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The proton transfer step at the breakdown of the tetrahedral intermediate of chymotryptic 
catalysis was studied using the simple quantum-statistical theory of unimolecular proton tran, fer 
reactions. The physical basis of the enzymatic high catalytic efficiency is discussed from the view
-point of experimental and theoretically obtained kinetic parameters. The experiment is wgge, ted 
to test the possible importance of vibrational excited states at the enzyme action. 

Despite the intensive studies carried out in the field of enzymology and the sophisticated experi
mental techniques lI sed , relatively slow progress has been mace in understandirg tte enyzmes 
mechanism. This situation concerns not only enzymes with the highest functi onal hierarchy. but 
also the simplest enzymes fulfilling just the chemical degradative function. Serine protea~es are 
the best example of such enzymes. Chymotrypsin. a member of this group of enzymes is probably 
the best studied enzyme in general. It cata lyses the hydrolysis of "hydrophobic", mainly aro
matic, peptide bonds of proteins as well as low molecular amide or ester bonds of aromatic L~:Jmi
noacid derivatives. 

At present, the structure of this enzyme, the structure of ES(EI) complexes. formal chem ical 
mechanism of catalytic action and kinetic parameters of particular reaction steps are kn c wn l

.
2. 

The formal reaction mechanism can be written as foll ow,: 

E + S , ) ES ~ TIl ' ) 
I k2 

For amide substrates hydrolysis it was shown that the breakdown of TI I connected with proton 
transfer from imidazole ring of His 57 of the enzyme to N atcm of substrate amide bend to be 
broken, is the sl owest step in the entire catalytic prccess2

.3 - 6. Experimentally measured primary 
kinetic isotope effect for acylation step2.? - to in the range of 2- 5, indicates that the proton 
transfer at the breakdown of TIl' is the rate limiting elementary reaction act. 

Besides the old "lock and key " mechanhm which gave a qualitatively reasc nable explana ticn 
for enzyme specificity but not for high catalytic efficiency, several theories r.ave teen pos tulated 
in an effort to explain the basis of high catalytic efficiency of the enzymes. Individual theories are 
not the subject of the present paper, they have been discussed elsewhere (see e.g. Lumry's pa
persIl ). Nevertheless, it should be said that the thermodynamical theories are more wcce, ful 
at present, at least as far as the general discussion of the cardinal question of the enzymatic mecha
nism is concerned12

; how is the part of free energy of ES cmplex formation {which is not realized 
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Mechanism of Serine Prot eases Action 3239 

through binding) converted into a dec reasing of the free energy o f activation of deci5ive rcacticn 
step. 

Recentl y a hypothesis was sUgge, tcd 13. accord ing to which a pan of free energy of ES compicx 
formation is used to populate so me excited vib rati on modes in the enzyme. including the imidazole 
His 57 - NH bond stretching vibration. High cata lytic efficiency of the enzy me is then explai ned 
by tunnelling mechanism of tbe pro ton from imidazole - NH bond vi claticrally excitcd state to 
substrate bond to be cleaved. The trl;e ac tivati on energy of pro ton transfer step was wppo~ed 
to be much higher than the experimental va lue ",,40 kJ / mol. The suggested hypothesis was fer
mula ted on the basis of theoretically calculated protOn tramfer frequencies (microcancnical 
rate constants) from imidazole molecule to amice or ester , ub,trate. To disc u ~s the problem o f the 
enzyme mechanism on the basis of microcanonical rate ccmtants appears to be not very effective. 
since a very important entropy part as we ll as the innuence of environment are mi~sing. A theo
retical method for proton transfer canonical rate constan t calculation readily applicab le io the 
studied problem is not avai lab le at the present, and more over the silUati cn in the theory of proton 
transfer reactions is rather complicated. 

Besides the well-known problems in arriving at theoretical potentiall\nction accurately descri
bing the H + transfer l4 - 16. the serious difficulties exist in the theories describing the dynamics 
of the process. The transition state/ transmissi on coeficient corrected pheno menolcgical theory 
of H + transfer t 5 has recently been critically discus~ed by Cribb and ccworkers l ? The consisten t 
quantum-statistical theories of H + tramfer in condensed media 18 - 20 can not be used for studied 
enzymatic process. because of difficu lties in exact specificatic n of exterral relaxatic n mechanism. 

