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Background: Short human kininogen (HK) peptides can be used as therapeutic agents.
Results: The biological activity of the HK peptides is dramatically enhanced following insertion into GST.
Conclusion: The efficacy of short peptides can be enhanced by insertion into GST without affecting GST structure.
Significance: Intra-backbone insertions of small peptides into easily expressed, well characterized soluble proteins may help to
create novel protein therapeutics.

The study of synthetic peptides corresponding to discrete
regions of proteins has facilitated the understanding of protein
structure-activity relationships. Short peptides can also be used
as powerful therapeutic agents. However, in many instances,
small peptides are prone to rapid degradation or aggregation
andmay lack the conformation required tomimic the functional
motifs of the protein. For peptides to function as pharmacolog-
ically active agents, efficient production or expression, high sol-
ubility, and retention of biological activity through purification
and storage steps are required. We report here the design,
expression, and functional analysis of eight engineered GST
proteins (denoted GSHKTs) in which peptides ranging in size
from 8 to 16 amino acids and derived from human high
molecular weight kininogen (HK) domain 5 were inserted
into GST (between Gly-49 and Leu-50). Peptides derived
fromHK are known to inhibit cell proliferation, angiogenesis,
and tumor metastasis, and the biological activity of the HK
peptides was dramatically (>50-fold) enhanced following
insertion into GST. GSHKTs are soluble and easily purified
from Escherichia coli by affinity chromatography. Function-
ally, these hybrid proteins cause inhibition of endothelial cell
proliferation. Crystallographic analysis of GSHKT10 and
GSHKT13 (harboring 10- and 13-residue HK peptides,
respectively) showed that the overall GST structure was not
perturbed. These results suggest that the therapeutic efficacy
of short peptides can be enhanced by insertion into larger

proteins that are easily expressed and purified and that GST
may potentially be used as such a carrier.

Proteins are constructed in many cases from a number of
structurally and/or functionally conserved modules that are
genetically mobile and used repeatedly in the course of evolu-
tion (1, 2). These modules may be sufficiently large so as to
constitute an entire protein domain or as small as a short pep-
tide composed of 5–40 amino acids. In some cases, the latter
may mimic selected biological activities of the full-length pro-
teins from which they were derived, and some are currently
being used clinically (e.g. Fuzeon, inhibitor of HIV-1 cell entry)
(3, 4). However, the functional activity ofmany short peptides is
usually substantially lower (50–200-fold) than that of their
parental proteins (5–9). In general, this is due to their dimin-
ished solubility, stability, and/or enhanced propensity for
aggregation (5–11). Short peptides are also quite flexible in
solution and do not readily adapt to a specific functional con-
formation (5, 7–9). Introduction of chemical or structural con-
straints may reduce the conformational space of such peptides
and enhance their biological activity (5–9). In some cases, this
has been achieved through cyclization or introduction of intra-
molecular S–S bridges (5, 8, 9), changes that promote their
higher level structural organization (5, 8, 9). However, cur-
rently, chemicalmethods for synthesis of large amounts of such
modified peptides are costly, whereas production of recombi-
nant fusion proteins containing these peptides on their N or C
termini often does not allow sufficient structural constraint for
enhancement of activity and/or solubility. As an alternative
approach, short biologically active peptides can be inserted into
the backbones of biologically inert (relevant to the targeted
process) proteins that otherwise possess the desired properties
of high solubility, stability, and ease of purification.
In this study, we present the design and functional character-

ization of engineered GST proteins carrying 8–16-mer peptide
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inserts derived from a sequence within domain 5 (D5)4 of
human highmolecular weight kininogen (HK). HKD5 contains
endothelial cell-binding sites and inhibits angiogenesis through
its ability to cause apoptosis of proliferating endothelial cells (6,
12, 13) and to inhibit endothelial cell proliferation and migra-
tion (14). Moreover, a histidine-glycine-lysine (HGK) motif
derived from this domain blocks tumor metastasis (6, 10,
12–16). Although the exact mechanism of HGK peptide action
has not been delineated (6, 10, 12–16), this motif nevertheless
represents an attractive target for the design of antitumor pep-
tide therapeutics/drugs.
By employing comparative modeling, we designed eight chi-

