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Abstract

Cyclized subunits of theE. coli glucose transporter were produced in vivo by intein mediateds-splicing.
IIA®*is a B-sandwich protein, IICB'® spans the membrane eight times. Genes encoding the circularly permuted
precursors Y, -lI&° -}, and Y, -lICB* -iJ, were assembled from DNA fragments encoding than@ 3
segments of theecA intein of M. tuberculosis and crr andptsG of E. coli, respectively. A 20-residues long, Ala-Pro
rich linker peptide angor a histidine tag were used to join the native N- and C-termini in the cyclized proteins. The
cyclized proteins complemented growth of glucose auxotrophic strains. Purified, cycliZéd 1A an@é®lICB  had 100
and 25%, respectively, of wild-type glucose phosphotransferase activity. They had an increased electrophoretic
mobility, which decreased upon linearization of the proteins with chymotrypsin. Cyclizétf lIA  displayed increased
stability against temperature and GuHCI-induced unfolding vs. 70°C; 1.52 vs. 1.05 M. © 2002 Elsevier Science
B.V. All rights reserved.
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1. Introduction philic substitution reaction§N-S, S-S, N-N and
S-N acyl shift9 and is catalyzed by the intein.
Protein splicing is a postranslational process, by The N- and C-exteins are the substrates of this
which an internal sequendintein) of a precursor ~ reaction, but by themselves do not have splicing
protein is removed by cleavage of two peptide activity. Some inteins in addition have sequence-
bonds and the two flanking sequenc@¢-extein specific endonuclease activity, mediating the rep-
and C-extein are ligated through a native peptide licative transposition of the intein encoding DNA
bond. The splice reaction involves four nucleo- into an intein free sitéintein homing. The protein
splicing activity is confined to the N- and C-
* Dedicated to Rainer Jaenicke, the biophysicist of rigorous terminal flanking region of the intein, as inferred
st_andar_ds, the always generous colleagug,_the homo universalisfrgm sequence comparison of inteins with and
e e e eotie546, tpcea3.  Without homing endonuclease actvity. In addltion
31-631-4887. to intramolecular splicing, intermolecular splicing
E-mail address: emi@ibc.unibe.ciB. Erni). between exteins on a ‘split inteins’ encoded by
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two separate genes has also been obseftéd
Approximately 50% of all mature spliced exteins
are DNA processing enzyméor comprehensive
reviews seq2,3.

Gene reconstruction experiments revealed that a

large portion of the central part of inteins can be
deleted without compromising extein splicing, and
that inteins can be split and expressed as two
polypeptide chains, which upon non-covalent asso-
ciation regain splicing activity. This allows for an
intein mediatedrans-splicing of two independent-

ly translated polypeptide$l,4—9. Three inteins
have been used farans-splicing in vivo and in
vitro, the RecA intein ofMycobacterium tubercu-
losis, the Pyrococcus Psp Pol-l intein[6—§], and
the DnaE split intein fromSynechocystis sp.
PCC6803[1,10. The maximum reported in vitro
splicing efficiencies were 75% with Psp Pol-I and
60% with the RecA intein. The in vivo splicing
efficiency of the Rec A intein was at most, 50%
[8].

Because the central portion of the intein is not

necessary and the flanking regions do not need to

be linked covalently for splicing activity, inteins
can be used to prepare cyclized proteih6—17.
A circularly permuted linear precursor comprising,
in this order, the C-terminal half of an intein, the
target protein to be cyclized and the N-terminal
half of the intein, can be converted into a cyclized
product by intramoleculatrans-splicing. Cycliza-
tion of a protein could, in principle, have three
desirable effects(i) increased stability, because of
reduced conformational entropy of the unfolded
state; (ii) increased rate of folding, due to a
reduced number of possible folding pathways; and
(iii ) resistance to amino- and carboxypeptidases.
Here, we describe the use of the RecA intein to
cyclize the subunits of th&. coli glucose trans-
porter in vivo. This transporter acts by a mecha-
nism that couples translocation to phosphorylation
of the substratéfor a review sed13]). It consists
of two subunits, II£" and IICB' , which sequen-
tially transfer phosphorylgroups from the phos-
phorylcarrier protein HPr to glucoséFig. 1).
His-90 of IIA® and Cys-421 of IICB' are
transiently phosphorylated in this process. A
(18 kD) is a sandwich of twop-sheets, each
consisting of six antiparalleB-strands and two
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Fig. 1. Model of the 1" and IICB"™ subunits of the glucose
transporter. [ICB' consists of the cytoplasmic #8 domain
(PDB code 1IBA and the membrane spanning i€  domain.
The active site Cys-421 of IIC® and the active site His-90
of lIAS' (PDB code 2F3@ are shown instick representation.
The sites of cyclization are shown a&ken lines between the
native N- and C-termini.

