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A simple method for the determination of individual rate
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Abstract: A simple method is presented for the determination of site S195 with a rate constakt The portion of substrate distal to
individual rate constants for substrate hydrolysis by serine protethe scissile bon®’ is released at this stage. The acyl intermediate
ases and other enzymes with similar catalytic mechanism. Th&P is subsequently hydrolyzed with the assistance of a water mol-
method does not require solvent perturbation like viscosity changegcule to release the portion of substrate proximal to the scissile
or solvent isotope effects, that often compromise nonspecificalljpond P” with a rate constanks. The series of events leading to
the activity of substrate and enzyme. The rates of substrate diffusubstrate hydrolysis can be depicted as follows:

sion into the active siték;), substrate dissociatidik_1), acylation

(ko), and deacylatiortks) in the accepted mechanism of substrate K K K

hydrolysis by serine proteases are derived from the temperature E+S2ES—HEP+P' —E+P @
dependence of the Michaelis—Menten paramekgrsK,,, andkg;. ke

The method also yields the activation energies for these moleculafne acylation step is typically rate determining for amide sub-
events. Application to wild-type and mutant thrombins reveals howstrates(Brouwer & Kirsch, 1982

the various steps of the catalytic mechanism are affected by Na  The Michaelis—Menten parametess= Keay/Kim and kea acces-
binding and site-directed mutations of the important residues Y223jpje to direct experimental measurements are composite functions

in the Na* b|nd|ng environment and L99 in the S2 SpECIfICIty site. of the individual kinetic rates in Scheme 1. Speciﬁca”y,
Extension of this method to other proteases should enable the

derivation of detailed information on the kinetic and energetic Ky K,
determinants of protease function. s = m 2
-1 2
Keywords: rate constants; serine proteases; substrate hydrolysis
Keat = . 3
ek (€)

Serine proteases are involved in several biological functions Otl'he parameters have a similar form, lsudoes not depend on the

physiologic |mportance_, |n¢!uQ|ng d|gest|ve and degra(_jatl\_/e pro'deacylation rate, where&s,, does not depend on substrate diffu-
cesses, blood coagulation, fibrinolysis, complement activation, hu-

moral immunity, and embryonic developmdiiesk & Fordham sion into the active site and dissociation.
. A . . ’ Because four independent rate constants define two independent
1996. Their catalytic mechanism is well understood, although P P

. . . . . Michaelis—Menten parameters, knowledgesaind from ex-
questions remain as to the precise role of D102 in the catalytic P 9 Keat

: : . C— 2 T perimental measurements is not sufficient to completely resolve
triad (Warshe_l etal., 198)£_9The_ mechanism starts V.V'th the binding the various steps of the kinetic mechanism in Scheme 1. Methods
of substrateSinto the active site of the enzynt& with a second-

. currently available to obtain the individual rate constants are based
order rate constarit;. After formation of the enzyme—substrate y

. . . ) on solvent perturbation where the viscosity of the solution is changed
complexES the substrate can either dissociate back into the so- P vy 9

lution with a rate constark_. or become acvlated to the active with a cosolvent(Brouwer & Kirsch, 1982; Kurz et al., 1987;
ution wi —b y V€ Stone et al.,, 1991; Wells & Di Cera, 1992Alternatively, the

