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ABSTRACT. The role of hydration in the catalytic activity and membrane binding of rat brain protein kinase

C (PKC) was investigated by modulating the activity of water with polyethylene glycols with molecular
weights of 1008-20000 and dextran with a molecular weight of 20 000. These polymers create an osmotic
stress due to their exclusion from hydration shells and crevices on proteins, causing dehydration. Polymers
larger than 1000 caused an activation of the PKC-catalyzed phosphorylation of histone, while PEG 1000
had no significant effect. The extent of activation by PEG and dextran 20000 was larger than that of
PEG 6000 or 8000 when vesicles were composed of 1:1 POPS/POPC, suggesting the presence of at least
two distinct regions of exclusion on PKC: one inaccessible to PEGs larger than 1000 and the other
inaccessible only to PEGs 6f10000. The extent of activation was dependent on the composition of the
vesicles used. If basal activity (without PEG) was low (e.g. with low PS content in membranes), then the
extent of activation was similar for all polymers larger than 1000. Binding of PKC to membranes containing
50 mol % PS was unaffected by PEG 6000 but was inhibited by PEG 20000. At a low PS content of
10%, both PEG 6000 and 20000 inhibited binding. This suggests that PKC becomes hydrated upon
binding to membranes. Under conditions in which all of the enzyme is membrane-boundk,batid

Vmax for the phosphorylation of histone increased linearly with osmotic stress induced by PEG 6000.
Thus, PKC becomes hydrated with 23476 water molecules upon binding of histone and is dehydrated

by 1349+ 882 water molecules in going to the transition stakg; andVmax for phosphorylation of the
MARCKS peptide also increase with osmotic stress induced by PEG 6000. When protamine sulfate was
used as a substrate (cofactor-independafit)y for the reaction was unaffected, bkif, decreased with
osmotic pressure (with PEG 6000), suggesting that PKC becomes dehydrated upon binding protamine.
Similar results were found with a peptide substrate derived from the pseudosubstrate site-of Stkce
dextran, a polymer unrelated in structure to PEG, could cause a similar activation of PKC, the effects
seen are likely due to osmotic stress and not to specific binding of PEG to PKC. Also, results obtained
with PE-linked PEG were opposite to those with free PEG. PE-linked PEGs of 2000 and 5000 caused
an inhibition of PKC-catalyzed phosphorylation of histone when present in membranes. If a specific
interaction occurred with PEG, this would be expected to occur even wittPES. The effects observed

with free PEG are also independent of ionic strength. Free PEG had no effect on the bilayer to hexagonal
phase transition temperature of DEPE membranes, suggesting that the effects on PKC activity are not a
consequence of changes in membrane properties at the osmotic pressures used.

Water is known to play a role in the conformational bound waters is changed between the enzyme and substrate
changes that occur between different functional states ofand the enzymesubstrate complex (change ig,) or
macromolecules. Recent attention has been given to the rolebetween the ground state and transition state of the later
of hydration in the functioning of ion channels, in membrane complex (change iVmay).
phase transitions, in the binding of enzymes and substrates, In this study, we have investigated the role of hydration
in interactions between DNA molecules, and in the activation in the functioning of rat brain protein kinase C. While most
of enzymes in solution [reviewed in Parsegian et al. (1995)]. studies using osmotic stress focus on water soluble enzymes,
Polyethylene glycols (PEGsare routinely used as osmotic few discuss membrane-dependent activation (McGee &
stressing agents, to alter the water activity in a solution. TheseTeuschler, 1995). The classical isoforms of PKC used in
polymers are preferentially excluded from the hydration this study are of particular interest because they require lipid
shells around proteins or other macromolecules. This and calcium for activation. The activity of PKC is influenced
exclusion creates an osmotic stress, which draws water away — — :
from the protein surface or out of a polymer-inaccessible | ! Abb;?/gtlor}ﬁ tﬁlfc’ DFIOte'F(}FIfnﬁSE Cd;bPE' phozpha?dylethan?-