meric GST proteins (denoted GSHKTs) in which peptides
ranging in size from 8- to 16-mers derived from HK D5 were
inserted into Schistosoma japonicumGST (betweenGly-49 and
Leu-50). We produced all of the chimeric genes by insertional
mutagenesis and expressed and purified the engineered pro-
teins to homogeneity from Escherichia coli cells. GSHKTs were
further characterized in terms of their thermostability (using
differential scanning calorimetry (DSC)) and biological activity
(by assessing their ability to inhibit human umbilical vein endo-
thelial cell (HUVEC) proliferation in a dose-dependent man-
ner). We found that although chimeric GSHKTs possessed
decreased thermostability, they were able (with the exception
of GSHKT8) to inhibit HUVEC proliferation. Specifically,
GSHKT16 was 50–100-fold more active than the free ancestor
16-mer peptide (KHGHGHGKHKNKGKKN) alone.No inhibi-
tion was observed with the parental GST protein.
We also solved the crystal structures of GSHKT10 and

GSHKT13 chimeras (harboring HK peptides of 10 and 13
amino acid residues in length, respectively) at 2.2 Å resolution
and found that the overall GST structure was not perturbed,
thus validating our design. Our results suggest that GST may
potentially be used to express and display a number of short
peptides ranging in length from at least 8 to 16 amino acid
residues and that the biological activity of these peptidesmay be
substantially enhanced upon insertion into the carrier GST.

EXPERIMENTAL PROCEDURES

S. japonicum GST Redesign—The GST crystal structure
available from S. japonicum (Protein Data Bank code 1M99)
was used as a starting point for the design. We used four major
criteria in designing the chimeric proteins. 1) The inserted
HGK peptide(s) must be solvent-accessible. 2) The insertion
should introduce little or no side chain steric conflicts with
pre-existing atoms. 3) There should be onlyminimal disruption
of hydrogen bonding and hydrophobic interactions. 4) The glu-
tathione-binding site should be largely unaffected. We began
our redesign efforts by inserting the largest 16-mer HGK pep-
tide (KHGHGHGKHKNKGKKN, denoted D5-13) and focus-
ing our efforts on loops in GST. Loops were broken at different
locations, peptide(s) were inserted, and comparative modeling
was accomplished using the 3D-PSSM V2.6.0 algorithm (17)
and/or DeepView (Swiss-PdbViewer). Models satisfying the

design criteria (see above) were further chosen for experimen-
tal verification. Structures were visualized using PyMOL v0.98
(DeLano Scientific, San Carlos, CA) and DeepView 4.01.
Plasmids and Insertional Mutagenesis—The commercially

available pGEX-6P-1 vector (GE Healthcare) was used as the
source of GST DNA. Insertional mutagenesis was employed to
produce hybrid GSHKT proteins. To produce GSHKT16, the
pGEX-6P-1 vector was amplified by PCR using PfuTurbo�
DNA polymerase (Agilent Technologies, Inc., Santa Clara, CA)
and the following primers: 5�-GCGAAACAAAAAGTTTGA-
ATTGGGTAAGCATGGTCATGGCCACGGAAAACATA-
AAAATAAAGGCAAAAAGAATTTGGAGTTTCCCAAT-
CTTCC-3� (forward) and 5�-GGAAGATTGGGAAACTCCA-
AATTCTTTTTGCCTTTATTTTTATGTTTTCCGTGGC-
CATGACCATGCTTACCCAATTCAAACTTTTTGTTT-
CGC-3� (reverse) (with the sequence encoding the NH2-KH-
GHGHGKHKNKGKKN-COOH peptide in boldface). The
methylated parental DNAwas digestedwithDpnI, and the PCR
product was transformed into E. coli XL10-Gold cells (Agilent
Technologies, Inc.). GSHKT15, GSHKT14, GSHKT13,
GSHKT12, GSHKT11, GSHKT10, and GSHKT8 chimeras,
containing inserts of HGK peptides of 15 amino acids (NH2-
KHGHGHGKHKNKGKK-COOH), 14 amino acids (NH2-
KHGHGHGKHKNKGK-COOH), 13 amino acids (NH2-KH-
GHGHGKHKNKG-COOH), 12 amino acids (NH2-KHG-
HGHGKHKNK-COOH), 11 amino acids (NH2-KHGHGHG-
KHKN-COOH), 10 (NH2-KHGHGHGKHK-COOH), and 8
amino acids (NH2-KHGHGHGK-COOH), respectively, were
produced following a similar strategy and using primers that
were subsequently shorter at the region encoding the inserted
peptide. The sequences of themutagenized plasmids were con-
firmed by automated sequencing at the DNA Sequencing Core
Facility of the Cleveland Clinic.
Protein Expression and Purification—GST and chimeric

