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Abstract

We have previously characterized a monoclonal anti-
body {(SC1D7) that is directed to maltose-binding protein
{MBP) of Escherichia coli and other closely related enter-
ic bacteria. SC1D7 does not cross-react with proteins in
eucaryotes and appears to be a highly specific tool in
immunochemical analyses. To better map the epitope,
we took advantage of an available plasmid, pMAL-c2,
that encodes the E. coli MBP-coding sequence and con-
structed plasmids to express MBP fragments. A con-
struct containing the N-terminal portion of MBP does not
react with SC1D7, whereas a second construct express-
ing glutathione S-transferase fused with the C-terminal
half of MBP does react with SC1D7. To precisely define
the epitope, random peptides displayed on M13 were
used to react with SC1D7. Sequences of reactive pep-
tides were aligned, and a consensus sequence of
XDXRIPX was deduced. This sequence matches MBP
with an amino acid stretch of KDPRIAA. To consolidate
the mapping result, a sequence encoding this epitope
was inserted into an expression vector and the resulting
recombinant protein did react with SC1D7. Thereafter,
this epitope was incorporated into a eucaryotic expres-

sion plasmid containing a previously defined hepatitis
delta virus epitope for protein tagging. This two-epitope-
tagging vector is useful in various molecular analyses.
We demonstrate its usage for localization of a bacterial
virulence factor in host cells. This vector should be appli-
cable for high-throughput characterization of new open
reading frames found in genome sequencing.

Copyright © 2001 National Science Council, ROC and S. Karger AG, Basel

Introduction

Fast characterization of open reading frames (ORFs) is
increasingly demanded in functional genomics. The cur-
rently available vectors that carry a tag at the N- or C-
terminus of the expressed proteins have greatly facilitated
the detection of targeted proteins. These tags, exemplified
by the Myec-tag 5, 6, 13], His-tag [2, 21], FLAG-tag [9,
14], HA-tag [3], EBNA-1 tag [1] and T7-tag [4, 15, 18],
can be detected by one or more monoclonal antibodies
(MAD). These epitope-tagged proteins can be quickly ana-
lyzed before ORF-specific antibodies become available.
One example of these analyses is the high-throughput sub-
cellular localization of target proteins by immunostaining
[10]. However, proteins labeled with tags at the N-termi-
nus may encounter degradation, and the result of localiza-
tion by staining the tag may be complicated by observing
the products without the C-terminus. Thus, a system with
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a C-terminal tag may assure the detection of the full-
length product. However, another concern may arise from
the C-terminal tagging system. It is possible to observe
products translated from internal initiation codons of the
given ORFs. Therefore, simultanecous labeling of ORFs
with tags at both ends and collecting data derived from
the two reporting tags may provide a better analysis.

We previously characterized a mouse MAb (HP6A1)
that recognizes the human hepatitis delta antigen (HDAg)
in a strain-specific manner [7]. The epitope defined by
this MADb is located at the N-terminal residues 4-10 of
HDAg (strain 25). HDAg is a protein exogenous to mam-
malian cells, and HP6A1 reacts with no cellular proteins
as revealed by immunoprecipitation, Western blotting
and immunocytostaining. Therefore, the epitope defined
by HP6A1 is a good expression tag, and so an additional
epitope that could be simultaneously used was sought.

MAb SCID7 recognizes maltose-binding proteins of
enteric bacteria. It does not cross-react with bacterial pro-
teins of distantly related species [8]. Neither does it cross-
react with proteins extracted from eucaryotic cells. There-
fore, we mapped the binding site of SC1D7 and inserted
the coding sequence into plasmids that have a previously
enginecered HP6AIl-defined tag. As a result, ORFs of
interest cloned into these plasmids could be flanked by
two different epitopes. Utilization of this system was
demonstrated on subcellular localization of proteins of
interest.

