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ABSTRACT. A strategy is developed to analyze steady-state kinetics for the hydrolysis of a soluble substrate
partitioned into the interface by an enzyme at the interface. The feasibility of this approach to obtain
interfacial primary kinetic and equilibrium parameters is demonstrated for a triglyceride lipase. Analysis
for phospholipase Acatalyzed hydrolysis of rapidly exchanging micellar (Berg et al. (1®d¢hemistry

36, 14512-14530) and nonexchangeable vesicular (Berg et al., (1B&ighemistry 307283-7291)
phospholipids is extended to include the case of a substrate that does not form the interface. The triglyceride
lipase (tITGL) fromThermomyces (formerly Humicola) lanugindsgdrolyzesp-nitrophenylbutyrate or
tributyrin partitioned in the interface of 1-palmitoyl-2-olecsi-glycero-3-phosphoglycerol (POPG) vesicles

at a rate that is more than 100-fold higher than that for the monodispersed substrate or for the substrate
partitioned into zwitterionic vesicles. Catalysis and activation is not seen with the S146A mutant without
the catalytic serine-146; however, it binds to the POPG interface with the same affinity as the WT. Thus
POPG acts as a diluent surface to which the lipase binds in an active, or “open”, form for the catalytic
turnover; however, the diluent molecules have poor affinity for the active site. Analysis of the substrate
and the diluent concentration dependence of the rate of hydrolysis provides a basis for the determination
of the primary interfacial catalytic parameters. As a competitive substrate, tributyrin provided a check
for the apparent affinity parameters. Nonidealities from the fractional difference in the molecular areas
in interfaces are expressed as the area correction factor and can be interpreted as a first-order approximation
for the interfacial activity coefficient. The basis for the interfacial activation of t-ITGL on anionic interface

is attributed to cationic R81, R84, and K98 in the “hinge” around the 85 “lid” segment of tITGL.

Secreted phospholipase Aas served as a useful prototype 3). Aided by crystal structures4{-6) and site-directed
for developing current knowledge of interfacial catalydis ( mutagenesis7—9), the knowledge of the primary rate and
equilibrium constants10—13) for secreted phospholipase
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Scheme 1: A Kinetic Model for Interfacial Catalysis and observed below the solubility limit is at interfaces or truly
Activatior? with monodispersed substrate molecules, in one of the most
commonly used assays tributyrin is used in a frothy emulsion
: EL—R E+ES Ks Es S g, p stabilized by gum arabicl9, 20. It is not surprising that
i P such assays are not useful for the kinetic analysis in terms
ngL“ K K Ks K r ” of the primary rate and equilibrium constants, and the lipase
R . . > kinetics remains unresolved.
: Bl L E +8 ——FES T—>E +P In this study we report the theory and protocols to analyze
Ks the interfacial catalysis by a triglyceride lipase frarher-

momyces lanuginogTGL). As outlined in Scheme 1, the
aThe species marked with an asterisk are in the interface and are in0Pserved hydrolysis in the presence of an interface is the
equilibrium with the corresponding species in the aqueous phase. Thesum of the turnover in the aqueous phase and in the interface.
equilibrium dissociation constants have their standard definitions. Besides the knowledge of the binding of the enzyme to the
Dissociation constants marked with an asterisk, expressed in units ofjntarface and of the specific steps involved in the catalytic

mole fraction, represent two-dimensional equilibria. L could be an . . . -
inhibitor (K,*), a competitive substrateK*), or an imperfect diluent turnover at the interface, this analysis also requires an

(Knp*). Ku* and k* e represent the interfacial turnover parameters. understanding of the solubility and partitioning equilibria for
Results show that turnover throughy is <1% of the interfacial rate. ~ the substrate and the enzyme (Appendix). The situation is
Complete analysis of the model is developed in the appendix for the considerably simplified because the hydrolysis by tITGL
conditions where the enzyme, substrate, and products of hydrolysis o005 predominantly via the interfacial path, and the
equilibrate so that the chemical step is rate limiting. For the significance
of this scheme in the general context of interfacial kinetics, seerefs substrate and F’rOdUCt e?(Chan_ge rate between the_aqueous
10, and11 phase and the interface is rapid. Thus, on the basis of the
assumption of a diffusion-limited on-rate for the binding of
and equilibrium parameters has been possible because th#e substrate to the interface, the substrate replenishment rate
phospholipid aggregates spontaneously form interfaces withis expected to be rapid for solutes wittl «M solubility in
well-defined composition, organization, and exchange dy- water.
namics. In this study we extend this experience, as formal- In Scheme 1 the binding of the enzyme to the interface,
ized in the kinetic Scheme 1.7), to establish conditions the E to E* step, is distinct from the steps of the catalytic
for the analysis of interfacial catalysis and activation by a turnover at the interface. A primary task for the kinetic
triglyceride lipase. analysis developed in Appendix is to develop a well-defined
interface of the diluent (ND) molecule, which must satisfy
several criteria: the enzyme bound to the interface must not
bind the diluent molecules to the active site; however, E*
must bind and catalyze the hydrolysis of substrate molecules
partitioned in the ND interface. As the substrate molecules
partition in the diluent interface, the interfacial substrate
concentrationXs, determines the E* S to E*S equilibrium.
Analysis is simplified considerably if the rate of substrate
replenishment and the product release are rapid so that the
chemical stepk* .o remains rate-limiting. Thus the effective
nterfacial catalytic turnover rate will be given by the steps

Lipases (triglyceride hydrolases) as a class are probably
the second best structurally characterized group of interfacial
enzymes 14—18); however, the functional significance of
many of their interesting structural features remains to be
established. A major difficulty lies in the fact that the
polymorphism and organizational state of triglycerides in the
aqueous dispersions are difficult to control. Triglycerides
are virtually insoluble in water because they are essentially
nonpolar with a very weak amphiphilic character. If
suspended in water, they adsorb onto the available surface

or form droplets of uncontrolled dispersity. Inability to form gy in the shaded oval by species marked with an asterisk.
prganlz_ed interfaces with trlgly_cerldes makes it nearly g study we show the analytical feasibility of Scheme
impossible to generate well-defined structures of known 1 o getermine the interfacial kinetic parameters for tITGL.
surfa_ce_ area and measurable exc_hange rates between tI~§peciﬁcal|y, the rate of hydrolysis of PNPB or tributyrin by
coeX|st|ng.|nterf.aces. .Use of sparingly soluble substrates, 1| is enhanced over 100-fold at the interface of POPG
such as tributyrin op-nitrophenylbutyrate (PNPBpelow vesicles. Results are consistent with the catalytic role for
their bulk solubility limit, for kinetic measurements appears ihe consensus catalytic tria#ll) because the S146A mutant
to be limited by the reaction at other interfaces. The of yTGL is catalytically inert. The analysis developed in
solubility of tributyrin is about 0.8 mM; however, below this  Appendix provides a basis for obtaining values of the
concentration one cannot be certain that the catalysis occur§nterfacial Michaelis-Menten parametersk{;* and k*ca),
solely through the monomers in the solution via monodis- the dissociation constant of the enzyme at the interfisgke (
perse Michaelis complexes. Not only may the complex with and the partition coefficient of the substrate in the interface
the enzyme be in a microaggregate form, but the hydrolysis (K¢). Results show that POPG is a good diluent with a poor
may occur at interfaces offered by air bubbles or the reaction affinity for the active site of the bound enzyme, possibly
vessel. Since itis difficult to establish whether the hydrolysis with Kyp* > 1 mol fraction. The spectroscopic properties
of the S146A tITGL mutant show a change in the environ-

