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ABSTRACT. Large enhancements (maximum of 82-fold in terms of enzyme efficidhgyKn) of bacterial

PI-PLC cyclic phosphodiesterase activity were observed in the presence of organic solvents miscible in
water (dimethyl sulfoxide, dimethylformamide, and 2-propanol). In general, organic solvents lowered
the Ki, for myainositol 1,2-cyclic phosphate (cIP) and incread&dx substantially. This kinetic effect

was similar to that obtained with phosphatidylcholine micelles and bilayers in an aqueous assay system
for cyclic inositol phosphate hydrolysis [Zhou, C., et al. (198idchemistry 36347—355]. Solvent
properties were examined to determine which ones correlated with the activation of PI-PLC toward clIP
in each solvent. Activation correlated best with the solvent polarity as measuied3s); no significant
correlation was observed with solution surface tension, the bulk dielectric congtabk (a measure of

the strength of charge interactions), or the Hildebrand solubility parameter. The sigmoidal curve of the
enzyme activity versus solvent polarity was consistent with the solvent promoting a transition in the
enzyme from a low-activity to a high-activity form. Possible candidates for this change, including enzyme
dimerization, helix B/loop stabilization, and dehydration of the active site, are discussed.

Phosphatidylinositol-specific phospholipase C (EC 3.1.4.11) ot r
enzymes have critical roles in cell signaling (Berridge, 1984, _O'g_kl o o.b
1986; Rhee et al., 1989). Bacterial PI-PEGpecific for S : P on [

properties as well as sequence homology with the mam- o PLPLC

OH PI-PLC HO
malian enzymes that prefer phosphorylated Pl as a substrate. PI ¢
Hence, it can provide useful insights into the more complex Figure 1: Two-step mechanism proposed for PI-PLC-catalyzed
systems (Rhee et al., 1989). Bacterial PI-PLC catalyzes thehydrolysis of PI.
hydrolysis of phosphatidylinositol (PI) to yield DAG and
myainositol 1,2-cyclic phosphate (cIP) (Figure 1). As shown
by Volwerk et al. (1990), this same enzyme can also slowly

catalyze the hydrolysis of cIP wmyoinositol 1-phosphate interfacial activation is observed toward a water-soluble

(I-1-P). Similar to many well-studied phospholipases, PI- substrate, cIP, that has no tendency to partition to surfaces.
PLC shows a preference for aggregated substrate OVehyq recently reported a 20-fold enhancement in PI-PLC
monomeric Pl. With short-c_:haln Pl as the substrate, micel- activity (as monitored by/madKx) toward cIP in the presence
lization leads to a 56 fold-increase in the appareMax of diC;PC micelles (Zhou et al., 1997). For activation, the
for PI-PLC fromBacillus thuringiensigLewis et al., 1993). PC had to be organized at an interface, either micellar or
This kinetic phenomenon whereby substrate aggregationpjjayer, and the kinetic effect was specific for PC or PE
leads to enzyme activation is known as “interfacial activa- gyrfaces. Anionic phospholipids such as PS, PA, PG, or PMe
tion”. The same phenomenon for phospholipasg i® |ed to little significant activation. The kinetic effect of the
characterized by a large increase in the appaveat and P interface was to decrease the &R 3-fold (from 90 to
detailed characterization of the interfacial behavior of that 29 mM) and to increas¥nax 6.8-fold (from 20 to 136:mol
enzyme has been reported (Berg et al., 1991; DeHaas et al.min~t mg-%). The mechanism of this interfacial activation
1995; Gelb et al., 1995). Much of the activation observed appeared to involve a conformational change in the enzyme
for that enzyme is caused by anchoring the enzyme to the(volwerk et al., 1994; Zhou et al., 1997).
Bacterial PI-PLC appears quite stable with respect to
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1AbbreviatiI?Jns: PI-PLC, phosphatidyIinositol-spggi/fic’phospholipase hydrquSIS (BrUZIK.et al., 1996). The efficiency of phos-
C; PI, phosphatidylinositol; cIRmyainositol 1,2-cyclic phosphate; I-1- phodiester formatlon_ from cIP suggested_that_ the ad‘?'ed
P, myoinositol 1-phosphate; cIC#, myoinositol 1,2-cyclic 2-meth- solvent must be localized at the enzyme active site (possibly
ylenephosphonate; PC, phosphatidylcholine7BiC, 1,2-diheptanoy! near the DAG site) where it can compete with water.

