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Abstract

We report the temperature dependence of the formal potential of type 1 copper (Cuy,) in Thermus thermophilus HB27 lac-
case. Employing [Ru(NHj;),(bpy)](PFy), (0.505 vs. NHE) as the redox titrant, we found that the Cuy 12+/ * potential decreased
from approximately 480 to 420 mV (vs. NHE) as the temperature was raised from 20 to 65 °C. Of importance is that the
AS,° of =120 mol~! K~! is substantially more negative than those for other blue copper proteins. We suggest that the
highly unfavorable reduction entropy is attributable to Cuy; inaccessibility to the aqueous medium. Although the active site
residues are buried, which is critical for maintaining thermostability, the flexibility around Cuy, is maintained, allowing

enzyme activity at ambient temperature
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Abbreviations

Tth-lac, PDB ID: 2YAE  Thermus thermophilus HB27
Laccase

CPB, 2CBP Cucumis sativus Cucumber
basic protein

SBP, 1F56 Spinacea oleracea Spinach
basic protein

UmCy, 1X9R Armoracia laphatifolia
Umecyanin

StCy, 1JER Cucumis sativus Stellacyanin

PICy, 1AG6 Spinach oleracea Plastocyanin

AfAz, 2TAA Alcaligenes faecalis Azurin

PaAz, SAZU Pseudomonas aeruginosa

Azurin
Trametes versicolor Laccase

Trv-lac, 1IGYC
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Introduction

The effects of temperature on enzyme survival and function
have greatly influenced the studies of enzyme evolution [1,
2]. The enzyme of interest in this study is a laccase from
a thermophilic bacterium, Thermus thermophilus HB27
(Tth-lac). Laccases, members of the multicopper oxidase
(MCO) family, have four copper sites involved in electron
transfer and enzyme catalysis. According to the consensus
mechanism [3, 4], substrate oxidation occurs near a type 1
copper (Curp,), followed by long-range electron transfer to a
trinuclear copper cluster, where, in a fully reduced enzyme,
dioxygen is converted to water (O, +4H* +4e~—2H,0).
Of special interest is that laccases are capable of degrad-
ing lignin in recalcitrant lignocellulosic substrates as their
primary function [5], even though the Cu, potentials in the
bacterial enzymes [4] are as much as 0.5 V lower than that
required for one-electron oxidation of polyphenols [6].
Tth-lac is optimally active at 65 °C for catalysis of aero-
bic oxidation of small polyphenolic substrates as well as
ABTS [2,2'-azino-bis(3-ethylbenzothiazoline-6-sulphonic)
acid], a common substrate for oxidative enzymes [7, 8]. In
contrast to many other thermophilic enzymes [2, 9], Tth-
lac is active at ambient temperature, although the catalytic
efficiency (defined by the turnover number divided by the
Michaelis constant, k,/K,,) for ABTS oxidation increases
substantially with increasing temperature (Fig. 1). We antici-
pate that investigations of thermodynamic parameters will
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Fig. 1 Temperature dependence of the efficiency of Tth-lac catalyzed
oxidation of substrate ABTS [7, 8, 29]

enhance the understanding of the remarkable stabilities and
activities of extremophiles at elevated temperatures.
Surprisingly, the effects of temperature on the potentials
of both the substrates and the active-site coppers have largely
been neglected. As reduction entropies of M©/*9 redox cou-
ples are proportional to (Z, >—Z,.,), where Z,_and Z,, are
the charges of oxidized and reduced states [10], AS,.° for
ABTS ™~ is predicted to be negative, as observed for other
M~"*~ redox couples. It follows that the ABTS™>~ potential,
which is about 670 mV (vs. NHE) at ambient temperature
[11], is expected to decrease with increasing temperature.
Based only on the decrease in ABTS potential, the activity of
the enzyme likely would be higher at elevated temperatures.
However, the charge dependence of AS, ° is a small-molecule
phenomenon; for a protein, as many other factors contrib-
ute, AS,.° is unpredictable. Since the enzymatic activity also
depends on the Cury, potential [12], we have investigated the
temperature dependence of the Cur, potential in Tth-lac.

