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The conformational stability of potato cysteine protease inhibitor (PCPI), the second most abundant
protease inhibitor group in potato tuber, was investigated at ambient temperature and upon heating
using far- and near-UV circular dichroism spectroscopy, fluorescence spectroscopy, and differential
scanning calorimetry (DSC). The PCPI isoforms investigated have a highly similar structure at both
the secondary and the tertiary level. PCPI isoforms show structural properties similar to those of the
potato serine protease inhibitor group and the Kunitz type soybean trypsin inhibitor, a known f-II
protein. Therefore, PCPI isoforms are also classified as members of the -1l protein subclass. Results
show that the thermal unfolding of PCPI isoforms does not follow a two-state mechanism and that at
least one intermediate is present. The occurrence of this intermediate is most apparent in the thermal
unfolding of PCPI 8.3 as indicated by the presence of two peaks in the DSC thermogram. Additionally,
the formation of aggregates (>100 kDa), especially at low scan rates, increases the apparent
cooperativity of the unfolding.
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INTRODUCTION have adapted their digestive proteases to combat the plant
endogenous inhibitorg). Therefore, for crop protection, it may
also be of interest to genetically modify plants with cysteine
protease inhibitors genes in order to broaden their range of
inhibitors.

PCPI isoforms are potent inhibitors of cysteine proteases such
as papain but show also activity again tryps#). (PCPIs are
. . . ““monomeric proteins with a molecular mass varying from 20 to
(3). Potato tuber contains approximately 1.5% (w/w) protein 22 kDa. Eight isoforms of PCPI, with isoelectric pH values

on a fresh weight basis3). In cv. Elkana, a variety used for . - .

the industrial pgrocessingI of potato starch, protegse inhibitors Y2Y'NY from pH 5.8 to 9.4, have been characterized in potato

represent approximately 50% of the total amount of soluble juice _(CV‘ EII_<ana) (4). .

protein present in the tuber (cv. Elkana) of which the potato In industrial processes, potato proteins are recovered as a

cysteine protease inhibitor (PCPI) group represents approxi- PYProduct (8). This is done by an acidic heat treatment of the

mately 12% (4). potato protein containing liquid an(_j results in |rreve_r3|bly
precipitated proteins8). Understanding the conformational

Cygteing proteases are wiqlely distriputed among Iiviqg changes of these potato proteins induced by temperature may
organisms; the most abundant is the papain family. This family help to understand the mechanism of the ensuing aggregation

consists of papain and related plant proteases, such as chymo- L i
papain and bromelain. In humans, well-known cysteine protease: and precipitation. However, data about pH and heat stability of

are cathepsins B, H, and L. Cysteine proteases are involved in CPIs are absent. The aim of the present study was, therefore,

: . . : . _to investigate the structural properties and the thermal stability
a variety of physiological processes such as protein degradation, f the three most abundant isoforms of PCR. (

antigen presentation, bone resorption, and hormone processiné)
(5). They also play a role in many pathological processes
including tumor invasion and metastas$. (Therefore, specific =~ MATERIAL AND METHODS

cysteine protease inhibitors, such as PCPI, may have consider- Preparation of PCPI Solutions. PCPI isoforms 8.3, 8.6, and 9.4
able potential for diagnosis and treatment. In some cases, insect$yere purified from cv. Elkana as described previoudly An additional
chromatofocusing purification step was included, using a Polybuffer

*To whom correspondence should be addressed. T8l 317 483209.  Exchanger 118 column (60 cm 1.6 cm) (Amersham Biosciences,
Fax: +31 317 484893. E-mail: Fons.Voragen@wur.nl. Uppsala, Sweden). The column was equilibrated with 0.025 M

Protease inhibitors are ubiquitously abundant in tubers and
plant seeds (1In higher plants, several gene families of protease
inhibitors have been characterized, particularly those constituting
the serine protease inhibitors froneguminosaeSolanaceae,
and Graminae(2).

