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INTRODUCTION

The prostate apoptosis response — 4 (Par-4) protein was first identified by differential
screening for upregulated genes in prostate cancer cells undergoing apoptosis (/). Par-4
expression has since been detected in diverse tissue types (2), and its upregulation in neurons has
been linked to a variety of neurodegenerative disorders, including Alzheimer’s (3), Huntington’s
(4) and Parkinson’s (5) diseases, HIV encephalitis (6) and amylotrophic lateral sclerosis (7).
Downregulation of Par-4 has been linked to several cancers, including those of the prostate (/,
8), colon (9) and kidney (/0). The primary sequence of the Par-4 protein contains a heptad repeat
at the C-terminus (Figure 1) which strongly suggests the presence of a leucine zipper (I.Z), and is
essential for the ability of Par-4 to lower the apoptotic threshold of cells (8), as well as for the
ability of Par-4 to self associate and interact with various proposed effector molecules (Z1-13).
For instance, the LZ domain has been shown to bind to the zinc-coordinating regulatory domain
of two atypical isoforms of protein kinase C (7). The resulting downregulation of aPKC activity
has been proposed as the pathway through which Par-4 induces increased sensitivity to apoptotic
stimuli (/7). Various other interactions have been investigated in order to further elucidate the
role of Par-4 in apoptosis and cancer, resulting in linkage of Par-4 to Bcl-2, NF-xB/IF-xB (/4-
16), and the Ras oncogene pathway (/7-19). The original goal of this proposal was to determine
the oligomerization state and three-dimensional structure of the Par-4 C-terminus, and to and
begin to characterize the interaction between this region of Par-4 and various effector molecules,
including the aPKCs. We have succeeded in showing that the Par-4 C-terminus is natively
unfolded at physiological pH and temperature, but can be induced to form a coiled coil at low pH
and low temperature. Furthermore, salt helps to stabilize the coiled coil at high pH, but is
destabilizing at low pH, and the two state conformational equilibrium is affected by peptide
concentration. We will discuss these observations in terms of the primary sequence of the Par-4
LZ domain, and suggest how the pH-dependent behavior of Par-4 correlates with its proposed
physiological role in induction of apoptosis.
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BODY

Methods

Expression and purification of the Par-4 C-terminal peptide

The Par-4 LZ, comprising residues 286-332 of racine Par-4, was subcloned into the H-
MBP-3C vector (20). Following previously described expression and purification of the resulting
MBP-fusion protein and fusion cleavage with recombinant protease (20), the eluted Par-4 protein
was dialyzed against an aqueous buffer containing 12mM NaP; at pH 7.5. An additional ion
exchange purification step was performed with a Hi-Trap Q Sepharose column (Amersham-
Pharmacia). The protein was eluted with an increasing NaCl gradient, and exchanged into
aqueous buffer containing 20mM NaCl, 12mM NaP;, 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.

Circular dichroism (CD) spectroscopy

CD spectra were recorded on an AVIV model 202 CD spectrometer equipped with a
thermoelectric sample temperature controller and a 0.1 cm pathlength cuvette. Spectra were
recorded in 0.5 nm steps from 260 to 190 nm with an integration time of 2 seconds at each
wavelength, and baseline corrected against a cuvette containing buffer alone. Estimates of the
fractional helicity were made using either [®,2,]/-35,000 (27) or the SELCON program (22),
which analyzes CD spectra for a-helical, B-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 will not be
distinguished in the discussions below. Thermal stability was determined by monitoring the
molar ellipticity at 222 nm as a function of temperature at 5°C intervals with 5 minutes
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 non-linear least square best fitting of a two
state model (2 unfolded monomers  folded dimer) closely followed the work of Bosshard and
colleagues (23-25). 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 concentrations, via a modified form of the Henderson-Hasselbalch equation:

[Op] + [O]10""P

Olops = 1
[ ] bs 1+ 10n(pH'PKa) ( )

where the known variables are the observed molar ellipticity at 222 nm ([®]qs) and the pH.
Fitting also yielded the values of [®p] and [®y], the extrapolated plateau values of molar
ellipticity at 222 nm at the acidic and basic pH limits (where the subscript denotes dimer or
monomer).
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Variation of molar ellipticity with temperature was used to extract values of Ty, the
characteristic melting temperature, and AH,, the enthalpy of melting, at 5 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:

[O]obs = fm[Om] + (1-fv) [Op] (2)

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

[©]obs - [©p]
1 R —— (3)
[OuM] - [@p]

