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Its Isolated Domains: Reversible Thermal Unfolding Monitored by Differential
Scanning Calorimetry and Circular Dichroism Spectros¢opy
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ABSTRACT:. The folding of phosphoglycerate kinase (PGK) from the hyperthermophilic bacterium
Thermotoga maritimand its isolated N- and C-terminal domains (N1/2 and C1/2) was characterized by
differential scanning calorimetry (DSC) and circular dichroism (CD) spectroscopy. At pH4300
reversible thermal denaturation of TmMPGK occurred belo®#®0The corresponding peaks in the partial
molar heat capacity function were fitted by a four-state model, describing three well-defined unfolding
transitions. Using CD spectroscopy, these are ascribed to the disruption of the domain interactions and
subsequent sequential unfolding of the two domains. The isolated N-terminal domain unfolds reversibly
between pH 3.0 and pH 4.0 890% and at pH 7.0 to about 70%. In contrast, the isolated engineered
C-terminal domain only shows reversible thermal denaturation between pH 3.0 and pH 3.5. Neither N1/2
nor C1/2 obeys the simple two-state mechanism of unfolding. Instead, both unfold via a partially structured
intermediate. In the case of N1/2, the intermediate exhibits native secondary structure and perturbed tertiary
structure, whereas for C1/2 the intermediate could not be defined with certainty.

Studies on the reversible unfolding of proteins have been enthalpy function, described by the Kirchhoff equati8n-(
performed for a long time to answer the question, what is 5).

the molecular basis of protein stabilit§)® In this context, DSC allows (i) to decide whether a thermal denaturation
reversible thermal denaturation has been of great importancecan be described by a two-state model, (i) to calculate the
since the free energy of stabilization can be determined thermodynamic functions of the denaturation reaction, and
directly using statistical thermodynamics, without any as- (jii) to analyze single steps of a complex denaturation
sumptions regarding the influence of other denaturants. Thereaction. In order to correlate these thermodynamic data with
best approach to obtain thermodynamic information, even certain specific regions or structural elements of a protein,
on complex unfolding transitions, is DSQt is the only other methods such as spectroscopy or chemical modification
method that allows the direct determination of the enthalpy have to be applied. In this connection, CD spectroscopy has
associated with the reversible denaturation of protetys ( been of importance, since the appropriate choice of the
3). All temperature-induced changes in macroscopic systemswavelength in the near- or far-UV allows structural changes
proceed with a well-defined change of enthalpy, since at the level of the tertiary or secondary structure to be
enthalpy and temperature are coupled extensive and intensivéletermined.

variables. The functional relation between these variables Compared to the numerous studies on small monomeric
includes all the thermodynamic information about the proteins investigated by DSC in the past, PGK is a highly
macroscopic states which are populated in the process ofcomplex system. The monomeric protein frdinermotoga
denaturation. The temperature dependence of the enthalpynaritima has a molecular mass of 43 kDa and consists of
function can be determined experimentally by calorimetric two well-separated domains undergoing a dramatic hinge
measurements of the heat capacity, since the heat capacitynotion in the catalytic mechanisr6{9). As a consequence

at constant pressure is the first temperature derivative of theof the mobility of the domains, intrinsic stability must be
established within each of the domains and cannot be

- - expected from interdomain contacts.
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pairing of its domains? What can we learn about the stability in which C, is the partial molar heat capacitZ,, is the
of the isolated domains in comparison with the stability of partial molar heat capacity of the native stalejs the

the intact two-domain protein? temperatureP; is the population of théh state AH; is the
enthalpy difference between tha state and the native state,
EXPERIMENTAL PROCEDURES andN is the number of transitions.

Evaluation of the data on the basis of equilibrium
thermodynamics is only allowed if the system is in equilib-
rium throughout the whole transition. This was determined
for each protein by testing the independence of the scan rate
(0.5, 1.0, and 2.0 K/min) under defined conditions. For all
three proteins, no influence of the scan rate on the partial
molar heat capacity was detectable (data not shown).

