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ABSTRACT We report an efficient, general approach for
the construction of protein-overproducing strains of Esche-
richia coli. The method, expression-cassette polymerase chain
reaction (ECPCR), allows the insertion of virtually any con-
tiguous coding sequence between sequences that direct high-
level protein biosynthesis in E. coli. The gene expression
cassettes obtained by ECPCR are inserted into a regulated
overexpression plasmid, and the resulting construct is used to
transform E. coli. By effecting simultaneous 5’ and 3’ modi-
fication of a coding sequence, ECPCR permits the facile
generation of mutant proteins having N- and/or C-terminal
truncations. The method is a highly efficient way to dissect a
multidomain protein into its component domains. The effi-
ciency of the ECPCR approach is demonstrated in this study by
construction of permuted overexpression vectors for the first
two extracellular domains of the human CD4 protein.

The ability to rationally engineer protein-overproducing
strains of Escherichia coli (‘‘overproducers’) has trans-
formed the science of protein structure and function. Con-
struction of an overproducer generally requires (i) replace-
ment of the gene’s (or cDNA’s) native expression signals with
strong, switchable signals; (ii) translocation of the refash-
ioned gene to an overexpression plasmid that can be manip-
ulated, characterized, and introduced into recipient cells; and
(iii) stable transformation of E. coli by the recombinant
plasmid (1). Here we describe a general procedure for protein
overproduction, termed the expression-cassette polymerase
chain reaction (ECPCR), which facilitates overproducer con-
struction by effecting site-specific replacement of the 5’ and
3’ ends of the gene with expression sequences derived from
synthetic oligonucleotides. ECPCR also takes advantage of
the now-routine ability to introduce restriction sites via the
polymerase chain reaction (PCR, ref. 2), yielding gene
expression cassettes that are suitably equipped for cloning.

PCR permits targeted amplification of DNA sequences
(reviewed in ref. 3). The specific segment of DNA amplified
in PCR is dictated by the choice of base-pairing sites for
oligonucleotide primers (Fig. 1). DNA sequences of the
primers are incorporated entirely into the product DNA, thus
providing the opportunity to replace sequence information of
the native gene with new information borne on the synthetic
primers. In ECPCR, sequences required for protein transla-
tion and restriction endonuclease digestion are incorporated
into the primers, so that ECPCR of the target DNA results in
synthesis of an expression cassette bearing all of the neces-
sary information for cloning and translation in E. coli (Figs.
1 and 2). Transcriptional sequence elements—i.e., a strong,
regulated promoter (4) and an efficient transcription termi-
nator (5)—are supplied by the overexpression plasmid. Since
the choice of protein-coding information inserted between
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FiG. 1. Comparison of PCR and ECPCR. In PCR, primers that
are complementary to the target sequence are used to amplify target
DNA; in ECPCR, translational control sequences and restriction
sites included in the primers are fused to the target sequence, thus
providing an expression cassette ready for insertion into a bacterial
overexpression vector.

the expression signals is dependent only upon the coding
information incorporated into the ECPCR primers, this
method can be used to dissect a multidomain protein into
smaller proteins comprising its individual component do-
mains. This domainal analysis strategy can facilitate the
localization of ligand-binding and catalytic functions, in ad-
dition to determining the degree of interdomainal cooperativ-
ity. Functional modules identified by this process are, inter
alia, targets for high-resolution structural analysis and can be
incorporated into designed hybrid proteins (6-8).

We have chosen the human CD4 protein and its corre-
sponding cDNA as a model system for overexpression and
domainal analysis by ECPCR. CD4, a membrane-bound
glycoprotein expressed on the surface of helper T lympho-
cytes, augments the interactions of the T-cell receptor with
antigen-bound class II major histocompatibility proteins (9-
11). CD4 also functions as a specific cell-surface receptor for
human immunodeficiency virus (12); consequently, consid-
erable interest has arisen in development of non-membrane-
bound (‘‘soluble’’) CD4 derivatives as competitive inhibitors
of viral adhesion (6-8, 13-19). On the basis of its cDNA-
derived amino acid sequence (refs. 20-22; corrected in ref.
23), the extracellular segment of CD4 (‘‘soluble CD4’’) has
been proposed to possess four immunoglobulin-like domains,
of which the first two (outermost from the membrane) have
been strongly implicated in binding to human immunodefi-
ciency virus and class II major histocompatibility antigens
(19, 24-26).