solvent isotope effect of water has been uggttland, 199% In
Reprint requests to: Enrico Di Cera, Department of Biochemistry andthese methods, the individual rate constants defining the kinetic
Molecular Biophysics, Washington University School of Medicine, BoX mechanism are perturbed to different extent, based on their depen-
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poly(ethylene glycot p-NA, para-nitroaniline; tPA, tissue plasminogen 0dS require control experiments to verify that changes in solution
activator; Tris, trighydroxymethyJaminomethane. conditions do not alter the properties of the enzyme or substrate in
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a nonspecific manndBrouwer & Kirsch, 1982; Kurz et al., 1987; wheres — k;ky/k_. This gives the plot of Iis vs. /T a distinct
Stone et al., 1991; Wells & Di Cera, 199ZFor example, the use maximum(see beloy, because the slope changes from negative at
of glycerol to change the viscosity of the buffer can change thdow temperature, where information is gatheredkgrand E;, to
dielectric properties of the solution, thereby affecting the electropositive at high temperature, where information is obtained on
static properties of the enzyme in a way that can alter its ability tok;k,/k_; andE_; — E; — E,.
interact with substratéurz et al., 1987. The use of sucrose asan  The plot of Ink. vs. /T shows a curvature K, andks become
alternative to glycerol may affect the solubility of enzyme and comparable in the temperature range examined. VWWhen ks in
substrate. Finally, many viscogenic agents also change the extinthe temperature range studied, the plot ofklnvs. /T is linear
tion coefficient ofp-NA used to characterize the kinetics of sub- with a slope—E,/R. This information, together with that derived
strate hydrolysigWells & Di Cera, 1992, and this effect should be from the Ins vs. /T plot, is sufficient to resolve the kinetic rate
properly taken into account when evaluatiqg; values. Here we  constantsk;, k_;, andk, at the reference temperature, and the
introduce a simple method to determine the individual rate conactivation energieg,, E_, andE,. If k, = ks in the temperature
stants in the kinetic mechanism 1 that has the virtue of not perrange studied, then a curvature is observed in the plot be¢ause
turbing the solvent with additional solutes. is typically larger thark,. In this case, there are two limiting linear
regimes: one at low temperature whégg ~ ks and the plot has
lope—E3/R, and the other at high temperature whigg ~ k:
Results and discussionThe method exploits the temperature de- :nsdotzz plgt/h,az :stlof)«:E;R.a;Isg, ir:ethigec:si,ihe sgfamezters

pendence of andke,:in Equations 2.and 3. !.a@ler and Peterman in the kinetic Scheme 1 and the associated activation energies can

(1979 have used temperature studies of kinetic parameters to '8e resolved accurately.

splve some of the individual rate constants in the kinetic mecha- The temperature dependencesaind k.. for substrate hydro-

nism of hydrolase_s. The temperature dependence of a rate ConSt‘Wéis by thrombin is shown in Figure 1. Measurements were carried

obeys the Arrhenius law: out under 200 mM NacCl to approximate the properties of the
Na*-bound fast form, or 200 mM ChCI to obtain the properties of

K= koexp{—E (l _ i)} (4 the Na'-free slow form. The properties of the fast form were
R\T T obtained from the extrapolatiofiNa*] — oo using those of the

wild-type in the presence of 200 mM NaCl and those of the slow

whereE is the activation energy associated with the rate constantorm in 200 mM ChCl, according to Equations 17c and 29 of Di

k, R the gas constanT; the absolute temperature, akgthe value  Cera et al.(1996. The properties of wild-type thrombin in the

of k at the reference temperatufg = 298.15 K. Substitution into

Equations 2 and 3 yields

9.0
klyokzyoexp{f E JR: E <_|1_ - %)} A
N E,/1 1 E/1 1
Ry Gt | SU O CEr I ]
® £ ®
7y X
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. 1000, 1000/T
Measurements of and k., as a function of temperature can re- m /

solve all the parameters involved in Equations 5 and 6. Fig. 1. Arrhenius plots of the specificity constasit= Kea/Knm (A) andkea
The specificity constarg is the same ak; in the range where (B) for the cleavage of FPR by thrombin, in the temperature range from

ko > k_4, and equalk; kp/k_ in the range wherk_; > k. In the 5-45°C. Note the use of the decimal logarithm in the ordinate. Shown are
- : o the values pertaining to wild-type®) and the slow form(©). The prop-
former limit, the slope in the Is vs. YT plot is —E,/R, whereas erties of the fast form, shown as a discontinuous line, were obtained from