(2) CD “melting curves” were monitored using an AVIV
62DS spectropolarimeter with a thermostated cell holder. To
accomplish an effective scan rate of about 1 K/min, every 1
°C the signal was integrated for 10 s at a constant
wavelength. The bandwidth was 1 nm; a temperature
deviation of 0.1°C was tolerated.

Materials. All chemicals were of analytical grade and
bidistilled water was used throughout.

Protein Purification.Recombinant TmPGK was purified
to homogeneity as described by @irger et al. 13). The
recombinant isolated domains of TmPGK, N1/2 (Metl
llel75) and C1/2 (Met+ llel75-Lys399), were cloned in
Escherichia coliand purified to homogeneity as described
(24).

Protein ConcentrationProtein concentrations were de-
termined by measuring the absorption at 280 nm in a Cary
1/3 Varian UV absorption spectrophotometer at’@0 The
following absorption coefficients were use®o 196,1cm.280nm
= 0.51+ 0.3 for intact TMPGK 13) and Ao 106, 1cm,280nm—

0.38+ 0.1 and 0.63+ 0.01 for N1/2 and C1/2, respectively The concentration of the protein _samples was adjusted to
(14). an absorbance of 0.8 at 280 nm a1 cmquartz cuvette.

In the near-UV, samples at the initial concentration were
measuredri a 1 cmquartz cell with Teflon stopper. In the
far-UV, aliquots of the protein were diluted 1:10 with the
reference buffer; a 0.1 cm quartz cell with Teflon stopper
was used for the measurements. To further prevent evapora-
tion, samples were overlayed with mineral oil. All measure-
ments were corrected for the contributions of the solvent.
(C) GAMCI.GdmCI-induced equilibrium transitions were
determined by incubating the proteins at varying denaturant
concentrations for at least 24 h at 2@. For refolding
experiments, the proteins were denatured for at |Bdsat
room temperature in 5.1 M GdmCI for N1/2 and 4.3 M for
C1/2. Measurements were performed in 20 mM sodium
phosphate, pH 7.0, and protein concentrations werged25
mL N1/2 and 35:g/mLC1/2. The transitions were monitored
goy fluorescence emission spectroscogyxd = 280 nm)

: recorded at 315 nm for N1/2 and 365 nm for C1/2 using a
mM sodium acetate (NaOAc/HAC) at pH 3-8.0, and 20 Spex Fluoromax (Instruments S.A.) or Perkin-Elmer MPF-

mM sodium phosphate (MePQ/NaH,PQ;) at pH 7.0. 3l spectrophotometer equipped with a thermostated cell
(1) DSC measurementsade use of a Nano-DSC CSC  51der at 20°C.

5100 calorimeterX5) at a constant heating rate of 1 K/min,

if not stated otherwise. All samples were dialyzed against a RESULTS

1000-fold volume of buffer for at least 16 h. An aliquot of

the dialysis buffer was filtrated and degassed by evacuation. Molecular properties of TmMPGK and its isolated N- and

Protein solutions were centrifuged in an Eppendorf centrifuge C-terminal domains may be summarized as follows: All

for at least 10 min at 158@0 4 °C, and carefully degassed three proteins are monomeric at neutral and acidic pH.

before the protein concentration was determined. In order Absorption, fluorescence emission, and circular dichroism

to improve the baseline stability, buffer baselines were spectroscopy indicate that the recombinant isolated domains

repeated several times before the protein was scannedare in their native state. Substrate binding experiments

Baselines and samples were measured under identical condiconfirm this finding. No reconstitution of N1/2 and C1/2 to

tions. To improve the reversibility, the first heating was form the “nicked” two-domain protein was observed (data

stopped right after the transition; the degree of reversibility not shown; cf. ref 14).

