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ABSTRACT: From a large combinatorial library of chemically
constrained bicyclic peptides we isolated a selective and potent
(K; = 53 nM) inhibitor of human urokinase-type plasminogen
activator (uPA) and crystallized the complex. This revealed an
extended structure of the peptide with both peptide loops
engaging the target to form a large interaction surface of 701 A
with multiple hydrogen bonds and complementary charge
interactions, explaining the high affinity and specificity of the
inhibitor. The interface resembles that between two proteins
and suggests that these constrained peptides have the potential
to act as small protein mimics.

Urokinase—type plasminogen activator (uPA), a trypsin-like
serine protease that participates in the turnover of
extracellular matrix (ECM) proteins, is implicated in tumor
growth and invasion," and inhibitors of human uPA are being
developed for therapy.” However it has proved difficult to make
small chemical inhibitors that are sufficiently selective or
potent,® and inhibitors based on macromolecules such as
monoclonal antibodies”® or serpins® are expected to penetrate
tumors poorly. Peptide-based drugs offer an alternative strategy,
potentially with a large enough surface of interaction to obtain
high potency and selectivity and yet small enough (<2 kDa) to
diffuse into tissues. A chemical derivative of a tripeptide
efficiently inhibiting human uPA has already been described (K;
=20 nM).” However, although this inhibitor has a significantly
better selectivity than previously developed tripeptides, it
blocks some serine proteases at submicromolar concentrations
that might be a limitation when applied at the high doses that
showed therapeutic effects in mice (e.g,, K;'s for plasmin, plasma
kallikrein, and trypsin are 750, 160, and 22 nM).” Cyclic
peptide inhibitors have also been described.*” They showed an
excellent selectivity for human uPA, but their potency (upain-1:
K; = 6.7 uM at pH 6.0 and 29.9 uM at physiological pH and 37
°C)? is likely insufficient for a therapeutic effect.

To improve the potency of cyclic peptides we turned in this

work to bicyclic peptides; rather than one large loop we used
two smaller loops with the intention of providing a further
constraint on the peptide backbone. We isolated the bicyclic
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peptide inhibitors from a combinatorial repertoire of peptides
(library 1: 4.0 X 10° different peptides; Figure 1A) that had
been cyclized by the trifunctional tris(bromomethyl)benzene
(TBMB)"™ on the surface of filamentous bacteriophage,"
panning the phage against human uPA. After two rounds of
selection, we sequenced 30 phage clones, and identified lead
inhibitors from the presence of common sequence elements
(Figure 1A). A major class of sequences (UK1—UK17) shared
residues common to mupain-1, a disulfide constrained
monocyclic peptide previously isolated by phage display
(CPAYSRYLDC; similar residues are underlined).® A minor
class of sequences (UK18 and UK19) did not resemble any of
the sequences of monocyclic peptides® previously described
(Figure 1A), although it did include a GR motif as noted at the
cleavage site of the human uPA substrate plasminogen
(KKSPGR|VVGGSV) and other preferred substrates, for
example, the SGR|S or YGR|S'"? peptides.

We further characterized representative clones (UK3, UKS,
UK11, UK16, and UKI18). The peptides were expressed as
fusions to the D1-D2 domains of phage protein 3 (g3p),"*
purified, and cyclized with TBMB (Supplementary Figure 1 and
2). The bicyclic UK18 fusion protein proved a much more
potent inhibitor of human uPA activity (K; = 71 + 4 nM) than
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A library 1

cys 1 cys 2 cys 3

ABlxx xx x xBxxxx xx@ocs o~ )

peptide linker phage
Mutant:  Amino acid sequence: Abundance: Kt S.E. (uM):
12345678 91011121314151617

