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2.3.1.2 PKC catalyz:d phosphorylation of ARP and inhibition by histone

The PKC catalyzed phosphorylation rates of ARP with various substrate
concentrations is displayed in Figure 2.2. The rate of phosphorylation of ARP by PKC does
increase in the presence of phospholipid alone. The addition of 20 uM Ca?* to this mixture
causing only a slight firther increase. Interestingly, the addition of 0.2 mg/ml histone inhibits
the PKC catalyzed phosphorylation of ARP in the presence of phospholipid alone. The
phosphorylation rate of ARP in the absence of cofactors as well as in the presence of 20 pM
Ca’ and phospholipid is not affected by the addition of 0.2 mg/ml of histone. When a lower
concentration of histone (0.1 mg/ml) is added to the phosphorylation reaction of ARP with
phospholipid alone, no inhibition is seen (Figure 2.3). The PKC catalyzed phosphorylation
of ARP in the preseace of 0.2 mg/ml histone with phospholipid alone resembles the
phosphorylation of ARP in the absence of cofactors.

The inhibition of the PKC catalyzed phosphorylation of ARP by histone does not
appear to be due to the phosphorylation of histone. The autoradiograph presented in Figure
2.4 displays the phosphorylation of different substrates by PKC. Histone (0.2 mg/ml) and
MARCKS-K (90 uM) are phosphorylated to a minor extent with 20 uM Ca®" in the presence
of phospholipid, whilz 200 uM Ca?* greatly increases the phosphorylation in this system.

With phospholipid in the absence of Ca?*, histone inhibits the phosphorylation of ARP,
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Figure 2.2 The rate of phosphorylation of ARP by PKC with various cofactors and the
inhibition by histone. The PKC catalyzed phosphorylation of ARP was measured in the
absence of cofactors (scuares), in the presence of phospholipid alone (circles) and with
calcium (20 uM) and phospholipid (triangles). The rates were measure in the absence
(empty symbols) and presence of 0.2 mg/ml histone (filled symbols). The phospholipid
was in the form of LUV's composed of 50 mol% POPS and 50 mol% POPC.
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Figure 2.3 The rate of phosphorylation of ARP by PKC and the inhibition by histone. The
PKC catalyzed phosphorylation of ARP was measured in the presence of phospholipid
alone. The rates were measure in the absence (empty squares), in the presence of 0.1
mg/ml histone (triangles) or with 0.2 mg/ml histone (filled squares). The phospholipid
was in the form of LUVs composed of 50 mol% POPS and 50 mol% POPC.
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Figure 2.4 The PKC catalyzed phosphorylation of substrates as detected by an
autoradiograph. All lanes contained phospholipid in the form of LUV's composed of 50
mol% POPS and 50 mol% POPC. The concentration of histone, ARP, and MARCKS-K

were 0.2 mg/ml, 7 uM, and 90 uM respectively.
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without being phosphorylated itself. The addition of 20 uM Ca? increases the
phosphorylation of the ARP and overcomes the inhibition by histone. The MARCKS-K
peptide does not inhi sit the phosphorylation of ARP to any great extent.

The fitting of the data in Figure 2.2 and Figure 2.3 allows the estimation of the K, and
the k_,, of the PKC catalyzed phosphorylation of ARP in the presence of various cofactors.
The calculated values for the K, and k_,, are tabulated in Table 2.1. The K,, values for ARP
are lower than previously reported values while the k,, values are lower and higher (Ferrari
et al., 1987). However, the differences may be explained by the enzyme preparation used.
The protein kinase C used in the previous study was purified from bovine brains and did
contain at least one major contaminant while, the protein kinase used for this study was from
a baculovirus expression system and appeared homogeneous on a silver stained SDS-PAGE.
Additionally, the state of the phospholipid (PS alone) is not stated in the previous study and
may be another discrepancy between the values.

The K, for ARI? with the assorted cofactors does not vary significantly from around
10 uM. The k, for ARP does increase from approximately 0.38 s in the absence of
cofactors to approximately 0.67 s and 0.87 s'!in the presence of phospholipid without and
with Ca?*, respectively. The inhibition of 0.2 mg/ml histone reduces the k,, of the ARP by
50 % in the presence of phospholipid alone without significantly altering the K,,. A lower
amount of histone (0.1 mg/ml) has no significant affect on the K, or k., of ARP in the

presence of phospholipid alone.
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Cofactors . hist.bi;éi”(iiig/ml) K, (uM) ....... kca't,zvS‘l: o
none 0 10.7+3.4 0.38+ 0.04
0.2 127£36 0.36 + 0.04

phospholipid 0 6.8+1.9 0.70 + 0.05
” 01 43+ 11 064005

02 95+£18 0.39 £ 0.01

phospholipid, Ca* 0 6.7+1.5 0.93 + 0.06
0.2 46402 0.81 % 0.01

Table 2.1 The kinetic constants determined for protein kinase C towards ARP. The
phospholipid was in the form of LUVs composed of 50 mol% POPS and 50 mol% POPC.