Materials and Methods

Plasmid Construction

Plasmid pMAL-~2 (New England Biolabs, Beverly, Mass.) con-
tains an ORF coding for 462 amino acids. For easy discussion, this
full-length ORF is named MBP(F). To generate fragments of
MBP(F), pMAL-c2 was digested with Bg/ll and BamHI. After
removing a 0.8-kb Bg/II-BamHI fragment, the remaining portion of
the plasmid was self-ligated to generate pMAL-N. The resulting
OREF, designated as MBP(N), was reduced to 180 residues containing
the N-terminal 120-residue fragment of MBP fused with 58 residues
derived from the vector. In parallel, pMAL-c2 was digested with
Bglll and EcoRI, and a 0.8-kb BglIl/EcoRI fragment was isolated.
This fragment was ligated with BamHI/EcoRI-cut pGEX-1 (Pharma-
cia, Piscataway, NJ) to result in plasmid pGEX-MAL(C) that en-
codes a C-terminal 280-residue fragment of MBP fused to the C-
terminus of glutathione S-transferase; this 53-kd recombinant pro-
tein was designated as GST-MBP(C).

Pin-M was constructed by inserting an adapter (generated by
the annealing of primers 5TGAAGGATTCGCGGATTCCGACT-
TAGGTAC3 and SCTAAGTCGGAATCCGCGAATCCTTCA3Z)
into the Puvll- and Kpnl-digested plasmid PinPoint-Xa-1 (Promega,
Madison, Wisc.). Plasmids pCMV-DD2 and pCMV-DD6 were mod-
ified from pCMV-DS [7] with a similar strategy. All resulting plas-
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mids were examined for correct restriction enzyme digestion pat-
terns, and the ligated junctions were confirmed by DNA sequenc-
ing.

Epitope Mapping with M13 Phage Peptide Display

MAD preparations have been described previously [8]. Anti-
bodies were affinity-purified with a protein G-Sepharose column
(Pierce, Rockford, I11.) according to the manufacturer’s instructions.
The purity of the antibodies was confirmed by sodium dodecyl sul-
fate-containing polyacrylamide gel e¢lectrophoresis (SDS-PAGE).
M13 phages displaying random heptapeptides at the N-terminus of
its minor coat protein pIIl were obtained from New England Biolabs.
Antibody coating and phage panning were performed as previously
described [7]. The antibody-bound phages were determined for the
5’-end nucleotides of gene III by manual sequencing.

Western Blotting

Proteins were separated on SDS-PAGE, transferred to nitrocellu-
lose membranes, reacted with immunochemical reagents as de-
scribed previously [19]. In brief, rabbit antibodies were diluted with
5% skimmed milk in Tris-buffered saline and incubated with the
nitrocellulose membranes. After incubation and washing, the blots
were reacted with horseradish peroxidase (HRP)-labeled goat anti-
rabbit IgG (heavy- and light-chain-specific; Sigma, St. Louis, Mo.),
and finally developed with Western blot chemiluminescence reagent
(NEN Life Science, Boston, Mass.).

When primary antibodies were MAb, the immunochemical reac-
tions were carried out similarly except that the secondary antibodies
used were HRP-conjugated goat anti-mouse IgG (Sigma).

Cell Transfection and Immunofluorescence Staining

HeLa cells in DMEM-10% fetal calf serum were maintained in
145-mm tissue culture dishes. Transient expression of antigens was
carried out by calcium chloride transfection as previously described
[11]. Cells used for immunofluorescence staining were similarly pre-
pared except that the cells were cultured on cover slides. Cells were
rinsed with phosphate-buffered saline (PBS), fixed, and permeated
with methanol/acetone (1:1) 48 h after transfection. After blocking
nonspecific binding with 1% bovine serum albumin (BSA) in PBS,
the cells were reacted with primary antibodies diluted 1 to 200 in the
same buffer. The secondary antibodies used were rhodamine-labeled
goat anti-rabbit IgG or FITC-labeled goat anti-mouse IgG (Sigma).
These fluorochrome-conjugated secondary antibodies were species
specific and did not cause cross-reaction. Both conjugates were
diluted 1 to 500 in PBS containing 1% BSA.