UK1 AN PNSES GV G R G G H[HMG @OD<Dz> 1 N.D.
UK2 A[NENSES L[BG N SV F G[HG-DOD<Dz> 1 N.D.
UK3 AN SES G[HR Y S A L V[HlG-DOD<D> 2 3.660 + 0.090
UK4 A[NINYBHS GIN S L T G GG @D<pz> 1 N.D.
UK5 A N BN Y S GID W A V Q H[SNG DD<D2> 1 2.638 + 0.081
UK6 AN ES:SES G0 P S P A A[MNG-DOD<DZ> 1 N.D
UK7 AN E BESAS MG O M G L R[HNGDOD<DZ> 5 N.D.
UK8 ASNIN BB T L [BG S R Q I I[lG-@D<D2> 1 N.D.
UK9 INC Ll K S LENE T Q RN QMG -DOD<D2> 1 N.D.
UK10 A[NSESES GO I DL L M[HG-DOD<D> 2 N.D.
UK11 AN SESAT GIHAR A G T G LG -@OD<D2> 1 11.136 + 0.294
UK12 AENIS BETI O [4G A P R G T [MG -BD<D2> 1 N.D.
UK13 AENISESER Llls P s S oM[MG-@D<D> 1 N.D.
UK14 AN SEMESIGIHO R S P A S[HG-@D<Dz> 1 N.D.
UK15 A[SENIS BORASIG G G Q R Y D [MG -BD<D2> 1 N.D.
UK16 afEN s SIL[T GAILTfNG-@D><Z> 1 12.341 + 0.331
UK17 AN E W~ LG I LG Fofdllc-aop<co> 1 N.D.
UK18 afds r Nl G -DoD>-<2> 1 0.071 *+ 0.004
UK19 AfdA E ijellc -<op<o2> 1 N.D.
B library 5

cys 1 cys 2 cys 3

AXXXXXXGXXXGGSGV‘D

peptide linker phage
Mutant:  Amino acid sequence: Abundance: K+ S.E. (uM):
12345678 91011121314151617

Uk20 A A[E G -@D<D> 12 0.322 + 0.017
UK21 A A[E G-@><m> 1 4.736 + 0.395
UK22 A A[d G-@><D> 1 0.922 + 0.051
UK23 A A[E G -@D><D2> 1 N.D.
UK24 AR G -@p<Dz> 1 3.991 * 0.230
UK25 A A9 G-@D<Dz> 1 1.000 + 0.071
UK26 A A[S G -@D<D> 2 N.D.
UK27 ARA[9 G -@D<Dd> 6 0.085 + 0.010
UK28 A G EWISY G -DD-<D2> 2 1.461 + 0.304
UK29 A [¢] 2 L C [eR bRl N.D.
UK30 A A[HA S G GG -OD<D2> 1 2.907 + 0.223
UK31 A A[HG P G G G -op<D> 1 0.524 + 0.035
k32 A Afdc L G GG -DD<D2> 1 1.814 + 0.087
UK33 A A[®D R G G ¥ G -@oD<DB> 1 0.922 *+ 0.063
UK34 AAY G Bl G -oD<DB2> 4 0.290 * 0.042
UK35 AA[MG A Pl G -BoD<D2> 1 0.093 + 0.019
UK36 AAfHMOL PG -@p<p> 1 N.D.
UK37 AAfW L rFigc-@><e> 1 0.326 + 0.039
uk3s Aafdor TP BNEE c BENS IS c o> 1 N.D.
UK39 A A0 v vElTDNGEY G WS Bl G < OD<D2> 4 N.D.
UK40 A AfD P M D C REJR AV C [RepSa N 1.014 + 0.071
UK4l A AfdW S DG G BT G I [ -op<p2> 1 N.D.
UK42 A A[EF A s RIPEOEY G S (G PG -@op<o> 1 1.573 + 0.084

Figure 1. Phage selected bicyclic peptides against human uPA. (A)
Amino acid sequences of clones isolated from library 1 having
sequence similarities are shown. Identical or similar amino acids are
highlighted in color (Rasmol color code). The inhibitory activities
(K{'s) of five TBMB-cyclized peptides (as D1-D2 fusion peptides) are
indicated. (B) In an attempt to obtain more potent inhibitors, we
generated further variants while keeping Arg10 and Argl2 fixed (motif
RGR in library 5 and motif DCRGRG in library 6, Supplementary
Figures 4 and S). However, we were unable to identify variants with
improved potency (Supporting Information). The average values of at
least three measurements are indicated. S.E., standard error; N.D., not
determined.

