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ABSTRACT: The envelope glycoproteins of Rubella virus, E1 and E2, mediate cell tropism, and E1 in
particular plays a pivotal role in the fusion of the virus with the endosomal membrane. Both are the prime
targets of the humoral immune response. Recombinant variants of the E1 ectodomain as well as E1 antigen
preparations from virus lysates are commonly used to detect anti-Rubella immunoglobulins in human
sera. Hitherto, recombinant E1 for diagnostic applications has been produced chiefly in eukaryotic expression
systems. Here, we report the high-yield overproduction of an engineered E1 ectodomain in the Escherichia
coli cytosol and its simple and convenient renaturation into a highly soluble and immunoreactive
conformation. C-Terminal fusion to one or two units of the E. coli chaperone SlyD enhances expression,
facilitates in vitro refolding, and improves the overall solubility of Rubella E1. As part of this fusion
protein, the E1 ectodomain fragment of residues 201–432 adopts an immunoreactive fold, providing a
promising tool for the sensitive and specific detection of anti-E1 IgG in Rubella serology. Two disulfide
bonds in the membrane-adjacent part of the E1 ectodomain are sufficient to generate conformations with
a high and specific antigenicity. The covalently attached chaperone modules do not impair antibody
recognition and binding of Rubella E1 when assessed in a heterogeneous immunoassay. SlyD and related
folding helpers are apparently generic tools for the expression and refolding of otherwise unavailable
proteins of diagnostic or medical importance.

Rubella virus is the only member of the RubiVirus genus
within the Togaviridae family. The small enveloped (+)
RNA virus is a human pathogen and causes a mild, self-
limiting childhood disease (German Measles or Rubella)
characterized by rash, lymphadenopathy, and low-grade
fever. When acquired in the first trimester of pregnancy,
however, it may cause stillbirth, spontaneous abortion, or
several anomalies associated with the congenital Rubella
syndrome (1). The characteristic triad of congenital Rubella
syndrome includes cataracts, heart defects, and deafness of
the fetus. It necessitates Rubella vaccination programs and
surveillance of the immune status of women in child-bearing
age (2, 3).

The structural proteins of the Rubella virus originate from
a single 110 kDa polypeptide precursor, which is proteolyti-
cally cleaved to yield capsid protein C and envelope proteins
E2 and E1 (4, 5). E2 and E1 are glycosylated; they form
noncovalent heterodimers at the surface of the virion (6–9)
and are the preferred targets of the humoral immune
response (10, 11). The membrane-anchored ectodomain of
the E1 protein, in particular, is immunodominant, and
antibodies against E1 are abundant in sera from Rubella-

infected individuals (12, 13). Depending on the format of
the respective immunoassay, E1 antigen variants have to
fulfill different requirements. In a double-antigen sandwich
(DAGS)1 or bridge immunoassay, soluble antigens with low
epitope density are mandatory for the specific detection of
anti-Rubella IgG and for the determination of the concomi-
tant immune status.

Initially, soluble fragments of E1 to be used as antigens
for immunoassays were isolated from the supernatant of
infected Baby hamster kidney (BHK-21) (14) or Vero cells
(15). Later, various expression and secretion systems were
developed with the aim of producing soluble and immu-
noreactive versions of E1 in eukaryotic hosts (16, 17). A
glycosylated and soluble form of full-length E1 could be
produced in baculovirus-infected Spodoptera frugiperda
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(18, 19) and CHO cells (20) and, most recently, in Pichia
pastoris (21). The expression of Rubella-like particles in
BHK cells (22) and in a stably transfected CHO cell
line (23, 24) yielded Rubella antigens suitable for diagnostic
purposes. These Rubella-like particles are noninfectious, ill-
defined agglomerates of the covalently linked Rubella
proteins C, E2, and E1 and are useful for detecting immu-
noglobulins of the M and G type.

The Rubella E1 protein, also termed Rubella hemagglu-
tinin (Figure 1), presumably consists of a large ectodomain
(residues 1–452), followed by a single transmembrane helix
(residues 453–468) and a short cytoplasmic tail (residues

469–481). Residues 438–452, which immediately precede
the transmembrane region, probably form also a helix (25).
The ectodomain of E1 bears 20 cysteine residues, which are
engaged in 10 disulfide bonds. The C(1)-C(2), C(3)-C(15),
C(6)-C(7), C(9)-C(10), C(11)-C(12), C(13)-C(14),
C(17)-C(18), and C(19)-C(20) cysteine pairs could be
confirmed with certainty, whereas the pairing of cysteine
residues C(4), C(5), C(8), and C(16) remains ambiguous (25).
The ectodomain is glycosylated at the three asparagines at
positions 76, 177, and 209. It is unclear whether these
carbohydrate chains are essential for the function and
antigenicity of E1 (26–28).

Nonglycosylated forms of E1 could, in principle, be
produced much more efficiently in a prokaryotic host. In an
early attempt, a full-length and a truncated version (207–353)
of Rubella E1 were fused to protein A from Staphylococcus
aureus and produced in E. coli (29). These fusion proteins
were active as antigens but only of limited value for the
specific detection of anti-E1 antibodies. In general, variants
of E1 from prokaryotic hosts exhibited a strong tendency to
aggregate, possibly because they are unglycosylated, or
because they are incorrectly disulfide bonded. In fusion with
glutathione S-transferase, only small fragments of E1 com-
prising as little as 75 or 44 amino acid residues could be
expressed in a soluble and functional form (30, 31). Larger
E1 fragments encompassing 82 or 171 amino acid residues
could be obtained when fused to both RecA and �-galac-
tosidase (32).

The oxidative refolding of large cysteine-rich proteins such
as E1 is very difficult, because misfolded intermediates with
the wrong disulfides, which are trapped during refolding,
have a very strong tendency to aggregate. Therefore, many
efforts concentrated on finding contiguous B-cell epitopes
along the E1 polypeptide chain (13, 33, 34) and to use
corresponding short soluble peptides as antigens in immuno-
assays (35–38). Antibodies generally show modest affinities
toward small peptide antigens, and therefore, producing
stable and soluble fragments of E1 with a high antigenicity
and in large amounts remains a major goal, ideally by the
massive production as inclusion bodies in a prokaryotic host,
followed by a robust renaturation procedure.

