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Abstract

The binding energy of enzyme and substrate is teskxver the activation energy
for the catalytic reaction.o.8BHSD/CR uses remote binding interactions to aca&dethe
reaction of androsterone with NADHere, we examine the enthalpic and entropic
components of the remote binding energy in théd$D/CR-catalyzed reaction of NAD
with androsterone versus the substrate analoge¢c@kal and cyclohexanol, by analyzing
the temperature-dependent kinetic parameters thretepdy-state kinetics. The effects
of temperature on &/Kn for 30-HSD/CR acting on androsterone, 2-decalol, and
cyclohexanol show the reactions are entropicaNyifable but enthalpically unfavorable.
Thermodynamic analysis from the temperature-depgndaues of K, and ks shows
the binding of the E-NAD complex with either 2-decalol or cyclohexanol tor the
ternary complex is endothermic and entropy-drivaerd the subsequent conversion to the
transition state is both enthalpically and entrallyc unfavorable. Hence, solvation
entropy may play an important role in the bindimggess through both the desolvation of
the solute molecules and the release of bound watézcules from the active site into
bulk solvent. As compared to the thermodynamic petars of 8-HSD/CR acting on
cyclohexanol, the hydrophobic interaction of theify of steroids with the active site of
30-HSD/CR contributes to catalysis by increasing esieely the entropy of activation

(ATAS = 1.8 kcal/mol), while the BCD-ring of androsterosignificantly lowersAAH’

by 10.4 kcal/mol with a slight entropic penalty -4f9 kcal/mol. Therefore, the remote
non-reacting sites of androsterone may induce #&omational change of the substrate
binding loop with an entropic cost for better imtefion with the transition state to

decrease the enthalpy of activation, significaitbreasing catalytic efficiency.



Abbreviations: 8-HSD/CR, 3i-hydroxysteroid dehydrogenase/carbonyl reductase
decalol, decahydro-2-naphthan8DR, short chain dehydrogenase/reductasg, the

Gibbs free energy change; AG’, the Gibbs free energy of activation; AH, the enthalpy
change; AH’ the enthalpy change of activation; AS the entropy change; AH’, the

entropy change of activation;

Keywords: Enzyme catalysis, binding energy, stestdye kinetics, Gibbs free energy

change, enthalpy and entropy



1. Introduction

The mechanism of catalysis with high substrate ifipitg of enzymes attracts great
interest of biochemists (1-3). Enzymes catalyzerdaetion by binding the substrates to
form an enzyme-substrate complex, interacting wWithtransition-state, and forming and
releasing the product. The binding energy of enzame substrate is used for substrate
destabilization and transition state stabilizatitan lower the activation energy and
facilitate catalysis (4,5). Jencks proposed a Géféect for enzyme catalysis in which the
binding energy is used for the distortion, eledts interactions, desolvation, and
entropy loss for bringing the substrates in theprgosition for reaction and for better
binding to the transition state (6).

The binding interactions between enzyme and substoath at the site of chemical
transformation and with a non-reacting portion loé tsubstrate, have been shown to
contribute to catalysis (6-8). As compared to tialkysis with a truncated substrate
analog, enzymes can use binding interactions withrareacting portion of the substrate
to destabilize the ground state and stabilize tiesttion state (6), assist in binding and
enhance the effective local concentration (1), gi®substantial contributions to specific
transition state stabilization (6,9-11), induce @nformational change, and promote
significant changes in dynamics for residues |latatmotely from the binding site,
thereby accelerating the chemical reactions (12-Rémote binding interactions in 3-
oxoacid CoA transferase, ketosteroid isomeras@sdriphosphate isomerase, and
orotidine 5-monophosphate decarboxylase have bemomstrated to provide substantial
contributions to stabilize the transition statel(918).

