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ABSTRACT. An extremely slow pH dependent conformational equilibrium between a valence-delocalized
and a valence-trapped species of the dinuclear @amain of cytochrome c¢ oxidase frofthermus
thermophilushas been identified and characterized using-Wisible absorption, circular dichroism, time-
resolved fluorescence and electron paramagnetic resonance spectroscopy as well as by stopped-flow kinetic
techniques. The results indicated that the nature of this pH dependent conformation change in the Cu
domain in theThermusprotein was distinctly different from that observed in the mesophilic analogue
from Paracoccus denitrificangnd in the engineered Gulomain in azurin. pH jump kinetic studies
suggested existence of a fast deprotonation equilibrium followed by slow conformational change in the
protein, which is contrary to that observed in the case of the analogous proteirPfraienitrificans
Continuous-flow electrospray mass spectral studies on H/D exchange in thg Sfi@uwed that-75% of

the protons are exchanged within the dead-time of the experiment supporting fast proton transfer kinetics
in the protein. Analysis of temperature dependence of the kinetics of the conformational transition showed
that the rigidity of the protein structure decreases with increase in temperature. The results indicated that
though the rate of proton transfer at individual sites in the protein could be very fast, the conformational
change that requires simultaneous breaking of several interactions in a segment of the structure might be
slow in the thermostable protein.

The extreme environmental conditions of the hyperthermal unfolding (L2—16). Thus, the high stability of these proteins
habitat have imposed the adaptive capacity in the thermo-may also arise from kinetic inertness toward conformational
philic organisms to thrive at high temperatures where changes in the protein scaffold®). However, irreversible
mesophilic organisms often lose their functions and nativity. processes associated with the denaturation of thermostable
Thus the proteins from thermophilic organisms, though at proteins have been argued to introduce complexity in
times very similar in structures to their mesophilic homo- deriving the kinetic parameters associated with the unfolding
logues, are endowed with considerably higher intrinsic of these proteins 14, 18, 19). Nevertheless, there are
resistance to thermal as well as chemical denaturalion (- grguments both in favor of and against the kinetic model of
2). Despite a series of intense theoretical and eXpe”me”ta'thermostabiIity of proteinsl—17, 20—22). Hernandez et
research _in this area, the mp!ecular basis o_f the stability of 5| have shown by amide hydrogen exchange measurements
the proteins from thermophilic organisms is not yet been y . by nerthermophilic rubredoxin possesses conformational

una_mblguously understoo_d. Although severgl f_actors SUCh flexibility high enough for water and base catalyst to access
as increased hydrophobic and electrostatic interactions, e exchangeable amide with minimal structural disruption

extensive H-bonds, higher compactness, enhanced polar an 17). Similarly Fitter et al. have observed an unexpectedly

nonpolar contribution, enriched salt bridges, reduge), . L
etc. have been proposed to be responsible for the thermo_hlgher structural flexibility of thermostable-amylase as

stability, a generalized mechanism that promotes the stabilityCompared to the mesophlllc counterpazo,(z_l). These
or the concept that governs this phenomenon has stil reports pose a different picture than other studies which argue

remained controversiaB¢8). that the increased conformational rigidity is the underlying

Both thermodynamic and kinetic factors can contribute to Ph€nomenon behind the enhanced thermal stability of hy-
the thermostability of a protein. Unfolding studies of Perthermophilic proteinsl@—14, 22).
thermostable proteins have helped to gain insights into the The unfolding and refolding can be considered as special
various thermodynamic aspects of stability of these proteinstypes of conformational changes in the protein structure. It
(9—11). On the other hand, a handful of thermostable proteins is thus necessary to probe the kinetics and thermodynamics
have recently been shown to have high kinetic barriers to of reversible conformational change in a thermostable protein
to understand the role of local conformational dynamics in
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domain of the subunit Il ofThermus thermophilusyto- ments were carried out using a protein concentration of 50
chromec oxidase (CcO). The purple dinuclear copper center uM and a cuvette of 10 mm path length in the spectral ranges
(TtCua) forms the electron entry site of the intact CcZZ3{ of 250—350 and 306-700 nm, respectively. Far-UvV CD
26), and although the pH-triggered conformational equilib- spectra were measured over the £260 nm range in a
rium between a “charge-delocalized”, [Ci?—Cu*19 form cuvette of 1 mm path length using protein concentration of
and a “valence-trapped” [Ct—Cu'?] form have been 5 uM. A good signal-to-noise ratio in the CD spectra was
observed in the engineered purplesGtenter in azurin as  obtained on data averaging over three scans.

well as in the Cu center ofParacoccus denitrifican€27— The absorbance as well as the CD data in the visible region
30), such effects are yet not known in the £eenter from  gptained from the pH titration experiment were fitted to the
the thermostable bacterigdl). one-site protonation/deprotonation equilibrium model. A

~ Multiwavelength circular dichroism, U¥visible absorp- giobal fit was carried out for the data points at multiple
tion, time-resolved fluorescence and electron paramagneticyyayelengths using eq 1,

resonance studies on pH dependence of {t€uabled us

to identify an extremely slow pH-induced conformational 1 1 H—pKP®
change in the thermostable protein, which was distinctly , _ Colent (g x 10° )
different from their mesophilic analogues. Kinetics of this Aops = H—pKaP
conformational transition has been studied at different 1+10
temperatures and pH to determine the activation parameters
as well as the mechanism of the process. Continuous-flowWhere the observed absorbangg,) at wavelengtti. was
electrospray mass spectral studies on H/D exchange werdelated to the molar extinction coefficients or CD values (
carried out to understand the kinetics of proton transfer in and ep) for the species A (“low-pH” form) and species B
the protein. The results have been discussed in the light of(“high-pH” form) that are in equilibrium (A= B) at a given
understanding the origin of thermostability of the protein. pH.

