orders of magnitude weaker than
to human FKBP12 (73, 75-77). Interestingly, trigger factor
from E. coli shows a similarly weak binding to FK506 with
an apparent inhibition constant in the low micromolar range
(B. Eckert and F. X. Schmid, unpublished observation). Both
SlyD and trigger factor may thus be regarded as genuine
but low-affinity FK506 binding proteins.

Single-Chain Variants of SlyD* Are Excellent Chaperones.
With their high affinity for unfolded proteins, the SlyD*
orthologues should also be active in chaperone assays. The
assay developed by Buchner and co-workers exploits the
strong aggregation tendency of folding intermediates of
citrate synthase. When diluted with refolding buffer after
thermally induced or denaturant-induced unfolding, citrate
synthase aggregates spontaneously, which is accompanied
by a strong increase in light scattering (57, 78). SlyD* from
E. coli suppresses the aggregation of citrate synthase very
efficiently when present in superstoichiometric amounts
(Figure 8). Similar results were obtained with the SlyD*
homologues fromY. pestis, V. cholerae, andP. multocida.
SlyD* from T. pallidumsuppressed the aggregation of citrate
synthase less efficiently, in agreement with its lower affinity
for unfolded RCM-T1. Human FKBP12 had no effect on
the aggregation of citrate synthase (data not shown).

Recently, we found that the fusion of one or two SlyD*
or FkpA modules strongly protected viral envelope proteins
from aggregation (51). We therefore connected two or three
SlyD* modules with each other via flexible, glycine-rich
linkers and investigated their chaperone properties in the
assay with citrate synthase. At equal concentrations of SlyD*
subunits, the covalently linked dimers and trimers suppressed
aggregation much better than the single SlyD* variant
(Figure 8).

SlyD* Variants Are Well Suited to Being Fusion Modules.
Fusions with truncated versions of SlyD or FkpA fromE.
coli are well suited to solubilizing aggregation-prone viral
envelope proteins (51). After being expressed inE. coli, these
fusion polypeptides could be easily purified and refolded,

FIGURE 7: Inhibition of SlyD*-catalyzed refolding of RCM-T1 by
FK506. The figure shows the proline-limited refolding of 100 nM
RCM-T1 in the presence of 20 nM SlyD* with and without FK506
at its solubility limit of ∼2.0 µM (curves at the top). The
uncatalyzed refolding of RCM-T1 is shown as a reference (bottom
curve). To cope with the limited solubility of FK506 and to facilitate
complex formation, SlyD and FK506 were preincubated at equimo-
lar concentrations in a 2.0µM stock solution. Then, the SlyD-
FK506 complex was diluted into the thermostated refolding buffer
at 15 °C, which also contained 2.0µM FK506. Subsequently,
refolding was initiated by adding unfolded RCM-T1. In the
reference experiment (uninhibited SlyD-catalyzed refolding of
RCM-T1, top line), the small amount of ethanol originating from
the 2.0 mM stock solution of FK506 in ethanol was accounted for.

FIGURE 8: Influence ofE. coli SlyD* single-chain variants on the
aggregation of chemically denatured citrate synthase at 25°C.
Denatured citrate synthase was diluted to a final concentration of
0.15µM (monomer) in 50 mM Tris-HCl (pH 8.0), 60 mM GdmCl,
50 mM NaCl, and 0.2 mM DTE. Light scattering at 360 nm was
monitored in the presence of 3.0µM SlyD* [single SlyD (O)], in
the presence of 1.5µM SlyD*-SlyD* [tandem SlyD (4)], in the
presence of 1.0µM SlyD*-SlyD*-SlyD* [triple SlyD (b)], and
in the absence of chaperone (9).
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yielding nativelike immunologically reactive forms of these
target proteins. We now investigated whether the SlyD*
homologues from the different species possess a similarly
high chaperoning potential. As the target protein we chose
a variant of the gp41 ectodomain fragment 536-681
[numbering from Chan et al. (79)] from HIV-1, which
spontaneously and quantitatively aggregates in physiological
buffer (51). In HIV-1-infected individuals, the gp41
ectodomain is the preferred target of the humoral immune
response (80-82). Because of its pivotal role in membrane
fusion, it is highly conserved among the nine HIV-1 subtypes,
and peptide segments from the immunodominant loop region
are well suited to serving immunodiagnostic purposes (81,
83, 84). Yet, its very strong tendency to aggregate renders
the gp41 ectodomain a very difficult target for in vitro
refolding, and simple and reliable renaturation protocols of
recombinant gp41 are very much needed.