By definition, K4 = [M]¥/[D], [M] = fCio and [D] = Cyot(1-fir)/2, and thus:

2f*Ciot
| [ — @)

where K is the dissociation constant, and Cy is the total peptide concentration. Equation 4 can
be solved for fy via the quadratic equation:

Kq + sqrt(Kg” + 8CoiKy)
fM = (5 )
4Ctot

Equation 5 can be rendered into a useful form by substituting the expression for fyy from equation
3, and also substituting the following expression for K4, which assumes that AC,, the change in
heat capacity, is much less than AH,, (23-25):

AH, 1 1
K,=C L G- 6
; ,o,eXp[ e T)} ©)

After the temperature dependence of [®p] is introduced by substituting [@p] = [@pg] + YT, the
modified equation 5 can be solved for [®]qs and then used to fit experimental melting curves
such as those shown in Figure 6. Extracted parameters include Ty,, AHy, [®po], [®M] and the
constant v.
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NMR Spectroscopy

NMR spectroscopy was performed on a Varian INOVA 600 MHz spectrometer equipped
with a triple resonance gradient probe. All data were processed with nmrPipe (26) and visualized
and analyzed with NMRDraw (26) and NMRView (27). The final NMR sample was prepared by
concentrating the purified Par-4 protein to 0.8 mM in 20mM NaCl, 12mM NaP, 5% (v/v) D,0,
50uM NaNj; and pH 6.5. All experiments were performed at 5°C with the proton carrier
centered on the H,O frequency (4.96 ppm) unless otherwise noted.

Two dimensional "H-">N HSQC spectra were recorded as 2048 x 256 complex points
with 8 scans per fid and recycle time of 1.2 sec. Sequence-specific assignments for Par-4 were
done using HNCO (2048 x 64 x 20), CBCA(CO)NH, and HNCACB (2048 x 40 x 22)
experiments. The side chain carbon and proton assignments were done using CCCONH (2048 x
60 x 32), HCCCONH (2048 x 64 x 16) and HCCH-TOCSY (2048 x 128 x 32). The proton
sweep width was 6000 Hz. The carbon sweep width for HNCO experiments was 1250 Hz, and
for CBCA(CO)NH, HNCACB, and CCCONH experiments were, 9000 Hz. The nitrogen sweep
width was 1320 Hz in all the experiments except HNCO (900 Hz). The data were subsequently
linear predicted in '*N and "°C dimension, zero filled and Fourier transformed to obtain 1024 x
256 x 128 complex points. All two and three dimensional data sets were apodized a with 30°
shifted sine bell squared function in all dimensions.

Results

CD Spectroscopy

The thick trace in Figure 2 shows the CD spectrum of the PAR-4 LZ in 12mM NaP;, 20
mM NaCl, pH 6.5 at 25°C. This spectrum represents an approximately 85% random coil
structure (~15% helical). On lowering the temperature to -5°C (Figure 2, bottom trace), the
helical content is increased to 37%, 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 leucine zippers, is
commonly taken as evidence of a two state transition (28-30). Taken together, the data of Figure
2 suggest an equilibrium between a non-folded state and a marginally more stable helical state,
which becomes somewhat increasingly favored at lower temperature.

In order to investigate the conformational variability further, CD spectra were taken over
arange of pH values, with the temperature fixed at 5°C (Figure 3). The data indicate that acidic
pH stabilizes helix formation. Fractional helicity increases from approximately 20% to 70%
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 (Figure 4). Lower temperature favors helix formation more markedly at this pH
(compare Figure 2), with fractional helicity increasing from approximately 15% to 75% as the
temperature decreases from 45 °C to 0 °C. Again, isodichroic points near 203 nm in Figure 3 and
Figure 4 suggest a two state transition.




* This page contains unpublished results Pascal, S. M.

Plots of [@,2;] vs. pH at 11 different temperatures are shown in Figure 5. Note that data
was not acquired below pH 5.5 due to reduced peptide solubility. The data at each temperature
was 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. Results are tabulated in Table 1, and pKa values are depicted graphically
in the Figure 5 inset. Fitting at higher temperatures 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 temperature, the apparent pKa decreases in a regular fashion as
temperature increases, and the Hill coefficients of approximately 2 imply cooperative folding as
a function of pH.