Kinetic studies were carried out using a Perkin-Elmer
MATERIALS AND METHODS Lamda 25 UV/vis spectrometer as well as using a HiTech

Protein Purification.The soluble fragment of subunit II SF61MX stopped-flow spectrometer. Protein solution was
of CcO of T. thermophiluswas expressed and purified Prepared in universal buffer of pH range 6.5 to 12 stated
according to the procedure reported by Slutter et 38).( above. The absorbance change at 530 nm with respect to
The gene of TtCuy was inserted toNcd and BamHl time was monitored at different pH and different temperature.
restriction sites. The plasmid pMA10 was transformed into  The EPR measurements were carried out at 9.42 GHz (X
Escherichia colBL21 strain. The SDS PAGE of the purified  band) with a Bruker 200D spectrometer equipped with an
Cua showed a single band corresponding to 99% purity. For Oxford Instruments continuous-flow helium cryostat (ESR
the pure holoprotein the ratio of the absorbance at 276 and900) with a temperature accuracy #fl K.

530 nm was found to be 6.7, which agreed with an earlier A the steady-state fluorescence measurements on the
rep.ort _62). Prot_e_m concentration wasl me:alsured using an tycy, at different pH were carried out using a SPEX
extinction CO‘?ﬁ'C'e”t das) Of 3.1 mM™ cm™ at 480 nm fluorolog (T-format) FL111 spectrofluorimeter by exciting
(32). All chemicals used were of the highest analytical grade. 14 at 295 nm. Time-resolved fluorescence intensity decay
Spectroscopic Method3he pH-induced conformational  myeasurements were carried out using a time-correlated single
changes of TtGuwere monitored by UVvisible absorption,  snoton counting (TCSPC) setup, and 1 ps pulses of 887 nm
circular dichroism in the far-UV, near-UV and visible ragiation from the Ti-sapphire femto/picosecond (Spectra
regions, EPR and fluorescence spectroscopic techniques. Thibhysics Mountain View, CA) laser, pumped by an Nd:YLF
pH was varied from 6.5 to 12 using the universal buffer |55er (Millenia X, Spectra Physics), were frequency tripled
(r_mxtL_lre of 0.2 M boric acid, 0.05 M citric amd and_O.l M {0 295 nm by using a frequency tripler (GWU, Spectra
trisodium orthophosphate2H,0; pH was adjusted with 0.1y sics) for exciting the tryptophan residue in the protein.
M NaOH) and the solutions were equilibrated at each pH gy grescence decay curves were obtained at the laser
for 48 h at each temperature under nitrogen atomosphererepetition rate of 4 MHz by a micro-channel plate photo-
for spectroscopic studies at that temperature. The reversibilitymump”er (model R2809u; Hamamatsu Corp.) coupled to

of the conformational transition was checked by varying the yhe TcSpC setup. The instrument response functions (IRF)
pH in both directions. pH of the protein solution was 4 595 nm were obtained using a dilute colloidal suspension

corrected at each temperature for temperature dependengfdried nondairy coffee whitener. The width (fwhm) of the

kinetic as well as equilibrium studies. IRF was 40 ps. Fluorescence emission measurements from

Circular dichroisr_n studies were carried out using a Jasc_:o protein samples, excited at 295 nm, were monitored at 330
J-810 spectropolarimeter. Near-UV and visible CD experi- ym at the magic angle (5£)7by using a combination of a

monochromator and a 320 nm cutoff filter. The fluorescence
! Abbreviations: CcO, cytochrome c oxidase; TiCthe soluble decay curves at the magic angle were analyzed by decon-

dinuclear copper protein from the solvent exposed domain of the subunit ; ; ;
Il of Thermus thermophiluScO; TCSPC, time-correlated single photon voluting the observed decay with the IRF to obtain the

counting; CD, circular dichroism spectrometry; ESI MS, electrospray INtensity decay fl;mCtion represented as a sum of two, three
ionization mass spectrometrysI®, protonated form of “low-pH” or four exponentials:

conformation of the Cu site; RH, protonated form of “high-pH”

conformation of the Cu site; B~, deprotonated form of “low-pH” i .

conformation of the Cu site; R~, deprotonated form of “high-pH” I(t) = ZOLi e’ i=2-4 (2)
conformation of the Cu site. i

1)
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wherel(t) is the fluorescence intensity at timeanda; is
the amplitude of theth lifetime z; such thatyo; = 1.
Electrospray mass spectra were obtained using a Thermo
Finnigan LCQ Deca Electrospray quadrupole ion trap mass
spectrometer. Capillary temperature was maintainedl@0
°C, and the capillary voltage was kept at 31 V. The ion-
spray voltage was maintained at 4.5 kV, and the ion optics
was tuned to get the maximum ion count. The protein
solutions (2uM) for H/D exchange studies were prepared
in Milli Q water, and mixing of DO was done in a
continuous-flow setup to minimize the dead time of the H/D

exchange. The data was collected over 10 s, and maximum & @
dead time of H/D exchange estimated from the mixing time, s 0.1 —§
flow rate of the sample injection and the data collection time 'g ) a
was~30 s. § &3;
RESULTS AND DISCUSSION 0.0

