Production of cyclic peptides and proteins in vivo
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Combinatorial libraries of synthetic and natural products are an
important source of molecular information for the interrogation of
biological targets. Methods for the intracellular production of
libraries of small, stable molecules would be a valuable addition to
existing library technologies by combining the discovery potential
inherent in small molecules with the large library sizes that can be
realized by intracellular methods. We have explored the use of split
inteins (internal proteins) for the intracellular catalysis of peptide
backbone cyclization as a method for generating proteins and
small peptides that are stabilized against cellular catabolism. The
DnaE split intein from Synechocystis sp. PCC6803 was used to
cyclize the Escherichia coli enzyme dihydrofolate reductase and to
produce the cyclic, eight-amino acid tyrosinase inhibitor
pseudostellarin F in bacteria. Cyclic dihydrofolate reductase dis-
played improved in vitro thermostability, and pseudostellarin F
production was readily apparent in vivo through its inhibition of
melanin production catalyzed by recombinant Streptomyces anti-
bioticus tyrosinase. The ability to generate and screen for back-
bone cyclic products in vivo is an important milestone toward the
goal of generating intracellular cyclic peptide and protein libraries.

Large numbers of compounds and small, modular molecular
architectures are desirable properties in any combinatorial
library, but it is difficult to screen libraries with both of these
properties. Combinatorial chemistry generates libraries of de-
fined pharmacophores that give meaningful structure-activity
relationship data, but functional and cell-based assays dictate
spatial-addressing strategies that constrain libraries to modest
sizes (10°-10° members; refs. 1-3). Genetic encoding allows the
elaboration of very large libraries (10°~10° members) that can be
readily interfaced with biological selection (4-8), screening
(9-12), two-hybrid (4-9), and affinity methods (9-11) for target
identification, but library members tend to be relatively large
(>30 monomers) stand-alone molecules (aptamers or peptides;
refs. 10 and 13) or variable segments fused to larger scaffolds
(6-9, 11, 12). Although larger constructs help ensure stability to
cellular catabolism, they reduce the utility of genetically encoded
libraries by hindering pharmacophore identification and by
introducing scaffolds that can produce artifacts and obscure
active sequences.

A genetically encoded library of small, stable molecules would
extend the utility of combinatorial methods by enabling the
intracellular production of very large libraries of defined phar-
macophores devoid of scaffold-dependent effects. Intracellular
libraries of polyketides (14) and small peptides (15) have been
described, but neither class of compound is currently amenable
to the intracellular generation of large, chemically diverse li-
braries of stable products. We chose to pursue the intracellular
production of small, constrained peptides, because they incor-
porate a wide array of functional groups and encode five times
more information per position than nucleic acids. Head-to-tail
cyclization is an attractive method to constrain peptides in vivo,
because the products are compatible with any cellular environ-
ment and are significantly resistant to proteolysis (16). The
ability to cyclize peptides and interrogate the resulting products
in vivo is a necessary prerequisite to the generation and manip-
ulation of intracellular libraries of cyclic peptides.

This report describes the use of inteins (internal profeins) to
catalyze head-to-tail peptide and protein ligation in vivo. Inteins
catalyze a multistep posttranslational protein modification
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through which they are excised from a precursor fusion protein
while religating the flanking domains into a contiguous polypep-
tide joined by a single vestigial amino acid (17). In Synechocystis
sp. PCC6803 (Ssp), it has been observed recently that the
replicative polymerase is encoded by two distinct genes (18). The
gene encoding the amino-terminal fragment of the polymerase
is terminated with a sequence resembling the amino terminus of
an intein (N intein or Iy), and the gene encoding the carboxyl-
terminal fragment of the polymerase is initiated with a sequence
resembling the carboxyl terminus of an intein (C intein or I¢).
Coexpression of the two gene fragments in Escherichia coli
results in the production of the full-length polymerase, suggest-
ing that the two intein fragments associate in vivo to function as
a heterodimeric (or split) intein.