We have demonstrated the contributions of remotelibg energy in the &



HSD/CR-catalyzed reaction of NADwith androsterone as compared to that for the
truncated analog (Figure 1)(19). The steroid rimgs involved in the &HSD/CR
catalysis. The B-ring of steroid improves catalyéis/Kgs) without increasingkca: by
equally stabilizing both the transition state anougd state of the ternary complex by 2.2
kcal/mol. The remote BCD- and CD-rings of andrasterimprove catalysis on bokhy;
andk../Kg through differential binding interactions with thetive site of 8-HSD/CR by
contributing 8.5 and 6.4 kcal/mol to the stabiliaatof the transition state, respectively.
To obtain a clearer understanding of the factokmlied in the energetics, the
enthalpy and entropy changes that accompany thmatan of an enzyme-substrate
complex in both the ground state and transitiotestave been studied. Comparing the
value ofkg4 of the enzymatic reaction with the corresponding-eazymatic reaction
(knon) Sshows that enzyme catalysis may arise mainly éjucing the enthalpy of
activation (20,21). However, the actions of cytelideaminase on 5,6-dihydrocytidine
and GTP hydrolysis by EF-Tu on the ribosome hawicated that the reactions are
entropy-driven (22-25). To better understand epibhaand entropic contributions to
enzyme catalysisye compare an enzymatic reaction with a good satesto the same
reaction with its truncated analog, thereby enaptire determination of the function of
remote binding interactions in catalysis. In thisdy, we determine the thermodynamic
parameters for the reaction of androsterone withDNAatalyzed by 8-HSD/CR.
Moreover, we compare these parameters to the thligmaonic parameters for the
reaction with truncated analogs, 2-decalol and atyeanol. We analyze the kinetic

parameters of &HSD/CR-catalyzed reaction with varied temperaturgiwing the

thermodynamics parameters for the changes in gyti{AH?) and entropy &S’ in the



transition state and the changes in enthalypy) and entropyAS) in the ground state for
the binding interactions of enzyme and substrates& energetic values provide valuable
insight into how remote interactions of the actisie with substrate contribute to

catalysis.

o
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Figure 1. 3n-HSD/CR-catalyzed oxidoreduction of NAD with androsterone and

truncated analogs, cyclohexanol and 2-decalol.

2. Materials and methods

2.1.Materials

Androsterone came from Steraloids, while cyclohexamacemic 2-decalol,

NAD®, and equine alcohol dehydrogenase came from Sigavich. All reagents were

of the highest purity available.



2.2.0verexpression and purification o&r3HSD/CR

3a-HSD/CR was expressed Hscherichia colias described (19). In brief, the
BL21 (DE3) cells were cultivated in 1 L LB mediurh &/ °C. The recombinanta3
HSD/CR was overexpressed by adding 0.5 mM isoprdpi-thiogalactopyranoside
(IPTG) when the culture reached an optical density600 nm of 0.6-1. After an
additional 4 h for growth, the cells were harvesiad lysed by sonication for 5 min with
10 s on and 10 s off cycles on ice. The cell delas removed by centrifugation, and the
supernatant was loaded onto &MTA resin column (GE Healthcare Life Sciences).
The enzyme was eluted via a stepwise increaseeindhcentration of imidazole from 10
mM to 500 mM to purify the protein.)BHSD/CR was purified to homogeneity, as
determined using 12% SDS-PAGE. The protein conagotr was determined by

Bradford assay with bovine serum albumin as a st@hd

2.3.Steady-state kinetics
The oxidation of androsterone and its truncatedlogsacatalyzed by &

HSD/CRs was monitored by the formation of NADH gpgghotometrically at 340 nm
(e = 6220 M* cm™), using a Perkin Elmer Lambda 650 UV-vis spectoipmeter
equipped with a temperature-controlled Peltier bloculticell changer. Assays were
performed across a suitable range of temperatir&8-40 °C for 8-HSD/CR-catalyzed
reaction of NAD with androsterone, 2-decalol and cyclohexanopeesvely. The initial
velocity patterns were obtained by varying the em@tion of androsterone or the
truncated analog at several fixed concentrationslA&D* in 0.1 mg/mL bovine serum

albumin (BSA), 0.1 M sodium 3-(cyclohexylamino)-iepane sulfonate (Caps) buffer at



pH 10.5 at varied temperatures. The assay wasrpetbat pH 10.5 for an optimum
enzyme-catalyzed reaction (26). Due to the diffeeein activity for the truncated
analogs, different amounts ofadHSD/CR were added for assays. Typically, the
concentrations of &HSD/CR for the assays of androsterone, 2-decadoid
cyclohexanol were 0.085 nM, 85 nM, and 34 nM, refigely. All reactions were
initiated by adding enzyme. The initial velocitytigans were determined twice foo-3
HSD/CR acting on androsterone at each temperaacerepresentative data are shown.

Other experiments were done once.

2.4.Data fitting and calculation of the thermodynamar@gmeters

Data from the initial rate measurements were fittsithg Sigmaplot software with
appropriate rate equations to obtain the kinetiaqp@ters. Data for substrate saturation
curves were fitted using Eq. 1. In Eq.\landV represent the initial and maximum
velocities andK, the Michaelis constant for substrate A. Data feequential or a rapid
equilibrium ordered mechanism were fitted to Eqand 3, respectively, where A and B
are the varied substratdsis is the inhibition constant for A, anidg is the Michaelis
constants for substrate B, respectively. The stahdaors associated with these kinetic
parameters oY, Kia, Ka, Kg, V/IKa, andV/Kg were calculated from the program. Double
reciprocal plots of the families of lines obtainé@m the initial velocities against
substrate concentrations were constructed fortifitisn.

