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ABSTRACT. The thermal denaturation of the cupredoxin plastocyanin (PC) from spinach has been studied
with the aim of improving the understanding of factors involved in the conformational stability of antiparallel
pB-sheet proteins. Studies using differential scanning calorimetry have been complemented with nuclear
magnetic resonance spectroscopy, absorbance spectroscopy, dynamic light scattering, and mass spectrometry
in elucidation of the effect of the copper-site oxidation state on the irreversible thermal denaturation
process. Our results indicate that copper-catalyzed oxidation of the metal-ligating cysteine is the sole
factor resulting in thermal irreversibility. However, this can be prevented in reduced protein by the removal

of molecular oxygen. Application of a two-state equilibrium transition model to the folding process thus
allowed the extraction of thermodynamic parameters for the reduced pradtgid & 494 kJ mot?,

AHyy = 343 kJ mot?, and Ty, = 71 °C). However, anaerobically denatured oxidized protein and all
aerobically denatured species undergo covalent modification as a result of the copper-catalyzed oxidation
of the metal-ligating cysteine residue resulting in the formation of both oxidized monomers and disulfide-
linked dimers. On the basis of these results, a general mechanism for the irreversible thermal denaturation
of cupredoxins is proposed. The results presented here also indicate that PC, as opposed to the previously
characterized homologous protein azurin, unfolds via at least one significantly populated intermediate
state AH,n/AysH = 0.7) despite the almost identical native state topologies of these proteins. These
findings will aid the characterization of the stability of PC and other cupredoxins and possibly of all
cysteine-ligating metal-binding proteins.

Plastocyanin (PG)from spinach is a small (10.4 kDa) protein ), only minor structural differences are detected
eight-strandeg3-sheet protein of Greek-key topology that as a result of the mutation and the different redox states.
belongs to the cupredoxin family. The physiological role of This latter finding is corroborated by the finding that there
this copper-binding protein is to function as a mobile electron are no significant differences in the dynamic properties or
carrier between the cytochrorbgf complex and photosystem  the solution structures of reduced and oxidized plastocyanin
| during photosynthesisl(-3). The first structure of PC, that ~ from Synechocystisp. PCC68037). A constrained metal-
from poplar, was determined in 1978&)( but wild-type loprotein active site has functional significance in that the
plastocyanin from spinach has consistently failed to crystal- protein fold modulates the physical properties of the copper
lize. However, the mutant Gly8Arg readily does, and its ion so that its reduction potential and the reorganization
oxidized (Cd") structure was eluded by X-ray crystal- energy of electron transfer are finely tuned to match the
lography to a resolution of 1.3 A (Figure 15)( Comparing protein’s redox partnersg). In particular, the native form
the crystal structure with the nuclear magnetic resonanceof spinach PC coordinates the copper ion in a type 1 center
(NMR) solution structure of the reduced (Quwild-type with four fixed ligands-three equatorial (Cys84, His37, and
His87) and one axial (Met92). This type of 4B(S)] trigonal
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greater than 10€C. The irreversibility of thermal unfolding

of oxidized spinach PC was later confirmed by DSC,
absorbance spectroscopy, and electron paramagnetic reso-
nance (EPR) spectroscop®2j. Intermolecular aggregation
and degradative covalent modifications at temperatures
greater thai,,, were suggested to account for this irrevers-
ibility, thus following the general LumryEyring scheme

N=U—D (1)

where N is the native protein, U is the reversibly unfolded
protein, and D is the irreversibly denatured protein. It is
generally assumed that the slow kinetic nature of the
irreversible step, as observed by its dependence on the
heating scan rate, allows separation of the irreversible and
reversible steps2@, 24). Thus, by determining the depen-
dence of the heat capacity changes of PC on the scan rate,
these changes were extrapolated to infinite scan rate, and
thermodynamic parameters for the reversible step alone were
extracted T = 69 °C, AysH = 254 kJ mot?) (22).

The closely related cupredoxin azurin has recently been
the subject of similar studie%). It was concluded that
copper-catalyzed oxidation of the metal-coordinating cysteine
sulfur was the primary cause of thermal irreversibility.

Ficure 1: 3-D crystal structure of the Gly8Asp mutant of spinach Irreversibility was thereby prevented by removal of dissolved

plastocyanin §) showing the cupric ion and the main equatorial Oz and equilibrium transition models could thus be applied
ligands (His37, His87, and Cys84) as well as the minor axial ligand to the calorimetric data for azurin coordinating nonreducible

(Met92). The picture was drawn using Swiss PDB view&f) metal cofactors (i.e., Cuand Zr#*) under anaerobic condi-
tions.

to elucidate the influence of individual residues during |n the present study, we have investigated the thermal

transient complex formation and electron transfz{14). denaturation of both oxidized and reduced spinach PC under