Calcium was at a concentration of 20 pM.
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2.3.2 The translocation of PKC in the absence of Ca**

The translocation of protein kinase C to the membrane can be monitored by a variety
of techniques (Epand. 1994). Resonance energy transfer is one of these techniques and was
first performed by Bazzi and Nelsestuen (1987a). This technique monitors the translocation
of PKC by using liposomes containing N-dansyl-phosphatidylethanolamine. When PKC
translocates to the membrane, an increase in dansyl fluorescence occurs as a result of energy
transfer from the excited Trp of PKC. The translocation of PKC is easily observed when Ca**
is present with LUVs containing PS and DG (Figure 2.5). Minimal increase in fluorescence
is observed in the absence of Ca?*. However, when ARP is added to PKC with these vesicles
in the presence of 500 uM EGTA, a comparable increase to the Ca?* induced signal in dansyl
fluorescence is noticed. ARP did increase the dansyl fluorescence in the absence of PKC,
however, this value was subtracted from the signal with PKC present and the resultant value
is displayed in Figure 2.5. Two other peptide substrate, MARCKS-K and SAA, do not cause
any notable change in the dansyl fluorescence. These results indicate that ARP is causing
PKC to associate with the phospholipid membrane in the absence of Ca?*.

To confirm the results obtained using resonance energy transfer, the intrinsic
tryptophan spectra of ’KC was monitored. The fluorescence maximum of PKC's Trp occurs
at 338 nm and the magnitude at this wavelength is significantly reduced upon binding to

membranes (Lester aid Brumfeld, 1990). In the absence of phospholipid the tryptophan
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Figure 2.5 The translocation of protein kinase C as monitored by resonance energy
transfer. All measurements contained LUVs composed of 20 mol% POPS, 69 mol%
POPC, 1 mol% DG and 10 mol% N-dansyl-phosphatidylethanolamine and 500 uM
EGTA (except when 200 uM calcium was present as indicated). The concentration of the
ARP, MARCKS-K, and SAA were 60 uM, 60 uM and 25 uM respectively. The increase
in fluorescence is relative to an identical measurement without PKC present. Reproduced
from Bruins and Epand, 1995.
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spectra of PKC displays a maxima around 338 nm which does not change in magnitude upon
the addition of ARP (Figure 2.6). The same maxima of PKC's Trp fluorescence is seen in the
presence of phospholipid vesicles containing 20 mol % POPS, 79 mol % POPC, and 1 mol
% DG, however, upon the addition of Ca?* the amplitude of the signal decreases
approximately 50 % (Figure 2.7). ARP mimics the decrease seen with Ca** and phospholipid
producing an approximate 60 % decrease in the extent of PKC's fluorescence at 338 nm. The
results obtained from both intrinsic tryptophan fluorescence and resonance energy transfer
experiments are analo zous, demonstrating that ARP can function in a similar manner to Ca**

and induce the translccation of PKC to a phospholipid bilayer.

2.3.3 The exposure of hydrophobic sites on PKC by ARP

The association of protein kinase C with the membrane produces a conformational
change in the enzyme which results in the insertion of a portion of the enzyme into the
membrane (Lester et al., 1990). It was of interest to examine if ARP could generate the
exposure of hydrophobic site(s) on PKC which may promote its association with a
phospholipid bilayer. This hypothesis was tested with the use of polarity sensitive fluorescent
probes and with a partitioning experiment.

The first fluorophore used was the water soluble bis-ANS, which is sensitive to the

to the polarity of its eavironment. In polar surroundings, the fluorescence of this probe is
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Figure 2.6 Intrinsic tryptophan spectra of protein kinase C in the presence
(squares) and absence (crosses) of ARP. When present, ARP was at a
concentration of 60 M. Reproduced from Bruins and Epand, 1995.
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Figure 2.7 Intrinsic tryptophan spectra of protein kinase C in the presence of
phospholipids ancl the modulation by calcium or ARP. The spectra of PKC with
phospholipids was taken with EGTA alone (plus), EGTA with 60 uM ARP
(circles) or with 200 uM calcium (squares).The phospholipid was in the form of
LUVs composed 2f 20 mol% POPS, 79 mol% POPC, and 1 mol% DG.
Reproduced from Bruins and Epand, 1995.
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minimal, while in a hydrophobic environment, a notable increase in the quantum yield is
observed (Cardamone and Puri, 1992). When protein kinase C is mixed with bis-ANS, no
increase in fluorescence is noticed. The addition of ARP to this mixture does cause an almost
4 fold increase in bis-ANS fluorescence (Figure 2.8). This indicates that ARP is causing the
exposure of hydrophobic site(s) on PKC.

Further evidence supporting the exposure of hydrophobic site(s) on PKC induced by
ARP came from another fluorophore, PRODAN. This fluorophore displays a fluorescence
emission maximum around 520 nm in a polar environment. However, in a hydrophobic
environment, PROD.AN shifts its fluorescence emission maximum to 420 nm (Weber and
Faris, 1979). PRODAN displays a lower quantum yield than bis-ANS and higher
concentration of the fluorophore is required. PRODAN is not highly water soluble and
therefore was dissolv:zd in methanol and then added to our aqueous system (no precipitation
was observed). The spectrum of PRODAN in our experimental system with PKC present is
displayed in Figure 2 9. Three peaks are evident at 420 nm, 490 nm and at 520 nm. If PKC
and PRODAN are mixed prior to the addition of ARP, the addition of ARP induces an
increase in the peak at 420 nm while the other peaks are minimally changed. This would
indicate that PRODAN was in a more hydrophobic environment when ARP interacts with
PKC. Interestingly, if PKC and ARP are mixed prior to the addition of PRODAN, a
significantly different spectrum is observed. A notable decrease in the 420 nm peak with a

