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Abstract

To elucidate the kinetic properties of critical enzymatic situations that have previously escaped classification, we performed a systema
analysis of all the possible variations of the kinetic constagtsK,, andks, = k.,/Ky; encompassing all aspects of enzymology. The
equation gives a total of thirteen theoretically possible cases, comprising the reference case plus 12 different sets of variations, which c
be divided into six principal cases and six specular ones. The six relevant cases are examined individually in the context of each of the m:
chapters of enzymology, i.e. as regards mechanism of action, specificity of substrate and isoenzyme, reversible and irreversible inhibitic
and mutation of residues (enzyme evolution and enzyme engineering). Some critical casekwih@es not hold as a specificity index
are classified for the first time. Interestingly, the six possible cases correspond to the five known cases of reversible inhibition (competitiv
non-competitive, incompetitive, mixed competitive/non-competitive, and mixed incompetitive/non-competitive) plus an additional case o
biphasic nature (activation-inhibition), which is crucial for a full understanding of specificity and which leads us to propose some
modification to the definition of enzyme specificity. The systematic approach to enzymology outlined herein could find practical application
in various sectors of biotechnology, including chemotherapy. © 2001 Elsevier Science Inc. All rights reserved.
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1. Introduction aspect of enzymology. One can ask if all the possible vari-
ations of kinetic constants have been taken into consider-
Herein we consider the basic kinetic parameters govern- ation in the study of the above-cited cases, or whether some
ing the rate equationg~= f([S]) of single substrate enzymes type of variation, important in the study of new or rarely
(Uni-Uni and Uni-Bi mechanisms) at constantP,and pH, found effects, has been overlooked. Up to today, even in the
and variations produced by the following conditions, all of most extensive thorough and clearly expressed published
which lead to the definition of relevant properties: (a) using work in this area [1-3], no attempt has been made to
different substrates with the same enzyme (substrate specealculate and review all the possible variations of the fun-
ificity); (b) using different isoenzymes with the same sub- damental kinetic constanks,, Ky, andk..{Ky (i.e.ksy) and
strate (isoenzyme specificity); (c) natural mutations in the to systematically examine all the consequences of these
course of biological evolution (enzyme evolution and ki- variations. This will be done in the present paper by con-
netic perfection); (d) site-directed mutagenesis by recombi- sidering all the possible variations (obtained by Combina-
nant DNA techniques (enzyme engineering); and (e) using torial Analyses) of the fundamental constants of enzyme
different types of inhibitors and activators (modulation of kinetics and the related standard free-energy variations
enzyme activity). Each of these items defines a different (AG®”) appearing in the profiles o6° versus reaction
coordinate in the light of the modern view of enzyme
* Corresponding author. Tel+39-051-2091798/2091806; fax:39- catalysis [1-5]. This systematic approach to enzymology
051-248862. should provide a tool capable of encompassing all cases,
E-mail addresspaolini@biocfarm.unibo.it (M. Paolini). including certain rare ones that have hitherto escaped clas-
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Table 1
Scheme for combining the possible variations of the kinetic parameters
for enzymes discussed in the text

Kt = = = 1 i [ i
K = 1 1 = T Vo= |
ke = L 1t 1 =12l 1 I L =1

Key: (=) invariance; (1) increase; () decreaseks, = Ka{Ky.

sification. The unified theory set out herein could find prac-
tical applications in various sectors of biotechnology.

2. Possible variations ofk.,, Ky, and kg

Beginning with the most simple case, we shall limit our

analysis to one-substrate enzymes obeying Michaelis—Men-

ten kinetics under the so-called equilibrium approximation
(Ky = Kg), according to the classical Henri—-Brown reaction
scheme K., = k.,). We will discuss all the physically
possible variations d{,, Ky, andks, = K.o{Ky, These will,

in turn, be related to all the possible relative variations in the
G° levels of the external (ES) or activated (Eomplexes
[4].

