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Abstract

Par-4 is a 38-kD protein pivotal to the apoptotic pathways of various cell types, most notably prostate cells
and neurons, where it has been linked to prostate cancer and various neurodegenerative disorders including
Alzheimer’s and Huntington’s diseases and HIV encephalitis. The C-terminal region of Par-4 is responsible
for homodimerization and the ability of Par-4 to interact with proposed effector molecules. In this study, we
show that the C-terminal 47 residues of Par-4 are natively unfolded at physiological pH and temperature.
Evidence is rapidly accumulating that natively unfolded proteins play an important role in various cellular
functions and signaling pathways, and that folding can often be induced on complexation with effector
molecules or alteration of environment. Here we use primarily CD studies to show that changes in the
environment, particularly pH and temperature, can induce the Par-4 C terminus to form a self-associated
coiled coil.
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The Par-4 protein was first identified by differential screen-
ing for upregulated genes in prostate cancer cells undergo-
ing apoptosis (Sells et al. 1994). Par-4 expression has since
been detected in diverse tissue types (Boghaert et al. 1997),
and its upregulation in neurons has been linked to a variety
of neurodegenerative disorders, including Alzheimer’s
(Guo et al. 1998), Huntington’s (Duan et al. 2000), and

Parkinson’s (Mattson et al. 1999) diseases, HIV encephalitis
(Kruman et al. 1999), and amylotrophic lateral sclerosis
(Pedersen et al. 1999). Downregulation of Par-4 has been
linked to several cancers, including those of the prostate
(Sells et al. 1994, 1997), colon (Zhang and DuBois 2000),
and kidney (Cook et al. 1999). The primary sequence of the
Par-4 protein contains a heptad repeat at the C terminus,
which strongly indicates the presence of an LZ, and is es-
sential for the ability of Par-4 to lower the apoptotic thresh-
old of cells (Sells et al. 1997), as well as for the ability of
Par-4 to self-associate and interact with various proposed
effector molecules (Diaz-Meco et al. 1996; Johnstone et al.
1996; Page et al. 1999). For instance, the LZ domain has
been shown to bind to the zinc-coordinating regulatory do-
main of two atypical isoforms of PKC (Diaz-Meco et al.
1996). The resulting downregulation of aPKC activity has
been proposed as the pathway through which Par-4 induces
increased sensitivity to apoptotic stimuli (Diaz-Meco et al.
1996). Various other interactions have been investigated to
further elucidate the role of Par-4 in apoptosis and cancer,
resulting in linkage of Par-4 to Bcl-2, NF-�B/IF-�B (Diaz-
Meco et al. 1999; Qiu et al. 1999a; Camandola and Mattson
2000), and the Ras oncogene pathway (Barradas et al. 1999;
Nalca et al. 1999; Qiu et al. 1999b).
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Two features of the primary sequence of the Par-4 C
terminus (Fig. 1) are immediately evident. The first is the
preponderance of polar residues (33 of 47), particularly
those of acidic character (14 of 47). This type of amino acid
distribution has been linked to the phenomenon of “natively
unfolded” proteins, which lack stable conformational order
under “physiological” conditions (for recent reviews, see
Wright and Dyson 1999; Uversky et al. 2000). The second
feature is the presence of a heptad repeat indicative of a
coiled-coil structure, as shown via the helical wheel repre-
sentation in Figure 1.
Here we show that a peptide representing the Par-4 C

terminus is natively unfolded at physiological pH and tem-
perature, but can be induced to form a coiled coil at low pH
and low temperature. Salt helps to stabilize the coiled coil at
high pH, but is destabilizing at low pH, and the two-state
conformational equilibrium is also affected by peptide con-
centration. These observations are discussed through an
analysis of the primary sequence of the Par-4 LZ domain.
These results indicate that changes in cellular environment,
particularly pH, could affect not only Par-4 folding, but also
interactions of Par-4 with effector molecules.

Results

The thick trace in Figure 2A shows the CD spectrum of the
Par-4 LZ in 12 mM NaPi, 20 mM NaCl (pH 6.5) at 25°C.