Existence of a Conformational Switch between Low-pH ; ! ] . . .
and High-pH Forms.TtCus is a purple colored protein 6 8 H 10 12
having characteristic absorption bands in the visible region P
at 365, 477, 530, 790 nn82). No change was observed in Ficure 1: (A) Variation of the UV~visible absorption spectra of

: : TtCua (12 uM) with increasing pH from 6.5 to 12. (Inset shows
the absorption spectra of the protein even after 24 h, Whenthe 512 nm band of TtGuat pH 12.) (B) Variation of visible CD

the pH of the sample was decreased to 3.5. Moreover, Wegpecira of TtCy (50 «M) with increasing pH from 6.5 to 12. (C)
have recently shown that holoprotein both in the native The variation of absorbance of Ttg (80 xM) with pH: v at 790
mixed-valence state and in the reduced state of the metalnm; < at 477 nm;O at 530 nm) (left layer). The variation of CD
ions and the apoprotein of Ttgwere extremely stable both ~ ©f TtCua (S0 uM) with pH: M at 468 nm;@® at 521 nm) (right
toward thermal unfolding and guanidine hydrochloride layer). Solid lines represent fit to the data points using eq 1.
induced unfolding at pH 73Q).

Increase in pH also did not immediately show any change  rigyre 1C shows the variation in the absorbance and CD

of the spectra of the protein solution unlike in case of the 4 yitferent wavelengths as a function of pH that could be

Pgra(f:ot(r:]cuﬁgA reptl)r?ad ear||erfz7). (Ij-kt)wever, mcre;ase g‘ . analyzed by a one-site protonation/deprotonation equilibrium
pr of the W solution was found 1o cause a SIow but ., 4 (eq 1). An apparentKp value of K3 =9.7 was

distinct change in the spectra indicating changes in the obtained for this equilibrium at 28C. The pH-induced

environment around the metal ion at high pH. The spectral . S L
. . conformational transition was reversible in nature as observed

change on increase in pH was markedly slow and the in the restoration of 92% of the original spectrum of the
intensities of all the visible absorption bands were decreased rotein ubon decreasin tc;1e H fromglz to 6p5 on incubation
with consecutive increase in intensity @820 nm with an 1E)or 48 r? This su or?ed thgt there was né release of free
isosbestic point at-355 nm (Figure 1A) with increase in copper ioﬁ from thgprotein on increasing pH, which agreed
pH. The protein solution was incubated for 48 h under witapearlier reports pon the mesophilicgﬁﬁpr’otein Q7)g
nitrogen atmosphere at each pH ranging from 6.5 to 12 to . '

9 b P ging Lappalainen et al. showed that at pH 7.0, thex Gm

ensure equilibrium at each pH. The nature of the buffer Paracoccus denitrifican@ParacoccusCu,) shows absorption
(universal buffer) did not have any effect on the spectrum bands at 360, 480, 535 and 810 nm. which are similar to

of the protein other than changing pH of the medium. .
Analogous observation of pH dependence in the visible 10S€ of the TICu(30). We have earlier showr2{) that an

CD spectra of the protein, where the intensities of CD bands Increase in PH from .6‘5 to 10 causes a pH-induced
at 521 nm and 468 nm were decreased with increase in pHconformat|onaI change in tfféaracoccusCu, analogous to

(Figure 1B), supports the possibility of conformational that ogserved in the present case for the RtGtowever,
change at the dinuclear Gsite at higher pH. The cD  the KEPP for this transition in theP_arqcoccusCuA protein
spectrum of the protein in the far-UV region (19260 nm) was 8.2 at room temperature, which is much lower than that
did not change significantly upon increase in pH from 6.5 observed in the present cas&{f’ = 9.7). Comparison of

to 12 (Figure S1, Supporting Information). Unfortunately, the spectral features of Ttwith those ofParacoccusCua

the far-UV CD data at wavelengthsl90 nm was not reliable ~ shows that the “high-pH” form of Guobtained from both

at high pH due to buffer absorption. Nevertheless, absencethese sources has reduced intensity of visible absorption
of changes in the far-UV CD spectrum of TtCin the 190- bands, but the near UV absorption spectra of the canters
260 nm range was corroborated by quantification of the of TtCux were markedly different from those Blaracoccus
secondary structure using Jasco Secondary Structure EstimaCua at high pH. TheParacoccusCua shows an increase in
tion Program 84), which indicated almost no change in the the intensity of the 360 nm peak with increase in pH, which
secondary structure (45% sheets and 2% helix) of the was otherwise of less intensity at ambient pH, whereas in
protein. However, the CD spectrum of the protein in the near- the case of TtCy there appeared a new band at 320 nm
UV and visible region ¥ 260 nm) was drastically changed along with the decrease in the intensity of 365 nm peak with
on transition from “low-pH” to the “high-pH” forms (Figure  increase in pH and at pH 12 another band at 512 nm (Figure
1B) indicating change in the tertiary structure of the protein. 1A and the inset).