The ability of a natural split intein to affect a protein ligation
in trans suggested a mechanism for in vivo split intein-mediated
circular /ligation of peptide and proteins (SICLOPPS) via per-
mutation of the order of elements in the fusion protein precur-
sor. Trans-splicing in the context of a fusion protein precursor
with the primary sequence Ic—target-In results in head-to-tail
cyclization of the target sequence (Fig. 1). Herein, we describe
the use of SICLOPPS for the production of a cyclic peptide and
protein and demonstrate the ability to couple cyclic product
generation to a functional screen.

Materials and Methods

Vector Construction. The gene for the Ssp DnaE Iy was amplified
from Ssp genomic DNA with Tag polymerase and primers
introducing 5’ Bg/II and Nsil and 3’ PstI restriction sites. The Ssp
DnaE I¢ gene was amplified similarly with primers introducing
5" Ncol and 3’ Ndel and Sacl restriction sites. Plasmid pDIMCP
resulted from individually cloning the intein fragments into
pDIMCT7 [identical to pDIMC6 (ref. 19), except for conversion
of a BamHI restriction site into Bg/II]. An alanine-to-histidine
mutation in the I¢ gene (A35H) was affected by Quick-Change
mutagenesis (Stratagene), resulting in pPDIMCPAH. Excision of
the intein fragments as an Ncol/PstI digest and ligation into
pAR4 [derived from pAR3 (ref. 20; American Type Culture
Collection no. 87026), with a unique Ncol in the multiple cloning
site] generated pARCP (Fig. 2a) and pARCPAH. E. coli dihy-
drofolate reductase (DHFR) was amplified from pET22b-
DHFR (21) with primers introducing a 5" Ndel site followed by
(CAC)s (encoding six histidine residues) and a 3’ PstI site,
digested with Ndel/PstI and ligated into Ndel/Nsil digested
PARCP or pARCPAH to produce pARCP-DHFR (Fig. 2b) and
pARCPAH-DHFR (Fig. 2c¢). A polyhistidine sequence was
prepared synthetically with Ndel, Nsil, and BspMI sites and
ligated into pARCPAH to produce plasmid pARCP2-6H, which
encodes cyclo-[CHMHHHHHHGAGAA]. Plasmid pARCP-p
was produced in three steps from pDIMCPAH. (i) Quick-
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Fig. 1.  Circular ligation mechanism. An expressed fusion protein (F) folds to
form an active protein ligase (1). The enzyme catalyzes an N-to-S acyl shift (2)
at the target-ly junction to produce a thioester intermediate (T), which
undergoes transesterification (3) with a side-chain nucleophile (X) at the
Ic-target junction to form a lariat intermediate (R). Asparagine side-chain
cyclization (4) liberates the cyclic product as a lactone, and an X-to-N acyl shift
(5) generates the thermodynamically favored, lactam product (O) in vivo.

Change mutagenesis introduced an AfI1I site into I, generating
pDIMCPMA. (ii) The pseudostellarin F gene was synthetically
prepared and ligated into Mfel/AfllI-digested pDIMCPMA to
produce pDIMCP-p. (iii) The fusion construct was excised from
pDIMCP-p as an Ncol/Pstl fragment and ligated into Ncol/
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Fig. 2. SICLOPPS plasmid constructs. (a) Plasmid pARCP. A gene encoding a