: ) : : : amine; , polyethylene glycol (if followed by a number, it represents
CreVICe'_ If an enzyme S_ enwronment 'S (_)Smouca"y stressed, the molecular weight); PE-linked PEG, 1-palmitoyl-2-oleoylphosphati-
there will be a change in catalytic activity if the number of gylethanolamine-linked polyethylene glycol (if followed by a number,
it represents the molecular weight of the PEG without PE); POPS,
1-palmitoyl-2-oleoylphosphatidylserine; POPC, 1-palmitoyl-2-ole-

T This work was supported by Grant MA-7654 from the Medical oylphosphatidylcholine; PS, phosphatidylserine; PC, phosphatidylcho-
Research Council of Canada. line; DG, 1,2-dioleoylsn-glycerol; H,, inverted hexagonal phasg;,
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by the physical properties of bilayers [reviewed in Epand protamine sulfate. PEG was added to the bottom fractions
(1992)]. Osmotic stress is known to have an effect on phaseso that the final amount of PEG was equal to that in the top
transitions of membranes (Rand & Parsegian, 1997), andfraction. The buffer contained 100 mM KCI, 5 mM MgCl
therefore, it is of interest to determine the effects of hydration 20 mM Tris-HCI (pH 7.0), 20Q«M CaClk, and 0.3 mg/mL

on PKC's activity and binding to membranes. Also, PKC BSA.

is an example of an amphitropic enzyme. PEGs of various PKC Actiity Assays.The activity of PKC toward histone
sizes and dextran were used as osmotic stressing agents tor protamine sulfate was determined as previously described
determine the number of water molecules which are associ-(Mosior & Epand, 1993; Kaibuchi et al., 1981). Histone or
ated with the activation of PKC. The large number of water protamine sulfate was added to a final concentration of 0.2
molecules found to be involved in this process reveals that mg/mL (in a 150uL total volume), and acetyl-FKKSFKL-
activation must involve a substantial conformational change amide was used at a final concentration of/8@. Phos-

in the enzyme and that the extent of enzyme hydration is an pholipid was 10Q:M in the form of large unilamellar vesicles

important factor in determining its state of activation. (LUVs). [y-32P]JATP (0.2 mCi/mL) was 2«M, and PKC
was 750 ng/mL. The reaction temperature was G7
MATERIALS AND METHODS The activity toward peptide substrates was determined in

Materials. Lipids were purchased from Avanti Polar a similar manner; however, in this case, the reaction was
Lipids (Alabaster, AL). Polyethylene glycol 6000 was from stopped with 5% acetic acid, and a portion of this was spotted

J.T. Baker (Phillipsburg, NJ). PEG 1000, 8000, and 20000 ©Nt0 P-81 Whatman ion exchange paper which was then
H . H] H . 0 . .
were from Sigma (St. Louis, MO). Histone H1 was from Washed with 0.04% phosphoric acid.

GIBCO/BRL (Grand Island, NY). Protamine sulfate, bovine _ Differential Scanning Calorimetry (DSC)Bilayer to
serum albumin fraction V. and ATP sodium salt were from hexagonal phase transition temperatures were measured as

Sigma. CaGl was from Fisher, and Tris was from Boe- described previously (Ling et al., 1995). An MC-2 high-
hringer Mannheim. j-32P]JATP was from ICN, and [9,10- sensitivity calorimeter was used (Microcal Co., Amherst,
3H]dipalmitoylphosphatidylcholine was from NEN. The MA) with a scan rate of 41 K/h. Lipid films of dielaid-
MARCKS peptide, acetyl-FKKSFKL-amide, was purchased oylphosphatidylethanolamine (DEPE) were suspended in
from NRC (Ottawa, ON), and the pseudosubstrate site buffer to a final concentration of 5 mg/mL. For experiments
peptide, acetyl-ERMRPRKRQGSVRRRV-amide, was cus- using PE-PEG, the Iipiq-linked polymer was added directly
tom synthesized by the Indiana University Biotechnology &S a component of the films. For experiments with free PEG,
Facility (Indianapolis, IN). the PEG was added to the hydration buffer.

