
Bioorganic & Medicinal Chemistry Letters 15 (2005) 2447–2451
Site-specific immobilization of proteins in a microarray using
intein-mediated protein splicing
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Abstract—One of the critical issues in the generation of a protein microarray lies in the choice of immobilization strategies, which
ensure proteins are adhered to the glass surface while properly retaining their native biological activities. Herein, we report a bac-
terium-based, intein-mediated strategy to generate N-terminal cysteine-containing proteins which are then chemoselectively immo-
bilized to a thioester-functionalized glass slide to generate the corresponding protein microarray. We also showed preliminary data
of the strategy in a yeast host system.
� 2005 Elsevier Ltd. All rights reserved.
In the post-genomic era, the primary aim for researchers
is to fully characterize and understand all proteins en-
coded by the genome. In order to accomplish this, new
proteomic technologies capable of high-throughput
analysis and characterization of protein en masse have
to be developed.1 One of the emerging platforms—the
protein microarray, has the potential to rapidly profile
the entire proteome, thus is capable of revealing novel
protein functions and mapping out comprehensive pro-
tein interaction networks of an organism.2 An impend-
ing, and often overlooked, issue in protein microarray
technologies lies in the successful development of robust
strategies which allow efficient immobilization of pro-
teins onto glass surfaces while maintaining their native
biological functions.3 This calls for the development of
novel protein immobilization methods, which ensure
that proteins are uniformly and stably attached to the
solid surface.4 We previously developed intein-mediated
approaches to site-specifically biotinylate proteins both
in vitro and in vivo, and subsequently immobilized them
onto avidin-coated slides to generate the corresponding
protein array.5 We showed that proteins immobilized
this way retained their native biological properties on
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the glass surface, making them suitable to be screened
under a variety of assay conditions.6 Recently, we
showed that the intein-mediated protein biotinylation
efficiency, both in vitro and in vivo, could be drastically
improved.5c We now report, the use of the chemoselec-
tive chemical ligation reaction to site-specifically immo-
bilize N-terminal cysteine-containing proteins to create
the corresponding protein array. The key to our current
strategy is the use of intein-mediated protein splicing for
efficient expression of N-terminal cysteine-containing
proteins.

Previous work in our group had established the specific
immobilization of N-terminal cysteine-containing pep-
tides onto a thioester-functionalized glass slide, which
was subsequently used for high-throughput screening
of kinase activities.7 We now extend the strategy to the
site-specific immobilization of proteins in a microarray
format (Fig. 1). Briefly, a cysteine residue is introduced
at the N-terminus of a target protein which is then fused
to the C-terminus of an intein and subsequently
expressed in a suitable host (bacterium or yeast). The
resulting intein fusion could either be purified and
cleaved in vitro or cleaved directly in vivo, to obtain
the desired N-terminal cysteine-containing target pro-
tein. Subsequent immobilization of the protein occurs
efficiently and chemoselectively under aqueous condi-
tions, between the N-terminal cysteine on the protein
and the thioester group on the slide, resulting in the
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Figure 2. (a) Expression and purification of N-terminal cysteine-

containing EGFP by in vitro intein-mediated cleavage on a chitin

affinity column. Lane 1: Cell lysate containing overexpressed CBD–

intein–EGFP fusion protein (�50 kDa). Both the fusion and in vivo-

cleaved EGFP (i.e., the 27 kDa band) were observed. Lanes 2–4: The

first three fractions eluted from chitin column. Lane 5: Proteins

retained in the chitin column after elution. (b) Immobilization and

detection of purified N-terminal cysteine-containing EGFP on a

thioester slide. Varied concentrations of EGFP (left to right in mg/

mL: 1, 0.5, 0.2, 0.1, 0.05, 0.02, 0.01, and 0.005) were spotted, in

triplicate, and probed with Cy5-labeled anti-EGFP antibody. The

native fluorescence of immobilized EGFP was also measured and

plotted graphically in (c).
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Figure 1. Protein immobilization using the native chemical ligation reaction with N-terminal cysteine-containing proteins expressed by intein-