was assessed by reheating the sample. TmPGK and its isolated domains undergo reversible
The data were analyzed using the deconvolution software thermal denaturation at pH-3t. Under these conditions all

CpCalc Analysis (version 2.1) of the CSC 510G) After three proteins still exhibit native spectral characteristics.

subtraction of the instrumental baseline and transformation However, they are sufficiently destabilized so that complete

of the raw data into partial molar heat capacities, curves werethermal unfolding in DSC experiments is accomplished
fitted to the equation: within the temperature regime below 100. Representative

examples of pH profiles and selected fluorescence spectra
9 N of the isolated domains are shown in Figure 1. N1/2 is native
C=C. .+ _(ZP.AH.) from pH 3.0 to pH 11.5, as suggested by the form of the
p p.0 it . -
aT = spectra and the wavelength of maximum emission; at pH

Protein Stability. (A) pHFor the pH profiles, aliquots of
the protein solutions were incubated for at least 24 h at 20
°C in the following buffers: 20 mM glycine/HCI, pH 2.5,
3.0, 3.6; 20 mM sodium acetate, pH 3.6, 4.1, 4.6, 5.2; 20
mM sodium cacodylate/HCI, pH 5.2, 5.8, 6.4, 7.0; 20 mM
Tris/HCI, pH 7.0, 7.5, 8.0, 8.6; 20 mM glycine/NaOH, pH
8.6, 9.2, 9.8, 10.5; 20 mM NEIPQOyY/NaOH, pH 11.0, 11.5.
Protein concentrations were ca. 20/mL. pH profiles were
recorded by fluorescence emissidi« = 280 nm) at 3.15
nm for N1/2 and at 365 nm for C1/2 using a Spex Fluoromax
(Instruments S.A.) or a Perkin-Elmer MPF-3| spectropho-
tometer equipped with a thermostated cell holder at@0

(B) TemperatureTemperature-induced equilibrium un-
folding transitions were investigated by making use of DSC
and CD spectroscopy. For these measurements the followin
buffers were used: 20 mM glycine/HCI at pH 3:8.5, 20
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Ficure 1: N1/2: pH-stability profiles monitored by fluorescence emission at 315 nm (a) and selected fluorescence emission spectra (b).
C1/2: pH-stability profiles monitored by fluorescence emission at 365 nm (c) and selected fluorescence emission spéglya= (830

nm). Buffers: 20 mM glycine/HCI, pH 2.5, 3.0, 3.6; 20 mM sodium acetate, pH 3.6, 4.1, 4.6, 5.2; 20 mM sodium cacodylate/HCI, pH 5.2,
5.8, 6.4, 7.0; 20 mM Tris/HCI, pH 7.0, 7.5, 8.0, 8.6; 20 mM glycine/NaOH, pH 8.6, 9.2, 9.8, 10.5; 20 niNP%/NaOH, pH 11.0, 11.5.