Plots of [@,2,] vs. temperature in 20 mM NaCl at § different pH values are shown in
Figure 6. The values of Tr, and AHy,, the characteristic melting temperature and the enthalpy of
melting, were extracted as described in Materials and Methods. The results are shown in Table 2,
along with similar results for two other salt concentrations. Tp, decreases from approximately 35
°C to -1 °C as the pH increases from 5.5 to 8.0 (Figure 6, inset). The decrease of Ty, 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 7 shows the variation in
fractional helicity as a function of pH, at 3 different NaCl concentrations at 5 °C. At pH 8.5, 20
mM NaCl results in only 13% helical content, while 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 approximately 80% helix, while increasing the salt concentration to 140 mM
decreases the helical content to 70%. The data was fit to equation 1 in a similar manner as the
curves from Figure 5, 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 5 (Table 1). The Hill coefficients are again near 2,
although the value for the 20 mM NaCl curve is 2.86 + 0.35, while the Hill coefficients for the
80 mM and 140 mM NaCl curves fall just below 2. Thus it appears that low salt marginally
increases the cooperativity of the transition. It should be noted that the increase in the calculated
cooperativity is correlated with the wider disparity between the plateau values of fractional
helicity at 20 mM NaCl. Thermal stability, as measured by Ty, appears to follow a similar trend
(Table 2), with high salt somewhat favoring helix formation at high pH, while low salt is
marginally stabilizing at low pH.

The concentration dependence of the Par-4 peptide conformation was investigated. At
each of the three pH values represented in the Figure 8, increasing peptide concentration resulted
in increased thermal stability (increased Tp,). Tr, values for pH 6.5 were extracted from higher
concentration samples, since extraction of Ty, values at low concentration and high pH is
inaccurate (see Figure 6, top 2 curves). Note that 1/T, as a function of In(Ciy) is approximately
linear (Figure 8 inset), consistent with a two-state transition at each pH value (23, 31).
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NMR Spectroscopy

Chemical shift assignments of the PAR-4 peptide are listed in Table 3, and backbone HN
and 15N assignments are indicated also in Figure 10. The procedure of assigning the backbone is
briefly documented in Figure 11. The Par-4 LZ peptide is highly soluble at pH 6.5, in the
presence of minimal salt. NMR spectra (see Figure 9) display little chemical shift dispersion.
Dispersion is expected to be minimal in either a random coil or a purely alpha helical peptide,
particularly in the absence of aromatic residues. To assign the backbone resonances of the
peptide, standard triple resonance techniques were used. Analysis of HNCO, CBCA(CO)NH and
HNCACB experiments (Figure 3) allowed assignment of nearly all HN,N,C’,Ca,Cb resonances
(supplemental materials). A CCC-TOCSY-NH experiment was used to confirm and clarify the
assignments. Chemical shift indexing (32, 33) suggests that little stable structure exists under
these sample conditions. The value of most 7 HNHa coupling constants is between 6 and 7 Hz,
again indicating little if any stable secondary structure, consistent with CD spectra at high pH.
But assignments at this pH will serve as a starting point for assignment at lower pH, as the
sample will be titrated, and migration of peaks as pH changes will be followed.

Discussion

Coiled coils are amphipathic helical oligomerization motifs found in many types of
proteins (34-36). In naturally occurring dimeric forms, two a-helices coil around each other with
a slight left handed superhelical twist. The amino acid sequence can be organized into a seven
residue repetitive heptad pattern, designated (abcdefg),, in which a and d positions are generally
hydrophobic and are present at the center of the oligomeric interface. The most common
hydrophobic residues at these positions are Leu, Val, and Ile. Coiled coils with predominantly
Leu at position d are known as leucine zippers (LZ). Asn is also quite common at the a position,
and its presence has been correlated with the occurrence of a parallel dimeric state (37-43). The
solvent exposed b, ¢ and fpositions affect stability, solubility and the specificity of interactions
with other molecules, but do not appear to affect the fold or interhelical orientation as strongly as
the a,d,e and g residues (44-46).

Although hydrophobic interactions at the oligomeric interface are the principal driving
force for folding and oligomerization of coiled coils, electrostatic interactions can also contribute
significantly to stability and instability. For instance, charged side chains in the e and g positions
can interact with the opposite strands (g’ and e ). These interactions can be complimentary or
non-complimentary depending on the type of residues present at the e and g positions. While
questions remain regarding the contributions to stability from complimentary interactions, it is
clear that charge clashes such as between two acidic side chains can have a profound affect upon
both the stability and stoichiometry of coiled coils (23, 24, 29, 30, 47-50).