When PC mutants are to be used in interaction studies, itboth aerobic and anaerobic conditions. We demonstrate that
is important to confirm that they retain their structural reduced PC, when under anaerobic conditions, undergoes
integrity, especially during prolonged NMR experiments in reversible thermal unfolding thus allowing direct extraction
a detergent-rich environment. Prediction of the effect of a of thermodynamic parameters. Under the other three condi-
mutation on the conformational stability of a given protein tions, DSC is used to observe the complex thermodynamics
is, however, difficult because of the inherent complexity of occurring during the irreversible thermal denaturation of PC.
protein folding. Thus, detailed comparisons of mutations in A possible mechanism to explain this irreversible unfolding
a protein are best achieved experimentally, where temper-is proposed with the aid of further data from NMR,
ature-induced denaturation is considered to give more electrospray ionization mass spectrometry (ESI MS), dy-
complete thermodynamic information than chemically in- namic light scattering (DLS), and absorbance spectroscopy.
duced denaturation studie45j. For thermal analysis of The formation of refoldable PC disulfide dimers during
protein stability, differential scanning calorimetry (DSC) is thermal unfolding has also been confirmed. Furthermore,
increasingly used for quantitative measurements of the heatmonitoring the reversible unfolding of reduced PC using
changes accompanying the thermal melting of polypeptide NMR reveals a significant difference i, as observed with
chains (6). Ideally, the protein should be able undergo other techniques. These findings will aid further characteriza-
complete and reversible cooperative thermal unfolding, thus tion of the stability of plastocyanin and other cupredoxins,
allowing thermodynamic equilibrium transition models to be as well as increase our understanding of how nature performs
applied directly to the calorimetric data, and a transition complex redox chemistry.
temperatureT ), a transition enthalpyAysH), and a van't
Hoff enthalpy AH,y) to be extracted accordinglyl). EXPERIMENTAL PROCEDURES

However, many proteins are unable to reversibly thermally  paterials All stock chemicals were reagent grade from
unfold, a situation commonly attributed to intermolecular \erck except where stated. Deionized water was used in all
aggregation and degradative covalent reactions occurring atneasurements.
high temperatures1g—20). Protein Expression and PurificationWild-type spinach

An earlier investigation of spinach PC thermal stability PC was expressed ischerichia coliRvV308 and purified
indicated that under aerobic conditions the reduced proteinas previously describe@§). The final anion-exchange step
was more thermostabl&{ = 71 °C) than the oxidized form  using a Resource-Q column (Pharmacia) was repeated until
(Tm = 61 °C) (21). On cooling, the end state of neither the oxidized PC had af77 n{Ase7 nmratio <1.1. Aliquots
protein resembled the wild-type protein, and in the case of were frozen in liquid nitrogen and stored -a24 °C until
the reduced PC resulted in two distinct final states. Reduceduse. An extinction coefficient of 4700 M cm™ at both 277
PC under anaerobic conditions was observed to halig a and 597 nm was used for oxidized prote6), and this
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extinction coefficient was adjusted to 7500 Mcm™ for Absorbance Spectroscofyhermal denaturation of PC was
the Ax77 nmOf reduced PCZ7). However, amino acid analysis monitored using a Cary 4 UV/visible spectrophotometer
(by the Amino acid Analysis Center, Department of Bio- calibrated with a digital thermometer inserted into the cuvette.
chemistry, Uppsala University) was carried out to more A scan rate of 60C h™* was used between 25 and 90,
accurately determine the concentration of PC in the calori- and Ax7z nm — Ase2 nm and Asg7 nm Were plotted against
metric experiments since thi,H is dependent on protein  temperature. Scan-rate dependence of the reversible transition
concentration whereasH,y is not. was analyzed by a repeat experiment at a scan rate 9 30

Sample PreparationFor experiments with oxidized PC, h™1. Data were analyzed as above using the Igor Pro program.
samples were fully oxidized by addition of potassium Concentrations were 0.1 mM PC in 10 mM potassium
ferricyanide (Sigma). Oxidant was then removed from the Phosphate buffer pH 7.0. Errors reported are a combination
protein by passage twice through a PD10 Sephadex G-250f those of the curve fitting and of the temperature readings
M gel filtration column (Pharmacia). Likewise, for experi- (#0.5°C).
ments with reduced PC, samples were reduced using ascorbic NMR MeasurementsReduced PC used for the NMR
acid (Sigma), with reductant being removed as above. measurements was at 1 mM in 10 mM phosphate buffer,
Oxidation state and copper occupancy were determined byPH 7.0, 10% DO, and 1 mM 2,2-dimethyl-2-silapentane-
measurement of th&77 n/Ase7 nmratio, which ideally should  5-sulfonic acid (DSS) as reference. The sample was deoxy-
be equa| to unity 26) Samp|es for use under anaerobic genated and sealed in a restricted NMR tube. 1-D spectra
conditions were deoxygenated by being placed in airtight were recorded with 64 transients, 32 000 points, and a sweep
vials, and N gas was bubbled through the samples for at Width of 20 kHz on an 800 MHz Varian spectrometer.
least 30 min prior to use. Spectra were recorded as the protein was heated from 30 to
80 °C and back down to 38C, with 2°C increments during
the unfolding transition aha 5 min equilibration period after
each temperature change. Temperature calibration was
performed under identical conditions using 100% ethylene
glycol (31). NMR data were then processed using MestRe-C
2.3a program (http://qobrue.usc.es). The chemical shifts of
the reduced spinach PC have been assigned previdgisly (
%2). The combined peak area of the resonances of the methyl-