1312 Biochemistry, Vol. 47, No. 5, 2008 Sanghamitra and Mazumdar

! 1
Cu2 Cul

Ficure 2: Schematic wire diagram and structure of the solublg dmain of subunit Il of cytochrome ¢ oxidase frahermus thermophilus
The coordinates are taken from the RCSB Protein Data Bank, http://www.rcsb.org/pdb/home/home.do (PDB code: 2CuA.pdb).

The reported crystal structure of the Ti#C(PDB code transition in a tetragonal copper center as observed in
2CUA.pdb, Figure 2) corresponds to the “low-pH” form that chimeric Cu proteins 38). Mixed ligand model copper
is present at ambient pH8%). The crystal structure shows complexes39) were earlier shown to give(S)—d._2(C#)
that this protein has g barrel structure 35, 36) in which CT transitions at 333 nm, which supports this possibility.
two Cu atoms (Cul and Cu2) in the Coenter are strongly  However, a pH-induced conformation change leading to
coordinated to His114, Cys149, Cys153, His157 and weakly strengthening of the CuiHis114 bond that was longer (2.11
coordinated to GIn151 and Met160. The two cysteine A)compared to the Cu2His157 bond (1.88 A) in the “low-
residues (Cys149 and Cys153) bridge the two Cu atoms andpH” form giving rise to an increased intensity of the 320
form a dimeric CyS; structure. The absorption bands at 477 nm band in the “high-pH” form also cannot be ruled out.
nm, 530 nm of the Cu center have been assigned to  Analogous to the earlier result31), the TtCy was found
extensive S(CysyCu charge transfer (CT) transitions in the  to be extremely thermostable in the pH range of the present
rhombic CyS, dimeric core, and the 790 nm band was study. There was practically no unfolding of the protein
assigned to the transition associated with the valance-observed up to 95C at all pH from pH 6 to pH 12. In order
delocalized Cp center 87). Similarly the 365 nm band was  to determine the thermodynamic parameters associated with
attributed to the (His)N-Cu interactions 7). pH-induced  the pH-induced conformational change in the T{Cwe
conformational change indicated by the reduced intensities getermined the 2P for the “low-pH” form == “high-pH”

of the visible absorption bands in the caseRafracoccus  form equilibrium at different temperatures. The pH values
Cua was ascribed to a distortion in the coordination site of \yere adjusted at each temperature to avoid error due to
the dicopper center2()). Along with the striking reduction  temperature dependence of the buffer capacity. The results

in the intensity of the visible absorption bands, the evolution ¢now that the I decreased linearly with increase in
of new spectral features (intense peak at 320 nm and a Wea'iemperature (se @

, - | e Figure S2, Suppporting Information). The
band at 512 nm) at higher pH in Ttglenunciates a  egits were analyzed using the van't Hoff equation, and the
possibility of significant alteration and distortion in the

coordination environment of the dinuclear copper center value of the associated enthalpy changéif”) was found
Since the origin of the visible absorption bands at 477 and to be 123 &5) kJ/mol and the corresponding entropy change

530 are the S(Cys)Cu CT transitions, the depletion of these (AS) was 23,4 {£20) Jimol/K.

bands indicates the weakening or absence of these transitions, 1 1€ absorption and CD “spectra’l’ data suggest a conor-
suggesting the collapse of the doubly bridged:&core mational transition from a “low-pH form to a hlgh-pH
(37). Thus the rhombic Gi$, core of the TtCw may be form of t.he TtQu, and. the nature of this conformayonal
disrupted at high pH and the nature of the (His)Su CT change is distinctly different from that observed in the
transition is also likely to have changed. These results ParacoccusCua (27).

indicate that the native “charge-delocalized” [CH1— pH Dependence of the Time-Resml Fluorescence of
CuZ-5t] form of the metal center that is present at ambient TtCua. In order to understand the nature of the conformation
pH is converted into a “valence-trapped” form with either change associated with the conversion of the “low-pH” form
[Cul2t, CuZ'] or [Cullt, CuZ'] species at high pH. The to the “high-pH” form, we carried out steady-state and time-
crystal structure35) of TtCus shows that the two copper resolved tryptophan fluorescence studies of the protein at
centers are not equivalent and the bridging cysteines aredifferent pH.

closer to Cu2 that is coordinated to His157 and GIn151. TtCus consists of a single trytophan residue (Trp 64),
However, the observed spectroscopic changes may resultvhich can serve as a probe for conformational changes in
from several possibilities. The formation of the high-pH form the protein. The fluorescence quantum yield as well as the
may involve breaking of the dithiolate bridges resulting in life time of the time-resolved fluorescence decay of the
the cysteines bound to the reduced Eu&nter in a [Cui', tryptophan residue would be affected due to quenching by
Cu2*] configuration, which could result in disappearance the metal center, and any change in the conformation at the
of the S(Cys)>Cu CT transitions in the visible spectrum at metal center or near the tryptophan residue would change
high pH. The observation of an intense band at 320 nm at the quenching efficiency4Q). The intensity of the tryptophan
high pH may also arise from a strong S(Cy$ju CT emission bandgx = 295 nm,len(max) = 325 nm) was
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gj : i 5 aa c] strand-9 due to distortion in thbarrel of the protein (Figure
-4 2) bringing the Trp64 closer to the metal centers.
4