In potatoes, a wide range of protease inhibitors is expressed
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diethanolamine—HCI buffer, pH 9.4, for PCPI 8.3 and 8.6 and with S-strand, and random coil conformatiat?) and the spectrum gfturn
0.025 M triethanolamineHCI, pH 11.0, for PCPI 9.4. The fractions  structures, extracted from 24 proteins with known X-ray structu8s (
corresponding to PCPI 8.3, 8.6, and 9.4 (4) were loaded onto the Changes in secondary structure of PCPI during heating were also
column. The protein was eluted using Polybuffer 96-HCI (pH 7.0) monitored by measuring the ellipticity at 222 nm as a function of
(dilution factor 1:10) for PCPI 8.3 and 8.6 and using Pharmylate-HCI temperature. The ellipticity at 222 nm is usually correlated with the
(pH 8.0) (dilution 1:45) for PCPI 9.4 (Amersham Biosciences). The a-helical content (14).

absorbance of the eluates was monitored at 280 and 320 nm. Near-UV CD.Near-UV CD spectra of 0.6 mg/mL PCPI in 95 mM
Appropriate fractions (20 mL) were collected and pooled. The Poly- sodium acetate buffer (pH 4.0) were recorded on a Jasco J-715
buffer was removed by hydrophobic interaction chromatography using spectropolarimeter (Jasco Corp.) atZl Spectra were recorded 30-

a HP Phenyl Sepharose column (10 cm 2.6 cm) (Amersham fold and averaged. Spectra were corrected using a spectrum of a protein-
Biosciences). After purification, the purified PCPIs 8.3, 8.6, and 9.4 free sample obtained under identical conditions. A quartz cell with an
were dialyzed at 4C against a 95 mM sodium acetate buffer, pH 4.0 optical path length of 1.0 cm was used. The scan interval was-250
(ionic strength, 15 mM). After dialysis, the samples were frozen in 350 nm, the scan speed was 100 nm/min, the data interval was 0.2
small volumes and stored until use at a concentration of 1 mg/mL.  nm, the bandwidth was 1.0 nm, the sensitivity was 20 mdeg, and the

Soybean trypsin inhibitor (STI) was purchased from Fluka (art. no. response time was 0.125 s.

93618). STl was dissolved in 9 mM sodium phosphate buffer (pH 7.0)  Fluorescence Spectroscoplfluorescence spectra of 0.2 mg/mL
and dialyzed against the same buffer overnight aC4 solutions of PCPI in 95 mM sodium acetate buffer (pH 4.0) afQ0

Protein Purity. Sodium dodecy! sulfate—polyacrylamide gel elec-  were recorded on a Perkin-Elmer Luminescence Spectrophotometer LS
trophoresis (SDS—PAGE), with and withofitmercaptoethanol, and 50 B (Perkin-Elmer Corp., Boston, MA). Excitation was done at 285
IEF electrophoresis were performed with a Pharmacia PhastSystemnm, and the resulting emission was measured from 290 to 405 nm with
according to the instructions of the manufacturer using Gradie@68o a scan speed of 100 nm/min. Both the excitation and the emission slits
and IEF 3-9 Phastgels, respectively. Gels were stained according to were set at 3.5 nm. Spectra were recorded 3-fold and averaged. Spectra
the Coomassie brilliant blue R-250 staining procedure provided by the were corrected using a spectrum of a protein-free sample obtained under
manufacturer. identical conditions.

Protein Quantification. Because the sequence of PCPI 8.3 isknown  Changes in the tertiary structure of PCPI during heating were also
(9), the protein concentration of PCPI 8.3 was determined by measuring monitored by measuring the changes in fluorescence intensity at 300
its absorbance at 280 nm in the presence of 6 M GndHClI, using a nm as a function of temperature using a Varian Cary fluorimeter (Varian
theoretical extinction coefficient of 17210 ™M cm? based on its Cary Inc., Palo Alto, CA). A maximum emission at 305 nm when
sequence. The protein content of PCPI 8.3, 8.6, and 9.4 was alsoexcited at 285 nm is represensative of tyrosine emission, which is not
determined using the Bradford assay (10). To be able to use bovinedominated by tryptophan emissiorl5). Therefore, following the
serum albumin (BSA) instead of PCPI 8.3 (being a representative PCPI) changes in fluorescence at 300 nm indicates changes in the local
as a standard a normalization was used to correct the difference inenvironment of the protein (16).
response between BSA and PCPI 8.3. Fourier Transformed Infrared (FTIR) Spectroscopytenuated total

Mass Spectrometry. Matrix-assisted laser desorption/ionization reflection infrared (ATR-IR) spectra were recorded on a Bio Rad FTS
time-of-flight mass spectrometry (MALDI-TOF-MS) analysis in the 6000 spectrometer equipped with a DTGS detector (BioRad Labora-
linear mode was performed using a Voyager DE RP instrument tories Inc., Cambridge, MA). Typically, 50L of a 0.8 mg/mL PCPI
(Perseptive Biosystems, Framingham, MA) as described previed)sly ( samples in 9 mM phosphate buffer (pH 7.0) was transferred onto a