in the latter the slope iE_; — E; — E;)/R Activation energies are  the extrapolatiofiNa* ] — oo using those of the wild-type in the presence
positive quantities that differ substantially for processes involvingof 200 mM NaCl and those of the slow form in 200 mM ChCl, according
diffusion, conformational transitions, or chemical catalysis. Theto Equations 17c and 29 of Di Cera et @l996. Experimental conditions

ot f : ; ; ; are: 5 mM Tris, 0.1% PEG, 200 mM Na@ild-type) or 200 mM ChClI
activation energy associated with substrate dissocigon) is (slow form), pH 8.0. Continuous lines were drawn according to Equa-

much larger than that associated to substrate bingor acy-  tions 5 and 6 in the text, with best-fit parameter values listed in Table 1. A
lation (Ez), and therefore, the terfE—; — E; — Ez)/Ris expected  unique set of best-fit parameters was obtained from a global fit of smel

to be positive. Processes with low activation energy, like substratéca values.A: The curvature in the plot allows for resolution of the four
diffusion into the active site or acylation, predominate at low tem-independent parameters in EquatiotkBo, kzo/k-1,0, E1, andE_; — Ey).

B: The linearity of the plot indicates that substrate acylation is rate limiting
perature wherd, becomes much larger thdn, ands becomes over the entire temperature range examined, anddtaimpletely defines

