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Abstract
Selective incorporation of non-natural amino acid residues into proteins is a powerful approach to delineate structure–function
relationships. Although many methodologies are available for chemistry-based protein engineering, more facile methods are needed
to make this approach suitable for routine laboratory practice. Here, we describe a new strategy and provide a proof of concept for
engineering semi-synthetic proteins. We chose a serine protease Streptomyces griseus trypsin (SGT) for this study to show that it is
possible to eﬃciently couple a synthetic peptide containing a catalytically critical residue to a recombinant fragment containing the
other active site residues. The 223-residue hybrid SGT molecule was prepared by fusing a chemically synthesized N-terminal peptide
to a large C-terminal fragment of recombinant origin using native chemical ligation. This C-terminal polypeptide was produced
from full-length SGT by cyanogen bromide cleavage at a genetically engineered Met57 position. This semi-synthetic hybrid trypsin
is fully active, showing kinetics identical to the wild-type enzyme. Thus, we believe that it is an ideal model enzyme for studying the
catalytic mechanisms of serine proteases by providing a straightforward approach to incorporate non-natural amino acids in the Nterminal region of the protein. In particular, this strategy will allow for replacement of the catalytic His57 residue and the buried Nterminus, which is thought to help align the active site, with synthetic analogs. Our approach relies on readily available recombinant
proteins and small synthetic peptides, thus having general applications in chemical engineering of large proteins where the N-terminal region is the focal interest.
Ó 2003 Elsevier Science (USA). All rights reserved.

Engineering the functional properties of proteins using non-natural building blocks is becoming a widely
used tool of protein chemists. Several quite diﬀerent
methods for incorporating non-coded amino acids into
proteins are currently in practice including total chemical synthesis [1–3], in vitro translation [4–6], auxotrophic
bacterial expression [7–10], enzymatic semi-synthesis
[11–13], native chemical ligation [14–17], and more recently expression in Escherichia coli using novel orthogonal tRNA/synthetase pairs [18,19]. However, there
are a variety of technical challenges associated with each
of these technologies that have limited their widespread
uses by most protein engineers.
Native chemical ligation, developed by Kent and
colleagues, allows for two fully unprotected synthetic
peptides to react chemoselectively in aqueous solution to
*
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assemble a longer polypeptide chain linked by a new
peptide bond [14]. The method requires the presence of a
C-terminal a-thioester moiety on the N-terminal peptide
and an N-terminal cysteine residue on the C-terminal
peptide. Chemically synthesizing proteins by native
chemical ligation is a robust approach to produce molecules up to typically about 120 amino acid residues.
Larger protein molecules can be made using multi-step
ligation strategies either in solution or on solid phase
[15,20]; however, synthesis of multiple individual peptides is required and elaborate chemistries associated
with the assembly process are involved. Consequently,
synthesis of large proteins still presents signiﬁcant
challenges limiting its use in practice.
Although there are many small protein systems that
oﬀer opportunities to dissect important structure–function parameters through the standard chemical synthesis
approach, many of the most exciting problems involve
proteins of sizes that are not readily accessible by

1046-5928/03/$ - see front matter Ó 2003 Elsevier Science (USA). All rights reserved.
doi:10.1016/S1046-5928(03)00022-6

