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Abstract: Protein trans-splicing involving naturally or artificially split inteins results in two polypeptides being
linked together by a peptide bond. While this phenomenon has found a variety of applications in chemical
biology and biotechnology, precious little is known about the molecular recognition events governing the
initial fragment association step. In this study, fluorescence approaches have been used to measure the
dissociation constant for the Ssp DnaE split intein interaction and to determine the on and off rates of
fragment association. The DnaE fragments bind with low nanomolar affinity, and our data suggest that
electrostatics make an important contribution to the very rapid association of the fragments at physiological
pH. This information was used to develop a tandem trans-splicing system based on native and engineered
split inteins. This novel system allows the one-pot assembly of three polypeptides under native conditions
and can be performed in crude cell lysates. The technology should provide a convenient approach to the
segmental isotopic or fluorogenic labeling of specific domains within the context of large multidomain proteins.

Introduction controlling protein activity in vivo. The identification of a
naturally split intein, Synechocytissp. (Ssp) DnaEl"*¢ has
further expanded the application of trans-splicing to include
protein cyclizatiort?2%in vivo protein semisynthes®, plant
biotechnology?? and cellular proteomic®. In addition, the split
SspDnakE intein has proven useful for studying the kinetics of
the chemical steps in protein splicifty.26

Protein trans-splicing is an example of protein fragment
complementation (PFC), referring to the well-known phenom-
enon in which complementary fragments of a protein can

Protein splicing is an autocatalytic, post-translational process
in which an intervening sequence, termed an intein, is excised
from a precursor protein with subsequent ligation of the two
flanking proteins, the exteins, via a native peptide bbhrdeins
have been identified in all three branches of fifsuggesting
protein splicing has an ancient evolutionary origin. Moreover,
a growing number of proteins have been shown to contain
autoprocessing domains that are orthologous to inteins at the
structural and/or mechanistic levéls. Although inteins have
not been found in multicellular organisms, recent studies indicate
that protein ligation can also occur by a proteasome-dependent
trans-peptidation mechanism as part of antigen presentation in*
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a denaturation/renaturation step before splicing occurs in vitro,
whereas the naturally spliSsp DnakE intein will support
spontaneous splicing. Interestingly, the artificially sBliieVMA

intein will support spontaneous splicing when fused to interact-
ing protein domaing®16 This suggests that the difference in
behavior of the artificially and naturally split inteins stems from

a difference in intrinsic affinity between the complementary
fragments. In this study, we have used fluorescence resonance
energy transfer (FRET) measurements to measure the dissocia-
tion constant for the DnaE split intein interaction and to
determine the on and off rates of fragment association. The
DnaE fragments bind with low nanomolar affinity, and our data
suggest that electrostatics make an important contribution to
the very rapid association of the fragments at physiological pH.
This information was used to develop a tandem trans-splicing
system based on native and engineered split inteins. This novel
system allows the one-pot assembly of three polypeptides under
native conditions and should provide a convenient approach to
the domain-specific incorporation of biophysical probes into
large proteins.

Results and Discussion

Monitoring the Association of the SspDnaE Split Intein
by FRET. It is generally believed that the tw8spDnaE
fragments (termed DnaEand Dnak) interact with high
affinity;2-.2426however, the thermodynamics and kinetics of this
association have not been reported. This quantitative information
would provide a starting point for understanding the molecular

e ‘ recognition processes underlying DnaE-mediated trans-splicing,

h |N| f o® as well as for developing additional applications of the process.
Ha " ﬁ In principle, association of the Dngind Dnaly fragments

can be monitored by changes in fluorescence resonance energy
o transfer (FRET) between appropriately placed fluorophores in
Figure 1. Protein trans-splicing. The process involves an initial binding  the two polypeptides. Conceivably, the FRET probes could be
interaction between the two split inteing,dnd L, followed by a series of - ted to the side-chai f ’ id ithin th
pseudo-intramolecular chemical steps culminating in the ligation of the conjugated to the sige-chains of residues within the QFETE‘J_
N- and C-exteins and the extrusion of the split intein complex. Dnaky sequences. However, thé &tructure of the complex is
. ) . ) not known, and thus, one runs the risk of disrupting the

associate noncovalently to form a native structif8With few association of the fragments through attachment of bulky

exceptions, PFC is more efficient when the fragments are atgqrophores within the intein itself. A better approach would
high local concentration, a feature that has made these systemg, . incorporate the probes within the N- and C-exteins
valuable as two-hybrid type sensors of protgmotein interac-  naicylarly since these sequences are expected to emerge from

tions?® Indeed, the spliSceVMA and SspDnaE inteins have e same face of the intein compfééConsequently, the FRET
both been used for this purpo¥e%31 The concentration- pair should be juxtaposed upon association of Dnafd

dependence is usually attributed to the fact that correct folding Dnak. Incorporation of the FRET pair within the exteins does

is favored over nonproductive processes as the effective o, 1o one major complication, namely, that they will become
_concentratlon of th? fragments mcrea_ses._ PFC ha_‘S been of SomEovalently linked following the trans-splicing reaction (Figure
interest to the protein-folding community since residual structure 1). Depending upon the eroff rates of split intein association
ywthln the fragments might reflect local structl%ges;‘ormed early this could complicate determination of the dissociation constant
in the folding pathway of the full-length proteff: (Kg) using steady-state fluorescence measurements. One solution

Despite the many applications of protein trans-splicing, 4 this problem might be to inactivate the split intein either by
essentially nothing is known about the molecular recognition ., .+~«ion of residues critical for functidhor by adding ZA*

events underlying the process. Atrtificially split inteins require ions, which inhibit splicing by coordinating active-site resi-
dues?536 However, both of these strategies run the risk of
perturbing the association of Dnaand Dnal.

