b university of ;”g////; . —
L : e % niversity Medical Center Groningen
773 groningen g”,//

University of Groningen

Thermodynamic analysis of halide binding to haloalkane dehalogenase suggests the
occurrence of large conformational changes

Krooshof, Geja H.; Floris, René; Tepper, Armand W.J.W.; Janssen, Dick B.

Published in:
Protein Science

DOI:
10.1110/ps.8.2.355

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
1999

Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):

Krooshof, G. H., Floris, R., Tepper, A. W. J. W., & Janssen, D. B. (1999). Thermodynamic analysis of
halide binding to haloalkane dehalogenase suggests the occurrence of large conformational changes.
Protein Science, 8(2), 355-360. https://doi.org/10.1110/ps.8.2.355

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverne-
amendment.

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.


https://doi.org/10.1110/ps.8.2.355
https://research.rug.nl/en/publications/5816c5b8-0061-465c-8a17-d8458951c87c
https://doi.org/10.1110/ps.8.2.355

Downloaded from www.proteinscience.org on March 30, 2006

Protein Sciencg1999, 8:355-360. Cambridge University Press. Printed in the USA.
Copyright © 1999 The Protein Society

Thermodynamic analysis of halide binding
to haloalkane dehalogenase suggests the occurrence
of large conformational changes

GEJA H. KROOSHOF, RENE FLORIS, ARMAND W.J.W. TEPPERyD DICK B. JANSSEN

Department of Biochemistry, Groningen Biomolecular Sciences and Biotechnology Institute, University of Groningen,
Nijenborgh 4, 9747 AG Groningen, The Netherlands

(RECEIVED August 14, 1998AccepTED October 14, 1998

Abstract

Haloalkane dehalogenaébhlA) hydrolyzes short-chain haloalkanes to produce the corresponding alcohols and halide
ions. Release of the halide ion from the active-site cavity can proceed via a two-step and a three-step route, which both
contain slow enzyme isomerization steps. Thermodynamic analysis of bromide binding and release showed that the slow
unimolecular isomerization steps in the three-step bromide export route have considerably larger transition state
enthalpies and entropies than those in the other route. This suggests that the three-step route involves different and
perhaps larger conformational changes than the two-step export route. We propose that the three-step halide export route
starts with conformational changes that result in a more open configuration of the active site from which the halide ion
can readily escape. In addition, we suggest that the two-step route for halide release involves the transfer of the halide
ion from the halide-binding site in the cavity to a binding site somewhere at the protein surface, where a so-called
collision complex is formed in which the halide ion is only weakly bound. No large structural rearrangements are
necessary for this latter process.

Keywords: conformational changes; DhIA; halide binding; haloalkane dehalogenase; pre-steady-state kinetics;
thermodynamic analysis

Haloalkane dehalogena$BhlA) from Xanthobacter autotrophi- cavity (E-DBE) followed by a nucleophilic attack of Asp124 on
cus GJ10 is capable of hydrolyzing short-chain haloalkanes tathe bromine-carrying Catom of the substrate. This results in the
produce the corresponding alcohols and halide ions. This remarlcleavage of the carbon-bromine bond with the concomitant pro-
able ability to cleave carbon-halogen bonds in xenobiotic chemi-duction of a bromoethyl-enzyme intermediate and a bromide ion
cals makes it an important catalyst in the biotechnological remova(E-R-Br ™), the latter of which is bound between the two trypto-
of contaminants. X-ray structures of DhIA show that the reactionphans of the halide-binding site. Next, the covalent intermediate is
takes place in a mainly hydrophobic cavity located between twadhydrolyzed by a water molecule activated by His289 and Asp260.
domains: the main domain with an/B-hydrolase fold structure The 2-bromoethanol molecule that is formed leaves the cavity
and the smaller-helical cap domain lying on top of the main immediately and the bromide ion remains in the active(&itér ).
domain(Verschueren et al., 1998a he active-site cavity is formed Finally, the bromide ion is exported from the cavity to the solvent,
by a number of hydrophobic residues, the catalytic triad residues
Aspl24, His289, and Asp260, and the halide-binding site formed
by Trp125 and Trpl75.