. A 140
A EPR Spectra of TtGuat Different pH.To obtain further
’ insight into the oxidation state and coordination geometry
.. 120 of the metal ion in the “low-pH” and “high-pH” forms of
e the protein, EPR spectra at various pH were recorded at 4
_—_— K. Figure 3D shows the X-band EPR spectra of T{@ti1 4
-, 0.0 K at ambient pH (6.5) and at higher pH (10.5 and 12). At
12 ambient pH (pH 6.5), the EPR spectrum of TxCshowed
an axial signalgn ~ 2.00 andg, ~ 2.18 as reported earlier
(32, 42, 43). The typical splitting of theg, indicative of
delocalization of one unpaired electron over two equivalent
copper atoms (class IIl) could not be resolved in the present
case, suggesting that the hyperfine coupling constant is very
small A, ~ 2.5 mT), which agrees with earlier reports on
the TtCw (32 as well as on other chimeric Gproteins
(28, 44). As pH was increased from 6.5 to 10.5, the EPR
signal in theg, region changed significantly with increased
copper hyperfine splitting signals. Simulation of the EPR

7 (ns)

275 3O(r)nT325 350 spectrum at pH 10.5 (Figure 3D) gave the valueg,of
2.00,9, ~ 2.01 andg, ~ 2.30, withA, ~ A, = 2.5 mT and
fluorescencelex = 295 nm andiem = 330 nm) of TtCy, (50 M) A; = 7.5 mT, which are similar to those of the “high-pH”

at pH 12 along with the instrument response profile; the solid line form of the ParacoccusCua consistent with a “valance-
passing through the data points represents a three exponential fitrapped” [Cd", Cul"] configuration reported earlier30).

(eq 2); (B) plot of the weighted residuals; (C) variation of the life The EPR spectrum of the protein at pH 12 was found to be

Ficure 3: (A) Time-correlated single photon counting data for Trp

times @1 (square), (circle) andz; (triangle)) obtained from the P :
discrete exponentials analysis of tryptophan fluorescence ofaTtCu very broad and indicated the presence of a mixture of at least

(50 uM) with pH; (D) X-band ESR spectra of TtGU1 mM) at two isolated Cé" species withd, values 10 mT and 8.5 mT
different pH. Experimental conditions: temperature 4 K, microwave (Figure 3D). The presence of four lines in the EPR spectra
frequency 9.42 GHz, microwave power 10 dB. Dashed lines are of TtCu, at pH 12 is indicative of a “valence-trapped” species
experimental spectra, and solid lines correspond to simulated,yhere a single copper nucleus is coupling to the unpaired
spectra. .

electron and the species may not be totally homogeneous.
Similar pH dependent changes in the EPR spectra were
observed by Farrar et al. in the case RdracoccusCua
protein at pH 10 and in the H252N mutant of the same
protein 9). Thus the EPR spectra of the TtCprotein at

found to decrease with increase in pH of the protein solution.
The emission band was found to become slightly broad at
high pH, indicating possible increase in polarity of the

environment around the tryptophan residue at high pH (Seedifferent pH in the present case indeed suggest that the metal

Figure S3, Supporting Information). The decrease in Trp SO
fluorescence intensity at high pH could be due to the decreasecenter has been converted from the native “charge-delocal-

in distance or change in the relative orientation between Trp ized form to “valence-trapped” [Ct, Cu™] (28, 29) form-
residue and copper centddj. The Trp fluorescence lifetime (s) at high pH.

decay profiles (Figure 3A) for the TtGuobtained by the The EPR along with the fluorescence and absorption
time correlated single photo counting technique could be spectral results suggest that increase in pH not only leads to
fitted to a triple exponential decay function using the discrete the breaking of the “charge-delocalized” dinuclear copper
exponentials model (eq 2= 3) at each pH. The amplitude center in the TtCu but also causes drastic change in the
parameters associated with each lifetime component weretertiary organization of the strands in the protein. Tl p
found to remain almost unchanged over the whole pH rangeof this change (K" = 9.7) is close to the If. for
studied (see Table S1, Supporting Information). The good- deprotonation of the OH of a tyrosine or of the NH of a
ness of fit was ascertained from the chi-squafe~ 1) and histidine or of the SH- of a cysteine or of the Nkt of a

from the randomness of the residuals distribution (Figure lysine residue. The last two possibilities can be ruled out as
3B). All the three lifetime componentsri( 7> and ts) both the cysteines present in the TiGxist as deprotonated
decreased with increase in pH (Figure 3C). The discrete forms to coordinate to the copper centers, and all the lysine
analysis of the fluorescence decay (eq 2) for a heterogeneousesidues in the protein are solvent exposed and too far away
solution containing both the “low-pH” and “high-pH” forms  from the metal centers to cause any change in the geometry
of the protein would give a weighted average of the lifetime of the metal site on deprotonation. The change in the
values at each pH. This decrease in the lifetime thus could conformation at the metal binding site is possibly initiated
be due to the decrease in the distance of the tryptophanby deprotonation of a tyrosine or a histidine residue in the
residue (Trp 64) from the copper centers fLCdue to the protein. The K, of the NH— proton of histidine varies over
conformational change occurring during the conversion of a large range depending upon the environment and presence
“low-pH” form to “high-pH” form. This further confirmed of prosthetic group in the proteid%). The N'— of His114

that there is indeed a conformational change in the proteinis coordinated to Cul, and th&pof the imidazole is known

on increase in pH and this change in the tertiary structure to change drastically upon complexation with a metal ion
possibly involves movement of the strand-1 toward the (imidazole K, = 14, metmyoglobin imidazole a, ~10)
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(46, 47). Deprotonation of the N — of His114 could also £0.221 0

enhance the electron density at thé—-Nof the imidazole S L H4f1027
ring strengthening the C&1—His114 bond at high pH, 2% pri Tt

which is one of the possibilities that could give rise to the < : : .