To elucidate the recognition of macromolecular ligands by
CD4, we wished to dissect the protein into its component
domains, so that these individual proteins could be analyzed
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FiG. 2. CD4 expression cassettes generated in this study. (Up-
per) General structure, with relevant sequence features denoted.
(Lower) Specific parameters of the three expression cassettes.

by high-resolution structural methods. Such highly targeted
cleavages can, in practice, only be effected by manipulations
of the protein’s coding sequence, rather than cleavage of the
protein itself. Instead of using an ad hoc approach to obtain
an overproducer for each CD4 domain, we decided to explore
the development of a general overexpression protocol that
would access high-level biosynthesis of any contiguous cod-
ing sequence. These efforts led to the development of the
ECPCR method, which is demonstrated here in the genera-
tion of three E. coli strains that respectively overproduce
CD4 domain 1, domain 2, and domains 1 plus 2.

MATERIALS AND METHODS

Gene Sources and Preparation. A human CD4 cDNA insert
in pZIPneoSVX (courtesy of S. Burakoff, Harvard Medical
School) was excised by HindIII digestion and inserted into
HindIII-digested pBS(+) (Stratagene); single-stranded DNA
was isolated and purified according to the supplier’s protocol.
Phage DNA from the human KBM-7 library in Agt10 (cour-
tesy of S. Reddy and B. Cochran, Massachusetts Institute of
Technology) was used as obtained; the human peripheral
blood acute lymphoblastoid leukemia (HPB-ALL) phagemid
library (courtesy of B. Seed, Harvard Medical School) was
digested with Not I and ethanol-precipitated prior to use.
Human Jurkat T-cell RNA (courtesy of B. Bierer and S.
Burakoff) and murine BALB/c RNA (courtesy of M. L.
Hedley and T. Maniatis, Harvard University) were primed
with poly(dT) and extended with reverse transcriptase (27);
the RNA-DNA hybrid mixtures were used directly in PCR.

ECPCR Amplifications. Amplifications were carried out in
0.5-ml microcentrifuge tubes containing 10 mM Tris (pH 8.0
at 25°C), 50 mM KCl, 1.5 mM MgCl,, 0.1% SeaPlaque
agarose (FMC), 0.1% Triton X-100, 200 uM each dNPT, 1
uM primers, =25 ng of template DNA, and 4 units of
Thermus aquaticus (Tag) DNA polymerase (Promega). Re-
action mixtures (25 or 50 ul) were overlaid with an equal
volume of paraffin oil and subjected to 10-30 cycles in a
programmable thermal cycler (MJ Research, Cambridge,
MA) using the following sequence: 94°C for 2 min, 42°C for
2 min, and 70°C for 5 min. The amplification products were
analyzed in a 2% agarose (BRL) gel in TBE buffer (90 mM
Tris/90 mM boric acid/2 mM EDTA). The identity of
ECPCR cassettes from various sources was verified by
restriction mapping (data not shown).