This spectrum represents an∼ 82% random coil structure
(∼ 18% helical). On lowering the temperature to −5°C (Fig.
2A, bottom trace), the helical content is increased to 41%,
with the appearance of minima near 222 nm and 208 nm.
The isodichroic point near 203 nm, which has been seen in
the study of other LZs, is commonly taken as evidence of a
two-state transition (Krylov et al. 1994; Kohn et al. 1995;
Jelesarov et al. 1998). Taken together, the data of Figure 2A
indicate an equilibrium between a nonfolded state and a
marginally more stable helical state, which becomes some-
what increasingly favored at lower temperature.
To further investigate the conformational variability, we

took CD spectra over a range of pH values, with the tem-
perature fixed at 5°C (Fig. 2B). The data indicate that acidic
pH stabilizes helix formation. Fractional helicity increases
from ∼ 24% to 75% between pH 8.5 and pH 5.5. Next, the
temperature was once again varied, but this time with the
pH fixed at 5.75 (Fig. 2C). Lower temperature favors helix
formation more markedly at this pH (compare Fig. 2A),
with fractional helicity increasing from∼ 17% to 86% as the
temperature decreases from 45°C to 0°C. Again, isodichroic
points near 203 nm in Figure 2B and 2C indicate a two-state
transition.
Plots of [�222] versus pH at 11 different temperatures are

shown in Figure 2D. Note that data were not acquired below
pH 5.5 because of reduced peptide solubility. The data at
each temperature were fit to equation 1 (see Materials and
Methods) to yield values of the conformational pKa, which
is the characteristic pH at the transition midpoint, and the
Hill coefficient, indicating the degree of cooperativity. Re-
sults are tabulated in Table 1, and pKa values are depicted
graphically in the Figure 2D inset. Fitting at higher tem-
peratures requires considerable extrapolation, and results in
large uncertainties. Therefore, these values are not plotted in
the inset. However, it is clear that, at least at low tempera-
ture, the apparent pKa decreases in a regular fashion as
temperature increases, and the Hill coefficients of∼ 2 imply
cooperative folding as a function of pH.
Plots of [�222] versus temperature in 20 mM NaCl at five

different pH values are shown in Figure 2E. The values of
Tm and�Hm, the characteristic melting temperature and the
enthalpy of melting, were extracted as described in Mate-
rials and Methods. The results are shown in Supplemental
Material, Table 1, along with similar results for two other
salt concentrations. Tm decreases from∼ 35 °C to −1 °C as
the pH increases from 5.5 to 8.0 (Fig. 2E, inset). The de-
crease of Tm with pH is very steep at pH 6 and below, and
flattens out somewhat at high pH, where titration of acidic
groups should be complete. Note though that fitting is less
reliable at high pH.
The conformation is also sensitive to salt concentration.

Figure 2F shows the variation in fractional helicity as a
function of pH, at three different NaCl concentrations at
5°C. At pH 8.5, 20 mM NaCl results in only 13% helical

Fig. 1. Helical wheel representation of residues 11–51 of the Par-4 LZ
peptide. Positions in the heptad repeat are denoted byabcdefg. The leucine
repeat at thed position is shown in blue, and the acidic repeat at theg
position is in red italics. The potentialg� → e interactions involving
the acidicg� repeat are shown as dark dashed arrows. Lighter dashed
arrows indicate possible intramolecular charge–charge repulsions involv-
ing E29. The 51-amino acid peptide used in this study contains the C-
terminal 47 residues of Par-4 (residues 286–332) preceded by a 4-residue
cloning artifact.
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content, whereas increasing NaCl concentration to 80 or 140
mM increases the helical content to∼ 22%. The situation is
reversed at pH 5.5, where 20 and 80 mM salt induces 80%
helix, and increasing the salt concentration to 140 mM de-
creases the helical content to 70%. The data were fit to
equation 1 in an analogous manner as the curves from Fig-
ure 2D, with fractional helicity replacing molar ellipticity.
The resulting pKa values are in the range of 6.14 ± 0.05 for
each salt concentration, which is consistent with the values
extracted for the 5°C curve of Figure 2D (Table 1). The Hill
coefficients are again near 2, although the value for the 20
mM NaCl curve is 2.86 ± 0.35, and the Hill coefficients for
the 80 mM and 140 mM NaCl curves fall just below 2. Thus
it appears that low salt may marginally increase the coop-
erativity of the transition. It should be noted that the in-
crease in the calculated cooperativity is correlated with the
wider disparity between the plateau values of fractional he-
licity at 20 mM NaCl. Thermal stability, as measured by Tm,
appears to follow a similar trend (Supplemental Material,
Table 1), with high salt somewhat favoring helix formation
at high pH, and low salt marginally stabilizing at low pH.
The concentration dependence of the Par-4 peptide con-