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 four residue cloning artifact. For
simplicity, these residues have been redesignated residues 1-51. Residues 11-51 are depicted in
helical wheel format in Figure 1. Orienting the heptad repeat by placing the Leucine repeat at the
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d position results in an additional hydrophobic repeat at the a position, with the exception of two
Asn residues, which suggest the presence of a parallel coiled-coil dimer structure. The
distribution of L predominantly at d and I at a also suggests a propensity to form a dimeric
coiled-coil, whereas reversal of this pattern would be consistent with tetrameric coil formation
(39). 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-dependent coiled-coil formation is discussed below.

Helicity, two state cooperative transition, [®22,] /[®,08]: CD spectra indicate that the
PAR-4 LZ peptide forms a predominantly alpha helical structure at low pH and low temperature
(Figure 3 and 4, lower traces). While 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 solvents (51, 52). 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 (28, 53-57). This folding pathway therefore represents an equilibrium
between just two predominant states: the unfolded monomer and the coiled-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 Figures 2, 3 and 4 are
characteristic of a two state transition, and further support is supplied by the ability to fit the
curves of Figures 5, 6 and 7 with a two state model (see Materials and Methods). The Hill
coefficients of these curves indicate that the transition is cooperative. Note also that [@;,;]
becomes more negative than [@,0g] at maximal helicity (Figure 3 and 4, lower traces). The value
of the [@,22] /[@205] ratio for non-coiled helices is typically near 0.83. For alpha helices which
are part of a coiled coil structure, the parallel polarized amide n—n* transition becomes less
dichroic, effectively reducing the negativity of [®,3]. Since [®,;] is unaffected, the [®22;]
/[@0g] ratio increases to approximately 1.03. Hence the [®;,] /[@,0g] ratios of approximately
1.08 and 1.06 (bottom traces of Figure 3 and 4, respectively) are further confirmation of helical
supercoiling (48, 58, 59).

Dependence on concentration, pH and salt: The concentration dependence of Ty, shown
in Figure 8 is a strong indication of intermolecular interactions, and is not consistent with the
formation of non-interacting monomeric helices. The linearity seen in the inset graph is
consistent with a two-state transition. The pH dependence is also consistent with coiled coil
formation. In addition to a leucine repeat at position d, the sequence of the Par-4 LZ peptide has
a strong acidic repeat at position g. In Figure 1, the two helical wheels have been aligned in a
parallel symmetric fashion. Characteristically, parallel dimeric coiled coil side chains in the g
position will make interhelical contact with e’ side chains at the i+5 position (i.e. E17° with N22;
also E17 with N22’, where the prime indicates the second helical molecule). The role of polar
interhelical contacts in coiled coil formation and stability has been much discussed (23, 24, 29,
30, 47-50). While the importance of complimentary (e.g. E31-K36’) and neutral (e.g. E17°-N22
or E38’-1L43) interactions appears to be case dependent, negative-negative interactions such as
D24’-E29 have a considerable destabilizing affect upon helix formation. In the present case, it is
likely that charge-charge repulsion between D24’and E29 (and the symmetric D24-E29°
repulsion) is a major factor in disfavoring coiled-coil formation at high pH (Figure 3). However,
it should also be noted that amino acids in the e position of coiled coils have been shown to
interact intramolecularly with the b,c,d and f residues of the same heptad. Similarly, the g

10
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position residues interact intramolecularly with the d and f positions of the same heptad, and the
a and d residues of the next heptad (25). Thus, several intramolecular complimentary charge-
charge interactions are expected to occur upon 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 involvement of E29 in one interchain and two intrachain repulsions (actually
six total repulsions in the symmetric dimer) suggest that this residue is a key to the pH-dependent
folding of the Par-4 LZ, although each of the above listed contacts could contribute 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 protonation of one or more of the offending acidic side chain groups (24,
28, 47, 48). While the pKa of an acidic side chain normally falls in the 4.0-4.5 range, in a local
environment containing other acidic groups, the pKa can be expected to increase, and pKa values
of acidic side chains involved in e-g charge clashes in coiled coils have been shown to be
elevated (60-62). This indicates a preference for protonation, which would abrogate the charge
repulsion and allow the now neutral side chain to contribute to the stability of the hydrophobic
core. These altered single group pKas 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 (Figure 5) are consistent with this explanation.