% 20 Table 1: Thermodynamic Parameters for N1/2 Calculated by
% 18 Deconvolution of DSC Scans at Various pH Values
3 concn AH; ACp1 AH> ACy2  reversi-
2167 (mg/ Tmi (kcal/ (kcal moll T (kcal/ (kcal mol? bility
g_ 14] pH mL) (°C) mol) K1) (°C) mol) K1) (%)
; 12] 3.1 219 59.1 20.7 0.6 67.9 59.2 1.4 96
2 3.2 136 60.2 22.0 0.4 68.5 60.4 1.7 100
5 10 3.2 1.38 602 19.7 0.4 67.2 57.1 2.4 nd
€ 3.2 131 605 216 0.5 68.6 60.2 1.7 nd
g 87 3.2 147 61.7 229 0.3 715 62.3 0.4 100
g g : , , , , 33 271 659 240 0.8 77.7 65.9 0.7 90
20 40 60 80 100 3.3 140 64.1 20.6 0.4 745 66.6 1.8 98
temperature (°C) 34 139 650 237 03 796 714 1.8 95
35 282 67.0 228 0.4 85.9 80.0 2.4 96
Ficure 2: DSC scans of N1/2 at pH 3.1, 3.2, 3.3, 3.4, 3.5, 3.7, 35 132 66.6 23.6 0.5 847 775 1.7 93
and 4.0 (from left to right). InsertAH vs Ty, plot for the first ©) 3.7 222 69.7 21.9 0.6 88.0 80.6 2.2 92
and second®) transition of the DSC scand\H; and Ty,; values 3.7 194 700 245 0.5 91.0 87.1 1.9 94
result from the deconvolution of the DSC scans; cf. Table 1). The 4.0 1.28 75.0 28.9 0.4 93.4 92.2 2.0 94
gradients of the linear regression yiéd@,, = 0.4+ 0.2 kcal mot* 40 132 748 272 0.5 92.8 84.6 1.8 nd
K™t (r2 = 0.79) andAG,, = 1.2 & 0.2 mol* K™ (12 = 0.97), aThe error limits forT, andAH are about 1% and 5%, respectively.
respectively. bScan rate 0.5 K/mirt Scan rate 2.0 K/min.

2.5, N1/2 is denatured. The loss of fluorescence intensity N-terminal domain does not obey the two-state model. The
below pH 4.0 might be due to protonation of Glu123, which profiles can only be fitted by a three-state model, yielding a
is the only nonhydrophobic contact of the single tryptophan first transition (marked by the subscript 1) with a rather small
residue in N1/2. C1/2 is also native from pH 3.0 to pH 11.5. change in enthalpy and heat capacity and a second more
Beyond pH 9.8, the fluorescence intensity is partly quenched distinct transition (subscript 2). The deconvolution results
compared to the emission at neutral pH, probably caused byare summarized in Table 1. To improve the reversibility, the
the titration of the solvent-exposed Trp291. Below pH 4, first heating scan was stopped right after the transitions. As
the intensity is increased without a significant red shift of reported previously, a missing posttransitional baseline or
the maximum wavelength. In this case, there is no clear even truncation of the peak has no influence on the reliability
correlation of the spectral change to specific titratable groups. of the fitted AH and T, values (6, 17). In the present case,
N1/2 Domain.DSC scans of N1/2 at pH 3-4.0 are only the deconvoluted\C, values AC,, and AC,,) are
shown in Figure 2. Only one broad peak for the change in unreliable, probably due to the missing posttransitional
the partial molar heat capacity was observed. The transitionbaseline. Therefore, the determination of the changes in the
maximum strongly depends on the pH, varying from about partial molar heat capacity was controlled by plottifng
68 °C at pH 3.1 to 93C at pH 4.0. Deconvolution of the  vs T, according to the Kirchhoff equation. The slopes in
single thermal transitions showed that the folding of the the insert of Figure 2 allowAC,1 = 0.4 + 0.2 kcal mof*
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18 ] Table 2: Thermodynamic Parameters for C1/2 Calculated by
16 (a) Deconvolution of DSC Scans at Various pH Valtes
S concn AH; ACpa AH; ACp2  reversi-
g 14 (mg/ Tmi (kcall  (kcal  Tm2 (kcall  (kcal bility
= ] pH mL) (°C) mol) mol 1KY (°C) mol) mol" 1K™} (%)
g 12 E 32 1.34 704 708 1.0 71.3 50.3 1.0 95
a2 40 ] 33 125 736 74.2 1.0 74.4 57.7 1.0 93
o ] 3.3 127 739 739 1.0 75.0 58.7 11 nd
8 - 3.F 126 73.7 71.2 1.0 74.1 55.2 2.6 nd
] —_ 34 129 76.3 743 1.0 77.3 61.7 1.0 90
60 ] b F -3 i 35 1.23 80.0 80.7 1.0 815 737 0.8 95
‘25 1(0) 13 -4 .g @The error limits forT,, andAH are about 1% and 5%, respectively.
_g p »- -5 Qe b Scan rate 0.5 K/mint Scan rate 2.0 K/min.
~ H O
£ o
o 78 25
o i
\%: -8 «:‘2 ] (a)
2 9 % o 20 7
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FiGurRe 3: Temperature-induced transitions of N1/2 in 20 mM 5 ]
glycine/HCI, pH 3.3: (a) monitored by DSC-) and fitted with a 80 13 4
three-state modetY); (b) monitored by far- and near-UV CD [far- < 3 (b) ©
UV at 222 nm @, right axis); near-UV at 275 nnY, left axis)]. 2 60 - 5 .E
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x , . , Ficure 5: Temperature-induced transitions of C1/2 in 20 mM
20 40 60 80 100 glycine/HCI, pH 3.3: (a) monitored by DSC) and fitted with a
temperature (°C) three-state modetY); (b) monitored by far- and near-UV CD [far-