GSHKT proteins were expressed in E. coli BL21 cells and puri-
fied to homogeneity by affinity chromatography, followed by
size exclusion chromatography on Superdex-75 (GE Health-
care). Typically, transformed cells were grown in 2 liters of LB
culture medium, collected by centrifugation, and disrupted by
sonication (three pulses of 15–20 s each) in PBS (137mMNaCl,
11.9mM phosphate, and 2.7mMKCl) at pH 7.4–9.0. Cell debris
was removed by centrifugation (4 °C, 16,000 rpm, 30min; Beck-
man Ti-65 rotor), and the proteins were further purified on
glutathione-Sepharose 4B beads (GEHealthcare). As a rule, the
beads were incubated with the protein extract for 1 h at 4 °C,
followed by incubation for 30 min at 24 °C with complete rota-
tion. Seven to eight PBS washes were applied before chimeric
proteins were eluted with 10mM reduced glutathione in 50mM

Tris-HCl (pH 8.0). Proteins were further concentrated using
Amicon Ultra-15 PLTK Ultracel-PL membrane (30 kDa) cen-
trifugal filter units (Millipore, Billerica, MA) and subjected to
gel filtration on a Superdex-75 column using anÄKTATM puri-
fier HPLC system (GE Healthcare).
CD Spectroscopy—The far-UV CD spectra were acquired on

an AVIV Model 202 instrument using a 1-mm path length
quartz cell at 25 °C. Protein concentrations were �0.25 mg/ml
in standard PBS.

4 The abbreviations used are: D5, domain 5; HK, human high molecular
weight kininogen; DSC, differential scanning calorimetry; HUVEC, human
umbilical vein endothelial cell.
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DSC—DSCwas performed using aMicroCal VP-DSCmicro-
calorimeter with a cell volume of 0.52ml under a constant pres-
sure of 30 p.s.i. at a scan rate of 1.5 °C/min in PBS. Protein
concentrations were �0.25–0.5 mg/ml.
Cell Culture and Endothelial Cell Proliferation Assay—

HUVECs were isolated from human umbilical cords, and pro-
liferation assays were performed as described previously (12).
The effects of recombinant GST, GSHKTs, HK (used as a pos-
itive control), and the D5-13 peptide on cell proliferation were
determined by including the proteins in the cell cultures for
48 h. In brief, endothelial cells were cultured in gelatin-coated
96-well microplates at a concentration of 3 � 104 cells/ml in
Medium 199 containing 2% fetal bovine serum. After incuba-
tion for 4 h (to allow cells to adhere and spread), the medium
was replaced with fresh Medium 199 containing 10 �M Zn2�,
1% Cosmic calf serum (HyClone, Logan UT), and 10 ng/ml
basic FGF (used as a positive control) in the presence or absence
of test proteins. The percent inhibition of cell proliferation
caused by GST, GSHKT chimeras, HK, and HK peptides was
determined using the CellTiter 96� AQueous cell proliferation
assay (Promega, Madison, WI).
Crystallization and Structure Determination—GSHKT13

andGSHKT10 crystals were grown using the sitting drop vapor
diffusion method at 20 °C. GSHKT13 crystallized from 0.1 M

