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Preparation of fluorescent derivatives of lipases and their use in fluorescence
energy transfer studies in hydrocarbon / water interfaces
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Fluorescein isothiocyanate reacted with a chromobacter and pseudomonad lipase to yield mono-substituted,
fully active, enzymes. With the carbocyanine dye 1,1’-dioctadecyl-3,3,3’,3 -tetramethylindocarbocyanine
perchlorate (Dil) in the non-aqueous phase, fluorescence energy transfer was used to follow the lipase and
similarly labelled model proteins in and out of the interface in heptane, and heptane / di-O-palmitoyl-rac-
glycerol (a substrate analogue), emulsions. Competitive binding, and displacement by other proteins could

also be followed.

Introduction

In previous work [1] we used the formation of
complexes with concanavalin A as a probe of the
ability of fungal hipases (EC 311 3) to enter and
leave the water/tnacylglycerol interface This 1s
necessary mformation because the mechanism of
Iipases 1s dominated by their interfacial location
It has always been difficult, to know how much of
the enzyme present 1s actually 1n the interface, and
therefore potentially active (since 1t must also be
i the correct configuration) and how much re-
mains 1n the bulk phase

Lipases are used 1n food processing, for exam-
ple interesterification to make cocoa butter [2] In
these systems the lipase 1s only one of the proteins
present in the crude preparations used, and must
compete for the interface with many other compo-

Abbreviations Dil, 1,1’-dioctadecyl-3,3,3’,3’-tetramethylindo-
carbocyanine perchlorate, FITC, fluorescein 1sothiocyanate

Correspondence M P Tombs, Umlever Research Laboratory,
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nents This can seriously affect the efficiency of
reactors [3], and we have no i1dea how much of the
hipase present 1s actually effective

We had previously [1] concluded that hpases
possessed no special properties which enabled
them to compete particularly well for their place
in the interface, but no direct measurements were
available Indirect measurements of activity [4]
confirmed that lipase inhibition was indeed due to
competition for the interface, and not some other
1interaction

There was a need to follow lipases 1n and out of
the interface 1n the presence of other protemns It
seemed to us possible that a fluorescence method
mught be suitable Radiationless energy transfer
takes place between a fluorescent donor and an
energy acceptor at distances up to, but not be-
yond, about 6 nm [5] so that if we could attach
one fluorescent label to the lipase, and position a
second interacting one in the interface or in the
non-aqueous phase, we should see the effect when
the Iipase 1s in the iterface, but not otherwise
Thus we could distinguish molecules in or near the
mterface from those mn the main aqueous phase
Lipases are about 3—4 nm 1n diameter [1] so that a
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surface layer and possibly part of the next one
should be detected

In 1977 Vaz et al [6] described a method where
the approach of proteins to phospholipid mem-
branes could be determined by using the intrinsic
fluorescence of the protein to excite a fluorescent-
labelled phospholipid. We have not exploited -
trinsic fluorescence, since we wished to study
lipases 1n the presence of other proteins However,
the energy transfer method 1s clearly applicable to
the problem

This paper describes results which suggest that
a techmque based on this approach can be used to
determine surface occupancy by lipases in the
presence of other proteins While the work was 1n
progress Verger and co-workers [7] tackled some-
what similar problems, but attempted to solve the
technical difficulty by '?°I radiolabelling of the
hipase

Methods and Materials

Fluorescein-labelled proteins, ovalbumin (4
mol /mol), bovine serum albumn, a-lactalbumn
and concanavalin A (all at about 1 mol/mol),
fluorescein 1sothiocyanate and Dil (1,1'-droctade-
cyl-3,3,3',3 -tetramethyhindocarbocyamne perchlo-
rate) were from Molecular Probes Ltd, Eugene,
OR, USA Pseudomonad and chromobacter
lipase were from Genzyme Ltd Di-O-palmitoyl-
rac-glycerol and fluorescein-labelled dog alburmn
were from Sigma

Labelling A typical labelling reaction was as
follows 10 mg of lipase in 5 ml 50 mM sodium
phosphate (pH 7) was adjusted to pH 9-9 5 and 2
mg of fluorescein isothiocyanate (FITC) added
The pH was held above 9 for 60 min at room
temperature A pH above 9 was essential for
success Then the labelled protein was separated
from excess reagent by passage through Sephadex
G-25, wath transfer into SO0 mM sodium phosphate
(pH 7) Fluorescein showed anomalous retarda-
tion The solution of FITC-lipase was stable for at
least 3 months at —20°C