186

G. Pal et al. / Protein Expression and Puriﬁcation 29 (2003) 185–192

standard methods. Since generally only a few non-natural amino acid residues would be introduced into any
one molecule, the most eﬃcient method would be the
one that employs both chemical and recombinant arms
combined in ways to maximize their individual advantages. In this regard, the Muir group developed an
intein-mediated expression system to generate a-thioester-bearing protein molecules for subsequent native
chemical ligation reactions [21]. This expressed protein
ligation approach has been used successfully to prepare
large chimeric proteins that contain a C-terminal synthetic moiety of interest, thus signiﬁcantly expanding the
scope of applications of chemical protein engineering
[22–24]. However, while well suited for preparing large
multi-domain semi-synthetic proteins whose C-terminal
region is the target for chemical modiﬁcations, expressed
protein ligation has limited applications in studies where
the N-terminal region of the protein is the focal interest.
This is because the N-terminal segment used in expressed protein ligation is produced through cell-based
expression, which would be inherently diﬃcult to allow
for straightforward incorporation of non-natural
building blocks.
The approach we present here is complementary to
the intein-mediated synthesis method. It also couples
chemical synthesis and recombinant approaches to
produce a semi-synthetic protein, but in this case the
non-natural amino acids can be introduced into the Nterminal section of the molecule. The C-terminal portion
is derived through recombinant procedures and, thus, it
can be very large, its size being limited only by the applied expression system. The only requirement for the Cterminal peptide fragment is an N-terminal Cys residue.
The N-terminal piece is chemically synthesized, has an
a-thioester carboxyl terminus moiety for subsequent
native chemical ligation, and can contain multiple nonnatural amino acid substitutions. We have previously
shown through developing the biosynthetic phage display methodology [25] that this approach is viable for
making functionally active semi-synthetic proteins.
However, in the case of the phage display application
the conditions were less stringent; small amounts and
low concentrations of the recombinant peptides were
presented on phage that prevented aggregation of the
unfolded C-terminal fragments. The eﬃciency of producing folded semi-synthetic products on phage is much
less than what we wished to achieve here. Our goal here
was to translate this protein engineering concept into a
robust user-friendly method whereby large quantities of
semi-synthetic proteins can be produced for detailed
characterization by structural, biochemical, and biophysical approaches.
Here, we report preparation and characterization of a
fully active, hybrid Streptomyces griseus trypsin (SGT)
of which the ﬁrst segment of 37 residues at the N-terminus, (16–57)SGT (chymotrypsinogen numbering),

was made by solid phase peptide synthesis while the Cterminal segment of 186 residues, (58–245)SGT bearing
an N-terminal Cys residue, was generated by cyanogen
bromide (CNBr) cleavage of a recombinant SGT molecule over-expressed in E. coli. The C-terminal fragment, in principle, could be generated by proteolytic
processing. In fact, we made an attempt to use a genetically engineered subtilisin variant, Genenase, as the
processing agent. However, poor solubility of the recombinant product that contained a Genenase cleavage
site preceding Cys58 rendered the enzymatic processing
unfeasible (for details see Discussion). Therefore, we
applied a chemical processing approach where use of
high concentrations of denaturants circumvents the
solubility problem. Our strategy will allow for virtually
unlimited non-natural modiﬁcations to the chemically
synthesized part of the hybrid trypsin molecule. Since
His57 –Cys58 is completely conserved in the chymotrypsin family of serine proteases, this approach can be
applied directly for many other serine proteases therefore promising an ideal tool for better understanding
their catalytic mechanisms. The method presented
here is generally applicable for the semi-synthesis of
large proteins where the N-terminal region is the focal
interest.