DSC Measurements and AnalysBSC measurements
were performed using a VP-DSC Microcalorimeter (Micro-
cal, Inc.) consisting of a matched pair of 0.511 mL cells.
All scans were preequilibrated at 6 for 15 min and then
scanned twice from 15 to 10TC (anaerobic samples) or
120 °C (aerobic samples) at a scan rate of €@ h*. In
addition, a second anaerobic experiment on reduced PC wa;
T e e S R group oo Vil Hand Leut o el bt ps

" . of Leu74 H and Val39 H (cf. Figure 3), were plotted as a
returned to the post-transitional baseline. Data were collected : .
unction of temperature, and the data were analyzed in Igor
every 10 s for all samples except the deoxygenated reduce

samples, for which data were collected every 16 s. The ro as described above for the ext_ractionTgfandAH\,H.
second of two buffer versus buffer scans was used as aErrqrs reported a.re of the curve. fitting procgdure.

baseline and subtracted from the calorimetric profiles. Sample Dimer P(e.paratlon gnd Analysigin af‘ae“’b'c sample of
solutions were 0.08 mM, and buffer was 10 mM potassium 0:1 MM oxidized PC, in 10 mM potassium phospblate buffer
phosphate pH 7.0. For the scans run under oxygen-freePH 7-0, was heated from 25 to 8& at a 60°C h™* scan
conditions, the sample cell was purged withd¥ds prior to raltle and 'Fhen cooled back down to 5 at a ratg of 30C .
injection of the sample. Deoxygenated samples were kepth - An aliquot of the_ sample was analyzed by size-exclusion
in airtight containers and transferred to the calorimeter Chromatography using a Superdex 200 HR 10/300 column

; ; ; Pharmacia) in line with a mini-DAWN Light Scattering
through the septum using gastight syringes and a steady rovv(
of N» gas to minimize the risk of Ocontamination. system (Wyatt Technology Corp.) ata Iaser_w_avelength of
29 nimiz sk of £contaminat 690 nm. The flow-rate was 0.3 mL nih The Mini-DAWN

All DSC scans were analyzed using the EXAM software | 5 system was operated with the Astra software (Wyatt

program @8). EXAM determines the pre- and post- Technology Corp.), and data were analyzed according to the
transitional baselines from least-squares fits of straight lines 4 qufacturer’s instructions.

to the data points and calculates a sigmoidal baseline from

o A e oS oat v 08 Q-Tol mass spectimetr (Hictomass) eqiped it
peax. a nanospray ion source. The sample was dissolved in pure

_used to obtain th_@m and AgsH of Fhe transition. For the water supplemented with 0.1% formic acid, and the nano-
irreversible transitions, redox reactions in the denatured state

severely obscure the profiles &t~ T,,. However, consider- spray needl_e voltage wasd00 V. Mass spectral data were

; : ; m n ) analyzed with the MassLynx3.4 software.

ing that the irreversible processes occur exclusively in the

denatured state and are fairly slow, they can be assumed tqxe gy TS

be negligible afl < T, and so a theoretical transition was

calculated for the profile af > Ty, for illustrative purposes Reduced PCAnaerobic.A typical calorimetric profile of
and to obtain a more accuraig than by visual inspection  the thermal denaturation of reduced PC under anaerobic
alone. The sigmoidal baselines calculated by EXAM were conditions is presented in Figure 2A (parameters in Table
used as estimates of the true baselines. These were fitted irl). This transition was fitted to a two-state transition model
the Igor Pro program (Wavemetrics) to determine Ay (28) giving aTp of 71.2 £ 0.1 °C. The subsequent rescan
as described previousl29, 30). Uncertainties reported are  produced a transition with a nearly identi@al (71.94+ 0.1

a combination of errors from the curve fitting procedure and °C) thus confirming the reversibility of the unfolding process.
imprecision in temperature readings(.1 °C). Reversibility of the thermal unfolding allowed extraction of

A second aliquot of the sample was subjected to ESI MS



10304 Biochemistry, Vol. 42, No. 34, 2003

in units of 0.1 mJ/C
IIIIIIIIISIIIIIIIIIII

Excess heat capacity

T

i

H
H
E
F

A277nm'A262nm
in units of 0.01

-
o
I

Normalized peak
area (A.U.)