cyclization target is cloned in frame between genes for the two components
of the Ssp DnaE splitintein (Ic and ly) downstream from the araB promoter. (b)
Plasmid pARCP-DHFR. Six histidines are inserted between the amino-terminal
methionine and isoleucine of DHFR. (c) Plasmid pARCPAH-DHFR. (d) The
modified vector: a cysteine (TGY) or serine (TCN) codon can be generated by
cloning into the Mfel site (N represents any nucleobase; S represents Cor G; Y
represents pyrimidines). (e) Plasmid pARCP-p. (f) Plasmid pARCBD-p.
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Pstl-digested pAR4 to produce pARCP-p (Fig. 2¢). To produce
plasmid pARCBD-p, a Kpnl site was introduced at the carboxyl
terminus of the Ix gene of pARCP-p by Quick-Change mu-
tagenesis to produce pARCP-pK. The gene encoding the chitin-
binding domain was amplified from plasmid pCYB1 (NEB,
Beverly, MA) with primers introducing a 5’ Kpnl site and a 3’
HindlIll site. Both the PCR product and pARCP-pK were
digested with Kpnl and HindIII and ligated together to generate
PARCBD-p (Fig. 2f). All enzymes were from Promega or New
England Biolabs unless otherwise noted.

DHFR Purification. XL1-Blue cells harboring either pARCP-
DHFR or pARCPAH-DHFR were grown in LB medium plus 50
pg/ml chloramphenicol at 37°C until the culture reached an
ODgqo of 0.7. The culture was induced with L-(+)-arabinose to
a final concentration of 0.5% and grown at 28°C for 24 h. Cells
were harvested by centrifugation (7,000 X g for 10 min) and
frozen in liquid nitrogen. The cells were lysed, and DHFR-
containing proteins were purified as described (21). The cyclic
product was separated from other DHFR-containing interme-
diates by FPLC by using a Mono-Q column (Amersham Phar-
macia) eluted with a gradient of 0—1 M NaCl in 50 mM Tris-HCI1
over 30 min. Western blotting was performed with anti-His
(Qiagen, Chatsworth, CA) and goat anti-mouse-alkaline phos-
phatase-conjugate (Pierce) antibodies according to the manu-
facturers’ instructions.

Endoproteinase Lys-C Digestion. Wild-type or cyclic DHFR (50 ug)
was treated with 0.5 pg of endoproteinase Lys-C in 0.1 M
NH4HCOs; at 37°C. Samples were taken at 6 and 24 h, visualized
on a SDS/16% PAGE gel and submitted for matrix-assisted laser
desorption ionization (MALDI) time-of-flight mass spectrom-
etry (22).

DHFR Assays. Thermostability was assayed by preincubation of
100 nM wild-type or cyclic DHFR at either 25°C or 65°C in
MTEN buffer (50 mM Mes/25 mM Tris/25 mM ethanolamine/
100 mM NaCl). Aliquots were taken at various time points and
equilibrated to room temperature for 5 min in the presence of
100 uM 7,8-dihydrofolate. Activity assays were initiated with
NADPH as described (21).

Synthesis of Cyclo-[Ser-Gly-Gly-Tyr-Leu-Pro-Pro-Leu]. To a solution
of 3.5 mg (4 umol) of NH,-Ser-Gly-Gly-Tyr-Leu-Pro-Pro-Leu-
CO;H and 1.8 mg (16 umol) of N-hydroxysuccinimide in 20 ml
of dimethylformamide was added 3.0 mg (16 wmol) of 1-ethyl-
3-(3-dimethylaminopropyl)carbodiimide (EDC). The reaction
was stirred for 10 h at 25°C. An additional 3.0 mg of EDC was
then added, and stirring was continued at 25°C for another 10 h.
The solvent was removed by rotary evaporation, and the residue
was dissolved in 2 ml of water for purification by RP-HPLC on
a Whatman Partisil 10 ODS-3 9.4-mm X 50-cm column eluted
with a linear gradient of 0-50% (vol/vol) acetonitrile in 0.1%
trifluoroacetic acid/water over 30 min. The appropriate frac-
tions were lyophilized to yield 2.8 mg (80%) of a white solid [m/z
785 (MH")]. '"H-NMR and U V-visible spectra of the syntheti-
cally prepared material were consistent with published spectra
for the isolated natural product (23).