PKC Purification. Rat brain PKC was purified by a _Kinetips. Activity assays were performed as abpve, using
modification of the procedure of Huang et al. (1986) as either histone, protamine sulfate, MARCKS peptide, or the

described elsewhere (Mosior & Epand, 1993). Purified PKC PSeudosubstrate site peptide as substrégsandVmaxwere

. : - ; .determined from initial rates using the program GraFit 3.0
displayed a single band on a silver-stained electrophoresis :
gel? 4 g P (R. J. Leather-Barrow; Erithacus Software).

- . S . PEG Purification. A solution of PEG 6000 (4 g per 10
Phospholipid Vesicles.Lipid films were made by dis- . . : )
solving F;:‘?)hosFE)hoIipids in 2:1p(v:v) chloroform/methgnol and mL of H;0) was dialyzed extensively with Spectra/Por tubing

: . : . with a 1000 MW cutoff. The remaining solution was
e one YOz 0r~24 . The PEG was echStalzed accoc
buffer (0.170 M sucrose/5 mM Mg&P0 mM Tris-HCI at mh? to fLentz etdal. (éiglfj). Brlefly,fZEGh v:/ashdlssolvetzlj(ljnd
pH 7.0) for binding assays, or standard buffer (100 mM chioro orml,ran 'anTr; oPEeécess ?’I |etdy eé lerftwasda €
KCI/5 mM MgCl,/20 mM Tris-HCI, at pH 7.0) for activity to recrysta Iz€ it he PEL was tere ' and fe to -
assays, and subjected to five freetleaw cycles. Vesicles Results using th|s'pur|f|ed PEG were 3|m|Iar.to Fhos'e with
were extruded through two Oum pore polycarbonate filters PEG used as supplied by the manufacturer, |nd|cat|ng that
in a microextruder. For binding assays, the sucrose-loadedthe effects were not caused by the presence of contaminants.
vesicles were suspended in standard buffer and centrifuge
at 10000@ to dilute out the sucrose. dRESULTS

PKC Binding AssaysThe sucrose-loaded vesicle (SLV) Effect of Polyethylene Glycol-Linked Phosphatidyletha-
assay was modified from the procedure of Rebecci et al. nolamine on the Actity and Membrane Binding of PKC.
(1992) as described elsewhere (Mosior & Epand, 1993). PKC Polyethylene glycol-linked PEs, when added to LUVs
was incubated with SLVs and then centrifuged at 10@000 containing 50 mol % PS, were found to inhibit PKC-
for 30 min at 25°C to separate the membrane-bound enzyme. catalyzed phosphorylation of histone (Figure 1). -FEG
Solutions of free PEG in the assay buffer were added prior 5000 was a more potent inhibitor than PE-PEG 2000 on a
to centrifugation. For assays using PPEG, the additive =~ molar basis and even somewhat more potent on a weight
was incorporated at the stage of making the dry lipid film basis.
from the chloroform/methanol solution. In assays using PEG The inhibition of PKC activity caused by PEPEG was
20000, the vesicles and PKC were centrifuged at 159000 not due to an inhibition in the amount of PKC which bound
for 2 h toaccount for the higher viscosity of the solution. to the membrane (Figure 1). The percentage of PKC bound
The percentage of vesicles sedimented with the highest PEGat each PEPEG concentration was actually greater in the
concentration was typically about 70% of those sedimented presence of PEPEG, especially PEPEG 5000. Similar
without PEG. This was taken into account when calculating results were found with lipophosphoglycan (LPG) from
the percentage of enzyme bound. The pellet and supernatanteishmania dongani, which inhibited the membrane-bound
were assayed under identical conditions for activity toward form of the enzyme (Giorgione et al., 1996). It has been
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?,’66 ® Ficure 3: (a) Effects of osmotic pressure created by PEGs of
E ‘ various sizes on the PKC-catalyzed phosphorylation of histone. The
65 LUVs were composed of 50 mol % POPS and 50 mol % POPC.
PEGs were added to the reaction buffer as in Materials and
84 |~ 4 ‘ ; ‘ ‘ Methods. The activity is expressed as a fold increase in the activity
0 005 01 015 0.2 0.25 03 0.35 04 obtained without PEG and plotted as a function of osmotic pressure.
mol% PE-PEG in DEPE The SD (not shown) did not exceeleB% in all but one case. (b)
| ® PE-PEG 5000 ® PE-PEG 2000 PEG 6000 and 20000 inhibit the binding of PKC to SLVs containing