As an alternative solution to this problem, we conceived an
inhibition strategy involving the incorporation of a chemical
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Figure 2. DnaE split intein interaction monitored by FRET. (A) Schematic showing the principle of the FRET binding assay. Protein cdnatrdés
contain the split intein fragments Dna&nd Dnak and the FRET pair GFP and Texas Red (TR) within the extein sequences. CoBstistontains two

Cys residues close in sequence. When these are oxidized, prb&id® can interact, but splicing cannot occur (see Figure 1). Addition of a reducing agent
such as TCEP triggers the splicing reaction. (B) Fluorecence image of a reducing SDS-PAGE gel of the trans-splicing reactioh dretd@¢inmination

A = 306 nm). The survival of GFP and TR fluorescence during SDS-PAGE allows reactants and products to be monitoree: parfiet constructt;

lane 2= 1 + 2 in the absence of reducing agent; lane 3 + 2 in the presence of TCEP. Note, the samples were not boiled to avoid quenching of the GFP
fluorescence. This leads to a slight change in the electrophoretic mobility of the GFP fusion protein.

trigger of activity within the extein. As shown in Figure 2A, previously detected by SDS-PA&%and suggests a very tight
the C-extein was designed to contain two proximal cysteine interaction between the polypeptides and/or the presence of a
residues, the first of which is the-(l) Cys involved in the cross-linked splicing intermediate. Importantly, no spliced
splicing reaction. Since these two Cys residues are close togetheproduct3 (i.e., GFP-Texas Red peptide) could be detected under
in sequence (sequenceCFNC-), we anticipated that they  these reaction conditions. This is consistent with our design in
would readily form a disulfide and so prevent the splicing which the two Cys residues in the C-extein segment are oxidized
reaction. Note, redox switches have previously been used toto a disulfide, thereby inhibiting splicing. Since there are no
control protein activity?”-38 This inhibition strategy should be  other cysteines in constru@ it suggests that the complex
reversible and less invasive than mutagenesis of the intein orpetweenl and2 is indeed noncovalent and that, remarkably, it
the addition of ZA". Two fluorescent protein constructs were survives SDS-PAGE analysis.

thus prepared. Construtttomprised GFP (the N-extein) fused
to Dnaky, whereas constru@ comprised Dnag fused to the

Purified constructsl and 2 were next combined in the

k > X X < . presence of the reducing agent TCEP (Figure 2B, lane 3). Under
aforementioned bis-cysteinyl peptide containing the organic these conditions, a major new fluorescent protein band was

fluorophore Texas Red (the C-extein). The former construct was q,served. The molecular weight and fluorescence emission of
fully recombinant and generated by standqrd bactgrlal EXPressiofy;g protein band are consistent with the expected splice product
approaches, whereas the latter was semisynthetic and prepare . In this case we did not observe the accumulation of a complex

by expressed protein ligati8hof a recombinant polypeptide between protein and2. Thus, trans-splicing can be triggered

and a.fs.,ygthetlc peptide (Zee Experlmergal Z/Ieth;)ds). . by the addition of the reducing agent TCEP, which is again
Purified constructsl and 2 were combined under various .- cictent with our design.

conditions and the trans-splicing reactions monitored by reduc- Kineti dTh q . f Ssp Dnak Solit Intei

ing SDS-PAGE analysis (Figure 2B). Here we took advantage A ine 'f.s aré h erm.?by_namtlli:stc.) sP dnlil' t.p' ntein

of the survival of GFP fluorescence during gel electrophoresis, ssociation. Both equilibrium titrations and kinelic measure-
ments revealed a very high affinity between the DgaBd

allowing product formation to be detected by fluorescence he i libri o
imaging of the gel (Figure 2B). In the absence of any reducing Dnaky frggments_. The fluorescence-based equilibrium titration
was carried out in the absence of TCEP, so that constducts

agents in the splicing buffer, we observed a new band with a ) e
molecular weight and fluorescence emission consistent with that@1d 2 can associate, but splicing cannot occur due to the
of a complex betweed and 2 (Figure 2B, compare lanes 1 oxidation of the catalytic cysteine in DngEUpon excitation

and 2). The formation of a Dna#DnaE complex has been of GFP at 470 nm, we observed approximately 70% decrease

in GFP fluorescence at 510 nm in the presence of saturating

(37) Falcon, C. M.; Swint-Kruse, L.; Matthews, K. &.Biol. Chem1997, 272, amounts of construc? (Figure 3A). This decrease was ac-
26818-26821. companied by an increase in Texas Red fluorescence at