very short a-helices [14-14. IICB®"° (53 kD)
consists of two domains. The C domain spans the
membrane eight times. The B domain consists of
a four-stranded antiparallgd-sheet, covered on
one face by three helicekl7]. The N- and C-
termini of IICB®" are on the cytoplasmic face of
the membrane and can be connected by a linker
peptide, as demonstrated by functional expression
of circularly permuted variants of IIC# [18,19.

2. Materials and methods
2.1. Plasmid construction

The full-lengthrecA intein (codons 1-79Dwas
PCR amplified from theM. tuberculosis genomic
DNA (gift of Dr C. Aebi, University Hospital,
Bern) and cloned into vector pBluescript. The
expression vectors were constructed by sequential
ligation of three PCR amplified fragments, with
plasmid pMSEH2 encoding the Ptac promoter, T7
ribosome binding site, a polylinkep-lactamase
and the Lacd? repressd20]. The DNA for Ug,
(codon 591-692[8]) was PCR amplified with
primers P%Ndel) and P3Sall), digested with
Ndel, and ligated with pMSEH2, opened wilel
and Smal to afford pCint. The DNA for Y,
(codon 251-344[8]) was PCR amplified with
primers P%Xbal) and PZHindlll), digested with
Hindlll, and ligated with pCint, opened with
BamHI (blunted and Hindlll to afford pCintN.
The geneptsG encoding IICB'® with a C-terminal
His-tag was PCR amplified with PSall) and
P3(Xbal) primers, and pTSGH1[21] as template.
Target DNA and vector pCintN, were digested
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(unpublished. The vector encoding the precursor
Uca-4211ICB%*°-U,, was constructed as follows:
the Sall site of pCintN was changed into ®unl
site to create the correct Ag8ys421 splice junc-
tion. The circularly permutegssG gene(codons
421-420 was assembled from two PCR frag-
ments. Fragment Alcodons 421-477 plus His-
tag was amplified with primers R®Aunl) and
P3(overhang, fragment B (codons 1-42D was
PCR amplified with PGoverhang and P&Xbal).
Fragments A and B were amplified by overlap
extension PCR with primers P®unl) and
P3(Xbal), and the full-length circularly permuted
ptsG gene was ligated into the modified pCintN
opened withMunl and Xbal.

E. coli strain WA2127Acrr was constructed by
P1 transduction of thdcrr/Kam® cassette frong.
coli TP2862[23] into WA2127 (manXYZ) [24].

2.2. Expression and purification of cyclized
proteins

E. coli ZSC1121AG was transformed with plas-
mids, encoding the &\ -IICB° -, and 4 -
lIAC'eU \, precursor proteins. Cells were grown
at 37 °C and induced with 10QuM IPTG, when

Fig. 2. Plasmid map, linker sequences and structure of precur- the culture (3 1) had reached Of,=0.8 and

sor proteins(a) Plasmid pCghN encodes the precursor proteins

Uca-lICB®*-Uy, under the control of the Ptac promoter. The
nucleotide and amino acid sequences of thg U -REB

and

harvested by centrifugation after 5 h. The cell
sediment was resuspended in lysis buff2s ml,

IICB®U,, splice sites are indicated. The residues from the 90 MM Tris—HCI, pH 8.0, 10 mMg-mercapto-

native RecA intein—extein junction atércled. The restriction
sites Sall and Bglll are underlined. (b) Structure of the
expressed fusion proteins. Intein sequeng#k; Sequences
of proteins to be cyclizedipen; His-tag at the splice junction,
gray; Ala-Pro linker, striped. Residue numbers refer to the
IICB®" wild-type sequence(Swiss-Prot accession number
P05053; 1145 PO883Y.

