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ABSTRACT. Pectate lyase C (pelC) was the first protein in which the payalhetlix structure was recognized.

The unique features of parallgthelix-containing proteinsa relatively simple topology and unusual
interactions among side chaifimake pelC an interesting protein to study with respect to protein folding.

In this paper, we report studies of the unfolding equilibrium of pelC. PelC is unfolded reversibly by
gdn-HCI at pH 7 and 5, as monitored by far- and near-UV CD and fluorescence. The coincidence of
these spectroscopically detected transitions is consistent with a two-state transition at pH 7, but the three
probes are not coincident at pH 5. No evidence was found for a loosely folded intermediate in the transition
region at pH 5. At pH 7, the\Gy, ,, for unfolding is 12.2 kcal/mol, with the midpoint of the transition at

0.99 M gdn-HCl andn = 12.3 kcal/(mo{M) Thus, pelC is unusually stable and hasmaralue that is

much larger than for typical globular proteins. Thermal denaturation of pelC has been studied by differential
scanning calorimetry (DSC) and by CD. Although thermal denaturation is not reversible, valid
thermodynamic data can be obtained for the unfolding transitiéfyant Hoi/ AHcal IS less than 1 for pHs
between 5 and 8, with a maximum value of 0.91 at pH 7 decreasing to 0.85 at pH 8 and to 0.68 at pH
5. At all pHs studied, the excess heat capacity can be deconvoluted into two components corresponding
to two-state transitions that are nearly coincident at pH 7, but deviate more at higher and lower pH. Thus,
pelC appears to consist of two domains that interact strongly and unfold in a cooperative fashion at pH
7, but the cooperativity decreases at higher and lower pH. The crystal structure of pelC shows no obvious
domain structure, however.

A fundamental aim in biological sciences is to understand PelC is a single polypeptide chain of 37 676 Da that
the mechanism by which a protein adopts its functional three- apparently consists of a single domain. The structure of pelC,
dimensional structure. Studies on small model proteins suchwhich has been determined by X-ray crystallography at 2.2
as lysozyme, myoglobin, and-lactalbumin have led to A resolution, is shown in Figure 11). A notable feature of
significant advances toward this aim. A type of protein fold this structure is the relatively high parallgisheet content
known as the parallgl-helix, first reported in 1993, has been making up the dominant fraction of the secondary structure
observed in several proteink<{6). The first to be observed, (Table 1). The most interesting characteristic of the polypep-
and the focus of this study, was pectate lyase C (peét@n tide backbone is that these paraffesheets wind up to form
Erwinia chrysanthem(l, 2). PelC is a virulence factor among a large right-handed coil, called a parafiehelix. This makes
the causative agents thought to be responsible for soft-rottinga very simple and highly ordered topology that went
disease of plant tissu&,(8). PelC and other pel isozymes unobserved and unpredicted in more than 30 years of protein
depolymerize polygalacturonides in the presence of"Ca crystallography and nuclear magnetic resonance spectros-
ions, effectively destroying the integrity of plant tissu@ ( copy. Each of the three sheets, labeled PBJlis composed
The pel enzymes catalyze the cleavage of thd,4- of 6—10 strands, and together they form 7 complete turns
glycosidic linkages in pectat&), Cleavage proceeds via a of the B-helix. PelC contains about 30% parall@isheet
B-elimination mechanism7( 9), predominantly resulting in  (Table 1), thus making it a good system to study the folding
trisaccharides, and rarely disaccharides and tetrasaccharidesnd structural organization of this type of secondary structure.

t Supported by USPHS Grant GM-22994. In addition to thg unique packbor_]e topology, pelC contains
* Correspondence should be addressed to this author. E-mail: Several unusual side-chain interactions. The hydrophobic core
rww@lamar.colostate.edu, fax: 970-491-0494. contains several stacks of interdigitated aliphatic residues.
2%('305%?1?1 Ssﬁé%&f:évfﬁ'\%}sity The stacks contain from 3 to 10 residues each and total 108
1 Abbreviations: pelC, pectate Iyase C; DSC, differential scanning Interacting branChEd'C_ham residues. annectmg two of the
calorimetry; UV, ultraviolet; CD, circular dichroism; LB, Luria  Sheets (PB2 and PB3) is a raig: turn. In six of these turns,
Bertani; IPTG, isopropyB-p-thiogalactopyranosideéyl,, relative mo- one residue is always an asparagine, making a ladder of

lecular mass; SDSPAGE, sodium dodecyl sulfatepolyacrylamide ; ; inai ; ;
gel electrophoresis; HPLC, high-pressure liquid chromatography; gdn- asparagine residues inside the core of the protein. There is

HCI, guanidine hydrochloride; ANS, 8-anilino-1-naphthalenesulfonate; & second polar amino acid Sta_-Ck inside anOthe‘_r turn (between
PR, poly(proline) II. sheets PB1 and PB2) comprised of three serine residues. In
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Ficure 1: Structure of pelC determined by X-ray crystallography
(1) in a representation generated by RasMi#l)( The 5-helix is
highlighted in gray (in front) and black (in back) arrows, and the
remaininga-helical and other secondary structures are in gray.

the interior and exterior of the protein, there are several stacks

of two or three aromatic and histidine residues. Finally there
is a network of aromatic amino acids at the junction between
the N and C termini of the protein. The nature of these
interactions can provide insight into the role of side-chain
interactions in guiding the folding process and their relative
contributions to the stability and structural organization of
proteins.

The goal of this study is to investigate the physical
properties and the folding of wild-type pelC. To understand
the folding mechanism and structural organization, we have
monitored the equilibrium of chemical and thermal dena-
turation by circular dichroism (CD), fluorescence, and
differential scanning microcalorimetry (DSC). From these
experiments, the free energy of unfolding(ﬁgzo) was

determined. We have determined that there are two structural

components of pelC that differ in thermal stability, and each

one unfolds in a simple two-state manner. These structural
units are capable of displaying some degree of independence

Although recently a fragment of the tailspike protein from
bacteriophage P22 containing the pargiléielix domain was
isolated and studied along with several mutaa; (1), our
study represents the first biophysical characterization of a
complete paralleB-helix protein.

MATERIALS AND METHODS

Purification of PelC PelC was purified from the overex-
pressingEscherichia colistrain HB101 carrying a plasmid
bearing the gene for wild-type pelC (pPEL410), using
published methodsl@). The cells were grown for48 h at
22—25°C in Luria—Bertani (LB) media supplemented with
50 ug/mL ampicillin and 1 mM isopropyp-b-thiogalacto-
pyranoside (IPTG) at culture initiation. Cells were harvested
by centrifugation at 80af) Spheroplasts were prepared by
the method of Witholt et al.1Q3).