In the present work a simple quantum-statistical method for the calculation of 
canonical rate constant of unimolecular rroton tramfer reactions has been formu
lated. This proves to be a more convenient approach ill discussion of the studied 
problem than discussion based on the values of microcallonical rate cOllstants. 

Canonical Rate Constant of Proton Transfer Process - Simple Quantum 

Statistical Formulation 

For the rate constant of the unimolecular proton transfer process we can write 

k = 0: Ik(E) . n{E) . (1) 
E 

In this equation, 0: means the degeneracy of the reaction pathway, k(E) represents 
microcanonical rate constant of the proton transfer from the energy level E and n(E) 
is an occupation probability of the Elh energy level. 

Assuming the equilibrium process, the statistics of Gibss' canonical ensemble can 
be used and the Eq. (l) takes the form: 

k = C/. Ik(E). g(E). exp (-E/kBT)/Ig(E) . exp (-E/kBT), (2) 
E E 

where g{E) is the degeneracy ?f the particular energy level. 
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We can, rurther a ssume that the reaction pathway or the proton transrer is control

led by stretching vibration mode of A-H bond. The reaction pathway is perturbed 

however, to some extent by other degrees or freedom (bending vibration, skeletal 

vibration, rotation, ... ). The extent or perturbation by these degrees or freedom 
depends on the geometry or the reacting complex . A rurther factor which must be 

taken into account is solvent reorgani zation. Energy contributions or "perturbative" 

degress of f.reedom, together with the energy contribution or solvent reorganization, 
are independent or the stretching vibrational quantum number or the proton in the 

H-bonded reacting complex . This means that while the energy spectrulll of the 
proton stretching vibration in reacting complex is quantised, the energy spectrulll of 

" perturbative" degrees of rreedom along with solvent reorganization energy, are 

a ssumed to form a continuum in the model presented. On the basis of this assumption , 

we can write: 

The degeneracy or the particular cnergy level E can be then ractori sed: 

g(E) = g(EJ . g(EJ . (4) 

In thi s equation g(Ey) is degeneracy of the proton stretching vibrational energy level 
Ey in the reacting complex and g(E.,) is the density or states or the continuum. Under 

this assumption the expression fOI the canonical rate constant can be rewritten: 

k = ex 'Lk(Ey) . g(E.) . exp ( - Ey/kn T)/Ig(Ey) . exp (- Ey/ku T) . 
E" E, 

or: 

Ie = r:x. Fe . FC . Ik(EJ. g(E,) exp (- Ev/ku T) /Ig(E..) . exp (- Ev/ku T) . 
E, E, 

where Fe and FC are parameters of the continuum. 

The parameter Fe comprises the influence of the environment (solvent) on the rate 

process. The influence of perturbative degrees of freedom (bending vibration, rota

tion) on the stretching vibration mode is expressed through FC. 
For the pmpose of the present work, both Fe and FC will not be evaluated exactly 

and they will serve just as adjusting pm'ameters. It is obvious that for Fe = Fe = 1, 

the Eq. (5) gives the value of ill vacuo canonical rate constant for proton transfer 

alollg the stretching vibration mode of the A-H bond in reacting complex with rigin 

linear H-bond geometry. 
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Mechanism of Serine Protcases Action 3241 

Assuming the ad iabatic character of the reaction, in one-di mensional approxima
tion, the Schrodinger's equa ti on can be used to describe the proton motion in the 
rigid linear H-bond. 

H(x) 'Jlv(x) = Ev 'I'J-.:) I ' = O. I, 

I d 2 

H(x) = -- . - --;- + \ '(x) 
2111 d.c 

(6) 

The potential function Vex) of the ploton motion is in general an assy metric double 
well potential. It is suitable to express this potential as a sum of para bola and Gauss ' 
function with translated extrema. 

(7) 

Schrodinger's equation (6) with the potential (7) can be so lved directly by variational 
method using Hermite's polynomials as a basis set. The calculatio n procedure is 
described elsewhere 1 

3.14. The calculated set of eigenva lues {Ev} can be used directly 
in Eq. (5) and using the set of eigenfunctions {lf/v}. the proton penetrat ion coefficient s 
{peE,)} can be calculated. The microcanon ical rate co nstant - k(Ev) for linear 
reacting complex can be expressed as a product of stretching vibrational frequency 
of the proton and it s penetration coefficient peE,) through the energy barrier on the 
particular energy level E,. 