Materials and methods
Cloning strategy
A plasmid containing the coding sequence for
Streptomyces griseus trypsin was provided by Dr. Thor
Borgford from Simon Fraiser University. For the expression of the full-length (16–245)SGT molecule, the
corresponding DNA fragment was produced by PCR
using the following primers:
(a) SGTR-50
50 -AAAAAAAACATATGTTCGCGCACTACGTC
GTCGGCGGAACCCG-30
HisMetPheAlaHisTyrValValGlyGlyThr
(b) SGTR-30
50 -AAAAAACTCGAGTTATTAGAGCGTGCGG
GCGGCCGAGGCGAATGGCGG-30
Cleavage sites for the restriction endonucleases NdeI
(in oligo a) and XhoI (in oligo b) are underlined. The 50
primer also codes for a peptide segment that serves as
recognition and cleavage site for Genenase [26,27]. The
Genenase site coding portion of primer a as well as the
corresponding translated peptide sequence is indicated
as italic. Genenase should cleave after the Tyr residue of
the PheAlaHisTyr segment. A similar construct (not
shown) was also produced to yield truncated (58–
245)SGT with an N-terminal Cys residue after the
Genenase processing. However, since proteolytic processing failed to produce this segment, an alternative
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chemical approach had to be explored (refer to Discussion for details). The PCR product was digested with
the indicated restriction endonucleases and ligated into a
pET-28a(+) vector (Novagen) precut with the same
restriction enzymes. The construct pGenSGTr was
transformed into XL1-blue E. coli cells (Stratagene).
Plasmids from individual clones were isolated and
sequenced.
Expression and puriﬁcation of recombinant SGTr
The pGenSGTr expression vector was transformed
into BL21(DE3) E. coli cells (Novagen). The combination of the BL21(DE3) cell line and the pET-28a(+)
vector ensured robust IPTG-inducible expression of the
gene from a T7 promoter and also provided an N-terminal His tag for the gene product. Cells harboring the
expression vector were grown at 37 °C in LB medium
containing 35 mg/ml kanamycin. At OD600 ¼ 2:0, the
cells were induced by 1 mM ﬁnal concentration of IPTG
and incubated for an additional 4 h. Then, the cells were
harvested by centrifuging (10 min at 8000g) and the
pellet was frozen and stored overnight at )70 °C. The
cells were resuspended in 30 ml lysis buﬀer (50 mM Tris–
HCl, 1 mM EDTA, and 100 mM NaCl) and 800 ll of
10 mg/ml lysozyme (Boehringer) was added. After
thorough sonication, 1.5 ml of 100 mM MgCl2 and
800 U Bensonaze (Sigma) were added to remove nucleic
acid contamination. The suspension was incubated at
37 °C for 1 h. The inclusion body fraction was collected
by centrifugation (10 min at 10,000g) and washed several
times with repeated steps of resuspension in lysis buﬀer
and centrifugation. Although the recombinant construct
had N-terminal His tag, no nickel column had to be
applied, because the above protocol yielded very large
amount (800 mg protein from 1 L E. coli culture) and
high purity inclusion body fraction.
Constructing an SGTr variant for CNBr cleavage
To use CNBr as a processing agent to produce a (58–
245)SGT fragment with Cys58 as its N-terminal residue,
the His57Met mutation was designed. Since the wildtype SGTr sequence has a methionine residue, Met199,
we mutated it to leucine to avoid CNBr cleavage at this
position. The mutations were introduced by the Kunkel
method [28]. CJ236 cells from Bio-Rad were transformed with the pGenSGTr vector and VCS M13 helper
phage from Stratagene was used to isolate uracil-containing single-stranded DNA as template for the mutagenesis reactions. The following mutagenesis primers
were used:
His57Met-SGTr
50 -CCGATCCGCTCACGCACATGGCCGCGGT
GAGGACG-30
Met199Leu-SGTr
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50 -GGCGTTGTCCTTGCGGAAGAGCGGGCCG
CCGGAG-30
The positions of the mutations are underlined. Note
that the f1 origin in pET-28a(+) is oriented such that the
resultant single-stranded DNA corresponds to the coding strand. Thus, the complementary mutagenesis
primers represent the non-coding strand. XL1-Blue cells
were transformed with the mutagenesis products and
positive clones containing the desired mutations were
identiﬁed with DNA sequencing. BL21 (DE3) cells were
transformed with the His57Met; Met199Leu SGT constructs. The expression and puriﬁcation were done by
the same protocol that has been described above.
Cleavage of recombinant SGT by CNBr
Inclusion bodies of (16–245)Met57 Leu199 -SGT were
dissolved at 20 mg/ml in 0.5 M Tris–HCl buﬀer containing 6 M guanidine hydrochloride (GuHCl), pH 9.2,
to which oxidized glutathione (GSSG) was added to a
ﬁnal concentration of 100 mg/ml. After 48 h, the reaction was stopped by acidiﬁcation with acetic acid and
the solution was dialyzed in water (MWCO 8000). The
resultant protein precipitates were collected by centrifugation and re-suspended at 20 mg/ml in 0.1 M HCl
containing 6 M GuHCl and 80 mg/ml CNBr. The
cleavage reaction proceeded overnight, followed by dialysis and lyophilization. The major cleavage product,
(58–245)Leu199 -SGT containing ﬁve glutathione molecules disulﬁde bridged with Cys residues, was veriﬁed by
electrospray ionization mass spectrometric (ESI-MS)
analysis.
Synthesis, renaturation, and puriﬁcation of hybrid SGT
The N-terminal thioester peptide (16–57)aCOSCH2
CO–Leu–OH was manually synthesized on Boc-His
(Bom)-SCH2 CO-Leu-OCH2 -Pam resin using the published in situ neutralization/HBTU activation protocol
for Boc chemistry [29]. After cleavage and deprotection
in HF, the peptide was puriﬁed by preparative C18 reversed-phase HPLC and its molecular weight was ascertained by ESI-MS. Native chemical ligation of (16–
57)aCOSCH2 CO-Leu-OH and crude (58–245)Leu199 SGT was carried out at 20 mg/ml in 0.2 M phosphate
buﬀer containing 6 M GuHCl and 2% thiophenol, pH
7.5. After 24 h, b-mercaptoethanol was added (25% v/v)
to quench the ligation reaction, followed by extensive
dialysis in acidiﬁed water before lyophilization. The
observed molecular weight of the ligation product (16–
245)Leu199 -SGT was 23088.6 Da, in agreement with the
expected value of 23087.9 Da that was calculated based
on average isotope compositions.
Folding of SGT was performed by dissolving the
crude ligation product at 1 mg/ml in 50 mM Tris–HCl
buﬀer containing 6 M GuHCl, pH 9.2, followed by a
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1000-fold dilution using 1 M diethylamine buﬀer containing 20 mM CaCl2 , 3 mM reduced glutathione
(GSH), and 0.3 mM GSSG, pH 8.5. The folding proceeded for 3 h at room temperature and the solution was
loaded onto a soybean trypsin inhibitor (STI) immobilized aﬃnity column. Elution of the bound, folded enzyme from STI-Sepharose was achieved using 10 mM
HCl containing 0.2 M NaCl and 10 mM CaCl2 . The
molecular weight of the folded product was determined
to be 23082.2 by ESI-MS.
Enzyme kinetics analysis of SGT
Enzyme kinetics were carried out in 100 mM Bis–Tris
propane buﬀer containing 20 mM CaCl2 and 0.005%
Triton X-100, pH 8.3. Chromogenic substrates Bz-ArgpNA and Bz-Phe-Val-Arg-pNA were dissolved in DMF
at 10 and 20 mM, respectively. Hydrolysis was monitored by following absorbance changes at 380 nm as
diﬀerent concentrations of substrates [S] were applied in
a series of 3-ml cuvettes containing enzyme solutions at
a ﬁxed concentration, ½E0 . The enzyme concentration
was determined by titration with standardized bovine
pancreatic trypsin inhibitor [30]. The slopes (s1 ) of
hydrolysis were converted to initial reaction rates, r (M/
s), based on an experimentally determined value of the
molar extinction coeﬃcient for the released compound
p-nitroanilide (pNA). Values of kcat and Km were obtained by non-linear regression analysis using the
Michaelis–Menten equation: r ¼ kcat ½S½E0 =ðKm þ ½SÞ.
Results
The strategy for the preparation of hybrid SGT is
illustrated in Fig. 1. In the native sequence of SGT, the
catalytic residue His57 is conveniently located N-terminal to a neighboring cysteine residue, making an ideal