Gel Filtration. The AKTA explorer protein chromatography system  germanium crystal (1 cnx 8 cm) and dried under air to remove excess
and the columns used for the protein purification were from Amersham ater. Next, the crystal was placed in such a way in the light beam
Biosciences. The absorbance of the eluates was monitored at 280 nmthat six total reflections were obtained. Spectra were accumulated at

A Superdex 75 (30 cmx 0.32 cm) was used to determine if  ambient temperature in the spectral region of 4000 to 800" ewith
aggregation was taking place during heating and to estimate the sizea spectral resolution of 0.5 crh prior to zero-filling and Fourier
of possible aggregates. The column was equilibrated with 100 mM transformation, using a speed of 5 kHz and a filter of 1.2 kHz. Typically,
sodium phosphate buffer (pH 7.5) and operated at a flow rate of 0.5 100 spectra were accumulated and subsequently averaged. A spectrum
mL/min. Proteins used for calibration were as follows: ribonuclease representing atmospheric water was subtracted from the sample spectra.
A (13.7 kDa), chymotrypsinogen A (25.0 kDa), ovalbumin (43.0 kDa), All samples were prepared and analyzed at least in duplicate. Spectra
BSA (67.0 kDa), and Blue dextran (2000 kDa). The protein samples were deconvoluted in order to analyze the underlying absorption bands
(0.2—0.8 mg/mL) were heated with a scan rate of@th up to 85°C using K = 2.4 and a full width at half-height of 24 crh using the
and cooled to 20C before applying them onto the column. deconvolution function available in the BioRad software (BioRad

Spectroscopic MeasurementsAll samples were filtered through a  Laboratories Inc.).

0.22 um filter before spectroscopic measurements. Between two  Differential Scanning Calorimetry (DSC). DSC measurements
measurements, the cuvette was thoroughly cleaned with Nanopure watevere performed on a VP-DSC Microcalorimeter (MicroCal Inc.,
and subsequently rinsed with ethanol. Northampton, MA). Solutions containing 0.6 mg/mL PCPI in 95 mM

Far-Ultraviolet Circular Dichroism (Far-UV CD). Far-Uv CD sodium acetate buffer (pH 4.0) were heated from 20 t6@%with a
spectra of 0.2 mg/mL of PCPI in 95 mM sodium acetate buffer (pH scan rate of 30C/h.

4.0) were recorded on a Jasco J-715 spectropolarimeter (Jasco Corp., To investigate the reversibility of the unfolding, the samples were
Tokyo, Japan) at temperatures ranging from 20 t6@5vith intervals heated with a scan rate of 3@/h to a temperature just after the

of approximately 5°, with a heating rate of 3G/h. The temperature  transition was complete. The sample was subsequently cooled to 20
was measured in the sample using a thermocouple wire. Starting from°C and reheated to 88 with the same scan rate.

20 °C, the proteins were heated to the desired temperature and
equilibrated for 3 min at this temperature before the wavelength scans
were recorded. Quartz cells with an optical path length of 0.1 cm were

used. The scan range was 2680 nm, the scan speed was 50 nm/ Protein Architecture. The purity and the molecular mass
min, the data interval was 0.2 nm, the bandwidth was 1.0 nm, the of the three main isoforms of PCPI were studied using SDS
sensitivity was 20 mdeg, and the response time was 0.125 s. SpectrapAGE and MALDI-TOF-MS. SDS—PAGE under reducing

were recorded 10-fold and averaged. Spectra were corrected using & onditions showed a single band at approximately 20 kDa for
spectrum of a protein-free sample obtained under identical conditions. .
gach isoform (data not shown).