formation was also investigated. At each of the three pH
values represented in Figure 3, increased peptide concen-
tration resulted in increased thermal stability (increased
Tm). Tm values for pH 6.5 were extracted at higher concen-
trations, because extraction of Tm values at low concentra-
tion and high pH is inherently inaccurate (see Fig. 2E, top
two curves). Note that 1/Tm as a function of ln(Ctot) is
approximately linear (Fig. 3 inset), consistent with a two-
state transition at each pH value (Marky and Breslauer
1987; Jelesarov and Bosshard 1996).

Discussion

Coiled coils are amphipathic helical oligomerization motifs
found in many types of proteins (Lupas 1996, 1997; Hicks
et al. 1997). In naturally occurring dimeric forms, two�-he-
lices coil around each other with a slight left-handed super-
helical twist. The amino acid sequence can be organized
into a seven-residue repetitive heptad pattern, designated
(abcdefg)n, in whicha andd positions are generally hydro-
phobic and are present at the center of the oligomeric in-
terface. The most common hydrophobic residues at these
positions are Leu, Val, and Ile. Coiled coils with predomi-
nantly Leu at positiond are known as LZs. Asn is also quite
common at thea position, and its presence has been corre-
lated with the occurrence of a parallel dimeric state (Har-
bury et al. 1993; Potekhin et al. 1994; Lumb and Kim
1995a; Gonzalez et al. 1996a,b,c; Zeng et al. 1997). The
solvent-exposedb, c, and f positions affect stability, solu-
bility, and the specificity of interactions with other mol-
ecules, but are not generally thought to affect the fold or
interhelical orientation as strongly as thea, d, e, and g

residues (O’Neil and DeGrado 1990; Dahiyat et al. 1997;
Spek et al. 1998).
Although hydrophobic interactions at the oligomeric in-

terface are the principal driving force for folding and oligo-
merization of coiled coils, electrostatic interactions can also
contribute significantly to stability and instability. For in-
stance, charged side chains in thee and g positions can
interact with the opposite strands (g� ande�, respectively).
These interactions can be complementary or noncomple-
mentary, depending on the type of residues present at thee
and g positions. Although questions remain regarding the
contributions to stability from complementary interactions,
it is clear that charge clashes such as between two acidic
side chains can have a profound affect on both the stability
and stoichiometry of coiled coils (Krylov et al. 1994, 1998;
Zhou et al. 1994; Kohn et al. 1995, 1997; Jelesarov and
Bosshard 1996; Lavigne et al. 1996; Durr et al. 1999).
The present studies were conducted with a 51-residue

peptide, representing the C-terminal 47 residues of Par-4
(residues 286–332) preceded by a 4-residue cloning artifact.
For simplicity, these residues have been redesignated resi-
dues 1–51. Residues 11–51 are depicted in helical wheel
format in Figure 1. Orienting the heptad repeat by placing
the leucine repeat at thed position results in an additional
hydrophobic repeat at thea position, with the exception of
two Asn residues, which indicate the presence of a parallel
coiled-coil dimer structure. The distribution of Leu pre-
dominantly atd and Ile ata also indicates a propensity to
form a dimeric coiled coil, whereas reversal of this pattern
would be consistent with tetrameric coil formation (Harbury
et al. 1993). Our experimental results are consistent with
these sequence-based predictions, although the oligomeric
state and interhelical orientation have not been determined
explicitly. The experimental evidence for environment-de-
pendent coiled-coil formation is discussed in the following
sections.