(8) 

In order to simplify the rate equat ion , the value of v(E,.) ca n be replaced by some mean 
frequency v determined by the second derivative of V(x)lxo or from stretching 
vibration frequency of A-H bond in harmonic apPloximat ion. This substitution is 
justified by the fact that the deviation of v(E..}, for Evs near the top of the energy 
barriel, from the value of v is negligible for the k(E.) calculation. The direct calcula
tion shows that the change~ in k(E,) are first of al l determined by the changes of 
P(E,)s going from one energy level to the other. 

For the canonical rate constant we can wlite the expression: 

k = Cl . A . IP(Ev) . g(Ev) . exp (- E,/ kn T)/Ig(Ev) . exp (- Ev/kn T), (9) 
Ev E, 

where A = Fe. Fe . v = Fe. I'ef[' 

In case that the pro ton transfer potential vex) is constl ucted based on the experimental 
data (E:xp , flH exp), the parameter Fe comprises only the solvent reorganization en-
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tropy contribution. The enthalpy part of the free energy connected with the solvent 
r eorganization is already included in the model potential (hight of energy barrier, 
reaction heat, ... ). Undel this condition, the constant A is a frequency factor similar 
to the frequency factor from the absolute rate theolY. 

For the activation entropy, the usual expression can be written: 

llS * = R[ln A - In (kn T( h)] (10) 

or 

llS * = R[ln A - In v,rr] . 

For the process of deuterium transfer, the same equations as for proton transfer 
process can be used. The difference will be just in the reduced mass of the translered 
particle. 

Studied M odels 

The model potentials which ~imulate the proton transfer from imidazole molecule of His 57 to 
amide or e~ter ~ ub ~trate bond during the breakdown of tetrahedral intermediate are the same as 
tho~e used in our previous paper'3 . For the construction of the model potential s experimental data 
of stretching vibration frequencies of particular H bonds, equilibrium di~tances and activation 
parameters were med. 

RESULTS 

Figs 1 - 2 present model potentials of H + transfer in rigid linear interacting com
plex from imidazole molecule to amide type substrate. The value of activation energy 
(referring to zero-point vibrational energy) roughly corresponds to experimentally 
determined llH; value of H + transfer (rate determining) at acylation step of chymo
tryptic catalysis. The potentials of H + transfer from imidazole molecule to ester 
type substrate are qualitatively of the same character. 

The energy levels and wave functions were calculated by variational method using 
eigenfunctions of linear harmonic oscilator as a basis set. 

In Tables I, 11 are both experimental as well as theoretically calculated kinetic 
parameters for estel type substrate hydrolysis. Tables ]]1 and IV present results 
for amide type substlate hydrolysis. Frequency factors (A) in Tables J -IV have been 
calculated as a product of the proton mean frequency v and the parameter Fe while 
keepil'g Fe' = 1 (assuming rigid linear complex and transfer along unpel turbed 
stretching mode). The parameter Fe has been obtained as a ratio of experimental 
rate constant (k2 for particular type of substrate and temperature at pH = 7) and 
theoretically calculated canonical rate constant of H+ transfer without perturbations 
(Fe = Fe' = 1 - in vacuo process, rigid linear geometry). 
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Mechanism of Serine Proteases Action 3243 

As we can see from the Tables I - IV the con tribution o f the energy leve ls, with the 

factor exp ( - Evl kfl T) smaller then 10- J 3, to the value of the canonical rate constant 

is negligible. The same is true for the co ntributi on of the " hopping" mechanism over 

the energy barr ier. For studied pot ent ials (E * ~ 40 kJ /mol) a nd temperature about 

300 K the energy leve ls close to the to p of the barrier ("II T ~ kJ /mo l) are ex trcml y 

low po pula ted. 