striking increase in the peaks at 490 nm and 520 nm signify that PRODAN is in a more polar
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Figure 2.8 Exposure of hydrophobic domains of protein kinase C by ARP
detected by bis-AN'3. The fluorscence of bis-ANS was measured with PKC
(squares) as well as with PKC and 60 uM ARP (X) Reproduced from Bruins and
Epand, 1995.
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Figure 2.9 Expostre of hydrophobic domains of protein kinase C by ARP
detected by PRODAN. The spectra of PRODAN was measured with PKC
(empty squares). The specta of PRODAN with PKC was also assessed when 60
uM of ARP was added before (filled squares) or after (triangles) the addition of
PRODAN. Reproduced from Bruins and Epand, 1995.
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environment in this circumstance than with PKC alone. Taken together, these results suggest
that ARP causes the 2xposure of hydrophobic sites on PKC which in turn may initiate the
aggregation of ARP and PKC complexes. Such aggregation complexes have been observed
with protamine sulfate and PKC (Bazzi and Nelsestuen, 1987b) and lend support to these
findings.

The partitioning of PKC into Triton X-114 micelles was used as a third independent
test for the exposure of hydrophobic sites on PKC induced by ARP. This techniques is
commonly used in the purification of integral membrane proteins (Brusca and Radolf, 1994;
Sanchez-Ferrer, 1994). Triton X-114 has a cloud point of 22°C. Below this temperature
Triton X-114 can solubilize and/or associate with proteins displaying hydrophobic surfaces.
Then by raising the temperature above this point, Triton X-114 forms aggregated micelles
with these proteins wtich can be pelleted by mild centrifugation. When PKC is mixed with
Triton X-114 and subsequently separated into an aqueous and detergent phase, about 5 % of
the total PKC activity is found in the detergent pellet (Figure 2.10). The presence of ARP
with PKC increases the activity in the detergent phase about 4 fold. This constitutes about
15 % of the total PKC activity. ARP is a substrate for PKC and the amount of peptide that
copartitions with PKC is difficult to evaluate. This may lead to an underestimation of the
amount of PKC in the detergent phase. Regardless, ARP does increase the amount of PKC
that partition into the Triton X-114 micelles.

The results from the fluorophore and the partitioning experiments are all in agreement.
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Figure 2.10 Protein kinase C partitioning into Triton X-114 micelles induced by
ARP. The partitioning of PKC into Triton X-114 micelles in the presence and
absence of 60 uM ARP was assessed by activity measurements of sedimented
micelles. The bottom fraction activity is respresented by the empty bars while, the
% total activity is represented by the filled bars. Reproduced from Bruins and

Epand, 1995.
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The binding of ARP 1o PKC induces the exposure of hydrophobic(s) on the enzyme. These
site(s) are suspected to influence the membrane association of PKC as well as induce

aggregation of the PKC and ARP complex in the absence of a phospholipid bilayer.

2.3.4 Conformational changes in PKC induced by ARP

The conformational change in protein kinase C that occurs upon membrane binding
and subsequent activation can be monitored by the sensitivity to mild proteolytic cleavage.
The removal of the pseudosubstrate domain from the active site of PKC exposes a proteolytic
sensitive site which cleavages off the pseudosubstrate domain and produces a nicked form
of PKC (Orr et al, 1992; Orr and Newton, 1994). Additionally, the binding of PKC to the
membrane and concomitant activation discloses a second site of proteolytic cleavage at a
hinge region between the catalytic domain and the regulatory domain and thereby separates
these two domains.

With 1.7 units/ml of trypsin, both the catalytic and regulatory domains are evident
when PKC is combined with Ca** and LUVs composed of 20 mol % POPS, 79 mol % POPC
and 1 mol % DG (Figure 2.11a). PKC alone is not susceptible to trypsin cleavage under these
conditions. ARP with either PKC alone or PKC with phospholipid appears to only render the
pseudosubstrate domain of the enzyme susceptible to trypsin cleavage. However, ARP with

its multiple Arg res:dues has the requirements of a substrate of trypsin and may inhibit the
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Figure 2.11 The trypsin susceptibiltiy of PKC. The phospholipid was in the form of LUVs
composed of 20 mol% POPS, 79 mol% POPC, and 1 mol% DG. The reaction was run on
a 7.5 % SDS-PAGE and subsequently silver stained. A was performed with 1.7 units/ml
of trypsin, while B was performed with 17 units/ml of trypsin. Reproduced from Bruins
and Epand, 1995.
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enzyme. This was addressed by increasing the trypsin concentration 10 fold to 17 units/ml
(Figure 2.11b). At this level of trypsin, the catalytic and regulatory domains are no longer
clearly visible on a silver stained SDS-PAGE and therefore only the PKC band is shown.
PKC in the absence of Ca®" and phospholipid is still not susceptible to trypsin cleavage,
while the addition of these cofactors almost eliminated the PKC band. With 17 units/ml of
trypsin, the addition o’ ARP in the presence of phospholipid also diminishes the amount of
PKC. In the absence of phospholipid, ARP minimally changes the susceptibility of PKC to
trypsin. The MARCKS;-K peptide does not seem to affect the susceptibility of PKC to trypsin
either in the presence or the absence of phospholipid. Both ARP and MARCKS-K inhibit
trypsin as seen when (Ca’* and phospholipid are present with PKC.

