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ABSTRACT: In protein trans-splicing, an intein domain split into two polypeptide chains mediates linkage
of the flanking amino acid sequences, the N- and C-terminal exteins, with a native peptide bond. This
process can be exploited to assemble proteins from two separately prepared fragments, e.g., for the segmental
labeling with isotopes for NMR studies or the incorporation of chemical and biophysical probes. Split
inteins can be artificially generated by genetic means; however, the purifiedNiateihinteirt fragments
usually require a denaturation and renaturation treatment to fold into the active intein, thus preventing
their application to proteins that cannot be refolded. Here, we report that the purified fragments of the
artificially split DnaB helicase oSynechocystispp. PCC6803spDnaB) intein are active under native
conditions. The first-order rate constant of the protein trans-splicing reaction was Z0t* s%. The
previously described split vacuolar ATPaseS#Hccharomyces cersiae (SceVMA) intein is the only

other artificially split intein that is active under native conditions; however, it requires induced complex
formation of the intein fragments by auxiliary dimerization domains for efficient protein trans-splicing.
In contrast, fusion of the dimerization domains to the sppDnaB intein fragments had no effect on
activity. This difference was also reflected by a higher thermostability of theSghibnaB intein. Further
investigations of the splceVMA intein under optimized conditions revealed a first-order rate constant

of 9.4 x 10~ s7! for protein trans-splicing and 1.% 103 s7! for C-terminal cleavage involving a
CyslAla mutant. Finally, we show that the two split inteins are orthogonal, suggesting further applications
for the assembly of proteins from more than two parts.

Protein splicing is the process of an autocatalytic excision A B
of an internal protein sequence, the intein, out of a larger ¢ N
precursor protein with concomitant joining of the flanking inteinM h+ inteinC
sequences, the N- and C-terminal exteins, by a native peptide y. yxein W icin ¥ C oxtein I e c
bond (see Figure 1A)1-4). The principle steps in the
reaction mechanism and the involvement of the key catalytic l
residues are well-understood and have been reviewed
comprehensivelyl, 2). Meanwhile, more than 200 inteins k'
have been identified in all three kingdoms of Iif8) (While LR Coxtoin R intein | N-extein
the physiological role of protein splicing is still a matter of
debate, inteins have been exploited for a variety of protein
engineering approache$-11). Importantly, they are in -
general very promiscuous toward their flanking extein Nexiin -CRREY + N
sequences and can be inserted into a heterologous proteiffficure 1: Schematic illustration of protein splicing (A) and protein
context by genetic manipulation. trans-splicing (B).

Split inteins represent a very valuable tool for the i i
manipulation of the protein structure. As illustrated in Figure Polypeptides and thereby offers many ways to manipulate
1B, the intein domain reassembles from two separateJUSt one part of the final spllce; product. Appllcatlons mc_:lude,
polypeptides, the intethand inteiff fragments, and joins for exampl_e, the segmental |so_tope Iabel_mg of protems_ for
the N- and C-terminal exteins in a protein trans-splicing NMR studies {2—14) and the incorporation of synthetic
reaction. This allows for the separate production of the two Peptides that may contain unnatural amino acids into proteins
(15—-18) by using a chemically synthesized variant of the
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ments, they usually behave very differently than their intact and amylose resin were obtained from New England Biolabs
parent proteins. When split protein fragments are individually (Frankfurt am Main, Germany). Rii-NTA resin was ordered
expressed, they tend to misfold or aggregate, which oftenfrom Qiagen (Hilden, Germanypfu DNA polymerase was
leads to insolubility. In many cases, an active protein can ordered from Stratagene (Amsterdam, The Netherlands); and
be reassembled from two fragments only by coexpressionsynthetic oligonucleotides were purchased from Operon
in the same cell (which allows cofolding and probably is (Cologne, Germany). Standard protocols were applied for
supported by endogenous chaperones) or by a renaturinghandling of recombinant DNA and proteins. Mass analysis
procedure from a denaturing solution containing both purified was performed on an ESI time-of-flight spectrometer from
fragments 20—22). This holds true in particular for those Applied Biosystems type QStar Pulsar i.

protein fragments that have been created from a compact DNA Cloning of Expression PlasmidEhe construction
folding domain, as is the case with inteins. In these cases,of the expression plasmids pHM41, pHM45, pHM81, pSB18,
the individual N- and C-terminal fragments cannot form and pSB19 was reported previousl®27¢29). To create
extensive well-packed globular structures but are likely to plasmid pTK27, a polymerase chain reaction (PCR) was
expose hydrophobic areas that will lead to misfolding and carried out using pHM45 as a template DNA and oligo-

aggregation or even proteolytic degradation.