Helicity, two-state cooperative transition,
[�222] /[ �208]

CD spectra indicate that the PAR-4 LZ peptide forms a
predominantly� helical structure at low pH and low tem-
perature (Fig. 2B and 2C, lower traces). Although this alone
is not sufficient to specify a coiled coil, conformationally
stable isolated helices in aqueous solution are rare in the
absence of helix-favoring conditions such as less polar sol-
vents (Dyson et al. 1988; Saudek et al. 1991). It is well
known that in coiled coils, helix formation and interhelical
assembly are commonly tightly coupled, and the presence
of isolated helices is rarely detected (Ozeki et al. 1991;
Wendt et al. 1995; Zitzewitz et al. 1995; Sosnick et al. 1996;
Wendt et al. 1997; Jelesarov et al. 1998). The folding path-
way therefore represents an equilibrium between just two
predominant states: the unfolded monomer and the coiled-
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coil dimer, with no detectable intermediate. Thus, evidence
of a two-state transition is further evidence of coiled-coil
formation. As noted previously, the isodichroic points near
203 nm in Figure 2 A–C are characteristic of a two-state
transition, and further support is supplied by the ability to fit
the curves of Figure 2 D–F with a two-state model (see

Materials and Methods). The Hill coefficients of these
curves indicate that the transition is cooperative. Note also
that [�222] becomes more negative than [�208] at maximal
helicity (Fig. 2B and 2C, lower traces). The value of the
[�222] /[�208] ratio for noncoiled helices is typically near
0.83. For� helices that are part of a coiled-coil structure, the

Fig. 2
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parallel polarized amide�–�* transition becomes less di-
chroic, effectively reducing the negativity of [�208]. Be-
cause [�222] is unaffected, the [�222] /[�208] ratio increases
to ∼ 1.03. Hence the [�222] /[�208] ratios of ∼ 1.08 and 1.06
(bottom traces of Fig. 2B and 2C, respectively) are further
confirmation of helical supercoiling (Muhle-Goll et al.
1994; Zhou et al. 1994; Lavigne et al. 1995).

Dependence on concentration, pH, and salt

The concentration dependence of Tm shown in Figure 3 is a
strong indication of intermolecular interactions, and is not
consistent with the formation of noninteracting monomeric
helices. The linearity seen in the inset graph is consistent
with a two-state transition. The pH dependence is also con-
sistent with coiled-coil formation. In addition to a leucine
repeat at positiond, the sequence of the Par-4 LZ peptide
has a strong acidic repeat at positiong. In Figure 1, the two
helical wheels have been aligned in a parallel symmetric
fashion. Characteristically, parallel dimeric coiled-coil side
chains in theg position make interhelical contact withe�
side chains at the i + 5 position (for instance, E17� with
N22; also E17 with N22�, where the prime indicates the
second helical molecule). The role of polar interhelical con-
tacts in coiled-coil formation and stability has been much
discussed (Krylov et al. 1994, 1998; Zhou et al. 1994; Kohn
et al. 1995, 1997; Jelesarov and Bosshard 1996; Lavigne et
al. 1996; Durr et al. 1999). Although the importance of

complementary (e.g., E31–K36�) and neutral (e.g., E17�–
N22 or E38�–L43) interactions appears to be case depen-
dent, negative–negative interactions such as D24�–E29 have
a considerable destabilizing affect on helix formation. In the
present case, it is likely that charge–charge repulsion be-
tween D24�and E29 (and the symmetric D24–E29� repul-
sion) is a major factor in disfavoring coiled-coil formation
at high pH (Fig. 2B). However, it should also be noted that
amino acids in positioneof coiled coils have been shown to
interact intramolecularly with theb, c, d, and f residues of
the same heptad. Similarly, theg position residues interact
intramolecularly with thed and f positions of the same
heptad, and thea andd residues of the next heptad (Marti et
al. 2000). Thus, several intramolecular complimentary
charge–charge interactions are expected to occur on coil
formation, including K15–E16, D24–R23, and K36–E33.
Intramolecular negative–negative charge clashes include
E17–E16, E31–D30, E29–D26, and E29–D30. The involve-
ment of E29 in one interchain and two intrachain repulsions
(a total of six repulsions in a symmetric dimer) indicate that
this residue is key to the pH-dependent folding of the Par-4
LZ, although each of the earlier listed contacts could con-
tribute to helical instability at high pH.
Decrease in pH has been shown to increase the helicity of