0.0 L1 1 | ]
25 35 45 55 65 75 85 95

T(°C)

FiGurRe 2: Anaerobic thermal denaturation of reduced spinach
plastocyanin. (A) DSC scan and rescan af6th1. Sample was
scanned twice from 15 to 10@ (open circles), and the transitions

were fitted to a two-state model with calculated baseline (solid line).
The inset shows an additional experiment with scan and rescan a

60°C h™1from 15 to 90°C with similarly fitted functions. Sample

t
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1), resulting in a single transition with &, of 71.04+ 0.5
°C and aAH,y of 342 4+ 3 kJ mol?. Reversibility was
confirmed by the single transition observed in the rescan,
having aT, of 71.5+ 0.5°C and aAH,4 of 335+ 2 kJ
mol~1. Scan-rate dependence was deemed negligible from
the repeat experiment at a scan rate of°@h~%, which
resulted in a two-state sigmoidal transition witfigof 70.7
=+ 0.5°C and aAH,4 of 3264 2 kJ mol* (data not shown).
NMR was used to further investigate the thermal unfolding
of PC at elevated temperatures. HDspectra were recorded
within the temperature range of 380 °C. Comparison of
the 1-D spectra recorded before and after heating confirms
that the protein retains its native structure upon refolding
(Figure 3A). It was noted that the chemical shift of the copper
ligating residues His37 4(11.64 ppm) and His87 ¥i(7.74
ppm) returned to their original shift on refolding (not shown),
thus confirming that the type 1 copper site is reformed with
bound metal. The six methyl-group protons Val96 Heul2
H?, Val39 H', Val39 H?, Leu74 H?!, and Leu74 K? were
well-resolved throughout the unfolding transition (Figure 3B).
Analysis of their combined peak area at each temperature
resulted in a single transition (Figure 2C; parameters in Table
1). The unfolding of this transition had &, of 67.9+ 0.4
°C and AH,4 of 483 & 56 kJ mot?, and the refolding
transition had a similaify, of 67.8+ 0.7 °C and AH,u of
317 + 39 kJ mot?. Identical transitions were seen if the
different peaks were analyzed separately, indicating global
unfolding, as the four residues are evenly spread over the
entire structure. The absence of aggregates after refolding,
as determined by visual examination, was deemed as
significant because of the high concentration of protein in
this sample (1 mM).
Reduced PCAerobic.The first DSC scan of reduced PC
in the presence of molecular oxygen (Figure 4A; parameters
in Table 1) revealed a large positive endotherm interrupted

volumes were 0.511 mL, and concentrations of plastocyanin were Dy @ complex negative exothermic phase, possibly consisting
0.08 mM in 10 mM potassium phosphate pH 7.0. (B) Temperature of three separate exothermic peaks. On rescanning the
scanning absorbance measurements of 0.1 mM plastocyanin at 6&ample, two small endothermic transitions were seen that

°C h1 between 25 and 90C (broken lines) with least-squares
fitted functions (solid lines). Concentration of the protein was 0.10
mM in 10 mM potassium phosphate pH 7.0. (C) Analysis of the

by visual inspection hadl,s of 53 and 79C, respectively,
yet as no peak was observed that coincided with that of the

combined methyl peak area (cf. Figure 3) as determined by 1-D endothermic peak seen on the first scan, the unfolding

1H NMR showing unfolding (filled circles) and refolding transitions
(empty circles) with least-squares fitted functions (solid lines).
Concentration of plastocyanin was 1.0 mM in 10 mM potassium
phosphate pH 7.0, 1 mM DSS, and 10%MD

AHyy (3434 0.5 kJ mott) and AysH (494 4+ 27 kJ motl?)
for the first scan. However, thAH,n/AysH ratio of 0.7

process was regarded as being irreversible. A colorless
sample with no precipitation was observed on visual inspec-
tion after the rescan.

Since no scan-rate dependence was undertaken in this
study, an attempt was instead made to fit a two-state
transition model to the initial section of the endothermic

indicates that the unfolding may proceed via intermediate phase of the first scan (Figure 4B; parameters in Table 1).

states {6, 17). A colorless solution with no precipitate was

The irreversible reactions occur mainly Bt= T, and are

observed upon visual examination of the sample after the fairly slow, extending over a time period exceeding 20 min.

rescan.

Therefore, data points extending roughly from Teto the

To test the extent of reversibility, a repeat experiment was return of the exotherm to the baseline (at approximately 98
conducted with the heating during the first scan stopped when°C) were neglected during the curve-fitting procedure. This
the peak of the endothermic transition returned to the baselineallowed estimation off,, = 71.0+ 0.1 °C, equal to that of
at 90°C. The subsequent scan resulted in a second transitiorthe reduced PC under anaerobic conditions. Calculation of

with the two peaks differing in area by only 7% (Figure 2A,

inset), suggesting reversibility of greater than 90%. Further-

more, both scans had identicks (71.0+ 0.1 °C). Again,

the AH,, from the baseline estimated by EXAM gave a value
similar to that of the reversible reaction (3%80.5 kJ mot™).
However, the transition enthalpy could not be determined

no precipitate was observed by visual inspection of the reliably because of the irreversible redox chemistry occurring

sample after the rescan.