Several artificially split inteins have been studiadiitro,
including theMtu RecA @3), the Psp Pol-1 24), PI-Pful
(12—14), and PIPfull (13) inteins, that required a denaturation-
refolding treatment of the mixed intein halves to become
active in protein trans-splicing. In a particularly well-studied
example, the artificially spliMtu RecA intein was found to
trans-splice with high efficiency when both halves were
coexpressed iEscherichia col(25), whereas the same intein

nucleotides 5SATAACTAGTGCTTTTGCACGTGAGTGC-
CGC-3 and 3-ATAAAGCTTAGTGATGGTGATGG-3 (re-
striction sites are underlined). The PCR product was di-
gested withSpe and Hindlll and cloned into pHM45.
Plasmid pSB13 was generated by cloning a PCR product
encoding DnaB into the EcaRl and Xbal-treated vector
pHM41. The PCR product was obtained using oligonucleo-
tides B-ATAGAATTCTCCGGCTGCATCAGTGGAGA-
TAG-3' and B-ATAAAGCTTTTATCTAGATAAAGAG-

fragments aggregated during purification when expressedGAGCTTTCTAGTTTACG-3 and pMST (described in ref
separately and required a refolding step in the presence 0f32; a kind gift from Xiang-Qin Liu) as the DNA template.

the corresponding half to reconstitute the active int).(
The artificially split vacuolar ATPase ddaccharomyces
cerevisiae (SceVMA) ! intein presents the only exception
from this rule reported thus far. However, efficient protein
trans-splicing between the purified VMAand VMAC

ACTAGTTCACCAGAAATAGAAAAGTTGTC-3'

The DNA fragment encoding Dn&Bwas PCR-amplified
from pMST using oligonucleotides-ATACCATGGGC-
and
5-ATAGGTACCAGATCTAATACTGTTATGGACAA-

TGATGTC-3 and ligated into theSpé and Bglll sites of

fragments was effected by fused dimerization domains, which plasmid pHM24 26). From this intermediate plasmid, the

probably induced the folding of the active intein by the
induced proximity 26—29). The auxiliary domains FKBP12
and FKBP-rapamycin binding domain (FRB) form a dimer
only in the presence of the small molecule rapamyaid),(
whereas the FKBP12(F36M) mutant{Bomain) spontane-

Xba —Hindlll fragment was excised and cloned into pHM45
to give pSB15. Two native, directly flanking extein residues
SG and S| were included with the DnéBand DnaB
fragments, respectively. All plasmids were confirmed by
DNA sequencing. For the construction of pTK56, the human

ously forms a homodimer that can be dissociated by the FKBP12 (FK506-binding protein) (FKBP) encoding frag-

addition of rapamycing31). Fusion of the VMA' and VMAC®

ment of pSB13 was excised using the restriction enzymes

fragments with these domains could thus be exploited for Xbd and Spé and religated. The plasmid pTK55 was

the development of ligand-activate?hj and ligand-inhibited
(29) trans-splicing inteins, respectively.

In this paper, we show that the purified halves of the
artificially split DnaB helicase o8ynechocystispp. PCC6803
(SspDnaB) intein are active in protein trans-splicing under
native conditions. In contrast to other artificially split inteins,
the DnaB' and DnaB halves assemble spontaneously to the
active intein and do not require dimerization domains. Both
the DnaB and the conversely behaving VMA intein are
further biochemically characterized.