The salt dependence shown in Figure 7 further supports the importance of charge-charge
interactions in folding of the Par-4 LZ. At high pH, the most important charge effects are the
non-complimentary contacts: intermolecularly between D24’ and E29 (also D24-E29°), and the
intramolecular negative-negative clashes noted above. Increased 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 (49, 63). Accordingly, increasing salt concentration 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 “attractive”
charge interactions, such as E31°-K36 may still be active, since acidic residues involved in
stabilizing or marginally destabilizing interactions will have pKa values shifted to lower pH or to
only slightly higher pH (60-62). Thus, at low pH, increasing salt can screen the remaining charge-
charge interactions, which includes the attractive interactions and any remaining charge-charge
repulsions which may remain,. This effect can also be described as an increase in desolvation
penalty when the medium has a higher dielectric constant (64). 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 aggregation and precipitation, but which can also
simply encourage hydrophobic contacts to form at the dimer interface (49, 65). This dimeric
salting out effect might tend to be more pronounced at low pH, since the dimer interface will be
less charged. These and other effects must be carefully balanced in order to obtain a more
complete picture of the effects of salt, pH, temperature, concentration and intrachain and
interchain ionic effects upon coiled coil formation.

11
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KEY RESEARCH ACCOMPLISHMENTS

e The Par-4 C-terminus is natively unfolded at physiological pH and temperature.

e Decrease in pH and temperature drastically affect the Par-4 C-terminal structure, inducing a
switch from unfolded to a nearly fully coiled coil structure.

o Salt and peptide concentration also affect the conformational equilibrium. All data indicate a
two-state equilibrium, affected by ionic contacts.

e Folded conformation is not monomeric, but represents a self-associated state.

e Chemical shifts of C-terminal peptide have been assigned, and relaxation and CSI data
confirm little stable structure at high pH. These assignments will serve as a starting point for
examining the relaxation and CSI data at lower pH.

e GST-pulldown assays indicate that the zinc-coordinating region of the atypical PKCs bind
preferentially to the folded form of the Par-4 C-terminus. This is consistent with the
subcellular localization of aPKC isoforms to the endosomal compartments.

REPORTABLE OUTCOMES

A manuscript has been accepted in Biotechniques (20), regarding development of the
expression system used to produce the Par-4 peptides. This expression system combines the
strengths of MBP fusion for solubility, His-tag for purification and a protease from human
rhinovirus for efficient and specific fusion cleavage.

A second manuscript will be submitted shortly, regarding the CD spectroscopy and
thermodynamic analysis discussed in the body. NMR studies will be published at a later date.

CONCLUSION

The Par-4 LZ region is required not only for homodimerization, but also for interaction
with proposed effector proteins (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? First, the concentration dependence of the Par-4 LZ conformation may
play a role. Overexpression of Par-4 enhances the potency of apoptotic stimuli in cells where
Par-4 is constituitively expressed at lower levels (2). Higher concentrations in the cell could lead
to a higher proportion of dimers. Dimerization and zipper formation could also be stabilized by
interactions with or between other regions of the full length Par-4 protein. But it remains
plausible that a considerable fraction of cellular Par-4 does not posses a stably folded C-
terminus. However, a fully folded LZ may not be a requirement for interaction with effector
proteins, which may be attracted to the unstructured acidic tail. The Par-4 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 (66-68),
RNA-binding (69-71), and cell cycle progression (72, 73). Pertinently, studies of conformationally
unstable acidic LZ peptides have indicated an ability to form stable heterodimeric zippers with
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basic LZ peptides at physiological pH, when the charge complimentarity of the synthetic
peptides was carefully designed (23). Complimentary heterodimerization has also been seen with
naturally occurring LZ sequences, such as Max/Myc (58, 74) and Jun/Fos (75). In fact, since
attractive charge-charge interactions do not appear to be as important as the absence of repulsive
charge-charge interactions, a LZ peptide with simply an absence of acidic residues in the e
position may be capable of inducing heterodimerization 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 region of DIk/ZIP kinase. The two names of the
latter kinase signify homology with DAP kinase (Dap-Like-Kinase) (76) and the predicted
presence of a C-terminal leucine zipper (ZIP) (77). Interestingly, the proposed LZ region of Dlk
mediates interaction with LZ-containing transcription factors such as ATF-4 (77), but does not
appear to be responsible for interaction with Par-4 (13). However, the Par-4 interacting region of
DIk kinase also possesses coiled coil propensity (~75% probability, as predicted by the program
Multicoil (78)). 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 complimentarity.