snglycero-3-phosphocholine; PA, phosphatidic acid; PE, phospha- ;
tidylethanolamine; PG, phosphatidylglycerol; PMe, phosphatidylmetha- Secondary alcohols and other solvents which cannot attack

nol; DAG, diacylglycerol; iPrOH, 2-propanol; DMF, dimethylforma-  bound cIP might be expected to inhibit PI-PLC activity by
mide; DMSO, dimethyl sulfoxide. either blocking the accessibility of water to the substrate or
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surface for processive catalysis on its interfacially constrained
substrate.
The activity of PI-PLC toward cIP is unusual in that
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lowering the water activity (Colombo & Bonilla-Rodriguez, stock solution with 20 mM Tris buffer (pH 8.5) containing
1996; Suzuki & Kanazawa, 1996). Hence, as the percentagel.1% BSA] was added to initiate hydrolysis, and an arrayed
of organic solvent is increased, enzyme activity is eventually experiment was initiated. clP hydrolysis rates were measured
expected to decrease. With this in mind, we examined from the integrated intensity of the I-1-P resonance as a
several organic solvents that do not compete with the clP function of incubation time, typically 22 h, at 30°C.
hydrolysis reaction (e.g., DMSO, DMF, and 2-propanol) for ~ Protein Fluorescence Measurement$he steady-state
their effect on the kinetic parameters for the PI-PLC- intrinsic fluorescence of PI-PLC was measured in 50 mM
catalyzed hydrolysis of cIP. Surprisingly, there was a large Hepes buffer at pH 7.5 with a Shimadzu RF5000U spec-
enhancement of PI-PLC cyclic phosphodiesterase activity (atrofluorimeter containing a xenon light source. The tem-
maximum 82-fold increase iNna/Kn) at moderately high  perature was maintained at 2@ by a RM6 Lauda water
percentages of organic solvent. In the optimum water/ circulator. The excitation wavelength was 290 nm with both
organic solvent mixturesy/max Was increased (compared to excitation and emission slit widths set at 3 nm. The
the value of this parameter in water) and the PI-R{Cfor excitation slit was shut until right before recording the
clP was decreased dramatically. Solvent activation efficiency fluorescence in order to avoid bleaching of the fluorophore.
appears to correlate with the polarity of the organic solvent/ The fluorescence of PI-PLC was reasonably stable with an
water mixture (and not with other solvent parameters). Since error estimated to be about 10% from independent measure-
this solvent activation parallels the PC interfacial activation ments. The fluorescence intensity was expressed as(|
observed in aqueous systems (Zhou et al., 1997), a similar— 1,)/l,, wherel, is the protein fluorescence intensity at 340.8

mechanism is likely to be responsible for both effects. nm of 0.5-2.0 uM PI-PLC in aqueous solution (in this
concentration range, PI-PLC fluorescence intensity was linear
MATERIALS AND METHODS with concentration) andlis the fluorescence intensity of the

protein at the same concentration in the presence of organic
solvents. The shift in the fluorescence emission maximum
in the presence of DMSO or iPrOH was less than 1 nm.

Chemicals. iPrOH, DMF, and DMSO were purchased
from Aldrich and were used without further purification.

cICH,P was synthesized as described previously (Wu et al., Measurement and Calculations of Fundamental Properties

1997). . ) o of Water/Salent Mixtures. The surface tension for each
Enzymatic Synthesis and Purification of clRCrude  solvent mixture used in the enzyme assays was measured
soybean Pl was used for the enzymatic generation of cIP by\yith a Fisher model 21 Surface Tensiomat utilizing the du
PI-PLC. One gram of crude Pl was dispersed (by bath Nouy ring method (Findlay, 1972). Dielectric constards (
sonication) in 15 mL of Tris buffer (pH 7.5) containing 4%  of mixtures of water and organic solvents were obtained from
Triton X-100. Bacterial PI-PLC (20g) was added, and the  the jiterature (Aerlof, 1932; Travers & Douzou, 1974) and
reaction was monitored b§P NMR. After the PI was corrected to 30°C using loge = a + bT, whereT is the
completely hydrolyzed to cIP (abbd h atroom tempera-  temperature in degrees Celsius (Travers & Douzou, 1974).
ture), further reactlc_)n (e.g., hydrolysis of cIP to I-1-P) was The solvent polarity as reflected in experimenE(30)
stopped by the addition of chloroform. DAG and unhydro- yajyes for all the solvent mixtures was obtained from the
lyzed lipids were removed by extraction of the aqueous |iterature (Ortega et al., 1996). The hydrophobicity values
solution with a chloroform/methanol mixture. clIP, in the g5 measured by loBJ for pure solvents were obtained from
aqueous phase, was further purified by elution from an AG1- the literature (Laane et al., 1987). L&)(alues for solvent