Recently, we found that the covalent fusion with the
chaperone SlyD or FkpA maintains aggregation-prone pro-
teins or protein fragments, such as the gp41 ectodomain from
HIV-1, in a soluble and functional form (39). SlyD is located
in the cytosol of E. coli, and FkpA resides in the periplasm.
Both combine prolyl isomerase and chaperone activities and
are probably involved in protein folding in vivo (40–44).
They bind reversibly to unfolded and partially folded
polypeptide segments and assist protein folding in an ATP-
independent fashion. The chaperone function of FkpA has
been confined to the dimerizing N domain (44, 45), whereas
the polypeptide binding site of SlyD resides in its IF (insert
in flap) domain (46).

To develop a soluble monomeric form of E1 with strong
and specific binding to anti-Rubella antibodies, we fused two
SlyD* molecules in tandem to the amino terminus of E1
fragments of variable length. SlyD* is the fragment of
residues 1–165 of SlyD, which lacks the cysteine-rich
C-terminal tail. It is devoid of cysteine residues and cannot
form incorrect disulfide bonds with the target protein. SlyD*
folds and unfolds reversibly, and it forms soluble and

FIGURE 1: Topology scheme of the membrane-anchored Rubella
E1 protein adapted from Gros et al. (25). The 24 cysteine residues
are colored yellow and numbered contiguously; the three N-
glycosylation sites of mature viral E1 are colored gray and marked
with a Y. Disulfide pairings as assigned by the Wengler group (25)
are indicated by black bars. Aggregation-promoting segments are
colored orange (modestly aggregation-prone) and red (strongly
aggregation-prone). The N fragment of residues 1–133 (bright
green) and the C fragment of residues 201–432 (dark green) were
expressed in fusion with tandem SlyD* in E. coli and refolded from
inclusion bodies to yield soluble monomers.
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dynamic complexes with the proteins to which it is
attached (39, 42).

Hitherto, robust and functional forms of the E1 ectodomain
could not be obtained from prokaryotic hosts, probably
because the protein is large (452 residues) and because the
20 cysteine residues can form a vast array of abortive species
with incorrect disulfide bonds. To tackle these problems, we
used a divide-and-conquer strategy. We started by replacing
all cysteine residues of E1 with alanine. Then, a panel of
fragments with successive deletions from the termini was
created to identify those fragments that are highly soluble
in the absence of disulfide bonds. In the second step, the
native disulfide bonds were transferred back into the length-
optimized fragments, first individually and then in combina-
tions of two or three disulfides. Ultimately, optimized
C-terminal fragments of E1 with 232 amino acids and two
or three disulfide bonds could be identified. They were stable,
soluble, and well suited for the specific detection of anti-E1
IgG in Rubella-positive human sera.

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),
DTNB (Ellman’s reagent) was from Sigma-Aldrich (St.
Louis, MO), all other chemicals were analytical-grade and
from Merck (Darmstadt, Germany). Ultrafiltration mem-
branes (YM10 and YM30) were purchased from Amicon
(Danvers, MA), and microdialysis membranes (VS, 0.025
µm) and ultrafiltration units (biomax ultrafree filter devices)
were from Millipore (Bedford, MA). Cellulose nitrate and
cellulose acetate membranes (1.2, 0.45, and 0.2 µm pore size)
for the filtration of crude lysates were from Sartorius
(Göttingen, Germany).

Cloning of Expression Cassettes. The sequence of the E1
precursor protein from Rubella strain Therien (47) was
retrieved from the SwissProt database (accession number
P07566). A synthetic gene encoding Rubella E1 (amino acids
1–432) was purchased from Medigenomix (Martinsried,
Germany) and cloned into a pET24 expression vector
(Novagen, Madison, WI). The codon usage was optimized
for expression in E. coli host cells. The expression cassettes
for the various SlyD* fusion proteins were designed es-
sentially as described previously (39). To prevent homolo-
gous recombination within the tandem cassette, nucleotide
sequences encoding repetitive elements were degenerated.
QuikChange (Stratagene, La Jolla, CA) and standard PCR
techniques were used to generate truncation and extension
variants or restriction sites. All recombinant E1 fusion
polypeptide variants contained a C-terminal hexahistidine tag
to facilitate Ni-NTA-assisted purification and refolding.

Expression, Purification, and Refolding of SlyD* Variants
and Fusion Proteins. All E1 variants were purified and
refolded 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
(30 µg/mL) to an OD600 of 1.5, and cytosolic overexpression
was induced by adding 1 mM isopropyl �-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
50 mM sodium phosphate (pH 8.0), 7.0 M GdmCl, and 5
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 0.2 µm), the lysate
was applied to a Ni-NTA column equilibrated with the lysis
buffer, including 5.0 mM TCEP. In the subsequent washing
step, the imidazole concentration was increased to 10 mM
[in 50 mM sodium phosphate (pH 8.0), 7.0 M GdmCl, and
5.0 mM TCEP] and at least 15–20 volumes of the washing
buffer was applied. Then, the GdmCl solution was replaced
with 50 mM sodium phosphate (pH 8.0), 100 mM NaCl, 10
mM imidazole, and 5.0 mM TCEP to induce conformational
refolding of the matrix-bound fusion polypeptide. To prevent
reactivation of copurifying proteases, a protease inhibitor
cocktail (Complete EDTA-free, Roche) was included in the
refolding buffer. A total of 15–20 column volumes of
refolding buffer was applied to the mixture overnight. Then,
both TCEP and the Complete EDTA-free inhibitor cocktail
were removed by washing with 10 column volumes of 50
mM sodium phosphate (pH 8.0), 100 mM NaCl, and 10 mM
imidazole. In the last washing step, the imidazole concentra-
tion was increased to 40 mM (10 column volumes) to remove
tenacious contaminants. 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 (48) and pooled. Subsequently, the proteins
were subjected to size-exclusion chromatography (Superdex
HiLoad, Amersham Pharmacia) using potassium phosphate
as the buffer system [50 mM potassium phosphate (pH 7.5),
100 mM KCl, and 1 mM EDTA]. Finally, the protein-
containing fractions were pooled and concentrated in an
Amicon cell (YM10). Since the E1 variant (201–432) without
a SlyD* fusion partner spontaneously aggregated upon
matrix-coupled refolding and imidazole elution, the purifica-
tion protocol was slightly modified: after conformational and
oxidative refolding coupled to the Ni-NTA matrix, the
disulfide-bonded protein was again unfolded with GdmCl
and eluted in an unfolded form when the pH was lowered
to 6.0.

