
Pergamon 
Bioorganic & Medicinal Chemistry Letters, Vol. 4, No. 20, pp. 2417-2420, 1994 

Copyright @ 1994 Elsevier Science Ltd 
Printed in Great Britain. All rights reserved 

0960-894X/94 $7.00+0.(~ 

0960-894X(94)00350-5 

D I P H E N Y L B O R I N I C  A C I D  I S  A S T R O N G  I N H I B I T O R  O F  S E R I N E  
P R O T E A S E S  * 

Steven J. Steiner,r Jeffrey T. Bien, Bradley D. Smith* 

Department of Chemistry and Biochemistry, University of Notre Dame, Notre Dame, IN 46556, USA 

Abstract. Diphenylborinic acid, a commercially available and reasonably air stable compound, was found to be a 
strong competitive inhibitor of three serine proteases. Compared to phenylboronic acid, it was a thirty-fold better 
inhibitor of a-chymotrypsin, a fifteen-fold better inhibitor of subtilisin BPN', and a sixty-fold better inhibitor of 
bovine trypsin. The pKa and inhibitory ability of methylphenylborinic acid was also determined. 

Boronic acids have been studied as competitive inhibitors of serine proteases for more than twenty-five 

years. 1 Nonetheless, interest in these compounds remains high due to their potential clinical uses, 2 and their 

ability to act as structural probes of enzyme binding sites. 3 Despite numerous X-ray and NMR studies, some of 

the details concerning the structures of the enzyme/inhibitor complexes remain controversial, particularly when the 

inhibitors are simple, "non substrate-like" boronic acids. 4 In some cases there is clear evidence for a covalent 

tetrahedral adduct with the active-site serine hydroxyl.4, 5 In other cases there is no doubt that the boron is 

coordinated to the active-site histidine. 6 

Our interest in this area stems from our recent efforts to develop molecular transport devices using boron 

acids. 7 While conducting experiments with diphenylborinic acid, 1, we became curious about its ability to inhibit 

serine proteases. Inhibition with asymmetric berinic acids has been reported before, 8 the most recent study by the 

Jones research group. 9 In genera/, borinic acids are better inhibitors than boronic acids. The major detraction 

with borinic acids is their susceptibility to air oxidation. Diarylborinic acids, however, are reasonably air stable 

compounds. For example, a solution of 1 in phosphate buffer, at pH 7.4, was found to be > 90 % pure after 

standing on the bench top for 24 hours. Compound I has a pKa of 6.2.1~ At neutral pH it readily combines with 

vicinal diols to form anionic, tetrahedral "ate" complexes. 7 The expected inhibitory ability of I was hard to 

predict, a priori, since it was difficult to estimate the relative importance of various opposing factors such as 

increased acidity, enzyme binding site specificity, inhibitor hydrophobicity, loss of a potential active-site 

hydrogen, etc. We felt that if I were a good protease binder then it may have utility in clarifying some of the 

structural and mechanistic ambiguities concerning this class of transition-state-analogue inhibitors. 
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Inhibition studies were carried out at 22 ~ in sodium phosphate solution buffered at pH 7.4. Due to their 

instability, borinic acids are usually synthesized and stored as their aminoethanol esters. Previous kinetic studies 

with the esters of alkylborinic acids used the esters directly, since they were found to be rapidly hydrolyzed to the 

acids.8, 9 The aminoethanol ester of 1, however, is reasonably stable at neutral pH. 11 To avoid any ambiguity 

due to slow ester hydrolysis, the aminoethanol group was removed beforehand by acid extraction, 11 and the free 

acid used in the experiments. Enzyme activity was monitored spectrophotometrically with the following standard 

substrates, N-succinyl-Ala-Ala-Pro-Phe-4-nitroanilide, 0.015 - 0.075 mM, (ot-chymotrypsin, 56 nM); 4- 

nitrophenylbutyrate, 0.015 - 0.12 mM (subtilisin BPN', 250 riM); and N-benzoyl-DL-arginine-4-nitroanilide, 

0.30 - 0.60 mM, (bovine trypsin, 1.23 ~tM). Inhibition constants were determined from Lineweaver-Burk plots 

which were consistent with competitive inhibition. 

Table 1. Inhibition Constants (dissociation) and pKa's.a 
Ki/~tM + 10% (lit.) 