Methods
Sample preparation

Thermus thermophilus HB27 laccase was expressed in E. coli
and purified following published methods [7] with slight modi-
fications. (See the Supplementary Material (SM) for details on
protein expression and purification protocols.) A two-step pro-
cedure with slight modifications was employed to ensure full
metalation of the enzyme [8, 13]. The enzyme was metalated
in 20 mM Tris buffer, pH 8 with 1 mM CuSO,; and it was met-
alated again in 25 mM sodium acetate buffer, pH 6 with 1 mM
CuSO; for at least 48 h. The enzyme was stored with excess
copper at 4 °C until use, and the excess copper was removed by
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gradual buffer exchange to 20 mM 2-(N-morpholino)ethane-
sulfonic acid (MES) buffer at pH 5.3 with multiple rounds of
centrifugal spin filtration. The presence of a type 2 copper
which has the smallest binding constant in the protein was
confirmed with EPR and ICP-MS. [Ru(NHj;),(bpy)](PF), was
synthesized and characterized following published protocols
(with slight modifications) [14].

Circular dichroism spectra

Circular dichroism (CD) spectra of the protein samples under
N, were recorded from 260 to 190 nm to monitor conforma-
tional changes and/or thermal denaturation over the tempera-
ture range 20 to 65 °C. Measurements were made on 3 uM
protein in 20 mM sodium phosphate buffer, pH 6. CD spectra
reflecting the combined profiles of -sheets, a-helices and
random coils were obtained, and the spectra at different tem-
peratures looked very similar (Figure S1), consistent with prior
observations [8].

Estimation of the Cu;, potential from redox
equilibria

Cuy,>** reduction potentials over the range 20-65°C were
estimated by monitoring changes in UV-vis spectra of a
deoxygenated sample containing the wild type protein and
[Ru(NH;),(bpy)](PFy),. The formal Ru**"** potential of
[Ru(NH;),(bpy)]1(PF), was reported to be 0.505 V [15], and
AS,.° is approximately + 56 J mol~! K™! [10]. A previous
report estimated the Tth-lac Cu,*** potential to be approxi-
mately 0.5 V vs NHE at pH 5 and 6.5 [16].

Wild type Tth-lac (60 pM) and four equivalents (240 pM)
of [Ru(NHs;),,(bpy)](PF¢), were deoxygenated by gentle evacu-
ation/Ar-backfill cycles and then mixed together in a sealed
quartz cuvette. UV—vis spectra of the sample were moni-
tored at temperatures from 20 to 65 °C (Fig. 2). The spectra
of [Ru(NH;),(bpy)]** and the wild type Cuy,** protein were
monitored separately as functions of temperature. We assume
that the Cuq,™ protein and [Ru(NH,),(bpy)]** do not make
substantial contributions to spectra in the 400—700 nm range.
Equilibrium concentrations of Cup,** and Ru** in the mixed
sample were determined by least squares decomposition of the
mixed spectrum (480—650 nm) into a linear combination of the
two component spectra.

Results and discussion

Temperature dependence of the Cu,, formal
potential

Based on redox equilibria determined by titration with
[Ru(NH;),(bpy)](PFy),, the Cup, formal potential
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Fig.2 UV-vis spectra (20-65° C) of a deoxygenated sample contain-
ing both wild type Tth-lac and four equivalents of [Ru(NH;),(bpy)]
(PFy),

decreased by approximately 60 mV (480 to 420 mV) from
20 to 65 °C. As temperature variations also affect buffer
pH (the temperature coefficient for the pH of MES buffer is
approximately — 0.011 per °C [17]), the pH is predicted to
decrease from 5.3 to 4.8 with a temperature increase from
20 to 65 °C; and a pH decrease of 0.5 could produce an
apparent increase in the Cur,>™* potential at elevated tem-
perature, even though solvent accessibility to the deeply
buried copper site is low. It follows that the decrease in
Cuy,**"* potential extracted from redox titration data at the
higher temperature would be slightly greater if corrected
for the pH change.

Cuy,*** formal potentials in blue copper proteins range
from approximately 200 to 800 mV and usually tend to
decrease with increasing temperature (i.e., AS,.°<0) [18,
19]. The enthalpic contribution (— AH, ° /F) to the potential
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Fig.3 Plots of AE°/T vs 1/T (left) and AE® vs T (right) provide val-
ues of AH°= —48 kJ mol~! and AS°=—175 J mol™! K™! for the
reaction of Tth-lac Cup®" with [Ru(NH;),(bpy)]**. The standard
reduction enthalpy (AH, °(Cu®***)= —81 kI mol~!, NHE reference)

is largely determined by ligand interactions with Cuy,. A
copper site with a weak axial bond has a higher formal
potential, owing mainly to destabilization of the oxidized
state [20]. The Cur, sites in high-potential laccases have a
trigonal planar Cuy; geometry with noncoordinating Phe or
Leu residues in axial positions; and low-potential laccases
have an axial Met residue in the inner coordination sphere.
The entropic contribution (TAS, ° /F) to the potential, on
the other hand, is influenced by interactions with the protein
scaffold and the surrounding aqueous medium.