Pseudostellarin F Purification. E. coli strains XL1-Blue, DH5«, or
BL21-DE3 harboring pARCP-p were grown and harvested as
described for DHFR purification. The medium (500 ml) was
extracted three times with 1-butanol (3 X 100 ml). The extracts
were combined and evaporated, and the solid residue was
resuspended in 2 ml of 0.1 M KbHPO, (pH 8.0; lysis buffer). Cells
were resuspended in 10 ml of lysis buffer, sonicated, and clarified
by centrifugation (20,000 X g for 20 min). The lysate was
extracted (3 X 5 ml of n-butanol), and extracts were combined,
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evaporated, and resuspended in 500 wl of lysis buffer. The
recombinant product was purified from lysate and media extracts
by HPLC as described above. Lyophilization of the appropriate
fractions from the lysate and media extractions yielded an oily
residue [m/z 785.47 (MH™"), 807.43 (MNa'), and 823.44
(MK™)]. 'TH-NMR and UV-visible spectra of the recombinant
material were consistent with published spectra for the iso-
lated natural product (23). Proteins fused to the chitin-binding
domain were prepared through generation of the clarified
lysate as described above. The lysate was passed over a chitin
column (NEB) equilibrated with lysis buffer. The column was
eluted isocratically, and fractions containing splicing interme-
diates were pooled and submitted for MALDI mass spectral
analysis (22).

Tyrosinase Cloning. The tyrosinase gene (including ORF 438)
from Streptomyces antibioticus (24) was amplified with Vent
polymerase from plJ702 (ATCC no. 35287) with primers intro-
ducing 5’ Ndel and 3’ EcoRI restriction sites. The PCR product
was digested with Ndel and EcoRI and ligated into similarly
digested pDIMN2 (19) to generate pDIMN-Y. Transformed
ligation mixtures were grown at ambient temperature for 5 days,
and colonies that expressed tyrosinase were identified by pig-
ment formation on FeCuY plates [LB agar plates containing
ampicillin (200 pg/ml), FeCl36H,0 (0.2 mM), CuSO45H,0 (0.2
mM), L-tyrosine (0.3 mg/ml, Y), and isopropyl B-D-galactoside
(1 mM)] (25).

Results

Design of Genetic Constructs. The genes encoding Ssp I¢ and In
were amplified from Ssp genomic DNA by standard molecular
biology methods (26) and serially ligated into pDIMC?7 (19). The
resulting cyclization precursor fragment was excised from
pDIMC7 and cloned adjacent to the araB promoter of pAR3
(20) to generate the pARCP vector series (Fig. 2). These vectors
activate the expression of cyclization precursors in the presence
of arabinose. The E. coli DHFR gene was cloned between the
Ndel and Niil sites of pARCP to create an in-frame fusion with
each of the split intein genes (Fig. 2 b and ¢). The PCR primer
used to amplify DHFR also introduced a sequence encoding a
six-histidine tag at the 5’ end of the DHFR gene to allow
immunodetection of the region to be cyclized. Two DHFR
constructs were assembled to investigate the role of the penul-
timate residue of I¢ in acid/base catalysis of asparagine side-
chain cyclization. Plasmid pARCP-DHFR (Fig. 2b) encodes the
wild-type Ic gene, which has an alanine residue neighboring the
terminal asparagine. Plasmid pARCPAH-DHFR (Fig. 2¢) in-
corporates an alanine-to-histidine mutation at the penultimate
position in the I¢ gene. To produce pseudostellarin F (cyclo-
[SGGYLPPL)), the vector was modified by silent mutation to
create an AfI11 site at the 5’ end of the Iy gene (Fig. 2d). An Mfel
site occurs naturally at the 3’ end of the wild-type Ic gene.
Ligation of a synthetically prepared, double-stranded insert
encoding pseudostellarin F into the modified vector produced
plasmid pARCP-p (Fig. 2¢). A Kpnl site was introduced at the
3" end of the Ix gene to fuse the gene for the chitin-binding
domain to the pseudostellarin-producing construct (Fig. 2f).