Fig. 1. Strategy for the semi-synthesis of Streptomyces griseus trypsin
by native chemical ligation. As shown in the amino acid sequence of
SGT, the three catalytic residues, His57 , Asp102 , and Ser195 , are shaded
in black. The ligation site His57 –Cys58 is indicated by an arrow. In the
recombinant SGT construct, His57 was mutated to Met and the only
Met residue (boxed) in the C-terminal fragment was replaced by Leu.

position for native chemical ligation. To obtain the (58–
245) fragment from recombinant SGT, His57 was mutated to Met so that CNBr could be used to remove the
N-terminal peptide, (16–57)SGT. In addition, Met199
was replaced by Leu to eliminate undesired chemical
cleavage by CNBr at this position of the molecule. The
recombinant protein (16–245)Met57 Leu199 -SGT was
expressed as inclusion bodies in E. coli and obtained in
extremely high yield (more than 800 mg/L culture). After
protection of all the six Cys residues of SGT by formation of mixed disulﬁde bridges with oxidized glutathione, (16–245)Met57 Leu199 -SGT was quantitatively
cleaved by CNBr, resulting in (58–245)Leu199 -SGT. The
remaining ﬁve mixed disulﬁde bonds located in the Cterminal segment of SGT were reduced by thiophenol
during the subsequent ligation reaction. It should be
pointed out that no special puriﬁcation steps other than
centrifugation and dialysis were involved in the entire
workup, i.e., inclusion body isolation, CNBr cleavage,
and native chemical ligation.
The hybrid polypeptide (16–245)Leu199 -SGT was
folded and oxidized to the active conformation using a
modiﬁed version of the previously published conditions
[31], yielding greater than 50% activity recovery based
on a parallel folding experiment using native enzyme.
After aﬃnity puriﬁcation on STI-Sepharose, the ﬁnal
product was analyzed by C4 reversed-phase HPLC and
characterized by ESI-MS (Figs. 2 and 3). The observed
mass 23082.2 Da is in excellent agreement with the expected value of 23081.9 Da calculated based on average
isotopic compositions for folded SGT. For reduced
hybrid SGT prior to oxidative folding, the observed
mass was determined to be 23088.6 Da, 6 mass units
higher than that of the folded enzyme, indicative of the
formation of three disulﬁde bridges in the ﬁnal product.