Two SlyD* modules fromY. pestisor from T. pallidum
were fused in tandem to the amino terminus of gp41. These
two SlyD* variants are 87 and 42% identical with SlyD*
from E. coli, respectively, and represent the closest and the
most distant homologue of this study (Figure 2). The
chaperone modules were linked to the target protein via a
flexible linker rich in glycine and serine residues, and
hexahistidine tags were attached to the C-termini. Both fusion
proteins were overproduced very efficiently inE. coli and
accumulated as insoluble inclusion bodies in the host cytosol.
The gp41 ectodomain alone is expressed very poorly inE.
coli. After lysis with 7.0 M GdmCl and matrix-assisted
refolding on a Ni-NTA column, the fusion proteins could
be eluted in soluble form. Alternatively, the two fusion
proteins could be refolded by renaturing gel filtration. To
this end, the GdmCl-unfolded proteins were eluted in the
presence of 7.0 M GdmCl from the Ni-NTA column by
lowering the pH and applied on a Superdex 200 column
which was pre-equilibrated with refolding buffer [50 mM
sodium phosphate (pH 7.5), 100 mM NaCl, and 1 mM
EDTA]. Like the fusion proteins of gp41 with SlyD* from
E. coli, those with SlyD* fromT. pallidumand fromY. pestis
eluted as soluble oligomers with an apparently 3-fold
symmetry (trimers, hexamers, and nonamers). These oligo-
meric states are determined by the target molecule gp41,
which forms a trimeric coiled coil via an extended heptad
repeat in its N-helical part (79, 85, 86). The nativelike fold
of the SlyD*-SlyD*-gp41 fusion protein was verified under
physiological conditions by near-UV CD spectroscopy as
described previously (51). To test their immunological
properties (i.e., their binding to anti-gp41 antibodies),T.
pallidum SlyD*-SlyD*-gp41, Y. pestisSlyD*-SlyD*-
gp41, andE. coli SlyD*-SlyD*-gp41 proteins were as-
sessed with HIV-1 positive sera in an immunoassay as
described in Materials and Methods. The measurements were
carried out in the double-antigen sandwich format with
different SlyD* modules on the capture and signaling side,
respectively. All tested SlyD*-SlyD*-gp41 variants were
highly reactive and clearly discriminated between HIV-1
positive and negative samples (Table 3). Subtypes B (United
States and Europe), C (South Africa), and E (Asia) of the
M group of HIV-1 are equally well recognized, ensuring the
reliable diagnosis of the strongly diversifying lentiviral
pathogen (87).

Two SlyD* modules in tandem are thus very efficient in
solubilizing the target protein gp41. SlyD* fromT. pallidum
performed less well as a catalyst of RCM-T1 refolding and
as a chaperone of citrate synthase, but in covalent fusion
with the target protein, it was as efficient as the other SlyD*
modules. Apparently, the covalent linkage to the target
protein increased the effective concentration and thus
enhanced the chaperone function of the SlyD* modules.
When human FKBP12 was fused to the gp41 ectodomain
fragment, the resulting fusion protein aggregated quantita-
tively after matrix-coupled refolding and imidazole elution
(data not shown). Obviously, hFKBP12 is not able to confer
solubility on an extremely hydrophobic target such as the
gp41 ectodomain fragment. This is in line with its lack of
chaperone activity in the citrate synthase assay and with the
very poor catalysis of the refolding of RCM-T1.

DISCUSSION

SlyD is a folding helper with prolyl isomerase and
chaperone properties. These functions reside in the N-
terminal FKBP-like part of the molecule and are conserved
within the SlyD family. The SlyD* orthologues from five
different bacteria (E. coli, Y. pestis, T. pallidum, V. cholerae,
and P. multocida) were all monomeric proteins with very
high solubilities (>100 mg/mL). Both thermal and GdmCl-
induced unfolding transitions were reversible, but the
thermodynamic stabilities were low, with transition midpoints
between 34 and 49°C.

The refolding of RCM-T1 is limited in rate by thetrans-
cis isomerization of the peptidyl prolyl bond between Tyr38
and Pro39, and four of the five SlyD* homologues catalyzed
this folding reaction very efficiently, with specificity con-
stants (kcat/KM) of ∼1 × 106 M-1 s-1 at 15°C. This catalytic
efficiency is extraordinarily high and exceeds the efficiency
of the related hFKBP12 by a factor of∼100. SlyD fromT.
pallidum was 5-10-fold less active than the other SlyD*
homologues. The high specificity constants originate mainly
from a tight binding to unfolded or refolding proteins (KM

∼ 1 µM). This high affinity for unfolded polypeptide chains
is confirmed by two additional findings. First, all SlyD*
proteins are inhibited in a seemingly competitive fashion by
soluble and permanently unfolded protein chains, and second,
the SlyD* homologues exhibit chaperone properties and
suppress the aggregation of citrate synthase very efficiently.
The unfolded protein chains do not need to contain proline
residues to be recognized and bound by SlyD.