Production and Characterization of Cyclic DHFR. DHFR cyclization
was readily apparent by SDS/PAGE on arabinose induction of
PARCP-DHFR (Fig. 3a). Bands with apparent molecular masses
corresponding to the linear (L, 23 kDa) and cyclic (O, 21 kDa)
DHEFR products, the fusion protein (F, 37 kDa), I (14 kDa), and
Ic (4 kDa) were clearly visible, as were bands tentatively assigned
as the thioester (T, 36 kDa) and lariat intermediates (R, 26 kDa)
(Fig. 3a, lane 2). Mutation of the penultimate residue of I (A35)
from alanine to histidine (Fig. 2c¢) improved the yield of cyclic
DHFR (Fig. 3a, lane 3). Methotrexate-agarose affinity chroma-
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Fig. 3. (a) SDS/PAGE analysis of DHFR cyclization on a 10-20% gradient
Tris/glycine ready-gel (Bio-Rad). F, IcDHFR-Iy fusion protein; T, IcDHFR-Iy
fusion thioester intermediate; R, IccDHFR lariat intermediate; L, linear DHFR;
O, cyclic DHFR. (Lane 1) Uninduced XL1-Blue/pARCP-DHFR. (Lane 2) Arabi-
nose-induced XL1-Blue/pARCP-DHFR. (Lane 3) Arabinose-induced XL1-Blue/
pARCPAH-DHFR. (Lane 4) Lane 3 crude lysate after methotrexate agarose.
(Lane 5) Lane 4 material after FPLC. (Lane 6) Wild-type DHFR. (b) Effect of
preincubation at 65°C on wild-type (blue triangles) and cyclic (red diamonds)
DHFR activity. kcat is determined after preincubation of the enzyme at 65°C;
kcat(0) is determined after preincubation at 25°C. (c) Expected endoprotein-
ase Lys-C digestion pattern for linear and cyclic DHFR.
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tography of the crude lysate (Fig. 3a, lane 4) confirmed that the
majority of the induced bands contained correctly folded DHFR.
Although Iy is not covalently attached to DHFR, it was retained
on the methotrexate column presumably because of noncovalent
complex formation with the IDHFR lariat intermediate (R).
The methotrexate-agarose eluant was fractionated by FPLC,
allowing purification of 5 mg of the cyclic product per liter of
culture (Fig. 3a, lane 5). Western blotting (not shown) with an
anti-His antibody indicated the presence of the polyhistidine
linker sequence (Fig. 2d) in the FPLC-purified protein. The
protein migrated more rapidly in SDS/PAGE analyses than did
recombinant DHFR (Fig. 3a, lane 6), despite the extra 11-amino
acid linker sequence (Fig. 2b), implying an additional topological
constraint. Furthermore, no reaction was detected when the
FPLC-purified protein was reacted with phenylisothiocyanate
(27), suggesting that the amino terminus was unavailable.

Cyclic DHFR had steady-state kinetic parameters and sub-
strate, cofactor, and methotrexate dissociation constants that
were indistinguishable from those of the wild-type enzyme at
25°C. Activity assays conducted after 65°C preincubation of
wild-type and cyclic DHFR indicated that cyclization improved
the thermostability of the enzyme (Fig. 3b). Endoproteinase
Lys-C digestion was used to demonstrate unambiguously that the
FPLC-purified protein was cyclic DHFR. Digestion of the
wild-type enzyme produces amino-terminal (4.4 kDa) and car-
boxyl-terminal (6.3 kDa) fragments; in a cyclic protein, these two
fragments would be joined, resulting in a 10.7-kDa digestion
product (Fig. 3c). The FPLC-purified material was resistant to
proteolysis compared with the wild-type enzyme, and mass
spectral analysis of the digestion mixtures identified a 10.7-kDa
peak in the SICLOPPS product, which was absent in the
wild-type enzyme (data not shown).

