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Abstract: Analogs of D-Phe-Pro-Agmatine were assayed for inhibititory activity versus thrombin,
trypsin, plasmin, n-tPA and urokinase. The X-ray structure of the thrombin/D-Phe-Pro-Agmatine
co-crystal revealed that the agmatine and analogous arginals have very similar bound conformations.

Agents that inhibit thrombin are important targets in the search for novel antithrombotics.! Like trypsin,
thrombin is a serine protease which utilizes an Asp-His-Ser catalytic triad to hydrolyze peptide bonds on the C-
terminal side of arginine residues. However, there are other endogenous "trypsin-like" serine proteases that serve
important regulatory functions.? Thus, in the development of thrombin inhibitors for use as therapeutic agents,
control over the selectivity of enzyme inhibition is an important issue. In particular, selectivity should be high for
the inhibition of thrombin relative to the fibrinolytic enzymes (plasmin, t-PA and urokinase) since their activity is
required for the dissolution of blood clots.3

A common theme in the design of serine protease inhibitors is the substrate analog strategy.* In this
approach, peptide sequences found in the vicinity of the scissile bond in natural substrates of the target enzyme
serve as the starting point for inhibitor development. To provide enzyme inhibitory potency, the amide at the
cleavage site is replaced by an electrophilic group which forms a covalent bond with the serine of the catalytic
triad. The resulting complex resembles the tetrahedral transition state of a proteolysis reaction. This strategy was
used by Bajusz, et al. in the development of the potent thrombin inhibitors R-D-Phe-Pro-Arg-H (1, R=H; 2,
R=Me),5 where the peptide sequence simulates the interactions of the A-chain of fibrinogen with the active site
region of thrombin® and the arginine aldehyde is used to form a hemiacetal with the serine of the catalytic triad.”?

In 1982, Bajusz, et al. reported the synthesis and anticoagulant activity of D-Phe-Pro-Agmatine (Agm)
(3),8 in which the C-terminal aldehyde was replaced by a hydrogen. Although the agmatine derivative was less
potent than analogous arginals, we were intrigued that significant anticoagulant activity was retained in (3), both
in vitro and in vivo, despite the loss of the covalent bond between thrombin and the inhibitor. In order to deter-
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mine the thrombin-bound conformation of D-Phe-Pro-Agm (3), for comparison with the structures of covalently
bound peptide thrombin inhibitors,” 3 was co-crystallized with thrombin and the resulting crystals were subjected
to X-ray analysis.® Figure 1 represents the active site region of the D-Phe-Pro-Agm (3)/human o.-thrombin
complex. Agmatine (like the side chain of arginine) fits into the thrombin specificity pocket and its guanidinium
ion engages the carboxylate of Asp 189.10 The proline ring of the inhibitor fits into the hydrophobic pocket
defined by His 57, Tyr 60A, Trp 60D, and Leu 99. The sidechain of the N-terminal residue (D-Phe) fits into
another hydrophobic region presented by residues Trp 215, Ile 174 and Leu 99. The peptide backbone of the
inhibitor interacts with thrombin segment Ser 214 - Gly 216 by formation of an anti-parallel $-pleated sheet. In
summary, the thrombin-bound conformation of D-Phe-Pro-Agm is very similar to the structures of covalently
bound peptide thrombin inhibitors.

While there is considerable overlap between the thrombin-bound conformations of D-Phe-Pro-Agm and
analogous arginals, the conformational similarities may not extend to the complexes of other enzymes. Thus, we
were interested to learn how the difference in enzyme inhibitory potency between agmatine and arginal based
peptides varies with serine proteases related to thrombin. Since the selectivity of enzyme inhibition was not
explicitly addressed in previous studies with D-Phe-Pro-Agm,8 we directly compared 3 , the N-Me analog 9
(Scheme 1), and the corresponding arginals (1) and (2), with respect to thrombin inhibitory potency and
selectivity versus tryspin and the fibrinolytic enzymes plasmin, t-PA and urokinase.

Figure 1
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The agmatine derivatives were prepared according to the sequence illustrated in Scheme 1. Symmetrical
diamines were monoguanylated,!! coupled with a dipeptide acid, and the desired products were deprotected.
Where necessary, the final products were then purified by preparative reverse phase HPLC.12
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2 (a) MeSC(NP)NHP, H,O/DMF; (b) P-N-R-D-Phe-Pro-OH, EDC, HOBT, DIEA, DMF;
(c) HCI, EtOAc; (d) 5 % anisole, TFA; (e) H,, 10 % Pd/C, EtOH, H,0, HCI;

Table 1 shows the apparent association constants!3 of the tripeptide arginals D-Phe-Pro-Arg-H (1) and N-
Me-D-Phe-Pro-Arg-H (2), along with the corresponding tripeptide agmatines (3) and (9) for human o-thrombin,
as well as selectivity ratios for the thrombin association constants versus those of trypsin, plasmin, t-PA and
urokinase. The data illustrate that there is about a two order of magnitude difference in the thrombin association
constants of both aldehydes relative to their corresponding agmatines. Thus, in the D-Phe-Pro-Arg series, the C-
terminal aldehyde contributes approximately 3 kcal/moll4 of association energy to the inhibitor-thrombin
complex. Alternatively, the aldehyde contributes 4.2 kcal/mol to the binding energy in the case of plasmin and
only 2.3 kcal/mol to the stability of the t-PA complexes, as estimated by the difference between the Kags of
compounds 1 and 3 or 2 and 4.