Cells fram a 2 L culture were suspended in 200 mL of
0.2 M Tris-HCI (pH 8.0), and then centrifuged at 8@00
The pellet was resuspended in 32 mL of 0.2 M Tris-HCI
(pH 8.0). Then 40 mL of 0.2 M Tris-HCI/1 M sucrose and
800uL of 50 uM EDTA were added. The suspension was
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mixed well and allowed to stand for 5 min. Eight hundred
microliters of fresh hen egg-white lysozyme solution (6 mg/
mL) and then 80 mL of distilled water were added, mixed
well, and allowed to stand for 20 min at room temperature.
The resulting spheroplasts were pelleted by centrifugation
at 1500@, and the supernatant periplasmic fraction was
retained. The supernatant was dialyzed against 5 mM Tris-
HCI (pH 8.0) at 4°C for ~48 h using tubing with arM,
cutoff of 6—8 kDa.

The dialyzed supernatant was applied to a Bio-Rad CM
Bio-Gel A cation exchange column in 5 mM Tris-HCI (pH
8.0) at room temperature. The column was washed, and pelC
was eluted with a gradient of-@0.25 M NacCl. Fractions
were collected and analyzed for absorbance at 280 nm and
pectinolytic activity. Peak pelC fractions were pooled,
dialyzed against distilled water, lyophilized, and stored at
—20°C.

Pectinolytic Actiity Assay The assay was performed by
the method of Kita et al.12). In a 1 cmpath length quartz
cuvette, 5uL of diluted pelC was added to 124 of 1%
sodium polypectate and 874 of 50 mM Bis-Tris-propane,
pH 9.5, containing 0.5 mM CaglThe increase in absor-
bance at 232 nm was monitored, corresponding to the
cleavage of polypectate. One unit of pectate lyase activity
is defined as lumol of product formed per minute (1.73
absorbance units mi) (12).

SDS-PAGE and HPLC were used to assay for protein
purity. Mass spectrometry and N-terminal sequencing con-
firmed the presence of pelC.

Circular Dichroism SpectroscopyCD spectra of pelC
were obtained with a Jasco J-720 spectropolarimeter in
cylindrical, water-jacketed quartz cuvettes. The temperature
was regulated by circulating water. Protein concentrations
were 10-20uM. Far-UV measurements were made in a 0.01
or 0.02 cm path length cell, and near-UV CD spectra were
recorded m a 1 cm path length cell. All concentration
measurements were converted to residue concentration by
multiplying the protein concentration by the number of amino
acid residues. Protein concentrations were determined in 6
M guanidine hydrochloride by UV absorption using a Cary
118 spectrophotometer. A molar extinction coefficient of
61590 M?! cm! was calculated using the method of
Edelhoch 14). All CD spectra were obtained by averaging
20 scans, subtracting a baseline, and converting the raw data
to units of molar ellipticity.

Fluorescence SpectroscogMl fluorescence spectra were
collected on an Aviv Instruments (Lakewood, NJ) model
ATF-105 differential ratio spectrofluorometer using 1 cm
guartz cuvettes and thermoelectric temperature control. PelC
was excited at 282 nm, which is the excitation maximum,
with an excitation bandwidth of 2 nm and an emission
bandwidth of 4 nm. Raw photomultiplier tube signal was
converted to sample fluorescence, and a rhodamine-B
guantum counter was used to correct for lamp fluctuations.
Data were collected at 1 nm steps, and averaged foper
datum. 8-Anilino-1-naphthalenesulfonate (ANS) was used
in a molar excess of 200 relative to the protein concentration.

Equilibrium Unfolding Experimentsndividual guanidine
hydrochloride (gdn-HCI) solutions were prepared volumetri-
cally as described by Pacéd) using ultrapure gdn-HCI
purchased from ICN Biomedicals (Costa Mesa, CA). The
concentration of a stock solution was determined by the
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difference in refractive index between the guanidine solution Privalov and Makhatadzd ), using the known heat capacity
and the bufferA 6 M stock solution was diluted in 0.1 M values of amino acid residues.
sodium phosphate, pH 7.0 or 5.0, 150 mM sodium chloride  The calorimetric transition enthalppH(Ty), was deter-
to the required final concentration. The necessary volume mined from the area of the heat absorption peak by
of a 100 uM protein stock solution was added to the extrapolating the heat capacity of the initial and final states
individual gdn-HCI solutions and allowed to equilibrate for to the mid-transition temperatur&,. This is in accordance
36—48 h with the temperature regulated atZ5 Changes  with the previously determined temperature dependencies of
in far-UV CD were monitored at 218 nm at 2& using a  these functions: linear for the native state and polynomial
final protein concentration of 10M in a 0.1 cm path length  for the unfolded state. The entropy of transition was
cell. Changes in near-UV CD were followed at 277 nm at determined at the transition temperatufg, as: AYTy) =
25 °C using a final protein concentration of M inal  AH(Ty)/T, A deconvolution analysis of the protein excess
cm path length cell. For denaturant titrations, changes in heat capacity function was performed using the program
tryptophan fluorescence were followed by exciting at 290 based on the sequential procedure of Freire and Biltat@n (
nm and monitoring the emission at 326 nm. For fluorescence The DSC data were fitted assuming a multistate mechanism
measurements, protein concentrations werevl comprising one or more irreversible steps using software
Chemical Denaturation Data Analysifata from gdn- described elsewher&Q).
HCI unfolding curves were analyzed assuming a two-state  Thermal Denaturation Monitored by CThermal dena-
transition, using the linear extrapolation method as describedyration was carried out, and monitored by far- and near-
by Pace 15). An entire unfolding experiment can be fitto  yyv cp on a Jasco J-720 spectropolarimeter equipped with
eq 1: a NESLAB RTE-110 water bath. The rate of change of the
. N temperature was 30C/h, controlled by circulating water.
y = b+ (m*[Gdn]) + Care was taken to ensure that the hoses connecting the water
exp((—AGﬁ20 + m*[Gdn])/RT) bath to the CD cells were insulated. Data were collected at
S 0.5 °C intervals. The midpoint of the denaturation curves
1+ eXp((_AGHzO + m[Gdn])/RT) was determined by taking the second derivative of the curve
(2) and using the temperature where the second derivative
N intersected the zero line.
The quantitieR and T represent the gas constant and the  apaiytical Ultracentrifugation.All measurements were
absolute temperature, respectivelyjs the value of any  made using a Beckman XL-l analytical ultracentrifuge.
observable parameter (CD, fluorescence, etc.) underspecific&,ﬂmﬂeS were prepared identically to those used for the

conditions;by andb, are they-intercepts of the folded and  -emical denaturation experiments. Data were collected using
unfolded baseline, respectivelys andm, are the slopes of  jhcentrations of 5,10, and 181 at 18, 25, and 33 Krpm.