Based on the transition state theory for chemiodl @nzyme-catalyzed reactions

(27-29), the rate constaktfor a reaction as a function of the temperafliie given by



Eq. 4, whereR is the gas constari, is the temperature in Kelvin, af3* is the Gibbs
free energy of activatign.e., the difference in free energy between the tramsistate
and ground state. The factdgT/h) is a frequency factor for crossing the transitsbate,
whereks andh are the Boltzmann and Planck constants, respéctiVee Gibbs free
energy change)G, is calculated from the binding constalkg, for the substrate using
Eq. 5. The relationship between the Gibbs freeg@nehange AG) and the changes in
enthalpy AH) and entropy 4S) is shown in Eq. 6. Similarly, the Gibbs free rgyeof
activation AG") is separated into the enthalpic and entropic $eamd shown in Eq. 7.
The kinetic analysis of the enzyme-catalyzed reaatiith varied temperature giving the
thermodynamics parameters of the Gibbs free enefrggtivation AG*) is Eq. 4, which
can be derived into Eq. 8. Therefore, the chamgesthalpy AH*) and entropy4S?) in
transition state are calculated with the Eyringagmun (Eq. 9) by plotting If({T) versus
(1/T). The changes in enthalpyH) and entropyAS) for the interactions of enzyme and
substrate in the ground state are obtained witlvainé Hoff equation (Eq.10) by plotting
InKs versus (1/T).

The kinetic scheme for the ordered bi bi kineticchaism with enzyme, E,
saturated with A to form EA complex and the rateampns for kinetic parameterig,,
kealKg andKg, are illustrated in Scheme 1. EA binds B with redastank; to form the
EAB complex, which reacts to form the EPQ complethwate constarits, followed by
the release of the products P and Q with rate aatst; andkg, respectivelyk, andks
are the reverse rate constants, representing #saailation of B from EAB, and the
conversion of EPQ to EAB, respectively. These kinparameters are defined based on

Cleland’s nomenclature (30,31) with the derived roscopic rate constants for the



corresponding kinetic constants based on Scheni@éd catalytic constark.,: includes

the steps from the chemical reaction, which cosviére EAB to EPQ to the releases of

products of P and Q, and reflects the rate-limisigp in overall reaction. The catalytic

efficiency for B,k.afKsg, includes the steps from the binding of B with Ex& complex to

the first irreversible step,e., the release of the first product P. When the liatéing

step is the chemical reactidi, the kinetic parameters &f,, andk../Kg are reduced to

ks, andksks/ks, respectively, whil&g is reduced tdkq/ks, the dissociation constant for B

from EAB.

v =VA/(Ka + A)
v = VAB/(KiaKg + KaB + KgA + AB)

v = VAB/(KiaKg + KgA + AB)

k = (keT/h) exp(AG*/RT)

AG = RTIn(K9

AG =AH - TAS

AG* = AH* - TAS

k = (keT/h)expAS/R)exp(AH*/RT)
In(k/T) = In(keg/h) + AS/R - AH*IR) (L/T)

INKs= ASR — QH/R)(1/T)
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Scheme 1. The simplified ordered bireactant mechasin with enzyme saturated

with substrate A and the rate equations for kinetigparameters,Kea, Keat/Ks and K.

3. Results

3.1. Temperature dependence of the kinetic paraméiethe oxidation of androsterone
catalyzed by 8-HSD/CR

We studied the reaction of androsterone with NABtalyzed by 8-HSD/CR at
temperatures from 10 to 40 °C at pH 10.5. The pbfierof the -HSD/CR-catalyzed
reactions is insensitive to changing pH at pH >28)( reducing the likelihood of
complications that might arise from differing temggere effects on proton dissociation
constants. The extinction coefficient of NADH istrmthanged from 10-40 ° C. To ensure
the enzyme activity is not lost during the assmetof 5 min, we incubated the enzyme at

40 °C and measured the enzyme activity at 25 °énpresence of 1 mM NAD48.7
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MM androsterone, 0.1 mg/mL BSA, 100 mM Caps, pH J1ars found that the enzyme

maintained activity within error for up to 20 min40 °C.