the others (K;'s ranging from 2.6 to 12.3 uM) (Figure 1A). This
is also consistent with the binding affinities to human uPA as
measured by surface plasmon resonance (Kp = 157 + 39 and
2078 + 39 nM for bicyclic UK18 and UKS fusion proteins,
respectively) (Supplementary Figure 3 and Supplementary
Table 1). We then chemically synthesized the UK18 peptide
(H-ACSRYEVDCRGRGSACG-NH,) and cyclized it with
TBMB (Figure 2A); the bicyclic product inhibited human
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uPA with improved potency over the fusion protein (K, = 53 +
4 nM; Figure 2B and Supplementary Table 2).

We also synthesized a peptide similar to UK18 having serine
residues instead of the three cysteines to disable oxidative
cyclization (H-ASSRYEVDSRGRGSASG-NH,) (Figure 2A);
the linear peptide inhibited human uPA with low potency (K; =
17.5 + 0.7 uM) (Figure 2B and Supplementary Figure 6). A
further variant was synthesized with a single serine residue and
two cysteines (H-ACSRYEVDSRGRGSACG-NH,) and cross-
linked with bis(bromomethyl) benzene (DBMB) (Figure 2A);
the monocyclic peptide inhibited human uPA with a potency
(K, = 383 + 37 nM) intermediate between those of the linear
and bicyclic peptide (Figure 2B and Supplementary Figure 6).
Thus successive constraints on the conformational flexibility of
the peptide lead to improved potency of inhibition.

The bicyclic UK18 peptide is a competitive inhibitor; the
Michaelis—Menten constant (K,*?) for the hydrolysis of a
chromogenic peptide substrate by human uPA was found to
increase linearly at higher inhibitor concentrations, while the
maximal velocity (V,,,,) changed only slightly (Figure 2C).
This indicates that the peptide binds at the active site of human
uPA. The inhibition appears to be highly specific to human
uPA, as the peptide only weakly inhibits a panel of related
proteases (K/s = 111—-316 uM). The panel included mouse
uPA, and human and mouse tissue-type plasminogen activators
(tPA) which share the same primary physiological substrate and
inhibitors as well as trypsin, thrombin, plasmin, plasma
kallikrein and fXIa (Figure 2D, Supplementary Table 2). The
high specificity is crucial for therapeutic use, since several of the
proteases have important physiological functions. For example,
human tPA is essential to prevent the formation of blood clots,
and its inhibition could have adverse consequences in the clinic.

In order to investigate the binding mode of the bicyclic
peptide to its target, we determined the X-ray structure of the
uPA-UK18 complex at 1.9 A resolution (Figure 3A and
Supplementary Table 3). For residues in contact with the
enzyme the electron density was very clear, allowing an
unambiguous assignment of side chain orientations, while the
density was weaker for residue Glyl7, suggesting some
flexibility of orientation inside the crystal (Supplementary
Figure 7). The bicyclic peptide forms an extended structure
with a total of eight intramolecular hydrogen bond interactions
(Figure 3B, Supplementary Table 4 and Supplementary Figure
7). The first ring (residues 2—9) forms a large loop, and the
second ring (residues 9—16) has a tight turn from residues
Glyl1 to Serl4 (see also Figure 4).

Both of the peptide rings make contacts with the enzyme,
covering a total surface of 701 A2 with 14 hydrogen bonds,
mainly mediated by the three residues Asp8, Argl0, and Argl2
(Figure 3B, Supplementary Table S). These residues appear to
be important as they are conserved between the sequences of
UK18 and UK19, and in the X-ray structure Argl2 occupies the
S1 substrate pocket of the protease, as expected for natural
substrates of human uPA (Figure 3B and Supplementary Figure
7). However, the second ring does not have the required
conformation for protease cleavage at this site, and the bicyclic
peptide is not cleaved by human uPA.