Noise reduction was applied using the Jasco software. The spectra wer A )
analyzed from 240 to 190 nm to estimate the secondary structure content 10 determine the molecular mass of these three PCPI isoforms

of the protein, using a nonlinear regression procedad. (Spectra more precisely, MALDI-TOF-MS experiments were carried out
were fitted using the reference spectra of poly-lysine in dHeelix, (Figure 1). The MALDI-TOF-MS spectra showed two peaks

RESULTS
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Figure 1. MALDI-TOF-MS spectra of PCPI isoforms.
Wavelength (nm)
1 Figure 3. Near UV CD spectra of PCPI 8.3 (solid), PCPI 8.6 (dot), and
;| //’ ‘\\ ___PCPIgs PCPI 9.4 (dashes) (pH 4.0) at 20 °C. Spectra were recorded 30-fold and
S N averaged.
Vs \N
°C). All spectra show extremes at 292, 285, and 268 nm,
although the peak at 285 nm for PCPI 8.3 is very weak as
2 PCPI 8.3 compared to those for PCPI 8.6 and 9.4. The remarkable
13 sharpness of the peaks at 285 and 292 nm indicates a compact
a and rigid protein structurel@). The peak at 292 nm points to
the presence of tryptophan residues, whereas the peaks at 285
and 268 nm indicate the presence of tyrosyl and phenylalanine
residues, respectively. In comparison to the near-UV CD spectra
of PSPI (L7), the peaks of PCPI isoforms are sharper and more
distinct. In the case of PCPI 8.3, the presence of these three
-25 T T : . : T peaks is in accordance with its amino acid sequence%ref
200 210 220 230 240 250 260

SwissProt, 024383), which shows the presence of one tryp-

Wavelength (nm) tophan, seven tyrosyl, and nine phenylalanyl residues. PCPI 9.4

Figure 2. Far UV CD spectra of PCPI 8.3 (solid), PCPI 8.6 (long dashes),
and PCPI 9.4 (short dashes) (pH 4.0) at 20 °C. Spectra were recorded
10-fold and averaged.

has been previously describel®), but no amino acid sequence
was given. PCPI 8.6 has been described as a new cysteine
protease inhibitor (4), and also of this protein, no amino acid

sequence is available. From the near-UV CD spectra, it is,

at 10216 and 20433 Da for PCPI 8.3, at 10064 and 20128 Dahowever, clear that both PCPI 8.6 and PCPI 9.4 contain at least
for PCPI 8.6, and at 10066 and 20132 Da for PCPI 9.4, one tryptophan and one tyrosyl residues. By comparing peak
respectively. The two peaks correspond to the doubly and singly intensities at 285 and 292 nm between PCPI isoforms, we
charged ions of the same protein. The similarity in molecular assume that PCPI 8.6 and 9.4 contain at least a similar amount
mass between the isoforms is in accordance with previous result(or higher) of tyrosyls residues.
4). Fluorescence spectroscopy can give information about the

Structural Properties at Ambient Temperature. To study solvent accessibility of the chromophores (tryptophan, tyrosine,
the structural properties of the three isoforms of PCPI at pH and phenylalanine). Therefore, the fluorescence spectrum is
4.0, far-UV CD, near-UV CD, fluorescence, and ATR-IR spectra sensitive to local changes in the tertiary structure of a protein
of all PCPI isoforms were recorde#figure 2 shows far-Uv (20). Because the near-UV CD spectra of PCPI isoforms all
CD spectra of the three isoforms of PCPI at pH 4.0. The spectrashowed the presence of tryptophan residues according to the
for PCPI 8.6 and 9.4 have similar characteristics with a zero near-UV CD spectra, tryptophan fluorescence emission spectra
crossing at 214.5 nm, a minimum around 197 nm, and a were recorded. Surprisingly, no tryptophan emission maxima
maximum at 228 nm. The spectrum of PCPI 8.3 is slightly were observed for all three isoformBigure 4). It has to be
deviated from the two others by the fact that it shows a zero noticed that, for most native proteins containing tryptophan and
crossing at a somewhat higher wavelengt217 nm). The large  tyrosyl residues, their fluorescence emission excited at-280
similarities between the spectra indicate that the isoforms have285 nm is dominated by the tryptophan emission where the band
a highly similar structure. Fitting of the spectra using reference maxima vary in wavelength between 328 and 350 tB).(The
spectra for thex-helix, g-sheet,f-turn, and random coil was  tyrosine emission was hard to detect even though the ratio Tyr:
not successful; therefore, no secondary structure can be assignedrp is high, like in human serum albumin where the ration is
for PCPI isoforms. It has to be noticed that far-UV CD spectra 17:1 (21). The quenching in tryptophan emission may be
of PCPI isoforms shows high similarities to those of potato explained by the presence of strong hydrogen bonds between
serine protease inhibitor (PSPI) isoforms (17). Near-UV CD the side chains of the tryptophan with that of phenylalanii@. (
spectra give an indication of the interactions of aromatic side Therefore, tyrosine emission spectra were recorded. These
chains with other side chain groups and peptide bonds, reflectingspectra (Figure 4) showed, for all three isoforms, a maximum
the tertiary structure of a proteid). Figure 3 shows the near-  at 305 nm, indicating that some of the tyrosyl residues are
UV CD spectra of the three isoforms of PCPI at pH 4.0 (20 located on the periphery of the protein and that they are not
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Figure 6. Far UV CD spectra of PCPI 8.3 (A) and PCPI 9.4 (B) (pH 4.0)
oao . T . . . T at various temperatures. After 3 min at the desired temperatures, spectra
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Figure 5. Amide | region of the ATR-IR spectra of PCPI 8.3 (long dashes),
PCPI 8.6 (short dashes), PCPI 9.4 (dot), and STI (solid) (pH 4.0). One
hundred spectra were accumulated and averaged subsequently.