The pH-dependent behavior of the Par-4 LZ is consistent with the proposed interaction
with the aPKCs. As opposed to other PKC isoforms, strong evidence has been presented for
subcellular localization of the atypical PKCs to the lysosome-targetted endosomes (79). The
acidic environment of these endosomes (pH ~ 5.0) is ideal for self-association of the Par-4 LZ.
Although we were unable to gather CD data at low pH due to solubility constraints, conservative
extrapolation of the inset plot in Figure 6 using a sigmoidal function predicts a T, of 42 + 4 °C at
pH 5.0. Since folding as a function of temperature becomes increasingly cooperative at low pH
(compare pH 6.25 and pH 5.5 curves in Figure 6) a Ty, of 42 °C together with the projected shape
of a pH 5.0 melting curve predicts a predominantly folded state at 37 °C. Thus in the endosomal
compartment, Par-4 should be strongly self-associated, and would present a near fully folded
coiled coil for interaction with the zinc-binding regulatory domain of the aPKCs. The GST
pulldowns of Figure 11, showing that the zinc-coordinating domain of an aPKC interacts with
the Par-4 C-terminus more strongly at low pH, is also consistent with this hypothesis. Precedent
exists for induced folding in the endosomal environment: pH-dependent coiled coil formation of
the influenza hemagglutinin protein in an endosomal environment has been linked to membrane
fusion events critical for viral infection (80-83).
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Figure 2. Far UV CD spectra of Par-4 LZ peptide as a function of temperature in 12 mM NaP, 20 mM
NaCl, pH 6.5. The dark trace was recorded at 25 °C. Peptide concentration was 22 uM.
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Figure 3. Far UV CD spectra of Par-4 LZ as a function of pH in 12 mM NaP, 140 mM NaCl, 5 °C. Peptide
concentration was 22 uM.
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Figure 4. Far UV CD spectra of Par-4 LZ as a function of temperature in 12 mM NaP, 20
mM NaCl, pH 5.75. Peptide concentration was 27 uM.
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Figure 5. pH dependence of the molar ellipticity [0],,, of Par-4 LZ as a function of temperature. These

curves were fit to equation 1 to extract the conformational pKa (inset) and Hill coefficient as functions of
temperature (see Table 1). Sample was 18 pM peptide in 12 mM NaP, 20 mM NaCl
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curves were fit to the modified equation 5 to extract the T, (inset) and AH, as functions of pH (see Table 2).
Sample was 18 uM peptide in 12 mM NaP, 20 mM NaCl.
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" This page contains unpublished results Pascal, S. M.

40- &
X
o 39 pH 6.5
18 uM )
x
£ \ pH 6.75
~
30 -
3.3
~~ pH 5.5
o 18 uM : ,
~f -12 () -10
n
E _ 1
= 20 InC, (M)
10—
O__
5.5 5.75 6.5
pH
Figure 8. Variation of T, vs. total PAR-4 LZ concentration at three different pH values. 1/T

vs. natural log of concentration is plotted in the inset. Sample was in 12 mM NaP, 20mM NaClL.




« * This page contains unpublished results Pascal, S. M.

mp

Gl’@ .y

<7 63

113F

G12
G47
115¢
o1
S eon
o 50

117F

119p

u
—
Z 121F
P K36
D6 L35
05 :
123b ' E33 L25% 11
D30 E29 15
Q.. oKX visgrs o] o143
20
» Kd4
p1o GF
sl (T pRey
%
127p
120} RS1
(]
9.0 8‘.9 8..8 8..7 8I.6 8l.5 8'.4 SI.3 8..2 8‘ 1 SI.O

HN

Figure 9. 'H,’N-HSQC spectrum of Par-4 LZ with residue specific assignments.




* 771 -1ed JO JuswugIsse PIys [edorwoyo suoqyoeq Sunensnyyl s1oid dins gOVONH 01 2mSn]

Pascal, S. M.

(udd) €1D

NH
0L || ovY || 66N || 8€ |[ L€O [ 9e31 || s€T|[ p€0 | e |[2eN | vem || osa || eza || sem || zza
-6
, [<]
1 I 0
ARG eo=-p e pdod S bqpd.
le 4 @ ]
- | | - .
|| < | PP 0 o <@
e o e o INININ |
S et i e e
> (| =gl do | | | ey~ TFrex
@ > s .4 & o, .0
L i L . ]

* " This page contains unpublished results




Pascal, S. M.

This page contains unpublished results

.

.