EXPERIMENTAL PROCEDURES

General ProceduresStandard chemicals and rapamycin
were purchased from Sigmaldrich (Munich, Germany)
and Carl Roth (Karlsruhe, Germany). Restriction enzyme

1 Abbreviations: FKBP, human FKBP12 (FK506-binding protein);
Fu, F36M mutant of FKBP12; FRB, FKBPrapamycin binding
domain; MBP.E. coli maltose-binding protein; Hishexahistidin tag;
SceVMA, intein of the vacuolar ATPase @accharomyces cerisiae
SspDnaB, intein of the DnaB helicase 8fynechocystispp. PCC6803;
VMAN and VMAC, N- and C-terminal intein halves of the spfite
VMA intein; DnaB" and DnaB, N- and C-terminal intein halves of
the splitSspDnaB intein.

obtained through cloning of 8pé—Hindlll fragment from

a pQE6O0 vector (Qiagen), coding for DrfaBhexahistidin

tag (His), into theXba —HindllI-treated vector pHM45. The
DnaB* fragment was previously PCR-amplified as described
above and ligated into the pQEG60 vector viahesd and
Bglll sites. Therefore, the C-terminal extein sequences of
the DnaB construct® and7, encoded by pSB15 and pTK55,
differ slightly (SIRS-Hiss versus SIRSRSHisg).

Expression and Purification of ProteinSor the expression
of constructdll, 12, 16, 14, 13,1, 2, 15, 7, and6 (see Figure
2B), E. coli BL21 cells were transformed with the plasmids
pHM41, pHM45, pHM81, pSB18, pSB19, pSB13, pSB15,
pTK27, pTK55, and pTK56, respectively. Expression was
carried out in 500 mL of LB medium containing ampicillin

s (100ug/mL) and glucose (0.2%), which was inoculated from

a 5 mL overnight culture in the same medium. Cells were
grown at 37°C to an OD (600 nm) of about 0.7. Then, the
temperature was shifted to 30C, and isopropy)5-p-
thiogalactopyranoside was added to a final concentration of
0.2 mM. Cells were pelleted by centrifugation after8h

and resuspended in wash buffer (50 mM Tris/HCl at pH 8.0
and 300 mM NacCl) with 5 mM imidazole and frozen-a80

°C.
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A column (NEB). The column was washed with 15 column
¢ N His; MBP volumes of the amylose column buffer, and proteins were
His, mMBP eluted with the same buffer containing maltose (10 mM).

FKBP FRB The fractions with pure protein were pooled and dialyzed
against assay buffer (50 mM Tris/HCI at pH 7.0, 300 mM
pnaB" [l + DnaB® —p NaCl, 1 mM EDTA, 10% glycerine, and 2 mM DTT).
c
2

'S
0

+
i, Protein concentrations were determined using the calcu-
3 lated absorbances at 280 nm. Protein solutions were stored
in aliquots at—80 °C. Once an aliquot was thawed, it could
be stored on ice for several days without losing splicing

N- MBP
1

c N His, MBP activity.
Hisg MBP . .. . .. .
. . 9 10 Protein-Splicing AssaysAll protein-splicing reactions
DnaB + DnaB”™ —» . were performed in an assay buffer at 25 unless stated
N- MBP ¢ wep {9 otherwise. Standard protein concentrations weng\P of
6 7 3 each protein. DTT was freshly added to a final concentration
of 2 mM just before the reaction mixtures were prepared.
All experiments were carried out at least in duplicate. Kinetic
B measurements were performed by adding rapamycin from a
§ y § Y 1 mM stock solution in DMSO to a final concentration of
His, MBP His, MBP . . .
10 uM directly to the reaction mixture of construct4 and
FKBP FRS Fu R 12,11 and15, as well asl6 and12. The uninduced reactions
I 0,
_— VWA _— VMAS were performed _Wlth 1% (viv) DMSQ. Construct8 anq _
14 with Fy domains were separately incubated for 5 min in
N-_MEBER ¢ M- MER ¢ an assay buffer containing 124M rapamycin or the
11 12 (390-454) 13 14 equivalent amount of DMSO [1.25% (v/v)]. Mixing the

16 (C1A) 15 (411-454) proteins represented the respective starting point of the
protein-splicing reactions. Samples were taken at different
time points and stopped with-4SDS—-PAGE loading buffer,

C boiled for 5 min, and stored at20 °C.
Hi.E. I“':‘BP i heP For determination of the temperature dependence, each
FKEP ’ FRB ‘& protein was preincubated at the respective temperature for 5

min before the reaction was initiated by mixing the comple-
vva' A+ ¥ vmac , mentary pairs of constructs. The reaction mixtures of
rapamycin + constructsl1 and12 also contained 1@M rapamycin. The
N- MBP c U His, | yield of the splice product was monitored after 2 h.