the folded and unfolded baselines, respectivedy, , is The path length of the observation cell was 1.2 cm. Samples
the standard free energy of unfolding in water in the absence,; o spun for 12 h. Three scans were take?  intervals.

of denaturant; andn is the change in free energy with |geniical results ensured that equilibrium was achieved.
denaturant concentration. The constarfias been proposed  yigin software (Microcal Software Inc., Northhampton,
to be proportional to the change in solvent-exposed surfaceMA) was used to fit the data to a single-species model of

area with increasing denaturant concentration. It is an 55sqciation using a partial specific volume of 0.726/gm
indication of the cooperativity of the system. The nonlinear

regression function in the program Axum (MathSoft, Inc., RESULTS
Cambridge, MA) was used to fit the experimental data to
eq 1. Initial parameter estimates were obtained from linear Sedimentation Analysig\bout half of the known parallel
fits to the folded and unfolded baselines, and a linear fit to -helix proteins are trimeric21—25). Association of the
the free energy change. Estimated errors are those calculategnonomeric pelC could lead to deviations from simple two-
from the nonlinear regression and represent the standardstate behavior and thus to anomalies or complications in a
deviation of the mean. study of protein denaturation. Sedimentation equilibrium
Calorimetry.Calorimetric measurements were performed experiments were carried out at pH 5 and 7. The results
with the prototype DASM-4 model microcalorimeter built indicate that, under all conditions studied, pelC behaves as
at The Johns Hopkins University. All calorimetric measure- an ideal monomer with a relative molecular mass of 38 019
ments were conducted at a heating rate of 1 K/min and excesst 268 Da (data not shown).
pressure of 1.5 atm. All experiments were performed in  Reversibility of Chemical UnfoldingA requirement for
buffer solutions with an ionic strength of 20 mM. The protein thermodynamic analysis of any process is that it is reversible.
concentrations in these experiments were varied from 25 toA logical first step is to show that after unfolding in strongly
44 uM depending on solvent conditions and tendencies to denaturing conditions the native structure can be completely
aggregate (pH 10, 26M; pH 8, 34uM; pH 7, 37uM; pH regained (Figure 2). The far-UV CD spectrum of native pelC
6, 37uM; pH 5, 33uM; pH 4, 28uM; pH 3, 44uM). The is typical of a protein with a high fraction of-sheet
partial specific heat capacity has been determined accordingsecondary structure. The secondary structure contents of pelC
to the procedure described elsewhd®,(assuming thatthe  (Table 1) determined from the X-ray structug&s) analyzed
relative molecular mass of pelC is 37.7 kDa and the partial by the DSSP metho®{) and from CD using the CDPro
specific volume is 0.726 cffy, calculated from the amino  secondary structure prediction packag28<(31) differ
acid composition 17). The partial heat capacity of the substantially more than the rms errors normally encountered
unfolded polypeptide chain was calculated according to in this type of analysis28—31). The CD secondary structure

[b, + (m*[Gdn])]
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cn?/dmol (Figure 2a). The CD spectrum of pelC in 6 M
J gdn-HCI clearly indicates a change in structure. The char-
acteristic broagB-sheet band centered at 218 nm has been
lost, and the decreased intensity and band shape are that of
i / e a predominantly unordered polypeptide. At Z5 and 6 M
gdn-HCI, there might be a contribution from the polyproline
Il (PPy) conformation to the CD spectrum. The CD spectrum,
50 200 220 240 260 which is weakly negative and devoid of features in the-220

A, Am 230 nm region, suggests such a contributi8g).(3-Sheet
secondary structure is clearly regained upon dilution of 6 M

@ to 0.44 M gdn-HCI.
/\ In the near-UV CD region, the ordered environments of
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aromatic chromophores and disulfide bonds are responsible
7 for circular dichroism 83). The native state is characterized
by a broad, positive band centered at about 280 nm which
is due to the aromatic side chains, with a small shoulder at
200 about 295 nm possibly arising from disulfide contributions
200 270 290 310 330 390 (Figure 2b). The near-UV CD of the fully unfolded state in
' 6 M gdn-HCI is featureless, and even becomes slightly
c negative in the 280 nm region. Upon dilution of the
denaturant, the native spectral features reappear quantita-
tively. This indicates that the native arrangement of aromatic
side chains of pelC is completely lost at the elevated
denaturant concentration and is fully regained upon refolding
from the chemically denatured state.
Intrinsic tryptophan and tyrosine fluorescence are good
280 310 340 370 400 430 460 probes of changes in protein conformations. They are
Ao sensitive to the degree of solvent exposure, i.e., the polar
FiGURE 2: Far-UV CD (a), near-UV CD (b), and fluorescence environment of the aromatic side chains. Native pelC, upon
sﬁg(r:]ti:jailn(:)hoijﬁ)eclr?lo?itdgH 7—0,aI?]E| ?eé&dea)'fr?)':q 76 igdoseMM excitation at 282 nm, shows a broad emission band with a
guanidine { y) For the fa_r(-Uzl’ CD, the final gdn-HCI concentra- maximum at. 333 nm _(Flgure 2cn 6 M gdn-HCI, a Igsg of
tion is 0.44 M. 70% of the intensity is observed, along with a shift in the
emission maximum 21 nm to the red to 354 nm. In addition,
Table 1: Fractions of Secondary Structure in PelC Determined by ~ (N€re is a weak shoulder at about 315 nm. The latter feature
X-ray Diffraction and Circular Dichroism is typical of tyrosine fluorescence, and indicates a loss of
energy transfer from tyrosine to tryptophan. These changes

16] deg cm? / dmol
(=]

=N
(=3
o

Fluorescence emission

o-helix B-sheet turns other istont with th : i foldi q
Xty 107 266 70 87 are consistent wi e process of protein unfolding an
DSSP 88 32.0 79 513 exposure of buried tryptophan residues to the solvent, as well
CDPr¢ 24.3 21.3 22.0 32,5 as an increase in the average distance between tyrosine and

aEstimates from the X-ray diffraction structur@6j. ® Objective tryptophz_in side chains. The_ resultant loss of intensity and
analysis of the structure from X-ray diffraction using the method of red shift in tryptophan emission result from solvent quench-
Kabsch and SanderR?). ¢ Estimation of secondary structure from ing (34, 39. After a 10-fold dilution from 6 to 0.6 M gdn-

