
Bwchtmwa et Bwphyswa Acta 902 (1987) 327-334 327 
Elsevaer 

BBA 73662 

Preparation of f luorescent derivatives of  lipases and their use in f luorescence  

energy transfer studies in h y d r o c a r b o n / w a t e r  i n t e r f a c e s  

G . A .  R o b e r t s  a n d  M . P .  T o m b s  

Umlever Research Laboratory, Colworth House, Sharnbrook, Bedfordshire (U K)  

(Recewed 30 March 1987) 

Key words Fluorescence energy transfer, L~pase, Hydrocarbon/water interface 

Fluorescein isothiocyanate reacted with a chromobacter and pseudomonad lipase to yield mono-substituted, 
fully active, enzymes. With the carbocyanine dye 1,1'-dioctadecyi-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 prevaous work [1] we used the formation of 
complexes with concanavahn A as a probe of the 
abdlty of fungal hpases (EC 3 1 1 3) to enter and 
leave the water/ tnacylglycerol  interface Tlus is 
necessary information because the mechanism of 
hpases lS dominated by their lnterfaclal location 
It has always been difficult, to know how much of 
the enzyme present is actually in the interface, and 
therefore potentially active (since it must also be 
in the correct configurataon) and how much re- 
maans m the bulk phase 

Lipases are used m food processing, for exam- 
ple mterestenficaUon to make cocoa butter [2] In 
these systems the hpase is only one of the proteins 
present in the crude preparauons used, and must 
compete for the interface with many other compo- 

Abbrewatlons Dd, 1,1'-&octadecyl-3,3,3',3'-tetramethyhndo- 
carbocyanme perchlorate, FITC, fluorescem ~sotluocyanate 
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nents Tlus can seriously affect the efficiency of 
reactors [3], and we have no idea how much of the 
hpase present is actually effectwe 

We had prevaously [1] concluded that hpases 
possessed no special properties wtuch enabled 
them to compete particularly well for their place 
in the interface, but no &rect measurements were 
available Indirect measurements of activity [4] 
confirmed that hpase mtubmon was indeed due to 
competition for the interface, and not some other 
interaction 

There was a need to follow hpases m and out of 
the interface m the presence of other proteins It 
seemed to us possible that a fluorescence method 
maght be suitable Radiatlonless 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 ff we could attach 
one fluorescent label to the hpase, and position a 
second interacting one in the interface or m the 
non-aqueous phase, we should see the effect when 
the hpase ~s in the interface, but not otherwise 
Thus we could &stlnguish molecules m or near the 
interface from those m the mam aqueous phase 
Lipases are about 3 -4  nm m &ameter [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 phosphohpid mem- 
branes could be determined by using the lntnnslc 
fluorescence of the protein to excite a fluorescent- 
labelled phosphohpM. We have not exploited ln- 
tnns~c fluorescence, since we wished to study 
hpases in the presence of other proteins However, 
the energy transfer method is clearly apphcable to 
the problem 

Tins paper describes results whach suggest that 
a technique based on tins approach can be used to 
deternune surface occupancy by hpases in the 
presence of other proteins Whale the work was m 
progress Verger and co-workers [7] tackled some- 
what slnular problems, but attempted to solve the 
techmcal dlfhculty by 125I radiolabellmg of the 
hpase 

Methods and Materials 

Fluorescem-labelled proteins, ovalbunun (4 
mol/mol) ,  bovane serum albumin, a-lactalburmn 
and concanavahn A (all at about 1 mol /mol) ,  
fluorescem lsotinocyanate and Dd  (1,1'-dioctade- 
cyl-3,3,3' ,3'-tetramethyhndocarbocyamne perchlo- 
rate) were from Molecular Probes L td ,  Eugene, 
OR, U S A  Pseudomonad and chromobacter 
hpase were from Genzyme Ltd D1-O-palrmtoyl- 
rac-glycerol and fluoresceln-labelled dog alburmn 
were from Slgrna 

Labelhng A typical labelhng reacUon was as 
follows 10 nag of hpase in 5 ml 50 mM sodium 
phosphate (pH 7) was adjusted to pH 9-9  5 and 2 
mg of fluoresceln lsotinocyanate (FITC) added 
The pH was held above 9 for 60 man at room 
temperature A pH above 9 was essenual for 
success Then the labelled protein was separated 
from excess reagent by passage through Sephadex 
G-25, with transfer into 50 mM sodmm phosphate 
(pH 7) Fluoresceln showed anomalous retarda- 
tion The sohatlon of FITC-hpase was stable for at 
least 3 months at - 20 ° C 