turns, respectively25). The intensity of these bands shows that
STl is somewhat richer in3-sheet ands-turns than PCPI
isoforms. In comparison to PSPIY), PCPI isoforms seem even
more similar to STI (26) than the PSPl group members.
Thermal Stability. The thermal stability of PCPI was
near the tryptophan residue, since no photon transfer is occurringinvestigated using far- and near-UV CD spectroscopy, fluores-
from the tyrosyl to the tryptophan residue (16). PCPI isoforms cence spectroscopy, and DSC. As typical examples, far-UV CD
show a very rare fluorescence behavior where the tyrosine spectra of PCPI 8.3 and PCPI 9.4 at various temperatures (pH
emission is dominating the tryptophan one, similar to a 33 kDa 4.0) are shown irfrigure 6. Similar results were also obtained
protein from spinach photosystem I&). Even though PSPl for PCPI 8.6. No changes in intensity occurred up to°60
isoforms show similar far- and near-UV CD spectra, as well as With increasing temperature above €0 the absolute intensities
a similar amount of tyrosyl residued ), PSPI isoforms do  at 200 and 228 nm decreased and were inverted.
not show any tyrosine emission when excited at 285 nm but  Figure 7A shows the ellipticity of PCPI 8.3, 8.6, and 9.4 at
only trytophan emission. 222 nm as a function of temperature. It can be observed that
IR spectroscopy is another method to investigate protein the shapes of the thermal unfolding curves of PCPI 8.6 and 9.4
secondary structure based on molecular vibration of specific are similar and that the changes in secondary structure for both

bonds, such as the=€D vibrations in the amide | band (1660 isoforms occur in a very narrow temperature range (ap-
1700 cntY). FTIR spectroscopy, therefore, can give information proximately 4.5°C). The ellipticity at 222 nm for PCPI 8.6
on the secondary structurg2). Figure 5 shows the amide | (pH 4.0) showed changes between 68.5 and 78.0with a

band of the infrared spectra of both PCPI isoforms and the midpoint at 70.3C, whereas for PCPI 9.4, the changes occurred
Kunitz type STI, of which the X-ray structure has revealed that between 66.8 and 71°€, with a midpoint at 69.4C. For PCPI

it contains approximately 2%-helix, 38%/p-sheet, 23%g-turn, 8.3, the changes occur in a broader temperature range (around
and 37% unordered structur23( 24). The spectra indicate that 9 °C) (Figure 7A). In the secondary structure of PCPI 8.3, the
there is a very high degree of similarity between STI and PCPI changes take place between 65.9 and 7€,Avith a midpoint
isoforms. Deconvolution of the spectra revealed the presenceat 70.0°C. To monitor also the changes in tertiary structure,
of a major band at 1642 cmh, which indicates the presence of the tyrosine fluorescence emission at 300 nm was followed as
both unordered structure and shittheets 25). Other decon- a function of temperatureFigure 7B shows the thermal
voluted bands at 1689 and 1624 chand at 1672 and 1662 unfolding curves as followed by the tyrosine fluorescence
cm~! can be observed, indicating the presencg-sheets and emission intensity at 300 nm, as well as the unfolding curves
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1,0 4