X8 anion exchange column. Five grams of AG1-X8 resin mixtures were calculated by the following semiempirical
(chloride form, 106-200 mesh), purchased from Bio-Rad, equation (Laane et al., 1987):

was used for about 100 mg of crude cIP. The resin was
converted to its formate form by rinsing with 20 bed volumes log P,
of 1 N NaOH, washing with deionized water to neutral pH,

and elution of 2 bed volumes @ M formic acid, followed  \hereX, andX; are the mole fraction of component 1 and
by washing with deionized water to pH 7. The crude cIP 2 respectively. To estimate the Hildebrand parametgr,

was applied to the column and eluted with 10 mM formic for solvent mixtures, the value for each pure solvent was
acid and 40 mM ammonium formate with a linear flow rate weighted by its mole fraction:

of about 0.5 cm/min. About 110 mg of pure clP was
obtained from crude PI in this fashion. Op = X;0p + X500,

Purification of PI-PLC. PI-PLC, isolated from culture
supernatants dBacillus subtilis(BG2320) transfected with ~ The Hildebrand solubility parameter of pure solvents was
the PI-PLC gene fronBacillus thuringiensiswas purified calculated on the basis of the following equation for the
by modification of the protocol of Low et al. (1988) (Zhou density of cohesion energy, in turn proportional to the cavity
et al., 1997). The enzyme purity was checked by SDS gel formation enthalpy of the solvent (Batov & Korolev, 1992):
electrophoresis, and its concentration was determined by
Bradford assay. The enzyme was storee-20 °C in 50% 5.2 = AHvap— RT
glycerol and 20 mM Tris buffer at pH 8.5. h Vv

3P NMR Assays of PI-PLC3'P NMR parameters were ) o
based on those previously used by Griffith and co-workers WhereAHvap is the vaporization enthalpy of the solvent and
(Volwerk et al., 1990) and Zhou et al. (19973 NMR VIS its molar volume.
(202.3 Hz) spectra were acquired using a Varian Unity 500 RESULTS
spectrometer. For all kinetic runs, a control spectrains (
0 min) was performed prior to the addition of enzyme. One  Effect of Organic Sekents on PI-PLC Cyclic Phosphodi-
microgram of PI-PLC [freshly diluted from its concentrated esterase Actity. In the absence of an interface, cIP is a

= X, log P, + X, log P,

mixture
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70— . [ : characterize solvents. Among these are surface tensjon (
the bulk dielectric constant), polarity as measured by the
60 A P N E+(30) parameter, which is defined as the excitation energy
L s of the Er(30) dye in the specific solvent, hydrophobicity as
s / measured by lodf) whereP is the partition coefficient that
40 - & = 4 describes the water/solvent system with octanol as the
/// o reference, and the Hildebrand solubility parameter, a fun-
30 P 1 damental property of liquids that is related to the cohesive
/ energy density of the solvent (Hildebrand & Scott, 1970;
20 Y I Lin & Nash, 1993; LaPack et al., 1994). If the activation is
indicative of a particular solvent property, then the profiles
s for all three solvents should collapse to a single curve.
0 s l . For several lipolytic enzymes acting on phospholipid
o ‘o 20 30 40 5o 6o sulqstrates, the surface tension of_the assay medium may be
Organic Solvent% (v/v) an important factor for enzyme activity. Indeed, the activity
of several mammalian PI-PLCs, including they, ando
isoforms, has been reported to be regulated by the surface
oo - o o° | pressure of the substrate monolayers (Hirasawa et al., 1981;
B P o Boguslavsky et al., 1994; James et al., 1997). However, as
50 I 4 1 seen in Figure 3A, there was no correlation between PI-PLC
cyclic phosphodiesterase activity and surface tension of the
40 / S 1 different assay mixtures. While the surface tension could
o be important for a lipolytic enzyme acting on aggregated
30 / , substrate because the enzyme must do work to gain access
, to its substrate (Boguslavsky et al., 1994; James et al., 1997),
/ , it is obviously not the case for PI-PLC hydrolysis of the
—0
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% : monomeric substrate cIP as shown in Figure 3A.
~ The bulk solvent dielectric constant is another parameter
0 : : : : that might be correlated with PI-PLC activation. The
0 0.05 0.1 0.15 0.2 0.25 medium dielectric constant, or €l/could be critical for
Mole fraction organic solvent enzyme activity in agueous media because virtually all
FiIGURe 2: PI-PLC cyclic phosphodiesterase activity as a function noncovalent interactions (including hydrophobic interactions,
of (A) percent (v/v) and (B) mole fraction of organic solveni)( salt bridges and H bonds, etc.) in proteins are electrostatic
iPrOH, @) DMF, and (0) DMSO. Reaction conditions include 10  in origin and hence, according to Coulomb’s law, are
mM clIP, 50 mM Hepes buffer (pH 7.5),4g of PI-PLC, and 30 jnversely dependent on the dielectric constant of the mi-
c. croenvironment. Dielectric constants for the water/organic
poor substrate for PI-PLC (Zhou et al., 1997). At a solvent mixtures used in assays were obtained from the
concentration of 10 mM, clP is well below ik, of 90 mM. literature (Aerlof, 1932; Travers & Douzou, 1974) and
Since the enzyme exhibits cooperativity with respect to cIP plotted versus PI-PLC activity toward cIP (Figure 3B) 1/
hydrolysis with a Hill coefficient of 2, the PI-PLC activity = for the different solvent mixtures was also plotted versus
is quite low under these conditions (Zhou et al., 1997). PI- PI-PLC cyclic phosphodiesterase activity (Figure 3C). There
PLC cyclic phosphodiesterase activity toward 10 mM cIP was no obvious correlation between the different solvents.
was assayed with increasing amounts of organic solventsin fact, this parameter enhanced the different efficiencies of
miscible in water (DMSO, DMF, and iPrOH). Dramatic the three solvents. Therefore, the bulk solution dielectric
enhancement of activity was observed for all three organic constant does not control PI-PLC activity.
solvents with an eventual decrease in activity at high percent Another solvent property that did not correlate with the
or mole fraction of organic solvent (Figure 2). The solvent activation (Figure 3D) was the Hildebrand solubility
maximum activity and the mole fraction of solvent needed parameterg,. The square oby, is equal to the cohesive
to achieve it depended on the identity of the solvent. The energy density, which is directly related to the total molecular
clP molecule is monomeric and is not aggregated by the interaction energy of liquids. The Hildebrand solubility
presence of organic solvents; conformational changes in thisparameter of a solute is estimated by measuring the solubili-
constrained cyclic molecule are also minimal. Hence, the ties of the solute in solvent mixtures or in a series of solvents
sigmoidal curves in Figure 2 suggest a conformational changethat cover the range of interest. The solubility parameter of
in the enzyme induced by the presence of the organic the solvent or solvent mix that yields the maximum solubility
solvents. Given the observation that all the organic solventswill be equivalent to the solubility parameter of the solute
miscible with water that were examined activated PI-PLC, (Lin & Nash, 1993). Hildebrand solubility parameters have
there may be a common physical parameter for these organicdeen reported to correlate well with membrane permselec-
solvent/water mixtures that controls the activity of PI-PLC. tivity (Lapack et al., 1994). Because the Hildebrand solubil-
Correlation of PI-PLC Actiation with Experimentally ity parameter is directly related to the molecular interaction
Determined Sakent Parameters. PI-PLC is a lipolytic energy of liquid, it could be important for enzyme solvation
enzyme and needs to bind to an interface for full activation and, therefore, regulate enzyme activity. However, we found
toward cIP in an aqueous assay system (Zhou et al., 1997)no correlation between the three different organic solvents
The profile for this unusual activation in each organic solvent in activating PI-PLC hydrolysis of cIP as shown in Figure
can be compared to experimental parameters used to3D.