Production and Characterization of Pseudostellarin F. Pseudostella-
rin F production was readily detected in vivo through inhibition
of recombinant S. antibioticus tyrosinase (Fig. 4). Coexpression
of pseudostellarin F in tyrosinase expressing cells dramatically
reduced pigment formation (Fig. 4d). Expression of an unrelated
cyclic peptide from pARCP2-6H failed to inhibit tyrosinase (Fig.
4 a and b), and inhibition absolutely required arabinose induc-
tion (Fig. 4, compare ¢ and d). SDS/PAGE analysis of arabinose-
induced pARCP-p in several bacterial strains (BL21-DES3,
DH5a, and XL1-Blue) allowed the visualization of bands cor-
responding to the fusion protein (F), thioester intermediate (T),
and In. An intense, low-molecular-mass band was also visible,
but the resolution was insufficient to separate the lariat inter-
mediate (R) and I¢ (data not shown). Although pseudostellarin
F was too small to be visualized by SDS/PAGE, mass spectral
analysis indicated its presence in both the crude cell lysate and
medium. Approximately 30 ng of the recombinant cyclic peptide
was isolated from the cell lysate per gram of wet cell mass.
Pseudostellarin F was also isolated from the medium by 1-bu-
tanol extraction followed by HPLC, with a yield that varied
between 2 mg/liter (XL1-Blue) and 20 mg/liter (BL21-DE3),
depending on the expression strain. The NMR spectrum of the
recombinant material was consistent with that reported for the
natural product (23), and the retention time of the bacterially
expressed cyclic peptide was identical to a synthetically prepared
standard. The recombinant material failed to react with ninhy-
drin (28), indicating a backbone cyclic peptide (lactam) rather
than a lactone product. Neither HPLC nor mass spectral analysis
provided any evidence for production of the linear parent
peptide.

A chitin-binding domain was fused to the carboxyl terminus of
Ix to affinity-purify intermediates of the intein-mediated ligation
reaction and characterize them by MALDI mass spectrometry
(Table 1). All of the intermediates of the splicing reaction,
including Ic, were retained when the crude cell lysate from
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Fig. 4. In vivo tyrosinase inhibition by pseudostellarin F. XL1-Blue cells
cotransformed with pDIM-NY and either pARCP2-6H (a and b) or pARCP-p (c
and d). Cells were plated on FeCuY plates (25) with chloramphenicol (50
rg/ml), either without (a and ) or with (b and d) L-(+)-arabinose (0.5%).

arabinose-induced pARCBD-p in XL1-Blue was passed over a
chitin affinity column. Pseudostellarin F was recovered from the
unretained material by 1-butanol extraction. The observed mo-
lecular masses for the fusion protein (F), the thioester interme-
diate (T), and In were in excellent agreement with the values
predicted from the gene sequence. The mass of I was consistent
with the asparagine cyclized form as predicted from the pro-
posed mechanism of product release. The molecular mass of the
lariat intermediate (R) was more consistent with the linear
Ic—pseudostellarin F fusion product than with the branched
lactone product expected from the transesterification reaction.

Discussion

The trans-splicing ability of the naturally occurring DnaE split
intein from Ssp (18) has been harnessed to create a general
method for in vivo peptide and protein backbone cyclization.
Expression from a construct in which the gene for any target
sequence is inserted in-frame between genes encoding the two
components of the Ssp split intein (Fig. 2) results in the
production of a fusion protein that spontaneously cyclizes the
target in vivo (Fig. 1). The cyclization vector is compatible with
both large and small target sequences and has been optimized for
versatility and yield. It was designed with restriction sites both

Table 1. Mass spectral characterization of pseudostellarin F
cyclization intermediates

. Mass, Da

Reaction

component Linear Cyclic Observed
F, T 24,380.5 NA 24,380.4
In 19,642.0 NA 19,642.3
R 4,756.5 4,738.5 4,756.2
Ic 3,969.2 3,951.2 3,953.0
Pseudostellarin F 802.4 784.4 784.4