Such a combination of prolyl isomerase and chaperone
activity is reminiscent of the trigger factor (40, 41, 47) and
FkpA (65, 88). Both proteins contain FKBP-like domains
and are thought to be involved in in vivo folding: trigger
factor as a midwife at the ribosomal cradle of nascent chains
(25-27, 47) and FkpA as an usher at the translocons of the
periplasmic membrane (23). SurA, a parvulin-like prolyl
isomerase in theE. coli periplasm (22, 89), also possesses
chaperone features and is involved in the maturation of outer
membrane proteins (90-92). The SlyD-like protein SlpA
(28) is closely related to SlyD, but its function has not been
characterized. InE. coli, thus at least four of its 10 prolyl
isomerases are also active as chaperones, suggesting that
efficient binding to unfolded or partially folded protein chains
is important for the good performance of these prolyl
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isomerases. However, the physiological relevance of the
prolyl isomerase activities of trigger factor and SurA and
the relation to their chaperone function are still controversial
(22, 93).

Folding helpers with both prolyl isomerase and chaperone
activity are conserved in evolution.Mycoplasma genitalium,
an organism with a very small genome, harbors the trigger
factor as the only prolyl isomerase (94, 95). Haemophilus
influenzae, another simple organism, contains only SlyD and
trigger factor (96). The archaeonMethanococcus thermo-
lithotrophicus contains only FKBP17, a putative SlyD
homologue (97, 98).

Why is SlyD a much better chaperone than FKBP12, even
though the two proteins are related and share the same fold?
The FKBP12 fold comprises five antiparallelâ-strands,
which are arranged around a shortR-helix and form the
hydrophobic FK506 binding pocket (99, 100). FKBP12 and
SlyD differ mainly in the firstâ-strand (which is lacking in
SlyD) and in the apex (residues 88-92 in hFKBP12) of the
so-called flap domain (29, 36). SlyD bears a 47-residue insert
in this flap segment, which opposes the entrance to the
hydrophobic pocket, and thus, it possibly controls the access
to the enzyme active site (101). This so-called IF domain
(insert in flap) has been structurally characterized inMt-
FKBP17, and it seems to be conserved in various archaeal
FKBPs with prolyl isomerase and chaperone features (98).
On the basis of deletion experiments, it has been suggested
that the flap insert constitutes the chaperone domain of
MtFKBP17 (102). The flap insert of SlyD is 58% homolo-
gous with this region ofMtFKBP17 (98) and possibly also
forms part of the polypeptide binding site.

The cellular function and the physiological substrates of
SlyD are essentially unknown. The bacteriophageφÌ174
lysis protein E is an unphysiological substrate. This protein
with 91 amino acids is involved in the inhibition of bacterial
cell wall synthesis (103), and it was suggested that SlyD
might be necessary for the isomerization of one or more of
the five proline residues in lysis protein E. The Leu20-Pro21
bond was especially suggested to be a target for the prolyl
isomerase activity of SlyD (104). Alternatively, SlyD might
bind nonspecifically to hydrophobic regions of lysis protein
E. Recently, it was suggested that SlyD is involved in the
assembly of metal clusters (30).

Proteins with combined prolyl isomerase and chaperone
functions, such as SlyD* or FkpA, are promising tools for
recombinant protein production. The covalent attachment of
SlyD* homologues to the N-terminus of the notoriously
aggregation-prone ectodomains of retroviral proteins, such
as HIV gp41, led to highly soluble fusion proteins which
are easy to handle and exhibit high reactivity in immunologi-
cal assays. Probably, the covalently linked SlyD* modules
do act cooperatively in chaperoning the hydrophobic target
molecules. This cooperative mechanism might be due to the
increase in the effective concentration of the SlyD* polypep-
tide binding sites. It remains to be seen whether the
efficiencies of other chaperones can also be improved by
tandem fusions of several copies. Avidity phenomena are
generally found with polyvalently binding macromolecules
such as pentameric IgM (immunoglobulins from the M class).