(38) Posey, K. P.; Gimble, F. ®iochemistry2002 41, 2184-2190. . . .
(39) Muir, T. W. Annu. Re. Biochem2003 72, 249-289. 612 nm. Titration of construcl with a control compound,
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Figure 3. Fluorescence analysis of the DnaE split intein interaction. (A)
Steady-state fluorescence emission spectra @5 nM) with increasing
concentrations of2 (0, 63, and 360 nM; green, gray, and red line,
respectively) in the absence of TCEP (i.e., DpaBd Dnak can associate,

but splicing cannot occur). Excitation was at 470 nm and direct (i.e., non-
FRET) excitation of Texas Red was subtracted from these spectra.
(B) Binding isotherm obtained from the equilibrium titration {15 nM)

in the presence of increasing concentration® (@olid circles) or increasing

amounts oR in either the presence or absence of TCEP (Figure
4). The data were best fit by a double-exponential function. The
observed rate from the initial fast phase depends linearly on
the concentration o2, whereas the observed rate from the
second slow phase does not (Figure 4). This biphasic behavior
is consistent with a kinetic mechanism where more than one
form of the binary complex is populatéd.The slope and
intercept extracted from the intial rateys;, define the associa-
tion second-order rate constaky, and the dissociation rate
constantky, respectively, whereas the maximum rate of the
second phase defines a unimolecular process within the complex.

The calculated rate constants are shown in Table 1. The
kinetic data reveal that DngEand Dnak associate extremely
fast and dissociate moderately slowly. This accounts for the low
dissociation constant of the complex; note, kyederived from
the kinetic data is in excellent agreement with that obtained
from equilibrium measurements (Table 1). Moreover, the kinetic
constants are unaffected by the presence or absence of TCEP
in buffer, reflecting the fact that the kinetics of association and
dissociation are rapid relative to the subsequent splicing.

The second-order rate constant for association approaches that
of the diffusion limit set by the EinsteinSmoluchowski
equation to be 18-10°M~1 s™1, Association rates are dictated
by macromolecular diffusion and by short-range forces that can
offset orientational constraints for the interactfériThere is
mounting evidence that nature exploits electrostatic attraction,
or steering, to tune the rates of protein interactits.
Intriguingly, the Dnaly and Dnak sequences have theoretical
isoelectric points (pl) of 4.3 and 9.3, respectively (Figure 5).
To examine the possibility that electrostatic steering contributes
to the rapid association of DnrEand Dnak, we repeated the
kinetic experiment using a buffer of lower ionic strength.
Consistent with the electrostatic steering model, we find that

concentration of free Texas Red (open circles). Experiments were performed|<On increases as the ionic strength of the solution decreases

in triplicate.

DTT-conjugated Texas Red, did not lead to appreciable FRET
between the fluorophores (Figure 3B). Thus, the FRET between

constructsl and?2 reflects the interaction between Dna&nd
Dnaky. The binding isotherm was followed by the change in
GFP fluorescence at 510 nm as a function of added congruct
to constructl (Figure 3B). The dissociation constargf
extracted from this isotherm was 36 12 nM (Table 1). The

same binding isotherm was obtained regardless of whether a

1 min or 10 min equilibration time was used. In other
experiments, construcisand2 were combined in the presence

of TCEP and the fluorescence emission spectrum of the mixture
monitored over 24 h. Even though splicing was triggered under
these conditions, we did not observe any discernible change in

FRET over this period (data not shown). Thus, the amount of
FRET associated with the initial split intein complex is similar
to the final splice producB. This precluded further kinetic
analysis of the chemical steps in of the protein splicing reaction
by FRET.

Previous studies of DnaE trans-splicing suggest that associa-

tion of the split intein fragments is rapid relative to the
subsequent splicing reaction, which occurs in minutes to F8urs.
To monitor the kinetics of DnaE complex formation, we
employed stopped-flow mixing with fluorescence detection. In

1)
these experiments, we measured the time-dependent decreas%g
)

in GFP fluorescence in construttupon addition of varying

whereaskos is unaffected (Table 1). The unimolecular rate
constantkypsz is also unaffected by the presence or absence of
reducing agents or changes in ionic strength of the buffer (Table
1). Conceivably, the slow phase might reflect a reorganization
of the initial complex into a distinctive conformational state.
This type of two-phase behavior has been previously observed
for the association of split proteidd Further studies, perhaps
involving the use of mutant Dnafand Dnaly fragments, will
be required to fully understand the significance of the second
phase

Development of a Tandem Protein Trans-Splicing System.
As discussed above, the DnaE split intein fragments associate
rapidly and with high affinity. These observations help explain
the efficiency of DnaE-mediated trans-splicing in vitro and in
vivo.182-24 Another important facet of protein trans-splicing
is the presumed specificity of the process. Inteins exhibit a
relatively low level of sequence homology outside the conserved
catalytic residue$} and so different split inteins are expected
to be functionally orthogonal to one other (Figure 5). This is
illustrated by the work of Yamazaki and co-workers, who used

(40) Wong, L.; Lieser, S.; Chie-Leon, B.; Miyashita, O.; Aubol, B.; Shaffer, J.;
Onuchic, J. N.; Jennings, P. A.; Woods, V. L., Jr.; Adams, JJAVol.
Biol. 2004 341, 93—106.

Berg, O. G.; von Hippel, P. FAnnu. Re. Biophys. Biophys. Cheri985

14, 131-160.

Schreiber, G.; Fersht, A. Rlat. Struct. Biol1996 3, 427—431.

Selzer, T.; Albeck, S.; Schreiber, Nat. Struct. Biol.200Q 7, 537-541.
(44) Perler, F. BNucleic Acids Res200Q 28, 344—345.