Spectroscopic Measurements. Protein concentration mea-
surements were performed with a Uvikon XL double-beam
spectrophotometer. The molar extinction coefficients (ε280)
for the fusion proteins were calculated using the method of
Pace (49).

Near-UV and far-UV CD spectra were recorded with a
Jasco-720 spectropolarimeter with a thermostated cell holder
(20 °C). For near-UV CD spectra, the buffer included 50
mM potassium phosphate (pH 7.5), 100 mM KCl, and 1 mM
EDTA. The path length was 0.5 or 1.0 cm, and the protein
concentration was 100 µM. The bandwidth was 1 nm, the
scanning speed 20 nm/min at a resolution of 0.5 nm, and
the response 2 s. For far-UV CD spectra, the buffer included
10 mM potassium phosphate (pH 7.0) and 100 mM KF in a
0.1 cm cuvette at a protein concentration of 1.5 µM. To
improve the signal-to-noise ratio, spectra were measured nine
times and averaged.

Rubella E1 Aggregation Assay. The assay was performed
in a thermostated cuvette holder under gentle stirring
essentially according to the citrate synthase assay outlined
by Buchner et al. (50). E1 variants bearing zero, one, and
two SlyD* units were unfolded at 35 °C in 6.0 M GdmCl,
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20 mM DTT, and 50 mM potassium phosphate (pH 7.0) for
1 h and then diluted 135-fold to a final concentration of 0.1
µM in 44 mM GdmCl, 50 mM KCl, 10 mM DTT, and 50
mM potassium phosphate (pH 7.0) at 35 °C. The elevated
temperature of 35 °C was chosen to accelerate the aggrega-
tion process of E1 (201–432). The reducing refolding
environment was chosen so that aggregation due to covalent
disulfide adduct formation by the cysteine thiols could be
ruled out. Spontaneous aggregation was monitored by the
increase in light scattering at 340 nm (excitation and emission
bandpass of 5 nm) in a Hitachi F4010 fluorescence
spectrometer.

Coupling of Biotin and Ruthenium Moieties to the Fusion
Proteins. The lysine ε-amino groups of the Rubella E1 fusion
polypeptides were modified at protein concentrations of ∼15
mg/mL with N-hydroxysuccinimide-activated biotin and
ruthenium labels, respectively. The label:protein molar ratio
varied from 2:1 to 5:1, depending on the respective fusion
protein. The reaction buffer included 150 mM potassium
phosphate (pH 8.0), 50 mM KCl, and 1 mM EDTA. The
reaction was carried out at room temperature for 15 min and
stopped by adding buffered L-lysine to a final concentration
of 10 mM. To prevent hydrolytic inactivation of the labels,
the respective stock solutions were prepared in dried DMSO
(seccosolv quality, Merck). DMSO concentrations of up to
15% in the reaction buffer were tolerated well by all fusion
proteins that were studied. After the coupling reaction,
unreacted free label was removed by passing the crude
protein conjugate over a gel filtration column (Superdex 200
HiLoad).

Immunological ReactiVity of the Ectodomain Fusion
Proteins. The E1 variants were used to detect anti-E1
antibodies, which abundantly occur in Rubella-positive
human sera. The immunological reactivity was assessed in
an automated Elecsys 2010 analyzer using the double-antigen
sandwich format. Signal detection in Elecsys 2010 instru-
ments is based on electrochemiluminescence. The biotin
conjugate (i.e., the capture antigen) is immobilized on the
surface of a streptavidin-coated magnetic bead, whereas the
detection antigen bears a complexed ruthenium cation
(switching between the 2+ and 3+ redox states) as the
signaling moiety. In the presence of a specific (i.e., anti-
Rubella E1) immunoglobulin analyte, the chromogenic
ruthenium complex is bridged to the solid phase and emits
light at 620 nm after excitation at a platinum electrode. The
photomultiplier signal readout is in arbitrary light units.

All SlyD*-SlyD*-E1 fusion proteins were assessed for
their reactivity against anti-Rubella positive sera at concen-
trations of ∼500 ng/mL for both the biotinylated form and
the ruthenylated form.

At least seven negative sera were used as controls. In all
measurements, a chemically polymerized SlyD*-SlyD*
variant was implemented in the reaction buffer as an anti-
interference substance to prevent immunological cross reac-
tions via the chaperone fusion unit.

RESULTS

Expression of a Rubella E1 Ectodomain Fused to SlyD*
in E. coli. In a first attempt to improve the production of
soluble and functional variants of the E1 protein, we fused
two SlyD* modules in tandem to the N-terminus of fragment

1–432 of E1. This fragment contains essentially the ectodomain
but lacks the C-terminal helix, the transmembrane helix, and
the cytosolic tail of E1 (Figures 1 and 2). In this version of
E1, all cysteine residues were mutated to alanine to prevent
disulfide formation. The fusion protein was expressed well
in E. coli BL21/DE3, unlike the E1 ectodomain without the
two SlyD* modules, but most of the fusion protein was found
in inclusion bodies. Solubilization in 7.0 M GdmCl, matrix-
coupled refolding, and size-exclusion chromatography were
performed as described in Materials and Methods. All
proteins of this study were C-terminally tagged with a
hexahistidine sequence to enable Ni-NTA-coupled purifica-
tion and refolding. After removal of the denaturant and
elution by imidazole, the fusion protein remained soluble in
50 mM potassium phosphate (pH 7.5), 100 mM KCl, and 1
mM EDTA at concentrations up to 5 mg/mL. In size-
exclusion chromatography on a Superdex 200 column, the
fusion protein eluted in the void volume, suggesting that it
either was in an extended conformation or formed soluble
oligomers.

