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Abstract

Folding of the human coxsackie and adenovirus receptor immunoglobulin (Ig) variable-type domain (CAR D1) during overex-
pression in the Escherichia coli cytoplasm was shown previously to be partially rescued by fusion to a 22-residue C-terminal peptide.
Here, peptide sequence features required for solubilization and folding of CAR D1 and similar Ig variable-type domains from two
other human membrane proteins were investigated. Peptide extensions with net negative charge 1¡6 fully solubilized CAR D1, and
approximately half of the peptide-solubilized protein was correctly folded. The Ig variable-type domains from human A33 antigen
and myelin P-zero proteins were only partially solubilized by peptide extensions with net charge of ¡12, however, and only the solu-
bilized P-zero domain appeared to fold correctly whereas the A33 domain formed soluble microaggregates of misfolded protein. Our
results suggest a model where the large net charge of peptide extensions increases electrostatic repulsion between nascent polypep-
tides. The resulting decrease in aggregation rate can enable some polypeptides to fold spontaneously into their native protein confor-
mations. Analysis of the solubility and folding status of sets of structurally homologous proteins, such as the Ig variable-type
domains described here, during overexpression could provide insights into how amino acid and gene sequences inXuence the
eYciency of spontaneous protein folding.
© 2004 Elsevier Inc. All rights reserved.
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Protein production and characterization has been
greatly facilitated by the development of systems for
expression of proteins to high levels in homologous or
heterologous cells [1,2], although many proteins are
unable to fold correctly during overexpression and
instead form insoluble aggregates. Under normal expres-
sion conditions, a subset of endogenous polypeptides
can fold spontaneously [3], while folding of aggregation-
prone polypeptides requires assistance from molecular
chaperones, trans-acting factors that associate reversibly
with nascent polypeptides to prevent aggregation during
the protein folding process [4]. Polypeptide aggregation
during overexpression therefore could result either from

accumulation of high concentrations of folding inter-
mediates in spontaneous folding pathways or from
ineYcient recognition or processing of polypeptide sub-
strates by molecular chaperones. Culturing cells at
reduced temperature or increasing cell chaperone capac-
ity can in some cases increase the yields of correctly
folded overexpressed proteins, but these approaches are
not universally eVective. Development of alternative
strategies to minimize aggregation of nascent polypep-
tides therefore would enhance the utility of systems for
protein overexpression.

Fusion of aggregation-prone polypeptides to carrier
proteins frequently increases the solubility and in some
cases promotes correct folding of polypeptides during
overexpression in bacteria or other host cells. Soluble
fusion partners commonly used for this purpose include
the thioredoxin [5], NusA [6] and maltose-binding
proteins [7] from Escherichia coli, and the glutathione
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S-transferase (GST) protein from Schistosoma japoni-
cum [8]. The mechanism by which these carrier proteins
promote folding of target polypeptides is not fully
understood and may not be universal. It was suggested,
for example, that a hydrophobic cleft on the surface of
maltose-binding protein might bind reversibly to
exposed hydrophobic regions of nascent passenger poly-
peptides, steering the polypeptides toward their native
conformation by a chaperone-like mechanism [9].
Another study suggested that decreased translation rates
resulting from NusA-mediated transcriptional pausing
might enable proper nucleation of passenger polypeptide
folding during translation [6].

Here, we report that aggregation-prone Ig variable-
type domains derived from three human membrane gly-
coproteins can be solubilized during overexpression in
the E. coli cytoplasm by extension of the domain N- or
C-terminus with highly acidic peptides. In two cases,
substantial fractions of the peptide-solubilized domains
were correctly folded whereas the third protein predomi-
nantly formed soluble microaggregates. Although much
smaller than maltose-binding protein, GST, or the other
fusion partners noted above, these peptides nonetheless
appear to have similar enhancing eVects on protein solu-
bility and folding. Furthermore, potential folding mech-
anisms that would require activities associated with
speciWc protein conformations, such as those proposed
for maltose-binding protein and NusA, do not likely
apply to these peptide extensions because peptides of
this length (040 residues) generally are unable to adopt
stable tertiary conformations. Our results suggest that
the peptide extensions described here may indirectly pro-
mote folding by increasing electrostatic repulsion
between nascent polypeptides. The resulting delay in
polypeptide aggregation would provide more time for
proteins to fold spontaneously by chaperone-indepen-
dent mechanisms. Amino acid and gene sequence char-
acteristics of these three Ig-type domains that might
inXuence their eYciencies of spontaneous, chaperone-
independent folding are discussed.