! Abbreviations: Cmc, critical micelle concentration; HDNIS; men',{ of tryptpphan reSIduQ(S), Wh',Ch F’,fo‘,"des complemen-
dansylhexadecylphosphoethanolamine; ND, a surface diluent such adary information about the interfacial binding event. Com-
POPG.; PNPBp-nitrophenylbutyrate; POPC, 1-palmitoyl-2-olecyt- parable kinetic behavior is observed with pig pancreatic
glycero-3-phosphocholine; POPG, 1-palmitoyl-2-olesgiglycero-3- — jinase  These results are interpreted to suggest that the
phosphoglycerol; RET, resonance energy transfer; TB, tributyrin or . terfacial activati fHTGL ionic POPG. but not
tributyroylglycerol; tITGL triglyceride lipase fromThermomyces  INteriacial activation or on anionic » but not on
lanuginosa zwitterionic vesicles, is controlled through the cationic
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residues in the “hinge” region around the “lid” on the 24); however, the surface of the vessel and air bubbles make
catalytic site. it unsuitable for detailed kinetic analysis in the absence of
added diluent. Reliable rates by pH-stat could be estimated

MATERIAL AND METHODS only in the presence of excess diluent. Hydrolysis of TB

PNPB and TB were from Sigma, and phospholipids were
from Avanti Polar Lipids. HDNS was prepared as described
(22). Most of the calculations and data fits for linear or
hyperbolic relations were carried out with the Inplot 4
program; however, the fits for more complex relations were

generated and evaluated through the Math-Cad program

Typically, uncertainty in the primary experimental results is
<10%, and the uncertainty in the derived curve-fitting

was also independently monitored by pH-stat methods in the
presence of POPG vesicles.

The rate, calculated from the slope of the initial zero-order
phase of the progress curve, is expressed as turnover number
per second. The background OD drift without the enzyme
was negligible £1%) compared to the observed rate.

Substrate Competition.Inhibition of the hydrolysis of
PNPB by TB was determined by the spectrophotometric

rotocol. Increasing concentrations of TB were added to

parameters is estimated to be 30% as the standard deviatio he mixture containing 0.353 mM PNPB and 0.0534 mM

Purified ITGL from Thermomyces lanuginosand its POPG, and the reaction was initiated by addition of tITGL
S146A mutant, in which the catalytic serine is changed to (1-50 pmol, depending on the conditions). Data were
alanine, were kindly provided by Dr. Allan Svendsen of expressed aso/y, — 1, wherew, and y are the rate of
NovoNordisk, Denmark18). The aqueous solutions of the hydrolysis in the absence and in the presence of TB,
enzyme tend to lose some activity, presumably due to respectively (Figure 6).
aggregation, on lyophilization and freezinthawing, or even Maximum Solubility. The solubility limit for PNPB was
after long incubations at 4C. For kinetic studies and  getermined as the change in the’ 8@attering intensity at
calibrations we chromatographed the enzyme by gel filtration 500 nm with 1-nm slit widths on an SLM-Aminco AB2
on an HPLC column (Bio-Rad TSK-250). In this preparation gpectrofluorimeter (Figure 2). PNPB was added from a 24.7
the ratio of ODs at 280 and 260 nm was 3.94 compared to m\ stock solution in tetrahydrofuran to a cuvette containing
the ratio of 1.7 seen before the purification. For the 1 4 mL of 10 mM Tris buffer at pH 8.0 and 2%C. The
calculation of enzyme concentration, the molar extinction goypjity limit for TB was also determined by the scattering,
coefficient of 43000 M cm™ (23) was used, With 55 \ell as by monitoring the increase in the fluorescence
molecular mass= 32 kDa. emission of diphenylhexatriene as it partitions into droplets

Vesicles. Small unilamellar vesicles of POPG or POPC of TB. The Change in the scattering above the Solubility
were prepared by hydration of the vacuum-dried lipid film  |imit of PNPB or TB was also monitored in the presence of
and sonication in a bath-type sonicator (Lab Supplies, POPG. In these cases the scattering from vesicles changes
Hickesville, NY, model G112SPIT) until a clear dispersion modestly as the solute partitions, and a more abrupt change
was obtained. HDNS (2.5 mol %) was incorporated in the in the scattering is observed above the solubility limit.
preformed vesicles by adding an aliquot of vesicles to a glass  Partitioning of PNPB. The partitioning of PNPB in POPG
tube with a vacuum-dried film of HDNS, followed by mixing  vesicles was monitored as a function of the lipid concentra-
and incubation for 30 min in the dark. Vesicles were tion (Figure 4A). POPG vesicles in—®%.16 mM final
annealed fol h above their transition temperature. concentration were added from a 26.7 mM stock solution to

Kinetic Protocols. Hydrolysis of PNPB was monitored a series of tubes containing 0.28 mM PNPB in a 0.62-mL
as the change in the optical density (OD) at 400 nm, final volume of 10 mM Tris at pH 8.0 and 24C. The
corresponding to the absorption maximunypedfitropheno- solutions were filtered at 24C through 30 000-cutoff
late anion with a molar extinction coefficient of 14 000 Centricon filters by centrifugation at 5500 rpm in a Servoll
(Figures 1 and 3). Data acquisition and manipulation were centrifuge. The filtrate containing free PNPB was recovered,
carried out on Hewlett-Packard diode array spectrophotom-and the optical density at 274 nm was measured. Results
eter with a 0.5-s acquisition time. These measurements wereare plotted as percent PNPB bourdl00(ODgtai — ODree)/
carried out in 0.7 mL of 10 mM Tris at pH 8.0 and 26 in ODxota, Where ORkee is the absorption of the filtrate in the
a quartz cuvette. PNPB was added from a stock solution in presence of POPG, and @R is the reading in the absence
tetrahydrofuran or ethanol. POPG vesicles, specified as theof vesicles for the solution passed through the filter. This
total lipid concentration, were used to provide an interface protocol corrects for the loss of PNPB on the filter.
for the enzyme to bind and adopt an “open”, or interface- An independent estimate of the value of the partition
active, conformation to which the substrate can bind. The coefficient was also obtained by the measurement of the
reaction was initiated by the addition of-30 pmol of the solubility limit monitored as a change in the scattering in
enzyme, and the hydrolysis commenced less tha after the presence of a constant amount of POPG. The amount
the addition. The contents of the cuvette were mixed @ of solute partitioned into the interface and the solubility limit
times by gentle inversion of the cuvette capped with Parafilm, in the aqueous phase were obtained from the plot of the
and the contents were left unstirred during the course of the apparent solubility limit as a function of POPG concentration
measurement. As shown later, this precaution is necessaryFigure 4B).
because vigorous stirring of the solution creates bubbles or Binding of S146A tITGL to POPG Vesicles by RET.
turbulence that provide an aiwater interface for the  Binding of S146A to POPG vesicles containing 2.5 mol %
partitioning of the substrate and enzyme. Such factors areHDNS was determined by fluorescence energy transfer from
not controllable, and they lead to an overestimate of the the four tryptophan residues of the mutant to the dansyl
observed rate. For comparative purposes some kineticacceptor of HDNS at the interfac23). Vesicles (19uM
measurements were also made by pH-stat protddnl 11, lipid) in 1.4 mL of 10 mM Tris at pH 8.0 were titrated with
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FiGURE 1: The reaction progress, monitored as the change in optical FIGURE 2: Dependence of the rate of hydrolysis on [PNPB] by
density at 400 nm, for the hydrolysis of 0.07 mM PNPB by 0.125 tITGL (open circles) without any additive. Closed squares show
ug of tITGL in 0.7 mL of 10 mM Tris at pH 8.0: (curve a) PNPB  the change in the S0scattering K — 1) with [PNPB] which
alone in unstirred solution; (curve b) as in curve a, but the cuvette corresponds to the measurement of solubility limit of about 1 mM.
was vigorously hand-shakenrfd s at thepoints of discontinuity; The plot in the inset represents the rate of hydrolysis over a wider
(curve c) as in curve a, but in the presence of 0.054 mM POPG range of [PNPB] in the reaction mixture.