Charactertsatlon The average labelhng 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 esumate fluorescem and 
A2s o, was used for protein with a molar ab- 

sorbance of 36 000 for the hpase It was necessary 
to correct the 280 nm absorbance for the fluo- 
rescem contnbuUon This was found to be 0 4 × 
absorbance at 494 nm, by a separate measurement 
on fluorescem lsotinocyanate soluUon m water 
The fluorescem group absorbance will vary with 
the environment, but thas ~s unlikely to introduce 
slgmflcant errors By electrophoresls m discon- 
tinuous Tns-glycme buffers (pH 8 8) m 10% poly- 
acrylarmde gels by standard methods [8], the 
hpases were homogeneous After labelhng at least 
95% of the protein, as revealed by sta~mng w~th 
coomassle blue, followed by scanning, rmgrated as 
a single fluorescent zone m the relative pos~Uon 
expected for a single subsUtut~on In SDS-contam- 
mg buffers the relaUve mob~hty also correspond to 
a single substltuuon No significant fluorescence 
appeared m the buffer front 

Chromobacter hpase had a mol wt. of 33 900 
and pseudomonad hpase 32 700 

After substitution the enzymes retained full 
actlwty in a standard acldometnc assay [9] (2000 
/~mol fatty ac id /nun  per mg hpase, released from 
an ohve oll emulsion) The p l  by lsoelectnc 
focussing for the chromobacter hpase was 7 00 
before subsututlon and 5 8 after For pseudo- 
monad hpase values were 4 2 and 3 2, respectwely 

Fluorescence measurements These were always 
m 1 cm cuvettes, m a Balrd-Novo II spectrofluo- 
nmeter  

All measurements were at 18°C for most ex- 
periments exc~tauon was at 492 nm 

The etmsslon was strongly pH dependent 
though the exact curve vaned with the protein pH 
7 showed least pH dependence for the hpase, but 
albunun was qmte different (Fig 1) 

Preparation of heptane emulstons A typical em- 
ulsion contained 1 6 ml of 50 mM sodium phos- 
phate (pH 7), 0 3 ml of 2% (w/v)  gum arainc 
(Merck) and 0 1 ml of heptane (100-120°C, pet- 
roleum ether) dispersed with an M S E somcator, 
fitted with nucroUp, for 20 seconds In use this 
dispersion was diluted to 1 50 with appropriate 
buffer containing 0 3% (w/v)  gum arabic At- 
tempts to dmumsh gum arainc led to unstable 
emulsions 

Where dd  was present it was dissolved (0 4 
mg/ml )  m the heptane before dispersal At tins 
concentrat:on molecules should be w~tinn 5 nm of 
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Fig 1 pH dependence of fluorescence of (1) FITC chro- 
mobacter hpase and (2) FITC bowne serum albunun l0 pg of 
labelled hpase was added to 4 ml of phosphate buffer between 
pH 5 and 7 Excltatmn was at 492 nm and ermsslon at 526 nm 

any point m the interface, even ff it zs not selec- 
twely concentrated into ~t 

Surface area measurement Available surface 
area m the emulsion was measured by using a 
Quantlmet ~mage analyser, in conjunctmn with a 
nucroscope [10] Tlus instrument processes a tele- 
ws~on camera Image of the emulsion droplets and 
pnnts  a number-szze dlstnbutmn plot, and on the 
reasonable assumptmn that the emulsmn droplets 
were spherical, calculated the surface area of a 
known volume of heptane droplets 

Because Browman motion m the magnified 
image caused dffftcultles m defining the droplet 
diameters, we also used a parucle counter (Coulter 
counter PA II) Tlus instrument pnnts the same 
data, but is based on electrical conductlvaty mea- 
surements The two methods gave closely similar 
results 

Energy transfer We use the relatmnslup, de- 
rived by Forster [5] 

R o = ( j K 2 Q n - 4 ) I / 6 9  7 102 nm 

to estimate R 0 the distance at wluch energy trans- 
fer has a 50% probab]hty where K zs an orienta- 
tion factor, taken to be 0 66, n ts the refractive 
index, Q the quantum yield and J the overlap 
integral (cm2/mol) The latter was esumated from 
fluorescem spectra m water and dlI m heptane 
The dzI spectrum vaned considerably between 
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heptane, dlmethyl formanude and trlbutynn but 
the heptane spectrum was used since most of our 
experiments were m heptane or heptane-trlaceylg- 
lycerol nuxtures Trial evaluations based on values 
for n of 1 33 or 1 5 and quantum yields from 
0 1-0  7 gave a result for R 0 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 protems 
Fag 2 illustrates a typical tltratmn m wluch 