Based o n the obtained result s we can say tha t the rate constan t is determined by 

the following ma in factors: I) undelbarri er delocali za ti o n o f the proton - tunne l 

e ffec t , 2) quantum-statistical population of energy le ve ls, 3) so lvent reorgani za ti o n and 

pel turbative degrees o f freedom. Two effects are worth to menti on; the decisive role 

of the ground sta te energy leve l to the va lu e of canonica l ra te constant and und er

balIier deloca li sa tion . Even in the case when the ground sta te enelgy leve l (left-hand 

side well) IS below the energy minimum o f the right-hand side well, thi s leve l decisively 

determines the value of canonical J ate con stant. The influence is reali zed through the 

statistical sum in which the ground state is the most important contributol. The second 

effect is d elocalizatiol1. We can see from the calculated wafe functions (Fig. 1, 2) that 

the pro ton originally loca li sed on the ground state energy level of A-H bond vibration, 

this state corresponds roughly to the energy leve l Ao in d o uble well potentia l, can 

pupulates in the reacting co mplex [A-H" 'B] not o nly the exc ited states "correspond-

037 
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FIG. 

Calcula ted energy levels and wave functions 
of the proton for the model endo thermic 
potential of the proton transfer fr om im ida
zole molecule to amide ty pe substrate. 
£* = 40·5 kJ / mol , dV = 57·2 kJ/ mol, 
dV = 23-3 kl l mol 

Collection Czechoslovak Chern. Commun. [Vol. 48J [1983J 

037 

-12 
x,o .u. 

12 

FIG. 2 

Calculated energy levels and wave functions 
of the proton for the model exothermic po
tent ial of the proton transfer from imidazole 
molecule to amide type substra te. £* = 

= 38'3 k l l m o l, Vmax = 55'0 kl l m o l, !J. V = 

= -20,9 kJ / mol 
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TABLE I 

Kinetic parameters for H + tra nsfer from imidazole molecule to ester type substrate; End o thermic potential U 

Inner turning points 
Energy a_II_ Ey e pH + , e pD + exp( - E ) kT) v Pexp ( - E) kT ) 

level J . i'_ - --------

H + D + 

----~-.-~----------.------ .------~ 

Ao Cf) 2-3410- 20 a-a a -a 2-77 10 - 3 no 00 
b Bo 6- 1910- 20 a-a 0-0 1-73 10 - 7 

00 ()() 

At + B -0-26 0-44 6-82 10 - 20 2-710 - 3 2-34 lO-4 3-7210 - 8 (;-(5 10 3 5-7 5 10 2 

B t + A -0-03 0-19 9-81 10- 20 5-210 - 1 4-09 10 - 1 1- 95 10 - J I 6-44 102 4-% 102 

C C t 1-08 10- 19 1-0 1-0 I- 73 10 - 12 1-17 102 1-1 7 102 

C C z 1-310- 19 I-a 1-0 5-7610- 1 5 3-5810 - 1 3-58 10 - I 

T kH -1 , 5 k D,5- 1 k _i_e_ A H +,5 - 1 A D + , S- I 1..5 * 1-1 + 1..5 ", 0+ d k 2- J - 1 

K FC = FC' = 1 FC = FC' = I exp_ 

288 2-67 106 4-28 105 6-25 1-60 109 4-55 109 - 16-3 - 14-3 64- 1 

298 4-03 106 7-24 105 5-56 1- 98 109 5-01 109 - 15 -9 - 14-1 119-3 
d ( _ 16-0) 

a E = 45-2 kl j mol vAI-I = 6-69 10 13
, VillI = 6-22 10 13

, VOl'" = 6 1- 9 kJ j mol, V = 24-5 kJ j mo!. T = 288 K ; b wave funclicn Icca li!cd in 
right-hand well; C over barrier wave functi on; d experimental data 23 ; e calculated according11
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TABLE II 

Kinet ic paramete rs for H + transfa fro m imidazole m olecule to ester type substrate; Exotherm ic po ten ti a l" 
-- -- --.-------~~.-.- ~ 

Inner turnin g points 

Ene rgy Ev c pH + c pD+ exp ( - Ev/kT ) .-1' exp ( - F'y/kT ) 
level ---------------- J --_ . ... --.--

H + f) -. 