Protein Expression. The expression vector was pHN1 (H.
Nash and G.L.V., unpublished work), a phagemid in which
cloned genes are under the control of the tac promoter (28)
and rrnBT,T, transcription terminator (29). Blunt-ended
expression cassettes were digested with EcoRI and HindIII
and inserted into EcoRI/HindIll-cut pHN1 to yield the
overproducing phagemids pCD4-d1, -d2, and -d12. These
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were transformed into E. coli XA 90 F'lacI?, insert-positive
clones were isolated, and the sequence of each insert was
verified by sequencing (30) of single-stranded phagemid DNA
with the Sequenase kit (United States Biochemical). A 10-ml
overnight culture of each recombinant was used to inoculate
1 liter of LB/ampicillin; growth was monitored until ODssy =
0.6—-0.7, and the culture was induced by the addition of 10 ml
of sterile-filtered isopropyl B-D-thiogalactopyranoside
(IPTG) solution (48 mg/ml). After 16 hr, the cells were
harvested by centrifugation. Whole-cell pellets from 1 ml of
culture were lysed by boiling for 3 min in 100 ul of SDS/
PAGE sample buffer (4% SDS/0.1% bromophenol blue/20%
glycerol/10% 2-mercaptoethanol/0.12 mM Tris, pH 6.8). The
wet cell paste from 1 liter of culture (5-8 g) was resuspended
in 100 mM Tris, pH 8/1 mM EDTA/5% glycerol/10 mM
2-mercaptoethanol and lysed in a French pressure cell. The
crude lysate was centrifuged, and the pellet was washed to
remove entrapped soluble material. In all cases, the recom-
binant protein was present in the cell pellet and absent from
the supernatant (data not shown), as judged by SDS/PAGE
(31). Proteins CD4-d1, CD4-d2, and CD4-d12 were solubi-
lized and purified by modifications of a literature procedure
(19), which will be reported elsewhere.

RESULTS

Locus of Interdomain Incision of CD4. Dissection of CD4 to
yield intact domainal fragments requires severance within the
joining (J) regions, which for the two N-terminal domains of
CD4 are found at residues 93-109 (J; region: connects do-
mains 1 and 2) and 165-179 (J, region: connects domains 2
and 3) (Fig. 3; ref. 25). Modeling studies (K.D.M. and S.L.S.,
unpublished) suggest that the most independent peptide locus
between CD4 domains 1 and 2 is the hydrophilic pentapeptide
Asn'®-Ser-Asp-Thr-His!”’. Nonetheless, since even this seg-
ment may be integral to one or both of the appended domains,
it has been included in both the C terminus of domain 1 and
the N terminus of domain 2 (vide infra and Fig. 3).

The precise locus of connection between domains 2 and 3
is less well predicted because that region is less homologous
to crystallographically determined immunoglobulins. None-
theless, since the location of introns in genes of the immu-
noglobulin superfamily generally correlates with the location
of domainal boundaries in the proteins (32), we used this
criterion to dictate the dissection of domains 2 and 3. An
intron occurs in the codon for Ala!”® (21), leading us to sever
domains 2 and 3 between Leu!”” and Ala!”® (Fig. 3).

Structure of CD4 Expression Cassettes. The general struc-
ture for the CD4 expression cassettes is shown in Fig. 2.
Three cassettes have been constructed, each bearing differ-
ent CD4 coding sequence sandwiched between cloning and E.
coli expression sequences. The CD4-dl expression cassette
carries the CD4 cDNA sequence specifying Lys'-His'?,
corresponding to the native protein’s first domain; CD4-d12
encodes Lys’~Leu'”’, corresponding to domains 1 and 2; and
CD4-d2 encodes Asn'®-Leu!”’, corresponding to domain 2.

The expression cassettes of Fig. 2 were generated by
ECPCR of the native CD4 cDNA using two primers, one that
installed 5’ sequence information (Start primer) and another
that installed 3’ sequence information (Halt primer). The
Start primers (Fig. 4) had a CGCGC sequence (‘‘G/C
clamp”’), the GAATTC recognition site for EcoRI endonu-
clease, the AGGAGG consensus E. coli RBS, an 8-base
A/T-rich TSE (for reviews, see refs. 33 and 34), and the
universal ATG start codon, followed by coding information
for the desired N terminus of the recombinant protein. In
addition, a Dra I restriction site (TTTAAA) has been incor-
porated into the TSE, so that a periplasmic signal sequence
may be added by insertion of a double-stranded oligonucle-
otide cassette: restriction by Dra I leaves a downstream AAA
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blunt end that may be used to encode the lysine residue at the
maltose-binding protein signal-peptide cleavage site (35). The
Halt primers (Fig. 4) had a ‘‘G/C clamp’’ and the AAGCTT
recognition sequence for HindIll, followed by a stop anti-
codon and anticoding sequence for the desired C terminus of
the recombinant protein. The recombinant proteins specified
by these expression cassettes are predicted to possess a Start
primer-encoded N-terminal methionine (Met?% followed by
the cDNA-encoded CD4 protein sequence; translation ter-
minates at the Halt primer-encoded stop codon. ECPCRs
using different combinations of Start and Halt primers thus
give rise to expression cassettes bearing different, predeter-
mined coding sequences (Fig. 2).