Initial velocity patterns were determined by vagyirthe concentration of
androsterone at several fixed concentrations of NAD each temperature. Double
reciprocal plots intersected to the left of thexisaat each temperature and are presented
in the supplementary Figure S1. The data weredfitte Eq. 2 to yield the kinetic
parameters ok.., Kia, Ka andKg at each temperature (Supplementary Table S1).eThes
kinetic values increase with increasing temperatlitee values ok, and k.o/Kg are
(116 + 9) § and (6.8 + 1.4) x10M™s™ at 10'C, and increase to (2.8 + 0.3) 1 and
(4.5 +0.7) x18 M's* at 40°C, respectively. The values Kfx, Kx andKg also increase
from 0.16 + 0.10, 0.14 + 0.03 and 0.0017 + 0.000M &t 10 C to 1.2 + 0.4, 1.8 + 0.4
and 0.0063 + 0.0017 mM at 4G, respectively. The increases in the inhibitionstant
Kia for NAD" with increasing temperature indicate the dissamiabf 30-HSD/CR-

NAD" complex is an endothermic reaction.

Plots of the INK../KgT) and Ink.a/T) versus 1/T are linear fora3HSD/CR
catalysis from 10 to 40 °C (Figure 2), and the datae fitted to Eq. 9. The slope
corresponds to the enthalpy of activatiam{), giving 11.3 + 1.9 and 16.0 + 2.1 kcal/mol,
respectively, and the intercept determines theopytof activation (I\S¥), giving 5.1 +

0.5 and 2.4 £ 0.3 kcal/mol at 298 K, respectivalgifle 1).

12
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Figure 2. Eyring plots of the kinetic data for 2i-HSD/CR catalyzed reaction of
NAD" with androsterone, 2-decalol and cyclohexanolPlots of (A) InkeadT) vs 1/T,
and (B) Ink.a/KgT) vs 1/T are linear. The lines represent the ditshe data to Eq. 9,

where"k" is either InkeadT) or In(kea/KsT), to obtain the values @&fH* andAS' recorded

in Table 1.

Table 1. Thermodynamic activation parameters for the oxiaadf androsterone and the

truncated analogs with NAD catalyzed hy-BSD/CR-"¢

Kinetic kcat k/KB

parameters

Substrate  cyclohexanol  2-decalol androsteronecyclohexanol 2-decalol androsterone

AG 17.0+0.8 16.9+1.4 13.6%+2.1 14.7+£1.3 12.6x1.3 6.2+2.0
(0.1) (2.1) (8.5)

AH? 13.0+¢0.7 10.1+1.0 16.0+2.1 21.7¥1.2 21.4+1.2 11.3+1.9
(2.9) (0.3) (10.4)

TAS -4.0+0.3 -6.8£1.0 2.4+0.3 7.0:0.4 8.8+0.5 5.1+0.5
(2.8) (-1.8) (1.9)

%/alues ofAG* are calculated from Eq. 7 with the propagated evatculated.

®The values in parenthesis are the differencesanhtrmodynamic activation parameters
in the comparison with the value for cyclohexanol.

¢ Values given in kcal/mol at 298 K.
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3.2. Temperature dependence of the kinetic paraméte the oxidation of truncated

analogs catalyzed byadBHSD/CR

The reaction of 2-decalol and cyclohexanol with NABy 3u-HSD/CR was
studied at temperatures from 10 to 4D. Double reciprocal plots of the initial velocity
patterns for 2-decalol and cyclohexanol intersecttloe y-axis at each temperature,
indicating a rapid equilibrium ordered kinetic maalsm, as shown in the supplementary
Figures S2 and S3 for 2-decalol and cyclohexameshectively. The data were fitted to
Eq. 3 to yield the kinetic parameters &f,, Kia and Kg at each temperature
(Supplementary Tables S2 and S3). Similarly, theetic values ofk.a: and kea/Ks
increase with increasing temperature, while e values decrease with increasing
temperature. The values Kk, for 2-decalol and cyclohexanol are 0.91 + 0.11asd
(0.74 + 0.07) ¢ at 10°C, and increase to 4.3 + 0.3 sand 7.2 + 0.4 S at 40 °C,
respectively. The values &f./Kg for 2-decalol and cyclohexanol are 540 + 68sVand
15 + 2 M's* at 10°C, and increase to (2.7 + 0.5) *1¢' and (5.2 + 0.9) xFOMs™ at
40 °C, respectively. The values Kf for 2-decalol and cyclohexanol decrease from 1.7 +

0.4 and 48 + 9 mM at 1€ to 0.16 + 0.04 and 14 + 3 mM at 4D, respectively.