(4
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Table 1. Rate and Equilibrium Dissociation Constants for Ssp DnaE Split Intein Interactions in the Presence or Absence of the Reducing

Agent TCEP?

buffer conditions kon (10" M~1s7Y) Kot (574 Kz (nM) Kons2(57%)
100 mM sodium phosphdte 2.8+0.5 1.2+ 0.2 43+ 10 0.65+ 0.03
100 mM sodium phosphétte 36+ 12
100 mM sodium phosphate, 25+0.2 1.2+ 0.5 47+ 20 0.72+ 0.05
2 mM TCEP
20 mM sodium phosphate, 6.7+0.2 1.7+ 0.6 26+ 12 0.70+ 0.01
2 mM TCEP

aThe data are shown as the mean and standard devifiaquilibrium dissociation constants derived from the ratiokef /kon Using stopped-flow
measurement. Equilibrium dissociation constant derived from the steady-state titration.

1.50

1.001

0.754

Fluorescence Signal (Volts)

0.504

0 1 2 3 4 5
Time (sec)

Figure 4. Stopped-flow kinetic analysis of the DnaE split intein interaction.
Interaction of construci (20 nM) with construct2 (100-400 nM) was
monitored using the quenching of GFP fluorescenc# {data shown are
for [2] = 200 nM). The data were fit to a double-exponential decay function
to give rate constantgnsi andkopsz (Kobs1= 5.2 4 0.1 s’ andkopsz= 0.75
+0.02s% A, =0.63+ 0.01 V andA, = 0.34+ 0.01 V in the example
shown). The inset shows the observed rate constants as a function of th
concentration of. The observed rate from the fast phégg: (solid circle)
depends linearly on the concentration®fwhile the observed rate from
the slow phasekops2 (Open circles) does not change with increasing
concentration oR. kon and ket were obtained using the equati@gysi =
kon[2] + kof, Wherekon is the slope and the ordinate intercept.

e

naturally split DnaE intein, this system incorporates an artifi-
cially split VMA intein fused to FKBP and FRB heterodimer-
ization domains. We have previously demonstrated that this
configuration allows the trans-splicing activity of the VMA
intein to be triggered by addition of the small molecule
rapamycin, which induces assembly of the intein compfex.
Importantly, this “conditional protein splicing” (CPS) occurs
under physiological conditior®§. Thus, the proposed tandem
trans-splicing strategy should permit the assembly of three
polypeptides under physiological conditions. Furthermore, it
should be possible to perform both trans-splicing reactions
simultaneously (by adding rapamycin to the mix &t 0) or, if
desirable, in a stepwise fashion by adding rapamycin to the mix
after a defined period (in this case the DnaE-mediated reaction
should occur first).

As a proof of concept, we undertook the synthesis of the
signaling adaptor protein c-Crkll from three recombinant protein
segments. c-Crkll is a 304 amino acid protein composed of an
N-terminal Src homology 2 (SH2) domain followed by two SH3
domains'® The target protein was divided into three pieces, each
containing one of these domains (Figure 6B). The two split sites
were designed to be located in the linker regions between the
SH domains and are the same as those previously used in the
semisynthesis of the protein by expressed protein ligdfion.

Three recombinant fusion-proteins were generated for use in
the tandem trans-splicing procedure (Figure 6C). Consttuct

two different split inteins to assemble three segments of a protein contained the Crk SH2 domain (residues 1P4) fused to

in a tandem trans-splicing reactiénin this work, fragments
from two artificially split inteins (Plpful and Plpfull, both from
the organismPyrococcus furiosyswere appended to the

Dnaky. This construct also contained an N-terminal Flag tag
and a C-terminal MBP for analysis and purification purposes,
respectively. Attachment of MBP was found to greatly improve

appropriate ends of three fragments of maltose binding protein the Yield of soluble protein expressed i coli. Constructs
(MBP). The use of artificially split inteins meant that relatively ~contained the central SH3 domain of Crk (residues-12%r)
harsh reaction conditions (chemical denaturants and elevatedlanked by Dnak and VMAy-FKBP. A C-terminal MBP was
temperatures) were required during this procedure. Nonethelessincluded for affinity purification and was again found to increase

the two trans-splicing reactions did occur simultaneously and
with high fidelity, thereby demonstrating the specificity of the
process.

The ability to assemble multiple polypeptides simultaneously
is highly desirable since it allows the differential incorporation
of stable isotopéd4 or optical probe¥ into discrete regions
of a protein. Ideally, procedures for doing this should work under
physiological conditions and be compatible with low concentra-
tions of reactants. With this in mind, we conceived the tandem
trans-splicing strategy outlined in Figure 6A. In addition to the

(45) Otomo, T.; Ito, N.; Kyogoku, Y.; Yamazaki, Biochemistry1999 38,
16040-16044.

(46) Xu, R.; Ayers, B.; Cowburn, D.; Muir, T. WProc. Natl. Acad. Sci. U.S.A.
1999 96, 388-393.