circular dichroism 28—31). HCI, pelC completely regains the native emission spectrum,
indicating that the aromatic side chains are in an environment
analysis uses a reference set of proteins for which the 3Didentical to that of the native conformation.
structures and CD spectra are known. The program compares One of the most convincing arguments for reversibility is
the sample CD spectrum with the reference spectra in thethe reappearance of enzymatic activity after unfolding. After
basis set. The secondary structure content is estimated froncomplete unfoldingrn 6 M gdn-HCI, and removal of the
the known crystal structures in the basis set. Discrepanciesdenaturant by dialysis, the enzymatic activity of pelC is
arise in the analysis of pelC because this type of protein is regained and is identical to that of freshly purified pelC,
not well represented in the reference set used for thewithin experimental error (data not shown).
secondary structure analysis by CD. In addition, a small These results indicate that the structure of pelC can be
shoulder is present at about 22830 nm (Figure 2a). This  completely disrupted by a chaotropic denaturant and can then
shoulder probably arises from aromatic contributions, and it be fully recovered upon dilution of the denaturant.
may be responsible for the overestimation of tdelix Guanidine Hydrochloride Unfolding of PelC at pH 5 and
content. Figure 2 shows far- and near-UV CD spectra and 7. PelC can be reversibly unfolded by titration with gdn-
fluorescence spectra of native, unfolded, and refolded protein.HCI. Figure 3 shows the changes in the optical properties
It is clear from this evidence that nativelike secondary of pelC at pH 7 upon increasing the denaturant concentration.
structure, tertiary structure, and tryptophan environment are The molar ellipticity at 218 nm is an indication of the amount
regained upon dilution of gdn-HCI fro 6 M to less than of intact/3-sheet secondary structure within pelC (Figure 3a).
0.6 M. The far-UV CD spectrum shows the broad minimum A two-state model of unfolding is assumed for this analysis.
centered at 218 nm, with an intensity of abetitO 500 deg A smooth transition occurs upon going from 0 to 3.0 M gdn-
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positive slope. This results from increasing amounts of PP
structure within the denatured protein ensemble as the
concentration of gdn-HClI is increased at constant tempera-
ture.

Figure 3b shows the near-UV CD as a function of gdn-
HCI concentration at pH 7. Aromatic side chains are
: ; ; s . ; 5 s primarily responsible for the near-UV CD. Again there is

fgdn-HCI], M fgdn-HCI], M no concentration range within the transition region where
any intermediate conformations are detectable, and the
transition is completely reversible. Figure 3b shows the molar
ellipticity at 277 nm fit to a two-state model. This unfolding
transition is similar to that observed in the far-UV. It is a
single smooth transition from the native to the unfolded
conformation. In this case, the native and denatured baselines
. ; 5 ] > 3 show a negligible slope. Therefore, the only significant
lgdn-HCI], M [gn-HCIL. M change to the aromatic structure occurs in the transition
FiGURE 3: Denaturation at pH 7 followed by (a) CD at 218 nm, region. A nonlinear least-squares analysis of the data yields

(b) CD at 277 nm, and (c) fluorescence emission at 326 nm with results identical, within experimental error, to those obtained
excitation at 290 nm. The transitions followed by the different from far-Uv CD experiments (Table 2).

probes have been converted to fraction of protein unfolded and are : :

shown in (d). Open symbols represent addition of denaturant to a The same experiment was repeated with fluorescence

solution of native protein, and closed symbols are for the dilution €Mission spectroscopy. Figure 3c shows the denaturation
of denaturant by buffer. process, monitored with excitation at 290 nm and emission
at 326 nm, fit to the same two-state model as the CD
Table 2: Thermodynamic Results from gdn-HCI Denaturation at pH experiments. This transition is qualitatively similar to the

200

101 150m deg cm? / dmol x 107
4
81770, deg cm? / dmol
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o
o

Fluorescence emission
N
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<
w

o
o
o
=}

Fraction of protein unfolded

w

7and§ CD-monitored transitions, with a single sharp transition and
fluorescence no intermediate conformations stabilized. In this case, the
pH 218nmCD  277nmCD  emission slopes of the native and denatured baselines result from
7 AG®(kcal/mol)  12.06£0.59 11.56+0.40 13.03+0.67 changing solvent conditions causing an increase in collisional
mikcal{mokM)]  12.19+£0.59 11.8::0.40 13.04-0.67 quenching. A nonlinear least-squares analysis of these data
D12 (M) 0.99+0.1  098+0.06 1.00+0.1 . : : :
also yields results identical to those determined by CD (Table
52 AG° (kcal/mol)  12.10+0.38 14.92+ 0.50 14.02+ 0.67 2)
m[kcal/(mokM)] 12.51+0.39 1570+ 0.52 14.51+ 0.70 - o " .
D2 (M) 0.97+0.06 0.95+0.06 0.96+0.1 An important observation is that the transition region

aBecause the two-state model on which the analysis is based doesappear,s to occur at similar denaturant Concentrat'ons as
not hold at pH 5, these results do not accurately describe the determined by the three separate probes. Figure 3d shows
denaturation process at this pH, as indicated by the significant the three spectral plots converted into fraction of protein
differences between the values obtained from the three spectroscopicunfo|ded, and fit to the two-state model used in all three
probes. unfolding experiments. Indeed, the transitions monitored by

the three separate probes are coincident, and to a first

HCI with no indication of intermediate conformations. In approximation, this system can be treated as a two-state
the transition region, there are no plateaus or inconsistenciegprocess.
between different physical properties that might imply the  PelC has its maximum thermal stability at pH 5 (Table 3,
existence of intermediates or structural domains. Another Figure 7b). This is 4 pH units below the isoelectric point
important result to note is that an identical curve results from (pl = 9). Many proteins exhibit a maximum in thermal
dilution of the denaturant with buffer. The equilibrium value stability at or about their I[p We therefore decided to
for the CD signal obtained by starting the reaction with either investigate the behavior of pelC at pH 5. In some respects,
folded or unfolded protein is identical. This indicates that the results are similar to those obtained at pH 7, but,
chemical denaturation is thermodynamically reversible and surprisingly, there were some interesting features that arose
equilibrium is achieved. Another essential feature to notice when the pH was reduced to 5. Figure 2 shows that at pH 5
is the single, highly cooperative transition from the folded and 7, pelC shows similar spectroscopic properties. The far-
to the unfolded state. This allows one to define the equilib- and near-UV CD and fluorescence spectra are identical when
rium constant for points in the transition region and to measured for the two pH values. We can conclude that there
calculate the free energy of unfolding using the linear are no significant perturbations in the structure of native pelC
extrapolation method as described under Materials andin going from pH 5 to 7. However, there is a change in the
Methods (Table 2). These three facts allow us to be confidentdenaturation behavior. When denaturation was monitored by
that thermodynamic parameters extracted from the curvesfar-UvV CD (backbone unfolding), there appeared to be
are accurate. This analysis yielzkﬁ,zzo = 12.06+ 0.59 virtually no change in the behavior (Figure 4a). However,
kcal/mol,m = 12.194+ 0.59 kcal/(moiM), andD,,, = 0.99 there was an increase in the overall free energy andrthe
+ 0.1 M. The native baseline region is linear but shows a value of unfolding for the transition when following side-
slight negative slope. This is probably a result of the chain properties, such as near-UV CD or fluorescence (Table
molecular structure adjusting to changing solvent conditions 2 and Figure 4b,c), but only a small change in the unfolding
resulting from increased ionic strength from the gdn-HCI. midpoint, which is the same as for pH 7 within experimental
The denatured baseline also is linear but has a significanterror. The unfolding transition monitored by three probes
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Table 3: Thermodynamic Properties of PelC Determined by Differential Scanning Microcalofimetry