A kinetic mechanisn(Fig. 1) has been formulated for haloal- Br
kane dehalogenase on the basis of the catalytic mechdivem E,.Br AN E;
schueren et al., 1993b; Pries et al., 1994, 1988d kinetic k% Ks \,\(6
measuremen{Schanstra et al., 1996a; Schanstra & Janssen, 1996 ks ke
The conversion of 1,2-dibromoethaf®BBE), which is the best E+DBE —.- E.DBE& E-R.Br‘-%» E.Br E
ky

substrate known for DhlA, starts with DBE entering the active-site K4 Kg

k. .
BrEtOH 7 (E.Br) Br

Reprint requests to: Dick B. Janssen, Department of Biochemistry, UniFig. 1. Schematic representation of the conversion of 1,2-dibromoethane
versity of Groningen, Nijenborgh 4, 9747 AG Groningen, The Netherlands;(DBE) by haloalkane dehalogenase. Only kinetically relevant steps are
e-mail: D.B.Janssen@chem.rug.nl. shown.
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which happens to be the slowest and most complex process duriritable 1. Bromide-dissociation constants and associated rate
catalysis. constants of haloalkane dehalogenase at pH 8.2

Kinetic analysis of halide binding and release showed that therand different temperatures
are two reversible parallel routes for the bromide ion to leave the

active site(Fig. 1; Schanstra & Janssen, 1998 the first route T Kq kjll k:g k]l k:z Kg

(upper route in Fig. §i a slow unimolecular enzyme isomerization K (mM) ™) ™) ™) &™) (M)

procesgk,) leads to an “open” conformatidit, - Br ~) from which 288 4.0+ 0.4 1.0 05 0.10 24 0.99
the bromide ion can rapidly dissociats). After this, the free 593 4.9+ 0.3 20 0.9 0.16 37 1.01
enzyme reverts to a “closed” state. According to this route, bro-2gg 5.0+ 0.3 3.5 2.1 0.34 60 0.99
mide binding starts with a slow conformational change of the free303 6.6+ 0.4 8.6 3.6 0.51 95 1.24
enzyme(k_g), leading to a more “open” form of DhIAE,). After 308 7.9+ 0.3 56 10.1 1.1 200 1.53
rapid binding, the enzyme reverts to a form from which the bro-313 9.0+ 13 67 22 2.0 310 1.50

mide ion cannot quickly escagk_,). The second export route for
the bromide ion(lower route in Fig. 1 starts with a slow unimo-
lecular step’k7), which is followed by a fast bimolecular reaction
step in which bromide is releaséidg). During the normal catalytic

cycle, bromide release mainly proceeds via the upper route, sinc@oncentrations after mixingThe fluorescence transients could all
reaction stef, is faster thark;. The isomerization stefk,) before  pe fitted by a single-exponential equatidfig. 3A), which gave an
bromide release in the upper route is therefore the main rate |imobserved bromide bmdmg ra(kobs) for each bromide concentra-
iting step during conversion of 1,2-dibromoetha(chanstra  tion. The dependence k,son the bromide concentration is shown
et al., 1996a in Figure 3B for each temperature. These plots all display a typical
Although the kinetics of bromide binding and release have beemjphasic behavior. In the first part of the plét,sdecreases as the
studied in detail, little is known about the structural processeromide concentration increases in the range of 0—20 mM bro-
associated with the three slow unimolecular steps. It has beefide. This is in agreement with a reaction scheme in which isom-
suggested that these enzyme isomerization steps involve structurgfization steps have to precede binding and release of the bromide
changes in the cap domain, since this part of DhIA is thought tggn (upper route in Fig. )L In the second part of the plokyss
have considerable flexibilitySchanstra et al., 1996b; Schanstra & increases with increasing bromide concentrations and displays sat-

Janssen, 1996To learn more about the structural processes andration behavior at high bromide concentrations. This hyperbolic
thermodynamic driving forces that are associated with the unimo-

lecular isomerization steps, we have used the Arrhenius equation to
derive thermodynamic parameters for these steps by evaluating the
temperature dependence of the corresponding rate congtants
k_e, k7, andk_- (Fig. 1). The Van't Hoff equation was used to A
determine the thermodynamic properties of the overall bromide
binding and release.