with Sall and Xbal, and then ligated to afford
pCghN (Fig. 28. The vectors encoding the pre-
cursors W, -lICBF -y, and U, -IIA"° -,

ethanol, 500 mM NaQl broken by two passages
in a French pressure cell and fractionated by
differential centrifugation into cell debris plus
inclusion bodies(10 min, 3000<g), membrane
fraction (60 min, 150 00X g), and cytoplasmic
fraction (supernatant Membranes containing
cyclized 1ICB®° were resuspended in bufféé
ml, 20 mM Tris—glycine, pH 9.1, 10 mMg3-
mercaptoethanol, 500 mM NaChnd solubilized
with n-dodecylmaltosidé60 mM final concentra-

(Fig. 2b) were constructed by exchange of the tion). The extract was freed of insoluble material

Sall /Bglll fragment of pCghN with a PCR frag-

by centrifugation(60 min, 150 00X g), mixed

ment, encoding the desired target sequence. Thewith 6 ml of Ni-NTA resin and allowed to adsorb
following plasmids served as templates for target for 30 min. The resin was transferred to a column

DNA amplification with appropriate R%all) and
P3(Bglll) primer pairs: pTSHIC9 for 1K' [22],
pTSGxG for IICBF'°. pTSGxG encodes two
IICBC* fused in frame via an Ala-Pro linker

and washed with 75 ml of two buffe60 mM
NaPR , pH 8.0, 10 mM3-mercaptoethanol, 500 mM
NaCl, 0.4 mM n-dodecylmaltoside containing 0
and 40 mM imidazole. The protein was eluted
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with 200 mM imidazole in the same buffer. Cycli-
zed 1IA®'° was adsorbed to 6 ml Ni-NTA resin
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mg/ml in 20 mM NaR pH 7.4, in high purity
GuHCI (Sigma at the indicated concentrations

and processed as described as above, but in deterand incubated for 2 h at 2ZC. For temperature-

gent free buffers. Cyclized IIA° was eluted with
200 mM imidazole. The purified proteins were
dialyzed against buffef20 mM NaR, pH 8.0, 1
mM EDTA, 1 mM DTT, 150 mM NaC) with and
without 0.4 mM r-dodecylmaltoside, respectively,
and stored at 4°C. Insoluble, W, -IIAS"-Ug,
precursor was extracted from the cell debris with
4 M urea in buffer A(20 mM NaR, pH 8.0, 1
mM EDTA, 1 mM DTT, 150 mM NaC]}, freed of
insoluble material by centrifugatio(10 min,
3000x g) and dialyzed against several changes of
the same buffer.

2.3. Assays for phosphotransferase activity and
transport

To test for in vivo glucose transporf. coli
ZC112AG (ptsG manZ glk) [25] and WA212Acrr
(crr manXYZ) were transformed to express wild-
type and cyclized forms of IICB® and 1A ,

induced unfolding and refolding, the temperature
was changed at a rate of°C/min. The progress
curves were recorded by circular dichroism spec-
troscopy at 222 nm in a Jasco spectropolarimeter
(J715-A using a 0.5-mm light-path cell. Data
were normalized to the differences between the
linear changes observed below and above the
transition region. Normalized data are reported as
fraction of folded protein. The smoothed curves
for GuHCI-induced unfolding were obtained by
non-linear least square fi2§].

3. Results
3.1. In vivo cyclization and function

Two linear precursors, & -IICE -\, and
Uca-llACeU ,, were designed such that the N-

and C-termini in the cyclized product were bridged
with a hexahistidine tagFigs. 1 and 2. In a third

respectively, and streaked on McConkey agar baseprecursor (Uc,-IICBI®<U,,), the bridge was

(Difco) supplemented with 10Q.g/ml ampicillin
and 0.4% glucose.
activity of purified wild-type and cyclized proteins
was measured as describgb], in the presence
of saturating amounts of the&. coli proteins
enzyme |, HPr, and either wild-type IfX  or wild-
type ICB®',

2.4. Protein characterization

extended with a 20 residues long Ala-Pro rich

Sugar—phosphotransferaselinker peptide. The 4, -l splice junction consisted

of the Asr/Cys pair, which is invariant in all
inteins, the II-W, junction consisted of the Lys
Cys pair, which is found in théM. ruberculosis
RecA intein. A fourth precursor of &% -IICB° -
Una Was designed differently. The native N- and
C-termini of IICB®° were fused and the splice
junctions were introduced at the active s(tys-
421) in the lIB®°-domain. In this variant, the