during the transition. Comparing the change in specific

The unfolding transition was subsequently investigated by excess heat capacityC{) between the two reduced PC
absorbance spectroscopy (Figure 2B; parameters in Tablesamples in going from 50C (fully folded) to 100°C (fully
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Table 1: Thermodynamic Parameters of the Thermal Unfolding of PC

A597 nm A277 nm— A262 nm DSC NMR
Tm AHvH Tm AHvH Tm AHvH AUSH Tm AHvH
(°C) (kJ mol?) (°C) (kJ mol?) (°C) (kI mol?Y)  (kJ mol?) (°C) (kJ mol?)
reduced, 71.0+0.1 358+ 0.5
aerobic (53, 79)P°
reduced, 71.0+ 0.5 342+3 71.2+0.1 343+ 0.5 494+ 27 67.9+0.4 483+ 56
anaerobic (71.5+£0.5) (335+2) (71.0+0.1) (67.84+£0.7) (317+39)
oxidized, 63.5+ 0.5 468+ 6 67.8+0.1 354+ 0.3
aerobic 53, 79
oxidized, 63.8£ 0.5 467+5 67.2+ 0.1, 352+ 0.7,
anaerobic 75.@:0.2 648+ 2
(53, 78.7+£0.1) (432+0.4)

aValues obtained from visual inspection onkValues in parentheses indicate parameters extracted on rescan.

30 °C before
P vY ¥ VY e | U VP

80°C
Mo

30 °C after

Er Y W

T T T T T T T T T
0 ppm

11 10 9 8 7 6 3 2 1

0.4

0.2 0 0.2 04

Ficure 3: 1-D NMR spectroscopic thermal analysis of 1.0 mM reduced spinach plastocyanin under anaerobic conditions. (A) Spectra
recorded before (30C), during (80°C), and after (30C) thermal denaturation. (B) Methyl region displaying the six methyl peaks monitored
during unfolding and refolding. The sample contained 10991 mM DSS, and 10 mM potassium phosphate pH 7.0.

unfolded/denatured), the change is somewhat larger for thethe complex irreversible redox chemistry that occurs during
anaerobic reversible transitior0.917 kJ K'* g~%) than for the transition and that inevitably leads to different end states.
the aerobic irreversible transitiontQ.870 kJ K* g3, Absorbance spectroscopy measured at 597 nm, which
reflecting different end states. monitors the environment of the copper center, displayed a

Absorbance spectroscopy of the unfolding transition was single irreversible transition for the first scan that was fitted
similarly complex with at least two transitions observed to a two-state transition model with, = 63.5+ 0.5°C
(Figure 4C). The first transition is followed by a second (data not shown; parameters in Table 1). Tid,y for this
smaller transition, during which the signal actually increases transition was 468+ 6 kJ mol?. However, monitoring
before finally decreasing again. Difficulties in predicting the absorbance in the far UV region, two transitions are clearly
post transitional baselines hindered the fitting of any of the visible during the first scan (Figure 5C). Difficulties in
transitions, thus preventing extractionsTaf. No transition predicting the post-transitional baselines hindered the fitting
was observed upon a rescan. of any of the transitions, thus preventing extractiongef

Oxidized PG Aerobic.During the first DSC scan, a large  No transitions at either wavelength were observed during
endothermic peak was again seen, yet the two-state transitionsubsequent rescans.
like symmetry was interrupted by a complex exothermic  Oxidized PCAnaerobicDuring the first DSC scan, a large
phase. This exotherm could consist of two separate exother-endotherm was interrupted by a second, smaller endothermic
mic peaks or of a single exotherm interrupted by a small peak, which itself ended in a minor exothermic phase (Figure
endotherm around 8885 °C (Figure 5A). Our present data  6A). On rescan, two endothermic peaks were again observed,
do not allow us to distinguish between these alternatives. but while the first peak was small, the second peak was
Upon a rescan, two small endothermic peaks are again seersubstantially larger. A colorless solution with no precipitation
that by visual inspection had &, of 53 and 79°C, was again observed after the rescan.
respectively (see Table 1), yet as no peak is observed that The two peaks of the first scan were analyzed separately
coincides with that of the endothermic peak seen on the first (Figure 6B; parameters in Table 1) and fitted to a two-state
scan, the unfolding process is again regarded as beingtransition model giving &, of 67.2+ 0.1°C and aAH4
irreversible. After the rescan, the sample was colorless andof 352 & 0.7 kJ mof? for the first transition and &, of
without precipitation. 75.04+ 0.2 °C and aAH,4 of 648 4+ 2 kJ mol? for the