Results and Discussion

To map where SC1D7 binds to MBP, we generated
two recombinant proteins containing different MBP por-
tions (fig. 1a). MBP(N) contains the N-terminal 120 ami-
no acids of MBP, whereas GST-MBP(C) contains GST
and residues 121-391 of MBP. These two recombinant
proteins appeared to be overexpressed in bacteria since in
the Coomassie blue-stained protein profiles (fig. 1b),
bands with the expected electrophoretical mobility could
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Fig. 1. Mapping the binding site of SC1D7 on MBP. a Schematic of
MBP fragmentation. b Coomassie blue staining patterns of bacterial
lysates run on SDS-polyacrylamide gel. Dots mark overexpressed
proteins. Proteins in SDS gels parallel to that in b were transferred to
nitrocellulose membranes and reacted with different antibodies: rab-
bit polyclonal antibodies to MBP (¢), or MAb SC1D7 (d).

be visualized. To confirm that these proteins are the cor-
rect MBP derivatives, Western blotting using anti-MBP
polyclonal antisera was performed (fig. 1¢). The fact that
all protein reacted positively with anti-MBP antibodies
indicated that these proteins were properly assigned.
These proteins were then reacted with SC1D7, and the
Western blotting results (fig. 1d) indicated that GST-
MBP(C) and MBP(F), but not MBP(N), were detected.
Therefore, the binding site of SC1D7 was mapped to C-
terminal residues 121-391 of MBP.

To better characterize the epitope, we tested the bind-
ing of SCID7 on random heptapeptides displayed on
M13. After panning 3 times, MAb-bound phages were
cluted. From them, 17 phages were picked out, and the
peptide sequences displayed on their pIII molecules were
determined. These peptides were aligned, and the results
yielded a consensus sequence, X-D-X-R-I/V/L-P-X
(fig. 2), where X represents a residue with no preferred
biophysical properties. The most notable residues in this
sequence are Asp and Arg separated by a noncharged resi-
due, an Ile exchangeable with Val/Leu, and a Pro substi-
tutable with Ala. When this consensus sequence is aligned
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Fig. 2. Epitope characterization using random peptides displayed on
M 13 phages. Phages bound on SC1D7 were randomly picked out and
determined for the plll sequence. The N-terminal residues of plll
were aligned, and identical residues or those appearing as conserva-
tive amino acid changes are indicated with bold letters. These resi-
dues are summarized as a consensus sequence (shown on top) where
X denotes residues with no preferred biophysical property. A
sequence best matched to the consensus sequence in MBP (residues
314-320) is also aligned for comparison.

with that of the parental immunogen, the best-matched
region was found in residues 314-319 of MBP. In this
region, Asp315, Arg317 and Ile318 matched the consen-
sus sequence, whereas Lys314, Pro316 and Ala319 were
found twice or more in the deduced phage peptides.
Therefore, these phage-mapping results are consistent
with the data obtained from the MBP fragment-binding
experiment.

The above X-D-X-R-I/V/L-P-X peptides are located at
the N-terminus of pIII or in the middle of MBP. To test
whether those sequences located at the C-terminus of a
protein are still available for SC1D7 binding, we con-
structed Pin-M and expressed K-D-S-R-1-P-T at the pro-
tein C-terminus. This K-D-S-R-I-P-T peptide is the one
displayed by phage 7 (fig. 2) and is named the M epitope.
The M epitope followed by a translation stop codon was
inserted into a site close to the C-terminus of Pin (the par-
ental ORF encoded by the expression vector PinPoint-
Xa-1) but not at the end. As a result, Pin has an expected
size of 15.5 kd, whereas Pin-M is expected to be 14.3 kd.
Both proteins should be detected by avidin-HRP because
of a de novo biotinylated residue at Lys89 [20]. Host bac-
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pCMV-DS a