Synthesis of CD4 Expression Cassettes by ECPCR. ECPCR
of a CD4 cDNA using the Start-1 and Halt-2 primers was
predicted to yield a 572-base-pair (bp) expression cassette
(CD4-d12) that would direct the expression of CD4 domains
1 and 2 (Fig. 2). Similarly, use of the Start-1 and Halt-1
primers should give a 362-bp expression cassette (CD4-d!I)
for domain 1; Start-2 and Halt-2 should give a 251-bp expres-
sion cassette (CD4-d2) for domain 2. Agarose gel electro-
phoresis of parallel ECPCRs using these primer combinations
showed DNA fragments of the predicted sizes (Fig. 5A).
Expression-cassette synthesis by direct amplification from a
human T-cell or myeloblastoid cell library was also efficient
(Fig. 5B). The generality of this approach was further ex-
tended by using a crude Jurkat T-cell RNA preparation
(converted to first-strand cDNA) as the source of CD4 coding
sequence (Fig. 5B; only domain 2 cassette shown). Analo-
gous sets of expression cassettes were generated using mouse
spleen, liver, and thymus RNA samples (Fig. 5C; only
domain 1 cassette shown), despite differences in the human
and mouse CD4 sequences (21). The proteins encoded by the
cassettes in Fig. 5C are mouse-human chimeras, with human
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Fi1G. 3. Schematic representation of
CD4 primary structure and the structure
of recombinant CD4 proteins generated
in this study. Segments corresponding to
CD4 domains are indicated below the bar
diagrams; locations of joining (J) regions
are indicated. The N- and C-terminal
residues of each protein (CD4 numbering
as in ref. 23) are displayed at the top left
of the respective structures. The se-
quence of the hydrophilic pentapeptide in
the J; region is shown in the expansion
above CD4. Met® refers to the primer-
encoded (non-CD4) residue that initiates
177 translation in the recombinant proteins.

CD4 sequence derived from the ECPCR primers, and mouse
CD4 sequence from the amplified murine cDNA.

Expression of the Redesigned CD4 Genes. The latent cohe-
sive ends of the expression cassettes were revealed by
digestion with EcoRI and HindIII, allowing unidirectional
insertion of the constructs into the phagemid expression
vector pHN1. The three expression vectors (pCD4-d12,
pCD4-d1, and pCD4-d2, with respective inserts CD4-d12,
CD4-d1, and CD4-d2) were then transformed into E. coli XA
90 F'lacI? and tested for induction of their respective
recombinant proteins. Synthesis of proteins having approx-
imately the predicted relative molecular mass (CD4-d12, M,
19,708; CD4-d1, M, 12,209; and CD4-d2, M, 8254) was
induced upon addition of IPTG (Fig. 6).

Preliminary Characterization of the Recombinant Proteins.
Upon lysis of cells that express CD4-d12, -d1, or -d2, the
recombinant proteins cosediment with the cell debris, thus
indicating that they are present in inclusion bodies (Fig. 6).
The inability of E. coli to biosynthesize members of the
immunoglobulin superfamily in a soluble cytoplasmic form
appears to be a general phenomenon (6, 18, 19, 36-39). Two
approaches are commonly used to obtain native, correctly
folded protein (40): (i) export of the protein to the periplasm
by fusion of a signal sequence to the gene (22, 41-43); (ii) in
vitro denaturation/renaturation of the improperly folded pro-
tein (6, 18, 19, 36-39). Both of these options have been
successfully exercised in reported truncations of CD4 (19,
25). We chose the second option because the selective
partitioning of the recombinant CD4 proteins into the solid
cell pellet greatly simplified their purification (compare lanes
I and Pt in Fig. 6). These polypeptides are readily renatured
by conventional methods (19). Further details of the rena-
turation, purification, and full characterization of CD4-d12,
-d1, and -d2, will be reported elsewhere.