As with the reduced aerobic sample above, attempts weresecond. The inset in Figure 6B shows the larger endothermic
made to fit a two-state transition model to the initial section peak observed on the second scan also fitted to a two-state
of the endothermic phase of the first scan (Figure 5B; transition model with &, of 78.7+ 0.1°C and aAH, of
parameters in Table 1). This allowed estimationTgf = 432+ 0.4 kJ motf* (Table 1). NoAyH was calculated for
67.8 + 0.1 °C, thus confirming that oxidized PC is less these transitions.
thermostable than reduced PZ1). Furthermore, calculation Absorbance spectroscopy measured at 597 nm displayed
of the AH,4 as above gave a value of 3340.3 kJ mot?, a single transition for the first scan that was fitted to a two-
which is nearly identical to the value for the reduced aerobic state transition model with &, = 63.8+ 0.5°C and aAH,y
sample. No transition enthalpy was calculated because ofof 467 & 5 kJ mol?, yet no transition was observed during
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Ficure 4: Aerobic thermal denaturation of reduced spinach FIGure 5: Aerobic thermal denaturation of oxidized spinach
plastocyanin. (A) DSC scan and rescan from 25 to 1Q0at 60 plastocyanin. (A) DSC scan and rescan. This sample was scanned

°C h™%. Sample volume was 0.511 mL, and protein concentration from 15 to 120°C at a scan rate of 60C h~1. Sample volume was
was 0.08 mM in 10 mM potassium phosphate pH 7.0. (B) Least- 0.511 mL and concentration of protein was 0.08 mM in 10 mM
squares fit of a two-state transition model (solid line) to the major potassium phosphate buffer pH 7.0. (B) Least-squares fit of a two-
positive endotherm of the DSC scan, using data points up to state transition model (solid line) to the major endothermic peak
approximately thd,,. Also displayed are the fitted baseline (solid of the DSC scan, using data points up to approximatelyTihe
line) and the thermogram (broken line). (C) Temperature scanning Also displayed are the calculated baseline (solid line) and the

absorbance measurements at°€0h-! between 25 and 96C. thermogram (broken line). (C) Temperature scanning absorbance
Protein concentration was 0.10 mM in 10 mM potassium phosphate measurements at 6@ h~1. Protein concentration was 0.10 mM
buffer pH 7.0. in 10 mM potassium phosphate pH 7.0.

the second scan (data not shown; parameters in Table 1). . )
Absorbance spectroscopy in the far UV region during the 2;023 Da of which the last two were minor (data not shown)
first scan (Figure 6C) indicated a large transition followed With the expected masses for nonoxidized monomer and
by a smaller one, both of which roughly coincide with the dimer being 10413 and 20826 Da, respectively.
transitions seen in the DCS data. Because of the multiphasic
nature of the transition, and the difficulties in predicting the DISCUSSION
post-transitional baseline, the fitting of these data was deemed In this study, we demonstrate that upon removal of
as too unreliable and therefore not undertaken. Upon a rescandissolved molecular oxygen from the solution, reduced
a minor transition was detected withTg of 77 °C (data not spinach plastocyanin exhibits reversible thermal unfolding
shown). in analogy with previous findings for the homologous protein
To further investigate the transition observed during a Pseudomonas aeruginoaaurin @5). Although both of these
rescan, a sample of oxidized PC under anaerobic conditionsproteins display the cupredoxin fold (an eight-stranded
was heated to 85C (the temperature at the end of the p-sheet protein of Greek-key topology) and have similar
endothermic phase detected during the first DSC scan) andarrangements of the main metal binding ligands, they share
then cooled back to 25C. The sample was then subjected only ca. 20% sequence identity. This rather low similarity
to size-exclusion chromatography-linked dynamic light- is reflected in a number of differences, including the lack of
scattering analysis (Figure 7). Two separate peaks wereanao-helix in plastocyanin, as well as plastocyanin having a
clearly observed in the chromatogram, with the light- longer loop that surrounds the copper site. In addition, the
scattering analysis indicating that they contained moleculescopper site is much more buried in azurin than it is in
of sizes of approximately 20 and 10 kDa, respectively (not plastocyanin. As one of the main causes of thermal irrevers-
shown). The sample was also analyzed by ESI MS, with ibility in monomeric proteins appears to be the degradative
several species detected: 10413, 10449, 20824, 20923, andeactions occurring at high temperaturés, (19), it is thus
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T
E= | - . .
£ [ type of destabilization of the unfolded state ensemble is
<e L commonly believed to be mainly of entropic origiB¥( 35).
= While the thermal denaturation for the reduced anaerobic
" 0 L 4 1 PC sample as observed by NMR, absorbance spectroscopy,

and DSC exhibited reversible single transitions that were
30 40 50 60 70 80 90 100 readily fitted to a two-state thermodynamic model (see Figure
T (°C) 2), theAH,u/AysH ratio of 0.7 as calculated from DSC data
FiGURE 6: Anaerobic thermal denaturation of oxidized spinach suggests that unfolding involves at least one significantly
plastocyanin. (A) DSC scan and rescan from 15 to 100at 60 populated intermediate statég{ 17). This is an unexpected
°C h™™. Concentration of protein was 0.08 mM in 10 mM potassium  finding, as no such intermediates were identified in azurin

phosphate pH 7.0. Sample volume was 0.511 mL. (B) Peak ; ; ;
separation of the endotherm of the first scan (broken line) with the (29), and proteins of nearly identical topology are expected

resulting least-squares fit of the two curves to a two-state transition {0 Nave very similar folding landscapez3. However, native
model (solid lines). Inset shows the fit to a two-state transition Spinach PC has two out of its five prolines in cis configu-
model of the second exothermic peak on the rescan and fitted ration, and a long-lived kinetic refolding intermediate trapped
baseline. (C) Temperature scanning absorbance measurements gy the presence of an incorrect proline isomer has previously
goloc h~* between 25 and 98C. Plastocyanin concentration was been identified in French bean apo-RIB) The AHw/AyH