Identification of Soluble and Functional Fragments of the
Rubella E1 Ectodomain. To identify soluble monomeric
forms of the E1 ectodomain, we constructed fragments of
variable length (Figure 3). All of them were expressed in
fusion with two SlyD* modules in tandem at the amino
terminus. Initially, we split the E1 ectodomain between
Asp314 and Pro315 into a large N fragment, E1 (1–314),
and a small C fragment, E1 (315–432). We chose these
boundaries since Asp-Pro peptide bonds are labile at acidic
to neutral pH and tend to hydrolyze spontaneously (51). After
lysis, binding to an IMAC column in 7.0 M GdmCl, and
renaturation on the column, the large N fragment (1–314)
was eluted as a soluble protein, but as the full-length
ectodomain (1–432), it eluted in the void volume during size-
exclusion chromatography (Figure 4B). The C fragment
315–432 (51.7 kDa) could be solubilized by the same
procedure, and it eluted from the Superdex 200 column with
an apparent molecular mass of ∼110 kDa (Figure 4A).
Apparently, the tandem fusion with SlyD* kept the E1
fragments soluble, but it could not prevent oligomerization
of the large N fragment (1–314).

Dissection of the C-Terminal Part of the Rubella E1
Ectodomain. In the following, we used the short C fragment
(315–432) as a starting sequence to identify larger versions
of E1 that retain a high overall solubility and do not form
higher-order oligomers. Toward this end, fragment 315–432
was extended stepwise in both directions. The C-terminal
expansion by residues 433–452, which adds the putative
C-terminal helix of the ectodomain, led to a strong increase
in the tendency to aggregate, and therefore, Val432 was kept
as the C-terminal residue for all subsequent versions of E1
(cf. Figure 3).

The two variants, 260–432 (57.6 kDa) and 201–432 (64.1
kDa), exhibited excellent solubility and eluted with apparent
molecular masses of 120 and 130 kDa, respectively, in FPLC
analysis (Figure 4A). These elution patterns are reminiscent
of the carrier module SlyD*, which also eluted at the position
of an apparent dimer during Superdex 200 gel filtration,
although analytical ultracentrifugation had unambiguously
shown that SlyD* is monomeric (42). This discrepancy is
due to the elongated shape of SlyD*. Presumably, the same
holds for the SlyD*-SlyD*-E1 fusion polypeptides, which
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are extended rather than globular. It is therefore likely that
E1 variants 260–432 and 201–432 are indeed monomeric.
A further extension to include residues 143–200 (yielding
fragment 143–432) again led to high-molecular mass
associates.

In summary, these studies indicated that C-terminal
fragment 201–432 of the E1 ectodomain remained soluble
in a presumably monomeric form, but that further extension
to include the region of residues 143–200 led to high-
molecular mass associates. To identify more precisely the
chain region that promotes this undesired aggregation, we
constructed, again in tandem fusion with SlyD*, a series of
fragments with closely spaced N-termini at positions Arg156,
Thr163, and Leu169. Immediately after solubilization, these
fragments eluted within the separation range of the gel
filtration column. However, when incubated at 25 °C for
more than 12 h and at protein concentrations higher than 10
mg/mL, fragments 156–432 and 163–432 tended to aggregate
and eluted in the void volume during gel filtration. Fragment
169–432 remained soluble under these conditions (Figure
4A) but was transformed into a high-molecular mass form
when the temperature was increased to 42 °C. This indicates
that all three N-terminal extensions of fragment 201–432
strengthened the tendency to form high-molecular mass
associates. Apparently, fragment 201–432 is the largest C
fragment of E1 that remains soluble for an extended time,
even in the absence of the disulfide bonds.

Dissection of the N-Terminal Part of the Rubella E1
Ectodomain. The large 1–314 N-terminal fragment ag-
gregated rapidly. To identify shorter versions with possibly
improved solubility, shortened N fragments 1–200, 1–142,

1–104, and 1–55 were constructed and fused with two SlyD*
modules. The largest fragment, E1 (1–200), overlapped with
the longest C-terminal fragments in the region of residues
143–200 (Figure 3), and like these fragments, it exhibited a
strong tendency to aggregate. This suggests that the presence
of the region of residues 143–200 substantially decreases
the solubility. The shorter N-terminal fragments 1–55, 1–104,
and 1–142 all eluted as apparent dimers after matrix-coupled
refolding (Figure 4B). After an overnight incubation at 42
°C (at a protein concentration of ∼5 mg/mL), the short 1–55
and 1–104 variants remained soluble and only the 1–142
variant aggregated.

The importance of the region of residues 104–142 for
solubility was further mapped by producing fragments 1–117
and 1–133 in tandem fusion with two SlyD* modules. Both
fragments were highly soluble, even at 42 °C and at
concentrations up to 10 mg/mL. In summary, the truncation
and extension experiments (Figure 3) show that N-terminal
fragment 1–133 and C-terminal fragment 201–432 (in tandem
fusion with the PPIase chaperone SlyD*) can be produced
in a robust and soluble form, even in the absence of the
disulfide bonds. The experiments also revealed that the region
of residues 140–170 probably harbors an aggregation or
oligomerization motif, since all fragments that extended into
this region showed a markedly decreased solubility. In fact,
the segment between Tyr137 and Phe 149 of the E1
ectodomain shows the highest local hydrophobicity, and a
further region of high hydrophobicity extends from Val166
to Val174 (52, 53).

Restoration of Disulfide Bonds in the N-Terminal Frag-
ment of E1. In spite of their good solubility, all the

FIGURE 2: Amino acid sequence of the E1 envelope protein from the Rubella Therien strain (47). Mature E1 comprises 481 residues after
processing of the precursor polypeptide. A putative transmembrane segment of residues 453–468 (bold letters on a gray background)
anchors the E1 ectodomain (1–452) to the viral surface. The adjacent putative helical segment of residues 438–452 is italicized. The twenty-
four cysteine residues within E1 are colored yellow and numbered contiguously as described by Gros et al. (25). The disulfide-bonded
loops investigated in this study are boxed, and the corresponding cysteine residues (1, 2, 6, 7, 9, 10, 13, 14, and 17-20) are printed in bold.
The two large E1 fragments that were soluble monomers in fusion with tandem SlyD* are highlighted: the E1 N fragment (1–133) colored
bright green and the E1 C fragment (201–432) dark green. Aggregation-promoting segments are colored orange (modestly aggregation
prone) and red (strongly aggregation prone). The three asparagines that are glycosylated in mature viral E1 are marked with a Y.
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aforementioned N- and C-terminal fragments were essentially
inactive; i.e., they did barely react in Rubella immunoassays,
presumably because they were unable to fold into a nativelike
antigenic conformation in the absence of the disulfide bonds.
Therefore, in the following, we investigate which disulfide
bonds are required to convey a high immunological reactivity
to these fragments.