Inhibitor pKa + 0.1 (lit.) Chymotr~sin Subtilisin 
1 6.1 (6.2)b 2 0  30 
2 8.8 (8.85) c 640 (200) d 470 (230) d 
3 8.1 30 
4 (8)e (1)e 

Trypsin 
170 
10200 

aAll experimental measurements are the average of at least two independent determinations. 
bReference 10. CReference 7. dReference 12. eReference 9. 

In the event, 1 was found to be a strong competitive inhibitor of the three serine proteases examined. 

Compared to phenylboronic acid, 2, it was a they-fold better inhibitor of chymotrypsin, a fifteen-fold better 

inhibitor of subtilisin, and a sixty-fold better inhibitor of trypsin (Table 1). As a way of calibrating our results 

with those of Jones, we also examined methylphenylborinic acid, 3. This compound was synthesized according 

to the method of Brown. 13 It was found to be moderately air sensitive which made inhibition studies problematic. 

Our pragmatic procedure involved synthesizing 3 as its aminoethanol ester, and deprotecting a fresh sample just 

before use. 11 Evaluation of its inhibition of chymotrypsin produced a Ki of 30 ~M which correlates reasonably 

well with the Ki of 8 ~tM reported for the structurally related butylphenylborinic acid 4 (Table 1). The sub- 

millimolar inhibition of trypsin by I is a notable result as the enzyme has a strong preference for an arginyl 

residue at its $1 specificty site, and therefore is poorly inhibited by arylboronic acids. There is much interest in 

trypsin-like enzymes as they play important roles in regulatory systems such as blood coagulation and 

fibrinolysis. 2 Compound 1 should be a useful, and readily available, transition-state probe for NMR and X-ray 

studies of these enzymes. 6 With regard to NMR studies, a salient point is that outside the extreme-narrowing 

range, l iB NMR signals have the unusual feature of becoming narrower as the molecular correlation time and 

magnetic field strength increase. 14 

The increased inhibition exhibited by borinic acids has been attributed, in part, to the increased 

electrophilicity of the boron center, 9 although to our knowledge this has never been strictly proved. To confirm 

this reasoning we determined the pKa's for 1, 2, and 3, to be 6.1, 8.8 and 8.1, respectively (Table 1). 15 Thus, 

the pKa's reflected, qualitatively, the order of Ki's. There are, of course, other factors that influence enzyme- 

inhibitor binding such as solvation changes, electrostatics, hydrogen bonding, and steric effects. For the 

subtilisin-boronic acid system, in particular, these factors have been examined in detail and will not be discussed 
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here. 3 The lower pKa of 3 compared to 2 is somewhat counter-intuitive if stability of the conjugate base is the 

only criterion considered; a methyl group is not expected to stabilize an adjacent negative charge better than a 

hydroxyl group. A reasonable explanation is provided by examining both sides of the acid-base equilibrium for 3 

and 2. It appears that replacing the methyl group in 3 with a hydroxyl results in stabilization of the acid more than 

the conjugate base. 

/OH OH 
Ph "B j ' O H  1 X = Ph, pKa = 6.2 

P h ~ B ~ ' x  § 2H20 ~ - -  \ X  + H30+ 2 X = OH, pKa = 8.8 
3 X = CH3, pKa = 8.1 

acid base 

The subtilisin inhibition ability of I was examined as a function of pH. Previous studies on subtilisin 

inhibition by boronic acids produced bell-shaped curves with an invariant pK1 of about 7, and a pK2 that 

depended on the boronic acid (usually greater than 8).12,16 Since pK1 corresponded to the pKa of the active-site 

imidazole and pK2 matched the boronic acid pKa, the profile was rationalized, mechanistically, in terms of a 

neutral boronic acid binding with an alkaline enzyme active-site. The plot of 1/Ki versus pH for subtilisin 

inhibition by I is shown in Figure 1. Although the curve is transposed to lower pH values, with Ki(opt) at pH 

6.8, the profile is still consistent with the above binding mechanism. 17,18 In this case, the pKa of inhibitor I is 

lower than the pKa of the enzyme active-site, i.e., pK2 < pK1.19 The Alberty-Massey equation was used to 

calculate pK values of 6.2 and 7.4.18 

1/Ki 
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Figure 1. pH profile for subtilisin inhibition by 1. 