The Tth-lac AH_° is comparable to that of other blue
copper proteins [18, 19], but the standard reduction entropy
change is much more negative (Fig. 3). It is notable that the
Polyporous versicolor laccase AH,.° (—73.1 kJ mol™) is
close to that of Tth-lac (— 81 kJ mol™"), but AS,.° for P. ver-
sicolor laccase (+7.1 J mol~! K™!) is much more positive,
accounting for its high potential (780 mV vs. NHE) [18]. As
a consequence of an unfavorable AS,.° (— 120 J mol~! K1),
the potential of Tth-lac is much lower (Table 1).

The reduction entropy change for small molecules
depends primarily on the ionic charge, owing to the entropy
associated with solvent polarization for more highly charged
ions. For redox centers buried inside proteins, the contribu-
tion to AS, .° from solvent polarization will likely be attenu-
ated, and the response of the polypeptide matrix to a change
in oxidation state will become more important. We antici-
pate, then, that the large negative AS,.° value for Tth-lac may
be attributable to a combination of reduced solvent exposure
and a more hydrophobic environment around the Cu, active
site [18]. Hydrophobicity [21] and polarity [22] indices for
all residues within 8 A of Cuy; were summed to characterize
redox-center environments in nine different proteins, includ-
ing Tth-lac. Of interest is that AS,.° is not strongly correlated
with either parameter (see Tables S2—-S3, Figures S4-S6).

-120

-100 |
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and entropy (AS, °(Cu***)= —120 J mol™! K™!) changes associated
with Cup 2" reduction are estimated by adding AH, °(Ru****) and
AS, °(Ru**?+) [10] to AH® and AS®, respectively
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Table 1 Effect of temperature

_ o T (K) 293 303 313 323 333 338

on the reaction between Cur,

and [Ru(NH;),(bpy)]** K 0.33(1)° 0.218(7) 0.123(5) 0.061(3) 0.034(4) 0.025(7)
AG° (kJ mol™) 2.72(9) 3.8(1) 5.5(2) 7.5(4) 9.4(9) 102)
AE° (mV) —28(1) —40(1) —56(2) —78(4) —100(10) —110(10)
E°(Ru*+) (mV)*d 505 511 517 522 528 531
E°(Cu®**) (mV)° 477(1) 471(1) 460(2) 445(4) 430(10) 420(10)

KC
“Bquilibrium constant for the following reaction: Cu%* + Ru** = Cuf, + Ru’* K,

— [cu'][ru™]

T1 eq — [Cuz*"Ruz*]

PEstimated uncertainties in the last digit appear in parentheses. Error estimates provided by least-squares
analyses of the data [see the SM for details.]

“Formal potential vs. NHE
dReference [10]

Table 2 Reduction entropy change (AS,.°, J mol™' K™') and meas-
ures of solvent accessibility of copper ligands in blue copper proteins
(values of AS, ° except for Tth-lac are from [18, 19] measured in the

5-45 °C temperature range)

AS,° (Jmol ' K™!)  SASA (A% RSA (%)