Specific Activity
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Ficure 3: PI-PLC cyclic phosphodiesterase activity toward 10 mM cIP as a function of mixed solvent (A) surface tension, (B) dielectric
constant, (C) 1k, and (D) Hildebrand solubility parametéy. Assay conditions are the same as in Figure 2 with iPr@) DMF (O),
or DMSO (©) as the organic solvent.

A critical parameter that collapsed the three solvent profiles by log(P), whereP is the partition coefficient for the solvent
to a single curve was the polarity of the water/solvent mixture in an octanol/water two-phase system (Figure 4B). Maxi-
as measured b¥r(30) values. Er(30) is defined as the  mum activation occurs at a ldg) value of —2.61 + 0.03.
excitation energy of a betaine dye, 2,6-diphenyl-4-(2,4,6- The fit is not quite as good as tHer(30) correlation. A
triphenylpyridin-1-io)phenolate [Dimroth et al., 1963; for a caveat associated with the I&)(values is that we have used
recent review see Reichardt (1994)]. TEg30) value is a linear combinations of pure solvent values to characterize
good measure of solvent polarity that can be experimentally the binary solvent mixtures. If the two solvents mix
determined. Its value in many binary solvent systems hasnonideally, then this correlation may not be as clear-cut.
been documented (Ortega et al., 1996; Bosch & Roses, 1996Clearly, the solvent polarity (or hydrophobicity) seems to
Acree, et al., 1995; Roses et al., 1995; Mancini et al., 1995). be a better predictor of PI-PLC activity in mixed media.
The E(30) parameter is a much better polarity indicator than  Organic Sobents Alter the Kinetic Parameters of PI-PLC
the dielectric constant) for solvent effects because solvent/ Both Vimax andKp, for the cyclic phosphodiesterase activity
solute interactions take place on a microscopic level within were determined in water/solvent mixtures that corresponded
a structured discontinuum consisting of individual solvent to the maximum activation by each organic solvent. Figure
molecules capable of mutual solvent/solvent interactions. 5 shows the dependence of PI-PLC specific activity on cIP
Therefore, the static dielectric constant approach to mediumconcentration for 30% iPrOH, 40% DMF, and 50% DMSO
effects has often failed to correlate with the observed physical (these correspond to 0.091, 0.13, and 0.20 mole fraction for
parameters (Reichardt, 1994). In contrast, tBg30) iPrOH, DMF, and DMSO, respectivelyVMmaxandKy, values
parameter is an experimentally determined solvent polarity are summarized in Table 1. For all the mixed solvent
parameter, and its value for a binary mixture has been shownsystems Vnax increased to a minimum of 4 to a maximum
to fit the preferential solvation mode (Ortega et al., 1996). of 9 times theVna for cIP hydrolysis in water. Similarly,
As shown in Figure 4A, all three solvents show an optimum K, for cIP decreased in all solvent systems; this parameter
around arkr(30) value of 56.5 with a half-activation at an showed a greater range of change (a23-fold decrease).
Er(30) of 58.5. The activation is still sigmoidal in shape, Interestingly, the kinetic parameters of PI-PLC cyclic phos-
suggesting a cooperative process is triggered by the chang@hodiesterase activity in 30% 2-propanol were almost
in solvent polarity. identical to those in an agueous assay system withRIIC