In conclusion, diphenylborinic acid, 1, proved to be a strong competitive inhibitor of the three serine 

proteases examined. The commercial availability and increased stability of this compound makes it an attractive 

probe for X-ray and NMR studies of enzyme/inhibitor complexes. 

Acknowledgment. This work was supported by a grant from the National Science Foundation (CHE 93- 

11584) and an award from the Research Corporation (Cottrell Scholarship to B.D.S). J.T.B. thanks the 

University of Notre Dame for an Upjohn Fellowship. 



2420 S.J. STEINER et al. 

References and Notes. 

#Molecular recognition with boron acids, part 8. For part 7, see: Paugam, M. -F.; Valencia, L. S.; Smith, B. D. 

J. Am. Chem. Soc., submitted. 

$Current address: Indiana University Medical School, Indianapolis, IN. 

1. Antonov, V. K.; Ivania, I. V.; Berezin, I. V.; Martinek, K. Dokl. Akad. Nauk. SSSR, 1968, 183, 284- 

287. Antonov, V. K.; Ivania, I. V.; Berezin, I. V.; Martinek, K. FEBS Lett., 1970, 7, 23. 

2. Ketmer, C.; Mersinger, L.; Knabb, R. J. Biol. Chem., 1990, 265, 18289-18297. 

3. Seufer-Wasserthal, P.; Martichonok, V.; Keller, T. H.; Chin, B.; Martin, R.; Jones, J. B. Bioorg. Med. 

Chem., 1994, 2, 35-48. 

4. London, R. E.; Gabel, S. A. J. Am. Chem. Soc., 1994, 116, 2570-2575 and references therein. 

5. House, K. L.; Garber, A. R.; Dunlap, R. B.; Odom, J. D.; Hilvert, D. Biochemistry, 1992, 31, 12839- 

12846. 

6. Tsilikounas, E.; Kettner, C. A.; Bachovchin, W. W. Biochemistry, 1992, 31, 12839-12846. 

7. Morin, G. T.; Hughes, M. P.; Paugam, M. -F.; Smith, B. D. J. Am. Chem. Soc., in press 

8. Koehler, K. A.; Hess, G. P. Biochemistry, 1974, 13, 5345-5350. Sutton, L. D.; Stout, J. S.; Hosie, L.; 

Spencer, P. S.; Quinn, D. M. Biochem. Biophys. Res. Commun., 1986, 134, 386-392. 

9. Simpelkamp, J.; Jones, J. B. Bioorg. Med. Chem. Lett., 1992, 2, 1391-1394. A typographical error in 

Table 1 of this paper leads to the conclusion that borinic acids are weaker inhibitors of chymotrypsin than 

boronic acids, correction of the error leads to the reverse conclusion. 

10. Rao, G.; Philipp, M. J. J. Org. Chem. 1991, 56, 1505-1512. 

11. Coates, G. E.; Livingstone, J. G. J. Chem. Soc., 1961, 4909-4911. 

12. Philipp, M.; Bender, M. L. Proc. Nat. Acad. Sci. USA, 1971, 68, 478-480. 

13. Brown, H. C.; Cole, T. E.; Srebnik, M. Organometallics, 1985, 4, 1788-1792. Satisfactory spectral data 

were obtained for the aminoethanol ester of 3. 

14. Tsilikounas, E.; Kettner, C. A.; Bachovchin, W. W. Biochemistry, 1993,32, 12651-12655. 

15. The pKa's were determined potentiometrically. Albert, A.; Serjent, E. P. The Determination of Ionization 

Constants, Chapman and Hill: London; 3rd. Ed., 1984. 

16. Philipp, M.; Maripuri, S. FEBS Lett., 1981, 133, 36-38. Koehler, K. A.; Lienhard, G. E. Biochemistry, 

1971, 10, 2477-2483. 

17. A referee noted that the profile deviates from the classical bell-shape at low pH, suggestive of a more 

complicated equilibrium at this pK, such as a two-proton ionization, or weak binding by the 

enzyme/inhibitor system in its incorrectly protonated form. 

18. Tipton, K. F.; Dixon, H. B. in Contemporary Enzyme Kinetics and Mechanism, Purich, D. L., Ed.; 

Academic Press: Orlando, 1982, Ch. 5. 

19. p. l l0  in Reference 18. 

(Received in USA 27 July 1994; accepted 13 September 1994) 