Comparison of the structure with that of the monocyclic
peptide inhibitor upain-1'® reveals that both inhibitors bind to
the same region of human uPA. It may also suggest why the
binding affinity of UK18 for human uPA is 200-fold greater
than that of upain-1. UK18 is a longer peptide (17 residues
compared to 12) and has a more extended structure and a
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Figure 2. Inhibitory activity and specificity of UK18. (A) Schematic depiction of the bicyclic peptide UK18 (left), a linear peptide based on UK18
with the cysteine residues replaced by serines (middle) and a monocyclic derivative of UK18 having the middle cysteine replaced by serine and the
flanking cysteines reacted with DBMB. (B) Residual activities of human uPA incubated with bicyclic UK18 or the linear or monocyclic derivative.
The average values of at least three measurements are indicated. (C) Apparent K, values (K,,**) of human uPA in the presence of different UK18
concentrations were determined and plotted against the inhibitor concentration. The K P increases linearly with the inhibitor concentration,
suggesting that UK18 is a competitive inhibitor. The average values of at least three measurements are indicated. (D) The residual activities of
human uPA and a range of homologous trypsin-like serine proteases were measured at different concentrations of bicyclic peptide UK18. The
average values of at least three measurements are indicated (see also Supplementary Table 2).

larger surface of interaction (by more than 179 A% see caption
of Supplementary Table 7). UK18 also makes more hydrogen
bonds to human uPA (14 compared to 11), with three
involving complementary charge interactions thought to be
important for binding affinity (compared to two for upain-
1).'%'7 These noncovalent interactions between peptide and
protein appear to be facilitated by cyclization, as shown by the
higher potency of bicyclic UK18 over its monocyclic and linear
counterparts. Indeed the structures of human uPA in complex
with the cyclic peptides resemble those of protein complexes,
with constrained peptide backbones, large interfaces of
interaction and (directional) hydrogen bonds.'” More
importantly the cyclic peptides appear to behave as proteins,
with exquisite specificity and in the case of UK18 with high
affinity of binding.

In summary, we report the development of a bicyclic peptide
inhibitor of human uPA that is around 200-fold more potent
than the best monocyclic peptide inhibitor previously isolated
to this target. Such small highly constrained bicyclic peptides
(<2 kD) appear to have properties typical of proteins, with a
large interface of interaction with target, and multiple
directional hydrogen and electrostatic bonds from both loops
of the peptide, leading to good binding affinity and exquisite
specificity. Such small protein mimics may thereby possess
teatures of both small molecule and protein therapeutics.