AH, AHun AS, AH(25°C) AS(25°C) AG(25°C) ACH(Tmax)
pH Tw(°C) (kcal/mol) (kcal/mol) AHw/AH, [kcal/(molK)] (kcal/mol)  [kcal/(molK)] (kcal/mol)  [kcal/(molK)]
8 46.5 235.30 201.09 0.85 0.74 149.30 0.46 12.87 4.00
7 51.2 240.20 219.64 0.91 0.74 150.80 0.45 15.74 3.40
6 56.5 255.30 203.07 0.80 0.77 132.50 0.38 18.33 3.90
5 59.8 270.20 181.67 0.67 0.81 134.50 0.38 20.88 3.90
4 56.5 256.10 174.09 0.68 0.78 130.10 0.38 18.25 4.00
3 51.8 162.00 178.30 1.1Pp 0.50 89.60 0.27 9.67 2.70

aTn is the midpoint temperaturéyH, is the calorimetric enthalpy determined by the area under the heat capacity &tkyeis the van’t Hoff
enthalpy,AS, is the change in entropy at the transition temperatii®,is the free energy of unfolding, antiCy(Tmay is the change in heat
capacity at the maximum temperatube\H, is greater tham\H, at pH 3 because of the large population of unfolded molecules in equilibrium
with the folded protein.
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Ficure 4: Denaturation at pH 5 followed by (a) CD at 218 nm, =)

(b) CD at 277 nm, and (c) fluorescence emission at 326 nm with
excitation at 290 nm; the fraction of protein unfolded for each probe
is shown in (d). Open symbols represent addition of denaturant to
a solution of native protein, and closed symbols are for the dilution
of denaturant by buffer.

still appears coincident under these conditions (Figure 4d)
despite the differences in thAG} ; and m values as
measured by the three probes. At pHAGy, 5, m, andDy,

are almost identical when measured by cD and fluorescence.
At pH 5, the AG}, 5 value measured by CD at 218 nm is

[0] deg cm? / dmol

883 .88°

lower than that calculated from the parameters sensitive to 240 260 280 300 30 340 360

side-chain conformation. One still observes what appears to A

; ; ; Ficure 5: Native and acid-denatured pelC. Calorimetric unfolding
be globa! unfo_I?ll_ng hOf the p.roteln.dg_e to 3 Elgr;]degree of curves (a) at pH 2.2 ( -) and pH 7 ), (b) far-UV CD spectra at
cooperation within the protein, as indicated by the apparentpH 2.2¢-+),3(---), and 7€), and (c) near-UV CD spectra at

coincidence of the unfolding transitions. However, it appears pH 2.2 ¢ - ), 3 (- - -), and 7 £). The CD spectra were collected
that 277 nm CD and fluorescence are measuring a differentat 25°C.
transition than 218 nm CD is measuring. The discrepancy
between the\G}, , andmvalues from the different spectral in heat absorption with an increase in temperature (Figure
probes indicates that at pH 5 there is a decrease in theba), implying the absence of structure at pH 2. Isoelliptic
cooperativity within pelC, and therefore these data do not points in the far-UV CD (at 209 nm, Figure 5b) and the near-
support a two-state model of denaturation. UV CD (257 nm, Figure 5c) indicate that pelC exhibits
We tested the idea that a molten globule intermediate mayessentially two-state denaturation behavior over the pH range
be responsible for the deviations from apparent two-state of 2.2—7 at 25°C. At pH 2.2, the protein is completely
behavior at pH 5. When ANS is added to a solution of pelC unfolded, whereas at pH 3, folded and unfolded proteins are
in acidic buffer (pH<3), a large increase in the fluorescence present to a comparable extent. Furthermore, the temperature
emission at 500 nm is observed (data not shown). This dependence of the far-UV CD signal indicates that from O
indicates that ANS is bound in a hydrophobic environment. to 80 °C there is only a modest change in the equilibrium
What is actually happening is that ANS is inducing the distribution of unordered conformations at pH 2.2, and no
formation of ordered structure via electrostatic interactions cooperative transition is observed (data not shown). The
(manuscript in preparation). Several other lines of evidence temperature dependence of the CD spectrum at pH 5 and 2
indicate that the protein is completely unfolded at pH 2. M gdn-HCI also indicates a change from,Pddnformation
Calorimetry indicates that there is no cooperative increaseto a more random distribution of structures as the temperature
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FIGURE 6: Calorimetric unfolding curves for pelC in order of ~FIGURE 7. (a) Deconvolution analysis of pelC denaturation at pH
increasing peak height for (a) pH 2.2, 3, 4, and 5 and from left to 6 indicating the experimental curve-j and deconvoluted com-
right for (b) pH 8, 7, 6, and 5. See Table 3 for a summary of the Ponent curves (---) and the sum of the calculated components

thermodynamic data obtained from these curves.Xtka Vs —+ ). (b) Observed calorimetric peak maximum as a function
temperature indicates that the transition enthalpy increases with©f PH. (€) Transition temperatures for the deconvoluted component
increasing temperature. curves: T, (M) andT; (a).

transition at pH 7. Similar observations have been made for

is increased (data not shown), suggesting that there is nothe proteins pepsinogen and phosphoglycerate kinase
residual secondary structure in denatured pelC. Finally, ANS (36, 37.
fluorescence was monitored when added to pelC during gdn- At first glance, there appears to be an unusual temperature
HCl titration experiments. At pH 5 and 7, there is no change dependence of the heat capacity peaks. The height of the
in ANS fluorescence in gdn-HCI concentrations ranging from heat absorption peak shows an initial increase, and then
0 to 3.0 M (data not shown). This indicates that no loosely decrease with increasing temperature (Figure 6b) that might
folded intermediate conformations are present at equilibrium be interpreted as a decrease of the enthalpy of denaturation
during unfolding. with increasing temperature. At the same time, the positive