allquots of labelled protein were added to emul- 
stuns made with and without dxI As expected, m 
the absence of dd  the enussmn increased m a 
hnear fashton, wlule m ~ts presence fluorescem 
ermsston was quenched up to an apparent end 
point, after wluch it agam increased m a hnear 
fashion 
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F~g 2 Titration of fluorescem-labelled chromobacter hpase 
into 4 ml of a heptane emulsion contalmng 1~ (w/v) 1,2-dl- 
O-palrmtoylglycerol and dlI (hne 3) or heptane emulsion con- 
taining only dd (line 2) In contrast with line 1, where the 
heptane emulsion contained no dil, lmtlally there was quench- 
ing of fluorescem fluorescence corresponding to the protein 
entenng the interface and energy transfer occumng When the 
interface was full no further quenctung was observed The 
difference between hne 1, with no dd, and the other hnes was 
used to estimate the ratm 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 ttg The end point of the titrauon, 
corresponding to saturauon 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 scattenng peak in the ermsslon spectrum, 
which was numrmsed by using filters 

Unlike prewous expenmental s~tuatlons, where 
a receptor could be precisely located in a surface 
membrane [6] our receptor, dd, dissolved m the 
heptane droplets Thus only a small proportmn of 
the dlI molecules could show an enhanced erms- 
slon by transfer from fluoresceln in the interface 

We did observe enhancement of the dlI enus- 
slon when fluorescem was present m the interface, 
but it was never more than 5% of the total enus- 
slon There was also a small overlap with the 
fluoresceln emission Measurement of the quench- 
ing of fluorescexn assocmted w~th energy transfer 
(no quenching was observed in the absence of dd)  
was a much more sensltwe way of following the 
surface mteractmns 

Fluoresceln labelled bovine serum albumin, dog 
alburmn, a-lactalbumln and concanavahn A, all 
gave Slrmlar titration curves 

Surface area esnmatton 
DlstnbuUons of droplet size were skew urn- 

modal, with mean diameters of the order of 0 8 
#m Summing the radn led to area estimates of 
6 -7  m 2 per g of dispersed hydrocarbon, which 
corresponds to about 40 cm2/ml emulsion Emul- 
sions were stable for at least 2 h, and measure- 
ment before and after tltratmn showed no s~gmfi- 
cant difference 

L t p a s e s  

At the levels of hpase we used the substrate was 
completely hydrolysed m seconds It was impossi- 
ble to make measurements m a tnacylglycerol 
emulsion, but  data could be obtained for a solu- 
tmn of tnacylglycerol m heptane In practice, be- 
fore the first data point all the tnacylglycerol 
would have been hydrolysed to yield fatty acid 
and possibly some monoacylglycerol 

We tried to avoid this by lnhiblung the enzyme 
Both dnsopropyl fluorophosphate and, better, dl- 
ethylmtrophenyl phosphate inhibited the enzyme 
but although the latter gave 99% mhibltaon, the 
residual activity was stdl too great 

An alternatwe xs illustrated in Fig 2. Ether-hn- 
ked analogues of tnacylglycerol are available, and 
are not attacked by the enzyme As Fig 2 and 

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

Competttlon studws 
Fig 3 shows that, even if the interface was 

lmually filled with protein, (m the example shown, 
unlabelled ovalburmn), part of the interface, but 
not all, was accessible to labelled ovalbumm ad- 
ded subsequently About two thirds was inaccessi- 
ble even at a high label to unlabelled ratio 

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

Preloadmg the interface with labelled protein 
allowed us to observe dasplacement by unlabelled 
molecules (Fig 4A) Sequentml addatlons show 
displacement of label with a new equfllbnum 
reached m about two rmnutes The presence of 
1,2-dl-O-palnutoylglycerol had httle effect (Fig 
4B) 

Discussion 

Labelhng reacnon 
We were fortunate m labelling the hpases used, 

since we obtained an assembly of molecules each 
beanng one subsutuent We have no ewdence that 
this single subsUtution was always m the same 
posmon, which would reqmre extensive sequence 
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Fig 3 Titration of FITC ovalburmn into a heptane interface m 
the absence (1) and presence (2) of dd Curve (3) shows the 
effect of prgancubatmg the emulsion ( + dlI) w~th a quanuty (12 