) ) 10 mol % POPS. The SLVs were composed of 10 mol % POPS

FiGURe 2: PE-PEG 2000 and 5000 raise the bilayer to the and 90 mol % POPC. PEGs were added to the reaction buffer as
hexagonal phase transition temperature of DEPE multilamellar jy Materials and Methods. The binding is expressed as a fraction

vesicles.Ty is plotted against the mole percent of PEEG in of that obtained in the absence of PEG and plotted as a function of
MLVs. osmotic pressure. Data are expressed as the mean of triplicate
determinationst SD.

shown that LPG inhibits a conformational change in PKC
which is required for the activation of the enzyme. It is of equilibrium between different states on the basis of their
possible that this is a general mechanism by which membrane-extent of hydration.

anchored hydrophilic polymers inhibit the activity of mem-  Thjg analysis is dependent on the assumption that there is
brane-bound PKC. Both PEPEG and LPG have potent nq girect interaction between PEG and the enzyme or

effects in raising the bilayer to the hexagonal phase transition yembrane (Rand et al., 1993; Parsegian et al., 1995). This
temperature at low mole fractions (Figure 2). It has also js ingicated by the fact that the effects of PEEG on PKC
been recently shown that DOPPEGs stabilize the bilayer  ativity are opposite to those of free PEG. The free polymer
phase in mixtures of lipids which normally form hexagonal (pEG 6000) activates the PKC-catalyzed phosphorylation of
phases (Holland et al., 1996). Compounds with this property histone when it is present in solution at low concentrations
are often found to be inhibitors of PKC [reviewed in Epand (Figure 3a). This suggests that the effects are not a
(1992)], although LPG is an unusual example of an anionic ¢onsequence of the specific structure ofFEG interacting
inhibitor of PKC. LPG is a polymer, with a large negative \yjth PKC but rather an effect on membrane properties. At
charge over its entirety, while PEPEGs contain only one  pigher concentrations>(15 mM), PEG 6000 shows less
negative charge localized at the phospholipid head group. It activation and even causes a slight inhibition at 20 mM and
is unlikely that PKC is binding directly to PEPEG, since  apove. This inhibition may be due to the polymer’s ability
no binding occurred when €awas removed from the assay o aggregate or precipitate protein, or to the increased
(data not shown). viscosity produced at higher PEG concentrations. This latter
Effects of Free PEG on PKC Acily and Membrane  explanation is likely a factor. When glycerol was used in a
Binding. PEG is a hydrophilic polymer that is impermeable similar assay to increase the viscosity without creating an
to membranes, and because of its large size, it may also beosmotic stress, the only effect was an inhibition at higher
excluded from crevices in proteins as well sites at which concentrations which correlated with the inhibition seen at
proteins bind to membranes. A consequence of the exclusionhigher PEG concentrations. Glycerol increases the viscosity
of PEG from certain compartments will be creation of an without being excluded from crevices or precipitating
osmotic gradient which will cause dehydration of the regions proteins. A similar trend to that which is seen in Figure 3a
to which PEG is not accessible. PEG can then affect thewith PEG 6000 was observed when the peptide acetyl-
activity of membrane-bound enzymes by shifting the position FKKSFKL-amide was used as the substrate (not shown),
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of 20000. It is likely that PEG 6000 is also excluded from

a hydration shell around PKC, but this shell has a smaller
volume than that excluded from PEG 20000. There is no
significant activation by PEG 1000, even though basal
activity is at a minimum (not shown). This supports the

conclusion that PEG 1000 is not excluded from a crevice
on PKC.

The activation of PKC by free PEG was specific for
histone phosphorylation, while having little effect on the
phosphorylation of protamine (not shown). The phospho-
rylation of histone requires the presence ofGand PS
for a structural rearrangement, while the phosphorylation of
protamine is independent of these factors (Bazzi & Nelses-
tuen, 1987). Thus, PEG affects the membrane-dependent
activation process of PKC. In the case of Arg-rich substrates,
the activation of PKC can be accomplished by the substrate

itself (Bruins & Epand, 1995). Activation of PKC occurs
whether the PEG is present on the outside or both sides of
the LUVs (not shown).