.10 mM in 10 mM potassium phosphate pH 7.0. . . ; )

ratio might therefore reflect a broadening of the DSC profile

expected to be dependent on sequence specific factorscaused by this trapped intermediate.
However, because of the fairly low sequence similarity To be able to more qualitatively follow the thermal
between PC and azurin, their similar behavior suggests thatunfolding and refolding process of reduced PC under
thermal reversibility in the cupredoxins is mainly controlled anaerobic conditions, a series of 1-D NMR spectra was
by native state topological factors, as these are the majorrecorded as a function of temperature. No obvious intermedi-
determinants of the folding free-energy landsc&&®.(This ate was detected, but analysis of the NMR peak area during
is in agreement with the previous finding for two bacterial thermal unfolding and refolding (Figure 2C) reports a
a-amylases, where both aggregate as a result of the formatiortransition with aT,, that is 3°C below that as determined
of incorrect (misfolded) structures rather than covalent by DSC and absorbance spectroscopy (see Table 1). The
modifications of the proteing20). NMR experiment probes the environment of six upshifted

DSC data for the reversible thermal denaturation of methyl group protons from four residues spread out over the
reduced PC (Figure 2A) were treated with a two-state entire structure, and their chemical shifts are sensitive even
equilibrium transition model28), resulting in a transition  to minute structural perturbations. Meanwhile, DSC monitors
enthalpy of 494 kJ mol (Table 1), which corresponds to a the solvation of hydrophobic residues and should therefore
specific transitional enthalpy of 47.4 J3'g This is slightly reflect unfolding of the whole protein. The data reported here

higher than that found for reduced wild-type azurihe are consistent with a pre-transitional alteration of the native
average of the\ysH at 40 and 80C h™! scan rates is 35.4  state, which has been demonstrated previolud¥ 38). It
J gt (496 kJ mot?) for this azurin derivative 25). This appears as if a loosening of the compact native state of

indicates a larger relative exposed hydrophobic surface aregproteins may occur before the onset of denaturah3s).

in unfolded PC and, since reduced azurin meltsQ4igher We believe that the decrease in spatial constraints from such
than reduced PC, reflects that the additional stabilization of a loosening of the compact protein structure may be detected
azurin is due to a disulfide bond that is lacking in PC. This by NMR but not by DSC or UV absorbance spectroscopy.
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That the differences inl, are due to a concentration- copper-site disulfide-linked dimers are formed and that these
dependent reversible aggregation effect that perturbs theexhibit full reversibility and melt at a higher temperature
equilibrium is unlikely, as such an effect is expected to than the monomeric wild type. Indeed, the copper site in
exhibit scan-rate dependen@®), which was not observed. PC is close to the surface (Figure 1), and soluble disulfide-
A pre-transitional loosening of the compact structure linked dimers are readily obtained during anaerobic de-
would enable a rearrangement of the copper-site ligands. Thenaturation of oxidized PC using guanidinium (A. Sandberg,
difference inT,, between the 597 nm transitions, which unpublished results). Furthermore, the accessible copper-site
monitors the structure of the copper site, and the DSC datacould easily accommodate an oxidized sulfur moiety in
for the oxidized samples (about-2 °C; see Table 1) could  analogy with recent findings on the thermal denaturation of
therefore reflect such a transition. In a similar manner, the azurin His117Gly mutand@). This implies that the two
differences in thél,, of the unfolding transitions have been small peaks seen upon a rescan of aerobically denatured PC
observed previously during thermal denaturation of oxidized correspond to monomeric protein (at 83) and disulfide-
spinach PC under aerobic conditions when monitored by bonded dimers (at 7579 °C), which are further corroborated
absorbance spectroscopy (at 597 nm) or by D3g). (The by the ESI MS species 10413 Da (nonoxidized monomer),
difference inTs was, however, reported to be significantly 10449 Da (oxidized monomer; RS has a molecular
higher in this study: ?7C at identical scan rates (8C h™?) weight of 10445 Da), and 20824 Da (dimeric species). The
(22). Similar observations have been made for other cupre- observation of two populations in size-exclusion linked DLS
doxins @0—42). This thermally induced structural rearrange- (Figure 7) is consistent with this interpretation. However,
ment of the copper site of cupredoxins has also been probedwve are unable to explain the origin of the two minor species
by EPR spectroscopy?2®, 25, 40—42). In the majority of detected with masses of 20923 and 21023 Da.
cases, however, the EPR signal is consistent with unspecific It is evident from Figures 4 and 5 that dissolved oxygen
binding of the C&" ion to backbone N- or O-atoms after is responsible for the exothermic oxidation reactions occur-
protein denaturation and need therefore not reflect intermedi-ring atT > Ty, and that this causes irreversibility. Comparing
ates. Only in the case of anaerobic thermal denaturation ofthe DLS and ESI MS data presented here with the aerobic
oxidized azurin has a proper intermediate been identified, thermal denaturation of reduced and oxidized az.2$), (it