G'¢ EQ 1®
suorsny D3 Pue y-Jvd Jo uoneqnout-o) (§) :¢', Hd ye suorsny 53[d pue 4-3yvd Jo uoneqnour-o) () (1¢¢-512) v-red-ddiN
Jo uonippe 210509 96151 HO3Id-LSD paziiqowy] (£) ((2€€-S12) -IVd-ddIN Indu] (7) ‘SIexIeIA 1YSToM Te[no[oN

(1) ‘9OVd SAS Aq pejeuonoelj usy) 2Iom UOISn] $-Ied Ple1oosse Aue Yim Suofe ©1ez-)¥d-1SO Y.L, "seinuru (] 10J Iognq
SAS Ul pa[ioq uay) pue paysem A[y3noryy a1om speaq 3y} D, 18 [OUZ WS ‘HING INWS ‘TOBEN IWWOpT “deN JNWZT Ul 's1y
7 10J UOIIBQNOUI-09 ISV "SpBaq QUONRIN[S U0 PIZI[IOUIW SeM YOIYM (96]-C7 ] SONPISaI) B19Z-DMd-1.SD YIIm pajeqnoul
sem (ZEE-S17 SonpIsal) p-Ied- JGIN pajund ‘surewiop DM Pue H-Jed U29m)aq SUOTIORIIUL J09)P 0 J9pIo U "[T Ingi

1S5 —> axst
961-SZI 9OMd-1SH —» a6z
€C-SIT P-AVA-dIIN —> | aisy




~ * This page contains unpublished results

»

Table 1. pKa and Hill coefficients extracted by fitting the curves from

Figure S to 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

Table 2. Thermodynamic parameters extracted from fitting thermal
denaturing curves, including those presented in Figure 6, to
the modified equation S described in the text. Fitting was
performed at three different salt concentraions, six different
pH values and several Pard4 -LLZ concentrations.

Salt mMM) pH  Cit (UM) Twm (K) AH,, (kJ/mol)
20 5.5 18 307.6 £0.1 322.8 +10.1
3.6 293416 127.6+ 114
1.8 283.3+3.8 108.1 + 14.6
5.75 18 295.7+04 1919 +6.8
3.6 281318 128.6 + 8.5
1.8 277999 105.8 +26.0
6.0 18 283.6 +0.6 1420+ 3.6
6.25 18 275.0 +0.5 1250+ 1.6
6.5 126 2844 £0.6 165.8 +6.2
63 277909 1341 £3.6
32 272.5+0.7 1208 + 1.4
18 272.1+15 1294 + 3.1
8 18 272.3+6.8 108.5 +44.5
80 55 22 304.7 0.6 1389+ 12.3
5.75 22 294.1+02 209.1+£5.0
4.4 286612 164.5 +9.1
6.0 120 208.6 +0.2 260.7+£9.0
22 2853+04 167.1 £ 4.1
12 281.3x1.0 1474 +6.3
6.25 22 281.2+0.6 163.7+4.0
6.5 22 2777+04 1509+ 1.8
8 22 276.8 +1.7 113.1 +17.7
140 55 22 305702 2453109
5.75 22 297302 226.5+5.6
6.0 22 2805 +0.6 194.6 + 10.0
6.25 22 281.2+20 153.7+10.2
6.5 22 2799 +0.8 150.0 £4.0
8 22 2789+23 139.5 +8.8
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Table 3. Chemical shift assignment of Par4 LZ

Pascal, S. M.

HN N CcO Ca Cb Cg Cd Ce Ha Hb Hg Hd He

G1 | 8.85 | 111.32 4.01

P2 177.63 |63.516| 32.31 27.19 49.69 4.5 |2.34/2.02

G3 | 8.82 | 111.34 | 174.47 | 45.245 4.03

S4 | 8.33 | 116.61 | 174.93 | 58.613| 63.76 4.46 | 3.93/3.89

Q5 | 8.67 | 122.89| 175.86 | 55.993| 29.34 33.93 4.35 | 2.11/1.99 2.37

D6 | 8.4 |122.38|176.45|54.744| 41.13 4,57 | 2.74/2.63

K7 | 8.37 | 122.28 | 176.83 | 56.85 | 33.01 24.70 42.22 4.27 | 1.86/1.79 1.44 1.69
E8 | 8.53 | 122.65| 176.89 | 56.953| 30.31 36.45 4,26 1.99 2.38/2.27

E9 | 84 | 1225 | 176.78 |56.837| 30.34 36.33 4.24 2.23
M10| 8.43 | 122.13 | 176.55|55.714 | 32.65 29.01 33.95 4.49 | 2.11/2.04

11| 8.2 |123.11|177.78 |61.883| 38.5 [17.42/27.51 72.64 414 1.88
G12| 8.6 | 113.56 | 174.24 | 45.452 3.94

K13| 8.11 | 121.9 | 176.91 | 56.39 | 33.31 24.81 29.33 4.33 | 1.89/1.78

L14| 8.42 | 124.38 | 177.72 | 55.431| 42.3 27.16 |24.96/23.41 4.32 | 1.67/1.60 1.61 .94/.88
K15| 8.4 |123.31|176.78 |57.035| 32.97 24.80 ?