— | However, despite this activation, PEG 20000 inhibits the
binding of PKC to the membrane (Figure 3b). There is
essentially no activity of PKC in the absence of lipid.

Therefore, the surprisingly small fraction of PKC that is

FIGURE 4: Effect of PEG 6000 and 20000 on the PKC-catalyzed actually bound must have an even higher fold activation.
phosphorylation of histone. (a) (PEG 6000) The LUVs were This suggests that a hydration step may be involved when
composed of either 20 mol % POPS and 1 mol % DG with POPC the enzyme binds to the membrane. Binding is also inhibited

or 50 mol % POPS and 1 mol % DG with POPC. The activity is y,,, pEG 6000 if the concentration of PS in the vesicles is

expressed relative to that obtained in the absence of PEG. Data ar . . R
expressed as the mean of triplicate determinatier®D. (b) (PEG owered to 10% (Figure 3b), while PEG 20000 inhibits

20000) The LUVs were composed of 10 mol % POPS, 1 mol % binding even in the presence of 50% PS and 1% DG (not

DG, and POPC. PEG was added to the reaction buffer. The activity shown). No effect is observed with PEG 1000 because it
is expressed relative to the activity obtained without PEG. Data likely has access to all compartments.

are expressed as the mean of triplicate determinatiogD. o o L
Although PEG 6000 inhibits binding, this is not observed

which represents a phosphorylation site of the MARCKS if there is sufficient PS (50 mol %) in the membrane (not
protein, a physiological substrate of PKC. shown). There is slight inhibition of binding at higher
When the activity is plotted against the log of the osmotic concentrations of PEG, where the inhibition in activity is
pressure, the effects of PEGs of different sizes on the @S0 seen, and is most likely due to precipitation of protein
phosphorylation of histone can be compared. Activation of OF solution viscosity inhibiting the attainment of equilibrium
PKC was seen for both PEG 6000 and PEG 8000, while @t these higher concentrations. The lack of an effect on
PEG 1000 had no significant effect on PKC activity (Figure Membrane binding with high PS content due to PEG 6000
3a). This suggests that PEG 1000 is not excluded from the SU9gests that there is no change in hydration of PKC upon
compartment that is dehydrated by the larger PEG speciesPinding to SLVs and that the effect of PEG 6000 is only on
There is no biphasic effect seen with PEG 20000, even atcatalysis.
the highest osmotic pressure used. The activation by either Both K, and Vinax were determined for phosphorylation
PEG 6000 or PEG 20000 reaches almost 25-fold if the of histone by PKC at various osmotic pressures, using PEG
concentration of PS in the vesicles is decreased from 50 to6000 with high PS where all of the PKC is bound (Figure
10% so that basal PKC activity is lowest (not shown). 5). Both constants increased with increasing concentrations
Activation of PKC phosphorylation of histone is seen with of PEG 6000. The change in the number of bound water
PEG 6000 (Figure 4a) and PEG 20000 (Figure 4b) when molecules upon activation of PKC was determined (equations
the PS concentration is 10 or 20%, even when diacylglycerol in the Appendix). Measuring the change inMR.xwith the
is present in the membrane, which normally would increase change in osmotic pressure (Figure 6) revealed that #349
the amount of PKC that binds. However, at 50 mol % PS 882 water molecules are removed per PKC molecule in going
with DG, the maximal activation by PEG 20000 is only 1.4- to the transition state. The dehydration step involved in the
fold (not shown). The activation seen at any particular activation of PKC must be in the membrane-dependent
vesicle composition is usually higher with PEG 20000 than conformational change, since there is an increa$gipwith
with PEG 6000 or 8000 (unless the vesicles already supportincreasing osmotic pressure. The number of water molecules
maximal PKC activity, in which case PEG of any size has associated with PKC’s rearrangement to the catalytically
no additional effect; or if basal activity is minimal, then PEGs active form is reasonable when compared to the volume of
of both sizes show maximal activation). The differing effects 95 700 & for PKC itself as calculated from its specific
on the activation of PKC which were obtained with PEGs volume and molecular weight, which is equivalent to 3190
of various sizes indicate the presence of at least two aqueousvater molecules. Similarly, from thi€, data, 2311+ 476
compartments around PKC. One is inaccessible to PEGswater molecules are “added” in binding of histone to the
of around 6000, while the other is inaccessible only to those active site (Figure 6).
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Ficure 7: Dextran 20000 activates the PKC-catalyzed phospho-
rylation of histone. LUVs were composed of 1:1 POPS/POPC.