Results and discussion

In K,
1
&)
o
|

Temperature dependence of the steady-state bromide
dissociation constant

The steady-state fluorescence after mixing DhIA with various con-
centrations of bromide was used to calculate the fraction of the total -6.0 —L : ‘
fluorescence that is quenched at saturating bromide concentrations B
(fa) and the apparent bromide dissociation constéa). Thef,

(0.33 was constant within the temperature range used in the ex- 0.6
periments. The affinity of DhlA for bromide ions decreased twofold P
when the temperature was increased from 15€35able 1. The

Van't Hoff plot was linear(Fig. 2A), suggesting that the heat ca- 03 7
pacity change is small. Van't Hoff analysis yielded the thermo-
dynamic parameters in Table 2. The contribution of the entropy to 0.0
the Gibbs free energy is substantial and positive in the temperature

range studied. Therefore, we can conclude that bromide release is

entropically driven. -0.3

In Kq

T T T I
3.2 3.3 34 35
Kinetic and thermodynamic analysis of bromide binding 1T (x10° K™
and release at different temperatures

P . L A Fig. 2. Van't Hoff analysis of the temperature dependencieg/Af the
The kinetics of bromide binding and release were studied in th%verall steady-state bromide dissociation constant{Bnéquilibrium con-

range of 15-40C by stopped-flow fluorescence experiments in gtant K, The solid lines are linear least-squares fits of the date
which enzyme5 uM) was rapidly mixed with 10—1000 mM NaBr Table 2.
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Table 2. Thermodynamic parameters for overall bromide
release from haloalkane dehalogenase obtained from
Van't Hoff analysis at pH 8.2 and 3C (303 K)

357

increase ofkyps (20—800 mM bromidecan be explained by as-
suming a second, parallel binding route involving the rapid for-
mation of a collision complex followed by a slow unimolecular
step, as is depicted in the lower route of FiguréFersht, 1985;

Reaction step AG® AH® AS Johnson, 1995; Schanstra & Janssen, 198&th routes must
in Figure 1 (kJ mol™1) (kJ mol™1) I molrtK™1) . . .
operate in parallel, since the time course of the fluorescence quench-

Overall Br- releasé 127 246 395 ing traces followed single exponentials over the whole concentra-
Overall Br- releasé 127 254 421 tion range. From the plots dfo_bs VS. tlme_, rate and _equmbrlum

c constants can be obtained using numerical anal@itanstra &
K7 (k7/k-7) 13.2 10.3 -95 . . . .

p Janssen, 1996Since no jump of the fluorescence intensity was

Kg -0.5 151 51.6

aParameters obtained from Van't Hoff plaEig. 2A).
bK; + K.

“Parameters obtained from Table 3.
dparameters obtained from Van't Hoff plOFig. 2B).

observed in the dead time of the instrument, the fluorescence traces
can only be simulated by assuming that the fluorescence of the
collision complex(E-Br~)* is not quenched by the bound bro-
mide ion. This suggests that in this complex the bromide ion is not
located between the tryptophan residues in the active-site cavity,
but is bound to a binding site somewhere at the protein surface.
Unique solutions could be obtained for the unimolecular rate con-
stantsky, k_g, ky, andk_, with an accuracy of-10% (Table 1.

The other reaction steps in the upper route are too fast for accurate
measurements, witk_, > 400 st andks >(100* k_g) at each
temperature. The equilibrium constdfy depends on the equilib-