A total of thirteen possible cases are obtained by the
following reasoning. If we consider that each of the two
kinetic parameter,; and K,, can increase, decrease, or
remain constant (in symbolst, |, =), we get nine pos-
sible combinations (Table 1). The third relevant kinetic
parameterk,, = K.,/Ky,, is dependent on the first two [6].
In some cases, only one type of variation is possible (e.g.
keat T andKy | impliesks, 1). However, parallel vasi
ations ink.,, andK,, can give rise to three possible varia
tions of ks, depending on whether the changesig and
Ky are exactly proportional or are greater fqQr, than for
Kw, or vice versa [7]. Therefore, two of the nine combina
tions of k.,; and K, are split into three by the possible
variations ofkg, to give a total of thirteen cases (Table 1).

One of these is, in fact, the reference case, when no varia-

tions in kinetic parameters occur.

As stated above, the variations of the fundamental kinetic
constants are related to variations in tB&level of the ES
(or Michaelis—Menten) and the ESomplexes in the stan
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tions of saturation of E with S ({,, conditions), which is
given simply by k., is equal in our conditions to the
elementary constark, , (rate constant of the elementary

reaction ES——> E + P), whoseAGP” is that indicated
above:G%s., - G5 On the other hand, under conditions in
which [S]<< K\, the apparent kinetic constant of an-en
zyme reaction i&.,/Ky, [8]. This constant can be expressed
within our kinetic model as

Kear_ Kio _ Kiokig
Ky KK, Kk,

1)

Now, combining theAG®” of the elementary reactions
+2, +1, and -1, we immediately obtain on the basis of (1):

o} _ O 0
AG ¢kca{KM =G ES* G (E+S).

Finally, we get:
AG% = G%.s)— G%s = —RTINK, = RTINK,

where the subscript “b” stands for “binding” and “ass” for
“association.”

Thus, it is clear that all the aspects of enzymology listed
above can be studied in a unified way by examining the
effects of a chemical change in either the enzyme or sub-
strate onG°% and G%, values: that is to say in the
affinities between the free enzyme (E) and substrate (S), as
well as between the enzyme and the transition state of the
reactant ($). For instance, an increase of the affinity of E
for S will cause a decrease of the same order of magnitude
(as an absolute value) in th&°cs level. Likewise, an in
crease of the affinity of E for Swill cause a corresponding
decrease (as an absolute value)G@s. If we further
accept the usually adopted premise that the chemical
changes of E and S do not modi&f e, s,", then all of the
variations of the kinetic constants reported in Table 1 can be
retraced only to the relative variations 6Pg and G’
levels.

Following these premises, it seems natural to examine
from this standpoint all the possible variations@t-¢ and
G%.. There are 3 = 9 possible variations of thesg®
levels (Table 2).

Bearing in mind the connection of the three fundamental

dard free-energy profiles versus the reaction coordinate (Ta-kinetic constants with th&® levels relative to E+ S Ksp

ble 2). It is easily shown that with the approximations
assumed by us\G’”, ., = G%s. - G%s Indeed, the

increases whe®’.5, decreases,, increases whe’:
increasesk.,, increases when the differen@cs, - G%g

apparent rate constant for enzymatic reactions under condi-decreases), it is possible to obtain the variations for the

Table 2

All the possible variations of the standard Gibbs free energy levels for
the Michaelis-Menten complex (ES) and for the transition state JES
the enzyme reaction

0

Ges
0

Ges

T

1 1
1 I 1 !

Key: (=) invariance; (1 ) increase; () decrease.

«— <

constants reported in Table 3. @°%g. and G’ vary
concordantly, it is possible to obtain three possible cases for

Keat

1 Actually, chemical variations of E and/or S chang®of the chem
ical species in question and, therefoB.s”* However, in many cases, it
is possible to admit that a similar variation in the considered complexes can
occur, and in this way the only remarkable variation in the differences
would be that in affinity of E for S or S,
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Table 3 3. Enzymological consequences deriving from case 3
All the possible variations of the kinetic parameters for enzyme
reactions based on the variations of standard Gibbs free energy levels of

ES and ES complexed 3.1. Specificity
Ifj" _ ? T i * t 1 1 I This is an interesting case of two isoenzymes with the
k::[ = 1 L L =1Ll =1 samekg, for one substrate, catalyzing the reaction at very

Case 1 2 3 4 567 8 9 10 111213 different velocities for [S] values out of the condition [S]
Key: (=) invariance; (1) increase; ( ) decrease. .<< K- . b.reakdow.n case Oﬂ("a{KM as the SpeCIfICIty
%G and G0« from Table 2. index. Similar considerations are also true for two different

substrates acted upon by one enzyme only.