histone by PKC in the presence of PEG 6000. LUVs were composed Dextran was added to the reaction buffer. Activity is expressed as
of 50 mol % POPS and 50 mol % POPC. PEG was added to the the fold increase in activity relative to that obtained without dextran.

reaction buffer Ky, and Vnax values were calculated using GraFit

Data are expressed as the mean of triplicate determinatid®B.

3.0. Data are expressed as the mean of triplicate determinations of

at least two separate experiments. The legend under the graph gives Dextran with a molecular weight of 20000 was also found
the concentration of PEG in millimolar units.
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to activate PKC phosphorylation of histone (Figure 7).
However, binding could not be tested due to sedimentation
of the dextran upon centrifugation.

PEG 6000 and PEG 20000 had no effect on the bilayer to
hexagonal phase transition temperature of DEPE, even when
present in the highest concentrations used for PKC assays
(not shown).

We also verified that the effects observed with PEG were
not a consequence of an increased ionic strength. PKC
activity toward histone was measured with increasing NaCl
concentrations in the presence and absence of 12.4 mM PEG
6000 (not shown). Increasing the ionic strength decreased
the activity of PKC both with and without PEG. The extent
of inhibition was the same in both cases. If the effects of

PEG were due to an increase in ionic strength, one would
1 expect the combined effects to be additive and in the opposite
® direction. Therefore, this variable can be ruled out.

L 2 DISCUSSION

0.2 PE-linked polyethylene glycols are used extensively in
liposome-mediated drug delivery. Since they enter the
bloodstream, understanding their effects on cellular enzymes
is useful. These compounds were found to inhibit the
FiIGURE 6: (&) Change in INVyax with the increase in osmotic membrane-bound f(_)rm of PKC. The most Si_gnificant finding
pressure with PEG 6000, values were those obtained in Figure  Was that these PE-linked PEGs have opposite effects on PKC
5. The change iWmaxWas measured relative to that obtained without as does free PEG, suggesting that there is no direct interaction
PEG. Linear regression and the equations in the Appendix were between the polymer and the enzyme which causes a change

used to calculate the number of water molecules removed from jn activity. This is an important prerequisite for the analysis

PKC in going to the transition state (1349882). (b) Change in - .
In Ky wigt]h thge increase in osmotic p(ressure v?/itlg %DEG 6809. of the effects of_osmotlc stress on a pr(_)t_eln, enzyme, or
values were those obtained in Figure 5. Calculations were as in channel (Parsegian et al., 1995). In addition, PEG has no

part a. The number of water molecules added to PKC upon histoneeffect on lipid polymorphism, and the observed effects are
binding was found to be 231+ 476. independent of ionic strength, demonstrating that the effects
are specific for PKC. Further support that the observed
Km andVmaxWere also found to increase when 8 mM PEG  effects result from changes in hydration comes from the
20000 was used to increase osmotic pressiizeof 3.8 + findings obtained with dextran as the stressing agent. Similar
1.9 10 5.1+ 2.7 uM and Vpax 0f 0.0050+ 0.0014 to 0.0078  |evels of activation of PKC-catalyzed phosphorylation of
+ 0.0026 pmol of phosphate/min). A similar trend was seen histone were obtained with this polymer, which is unrelated
when the MARKS peptide (which is lysine-rich, like histone) in structure to polyethylene glycol. If there were a specific
was used as a substrate, although the percent of PS of LUVdnteraction between the enzyme and PEG, then similar effects
used was lower. When protamine or the pseudosubstrateshould not be seen with dextran.
peptide (another arginine-rich substrate) is the substate, Large variations have been found in the numbers of water
decreases, whiléyaxis unchanged with PEG 6000. Forthe molecules associated with conformational changes of en-
pseudosubstrate peptidénx = 0.0139+ 0.0016 pmol of zymes and proteins. Studies with hemoglobin found that
phosphate/min anl,, = 34.6+ 9.8 uM without PEG, and 65—72 water molecules were associated with the binding of
Vmax = 0.0137+ 0.0007 pmol of phosphate/miK, = 2.2 four oxygen molecules (Colombo & Bonilla-Rodriguez,
+ 1.3 uM with 10.2 mM PEG 6000. 1996; Colombo et al.,, 1992), and binding of glucose to