" 12 17 The different sets of cross-splicing experiments were
FiGURE 2: Overview of all protein constructs used in this study. conducted either by mixing the constructs containing the
(A) Scheme of the protein trans-splicing reactions of the constructs VMAN and DnaB fragments {1 and 2) or vice versa
involving the split DnaB intein. (B) Nomenclature of the constructs gnd 12) and inducing the dimerization by the addition of

containing the split VMA intein. The numbering refers to the entire ; ; :
native VMA intein (454 amino acids). The VMAfragment consists rapamycin. Alternatively, the four constructs were mixed,

of amino acids +184, whereas two different VMAfragments ~ and rapamycin was added. Reactions were stopped after 2
were investigated as shown. (C) Reaction scheme of the proteinh.
trans-splicing reaction of proteirisl and 12 with rapamycin. SDS-PAGE and Densitometric Analysigll protein-
splicing reactions were analyzed by densitometric analysis
For protein purification, cells were thawed on ice and of SDS-PAGE gels (10% polyacrylamide) stained with
disrupted in a French pressure cell. Insoluble cell material Coomassie Brilliant Blue. The stained gels were scanned
was pelleted by centrifugation at 30@p6r 15 min. The and analyzed using “Scion image” (www.scioncorp.com).
soluble cell extract was loaded on a?NNTA agarose The relative percentages of spliced proteins for all con-
column previously equilibrated with 12 column volumes of structs of the split VMA intein were calculated as pre-
wash buffer (plus 5 mM imidazole). The subsequent washing viously described49). For the split DnaB intein, the relative
steps were performed with 15 column volumes of wash increase in intensity of the product band®fcoli maltose-
buffer with 5 mM imidazole, 5 column volumes of wash binding protein (MBP)-Hiss (3 or 8) was quantified and
buffer with 20 mM imidazole, and 2 column volumes of related to the intensity of the protein bands in unreacted
wash buffer with 40 mM imidazole. Proteins were eluted samples at 0 min. For the calculation of the reaction progress,
with elution buffer (50 mM Tris/HCI at pH 8.0, 300 mM  a correction factor reflecting the relative differences in protein
NaCl, and 250 mM imidazole). The fractions containing the size was taken into account. First-order rate constants were
protein in an adequate concentration were pooled anddetermined using the equatian= c, + Ae ™, wherec is
dialyzed against amylose column buffer (20 mM Tris/HCI the reactant concentration at the time pointc, is the
at pH 7.4, 200 mM NacCl, and 1 mM EDTA). Subsequently, asymptote for largd values, A is the amplitude, andk
the protein solutions were loaded on an equilibrated amyloserepresents the rate constant.

on 18 A\ 19
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RESULTS AND DISCUSSION A

rapamycin

Purified Fragments of the Atrtificially Split Ssp DnaB Intein
Are Active under Natie Conditions.To generate a new
artificially split intein, we investigated the DnaB intein from
Synechocystispp PCC6803. The native DnaB intein consists
of 429 amino acids and includes a centrally located homing
endonuclease domain. Liu and co-workers described the
removal of 275 amino acids covering the endonuclease and
showed that the resulting DnaB mini-intein of 154 amino T i
acids was still functional32). They also showed that the i
DnaB mini-intein can be split into two halves that are active C
for protein trans-splicing when coexpressedincoli. To
this end, a short sequence corresponding to a termination
codon, a ShineDalgarno sequence, and a new initiation
codon for translation were inserted into a plasmid encoding
the mini-intein. Expression from this two-gene operon and
in vivo protein trans-splicing was monitored by Western
blotting using antibodies directed against the model N- and
C-terminal extein sequence3?j. While this study demon-
strated the activity of the intein halves when coexpressed in
E. coli, we reasoned that protein trans-splicing of the purified
constructs foiin vitro applications still remained question-
able. 40+ 5