The other physical parameter that exhibited a good present to activate the enzyme (Zhou et al., 1997). 2-Pro-
correlation with enzyme activity in water/organic solvent panol (30%) and dig°C (8 mM) both increased®/max
mixtures was the hydrophobicity of the medium as measureddramatically and decreased, roughly 3-fold. Kinetic
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Ficure 4: PI-PLC cyclic phophodiesterase activity toward 10 mM
clP as a function of mixed solvent (A) polarity as monitored by
Er(30) and (B) hydrophobicity as measured by Bg(Assay
conditions are the same as in Figure 2 with iPrQt), ODMF (O),

or DMSO (O) as the organic solvent.
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Ficure 5. PI-PLC cyclic phophodiesterase activity as a function
of cIP concentration. Assay conditions include 50 mM Hepes (pH
7.5), 1ug of PI-PLC, 30°C, and a fixed concentration of organic
solvent: @) 30% iPrOH, () 40% DMF, and ©) 50% DMSO.

parameters for the two organic solvents with no hydrogen
bond donor showed a slightly different pattern. Tgfor
clP in 40% DMF or 50% DMSO was significantly lower
than that in the digPC assay system or in 30% iPrOH. This
could be related to the active site hydration energy.
clCH.P is a nonhydrolyzable cIP analog. It has been
shown to be a competitive inhibitor of clP hydrolysis by
bacterial PI-PLC with & of 12.3 mM in the presence of 8

Wu and Roberts

Table 1: Kinetic Parameters for PI-PLC Cyclic Phosphodiesterase
Activity in Different Assay Systenis

assay medium  Vpax(@mol min™mg™)  Kn (MM)  VimalKnm
H-0 20 90 0.22
H.O/diGPC 136 29 4.69
30% 2-propanol 183 30 6.10
40% DMF 102 10.9 9.4
50% DMSO 76.3 4.25 18.0

@ Reaction conditions include 50 mM Hepes (pH 7.5udlof PI-
PLC, and 3C°C. ® diC;PC (8 mM) used to maximally activate PI-PLC.

mM diC/PC (Wu et al., 1997). Without the PC interface, it
is a very poor inhibitor of the enzym&(> 100 mM). The
effectiveness of this inhibitor can also be measured in 50%
DMSO. In the water/DMSO medium, clGR exhibits &

of 2 mM, roughly half theK,, for cIP in the same assay
system. The constant ratio & for cICH,P to K, for cIP

for both solvent- and interface-activated kinetics again
suggests that they share mechanistic similarities.

Is There a Conformational Change Associated with PI-
PLC Actwation? Whether a lipolytic enzyme changes its
conformation by binding to an interface is difficult to assess
because of the difficulties in obtaining protein structures in
the presence of lipid interfaces. However, previous studies
(Volwerk et al., 1994) have suggested that bacterial PI-PLC
undergoes a conformational change when binding to an
interface. The intrinsic fluorescence of bacterial PI-PLC
increased when an interface (notably a short-chain PC or
detergent micelle) was added. If this change is critical to
enzyme activity, then a similar fluorescence change should
occur in response to added organic solvent. The dependence
of fluorescence intensity on solvent polarity [as measured
by E+(30)] should be sigmoidal and parallel to the depen-
dence of enzyme activity. Interestingly, as shown in Figure
6, the intrinsic protein fluorescence is nearly linear with mole
fraction of organic solvent (Figure 6A) as well as linear with
log(P) (Figure 6B). However, the intrinsic protein fluores-
cence is not linear witkr(30) as shown in Figure 6C. This
is consistent with organic solvents inducing a conformational
change of the enzyme at a polarity of 58 as measured by the
Er(30) parameter. The linear relationship between the
intrinsic protein fluorescence and hydrophobicity as measured
by log(P) suggests that tryptophans on the surface relay
solvent hydrophobicity changes first and foremost. Any
conformational change involving specific protein residues
is secondary to the solvent effect on these fluorophores.
Alternatively, logP) is not a good indicator of solvent effects
for PI-PLC intrinsic fluorescence, or the calculation of log-
(Pmixtwre), Which assumes ideal mixing, could be in error. The
biphasic behavior of PI-PLC intrinsic fluorescence intensity
versus polarity as measured By(30) can only be explained
by an enzyme conformational change associated with the
mediumE+(30), which is consistent with the enzyme specific
activity versuskr(30) plot. Solvent polarity [as measured
by Er(30)] appears to be directly involved in the transition
of the protein from a low-activity to a high-activity form.