Materials and methods

Protein expression

cDNA clones for human A33 antigen and human
myelin P0 protein were obtained from the Image Con-
sortium [10] collection (Clone Nos. 2710753 and
3926008, respectively). Clone 2710753 is a partial A33
cDNA clone, in which correctly spliced exons 1–3 are
fused to intron 3. This clone thus encodes the complete
A33 D1 domain and N-terminal signal peptide, and a
10-residue C-terminal extension of the D1 domain speci-
Wed by intron 3. Human CAR cDNA was obtained by
reverse transcriptase-PCR of HeLa cell total RNA.

DNA fragments encoding the D1 domains of CAR and
A33, and the single extracellular domain of P0 (P0ex)
were ampliWed from cDNA templates by PCR using Pfu
Turbo polymerase (Stratagene, La Jolla, CA) and the
primer sets shown in Table 1. Products were cloned into
expression vector pET15b (Novagen, Madison, WI), or
into derivatives of pET15b created to allow fusion of
proteins to the solubility-enhancing tags shown in Table
2. Ligated DNAs were initially transformed into E. coli
strain DH5� for characterization, and subsequently into
strain BL21(DE3) for protein expression. The predicted
nucleotide sequences of all expression constructs were
conWrmed by DNA sequence analysis. Bacterial strains
were grown in LB medium supplemented with 150 mg/L
penicillinG. Protein expression was induced in midlog
phase cultures by addition of isopropyl-�-D-galactopy-
ranoside (IPTG) to 1 mM.

DNA fragments encoding the peptide extensions
listed in Table 2 were produced by PCR ampliWcation of
bacteriophage T7 genomic DNA or a subcloned region
of the bacteriophage T3 DNA genome [11], using Pfu
polymerase and primer sets (sequences not shown) to
adapt fragment ends for ligation between the XhoI/BlpI
or BamHI/BlpI sites of pET15b. The amino acid
sequence changes listed in Table 2 were introduced via
mutagenic primers (sequences not shown), following
established methods for PCR mutagenesis [12]. The pre-
dicted DNA sequences encoding all variant peptides
were conWrmed by DNA sequence analysis. DNA
encoding the T7B9 peptide (Table 2) also was ampliWed
with primers (not shown) which adapted it for cloning

Table 1
PCR primers for Ig domain protein expression

a Protein database accession numbers are indicated under the pro-
tein name, and residue numbers that deWne the endpoints of
the expressed protein fragments are indicated under the accession
numbers.

b Forward primers are denoted F-. Primers denoted R1- are reverse
primers that contain stop codons to terminate protein translation
at the Ig domain C-terminal boundary. Stop codons were omitted
from reverse sense primers denoted R2-, to allow fusion of Ig domain
C-termini to T7-derived solubility tags.

c Amino acid substitution designed into PCR primer.

Proteina Primersb

CAR D1 F-CTAGTGCATATGGGTATCACTACTCCT
CAA68868.1 R1-TCTGACTCGAGTTAACCTGAAGGCTTAACA
S21Gc-A144 R2-TGACTTCTCGAGCGCACCT

A33 D1 F-CAGTCATATGATCTCTGTGGAAACTCC
Q99795 R1-CTAGCTCGAGTCATTTGGAGGGTGGCACGAGG 

ACCAACAGGCG
I22-K143 R2-CTAGCTCGAGTTTGGAGGGTGGCACGAGGACC 

AACAGGCG

P0ex F-GGAATTCCATATGATCGTGGTTTACACCG
AAH06491 R1-CAGACTCGAGTCACCTAGTTGGCACTTTTTC
I40-R163 R2-CAGACTCGAGCCTAGTTGGCACTTTTTC
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between the NcoI/NdeI sites of pET15b, to allow exten-
sion of protein N-termini with the T7B9 peptide.

Protein solubility test

Cells in 1.5 ml of induced culture were collected by
centrifugation, resuspended in 0.3 ml STE buVer (10 mM
Tris, 1 mM EDTA, and 100 mM NaCl, pH 8), and soni-
cated for three bursts of »1-s duration at maximum out-
put using a Misonix model 550 Sonic Dismembrator
(Fisher ScientiWc, Pittsburg, PA) equipped with a micro-
probe tip. After centrifugation for 5 min at 16,000g,
supernatants (soluble fraction) were transferred to fresh
tubes, and pellets (insoluble fraction) were dispersed in
0.3 ml STE buVer. Equal volumes of each fraction were
electrophoresed in sodium dodecyl sulfate–polyacryl-
amide gels to assess protein content.