Table 3 contains the same cases reported in Table 1;3 2. Enzyme evolution and enzymatic engineering
however, in contrast to Table 1, which was based on the ="
experimental kinetic approach, in whisf,; andK,, were
the primary constants, arid, was the one to be calculated,
in Table 3 the primary variations due to 68, andG’¢
levels concerrky, andK,, while the variation ok ,,comes
as a consequence.

Having obtained the general systematic picture of all
possible variations of the constants and of the Gdevels Ky, ~ [S] a condition that actually optimizes the
from which they derive, it is now possible to observe that re’\;ction ?ar:{;ioéotgit?]agt value of [S] y op
case 1 represents the reference (no variation). The other '
twelve cases are in reality constituted by six pairs within
each of which one case mirrors another (&g, 1, Ky |,
ksp T is specular toke, |, Ky 1, ksp 1). It is thus o . N e
possible to report six cases only: we selected cases 3-8,  Situation of the “reversible” incompetitive inhibition: a

Figures 1-6 each show the curvg f([S]) for both the complnatlon bgtween inhibitor and ES comp[ex may occur,
control and changed situations; they also report an insert/€ading to an increase of the apparent affinity of E for S.
containing theG® profile for the considered situations. It is T.h'|s can al's;'o descnb.e a situation of an wreverilble inhi-
necessary to remember thaj, is proportional to the slope bition impairing the binding of E to S, but not to"S
at the origin of the curve y= f([S]). For each case, we
report the consequences stemming from each of the cited
aspects of enzymology. These will then be unified on the 4. Enzymological consequences deriving from case 4
basis of the graphs. It must be noted that for reversible
inhibition the variations of the constants are apparent, being4.1. Specificity
due to a multiplicative factor depending also on the con-

The specular case of the one shown in Fig. 1 (the mutant
enzyme is indicated by a dotted line) is important in the
co-evolution of enzymes and the physiological concentra-
tion of the substrate ([§lysioogical- At COnstantk (K, a
proportional increase d&f.;andK,, (by means of mutations
leading to an increase of bo® s andK,,) occurs, up to

3.3. Inhibitors and activators

centrations; irG° profiles, it is possible to speak of “appar This is a regular case, in whid, = k.,{Ky is a good
ent variations of thes® levels.” specificity index in any experimental condition.
Vo GO

k cat [E]O

K'ea [E]o

K'm Km [S] Reaction coordinate

Fig. 1. Case 3, wher€%sg, (=), ks (=), G%s (1), Ky (), andke, (| ); the decreases df,, andK,, are proportional.



1052 C. Bauer et al. / Biochemical Pharmacology 61 (2001) 1049-1055

Vo

G

ks (1)
k cat [E]O

ke (4)

E+S
P PAEE

ES

Km=K'm [S] Reaction coordinate

Fig. 2. Case 4, wher€’es, (1), ks (1), G%s (=), Ky (=), andkea (1)

4.2. Enzyme evolution and enzymatic engineering 5. Enzymological consequences deriving from case 5

The specular case of the one shown in Fig. 2 (the mutant
enzyme is indicated by a dotted line) represents the evolu-
tion towards kinetic perfection: an increase in the affinity of
E for S™ with a consequent increase ki, = K.o{Ky.