HEPES (pH 7.5), 25% PEG 3350, and either 0.2 M ammonium
sulfate or 0.2 M lithium sulfate. GSHKT10 crystals were grown
from 0.1 M HEPES (pH 7.5), 200 mM KCl, 35% pentaerythritol
propoxylate, and 0.1MATP.Crystals were stabilized in artificial
mother liquor containing additional PEG 3350 (35%) or penta-
erythritol propoxylate (40%) and flash-frozen by dipping in liq-
uid nitrogen. Diffraction data were collected at Advanced Pho-
ton Source beamline 19-ID and processed usingHKL (18). Both
GSHKT10 and GSHKT13 structures were solved by molecular
replacement using the wild-type GST structure (Protein Data
Bank code 1M99) (19) and the programMOLREP (20). Iterative
cycles of model building were carried out in Coot (21) and
refinement in REFMAC (22). The GSHKT10 crystal contains
two independent protein molecules in the asymmetric unit. Its
final refined structure includes residues 2–36 and 50–216 in
molecule A, residues 2–35 and 52–216 in molecule B, and 200
water molecules. The refined GSHKT13 crystal structure
includes residues 2–39, HGK insert residue Gly-13�, residues
50–216, and 71watermolecules. Data and refinement statistics
are provided in Table 1.
Miscellaneous—Molecular cloning was performed following

the general procedures described by Sambrook et al. (23). SDS-
PAGE was performed according to Laemmli (24).

RESULTS

GSHKT Design—We used GST from S. japonicum for our
redesign efforts aimed at producing the chimeric proteins,
where the inserted HGK motif-containing peptides would be
exposed on the surface and hopefully retain their biological
activity and perhaps even possess increased activity due to the
imposed structural constraints. We started our redesign by
attempting intra-backbone insertion of the largest 16-mer
HGK peptide (KHGHGHGKHKNKGKKN, denoted D5-13).
One of the challenges in protein redesign is selecting an optimal

solution for the enormous amount of sequence and structural
possibilities. However, it is generally accepted that loops in pro-
teins can be broken and engineered to have different functions
without serious consequences to the overall fold of the protein
(25–29). GST is a homodimer composed of two (218-amino
acid residue) subunits, each of which is characterized by amod-
ular structure with two spatially distinct domains (19, 30, 31).
Domain I consists of a central four-stranded�-sheet flanked on
one side by two�-helices and on the other side by a single helix,
whereas domain II is entirely �-helical (Fig. 1A, left, with
domain I blue). Of the 12 major turns/loops in S. japonicum
GST connecting secondary structural elements (Fig. 1A) (19,
30), loop 1 was excluded from modification due to its close
proximity to the glutathione-binding site; insertions at this
position also introduce steric conflicts. Modifications of loops
2, 5, and 6 were excluded, as they would disrupt the central
four-stranded �-sheet fragment in domain 1. Loop 7, which

FIGURE 1. Comparison of GSHKT16 and GST structures. A, left, three-di-
mensional structure of S. japonicum GST depicted as a ribbon diagram of the
monomer based on the crystal structure (Protein Data Bank code 1M99).
Major turn/loop regions are denoted with numbers. Domain I is shown in blue.
Right, structural model of the GSHKT16 protein. The side chains of the
inserted residues are shown in yellow. B, superimposed three-dimensional
structures (ribbon diagrams) of S. japonicum GST (code 1M99; in cyan) and the
human Pi class (code 10GS; in yellow) and Mu class (1HNA; in red) enzymes.
The most flexible/variable region comprising loops 3 and 4 is circled.
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connects domains 1 and 2, was excluded due to our concern
that mutations in this region would affect the global folding of
the protein and the proper mutual packing of the two domains.
Loop 7 is also involved in intersubunit contacts (19, 30). Inser-
tions in loops 11 and 12 would likely disrupt proper packing of
domain 2. Insertions in loops 3, 4, and 8–10 seemed feasible.
Insertions in loop 4 (Leu-48–Pro-56) seemed at first not to be
optimal, as a �-turn containing residues 50–53 is involved in
intersubunit interactions and in forming the hydrophobic con-
tact between Phe-52 of one chain and residues 91–94 and 129–
133 of the other. However, because the D5-13 peptide (KHGH-
GHGKHKNKGKKN) is predicted (using a statistical algorithm
(32)) to have the propensity to forman�-helix, we assumed that
this �-helical region could be accommodated within the short
�-helix formed by residues 38–42 of GST. Importantly, this
helix is solvent-exposed (19, 31) yet shows the highest degree of
structural flexibility and conformational variability between
GSTs from different organisms and between different GST
classes (e.g. between the helminth enzyme from S. japonicum
used in this study (Protein Data Bank code 1M99) and the
human Pi class (33) and �u class (31, 33) enzymes (Protein
Data Bank code 10GS and 1HNA, respectively) (Fig. 1B). Thus,
we chose loop 4, which connects the domain I �-sheet with a
short helix for the insertion. Because the �-turn (amino acids
50–53) is involved in hydrophobic subunit contacts (19, 30), we
decided to make insertions prior to this turn, namely between
Gly-49 and Leu-50. Comparative modeling revealed that inser-
tion of 16 amino acids of an HGK motif-containing peptide at
this site would not significantly perturb the GST structure (Fig.
1A, right).
Expression, Purification, and Characterization GSHKT16