B METHODS

Phage Affinity Selection of Bicyclic Peptides. Phage were
produced and peptides on phage were modified as described
previously."! Human uPA (UPA-LMW, 33 kDa, Innovative Research)
was Dbiotinylated as described in the Supporting Information.
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Biotinylated protein (2 yg) was blocked in 0.5 mL of washing buffer
(10 mM Tris-Cl, pH 7.4, 150 mM NaCl, 10 mM MgCl,, 1 mM CaCl,)
containing 1% w/v BSA and 0.1% v/v Tween 20 for 30 min. At the
same time, the chemically modified phage (about 10" t.u. dissolved in
2 mL washing buffer) were blocked by addition of 1 mL of washing
buffer containing 3% w/v BSA and 0.3% v/v Tween 20 for 30 min.
Blocked antigen (0.5 mL) and phage (2 mL) were mixed together and
incubated for 30 min on a rotating wheel at RT. Then 50 uL of
magnetic streptavidin beads (Dynabeads M-280 from Invitrogen
Dynal Biotech AS, Oslo, Norway), blocked in 0.5 mL of washing
buffer containing 1% w/v BSA and 0.1% v/v Tween 20 for 30 min,
were added to the phage/antigen mixture and incubated for § min at
RT with rotation. The beads were washed eight times with washing
buffer containing 0.1% v/v Tween 20 and twice with washing buffer.
Phage were eluted by incubation with 100 L of 50 mM glycine, pH
2.2 for 5 min. Eluted phage were transferred to 50 uL of 1 M Tris-Cl,
pH 8.0 for neutralization and incubated with S0 mL of exponentially
growing TG1 cells (ODgyy = 0.4) for 90 min at 37 °C. The phage-
infected cells were pelleted by centrifugation, resuspended in 2 mL of
2YT medium, and plated on a large 2YT/chloramphenicol (30 ug/mL
chloramphenicol) plate. A second round of panning was performed
following the same procedure but using neutravidin-coated magnetic
beads in order to prevent the enrichment of streptavidin-specific
peptides. Neutravidin beads were prepared by reacting 0.8 mg of
neutravidin (Pierce) with 2 X 10 tosyl-activated magnetic beads (2 X
10° beads/mL; Dynabeads M-280, Invitrogen Dynal Biotech AS)
according to the supplier’s instructions. Affinity maturation selections
with libraries 5 and 6 were performed essentially as the selection with
the naive library 1 but with less biotinylated human uPA (1 pg). The
cloning of the phage libraries S and 6 is described in the Supporting
Information.

Production of Bicyclic Peptides as D1-D2 Fusion Proteins.
Phage selected peptides were expressed as fusion proteins of the
domains D1 and D2 of phage protein 3 and purified by Ni-affinity

dx.doi.org/10.1021/cb200478t | ACS Chem. Biol. 2012, 7, 817—821
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Figure 3. Crystal structure of human uPA in complex with the bicyclic
peptide UK18. (A) Surface representation of human uPA (gray) in
complex with UK18 (peptide ribbon in blue, mesitylene scaffold in
red). A 701 A* surface of human uPA is covered by UKI8. (B)
Schematic representation of molecular interactions between human
uPA and UKI18. Residues of human uPA are labeled according to the
chymotrypsin numbering system. Potential intermolecular (red) and
intramolecular (blue) hydrogen bonds are shown as dashed lines
(Supplementary Table 4 and S). Bent gray lines indicate residues of
UKI18 in close contact with human uPA (distances shorter than 4.0 A
that are not hydrogen bonds) (Supplementary Table 6).

Thr39

G|y226

Figure 4. Stereoview of the bicyclic peptide UK18. Conformation and

electron density map is calculated with coefficients (2F, — F.) and
contoured at the 2¢ level. The aromatic ring of the mesitylene core is
shown in dark red. The side chains of the residues are shown as sticks.
Carbon, oxygen, nitrogen and sulfur atoms are shown in blue, red,
green and yellow, respectively.
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chromatography and gel filtration as described in the Supporting
Information. The peptide appendix was cyclized by mixing 0.5 mL of
TBMB (500 uM) in acetonitrile with 4.5 mL of reduced peptide-D1-
D2 (10 uM) in reaction buffer (20 mM NH,HCO; $ mM EDTA, pH
8.0, degassed) at 30 °C for 1 h. Nonreacted TBMB was removed by
gel filtration using a PD-10 column (GE Healthcare, Uppsala, Sweden)
and washing buffer (10 mM Tris-Cl, pH 7.4, 150 mM NaCl, 10 mM
MgCl,, 1 mM CaCl,) as solvent. The concentration was determined
by measuring the optical absorption at 280 nm (GeneQuant 100, GE
Healthcare). Cyclized peptide-D1-D2 fusion proteins were analyzed by
SDS-PAGE and size exclusion chromatography. The molecular mass
of peptide-D1-D2 fusion proteins, before and after modification with
TBMB, was determined with electrospray ionization mass spectrom-
etry (ESI—MS) as described in the Supporting Information.