These results demonstrate that ARP binds to PKC in the absence of phospholipid and
causes the removal of the pseudosubstrate domain. When a phospholipid bilayer is present
with the ARP and PKC complex, a further conformational change occurs which renders the

susceptibility of PKC to trypsin cleavage to the level seen with Ca?* and phospholipid.

2.3.5 The crosslinking of PKC with substrate analogs

2.3.5.1 Crosslinking specificity of the substrate analogs and PKC

The crosslinking of substrate analogs of PKC by disulfide linkages has been
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previously shown to e Ca** and phospholipid dependent (Ward et al., 1995; Ward et al.,
1996). However, the substrates from which these analogs were developed displayed some
cofactor independenc: for their phosphorylation. These biotinylated peptide analogs were
a generous gift to us along with a biotinylated analog of ARP (Table 1.1). The biotin group
on these peptides allows for easy detection after SDS-PAGE and western blotting by using
enhanced chemiluminescence (ECL) with streptavidin conjugated alkaline phosphate. The
crosslinking of PKC in the presence and absence of Ca** and LUVs composed of 50 mol%
POPS, 49 mol% POPC and 1 mol% DG is displayed in Figure 2.12. In the absence of PKC
there is no signal detected. Also, the biotinylated substrate, SAS (N-biotinyl-Arg-Arg-Arg-
Thr-Leu-Arg-Arg-Le1) when incubated with PKC in the presence or absence of cofactors
does not produce a signal due to the lack of a Cys residue. The other peptides, BAR (N-
biotinyl-Arg-Arg-Arg-Arg-Tyr-Gly-Cys-Arg-Arg-Arg-Arg-Arg-Arg-Arg-Tyr), SAA (N-
biotinyl-Arg-Arg-Arg-Cys-Leu-Arg-Arg-Leu), SAB(N-biotinyl-Arg-Lys-Arg-Cys-Leu-Arg-
Arg-Leu) and SAC (N -biotinyl-Lys-Lys-Lys-Cys-Leu-Lys-Lys-Leu) all crosslink with PKC
in the presence of cofictors to varying degrees. In agreement with the previous studies, both
SAA and SAB are much more potent than SAC, while BAR is a moderate crosslinker. In
the absence of Ca?* and phospholipid, BAR displays the greatest potency, both SAA and
SAB show reactivity, while SAA displays no signal in the crosslinking of PKC. The amount
of labelling of PKC by these substrate analogs in the absence of cofactors is substantially less

than in the presence of cofactors. This is inspite of the fact that ARP is readily
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BAR SAA SAB SAC SAS

= - + = + + - + + = + + + + PKC
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Figure 2.12 Crosslinking specificity of the substrate analogs with protein kinase C as detected by ECL.
All lanes contain 200 uM Ca ** and 5 uM of the biotinylated peptide. The lanes are in groups of 3 with
the indicated peptide added except with SAS which was only in 2 lanes. The phospholipid was in the
form of LUVs and were composed of 50 mol% POPS, 49 mol% POPC, and 1 mol% DG. A was exposed
5 times longer to film than B. '
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phosphorylated in the absence of cofactors.

2.3.5.2 The modulation by Ca**, DG and ARP of the labelling of PKC

Since the rate of phosphorylation of ARP by PKC was enhanced in the presence of
phospholipid alone, the affect on the labelling of PKC by the substrate analogs was tested
in the presence and zbsence of Ca?* and/or DG. The crosslinking of PKC with SAA, SAB,
and SAC all display=d maximal effectiveness with Ca** and LUVs composed of 50 mol%
POPS, 49 mol% PCPC and 1 mol% DG (Figure 2.13a,c). Almost equivalent labelling of
PKC was also observed with SAB and SAC with Ca** and LUVs composed of 50 mol%
POPS and 50 mol% POPC. SAA did not label PKC as well in the absence of DG. This
suggests that membrane bound PKC in the presence of Ca*" is in the same activation state in
the presence and absence of DG. An interesting difference in the crosslinking potential of
PKC can be noticed between LUVs with or without DG in the absence of Ca*. In the
absence of Ca?*, all the substrate analogs crosslink with PKC significantly more with LUVs
containing 1 mol% DG than without DG. Interestingly, SAA did not induce the translocation
of PKC to the memtrane in the absence of Ca** as monitored by resonance energy transfer
(Figure 2.5). However, the pseudosubstrate domain must be removed by a conformational
change in the enzyme. These results suggest that PKC associates with a DG containing

membrane in the absence of Ca?* and undergoes a conformational change that removes the



SAA SAB SAC ARP (nm)

50

50

62

Figure 2.13 Labelling of protein kinase C in the presence and absence of cofactors and the modulation by
the ARP. All lanes contain LUVs with 50 mol % POPS and 49-50 mol% POPC with the labelled lanes also
containing 1 mol % DG and/or 200 uM Ca **. The lanes are in groups of 4 with the indicated biotinylated
peptide added. Images B and D also contain 50 nm ARP. Images A and B were exposed to film for 5 times

longer than C and D.
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Figure 2.14 Labelling of protein kinase C in the presence and absence of cofactors and the modulation by
increasing amounts of ARP. The LUVs were composed of 50 mol% POPS, 49 mol% POPC, 1 mol% DG.
Calcium was at a concentration of 200 uM. The lanes are in groups of 4 with the indicated amount of the
ARP added. Images A and C contain 5 pM of SAA while B and D contain 5 uM of SAC. Images A and B
were exposed to film for 5 times longer than C and D.
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pseudosubstrate domain but is not in a long lived membrane binding state.