5.1. Specificity

Here, ks, = K.o{Ky is @ good specificity index with the
exception of \,,, conditions (in experiments with sub
4.3. Inhibitors and activators strates assayed one at a time) in which initial rates tend to be

equal notwithstanding the differekg,, (Fig. 3.
Situation of “reversible” purely non-competitive inhibi-

tion: the affinity of E for S is unchanged, whereas a decrease

of the apparent affinity for Soccurs (due to the formation  5.2. Enzyme evolution and enzymatic engineering

of the ternary complex EIS, which, by not yielding the

products, inactivates the complexed enzyme). This situation  The case is similar to the preceding one. The unmodified
also represents a chemical modification of the enzyme (“ir- k.,; does not alter the evolution towards kinetic perfection,
reversible” inhibition), which impairs the binding of E to under the conditions in which the apparent kinetic constant

s is given byk, = KeafKy,

v o ES

k cat [E]O = k’cat [E]0

K, K’ S
M M [S] Reaction coordinate

Fig. 3. Case 5, wher€&%s, (1), kop (1), G%s (1), Ky (1), andkey (=); kear = Kgp * Ky is not changed, since the variations kof, and Ky, are
counterbalanced (equal variations®f.s. andG%).
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Vo G()

ES™

k)cat [E]O k,sp (Jl)

k’cat (T)

E+S  \uw

ES

’ *
Ku K'm [S] [S] Reaction coordinate

Fig. 4. Case 6, wher€%g, (1), ksp (1), G%s (1 1), Ky (1 1), andkeq (1); kear = Ksp* Ky increases sinck,, increases more thaq,, decreases (the
levels of G°%. andG°.¢ are nearer). Note: the double arrow indicates a change greater than that with which it is compared.

5.3. Inhibitors and activators activator for [S]> [S]*). A chemical that is an enzyme

modifier would also act in this way (see the case of isoen-
Here we have a situation where there is “reversible” zymes reported above in section 6.1).

competitive inhibition, V.« iS unchanged, and the apparent

affinity of E for S decreases due to the competition with 1.

It is a situation of chemical modification to the enzyme

(“irreversible” inhibition), which equally impairs the bind-

ing of the enzyme to both S and’S

7. Enzymological consequences deriving from case 7

7.1. Specificity

6. Enzymological consequences deriving from case 6 In this case (Fig. 5)ks, represents a good index of

specificity under all experimental conditions.

6.1. Specificity
In this case (Fig. 4), experiments have been considered’-2- Enzyme evolution and enzymatic engineering
with substrates with differenk,, values assayed one at a

time; herek, = k../K,, does not represent the specificity Considerations on the evolution are similar to those re-
’ P al . . .
index at [S]= [S]* (concentration of “inversion”). The garding cases 4—6. For the purposes of enzyme engineering,

reaction rates are equal at [S][S]*; at [S] > [S]* the rate the specular case could be interesting in which an opportune
is actually higher with substrates with loky, than those ~ Mmutation produces an increase of bighandk.., However,
with higher kg, Similar conclusions can be drawn by the for reasons concerning the evolution of wild-type enzymes,
comparison between two isoenzymes working on the samesuch a mutation would be highly improbable.

substrate and possessing the kinetic constant of case 6.

) ) ) ) 7.3. Inhibitors and activators
6.2. Enzyme evolution and enzymatic engineering
This is a situation which occurs with mixed inhibition in
which the appareri,, increases and \,,decreases (mixed
competitive/non-competitive inhibition).

In addition to considerations on the evolution of cases 4
and 5, it is possible to observe that following an enzymatic
mutation that does greater damage to the binding of S than
of S7, there is an increase in the catalytic power in the,V/
condition. This phenomenon could be important in the use
of engineered enzymes in biotechnology. 8. Enzymological consequences deriving from case 8

6.3. Inhibitors and activators 8.1. Specificity

The effect of this variation is equal to that achieved by Under these conditions, represents a good index of
means of the biphasic effector (inhibitor for [S] [S]*, specificity under all experimental conditions (Fig. 6).
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Vo Go
k cat [E]D |
| Felh

k ’cat [E]O .
o L |

e (1)

ES
Kum S
s [S] Reaction coordinate
K M

Fig. 5. Case 7, wher@%.¢. (1 1), ksp(i 1), G%s (1), Ky (1), andKeae (1); Keae = ksp* Ky decreases, since the increas&gfis lower that the decrease
of kg, (the levels 0fG%s. and G5 becoming more different). See note in the legend of Fig. 4.