F, fusion protein; T, thioester; R, lariat intermediate; NA, not aplicable.
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between (Fig. 2a) and within (Fig. 2d) the intein genes to enable
the cloning of a wide variety of cyclization targets. An arabinose-
inducible expression vector (20) was chosen specifically for the
production of fusion proteins to provide high-level expression of
cyclization precursors (Fig. 3a), enable the use of various
bacterial expression strains, and ensure compatibility with pub-
lished bacterial two-hybrid systems (4, 5, 29-32). The modular
nature of the expression construct should enable the engineering
of analogous vectors for use in yeast and mammalian cells. Two
expression constructs were generated to test whether the imi-
dazole side chain of histidine catalyzes the asparagine cyclization
reaction that liberates the cyclic product from the lariat inter-
mediate (Fig. 1). Cyclic DHFR was produced with both the
alanine-containing wild-type (Fig. 2b) and alanine-to-histidine
mutant (Fig. 2c¢) constructs. Because the mutant delivered
approximately double the yield of cyclic product (Fig. 3a), the
alanine-to-histidine mutation was incorporated into all subse-
quent constructs. A cysteine, serine, or threonine residue is
mechanistically essential to serve as a nucleophile in the split
intein catalyzed transesterification reaction and remains behind
in the cyclic product (Fig. 1). The Mfel site that occurs naturally
at the 3’ end of the wild-type Ic gene is perfectly situated such
that ligation of appropriate compatible cohesive sticky ends can
generate either cysteine or serine (Fig. 2d). The vector places no
other constraints on target length or composition.

DHFR was chosen as a protein cyclization target, because it
has been successfully circularly permuted (33-35) and even
cyclized via a disulfide bond (36). Circular permutation and
cyclization studies with DHFR have shown that a linker of
greater than three amino acids between the amino and carboxyl
termini of the wild-type enzyme is required to retain activity
(34-36). DHFR was cloned in-frame into the Ndel and Nsil sites
located between the two intein genes so that the cysteine residue
introduced by the splicing reaction and the additional sequence
encoded by the restriction sites (Fig. 2 b and ¢) could provide the
necessary flexibility to ensure the catalytic integrity of the
cyclized product. The purified product migrated more rapidly
than the wild-type enzyme in SDS/PAGE analyses (Fig. 3a), was
resistant to amino-terminal modification and proteolysis, gave a
unique proteolytic fragment (Fig. 3c), and displayed enhanced
thermostability (Fig. 3b). All of the results are consistent with
the production of cyclic DHFR. The yield of cyclic protein was
comparable to that obtained with in vitro intein-mediated pro-
tein cyclization methods (37, 38). The resistance of cyclic DHFR
to proteolysis is the first indication that cyclization may have the
intended effect of conferring resistance to cellular catabolism.
The enhanced stability of the protein is also reflected in enzyme-
activity measurements. Long (>10-amino acid) linkers between
the amino and carboxyl termini of DHFR had no effect on
activity at optimal temperatures and conferred stability to the
cyclic enzyme at elevated temperatures that were sufficient to
denature the wild-type enzyme (Fig. 3b). This result is consistent
with previous studies that showed that the thermostability of
DHFR was enhanced when the amino and carboxyl termini were
constrained through the formation of a disulfide bond (36).

The tyrosinase inhibitor pseudostellarin F (cyclo-[SGGYLPPL];
ref. 23) was an attractive cyclic peptide target, because it is
composed entirely of standard L amino acids and lacks posttrans-
lational modification. The serine residue in pseudostellarin F
provided an important test of the general utility of the Ssp split
intein for protein splicing. The wild-type Ssp Ic uses cysteine as the
nucleophile for the transesterification portion of the protein ligation
mechanism, and studies with DHFR showed that cysteine was
capable of fulfilling a similar role in circular ligation (Fig. 1). The
pseudostellarin F sequence was cloned into the restriction sites
located within the two intein genes (Fig. 2¢), and its expression was
verified by NMR and mass spectroscopy. Milligram-scale produc-
tion of pseudostellarin F in bacteria indicates that serine is a viable
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mechanistic substitute for cysteine in Ssp split intein-mediated
protein ligation. The majority of the product was isolated from the
medium, which is reasonable for an uncharged, low-molecular-mass
cyclic peptide. There was some strain-dependent variation in cyclic
peptide production, but the yield of pseudostellarin F from all
bacterial expression strains represents a dramatic improvement
over the yields reported for in vitro intein-mediated cyclic peptide
production (37) and actually rivals the yield from natural
sources (23).