0.8 1 Table 1. Thermodynamic Parameters of PCPI Isoforms (Cv. Elkana) at
pH 4.0
£ o5 " .
3 ° transition temperature (°C) AHza AHg?
5 farUVCD  Tyrfluo DSC (kd/mol)  (kd/mol)  AHWAHc
8 o041 PCPI8.3 700+0.1 69.5+0.2 67.0+0.1 498+11 449+25 0.90=0.10
= PCPI86 703+0.2 69.6+0.1 67.6+0.1 448+6 885+44 197+0.18
PCPI9.4 694+0.2 69.1+02 675+0.2 548+8 909+56 1.66+0.18
0.2 4
@ AHyy was determined from the CD thermal unfolding curves.
0.0 - . s
T T T T T . . the original peak area being recovered upon reheating, indicating
62 64 66 68 70 72 74 76 78 that the transition is almost completely irreversible (data not
Temperature (°C) shown) (29).
Figure 7. (A) Thermal unfolding curves of PCPI isoforms at pH 4.0, To obtain thermodynamic data from thermal unfolding CD
monitored by the far UV CD signal at 222 nm. (B) Thermal unfolding curves of PCPI isoforms, the model given by van Mierlo et al.
curves, monitored by the tyrosine fluorescence at 300 nm (M, PCPI 8.3; (30), based on thermodynamic equatioBg,(20), was used.
A, PCPI 9.4) and the far UV CD signal (222 nm). Transition temperatures and calorimetric and Van't Hoff en-

thalpies as obtained from CD, fluorescence, and DSC measure-

followed by the CD signal at 222 nm, for PCPI 8.3 and 9.4. In ments are shown ifTable 1. The ratios of the Van't Hoff
theFigure 7B, the results are expressed as the fraction of PCPI enthalpy and the calorimetric enthalpy are also shown in this
in the folded state7). The fluorescence unfolding curve for table. This ratio differs from 1 for two of the three isoforms
PCPI 8.6 was similar to that for PCPI 9.4 and is, therefore, not and ranges from 0.9 for PCPI 8.3 to approximately 2 for PCPI
shown. It can be observed that the changes in the tertiary 8.6. These results indicate that PCPI does not unfold via a simple
structure of PCPI 9.4 occur again in a very narrow temperature two-state mechanism but that at least one intermediate is present
range (4°C), whereas the changes for PCPI 8.3 occur in a (29, 32).

broader temperature range (3®). The difference in the width Concentration and Scan Rate Dependency. Figure 9A

of the temperature range of unfolding between the isoforms is, shows the transition temperature as well as the calorimetric
however, smaller than observed using far-UV CD. DSC enthalpy as a function of the protein concentration for the three
measurements were performed in order to determine the energyPCPI isoforms, as obtained by DSC. It can be clearly seen that
content of the heat-induced conformational changes of PCPIthe transition temperature decreases when the protein concentra-
isoforms (23). The DSC profiles of PCPI 8.6 and 9.4 at pH 4.0 tion increases, whereas thélc, remains constant. These results
each showed a symmetric peak with transition temperatures ofindicate that increasing protein concentration leads to a more
67.6 and 67.5°C, respectively (Figure 8). The calorimetric  extensive aggregation even though the peak remains symmetric
enthalpies obtained for PCPI 8.6 and 9.4 are approximately 447(29). The changes in transition temperature with protein
448 and 548 kJ/mol, respectively. The DSC profile of PCPI concentration followed the same trend for all three isoforms.
8.3 showed a different shape (Figure 8). The peak is not To examine the aggregation behavior of PCPI 9.4, samples
symmetric due to a shoulder at 7C. These results indicate  with concentrations between 0.2 and 1 mg/mL were studied by
that either PCPI 8.3 consists of at least two parts that unfold gel filtration, after heating at 83C (Figure 9B). The results
more or less independently with temperature, or a stable show that heating leads to the formation of aggregates at all
intermediate is formed during the unfolding mechanism of PCPI concentrations tested. Even at the lowest concentration (0.2 mg/
8.3. The calorimetric enthalpy for PCPI 8.3 is quite similar to mL), aggregation occurred and no nonaggregated PCPI was
that of PCPI 8.6 and 9.4 and amounts 497 kJ/mol. For all PCPI observed (Ve= 15 mL). However, also a peak, eluting at 17.5
isoforms, rescanning the heated (0 for PCPI 8.6 and 9.4  mL, appeared, indicating a molecular mass of approximately 7
and 74°C for PCPI 8.3) samples resulted in less than 10% of kDa. Similar results were obtained for PCPI 8.3 and 8.6,