------~-----

Bo -CI) 0-0 0-0 

Ao - 0-54 0-37 2-4710- 20 2-3 10 - 5 2- 7 10 - 7 201 10 - 3 3-15 Ir,li 3-75 104 

b BI + A 3-45 10 -20 0 -0 00 00 00 

Al + B -0 3 0- 17 0-95 10 - 20 42 10 - 2 1-2 10 - 2 '25 710 - 8 7-83 104 2- I 5 104 

B2 + A - 0 -25 0-11 7-7910- 20 1-0 10 - 1 7-5 10 - ~ HJ31O - 9 3-07104 1- /2 104 

eC I 1-03 10 - 19 1-0 1 0 5-4710 - 11 3-77 10 2 3- 8 1 10 2 

e C
2 1-2110 - 19 1-0 1-0 5-7A 10 - 14 4 37 4- 37 

T k l-t +, s - t k D +,5 - 1 k_i_e_ A II ' ,5 - 1 A D+, S - 1 liS '*' II ' l'_ s ", D' "1' ~ - 1 

K FC = FC' = FC = Fe ' = e~p_ 

288 1-49 10 9 3-50 10 7 42 -6 2-% 106 5-73 107 - ZS-s -- 22 Y f4 - I 

298 I-51 109 4-39107 34-4 5-43 10 6 8-49 10 7 - 27 -7 - 22-2 11 9-3 

Q E* = 37'8 kl l moI, Vmax = 54-5 kl l mol , t"V = - 24-9 kJ / mol, T = 288 K , VAi l = 6-88 10 13
, vB 11 == 7-58 10 1

-'; b wave func ti on l oca l i ~ed 
in right-ha nd well; e over barrier wave function _ 
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'fABLE III 
Kinetic parameters for H + transfe r from imidazole molecule to amide type substrate; Endothermic potentialO 

Inner turning points 

Energy a.u. Ev e pH + (. pD + exp( - Ev/ kT) 
I'Pexp( - Ev/kT) 

leve l J ----~----~-~~ .-

H- D + 
--- __ . ___ 0_0' _ __ -

Ao + 00 2'0710- 20 00 0·0 5'4810- 3 00 00 

b Bo 5.73 10- 20 0·0 0·0 5.5 10 - 7 00 00 

Al + B -0'35 0·56 5'9510- 20 4'2010- 5 1,6810- 5 3210- 7 798 103 3·18 102 

Bl + A -0,19 0·26 8'8210- 20 ),93 10- 1 9·i91O- 2 2'~2 10- 10 2.29 J(j3 1·16 103 

A2 + B -0'005 0· 15 9'3810- 20 8' 19 10- 1 7'5510- 1 5'65 10- 11 2·77 103 2'55 103 

c C
1 

) '1 310 - 19 1·0 1·0 4'3310- 11 2·21 10 1 2·2 1 10 1 

c C
2 

1' 30 10- 19 1'0 1 0 6'4410- 15 3g4 10 - I 3· E4 10 - 1 

T kH+ -1 kD+ -I 1'>.5 * H+ 1'>.5 * D+ d "2' ~ - 1 
,5 ,5 

K FC = FC'= I FC = FC'= ] k. i .e. A H+.s- 1 AD + - I e .lI . e. /I. expo ,5 

288 2·38 106 7'38 105 3·22 3.76107 5.5 107 -23' 3 - 22-5 1 5 

d (2-5) 

_0._- ___ ~ ___ 

a E* = 40·5 kl i ma], Vrnax = 57·2 kJ / mol, I'>.V = 23'3 kJ / mo l, T = 288 K, vAH = 5'961013
, "B II = 5·r8 1(;13 ; h ~ a \e ft r(l ie n ICla l : cd in 

right-hand well ; C over barrier wave funct ion; d experimenta l da ta I; C ca lculated according
2 1
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TABLE IV 

Kinetic parameters for H + transfer from imidazole molecule to amide type sub~trate; Exothermic potentialG 

- - --.-------. 

Inner turning points 
Energy Ev e pH + " pD + exp ( - E./kT) 

vP exp ( - Ev /kT) 
level J 

H + jJ + 

Bo - 00 0-0 0-0 

Ao - 0-65 0-49 2-22 10 - 20 1-0710- 6 3-5810 - 9 3-81 10 - 3 2-52 10 5 847102 

b B[ + A 3-2910- 20 00 0-0 2-5710 - 4 00 00 

Al + B - 0-39 0-29 6-2910- 20 4-96 10 - 3 5-51 10 - 4 1-4210 - 7 4-39 104 4-88 103 