Protein puriWcation

CAR D1-T7B fusion protein was puriWed from cell
lysates by anion exchange chromatography on What-
man DE52 cellulose (Fisher ScientiWc, Pittsburg, PA)
followed by aYnity chromatography on immobilized
recombinant knob domain (knob) of the adenovirus-12
Wber protein [13]. Knob protein was coupled to cyano-
gen bromide-activated Sepharose beads (Sigma, St.
Louis, MO) according to instructions provided by the
supplier. CAR D1 was eluted from the knob aYnity col-
umn in 100 mM glycine buVer, pH 2.5, and immediately
adjusted to neutral pH by addition of 0.1 volume of 1 M

Tris buVer, pH 8.5. PuriWed CAR D1 was dialyzed
against phosphate-buVered saline (PBS) before further
analysis by protease digestion. Conditions for electro-
phoresis of CAR D1 and knob–CAR D1 complexes in
non-denaturing polyacrylamide gels were previously
described [14].

Soluble 6-His tagged A33 D1 and P0ex fusion pro-
teins were puriWed by metal-aYnity chromatography on
nickel–NTA agarose resin (Qiagen, Valencia, CA)
according to methods recommended by the supplier.
Proteins eluting from the column in 250 mM imidazole
were dialyzed against size exclusion chromatography
buVer (10 mM Tris–HCl, 100 mM NaCl, pH 8) before
storage at ¡80 °C or further puriWcation by gel Wltration.
Gel Wltration analysis was performed on a Sephacryl
S-200 column using an AKTA Prime low pressure liquid
chromatograph (Amersham–Pharmacia Biotech, Piscat-
away, NJ) and a Xow rate of 0.5 ml/min. The column was
calibrated using a 12–200 kDa molecular weight range
marker kit (Sigma, St. Louis, MO).

Insoluble A33-T7B9 fusion protein and unmodiWed
A33 protein in the pellet fraction of bacterial cell lysates
were dissolved in 6 M guanidine–HCl and puriWed by
metal-aYnity chromatography on Ni–NTA–agarose
beads (Qiagen, Valencia, CA). The proteins were eluted
in 8 M urea and dialyzed against 10 mM sodium phos-
phate buVer, pH 7.2. After centrifugation for 10 min at
16,000g, proteins in the supernatant were applied to a
carbon grid for examination in the scanning transmis-
sion electron microscope at Brookhaven National Labo-
ratory. Masses of unstained proteins were determined

Table 2
Sequence and net charge of peptides fused to the C-terminus of CAR D1

a The Wrst four residues (LEDP) of all peptides are encoded by a synthetic DNA linker that was introduced into the pET15b cloning vector (Nova-
gen, Madison, WI) to introduce cleavage sites for the restriction endonucleases XhoI and BamHI.

b The number of positive charges contributed by basic amino acids (lysine and arginine) and negative charges contributed by acidic amino acids
(aspartate and glutamate) was summed. The COO¡ group of the C-terminal residue was included in the calculation.

c Only the C-terminal 39 amino acids of the 89-residue frameshifted T3 sequence were tested, to approximate the length of the T7B peptide.
d Site of cleavage by trypsin.
e Site of cleavage by V8 protease.

Peptide Sequencea Net chargeb

T7C LEDPFQSGVMLGVASTVAASPEEASVTSTEETLTPAQEAARTRAANKARKEAELAAATAEQ ¡6
T7B LEeDP-- -- --- -- --- --EEASVTSTEETLTPAQEAARdTRAANKARKEAELAAATAEQ ¡6
T7B1 LEDP- - - - - - - -- - - - - -EEASVTSTEETLTPAQEAARTRPPNKARKEAELAAATAEQ ¡6
T7B2 LEDP- - - - - - - -- - - - - -EEASVTSTEETLTPAQEAARTRGGNKARKEAELAAATAEQ ¡6
T7B3 LEDP- - - - - - - -- - - - - -EEASVTSTEETLTPAQEAARTRAANKARKEAEL- - -TAEQ ¡6
T7B4 LEDP- - - - - - - -- - - - - -EEASVTSTEETLTPAQEAARTRAANKARKEAELEAETAEQ ¡8
T7B5 LEDP- - - - - - - -- - - - - -EEASVTSTEETLTPAQEAARTRAAAKARKEAELAAATAEQ ¡6
T7B6 LEDP- - - - - - - -- - - - - -EEASVTSTEETLTPAQEAARTR- -KARKEAELAAATAEQ ¡6
T7B7 LEDP- - - - - - - -- - - - - -EEASVTSTEETLTPAQEAARTRAANKARKEAELAA- - - ¡5
T7B8 LEDP- - - - - - - -- - - - - -EEASVTSTEETLTPAQEAARTRAANKARKEAELAAA- - - ¡5
T7B9 LEDP- - - - - - - -- - - - - -EEASVTSTEETLTPAQEAAETEAANKARKEAELEAETAEQ ¡12
T7B10 LEDP- - - - - - - -- - - - - - - - - - -- - - - - - - - - - --TPAQEAARTRAANKARKEAELAAATAEQ ¡2
T7A LEDP- - - - - - - -- - - - - - - - - - -- - - - - - - - - - --AANKdARKEAELAAATAEQ ¡3
T7A1 LEDP- - - - - - - -- - - - - - - - - - -- - - - - - - - - - --ERNKERKEAELAAATAEQ ¡4
T7A2 LEDP- - - - - - - -- - - - - - - - - - -- - - - - - - - - - --ERNKERKEAELEAATAEQ ¡5
T7A3 LEDP- - - - - - - -- - - - - - - - - - -- - - - - - - - - - --ERNKERKEAELEAETAEQ ¡6
T3c LEDPAVWEAGKVVAKGVGTADITATTSNGLIASCKVIVNAATS ¡2
T3A LEDPAVWEAGKVVAKGVGTADITATTSNGLIASSEEADNAATS ¡6
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using the program PC mass (J. Wall, personal com-
munication).