G/C clamp RBS TSE start codon
EcoR | ‘ ‘ CD4 coding strand: Lys;—Asp;q
Start-1: 5'-CGCGCGAATTCAGGAGGAATTTAAAAT GAAGAAAGTGGTGCTGGGCAAAAAAGGGGAT-3 '
Dral CD4 coding strand: Asn;o3—Gingqp

Start-2: 5'-CGCGCGAATTCAGGAGGAATTTAAAA T GAACTCTGACACCCACCTGCTTCAGGGGCAG-3 "

Dral
G/C clamp

\ pinam  f

stop anticodon
CD4 anticoding strand: Hisqg7—Valgg
Halt-1: 5'-6¢cGcAAGCTTT T AGTGGGTGTCAGAGTTGGCAGTCAATCCGAA-3 '
CD4 anticoding strand: Leu77—Valygg
Halt-2: 5'-GcGCAAGCTTT T ATAGCACCACGATGTCTATTTTGAACTCCAC-3 '

FiG. 4. Sequences of the PCR
primers used to redesign the CD4
gene. Sequence features present in
the primers are indicated. Use of
these primers in various combinations
gives permuted expression cassettes
for the first two domains of CD4 (see
Fig. 2).
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FiG. 5. PCR synthesis of CD4 gene cassettes using various
sources of the native CD4 gene. (A) CD4 cDNA. (B) Human KBM-7
myeloblastoid cell cDNA library, human HPB-ALL T-cell cDNA
library, and 'total Jurkat T-cell RNA. (C) BALB/c mouse RNA from
various tissues. ‘“‘RNA” samples are actually RNA-DNA hybrids
arising from first-strand cDNA synthesis. Lane SM, DNA size
markers (Hae 11I-digested $X174 phage DNA) with relevant frag-
ment sizes indicated (bp). In B only the products from amplification
using the Start-2 and Halt-2 primers (domain 2 cassette) are shown;
the other two primer combinations give rise to their respective
cassettes (data not shown). In C, only the products from amplifica-
tion using the Start-1 and Halt-1 primers (domain 1 cassette) are
shown; the other primer combinations were not tested.

N-terminal sequencing of CD4-d1 and -d12 yielded the
predicted sequence, Met-Lys-Lys-Val-Val, and CD4-d2 gave
the predicted Met-Asn-Ser-Asp-Thr, indicating that the re-
combinant species had not been posttranslationally cleaved.
CD4-d1 thus is composed of CD4 residues Lys'-His'? pre-
ceded by Met®; CD4-d12 of Lys!-Leu!”’ preceded by Met’;
and CD4-d2 of Asn'®-Leul”” preceded by Met® (Fig. 3).

DISCUSSION

We have developed a facile method that effects the formal
insertion of coding DNA sequence information between
efficient translational signals. Upon incorporation into an
overproduction vector bearing a strong, regulated E. coli
promoter and a transcription terminator, the resulting con-
struct directs efficient biosynthesis of the cassette-encoded
protein in E. coli. This method is applicable to the overpro-
duction of entire proteins and fragments of proteins, and thus

CD4-d1 CD4-d2
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it is suitable for the rational generation of mutant proteins
having N- and/or C-terminal truncations. In those cases in
which biochemical or sequence information suggests the
location of domainal boundaries in a protein—e.g., in the
steroid hormone receptor (ref. 44 and references therein),
complement control protein (ref. 45 and references therein),
and adhesion (32, 46, 47) superfamilies—this method may be
applied to the construction of E. coli expression vectors for
individual domains of that protein, thereby facilitating the
elucidation of its structure—function relationships.