new absorption band at 320 nm in the “high-pH” form of 0.20] 200 (g())o 600

the protein (Figure 1A). The N of His114 is hydrogen ' :\2500
bonded to Aspl111 in the protein at pH 7.0, thus the observed E0.154% pH
pKa (9.7) in the present case could correspond to deproto- S N ; 182
nation of the NH— of the coordinated histidine residue in %0-10- s 11.0
the protein in the “valence-trapped” form. Deprotonation of < 05 4 115
the His157 that is coordinated to Cu2 could have slightly ' ‘ ‘ & ° 120
higher K, The mixture of species observed in the EPR 0 1000 _ 2000 3000
spectrum of the protein at pH 12 might arise due to the Time (S)
presence of another configuration of the “valence-trapped” c
form in the solution at high pH. Apart from the coordinated —~ 0101 bH 8.5
histidines, deprotonation of tyrosines could also result in the £ pH 10 ’ 45°C
conformational change in the metal center of the protein. S 0.05-

The TtCuw protein consists of 7 Tyr residue33) of which ©

two (Tyr90 and Tyrl57) are located close to the metal 8

centers. Tyr90 resides on the 3rd strand-&tA away from < 0.00 pH6.5,25°C
the Cu site while Tyr157 is on the loop connecting 9th and —

10th strands of thg8-barrel. The crystal structure (PDB 0 1000 2000 3000

code: 2CuA.PDB, Figure 2) further indicates that Tyr90 is Time (S)

hydrogen bonded to Gly115 connecting strand 3 to 6. Ficure 4: (A) Representative stopped-flow profile showing time
Deprotonantion of the Tyr90 could cause a distortion at the dependent variation of absorbance of TAG85 uM) at 530 nm
cupredoxin fold leading to a conformation change at the EﬁH 1b1-276 tempe;a}‘tlure 43{)% (B) Tlffq_etciie(%gndﬁ?t \;aSF?ct)lon of
H ; € apsorpance or 'low- orm o u al nm

metal center. It is _however important to note that the exact subsequent to a pH jumppfrom DH 6.5 to pH lg,to bH 10.50:
nature of the pH-induced conformation change cannot be PH 11.0,a; to pH 11.5,A; and to pH 12.08. The solid lines
specified from the present results. through the data points are the single-exponential fits. (C) Time

Mechanism of the pH-Induced Conformational Change. dependent variation of the absorbance of.“high-pH" form of TtCu
The conversion of the “low-pH” form to the “high-pH” form (20 4M) at 530 nm subsequent to a pH jump from pH 12 to pH

could involve a deprotonation step followed by a confor- 8.5,M; to pH 10,0 at 45°C; and to pH 6.5y at 25°C.

mational rearrangement step. In the initial step, an amino getermining) proton transfer step (step 1) followed by a fast
acid (could be a histidine or a tyrosine residue) is deproto- (equilibrium) conformation change (step 2). The apparent
nated, which leads to the formation of a deprotonated species gt constanti,,) in this model 27) would linearly increase
without affecting the conformation. A conformational rear- \yith proton concentration ([H). The second model consists
rangement step might follow this deprotonation step in which ¢ 5 tast equilibrium in step 1 (proton transfer), which is
subtle changes in the tertiary structure around the metal takegq)|owed by a slow conformational change in step 2 as shown
place leading to the formation of the “high-pH” form. In i, Scheme 1. The apparent rate constaggin this model

order to gain insight into the mechanism of conversion of \yoy|d increase with decrease in the proton concentration.
the “low-pH” to the “high-pH” form, the kinetics of the

process was studied by monitoring the absorbance at 530Scheme 1
nm at different pH. Unlike in the case of tlRaracoccus

protein @7), the pH-induced conformational change in the
TtCus was found to be extremely slow. The thermostable

step 1:  low-pH form (RH) <= low-pH form (B, ) + H* (3)

kl . —
protein takes almost 48 h to equilibrate at each pH whereasstep 2:  low-pH form (R") = high-pH form (%) 4
in the mesophilic counterpart the whole process occurs on
the millisecond time scale2q). . o= ko + Kk — and K¥P=K K (5)
The rate of change in the absorbance of the protein at 530 Ko+ [H'] 2

nm followed by a pH jump was measured at different final

pH (pH) from the same initial pH (pH= 6.5). The rate of  In Scheme 1K, is the proton transfer equilibrium constant;
the reaction was found to be slow in the low pH range where ki andk, are the forward and backward rate constants for
the kinetics was monitored with the spectrophotometer, while the conformation change respectively.