ARP increases the labelling of PKC by the substrate analogs (Figure 2.13b,d). ARP
noticeably elevates the crosslinking of PKC with SAA and SAB and slightly increase the
labelling of PKC with SAC. The enhancement by of the crosslinking of PKC with SAA and
SAB is most notable in the absence of Ca?* with LUVs containing 1 mol% DG.
Interestingly, this effect occurs with 50 nm of ARP which is approximately 2 magnitudes of
order lower than the evaluated K. As the concentration of ARP increases in the reaction, the
labelling by SAA increases with a maximum around 0.5 pM (Figure 2.14). At this
concentration of ARP, the labelling of PKC by SAA in the presence of Ca?* and
phospholipid is slightly diminished, while in the absence of Ca?* the labelling is maximum.
The increase in PKC labelling by ARP is even apparent in the absence of cofactors. At 5 uM
ARP inhibition of the crosslinking of PKC with either SAA or SAC is significant. This
inhibition occurs at a concentration of ARP which is 40 times lower than the concentration
of a pseudosubstrate peptide (Phe-Ala-Arg-Lys-Gly-Ala-Leu-Arg-Gln) needed for a similar

extent of inhibition (Ward et al., 1996).

2.3.5.3 The modulation by various protein factors of the labelling of PKC

The labelling of PKC by SAA is not only affected by ARP but also by other factors

(Figure 2.15). With 1.UVs comprised of 50 mol% POPS and 50 mol% POPC, the labelling
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None Poly-K MARCKS-K  MARCKS-R  PROTAMINE HISTONE
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None MARCKS-R Poly-K PROTAMINE HISTONE ARP

Figure 2.15 Modulation of the crosslinking with 5 uM SAA of protein kinase C. A. All lanes
contain LUVs composed of 50 mol% POPS and 50 mol % POPC with 200 uM Ca ** when
indicated. The lanes are in groups of 2 with the added modulator indicated above. The
concentrations of the modulators was as follows: poly-K, MARCKS-K and MARCKS-R were at 5
puM; protamine sulfate and histone were at 0.2 mg/ml. B. All lanes contain LUVs composed of 50
mol% POPS, 49 mol % POPC and 1 mol% DG with 200 uM Ca ** when indicated. The lanes are in
groups of 2 with the added modulator indicated above. The concentrations of the modulators was
as follows: poly-K, MARCKS-R and ARP were at 0.5 uM; protamine sulfate and histone were at
0.02 mg/ml. ‘
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of PKC by SAA is not significantly affected by 5 uM of MARCKS-K or MARCKS-R. The
presence of DG in the LUVs along with 0.5 pM MARCKS-R does not produce a difference
in the labelling of P¥.C by SAA. Both 5 pM poly-K and to a lesser extent 0.5 uM poly-K
inhibit the labelling of PKC by SAA in the presence and absence of cofactors. Interestingly,
0.2 mg/ml of histone or protamine sulfate with LUVs comprised of 50 mol% POPS and 50
mol% POPC in the presence or absence of Ca®* almost completely abolishes the labelling of
PKC by SAA. With DG in the LUVs and with a 10 times lower concentration of modulator,
the inhibition by histone is not as compelling while protamine sulfate is still highly effective
in the inhibition of PKC labelling.

The labelling of PKC with BAR produces substantially different results with these
modulators (Figure 2.16). MARCKS-K, and MARCKS-R at 5 uM concentrations enhance
the crosslinking of FKC with 5 uM BAR in the absence of Ca**. Poly-K (0.5 uM) inhibits
the labelling of PKC with BAR. Interestingly, neither protamine sulfate (0.02 mg/ml and 0.2
mg/ml) or histone (0.02 mg/ml) inhibit the labelling of PKC with BAR as seen with SAA.
Rather, these PKC substrates seem to strengthen the labelling of PKC with BAR in the
absence of Ca?". This effect is strongest in the absence of cofactors similar to what is
observed with MARCKS-K and MARCKS-R. With Ca* and phospholipid, the PKC
substrates suppress the labelling of PKC with BAR to varying degrees. Protamine sulfate and

MARCKS-R are the most potent while the influence of histone and MARCKS-K are modest.
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Figure 2.17 Modulation of the crosslinking with 5 uM BAR of protein kinase C. A. LUVs, composed of 50
mol% POPS and 50 mol % POPC, and/or 200 uM Ca ** was added when indicated. The lanes are in groups
of 3 with the added modulator indicated above. The concentrations of the modulators was as follows:
MARCKS-K and MARCKS-R were at 5 pM; protamine sulfate were at 0.2 mg/ml. B. LUVs, composed of
50 mol% POPS, 49 mol % POPC and 1 mol% DG and/or 200 uM Ca ** were added when indicated. The
lanes are in groups of 3 with the added modulator indicated above. The concentrations of the modulators was
as follows: poly-K, was at 0.5 uM; protamine sulfate and histone were at 0.02 mg/ml.
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2.4 DISCUSSION

2.4.1 Protein kinase C cofactor independent phosphorylation

Protein kinase C catalyzes the phosphorylation of protamine sulfate in the absence of
Ca? and phospholipid (Bazzi and Nelsestuen, 1987b). It was subsequently elucidated that
the minimal sequence of protamine that is able to undergo cofactor independent
phosphorylation by PKC was Arg-Arg-Arg-Arg-Tyr-Gly-Ser-Arg-Arg-Arg-Arg-Arg-Arg-
Tyr (ARP) (Ferrari et al., 1987). This peptide was obtained and readily underwent
phosphorylation by PKC in the absence of cofactors (Figure 2.1). Both MARCKS-K (Ac-
Phe-Lys-Lys-Ser-Phe-Lys-Leu-NH,) and MARCKS-R (Ac-Phe-Arg-Arg-Ser-Phe-Arg-Leu-
NH,) which lacked the clusters of Arg residues on both sides of the phosphorylated residue
required cofactors for phosphorylation. The replacement of the Lys residues in the MARCKS
peptide sequence with Arg residues does significantly increase the rate of phosphorylation
by PKC in the presence of Ca?* and phospholipid.