Fig. 2. Folded and puriﬁed hybrid Streptomyces griseus trypsin on
reversed-phase HPLC. The analysis was performed at 40 °C on a Vydac analytical C4 column (4:6 150 mm) using a linear gradient of
acetonitrile containing 0.1% triﬂuoroacetic acid, 5–65% over 30 min at
a ﬂow rate of 1 ml/min.
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Fig. 3. Electrospray ionization mass spectrum of hybrid Streptomyces
griseus trypsin. The data were collected on a Micromass ZQ-4000
quadruple mass spectrometer. Samples were diluted in methanol/water
(1:1) containing 1% acetic acid and infused by a syringe pump at 10 ll/
min.

To characterize the enzymatic activity of hybrid SGT,
two chromogenic trypsin substrates were used for kinetic measurements: Bz-Arg-pNA and Bz-Phe-Val-ArgpNA. For comparison, naturally occurring SGT was
puriﬁed to homogeneity from commercial Pronase
(Sigma) by STI-Sepharose aﬃnity chromatography
and SP-Sepharose cation-exchange puriﬁcation (data
not shown), and an identical activity assay was also
performed. The experimental results are tabulated in
Table 1.

Discussion
The most straightforward approach to yield a recombinant protein fragment with an N-terminal Cys
would be to express the corresponding portion of the
gene in the cytoplasm of E. coli, where an in vivo process
removes the initiator Met residue from the nascent
polypeptide. The eﬃciency of this enzymatic process
depends mostly on the size of the residue adjacent to
Met; the smaller the side-chain of the residue the more
eﬃcient the removal of the N-terminal Met [32]. In the
case of a Met–Cys N-terminal processing site, the processing is reported to be relatively eﬃcient [32]. Conse-
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quently, our ﬁrst attempt to produce the 186 amino acid
C-terminal polypeptide was to express the Met-(58–
245)SGT fragment in the cytoplasm of E. coli. Although
the pET-27b(+) vector (Novagen) used is optimized for
robust transcription and provides optimal Shine–Dalgarno (SD) sequence for eﬃcient translation initiation,
no appreciable amount of the recombinant product was
obtained. It has recently been recognized that in addition to the SD sequence upstream to the initiator codon,
there is another regulatory element called downstream
box (DB) that greatly aﬀects translation initiation and
expression yield [33,34]. This sequence overlaps with the
N-terminal coding region in the mRNA and is thought
to be one of the important indirect factors responsible
for the long observed dependency of the expression yield
on the N-terminal sequence of the protein. Even though
codon degeneracy provides some limited choices for silent mutations for a better DB sequence with the original amino acid sequence preserved, we decided to follow
a more general approach by elongating the N-terminus
with a vector-derived, optimized amino acid sequence.
Obviously, this strategy comes with the necessity for a
proteolytic cleavage site between the vector-derived sequence and the desired N-terminal Cys residue.
In principle, preparation of (58–245)SGT can be
achieved through enzymatic cleavage of either a fulllength or a truncated SGT construct and a variety of
processing enzymes are available for this purpose. For
example, factor Xa, a serine protease with stringent sequence requirements for cleavage site recognition, has
been widely used to cleave the linker peptide in recombinant fusion proteins or to remove extra amino
acid residues from the N-terminus of a folded protein
structure. In fact, it was the preferred enzyme to generate N-terminal Cys-containing protein domains for
expressed protein ligation [23,24]. In anticipation of
potential solubility problems with SGT, however, we
decided to use Genenase, an engineered variant of subtilisin as the processing enzyme, because of its superior
stability in moderately high concentrations of denaturants [26,27].
For bacterial expression of the truncated SGT containing the Genenase recognition site, i.e., –Phe54 Ala55
His56 Tyr57 # Cys58 –, we chose the pET-28a(+) vector
that provided a T7 promoter for high level transcription, as well as an optimal ribosome binding site and