TA ria E-Br~ < E;-Br~ andE < E; and could not be determined
because only lower limits were obtained for, andkg. For the
~ 0.18 lower route, the equilibrium constants of both steps could be de-
(:é termined(k;/k_; andKg). At each temperature these values were
j.'; in accordance with the measured ovetél
Q 015 | The unimolecular rate constants all increased with increasing
g - temperature. Plotting Ik vs. /T resulted in Arrhenius plots
@ (Fig. 4 from which the energies of activatiofE,;) and pre-
= exponential factorgA;) could be determinedTable 3. All four
= 012 4 isomerization steps have activation enerdie80 kJ mol?!) that
are typical of reactions involving protein conformational changes
(Gutfreund, 1995 All three stepsk,, k_g, andk; are associated
0.0 0’5 10 with enzyme_isome_rization steps that Iead_to a_form of the enzyme
' that can rapidly bind or release a bromide ion. Yet, there is a
time (s) striking difference between the upper and the lower route. The
B
90
6
L”; 60 4 4 |
3
= 30 1 K
x 27 ©
£ ] O
0 7 T T T T T T 1 OJ
0 200 400 600 800 K,
[Br] (mM) kg
Fig. 3. Kinetics of bromide binding to haloalkane dehalogenAs&topped- 2 k
flow kinetic transients showing the intrinsic tryptophan fluorescengg= — T 2 T T - 7
290 nm,Aem > 320 nm, arbitrary unifsupon mixing 5uM of enzyme with 32 33 34 35

0, 2.5, 10, 30, 100, and 400 mM NaBr iRgEMAG buffer at pH 8.2 and
25°C (end concentrations All traces are well described by a single-
exponential equation with an observed rate constggtB: Dependence of
the observed rate constaky,s on the bromide concentration over a tem- Fig. 4. Arrhenius plot for the unimolecular rate constants involved in the
perature range of 15—4C (288—-313 K. The solid lines are fits obtained three-step routéopen symbolsand two-step routéfilled symbolg for

by simulation of halide binding and release as depicted in the last part obromide expor{upper and lower routes in Fig. 1, respectiyeljhe solid
Figure 1. lines are the linear least-squares fits of the data.

UT (x10° K™Y
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Table 3. Thermodynamic parameters of the transition states of the unimolecular steps involved in bromide binding
and release in haloalkane dehalogenase at pH 8.2 antC3(303 K)

EF AH* AG* ASH
Reaction step in Figure 1 (kJ mol™?) (kJ mol™®) (kJ mol™t) (I molrt K1) 109 Aextrag® log Acar
E-Br~ — E;-Br™ (ky) 129+ 9.5 126+ 9.5 68.8+ 0.3 190 23.0:0.1 23.1
E — E; (keg) 114+5.8 111+ 5.8 71.0+0.3 135 20.1+ 0.1 20.3
E-Br~ — (E-Br)* (ky) 88.6+ 4.3 86.1+ 4.3 75.9+ 0.3 335 15.4- 0.1 15.0
(E-Br7)* - E-Br~ (k_7) 78.3+ 4.0 75.8£4.0 62.8+ 0.3 43.0 15.5£ 0.1 15.5

a0btained from Arrhenius plot by extrapolation To— co.
bCalculated fromAS*.

slow unimolecular stepk, andk_g of the upper route of Figure 1 The large activation entropies for stdpsandk_g are indicative

have higher activation energies than stepin the lower route, of considerable structural rearrangements. It has been suggested
though they are 20- and 8-fold faster than fgpespectively. The that bromide release may require the entrance of water molecules
structural changes associated with the isomerization steps in thato the active-site cavitySchanstra & Janssen, 199@ large
upper route must therefore be different from those taking place irentropy effect can be expected both because of structural changes
the lower route. Also steR_; has a lower activation energy than and desolvation processéRand, 1992; Gutfreund, 1985 tran-

k, andk_g in the upper route. sition state in which the halide ion is both bound to the protein and

The pre-exponential factofg\) associated with stepg andk_g solvated is difficult to envision without significant structural changes,
are also very high as compared to the other steps in the reacticgince the buried active-site cavity is too small to accommodate
mechanism(Table 3. In fact, the pre-exponential terms of 20  both a halide ion and a number of water molecules. Furthermore,
and 16° for stepk, and k_g, respectively, exceed the limit of the transition states of steps andk_g show similar entropy and
simple molecular rotations and vibratioris-10'4) by multiple enthalpy contributions although no halide is present during the
orders of magnitude and therefore cannot be interpreted in terms gfrocess described bk . The isomerization observed in the upper
meaningful frequency factor&GGutfreund, 1995; Fitzgerald et al., route could involve significant conformational changes leading to
1996. This could provide evidence that large-scale protein mo-a more open structure and the formation of a solvent accessible
tions involving many bond torsions may occur in reaction stgps channel that leads to the active site. Similar changes were observed
andk_g. Similar pre-exponential factors of #5-10?° were found  in cytochromec peroxidase Fitzgerald et al., 1996
by Fitzgerald et al(1996 when studying a hinged loop rearrange-  The activation enthalpies associated with all four unimolecular
ment near a buried artificial cavity in cytochromeeroxidase. steps are consistent with disruption of multiple interactions, which