having unusual EPR parametefs & 209 andg, = 2.134) is clear that the copper ion catalyzes cysteine oxidation to
indicative of a type 2 copper site with at least one cysteine sulfinic acid (RSGQH) and disulfide (RSR'). It is increas-
ligand @25). ingly becoming understood that not only oxygen but also

The thermal unfolding of reduced PC in the presence of sulfur and selenium of the chalcogens are important oxidative
dissolved molecular oxygen was, in contrast with the stressors in biological systen®. Because of the electronic
anaerobic sample, a remarkably more complex processconfiguration of sulfur ([Ne]38p*), this atom is frequently
(Figure 4). The first calorimetric endotherm was estimated involved in atom-exchange reactions and can have a wide
to have aTy, of 71 °C, in analogy with the reversible array of oxidation states (up t66) (44). As thiolate (RS),
anaerobic transition (see Table 1). Multiple exothermic the oxidation state is-2 for the sulfur atom. However, the
processes abruptly disrupted this transition. An exothermic oxidation-states of-1 (as seen for the disulfide sulfursy4
maximum was observed at approximately°80) after which (as seen in sulfinic acid), antté (as observed in sulfonic
it decreased and leveled off at 85. The exothermic phase acid; RSQH) appear to be the only stable forms of oxidized
returned to the baseline at about 95. It should be noted  sulfur species under physiological conditions. A previous
that the small endothermic peak at @7 was fully reproduc- report of oxidation of the metal-coordinating cysteine in apo-
ible (data not shown), but the significance of this finding is azurin to sulfonic acid43) reflects this tendency, which is
not understood. In analogy with the foregoing, aerobic merely the result of the different mechanisms of oxidation.
thermal denaturation of oxidized PC is equally complex When catalyzed by the copper ion, the short-lived thiyl
(Figure 5). Notable differences include the absence of the radical (RS, oxidation state of—1) and superoxide ()
small peak at 7?C and the occurrence of two exothermic appear to be intermediates resulting in a relatively stable
dips. Alternatively, the exothermic dip in this (or both) sulfinic acid as opposed to direct attack by molecular oxygen,
aerobic sample(s) may be interrupted by an endothermicwhich would result in a species with the unstable oxidation
reaction. state of+2 on the sulfur. We therefore believe that oxidation

The DSC result for the anaerobic oxidized sample (Figure of the aerobic PC samples occurs via the following mech-
6A,B) is also nontrivial, with apparent multiple endotherms. anisms:

For reasons discussed below, we believe that during the
thermal melting of this sample there is formation of disulfide RS —Cu*" + o,—

dimers. Since these dimers appear to have a hihean + _ + -1
exothermic refolding of these would distort the profile unless [RS+Cu"+0,—~ RS+ Cu™ + 0, ]
dimerization occurs between folded proteins. Upon examina- RSO, + cut (2)

tion of the calorimetric profile in Figure 6A, the latter appears

to be the case and is consistent with a pre-transitional RS —Cu’ + O, —

disruption of the copper site thereby enabling such an - + - 4 -

intermolecular reactiopnp. ’ ’ [RS—Cu" + O, =RS+CU+0; ]~
Comparing the aerobic DSC transitions (Figures 4 and 5) RSO, + cu" (3)

with the DSC (Figure 6A,B), absorbance (Figure 6C), ESI

MS (not shown), and size-exclusion linked DLS (Figure 7)  The ability of the cuprous ion to reduce oxygen to

data for the anaerobic oxidized sample, it is apparent thatsuperoxide has been demonstrated previoddly Oxidation



Thermal Denaturation of Plastocyanin Biochemistry, Vol. 42, No. 34, 20030309

of sulfinic acid into the fully oxidized sulfonic acid occurs Furthermore, we speculate that the great majority of the
during harsher conditions and prolonged denaturation times.cupredoxins will exhibit reversible thermal unfolding in an
It should be mentioned that recent attempts to spin-trap theanaerobic environment but only as apo-protein, reduced
thiyl radical in this reaction using oxidized wild-type azurin (Cu"), or reconstituted with a nonreducible metal ion (e.g.,
under anaerobic conditions by denaturation with both heat Zn?") instead of C&'. Possibly, this will apply to other
and guanidinium (the latter on ice) have failed (A. Sandberg cysteine-ligating metal-binding proteins as well.

and T. Vangard, unpublished data), suggesting a fast
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