Most of the disulfide bonds in the E1 ectodomain have
been identified (25), and we used these assignments to
reintroduce the native disulfide bonds, one at a time, into
the length-optimized soluble E1 fragments. Then, all these
single-disulfide-bond fragments were assessed for their
immunological reactivities in a DAGS format with human
anti-Rubella sera.

The matrix-assisted purification and refolding method was
adapted to allow disulfide formation on the column. First,
the bound protein was washed with 7.0 M GdmCl in the
presence of 5 mM TCEP. In this step, both correct and
incorrect disulfide bonds are reduced to free cysteines. TCEP
was used, since it is compatible with IMAC and does not
reduce the Ni-NTA groups. Subsequently, the reduced protein
was refolded in the presence of 5 mM TCEP by omitting
the denaturant from the buffer. In this step, the protein is
supposed to adopt a nativelike conformation, which brings
the matching cysteines into the proximity of each other. Then,
the oxidation of the matrix-bound protein was induced by
omitting TCEP from the refolding buffer. This uncoupling
of conformational and oxidative in vitro refolding led to a
high yield of nativelike disulfide-bonded molecules. In

nonreducing Tricine SDS-PAGE (48), all single-disulfide
variants migrated as homogeneous bands, and there was no
evidence for disulfide-bonded oligomers. Free thiol groups
could not be detected by Ellman’s assay (54), indicating that
the disulfide bonds were fully formed.

First, we focused on N fragment 1–133 and individually
reintroduced the C(1)-C(2), C(6)-C(7), and C(9)-C(10)
cysteine pairs. This did not lead to immunological reactivity.
In the next step, we combined two disulfide bonds in all
possible combinations, but this did not improve the immu-
noreactivity either (Table 1). The same result was found for
the variant with all three disulfide bonds. The antigenic
properties of N fragment 1–133 of E1 could thus not be
substantially improved by reintroduction of one, two, or three
of the disulfide bonds, and therefore, this fragment was not
employed in the further optimizations. Our results are in line
with peptide-based studies, which showed a rather poor
reactivity of antibodies toward the N-terminal region of E1
(33).

Restoration of Disulfide Bonds in the C-Terminal Frag-
ment of E1. Several IgG binding sites and four neutralizing
epitopes have been mapped to the region of residues
202-285 of E1 (32, 33, 36, 55). C fragment 201–432
contains three nonoverlapping disulfide bonds, C(13)-C(14),
C(17)-C(18), and C(19)-C(20) (25). The C(13)-C(14)
bond closes a short loop of nine residues, including a
tryptophan (W230), and the C(19)-C(20) bond closes a
rather large loop with 32 intervening residues (Figures 1 and
2). Cys349 and Cys352, which form the C(17)-C(18)

FIGURE 3: Truncation and extension scheme of Rubella E1. Starting with a large N fragment (1–314) and a smaller C fragment (315–432)
devoid of cysteine residues, we expressed E1 constructs with different lengths as SlyD*-SlyD* fusion proteins. The disulfide pairs combined
in the length-optimized E1 fragments are marked with yellow bars and numbered contiguously as described by Gros et al. (25). A putative
oligomerization motif is colored orange (modestly aggregation prone) and red (strongly aggregation prone). The expression yield and
solubility of each construct are estimated with a plus and asterisk, respectively. In a rough approximation, the yield (in milligrams of
protein per gram of cell wet weight) is rated + (1–5 mg/g), ++ (5–10 mg/g), or +++ (>10 mg/g). The solubility of monomeric E1 (in
milligrams per milliliter, protein in phosphate buffer at ambient temperature) is rated * (<5 mg/mL), ** (5–10 mg/mL), *** (10–20 mg/
mL), or **** (>20 mg/mL).
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disulfide, are separated by two residues only, Y350 and Q351
(Figures 1 and 2). Cys-X-X-Cys motifs occur frequently in
the active sites of disulfide oxidoreductases (56) and in metal
ion binding sites.

To assess the role of the disulfide bonds in the antigenicity
of the C-terminal fragment, we also first produced the three
variantswithasingledisulfideeach.FusedwithaSlyD*-SlyD*
pair, they were very well overproduced, with average yields
of 5 mg of protein/g of cell wet weight. The three single-
disulfide variants exhibited variable activities in immunoas-
says with anti-Rubella IgG-positive sera (Table 2). The
variant with the C(13)-C(14) disulfide bond, in particular,
discriminates well between Rubella-negative and Rubella-
positive human sera. Molecules with a C(19)-C(20) or
C(17)-C(18) disulfide reacted with several but not all of
the positive sera. Thus, for the C-terminal fragments of E1,
introducing single disulfide bonds basically generated im-
munological reactivity, probably by stabilizing conforma-
tional epitopes within the disulfide-fixed loops. The immu-
noreactivity of the single-disulfide E1 C fragments is,
however, too low for a reliable DAGS immunoassay.

In two alternative constructs, the local C(17)-C(18)
disulfide was combined either with the C(13)-C(14) disul-

fide or with the C(19)-C(20) disulfide. Multiple disulfide
bond formation and isomerization of a Ni-NTA-coupled
protein is not trivial, because cysteine oxidation is strongly
catalyzed by transition metal ions like Ni2+. We again
followed the strategy for uncoupling conformational and
oxidative refolding; i.e., we first induced conformational
refolding while keeping the cysteine residues reduced and
then induced disulfide bridging by omitting TCEP as the
reducing agent. It turned out that air oxygen together with
the Ni2+ ions of the column led to effective and correct
disulfide bonding. The addition of GSH and GSSG in molar
ratios ranging from 10:1 to 1:10 did not further increase the
refolding yields. The fragment with the C(17)-C(18)/
C(19)-C(20) disulfide combination exhibited an excellent