mediated protein splicing.
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site-specific attachment of the protein. It is noted that
recently, Camarero et al. independently introduced a
similar strategy which immobilizes thioester-containing
proteins (also generated by intein-mediated splicing)
with cysteine-functionalized slides.4d Also from our pre-
vious work, it was shown that intein-mediated protein
splicing serves as an efficient means to express N-termi-
nal cysteine-containing proteins which could be further
modified in vivo for bioimaging applications.8 In the
current study, we used it for the first time for protein
microarray generation.

The Ssp DnaB intein-mediated strategy was originally
designed to generate and purify N-terminal cysteine-
containing proteins in a single-step in E. coli. The ap-
proach is direct and eliminates the need for extra steps
(e.g., the use of additional proteases) or reagents (e.g.,
the addition of thiols during cleavage), all of which
could complicate protein purification. In order to obtain
a pure N-terminal cysteine-containing protein, it is nec-
essary that a sufficient amount of the uncleaved CBD–
intein fusion protein is obtained before binding to a
chitin column. By performing the protein expression at
room temperature for 12 h, we were able to obtain a
substantial amount of the fusion (at least 50%; Lane 1
in Fig. 2a) before chitin column purification. In vitro
cleavage of the fusion protein was further reduced by
carrying out on-column loading and washings at 4 �C
using lysis buffer (pH 8.5). On-column cleavage and
purification conditions were also optimized by carrying
out the on-column cleavage reaction at room tempera-
ture for 12 h using the cleavage buffer (pH 7.0). On an
average, highly purified N-terminal cysteine-containing
EGFP fractions could be routinely obtained with suffi-
cient yield (�1.5 mg/mL; Lanes 2–4 in Fig. 2a) and
directly used for spotting onto a slide. To confirm that
the N-terminal cysteine-containing EGFP obtained this
way is suitable for protein microarray generation, the
concentration of the protein sample was adjusted to
1 mg/mL and other series dilutions, before spotting onto
a thioester-functionalized glass slide.9 Successful immo-
bilization of EGFP was unambiguously confirmed by
probing the slide with a Cy5-labeled anti-EGFP anti-
body (Fig. 2b). The spots arrayed on the glass slides
were generally clear and defined and with relatively
low background signals. As observed from the native
fluorescence of the immobilized EGFP (Fig. 2c), relative
spot intensity reached saturation at about 0.2–1 mg/mL,
indicative of the upper limit of the amount that a protein
may be immobilized with this strategy. Significantly, as
little as 0.005–0.01 mg/mL of EGFP was sufficient to
give an easily detectable signal. This is in good agree-
ment with the detection limit observed in other immobi-
lization strategies.4,5 The observation of native EGFP
fluorescence also serves to confirm the proper folding
of EGFP upon immobilization. The practicability and
robustness of this immobilization strategy was fur-
ther demonstrated through stringent washings and
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prolonged storage of the EGFP slide, which showed a
negligible loss in its native fluorescence (data not
shown).

Having successfully validated the immobilization strat-
egy with pure proteins, it was postulated that crude cell
lysates may be directly spotted onto thioester glass
slides, doing away with the tedious protein purification
steps. This is possible because the native chemical liga-
tion reaction between the N-terminal cysteine-contain-
ing proteins and thioester groups (on the slide) is
highly chemoselective, even in the presence of other mole-
cules in a crude cell lysate (e.g., other proteins and chemi-
cals),10 which, upon protein immobilization, may be
easily removed by simple washing of the glass slide.5b,8