the rate was relatively faster in the higher pH range{(pH  The magnitude okapp in the present case of Ttxwas
>11.5) and kinetics was monitored using the stopped-flow found to increase with the increase in the value of the final
spectrometer in the higher pH range. The time evolution of pH (pH) in the pH jump experiment (see Figure 5A) and
the observableAssg) subsequent to a pH jump could be fitted followed the model (egs 3 and 4) described above. Analyses
to single-exponential decay function, and apparent rate of the results showed that the values of the rate constants
constankapp, Was determined (Figure 4A and B) at each pH (ki andk,) associated with the conformation change in the
(PHr). Our earlier studies on tHearacoccugprotein showed  protein are very smalk{ = 0.002 s*, k; =1.3x 10*s™?

that there could be two possible models for the pH-induced at 25°C) and the value of thi, for the deprotonation (step
conversion 27). The first model consists of a slow (rate 1, eq 3) equilibrium determined from theKP* (eq 5)
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FiIGURe 5: (A) Variation of kapp 0f pH-induced conformational
change of “low-pH” form of TtCy with pH at different temper-
atures: W at 25°C; @ at 35°C; A at 45°C; v at 55°C. (B)
Variation of kapp Of pH-induced conformational change of “high-
pH” form of TtCus with pH at 45°C W; vertical lines represent
experimental errors.

obtained from the equilibrium experiment was found to be
Ka=4.06 x 10 M~ (pK, = 10.4) at room temperature.
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of the final pH (pH) in the pH jump experiment. Figure 5B
shows typical variation olk;ppwith pH at 45°C. The error

in estimating k;pp was significantly large because of the
extremely slow kinetics; reliable values could only be
obtained at different pH (in the range from pH0 to 6.0) at
45 °C, and the data could be fitted to the model shown in
Scheme 2 (eq 8).

Analyses of the results showed that the values of the rate
constantskz andks) associated with the conformation change
in the protein in the protonated form are about 10-fold
smaller ks ~ 0.007 s, ks ~ 2 x 104 st at 45°C) than
the corresponding rate constanits #ndk;) in Scheme 1 at
the same temperature. The value of the equilibrium constant,
K] (1.1 x 10°° M™Y), for the deprotonation in Scheme 2
(step 3, eq 6) was found to be comparable toKhé€l1.3 x
10°M~1) in Scheme 1 (step 1, eq 3) at 46. These results
suggest that the conformational change in the protein
subsequent to the deprotonation/protonation of a residue
(could be a coordinated histidine or a tyrosine residue) occurs
quite slowly. Moreover, the conformation dynamics in the
protein was relatively faster when the residue is deprotonated
(P, and B ) compared to that when it is protonated kP
and RBH). Nevertheless, the rate of the conformation change
is much slower than the protonation/deprotonation of the
protein in both cases. It is important to note that the present
results indicate that there is possibly no change in the spectra

These results suggest that the conformational change in the?f the metal center subsequent to the deprotonation/proto-
protein subsequent to the deprotonation of the residue (withNation step (step 1 or step 3), and spectral change takes place
pKa = 10.4) occurs quite slowly. Earlier studies showed that ©Nly on conformational change at the metal center.

the mesophilic Cpy protein undergoes a fast conformation
change following a slow deprotonation steg¥).

The reverse conversion of the “high-pH” form to the “low-
pH” form by decreasing the pH of the “high-pH” species

These results suggest that the TzAQwt only has posses-
sion of exceptional thermodynamic stabili§1] but also is
kinetically very inert. The slow conformational change
observed in the present case agrees with earlier reports on

was found to be much slower (Figure 4C) compared to the slow conformational changes in several other thermostable
forward reaction (Scheme 1). Moreover, unlike in the case proteins {2—16). However, earlier studied7) on deuterium
of the forward reaction (Scheme 1), the rate of the reverse exchange kinetics by NMRLY) showed that the amide H/D

reaction was increased with decrease in the final pH:)(pH

exchange rates for different residues in the thermostable

of the solution, indicating that the mechanism of the reverse rubredoxin fromPyrococcus furiosuare very fast, suggest-
reaction possibly follows the scheme (Scheme 2) consistinging high flexibility of the protein backbone. The conforma-

of a fast protonation (step 3) followed by a slow conforma-
tion change (step 4) of the protonated species.

Scheme 2

step 3:  high-pH form (F) + H* ~ high-pH form (RH)  (6)
k4

step 4:  high-pH form (EH) * low-pH form (P,H) )

kyH']
Kot [H7]

k;pp = k3 + (8)

In Scheme 2K is the associated proton transfer equilibri-
um constant for protonation of the “high-pH” form {B
prior to the conformation change to the “low-pH” form
(PaH); ks andks are respectively the forward and backward
rate constants for the formation of the native “low-pH”
conformation from the protonated statekP of the “high-
pH” conformation.

The apparent rate constant for the reverse reackigp,
was found to be extremely smat-b x 10“ st at 25°C
for pH; = 6.5), and it decreased with increase in the value

tional dynamics of the thermostable proteins have been
proposed Z2) to be optimized for their function at high
temperature so that part of the polypeptide backbone could
form a stable scaffold to maintain the integrity of the active
site at high temperature. The active site of the, @totein

is the dinuclear copper center anchored in the cupredoxin
fold containing the loops connecting the sheets in fhe
barrel, and hence the dynamics of the metal active center in
the TtCw should be optimized for the function of the protein
at elevated temperatures.