Chimera—The chimeric GSHKT16 protein was constructed
using insertionalmutagenesis (as described under “Experimen-
tal Procedures”) and produced in E. coli BL21 cells. Recombi-
nant GSHKT16 protein expressed in E. coli was found to be
soluble and easily purified by affinity chromatography on glu-
tathione-Sepharose beads (Fig. 2A). GSHKT16 also formed a
dimer similarly to GST (Fig. 2B). Furthermore, the far-UV CD
spectra obtained from 190 to 250 nm with a bandwidth of 1
nm at room temperature (25 °C) showed no major difference
between the structure of GSHKT16 and native GST (Fig.
2C). This suggests that the hybrid protein satisfied the ratio-
nal design criteria 2–4 as discussed under “Experimental
Procedures.”
GSHKT16 Possesses Enhanced Antiproliferative Activity

ComparedwithNative GST and Free D5-13 Peptide—To assess
the function of GSHKT16, wemeasured its ability to inhibit the
proliferation of HUVECs. Although not as potent as full-length
two-chain HK (Fig. 3A), GSHKT16 efficiently inhibited the
proliferation of HUVECs in a dose-dependentmanner (Fig. 3B)
and was 50–100-fold more active than the free D5-13 peptide
(KHGHGHGKHKNKGKKN) (IC50 for inhibition of prolifera-
tion of �0.6 �M versus �30 �M) (Fig. 3, B and C) (12). No
inhibition was observed with the parental GST protein (Fig.
3D). These results suggest that D5-13 was indeed exposed on
the surface ofGST andpresented in a conformational statewith
considerably greater anti-endothelial cell activity compared
with the free peptide in solution. This conformational restraint

might significantly enhance the interactions of D5-13 with an
anti-angiogenic binding site expressed on proliferating endo-
thelial cells (16).
GSHKT15, GSHKT14, GSHKT13, GSHKT12, GSHKT11,

and GSHKT10 Chimeras Exhibit Antiproliferative Activity,
whereasGSHKT8DoesNot—Although the chimericGSHKT16
protein possessed the desired properties, it was prone to aggre-
gation upon freezing and thawing or at high concentrations
(�10–15 mg/ml), which precluded our attempts to crystallize
it. It is known that an increase in loop length usually results in a
decrease in protein stability (34, 35). Therefore, we decided to
shorten the size of the insert, aiming to increase the stability of
the chimeric protein without substantially decreasing its
activity. GSHKT15, GSHKT14, GSHKT13, GSHKT12,
GSHKT11, GSHKT10, and GSHKT8 chimeras contained
truncated inserts of the D5-13 peptide, namely NH2-KHG-
HGHGKHKNKGKK-COOH, NH2-KHGHGHGKHKNKGK-
COOH, NH2-KHGHGHGKHKNKG-COOH, NH2-KHGHGH-
GKHKNK-COOH,NH2-KHGHGHGKHKN-COOH,NH2-KH-
GHGHGKHK-COOH, and NH2-KHGHGHGK-COOH,
respectively.
These proteins were produced following the same proce-