Plots of Inkea/KgT) and Ink../T) versus 1/T are linear from 10 to 40 °C far-3
HSD/CR acting on 2-decalol and cyclohexanol (FigeixeData were fitted to Eqg. 9. The
analysis of 8-HSD/CR acting on 2-decalol and cyclohexanol sh@avswuch greater
sensitivity ofk.a/Kg to temperature than the reaction with androsteroi a AH* of
21.4 + 1.2 and 21.7 + 1.2 kcal/mol, but less sarisitof k. to temperature with AH*

of 10.1 + 1.0 and 13.0 + 0.7 kcal/mol, respectiv@lye entropies of activation £5") for

14



2-decalol and cyclohexanol at 298 K are 8.8 + & a.0 + 0.4 kcal/mol, respectively,

obtained from the values &f./Kg and -6.8 + 1.0 and -4.0 £ 0.3 kcal/mol respectiyvely
obtained from the values ¢, The thermodynamic activation parameters calcdlate
from the observed effects of temperature on thgraatic oxidation of androsterone, and
truncated substrate analogs, 2-decalol and cyclot@xare summarized able 1.

The changes in enthalpyAl) and entropy 4S) for the interactions of enzyme
and substrate in the ground state are obtained twéhvan't Hoff equation (Eq.10) by
plotting In(1Kg) vs (1/T) as shown in Figure 3 and Table 2. Tmalinig of E-NAD" with
2-decalol or cyclohexanol #§) is endothermic witlAH values of 11.3 + 2.1 and 8.7
1.8 kcal/mol, counterbalanced by an extraording@lyorable entropy @&S) of 15.7 +

2.1 and 11.0 1.8 kcal/mol at 298 K, respectively

® 2-decalol
w cyclohexanol

InKg
o

1T

Figure 3. van't Hoff plots of kinetic data for 3a-HSD/CR-catalyzed reaction of
NAD" with 2-decalol and cyclohexanolThe lines represent the fits of kgf to Eq. 10
for 2-decalol and cyclohexanol to obtatH and AS given in Table 2. The kinetic

parameteKs is equal to Kg.
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Table 2. Thermodynamic parameters for the binding af-FBSD/CR-NAD binary

complex with cyclohexanol and 2-decalol to form tespective ternary comple)?é?é

cyclohexanol 2-decalol
AG -2.3+25 -4.4+£3.0(2.1)
AH 8.7+1.8 11.3+£2.1 (2.6)
TAS 11.0+1.8 15.7£2.1 (4.7)

@Values ofAG are calculated from Eg. 6 with the propagated evatzulated.

®The values in parenthesis are the differences leetveyclohexanol and 2-decalol in
their thermodynamic parameters.

“Values given in kcal/mol at 298 K.

4. Discussion

4.1. Principles of enthalpy and entropy contribn8dn enzyme catalysis

The transition state theory provides a framework daderstanding chemical
reactions and enzyme catalyzed reactions (27-29).rate constant for a reaction as a
function of the temperature T is given by Eq. 4,eve\G*, the Gibbs free energy of
activation is the difference in free energy between the ttemmsistate and ground state.
Gibbs free energy is separated into enthalpic anbgic terms. The enthalpy change
(AH) reflects the energy change of the system asudtref forming and disrupting many
individual interactions when the substrate bindsh® enzyme. Breaking of bonds with
water, buffer, and/or ion molecules causes an wumnédble AH, while the formation of
new bonds with amino acids at the active site l@ads favorableAH (32). Entropy is a
measure of the disorder or randomness in a syst@m.entropy changeA§) can be
attributed to changes in solvation, in translati@ral rotational freedom, or to changes in
conformation of enzyme and substrate (32,33).

16



Enzymes can destabilize the enzyme-substrate cangl@aying for the energy
to bring the reactants together in an appropriakentation and induce conformational
changes for better interactions in the transititates and to carry out general acid-base,
metal ion, and electrostatic catalysis to stabifietransition state through the functional
groups. The chemical step involved in bond making breaking in the transition state
costs a large enthalpy change, which can be overdpnfavorable ionic and hydrogen
bonding interactions with enzymélat are not available in solution (20). Binding of
substrate with enzyme to form the enzyme-subshiai@y complex results in the loss of
translational and rotational degrees of freedontwas molecules become one, and the
loss of conformational degrees of freedom fromdhlestrate and from some residues in
the enzyme (16,34). The release of ordered watéeaules that surround hydrophobic
and charged substrates can be associated witmafjantropy (35,36); the release of a
water molecule from an active site can increasesttiwpy 2-3 kcal/mol (37).