#g) of unlabelled ovalburmn, sufflctent to fLU the interface 
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Fig 4 (A) Displacement of FITC chrornobacter hpase by 
unlabelled hpase 4 ml of an emulsion of heptane contalmng 
dd quencher was prelncubated for 20 rmn with sufficient FITC 
chromobacter hpase to fill the interface (7 #g m1-1) Small 
ahquots of 10 ~tl of unlabelled hpase (2 vg m 1-1) were then 
sequenlaally added and the change m fluorescem ermsslon (526 
nm) followed with lame (3) (B) The experiment was repeated 
using an emulsion of heptane contalmng 1~ (w/v) 1,2-dl-O- 

palrmtoylglycerol all other condllaons were ldenlacal 

data No actlvaty was lost as a result of the sub- 
StltuUon Fungal and bacterial hpases are often 
isolated m rocked form, and since a-amino groups 
have a lower pK than lysme c-amino groups, and 
the tsotinocyanate reacts preferentially with the 
uncharged anuno, the mcked ends and the N 
terrmnus label first With an Aspergdlus and 
Mucor mwhet hpase preparat]ons tins led to dls]n- 
tegratlon of the molecule into fragments winch 
could not then be used An electrophoretlc analy- 
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sis after labelhng would appear destrable, as a 
check on the integrity of the labelled enzyme 
Since the labelling reaction produces two charge 
differences from the unlabelled enzyme for each 
substitution ~t can also easily &scnmmate poten- 
tml rmxtures, such as mono- and &-subsututed 
molecules 

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

Emtsswn spectra 
The results dlustrated m Fig 3, show that there 

was a radlaUonless energy transfer effect between 
fluorescem and the dlI when hpases enter the 
Interface The calculations detatled above point to 
a crmcal distance of about 6 nm 

Whale we &d observe some enhancement of dd 
ermsston m cn'cumstances of energy transfer from 
fluoresceln we have based our conclusions on 
measurement of the fluoresceln enuss~on spectrum 
for techmcal reasons explained above The prob- 
lem then was that the magmtude, though ap- 
parently not the wavelength of the ermsslon was 
very sensmve to pH, and hpase actlvaty produces a 
pH change Buffers and careful pH momtonng 
were necessary 

Interference from enzyme actwtty 
Llpases are so effective that when the interface 

m a typical tnbutynn emulsion was fdled the 
entire emulsion was digested m a matter of sec- 
onds In heptane emulsions with dissolved tn- 
acylglycerols the results were effecuvely about 
monoacylglycerol and fatty acids m heptane They 
probably formed a surface layer on the emulsion 
It was not possible to measure hpase interaction 
on tnacylglycerols at anything approaching 
saturation of the interface For tins reason we 
made some measurements on a substrate analogue 
where glycerol ester hnks were replaced by ether 
hnks 

Another poss]ble approach, by minbmng the 
enzyme, faded, since we could not acineve total 
minbmon 

Adsorption tsotherm 
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 m Fig 2 If A is the surface area, 
K and z are constants, then the Langmmr adsorp- 
uon isotherm can be written 

logX- logA = 1 logC + log K 

so that a value for 1 / z  can be obtmned from a 
plot of log X against log C Fig 5 shows that such 
a plot ~s, as required, hnear up to about 70% 
saturation of the interface Tins form of the iso- 
therm does not hold at hagh 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 protein m 
the interface By this cn tenon the hpases and 
bovine alburmn enter the interface more than a- 
lactalburmn, concanavahn A or ovalbun~n (Table 
I) at the same total protein concentration 

Surface area occupancy 
From plots of the type illustrated in Fig 2 ~t 

was possible to esttmate the maximum entry of 
protein to w~ttun 6 nm of the interface, makmg 
the assumption that all fluorescem ermssion within 
tlus regaon IS supressed 

Transfer efflcienoes ranging from 20% to 100% 
have been cited [5] We observed at least 90% 
suppression of fluorescein emasslon on adding dII, 

1 7  ¸ 

15 ~ 3  
13 

x 
"--~ 11 A4 

0 7 0i4 0i8 112 1Ill 210 
log C 

Fig 5 Langmmr adsorption isotherms for FITC denvatwes of 
(1) chromobacter hpase, (2) bovine serum alburmn, (3) 
ovalbumm, (4) camne albunun X and C are the amount of 
protein bound and free, respectively Values for the lmtlal 
slope were used to obtaan z (see Table 1) All deterrmnatlons 

were on heptane emulsions 

under condmons where nearly all the fluoresceln 
would have been expected to be in the interface 

Area estimation showed a range from 39-45 
cm2/ml of emulsion and these were used to gwe 
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 2 
for a-lactalbumln to 25 nm 2 for concanvahn A, if 
the molecules retained their globular configura- 
tions with dimensions sInular to those in solution 
The areas found are considerably larger, but it 
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 mr/water  in- 
terfaces have gtven values far smaller than these 
[11] and cannot represent a monolayer condition 

