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a - Synergism between sterwprotonic Can inherent preference for 

protonation/deprotonation in the lone pair direction, and sterweleckonic 

effects on the formation and breakdown of the tekahedral intermediate has 

been demonskated during the kinetically controlled enzymic aminolysis of 

specific esters by N-nuclwphiles. While both N-methylated and N-unme- 

thylated nuclwphiles promote chymokypsin anilide hydrolysis, the N-me+ 

thylated nuclwphiles do not aminolyse detectably acylchymokypsin. 

The favourable interaction between a lone pair orbital n of the atom X (Scheme I) and the anti- 

bonding orbital (I l of an antiperiplanar polar bond Y-Z 01 -a*T_Z interaction) proves to be essential for 

the stabilization of the ground state (thermodynamic effect) or transition state (kinetic effect) of the mo- 

T 

Z- tl. ,.n 

lecular conformation 1’. The thermodynamic effect is expressed by the conformational preferences of 

sugars Canomeric effect ‘1 and nucleic acids (gauche effect?4 the kinetic effect is observed in the stereo- 

electronic acceleration of the polar Y-Z bond cleavage/formatior?. On the other hand, a protonation/ 
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deprotonation (acid&se catalysis) of Z in the ground states Q and 3 in Scheme D or a partial protona- 

tion/deprotonation (general acid-base catalysis) of Z in the transition state (2 in Scheme D leads to a 

weakening/strengthening of the same Y-Z bond4. Due to the lone pair directionality5 this effect is 

stereoprotonic. Actually, the protonation/deprotonation etep 2 Scheme II) is preceded by hydrogen 

bonding6 (proton transfer in ice is ca. 60 times faster than in water% Recent geometrical analysis of 

hydrogen bonds in crystal structure7 reveals a preference of hydrogen bonding in the directions of the 

conventionally viewed sp3 and sp’ lone pairs. Here we analyze the relationship between these stereo- 

electronic and stereoprotonic effects on the amlnolysts of an acylchymotrypsin by N-methylated and 

N-unmethylated nucleophiles. 

The structural and energetic complementarity of the enzyme and substrate may lock the substrate 

in a reactive confomtion 1 (Scheme D. Actually, as it has been deduced from X-ray diffraction studies 

of the enzyme-inhibitor complexes 7-9, the serine proteinase active site is complementary to a cS& 

configuration of an eruymic tetrahedral intermediate. ET1 (scheme III. the configuration of the N atom is 

(s). and that of the former carbonyl carbon - CR)). This ground state configuration is stabilized &QQ- 

electrorucallv since its geometry is favourable for a n-donation by both the Ser-195 y-oxygen and sub 

strate nitrogen. It is also stabilized $ereoDrotonicallv by the hydrogen bonds from the properly oriented 

imidazole NE2H of His-!57 and the backbone NH of Gly-193 and Ser-195 (the ‘oxyion hole’lOX 

Gs,RMTI is still an unstable intermediate and according to the Hammond 

postulate’ ‘, the transition state (s.R)-l?l’Ix in its formation during the kinetically con- 

trolled enzyme aminolysis12 (Scheme IID. will resemble the structure of this interms 

diate. Moreover, the factors stabilizing the ground state configuration will stabilize 

the transition state configuration as well. Actually, the energy of (s.l?J-ETI= is decreased stereoelectroni- 

tally by the favourable interactions between the developing oxyion and y-oxygen lone pair orbitals 

oriented antiperiplanar to the incipient polar Ca-N bond. Furthermore. this late transition state is relie- 

ved stereoprotonically by partial deprotonation of the entering nucleophile by the imidazole NE2 (g* 

neral base catalysis) and by partial protonation of the ‘oxyion hole’ NH (general acid catalysis). These 

energetic changes are conjugated with a selective strengthening of the incipient Ca-N bond: the 

n-o* __ interaction of the N lone pair orbital developing after partial N-deprotection and the ‘dntipri- 

planar C-O- bond should lead to some double bond character of this bond. 

In order to break down to a peptide, (s.RJ-ET1 requires a NE2 proton transfer to y-oxygen of 

Ser-195. Since the inversion of pyramidal nitrogen atom is a very fast processr3. the lowest energy 

pathway available for this proton transfer is the nitrogen inversion. The latter gives rise to an inverto- 

mer (R-l&ET1 (Scheme III) whose nitrogen is no longer hydrogen bonded and the NE2 proton can be 

easily transfered to the y-oxygen of Ser-195. 
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The model building studies of Dufler et al. aJ4 have revealed that when X in (RJ&ETI is bulkier 

than H. this intermediate experiences severe unfavorable interactions between X and the Hi-!57 imi- 

dazole ring. The fact that N-methylated peptidesl’ and anilides’ are not substrates for chymotrypsin 

has been attributed to this steric hindrance, preventing the formation of (R.RI-lZ?M during chymotryptic 

peptide hydrolysis. This interpretation has been recently supported by crystallographic and NMR expe- 

riments with elastase and a hexapeptide containing N-methylated peptide bondIs. 