To understand the origins of enzyme catalysis, weehinvestigated how the
binding interactions of the enzyme and a non-raggbortion of the substrate contribute
to 3u-HSD/CR catalysis (19). Truncation of androstertm@-decalol and cyclohexanol
was shown to increase tlg, value and significantly reduce thkg./K, value. To get
insight into the enthalpic and entropic componaftthese contributions, we determined
the effects of temperature on the kinetic paramedékca, KeafKm andKp, for the wild-

type enzyme acting on androsterone, 2-decalol gddlexanol.

4.2. Enthalpic and entropic contributions for-HSD/CR acting on androsterone

17



We analyzed the kinetic parameteks, and k../Kg, of the 3-HSD/CR-catalyzed
the reaction of androsterone with NADwith varied temperature, yielding the
thermodynamic activation parameters MfH* and T\S, respectively. However, the
kinetic complexity of the enzyme reaction complkesathe interpretations of these values.
30-HSD/CR shows an ordered bi bi kinetic mechanistiwie NAD" binding first and
the NADH released last. The kinetic mechanism fozyene saturated with NADis
shown in Scheme 1, where A and Q refer to NAIDd NADH, respectively. B can be
androsterone, 2-decalol or cyclohexanol, and Rsigarresponding oxidized carbonyl
products. In previous studies, we demonstratedtkieatate limiting step forc8HSD/CR
catalyzed reaction of androsterone with NAB the release of NADH in the overall
reaction, but it is hydride transfer at low, limigi concentrations of androsterone (38).
The kinetic parametek., reflects the release of NADH from the E-NADH binary
complex for the 8-HSD/CR acting on androsteroniee(, kg in Scheme 1). The kinetic
parameterk.o/Kg reflects the binding of substrate, the hydridendfar and release of
product for &-HSD/CR acting on androsterone, st&p$o k;. (However, wherk; is fast
andks is slow, the expression reduceskis/k,.) For this substrate, the expression of the
kinetic parameteKg is a complicated rate equation (Scheme 1) andotdrensimplified
to the dissociation constant for androsterone.

Hence the enthalpy change of activatidxH{) and entropy change of activation
(TAS') obtained fromk.¢Kg indicate the formation of the transition stateE@#B* from
the reaction of EA with B. The free energy of aation for the reaction of EA with
androsterone is 6.2 kcal/mol (Table 1). The cowadmng unfavorable enthalpy change

of activation is 11.3 kcal/mol. This large positeethalpy of activation can be attributed
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to the formation of the transition state for thedhgle transfer from substrate to
nicotinamide ring of NAD in the active site. The corresponding positiveayt change
of activation is 5.1 kcal/mol at 298K indicatindeavorable entropy contribution.

The observed unfavorable enthalpy change of amivagAH*) of 16 kcal/mol and
favorable entropy change of activatiofAS") of 2.4 kcal/mol obtained from the analysis
of kot are attributed to the dissociation of NADH frone tBa-HSD/CR-NADH binary
complex as a result of the interruptions of thesrattions betweena3HSD/CR and
NADH within the binary complex and the increasingtion in the active site for the
release of NADH, respectively. A similar thermodyma activation value for the
dissociate rate of NADH from E-NADH binary compleas been reported for beef heart

lactate dehydrogenase witi* of 17.5 kcal/mol andAS' of 2.3 kcal/mol at 298K (39).

4.3. Enthalpic and entropic contributions in catily by 3-HSD/CR acting on the

truncated substrates

We then analyzed the kinetic parametéggs,andk:./Kg, of 30-HSD/CR acting on
2-decalol and cyclohexanol with varied temperattwe obtain the thermodynamic

activation parameters ofiH’ and TAS, respectively. Since the rate limiting step is

hydride transfer for &HSD/CR acting on cyclohexanol and 2-decalol, kefor 2-
decalol and cyclohexanol is then presumably sintdathe true dissociation constdfy
(i.e.,ka/ks). The kinetic parametde.reflects the hydride transfer for cyclohexanol 2nd
decalol {.e., ks), andk.,/Kg reflects the steps from the binding of substrathé hydride

transfer for the 8-HSD/CR acting on 2-decalol and cyclohexamn@. (ksks/ks).
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The free energies of activation for the reaction A with 2-decalol and
cyclohexanol are 12.6 and 14.7 kcal/mol, respelgtiféable 1). These reactions have
favorable, positive entropy changes of activatibB8.8 and 7.0 kcal/mol at 298K, and the
corresponding unfavorable enthalpy changes of a@itin are 21.4 and 21.7 kcal/mol.
The enthalpies of activation are similar foon-BISD/CR acting on 2-decalol and
cyclohexanol, but are significantly smaller for evgterone.