Further investigation of the cofactor independent phosphorylation of ARP by PKC
was pursued through kinetic analysis. The K,, and k_,, for ARP were determined with the
classical Michaelis-Menten kinetics. The values obtained from such an analysis are displayed
in Table 2.1. The values obtained in the presence of phospholipid are an estimation since

Michaelis-Menten kinetics does not regard the on and off rates for the binding of PKC, the
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substrate and the phosphorylated product to the phospholipid bilayer. The K, for ARP was
around 10 uM and was not significantly different in the presence or absence of cofactors.
This figure is lower than the previously reported values of 33 pM and 20 uM for ARP in the
absence and presence of cofactors, respectively (Ferrari et al., 1987). However, as mentioned
earlier, the PKC used in this prior study was purified from bovine brain and did contain at
least one major contzminant. The k., for ARP was approximately 0.38 s! in the absence of
cofactors but increase to approximately 0.67 s and 0.87 s! in the presence of phospholipid
without and with Ca*, respectively. The increase in k,, in the presence of phospholipid
seems to be most easily explained by both PKC and the substrate binding to these bilayers
and thereby reduciny the dimensionality of the interaction. These values were obtained with
membranes containing 50 mol% POPS and 50 mol% POPC but lacking DG. PKC binds and
are activated by these membrane in the presence of Ca** (Mosior and Epand, 1993) but
requires DG in the membrane for Ca**-independent binding (Epand et al., 1992; Mosior and
Epand, 1994). Therefore, the kinetic data suggests that the ARP is promoting the association
of PKC with these riembranes in the absence Ca*".

Histone (0.2 1ng/ml) inhibits the PKC catalyzed phosphorylation of 7 uM ARP in the
presence of phospholipid alone while itself is not phosphorylated (Figure 2.4). The kinetic
data would suggest “hat the type of inhibition (at this amount of histone) seems to be non-
competitive. However, histone does not seem to compete for the active site of PKC since it

is not phosphorylated under these conditions and the binding of histone to another site on the
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enzyme has never been shown and seems unlikely (given its cofactor requirements).
Additionally, histone did not affect the phosphorylation of ARP in the absence of
phospholipid or with phospholipid and 20 uM Ca**. A lower concentration of histone did not
affect the phosphorylation at all. These elements suggests that the inhibition displayed by
histone may not be directly related to the binding of histone to the enzyme but by rather
altering the membrare bound ARP and PKC complex in the absence of Ca?*. Domains of PS
have been shown to be important in PKC's activity at the membrane surface (Yang and
Glasser, 1995). A high enough concentration of histone may act by sequestering PS in
domains that the ARP and PKC complex could not bind. Alternatively, the binding of
histone to the membrane in the absence of Ca®>* may produce repulsive forces for the
association of the ARP and PKC complex to the bilayer. However, it can not be ruled out
that histone at higher concentrations inhibit the interactions of ARP with PKC.

When the Cys in SAA is replaced with a Thr, this peptide can be moderately
phosphorylated by PKC in the absence of cofactors. However, the crosslinking of PKC in
the absence of cofactors is nominal. A similar observation is made with BAR, the
biotinylated analog of ARP with a Cys in place of the Ser. The reason for this discrepancy
is not easily identificd. PKC's reaction mechanism with Ca*" and phospholipid follows that
of a sequential bi bi mechanism with MgATP binding into the active site first followed by
histone (Leventhal end Bertics, 1991). Cofactor independent phosphorylation should follow

a similar mechanism. The binding of the substrate is suspected to occur on the catalytic
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domain at a location outside the active site at a cluster of acidic residues. This would
subsequently result ir: the removal of the pseudosubstrate domain. (Orr and Newton, 1994).
Additionally, the binding pocket for ATP in PKC, from homology modelling, is buried in
the active site (Orr and Newton, 1994). Therefore, substrate binding at these acidic residues
on PKC removes the pseudosubstrate domain and then, presumably, MgATP would bind
first in the active site. The ensuing binding of a substrate molecule in the active site might
occur through a variety of different ways. Positive cooperativity has been noticed with the
protamine phosphorylation by PKC (Leventhal and Bertics, 1993). This suggests that a
second substrate molecule would bind in the active site after MgATP while the first substrate
molecule remains bound. Also, these authors proposed that the binding site for the first
substrate molecule was at a distinct site from the catalytic domain. Alternatively, the binding
of MgATP may alter the active site conformation causing the pseudosubstrate domain to
bind with lower affinity such that the equilibrium between an open active site and closed
active site is shifted “owards the open state. This would then allow the originally bound
substrate molecule or another substrate molecule to bind in the active site without the
requirement of an additionally bound substrate molecule.