Chemical Synthesis of Bicyclic Peptides. Linear peptides were
synthesized by solid-phase peptide synthesis as described in the
Supporting Information and cyclized with TBMB or DBMB as follows.
The crude peptides UK18 and UK18*¢ (1 mM) in 5% v/v DMSO,
65% v/v 20 mM NH,HCO; pH 8.0 and 30% v/v acetonitrile were
reacted with TBMB and DBMB, respectively (1.5 mM) for 1 h at 30
°C. The reaction products (bicyclic UK18 and monocyclic UK18) and
the linear UK18%% peptide were purified by preparative reversed-phase
high performance liquid chromatography (RP-HPLC) using a Vydac
C18 (218TP) column (22 mm X 250 mm) (Grace & Vydac, Hesperia,
USA), a linear gradient with a mobile phase composed of eluant A
(99.9% v/v H,0, 0.1% v/v TFA) and eluant B (94.9% v/v acetonitrile,
5% v/v H,O and 0.1% v/v TFA) and a flow rate of 20 mL/min. The
purified peptides were freeze-dried and dissolved in H,O for activity
measurements. The purity of the modified and unmodified peptides
was assessed by analytical RP-HPLC. The molecular mass was
determined by MALDI-TOF mass spectrometry as described in the
Supporting Information.

Determination of Inhibitory Activity and Specificity of
Bicyclic Peptides. The inhibitory activity of bicyclic peptides was
determined by incubating human uPA with different concentrations of
inhibitor and quantification of the residual activity with a fluorogenic
substrate (Z-Gly-Gly-Arg-AMC, Bachem, Switzerland). Substrate,
enzyme, and inhibitor concentrations as well as assay conditions are
indicated in the Supporting Information. The inhibitory constant K
was calculated using equations described in the Supporting
Information. The specificity of UK18 was determined by measuring
the inhibition of a panel of serine proteases using the same assay but
different enzyme concentrations and substrates as described in the
Supporting Information. The mode of inhibition was verified by
quantifying V., *P and K, *P at different substrate and inhibitor
concentrations using a chromogenic substrate (H-Glu-Gly-Arg-pNA,
Bachem) as also described in the Supporting Information.

Crystallization and Structure Determination. The catalytic
domain of human uPA with two mutations (C122A and N145Q)
eliminating a surface-exposed free cysteine residue and a glycosylation
site was expressed in mammalian cells and purified as described in the
Supporting Information. The crystallization trials were carried out
employing the method of hanging drop vapor diffusion. Crystals were
obtained by mixing 1.2 4L of LMW huPA-C122A/N145Q protein (10
mg/mL, 340 4M) in 50 mM HEPES, 100 mM NaCl, pH 7.0, 0.6 uL of
UK18 bicyclic peptide solution (6.5 mM), and 1.2 uL of reservoir
solution and allowed to equilibrate against 500 L of S0 mM sodium
citrate at pH 4.3, 5% v/v PEG400, 2 M (NH,),SO, and NaN,.
Crystallization occurred at 20 °C within 3—4 days. X-ray diffraction
data of human uPA-UKI18 complex were collected at beamline PXIII
of the Swiss Light Source at the Paul Scherrer Institut (SLS, Villigen,
Switzerland) and at the ID14-EH4 beamline of the European
Synchrotron Radiation Facility (ESRF, Grenoble, France). Crystals
belong to the R3 space group, with a = b = 12125 A, ¢ = 42.72 A
(hexagonal setting). One monomer is present in the asymmetric unit.
The structure was solved by molecular replacement as described in the
Supporting Information. Intramolecular and intermolecular hydrogen
bond interactions were defined with the program CONTACT
(CCP4) and PROFUNC, respectively.
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Additional results on the affinity maturation of UK18, X-ray
data collection and refinement statistics, additional views of the
structure as well as a detailed discussion of the structure and the
molecular interactions between the bicyclic peptide and the
protease; complete experimental details as well as a character-
ization and validation of linear and cyclic peptides. This
material is available free of charge via the Internet at http://
pubs.acs.org.
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