The ideas of multiple layer binding and partial 
unfolding were clearly set out by James and 
Augensteln in 1966 [12] while in 1979 Graham 
and Ptulllps [13] produced a substantial study of 
adsorption at a water /hydrocarbon interface, 
using radiolabelhng and elhpsometry to find 
surface concentrations They found a primary layer 
of about 5 nm depth, and with lysozyme an area 
of 6 2 nm 2, for fl-casein 19 2 nm 2 and for alburmn 
35 3 nm 2 can be calculated from their data Ttus 
primary layer was irreversibly adsorbed but they 

TABLE I 

SURFACE INTERACTION CONSTANTS 

z ~s denved from the absorption isotherm (see text) The area 
per molecule xs esttmated from the apparent maxamal bmdmg 
(see for example Fig 2) and surface areas m the range 39 3 
cm2/rnl-45 cm2/ml 

Protein Emulsion z Area per 
molecule (nm 2) 

Llpase heptane 1 6 46- 53 
(Chromobacter) 
L l p a s e  heptane-di-O- 1 5 60- 69 
(Chromobacter) palmatoylglycerol 
Llpase heptane 1 4 19- 21 
( Pseudomonas ) 
Ovalbutmn heptane 2 7 116-133 
Bovine alburmn heptane 1 5 143-164 
Camne alburmn heptane 2 0 172-197 
a-Lactalbumm heptane 2 7 30- 34 
Concanavahn A heptane 2 5 237-272 



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

ParUally unfolded molecules would occupy a 
larger surface area than compact spheres, which 
may be the reason for the relaavely large areas 
found in this work 

As shown in Fig 7 there is a relationship 
between the molecular radius and the area oc- 
cupied and, there must be some size-dependent 
interaction between the molecules in the interface 
to produce this result 

Reverslbzhty of absorption 
After the interface had been filled with labelled 

hpase, some of it could be displaced by adding 
unlabelled hpase A simple statistical replacement 
should follow 

K R  
C = -  

R + I  

where C is the free concentration of labelled pro- 
tein, and R is the mole ratio (unlabelled/labelled 
protein) for the total protem in the system Since 
the concentration was measured in arbitrary fluo- 
rescence umts, K ]s an arbitrary constant 

Fig 6 shows that the relevant plot for hpase 
was hnear up to a rat]o of 1 0 Devmtlon afterwards 
might indicate that a proporUon of the initial 
layer was very difficult to displace 

Tlus 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 &splaced protein must have been within 6 
nm of the interface Imtially, and must therefore 
have been in either a primary or a secondary layer 
At present we cannot dlstIngmsh between these 

two possIbditles, though the model provided by 
Graham and Philhps [13] and James and Augen- 
stein [12] is only compatible with &splacement 
from a secondary layer 

Our results fit this model for the adsorption 
process, but they have some imphcatlons for the 
activity of hpases It is difficult to see how a 
primary layer of hpase molecules could retmn 
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wtth ovalburmn 

actlwty if they are partially unfolded Also, hpases 
have no speoal structural features such as mtra- 
chain dlsulpludes, nor do they have unusual stabil- 
ity, which might help to resist surface forces [1] 

Llpases must normally function in the presence 
of other protems which can obstruct their access 
to the necessary position in the interface but it 1s 
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Ftg 7 Relatlonslup between area/molecule and molecular 
weight for proteins hsted m Table I A hnear relauonslup 
would be expected for sphencal molecules, where the molecu- 

lar size has a &rect beanng on the area occupied 
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possible, that some of these might also protect 
against surface unfolding (In the emulsion used, 
gum arabic nught also mo&fy the hydrocarbon/ 
water surface) Even d hpase alone is present, an 
extended flattened chain is a relatwely open struc- 
ture and occupies so much interface that only a 
proportion of added protein would needed to fdl 
~t, so that the remainder could form a second 
layer, retaining ~ts structural integrity, but stdl 
able to make contact w~th the substrate Thus 
hpases rmght preferentmlly bind to partmlly un- 
folded protein already m the interface, rather than 
the free surface 

Llpases m solution undergo self-assoclauon [1] 
as would be expected of proteins with hydro- 
phobic patches If we nnagme hpase &mers stnk- 
mg the interface then ttus becomes a plausible 
model Some such mechamsm ~s needed to explain 
how hpases avoid what seems to be an otherwise 
inevitable unfolding process 

The fluorescence based techmque described here 
offers a novel and independent method for m- 
~eshgatmg enzymes m od-water interfaces 
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