(47) Muralidharan, V.; Cho, J.; Trester-Zedlitz, M.; Kowalik, L.; Chait, B. T.;
Raleigh, D. P.; Muir, T. WJ. Am. Chem. So@004 126, 14004-14012.
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the amount of soluble protein expressiorkincoli. Importantly,
construct5 also contained two native DnaE C-extein residues
(Phe-Asn) between DnaEand the SH3 domain. Previous
reports have indicated that efficient DnaE-mediated trans-
splicing in a foreign host requires several native extein residues
surrounding the intei® In preliminary studies we found
insertion of just two native C-extein residues was required for
efficient trans-splicing in this context (see Supporting Informa-
tion). Finally, construc6 contained the C-terminal Crk SH3
domain fused to FRB-VMA. In addition, MBP and a polyHis
tag were included at the N- and C-termini, respectively. Note
that in preliminary studies we confirmed that the individual

(48) Feller, S. M.; Ren, R.; Hanafusa, H.; Baltimore, Dends Biochem. Sci.
1994 19, 453—-459.

(49) Blaschke, U. K., Cotton, G. J., Muir, T. Wetrahedror200Q 56, 9461—
9470.
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1 CFAKGTNVLMAD-GSIECIENIEVGNKVMGKDGRPREVIKLPRGRETMYS WVMA,

44 TAQ-WHDRGEQEVLEYELEDGSVIRATSDHRFLTTDYQLLATEEIFA--R DnaEy
50 VVQKSQHRAHKSDSSREVPELLKFTCNATHELVV--RTPRSVRRLSRTIK VMAy

91 QLDLLTLENIKQTEEALDNHRLPFPLLDAGTIK DnaEy
98 GVEYFEVITFEMGQKKAPDGRIVELVKEVSEKS..... VMAy
1 MVK--VIGRRSLGVQRIFDIGLP--ODHNFLLANGATAAN DnakE,
415 ECRGFYFELQELKEDDYYGITLSDDSDHOFLLANQOVVVHN VMA,

Figure 5. Comparison of the naturally spigspDnaE and artificially spliSceVMA inteins. Top: The VMA intein contains an internal homing endonuclease
domain that is removed in the split version of the protein. Bottom: Alignment of the split DnakE and VMA inteins used in this study. Conserved residues
are in bold, acidic residues in blue, and basic residues in red. The calculated isoelectric points of tharMMAVA: domains are 9.5 and 4.0, respectively.

This is in direct contrast with DnaE(4.3) and Dnak (9.3).

DnaE and VMA trans-splicing reactions occurred in the context material was analyzed by SDS-PAGE and immunoblotted

of the Crkll system (see Supporting Information). against an anti-FLAG antibody. Only the tandem splice product
Initially, we attempted the tandem trans-splicing reaction 7 would be expected to cross-react with both the-NTA beads
using purified proteins. Accordingly, proteids-6 were com- and the anti-FLAG antibody. Indeed, a band of the correct

bined at low micromolar concentration in a buffer containing molecular weight for the tandem splice prodidatas observed
both TCEP and rapamycin, and the tandem trans-splicing in the blot (Figure 8B, lane 1). Interestingly, we also observed
reaction was monitored by SDS-PAGE. After 48 h reaction, a higher molecular weight species consistent with the Flag-
several new protein bands were present in the reaction mixture,tagged starting materid in this sample. Since this construct

in addition to the three starting materials (Figure 7A, compare does not contain a His-tag, we presume it must have been in
lanes 1 and 5). A complex reaction mixture was expected since complex with constructS and6 and hence co-affinity purified

the tandem trans-splicing reaction should generate five products,in the Ni-NTA pull-down step. Thus, a tandem trans-splicing
the final splice product Crkllq) as well as the four residual  reaction can be performed simply mixing appropriate bacterial
split intein byproducts (Figure 6A). A band was observed with lysates in the presence of reducing agent and rapamycin.

the expected electrophoretic mobility @ Immunoblotting The ability to perform the reaction in this manner has obvious
revealed that this component cross-reacted with both anti-Flagpractical implications for the assembly of proteins from multiple
and anti-Crkll antibodies (Figure 7B and data not shown). component parts. By eliminating the need for any biochemical
Additional analysis of the mixture by RP-HPLC, followed by manipulations prior to the ligation step, the process is greatly
MALDI-TOF mass spectrometry analysis of the fractions, streamlined. Moreover, by appending differential affinity tags
confirmed that the tandem splice prodidiad been generated on either end of the final splice product it should make it
(Figure 7C). The overall yield of the three-component reaction possible to partially purify the product in two affinity chroma-
was estimated to be 48% based on densitometric analysis oftography steps, although as seen in this example an additional
the anti-FLAG immunoblot (Figure 7B, lane 1). The presence step (e.g., size exclusion chromatography) may be needed to
of a faint band around 100 kDa in the anti-FLAG immunoblot remove starting materials that remain in a ternary complex. Thus,
of the reaction mixture is consistent with the intermediate trans- we believe this strategy is an attractive route to the preparation
splicing product betweert and 5. Importantly, no splice of proteins in which discrete regions are labeled with stable
products were observed between constrdcéd 6. Thus, as isotopes or optical probes.

expected, the VMA and DnaE split inteins are functionally

orthogonal. It is worth noting that the calculated isoelectric Conclusions

points of the VMAy and VMA: domains are 9.5 and 4.0, This work presents several important advances in understand-
respectively. This is in direct contrast with Dnaf4.3) and ing protein trans-splicing and exploiting orthogonal split inteins
Dnak: (9.3) (see Figure 5 for sequence comparison). for use in protein engineering. Fundamental questions regarding