vesicles. The reaction progress seen in the presence of POPC was . L
virtually the same as in curve a. conditions. For example, mechanical stirring in the pH-stat

assay creates an aiwater interface of unknown area and

the mutant in magnetically stirred solution on an SLM- stability, possibly in the form of bubbles and air pockets
Aminco AB2 spectrofluorimeter with excitation at 280 nm around the stirring rod and the electrode. This is probably
and emission at 495 nm with 4-nm slit widths. Data are the rationale for the use of gum arabic as an emulsifier in
expressed adF = (F — Fo)/F,, whereF is the fluorescence  the pH-stat assayd9), i.e., to stabilize the emulsion froth
intensity in the presence of enzyme, drgis the intensity of air bubbles. Therefore, even a modest observed rate of
in the absence of added enzyme (Figure 8). hydrolysis of monodispersed substrate (Figure 1) can only

Determination of i The dissociation constant for the b€ taken as an upper limit estimate for the rate via the
enzyme bound to POPG vesiclé&, was calculated from ~ monodisperse ES_cqm_pIex (Scheme 1)'. In our spectroscopic
the hyperbolic binding isotherm obtained by monitoring the @ssay we have minimized such complications by the use of
change in the fluorescence emission from the (four) tryp- & Polished quartz cuvette and by mixing the contents by
tophan residues of S146A tITGL at 320 nm (excitation, 280 9entle 180 vertical swirls along a horizontal axis.
nm) as a function of the bulk POPG concentration (Figures ~AS summarized in Figure 2, on the basis of the results
9 and 10). Results are expressedBs= (F — F,)/F,, Where with gently m|xeq, unstirred squtlon§, we con_gludg that the
F is the fluorescence intensity in the presence of POPG, andraté of hydrolysis of PNPB below its solubility limit by

F, is the intensity in the absence of added lipid. tITGL is less than 12§. On the other hand, as shown in
the inset of Figure 2, the rate of hydrolysis exceeds 250 s
RESULTS at 7.5 mM PNPB with an abrupt increase in the rate at the

solubility limit. As also shown in Figure 2 (solid squares),

The Rate of Hydrolysis of PNPB Increases in the Presencethe maximum solubility of PNPB in the aqueous buffer at
of Added Anionic VesiclesThe effects of two types of  pH 8.0is 1.2 mM. The low rate below the solubility limit
interfaces on the observed rate of hydrolysis of PNPB below of PNPB shows considerable noise with a possible departure
its solubility limit by tITGL are shown in Figure 1. A modest  from a hyperbolic dependence on the substrate concentration.
rate of hydrolysis is seen in unstirred but properly mixed As also shown in the inset, the rate of hydrolysis of PNPB
solution (curve a), and the rate increases dramatically in thegbove its solubility limit increases fron¥12 s to more
presence of 0.05 mM POPG vesicles (curve c). A most than 250 s?, and rates depend on the method of dispersal
intriguing observation is shown in curve b, where a burst of and the solvent used for the dispersal. These results
hydrolysis occurs during the vigorous shaking of the contents essentially confirm the observations of Martinelle et 2B)(
of the cuvette by hand. Note that the apparent rate duringon tITGL, and they provide a lower limit estimate of the
the mixing phase, judged from the step changes in the OD, extent of rate enhancement at the interface due to intrinsic
is of the magnitude of the rate seen in the presence of POPGuncertainties in defining the surface area of the precipitated
(curve c). Once the vigorous shaking is stopped, the rate iSPNPB or in ensuring the monodisperse state of the substrate
virtually the same as in the absence of the interface (curvewithout a well-defined interface. We did not further
a). Since the increased hydrolysis is seen only during characterize kinetics with precipitated PNPB alone.
vigorous mixing, it is attributable to the partitioning of the POPG Vesicles Prade a Well-Controlled Interface for
enzyme and substrate to the interface of the air bubbles. Thethe Partitioning and Hydrolysis of PNPB or TB by tITGL.
possibility that the step change is due to a scattering changeHaving demonstrated the need for an analytically useful
from the air bubbles is ruled out by the fact that the OD is interface for the kinetic characterization of lipolysis by
stable with time after the mixing is stopped. Similar, yet {TGL, we explored several possibilities. As shown in Figure
more persistent, problems due to air bubbles are encountered | complications due to uncontrolled interfaces are virtually
in the pH-stat assay of the hydrolysis of tributyrin. eliminated in the presence of POPG vesicles as the diluent

The rate of hydrolysis of monodisperse substrate below surface where interfacial turnover occurs. Also, comparable
its solubility limit by tITGL is sensitive to the reaction or lower rates were obtained with several other anionic
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Ficure 3: Reaction progress curves for the hydrolysis (top) of 0.07 18
mM PNPB in the presence of 0.054 mM POPG initiated by the B
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(bottom) of 1.76 mM PNPB by &g of S146A mutant tITGL alone g °
or after the addition of 0.054 mM POPG (dotted line after the arrow ICS
at PG). & 12F
3
phospholipids. These protocols showed that POPC (Figure U *
1) and other zwitterionic or neutral lipid dispersions do not [ o oot
support the hydrolysis. Although we are still investigating
the structural basis for such differences, it appears that the 08, 3 - r
bound enzyme may exist in the catalytically active (open) [POPG] mM

or inactive (closed) form, and the equilibrium between these gre 4: (A) Fraction (%) of 0.28 mM PNPB bound to POPG
two forms may be determined by the nature of the interface. vesicles as a function of increasing concentration of POPG. (B)
However, on the basis of results described below, we believe Change in the maximum solubility (measured as shown in Figure
that tITGL on POPG vesicles is essentially completely in Zfbgi\igoé"(toi“”géh? aiaru)pt Ci“'?‘i;‘gte in t(r‘e°%at_tei'”9i at 50? ”mt)

: : o closed circles) or tributyrin (open circles) as a function
the actlve_ or open_ form to Wh!Ch a substrate molecule can of [POPG]. They-intercept gives the solubility limit for the solute
bind. This assertion is consistent with the fact that the i, the aqueous phase, and the slope is relateg. tSee text for
maximum measured rate of hydrolysis of PNPB is equal to details.

or better than the rates seen with other assays.