As expected for compounds based on the D-Phe-Pro-Arg sequence,3-0 all of the inhibitors have higher
affinity for thrombin than trypsin or the fibrinolytic enzymes. However, as a result of the variable contribution of
the C-terminal aldehyde to association energy, there are differences between the selectivity profiles of the arginals
and agmatines. The most interesting and potentially useful difference is the order of magnitude improvement in
plasmin selectivity which comes in each case with the loss of the C-terminal aldehyde. There is also some
improvement in trypsin selectivity for each agmatine relative to the corresponding arginal. Alternatively with n-
tPA, selectivity is slightly compromised with the agmatines, although the thrombin/t-PA selectivity ratio is still
about three orders of magnitude for both 3 and 9. With respect to urokinase, excellent selectivity is observed with
all of the compounds. So although the agmatines 3 and 9 are less potent thrombin inhibitors than the
corresponding arginals 1 and 2, they appear to have better overall selectivity profiles.
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Trypsin Plasmin n-tPA Urokinase
Cmpd. R R' Thrombin® Potency® Ratiod Potency¢ Ratiod Potency¢ Ratiod Potency¢ Ratiod
(1) H CHO 54x108  1.1x108 5.1  1.4x106 390  2.9x105 1,800 4.2x10% 13,000
(3 H H 5.5x106 1.7x105 33. 1.2x103 4,600 6.0x103 920  1.8x102 31,000
(2) MeCHO 4.6x108 8.8x107 52  1.8x106 260 5.0x10* 8,500 3.2x104 14,000
(9) Me H 24x106 24x105 10.  1.1x103 2,100 1.1x103 2,100 1.8x102 13,000

3All values are the average of at least 3 separate experiments with a standard deviation of less than 20%. bThe sulfate salt
of compound 1 was tested; for all other compounds, the hydrochloride salt was used. ©Kasg in L/mol. dRatio of Thrombin

Kass/Enzyme Kjgs.

In order to evaluate the dependence of potency and selectivity on the length of agmatine's carbon chain,
the homologs 10 - 12 were prepared (Scheme 1).15 Since the carbon chain length in agmatine is the same as
arginine, it is not suprising that D-Phe-Pro-Agm (3) is the most potent thrombin inhibitor in the series illustrated
in Table 2. However, relative to agmatine 3, only about 0.8 kcal/mol in binding energy is sacrificed by the
removal (10) or the addition (11) of one carbon to the agmatine tether. This is particularly interesting in light of
the selectivity ratios for 10 and 11, which demonstrate that manipulation of the tether length can provide some
additional control over serine protease specificity. Increasing the tether length to S carbons eliminates inhibitory
activity against all of the fibrinolytic enzymes, and also improves the thrombin to trypsin selectivity ratio to 480.
As a result of these attributes, compound 11 has the most attractive profile in the series.

Conclusion

In theory, optimal selectivity is achieved when inhibitors derive their binding energy from interactions
with unique structural elements of the target enzyme. The crystal structure represented above confirms that D-
Phe-Pro-Agm, like the corresponding arginals, derives binding energy from non-covalent interactions with the
thrombin specificity pocket and the neighboring hydrophobic binding sites, mimicking interactions of the natural
substrate fibrinogen. However, unlike the arginals, D-Phe-Pro-Agm does not derive binding energy from a
covalent interaction with the serine of the catalytic triad. Since the Asp-His-Ser catalytic triad and the adjacent
oxyanion hole are the defining structural features of all serine proteases, it may be advantageous to avoid covalent
interactions with this highly conserved structural region in the design of selective thrombin inhibitors.
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In any case, the data demonstrate that agmatine and its homologs are useful tools for controlling the serine
protease selectivity of peptide thrombin inhibitors. Future work will focus on strategies to improve the thrombin
inhibitory potency of the agmatine series while retaining the selectivity profile.16

Table 2.2
NH>
0 *2HCI
s N;"',r“\ /n NHz
™ e X
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Trypsin Plasmin n-tPA Urokinase
Cmpd. Thrombin® Potency® Ratig® Potcncy‘f Ratio® Potency® Ratio® Potencyb Ratio®
10) 3 1.4x106  1.4x104 100, <2.5x102d >5,600 4.1x103 341 <2.5x102d >5,600
3) 4 5.5x106 1.7x105 33. 1.2x103 4,600 6.0x103 920 1.8x10%2 31,000
(11) 5 1.3x106 2.7x103 480. <2.5x102d >5200 <2.5x10249>5200 <2.5x1024d >5200
(12) 6 2.4x10% 6.0x102 <2.5x102d <2.5x102d <2.5x1024d

3All values are the average of at least 3 separate experiments with a standard deviation of less than 20%. bKass in L/mol.
CRatio of Thrombin Kags/Enzyme Kags. dSince no enzyme inhibition was observed at an inhibitor concentration of 200 uM, the

Kass for this complex must be less than 2.5x102.
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