The values of, ; andA;, together with the rate constarils), can be Van der Waals interactions, hydrogen bonds or ion pairs,
were used to calculate the free energies of activatis®*), en- individually corresponding to energies in the range of 1-10, 12-25,
thalpies of activationfAH?¥), and entropies of activatiofAS*) and 20-50 kJ mol*, respectively(Fersht, 1985 The activation
(Table 3. The difference in the magnitudes of the activation free enthalpies of 126 and 111 kJ mdlfor reaction step&, andk_g,
energies for the four reaction steps reflects the difference in rateespectively, are relatively high and may even reflect the cis-trans
constants: the slowest stelp;Br~ — (E-Br~)* has the highest isomerization of a proline residue, the activation enthalpy of which
value for AG*. Furthermore, the entropic and enthalpic contribu- lies in the range of 92—113 kJ mdl (Koide et al., 1993; Fitzgerald
tions to the free energies of activation are negative and positivegt al., 1996; Veeraraghavan et al., 1997roline cis-trans isomer-
respectively, for all four isomerizations. The pre-exponential fac-ization could serve as a hinge point in the movement of a loop or
tors were also calculated from the activation entroguation 8 flap to open a cavity for the entry of ligands as observe@am-
and proved to be nearly identical to tievalues determined by dida rugosalipase (Grochulski et al., 1994and cytochromec
extrapolation of the Arrhenius plot§able 3. Since both the for-  peroxidaseFitzgerald et al., 1996 In haloalkane dehalogenase,
ward and reverse reaction raté&s,andk_-, could be determined, Pro57 and Prol68 exist in the cis configuration and they are lo-
we could calculate the standard free energy, reaction enthalpy, armhted in the main and cap domain, respectiy®grschueren et al.,
entropy for this reversible unimolecular st€pable 3. Together  19933. Pro168 might be the most likely candidate to undergo a
with the thermodynamic parameters K, which were obtained cis-trans isomerization during the conformational change, since it
from Van't Hoff analysigFig. 2B), we could calculate the standard is located in an N-terminal helix-loop-helix structufeesidues
thermodynamic parameters of overall halide release, which were i159-18) in the cap domain that was proposed to be involved in
good agreement with the values obtained directly from Van't Hoff the enzyme isomerizatidi$chanstra et al., 1996b; Krooshof et al.,
analysis of the overaKy (Table 2. 1998.

Interestingly, both transitionk, andk_g in the upper route of On the basis of the observations mentioned above, we propose
Figure 1 have significantly larger transition state entropies andhat the three-step halide export rodtgper route in Fig. 1Lin-
enthalpies compared with the values of the isomerization $teps volves conformational changes that result in a water accessible
andk_- in the lower routesee Table B Thus, the entropy com- active site, which allows solvation and subsequent escape of the
ponents are much more important in the transition state free enehalide ion. We suggest that the two-step ro(taver route for
gies of the unimolecular steps in the upper route than in the lowehalide release involves the transfer of the halide ion from the
route. halide-binding site in the cavity to a binding site somewhere at the
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protein surface, where a so-called collision complex is formed incence by halide binding. As a constraint in the simulation and
which the halide is only weakly bound. No large structural re-fitting process, the dissociation constant for halide binding was
arrangements seem to be necessary for this process, but its rateuised according to
much lower than that of the upper routeig. 1).