As shown in Figure 3, the rate of hydrolysis of PNPB
increases over 100-fold in the presence of 0.05 mM POPG
vesicles, and all the available substrate is hydrolyzed at the
end of the reaction progress. On the other hand, virtually
no hydrolysis is seen with S146A tITGL in the absence (0.18
s™1) or presence of POPG (0.3%%. Independent controls
by the pH-stat titration method confirmed that POPG is not
hydrolyzed by tITGL. Independent pH-stat results also
showed that the rate of hydrolysis of tributyrin or PNPB
increases significantly in the presence of POPG. Although Scheme 2
the maximum rates of hydrolysis of PNPB seen in both of e ox
the assays are virtually the same, the rate in the absence of Sk=5=S
POPG is noticeably higher in the pH-stat assay, presumably zq i scheme 1, S* is the solute partitioned into the POPG
an artifact of vigorous mechanical stirring. interface, and its concentratioXs, is determined b¥s' (eq

POPG provides an interface for the hydrolysis of PNPB aA4). The plot of [PNPB] versus 90scattering in the
via serine-146 at the consensus Catalytic site. Kinetics of presence of POPG shows a sharp Change in the Siope (not
the tITGL'Catalyzed reaction on PNPB partitioned in POPG Shown) Comparabie to that shown in Figure 2 for PNPB in
was analyzed in detail. Interms of Scheme 1, as deve|0p6dthe absence of POPG (Squares)_ A Straightforward inter-
in section C of Appendix, as a diluent surface POPG vesicles pretation of these results is possible if we assume that the
play two main roles: to provide the surface for the preak point at the start of the steep increase represents the
partitioning of the substrate from the aqueous phase and tosp|ubility limit, where the aqueous phase and the POPG
provide the surface for the binding of tITGL in the active nterface are saturated with the solute. Beyond this point
form so that the Catalytic turnover occurs at the interface. excess solute,;Sis precipitated to give a Sharper increase
The equilibrium dissociation constant for the bound enzyme in the scattering. Based on eq All, tpintercept of the
in the E* form, Ky, is defined as the diluent concentration at pjot in Figure 4B gives the solubility limitsS,y™ of 1.22
which half of the total enzyme is bound to the interface. mm for PNPB and 0.79 mM for tributyrin. Similarly, the

of the total substrate, except that which is precipitated, is
distributed in the interface. To determiKkg, the fractional
partitioning of 0.28 mM PNPB was monitored as a function
of POPG concentration. An independent estimate of the
agueous solubility limit and the partitioning of the solute in
POPG vesicles is provided by the results in Figure 4B. The
solute in the aqueous phase, S, is in equilibrium with S*,
the solute in the interface, andx,Sthe aggregated or
precipitated solute above its solubility limit:

Methods to measurk are described below. slope givesxd™* = 0.37 for PNPB and 0.15 for TB. Also,
Partitioning of PNPB in POPG vesicles is characterized eq A7 relates these two parametersKi.
by the dissociation constaKt', defined by eq A4 in section The solubility and partitioning parameters put a physical

A of Appendix; it is the diluent concentration at which half limit on the maximum solute mole fraction that can be
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Table 1: Interfacial Kinetic Parameters for the Hydrolysis of PNPB

or Tributyrin by tITGL on a POPG Interfage 1800 e
L 7
Ks  Ku*(mol K K 1600 e
conditions @ (mM) fraction) (s (mM) 1400 e ° _
PNPB 12001 /o °
Figure 4, panels A (eqs A9 —1 2.0 " 1000
and All) and B (eq A7) 8 gooh
Figure 5 (egs A9 and A21) (1) (2.0) 0.42 2600 (0.05) S
Figure 7 (eqs A9 and A21) (1) (2.0) 0.38 2000 (0.05) 600
Figure 10 0.057 400
Tributyrin 200
Figure 4B (0) 53 i
Figure 5 analogue ©) (5.3) 0.047 3900 (0.05) 0 B . N ) ) )
Figure 6 ©) (5.3) 0.017 (0.05) 0 | 5 3 4 5 6
aValues in parentheses were used as constants for the calculations. [PNPB] mM

Ficure 5: Dependence of the initial rate of hydrolysis by tITGL

; ; ; ; ; — on PNPB concentration in the presence of 0.05 mM POPG. The
incorporated in the POPG bilayer, which provides significant Kn® and V2 parameters were obtained by curve fiting to a

insights into the nature of the underlying equilibria involved pynerpola (dashed line). The solid line was fit to eqs A9 and A21
in the steady-state catalytic turnover. This analysis is critical with fixed ¢ = —1, K¢ = 2.0, andKq = 0.05 mM to obtairK,*

for the evaluation of the mole fraction of a sparingly soluble = 0.42 mol fraction and* ., = 2600 s*.

substrate in the interface that the bound enzyme “sees”. . . . . .
Stated simply, as related ¢, a sparingly soluble solute Figure 5 is consistent with the conclusion that the enzyme
’ Y remains substantially bound to POPG vesicles.

partitions into the aqueous phase and the POPG interface.

However, excess solute, beyond the maximum solubility in * '
the aqueous phase and the interface, is precipitated in the KMapp: Ku* (Ks' + [ND]) (1 + 1 + Kq (1)
S« form. (L+Ky) 7 Kyo*  IND]
As shown in Figure 4A, the percent PNPB bound to POPG X
vesicles was adequately fitted to eqs A9 and A11l. Together b=kt — S (2)
with the results in Figure 4B, this givé& = 2.1 mM and ° aXs + Ky*
@ = — 1. Note that theKs' values for PNPB and TB are
larger than their maximum solubility limits (Table 1). A S
possible basis for this is developed in section A of Appendix. v K 2
The difference is attributed to the relative interfacial area Aoy M 3)
contributed by the solute versus POPG. This is parametrized U3 14 i
asg (eq Ab) to include differences in the areas of the solute KMl

and the diluent, and also as a first-order approximation for
other nonidealities. In fact, a traditional method to account  The hyperbolic fit for the points below the solubility limit
for such nonidealities of a solution is through the activity s shown in Figure 5 (dashed line), which gives two apparent
factor, which in this case is given by 1/t ¢Xs). For an parameters Ky = 1.7 mM and Vy®® = 2900 s
ideal mixture of solute in the interfacg,= 0 and the activity  Although the apparent parameters can be analyzed to obtain
factor is 1. Positiveg values, resulting from surface primary kinetic and equilibrium parameters (eq A23), this
compensation or the solute-enhanced binding of the solute,pyperbolic approximation is valid only at loXs and not all
will give activity coefficients less than 1. On the other hand, the way up to the saturation level wheXe = 0.37. Also,
negativeq values, resulting from repulsive soldteolute  onjy ysing the data points at loXs makes it difficult to
interactions which decrease the partitioning of additional adequately resolv&y* and k*c.. Thus, a more rigorous
solute, will give activity coefficients greater than 1. From anajysis was carried out. According to egs A21 and A9,
the results in Figure 4, the estimatgd= — 1 for PNPB  the dependence of the rate on the total [S] in the reaction
suggests repulsive interactions or a negligible surface areamixture is expressed in terms if, Ks', Kn*, K* ca, andKnp*.
contribution. For the lack of conclusive results for TB, we  ginceKg andKq are determined independently, and since
assume thaty = 0. As shown below, these results are ,» > 1 for reasons described later, the fit (smooth line)
consistent with the kinetic results, which dependXn shown in Figure 5 provides values of the primary interfacial
Effect of POPG on the Steady-State Rate of Hydrolysis of kinetic parameter&y* = 0.42 mol fraction andt* ., = 2600
PNPB. The dependence of the observed rate on [PNPB] ats™* for PNPB (Table 1).
0.05 mM POPG is shown in Figure 5. As developed in  As a competitive substrate, tributyrin lowers the rate of
section C of Appendix, under these conditions two processeshydrolysis of PNPB. As developed in section D of Appendix
are at work. Below its solubility limit, PNPB partitions only and shown in Figure 6, the behavior is as expected for a
in the interface, and as related Ky (eq A15),Xsincreases  competitive inhibitor. According to eq A29 recast as eq 3,
with [PNPB]; above the solubility, limit precipitated excess the concentration of tributyrin for 50% inhibition of PNPB
solute forms its own interface. ThuXg and the observed  hydrolysis,|((50) = 0.24 mM, is related to the apparef®
rate do not increase above the solubility limit. The enzyme for PNPB and the appareKis? for TB. The value ofky?
could be distributed between POPG vesicles and the S for TB calculated from the inhibition results is 0.17 mM
interface; however, the plateau above the solubility limit in usingKu! = 0.8 mM, compared t&y? = 0.48 mM obtained
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15 more general relations in eqs A21 and A9 gives a best fit
(solid line) for Ky* = 0.4 mol fraction andk* ., = 2000
s 1. However, since all data in this set are at I¥y there
is a very large covariance betwe&wm* and k* . in these
estimates, and one gets an almost equally good fit (dotted
line) using, for exampleKy* = 1 mol fraction andk* .ot =
4500 s. If Kyis also allowed to float, the best fit is fésty
051 o = 0.04 mM,Ky* = 0.5 mol fraction, and* .o = 2300 s'L.