Limited proteolysis

Trypsin or V8 protease was added (10�g/ml) to pro-
tein solutions, and the mixtures were incubated at 37 °C.
At the speciWed time points, portions of the reactions
were withdrawn, mixed with electrophoresis sample
buVer, and boiled for 5 min to terminate digestion. Sam-
ples were then analyzed by electrophoresis in 12% poly-
acrylamide gels containing sodium dodecyl sulfate [15]
or in Tris–Tricine-buVered 10% polyacrylamide gels [16].
Masses of stable trypsin digestion products of P0ex were
determined in a Voyager DE mass spectrometer
(PerSeptive Biosystems, Foster City, CA) using sinapinic
acid matrix.

Calculation of protein integrated net charge

A PERL program was written to calculate integrated
charge for input amino acid sequences. It accumulates a
charge of +1 for the Wrst methionine and for each lysine
and arginine in the sequence, a charge of ¡1 for each
glutamate and aspartate, and 0 (neutral) for all other res-
idues. The running total is output at each amino acid
position. For ease of use, a PHP web interface was then
added, which accepts text sequences (i.e., cut-and-paste
input) and provides graphical display (via the open
source program GNUplot) as well as tabular output of
the integrated charge function.

Results

Rescue of CAR D1 folding

Consistent with our earlier report [13], the coxsackie
and adenovirus receptor [17,18] amino-terminal domain
(CAR D1) aggregated completely during overexpression
in the E. coli cytoplasm, but was partially solubilized
when the domain C-terminus was extended by a 22-resi-
due C-terminal peptide encoded by plasmid expression
vector sequences (Fig. 1A, peptide T7A). A substantial
amount of the peptide-solubilized CAR D1 previously
was shown to be correctly folded and biologically active
[13,19]. CAR D1 is 120 amino acids in length and folds
into a disulWde-bonded �-sandwich conformation char-
acteristic of immunoglobulin variable-type (IgV)
domains [19,20]. The 22-residue peptide fused to CAR
D1 corresponds to the last 18 residues of a 57-residue C-
terminal extension present on the bacteriophage T7
minor capsid protein 10B [21], plus four additional resi-
dues (LEDP) encoded by an XhoI–BamHI DNA linker
in the pET15b (Novagen, Madison, WI) expression vec-
tor (Table 2, peptide T7A). CAR D1 was completely sol-

ubilized when fused to either the entire 57-residue T7-
derived peptide or to the last 40 residues of this peptide
(Fig. 1A and Table 2, peptides T7C and T7B, respec-
tively). By contrast, CAR D1 was not solubilized when
fused to the last 40 residues of the C-terminal extension
present on the analogous minor capsid protein of bacte-
riophage T3 (Fig. 1A and Table 2, peptide T3). The T3-
derived peptide has no signiWcant sequence homology to
the corresponding T7 peptide [11].

As observed with the CAR D1-T7A fusion protein
[13], the T7B C-terminal peptide extension was more
sensitive than the CAR D1 domain to protease digestion
(Fig. 1B; trypsin and V8 cleavage sites in T7A and T7B
peptides are indicated in Table 2) and the resulting