Characterisaion The average labeling was
found from absorbance of the substituted protein
at 494 and 280 nm A molar absorbance of 58 000
at 494 nm was used to estimate fluorescein and
Ags, was used for proten with a molar ab-

sorbance of 36000 for the lipase It was necessary
to correct the 280 nm absorbance for the fluo-
rescein contribution This was found to be 04 X
absorbance at 494 nm, by a separate measurement
on fluorescein 1sothiocyanate solution in water
The fluorescein group absorbance will vary with
the environment, but this 1s unlikely to introduce
significant errors By electrophoresis in discon-
tinuous Tris-glycine buffers (pH 8 8) in 10% poly-
acrylamide gels by standard methods [8], the
lipases were homogeneous After labelling at least
95% of the protein, as revealed by staining with
coomassie blue, followed by scanning, migrated as
a single fluorescent zone i the relative position
expected for a single substitution In SDS-contain-
ing buffers the relative mobility also correspond to
a single substitution No sigmificant fluorescence
appeared 1n the buffer front

Chromobacter lipase had a mol wt. of 33900
and pseudomonad lipase 32700

After substitution the enzymes retamned full
activity 1n a standard acidometric assay [9] (2000
pmol fatty acid /min per mg hpase, released from
an ohve oil emulsion) The plI by 1soelectric
focussing for the chromobacter lipase was 7 00
before substitution and 58 after For pseudo-
monad hipase values were 4 2 and 3 2, respectively

Fluorescence measurements These were always
in 1 cm cuvettes, 1n a Baird-Novo II spectrofluo-
rimeter

All measurements were at 18°C for most ex-
periments excitation was at 492 nm

The emussion was strongly pH dependent
though the exact curve varied with the protein pH
7 showed least pH dependence for the lipase, but
albumin was quite different (Fig 1)

Preparation of heptane emulsions A typical em-
ulsion contained 16 ml of S0 mM sodwum phos-
phate (pH 7), 03 ml of 2% (w/v) gum arabic
(Merck) and 01 ml of heptane (100-120°C, pet-
roleum ether) dispersed with an M S E sonicator,
fitted with mucrotip, for 20 seconds In use this
dispersion was diluted to 1 50 with appropnate
buffer contaimming 03% (w/v) gum arabic At-
tempts to dimunish gum arabic led to unstable
emulsions

Where dil was present 1t was dissolved (04
mg/ml) in the heptane before dispersal At this
concentration molecules should be within 5 nm of
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Fig 1 pH dependence of fluorescence of (1) FITC chro-
mobacter lipase and (2) FITC bovine serum albumuin 10 pg of
labelled lipase was added to 4 ml of phosphate buffer between
pH 5 and 7 Excitation was at 492 nm and emussion at 526 nm

any point in the interface, even if 1t 1s not selec-
tively concentrated 1nto 1t

Surface area measurement Available surface
area 1n the emulsion was measured by using a
Quantimet 1mage analyser, 1n conjunction with a
mucroscope [10] This instrument processes a tele-
vision camera 1mage of the emulsion droplets and
prints a number-size distribution plot, and on the
reasonable assumption that the emulsion droplets
were spherical, calculated the surface area of a
known volume of heptane droplets

Because Brownmian motion in the magnified
image caused difficulties in defining the droplet
diameters, we also used a particle counter (Coulter
counter PA II) This instrument prints the same
data, but 1s based on electrical conductivity mea-
surements The two methods gave closely similar
results

Energy transfer We use the relationship, de-
nved by Forster [5]

Ry = (JK*Qn=*)"%9 7 102 nm

to estimate R, the distance at which energy trans-
fer has a 50% probability where K 1s an onenta-
tion factor, taken to be 066, n 1s the refractive
index, @ the quantum yield and J the overlap
integral (cm?>/mol) The latter was estimated from
fluorescemn spectra m water and dil 1n heptane
The dil spectrum vaned considerably between
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heptane, dimethyl formamde and tributyrin but
the heptane spectrum was used since most of our
experiments were 1n heptane or heptane-triaceylg-
lycerol mixtures Tral evaluations based on values
for n of 133 or 15 and quantum yzelds from
01-07 gave a result for R, varying between 4 5
and 6 7 nm Using the refractive index of water
and a quantum efficiency of 0 5 yielded 6 nm