The inequality hetween the cofactor independent phosphorylation and labelling may
be due to inaccessibility of the Cys residue in the active site. It has been observed that the
conformation change that PKC undergoes in the absence of Ca** and phospholipid is not to

the same extent as in the presence of cofactors. Apart from increasing the membrane affinity
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of PKC, DG elevates the maximal rate of phosphorylation by the enzyme (Mosior and
Epand, 1993). This may be due to the active site conformation. Therefore, the active site
conformation of PK(C with distinct cofactors may be different. The Cys residue that forms
the disulfide bridge with the substrate analogs may not be as available in the absence of
cofactors. However, in the presence of phospholipid and EGTA, the ARP and PKC complex
seems to be in a similar conformation as the Ca?* membrane bound form of the enzyme as
detected by proteolytic susceptibility. Yet, the degree of labelling of PKC by BAR does not
appear to be equivalent to the amount of phosphorylation observed. Therefore, the active site
conformation and the availability of the Cys may not be the explanation for the deviation
between the level of labelling and the phosphorylation.

Since MgATY]’ was not added in the labelling of PKC by the substrate analogs in this
study, it is difficult to elucidate the precise mechanism by which cofactor independent
phosphorylation traaspires. However, the addition of MgATP in the previous study with
these peptides, in the presence of Ca?* and phospholipid, reduced the labelling of PKC by
70 % (Ward et al., 1996). Therefore, it was surmised that the binding of MgATP was
blocking the Cys in the active site that was forming a disulfide bond with the substrate
analogs. Consequer tly, the presence of MgATP in this study would presumably block the
labelling and provicle negligible information as to the mechanism of substrate binding.

The addition of ARP to the labelling of PKC with SAA and SAB does provide a little

insight into the possible mechanism. ARP enhances the labelling of PKC by SAA and SAB
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in the presence and slightly in the absence of cofactors. This implies that ARP binds apart
from the active site and possibly stabilizes the enzymes open conformation while the
substrate analogs reacts in the active site. In the absence of cofactors, the degree of PKC
labelling promoted by ARP still appears weaker than expected for the amount of cofactor
independent phospho:-ylation that occurs. Therefore, the binding of MgATP in the active site
might be an important complementary stabilization along with the initial bound substrate
molecule that allows the second substrate molecule to bind into the active site.

ARP enhances the labelling of PKC by the substrate analogs at concentrations 2 orders
of magnitude below the evaluated Ky;. Additionally, significant competition (inhibition of
labelling) with SAA for the binding at the active site of PKC does not occur until the
concentration of ARP is around its Ky,. The kinetic data presented does not indicate any
positive cooperativity. However, the concentrations of protamine sulfate where positive
cooperativity has been observed are at least 1 order of magnitude below the evaluated K.
Consequently, it appears that PKC may contain a high affinity binding site for Arg rich
substrates separate from the active site. Since, BAR, in the labelling of PKC, displays more
cofactor dependence than ARP, the replacement of Ser with Cys would seem to hamper the

interaction of a substrate in this site.
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2.4.2 Substrate induced translocation of PKC

The induction of the binding of PKC to the membrane by ARP in the absence of Ca**
is demonstrated by the resonance energy transfer and intrinsic tryptophan fluorescence
experiments. Both these techniques require the physical association of the Trp residue(s) on
PKC to interact with the membrane. The Trp on PKC are excited and then either, the
emission energy is transferred to a dansyl moiety in the membrane or the magnitude of the
Trp spectra is decreaszd upon binding to membranes. ARP in both techniques clearly causes
the association of PK(C with a membrane in the absence of Ca** (Figure 2.5, Figure 2.7). Not
surprisingly, the MARCKS-K peptide did not influence the Ca?*-independent binding of
PKC to membranes. Fiowever, an analog of a PKC substrate, SAA, which displays moderate
cofactor independent phosphorylation by PKC (Ward et al., 1996) also did not induce the
translocation of PKC to the membrane in the absence of Ca?*. This indicates that ARP
possesses additional clements apart from those required for PKC cofactor independent
phosphorylation which can induce the Ca*-independent translocation of PKC to a
phospholipid bilayer. The main difference between ARP and SAA is the length of the Arg
clusters on either sice of the phosphorylated residue. Therefore, the removal of the
pseudosubstrate domain by the substrate may require the binding of a certain amount of
positive charge while the promotion and stabilization of a membrane bound form of the

enzyme by a substrate would necessitate additional positive charge.
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Membranes with DG and high PS can support the binding of PKC in the absence of
Ca* (Epand et al., 1992; Mosior and Epand, 1994). Under these conditions it is evident that
the substrate analogs can weakly interact and label PKC. In the absence of DG and Ca?, the
labelling is minimal. ARP does, however, strengthen the labelling of PKC in the presence
and absence of DG arid Ca**". This is most notable with membranes with DG and high PS in
the absence of Ca?*. ARP may be acting by translocating more PKC to the membrane or by
stabilizing the open conformation of the already membrane associated enzyme. It has been
suggested that the Arg residues in protamine sulfate may be a partial substitute for Ca* in
the activation of PKC (Kimura et al., 1987; Sakai et al., 1987). Therefore, the interaction of
nanomolar amounts ARP with PKC plausibly stabilizes the membrane bound state of the

enzyme as well as increasing the amount of membrane bound enzyme.