CPB 31 39.8 18

SBP 7 418 19
UmCy -17 478 22

StCy -21 52.4 24
Trv-lac -29 18.6 9

PICy —-36 28.9 13

AfAz —58 2.4 1.1

PaAz —68 19 0.9
Tth-lac —120 2.1 14

Calculations of solvent accessible surface areas (SASA)
of Curp, ligands provide quantitative estimates of redox-site
exposure to aqueous solvent (Table S4). The relative solvent
accessibility (RSA) for each residue is defined as the SASA
normalized by a maximum allowed SASA [23]. Values of
SASA and RSA for Cuy, sites in nine proteins with known
thermodynamic properties are given in Table 2. Notably,
there is an apparent correlation between reduction entropy
(AS,.°) and SASA: copper proteins with smaller SASA
tend to exhibit more negative entropy changes upon reduc-
tion (Fig. 4). From our analysis, we have confirmed that
reduced solvent accessibility around the metal site is one of
the critical parameters affecting AS, .°. Note that in Tth-lac,
only 0.04% of His393 and 1.4% of Cys445 are exposed to
the aqueous medium. It is clear that the solvent accessibil-
ity of Cuy, ligands in Tth-lac is lower than in other blue
copper proteins: ligand exposures are approximately 20%
in proteins with more positive reduction entropies, a group
including CBP, SBP, UmCy, and StCy. RSA values exhibit
a similar correlation with AS, ° as shown in the SM (Figure
S7). Analogous trends were found in a prior investigation of
cytochrome redox thermodynamics; in this study, the values
of AS, ° correlated with heme solvent exposure [24].
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The limited exposure of Tth-lac Cur, active site mini-
mizes the solvent contribution to the reduction entropy
change. The large negative AS, ° observed for Tth-lac Curp,,
then, likely arises from a substantial decrease in conforma-
tional entropy of the protein upon reduction. Acrylamide
quenching of Trp fluorescence in oxidized Tth-lac (10-35
°C), an indicator of protein flexibility, is much greater than
expected for a thermophilic enzyme [2, 9, 25]. We suggest
that the structural flexibility of oxidized Tth-lac balances the
molecular motions required for enzyme turnover while main-
taining sufficiently low reorganization to support intraprotein
electron transfer, thereby accounting for the observed oxi-
dase activity at 25 °C [25].

If the Cuy, active site ([Cu(No),(Scy ) (Sye)] ) were free
in aqueous solution, AS,.° would be positive, owing to the
positive charge on the oxidized complex [10]. When the poly-
peptide of Tth-lac folds around this active site, the value of
AS,.° drops precipitously. A thermodynamic cycle indicates
that the folding entropy change for the reduced protein is sub-
stantially more negative than that of the oxidized enzyme.
The two primary contributions to the folding entropy change

are a polypeptide conformational component (AS,») and a
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hydration entropy change (AS;, ) arising from encapsulation
of hydrophobic residues in the protein [26]. The conforma-
tional entropy change upon folding is negative, whereas hydra-
tion makes a positive contribution to the total folding entropy
change. We anticipate little difference in AS), 4 between the
oxidized and reduced enzymes, suggesting that AS_, . must be
substantially more unfavorable for folding around the reduced
enzyme. The more negative value of AS_ is consistent with
less flexibility in the reduced enzyme.

It is notable that Tth-lac exhibits characteristics of both
hot and cold adaptations: thermal stability (Figure S1) and
flexibility [25]. The robust global structure of Tth-lac dis-
favors protein unfolding and copper loss at elevated tem-
peratures [25]. We infer from the small value of SASA that
Cuq, in Tth-lac is buried inside the protein, and that this
burial provides stability at the cost of a highly unfavorable
reduction entropy. The large negative AS,.° value for Curp,
Tth-lac likely will lead to highly negative AS° values in sub-
strate oxidation reactions, owing to entropically disfavored
formation of cationic substrates [10]. At low reaction driv-
ing forces, the activation entropy for electron-transfer (ET)
reactions is [27]:

AS' = % — Rpd,

where R is the gas constant, § is the exponential distance-
decay factor for electron transfer (1.1 A‘l, [28]), and d is
the electron donor—acceptor separation. Negative values of
AS° will have the same impact on ET rates as increasing the
donor—acceptor distance by about 0.05 A per entropy unit
(J mol~! K1), corresponding to a factor of 10 decrease in
rate constant for each —40 J mol~! K~! of reaction entropy
change. Conversely, oxidation of 7Tth-lac CuT1+, as occurs
during enzyme turnover, is likely to be accompanied by a
favorable entropy change, which could compensate for the
weak coupling associated with the long distance between
Cuy,* and the trinuclear Cu active site.

Concluding remarks

Thermophilic metalloenzymes tend to have active sites bur-
ied in a matrix of hydrophobic residues. We suggest that a
tightly packed polypeptide scaffold limits solvent access to
the active site, stabilizing Tth-lac at elevated temperatures.
The reduced exposure of Cuy, in Tth-lac, which minimizes
the solvent contribution to the reduction entropy change,
accounts for the large negative contribution by the polypep-
tide. The unfavorable entropy change upon reduction likely
is a consequence of the unexpected flexibility of the oxidized
protein. Regardless of its structural origins, the large nega-
tive Cup,; redox entropy will have a substantial impact on
electron-transfer kinetics and, hence, on enzyme activity.

Our studies indicate that the remarkable capacity of thermo-
philic enzymes to remain active at extremely high tempera-
tures is attributable to a subtle balance of many competing
dynamic and thermodynamic factors. Understanding that
interplay will be helpful in broadening the scope and utility
of enzymes in industrial applications.
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