Calorimetric Unfolding of PelCFigure 6 shows the heat AC, observed upon pelC denaturation requires that the
capacity Cp) as a function of temperature for the irreversible enthalpy change should always increase with increasing
thermal denaturation of pelC (see Discussion). The proteintemperature. The explanation for the unusual evolution of
undergoes a cooperative transition accompanied by anthe heat absorption peaks is in the decrease of the cooperation
increase in heat capacity and extensive heat absorptidh ( between the two structural blocks in pelC. Because of this
The denaturation transition appears as a single peak (Figuredecrease in cooperation within the protein, the integral heat
6a,b), and upon baseline correction appears to be symmetri@bsorption peak of the heat capacity will be broader, and
(Figure 7a). To a first approximation, denaturation may be the peak area (calorimetric enthalpy) increases (Table 3,
treated as a two-state transition. However, the calorimetrically Figure 6c). Figure 7b shows the apparent transition temper-
measured enthalpy exceeds the van't Hoff enthalpy, whereasature, or, more appropriately, the peak maximum, for pelC.
they should be equal for a two-state transition (Table 3). A This indicates that the protein’s maximum thermal stability
deconvolution analysis of the curves has been carried out.is at pH 5. Figure 7c shows that the stability of the structural
Under all solvent conditions studied, the denaturation transi- units is very similar from pH 7 to 8. Above pH 8 and between
tion can be resolved into two simple two-state transitions. pH 7 and 5, the difference in thermal stability increases. This
Figure 7a shows the deconvolution of the transition at pH means that the structural blocks respond differently to
6, and the two transitions involved. This may mean that pelC changes in pH, implying some degree of independence.
contains two structural blocks that strongly cooperate with Below pH 5, the difference in thermal stability remains
each other. This cooperativity is so strong that chemical and constant with temperature, and the observed decrease in the
thermal denaturation appear to be a single cooperativeT, is a result of the titration of acidic side chains and
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Table 4: Thermodynamic Results for the Analysis Assuming Two _azoo _b
Two-State Transitions €50 22
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§_11 22 Ficure 9: Thermal denaturation of pelC monitored by near-UV
D) 0 3 5 70 10 30 50 70 CD at 218 nmin (a) pH 5 phosphate/NaCl, and (b) pH 7 phosphate/
Temperature, °C Temperature, °C NaCl. Midpoint temperature vs gdn-HCI concentration is shown
¢ d for (c) pH 5 and (d) pH 7. The curves correspond to gdn-HCI
461 o 42 concentrations of 0.7, 0.8, 0.9, 0.93, 0.95, 0.97, 0.99, 1.03, 1.05,
5 w© 1.09, and 1.15 M reading from top to bottom in the low-temperature
o™ 5 o region.
a2 N L 38 5
‘0 Y 36 < temperature is decreased and the unfolded form is favored
e 2 may result from cold denaturation of pelC at low tempera-
®70s 07 08 09 10 11 06 07 08 09 10 11 12 tures. This can lead to decreased cooperation of the protein’s
[gdn-HCI}, M [gdn-HCI], M

internal interactions and deviations from two-state behavior
Ficure 8: Thermal denaturation of pelC monitored by far-UV CD

at 218 nm in (a) pH 5 phosphate/NaCl, and (b) pH 7 phosphate/ ' .
NaCl. Midpoint temperature vs gdn-HCI concentration is shown A plot of T, versus denaturant concentration shows yet

for (c) pH 5 and (d) pH 7. The curves correspond to gdn-HCI another difference in behavior at pH 5 and 7 (Figure 8c,d).
concentrations of 0.6, 0.9, 0.93, 0.95, 0.97, 0.99, 1.03, 1.05, 1.09,At pH 7, the midpoint temperature is a linear function of
1.14, and 2.0 M reading from bottom to top in the low-temperature denaturant concentration, but at pH 5, there is a break in the
region. plot at about 0.9 M gdn-HCI. Th&,, is a linear function of

stabilization of the unfolded conformation. Tables 3 and 4 9dn-HCI concentrations above and below 0.9 M gdn-HClI,
give a summary of the thermodynamic data for the overall the start of the equilibrium unfolding transition. This evidence
transition and the two components from the deconvolution SUPPOItS the notion that there are two structural units and
analysis, respectively. these units behave differently under different pH conditions.
CD-Monitored Thermal Denaturatiofhe results obtained ~ At PH 7, these structural units show similar thermal
from calorimetry suggest that two cooperative structural properties, and, therefore, their denaturation processes are
blocks are present. The temperature dependence of the farPOt resolved. However, at pH 5, where the structural units
UV CD signal was therefore examined at pH 5 and 7 in show some independence in the transition region, we observe
gdn-HCI concentrations corresponding to those in the equi- WO Séparate behaviors. In more native condition8.g M
librium unfolding transition (Figure 8). At high temperatures, 9dn-HC), theTr, is linear, but in the transition region there
pelC solutions less than 0.6 M in gdn-HCl aggregate 'S 2 loss of cooperation within the molecule causing a change
ireversibly and precipitate. If the time spent at high In the behavior of the midpoint temperature. The slope of
temperatures is short, the thermal transition of pelC is not the Tm dependence is steeper, indicating a loss of stability
accompanied by large effects of irreversibility in gdn-HCl dué to domain independence. In other words, as the gdn-
solutions of 0.6 M or greater. PelC undergoes a cooperativeHCl concentration increases, the independence of the struc-
transition in all gdn-HCI concentrations in the transition tural units also increases. We can conclude that this molecule
region. It is only at gdn-HCI concentrations exceeding 1.15 1S Very strongly dependent on intramolecular cooperativity
M that a transition is not observed. At both pHs and at gdn- for its stability, and, therefore, any loss of this cooperativity
HCI concentrations greater than 0.99 M, the initial 218 nm Tesults in a concomitant decrease in stability. The same
ellipticity at 0 °C is less negative than that at 20. Under experiments monitored in the near-UV give results that are
these conditions at pH 5, the unordered regions of pelC haveVirtually identical to those from the far-UV (Figure 9c,d).
a substantial fraction of the PRonformation. Near-Uv CD ~ This supports the observation of two simple two-state
(Figure 9a) indicates no slope in the baseline from 0 to 20 transitions.
C._Th|s indicates that there is no detectable change in theDISCUSSION
tertiary structure. However, it appears that at pH 7 and
temperatures below Z%& there is a significant positive slope Denaturation of PelCTo a reasonable first approximation,
in the near-UV CD baseline (Figure 9b), indicating that the gdn-HCI unfolding of pelC at pH 7 can be treated as a two-
unfolded state becomes populated at low temperatures. Thestate process at equilibrium. A single, sharp, and fully
decrease in magnitude of the observed CD signal as thereversible denaturation transition is observed, which is