FIGURE 4: Analytical size-exclusion chromatography on a Superdex
200 HR 10/30 column of SlyD*-SlyD* fusion variants of Rubella
E1. The E1 C fragments (300 µg) (A) and the E1 N fragments
(400 µg) (B) were applied on the gel filtration column in a volume
of 200 µL, and elution was monitored at 280 nm. As a reference,
100 µg of a molecular mass standard [�-galactosidase (465 kDa),
sheep IgG (150 kDa), sheep IgG Fab fragment (50 kDa), horse
myoglobin (17 kDa), and Gly-Tyr (0.238 kDa)] was applied in 100
µL (gray dashed line, right ordinate in panel B). The buffer included
50 mM potassium phosphate (pH 7.0), 100 mM KCl, and 1 mM
EDTA. Shown are (A) the elution profiles of C fragments 315–432
(bright green line), 260–432 (dark green line), 201–432 (light blue
line), 169–432 (dark blue line), and 143–432 (red line). In panel
B, the elution profiles of N fragments 1–104 (light blue line), 1–133
(blue line), 1–142 (dark blue line), and 1–314 (black line) are
depicted.

Table 1: Immunological Reactivitiesa of N-Terminal Rubella E1
(1–133) Variantsb with Double-Disulfide-Bond Combinations

C(1)-C(2),
C(9)-C(10)

C(6)-C(7),
C(9)-C(10)

C(1)-C(2),
C(6)-C(7)

Rubella-Negative Sera

average counts 4559 4301 4838

Rubella-Positive Sera

relative signal
BRK 01/2003_115 0.95 0.96 0.96
BRK 01/2003_116 1.02 1.06 1.03
BRK 01/2003_119 1.01 0.99 1.00
BRK 01/2003_123 1.05 1.09 1.16
BRK 01/2003_127 1.02 1.01 1.02
BRK 01/2003_130 0.96 0.95 0.97
BRK 01/2003_157 0.95 0.92 0.94
BRK 01/2003_159 0.96 0.96 0.98
BRK 01/2003_162 1.01 1.00 0.97
BRK 01/2003_166 1.02 1.00 1.02

a The immunoassays were performed by using an Elecsys 2010
analyzer as described in Materials and Methods. The relative signals are
normalized relative to the average value obtained for seven
Rubella-negative samples. The Rubella-positive sera were purchased
from the Bavarian Red Cross, and the Rubella-negative controls were
purchased from Trina International Bioreactives AG. b All E1 variants
were soluble SlyD*-SlyD* fusion proteins, and their respective
disulfide bond combinations are given.

Table 2: Immunological Reactivitiesa of C-Terminal Rubella E1
(201–432) Variantsb with and without a Single Disulfide Bond

C(13)-C(14) C(17)-C(18) C(19)-C(20)
no

disulfide

Rubella-Negative Sera

average counts 2076 1453 2487 2076

Rubella-Positive Sera

relative signal
BRK 01/2003_115 23.55 34.88 17.94 18.17
BRK 01/2003_116 17.09 7.96 5.83 4.37
BRK 01/2003_119 13.47 1.89 5.92 0.94
BRK 01/2003_123 10.30 5.72 6.66 4.10
BRK 01/2003_127 11.82 3.37 2.93 1.82
BRK 01/2003_130 12.81 2.37 1.58 1.46
BRK 01/2003_157 3.09 3.33 2.35 1.73
BRK 01/2003_159 2.31 1.79 1.14 0.91
BRK 01/2003_162 15.34 16.58 11.68 7.70
BRK 01/2003_166 7.12 2.96 1.64 1.44
a The immunoassays were performed by using an Elecsys 2010

analyzer as described in Materials and Methods. The relative signals are
normalized relative to the average value obtained for seven
Rubella-negative samples. The Rubella-positive sera were purchased
from the Bavarian Red Cross, and the Rubella-negative controls were
purchased from Trina International Bioreactives AG. b All E1 variants
were soluble SlyD*-SlyD* fusion proteins, and their respective
disulfide bonds are given.
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immunoreactivity, and it discriminated well between Rubella-
positive and Rubella-negative human sera in the DAGS
assays (Table 3). Remarkably, the signal-to-noise ratio was
very high when compared to those of the single-disulfide
forms, which exhibited much lower reactivity with the same
sera (Table 2). Similarly, the fragment with the C(13)-C(14)/
C(17)-C(18) combination exhibited a very high immunore-
activity (Table 3). Thus, the combination of the C(13)-C(14)
disulfide or the C(19)-C(20) disulfide with the local
C(17)-C(18) disulfide bond led to a strong increase in
reactivity.

Finally,wecombinedall threedisulfidebonds[C(13)-C(14),
C(17)-C(18), and C(19)-C(20)] in a single variant of the
C-terminal fragment. This variant could also be produced
in large amounts. Comparable to the E1 constructs with the
double-disulfide combinations, the E1 variant with three
disulfide bonds exhibited less than 5% free thiols when
assessed according to Ellman (54), and it migrated as a
homogeneous band in Tricine SDS-PAGE (48).

The CD spectra of the E1 (201–432) fusion constructs with
and without the three disulfide bonds are shown in Figure
5A. To obtain an estimate of the secondary structure of the
E1 moiety of the fusion protein, we subtracted the CD spectra
of two copies of SlyD (Figure 5B) from these spectra. The
difference CD spectra are rather featureless and show
pronounced minima below 200 nm for both fusion constructs
(Figure 5C), indicating that the E1 parts of the fusion proteins
are largely unfolded. The CD in this region is, however,
significantly smaller for the construct with the disulfide
bonds, indicating that the presence of the disulfide bonds
leads to a decrease in the amount of unordered structure. In
terms of its immunological reactivity, it was not significantly
better than a combination of the variants with the two
disulfide bonds (Table 3). Thus, the 201–432 fragments with
two disulfide bonds and in fusion with two SlyD* modules
represent the simplest forms of the Rubella E1 ectodomain

that combine an optimal solubility with an excellent anti-
genicity. They can be obtained in large quantities from an
E. coli host and refolded to a nativelike conformation in a
simple and reproducible manner.