To testin vitro protein trans-splicing of the split DnaB oA b 2
intein, we therefore carried out separate expression and \ /61409'6108
purification of two different protein fragments. For this 20 ,/6934342752
purpose, similar intein halves Dn8Ramino acids +104) 2629740612
and DnaB (amino acids 382429) as described by Liu and 10 ' L
co-workers were chosen and incorporated into the fusion A | . TITREES J.
constructsl (MBP—DnaB'—-FKBP—Hisg) and 2 (MBP— 2 3 4 5 8 7
FRB—DnaB°—Hiss) as shown in Figure 2A. In these masss Al ee]
constructs, the underlined MBP and a hexahistidine tag)His Ficure 3: Analysis of the protein trans-splicing reactions involving
served as N- and C-terminal exteins, respectively. The FKBP the split DnaB intein with the FKBP and FRB domains. (A)
and FRB domains at the other end of the intein halves were C00massie-stained SBPAGE gel showing the reaction starting

. ) . - . materials and products in the presence or absence of rapamycin.
included to heterodimerize the two polypeptides with rapa- compare with Figure 2A for product designations. (B) Time courses

mycin, to test if induced proximity is required to form the with rapamycin and the DMSO control. (C) Coomassie-stained
active intein. SDS-PAGE gel corresponding to a time-course reaction quantified

. : o in B. (D) Spectrum of an ESIMS analysis of a reaction mixture
Both proteins were expresseden coli and purified from after 2 h, verifying the reactanfisand2 as well as the produc®

the soluble fraction. The purified constructs were mixed at 4, ands. The calculated masses are 69 351.6 Da@1 405.3 Da

stoichiometric ratios (2«M in each) in the absence or (2),60138.9 Da%), 44 368.9 Dag), and 26 266.0 Dad). Protein

presence of rapamycin (1M). Surprisingly, protein trans- 4 was fuyther verified by an indeper)dent measurement optimized

splicing was observed in both cases, independent of thefor proteins of lower molecular weight that revealed a mass of
f rapamycin. As shown in Figure 3A, the expected 26 266.0 Da. All protein trans-splicing reactions were carried out

presence o p y_ S ' g ) at 25°C, and equimolar amounts of each construct were used.

products were identified in Coomassie-stained SP8GE

gels._ The formation of the_ correct pfO‘?‘UCtS was_ also Taple 1: First-Order Rate Constants for the Investigated Protein

confirmed by ES+MS analysis of the proteins (see Figure trans-Splicing Reactions

3D). Parts B and C of Figure 3 show the time courses of the

50

40

30

20

-@-1+2 + DMSO
-A- 142 + rapamycin

pratein splicing [ % completion |

80 100 120

0 3 6 10 20 40 60 90 120 min

3
44371.6364
i

intensity [cps]

3 . . reaction rate constaRt(s™) rapamycin

same reactions in the absence or presence of rapamycin. Both

. C SO 1+2 7.1+1.1x 104 -
reactions proceeded very similarly, which implied that the 6 7 994 0.8x 104 _
rapamycin-induced dimerization had no or only a negligible 11412 9.4+ 2.0x% 104 +
effect. After 60 min, the product formation reached a plateau 11+15 1.2+0.1x 1073 +
at about 40% completion, which is typical for split inteins. igi ﬁ‘ %gi 8-% x igz +
It is generally assumed for trans-splicing inteins that the SspDnal® 661 1'3§ 105

process of dimerization of the intein halves is fast compared
to a slow subsequent protein-splicing stép The latter rate-
determining step would then follow a pseudo-first-order
reaction. Consistent with these considerations, the data of To rule out any secondary effect of the fused dimerization
the reaction without rapamycin fit very well to first-order domains, we prepared a second pair of proteins that lacked
kinetics, giving rise to a rate constant of A411.1 x 104 the FKBP and FRB segments. Constri&{#BP—DnaB"—

s (see also Table 1 for all rate constants discussed in thisHiss) and7 (MBP—DnaB°—Hisg) (see Figure 2A) were also
paper). purified from the soluble fraction after expressior&ncoli.

aC-Terminal cleavage reactiohTaken from ref35.
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Ficure 4: Analysis of the split DnaB intein constructs without
the FKBP and FRB domains. (A) Time course of the reactio6 of
and7 visualized on a Coomassie-stained SBFB\GE gel. Product
9is too small to be seen on the gel (see Figure 2A for numbering
of proteins). (B) Kinetics of the protein-splicing reaction. The
calculated masses are 56.4 k&, 60.1 kDa 7), 48.6 kDa (0),
44.6 kDa 8), and 13.3 kDa g).