Precursor and processed proteins were identified Uc,-11B ©'© splice junction consisted of AsiCys-

by Western-blotting with anti-lIl&'® serum, mono-
clonal anti-IICB*'® antibodies and goat anti-rabbit
(rabbit anti-mouskeantibody—alkaline phosphatase
conjugates[27]. Purified wild-type and cyclized
proteins(5 wg/in 20 wl buffer A without EDTA)
were treated with limiting concentrations of chy-
motrypsin for 30 min at 37C and then analyzed
on a 20% polyacrylamide gel. The masses of the
cyclized proteins were identified by electro-spray
ionization mass spectrometry. The stabilities of
wild-type and cyclized II1&' were determined by
guanidinium HCI- and temperature-induced equi-
librium unfolding. Samples were dissolved at 2

421 and the IlI-4}, junction of Ala-42(Cys. E.
coli strain ZSC11AG (ptsG~ manZ crr*) was
transformed with plasmids encoding the IIE€B
precursors and WA212A&rr (crr™
manXYZ ptsG*) with the plasmid for the II&'"
precursor. Transformants were plated on Mc-
Conkey glucose indicator plates to assay for glu-
cose fermentation, which is contingent on #A
and IICB®® mediated uptake. Transformants
expressing [ICB' and II&' with splice junctions
at the native N- and C-termini formed red colonies,
suggesting that the precursors were either active
by themselves or processed to a functional form.
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Cells expressing the precursor with the splice
junction in the active site Cys-421 of the B
domain formed yellow colonies, indicating that it
was not processed correctly.

3.2. Purification and characterization of cyclized
proteins

The active 1A% and IICBf' variants, with a
linker peptide between the native C- and N-termini
(Fig. 2b), were purified. Protein expression was
induced with IPTG and cells were harvested after
5 h of induction. The cell lysate was separated
into three fractions: inclusion bodies and cell

debris, membranes, and cytoplasmic proteins. The 94 -

proteins in each fraction were identified on immun-
blots, with monoclonal anti-IIC8° and polyclonal
anti-lIA®'° antibodies. The J, -lI&'"° -i}, precur-

sor was strongly expressed, but by and large, was 30 -

in inclusion bodies(Fig. 3a, lane 3 The cyto-
plasmic fraction contained processed$lA , which
could be purified by metal chelate affinity chro-
matography and gel filtratiofFig. 3a, lanes 4 and
5). The U, -lICBIC'®-Uy, precursor was expressed

in much smaller amounts, as expected of an inner
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Fig. 3. Immunblot analysis of in vivo protein cyclizatiota)
IACG Lane 1, purified wild-type IIAS* (reference. Lane 2,
cell lysate.Lane 3, inclusion bodies, containing the precursor

membrane protein. Both precursor and processedand products of abortive processing or proteolysie 4, sol-

forms were in the membrane fractidirig. 3b,
lane 2. The processed form could be solubilized
completely inn-dodecylmaltoside; the precursor,
by and large, was insoluble in the non-ionic
detergent(Fig. 3b, lanes 3-% Processed IICB°
and a small amount of precursor were purified by
metal chelate affinity chromatography. Only a
smear of antigenic material could be detected in
extracts of the variant, with the splice junction in
the active site Cys-42(results not shown
Processed II&° had a molecular mass of
20075.2£5.2 g/mol, which agrees well with
20074.2 gmol expected of cyclized 11A° (Table
1). Processed IICB° had a molecular mass of
54007.0+ 14.0 g/mol, which is 355 gmol greater
than the expected mass of 53652.0nwl. The
reason for this difference is not known. The DNA

sequence encoding the precursor was as expectedtrypsin,

The processed IIA° and IICE had increased
electrophoretic mobilities relative to the linear
wild-type forms, as expected of cyclized proteins
unable to assume a fully unfolded linear confor-