Fusion of a chitin-binding domain to the carboxyl terminus of Iy
had little effect on pseudostellarin F yield (data not shown) but
enabled the affinity purification of all of the intermediates of the
circular ligation reaction. The molecular masses of intermediates
fused to affinity tagged In were generally consistent with the
proposed SICLOPPS mechanism (Table 1), with the notable
exception of the I¢ lariat (R), which seems to be hydrolyzed. This
species cannot be on the product formation pathway, and it is not
clear at this point whether hydrolysis is a kinetically competitive,
nonproductive branch point in the splicing mechanism or whether
it is an artifact of sample preparation or mass spectrometry. In
addition to corroborating the circular ligation mechanism, affinity
chromatography also provided information on the strength of the
In—Ic complex. Iy was retained on methotrexate agarose, although
it was not covalently attached to DHFR, and I was retained on a
chitin column without being covalently fused to the chitin-binding
domain. These results suggest that Ssp Ix and I¢ associate very
tightly. Because target cyclization is driven by this favorable pro-
tein—protein interaction, strained lactam and even lactone products
may be accessible by the SICLOPPS method.

Pseudostellarin F production in bacteria was readily screened in
vivo through inhibition of melanin production catalyzed by recom-
binant S. antibioticus tyrosinase (Fig. 4). E. coli grown in the
presence of tyrosine, iron, and copper have been shown to produce
melanin on the expression of S. antibioticus tyrosinase from a
heat-inducible promoter (25). Thermal induction was a problem for
our studies, because initial reports suggested that the Ssp split intein
had poor activity at elevated temperatures (18). Tyrosinase expres-
sion was therefore placed under the control of a lac promoter (19),
and a similar phenotype was observed on induction with isopropyl
B-D-galactoside (data not shown). The influence of pseudostellarin
F, arabinose, and the SICLOPPS vector on tyrosinase-dependent
melanin production was investigated by introducing plasmids en-
coding pseudostellarin F (pARCP-p) or a control peptide into
bacteria producing the recombinant tyrosinase. The control plas-
mid had no affect on melanin production in either the presence or
absence of arabinose (Fig. 4 a and b). Plasmid pARCP-p also had
no affect on melanin production in the absence of arabinose (Fig.
4c¢) but completely inhibited melanin production in the presence of
the transcriptional activator (Fig. 4d). The controls clearly show that
neither arabinose nor the two intein fragments alone prevent
pigment formation; the pseudostellarin F sequence either in the
context of the cyclic product or displayed in the myriad interme-
diate fusions must be uniquely responsible for tyrosinase inhibition.

SICLOPPS has been developed as a general method for
backbone cyclization of peptides and proteins in vivo. The
method has been used to cyclize E. coli DHFR and to produce
the cyclic, eight-amino acid tyrosinase inhibitor pseudostellarin
F. The cyclization of both products was confirmed by mass
spectral analysis, and each was isolated with yields of milligrams
per liter of bacterial culture. Cyclization could be detected for
DHFR by increased thermostability in vitro and for pseudoste-
llarin F by inhibition of recombinant S. antibioticus tyrosinase in
vivo. The production/screening of pseudostellarin F in bacteria
serves as a concrete example of the integration of intracellular
cyclization and functional screening and provides a foundation
for the elaboration and deconvolution of combinatorial libraries
of cyclic products in vivo.
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