Encouraged by the above results, we next attempted tothe self-association kinetics of a split intein can now be
perform the tandem trans-splicing reactions directly in crude addressed by monitoring the changes in FRET between
bacterial lysates containing the overexpressed protetits As GFP-Dnalg and Dnak-TR. SspDnaE split intein fragments
illustrated in Figure 8A, the three bacterial lysates were display considerable affinity toward each other. The relatively
incubated in the presence of TCEP and rapamycin. After 18 h low Kq results from a very fast association rate and moderately
of reaction, the lysates were affinity purified using Ni-NTA  slow dissociation rate. Furthermore, the association rate depends
beads (which will bind the His-tagged proteins), and the enriched on the ionic strength of the buffer, suggesting an electrostatic
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61 IINSSGPRPP VPPSPAQPPP GVSPSRLRIG 90 |
91 DQEFDSLPAL LEFYKIHYLD TTTLIEPVAR 120 >
120 SRQGCFNGVI LRQEEAEYVR ALFDFNGNDE 150 ‘@
151 EDLPFKKGDI LRIRDKPEEQ WWNAEDSEGK 180 s
181 RGMIPVPYVE KYRPASASVS ALIGGNQEGC 210 c
211 HPQPLGGPEP GPYAQPSVNT PLPNLONGPI 240 °
241 YARVIQKRVP WAYDKTALAL EVGELVEVTK 270 °
271 INVSGQWEGE CNGKRGHFPF THVRLLDQON 300
301 PDEDFS [
30166 35184 40202
C FLAG DnaEy Mass (m/z)
N mnSH2a -@-c Figure 7. In vitro tandem trans-splicing of purified Crkll intein precursor
proteins. Analysis of the trans-splicing reaction by Coomassie stained SDS-
Construct 4 PAGE (A) and Western blotting using an anti-FLAG antibody (B). Purified
constructs4 (lane 3),5 (lane 2), andé (lane 4) were combined (lane 5,
DnaE; VMA,, FKBP t = 0), and the trans-splicing reaction was allowed to proceed for 48 h at
- 22 °C (lane 1). The calculated molecular masses of starting materials are
N<COnSH: : g
—@-c as follows: 4 (69.7 kD),5 (88.6 kD),6 (72.7 kD). (C) MALDI-TOF mass
Construct 5 spectrum of spliced produgtisolated by analytical RP-HPLC of the reaction
mixture (calculated mass 36695 Da).
FRB VMA; HIS . . . . Lo .
ol extein amino acids, Phe-Asn, were inserted at the splice junction.
F@"" e Tandem trans-splicing involving DnaE and VMA split inteins
Construct 6 should prove generally applicable to segmental isotopic or
FLAG HIS fluorogenic labeling of specific domains within the context of
N "SHZ'ﬂ' cSH3L Tk a large multidomain proteins.
7 Experimental Procedures

Figure 6. Tandem protein trans-splicing. (A) The system combines the . . R .
naturally split DnaE and inducible split VMA inteins. Addition of rapamycin General Methods. A”_ amino acid de!'|vat|ves and resins yvere
under physiological conditions triggers the ligation of proteinslll via purchased from Novabiochem (San Diego, CA). Rapamycin was

normal peptide bonds. (B) Sequence of murine c-Crkll. The three segmentspurchased from Sigma-Aldrich Co. (St Louis, MO). Antibodies were
of the protein used in the trans-splicing reactions are indicated: SH2 domain purchased from Covance (Princeton, NJ; anti-His, clone MMS-156R),
(blue), nSH3 domain (red), and ¢SH3 domain (magenta). Mutations Bp Transduction Laboratories (Lexington, KY; anti-Crk), and Sigma-
introduced to faC|I|ta_1te the_ two t_rans-spllcmg‘reactl_ons are underlined. Note, Aldrich (monoclonal anti-FLAG). All other chemical reagents were
the strategy results in the insertion of two amino acids (FN) between residues hased f Si Aldrich and Fisher Scientific (Pittsburah. PA
124 and 125. (C) Domain structure of the three constrde® used in the purc gse rom igma-Aldrich and Fisher Scientific (Pittsburgh, PA).
tandem trans-splicing reactions, as well as the final product Analytical gradient HPLC was performed on a Hewlett-Packard 1100
series instrument with a Vydac C18 columny®, 4.6 x 150 mm).
Preparative HPLC was performed on a Waters DeltaPrep 4000
instrument fitted with a Waters 486 tunable absorbance detector. All
o . . . i i 0, 0,
DnaE split intein may also prove useful in designing a more runs u§e_d linear gr?dlents of 0.1% aqueous TFA (solvent A) vs 90%
fficient split intein in the future acetonitrile plus 0.1% TFA (solvent B). Electrospray mass spectrometry
e . -p . ) . L (ESMS) was performed on a Sciex API-100 single quadrupole
EXplo't'ng th? orthogpnallty Of. thg naturally split Dnak intein electrospray mass spectrometer. MALDI-TOF was performed on
and the inducible split VMA |.n'te|n, we .have successfu'lly Applied Biosystems Voyager-DE STR MALDI-TOF using 4-hydroxy-
developed a tandem trans-splicing reaction and used this tocinnamic acid (4HCCA) as the matrix.
assemble the multidomain protein Crkll is a one-pot reaction  Peptide Synthesis.The fluorescent peptide, H-CGRGK[exas
under native conditions (Figures 6 and 7). Unlike earlier Red)G-NH, was synthesized on a 4-methylbenzhydrylamine (MBHA)
systemd5 the present tandem trans-splicing technology does resin according to the in-situ neutralization/HBTU activation protocol
not require denaturing and refolding of the target protein and for Boc SPPS? Following chain assembly, Texas Red succinimidyl
the use of elevated temperatures. The efficiency of protein trans-Ster (Molecular Probes, Eugene, OR) was attached ioNi¢; group
splicing is depender_lt_on the context of host extein. In the _case(so) Schritzer, M.: Alewood, P.: Jones, A. Alewood, D.: Kent. S. B.IHt. J.
of SspDnakE, transsplicing was only successful when two native Pept. Protein Res1992 40, 180-193.