Table 1
Kinetic measurements for wild-type and hybrid Streptomyces griseus trypsin in 0.1 M Bis–Tris propane buﬀer containing 20 mM CaCl2 and 0.005%
Triton X-100, pH 8.3
Substrates and enzymes

kcat (s1 )

Km (lM)

kcat =Km (M1 s1 )

Bz-R-pNA

Hybrid SGT
Wild-type SGT

12.4
4.97

110
41.5

1:1
1:2

105
105

Bz-FVR-pNA

Hybrid SGT
Wild-type SGT

208
63.7

12.7
3.35

1:6
1:9

107
107
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N-terminal peptide sequence for high-eﬃciency translation. Indeed, the construct demonstrated high levels of
expression, more than 800 mg of the protein could be
puriﬁed from 1 L culture. However, the concentration of
the denaturants needed to solubilize the protein turned
out to be greater than 4 M for GuHCl and even higher
for urea, which rendered Genenase totally inactive in the
buﬀer solution.
This problem, in principle, could be overcome by
refolding the full-length product to yield a soluble protein. However, in addition to the fact that introduction
of the Genenase cleavage site and Tyr57 in particular in
the highly conserved catalytic cleft of trypsin might
disrupt oxidative refolding of the full-length SGT construct, subsequent enzymatic cleavage would be unlikely
to occur because the recognition site appears to be
structurally inaccessible to Genenase, as judged from the
crystal structure of SGT [35]. Therefore, we concluded
that enzymatic cleavage to produce the 58–245 fragment
is impractical not only from a truncated SGT, but from
the full-length construct as well.
This conclusion generally applies to systems where
solubility of the protein to be cleaved and/or accessibility of the cleavage site becomes problematic. Speciﬁc
chemical cleavage using CNBr represents a good alternative because the reaction can be carried out under
solvent conditions that ensure complete solubility of the
protein. One drawback of the approach, however, is that
use of CNBr precludes the presence of any Met residues
other than the one N-terminal to the designed cleavage
site in the sequence. Fortunately, Met is a relatively rare
amino acid and can be readily substituted by residues
such as Leu without adverse structural and functional
eﬀects, as clearly demonstrated by our ﬁndings with
SGT. It is worth noting that the side-chains of Met and
Leu have similar surface sizes and hydrophobicity
scales. In fact, it has been well documented in the literature that replacement of Met by Leu in the hydrophobic packing of a number of extensively studied
protein systems causes little or no energetic consequences [36–39].
First introduced by Gross and Witkop, CNBr
cleavage of the peptide bond C-terminal to Met has a
wide range of applications from processing recombinant
fusion proteins to protein sequence analysis [40,41].
Although highly selective and nearly quantitative for
most Met–Xxx bonds, the cleavage reaction is nonetheless slow and of low yield when the residues adjacent
to Met are Ser, Thr, or Cys. This is because the neighboring hydroxyl or sulfhydryl group participates in a
side reaction, resulting primarily in a non-cleavable side
product with Met converted to homoserine (Hse) [42].
The side reaction can be particularly problematic for the
Met–Cys bond presumably due to the fact that the
sulfhydryl group is more nucleophilic as compared with
the hydroxyl group of Ser or Thr. In fact, when fully