FIGURE 4 DSC scans of C1/2 at pH 3.2, 3.3, 3.4, and 3.5 (from UV at 222 nm @, right axis); near-UV at 269 nntY, left axis)].

left to right). Insert: AH vs T, plot for the first ©) and second ]
(®) transition of the DSC scand\H; and Ty,; values result from K~tandAC,, = 2.3+ 0.2 kcal mof? K~ for the first and

EEZ ﬁﬁggrn;/g'lrlgg; grf] thiZngC SCT%Sj;EC(f)- 2“;2'5 gblhffqr(artgiems of second transition (insert, Figure 4). No unequivocal structural
0.90) andAng,z " 2¥3 + B9 keal mait K1 (2 = 0.98), interpretation can be deduced from the CD spectra. A
respectively. re_presentatlve example, recorded at pl—_| 3.3, is shown in
Figure 5, together with the corresponding DSC scan. In
K-1andAC,, = 1.2+ 0.2 kcal mot K to be calculated. ~ contrast to N1/2, the near- and far-UV CD transitions
To interpret the two transitions in structural terms, melting Ccoincide. The two transition midpoints are too close to decide
curves were monitored by near- and far-UV CD. As Whethera hierarchical unfolding of the tertiary and secondary
illustrated in Figure 3, the two melting curves of N1/2 are Structure takes place or a sequential unfolding of subdomains
not superimposable. This suggests a sequential two-step/ith @ simultaneous loss of the native tertiary and secondary
unfolding of the tertiary and secondary structure, with Structure.
perturbation of the tertiary structure as the first step and Intact TmPGK.n proceeding from the isolated domains
unfolding of the secondary structure as the second step. to intact TmPGK, a complex unfolding mechanism is
C1/2 DomainFor C1/2, the pH range of reversible thermal expected. Figure 6 shows DSC scans for the enzyme at pH
denaturation is much narrower compared to the pH range3.0—4.0. Again, only a single peak is observed. Both the
for intact TMPGK or N1/2. Already at pH 3.6, the revers- transition temperature and the cooperativity depend strongly
ibility drops to less than 30%. Therefore, DSC measurementson the pH; as one would predict, with increasing net charge
were restricted to the range between pH 3.2 and pH 3.5,the peaks become broader and are shifted to lower temper-
where the yield of renaturation exceeds 90% (Figure 4). As atures. Excluding the scans at p+8.2, a four-state model
in the case of N1/2, the peaks are again too broad to be fittedis the only way to fit theAC, data according to the Kirchhoff
by a single transition; instead, two transitions with close equation. This confirms the temperature-induced alterations
transition temperatures are required to fit the DSC scansof the dichroic absorption at 285 and 222 nm (Figure 7).
(Table 2). Again, plotting\H vs T, yields two straight lines ~ The results of the deconvolution of the DSC scans are
with slopes corresponding #8Cp, 1 = 1.0 & 0.2 kcal mof*? summarized in Table 3. The unfolding may be tentatively
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Table 3: Thermodynamic Parameters for Intact TmPGK Calculated by Deconvolution of DSC Scans at Various pH Values