Kaksk-s(ks +k-1)

Kd = (koke + k_ake & Kok o) @

Materials and methods

Protein expression and purification Determination of thermodynamic parameters

Haloalkane dehalogenase was purified fiéatherichia colstrain of bromide binding and release

BL21(DEJ) transformed with plasmid pGELAF, which carries =~ Thermodynamic parameters of bromide binding and release were
the haloalkane dehalogenase gédielA) under the control of the derived from the temperature dependence of the steady-state bro-
T7 promoter(Schanstra et al., 1993Expression and purification mide dissociation constant using the Van't Hoff equation:

were achieved as described earli€chanstra et al., 1993The

enzyme was concentrated with an Amicon ultrafiltration cell using din Ky AH°

a PM30 filter and stored at 20 or 4°C in TEMAG buffer(10 mM d(1/T) =R ©)
Tris-sulfate pH 7.5, 1 mM EDTA, 1 mM 2-mercaptoethanol, 3 mM

. ; 0 . ;
et 1 e sppen bomide tsociaton consAns e
’ g%s constanfl the absolute temperature, aa#® is the standard

the absorbance coefficient of 4.871.0* M ~* cm™1, and the purity . . L
was checked by SDS-polvacrvlamide ael electrophoresis reaction enthalpy. Consequently, a straight line is to be expected
y polyacty 9 P ' with a slope equal te-AH°/R when InKy is plotted against AT.

The dissociation constant was also used to calculate the standard
free energy of reaction by

Halide binding experiments

The pre-steady-state kinetics of halide binding were determined by AG® = —RTInK,. 4)
stopped-flow fluorescence quenching experiments using an Ap-
plied Photophysics SX17MV stopped-flow instrument. A wave-
length of 290 nM was used for excitation. Equal volumes of the
protein and ligand were rapidly mixed and the resultant quenching
of the intrinsic protein fluorescence was followed by measuring AS = (AH® — AG®)
the fluorescence signal above 320 nm using a cutoff filter. All T '
reactions were performed over a temperature range of 18540
(288-313 K in TEMAG buffer at pH 8.2. The reported reactant
concentrations are those present in the reaction chamber, aft
mixing. At temperatures higher than 30, fresh enzyme was used Thermodynamic parameters of activation were obtained from the
for each measurement, which was allowed to equilibrate for a shoemperature dependence of an elementary reaction rate constant.
period of time(max 2 min to prevent thermal denaturation. All  The energy of activatiofiE, ;) is defined as
fluorescence traces, which were the average of three individual
experiments, were fitted using computer software provided with dink
the stopped-flow instrument. E.i = RT? d_TI (6)

The apparent halide dissociation constafi{g) were derived

from the steady-state part of the fluorescence traces using nonlin-h Ris th tanT the absolute t " dh
ear regression fittingSigmaPlot, Jandel Scientifiof whereRis the gas constarl, the absolute temperature, aRdhe

rate constant of reaction stéplntegration of Equation 6 yields

Finally, the standard reaction entroyS°) arises from:
5

Eretermination of thermodynamic parameters of activation

(Fo—F) _ far[X7] E. .

Fo X 1+ Kq @ ink =InA- =2 7)

whereF is the observed steady-state fluorescence at halide corBoth E,; and A can be considered constant over a temperature

centration X~ ], K4 is the apparent dissociation constant, nid range of about 50 KChang, 198}, so that plotting Irk; vs. /T

the fraction of the total fluorescence that is quenched at saturatingesults in a linear relationshigrrhenius ploj with slope—E, /R

halide concentratione>Kg). and intercept I\, to be determined by extrapolation To— co.
Kinetic data from the pre-steady-state part of the stopped-flowrhe pre-exponential factok may alternatively be calculated by

traces were further analyzed by iterative numerical integration, as

described previouslySchanstra & Janssen, 1996sing the sim- T ASH
ulation software GepagsMendes, 1998linked to the spreadsheet A= (L) <1 _S> ®)
program Quattro-Pr@Borland International Ing. The Gepasi pro- h R

gram uses numerical integration to simulate reaction schemes. The
total fluorescence of all enzyme species at each time point wawherekg is the Boltzmann constanh is Planck’s constant, and
calculated in Quattro-Pro, using a one-third reduction of quores-AS,1 is the transition state entropy belonging to reaction step
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The free energy of activation(IAGf), enthalpy of activation
(A Hf), and entropy of activatiomst) for an elementary reaction
at a given temperature were subsequently calculated from

AG{ = RTI kel 9
p = n hk )’
AH} = E,; —RT, (10)
and
AHF - AG!
ASi — ('T—') (12)
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