5744 J. Agric. Food Chem., Vol. 53, No. 14, 2005 Pouvreau et al.

70,0 600 8e-4
A A 2 ->10-->30-->80°C
69,5
69,0 F 500 B6e-4
. 685+ R
68,0 2 5 i
£ o0 £ q de-d
] jot
J (&)
67,5 ]<:]
67.0 1 L 300 2e-4 A
66,5
0,0 T T T T T 0
0,0 0,2 04 0,6 08 1,0 1.2 0 1
Protein concentration (mg/mL) 58 80 74
. Temperature (°C)
o] o] o ol ©
0] g g8 8 88 % 3504
5 ] &¢° E
= B 2 -->10-->30-->60°C
50 3,0e-4
Native PCPI 9.4
g 40 q 2,5e-4 4
g 1mg/mL .
% 304 O 2,0e4 4
2 L
2 8
20 1 & 1,564
10 4 0.2 mg/mL 1,004 -
e e 5,0e-5 -
0 2 4 8
Volume (mL}) 0.0 ,
Figure 9. (A) Effect of protein concentration on the transition temperature 55 80
(@) and the AH., (a) for PCPI 8.3 (solid), PCPI 8.6 (dashes), and PCPI Temperature (°C)

9.4 (dot). Protein solutions were heated from 20 to 85 °C with a scan Figure 10. DSC thermograms of PCPI 9.4 (A) and PCPI 8.3 (B) at 2
rate of 30 °C/h. (B) Gel filtration of PCPI after heating from 20 to 85 °C (solid), 10 (dashes), 30 (dots and dashes), and 60 (dot) °C/h.
at different protein concentrations.

including the appearance of the 7 kDa peak (data not shown). 5;scussion
The origin of the 7 kDa peak remains unclear, and further
characterizations would be needed to determine the nature of PCPI: Its Similarity to PSPI. Previously, PSPl was

this peak. One hypothesis is that a flexible part of the protein classified as #-Il protein (17). The far-UV CD specira of all

is cleaved during heating. Like all Kunitz type inhibitors, PCPI inyestigated PCPI isoforms show extremes at approximately 200
isoforms contain four cysteine residues forming two disulfide and 228 nm, similar to the spectra obtained for PSHFN).(
bridges. Experiments in the presence of DTT showed that Together with the sharp peaks in the near-UV CD spectra and
aggregation is not occurring (data not shown). Therefore, the narrow temperature range in which thermal unfolding occurs,
aggregation seems to occur via a specific mechanism, whichthis indicates that also PCPI can be classified Adlgprotein.
seems to involve disulfide interchanges. In comparison to PSPIMoreover, the large similarity of both the far-UV CD and the
(17), the end product is not a tetrameric form of the protein infrared spectra of PCPI to those of PSPI and to those of another
and may not be of one single population. Further analyses haves-|| protein, the Kunitz type inhibitor STI, confirm this

to be performed in order to characterize the aggregates. classification.

To establish equilibrium between the native and the unfolded ~ The maximum in the far-UV CD spectrum at 228 nm has
state at all temperatures, the heating rate should be much loweibeen observed for various protease inhibitors such as B (
than the folding/unfolding rate$8). Therefore, PCPl isoforms  and clitocypin, a cysteine protease inhibitor from mushroom
were heated at scan rates between 2 an€idB. (35). This positive maximum seems to be a common charac-

Figure 10 shows thermograms of PCPI 8.3 and 9.4 at various teristic of many protease inhibitors belonging to fh# protein
scan rates. For PCPI 9.4, the peak remained symmetric butclass. Therefore, the common structure (fold), consisting of
became less sharp and shifted to a higher temperature, with ardistorded (not planp-sheets, of the protease inhibitors from
increasing scan rate in the range of 2—@€0h (Figure 10A). the -1l protein subclass may be responsible for this positive
A similar, but even larger, effect of scan rate was observed for maximum.