B2 + A - 0-33 0·22 7-1510- 20 2-8710 - 2 6-(,610 - 3 1-5510- 7 3-02 104 6-<;4103 

eC
I 9-3710- 20 1-0 10 5-77 10- 11 3-59 103 3-59 103 

eC
2 1-0610 - 19 1-0 10 2- (8 10 - 12 1-(6102 1-(6102 

T k iP, S- I k D + . s - I k.i.c. AH + . s- I AD + . ~ - I AS * II t AS * D + d k
2

• , - I 

K FC = Fe' = I FC = Fe' = ex po 

288 8. 11 107 3-99 106 20'3 1·15 106 1'06107 -30'1 - 25 ,7 1·5 

°E* = 38'3kJ/ mol, Vmnx = 55'OkJ/ mol, AV = -20'9kJ / mol , T = 288K. VAH = 6'2110 13
• vBlf = 6. 7910 13

; b wave funclion locali ~ed 
in right-hand well ; e over barrier wave function; d experimental data 1; e calculated according21 . 
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ing" to A-H bond vibrat ion, it s own states, but a lso new-mixed states {B + A} 

which 01 iginate from stretching vibJ at ion of B- H bo ed. From the wave function s 

(F ig. 1,2) it is obvious th a t the probability of fi nding the prot o n on " mixed" energy 

levels in the region of the left-hand side well of the potential is nonzero, and thu s 

such states for calculation of rate constant should be included. Tables J- IV sho w 

that contribution of these sta tes is important. 

Tables ] - IV present, besid es the calculated values of canon ical rate constant s, 

a l ~ o calculated va lues of kinetic iso tope effect (k.i.e.) . Calculations wele pel formed 

for isotope independent pot en tials. As we can see from Tables I-IV, contribution 

of vibration excited states to proton transfer process decreases the value of k. i.e. Th e 

reason for thi s is very simple. The distance between the inner turning points on excited 

energy levels is smaller than the one for groulid state energy level, and thus the 

dilference between the vaules of pf-t+ and pD + for excited stat es is much smaller. In 

the case that proton transfci is mainly coctrolkd by ground state vibration , the 
difference in pH + !pD + will be greater ard so will the value of k.i. e. In general. it 

can be expected that k .i.e. will be larger fo r exothermic than for endothermic type 

of double-well potentials. The largest value .can be expected for symmetric double

-well potential (assuming the same di stances of energy minima). 

In the framework of the suggested model , k.i.e. can be calculated without assump

tion that e ffective di ~. talice for H + and D + transfer is different contrary to the model 

sugges ted by20. As it fo llows fro m am results, k.i.e. is fully determined for a parti

cular typ e o f [(action (po ten tial) by the position of proton uergy levels which <!re 

"activc." a t the rrc tc n tra u f,r process in the reactirg complex. 

DISCUSSION 

Calculated cancricd ra te con stants 1,(Fe = Fe' = 1) for studied model potentia ls 

which lcrre scr.t in (;(fetiD H + transfer in the rigid linear reacting complex are, as can 

be expected , very high. By comparilig calcualted rate con stants k(Fe = Fe' = 1) 

with nperimclltal one~, we obtain the pora n:e ter Fe (at fixed Fe' = 1) which for 

the models studied rar ge from 10 - 5 to 10 - 8
. CorrespondiI~ g va lues of frequency 

fact o rs are then very low: A = 106 -109 
S - t. Relatively large nega tive values of acti

vation entropy, see Tables I - IV, correspOl~ d to such frequency factors. Nevertheless, 

in tlie case of e l ~ dothern,ic model poter, tia l for es ter tyr:;e substrate, activation entropy 

calculated in thi s way is ve ry close to the experimenta l value (Table I) and of course , 

"(Fe = 2·0 10- 5
, Fe' = 1) then perfectly fits the experimental value of k 2 • Also 

the ca lculated value of k.i. e. for this poter.tial is comparable to the experimental one. 