acidic coiled coils, presumably due to at least partial pro-
tonation of one or more of the offending acidic side chain
groups (Zhou et al. 1994; Jelesarov et al. 1998; Krylov et al.
1998; Durr et al. 1999). Although the pKa of an acidic side
chain normally falls in the 4.0–4.5 range, in a local envi-
ronment containing other acidic groups, the pKa may in-
crease. More specifically, the pKa values of acidic side
chains involved ine–g charge clashes in coiled coils have
been shown to be elevated (Anderson et al. 1990; Yang et
al. 1993; Lumb and Kim 1995b). This preferential proton-
ation would abrogate the charge repulsion and allow the
now neutral side chain to contribute to the stability of the
hydrophobic core. The altered single group pKa values can
be reflected in the conformational pKa, although the exact
nature of the correspondence has been difficult to establish.
The conformational pKa values found here (Fig. 2D) are
consistent with this explanation.
The salt dependence shown in Figure 2F further supports

the importance of charge–charge interactions in the folding

Table 1. pKa and Hill coefficients extracted by fitting the
curves from Figure 2D to the modified Henderson-Hasselbalch
equation (equation 1)

Temp. (°C) pKa Hill coefficient

−5 6.23 ± 0.02 1.88 ± 0.17
0 6.17 ± 0.02 1.95 ± 0.17
5 6.08 ± 0.02 2.04 ± 0.15
10 5.97 ± 0.02 2.10 ± 0.15
15 5.85 ± 0.02 2.22 ± 0.13
20 5.69 ± 0.03 2.15 ± 0.17
25 5.41 ± 0.14 2.02 ± 0.41
30 5.47 ± 0.50 2.22 ± 1.40
35 5.51 ± 0.84 2.55 ± 3.30

Fig. 2. CD spectroscopy and thermodynamic analysis of Par-4 LZ peptide. (A) Far ultraviolet (UV) CD spectra as a function of
temperature in 12 mM NaPi and 20 mM NaCl (pH 6.5). The thick trace was recorded at 25°C. Peptide concentration was 22�M. (B)
Far UV CD spectra as a function of pH in 12 mM NaPi and 140 mM NaCl at 5°C. Peptide concentration was 22�M. (C) Far UV CD
spectra as a function of temperature in 12 mM NaPi and 20 mM NaCl (pH 5.75). Peptide concentration was 27�M. Isodichroic points
near 203 nm in (A–C) are identified by arrows. (D) pH dependence of the molar ellipticity [�]222 as a function of temperature. These
curves were fit to a modified Henderson–Hasselbalch equation (equation 1) to extract the conformational pKa (inset) and Hill
coefficient as functions of temperature (Table 1). Sample was 18�M peptide in 12 mM NaPi and 20 mM NaCl. (E) Temperature
dependence of the molar ellipticity [�]222 as a function of pH. These curves were fit as described in the text (equations 2–6) to extract the
Tm (inset) and�Hm as functions of pH (Supplemental Material, Table 1). Sample was 18�M peptide in 12 mM NaPi and 20 mM NaCl.
(F) The fractional helicity versus pH at three different salt concentrations. Sample was 27�M peptide in 12mM NaPi, 5°C.
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of the Par-4 LZ. At high pH, the most influential charge
effects are the noncomplementary contacts: intermolecu-
larly between D24� and E29 (also D24–E29�), and the in-
tramolecular negative–negative clashes noted earlier. In-
creased salt concentration can help to screen the effects of
these clashes, either by providing local counter ions or by
increasing the dielectric constant of the medium (Goto et al.
1990; Kohn et al. 1997). Accordingly, increasing salt con-
centration appears to increase helicity slightly. At low pH,
one or more of the repulsive interactions has been reduced
by at least partial protonation of one or more of the acidic
groups. However, the complementary charge interactions,
such as E31�–K36 may still be active, because pKa values
of acidic residues involved in stabilizing or marginally de-
stabilizing interactions have been shown to be reduced or
only slightly elevated (Anderson et al. 1990; Yang et al.
1993; Lumb and Kim 1995b). Thus, at low pH, increasing
salt concentration may affect the complementary interac-
tions more prominently. This effect could also be described
as an increase in desolvation penalty when the medium has
a higher dielectric constant (Hendsch and Tidor 1999). It
should be noted, however, that NaCl can have many and
varied effects in solution, including salting out, which is
widely recognized as a cause of protein and peptide aggre-
gation and precipitation, but which can also simply encour-
age hydrophobic contacts to form at the dimer interface
(Leberman and Soper 1995; Kohn et al. 1997). This effect
might tend to be more pronounced at low pH, because the
dimer interface will be less charged. It is also possible that
the relatively minor salt dependence could simply be due to