8.2. Enzyme evolution and enzymatic engineering levels on the profiles of standard free energy [9]. Many of

. o ) ~ these cases can be readily found in the literature [10-25].
Conclusions are similar to those drawn in the preceding jqregver, all of the five known situations of reversible
case. |t can be observed that in this case, the mutation favor§iition are included in five out of the six cases examined

the binding with S and adversely affects binding with. S by us [3, 4]. Here, we will merely quote a reported case of

the most unusual type (case 6), that of biphasic nature,
which does not correspond to any of the five known types of
This is an apparent situation of an inhibition similar to inhibitors. Indeed, in a study on the NAD(P)H (quinone
the incompetitive one. In this case, however, there is not a @cceptor) oxidoreductase (DT-diaphorase) isolated from rat
proportional decrease #f,, and V., (namely mixed non- liver, the kinetic data regarding the two substrates dauno-
competitive/incompetitive inhibition). rubicin and 1,4-dihydroxyanthraquinone showed that while
Overall, all of these mathematically possible cases are the enzyme had a higher,\, /Ky, value for 1,4-dihydroxy
realistic from the physico-chemical standpoint, as they are anthraquinone (8.14 vs 7.35 nmol NADPH oxidoreductase

8.3. Inhibitors and activators

all related to realistic relative variations 6fzs and G mg protein® - min® - uM™), it had a greater \,, value for
Vo Go
k cat [E]()
ko ()
K [Elo Fan (11
............................ E + S
NI TO)
K'm [S] ES
Reaction coordinate
Km

Fig. 6. Case 8, wher€%s, (1), Ko (1), G%s (1), Ky (1), andkeg (4 1 ); kear = kep* Ky markedly decreases since batfy andk,, are lowered (the
G, andGC%glevels becoming more different due to opposite variatiokg)= k../Ky decreases sinde, decreases more th#q, See note in the legend
of Fig. 4.
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daunorubicin (380.1 vs 349.9 nmol NADPH oxidoreductase [8] Lindberg RLP, Negishi M. Alteration of mouse cytochrome P430
- mg proteinl . min‘l) [26]. substrate specificity by mutation of a single amino-acid residue.
- Nature 1989;339:632—4.

Fma”y’ a_s_r_egairds the prOblem of the breakdowrksgf_ [9] Dawes EA. Quantitative problems in biochemistry. London: Long-
as the _specn‘_lcny index, f';maly5|s of all the cases examined " 45 1980,
by us gives rise to following ruleor one enzymatic system  [10] Kuipers OP, Thunnissen MMGM, de Geus P, Dijkstra BW, Drenth J,
to have a greater specificity (velocity) than another in any Verheij HM, de Haas GH. Enhanced activity and altered specificity of
experimental condition, it is necessary (and sufficient) that ~ Phospholipase Aby deletion of a surface loop. Science 1989;244:
the values of botkg, andk . are greater in the first system 82-5.

. [11] Jacob F, Joris B, Dideberg O, Dusart J, Ghuysen JM, Frere JM.
than in the second.

Engineering a novel beta-lactamase by a single point mutation. Pro-
tein Eng 1990;4:79-86.
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e ; 13] Mortensen UH, Raaschou-Nielsen M, Breddam K. Recognition of
In summary, by examining all the possible types of [ . . . . . )
y, by 9 P yp C-terminal amide groups by (serine) carboxypeptidase Y investigated

variation of the three kinetic constants of enzymes, we have by site-directed mutagenesis. J Biol Chem 1994;269:15528-32.
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and could find applications in biotechnology and chemo- [16] sipley JD, Alexander DS, Testa JE, Quigley JP. Introduction of an
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dation to be controlled by PAI-1. Proc Natl Acad Sci USA 1997;94:
2933-8.
[17] Roberge M, Dupont C, Morosoli R, Shareck F, Kluepfel D. Aspara-
Acknowledgments gine-127 of xylanase A frorStreptomyces lividans, key residue in
glycosyl hydrolases of superfamily 4/7: kinetic evidence for its in-
This work was supported by the Ministry of the Univer- volvement in stabilization of the catalytic intermediate. Protein Eng

sity and of the Scientific and Technological Research 1997;10:399-403.