The concern whether POPG is a perfect diluent can be
addressed at this stage, and the resuults are consistent with
00 : ; : Kno* > 1. The maximum rates measured on dispersions in
0 100 200 300 gum arabic are about 2000518, 25). Assuming that the

[TB] uM . . .
FiGURe 6: Apparent inhibition of the hydrolysis of 0.353 mM PNPB mole fraction of the substrate is the maximum posskie

(vo) by tITGL in the presence of 0.053 mM POPG and increasing = 1, estimafted(*cat\./vill be 3000 s* (eq 2). Of course, this
concentrations of tributyrin{). Thel(50) obtained from this plot ~ is a lower limit estimate becausé; could be lower. The

is related by eq 3 t&yP = 0.17 mM for tributyrin andKy2PP = k*cat Values on POPG (Table 1) are 50% higher than those
%SemegﬁtrNE B tﬂ:e'g“ﬁ_ ;;TM;;';?OIQ-‘L? ?Piﬁ/'utwﬁﬁ ?J?’]tc&ilg:‘e?he on gum arabic, which suggests that POPG is a significantly
cond‘?tions OfyFig)LlJre 5. P y better diluent than gum arabic for the kinetic measurements.
Results at hand also show th&ip* > Ky*. For the fits
600 in Figures 5 and 7 and Table 1, we have useqdX*> 1
mol fraction. According to eq 1, a lower value would not
significantly change the uncertainty in the fit, except that
the estimated value oKy* would change in the same
direction. Beside the fact that the assumptioiKgf* > 1
is consistent with the observed kinetic results, the rationale
for the use of POPG as an effective diluent also comes from
other observations. For example, in Figure 2 (inset) the
maximum observed rate at the interface of PNRB<£ 1)
is at best lower than the observed maximum rate in Figures
5 and 7, whereXs < 0.5 mol fraction. Also among the
various phospholipid and detergent dispersions that we have
0.01 0.10 100 10:00 tested, POPG gave the maximum rate of hydrolysis.
[POPG] mM As described next, the direct binding studies with the
FiGURe 7: Dependence of the initial rate of hydrolysis of 0.353 Catalytically inert S146A mutant giiés = 0.057 mM, which
mM PNPB by tITGL on the POPG concentration. Conditions were IS consistent with the values estimated from the kinetic
as in Figures 1 and 3. The solid line is a best fit of the data points studies with WT under the kinetic conditions. A cor-
to eqs A9 and A21 using fixegp = — 1, K4 = 0.05 mM,Ks' = respondence between the spectroscopic and kikgtialues

2.0 mM, andKnp* > 1 to obtainKy* = 0.4 mol fraction andk* .5 * ; ; ;
= 2000 s The dashed line is a best fit to the hyperbolic also suggests thatyo™ > 1 mol fraction. Since the active

approximation, eq A23, which givey* = 0.5 mol fraction and site occupancy is a step sequential to the binding of the
K. = 2900 sl To impress the covariance in the various enzyme to the interface (Scheme 1), these results suggest
parameters, the dotted line shows a best fit to eqs A9 and A21 either that POPG does not bind to the active site of both of
whereKy* = 1 mol fraction is also fixed to give* ca= 4500 s*. the proteins or that WT and the mutant bind POPG to the

The fit could not be improved by letting other parameters float. . . . - . . .
Systematic error in the low concentration range is possibly due to active site with the same affinity. This is consistent with

an additional contribution from the rate at the cuvette surface.  the assumption okyp* = 1, and we are exploring ways to
independently confirm it. As discussed later, the underlying
by the pH-stat titration. The difference between tg? problem is far from trivial because a diluent must bind the
values obtained by the two methods is above the expectedenzyme to the interface in an active, or open, form without
error range. If the difference is real, such a nonideality may occupancy of the active site. Obviously, at present it is not
be expected to result if TB and PNPB each interfere with posisble to measure the fraction of the bound enzyme that

(vo/v1)-1

500 -

rate s

300 -

200 [~

100 [

the solubility of the other; however, it is likely that tie? may remain in the “closed” form under a given set of
obtained by the pH-stat method is an artifact of the conditions.
background rate due to stirring. Binding of tITGL to POPG VesiclesEvidence for the

Dependence of the initial rate of hydrolysis of 0.35 mM interaction of S146A tITGL with POPG vesicles comes from
PNPB as a function of [POPG] is shown in Figure 7. Under the resonance energy transfer signal resulting from the
these conditionsXs is below 0.15 through the whole tryptophan donors of the mutant to the dansyl-lipid acceptor
concentration range and the hyperbolic relation eq A23 is at the interface. As shown in Figure 8, the RET intensity at
expected to hold fairly well. The location of the peak in 490 nm increases with the amount of protein added, and the
Figure 7 is determined primarily by the external parameters intensity reaches a maximum when the surface is essentially
Ks andKgy, eq A25, both of which provide a control on the covered with the protein. On the basis of the RET distance
rate. A best fit (dashed line) with eq A23 keepidg = of about 15 A, the 2.5-fold increase in the intensity
2.0 mM, Kg = 0.05 mM, andKyp* > 1 fixed gives corresponds to a doneacceptor separation of less than 10
Kw* = 0.5 mol fraction and* ;s = 2700 s!. Using the A (Jain and Vaz, 1987).
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Ficure 8: Change in the resonance energy transfer intensity at
490 nm (excitation, 280 nm) resulting from the addition of S146A
mutant tITGL to 19uM POPG vesicles containing 2.5% HDNS
(N-dansylated hexadecylphosphoethanolamine).
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Ficure 9: Change in the fluorescence emission spectra (excitation,
280 nm) of 50ug (1.19uM) of S146A mutant tITGL in 1.4 mL of

10 mM Tris at pH 8.0. (A) Change on the addition of (solid line)
0.135 mM POPG or (dashed line) 1.5 mM POPC. (B) Change as
a function of [POPG] with the maximum values plotted in Figure
10.
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Ficure 10: Change in the Trp fluorescence emission intensity at
320 nm (from the results in Figure 9) as a function of [POPG].

The hyperbolic fit gavekq = 57 uM.

(Figure 10). As compared in Table Ky = 0.057 mM
obtained from this fit is in accord with values & from
the kinetic results in Figures 5 and 7. According to the
argument in section B in Appendix, the hyperbolic fit
assumes that the excluded surface area effect is negligible.
Also note that the&y values as defined here correspond to
the total (insidet outside) number of POPG molecules, so
the realKy value is about half the number estimated.
Comparable Kinetic Behdgor Is Obsered with Pancreatic
Lipase. Several commercially available triglyceride lipases
hydrolyze PNPB in the presence of phospholipid vesicles.
For example, enzymes from pig pancre@andidg and
Pseudomonaspp. showed noticeable rate enhancement in
the presence of anionic phospholipids. Analysis similar to
that in Figure 7 showed that, for the pig pancreatic triglyc-
eride lipase, the rate enhancement for the hydrolysis of PNPB
is not seen in the presence of zwitterionic phospholipid.
However, in the presence of anionic dimyristoylphosphati-
dylmethanol vesicles, for the pig lipase the observed rate
increases about 50-fold, witky = 30 uM, Ky* = 0.4 mol
fraction, andk* .ox= 25 s7* for PNPB. Detailed studies were
not carried out because the preparations (from Sigma) were
quite impure and the isoenzymes were not resolved.