—
TCTAGAGTAAGAGTACTGAGGACCGTCGCCTCTTGTCGAGA’I‘G AGC CGT TCC
" Xbal Met Ser Arg Ser

rul
GAG TCG AAG AGG AAT CGQ GAC GGA AGA GAG GGG ATC CCC CGG

Glu Ser Lys Arg Asn Arg Asp Gly Arg Glu  BgmHI Smal
D epitope
GCT GCA_GGA ATT CGA TAT CAA GCT TAT CGA TAC CGT CGA CcCcT
Pstl EcoRI EcoRV  HindIll Clal

CGA_GGG GGG GCC CGG TAC CCA ATT CGQ;:QTATAQTGAGTCGTATT
Xhol Kpnl -4 T7 Promoter

pCMV-DD2 b
CTAQAG'I‘AAGAGTACTGAGGACCGTCGCCTCTTGTCGAGATG AGC CGT TCC
Met Ser Arg Ser

GAG TCG AAG AGG AAT g;gsg; GAC GGA AGA GAG GGG ATC CCC CGG
Glu Ser Lys Arg Asn Arg Asp Gly Arg Glu  BgmHI Smal

D epitope (MAb HP6A1)

- CTG CAG Gtg aag gat tcg cgg att ccg act tag gta cCC
Psd

M epitope (MAb SC1D7)
AAT TCGCCCTATAGTGAGTCGTATTA
-4 T7 Promoter

c
pCMV-DD6

CTAQAGTAAGAGTACTGAGGACCGTCGCCTCTTGTCGAGATG AGC CGT TCC

Met Ser Arg Ser
GAG TCG AAG AGG AAT CGS; GAC GGA AGA GAG GGG ATC CCC CGG
Glu Ser Lys Arg Asn Arg Asp Gly Arg Glu  BamHI Smal
D epitope (MAb HPBAT)

G-C_TGC AGG AAT TCG Atg aag gat tcg cgg att ccg act tag
Pstl EcoRl T o B A IR e

M epitope (MAb SC1D7)
gat c¢CC AAT TCGCCCTATAGTGAGTCGTATTA
Kpnl -4 T7 Promoter

Fig. 3. Western blot analysis of proteins with the M epitope attached.
The sequence coding for the M epitope was inserted into different
expression plasmids (see Materials and Methods). Proteins from
lysates of different bacteria were separated by SDS-PAGE and trans-
ferred onto nitrocellulose membranes for analysis with avidin-HRP
(a) or SCID7 (b). Proteins de novo biotinylated and detected by
avidin-HRP are endogenous 22-kd host protein (asterisks), proteins
encoded by the expression vectors (open circles), and proteins
encoded by pPin-M but whose translation presumably terminates at
the next stop codon 25 residues downstream (dots). c-e Analyses
were carried out similarly to those described for a and b except that
proteins were from lysates of plasmid-transfected HeLa cells that
expressed different EspB constructs.

teria also have an intrinsic biotinylated protein at 22 kd.
Figure 3a shows that lysates from host Escherichia coli
IM109 and the other transformants all share a commom
22-kd avidin-HRP-detected protein. Thus, this 22-kd pro-
tein must be the host intrinsic biotinylated protein. The
construct of Pin-M was readily detected as a 14.3-kd
product (fig. 3a, lane 2), which is smaller than the Pin
product (lane 3) expressed from the plasmid control. Fig-
ure 3b shows that the product of Pin-M (lane 2), but not
Pin, was detected by SC1D7. Therefore, these data fur-
ther confirmed that the M epitope is specifically recog-
nized by SC1D7 and suggest that the M epitope is anti-
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Fig. 4a—c. Cloning and expression regions of plasmids pCMV-DS,
pCMV-DD2 and pCMV-DD6. Note that while the D epitope is in
the same frame as the initiation codon (bent arrow), the M epitope is
in the third and second frames in pCMV-DD2 and pCMV-DD6,
respectively.

body-accessible when it is attached to the protein C-ter-
minus.