The active intein formed spontaneously after mixing both
constructs (each at/2V), and the expected products could
be observed (see Figure 4A). EQVS analysis of a reaction
mixture confirmed the identity of all reactants and products
(data not shown, M (calculated)= 56 407.9 Da, M
(observed)= 56 403 Da;7, M (calculated)= 50 122.3 Da,

M (observed)= 50 127 Da;8, M (calculated)= 44 612.2
Da, M (observedy 44 616 Da9, M (calculated)= 13 322.3
Da, M (observed)= 13 324 Da;10, M (calculated)=

48 613.7 Da, M (observedy 48 620 Da). A kinetic analysis
shown in Figure 4B revealed no significant difference in
comparison to the constructs carrying the FKBP and FRB

Biochemistry, Vol. 45, No. 6, 20061575

-& 1+2 (DnaB)
- 11+12 (VMA)
LA 13+14 (VMA)

25 28 30 33
temperature [ °C ]

protein splicing [ % completion ]

Ficure 5: Comparison of the temperature dependence of the split
DnaB and the split VMA inteins. The reaction progress was
determined aftea 2 hreaction time. The reaction mixture of the
constructsl1 and12 contained rapamycin, and the mixture of the
constructsl3and14 contained the corresponding amount of DMSO.
See Figure 2 for construct designations.

the indicated temperatures. The activity of the split DnaB
intein decreased only slightly when the temperature was
increased from 25 to 37C. In contrast, product yields
for both split VMA inteins dropped dramatically at the
higher temperature. The VMA construct8 and 14 with

the Ry domains exhibited the highest sensitivity, with a
pronounced loss of activity already above°8) Apart from

the intrinsic properties of the VMA intein, these observations
might also be explained by the fused dimerization domains.
Possibly, the spatial orientation of the termini in the FKBP
rapamycin-FRB complex is more favorable for folding of
the fused VMA' and VMAC pieces compared to the com-
plex of the ly—Fy homodimer. Alternatively, the inter-
action between two Jr domains Kp = 30 uM (31)] itself
might be more temperature-sensitive than in the FKBP
rapamycin-FRB complex Kp = 2 nM (30)]. In conclusion,

these data suggest a more pronounced temperature-dependent

unfolding of the split VMA intein compared to the more
robust split DnaB intein.
Further Truncation of the VMAlIntein Half and Kinetic

domains. The protein trans-splicing reaction went to about Studies on the Split Sce VMA Inteiu.closer examination

45% completion afte2 h and proceeded with a first-order
rate constant of 9.9- 0.8 x 104 s 1. We conclude that the
DnaB' and DnaB split intein fragments spontaneously form
the active intein under native conditions. Obviously, they
retained a higher affinity than the VM¥and VMAC pieces,

of the VMAC intein half in the above-described constructs
12 and 14 (amino acids 396454, numbering according to
the native VMA intein including the homing endonuclease
domain) guided by the crystal structure of the VMA intein
[PDB accession code 1VDB38)] revealed that amino acids

possibly because of better folding properties or more suitable 390-410 are accounted for the inserted homing endonuclease

presentation of important recognition elements.

Split Ssp DnaB Intein Is Less Temperature-Searsithan
the Split Sce VMA Inteiff.o further characterize the different
properties of the split DnaB and VMA inteins, we investi-

domain or the linker between this domain and the C-terminal
half of the intein. We speculated that these 21 amino acids
could interfere with folding of the VMA piece or occlude
the interaction interface in the initial contact with the VIMA

gated protein trans-splicing at different temperatures. For thehalf and thus prohibit efficient recognition of the split intein

VMA intein, two different and previously described sets of

halves. Construct5 was generated containing a truncated

constructs were investigated (see parts B and C of FigureVMAC fragment (amino acids 43454, see Figure 2B).