equal tok;. On the other hand, substrate dissociation has a higlk,. This plot yieldsk,, and E, thereby enabling the derivation of six
activation energy and becomes predominant at high temperatuiedependent parameters as listed in Table 1.
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presence of 200 mM NacCl closely approximate those of the fastlso seen in the rate of substrate dissociation, whereas the drop in
form until the temperature is raised above’@0Around the phys-  k; is less pronounced. The activation energies of these processes
iological temperature, thrombin behavior is an average of the propare not affected by the mutation. Overall, the behavior of the
erties of the slow and fast forms that become equally populatedy225P mutant approximates that of the slow form, consistent with
because of the significant drop in Nainding affinity (Guinto & a loss of N& binding. However, the mutation introduces new
Di Cera, 1996. features in the molecule that are not necessarily present in the slow
Binding of Na" to thrombin enhances 46-fold the rate of dif- form. The crystal structure of the Y225P mutant indicates that the
fusion of substrate into the active site, presumably through a condepth of the primary specificity pocket S1 is greatly reduced be-
formational change that improves accessibility. This result iscause of the rearrangement of the carbonyl O atom of K224 due to
qualitatively consistent with previous data where the valuie af the presence of P22&uinto et al., 1999 This carbonyl O atom
the two forms was derived from measurements of Michaelis-occludes the Na channel in the middle, cutting off the environ-
Menten parameters as a function of viscosity of the solutivalls ment of the side chain of D189 in the S1 pocket from the water
& Di Cera, 1992. At low temperature, the value &f decreases molecules occupying the channel below it. This architecture of the
more rapidly in the fast form, implying a larger value®fin this S1 site is shared by all nonallosteric proteases like trypsin, chy-
form (Table 1. The value ok, in the fast form indicates a diffusion- motrypsin, and tPA that carry P22&uinto et al., 1992 The
controlled interaction of substrate with the enzyme. Such processeesults in Figure 2 indicate that the movement of the carbonyl O
are typically linked to small values of the activation energy. Theatom of residue K224 causes a drastic loss of the rate of diffusion
large value ofE; in the fast form suggests that additional eventsinto the active site. The drop may be due to mechanical factors.
must take place to form the enzyme—substrate complex. Thesé/ater molecules need to be displaced from the active site for the
events may be related to induced-fit conformational transitions thaénzyme—substrate complex to be formed. In the wild-type, water
optimize docking of the substrate into the active site, or moremolecules displaced by the incoming substrate may leave the ac-
favorable electrostatic coupling between substrate and the Na tive site using a second aperture at the bottom of the molecule
bound form of the enzyme. In the slow form, the valu&gposes  (Guinto et al., 1998 so that the entry point of the substrate and the
a modest energetic barrier to substrate binding, but the rate adxit point of the water molecules are different. In the Y225P mu-
diffusion into the active site is considerably smaller than that of thetant, the N& channel is closed in the middle and water molecules
fast form. This suggests that when the substrate finds its way intdisplaced from the S1 site must leave the active site using the same
the active site, the enzyme reacts with little conformational changepoint of entry as the substrate. This can clearly slow down the rate
As for the rate of substrate binding, the rate of substrate dissocief productive complex formation because the substrate must wait
ation back into the solution is also more pronoun¢22-fold) in for water molecules to leave the S1 cavity before making contacts
the fast form, but occurs with comparable activation energies in thevith D189. The enhanced diffusion of substrate into the active site
two forms. Binding of N& also enhances the acylation rate that is in the wild-type compared to the Y225P mutant shows that the
a direct measure of thie, of the enzyme in view of the linearity Pro— Tyr conversion occurring during evolution at residue 225 in
of the Arrhenius plot of Irk.o; vs. YT (Fig. 1). The enhancement allosteric serine proteasé®ang & Di Cera, 1996had the advan-
is significant, and the activation energy is similar in the two forms.tage of promoting the productive encounter between substrate and
Elucidation of the individual rate constants is crucial to under-enzyme.
stand the properties of alternative conformational states of alloste- The thrombin mutant L99Y was engineered to test the role of
ric proteases like thrombin and also identifies mechanisms thasteric hindrance in the S2 site. Several serine proteases, like co-
compromise catalytic activity following site-directed mutagenesis.agulation factors 1Xa, Xa, Xlla, plasma kallikrein, tPA, and com-
Recent studies have revealed an important role for residue 225 iplement factors C1r, B, C2, and | carry a bulky Tyr at position 99.
determining N& binding, allostery and catalytic activity in throm- In coagulation factor IXa, Y99 is in a conformation that blocks
bin and serine proteasé®ang & Di Cera, 1996; Dang et al., 1997; access to the S2 site and accounts for the extremely low activity of
Guinto et al., 1999 The Y225P mutant of thrombin is devoid of this enzyme(Hopfner et al., 1999 A similar role has been hy-
Na* binding and has reduced catalytic activity relative to the wild- pothesized for Y99 in tPA based on the crystal structlwamba
type. Dissection of the individual kinetic rates reveals a compro-et al., 1996. The expectation with the L99Y mutant of thrombin
mised substrate binding in the Y225P mutant, with the rate ofwas that substrate diffusion into the active site would be compro-
diffusion into the active site dropping 90-fold relative to the wild- mised. Recent mutagenesis studies have shown that the L99Y
type. The activation energdy; is considerably smaller in the mu- mutant has a sevenfold reduction in thg/K, toward synthetic
tant and approximates that of the slow form. A significant drop issubstrates carrying Pro at PRezaie, 1998and a fivefold reduc-

Table 1. Kinetic rate constants and activation energies for FPR hydrolysis by wild-type and mutant thrombins

ki0 K-10 k2,0 E E1 B,
(uM~-1s71) (s71) (s71) (kcal/mol) (kcal/mol) (kcal/mol)
Fast form 650t 50 290+ 20 50+ 3 34+ 3 59+ 5 24+ 1
Slow form 14+ 1 13+ 1 11+1 8+1 55+ 5 25+ 2
wt 390+ 40 150+ 10 42+ 2 31+3 61+3 23+ 1
Y225P 4.7+ 0.4 5.0+ 0.5 32+ 2 55+04 48+ 5 21+ 1

L99Y 4.0+£0.2 100+ 10 120+ 10 101 32+ 4 10+1
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9.0 or mutant enzymes severely compromised in their catalytic func-
tion. In this case, the value afcan still be measured accurately,
and its temperature dependence provides informatidg dg, the
ratiok,/k_ also known as the stickiness of the substt&tieland,
1977, and the differenc&_, — E,. We believe that the method
presented here will facilitate the dissection of the kinetic rate con-
stants for enzyme mechanisms such as those that involve the large
family of serine proteases and many other enzymes.