Fig. 1. EVect of C-terminal extensions on CAR D1 solubility and fold-
ing. (A) SDS–PAGE analysis of the insoluble and soluble fractions of
cell lysates (lanes P and S, respectively) of E. coli strain BL21-DE3
expressing CAR D1 either without a C-terminal extension (none) or
fused to C-terminal peptides T7A, T7B, T7C, or T3. Sequences of C-
terminal peptides are shown in Table 2. Cell suspensions in STE buVer
(10 mM Tris–HCl, 100 mM NaCl, and 1 mM ethylenediaminetetraace-
tic acid, pH 8.0) were sonicated and then centrifuged for 5 min at
15,000g to separate insoluble and soluble fractions. Molecular weights
in kiloDalton of protein standards loaded in lane M are indicated. (B)
SDS–PAGE and Western immunoblot analysis of the soluble fraction
of an E. coli lysate containing CAR D1-T7B before and after digestion
for 20 min with 10 �g/ml trypsin. Lanes 1 and 2 are a Coomassie blue-
stained gel. Lanes 3–5 are an immunoblot probed with rabbit antisera
raised against either synthetic peptide T7A (lanes 3 and 4) or recombi-
nant CAR D1 (lane 5). (C) Non-denaturing polyacrylamide gel elec-
trophoresis of trypsin-treated CAR D1-T7B (1 �g) alone or after
mixing with a molar excess of knob domain from the adenovirus-2
Wber protein (2 �g). Note that CAR D1 quantitatively assembled into
complexes with Ad2 knob. (D) SDS–PAGE analysis of the insoluble
and soluble fractions (lanes P and S, respectively) of lysates of E. coli
strains expressing CAR D1 fused to C-terminal peptides T7A1, T7A2,
T7A3, T7B10, or T3A. Sequences of C-terminal peptides are shown in
Table 2.
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protease-stable CAR D1 fragment remained in solution
and could form complexes with the recombinant knob
domain of the adenovirus Wber protein (Fig. 1C), indi-
cating that the T7B extension also promotes correct
folding of CAR D1. Size exclusion chromatography
showed that CAR D1-T7B protein in crude cell soni-
cates had a heterogeneous aggregation state (Figs. 2A
and B). CAR D1-T7B protein eluting in the column
excluded volume was trypsin-sensitive and therefore
misfolded and microaggregated, whereas the fraction of
CAR D1-T7B eluting in the included volume was tryp-
sin-resistant (Fig. 2C). Approximately half of the total
soluble CAR D1-T7B protein was in the trypsin-resis-
tant conformation.

Mechanism of peptide-mediated solubilization and folding
of CAR D1

Sequence characteristics of the T7B peptide necessary
for enhanced solubility and folding of CAR D1 were

investigated by mutagenesis. The T7B peptide has a pre-
dicted [22] amphipathic �-helix extending from Leu12 to
Ala36 (see Table 2 for numbering convention) that was
either shortened or reduced in amphipathic character in
peptide variants T7B1–T7B4 (Table 2). The T7B peptide
also contains sequence motifs similar to chaperone rec-
ognition motifs in the E. coli ssrA peptide [23,24] that
were disrupted in peptide variants T7B5–T7B8 (Table 2).
However, peptide variants T7B1–T7B8 all fully solubi-
lized CAR D1 (data not shown).

C-terminal peptides that fully solubilized CAR D1
had net charges in the range of ¡5 to ¡8 (peptides T7C,
T7B, and T7B1–T7B8), whereas the partially active T7A
peptide and the inactive T3-derived peptide had net
charges of ¡3 and ¡2, respectively (Table 2). Additional
peptide variants were constructed to further examine the
relationship between peptide net negative charge and
ability to solubilize CAR D1. CAR D1 solubility pro-
gressively increased when fused to T7A variants with
increasing net charges of ¡4, ¡5, or ¡6 (Fig. 1D and

Fig. 2. Analysis of CAR-T7B folding and aggregation state. (A) Size exclusion chromatography of cleared lysate of E. coli cells expressing CAR D1-
T7B. Cells were disrupted with BugBuster reagent (Novagen), lysate was clariWed by centrifugation for 1 h at 100,000g and then chromatographed on
a Sephacryl S-200 column. The column was calibrated as indicated in Materials and methods. (B) SDS–PAGE of protein content in eluant fractions
from chromatography in (A). Representative fractions from the void volume peak and from two regions of the included volume are designated I, II,
and III, respectively. (C) SDS–PAGE of protein in fractions I, II, and III after digestion for 30 min at 37 °C with 10 �g/ml trypsin. Insoluble aggre-
gates of unmodiWed CAR D1 were dispersed in buVer and digested in parallel with trypsin for comparison (loaded in lanes marked ¡T7B). Trypsin
only partially removes the T7B extension (see Table 2, Footnote d), accounting for the slower mobility of trypsin-treated species II and III compared
to unmodiWed CAR D1. Arrows in (B and C) indicate position of CAR D1-T7B and unmodiWed CAR D1 before digestion with trypsin.
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Table 2, peptides T7A1–T7A3). Consistent with this
trend, CAR D1 solubility decreased when fused to a T7B
variant with net charge of ¡2 (Fig. 1D and Table 2, pep-
tide T7B10), and its solubility increased when fused to a
T3 variant with net charge of ¡6 (Fig. 1D and Table 2,
peptide T3A). Together these results indicate that excess
negative charge is the key feature required for peptide
extensions to increase the solubility of CAR D1. Peptide
length and amino acid sequence context appear to be of
minor importance for this activity.