DISCUSSION

Effect of Organic Saekents on Enzyme Actty. The study
of enzyme activity in nonaqueous solvents has been an active
research area in recent years because of potential applications
in asymmetric organic synthesis (Ke et al., 1996; Almarsson
& Klibanov, 1996; Campanella et al., 1994a,b; lkeda &
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and DMSO 0).

Klibanov, 1993; Fitzpatrick et al., 1992; Laane et al., 1987).
The enantioselectivity of an enzyme in a given organic
solvent can be very different from that in aqueous solution
(Ikeda & Klibanov, 1993; Noritomi et al., 1996; Fitzpatrick
& Klibanov, 1991; Tawaki & Klibanov, 1992). In general,
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appears to be important for enzyme activity in nonaqueous
solvents is the solvent hydrophobicity [lé®{. Hydropho-
bicity and polarity, while not the same parameters, can often
lead to similar effects. Both of these parameters correlate
with solvent activation of PI-PLC with solvent polarity
providing the best normalization of observed activity in
different water/solvent mixtures. There appears to be an
optimal solvent polarity for cIP hydrolysis. cIP is a water-
soluble species that does not partition into amphipathic or
hydrophobic aggregates (Zhou et al., 1997); hence, the large
activation is not a preferential presentation of the substrate
to the enzyme (as it is for lipase, for example). More likely,
the solvent polarity controls the enzyme conformation where
conformation in a broad sense includes the distribution of
solvent molecules in the active site as well as backbone and
side chain orientations.

It has also been said (Butler, 1979) that water/organic
solvent mixtures may resemble the natural cellular microen-
vironments more closely than pure agueous medium. En-
hancement of enzyme activity in water/organic solvent
mixtures has been reported (Batra & Gupta, 1994; Banno et
al.,, 1988), although the extents of activation have been
modest. A 2-fold maximum activation was observed for
polyphenol oxidase, peroxidase, acid phosphatase, and
trypsin at the optimum percentage of organic solvents (about
10%). Further increases in the percentage of organic solvent
generally decreased the enzyme activity. In contrast to these
effects, organic solvents have a more dramatic effect on PI-
PLC activity. All the solvents examined increaséghx for
clP hydrolysis by 3-9-fold with the change comparable to
that observed with the best activating PC interfaces. These
changes are much larger than that reported for other enzymes
whose substrates are monomeric.

Conformational Changes in Lipolytic Enzymes.number
of lipolytic enzymes have been shown to undergo confor-
mational changes when bound to the appropriate interface.
These can be quite extensive or relatively subtle depending
on the enzyme. X-ray crystallographic studies of triglyceride
lipase, a lipolytic enzyme that is very sensitive to interfacial
activation, indicate a large conformational change when the
enzyme binds to a substrate analog (Derewenda et al., 1992;
Brzozowski et al., 1991). A 15-residue “lid” moves away
from the active site, making it accessible to the substrate.
The lid occupies a new position on the surface which was
occupied by 18 water molecules for the inactive enzyme. In
this orientation, 15 waters have been expelled. The lid in
the active enzyme gains three additional interactions with
the main domain of the protein molecule by moving to the
new position. There are also secondary structure changes
associated with this lid movement. As a result of this change,
a hydrophobic area of ca. 80¢ £8% of the total molecule
surface) becomes exposed. It is argued that this 800 A
hydrophobic area is the surface binding area, and the
conformation with the inhibitor bound is exactly the same
as the conformation when the lipase is bound to an interface.