concn  Tma AH; AC,1 Tm,2 AH; AC, Tms AH3 AC,3 reversibility
pH (mg/mL) (°C) (kcal/mol) (kcal moi*K=1) (°C) (kcal/mol) (kcalmol*K-1) (°C) (kcal/mol) (kcal mol*K™1) (%)
3.1 1.18 60.5 59.3 2.1 66.3 69.9 2.1 96
3.2 0.93 63.4 63.3 1.8 69.7 81.5 1.7 94
3.3 1.33 55.9 24.5 1.5 69.0 70.7 1.7 72.4 83.9 2.7 86
3.4 0.69 57.0 35.7 2.2 71.0 71.0 1.7 75.1 93.2 2.7 96
34 0.98 64.8 51.7 2.1 74.6 75.7 1.7 7.7 94.0 2.1 98
3.5 1.89 65.9 43.8 1.9 75.6 77.5 1.5 77.8 89.3 2.3 90
3.5 1.31 68.8 50.4 1.5 75.2 78.8 2.0 79.0 100.2 2.8 86
3.7 1.01 79.5 63.1 0.5 79.7 83.0 1.7 82.0 112.0 1.6 55
3.85 1.00 80.0 79.9 2.0 82.9 90.2 1.6 82.9 121.0 0.9 43

@The error limits forT,, and AH are about 1% and 5%, respectively.
% b 120 25
% 100 ]
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Ficure 6: DSC scans of intact TmPGK at pH 3.1, 3.2, 3.3, 3.4,
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temperature (°C)

100

3.5, 3.7, and 3.85 (from left to right). InserAH vs T, plot for
the first (o), second (), and third @) transition of the DSC scans
(AH; and Tp,; values result from the deconvolution of the DSC
scans; cf. Table 3). The gradients of the linear regression fi€j

= 1.8+ 0.6 kcal mott K=1 (r2 = 0.88),AC,, = 1.3 £ 0.2 kcal
mol~t K~1 (r2 = 0.98), andAC,3 = 2.7 £ 0.5 kcal mott K1 (r2

= 0.94), respectively.
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FIGURe 7: Temperature-induced transitions of TMPGK in 20 mM
glycine/HCI, pH 3.3: (a) monitored by DSC-} and fitted with a
four-state model®); (b) monitored by far- and near-UV CD [far-
UV at 222 nm @, left axis); near-UV at 285 nn right axis)].

ascribed to the uncoupling of the domains &40 °C),
followed by their sequential unfolding at 69 and G DSC
scans at pH 3.1 and 3.2 lack the first transition so that only domains, monitored by fluorescence, are shown in Figure
the unfolding transitions of the domains are left. Plotting 9a,c. The unfolding of either domain is completely reversible
AH vs Ty, for each transition, the data in Table 3 yield three at neutral pH and 20C. However, neither transition follows

(%,

IRTED NP R O B R A

R E o e IR i
0 20 40 60 80 100 120
temperature (°C)

FIGURE 8: Temperature-induced transitions of N1/2 in 20 mM
sodium phosphate, pH 7.0, monitored by DS€) énd fitted with
a three-state mode)).

straight lines (insert, Figure 6). The second and third
transitions are well defined (including the data at pH 3.1
and 3.2); they result ildMCp, = 1.3 + 0.2 kcal mof? K1

and ACp3 = 2.7 £+ 0.5 kcal mot! K=%. AC,; can only be
estimated because of the variations and the subjective choice
of the pretransitional baseline; the resuliA€,; = 1.8 +

0.6 kcal mof! K1, If the pretransitional baseline is adjusted
much steeper than observed in reality, the scans can be fitted
by the three-state model over the whole pH rarig®.(The
remaining transitions correspond to those of the second and
third transition in the four-state fit.