Results

Model proteins

Fig 2 dlustrates a typical titration in which
ahquots of labelled protemn were added to emul-
sions made with and without dil As expected, in
the absence of dil the emmssion increased in a
hinear fashion, while in 1ts presence fluorescein
emussion was quenched up to an apparent end
point, after which 1t again increased in a hinear
fashion
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Fig 2 Titration of fluorescein-labelled chromobacter lipase
mnto 4 ml of a heptane emulsion contaiming 1% (w/v) 1,2-di-
O-palmitoylglycerol and dil (line 3) or heptane emulsion con-
taining only dil (lme 2) In contrast with line 1, where the
heptane emulsion contammed no dil, imitially there was quench-
ing of fluorescen fluorescence corresponding to the protein
entenng the interface and energy transfer occurring When the
interface was full no further quenching was observed The
difference between line 1, with no dil, and the other lines was
used to estimate the ratio of free to bound protein In the
example shown, the ratio of bound to free protein was X/C at
a total added protein of 25 ug The end pont of the titration,
corresponding to saturation of the interface was taken as the
point where X became constant
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Because an emulsion was used there was a
major scattering peak m the emission spectrum,
which was munimused by using filters

Unlike previous experimental situations, where
a receptor could be precisely located in a surface
membrane [6] our receptor, dil, dissolved 1n the
heptane droplets Thus only a small proportion of
the dil molecules could show an enhanced emis-
sion by transfer from fluorescein in the interface

We did observe enhancement of the dil emis-
sion when fluorescein was present in the interface,
but 1t was never more than 5% of the total emis-
sion There was also a small overlap with the
fluorescein emussion Measurement of the quench-
ing of fluorescein associated with energy transfer
(no quenching was observed in the absence of dil)
was a much more sensitive way of following the
surface interactions

Fluorescein labelled bovine serum albumin, dog
albumin, a-lactalbumin and concanavalin A, all
gave similar titration curves

Surface area estimation

Distributions of droplet size were skew uni-
modal, with mean diameters of the order of 08
pm Summing the radu led to area estimates of
6-7 m’ per g of dispersed hydrocarbon, which
corresponds to about 40 cm?/ml emulsion Emul-
sions were stable for at least 2 h, and measure-
ment before and after titration showed no sigmfi-
cant dafference

Lipases

At the levels of lipase we used the substrate was
completely hydrolysed 1n seconds It was impossi-
ble to make measurements in a triacylglycerol
emulsion, but data could be obtained for a solu-
tion of tracylglycerol in heptane In practice, be-
fore the first data pomnt all the tnacylglycerol
would have been hydrolysed to yield fatty acid
and possibly some monoacyiglycerol

We tried to avod this by inhibiting the enzyme
Both dusopropyl fluorophosphate and, better, di-
ethylnitrophenyl phosphate inhibited the enzyme
but although the latter gave 99% inhibition, the
residual activity was still too great

An alternative 1s 1llustrated in Fig 2, Ether-hn-
ked analogues of trniacylglycerol are available, and
are not attacked by the enzyme As Fig 2 and

results in Table I indicate, there was httle dif-
ference 1n the shape of the adsorption curve

Competition studies

Fig 3 shows that, even if the interface was
mtially filled with protein, (in the example shown,
unlabelled ovalbumin), part of the interface, but
not all, was accessible to labelled ovalbumin ad-
ded subsequently About two thirds was inaccessi-
ble even at a high label to unlabelled ratio

A simular result was obtained when the surface
was pre-loaded with serum albumin, and FITC-
ovalbumn added

Preloading the interface with labelled protemn
allowed us to observe displacement by unlabelled
molecules (Fig 4A) Sequential additions show
displacement of label with a new equilibrium
reached 1in about two minutes The presence of
1,2-d1-O-palmitoylglycerol had httle effect (Fig
4B)

Discussion

Labelling reaction

We were fortunate 1n labelling the hipases used,
since we obtamned an assembly of molecules each
bearing one substituent We have no evidence that
this single substitution was always in the same
position, which would require extensive sequence
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Fig 3 Titration of FITC ovalbumin into a heptane interface in

the absence (1) and presence (2) of dil Curve (3) shows the

effect of preincubating the emulsion (+ dil) with a quantity (12
ng) of unlabelled ovalbumin, sufficient to fill the interface
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Fig 4 (A) Displacement of FITC chromobacter lipase by
unlabelled hipase 4 ml of an emulsion of heptane containing
dil quencher was preincubated for 20 min with sufficient FITC
chromobacter hipase to fill the nterface (7 pg ml™!) Small
aliquots of 10 1 of unlabelled lipase (2 pg ml™!) were then
sequentially added and the change 1n fluorescein emussion (526
nm) followed with time (3) (B) The expenment was repeated
using an emulsion of heptane contammng 1% (w/v) 1,2-di-O-
palmitoylglycerol all other conditions were :dentical

data No activity was lost as a result of the sub-
stitution Fungal and bactenal hpases are often
1solated in nicked form, and since a-amino groups
have a lower pK than lysine e-amuno groups, and
the 1sothiocyanate reacts preferentially with the
uncharged amino, the nicked ends and the N
termunus label first With an Aspergillus and
Mucor mieher hipase preparations this led to disin-
tegration of the molecule into fragments which
could not then be used An electrophoretic analy-