The formation of EAB from EAB for 2-decalol and cyclohexanol are both
enthalpically and entropically unfavorable, witle t,ame free energy of activation of 17
kcal/mol. However, the enthalp@nd entropic components contribute differently to
enzyme catalysis, so that 2-decalol oxidation taises of bottMAH* andATAS' that are
lower by about 3 kcal/mol relative to cyclohexandence, the B-ring of the steroid
participates in favorable binding interactions lne ttransition state in the active site of
enzyme that are compensated for by the same entogi.

The binding of 2-decalol and cyclohexanol with &NAD" complex is entropy-
driven with TAS of 15.7 and 11.0 kcal/mol, but strongly endothermith AH of 11.3
and 8.7 kcal/mol, respectively (Table 2). Bindinfgsabstrate with a positive entropy
change has been indicated for nonpolar compoundeydkophobic molecule causes
local water molecules to rearrange around the nanpoolecule, thereby increasing the
local order and decreasing the entropy of the sys&nce the configurational entropy of
2-decalol and cyclohexanol can be expected to dser®n binding to the E-NAD
complex, these results indicate the importance yafrdphobic effects in the binding
process, that is, water molecules surrounding 2ide@and cyclohexanol can increase

their entropy by binding to the active site of tBeNAD" complex, and ordered water
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molecules in the active site also increase thdnopwy as they transfer to the bulk solvent
on ligand binding. Meanwhile, breaking hydrogen-og interactions within the

ordered water molecules causes the observed uafaedH.

4.4. Enthalpic and entropic contributions from ramportion of substrate in thea3

HSD/CR-catalyzed reaction

The thermodynamic activation parameters calculftesh the observed effects of
temperature on the kinetic parameteks:, k../Ks, and 1Kg for the 3-HSD/CR
catalyzed reaction of NADwith androsterone, and its truncated analogs,c2ideand
cyclohexanol, are summarized in Tables 1 and 2rdyrdiagrams are shown in Figure 4
for assessing the remote binding energy and itsagpit and entropic contributions to
3a-HSD/CR catalysis by comparing androsterone wahtitincated analogs, 2-decalol
and cyclohexanol. The energy state for EAB is eported for androsterone becalse
does not provide a dissociation constant for B. Mfge shown both uniform binding
interactions and differential binding interactiofi®m the non-reacting portion of
androsterone with the active site in-BISD/CR catalysis (19). In this study, we show
that the B-ring of steroid contributes equally ke tstabilization of both the transition
state and ground state of the ternary complex byk@al/mol, whereas the remote BCD-
ring and CD-ring of androsterone improves catalyisough differential binding
interactions with the active site ofi-HSD/CR by contributing 8.5 and 6.4 kcal/mol to

the stabilization of the transition state, respetyi (Figure 4A). We dissect the free

21



energy change into their enthalpic and entropic mmments. The enthalpyAK) and
entropy (-IAS) changes that occur from the binding of EA witld@sterone, 2-decalol,
and cyclohexanol to form EABrespectively, are illustrated in Figure 4B.

As compared to cyclohexanol, thg/Kg value for &-HSD/CR acting on 2-decalol
increases 37-fold by decreasing the free energgctivation of 2.1 kcal/mol at 25 °C.
The forces involved in the hydrophobic interactiafsthe B-ring of steroid with the
active site of &-HSD/CR are mainly due to an increase in the emtrjpactivation
without a change in enthalpy of activation in fonguithe transition state in the EAB
ternary complex. Meanwhile, enthalpy—entropy conspéion from the hydrophobic
interactions of the B-ring of steroid with the aetisite of &-HSD/CR in proceeding
from the ternary complex to the transition statebserved, leading to equal free energy
contributions on the stabilization of the groundtstand transition state of the ternary
complex EAB thereby thek, value is the same fot8HSD/CR acting on cyclohexanol
and 2-decalol. Comparing the entropy of activafiamreaching the transition state from
the EAB ternary complex with 2-decalol and cycloduesd, deletion of a ring of 2-decalol
to form cyclohexanol becomes more favorablTAS" of 2.8 kcal/mol at 298K),
consistent with the possibility that the increasehie substrate’s range of motion within
the active site may interfere with catalysis. Imtrtast, an additional B-ring provides
better interaction in the transition state with thetive site LAH* of 2.9 kcal/mol).
Therefore, the increased binding interactions leyBkring in a binding process result in
more negative\H* at the expense of increased order, leading tora megative KS.