15940 Biochemistry, Vol. 39, No. 51, 2000 Kamen et al.

coincident when measured by three different probes. Regard-dynamics can be used to analyze scanning calorimetry data
less of the conformational property followed during dena- if the irreversible part of the transition does not exhibit
turation, the transition profile is the same. This implies that measurable exothermic effects during and after the transition.
no intermediate conformations are present that can belt was noted that changes in the heat capacity function in
detected by the techniques employed. The techniques usedhis case do not affect the shape of the calorimetric curve,
are very sensitive to conformations and environments of the which exhibits a Gaussian shape similar to reversibly
backbone and side chains. Quite often, in protein unfolding denaturing proteins under similar solvent conditions. The heat
studies, one observes that the near-UV CD shows thatcapacity increment of denaturation often appears unaffected
unfolding occurs at a lower denaturant concentration or if exothermic effects due to aggregation are absent. Usually
temperature than that observed by far-UV CD. This is often these characteristics apply to those proteins that have
interpreted as evidence for an intermediate state, but this isdenaturation transitions that are only partially reversible
not always the case. In the case of pelC, what is observed igudging by the calorimetric criteria. In some cases, the degree
somewhat unusual. At pH 7, the transitions induced by of the reversibility of the denaturation transition strongly
chemical and thermal denaturation and monitored by spec-depends on the temperature to which the protein has been
troscopic probes suggest that a two-state process accuratelpeated. With a decrease in the maximum temperature to
describes the transition. Three independent spectroscopiavhich the protein has been exposed, many proteins exhibit
probes yield a coincident chemical denaturation transition calorimetric profiles such as those expected in the absence
as well as thermodynamic parameters that are identical withinof an exothermic effect of aggregation. This allowed us to
experimental error. When thermal denaturation in the pres- apply thermodynamic analysis, with some restrictions, to
ence of gdn-HCl is followed by two spectroscopic probes at obtain denaturation parameters of pelC. In all cases, we tested
pH 7, there also appears to be a two-state transition. Althoughfor sources of irreversibility that might affect the structural
thermal denaturation is only partially reversible, and therefore and thermodynamic characteristics of its thermal unfolding.
not a strict equilibrium process, one can still observe the According to established criteria, based on LumByring
denaturation and approximate the transition midpoint. The models 89), pelC can be classified as a type-A irreversible
dependence of the midpoint temperature on solution condi- system 40) (data not shown); i.e., equilibrium thermo-
tions is related to structural changes. Under conditions thatdynamic analysis is permissible.
might stabilize an intermediate or favor a non-two-state  Denaturation was also studied at pH 5 where deviations
process, such as 6-4.2 M gdn-HCI, one still observes only  from the two-state model are most prominent. Under these
a single transition. A plot of the midpoint temperature vs conditions, differences in the apparehG°® and m values
denaturant concentration yields a straight line. This implies that cannot be accounted for by experimental error are
that the decrease in midpoint temperature is a result of anobtained using different spectroscopic parameters. The
overall destabilization of the protein, and it is not due to an denaturation transitions still appear to be nearly coincident,
increasing population of intermediate structures. The mid- but the analysis of the thermodynamic data obtained indicates
point temperatures at each gdn-HCI concentration are alsothat the two-state model fails (Table 2). These results would
approximately equal when measured by far- and near-UV suggest that the free energy change measured from the
CD. backbone denaturation is less than that measured from the
The spectroscopically based observations are contradictedside chains, which is not permitted under the constraints of
by calorimetry, which indicates that the overall unfolding the two-state model. Therefore, the two-state model cannot
process is not a two-state transition, but can be resolved intoaccurately be applied at pH 5, and the thermodynamic
two separate two-state transitions. A true test of a two-stateparameters derived from the spectroscopic analysis are not
process can be made using calorimetry. The ratio of the van'taccurate.
Hoff enthalpy to the true calorimetric enthalp&Hlv+/AHca) Calorimetry suggests that, under these conditions, two
for a two-state process is 1. Typically an experimental error separate two-state transitions exist, and at pH 5 the individual
of +5% is allowed 88). For pelC at pH 7, this ratio is 0.91.  transitions show the most independence and the individual
This value is close to 1, but it is sufficiently outside of the transition temperatures have the greatest difference. If we
margin of error such that one is unable to assume a two-follow the thermal denaturation by CD at various gdn-HCI
state transition. Under all other solvent conditions examined concentrations, we see that there is a nonlinear dependence
with calorimetry, the two-state model fails even more of the midpoint temperature. At denaturant concentrations
conclusively (Table 3). The existence of an equilibrium within the transition region, the slope of tfig vs denaturant
intermediate is not supported by our spectroscopic data.concentration becomes more negative, suggesting an en-
However, the spectroscopic and calorimetric data supporthanced dependence of stability on denaturant concentration.
the presence of two structural blocks or cooperative units. This decrease in stability results from a loss of intramolecular
The molecule’s overall stability suggests an unusually high cooperativity, which supports the idea that there are two
degree of cooperativity between these structural blocks, individual two-state transitions. This is further supported by
which makes the denaturation appear as a two-state processhe data from the near-UV CD that show a similar break in
The deconvolution of the calorimetric denaturation data the midpoint dependence (Figures 8 and 9).
yields the two transitions implied by the ratio of van't Hoff Several lines of evidence suggest that these anomalies are
and calorimetric enthalpies (Figure 7). not due to a partially structured intermediate. These include
Although thermodynamic analysis can generally be applied the lack of secondary and tertiary structure at pH 2.2 over a
only to reversible transitions, it can also be employed for wide range of temperatures. Although ANS binds to pelC at
partially reversible processes, if some calorimetric criteria pH 2.2, as indicated by a large increase in fluorescence
are satisfied 16). The formalism of equilibrium thermo-  emission, this is due to the formation of ordered secondary
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structure induced by ANS bindingt{, and manuscript in  of cooperation between these units is a major contributor to
preparation). If a structured intermediate state can exist atthe high stability of the protein. It should be noted that the
extreme pH conditions, this would imply that a similar free energy reportedﬁ(ngo) is the free energy of unfold-
structured state could also exist in an equilibrium denatur- ing and represents the work necessary to unfold the entire
ation situation. The absence of a thermal transition in 2 M protein. The stability of the native state would be equal to
gdn-HCI also indicates that there is no ordered structure the stability of the least stable structural component. In pelC,
remaining in the unfolded ensemble. In addition, no ANS this value is difficult to measure because there is no apparent
binding occurs in the gdn-HCl-induced unfolding transition. symmetry that might indicate two energetically similar units,
Last, far- and near-UV CD indicate that the loss of secondary and the structural blocks have not been identified.
structure due to acid denaturation parallels the loss of tertiary The most striking result from chemical denaturation
structure under identical conditions. experiments is the largm value. In a survey of 16 proteins
There are three lines of evidence that indisputably precludefor which m values have been measured, the largest being a
the possibility of a two-state process. The ratio of the van't 47 kDa fragment of the P22 tailspike proteit0), a range
Hoff to calorimetric enthalpy is less than 1. Gdn-HCI of 1.2—4.4 kcal/(moiM) has been observed7-53). PelC
denaturation at pH 5 using three independent spectroscopicexhibits anm value of 12 kcal/(moM) at pH 7, a value
probes yields inconsistent values #6°. Finally, thermal 3-fold greater than any observed in the survey. A similarly
denaturation at pH 5 exhibits a nonlinear dependence of thestructured and much larger protein, TSP from phage P22,
midpoint temperature on denaturant concentration. yields anm value of 3 kcal/(moiM) (10). Thism value was
The results discussed can be applied to the protein foldingmeasured from urea denaturation, which typically yields a
phenomena in a more general sense. The existence of twdower m value than gdn-HCI denaturatio®4). Empirical
cooperative units that are not at all obvious in the crystal relationships have been developed that can be used to
structure, and are also rather elusive to spectroscopic probesgstimate then value for gdn-HCI denaturation from experi-
implies that the results obtained in this study may not be mentally determinedn values by urea denaturatio®4).
unique. It would be rather surprising if a relatively large Thus, for TSP Myan-Hci is approximately 6.8 kcal/(meW).
protein, such as pelC, folded via a simple two-state mech- There are several ways to explain the large value for pelC.
anism. Consequently, larger proteins that do exhibit apparentFrom the X-ray structure, there are no significantly exposed
two-state behavior may very well be composed of closely loops or elements of secondary structure that would enhance
interrelated structural blocks whose independence and existsolvent exposure in the folded form. The numbef-strands
ence require a detailed characterization in order to be per sheet may also be responsible for the largealue, as
elucidated. the number of strands can influence the cooperativity of the
Stability of PelCPelC contains 3 relatively large parallel system 43). Because of the higihG® value and the low
p-sheets, consisting of 6, 8, and 10 strands per sheet. Thismnidpoint of unfolding (aboul M gdn-HCI), a strong driving
protein has a free energy of unfolding that places it among force is required to favor the folded conformation. Perhaps
the most stable globular proteins characteriz®). (It has the largest contributor to the higim value is the strong
been reported that-sheets attain maximum stability with  cooperation between structural units. It should be noted that
five or more strands4@). This may be due to cooperative all the proteins in this survey are less than half as large as
effects. Strands on the edge of the sheet are only hydrogenpelC, except TSP, which is larger and represents only a
bonded on one side. By increasing the number of strands infragment of the entire protein. Additionally, due to the
a f-sheet, it is possible to increase the overall stability by relatively large size of pelC, many of its residues are buried
increasing the cooperative stability of the internal strands. when folded. Upon unfolding, there is a large change in the
Side-chain interactions probably play a role in the high solvent-accessible surface area. Using the DSSP program
stability of pelC as well. Stacks of aliphatic amino acids are (27), the solvent-accessible surface area (ASA) was calcu-
arranged in a linear fashion, with,@istances spaced at an lated for both the folded and unfolded forms. Coordinates
optimal 4.5-5.5 A (1). These residues form a highly ordered, for an unfolded polypeptide chain with the pelC sequence
compact hydrophobic core with many van der Waals were generated usingysheetp andy angles with Insight 11
contacts. In addition, stacks of aromatic residues are observedoftware (Molecular Simulations Inc., San Diego, CA). To
in pelC. These rings are stacked in a face-to-face fashioninclude the effects of disulfide bonds, a simple energy
with a slight offset. This allows for optimum orientation of minimization was performed with the two native disulfide
ring hydrogens andr orbitals. Betts and co-workers have bonds of pelC intact. The difference in accessible surface
shown that aromatic stacks in P22 tailspike protein (TSP) area between the folded and unfolded chaiN&$A) is
are important for stability and specificityl4). It has been 35 189 & without disulfides and 30 701 ?with disulfides
suggested that parallgtsheets are less stable than antipar- intact. It has been shown thAASA, m, andAC, correlate
allel sheets 45). This is because parallel sheets are often well with each other for small proteins that exhibit two-state
found buried and it has been inferred that they cannot toleratefolding (54). In the case of pelCAASA is about what one
solvent access to their hydrogen bonds. Theoretical calcula-would expect for unfolding of a protein of its size. However,
tions indicate that this is in fact due to less effective the experimental value fanis higher than what one would
interchain packing and less favorable interchain electrostaticexpect [calculated value= 8.0 kcal/(moiM)], and AC,
interactions 46). However, in the case of pelC, the high [calculated value= 6.0 kcal/(moiK)] is lower (54). Although
stability may be a result of efficient side-chain packing this correlation has been established for small, two-state
resulting from thes-helix fold. Calorimetric measurements proteins 64), it is still useful as a guideline in our situation.
imply the existence of two structural units, each of which A recent study of the denaturation of maltose binding protein
gives rise to a simple two-state transition. The high degree reported a comparabtavalue of 12 kcal/(moM) (55). The
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protein denatures via a two-state mechanism, and, therefore,