EVect of peptides on solubility and folding of other Ig
variable-type domains

We next examined whether charged peptide extensions
can also enhance the solubility and folding of other IgV-
type domains that are similar in amino acid sequence to
CAR D1 during overexpression in the E. coli cytoplasm.
The amino-terminal domain of human A33 antigen [25]
was identiWed by BLAST homology search [26] as the
protein domain most closely related in amino acid
sequence to CAR D1 (30% identical and 53% similar).
Amino acid sequence alignment predicted that A33 D1
also has an IgV-type fold [27–29]. The extracellular
domain of myelin P0 protein (P0ex) from shark is the next
protein domain most similar to CAR D1 (29% identical
and 45% similar). The X-ray structure of rat P0ex [30]
indicated that the P0ex domain indeed folds into an IgV-
type conformation. cDNA fragments encoding the IgV-
type domains of human A33 antigen and human P0ex
(human P0ex is 27% identical and 40% similar to CAR
D1) were cloned into the expression vector pET15b.

A33 D1 was completely insoluble when expressed in
E. coli without a C-terminal peptide extension (Fig. 3A,
inset), but unlike CAR D1 it remained completely insol-
uble at 37 °C and was only partially soluble at 25 °C
when fused to the C-terminal T7B peptide (not shown).
When A33 D1 was fused to the T7B9 variant peptide
with net charge of ¡12 (Table 2), the protein solubility
increased substantially (Fig. 3A, inset), further support-
ing the conclusion that the ability of peptide extensions
to solubilize proteins increases with the magnitude of the
peptide net negative charge. After puriWcation, soluble
A33 D1-T7B9 fusion protein migrated as several distinct
species during electrophoresis in polyacrylamide gels
under non-denaturing conditions (Fig. 3A, inset lane
ND) and had a heterogeneous aggregation state as
revealed by size exclusion chromatography (Figs. 3A
and B). In contrast to CAR D1-T7B, the IgV-type
domain and the peptide extension of the A33 D1-T7B9
fusion protein were equally sensitive to digestion by
trypsin (Fig. 3A, inset), suggesting that the A33 IgV-type
domain was not correctly folded.

Refolding of A33 D1 in vitro was examined to further
assess the ability of this domain to fold spontaneously.
Aggregated A33 D1 and A33 D1-T7B9 polypeptides

were isolated from E. coli cells, dissolved in 6 M guani-
dine–hydrochloride, and puriWed by metal-aYnity chro-
matography under denaturing conditions. The bulk of
unmodiWed A33 D1 precipitated during removal of
denaturant by dialysis, whereas the majority of A33 D1-
T7B9 fusion protein remained in solution, even at rela-
tively high protein concentrations (5 mg/ml). Most of the
soluble, renatured A33 D1-T7B9 was microaggregated,
however, with masses ranging up to 5 MDa as measured
by scanning transmission electron microscopy (Fig. 4A).
These soluble microaggregates failed to migrate in poly-
acrylamide gels during electrophoresis under non-dena-
turing conditions, but did migrate as a single band to the
expected position for monomeric A33 D1 after brief heat

Fig. 3. Aggregation state of A33 D1-T7B9 fusion protein. (A) Size
exclusion chromatography of puriWed 6-His-A33 D1-T7B9 protein on
a Sephacryl S-200. Inset: SDS–PAGE of the insoluble and soluble
fractions (lanes P and S) of lysates of E. coli expressing A33 D1 with-
out a peptide extension (none) or with the C-terminal T7B9 extension
(T7B9); non-denaturing polyacrylamide gel electrophoresis of A33
D1-T7B9 protein (ND); SDS–PAGE of A33 D1-T7B9 before and
after digestion with trypsin (¡, +). (B) SDS–PAGE analysis of protein
content of column fractions in (A). Peak fractions of A33 D1-T7B9 in
the excluded and included volumes are indicated by I and II, respec-
tively. A sample of puriWed 6-His-A33 D1-T7B9 before loading onto
the Sephacryl S-200 column was loaded in the Wrst lane on the left.
Arrow indicates the position of A33-D1-T7B9 in the gel.
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treatment at 160 °C (Fig. 4B). The C-terminal T7B9
extension of the heated protein was more sensitive than
the A33 D1 domain to protease digestion (Fig. 4C).
Finally, the electrophoretic mobility of the heated, rena-
tured A33 D1-T7B9 protein in SDS–polyacrylamide gels
increased when reducing agent was omitted from the
sample buVer (Fig. 4D), indicating that the intra-domain
disulWde bond had formed and consequently that A33
D1 was correctly folded.