0 0.2 0.4 0.6 0.8 1
Osmotic Pressure* (dyn/cm2*10°6)
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hexokinase resulted in the release of 65 water moleculesProtamine and histone have simil&y, values, even though
(Rand et al., 1993). Different results have been found for one involves interfacial catalysis and the other does not. The
the role of water in the generation of coagulation factor Xa difference in the direction of the changekn, with PEG is

in the aqueous phase vs the role in generation of thea consequence of protamine binding to inactive PKC and
intermediates on phospholipid membranes (McGee & histone binding to active PKC.

Teuschler, 1995). Without membranes present, over 5000 PEG inhibits the binding of PKC to membranes (Figure
water molecules were found to be removed from the protein 3b). This indicates that the binding process is accompanied
surface during the reaction. When the reactions occurredby increased hydration. There are two kinds of morphologi-
on phospholipid membranes, about 800 water molecules werecal features that can account for this increase in water
found to be added to the surface. Therefore, differences inbinding. One is the creation of new or deeper crevices in
hydration can exist depending on whether the proteins arethe membrane-bound form of PKC. The crevices would be
membrane-bound. This may be the case forKhevalues inaccessible to PEG, and therefore, osmotic stress would
found with protamine vs those found with histone, which inhibit their formation and reduce the binding of PKC to
change oppositely in the presence of osmotic stress, amembranes. In addition, the aqueous volume between PKC
possible consequence of the fact that histone binds to theand the membrane, close to the point of membrane attach-
active form of PKC while protamine binds to the inactive ment of PKC, may also be inaccessible to PEG. However,
form. Thus, effects of PEG on the binding of histone to in this case, unlike the conventional explanation for osmotic
membrane-bound PKC indicate that hydration is increased stress effects, removal of water from this region will increase
when substrate binds to an activated form of PKC. Prota- PKC binding to the membrane. A similar phenomenon
mine binding itself also likely requires hydration, but this occurs for PEG-induced vesicle aggregation. We thus favour
process is counterbalanced by a dehydration of the enzymePEG-induced osmotic stress on the hydration of membrane-
resulting from a conformational change that exposes hydro-bound PKC, to explain the inhibition of binding.

phobic groups (Bruins & Epand, 1995). Thus, the overall The differences observed in the binding of PKC to
effect of PEG on th&, of protamine is to lower it, indicating  membranes of 50 mol % PS in the presence of PEG 6000
a dehydration upon forming the enzymsubstrate complex.  vs PEG 20000 may be a consequence of PKC not having
Vmax iS increased by PEG in the case of histone but is access to the membrane in the presence of PEG 20000. It
unchanged for protamine. Since the conversion of the has been shown that PEG 20000 absorbs to the bilayer
enzyme-substrate complex to the transition state is likely surface and prevents the close approach of two bilayers
to be similar for both substrates, the greater effect of PEG because of its size. It does not have the same ability to draw
on the Vnax Of histone is likely caused by a dehydration water out from between the bilayers as PEGs of less than
resulting from a greater insertion of the complex into the 10000 do, which stabilize interactions between membranes
membrane upon formation of the transition state with histone. (Kuhl et al., 1996). If PEG 20000 is not allowing PKC
This conclusion is strengthened by the finding that a small access to the membrane, this would inhibit binding.
lysine-rich peptide substrate shows trends similar to those The general conclusion about changes in hydration can
of histone, while an Arg-rich peptide behaves in a manner be summarized as follows (where € PKC, L = lipid
similar to that of protamine. These may represent generalvesicle, P= protamine, H= histone, and *= transition
effects of osmotic stress on the kinetics of the two types of state):

substrates.