331

sis after labeling would appear desirable, as a
check on the mtegrity of the labelled enzyme
Since the labelling reaction produces two charge
differences from the unlabelled enzyme for each
substitution 1t can also easily discriminate poten-
tial muxtures, such as mono- and di-substituted
molecules

In our example all the molecules had a single
substitution Absorbance measurements, which can
only give values averaged over all the molecules,
also gave a result of one

Enussion spectra

The results illustrated 1n Fig 3, show that there
was a radiationless energy transfer effect between
fluorescein and the dil when lipases enter the
interface The calculations detailed above point to
a critical distance of about 6 nm

While we did observe some enhancement of dil
emussion in circumstances of energy transfer from
fluorescein we have based our conclusions on
measurement of the fluorescein emission spectrum
for technical reasons explamned above The prob-
lem then was that the magmtude, though ap-
parently not the wavelength of the emussion was
very sensitive to pH, and lipase activity produces a
pH change Buffers and careful pH momtoring
were necessary

Interference from enzyme actinty

Lipases are so effective that when the interface
m a typical tnibutyrin emulsion was filled the
entire emulsion was digested in a matter of sec-
onds In heptane emulsions with dissolved tn-
acylglycerols the results were effectively about
monoacylglycerol and fatty acids 1n heptane They
probably formed a surface layer on the emulsion
It was not possible to measure lipase interaction
on tnacylglycerols at anything approaching
saturation of the interface For this reason we
made some measurements on a substrate analogue
where glycerol ester links were replaced by ether
hnks

Another possible approach, by inhibiting the
enzyme, failed, since we could not achieve total
imhibition

Adsorption 1sotherm
The ratio of protein bound (X) at a free con-
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centration (C) can be estimated from plots of the
type illustrated in Fig 2 If A 1s the surface area,
K and z are constants, then the Langmuir adsorp-
tion 1sotherm can be written

log X —logA = % logC +log K

so that a value for 1/z can be obtained from a
plot of log X against log C Fig 5 shows that such
a plot 1s, as required, linear up to about 70%
saturation of the interface This form of the 1so-
therm does not hold at high surface occupancy
The constant z can be used to measure the tend-
ency to be in the interface since a low value
corresponds to a higher proportion of protemn 1n
the interface By this cniterion the lipases and
bovine albumin enter the interface more than a-
lactalbumin, concanavalin A or ovalbumn (Table
I) at the same total protein concentration

Surface area occupancy

From plots of the type illustrated m Fig 2 1t
was possible to estimate the maximum entry of
protein to within 6 nm of the interface, making
the assumption that all fluorescein emission within
this region 1s supressed

Transfer efficiencies ranging from 20% to 100%
have been ated [5] We observed at least 90%
suppression of fluorescein emission on adding dil,
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Fig 5 Langmuwr adsorption isotherms for FITC denvatives of

(1) chromobacter lhpase, (2) bovine serum albumun, (3)

ovalbumun, (4) canine albumin X and C are the amount of

protein bound and free, respectively Values for the imtal

slope were used to obtain z (see Table 1) All determinations
were on heptane emulsions

under conditions where nearly all the fluorescemn
would have been expected to be in the interface
Area esttmation showed a range from 39-45
cm’/ml of emulsion and these were used to give
upper and lower estimates for the surface area
available per molecule shown in Table I
Completely close packed monolayer arrays
would require areas ranging from about 10 nm?
for a-lactalbumin to 25 nm? for concanvalin A, if
the molecules retamned their globular configura-
tions with dimensions simular to those 1n solution
The areas found are considerably larger, but 1t
should be noted that even so, the average distance
between molecules was still only between one and
two molecular diameters Previous values, from
surface pressure measurements on air/water in-
terfaces have given values far smaller than these
[11] and cannot represent a monolayer condition
The 1deas of multiple layer binding and partial
unfolding were clearly set out by James and
Augenstein 1 1966 [12] while in 1979 Graham
and Phillips [13] produced a substantial study of
adsorption at a water/hydrocarbon nterface,
using radiolabelling and ellipsometry to find
surface concentrations They found a primary layer
of about 5 nm depth, and with lysozyme an area
of 6 2 nm?, for B-casein 19 2 nm? and for albumin
353 nm’ can be calculated from therr data This
primary layer was irreversibly adsorbed but they

TABLE 1
SURFACE INTERACTION CONSTANTS

z 15 denved from the absorption 1sotherm (see text) The area
per molecule 1s estimated from the apparent maximal binding
(see for example Fig 2) and surface areas in the range 393
em?/ml-45 cm?/ml

Protein Emulsion z Area per
molecule (nm?)