U nfortunat ely, we have n o acce~ s to experimental value of f1S i for a mide type sub

strate catalysis ar:d thus the comparison can not be performed for this type of sub

strate. 
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Let us now return to the prescnt re sult s and experiment a l data. In spite of relatively 

good agreement between theoretical and calculated kineti.:: parameters for e ~ ter lype 

substrate (Table ]) it still appears that experimental activation parameters (t'l/i ;, 
t'lSi) do not represent true activation values of elementary chemica l act. If we accept 

that negative entropy produced at ES complex formation is eO'ectively used in decrea

sing reaction activation energy by bringing the structure of tetrahedral intermediate 

close to the structure of activated complex, then this advantage is on ly apparent 

because of the relatively large negative entropy ( -16 to - 20 e.u .) of proton transfer 

step (rate determining for amide type substrate hydroly ~ i s), which contrary to the 

former case of entropy loss increases the activat ion energy. ]n such a case, high 

catalytic efficiency of the enzyme mu st be controlled mainly by an entha lpy facLor. 

This means that the electronic structure of tetrahedra l int cJmcd iate, ir.cluding the 

influence of electrostatic field of ES complex , cuase the weakncss of the substrate 

bond to be broken. The experimental value of acylation step: t'lH i ~ 40 kJ!mo] 

seems to support this assumption. ]n our opinion, however, thi s va lue can be equally 

true as it can be merely a phenomenologica l parameter which fit s temperature depen

dence of the rate cor. ~ tant (1\2)' ]n the latter case, it is a rather confusing parameter 

which can hardly clarify the mechani ~ m. 

Let us return ol~ce again to the activa tio n entropy o f k 2 step. Scheiner a1~ d Lips

comb22 have published a theoretical ~ tudy o n the serine pJotcases ca talyt ic pathway. 

They have found that proton tran ~ fer fJom imidazole Hi s 57 to e lc troncgative at o m 

of substrate bord to be broken a t the breakd own of tetrahedra l int ermediate is rea 

lized alOl, g the almost line ar H-bOl:d. In the case or ~ pecific substra te, the struct ure of 

tetrahedral inte rmediate mmt be fairly rigid , becau ~ e the substrate carbonyl oxygen 

forms two H-bOl~ds with the enzyme oxyanion hole and the po~ i ti on of substrate 

bOEd is fixed in the vicir,ity of the eJ1Zyme active center by the interaction or the sub

strate side chain with the enzyme sorption region. Moreover, in the ca~ e of amide 

substrates, the position of amido N is a lso fixed by H-bo rd between amido Hand 

carboxy l 0 of Ser 214. The po ~ ition of imid azole rillg Hi s 57 is al so stabili sed by 

H-bor.d to carboxy l oxygen o r A~ p 102. 
Thus, let us try to estimate the effective poton frequency V,rr ror such a structure 

of tetrahedra l intermediate. Effective flequel~ cy for prot on tra11 ~ fer is a simple product 

of the pro ton mean frequency in rigid linear H-boJ, d and steric corrections impo ~ed 

on this structure by " perturba tive" degree s ofrrecd o m (FC). ]11 the case of amide type 

substrate , the declination from linear structure o r H bord can be cau sed by imidazole 

His 57 - N- H bond bending vibration, and by substrate C- N - bond bel~ ding 

vibration. In harmonic approximation , a harm onic o scillatOl in its ground vibrational 

state spend s about 8% of its time at or beyord its inner turning points . This means 

that the two bending vibl ations contribute to the effective frequency at least by the 

factor of (0'08)2. The effective frequency ror model amide ento (exo) potentia l is 

then: Verr = (O·OSY . v = 3'71011 
S-l (3'910 1 

t S - l). For ester substrates hydrolysi s 
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the same perturbative degrees or freedom can be expected as ror amide substrates 
but for esters there is no stabilizati on or ester 0 atom (in amide, N is stabilized by it s 
H to Ser 2 14 carboxy l oxygen) a nd ror ester substrate we can suppose add itional de
gree orfreedom - rotation around substrate C- O bond. Let us suppose that proton 
transrer is poss ible ror - 0 --0 bond rotation in the range or ± 15°. Then, ror model 
ester substrate we obtain the rollowing va lues of efrective rrequel~ cy: Vdr = (30/360) 
(O.OS)Z . v = 3·7 10 10 (3 ·9 JOIO) 5 -

1
. Now, ror frequency factor we can write: A = 

= I'.rr . exp (~S * / R) As it appeal s in this express io n, effect ive rrequency or the proton 
in the bond to be broken differs rrom one reacting system to the o ther. On the o ther 
hand, the rrequency part (effective frequency) of the rrequency ractor from the Ab
so lute r ate theory does not depend on the reactir g system, and for all systems it has 
the same va lu e - kBT!'t. It is obvious that activation entropy calcu lated by means 
of effective frequency Vdr will differ from the va lu e obtained when using the abso lute 
rate theery. 