2). On one hand, in constructd and12, the intein halves
VMAN and VMAC are fused to FKBP and FRB domains

Kinetic measurements of the protein trans-splicing with
constructll showed that the splicing activities of the two

(27). They are thus presented in the same context as thedifferent forms of VMAC in the absence or presence of

DnaB" and DnaB pieces in constructsand2. On the other
hand, in constructsl3 and 14, the VMAN and VMAC
fragments are each fused to ong éfomain, whose sponta-
neous dimerization can be inhibited by rapamy@8)(
Figure 5 shows the product yields of the three sets of
constructs monitored afte2 h of protein trans-splicing at

rapamycin were identical within the error margins of the
assay (see Figure 6B). In both cases, about 70% completion
of the reaction was reached aft2 h and up to 85%
completion after 44 h (data not shown), when the small
molecule inducer was present. From these data, first-order
rate constants for protein trans-splicing of 2.0 x 10
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Ficure 6: Kinetic characterization of truncated and mutant versions
of the split VMA intein. (A) Coomassie-stained SB8SAGE gel

of a time-course experiment using protelifsand 12. Calculated
molecular masses are 78.7 kO4d), 64.1 kDa (2), 62.1 kDa (9),
45.2 kDa (L7), and 35.4 kDa 18). (B) Comparison of the longer
and truncated form of the VMAfragment in time-course experi-
ments in the presence and absence of rapamycin. (C) Time cours
of the C-terminal cleavage reaction involving the C1A mutant of
VMAN (protein 16) and 12. All reactions were performed at 25
°C. See parts B and C of Figure 2 for protein designations.

and 1.2+ 0.1 x 103 s, for the longer and truncated

e

Brenzel et al.

C-terminal extein 28). The protein-splicing pathway of
inteins can be shuttled to C-terminal cleavage when the
catalytic residue C1 of the intein is blocked by mutation.
Figure 6C shows the time course of C-terminal cleavage of
the C1A mutantl6 with construct12 in the presence of
rapamycin. This curve fit to a first-order reaction with a rate
constant of 1.7& 0.1 x 1073 s and is thus in the same
range as protein trans-splicing. A previous study reported
the kinetics of N-terminal thioester formation at a first-order
rate of 1.9x 1072 s (4, 34) by measuring thiol-induced
cleavage of the activated intermediate. It is a striking result
that the rates of N-terminal thioester formation, C-terminal
asparagine cyclization, and protein splicing are almost
identical for the VMA intein. In contrast, differences of
almost 2 orders of magnitude have been reported for the
natively split SspDnaE intein 85). However, one should
be aware that inteins probably have evolved to perfectly
coordinate these individual reactions. Therefore, the dissec-
tion of these steps by introducing mutations at the key
residues is likely to also affect the other catalytic center in
the intein and will only allow us to study the reaction rates
in first approximation.

Split Ssp DnaB and Split Sce VMA Inteins Are Orthogonal.
For potential combined applications, we were interested
whether the split DnaB and the split VMA inteins were
orthogonal. Even though inteins exhibit a relatively low
overall sequence similarity, the question of orthogonality is
not trivial considering the high degree of structural conserva-
tion of the intein fold and the common general mechanism
of protein splicing. Very recently, Shi and Muir showed that
the split VMA intein is orthogonal to the natively spiisp