a slightly different helical orientation in different ionic en-
vironments rather than an actual difference in helical con-
tent. These and other effects must be carefully balanced to
obtain a more complete picture of the effects of salt, pH,
temperature, concentration, and intrachain and interchain
ionic effects on coiled-coil formation.

Par-4 function

The Par-4 LZ region is required not only for homodimer-
ization, but also for interaction with proposed effector mol-
ecules (see Introduction). It is through these interactions that
Par-4 is thought to sensitize cells to apoptotic stimuli. But
how does this natively unfolded region interact with effector
proteins? The answer is far from certain, but discussion will
serve to introduce several possibilities.
First, the concentration dependence of the Par-4 LZ con-

formation may play a role. Higher Par-4 concentrations in
the cell could lead to a higher proportion of dimerization.
Indeed, overexpression of Par-4 does enhance the potency
of apoptotic stimuli in cells where Par-4 is normally ex-
pressed at lower levels (Boghaert et al. 1997), although this
effect can also be explained without resort to increased
dimerization percentages. Second, other regions of the Par-4
molecule may influence the conformation of the C terminus.
For instance, the N-terminal regions of two Par-4 molecules
may interact in a manner insufficient to provide the driving
force for dimerization in the absence of the LZ region, but
with sufficient affinity to stabilize the C-terminal coil. Al-
ternatively, the N-terminal region may form a surface that
favors and therefore stabilizes the folded conformation of
the LZ region.
Third, effector molecules may be attracted to the unstruc-

tured acidic tail of Par-4, and the LZ may be induced to fold
only after complexation, or as part of the binding event.
Examples of induced fold have been observed in many
types of proteins, including those involved in transcriptional
activation (Kussie et al. 1996; Radhakrishnan et al. 1997,
1998), RNA binding (Tan and Frankel 1994; Puglisi et al.
1995; Battiste et al. 1996), and cell-cycle progression
(Kriwacki et al. 1996; Pavletich 1999). Formation of a het-
erodimeric zipper from a Par-4 molecule and a partner
molecule is one type of induced fold that should be consid-
ered. Along these lines, model acidic LZ peptides, which
were conformationally unstable due to anionic repulsions,
have been shown to form stable heterodimeric zippers with
basic LZ peptides at neutral pH, when the charge comple-
mentarity at thee andg positions was optimally designed
(Jelesarov and Bosshard 1996). Complementary het-
erodimerization has also been observed with naturally oc-
curring LZ sequences, such as Max/Myc (Lavigne et al.
1995, 1998) and Jun/Fos (O’Shea et al. 1989). In fact, be-
cause attractive charge–charge interactions do not appear to
be as important as the absence of repulsive interactions, a

Fig. 3. Variation of Tm versus total PAR-4 LZ concentration (labeled
above each bar) at three different pH values. 1/Tm versus natural log of
concentration (Ctot) is plotted in theinset. Buffer was 12 mM NaPi and 20
mM NaCl.
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LZ peptide with simply an absence of acidic residues in the
e position may be capable of heterodimerizing with the
PAR-4 C terminus.
To date, interactions have not been detected between the