Role of the Fused Chaperone Modules in the Solubility of
the E1 Fragment. After having optimized the C-terminal
fragment with respect to length and disulfide bonding, we
examined whether the covalent fusion with two SlyD*
modules is still required to keep this protein in its soluble
functional form. Toward this end, three E1 variants were
compared, without SlyD*, and with one or two SlyD*
modules fused to their N-termini. When renatured under
unfavorable conditions, these three variants differed strongly
in their tendency to aggregate (Figure 6A). In the absence
of SlyD*, the protein aggregated markedly at 35 °C, and
the level of aggregation was reduced in the presence of one
SlyD* module and almost completely suppressed when both
SlyD* modules were present. Virtually identical results were
found when FkpA was used as a fusion partner for the E1
ectodomain variants (P. Schaarschmidt and C. Scholz,
unpublished results). The suppression of E1 aggregation was
less efficient when SlyD* was added to the refolding buffer
in trans. The aggregation of 0.1 µM E1 ectodomain was only
partially suppressed by 1 µM SlyD* (Figure 6B). The
covalent linkage increases the effective concentration of the
chaperone in the proximity of the substrate protein, and this
explains why covalently linked SlyD* is such an excellent
folding helper.

SlyD* not only assists the matrix-coupled refolding
process but also improves the long-term solubility (i.e., the

Table 3: Immunological Reactivitiesa of C-Terminal Rubella E1
(201–432) Variantsb with Double- and Triple-Disulfide-Bond
Combinations

C(17)-C(18)
C(19)-C(20)

C(13)-C(14)
C(17)-C(18)

C(13)-C(14)
C(17)-C(18)
C(19)-C(20)

Rubella-Negative Sera

average counts 2830 2072 4610

Rubella-Positive Sera

relative signal
BRK 01/2003_115 22.77 42.92 22.98
BRK 01/2003_116 33.22 51.67 36.12
BRK 01/2003_119 44.22 89.58 45.90
BRK 01/2003_123 78.60 71.99 73.62
BRK 01/2003_127 37.56 42.14 37.83
BRK 01/2003_130 9.61 28.88 16.24
BRK 01/2003_157 17.87 20.23 16.49
BRK 01/2003_159 14.59 18.92 14.01
BRK 01/2003_162 31.25 53.29 31.06
BRK 01/2003_166 9.16 17.55 11.70

a The immunoassays were performed by using an Elecsys 2010
analyzer as described in Materials and Methods. The relative signals are
normalized relative to the average value obtained for seven
Rubella-negative samples. The Rubella-positive sera were purchased
from the Bavarian Red Cross, and the Rubella-negative controls were
purchased from Trina International Bioreactives AG. b All E1 variants
were soluble SlyD*-SlyD* fusion proteins, and their respective
disulfide bond combinations are given. FIGURE 5: Far-UV CD spectra of E1 (201–432) with three disulfide

bonds [C(13)-C(14), C(17)-C(18), and C(19)-C(20)] in com-
parison with the cysteine-free E1 variant. (A) Overlay of the spectra
of 1.5 µM SlyD*-SlyD*-E1 with three disulfide bonds (b) and
without cysteine residues (O) in 10 mM potassium phosphate and
100 mM KF. (B) Spectrum of 1.5 M SlyD*-SlyD* in the same
buffer. (C) The signal contribution of the chaperone module,
SlyD*-SlyD*, was subtracted from the spectra of both E1 fusion
proteins. The resulting ellipticity is given in degrees.
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shelf life) of aggregation-prone client proteins. Indeed, the
solubilization of Rubella E1 (201–432) by tandem SlyD* is
efficient enough to extend the shelf life of the E1 antigenicity
to several months. The results for the E1 ectodomain
resemble those obtained previously with the gp41, gp36, and
gp21 ectodomains from HIV-1, HIV-2, and HTLV, respec-
tively. All these hydrophobic proteins were efficiently
solubilized by tandem fusion with chaperone proteins and
exhibited very high immunological reactivity (39).

DISCUSSION

Rubella virus infects its human host via endocytosis and
an acid-triggered fusion step. The envelope protein E1 plays
a dominant role in membrane fusion (6), which requires
flexibility and large conformational rearrangements within
the ectodomains of Rubella (57) and other viruses (58). The
disulfide bonds of the E1 ectodomain are essential, and
reduction of Rubella virions by mercaptoethanol abolishes
hemagglutination and compromises infectivity (59).

E1 is the major target of the humoral immune response,
and variants or fragments of E1 are routinely employed in
serological assays for detection of anti-Rubella immunoglo-
bulins. The recombinant production of the E1 ectodomain
in a prokaryotic host and in vitro refolding are complicated
by its conformational flexibility, the need to form 10 disulfide
bonds, and the presence of hydrophobic stretches such as
the fusion peptide (6, 7).

Here, we linked various fragments of the Rubella E1
ectodomain with a tandem SlyD* repeat and produced the

corresponding fusion proteins in E. coli. SlyD* is an energy-
independent chaperone and suppresses protein aggregation
by binding reversibly to folding intermediates, probably via
its IF (insert in flap) domain (46). Its overproduction is
tolerated well in the E. coli cytosol (39, 42). The fusion
polypeptides were produced in large amounts and formed
inclusion bodies. Several of these could be refolded in vitro
to a highly soluble form with very high antigenicity.

E1 (201–432) fragments in fusion with two SlyD* modules
and with two disulfide bonds, either C(17)-C(18) and
C(19)-C(20) bonds or C(13)-C(14) and C(17)-C(18)
bonds, exhibited excellent solubility, reactivity, and selectiv-
ity. Since they can easily be produced at high yields in E.
coli, they will be invaluable tools for the specific and
sensitive detection of anti-Rubella IgG in immunoassays. The
disulfides are essential for the function, and the replacement
of the corresponding Cys residues with Ala largely abolished
IgG binding. This agrees with earlier reports about the
importance of disulfide bonds for E1 antigenicity (32, 59, 60).