In addition, yield of the substantial amount of N-termi-
nal cysteine-containing proteins already present in the
bacterial host (i.e., Lane 1 in Fig. 2a) may be further im-
proved by modifications of cell growth/protein expres-
sion conditions.8a Crude cell lysates overexpressing
N-terminal cysteine-containing EGFP and GST, respec-
tively (rows 1 and 4 in Fig. 3), were spotted directly,
without any purification, onto a thioester slide and the
immobilization of these proteins was detected by native
EGFP fluorescence and Cy5-labeled anti-GST antibody
(A/B and C, respectively).11 As a control, a commercial
EGFP not having a N-terminal cysteine was also spot-
ted (row 3). To confirm that endogenous proteins in a
crude cell lysate (which do not normally contain an N-
terminal cysteine) were not immobilized nonspecifically
onto the glass slides, the crude lysate overexpressing
EGFP was spiked with commercially available GST
(not containing an N-terminal cysteine) before immobi-
lization (row 2). As shown in Figure 3, only N-terminal
cysteine-containing proteins, including EGFP and GST,
were successfully immobilized on the thioester slide,
whereas control proteins not having an N-terminal cys-
teine were readily washed off; the native fluorescence of
EGFP disappeared upon slide washings (row 3 in Fig.
Figure 3. Direct spotting of whole cell lysates overexpressing N-

terminal cysteine-containing proteins onto thioester-functionalized

glass slides.11 The samples were spotted in triplicates horizontally

with spotting pattern shown on the left panel. Row 1: N-terminal

cysteine-containing EGFP, 2: N-terminal cysteine-containing EGFP

spiked with pure GST (1 mg/mL, no N-terminal cysteine), 3:

commercial EGFP without N-terminal cysteine, 4: N-terminal cys-

teine-containing GST. Slides were treated differently followed by

visualization: (A) visualized in FITC channel w/o washing; (B)

visualized in FITC channel after slide washing; (C) visualized in Cy5

channel after slide washing and hybridization with Cy5-labeled anti-

GST antibody.
3A and B); while the commercial GST in the spiked
sample was not detected upon Cy5-labeled anti-GST
treatments (row 2 in Fig. 3C).

One obvious limitation with above system is that it uses
a bacterial expression host, which in many cases cannot
be used to express complex eukaryotic proteins due to
the lack of post-translational processing and modifica-
tion machineries in bacteria. The use of Saccharomyces
cerevisiae as an expression host may solve this problem,
and at the same time provide numerous advantages that
other eukaryotic hosts lack, such as easy genetic mani-
pulation and rapid growth under simple media. We
therefore investigated the feasibility of using intein-medi-
ated protein splicing to generate N-terminal cysteine-
containing proteins in yeast and subsequent immobiliza-
tion to thioester-derivatized slides. Again, EGFP and
GST were used as models. As shown in Figure 4a, the
pTWIN vectors, containing EGFP and GST fused to
the C-terminus of an intein, respectively, were PCR-
amplified, and cloned into a yeast expression vector,
Figure 4. Intein-mediated expression of N-terminal cysteine-contain-

ing proteins in yeast.12 (a) GatewayTM cloning of the two yeast

expression constructs. (b) EGFP overexpression in yeast with different

induction time (left to right: 0, 0.5, 1, 2, 3, 4, 6, 12, and 24 h). The gel

was visualized by western blotting with anti-EGFP antibody and

ECLTM kit. Therefore only EGFP-containing proteins may be visual-

ized. Note that only the cleaved, N-terminal cysteine-containing EGFP

(indicated by bottom arrow), and not intein–EGFP (top arrow), was

detected throughout the process. (c) Overexpression of protein

expression in live yeast cells was quantitated by periodic measurements

of native EGFP fluorescence at different induction time (x-axis).
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pYES-DEST52 (also known as destination vector; avail-
able from invitrogen), using the GatewayTM cloning
strategy. The use of GatewayTM cloning makes the strat-
egy adaptable for future high-throughput protein
expression experiments. DNA sequencing was carried
out to verify the presence of the insert in the destination
vector. The final yeast expression constructs were chemi-
cally transformed into yeast, followed by protein
expression and microarray immobilization.12