8.01

7.0

logs (Mls!)
log k, (s")

6.0 Materials and methods: Recombinant thrombin and the throm-

bin mutants L99Y and Y225P were constructed, expressed, puri-
fied to homogeneity, and titrated as descri@dinto et al., 1999
50753533 34 35 36 37 18735733 34 35 36 37 Measurements were carried out under experimental conditions of
5 mM Tris, 200 M NaCl, 0.1% PEG, pH 8.0, over the temperature
range from 5—-48C. The pH was precisely adjusted at room tem-
Fig. 2. Arrhenius plots of the specificity constasit= kea/Km (A) andker  perature to obtain the value of 8.0 at the desired temperature. Tris
(B) for the cleavage of FPR by wild-type and mutant thrombins, in the p,ffer has a K. = 8.06 at 25C, and a temperature coefficient of

temperature range from 5-46. Note the use of the decimal logarithm in _ .
the ordinate. Shown are the values pertaining to wild-ty@g and the ApKa/AT = —0.027(Stoll & Blanchard, 1990 These properties

mutants Y225R0) and L99Y (0). Experimental conditions are: 5 mM ensured buffering over the entire temperature range examined. All
Tris, 0.1% PEG, 200 mM NaCl, pH 8.0. Continuous lines were drawnthrombin constructs were stable over the temperature range stud-
according to Equations 5 and 6 in the text, with best-fit parameter valuesed. The slow form of thrombin was studied by replacing 200 mM
listed in Table 1. A unique set of best-fit parameters was obtained from &aCl with 200 mM ChCl in the buffer. The chromogenic substrate
global fit of thes and k.4 values, as for the data shown in Figure 1. . . ’ .

FPR was synthesized and purified to homogeneity. Progress curves
of the release op-NA following the hydrolysis of chromogenic
substrate were measured as a function of substrate concentration
and analyzed to extract the valuessaindk.,, after proper cor-

tion in thek,, for the inhibition of thrombin by antithrombin 11 . A ,
(Rezaie 12055]? The data in Figure 2 confirmythe expectation of _rectlon for product inhibition. The produptNA corresponds (&

steric hindrance produced by Tyr at position 99. Kpés 100-fold in Scheme 1, and its release precedes the deacylation stef,,f he

! L measured fronp-NA release depends dp and ks, because the
lower compared to the wild-type, and the activation energy asso- . . ) )

. . T steady state assumption requiEeto be regenerated. The linearity
ciated with substrate binding is significantly smaller and compa-

rable to that of the slow formiTable 1, although the mutant binds :.)f t:l‘r“: l?gﬁ:‘érgig Z;?aunrw(iar?e%j a_ltlﬁezvznjoevsﬂ}::icacﬁZ?f(f)grésmrate
Na*. These signatures are reminiscent of those seen in the y225pMNY ' at

) L -femperatures were simultaneously analyzed in terms of Equa-

gﬁar:;;gjl;t?f tﬁ;f gff fhueba:irl?jt-? dIzsg_;':tggénctr?;n"?)?r(ggmg:éﬁions 5 and 6 to extract the individual rate constants and associated
omp ype. . ' activation energies. Proper conversion of decimal to natural loga-
displaced to make room for the incoming substrate, causes N9 m values was apolied
steric hindrance to substrate dissociation. The activation energy for pplied.

substrate dissociation is significantly smaller than that of the wild-

type, indicating that ',[he elnzyr.ne—substrate complgx 1S ,energe“Acknowledgments: This work was supported in part by NIH Research
cally more prone to dissociate into the parent species. Finally, thgyrants HL49413 and HL58141.
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