PCPI 8.3 Figure 10B). The transition temperatures for all three Comparison between PCPI IsoformsThe results presented
isoforms decreased with decreasing scan rate, whereas théndicate that the thermal unfolding of PCPI occurs via a nontwo-
calorimetric enthalpies increased from 280 to 460, from 210 to state mechanism in which at least one intermediate is formed,
400, and from 385 to 530 kJ/mol for PCPI 8.3, 8.6, and 9.4, thus preventing the use of equilibrium thermodynamics. Inter-
respectively. These results indicate that no equilibrium is pretation of the thermal unfolding data is further complicated
reached, even at the lowest scan rate. by the occurrence of aggregation, which, especially at low scan
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rates, increases the apparent cooperativity of the unfolding (9) Krizaj, I.; Drobnic-Kosorok, M.; Brzin, J.; Jerala, R.; Turk, V.
(AH/AHc) and makes the system kinetically rather than The primary stucture of inhibitor of cysteine proteinases from
thermodynamically controlled (36). potato.FEBS Lett.1993,333, 15-20. 3
In this study, several differences between the three isoforms (10) Bradford, M. M. A rapid and sensitive method for the quantifica-
of PCPI were observed. PCPI 8.6 and 9.4 gave in all experiments tion of microgram quantities of protein utilizing the principle of
A S tein-dye bindingAnal. Biochem1976,72, 248—254.
very similar results, while in some cases PCPI 8.3 showed a pro : . % 1<) .
different behavior. PCPI isoforms showed similar structural (11) d.e Jongh’ H. .H' I Goormach_tlgh, E.; K|II|_a1r_1, A. AnaIyS|s. of
roperties, although the zero crossing in the far-UV CD circular dichroism spec_tra Qf o_rlented _proteilpld complexes:
P ' - . Toward a general applicatioBiochemistryl994,33, 14521 —
spectrum of PCPI 8.3 indicates that PCPI 8.3 may have a slightly 14528,

different secondary structure. No differences between the three (12) Greenfield, N. J.; Fasman, G. D. Computed circular dichroism

isoforms could be observed in the ATR-IR spectra. spectra for evaluation of protein conformatiddiochemistry
The differences between these isoforms became more appar- 1969,8, 4108—4116.

ent upon thermal unfolding. The changes in secondary and (13) Chang, C. T.; Wu, C.-S. C.; Yang, J. T. Circular dichroic analysis

tertiary structure occur in a broader temperature range for PCPI of protein conformation: Inclusion of the b-turrfnal. Biochem.

8.3 than for the other two isoforms. The absence of complete 1978,91, 13-31.

overlap between the temperature ranges in which the secondary (14) van Mierlo, C. P. M.; de Jongh, H. H. J.; Visser, A. J. W. G.

and tertiary structures of PCPI isoforms unfold indicates the Circular dichroism of proteins in solution and at interfaces. In

presence of a stable intermediate of a “molten globule” type Physical Chemistry of Biological InterfageBaszkin, A., Norde,

(37, 38). W., Eds.; Marcel Dekker: New York, 2000.

(15) Teale, F. W. J. The ultraviolet fluorescence of proteins in neutral
solution.Biochem. J1960,76, 381—388.

(16) Ruan, K.; Li, J.; Liang, R.; Xu, C.; Yu, Y.; Lange, R.; Balny,
C. A rare protein fluorescence behavior where the emission is

It is difficult to explain the differences in behavior upon
thermal unfolding between the PCPI isoforms since they show
a very high similarities at secondary and tertiary levels. The

fact that the amino acid sequences of PCPI 8.6 and 9.4 are dominated by tyrosine: Case of the 33-kDa protein from spinach
unknown makes it even more complicated. However, PCPI 8.3 photosystem I1Biochem. Biophys. Res. Comm@@02, 293,
shows slightly less sharp peaks in the near-UV CD spectra, 597—597.

which may indicate a less compact structure than the one of (17) Pouvreau, L.; Gruppen, H.; van Koningsveld, G. A.; van den
PCPI 8.6 and 9.4. This might be an explanation for the thermal Broek, L. A. M.; Voragen, A. G. J. Conformational stability of
unfolding occurring via a broader temperature range for PCPI the potato serine protease inhibitor group Elkana).J. Agric.
8.3. However, more precise characterizations of PCPI isoforms Food Chem2004,52, 7704—7710.

upon heating have to be performed. (18) Kelly, S. M.; Price, N. C. The application of circular dichroism

to studies of protein folding and unfoldin8iochim. Biophys.
Acta1997,1338, 161—185.
(19) Brzin, J.; Popovic, T.; Drobnic-Kosorok, M.; Kotnik, M.; Turk,
In the original ASAP posting on June 11, 2005, refered@e V. Inhibitors of cysteine proteinases from potaBiol. Chem.
was left out. This was corrected on June 23, 2005. Hoppe. Seyled 988,369, 233—-238.
(20) Pace, C., N.; Shirley, B. A.; Thomson, J. A. Measuring the
conformational stability of a protein. IRrotein Structure; A
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