2.4.3 Conformational changes in PKC upon interacting with ARP and phospholipid

The binding of ARP to PKC produces a conformational change in the enzyme. In the
absence of phospholipid, the binding of ARP to PKC removes the pseudosubstrate from the
enzymes active site as detected by proteolytic cleavage (Figure 2.11). This is in accord with
previous findings (Orr et al., 1992; Orr and Newton, 1994) and is expected since the
substrate is phosphory lated independent of cofactors. Additionally, the association of ARP

with PKC produces the exposure of hydrophobic site(s) on the enzyme. In the absence of a
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phospholipid bilayer, these sites may interact to form larger aggregates of PKC and ARP.
Such aggregates have been observed to form with protamine sulfate and PKC (Bazzi and
Nelsestuen, 1987b). The presentation of the hydrophobic site(s) on PKC by ARP seems
sufficient to promote the association of the enzyme substrate complex with the membrane.
Upon association with the membrane, the enzyme undergoes a subsequent change in
conformation such tt at the hinge region becomes exposed to proteolytic cleavage. PKC at
the membrane in complex with ARP appears to be in a similar membrane associated

conformation as the enzyme bound to Ca?* and phospholipid.

2.4.4 PKC, substrates and substrate analogs

The labelling of PKC with SAA and BAR is affected in different ways by PKC
substrates. Most notat ly is the influence of the addition of protamine sulfate. The labelling
of PKC by SAA is greatly inhibited by protamine sulfate in the presence and absence of Ca*".
The binding of protamine sulfate to PKC blocks any site to which SAA may bind and
indicates a much higher affinity of binding to PKC. Conversely, 0.2 mg/ml histone blocks
the labelling of PKC' by SAA in the presence and absence of cofactor, while lower
concentrations of histone mainly inhibit the Ca®** independent labelling of PKC. The
MARCKS peptides do display minimal inhibition of labelling by SAA but this is presumably

due to competition for the active site. The labelling of BAR is enhanced by protamine
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sulfate. This supports the notion for positive cooperativity between Arg-rich substrates. In
the presence of Ca?" and phospholipid, protamine slightly inhibits the labelling of PKC by
BAR which is suggestive that the protamine sulfate is now competing for the active site with
BAR. Interestingly, hoth MARCKS-R and lower histone concentrations also enhance the
labelling of PKC in the absence of Ca®*. This seems odd since neither of these substrates can
undergo cofactor independent phosphorylation. Once bound to the membrane, PKC may
associate with eight Ca?* (Bazzi and Nelsestuen, 1990; Bazzi and Nelsestuen, 1993) which
may reflect the appearance of a number of lower affinity sites on PKC produced by the
conformational change in the enzyme. Therefore, the enhancement of labelling by histone
and MARCKS-R may be a result of binding to such low affinity sites after an Arg-rich
substrate binds and induces a conformational change. Histone may bind to these low affinity
sites due to its positive charge and at higher concentration may competing for the binding
of PKC with ARP through electrostatics. However, histone would not be able to induce a
conformational change in the enzyme due to the lack of Arg. Poly-K inhibits the labelling
of PKC by both SAA and BAR. This may be due to disruption of membrane domains of PS
as noted earlier or due to pure competition for binding sites through electrostatic interactions.
Nevertheless, the binding of BAR and SAA to PKC is different as can be observed by their

responses to other PKC substrates.



3. SUMMARY AND FUTURE STUDIES

In the absence of phospholipid, Arg-rich substrates induce the exposure of
hydrophobic sites on protein kinase C. Arg-rich substrates can subsequently promote the
translocation of protein kinase C to the membrane in the absence of Ca**. The conformational
change that occurs upon membrane binding of the enzyme and substrate complex is similar
to the Ca?" translocated enzyme. The binding of Arg-rich substrates to PKC appears to
transpire through a high affinity site apart from the active site. Additionally, cofactor
independent phosphorylation and the promotion of the translocation of PKC to membrane
by Arg-rich peptides have different requirements for the number of Arg residues flanking the
target Ser/Thr residue. This study has demonstrated new insights into cofactor independent
phosphorylation by FKC as well as illustrated a novel mechanism by which a substrate can
promote the translocation of PKC in the absence of calcium. However, other investigations
are needed to further elucidated the precise mechanism of by which cofactor independent
phosphorylation and substrate induced translocation transpire. Additional kinetic studies with
PKC and protamine sulfate and/or ARP would be most fruitful. Since both these substrates
do not require a membrane, the kinetic analysis would be relatively straight forward. Both
product and dead-end inhibition studies would help clarify the reaction mechanism and

define the order of b:nding of the substrates and release of the products. These studies could
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be done with the substrate analogs, nonhydrolyzable ATP analogues, ADP and poly-K.
Furthermore, the kinetic analysis between the intact enzyme and its catalytic domain under
these conditions would also help determine the interaction of PKC with Arg-rich substrates.
Also, to examine if EAR crosslinks to PKC apart from the active site, one could crosslink
PKC's active site with non-biotinylated substrate analogs in the presence of Ca®* and
phospholipid. Then, EGTA would be added with BAR and subsequently detected by ECL.
A negative result, however, would not rule out the binding of BAR at another site(s) since
a Cys may not be available at the site to form a disulfide bridge with. Unfortunately, physical
studies of PKC and ARP apart from the membrane do not see feasible since it appears that

the ARP and PKC complex aggregates in solution.
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