dures as described for the GSHKT16 chimera. Recombinant
chimeric proteins were expressed in E. coli, found to be soluble,
and further purified to homogeneity using the same steps
described for GSHKT16 (Fig. 4A). All of the above GSHKT
chimeraswere dimers (data not shown). GSHKT15,GSHKT14,
GSHKT13, GSHKT12, GSHKT11, and GSHKT10 chimeras
were able to inhibit the proliferation of HUVECs in a dose-de-
pendent manner, whereas GSHKT8 (similar to GST) revealed
no activity (Fig. 4B). We note that the activities of the
GSHKT15 and GSHKT14 chimeras were increased in compar-
isonwith that of GSHKT16 at lower protein concentrations but
were comparable with that of GSHKT16 at higher protein con-
centrations. Overall, the activity of GSHKT13, GSHKT12,
GSHKT11, and GSHKT10 chimeras progressively decreased,
which was particularly evident at lower protein concentrations
(Fig. 4B).
GSHKTs Reveal �8–10° Lower Phase Transition Tempera-

tures Compared with GST—To gain further insight into the
stability of the chimericGSHKTproteins, we subjected them to
DSC. The DSC results of GSHKT chimeras in comparison with
the ancestor GST protein (36) showed �8–10° lower phase
transition temperatures for the GSHKT chimeras compared
withGST, indicating that the chimeric proteins were less stable
than native GST (Fig. 5). Interestingly, the stability of all of the
chimeras was quite similar independent of the length of the
inserted peptides, although GSHKT10 and GSHKT8 demon-
strated slightly greater stability (Fig. 5).
Crystal Structures of GSHKT13 andGSHKT10 ConfirmThat

Insertion of Flexible HGK Peptides Is Compatible with Native
GST Structure—To evaluate the structure of the GSHKT chi-
meras, crystallization trials were carried out with all eight chi-
meras. Only GSHKT10 and GSHKT13 crystallized (Table 1),
and their structures were determined by molecular replace-
ment. Similar to WT GST, the two chimeras are dimeric: the
GSHKT10 crystal contains a dimer in the asymmetric unit,
whereas the two halves of the GSHKT13 dimer are related by
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crystallographic symmetry. The overall protein folds of the two
chimeric structures are very similar to that ofWTGST (Fig. 6);
superposition of Protein Data Bank entry 1M99 onto
GSHKT10 andGSHKT13 gave rootmean square differences of
�0.4 Å for�200 equivalent C� atoms. This average coordinate
difference is very similar to the average coordinate error of�0.3
Å estimated by the Luzzati method. In GSHKT10, the lack of
interpretable electron density reveals that residues 37–49,
including the 10-residue insert, are disordered. GSHKT10 has
theWT conformation up to Asp-36/Arg-35 (inmolecules A/B)
and resumes the WT conformation at Leu-55. A few loop resi-
dues C-terminal to the insert (Leu-50–Asn-54 and Phe-52–
Asn-54 in molecules A and B, respectively) deviate from WT
conformation such that they shift away from the glutathione-

binding site and dimer interface into a space that is occupied by
a surface helix in WT GST. In contrast, GSHKT13 follows the
WT structure more closely: it has the WT conformation up to
Asp-39 and resumes at the insertion site of Leu-50. Interpreta-
ble electron density allowed the placement of the C-terminal
Gly-13� residue of the 13-residue insert, extending fromLeu-50
(Fig. 6). In both GSHKT10 and GSHKT13, insertion of the
HGK peptides caused a dramatic increase in flexibility of a sur-
face helix and loop near the glutathione-binding site. This dis-
ordering alters residues found to interact with the glutathione
glycyl carboxylate (Trp-41, Lys-45, and Asn-54) (19). Other
GST residues that interact with the �-glutamate or cysteine
moieties in glutathione in theWT structure are in similar con-
formations in both GSHKT10 and GSHKT13.

FIGURE 2. Characterization of chimeric GSHKT16 protein. A, denaturing gel electrophoresis of the recombinant GST and GSHKT proteins. B, gel filtration of
GST (upper) and GSHKT (lower) on Superdex-75. C, far-UV CD spectra of GST (black line) and GSHKT (red line) acquired using a 1-mm path length quartz cell at
25 °C. Protein concentrations were �0.25 mg/ml in PBS. deg, degrees.
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DISCUSSION