In the sample of Pin-M, a third biotinylated protein
was detected by both avidin-HRP (fig. 3a) and SC1D7
(fig. 3b). Its electrophoretic mobility is faster than that of
the host intrinsic protein (22 kd) and slower than those of
Pin-M (14.3 kd) and Pin (15.5 kd). This protein retains
the M epitope and has a size (of about 17 kd) that is con-
sistant with the product of Pin-M extending to the next
stop codon. Presumably, this band could be a translation-
al read-through product [12] of Pin-M.

The above data were obtained from different proca-
ryotic expression systems. To demonstrate that the M epi-
tope is an appropriate tag in the eucaryotic system, we
constructed two plasmids derived from pCMV-DS
(fig. 4a) that contains a ‘D’ epitope defined by MAb
HP6A1 [7]. Plasmids pCMV-DD2 (fig. 4b) and pCMV-
DD6 (fig. 4c) differ from pCMV-DS by small DNA seg-
ments inserted between the PstI and Kpnl sites. These
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Fig. 5. Immunofluorescence analysis of EspB expressed in plasmid-
transfected HeLa cells using different antibodies. Hela cells were
transfected to express EspB as indicated and immunostained 48 h
after transfection. Cells were transfected with pCMV-EspB and
stained with rabbit anti-EspB (a). Cells were transfected with
pCMVDD2-EspB and doubly stained with SC1D7 (b) and rabbit
anti-EspB (¢). Rabbit antibodies were indirectly visualized with rho-
damine-labeled goat anti-rabbit IgG, whercas MAb was detected
with FITC-labeled goat anti-mouse [gG.

small fragments encode the M peptide at different reading
frames. By appropriate insertion in front of the M pep-
tide-coding region, the product of an ORF driven by a
CMYV promoter is possibly detected by both HP6AL and
SC1D7.

To test the feasibility of the above system, a virulence
gene of enterohemorrhagic E. coli, espB [16, 17], was
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cloned into pCMV-DD2, with a frame correctly matched
to the M peptide. The resulting plasmid pDD2-EspB was
transfected into HeLa cells and analyzed for protein
expression by Western blotting. The doubly tagged DD2-
EspB product has an estimated size of 40 kd. In Western
blotting reactions with rabbit anti-EspB (fig. 3¢), HP6AI
(fig. 3d) and SC1D7 (fig. 3e), the cell lysates containing
DD2-EspB (lane 1) all gave a single product of the
expected size. In contrast, when EspB was cloned into
pCMV-DS to generate DS-EspB, similarly prepared cell
lysates had a protein detected by anti-EspB and HP6AI,
but not by SC1D7 (lane 2, fig. 3c-¢). These results are
consistent with the expectation that DD2-EspB is labeled
at both ends, whereas DS-EspB is only N-terminally tag-
ged.

It 1s important that tags do not alter the properties of
the questioned gene products. However, proteins vary
among themselves, and it is difficult to address every sin-
gle case. Since the original design of our system was to
facilitate subcellular protein localization of unknown
ORFs, we simply compared the results of the model pro-
tein, EspB, in the presence or absence of tags. The distri-
bution patterns of EspB in cells transfected with pDS-
EspB or pDD2-EspB were examined by immunofluores-
cence staining using anti-EspB, HP6A1 and SC1D?7. In all
cases observed, the staining pattern of the epitope-tagged
EspB was similar to that without tags. Typical examples
shown are EspB expressed from pCMV-EspB and stained
with anti-EspB polyclonal antibodies (fig. 5a) and DD2-
EspB expressed from pDD2-EspB and doubly stained
with SC1D7 (fig. 5b) and rabbit anti-EspB (fig. 5¢). These
immunostaining results all suggest that EspB is mainly
located in the cytoplasmic region, regardless of whether it
1s tagged or not. Thus, our data are consistent with the
previous observation obtained by staining EspB in cells
infected with E. coli [17] or in EspB-expressing cells [16].
These data also reveal that our tagging system does not
adversely affect the destination of protein sorting. There-
fore, this system appears to be an ideal alternative for
tracking the subcellular localization of ORFs that have
not been previously characterized.
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