Measurements at pH 7.0 order to obtain thermodynamic
information on the folding and stability under physiological
conditions, DSC measurements were also performed at pH
7.0. Unfortunately, the thermal unfolding of PGK and C1/2
is irreversible, with transition temperatures at 101 and 97
°C, respectively. Thus, equilibrium thermodynamics cannot
be applied. The thermal denaturation of N1/2 is about 70%
reversible. It shows two clearly separated peaks with
transition temperatures at 87.2 and 105°Q (Figure 8)
which can be fitted on the basis of a three-state model with
AH; = 74.3 kcal/mol,AH, = 116.7 kcal/mol and\C,,; =
0.9 kcal moft? K1 AC,, = 1.8 kcal mot! K. Even
without thermodynamic evaluation of the data, it is obvious
that TmMPGK as well as its isolated domains are stable beyond
the optimal growth temperature dhermotoga maritima
around 80°C.

GdmCl-induced equilibrium transitions of the isolated
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Ficure 9: GdmCl-induced equilibrium denaturatio®)and renaturationd) transitions of N1/2 (a) and C1/2 (c) monitored by fluorescence
emission at 315 and 365 nm, respectively,{ = 280 nm). Buffer: 20 mM sodium phosphate, pH 7.0, Z0 Selected fluorescence

emission spectra of N1/2 (b) and C1/2 (d) at various GdmCI concentrations, measured with the same samples as used for the corresponding
unfolding transition.

the two-state model, as indicated by the observation that atmains that are subsequently paired in a rate-limiting step to
varying GdmCI concentrations the fluorescence emission form the native-like domain. During the folding of the
does not yield an isospectric point (Figure 9b,d). This is in isolated domains of yeast PGK, kinetic rather than equilib-
accordance with the DSC results at acidic pH. In contrast, rium intermediates were observeir).

the QdmCI-mduced dgnaturaﬂon of the intact TmPGK a.t'pH The only model fitting the reversible thermal denaturation
7.0 is highly cooperative and follows a two-state transition of intact TMPGK at pH 3.34.0 in a unique way suggests a

(13). Similar differences in the mechanism of chaotroplc_ three-step unfolding mechanism: < I, < |, = U. Urea-

denaturation have also been observed for other two-domain. . .
proteins, e.g.yB-crystallin (19-29). induced denaturation at pH 3.7 (unpublished data) and the

thermal denaturation assessed by CD spectroscopy confirm
DISCUSSION this model. The separate structural changes accompanying
] the three unfolding transitions at low pH can be characterized
I|_1 contrast to the thermal _denatur_atlon of yeast PGK, by making use of CD spectroscopy: N I is accompanied
which has been shown to be irreversible in the absence ofy,y 5 decrease in dichroic absorption at 285 nm, attributable
GdmCl (10-12, 22, 23), TMPGK and its N-and C-terminal 5 the |0osening of domain contacts. The second and third
domains undergo reversible gnfoldmg transmon§ in the pH transitions, { — |, and b— U, are not separable in the CD
range between 3 and 4, allowing a thermodynamic treatmentmelting curves. Evidently, they affect both the tertiary and

of the stability and folding of the hyperthermophilic enzyme : : -
) . . . - the secondary structures, suggesting sequential unfolding of
and its constituent parts. The isolated domains unfold via the N- and C-terminal domains. In the DSC profiles at pH

partially structured intermediates, following a three-state 3.1 and 3.2, the first transition is missing. The high-resolution

model, N= | < U, in accordance with the results of the . . .
GdmCl-induced denaturation at pH 7. The structural analysis structure of the intact enzym8, @) provides an explanation
for these findings: At pH 34, aspartate and glutamate