The human P0ex domain also was completely insolu-
ble in the E. coli cytoplasm when expressed without a C-
terminal extension, and like A33 D1, it was only
partially solubilized by fusion to the C-terminal T7B
extension (Fig. 5A). Soluble 6-His-P0ex-T7B protein did
not bind quantitatively to nickel aYnity resin and the
bound fraction eluted with several contaminating host
cell proteins (Fig. 5B) that could not be removed by a
second passage over the metal-aYnity column. However,
P0ex protein in both the bound and Xow-through frac-
tions was equally resistant to protease digestion com-
pared to the T7B extension (Fig. 5C). Furthermore, P0ex
protein in both the bound and Xow-through fractions
was cleaved by trypsin preferentially at lysine 55

(Fig. 5C), which is conserved in rat P0ex and highly sol-
vent-exposed in the rat P0ex crystal structure [30]. The
hypersensitivity of lysine 55 of human P0ex to digestion
by trypsin therefore is evidence that this domain may be
correctly folded.

The eVect of an N-terminal peptide extension on
human P0ex solubility and folding also was examined.
When the T7B9 peptide (¡12 charge) was fused to the
P0ex N-terminus, about half of the fusion protein was in
the soluble fraction of cell sonicates (Fig. 6A). Digestion
of soluble T7B9-P0ex with trypsin generated a stable
peptide of »8 kDa (Fig. 6B), that was determined by
mass spectrometry to correspond to a 7.8 kDa C-termi-
nal fragment resulting from cleavage at lysine residue 55
(see above). Taken together, our results suggest that the
soluble P0ex-T7B and T7B9-P0ex proteins both are cor-
rectly folded. The atypical behavior of P0ex during chro-
matography may reXect the propensity of P0ex proteins
to interact with membrane phospholipids through the
solvent-exposed hydrophobic side chains of two con-
served tryptophan residues [30,31]. Adhesive interactions
between these solvent-exposed hydrophobic side chains
also might contribute to the mechanism of reversible
gelation of recombinant rat and shark P0ex proteins that
was previously reported [30].

Fig. 4. EVect of T7B9 C-terminal peptide on folding of A33 D1 in
vitro. (A) Scanning transmission electron microscopy (STEM) of rena-
tured A33 D1-T7B9 fusion protein before heating. Masses of protein
aggregates were measured relative to tobacco mosaic virus (rod-
shaped object) which was mixed with the protein sample to provide an
internal mass standard. (B) Non-denaturing PAGE of renatured A33
D1-T7B9 fusion protein before (lane 1) or after heating for 5 min at 60
or 80 °C (lanes 2–3, respectively). A sample of CAR D1 was loaded in
lane 4 for comparison. (C) SDS–PAGE of time course of V8 protease
digestion of renatured, heated A33 D1-T7B9 fusion. Triangle denotes
increasing times (from 5 to 30 min) of digestion of A33 D1-T7B9 pro-
tein with 10 �g/ml V8 protease at 37 °C. (D) SDS–PAGE of renatured,
heated A33 D1-T7B9 fusion protein under reducing and non-reducing
conditions (§5% �-mercaptoethanol in sample buVer).

Fig. 5. EVect of T7B C-terminal extension on human P0ex solubility
and folding. (A) SDS–PAGE of the insoluble and soluble fractions
(lanes marked P and S, respectively) of sonicates of E. coli cells
expressing 6-His-P0ex without a C-terminal extension (none) or fused
to the T7B C-terminal extension (T7B). (B) SDS–PAGE analysis of
the Xow-through (F/T) and eluted fractions (eluate) of metal-aYnity
chromatography of 6-His-P0ex-T7B protein. (C) SDS–PAGE analysis
of time course of trypsin digestion of proteins in metal-aYnity column
eluate or Xow-through fractions. Triangle denotes increasing time of
digestion. Arrow indicates position of 7.8 kDa C-terminal fragment of
P0ex generated by trypsin digestion after lysine 55.
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Discussion

Short peptides such as those used as fusion partners
in this study generally are unable to adopt stable tertiary
structures, therefore the enhanced folding of CAR D1
and P0ex conferred by these peptides most likely results
from a simple mechanism that is independent of peptide
conformation. The highly charged peptide extensions
could increase electrostatic repulsion between nascent
polypeptides, limiting polypeptide aggregation and pro-
longing the time that nascent polypeptides remain in
productive folding pathways. This mechanism could
account for both the correct folding of substantial frac-
tions of the CAR D1 and P0ex polypeptides and the for-
mation of soluble microaggregates of the A33 D1
polypeptide. According to this model, the peptide exten-
sions do not directly promote folding of associated poly-
peptides but rather delay polypeptide aggregation long
enough to allow polypeptides to proceed further along
spontaneous folding pathways [3] or to be recognized as
substrates for assisted folding by host cell molecular
chaperones.