Lipase heptane 16 46— 53
(Chromobacter)

Lipase heptane-di-O- 15 60— 69
(Chromobacter) palmutoylglycerol

Lipase heptane 14 19- 21
( Pseudomonas )

Ovalbumin heptane 27 116-133
Bovine albumun  heptane 15 143-164
Canine albumun  heptane 20 172-197
a-Lactalbumin  heptane 27  30- 34
Concanavalin A heptane 25 237-272




also found that further, reversible, adsorption took
place to give layers up to three molecules deep
There was some evidence both m this study and
others [11] to suggest that the primary layer un-
dergoes partial unfolding, though the extent
depended on the individual protein

Partially unfolded molecules would occupy a
larger surface area than compact spheres, which
may be the reason for the relatively large areas
found 1n this work

As shown in Fig 7 there 1s a relationship
between the molecular radius and the area oc-
cupled and, there must be some size-dependent
interaction between the molecules 1n the interface
to produce this resuit

Reversibility of absorption

After the interface had been filled with labelled
hipase, some of it could be displaced by adding
unlabelled lipase A simple statistical replacement
should follow

K R

C=%+1

where C 1s the free concentration of labelled pro-
temn, and R 1s the mole ratio (unlabelled /labelled
protemn) for the total protemn in the system Since
the concentration was measured 1n arbitrary fluo-
rescence units, K 1s an arbitrary constant

Fig 6 shows that the relevant plot for hpase
was linear up to aratio of 1 0 Dewviation afterwards
muight mdicate that a proportion of the initial
layer was very difficult to displace

This was also the case when the emulsion was
pre-loaded with unlabelled protein The take up of
labelled protein added subsequently was reduced,
but not completely prevented

The displaced protein must have been within 6
nm of the interface mitially, and must therefore
have been 1n erther a primary or a secondary layer
At present we cannot distinguish between these
two possibilities, though the model provided by
Graham and Phillips [13] and James and Augen-
stein {12] 1s only compatible with displacement
from a secondary layer

Our results fit this model for the adsorption
process, but they have some implhications for the
acuvity of hipases It 1s difficult to see how a
primary layer of lipase molecules could retain

Fluorescen Emission 526nm

75 1 1 —1 ) I A J

0 01 02 03 04 0s 06 07 08
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Fig 6 Plot of emussion, which 1s a measure of free labelled

protemn, agamnst R/R +1 where R 1s the ratio of

unlabelled /labelled protemn in a heptane emulsion to which

varying muxtures of labelled and unlabelled protein have been

added (see text) Three separate experiments are shown, all
with ovalbumin

activity 1f they are partially unfolded Also, hipases
have no special structural features such as intra-
chain disulphides, nor do they have unusual stabil-
1ty, which mught help to resist surface forces [1]
Lipases must normally function in the presence
of other proteins which can obstruct their access
to the necessary position 1n the interface but 1t 1s
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Fig 7 Relationship between area/molecule and molecular

weight for proteins lhisted mn Table I A linear relationship

would be expected for spherical molecules, where the molecu-
lar s1ize has a direct bearing on the area occupied
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possible, that some of these mught also protect
agamnst surface unfolding (In the emulsion used,
gum arabic mught also modify the hydrocarbon/
water surface) Even if lipase alone 1s present, an
extended flattened chain 1s a relatively open struc-
ture and occupies so much interface that only a
proportion of added protein would needed to fill
it, so that the remainder could form a second
layer, retaiming 1ts structural integnty, but still
able to make contact with the substrate Thus
hipases might preferentially bind to partially un-
folded protein already i the interface, rather than
the free surface

Lipases 1n solution undergo self-association [1]
as would be expected of protemns with hydro-
phobic patches If we imagine lipase dimers strik-
ing the interface then this becomes a plausible
model Some such mechanism 1s needed to explain
how lipases avoid what seems to be an otherwise
mevitable unfolding process

The fluorescence based techmque descrnibed here
offers a novel and independent method for in-
vestigating enzymes in otl-water interfaces
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