Activation Energy Barrier of the Conformational Transi-
tion. In order to determine the effect of the temperature on
the conformational dynamics at the metal center of the
protein, we studied the kinetics of the pH-induced confor-
mational change at temperatures in the rangéQ%o 75
°C. The structure of the protein remains unaltered in this
temperature range, and any temperature dependence of the
rates would be determined by the temperature dependence
of the conformational transition (eqs 3 and 4). The pH-
induced conformational transition from the “low-pH” form
to the “high-pH” form was found to follow single-exponential
kinetics in the temperature range of the study. The apparent
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FiGUrRe 7: Electrospray ionization mass spectra of T{Qu H,O
and after mixing with 50% BD in a continuous flow arrangement.

kJ mol? (14). In the present case of pH-jump experiments
of TtCu,, the conformation change in the protein is mainly
a distortion around the dinuclear copper center, which is
expected to have a relatively smaller energy barrier in
comparison to the more drastic changes involved in overall

Reaction Coordinate unfolding of the protein. The entropy of activation, deter-
FIGURE 6: (A) Temperature dependence of conformational change mined from the intercept of the Arrhenius plots, was found
of TtCua. Arrhenius plots for variation of rate constani; k;; O, to be positive in botlk; (120 J/mol/K) andk, (200 J/mol/K)

Ko. (‘I‘3) Schg’matic“d!agram“showing the relative energy levels of processes in step 2 of Scheme 1 in the present case. The
the low-pH" and *high-pH" forms of TtCy. thermodynamic stability parameteAGsay of cold shock
protein isolated from different sources like mesophiles,
thermophiles and hyperthermophiles was found to increase
from 11.3 kJ/mol to 26.2 kJ/mol when the optimal growth
temperaturesTgp) of the organisms increased from 3¢
to 90 °C respectively 48). The Thermus thermophilus
bacterium shows an optimal growth at 86 to 72°C and
a maximal growth temperature of 8& (49). Our results
indicate that the flexibility of the protein structure in the
TtCua indeed increases with temperature (up to°@) as
proposed earlier?).

H/D Exchange ESI MS Obseation of Fast Proton

rate constantkg,y) increased with increase in temperature
(Figure 5A). Analysis of the pH dependencel@f, using

eq 5 helped to determine the values of gk, andk; at
different temperatures. Analogous to that observed for the
temperature dependence i3, the K, for the deproto-
nation equilibrium (step 1, eq 3) was also found to decrease
with increase in temperature. Analysis of the temperature
dependence df, using the van't Hoff equation (see Figure
S2, Supporting Information) helped to determine the enthalpy
change AH, =164 (#21) kJ/mol) and the entropy change

(AS = 347 (£66) J/mol/K) associated with the deprotonation Transfer EquilibriumThe folding/unfolding of thermostable

step of th? regctlon (step 1). . ~ proteins has been shown to be often very slow, suggesting
The activation parameters for the energy barrier of this that the protein structure is highly rigid in these proteit® (
conformational transition (step 2, eq 4) were determined from 14 16). Rubredoxin from hyperthermophilByrococcus
the temperature dependence of theandk, values using  fyripsuswas shown to exhibit a slow global unfolding rate
the Arrhenius equation. The values kif as well ask, at of 10 s at 100°C while the mesophilic analogue from
different temperatures followed the Arrhenius equation over cjostridium pasteurianuranfolds 16—10° times faster18).
the temperature range of the study (Figure 6A). The on the other hand, Hernandez et dl7)(showed that the
activation energy Ka)) for the forward reaction, i.e., the  pyperthermophilic rubredoxin had a very fast amide proton
conversion of the “low-pH” form to the “high-pH" form,  eychange rate (in the millisecond time scale) even #28
was found to be 515) kJ mol* whereas the activation  gyggesting that the local conformational fluctuations are
energy for the reverse process4) was 92 (6) kJ mol*  hnssibly faster than the overall conformation change in the
(Figure 6A) The analogous studies on the reverse reaction, hyperthermophilic protein. The fast deprotonation/protonation
i.e., conversion of the “h|gh—pH“ form to the “Iow—pH”_ form equilibria (step 1, eq 3 and step 3, eq 6) in the present case,
(Scheme 2), were not carried out as the reaction waspgwever, indicate that the rate constants for proton transfer
extremely slow at temperaturest5°C (Figures 4C and 5B) iy the Thermusprotein can indeed be fast as earlier shown
vv_hlle protein stability issues could become important at by H/D exchange studies on hyperthermophilic rubredoxin
higher temperatures. (17), though that may not correspond to any conformation
The relative energy level diagrams for the various states change of the protein. In order to check whether the hydrogen
in the forward reaction of pH-induced conformational exchange is indeed very fast in the TCwve carried out
transition in the TtCw derived from the temperature H/D exchange studies on the protein using ESI mass
dependence of theki™ and the rate constantk; (andko) spectrometry. The native Ttun water (at ambient pH)
are shown in Figure 6B. Duy et al. reported that the shows 8, 9+ and 10+ charge-states (Figure 7) correspond-
irreversible unfolding process of-amylases from different  ing to the dinuclear copper bound folded holoprotein with
sources shows linearity in the Arrhenius plots and activation amino acids 38168 (MW: 14482+ 10 + 23 for a bound
energy barriers of unfolding were in the range of 2860 Na) of the subunit Il from cytochrome ¢ oxidaseTdfermus
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thermophilus(32). The charge state of the protein was ACKNOWLEDGMENT
interpreted by considering the crystal structure of the folded
protein 60). The observed maximum positive charge state
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