Addition of the single C(13)-C(14) disulfide bond led to
significant immunological reactivity of fragment 201–432
(Table 2). This finding is in line with reports about peptide
BCH-178, which encompasses the E1 neutralizing epitope
213–239 with the C(13)-C(14) disulfide bond (36). BCH-
178 has been ascribed a high predictive capacity for Rubella
immunity, and it has been used as a peptide antigen in ELISA
serology (35, 36). Unlike other neutralizing epitopes (61), it
is highly conserved among all known Rubella virus
strains (38, 62). Wolinsky and co-workers assigned the
neutralizing epitope within BCH-178 to residues 221–239
and 223–239 (63), which encompass the C(13)-C(14)
disulfide bond. The substitution of cysteine residues 225
(C13) and 235 (C14) with R-aminobutyrate abrogated IgG
binding (32). The reactivity of our E1 (201–432) fragment
with the single C(13)-C(14) disulfide bond was modest and
not sufficient for the development of a robust and sensitive
anti-Rubella DAGS immunoassay (Table 2). The antigenicity
of this fragment could, however, be strongly increased via
addition of the C(17)-C(18) disulfide bond (Table 3).
Similarly, the double-disulfide variant, C(17)-C(18)/
C(19)-C(20), exhibited a very high immunoreactivity.

The N-terminal half of Rubella E1 is not suited for the
detection of anti-Rubella antibodies. N-Terminal fragments
with or without disulfide bonds were soluble, but the
immunological reactivities were poor. It has been suggested
that the N-terminal part of E1 mediates membrane fusion,
whereas the C-terminal part is important for E1 oligomer-
ization. The hydrophobic region encompassing amino acids
81–109 has been attributed the role of a fusion peptide (6, 7).
This part of E1 is probably inaccessible in the prefusogenic
state to prevent aggregation of virus particles, which might
explain why the entire N-terminal region is less immunogenic
and why all neutralizing epitopes have been found to cluster
in the C-terminal half of the E1 ectodomain (32, 36, 55, 63–65).

The E1 fusion construct with optimal antigenicity identi-
fied in this study [E1 (201–432)] encompasses all four known
neutralizing epitopes that have been localized in the region
of residues 202–285. Antibodies that react with these epitopes
are correlated with immunity and thus are of prime impor-
tance in Rubella immunodiagnostics. Because of its ease of
production and handling, its high solubility, and its excellent
binding to anti-E1 IgG, the engineered SlyD*-SlyD*-E1

FIGURE 6: Influence of SlyD* and SlyD*-SlyD* fusion modules
on the aggregation of denatured Rubella E1 (201–432) at 35 °C.
Unfolded E1 (201–432) [in 6.0 M GdmCl, 20 mM DTT, and 50
mM potassium phosphate (pH 7.0)] was diluted to a final
concentration of 0.1 µM in 50 mM potassium phosphate (pH 7.0),
44 mM GdmCl, 100 mM KCl, and 20 mM DTT. (A) The kinetics
of aggregation as monitored by the increase in light scattering at
340 nm were followed for E1 without a fusion partner (O),
SlyD*-E1 (b), and SlyD*-SlyD*-E1 (3). (B) Kinetics of
aggregation of 0.1 µM E1 (201–432) in the absence (O) and
presence (b) of 1.0 µM SlyD*.
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(201–432) fusion polypeptide will be very useful for
monitoring the immune status in Rubella serology.

The chaperone-E1 fusion proteins formed inclusion
bodies in the E. coli cytosol, indicating that the SlyD*
modules could not prevent aggregation during protein
overexpression in vivo. After solubilization and unfolding
by a denaturant, however, SlyD* mediated the in vitro
refolding of the E1 ectodomain fragments very efficiently.
Matrix-assisted refolding was well suited to renaturation of
the ectodomain fusion proteins, to ensuring formation of the
correct disulfide bonds, and finally to reaching a yield of
∼5 mg of nativelike E1/g of cell wet weight. The nativelike
conformation of the E1 fragment attained in the refolded
fusion protein is corroborated by its excellent immunoreac-
tivity in a DAGS assay based on the automated Elecsys
analyzer system (Roche Diagnostics).

Binding to a solid support increased the yield of several
other reactivated proteins (66, 67). The covalently fused
chaperones assist refolding probably by shielding hydropho-
bic patches in folding intermediates. Since they are covalently
fixed to the folding target via a long and flexible linker, the
effective concentration of SlyD* is kept high during folding.
It is puzzling that a single SlyD* unit is not sufficient to
keep E1 soluble for an extended period of time. The
SlyD*-E1 protein still aggregates, albeit very slowly,
whereas the SlyD*-SlyD*-E1 protein remains a soluble
monomer even under unfavorable conditions such as high
concentrations (>10 mg/mL) and elevated temperatures (>40
°C). Obviously, the SlyD*-SlyD* tandem fusion partner
significantly prolongs the shelf life of a hydrophobic protein
such as E1 without hampering its antigenicity. Thus, the
affinity of the SlyD*-SlyD* fusion module for the E1 part
is well balanced to combine two apparently opposite func-
tions. On one hand, the affinity between the chaperone and
E1 is sufficiently high to warrant the formation of a soluble
complex. On the other hand, the affinity is sufficiently low
to allow immunoglobulins to access and bind to E1 epitopes.
Possibly,thesetworequirementsaremetfortheSlyD*-SlyD*-E1
protein because it exists in a dynamic equilibrium between
a closed form and an open form.

There are several strategies for the recombinant production
of difficult target proteins in E. coli (68, 69). Cysteine-rich
or toxic proteins are usually directed to the periplasm via a
fused export signal sequence (70). We produced the engi-
neered E1 fragments in the E. coli cytoplasm and developed
an efficient refolding and reoxidation protocol for the
resulting fusion proteins with two SlyD* modules. Fusion
tags are often cleaved off after purification to produce the
mature target protein. Here, the fused chaperone modules
remain covalently linked to their client protein. This might
be particularly advantageous for viral envelope proteins such
as Rubella E1, which are naturally produced as polyprotein
precursors. SlyD possibly restores in part the benign solubil-
ity properties of the polypeptide precursor without compro-
mising the immunological reactivity of the mature protein.
As fusion partners, SlyD and FkpA also improved the
solubility and immunoreactivity of the envelope proteins
gp41 from HIV-1, gp36 from HIV-2, and gp21 from HTLV
(39). Very recently, another report on the outstanding
solubilization properties of SlyD highlighted the potential
of this molecule in biotechnological applications (71). We
suggest that the fusion of a protein with one or two modules

of SlyD* or related PPIase chaperones, overproduction as
insoluble inclusion bodies, and in vitro refolding provide a
good strategy for producing difficult proteins of diagnostic
or therapeutic value in a functional form.
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