NusA, maltose-binding protein, and some other
intact proteins that often are used as fusion partners
have large net negative charges and therefore also may
indirectly promote folding of passenger proteins by lim-
iting polypeptide aggregation, rather than actively pro-
moting the folding of passenger polypeptides by a
chaperone-like mechanism as previously suggested [9].
An indirect mechanism is consistent with the observa-
tion that maltose-binding protein mutants with slow
folding kinetics lose the ability to promote folding of
aggregation-prone C-terminal passenger proteins [32].

Long-lived folding intermediates of maltose-binding
protein mutants likely would have exposed hydrophobic
surfaces that could interact directly with nascent passen-
ger polypeptides and inhibit their spontaneous folding.
Rapid folding of wild-type maltose-binding protein into
its native conformation would minimize hydrophobic
interactions with nascent passenger polypeptides and
thus minimize interference with passenger polypeptide
folding.

Peptide-solubilized A33 D1 did not fold correctly in
vivo but instead formed soluble microaggregates. Simi-
lar microaggregates or “soluble inclusion bodies” have
been observed when other aggregation-prone proteins
were fused to large carrier proteins such as the maltose-
binding protein [33–37]. A33 D1 also was diYcult to
refold in vitro, requiring sequential chemical and heat
denaturation to attain a native-like conformation.
Together these results suggest there is a large free energy
barrier to correct folding of the A33 D1 polypeptide by a
spontaneous, chaperone-independent mechanism. In
native, full-length A33 protein, the stability of the D1
domain may be inXuenced by the adjacent extracellular
D2 domain, which is not present in our expression con-
struct, or from posttranslational modiWcations that do
not occur in the bacterial expression system. Full-length
CAR also has two extracellular domains, however the
occurrence of mRNA splice variants that encode the
CAR D1 domain alone [18,38,39] supports the conclu-
sion that the D1 domain has the capacity to fold into its
native conformation in the absence of the adjacent D2
domain. By contrast, A33 mRNA splice variants that
might encode the A33 D1 domain alone have not yet
been reported (however see the description of the A33
cDNA clone in the Materials and methods section).

An earlier study found that the ability of overexpres-
sed polypeptides to fold correctly was correlated with
polypeptide net negative charge and content of amino
acids that are commonly found in �-turns [40]. Consis-
tent with this prediction, the ability of CAR D1, P0ex,
and A33 D1 to fold correctly also varied according to
polypeptide net charge (¡3, ¡4, and ¡1, respectively),
although the diVerences in net charge between these
polypeptides are relatively small. In contrast to the small
diVerences in overall net charge, there is a large diVer-
ence between these three IgV-type domains in the distri-
bution of charged residues across the polypeptide chain.
The CAR D1 polypeptide gains a large net negative
charge early during its synthesis, whereas the A33 D1
polypeptide acquires a substantial net charge only after
synthesis of the Wrst »100 residues. The large net nega-
tive charge of the CAR D1 polypeptide could produce
an intramolecular repulsive force that destabilizes early
folding intermediates, eVectively lowering the free energy
barrier to the Wnal native conformation. Absence of
strong intramolecular repulsion in the A33 D1 polypep-
tide might stabilize and kinetically trap early folding

Fig. 6. EVect of T7B9 N-terminal extension on solubility and folding
of human P0ex. (A) SDS–PAGE of the insoluble and soluble fractions
(lanes P and S, respectively) of a sonicate of E. coli cells expressing the
T7B9-P0ex fusion protein. (B) High resolution SDS–PAGE (Tris–Tri-
cine gel) analysis of the time course of digestion of T7B9-P0ex with
trypsin. Triangle denotes increasing time of digestion with 10 �g/ml
trypsin at  room  temperature.  Arrow  indicates position of 7.8 kDa
C-terminal fragment of P0ex generated by trypsin digestion at lysine 55.
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intermediates that ultimately aggregate after release
from the ribosome. Intramolecular electrostatic repul-
sion on protein surfaces resulting from clustered posi-
tively or negatively charged residues has been shown to
destabilize native protein conformations [41,42].

Codon usage is another factor that potentially could
inXuence the eYciency of spontaneous folding of these
three IgV-type domains. The CAR D1 and P0ex genes
have a large number (40 and 28, respectively) of codons
with strong or weak codon:anticodon interaction ener-
gies [43], whereas the A33 D1 gene has only 19 such
codons. Codons with strong or weak codon:anticodon
interaction energies decrease the rate of translation [43],
possibly providing more time for the nascent polypep-
tide to nucleate folding cotranslationally. Further inves-
tigation of the solubility and folding of sets of
structurally homologous proteins during overexpression
would likely provide insights into how amino acid and
gene sequences inXuence spontaneous protein folding.
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