The configuration of the leaving group nitrogen has been postulated’*a by an axiomatic application 

of Deslongchampr stereoelectronic theory’. This is a principal argument of Sinnof l6 questioning the 

stereoelectronic control in serine proteinase action. It is clear from the above discussion that when 

enzyrnic aminolysis is considered. the configuration of the nitrogen leaving group follows from the 

requirements for stereospecific general acid-base catalysis coinciding with the requirements for an 

effective stereoelectronic catalysis. 

We studied the chymotryptic aminolysis of specific esters by an approach we have used 

previously17*1e. The values for the aminolysis/hydrolysis ratio p. equal to the rate constant ratio for 

aminolysis and hydrolysis of acetyl-Phe@JO&zhymotrypsin in the presence of some N-methylated and 

N-unmethylated nucleophiles are summarized in the Table. Characteristically. H-Gly-Phe2JfKH, and 

HGly-NH, are very effective nucleophiles. while H-Sar-Phe-NHCH3 and H-Sar-NH2 do not aminolyse 

the acyleruyme detectably even at a nucleophile concentration higher than 1 M. Furthermore, it is 

known that N-nucleophiles increase the rate of chymotrypsin hydrolysis of glutaryl-Phe-p-nitroanilide 

by nucleophile binding preventing the nonproductive binding of the anilide portion”. Both the N-me- 

thylated and the N-unmethylated nucleophiles do promote the chymotrypsin hydrolysis of this anilide 

(see Table) suggesting a productive binding in the initial enzyme-nucleophile complex. Since this 

behaviour should be expected from the principle of microscopic reversibility. these results support the 

earlier observation in the reverw reaction714. 

The close inspection of the ground and transition state structure of the (S.R)-isomer of the enzymic 

tetrahedral intermediate does not provide arguments in favour of the N-methyl nucleophile non-reacti- 

vity. Moreover. if the effect is in the next step. the G.R)-EZTI should be a dead-end product and accu- 

mulate. provided it is enough stabilized 20. Since the space between the imidazole hydrogen and nuc- 

leophile nitrogen in (R.R)-ETI is not accessible for a X bulkier than Ha. the next step. the N-inversion. 

should be highly endergonic for N-methylated nucleophiles accounting for their non-reactivity. 

The (R.RI- as well as the G.R)_invertomer is stabilized in the ground state both stereoelectronically 

and stereoprotonically. The n-donation of nitrogen however, is changed from CQ-0‘ to Ca-OY polar 

bond and instead of nitrogen. the y-oxygen of the Ser-195 is hydrogen bonded to the imidazol NE2 of 

His-57 (Scheme III). 

The decomposition of G?,R>ETI to the enzyme-product complex EA should proceed through an ear- 

ly transition state CR&ETIx (Hammond postulate”). This means that this transition state should be relie- 

ved by interactions stabilizing the ground state configuration. the stereo-electronic and stereoprotonic ef- 

fects being more pronounced in the transition state. The partial direct protonation of the y-oxygen lone 
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TABLE 

RATE-ENHANCEMENT ACTIVITY AND AMINOLYSIS/HYDROLYSIS 

AND THEIR N-METHYLATED DERIVATIVES IN CHYMOTRYPSIN 
RATIO OF SOME N-NUCLEOPHILES 

ANILIDES AND ESTER AMINOLYSIS 

NUCLEOPHILE RATE ENHANCEMENT AMINOLYSIS/HYDROLYSIS 

(vn/ vo1a a<n/kw) b 

H-Gly-Phe-NHCH, 3.0 4cOo 

H-Sar-Phe-NHCHa 3.0 <l 

H-Gly-NH, 1.1 3960 

H-&r-NH2 1.2 <I 

a Initial rate ratio for the hydrolysis of Glutaryl-Phe-NHPh@JO_J in the presence (vn) and absence (v,) 

of a nucleophile. 

b Rate constant ratio for the aminolysis Ck,) and hydrolysis &,I of the acylenzyme. 

pair (a in Scheme III) is probably sufficient for the partial Ca-OY bond cleavage since the proteinase 

active site does not provide a general acid/base for the direct partial protonation/deprotonation of the 

other lone pair cb in Scheme II). The elimination of the stabilizing effect of this lone pair orbital on the Ca-OY 

bond by a torsion about the Ser-195 bonds proposed by Gorenstein and Taira2’ is thus not tenable 

since such conformational changes should eliminate the effective stereoprotonation of the Ser-195 y-oxygen. 

In conclusion, the synergism between stereoelectronic and stereoprotonic effects is an effective 

catalytic mechanism used by serine proteinase to accelerate the peptide bond cleavage/formation. 

Furthermore, the formation of a dead-end tetrahedral intermediate (S,mETI suggest new ideas for the 

design of proteinase inhibitors. 

EXPERIMENTAL 

Bovine a-chvmotrvrxin (chvmotrvmin 42 was obtained from Boehringer Mannheim and used 

without further purification. The normality of the enzyme stock solution was determined by an active- 

site titration with N-trans-cinnamoylimidazo18p. 