constructs, respectively, were determined. Also, the residualDnaE intein. They suggested that initial recognition between
splicing activity in the absence of the ligand was comparable intein halves might be largely determined by electrostatic
at 10-15% within 2 h. Thus, the removal of the 21 amino attraction. In fact, the calculated pl values for the split VMA
acids did not increase the spontaneous activity of the split and DnaE intein halves were reciprocal and would therefore
VMA intein, providing further evidence for the inherently  favor orthogonality. However, in the case of the split DnaB
different behavior compared to the split DnaB intein. It is (DnaBY, pl = 9.5; DnaF, pl = 3.8) and split VMA intein
also notable that the VMAfragment could be reduced to  halves (VMAY, pl = 9.3; VMAC, pl = 5.6) investigated in
43 amino acids. this study, the predicted pl values would be expected to also
Interestingly, the rate constants of the rapamycin-depend-favor the formation of the mixed intein complexes. Never-
ent split VMA intein determined in this study were about theless, we found that also these latter two split inteins are
5-fold higher than previously reportel £ 1.9 x 1074 s, orthogonal. The inability to form active mixed complexes
see ref26). These differences might be explained by an was first shown by the incubation of construdt and 2
additional Hig or MBP affinity tag included in constructs containing VMAY and DnaB as well as constructt and
11 and 12, respectively, of the present study. These tags 12 containing DnaBl and VMAC. No formation of any splice
allowed a more gentle purification of the split intein products could be detected in the presence of rapamycin,
constructs, which avoided an ion-exchange chromatographywhich forces the heterologous intein fragments into close
step as applied in the previous pap@6)( which might proximity by virtue of the fused FKBP and FRB domains
account for the higher protein activity. It is conceivable that (see lanes | and Il in Figure 7). Next, we confirmed that the
the probably partially unfolded intein fragments were further reactions of both split inteins can proceed parallelly without
unfolded on the ion-exchange column. Importantly, the mutual interference. All four constructs,and2 as well as
values reported in this paper are therefore likely to represent11 and12, were mixed in the presence of rapamycin. Lane

the full kinetic potential of the split VMA intein. They are
also in good agreement with our previous kinetic investiga-
tion of the split VMA intein fused with the y-homodimer-
ization domains (constructis3 and14), which resulted in a
first-order rate constant of 2.8 0.3 x 1073 s! (29) (see
also Table 1).

Because we had identified optimized conditions for split
VMA intein activity, we extended our kinetic investigation
on the C-terminal cleavage reaction, which is particularly
useful in the context of conditional inteins to liberate the

[Il'in Figure 7 shows that splice products of the split DnaB
and the split VMA intein can be identified (see parts A and
C of Figure 2 for product designations). Only the bands
corresponding to the constructsand 12 and their corre-
sponding intein fragments of the splicing produdisand

19, respectively, lacking the Higag C-terminal extein, could
not be distinguished on the Coomassie-stained-SBPSGE

gel because of the very small differences in size. Thus, the
split DnaB and the split VMA inteins were orthogonal; i.e.,
they were incapable of forming active inteins from mixed
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Ficure 7: Orthogonality of the split DnaB and VMA inteins. Lane
| of the Coomassie-stained SBBAGE gel shows construdtl
(VMAN) incubated with construc® (DnaB®) in the presence of
the dimerizer rapamycin. The converse combinatiofh (naBY)
and12 (VMAC) is depicted in lane Il. Lane Ill shows the reaction
products of a one-pot incubation of both split DnaB constrdcts
and?2 and both split VMA construct&1 and12 in the presence of
rapamycin. Reactions were carried out oh at 25°C. See parts
A and C of Figure 2 for illustrations of both reactions. Molecular
masses of all starting materials and products are given in the
captions to Figures 3 and 5.

halves, and they still formed the active trans-splicing intein
in the presence of the heterologous halves.

CONCLUSIONS

Split inteins are of particular interest for protein engineer-

Biochemistry, Vol. 45, No. 6, 2006.577

RecA intein, as judged by sequence alignments (data not
shown). Possibly, this part of the VM¥ragments prevents
effective spontaneous dimerization with VMA

It is striking that both the artificially split DnaB and the
VMA inteins exhibit rate constants for protein trans-splicing
that significantly exceed the rate constant reported for the
only naturally occurring split intein, thBspDnak intein (6.6
x 107%s71) (35). The rate constants determined in this paper
are about 15-fold (split DnaB, 9.9 10* s%) to 30-fold
(split VMA, from 9.4 x 10*to 2.0 x 102 s %) higher.
Probably, the DnalEand DnafE fragments have been mostly
optimized for stability and affinity during evolution.

In summary, the split DnaB intein represents a new intein
to assemble proteins of interest from two separate polypep-
tides under native conditions. We have also shown that it is
orthogonal to the split VMA intein, which suggests that
combinations of these inteins can be used for three-fragment
protein trans-splicing reactions. We believe that such inteins
are valuable additions to the protein chemist’s toolbox.
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