Phospholipase A another lipolytic enzyme sensitive to
interfacial activation, shows relatively small conformational
changes associated with catalysis at the interface by X-ray
crystallographic and NMR investigations (Scott et al., 1990;

organic solvents decrease the enzymatic activity, and theWhite et al., 1990; Petters et al., 1992; Van den Berg et al.,

addition of DMSO as a “lubricating agent” to increase the
enzyme flexibility and, therefore, increase enzymatic activity,
has been reported (Almarsson & Klibanov, 1996). In the

1995a,b). Indeed, it is suggested that a nearly isostructural
and isoenergetic transfer of phospholipid occurs from the
substrate aggregate to the catalytic site through a well-

systems examined carefully, the only physical parameter thatdefined, rigid hydrophobic channel (Scott et al., 1990; White
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et al., 1990). More receftH NMR structural studies have activation in organic solvent that it does in an aqueous
shown small conformational changes that primarily involve solution (Louwrier et al.,, 1996). The activated state in
decreased flexibility in regions of the protein that contact organic solvent is ascribed to the hydrophobic effect. This
the substrate (Petters et al., 1992; Van den Berg et al.,observation supports the argument that organic solvent/water
1995a,b). mixtures can effectively mimic the microenvironment of an
The crystallographic studies of PI-PL&L from rat also  interface. With regard to PI-PLC, addition of organic solvent
showed no large conformational change when the active siteCould have at least two different effects: (i) it could stabilize
was occupied by IP(Essen et al., 1996) or cIGR (Essen the surfat_:e binding S|te_(he_I|x B and th_e loop) _by providing
et al., 1997). However, the authors did observe that there the polarity of an effective interface microenvironment (as
was an unusual hydrophobic area on the rim of the active discussed above), or (ii) it could remove some hydration
site, which could be important for surface binding. The Water from the active site, making the active site more
binding of inositol to the active site of PI-PLC froBacillus accessible for productive binding of the substrate. A PC
cereusdid not induce any notable conformational change in interface _coulc_;l also stabilize enzyme/subs';rate interactions
the enzyme as detected in the crystal structures of unliganded®?y "€moving tightly bound water at the active site. When
and inositol-bound forms (Heinz et al., 1995). As in the the protein-bound water is removed, the less polar active
mammalian enzyme, the rim of the active site was formed site might allow the hydrophilic cIP to bind in a productive

by a hydrophobic, very weakly defined short helix (helix B) fashion. The three organic solvents studied in detail in this
as well as by a hydrophobic loop comprising residues237 Paper all convert the enzyme to the high-activity form.
243. A reasonable hypothesis explaining both interfacial However, there are differences in the kln_et|c par_ameters that
activation by PC and solvent activation of PI-PLC toward reflect the behavior of each solvent, in particular their

cIP is that this hydrophobic short helix and loop behave like differing affinity for water. 2-Propanol can only form a
the lid found in triglyceride lipase. The weakly defined regular hydrogen bond with water (the strengttaé1 bond

electron density map of the helix and the loop means the betwﬁ%r_‘ﬁa 2-pr?panolhandba water molecule ShOlljld nlot be
mobility of this area is extremely high. There could be an Much di erent from that between two water molecules).

equilibrium between active and inactive forms of the enzyme. Hef‘ce’ _2—propano| is not Eowerfbul er?ough to dehydrate the
In the inactive form, the helix B/loop region could partially &Ctive site. In contrast, the carbonyl oxygen of DMSO or

block the enzyme active site from the accessibility by the 'I?::AF canl form ar;stro?ger ;’ bond \I’.V'tr? Ia %/ya:]er m;le_culfe.
substrate. The introduction of an effective interface could '"€S€ SO vents, therefore, have a slightly higher affinity for

stabilize the floppy helix and the loop, as well as form extra water and would be _expe_cted to remove some water
interactions with the protein, leaving the active site more molecule_s from the active site. _Among the three, DMSO

accessible to the substrate. Addition of organic solvent could has the highest H bond energy with water and _shou_ld remove
have the same effect as introducing an interface by reducingthe most water molecules from the enzyme active site (Zheng

the solvent polarity and enhancing intramolecular interactionsf‘ Opr?%tﬁ'g 1996). In %MSO’ ;IP has_ the hitghef,-st afIihnity
of the protein (the lid in the inhibitor-bound triglyceride or Fi- as measured tm. Removing water from the

lipase has three extra interactions with the main domain of act|vte St't.e \tl\r/:” rz]alsdo Ilovv_er the t!ocal c(;)nc_e?]ttratlmn dOf this
the protein upon moving away from the enzyme active site). réactant in the hydrolysis reaction and mignt aiso decrease

: : : - Vmax |f ONe compares the.« for the clP hydrolysis reaction
The sigmoidal nature of both solvent and interface activation . ™ ) o . .
curves indicates that the transition between inactive and ' 2-propanlollan.d in water with diC with that in DMSO
active states of PI-PLC is highly cooperative. The biphasic or DMF, this is in fact gk)_served. . .
behavior of the intrinsic fluorescence intensity associated CICH,P, a Potent Infybltor of PI-PLC Cyclic Phgsphodh
with the mixed solvent polarityEr(30), also indicates a esterase Actity in 50/0 DMSO but Not in 100% iﬂ) '
transition between the inactive and active states of the clCH:P is a competitive inhibitor of cIP hydrolysis by