DISCUSSION

At a very fundamental level, Scheme 1 follows from the
kinetic scheme which we developed to account for the

An independent measure of the binding of S146A to POPG hydrolysis of phospholipid vesicles and micelles by phos-
vesicles was obtained by monitoring the change in the pholipase A (2, 10, 11, 24 This paradigm for the analysis
tryptophan fluorescence emission. Such changes, associatedf interfacial catalysis emphasizes the challenge of identifica-
with the binding of WT and mutant, showed a remarkable tion and characterization of the microscopic equilibrium and
variation in the spectral signatures. For example, as shownsteady-state conditions that the bound enzyme sees. Now
in Figure 9A, depending on the charge on the interface, the we have extended the limits of analysis to include a rapidly
bound protein could exist in different forms on POPC and exchangeable substrate that partitions into the preexisting
POPG. For detailed studies we chose the conditions thatinterface. Results show that the problem of understanding
closely mimic the kinetic results. As shown by the difference the control of catalysis by lipase at the interfaces can be
spectra (Figure 9B) as a function of [POPG], the binding of quantitatively described by using rapidly exchanging sub-
S146A is accompanied by an increase in the emissionstrates partitioned on well-defined interfaces of bilayer
intensity at 320 nm and a decrease at 360 nm. These spectraesicles. Such conditions eliminate or reduce the possible
are noisy because a low concentration of enzyme was usednumber of uncontrolled variables to a point that the steady-
which permits measurement Kf; values in the lower range  state kinetics can be characterized in terms of primary
of POPG concentrations. A well-defined isobestic point parameters with well-established functional significance.
suggests that the fluorescence change is due to a one step Interfacial Kinetics with Exchangeable Substrate. this
equilibrium as implied in E to E*. The change in the study we exploited the broad substrate specificity of tITGL
intensity at 320 nm shows a hyperbolic dependence onto quantitatively characterize its interfacial catalytic behavior
[POPG] with a maximum change in the intensity of 32% in terms of the primary rate and equilibrium constants of
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well-defined functional significance. The assay is well suited monadipase shows esterolytic activity toward glyceride and
for the study of the catalytic mechanism and activation of phospholipid, as well as the acyl transferase activdg; 31,
interfacial enzymes on well-defined interfaces. Of course, 32).

the working range foiXs is limited by Ky*, K¢, and the Our kinetic analysis should be helpful in resolving some
solubility limit. of the outstanding problems of lipase kinetics. Despite early
Partitioning of a solute in the interface is relatedkg’ breakthroughs2ag, 33, 33, kinetic studies with triglyceride

and thusks' determines the mole fraction of the substrate lipase have suffered from a wide range of problems. These
that the bound enzyme sees during the steady state. Asriginate mostly from the inability to present the enzyme
indicated earlier (Scheme 2) and in section A of the with a suitable interface in which the distribution of the
Appendix, the solubility limit for a sparingly soluble solute substrate and enzyme can be quantitatively ascertained during
in the aqueous phase establishes the maximum mole fractiorthe assay. Equally perplexing and acute has been the
of the substrate in the interfacés™® If the interface does  problem of presenting an interfacial enzyme with a soluble
not undergo a phase change, excess solute beyond this limitnonodisperse substrate, because amphiphilic solutes partition
would form its own phase and thus be excluded from the on the walls of reaction vessel, as well as at the-aiater
aqueous phase as well as the diluent interface. interface of air bubbles. Such variables have not been
Several sources of nonideality in the interfacial solution adequately controlled before3%). Also, the use of a
behavior of a solute partitioned in the interface are expected.monolayer of glyceride at the atwater interface 19, 30
Often dilute solutions are ideal, and the activity factor or as mixed micelles3g) has not yielded interpretable
controls the problems arising from the compensating or interfacial kinetic parameters. This is not surprising. Using
repulsive solute solute and solutesolvent interactions. As  the experience with phospholipase#s a guideZ, 12, 36,
a first approximation, the area factgris useful to account  backed with good theoretical reasori®( 11), it is quite
for the possible reasons that makK¢ different from the likely that on many of these interfaces the rate-limiting step
solubility limit in water. In addition,p = —1 for PNPB is shifted from the interfacial catalytic turnover to some other
suggests that its partitioning decreases with increaXing  step such as substrate replenishment or the removal of the
Although it does not appear to be the case here, it is product from the microenvironment of the bound enzyme.
conceivable that the partitioning of certain solutes could In short, interfacial kinetics cannot be meaningfully inter-
induce a major organizational change in the bilayer, and thuspreted to establish primary rate and equilibrium constants
discontinuities would be seen in the substrate concentrationunless it can be assured that the microscopic steady state in
dependence. the microenvironment of the bound enzyme is satisfE?] (
Diluent for Lipase. It is clear that the use of a diluentis 11). Under the fast exchange conditions established in the
absolutely critical for a quantitative analysis of interfacial assay used for the present study, the bulk concentrations with
catalysis and activation in terms of the primary rate and the reaction progress faithfully represent the local concentra-
equilibrium processes intrinsic in Scheme 1. Recall that, tion seen by the enzyme at the interface.
according to our original conceptualizatioB5f, a diluent Cationic Residues in the Hinge Control the Interfacial
must provide an interface for the partitioning of the substrate Activation. Protocols developed in this study are helpful in
and the enzyme and that the molecules of the diluent mustquantitatively assigning functional roles for specific structural
not bind to the active site. Yet another consideration emergesfeatures of tITGL. A lack of activity with the S146A mutant
in applying this concept to lipase. As discussed later, unlike confirms a consensus role for the serine in the chemical step.
secreted phospholipase,Aipases have a structural feature Since the catalytic turnover by tITGL is seen only in the
that may act as a lid to cover the active site. Thus in the presence of POPG, and not POPC, vesicles, we suggest that
conceptualization of a diluent for lipase, one strives for a the lid covering the active site, seen in the X-ray structure
diluent on which the bound lipase is present with an open of tITGL (14, 15, 37, 38 moves to the open position due to
lid, or an active conformation that accepts the substrate interactions of cationic residues in the hinge region of the
according to the E% S== E*S equilibrium for the formation  lipase with the anionic headgroups of POPG vesicles.
of the Michaelis complex. We are not absolutely sure if we  tITGL belongs to a subfamily of lipases isolated from a
have achieved a 100% open form of the E* state for tITGL wide range of microorganismsl4, 16. These lipases
on POPG, but we do believe that at least a large proportioncontain 256-320 residues. In tITGL the catalytic triad
of the bound enzyme is present in the active form or it is consists of Asp-201, His-258, and Ser-146 in the sequence
readily converted to the active form in the presence of the GHSLG. tITGL shows 32% sequence identity and virtually
substrate. Obviously, this is not the case for the enzymeidentical three-dimensional structure with tRéizomucor
bound to POPC vesicles, where no significant rate of mieheilipase (rmTGL). The crystal structure of tITGL at
hydrolysis is seen. 3.25-A resolution shows considerable similarity to rmTGL
Scheme 1 as a General Kinetic Paradigm for Lipase. in the catalytic site region2(l). In both cases the catalytic
Lipolytic enzymes constitute a large group of industrially site lined with hydrophobic residues is buried under a lid of
and biologically important ester hydrolasd$(26-30). The a two-turn (residues 8693) amphiphilica-helix containing
natural substrates of lipase have poor solubility in water, and Trp-89 on the hydrophobic face, and Ser-83 and Asp-96 are
thus lipolytic activity of ITGL makes it an effective additive  believed to serve as pivots:
in laundry detergentl®). The family of lipolytic enzymes

includes enzymes with a broad range of specificities for the FgoRGSRSIENWIoGNLNFDLKEI, 4,
substrate as well as the interfaces. For example, secreted
phospholipase Ais exceedingly specific for then-2-acyl Since tITGL is not active at zwitterionic interfaces, a possible

ester bond of phospholipidl]. On the other handiero- contribution of the lower dielectric constan89) is not
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sufficient for lid opening, although it may stabilize the open Xs ag
form. In fact, such effects associated with interactions along [A*] = &[ND*] +agS*] = [ND*Ja§ 1+ 3— a,
the lid-containing hydrophobic face may trap the enzyme in S

; (A2)
the closed form at the interface.