uble, cytoplasmic fraction, containing cyclized A Lane 5,
cyclic 11AS* after Ni?* affinity chromatography.Lane 6,
cyclic IIA®*c after gel filtration chromatography. A small
amount of the cyclic protein is already linearized by unspecific
endogenous protease activity. The immunblot is stained with
anti-IIA®'® antiserum. The proteins ifunes 2 and 4 indicated
with stars are cross-reacting species and unrelated t&'fIA
(b) ICB®" Lane 1, purified wild-type 1ICB®° (reference.
Lane 2, membrane fraction, containing precursor and cyclized
IICB®". Lane 3, detergent extract, soluble fraction containing
cyclized IICB®°. Lane 4, detergent insoluble material, contain-
ing precursor.Lane 5, cyclized IICB'°, after N¥* affinity
chromatography. The fraction is contaminated by a small
amount of linearized and precursor proteins. The immunblot is
stained with a mixture of monoclonal Iff§ -specific
antibodies.

mations(Fig. 4). When the purified proteins were
cleaved with a limiting concentration of chymo-
the electrophoretic mobilities first
decreased to the rate of the linear wild-type pro-
teins and then increased again as proteolytic deg-
radation progressedFig. 4). These results indicate
that the 1A' and IICB’'® precursors were proc-
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Table 1
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Properties of cyclized 1R and IICB°

Protein Yield In vivo In vitro Mr ESI-MS/ N-terminus
(mg/D glucose specific expected after
uptake activity(%) chymotrypsin
A G (w.t.) 20-25 + 100 n.d/18251 KSLV, SLVS,
VSDD
cclIASk 2 + 100 200755/ DKLK
20074
1ICBCk(w.t.) 2-3 + 100 n.d. n.d.
cclicBer 0.15-0.2 + 25-30 n.d. n.d.
ccliCBI®*® 0.15-0.2 + 25-30 5400% 14/ n.d.
53652

essed to cyclized forms by intein-mediatedns-
splicing. Linearization of cyclized 1I&° by
chymotrypsin occurred after Phetdumbering of
wild-type sequencenear the splice junction. The
N-terminus of of the linear wild-type 1A was
heterogeneous, as previously descrilp2dl, with
starts at Lys-8, Ser-9 and Val-11 of the original
sequence. Cyclized II2° could not be microse-
guenced, as expected if the N-terminus is blocked
by cyclization. Similarly, cyclized 1ICB'® could
not be sequenced, whereas wild-type If®B  had
a free N-terminugresults not shown

The specific glucose phosphotransferase activi-
ties of wild-type and cyclized 1A were identical
(Fig. 53@. The activity of purified cyclized
[ICB®" was 25% of the wild-type contro(Fig.
5b). This is slightly less than the activities of two
circularly permuted forms of IIC8¢ , which had
40 and 70% of wild-type activity. These variants
have their native N- and C-termini connected by
an Ala-Pro rich linker, and have new N- and C-
termini in the third cytoplasmic loop and in the
linker between the II€° and 1IB° domain,
respectively[18,19.

The stability of linear and cyclized II&° were
compared by temperature-induced unfolding and
refolding, and by GuHCI-induced unfolding~ig.

6), which was monitored by circular dichroism
spectroscopy at 222 nm. The midpoint of transition
for GuHCI-induced unfolding was shifted from 1.1
to 1.5 M for cyclized 1A% (Fig. 68. The tem-
perature at the midpoint of unfolding was 76
for cyclized IIA®* and 70°C for linear IIA®"
(Fig. 6 b,0. The midpoint temperatures of refold-

ing were 71°C for cyclized IIA®'° and 66°C for
wild-type [IA®", Phosphotransferase activity of
both protein variants was recovered completely
after cooling (results not showh indicating that
the proteins assumed the catalytically active fold
and did not undergo chemical modifications during
the heating. Taken together, these observations
indicated that cyclization of 1II&° results in a
stabilization of the protein.

4, Discussion

The N- and C-termini of proteins are often close
together and surface exposi&D], and it has been
demonstrated by circular permutation of amino
acid sequences that termini can be joined by short
loop regions, without changing the overall confor-
mation and activity of the proteifil8,31-33. If
circularly permuted proteins are active, cyclized
proteins should be so, too. In addition, they are
expected to have lower entropy in the unfolded
state and should therefore be more stable. Lacking
free termini, they are resistant to exopeptidases.
Partial immobilization of unstructured ends by
cross-linking could facilitate protein
crystallization.