Par-4 LZ and LZ regions of other proteins. The proposed
cellular targets for the Par-4 LZ include the zinc-binding
domains of the aPKCs and WT1, and an arginine-rich re-
gion of Dlk/ZIP kinase (Kogel et al. 1998; Kawai et al.
1998). The name of the latter kinase denotes the predicted
presence of a C-terminal leucine zipper (ZIP), which medi-
ates interaction with LZ-containing transcription factors
such as ATF-4 (Kawai et al. 1998), but does not appear to
be responsible for interaction with Par-4 (Page et al. 1999).
However, we find that the Par-4 interacting region of
ZIP kinase also possesses coiled-coil propensity (∼ 75%
probability, as predicted by the program Multicoil (Wolf
et al. 1997)). This region may play the role of a basic LZ
and heterodimerize with the PAR-4 LZ, or may interact
in another manner, due at least in part to charge comple-
mentarity.
Finally, exposure to an altered cellular or subcellular pH

environment may help to stabilize the homodimeric coiled
coil. The correlation between reduction of intracellular pH
and the onset of apoptosis is an area of intense investigation
(for a recent review, see Matsuyama and Reed 2000). The
pH-induced folding of proteins such as Par-4 may play a
role in this process. As for local pH environment, it is in-
teresting to note that in contrast to other PKC isoforms,
strong evidence has been presented for subcellular localiza-
tion of the aPKCs to lysosome-targeted endosomes
(Sanchez et al. 1998). The nearby acidic environment of the
endosomal interior (pH∼ 5.0) would be ideal for self-asso-
ciation of the Par-4 LZ, although aPKCs are generally as-
sumed to tether to the outer endosomal membrane, and we
are not aware of any evidence for translocation of Par-4 or
any of its binding partners to the endosomal interior. We
were unable to gather CD data for the Par-4 LZ at pH 5.0 as
a result of solubility constraints, but conservative extrapo-
lation of the inset plot in Figure 2E using a sigmoidal func-
tion predicts a Tm of 42 ± 4 °C (pH 5.0). Because folding as
a function of temperature becomes increasingly cooperative
at low pH (compare pH 6.25 and pH 5.5 curves in Fig. 2E),
a Tm of 42°C together with the projected shape of a pH 5.0
melting curve predicts a predominantly folded state at 37°C.
Thus, if it were to translocate into the endosomal compart-
ment, Par-4 would be strongly self-associated, and would
present a nearly fully folded coiled coil for interaction with
potential binding partners. Precedent exists for pH-induced
folding and interactions in the endosomal environment: pH-
dependent coiled-coil formation of the influenza hemagglu-
tinin protein in an endosomal environment has been linked
to membrane fusion events critical for viral infection (Carr
and Kim 1993; Bullough et al. 1994; Weissenhorn et al.
1997; Chen et al. 1999).

We have shown that the conformation of a peptide rep-
resenting the Par-4 C-terminus exists in an equilibrium be-
tween an intrinsically unstructured monomer and a coiled
coil. The unfolded monomer predominates under typical
physiological conditions, but the coiled coil becomes fa-
vored at low pH and low temperature. Salt and peptide
concentration also affect the equilibrium. In a cellular en-
vironment, the Par-4 LZ conformation could become in-
creasingly favored on interaction with other molecules,
other regions of the Par-4 molecule, or on exposure to a
reduced pH environment.

Materials and methods

Protein expression and purification

The Par-4 LZ, comprising residues 286–332 of racine Par-4, was
subcloned into the H-MBP-3C vector (Alexandrov et al. 2001).
Following previously described expression and purification of the
resulting MBP-fusion protein and fusion cleavage with recombi-
nant protease (Alexandrov et al. 2001), the eluted Par-4 protein
was dialyzed against an aqueous buffer containing 12 mM NaPi

(pH 7.5). An additional ion exchange purification step was per-
formed with a Hi-Trap Q Sepharose column (Amersham-Pharma-
cia). The protein was eluted with an increasing NaCl gradient, and
exchanged into aqueous buffer containing 20 mM NaCl and 12
mM NaPi (pH 6.5). SDS-PAGE and MALDI mass spectroscopy
showed the protein to be >99% pure. The amino acid composition
was confirmed and the concentration was determined by amino
acid analysis.