E16| 8.57 | 122.38 | 176.59 | 56.642| 30.41 36.28 425 | 2.06/1.98 | 2.3/2.26

E17| 8.47 | 122.32 | 176.96 | 56.877| 30.29 36.31 4.28

118 | 8.21 | 122.5 { 176.32 | 61.77 | 38.93 117.58/27.6 72.78 414 1.89

D19| 85 |124.73|176.55|54.658| 41 4.26 | 2.74/2.64

L20| 8.22 | 123.55| 174.93 | 55.858 | 42.21 27.03 |25.14/23.43 4.27 | 1.68/1.61 1.62 .94/.88
L21| 8.15 | 121.72 | 176.55 | 55.649| 42.07 27.04 |23.48/24.94 4.3 | 1.68/1.59 1.62 .94/.87
N22| 8.28 | 119.52 | 175.26 | 53.347| 38.8 4.7 | 2.87/2.75

R23| 8.24 | 122.48 | 176.16 | 56.383| 30.97 26.94 43.4 ? ?

D24 | 8.53 | 122.23 | 176.55 | 54.727| 40.98 4.58 | 2.74/2.64

L25| 8.24 | 122.89| 177.6 |55.494| 42.23 27.06 |25.19/23.28 4.33 | 1.67/1.60 1.66 .95/.88
D26| 8.36 | 121.36 | 176.19 | 54.745| 41.13 459 | 2.73/2.63

D27 8.27 | 121.21| 176.42 | 54.494| 41 4.59 | 2.75/2.64
M28| 8.34 | 121.26 | 176.62 | 55.638 | 32.83 32.13 4.47 | 2.12/2.03 | 2.63/2.54

E29| 8.48 | 122.77 | 176.96 | 56.873 | 30.27 36.32 424

D30| 8.51 | 122.58| 176.9 |54.552| 41.38 4.58 | 2.74/2.65

E31) 8.65 | 123.34 | 176.98 | 57.579| 29.99 36.17 4.21 | 2.07/2.01

N32| 8.54 | 119.63 | 176.33 | 54.145| 38.88 4.66 2.86

E33| 8.42 | 122.52 | 177.68 | 58.039| 29.77 36.03 415 | 2.32/2.08
Q34| 8.35 | 120.46 | 177.33 | 57.388| 28.77 33.90 418 | 2.30/1.92

L35| 8.06 | 121.72| 178.2 |56.155| 41.98 27.08 | 24.89/23.61 4.27 | 1.71/1.61

K36 | 8.05 | 121.36 | 177.63 | 57.365| 32.81 25.07 29.41 4211 | 4.23
Q37| 8.28 | 120.87 | 176.83 | 56.42 | 29.21 33.71 4.26 | 2.14/2.05

E38| 8.5 |122.21|176.82{57.349| 30.16 36.24 421 | 2.3/2.15

N39| 8.51 | 119.91 | 175.88 | 53.68 | 38.57 4.69 | 2.87/2.81

K40| 8.34 | 122.46 | 177.34 | 57.126| 32.88 25.01 29.25 4222 | 4.22
T41| 8.21 | 115.74 | 174.7 162.938| 69.52 21.75 425 422 1.22

L42| 8.15 | 125.04 | 177.29 155.398 | 42.24 27.05 | 23.6/24.94 4.34 | 1.67/1.61

L43| 8.16 | 123.53 | 177.26 | 55.218| 42.25 26.99 |23.59/24.91 4.38 | 1.64/1.62

K44 | 8.29 | 123.58 | 176.45 | 56.279| 33.07 24.91 29.14 41.08 | 4.32 1.79
V45| 8.29 | 123.49| 176.4 {62.331| 32.91 21.03 412 2.04 0.94

V46| 8.44 | 126.03 | 176.84 | 62.869| 32.77 21.02 4.1 2.07 0.98
G47; 8.61 | 113.67 | 173.93 | 45.211 3.96
Q48] 8.3 | 120.7 | 176.08 |55.765| 29.78 33.81 43 | 2.11/1.99

L49 | 8.53 | 124.78 | 177.62 | 55.287 | 42.45 27.08 | 24.95/23.51 4.45 | 1.69/1.63 .94/.89
T50; 8.28 | 116.76 | 173.64 | 61.841| 70.08 21.66 4.37 424 1.22

R51| 8.13 | 129.48 57.483| 31.47
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