Here, we demonstrate that: a truncated RecA
intein [8] is capable of in vivo-cyclizing the
soluble and membrane bound subunits of the
glucose transporter . coli, the cyclic subunits
can be purified by metal chelate affinity chroma-
tography and are catalytically active. Cyclization
of soluble 1IA®* results in a 5°C stabilization
against reversible temperature-induced unfolding.
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Fig. 4. Linearization of cyclized 1I&° and IIC8° with chy-
motrypsin.(a) cyclized IIA®"; (b) wild-type IIA®'* (control);

(c) cyclized 1ICB®°; (d) wild-type IICB®' (control). Note the
decrease of electrophoretic mobility upon linearization of the
cyclic forms. Lanes 1: purified wild-type 1I1AS'® and [ICB®'*®
(references Lanes 2: no chymotrypsin(a, b) Lanes 3—8: with
chymotrypsin(2, 4, 8, 16, 32, 125, 50Q.g/ml) (c, d) Lanes
3-8: with chymotrypsin(2, 20, 125 ngml, 1, 5, 27, 167
pg/mb).

This value is in line with the 5C stabilization

against heat precipitation, which was measured

with in vitro cyclized B-lactamase(Mw 30 kD)
[11] and the increased thermostability observed
with cyclized dihydrofolate reductadéQ]. We do
not know how this degree of stabilization compares
with the effect of a more physiological modifica-
tion of 1A' such as phosphorylation or complex
formation with the phosphorylcarrier protein HPr.
However, it is noteworthy that phosphorylation of
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[1A €' which is structurally different but function-
ally analogous to II&' , decreased the Tm for
thermal denaturation from 54 to 4C [34].

Of the two precursors of [ICB® , only the one
with the splice sites at the native N- and C-termini
was inserted into the membrane and cyclized,
whereas the second, with the splice site in the
invariant active site Cys, was rapidly degraded.
Although inteins were found to interrupt conserved
sequences in DNA polymeras§g5], the interrup-
tion of a hairpin loop in g3-sheet is not tolerated,
suggesting that there are limits to intein-mediated
target cyclization.

The efficiency of in vivo cyclization is far below
the values of 50 to 75% reported for in vitro
splicing reactions. 2 mg of pure 11A®' are of the
same order as the 5 migreported for cyclized
dihydrofolate reductas¢l10Q], but this is little in
relation to the amount of precursor and partially
processed products, which are present in the inclu-
sion bodies. Attempts to cyclize I from the
urea solubilized precursor, according to the meth-
ods described for in vitro splicind36], were
unsuccessful. The precursor precipitated upon
removal of urea and not even partial splice reac-
tions were observed. Judged by Western-blotting,
only small amounts of partially processed inter-
mediates(thioester, lariat are formed. The splice
reaction, once initiated, appears to proceed to
completion.
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Fig. 5. Glucose phosphotransferase activifg) cyclized
A G (squares), wild-type IIA®' (circles). (b) cyclized
IICB® (squares), wild-type 1ICB®° (circles). The reaction
volume was 0.1 ml per sample. Incubation was for 30 min at
37 °C. Shown, are means and S.D. of two independent assays.
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Fig. 6. Guanidinium HCI{a) and temperature-induceh, c)
unfolding of cyclized and wild-type 1I&° .(a) cyclized

I1A ' (closed circles); wild-type, linear 1A% (open squares).

The smoothed curves show the mean and the 95% confidence
band (thin broken lines). (b) cyclized 1A%, Unfolding tran-
sition (open circles), refolding transition(closed circles). (c)
wild-type 1A, Unfolding transition(open squares), refold-

ing transition (closed squares). To facilitate comparison, the
smoothed curves drawn through the data points of ¢ are also
plotted in b and vice versa in @lotted lines).

The objective of future experiments is to
improve the efficiency of cyclization. Results
reported for DnaE mediated in vivo cyclization
[10] suggest that this naturally split intein is more
suitable, because its two halves have an intrinsi-
cally strong affinity. The association between the
two RecA intein fragments might be strengthened

C. Siebold, B. Erni / Biophysical Chemistry 96 (2002) 163—171

by fusion of leucine zippers to the N- and C-
termini of the precursor.
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