CD spectroscopy

CD spectra were recorded on an AVIV model 202 CD spectrom-
eter equipped with a thermoelectric sample temperature controller
and a 0.1-cm path length cuvette. Spectra were recorded in 0.5-nm
steps from 260 to 190 nm with an integration time of 2 sec at each
wavelength, and baseline corrected against a cuvette containing
buffer alone. Estimates of the fractional helicity were made using
either [�222]/−35,000 (Chen et al. 1974) or the SELCON program
(Seerama and Woody 1993), which analyzes CD spectra for�-he-
lical, 	-sheet and other content (includes random coil and turn
conformations), using a database of spectra from 48 proteins of
known secondary structure. These two methods agree to within 5%
for all studies reported here, and so are not distinguished in the
discussions . Thermal stability was determined by monitoring the
molar ellipticity at 222 nm as a function of temperature at 5°C
intervals with 5 min equilibration and a collection time of 30 sec
at each temperature. No significant irreversibility of CD spectra
was detected when temperature, pH, salt concentration, or peptide
concentration was cycled, provided that peptide precipitation at
low pH was avoided.
Extraction of thermodynamic parameters via nonlinear least

square best fitting of a two-state model (two unfolded monomers
↔ folded dimer) closely followed the work of Bosshard and
colleagues (Jelesarov and Bosshard 1996; Durr et al. 1999; Marti
et al. 2000). Variation of molar ellipticity and fractional helicity
with pH was used to extract values of the conformational pKa
and the Hill coefficient (n), at various temperatures and salt con-
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centrations, via a modified form of the Henderson–Hasselbalch
equation:

���obs=
��D� + ��M�10n�pH−pKa�

1 + 10n�pH−pKa�
(1)

where the known variables are the observed molar ellipticity at 222
nm ([�]obs) and the pH. Fitting also yielded the values of [�D] and
[�M], the extrapolated plateau values of molar ellipticity at 222
nm at the acidic and basic pH limits (where the subscript denotes
dimer or monomer).
Variation of molar ellipticity with temperature was used to ex-

tract values of Tm and �Hm at five different pH values, three
different salt concentrations, and various peptide concentrations
via the following procedure:
The observed molar ellipticity can be related to the plateau

values by:

���obs= fM��M� + �1 − fM���D� (2)

where fM is the fractional population of the monomer state.
Equation 2 can be rearranged to:

fM =
���obs− ��D�

��M� − ��D�
(3)

By definition, Kd� [M] 2/[D], [M] � fMCtot, and [D]� Ctot(1−fM)/
2, and thus:

Kd =
2fM

2Ctot

1 − fM
(4)

where Kd is the dissociation constant, and Ctot is the total peptide
concentration. Equation 4 can be solved for fM via the quadratic
equation:

fM =
−Kd + �Kd

2 + 8CtotKd

4Ctot
(5)

Equation 5 can be rendered into a useful form by substituting the
expression for fM from equation 3, and also substituting the fol-
lowing expression for Kd, which assumes that�Cp, the change in
heat capacity, is much less than�Hm (Jelesarov and Bosshard
1996; Durr et al. 1999; Marti et al. 2000):

Kd = Ctot exp��Hm

R � 1Tm−
1

T�� (6)

After the temperature dependence of [�D] is introduced by sub-
stituting [�D] � [�D0] + �
, the modified equation 5 can be
solved for [�]obsand then used to fit experimental melting curves
such as those shown in Figure 2E. Extracted parameters include
Tm, �Hm, [�D0], [�M], and the constant�.

Electronic supplemental material

Supplemental material includes a table of extracted thermody-
namic parameters from fitting curves such as in Figure 2E via
equations 2–6, at three different salt concentrations, six different
pH values, and several Par-4 concentrations.
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