: -~ bacterial PI-PLC with & of 12.3 mM in the presence of 8
enzyme. The lack of crystallographic support for a protein . ! ;
conformational change to a high-activity form could arise {EM .d'r(]:.g?tc (Wu et aI.,_19(€j)7_). S\S%Degh;rgeoeffec?\;ene'js of
because inositol is a weak inhibitor and ineffective in 1S INNIDIIOr was examined in 0 Kaof2m

stabilizing the more active form of the enzyme. However, was obtained. Thi&; is Iqwer thgn t_heKm for CI.P in the
with the mammalian PI-PLC, the types of small changes same assay system, consistent with tighter binding of gfCH

- o - to the PI-PLC active site. The inhibitor has an oxygen
observed with both IfPand cICHP binding at the active S :
site make a large conformational change of the protein Iessreplaced by a Chigroup, making it more hydrophobic. The

likely. The lack of such crystallographic support makes this :L?;S;Ag(n)?\l/cgt:: r%ligtglr:eIzovraatzecdogr\)/s;?:rtaolc;:rlg sal:]d Igsts
“conformational change” option a less attractive explanation. P 99

) i that what hinders cIP binding is water already in the active
Another type of protein conformational change that could sjte or accompanying the substrate. Removal of this solvent
result in enzymatic activation is protein dimerization. At s necessary for good binding of soluble substrates to PI-
the moment, there is no evidence for functional discrete p|.c. since many water molecules are involved, the expul-
aggregates of the bacterial PI-PLC (or mammalian PI-PLC sjon of active site water could also have a cooperative profile
01). However, looser transient dimers or multimers could anq thus give rise to the sigmoidal activity versus solvent
be formed and be responsible for enhanced hydrolysis of yo|arity curve [as well as the biphasic protein fluorescence
a low-activity to a high-activity state of PI-PLC, this change organic solvent can also explain the transesterification
affects both\{ma?( andK, and abolishes the cooperativity in  reactions catalyzed by PI-PLC (Bruzik et al., 1996).
cIP hydrolysis in an agueous system. How does this insight into cIP hydrolysis by PI-PLC
Hydration Energy of the PI-PLC Acté Site. Triglyceride translate to understanding activity toward a lipophilic
lipase does not exhibit the phenomenon of interfacial substrate (PI)? PC interfaces can also activate PI-PLC
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toward PI, although the extent is not as great as with the
soluble substrate (Zhou et al., 1997). The conformation of

Biochemistry, Vol. 36, No. 28, 1998521

Fitzpatrick, P. A., Ringe, D., & Klibanov, A. M. (199Biotechnol.
Bioeng 40, 735-742.

Pl in aggregates (and as a monomer) is characterized by arfselb, M. H., Jain, M. K., Hanel, A. M., & Berg, O. G. (1995)

NOE between the inositol C-2 proton and one of the glycerol
sn3 protons (Roberts et al.,, 1996). This constrains the
inositol group with respect to the glycerol backbone of the
lipid and may shield part of the inositol ring from extensive

hydration. Thus, the basic PI structure would have less water
associated with it and as such might be expected to bind

more tightly to the enzyme.

Summary. Similar to the activation by PC interfaces, the
addition of iPrOH, DMF, and DMSO can promote the
transition of PI-PLC from a low-activity to a high-activity
form better able to catalyze the hydrolysis of the water-

Annu. Re. Biochem 64, 653—688.

Heinz, D. W., Ryan, M., Bullock, T. L., & Griffth, O. H. (1995)
EMBO J 14, 3855-3863.

Hildebrand, J. H., & Scott, R. L. (1950The Solubility of
Nonelectrolytes3rd ed., Reinhold, New York.

Hirasawa, K., Irvine, R. F., & Dawson, M. C. (198B)ochem. J.
193 607-614.

Ikeda, I., & Klibanov, A. M. (1993Biotechnol. Bioeng. 42788—
791.

James, S. R., Paterson, A., Harden, T. K., Demel, R. A., & Downes,
C. P. (1997)Biochemistry 36848-855.

Ke, T., Wescott, C. R., & Klibanov, A. M. (1996). Am. Chem.

soluble substrate clP. We have demonstrated that media Soc 118 3366-3374.

polarity as measured bigr(30) is a good predictor of the
effectiveness of different solvents in activating the enzyme,
as well as a good indicator of PI-PLC conformational change.
Partial dehydration of the PI-PLC active site could promote
better binding of cIP to the enzyme (and decre#&sg.
However, the increase ik must reflect a change in the
enzyme conformation induced by solvent or the PC interface.
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