Substrates. Acetyl-Phe@JOz)-OMe” and glutaryl-Phe-p-nitroanilide? were prepared as described 

previously. 

N~&o~hile& Glycinamide and sarcosinamide hydrochlorides were obtained from Sigma. 

H-Gly-Phe-NHCHa and H-Sar-Phe-NHCH3 hydrochlorides were prepared by aminolysis of Z-Gly-Phe- 

OMe and Z-Sar-Phe-OMe in saturated methanolic methylamine and subsequent decarbobenzoxylation 

by catalytic hydrogenation. The dipeptide esters have been obtained with high yields by acylation 

with Z-Gly-Cl and Z&r-Cl of H-Phe-OMe. H-Gly-Phe-NHCHs.HCI: m.p. 147-9O C. [alp= 20’ (c=O.l 

H20). ‘H NMR (250 MHz. Me.$O-do) data: 8.17 UI-I. Gly NH). 7.97 aH. Phe NH). 4.47 aH. Phe CaH). 
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3.59 GH. Gly CaH&, 258 WH, amide-CH$ H-Sar-Phe-NHCH,+iCi: m.p. 80-83O C, [alp= IO0 kM.1 

H,O). ‘H NMR (250 MHz Me$O-do> data: 8.00 QH. Ser NH). 1.80 SH. Phe NH), 4.x) flH, Phe CaH), 3.75 

t2H. Sar CaH& 2.72 CiH. Sar CH& 258 f3H. amlde-CH& 
p &,jyj,& of the nucleophiles in the chymotrypsin a &f) hydrolysis in 0.2 M 

Tris-HCl buffer pH 7.8 of glutaryl-Phe-p-nitroanilide (1 r&f) was evaluated by the ratio v,,/vo, ve end 

v0 is the increese of the absorption at 4lO run within 10 min in the presence end absence of a N- 

nucIaophiI8 (50 mMl. 

~/hv~olvs~ & & for different nucleophiles has been determined s~op~tome~i~ly 

as described earlier’*. 

A cknowledu~ 

We express our appreciation to Dr. A.J. Kirby and Dr. LG. 

valuable suggestions. 

Pojrxlieff for discus&n of the data and 

1. A. 1. Kirby, The Anomeric Effect and Related Sterecelectronic Effects at Oxygen. Springer-Verlag. 

Berlin Heidelberg New York, 1983. 

2. W. Sanger. Principles of Nucleic Acid Structure, Springer-Verlag. New York Berlin Heidelberg. 1984 

3. P. Deslongchamps, Stereoelectronic Effects in Organic Chemistry, Pergamon Press, Oxford. 1983. 

4. J. M. Lehn and G. Wipff. J. Amer. Chem. Sot., 1980. u 1261-1354. 

5. A. Vedani and J. D. Dunitz. /- Amer. Chem. Sec.. 1985. m 76537658. 

6. M. L. Render, R. J. Bergeron and M. Komiyama. The Bioorganic Chemistry of Enzymatic Catalysis, 

John Wiley & Sons, New York. 1984 p. 16. 

7. D. D. Petkov. E. Christova and 1. Stoineva, Biochin Biophys. A&, 1918, z I31-IQ. 

8. S. A. Biizero and H. Dutler, Bioorganic Chemistry, 1981. ).Q 65-62. 

9. B. Asboth and L. Polgar. Biochemistry, 1993. 22. 117-122. 

10. R. Henderson. J Mol. Bioi., 1910, s 341-354. 

11. G. S. Hammond, J. Amer. Chem Sot. 1988, Tf, 334-338. 

12. D. D. Petkov, J Theor. BioL. 1982 B 419-425. 

13. S. Haup~~, Organische Chemie, VEB Deutscher Verlag fiir Gx~~to~nd~~ie, 1988 p.%. 

14. S. A. Bizzozero and 0. Zweifel. FEBS Leti, 1978. f9, 105108 

15. E. F. Meyer, G. M. Clore, A. M. Gronenborn and H. A. Hansen, Biochemisfry, 1988 ZL 725-730. 

16. M. L. Sinnot. Adv. Phys. Org. Chem.. 198& 24, 113204. 

17. D. D. Petkov and I. B. Stoinava. Biochym. Sophys. Res. Common.. 1984. U&. 317-323. 

18. E. K. Bratovanova, I. B. Stoineva and D. D. Petkov. Tetrahedron. 1988. 44, 3633-3637. 

19. J. Fastrez and A. R. Fersht. Biochemistry, 1913. E, 2025-2036. 

20. A search for this unreactive intermediate is under way in this laboratory. 

21. D. Gorenstein end K. Taira. Biophys. J, 1984 & 749-761. 

22. C. R. Schortbaum. 8. Zerner and M. L. Bender, J. Bioi. Chem, 1961. a 293@2935. 

23. B. F. Erlanger. F. Edel and A. G. Cooper, Arch. B&hem. Biophys., 1966. m 206-2ll. 