reduced (16–245)Met58 Leu199 -SGT was cleaved by
CNBr, the major resultant product detected by mass
spectrometry contained the intact Hse58 –Cys58 peptide
bond, which is consistent with the published observations [43]. Interestingly, as Xu et al. reported, treatment
of Met–Cys-containing peptides with CNBr resulted in
cleavage of the bond but caused oxidation of the Cys
residue [24]. Thus, to ensure a productive cleavage of the
Met–Cys bond in proteins, the Cys side-chain has to be
protected.
We have determined that modiﬁcation of the free
sulfhydryl groups by mixed disulﬁde bridge formation
using oxidized glutathione completely alleviated the side
reaction and resulted in a quantitative cleavage of the
Met–Cys peptide bond in trypsin. It should also be
pointed out that we used a non-conventional medium
(0.1 M HCl, 6 M GuHCl) for the cleavage reaction as
opposed to the standard 70% formic acid [40]. This alteration of the conditions was applied for two reasons.
First, an increase in water content in the reaction medium has been reported to enhance the productive
cleavage in the case of Met–Ser and Met–Thr [42].
Second, formic acid often causes formylation of and
irreversible damage to proteins [44,45].
Besides being crucial for the high-eﬃciency cleavage,
the glutathione modiﬁcation of the Cys residues had
another unexpected beneﬁcial eﬀect; it signiﬁcantly improved the chromatographic behavior of SGT on reversed-phase HPLC. The unmodiﬁed, denatured SGT
and its C-terminal (58–245) fragment are soluble only at
high concentrations of urea or GuHCl and their puriﬁcation by HPLC is not feasible due to permanent retardation of these forms on preparative reversed-phase
columns. However, the formation of mixed disulﬁde
bonds with glutathione dramatically increased the solubility of these polypeptides. Even though no chromatographic puriﬁcation steps were needed to prepare
the hybrid SGT molecule prior to folding due to high
purity of the inclusion bodies and completeness of the
subsequent cleavage and ligation reactions, such modiﬁcations should be beneﬁcial in general when puriﬁcation is needed for protein fragments that are otherwise
strongly retained on reversed-phase HPLC.
The hybrid SGT diﬀers from the wild-type enzyme by
a single amino acid residue (Met199 -to-Leu199 ). Residue
199 in trypsins is highly variable among diﬀerent groups
of living organisms. In vertebrate trypsins, Val is the
predominant residue at this position, whereas Leu199 is
found in most invertebrate enzymes. Other residues such
as Ile, Phe, and Ala, although rare, are also found at
position 199 in trypsins. The turn-over number of the
enzyme (kcat ) and the apparent dissociation constant
(Km ) for the enzyme–substrate complexes are roughly
3-fold higher for hybrid Leu199 -SGT than those for
wild-type SGT, resulting in almost indistinguishable
speciﬁcity constants (kcat =Km ) for the two enzymes. The
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diﬀerences in the kcat and Km values for the native and
hybrid SGT as a result of the Met199Leu substitution
are in fact much smaller than variations among trypsins
from diﬀerent species.
Serine proteases play key roles in a great variety of
biological processes from simple protein degradation in
the digestive track to speciﬁc cleavages in the highly
regulated blood clotting system. As the best-known
member, trypsin has been a classic model enzyme in the
research aimed at understanding the catalytic mechanisms of serine proteases [46,47]. Arguably most intensively scrutinized and best understood, the mechanisms
of serine proteases nonetheless have been the center of
controversy among enzymologists for decades. At issues
are the precise roles played by each member of the
catalytic triad His57 –Asp102 –Ser195 [48]. Recent reports
on the nature of the interaction between His57 and
Asp102 have rekindled an intense and yet unsettled debate on the existence of low-barrier high-energy Hbonds in enzyme catalysis [49–53]. This has motivated us
to develop a methodology by which carefully designed
non-natural analogs of His57 can be readily incorporated into trypsin to study how catalysis can be inﬂuenced by altered electrostatic interactions in the serine
protease. Clearly, the hybrid Met199Leu SGT is an ideal
model enzyme for investigating the role of His57 in
atomic detail by using synthetic His analogs.
In conclusion, we have developed a facile approach
for the biosynthesis of a hybrid trypsin, which will allow
for convenient incorporation of non-coded amino acid
analogs into the N-terminal region of the protein. This
will provide the possibility of new approaches to the
eﬀorts to better understand the molecular mechanisms
of catalysis for serine proteases by using non-natural
protein building blocks. Incorporation of novel His57
analogs to systematically alter the basicity of the group
is currently underway in our laboratory. Our strategy to
process a recombinant protein for native chemical ligation via CNBr cleavage of a genetically engineered and
subsequently glutathione protected Met–Cys peptide
bond is simple and robust, and can be generalized for
many diﬀerent protein systems where the N-terminus is
the focal interest. When multi-segment chemical ligation
is used, the N-terminal region targeted by chemical
modiﬁcations can be easily extended to cover more than
100 amino acid residues. The hybridization approach, in
many ways, is complementary to the expressed protein
ligation technique [21], which is better suited for substitutions in the C-terminal region of proteins.
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