Although the equations used to calculate the number of E+L+H,O=EL
water molecules associated with PKC activation involve the
equilibrium constank, our analysis assumes thi&f, and E+P=EP+H,0
Vmax are a close approximation if the reaction follows
Michaelis-Menten kinetics. Kn, is a ratio of k + ks)/ky E+H+H,O=EH
and will be close to a dissociation constantkif > ks
according to the scheme EP=EP*

K, ks EH=EH* + H,0O

E+ ST_; ES—E+P

These findings are important for the understanding of the
Additional complexities occur with interfacial catalysis molecular mechanisms of PKC-dependent processes. It is
because of the exchange rates of enzyme, substrate, anthe first example of a study of hydration changes in a
product between the membrane and aqueous phase. Fomembrane-bound allosteric enzyme.

example, it has been shown recently that the appdfgant The physiological relevance of these findings is uncertain.
for the prothrombinase reaction depends on whether theHowever, PKC has been shown to play a role in osmotically
substrate comes to the active site from the membrane ratheinduced cellular signalingn vivo. Activation of PKC has
than from the solution (Lu & Nelsestuen, 1996). However, been found to inhibit collecting duct osmotic water perme-
in the present study, there is evidence to suggest that theability (Han et al., 1994; Ando et al., 1992). In GEi cells,
measuredK,, approximates an equilibrium dissociation PKC was found to be involved in €ainflux and prolactin
constant for the enzymesubstrate complex. For peptide secretion caused by cell swelling (Sato et al., 1992).
substrates (e.g. the MARKS peptide), Lineweavurke Saccharomyces casiae mutants lacking the PKC1 gene
plots are linear over a wide range of concentrations (Gior- product were found to be viable when grown on osmotically
gione et al., 1996). Also, different substrates show the samesupported medium, but lysed at restrictive temperatures on
effects with PEG 6000. The activation is to a similar extent, hypotonic medium (Paravicini et al., 1992; Levin & Bartlett-
as well as the inhibition at higher concentrations of PEG. Heubusch, 1992). PKC has been shown to phosphorylate
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and inhibit the activity of the Na/K-ATPase in intact renal
epithelium (Middleton et al., 1993). Since this pump is
involved in transport of solutes across epithelial cells, it may

Giorgione and Epand

Therefore, 1349t 882 water molecules were removed per
PKC histone complex in going to the transition state;
similarly, from Ky, data, 23114 476 water molecules were

regulate the osmotic balance as well (since water would beadded in binding of histone to the active site of PKC.
transported in response to solutes). It remains to be proven
if some of these relationships are a consequence of thegerERENCES

sensitivity of PKC activity on hydration pressure.
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APPENDIX

Determination of the Number of,B Molecules Associated
with PKC’s Active Site and Transition StateStudies on
hexokinase used changesknssandK, with osmotic pres-
sure to determine the number of® molecules associated
with binding of glucose to hexokinase (Rand et al., 1993).

AG = —RTIn Ky + nRTIn W
whereW = water activity

nRTIn W=TIIAV,,
whereAV,, = the volume of water removed

AG = —RTIn K, + [AV,,
SO
AV,, = RTAln KJATI = RTIn(K/K,")/ATT

You can also substituti€,, for Kq. We determine&, and
Vmax USiNg histone as the substrate, at different osmotic
pressures. The plot of IK(°/K™) vs IT should yield a
straight line with a slope oAV,/RT from

IN(Vinax Vinas ) VS IT (Figure 6a)

slope= 0.945+ 0.618
slope= 0.945= AV, /RT RT= 2,577 J/mol

The units for the slope are énx 10°%/dyn. Since 10 dyn/
cn? = 1 J/n¥, then the slope= 9.45 n? x 1079/J.

9.45 M’ x 10 %J= AV, /2577 J/mol

0.0243 niimol = AV,

= 4.047 x 10 ?® m*¥molecule
=40 470 B/molecule

1H,0=30A°
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