influence on the kinetics of split intein interaction. The ability
to monitor the rates of association and dissociation ofSkp
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Figure 8. Tandem protein trans-splicing in whole-cell lysates. (A)
Schematic showing the experimental strategy employed. Bacterial cells
expressing individual constructs-6 were lysed and mixed in the presence
of 100 nM rapamycin. The tandem trans-splicing reaction was allowed to
proceed for 18 h at 24C. (B) Anti-FLAG Western blot of the reaction
mixture att = 18 h (lane 1) and = 0 h (lane 2). Immunoblots of the input
lysates are also showrb (lane 3),4 (lane 4), and (lane 5).

of Lys using an orthogonal (Fmoc/Boc) protection strategy. The peptide
was cleaved from the support using liquid HF &Cland purified by
semipreparative HPLC (Vydac C18 column) using a linear gradient of
25—45% B over 60 min at a flow rate of 5 mL/min; ESMS, observed
= 1278.5+ 1 Da, expected= 1277.5 Da.

Construction of Expression Plasmids.The plasmid encoding
constructl (pHis6-GFP-Dnag) is described! The plasmid pDnag
GyraseA-6His was created by inserting two complementary and
annealed synthetic DNA oligos encoding the polyhistidine tag,
TGGAHHHHHHGA, between thé\geand Pstrestriction sites in the
previously described template plasmid, pDpdEyraseA?* Note that
this template plasmid encodes three C-terminal extein residues (CFN)
between DnaEand the GyraseA intein. Plasmids encoding Crkll split
intein fusion proteingl—6 were constructed as follows. pFLAG-SH2-
Dnaky-MBP (4): The template plasmid pSH2-DngBP was gener-

ated by PCR using three overlapping PCR products encoding the murine,

Crkll SH2 domain (residues -1124), Dnaly and MBP (from
pMal-c2X, New England Biolabs). Note, a linker sequence, Gly-Ser,
was inserted between DnaBnd MBP by including the corresponding

nucleotide sequence in the PCR primers. The digested PCR product

was subcloned into the vector pTXB1 (New England Biolabs) using
Nde and Agerestriction sites. pFLAG-SH2-DnaBMBP was created

by inserting two complementary and annealed synthetic DNA oligos,
encoding GHDYDKDDDKGS, into thédesite of the pSH2-Dnaf=
MBP template. pDnagnSH3-VMAy-FKBP-MBP (): The DNA
encoding nSH3-VMA-FKBP-MBP was generated by PCR using three
overlapping PCR products encoding the nSH3 domain of murine Crkll
(residues 125207), VMA\-FKBP (from pHM42%), and MBP. The
digested PCR product was subcloned into the vector pb1afEase-

His usingMfe | and Agerestriction sites. The cloning procedure was
designed to mutate Ser125 in nSH3 to Cys and to insert the two natural
extein residues (Phe-Asn) following Cys125. pMBP-FRB-V#ESH3-
His6 (6): The cSH3 domain of Crkll (residues 26804) was amplified

by PCR and cloned into thife | and Hind Il sites of the previously
described plasmid pHM4%, which encodes MBP-FRB-VMA The

polyHis tag was fused to the C-terminus of cSH3 through thgiger,
and the 5primer encoded the Ser208-Cys mutation in cSH3.

Protein Expression and Purification. E. coli BL21 (DE3) cells
(Invitrogen, San Diego, CA) were transformed with individual expres-
sion plasmids. Transformed cells were grown to mid-log phase in Luria-
Bertani media at 37C, and protein expression was induced by addition
of isopropyl$-p-thiogalactopyranoside (IPTG) to a final concentration
of 0.8 mM at 26-24 °C for 5 to 7 h. Cells were then harvested by
centrifugation, resuspended in lysis buffer (25 mM sodium phosphate
pH 7.5, 150 mM NacCl), and lysed by passage through a French press.
Insoluble material was removed by centrifugation and, in the case of
constructgl—6, the desired fusion protein purified from the supernatants
by affinity chromatography using amylose affinity columns (New
England Biolabs). Construc#sand6 were further affinity purified using
M2 anti-FLAG affinity resin (Sigma-Aldrich) and Ni-NTA resin
(Novagen), respectively. Construttand Dnak-Gyrase-6His were
purified directly on Ni-NTA columns. Purified proteins were dialyzed
against 0.1 M sodium phosphate buffer, pH 7.0 or pH 8.0, and either
used directly in the trans-splicing reactions or flash frozen & °C.