The recombinant CD4 fragments overexpressed in the
present study were present as 5-10% of the total cell protein,
a level at which sufficient material for structural elucidation
by x-ray or NMR methods may readily be obtained. While no
particular effort was made to optimize the RBS or TSE
sequences borne on the Start primers, the chosen sequences
of these translational elements reflect currently accepted
principles: (/) the consensus hexanucleotide RBS (AG-
GAGG) is stronger than its shorter variants (34); (ii) TSEs of
8-9 nucleotides appear to be optimal, although TSEs having
from 6 to 12 nucleotides function well (34); and (iii) an
A/T-rich TSE is preferred (48, 49). Increased expression of
recombinant proteins is likely to be achievable through
variation of the TSE and RBS sequences; however, ample
evidence suggests that there is no universally optimal se-
quence element for the initiation of translation in E. coli (31).

The use of PCR to add new sequence information con-
comitant with amplification has found wide applicability in
recombinant DNA technology, and the ECPCR protocol is
representative of such methods (3). Particularly intriguing is
the demonstration that the T7 promoter sequence can be
added to target DNA in order to facilitate sequence analysis
(50, 51); indeed, those results indicate that it should be
possible to engineer T7-based overproduction systems using
an ECPCR-like strategy in combination with previously
described vectors (52). This study demonstrates that a se-
quence motif which directs efficient translation of several
different coding sequences can be introduced successfully by
PCR and that these sequences fused to the vector-borne tac
promoter afford large quantities of recombinant proteins. The
length of noncomplementary sequences added during
ECPCR is primarily limited not by PCR amplification, but by
the size limitation of automated DNA synthesis (routinely
>100 nucleotides); hence, the potential exists to incorporate
additional sequence motifs (e.g., synthetic promoters or
periplasmic signal sequences) during the ECPCR procedure.
Efforts to transplant the mammalian immune repertoire into
E. coli (53, 54) can be greatly augmented by direct periplas-
mic expression of functional antibody fragments, and
ECPCR could accomplish this without the need for construc-
tion of specialized vectors. Preliminary results from our

CD4-d12

FiG. 6. Expression in E. coli of recombinant

Pt Pu LW U I Pt PulLW U

U 1

I

CD4 proteins CD4-d1, -d2, and -d12. Lanes: U,

Pt Pu W
uninduced cells, total cell lysate; I, induced

cells, total cell lysate; Pt, pellet from lysed
induced cells; Pu, purified protein; LW, low
molecular weight markers [Sigma; M, x 1073
(from top) 16.9, 14.4, 10.7, 8.2, and 6.2]; W,
intermediate molecular weight markers {Bio-
Rad, M, x 1073 (from top) 97.4, 66.2, 42.7, 31.0,
21.5, and 14.4]. All of the CD4 recombinant
proteins have retarded mobilities relative to
their known molecular weights; however, none
of the molecular weight standards are of the
immunoglobulin superfamily. In addition, CD4-
d2 shows a characteristic tendency to blur up-
ward when heavily loaded. Proteins were de-
tected by staining with Coomassie blue.
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laboratories indicate that construction of exportation cas-
settes by ECPCR is viable.

A distinct advantage of the ECPCR procedure is that it
does not require the selection/screening of individual clones
from a gene library, provided that the sequence of that gene
is known. As described above for the case of CD4, the target
gene can be amplified directly from a suitable cDNA library
or RNA preparation to yield the desired expression cassette.
This procedure thus provides ready access to overproducers
for native and redesigned proteins, while eliminating the need
for physical exchange of cDNA clones. Owing to the success
of ECPCR observed in the CD4 system, we and others have
used this method to construct two additional overproducers,
which required less than 2 weeks from primer design to
verification of overproduction: human cyclosporin A-binding
protein, cyclophilin (ref. 55; J. Liu, M. Albers, C. M. Chen,
S.L.S., and C. T. Walsh, unpublished results), and human
FK506 binding protein, FKBP (refs. 56 and 57; R. F. Stan-
daert, G.L.V., and S.L.S., unpublished results). These re-
cent successes lead us to conclude that ECPCR is the most
expedient method presently available for overproducing pro-
teins and protein fragments in E. coli.
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