of the intermediates by near- and far-UV CD spectroscopy '~ . , . : .
shows thatin., is altered in its tertiary structure but still ~ residues become titrated; in TmPGK, there are two ion pairs
maintains its native secondary structure. The structutgif ~ connecting the N- and C-termini (Gle2ys397, Lys3-
cannot be characterized with certainty, as the two thermal Glu387) and three potentlal ion pairs in the QOmam interface
transitions resulting from the deconvolution analyses are too (Arg62—Asp200, His156-Glu381, Glul74-His371), apart
close. Presumablyci, consists of a folded and an unfolded from ionic interactions in the interdomain helix (Glu72
subdomain, similar to the intermediate proposed for the Lys176, Glul74-Lys176). It may be assumed that the easily
isolated domains of the moderately thermophBiacillus accessible Asp and Glu residues in the domain interface (and
stearothermophilu®GK (24—26). Here, equilibrium and  perhaps also at the N- and C-termini) are protonated first;
kinetic intermediates of the N-terminal domain were shown thus, at pH<4, the domain contact in the intact enzyme
to have extended secondary structure, whereas intermediatebecomes destabilized. Below pH 3.3, the protected Glu
of the C-terminal domain were identified as folded subdo- residues in the interdomain helix are titrated, causing
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unfolding of the interdomain helix without affecting the (University of Granada, Spain) for their generous hospitality
structure of the domains. The latter state would correspondand kind introduction into the field of calorimetry.

to the first intermediate in the denaturation at pH-3430.
Obviously, the apparent destabilization of the domains in
intact TMPGK at low pH, compared to the stability of the
isolated domains, is caused by alterations in the local charge
distribution. At neutral pH, the opposite holds: Applying
GdmCl as denaturant, the isolated domains of TmPGK are
less stable than the intact molecule.

The proposed unfolding mechanism is a working hypoth-
esis and requires further analysis. For yeast PGK, a similar
scheme has been discuss2d, 8). The question of which
of the two domains exhibits higher stability is still unre-
solved. Comparing the enthalpy and heat capacity contribu-
tions of the domains in intact TMPGK with those observed
for the isolated domains, the C-terminal domain seems to
be more stable than the N-terminal one. For the yeast
enzyme, in this context, contradicting results have been
reported 11, 29—-32).

The above interpretation of the three unfolding transitions
raises the question of why the isolated domains show two
unfolding transitions whereas the domains in intact TmPGK
show only one. One reason might be the choice of the domain
border in the middle of helix h7 which leads to an increase
in size for the isolated domains compared to the natural
domains in TmPGK; as a consequence, additional local
interactions may influence the modular structure and the
stability of the domains (G. Auerbach, personal communica-
tion). As an alternative, the domains within the intact two-
domain protein may unfold via intermediates with overlap-
ping transitions not resolved by a sound deconvolution
analysis.

Except for N1/2, due to the necessary reversibility, the
free energy of stabilization was only determined at acidic
pH. The results refer to single cooperative transitions. As
the free energy depends on temperature, pH, and ionic
strength, it is not feasible to compare the data for the three
TmPGK transitions at acidic pH with those of PGKs from
the other organisms, which were exclusively determined at
neutral pH. For N1/2 in sodium phosphate, pH 7.0 and 25
°C, AG; = 7.6 kcal/mol andAG, = 8.2 kcal/mol were
obtained. Comparing these values with those reported for
the homologous N-terminal domain of the enzyme from the
moderately thermophiliB. stearothermophilusnder similar
conditions AG; = 5.2 kcal/mol, AG; = 3.4 kcal/mol) 83),
the higher intrinsic stability of the hyperthermophilic TmPGK
is obvious. Although no quantitative analysis of the free
energy of TmPGK at neutral pH is feasible, the DSC scans
for the irreversible heat denaturation clearly show that
TmPGK is stable and maintains its native structure far
beyond the physiological growth temperaturédfomaritima.
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