The rational design of novel proteins may provide additional
insights into protein structure, folding, and function. Since ini-
tial attempts, the field of protein design has progressed to the
point that it is now possible to consider tertiary and quaternary
structures and even functional elements for construction of
new proteins (28, 37–39). In this study, we presented the design
of engineered GST proteins carrying inserts of the HGK-rich
motif derived from a sequence within D5 of HK. HK D5 con-
tains endothelial cell-binding sites and inhibits angiogenesis

through its ability to cause apoptosis of proliferating endothe-
lial cells and to inhibit endothelial cell proliferation and migra-
tion (6, 10, 12–16). Moreover, HGK peptides were found to
block tumormetastasis (6, 10, 12–16). Although theD5 peptide
region within the context of intact high molecular weight
kininogen or recombinant D5 induces endothelial cell apopto-
sis with an IC50 in the low nanomolar range, the isolated D5
peptides express at least 2 logs lower activity, presumably due to
enhanced flexibility and a failure to maintain the appropriate
conformation for meaningful interactions with endothelial
cells (6, 10, 12–16). In this study, we demonstrated that con-
straining flexibility of these peptides through insertion into the
GST backbone enhances their activity. Although the activity of
the GSHKT proteins is still less than that of two-chain HK D5,
presumably due to specific D5 conformational characteristics
or additional tertiary interactions, our studies demonstrate that
the use of GST to isolate specific peptides in a conformationally
restricted form for further study or potential biological appli-
cations is worthy of additional efforts.

FIGURE 3. Inhibition of HUVEC proliferation. A, inhibition of HUVEC proliferation by two-chain HK (HKa). B, inhibition of HUVEC proliferation by GSHKT.
C, inhibition of HUVEC proliferation by the D5-13 peptide. D, inhibition of HUVEC proliferation by GST.

FIGURE 4. Chimeric GSHKT15, GSHKT14, GSHKT13, GSHKT12, GSHKT11,
GSHKT10, and GSHKT8 proteins and inhibition of HUVEC proliferation.
A, denaturing gel electrophoresis. B, inhibition of HUVEC proliferation. Hka,
two-chain HK.

FIGURE 5. Left, representative DSC profiles of GST and chimeric GSHKT pro-
teins (Cp versus temperature) at a scan rate of 1 °C/min (PBS). Right, exact
values of Tm.
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It has been previously reported that constraining methods
(5–9) confer significant biological activity to short peptides
(5–9). Cyclization or introduction of intramolecular S–S
bridges has been shown to promote structural organization and
enhance the biological activity of short peptides derived from,
for example, LFA-1 (leukocyte function-associated antigen 1)
and ICAM-1 (intercellular adhesion molecule 1) (5). Introduc-
tion of chemical constraints and crosslinks has also been shown
to enhance the structural organization and biological activity of
short peptides derived from FGF and HIV-1 gp41 protein, for
example (8, 9).
As an alternative approach, short biologically active peptides

can be inserted into the backbones of biologically inert (rele-

vant to the targeted process) proteins that otherwise possess
the desired properties of high solubility, stability, and ease of
purification. This novel approach may prove useful in defining
the functions of small peptides and potentially provide insight
into the development of new therapeutic agents.
We used GST from S. japonicum because the protein is well

studied and is widely used for affinity purification of fusion
proteins expressed in E. coli (26). In addition, several crystallo-
graphic structures are available (19, 30, 31), and importantly,
GST does not inhibit cell proliferation (6, 16). However, other
backbones/carrier proteins also may potentially be used.
It should also be noted that production of HGK motif-

containing peptides expressed as fusions with various
recombinant proteins has faced numerous problems in the
past, and these efforts did not enhance their biological activ-
ity (6, 12, 13, 16). For example, production of HKD5 in E. coli
as a calmodulin fusion protein resulted in inclusion bodies,
requiring renaturation to re-establish biological activity
(13). The GSHKT protein generated in the course of these
studies proved to be soluble and may also be valuable in
further characterizing the biological effects of D5.Moreover,
these constructs may be of value in defining the active struc-
ture of this intriguing protein domain, which until now has
escaped structural characterization.
We note, however, that the chimeric GSHKT proteins are

thermodynamically less stable than isolated GST. It has been
suggested that loops donot actively dictate the final protein fold
(25, 29, 34, 35, 39). However, an increase in loop length usually
leads to a decrease in protein stability (34, 35). For example,
insertion of a series of glycine linkers (up to 10 residues in
length) into a natural two-residue loop in a four-helix bundle
protein (Rop) led to a progressive decrease in stability of Rop
toward thermal and chemical denaturation (34). Similarly,
insertions of short unstructured sequences (four glycines
and/or four threonines) into the loops of yeast phosphoglycer-
ate kinase did not affect the enzyme folding but led to a
decreased stability of the protein (35). Interestingly, the effect
per residue on stability was larger for the first inserted residue