Both SlyD* and FkpA seem to form dynamic complexes
with the target molecules to which they are attached. This
is reminiscent of the trigger factor, which establishes a rapid

Table 3: Immunological Reactivity of gp41 Fusion Proteins Comprising SlyD* Variants from Different Speciesa

T. pallidumSlyD*-SlyD*-gp41-biotin
(capture antigen)

with E. coli SlyD*-SlyD*-gp41-ruthenium
(signaling antigen)

T. pallidumSlyD*-SlyD*-gp41-biotin
(capture antigen)

with Y. pestisSlyD*-SlyD*-gp41-ruthenium
(signaling antigen)

HIV-1 negative sera counts relative signal counts relative signal

Salzburg 57 1558 1.23 5536 1.05
Salzburg 371 1154 0.91 4970 0.94
Salzburg 359 1171 0.93 4965 0.94
700-1101 1566 1.24 5907 1.12
700-1102 1237 0.98 5314 1.01
700-1103 1204 0.95 5314 1.01
700-1104 1183 0.94 5169 0.98
700-1105 1138 0.90 4886 0.93
700-1106 1193 0.95 5291 1.00
700-1107 1221 0.97 5408 1.03

average value of
negative sera

1263 1.00 5276 1.00

HIV-1 positive sera counts relative signal counts relative signal

79-16 (HIV-1/E) 514 404 407.40 981 492 186.03
79-34 (HIV-1/E) 201 221 159.36 492 246 93.30
79-51 (HIV-1/E) 263 475 208.67 558 321 105.82
78-1 (HIV-1/B) 462 101 365.97 807 329 153.02
78-9 (HIV-1/B) 119 015 94.26 196 917 37.32
78-13 (HIV-1/B) 281 999 223.34 444 009 84.16
40-20 (HIV-1/C) 42 920 33.99 104 113 19.73
Milan 64 (HIV-1/B) 96 950 76.78 289 084 54.79
Milan 79 (HIV-1/B) 80 267 63.57 203 617 38.59

a The immunoassays were performed in the double-antigen sandwich format by using an Elecsys 2010 analyzer as described in Materials and
Methods. The antigen concentration was 750 ng/mL. The relative signals are normalized relative to the average value obtained for the HIV-1
negative samples. The HIV-1 positive sera were purchased from the Red Cross, Thailand, from NBTS Durban (Natal, South Africa), and from
Milan Analytica AG (Milan, Switzerland); the HIV-1 negative controls were purchased from the Blutbank Salzburg (Salzburg, Austria).
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and dynamic equilibrium with unfolded polypeptide sub-
strates (46). Addition in trans of SlyD* or FkpA to a gp41
refolding assay does not prevent aggregation of the ectodomain
fragment (51). Thus, the soluble complex between SlyD*
and the target molecule seems to be intramolecular rather
than intermolecular in nature.

In some cases, it may be desirable to conduct the in vitro
refolding of SlyD*-X or FkpA-X fusion proteins as a
sequential process. In a first step, the denaturant concentration
would be adapted to allow refolding of the chaperone and
to keep the target protein unfolded. In a second step, refolding
of the target protein would be induced by further reducing
the denaturant concentration. This technique requires that
the chaperone module be significantly more stable than the
target module. It seems therefore promising to search for
SlyD or FkpA variants in thermophilic organisms. FKBP17
from Methanococcus thermolithotrophicus(98, 105) and
FKBP18 fromThermococcussp. KS-1 (106, 107) might be
attractive candidates.TcFKBP18 improved the soluble
expression of antibody fragments and of a putative rhodanese
when used as a fusion module (108). However, a fusion
proteincomprisingTcFKBP18andtheHIV-1gp41ectodomain
fragment (536-681) aggregated rapidly (C. Scholz, unpub-
lished observation), unlike the SlyD*-gp41 fusion protein,
which is very soluble after matrix-coupled refolding (51).

Chaperones play an increasingly important role in the
biotechnological production of soluble and functional pro-
teins (109-112). Folding and purification of proteins are
often facilitated by fusing them covalently with tags or
partner proteins that fold robustly by themselves. The arsenal
of fusion modules includes maltose binding protein (113),
glutathioneS-transferase (114), thioredoxin (115), NusA
(116), DsbA (117, 118), and FkpA (51, 119). Their use
customarily aims at improving the soluble expression (i.e.,
the nativelike folding) of the respective target protein in either
the cytosol or the periplasm of the overproducingE. coli
host (120, 121). We suggest a strategy which exploits the
excellent refolding properties of prolyl isomerases and
chaperones such as SlyD and FkpA for in vitro renaturation
of difficult target proteins. Fusions with SlyD* in particular
promise to be very well suited to the functional solubilization
of diagnostically or therapeutically important proteins.
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