mwas correlated with its largAC,. In our case, a largm

is accompanied by AC, lower than the expected value for

a protein the size of pelC. Our results indicate that for
proteins such as pelC, which unfold via a mechanism more
complex than a simple two-state process, rthealue may
show a different dependence &C, and AASA and/or
depend on additional properties.

Some preliminary experiments permit speculation regard-
ing the molecular nature of the two structural blocks and
the folding/unfolding mechanism of pelC. Trypsin digestion
yields a fragment with a relative molecular mass of ap-
proximately 19 kDa, and several small fragments. The 19
kDa fragment’s N-terminal sequence is that of intact pelC
(unpublished results). In addition, kinetic folding and unfold-
ing experiments indicate that the backbone folds and unfolds
in a single cooperative step (unpublished results). This may
suggest that there are multiple nucleation sites for folding
or unfolding. Energetically, the individual transitions are
resolved, but folding and unfolding occurs very rapidly and
very cooperatively. Future studies will include isolation and
solution conformation determination by NMR of the 19 kDa
fragment. Calorimetry of the fragment will also be performed
for comparison with the results for the individual denaturation
transitions. Kinetic studies 6H/?H exchange during folding
will also be examined.

When the X-ray structure of pelC was solved, it yielded
a novel conformation. Denaturation studies thus far imply
the existence of a novel folding mechanism. It appears that
two structural units are present in pelC and the cooperativity
between them is so strong that unfolding at first appears as
a two-state process. This high cooperativity may contribute
to the remarkable stability of this protein. Kinetic experiments
on pelC folding and unfolding have been initiated and will
add to our understanding of the unique folding properties of
parallel 5-helix proteins.
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