Figure 4b and c showed the time-dependent expression
of EGFP in yeast. Given the intrinsically lower expres-
sion level of proteins in yeast as compared to that in a
bacterial system, the overexpression of N-terminal cys-
teine-containing EGFP, in both the intein-fused and
spliced forms, was visualized by Western blotting with
an anti-EGFP antibody (Fig. 4b). Concurrently, the na-
tive EGFP fluorescence of the yeast cells was measured
periodically, which serves as another means to deter-
mine the relative amount of properly folded EGFP ex-
pressed inside the cells (Fig. 4c). Both EGFP and GST
(data not shown) were well-expressed in yeast, with the
expression of the protein starting within the first
30 min of induction, and progressively increasing over
a period of 12 h. Further increases in cell growth did
not noticeably increase the yield of the protein. One
important observation from the experiment is the com-
plete absence of intein-fused protein (e.g., intein–EGFP
fusion as indicated by top arrow in Fig. 4b) in the yeast
cells throughout the duration of protein expression: the
only overexpressed protein was the intein-spliced, N-ter-
minal cysteine-containing EGFP (e.g., indicated by bot-
tom arrow in Fig. 4b), indicating that a complete
cleavage/splicing mediated by intein had occurred under
yeast physiological conditions. The same phenomenon
was also observed for the other protein (e.g., intein–
GST). Subsequent modifications of yeast growth and
protein expression processes under a variety of different
conditions (i.e., temperature, time, concentration of
chemical inducer, etc.) also failed to generate any detect-
able amount of the fusion protein (data not shown). To
assess whether the in vivo cleaved EGFP (which con-
tains an N-terminal cysteine) could be used directly for
downstream protein microarray generation, the crude
yeast cell lysate at the end of 12 h EGFP overexpression
was taken directly, without further purifications, and
spotted onto a thioester-functionalized slide, as de-
scribed earlier. Unfortunately, we were not able to ob-
serve significant EGFP fluorescence on the slide after
extensive washing (data not shown). This is likely due
to a much lower expression of EGFP in yeast. Indeed,
when GST was similarly expressed in yeast and enriched
with a glutathione column, then spotted onto a thioester
slide, we were able to observed successful GST immobi-
lization with a Cy5-labeled anti-GST antibody (data not
shown). We are currently investigating a number of
strategies which may allow the enrichment of N-termi-
nal cysteine-containing proteins expressed in yeast such
that they may be used for protein microarray generation
in high-throughput.

In conclusion, we have developed a facile and robust
method to generate proteins for site-specific immobiliza-
tion in a microarray format, while potentially preserving
the biological activity of the protein in the process. This
method has a number of key characteristics: (1) the site-
specific immobilization of proteins via their N-terminal
cysteine may allow the proteins to retain their homoge-
neous biological activities by virtue of their uniform
orientation on the glass surface; (2) the generation of
N-terminal cysteine-containing proteins using intein-
mediated protein is direct and highly efficient (especially
in yeast), allowing proteins to be used for protein micro-
array generation without tedious purification processes;
and (3) the system is extremely robust as proteins are at-
tached onto glass slides by means of a strong covalent
bond. In our previous work,5,8 we had shown that in-
tein-mediated protein splicing events do not typically
go to completion under both bacterial and mammalian
host systems, consequently producing both the fusion
and the cleaved product of a target protein. This again
was confirmed in our current work when EGFP was ex-
pressed in E. coli (i.e., Fig. 2a). The fact that a complete
protein splicing was observed in S. cerevisiae with the
same protein (i.e., Fig. 4b) indicates that yeast might
potentially provide an ideal host for highly efficient pro-
duction of N-terminal cysteine-containing proteins,
which are suitable for further downstream applications
such as in vivo protein labeling for bioimaging and pro-
tein engineering experiments.5,8
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