The recalculated va lues of ~si by means of estimated va lues of V. rf are in Table V. 
In this approximatio n, the activation entlopy comparable with experimental value 
was obtained for exothermic model ester potentia l. For thi s potential , however, the 
calculated value or k.i .e. as well as the difference in activat ion entropy for H + and D + 

transfer are very high. 

Inspite of the relatively good agreement between theoretical results and experi
mental data it is very problematic to draw conclusions on the physical basis of the en
zyme high cata lytic efficiency. At this place a very important fact should be reca·l.Je.d. 
The published experimenta l activation parameters as we ll as presented theoretical 
results have been determined or calculated using the equations derived assuming 
equ ilibrium process. On the other hand, howevel , the studied reaction step in the 
enzymatic catalysis is without any doubts a nonequilibrium process. In order to be 

Tab le V 

Recalculated val ues of Ll.sj by means ofvcrr 

Parameter Substra te 
Potential 

amide ester 

Endothermic H+Ll.Sj - 18·28 -6·12 
D+Ll.Si - 17·52 -4·09 

Exothermic H+Ll.Sj -25·29 -18·68 
D+Ll.Si -20·88 - 12·74 
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able tu study the enzymatic process more reali sticaly , the present method needs to be 

reformulated. To do this, at least the coupling between imidazole His 57 N-H bond 

stretching vibration mode and " relevant " vibrational modes of the rest of the system 
mu st be taken into account. In such ca se, the proton population probability, 11(£), 
will not obey Gibbss' stati stics but it will be an interaction and the time dependent 

function. The question is , which are " relevant" modes . From the physical point of 

view, it seems accetable that "re levant" modes could be only the modes cleated in 
the connection with physical 01 chemical changes undergoing in the system. There 

exi sts the evidence that chymotrypsin efficiency can be enhanced by the external -
impulse like perturbation 23

.
24

. How can be created, however, the " relevant" vibra

tional mode (modes) at natural catalytic process - without external perturbation? 
Davydov has recently shown 2 5 that the free energy tcleased at chemical processes 

or nobounded interactions in biosystems can be transferred along the polypeptides 

chain in the form of vibrational solitons - correspondil'g to amide 1 vibrational 
mode. In the case of specific substrates , the released free eJlcrgy at the ES complex 

formation is large enough and the process fulfill the necessary conditions for solitons 

formation. If the described process realy takes place, it can be expected that the coup
ling between solitons and im idazole N -H bond could be strong. Under this assump

tion the physical basis of the studied enzymatic plocess can be described as the 

phonon (soliton) -asisted proton tunneling and the contribution of imidazole N-H 

bond (His 57) stretching vibrational 1. excited state can be expected to be important. 

The importance of the vibration excited statcs in the catalytic process can be verified 

partially by the experiment we are suggesting here. Kolias and Melander have pub

lished results of chymotrypsin enhanced efficiency by laser irradiation 24
. The mea

surements were done for the hydroly~is of benzoyl-L-tyrosine ethyl ester which is 

a rather good substrate for chymotryptic catalysis. Our suggestion is to perform the 
same experiment but with nonspecific substrates : N-acetyl-L-glycine (alanine)-ethyl 

ester and N-acetyl-L-glycine (alanine)-ethylamide. If the contribution of vibrational 

excited states play an important role in the enzyme action , then the "2 rate constant 
in this experiment could reach the value comparable to the value of k2 for hydJ olysis 

of specific substrates (nonirradiated experiment). The results of the experiment need 
not to be unambiguous and the reason for uncertainity is a simple one. In the case 

of the hydrolysis of nonspecific substrates , the position of substrate bond to be 

broken has not to be fixed at the propel OJ ientation in the vicinity of the enzyme active 
center in contrast to specific substrate (interaction of substrate side chain with the 

enzyme sorption region). This orientational drawback represents additional and 

very important perturbative degree of freedom, which can came very low value of 
frequency factor. Nevertheless, it is I ealistic to expect 101 -103 times rate enhan
cement. 
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