We propose that the lid helix swings open on the binding \nere the mole fraction of substrate in the interface is defined
of the enzyme to the anionic interface; that is, certain cationic as

residues must control the lipid opening. Note that several
residues on both sides of the lid are in the exposed loop that ]
connectsp-turns 3 and 4. A modest change in the Trp- Xg= o ———
emission spectrum on the binding of S146A tITGL to POPG [ND*] + [S*]
vesicles (Figures 9 and 10) suggests that the change
associated with the binding is due to a change in the This gives
environment of Trp-89 on the lid. Useful information about
the hinge region can be deduced from the available results. X5  a ag 1
Note that the enhanced hydrolysis of PNPB by tITGL is not @ =k 1T X 1 =i eX9 (Ad)
seen in the presence of zwitterionic POPC vesicles (Figure S S
2). Although tITGL binds to POPC vesicles, the spectral ) _
changes are qualitatively different from those seen with Where the area correction factor is
POPG (Figures 9A). This fact alone suggests that electro-
static interactions are a critical part of the lid opening at the ag
interface. Cationic residues in the hinge region on both sides ¥ = a -1 (A5)
of the lid that could play such a role include residues K73,
R80, R83, and K97. In E form these residues could act as . . _

Ks = Kg'lay is the dissociation constant per mole of

electrostatic “locks” on the hinge. ) . .
_ ) _ interface molecules for the substrate from an interface with
The idea of a hinge controlled by an electrostatic lock Xs = 0, or with as = ay as we have defined it befora 1,

provides a conceptual basis for the enhanced hydrolysis seen ) At equilibrium the mole fraction of substrate in the
with pancreatic triglyceride lipase, which shows enhanced jyierface is

hydrolysis of tributyrin and PNPB at anionic but not

(A3)

ay

zwitterionic interfaces. On the basis of the consensus-237 IS,
261 lid domain, it appears that K232, K249, and R265 could Xg= —q] (A6)
act as the cationic lockld, 40. Since there is very little Ks' — @[Sy

direct functional evidence for these assertions, we believe

that the kinetic methods developed here in conjunction with |f S has a limited solubility corresponding to {8, then

site-directed mutagenesis are suited to provide conclusivefrom eq A6 the maximum mol fraction of S in the interface
evidence for the electrostatically controlled lid for the s given by

activation of lipase at the interface.

ma
APPENDIX wmax_ __[Saq (A7)
S K r__ QJ[S ma:
Interfacial Hydrolysis of Substrate That Does Not Form S aq

Its Own Interface . .
or Xd" = 1, whichever is smaller.

(A) Equilibrium Interfacial Binding of SubstrateThe The area correction factog, introduced above accounts
interface is built up from molecules of neutral diluent, ND, for a possible influence from unequal surface areas of the
and substrate, S. For simplicity, it is assumed that ND interface molecules. Whep = 0, the equilibrium relation
molecules are not water soluble and that all are in the (A6) simplifies to that used previoushL{, 12). Itis quite
interface. The concentration of substrate molecules thatpossible, however, that other nonideal effects also contribute
partition into the interface is assumed to be proportional to to interface binding. For example, substrate could bind more
the areaA*, of the interface and determined by an interfacial or less easily to the interface depending on the amount of

dissociation constarKs' from substrate already present. If such effects are present, binding
would be dependent aXs, andg should be considered as a
[A*][S aq] first-order correction for such contributions as well. In fact,
K'"=—— (A1) 1/(1+ @Xs) is the activity factor for substrate in the interface.

*
[57] SinceXs is nhot a primary variable, it is more convenient
to transform to the total concentration of substrate added to

Square brackets denote concentration per unit volume of thethe system, [S]:

aqueous phase; {$ and [S*] are the concentrations of
substrate in the aqueous phase and interface, respectively,
and [A*] is the surface area of interface per unit aqueous
phase volume. l&y andas denote the surface area that each
ND and S molecule, respectively, contributes to the interface From eqs A3 and A8 we can eliminate [S*] and solve for
area, we can write Xs:

[SI=1[S1 +[Syd =[S"] + K'XJ(L+ Xy  (A8)
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4, [Ks +[S]+[ND*] — cp[S]) E _ o [1+ Xg as] _INDI(L + Xy
° A Ks — @(S] + [ND¥) [E.d K 1—Xsay Ky(L— X9
, [[Ks +[S1+ IND*] — g[S]\2 (A13)
I\ K¢ — @([S] + [ND¥) where [Eg and [E*] denote the concentrations of enzyme
4[] 172 in solution and in the interface, respectivelity = Kq'"'/an
K7 — o(S] + IND* (A9) is the dissociation constant per mole of molecules in the
s — ¢S+ ) interface when all molecules contribute equally,(12). ¢4
] o is the area correction factor defined as in eq A4. However,
which simplifies to to the extent that this factor includes other nonideal effects,
it may well be different for the surface binding of S and
=Y Ks + [S] + [ND*] 3 of E.
s K¢ These relations are valid when the ratio of bound enzyme
Ks +[S]+ [ND*]\2  4[s] 112 to lipid is very small, as is the case in the kinetic studies
1/2’ : ) — ] (A10) reported above. When enzyme coverage of the interface
Ks Ks becomes large, excluded surface and packing effects will also
contribute to the binding isotherm. Figure 10 shows the
wheng = 0. binding curve as a function of increasing interface [ND*]
The fraction of substrate bound to the interface can be when no substrate is present. Surprisingly, the shape of this
calculated as experimental curve is hyperbolic even at low [ND*] when
enzyme coverage is expected to be significant. This suggests
s . [Sd XKg' that excluded surface effects are compensated possibly by

1 (A11)

favorable enzymeenzyme interactions in the interface.
(C) Steady-State Rate of Interfacial HydrolysiErom
Scheme 1 we pick out the following main reactions:

= =-1-—>
[S] (S [SIA + ¢Xg)
Inserting eq A9 foiXs, this has been plotted in Figure 4A as

a function of [ND*]. A best fit with the experimental data . Koot
E + S ~—— ES—E+P

for PNPB in POPG suggests thatis between—2 and 5 Ks

and the correspondinks’ values are between 1.8 and 3.1 Kdu KS,N KSN (A14)
mM. The solubility as a function of added ND in Figure Ko ‘ -