As compared to cyclohexanol and 2-decalol, kagKg value for 3-HSD/CR

acting on androsterone increases 1.8xa0d 4.9x18fold by decreasing the free energy
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of activation by 8.5 and 6.4 kcal/mol at 25 °C,pexdively. The remote BCD-ring and
CD-ring of androsterone contribute to the enthakgabilization of transition state by
10.4 and 10.1 kcal/mol, with entropic costs of A®d 3.7 kcal/mol in an overall
energetically more favorable enzymatic reactiospeetively. The crystal structures of
apo- and NAD-bound 3-HSD/CR have been determined and exhibit an incetegind
unresolved substrate binding loop (40). The flexilsubstrate binding loop ofa3
HSD/CR is involved in binding the nucleotide cofacand androsterone to participate in
catalysis (38,41). A significant induced conforroatll change from a disordered
substrate binding loop to a closed helix-turn-hatixdemonstrated in the binding of
NADH with Pseudomonas sfBa-HSD (42). Therefore, the BCD-ring and CD-ring of
androsterone may be involved in the conformatichahge of the substrate binding loop
for better binding in the transition state thanthe ground state of the EAB complex,
resulting in the entropy cost and enthalpy gainop.alosure upon substrate binding is
important for enzyme catalysis. The lyase actifyisochorismate-pyruvate lyase is
enthalpically driven with a very large entropic pin of -24.3 cal/(mol K) for the
ordering of the loop and substrate for the conversif the ES complex to the transition
state (33). The binding energy from the remoteraaigon of phosphite dianion with a
flexible phosphate gripper loop is used by triosepihate isomerase, glycerol 3-
phosphate dehydrogenase, and orotidine 5’-monopladspdecarboxylase to facilitate
catalysis (43,44). The increase in phosphate grigpep size in orotidine 5'-
monophosphate decarboxylases can contribute totegremnthalpic transition state
stabilization through more extensive loop-substiateractions with a larger entropic

penalty for immobilization of the larger loop (45).
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In summary, we used the truncated analogues tooexphe function of a non-
reacting portion of androsterone in-8ISD/CR catalysis by analyzing the enthalpy and
entropy changes during the reaction. The truncatidghe analogues of cyclohexanol and
2-decalol significantly decreases catalytic efince (K.a/Ks) for the I-HSD/CR-
catalyzed reaction as compared to that for anchmste Both the conformational change
of the substrate binding loop obtdHSD/CR and the hydrophobic effect of the steroid
ring contribute to enzyme catalysis. Thermodynaamalysis shows that the binding of
the E-NAD complex with either 2-decalol or cyclohexanol tornfi the ternary
complexes is endothermic and entropy-driven, indigathat desolvation plays an
important role in the binding process and thathitp@rophobic interactions of the B-ring
of the steroids with the active site ai-BISD/CR can contribute to catalysis by mainly
increasing the entropy of activation. Although émghalpy of activation is unfavorable in
forming the transition state for th@31SD/CR-catalyzed reaction, the remote BCD-ring
of androsterone may induce a conformational chahdgee substrate binding loop ofi3
HSD/CR for better interactions in the transitioratst by lowering the enthalpy of
activation by 10 kcal/mol. However, the B-ring betsteroid probably cannot induce the
conformational change of this loop and makes nthéurcontribution to the enthalpic
stabilization of the transition state. These resate consistent with the induced fit model
(46) proposed by Koshland in that the changes énethzyme structure caused by the
substrate will bring the catalytic groups into theper alignment for enzyme action,
whereas poor-substrates will not. Our results stvbny 30-HSD/CR catalyzes a very fast
reaction with the optimal substrate androsterorte aanery slow reaction with the poor

substrates 2-decalol and cyclohexanol.
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(A) (B)

AG AH

kcal/mol kcal/mol

-TAS

Figure 4. Energy diagram for the &-HSD/CR-catalyzed reaction (A) Gibbs free
energy diagram, and (B) enthalpy and entropy dragr&he energy profile for &
HSD/CR acting on androsterone (black trace) is comparethdbd with 2-decalol (red
trace) and cyclohexanol (green trace). The x-agisesponds to the reaction coordinate
for the 3-HSD/CR-catalyzed reaction. Entropy units are giasn-TAS for the direct
comparison as an increase iMg is unfavorable and a decrease iASTis favorable.
The listed values are from the Tables 1 and 2, thedvalues ofAG and -TAS are

presented at 298K.
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Highlights

>

>
>
>

30-HSD/CR catalyzed reaction is entropy-driven.

Binding of E-NAD binary complex with 2-decalol oyaohexanol is endothermic
and entropy-driven.

Formation of the transition state from ternary ctemps both enthalpically and
entropically unfavorable.

The hydrophobic interactions of B-ring of steroadstribute to catalysis by
increasing T\S'.

The BCD-ring of androsterone lowerindt* results in the significant increases in
kcat/Km.