The concentration of protein solutions was determined by Bradford
assay.

Semisynthesis of Dnak-Texas Red (2) Purified Dnak-GyraseA-
6His (0.5 mM) and H-CGRGK«{Texas Red)G-NK (0.8 mM) were
combined in 1 mL of ligation buffer (0.1 M sodium phosphate,
pH 8.0) containing 100 mM MESNA and 10 mM TCEP at room
temperature for 48 h. The ligation product, constrRcprecipitated
during the reaction and was redissolved in 30% acetic acid prior to
purification by RP-HPLC using a linear gradient of-222% B over
30 min. The identity of ligated product was confirmed by ESMS
[2: observed mass 5456.0+ 1.0 Da; expected mass 5456.4 Da].

Characterization of Ssp DnaE Trans-Splicing by SDS-PAGE.
Purified 1 and 2 were combined in splicing buffer (0.1 M sodium
phosphate pH 7.0, 1 mM EDTA). The concentration of the two proteins
was typically in the range 1030 M. The mixture was allowed to
react at room temperature for 426 h in the presence or absence of
5 mM TCEP. The reaction was then quenched by dilution into
SDS-PAGE loading buffer containing 1% v/v 2-mercaptoethanol before
being analyzed by SDS-PAGE. To avoid quenching of GFP fluores-
cence, the sample was not boiled before loading onto the gel. The
spliced product3 was visualized using either a Typhoon 9500
fluorescence scanner (Amersham Pharmacia, Piscataway, NJ) or
illumination with an ultraviolet lightbox. The concentrationsloand
2 were determined spectrophotometricallly:esgs = 58 000 Mt cm;

2, €590 = 80 000 M cem .

Spectrofluorometric Analyses of Ssp DnaE Split InteinsSteady-
state emission spectra were measured at room temperature using a Jobin
Yvon/Spex Fluorolog 3 spectrofluorometer (Instrument S.A., Inc.,
Edison, NJ) with the excitation bandwidth set at 4 nm and emission at
5 nm. The excitation wavelength for GFP was set at 470 nm, and
emission was monitored between 490 and 700 nm. The equilibrium
dissociation constantkg) for the DnaE split intein interaction was
obtained by titration of a fixed quantity of (15—30 nM) with
increasing concentrations of constrictDissociation constants were
calculated by assuming a 1:1 complex and by fitting the fractional
decrease in GFP fluorescence emission at 510 nm to eq 1:

AF = AF (N + C, + Ky —
{(N;+ C, + Kp)? = ANC}*9))(2N) ™ (1)

where AF and AFna are the change and maximum change in
fluorescence, respectivell is the total concentration df, andC; is
the total concentration (.

Association and dissociation rate constants lofwith 2 were
determined from changes in the GFP fluorescence using an Applied
Photophysics SX.18MV (Leatherhead, UK) stopped-flow spectrophoto-
meter. Time-dependent decreases in GFP fluorescence were observed
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upon excitation at 480 nm by means of a 515 nm emission cutoff filter. cocktail (Roche Applied Science, Indianapolis, IN). Each cell suspen-

For data analysis, the average ef®individual traces was used for a
given concentration c2. The observed fluorescence deckiyt), was
fitted to a double-exponential decay function, eq 2.

F(t) = Ay exp(—kopst) + Ay €Xp (Ckopsd) + Plateau  (2)

sion was lysed by three passages though a French press and then
clarified by centrifugation at 170@0for 20 min. The supernatants
containing protein fragmen# 5, and6 were then mixed in a ratio of
1:2:1 to a final volume of 1 mL. Note, this ratio resulted in
approximately equimolar amounts of the three constructs. The reaction
was allowed to proceed in the presence of 100 nM rapamycin &€24

where A and k are the amplitude and rate of fluorescence decay, for 18 h. To ensure unambiguous identification of splicing product,
respectively. Goodness of fit was evaluated from the standard deviationswe enriched the His-tagged proteins by incubation of the reaction
of the fitted values. On average, the standard deviation represented lesgnixture with 50uL of Ni-NTA slurry for 15 min. Formation of the

than 2.5% of the fitted value.

The observed rate from the first phdsgs; depends linearly on the
concentration o2, while the observed rate from the second pHasg
does not change with increasing concentratior2.df,, and kot were
obtained using the equatid@,s: = Kon[2] + koti, Whereko, is the slope
andk the ordinate interce The K4 was calculated from the ratios
of kot to Kon Obtained from two to four independent stopped-flow
experiments.

In Vitro Protein Trans-Splicing Reactions. In a typical reaction,
purified constructs4 (~2 uM), 5 (~5 uM), and 6 (~6 uM) were
combined at 22C in 100uL of splicing buffer in the presence of
5 mM TCEP and &M rapamycin. The reaction was monitored by

SDS-PAGE, immunoblotting, and MS and deemed to be complete after

48 h.
Whole Cell Lysate Protein Trans-Splicing Reactions.E coli
BL2(DES3) cells overexpressing individual plasmids encodin® were

splicing product was monitored by Western blotting using an anti-FLAG
antibody.
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harvested and resuspended in 0.1 M sodium phosphate pH 7.0, 0.25
mM EDTA, and 5 mM TCEP in the presence of protease inhibitor JA042287W
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