0 0 : [18] Briand L, Chobert JM, Tauzin J, Declerck N, Leonil J, Molle D, Tran
(MURST’ 40% and 60% Programs, National Interest V, Haertle T. Regulation of trypsin activity by €ti chelation of the

Project: nucleotides and nucleosides: chemical signals, met- ¢ pstrate binding site. Protein Eng 1997:10:551—60.

abolic regulations, and potential drugs) and by grants from [19] Lo Bello M, Oakley AJ, Battistoni A, Mazzetti AP, Nuccetelli M,

the National Research Council of Italy (CNR, Project Bio- Mazzarese G, Rossjohn J, Parker MW, Ricci G. Multifunctional role

technologies). We thank Mr. Robin M. T. Cooke for helping ]?f Tyr 108 in (t:he Caltla'ytic :_‘e‘:hac‘j”:(s_m of h”’g?” Q'Ut?]thiong;ans'
. : erase P1-1. Crystallographic and kinetic studies on the Y108F mu-

revise the manuscript. tant enzyme. Biochemistry 1997;36:6207-17.

[20] Bottomley SP, Stone SR. Protein engineering of chimeric Serpins: an
investigation into effects of the serpin scaffold and reactive centre

—

References loop length. Protein Eng 1998;11:1243-7.
[21] Engel PC. Specificity constants in the context of protein engineering
[1] Fisher LM, Albery WJ, Knowles JR. Energetics of proline racemase: of two-substrate enzymes. Biochem J 1992;284:604-5.
racemization of unlabeled proline in the unsaturated, saturated, and [22] Wilks HM, Hart KW, Feeney R, Dunn RC, Murhead H, Chia WM,
oversaturated regimes. Biochemistry 1986;25:2529-37. Barstow DA, Antkinson T, Clarke AR, Holbrook JJ. A specific,
[2] Burbaum JJ, Raines RT, Albery WJ, Knowles JR. Evolutionary highly active malate dehydrogenase by redesign of a lactate dehydro-
optimization of the catalytic effectiveness of an enzyme. Biochemis- genase framework. Science 1988;242:1541-4.
try 1989;28:9293-305. [23] Lucas JA, Masuda Y, Bennet RA, Strauss NS, Strauss PR. Single-
[3] Burbaum JJ, Knowles JR. Internal thermodynamics of enzymes de- turnover analysis of mutant human apurinic/apyrimidinic endonucle-
termined by equilibrium quench: values of, Kfor enolase and ase. Biochemistry 1999;38:4958—-64.
creatine kinase. Biochemistry 1989;28:9306-17. [24] Briand L, Chobert JM, Gantier R, Declerck N, Tran V, Leonil J,
[4] Fersht A. Enzyme structure and mechanism. 2nd ed. San Francisco: Molle D, Haertle T. Impact of the lysine-188 and aspartic acid-189
W.H. Freeman, 1985. inversion on activity of trypsin. FEBS Lett 1999;442:43-7.
[5] Lehmger L, Nelson DL, Cox MN. Principles of biochemistry. 2nd ed.  [25] Kim JS, Pabo CO. Getting a handhold on DNA: design of poly-zinc
New York: W. Worth, 1993. finger proteins with femtomolar dissociation constants. Proc Natl
[6] Bauer C, Cercignani G, Mura GM, Paolini M. Problems on the Acad Sci USA 1998;95:2812—-7.
definition of enzyme specificity: breakdown of kas a specificity [26] Fisher GR, Gutierrez PL, Oldcorne MA, Patterson LH. NAD(P)H
index. Ital Biochem Soc Trans 1990;1:112. (quinone acceptor) oxidoreductase (DT-diaphorase)-mediated two-
[7] Scrutton NS, Berry A, Perham RN. Redesign of the coenzyme spec- electron reduction of anthraquinone-based antitumour agents and
ificity of a dehydrogenase by protein engineering. Nature 1990;343: generation of hydroxyl radicals. Biochem Pharmacol 1992;43:575—

38-43. 85.