TABLE 1
Data collection and refinement statistics
Values in parentheses are for the highest resolution shell. r.m.s.d., root mean square deviation.

Crystal
GSHKT10 GSHKT13

Data collection
Space group P212121 P43212
Unit cell dimensions (a, b, c; Å) 58.43, 92.27, 93.05 92.52, 92.52, 58.09
Wavelength (Å) 0.97931 0.97931
Resolution (Å) 50–2.20 (2.28–2.20) 50–2.20 (2.28–2.20)
Redundancy 4.6 (3.2) 9.1 (6.2)
Mean I/� (I) 28.3 (10.0) 32.2 (5.1)
Completeness (%) 97.9 (99.1) 96.0 (97.8)
Rmerge (%) 4.9 (14.4) 5.4 (36.2)

Refinement
Resolution (Å) 50–2.20 (2.26–2.20) 50–2.20 (2.26–2.20)
No. of reflections 24,358 12,158
Rwork (%) 19.90 22.00
Rfree (%) 24.80 26.89
No. of atoms (protein, water) 3295, 200 1683, 71
r.m.s.d. bond lengths (Å) 0.013 0.015
r.m.s.d. bond angles 1.39° 1.36°
Average B factor (protein, water; Å2) 25.24, 30.86 40.74, 44.26
Ramachandran plot (favored, allowed, disallowed; %) 93.1, 6.9, 0.0 92.7, 7.3, 0.0

FIGURE 6. Superimposed crystal structures of WT and chimeric GSTs. The
two molecules of GSHKT10 (dark and light green) and GSHKT13 (purple) are
shown as ribbon diagrams superimposed on one-half of the WT S. japonicum
GST dimer (cyan and gray) (Protein Data Bank code 1M99). The Gly-13� residue
from the HGK insert in GSHKT13 (purple carbon atoms and bonds) and two
glutathione sulfonate (GTS) molecules (yellow) bound to the WT GST dimer
are drawn as ball-and-stick structures. Residues 37– 49(�insert) and
40 – 49(�insert) are disordered in GSHKT10 and GSHKT13, respectively. The
figure was prepared with MOLSCRIPT (43) and Raster3D (44).
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than for all of the subsequent ones (35). Our GSHKT10 and
GSHKT13 crystal structures indicate that insertions of 10 and
13 residues increase the flexibility of a surface loop significantly,
providing an explanation for the observed decrease in thermo-
dynamic stability for these chimeras. In contrast, insertions of
7–13-residue stretches of glycine, alanine, and glutamine
repeats had minimal effects on the stability and folding of chy-
motrypsin inhibitor-2 (39). This suggests that local environ-
ment is an important factor and that the presence of certain (e.g.
unstructured) regions in proteins does not necessarily have a
great impact on energetic penalty (39).
Although a variety of strategies have emerged for rational

design of proteins, including manipulation of primary struc-
ture, incorporation of chemical and post-translational modifi-
cations, and utilization of fusion partners (28, 37, 38, 40–42),
successful efforts have often resulted from trial and error (see
Ref. 37 for a review). A smaller number of examples exist
whereby rational design has achieved the desired result (seeRef.
37 and references therein). For biologically active peptides to
function as therapeutic agents, efficient production, high solu-
bility, and retention of biological activity are required. The sta-
bility and solubility (but not the activity) of therapeutic peptides
can sometimes be enhanced through fusion to a soluble protein
with a long biological half-life (e.g. albumin fusionwith the anti-
coagulant proteins/peptides hirudin andbarbourin) (seeRef. 40
for a review). Intra-backbone insertions of small peptides into
easily expressed, well characterized soluble proteins may pro-
vide a unique and different solution to the problem.
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