4B has a slope which is [S*)/[ND*E Xdm/(1 — Xs™). E*ND = E* + S*TT E*S —>E*+P

For PNPB, this giveXs™*= 0.37. Inserting this value and

the solubility {d"™] = 1.2 mM in eq A7, one finds that It is assumed that the neutral diluent (ND) may have some
Ks' = 3.2+ 1.2p. However, to satisfy all the data of Figure affinity for the active site and therefore could work as an
4, we must choos&s = 2.0 andg = —1. As an area inhibitor, with dissociation constark*\p in the interface.
correction factorp = —1 implies that the addition of Sto It is further assumed that ND is all in the interface. If sub-
the interface does not change its total surface area, eq A5strate and produce exchange between neutral diluent particles
As a general nonideality factor, a negative value ¢of and solution is much faster than catalytic turnover, all steps
suggests that the interactions for S in the interface make it prior to E*S formation can be considered equilibrated:
increasingly difficult to add more S at largg. The shape

of the curve in Figure 4A suggests that the first-order activity _ KgXg
factor is sufficient forXs up to ca. 0.15. The interpretation [Saq] T 14+ PXs (A15)
above requires that it is valid also up to the maximxgi*
=0.37. o _ _ [Ead(ND*I(1 + @gX9)
Similarly, for tributyrin the results of Figure 4B, give a [E*] = (Al6)
solubility of 0.79 mM andXs™@ = 0.15; thus from eq A7 Kyl = X9
the relationshipKs' = 5.3 + 0.8p should hold. For this [E4] X [EX(1 — X
substrate there is no result corresponding to Figure 4A, and [E*ND] = ND _ ) (A7)

the parameters cannot be determined independently. How-
ever, sinceXs is always small, the nonideal correction does
not matter so much in this case and the chgice 0, Kg = Equations A15 and A16 are from egs A6 and A13. Since
5.3 is the simplest. Other choices fprbetween—1and 1~ We have introduced an activity factor, 141 ¢Xs), for the
have little effect on the interpretation of the kinetic results. interface concentratiorXs, this must also influence the
(B) Equilibrium Interfacial Binding of EnzymeSimilarly, equilibrium of S* to E*S so that the detailed balance
it can be assumed that enzyme binds to the interface incondition for the equilibrium binding in Scheme 1 remains
proportion to the surface area of the interface, correspondingsatisfied. It appears likely that the activity factor will

* *
KND KND

to a dissociation constant influence the S* to E*S binding also under catalytic
conditions so that the amount of E*S complex is determined
[A*][E ao] by the Michaelis constanKu*, as
Ke'=—eq (A12)
[E*] [E*]Xs
[E*S] = (A18)

Together with eq A2, this gives the equilibrium relation K*u(1+ @Xy)
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Similarly, the amount of ES complex in solution is deter-
mined by the corresponding Michaelis constadfy;, as

i [EadlSad _ [EIK(L — XIKgXs
K Ky IND*I(L + ¢XJ(L + ¢Xo
(A19)

In the second equality, g and [E from egs A15 and
A16 have been replaced. At equilibrium (i.e., wheR, =

Berg et al.
standard MichaelisMenten form as

V18]

p=—" (A24)
[S] + K,

V2P and Ky2PP can be identified in terms of the primary

constants as given by egs 1 and 2 in the main text. Equations

A23 and A24 can be applied only for smadk < XJma&

keat = 0), the Michaelis constants should be replaced by the Significant departures from the MichaetiMenten relation

equilibrium constantKs* and Ks of Scheme 1. Equations
Al18 and A19 require for their validity that ES> E*S
exchange is slow (11).

can be expected when the mole fraction of substrate in the
interface is not much smaller than 1 or whig = XJm&
(see Figure 5); in this case, the full eq A21 should be used

The steady-state rate of hydrolysis per enzyme can betogether with eq A9.

calculated as

_ K* o E*S] + Ko{ES]
~ [E*S] + [E¥] + [E*ND] + [E,{ + [ES]

v (A20)

Through eqs A16A19, the concentrations of all enzyme

If vis studied vs [ND*] at constant [S], eq A23 will go
through a maximum at

KKy

IND = A T T o

(A25)

species are related to [E*], and they an be replaced in eqWhen [ND*] is small, not enough protein is bound; when

A25 (below) to give the steady-state rate as a functioksof
and [ND*]. (Apart from the area correctiop, this is
equivalent to the result given in eq A5 of réfl if | is

[ND*] is large, the substrate in the interface becomes too
dilute and the rate goes down in both limits (cf. Figure 7).
(D) Competitive Substrates Consider the case where two

replaced by ND and no EIl species in solution is considered. different substrates, S1 and S2, can partition into an interface

While it is possible to use eq A5 of reffl to write the

of ND. The euilibrium distribution of substrates will be

equation for the rate of hydrolysis also in the case where given by

ND can bind E in solution, the result is considerably more
complicated and is not needed for this study.)

Equations A16-A20 together with A9 completely define
the rate as a function of the total [ND*] and [S]. When
catalysis in solution contibutes significantly, the turnover will

go through a maximum at low [S] and then decrease at higher
substrate concentrations. In the limit when ES complexes

in solution do not contribute significantly (i.e., whé, is
very large), the result can be further simplified to

v =
k*catxs
1—Xg Ky(1 — Xo)
Xg+ Ky (1 + Xy 1+
S M ( 2 S) KND* (1+ ngXS)[ND*]
(A21)

As long as the mole fractiorXs, of substrate in the interface
is much smaller than 1, eq A9 can be approximated as

X A [S]
57 Kg +IND*] +[S](1 — ¢)

(A22)

Including only first-order contributions frorXs in eq A21
and replacing<s by eq A22 gives the rate expressed in terms
of the total concentrations of S and ND:

V=

K* cafS]

[SI(1+ Ky*) + Ky*(Kg + [ND*]) (1 + K’\:II'D* + [NDd*])
(A23)

For simplicity, pg = 0 has been assumed as well. Thisis a
hyperbolic relation forv vs [S] that can be written in a

[SLd = Ks1Xss (A26a)
1+ @1Xg1 + @Xs,
Ks2 Xs2
S = A26b
[ 2ao] 1+ @1Xg + @Xs, ( )

in obvious notations and in analogy with eq A4. Combining
these equations with the mass balance relations,
X{ND*]
1—Xg1 = Xs2
KSl'x81
1+ @1 Xs1 + @oXs,

[S11=[S14] +[SL =

(A27a)

st[N D*]
1- x51 - st
Ksz Xs2
1+ @ X+ @Xs2

[S2]=[S24] + [S2,g =

(A27D)

gives approximately (to first order iKs; and Xsy)

[S1I/(IND*] + Kgy)

Xer & A28
ST A-w)SU (- g5 (A28a)
[ND*] + KSl' [ND*] + KSZ'
[S2V(IND*] + Kg;)
~ A28b
=T A-g)Bl (- )52 (A280)
[ND*] + KSl' [ND*] + K52'

These approximations are valid only when the mole fractions
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in the interface of both substrates are much smaller than 1
and smaller thaXgdmax,
For simplicity, assume that ES1 and ES2 complexes in

solution can be neglected; then the steady-state rate of 17,

hydrolysis of S1 per enzyme in the presence of the competing
substrate S2 can be written from eq A21 as

2 * XSl
v17 = (K" caXs/Kir™) Ky t* + (1 + @ X1 T @.Xs) x
1 Kg Xs2
[l + (l XSl XS?)(KND* + [ND*] )] + KMZ*]
(A29)
The extra term in the denominator accounts for the amount
of enzyme present as E*S2 complex. Taking only first order
contributions fromXs; and Xs, and introducing the ap-

proximate relations from eqs A28a,b, the rate in eq A29 can
be more compactly expressed as

o _ Vis™1S1) :

KPP+ [S1] + [S2K 2PTK P

U

A30)

whereVy:2PP andKy,2PP are the apparent MichelidMenten
parameters (eqs 1 and 2 in the main text) for S1 in the
absence of S2, and\,?*P is for S2 in the absence of S1.
Thus, in this limit, the competing substrates behave exactly
as expected in the usual solution kinetics. Deviations from

this standard result may occur when substrates in the interface 28.

are not at low mole fractions, or when contributions from
ES1 or ES2 complexes in solution also are significant.
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