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The interaction of bile salt micelles with the tyrosines of pancreatic colipase was assessed by steady-state and time-resolved 
fluorescence techniques. Dansyltyrosine fluorescence showed that Tyr-55 was located in the proposed interface recognition site. In 
support of this claim was a 70 nm blue shift and 4.3-fold quantum yield increase in emission spectrum due to taurodeoxycholate 
(TDOC) micelle-complex formation. Complex formation also caused a shift in the center of the major lifetime distribution from 11.7 
to 15.1 ns, and more than doubled the polarization and anisotropy decay parameters. These data supported an earlier model of 
colipase-micelle binding that suggested that Tyr-55 was inserted into the interior of the TDOC micelle upon binding (J.C. McIntyre, 
P. Hundley and W.D. Behnke, B&hem. J. 245 (1987) 821). Identical experiments on a DNS-Tyr-59 derivative of colipase showed 
that Tyr-59 did not specifically interact with micelles. Moreover, acrylamide quenching data suggest an alteration in the protein 
environment surrounding DNS-Tyr-59 such that during complex formation, the efficiency of quenching of DNS-Tyr-59 increases. 

1. Intraduction 

For many years chemical modification has been 
a powerful tool of protein chemists and enzymolo- 
gists for the study of protein structure-function 
relationships. Residues located in the active site of 
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Abbreviations: 2D, two dimensional; CMC, critical micellar 
concentration; TDOC. taurocleoxycholate; NEM, N-ethyl- 
maleimide; photo-CIDNP, photochemically induced dynamic 
nuclear polarization; PLAZ, phospholipase A,; dansyl (DNS), 
5-(dimethylamino)-1-naphthalenesulfonyl: DNS-Tyr-55, DNS- 
Tyr-59 and DNS-Gly-1 porcine colipases, o-aminodansyltyro- 
sine 55, o-aminodansyltyrosine 59 and o-aminodansylglycine 1 
(N-terminal) derivatives of porcine colipase, respectively. 

an enzyme may be tentatively identified by the use 
of chemical modification [l]. The incorporation of 
a spectroscopic probe can monitor conformational 
transitions in a protein [2,3]. Recently, the use of 
site-directed mutagenesis has refined the way in 
which the chemical constituents of a protein can 
be altered [4]. Nevertheless, chemical modification 
is still useful for identifying areas in a protein that 
are important for function. In fact, the combina- 
tion of chemical modification for targeting im- 
portant residues and site-directed mutagenesis for 
detailed functional studies is a strategy that has 
been used in many systems [5a,5b]. A previous 
article describes the synthesis and characterization 
of o-aminodansyl derivatives of the tyrosine re- 
sidues in porcine pancreatic colipase [6J. These 
modifications were designed so as to assess the 
role of tyrosine residues in the lipid recognition 
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site of colipase. Herein is presented a spectrofluo- 
rometric analysis of the interaction of bile salt 
rnicelles (a model for bile salt coated fat emul- 
sions) with these fluorescently labelled proteins. 

It has recently been established that Tyr-55 is 
located on the surface of the molecule where it 
rotates freely [6]. Emission spectrum, lifetime 
analysis, acrylamide quenching, static polarization 
and anisotropy ,decay experiments all verify this 
conclusion [6]. Other studies using techniques such 
as NMR, CD, ultraviolet difference spectroscopy 
and photo-CIDNP (7-101 are in agreement with 
fluorescence investigations indicating that one of 
the three tyrosines of colipase is located on the 
surface of the protein. However, the surface tyro- 
sine identified by NMR was either Tyr-58 or 
Tyr-59 [7]. The NMR studies also suggested that 
one of the three tyrosines residues is thoroughly 
buried in the protein interior and another is in a 
partially buried position in the molecule. The 
buried tyrosyl residue according to NMR data 
was Tyr-55. These resonance assignments were 
based on pH titration and decoupling experi- 
ments, and no rationale was given for assigning 
the buried tyrosyl residue to position 55. Chemical 
modification and speetrofluorometric studies of 
the dansyl’ modified colipases - specifically; 
quenching, anisotropy decay and polarization ex- 
periments - have identified the partially buried 
tyrosine at position 59 [6]. The identification and 
establishment of the environments of the three 
tyrosines have’been reassessed by chemical mod- 
ification and fluorescence spectroscopy, and sug- 
gest that the earlier NMR experiments should be 
repeated to include sequence-specific assignments 
based on COSY and NOESY experiments, Thus, 
the role of these tyrosyl residues, numbers 55 and 
59, in the proposed interface recognition site will 
be examined with the same probes, 

Comparison of the preliminary steady-state flu- 
orescence studies of DNS-Tyr-55 porcine colipase 
[ll] with similar investigation of the tyrosines of 
phospholipase A, shows remarkable similarities 
1121. Aminodansylation of Tyr-19 of equine PLA2 
improves the affinity of the enzyme for lipid-water 
interfaces. The ‘binding of the amincdansylated 
PLA2 to an oil/water interface causes a 27 nm 
blue shift and 400% quantum yield increase in the 

fluorescence spectrum. It was concluded that the 
increased binding and dramatic fluorescence 
changes were the result of the insertion of the 
dansyltyrosine group into the interior of the lipid 
interface. Recent X-ray crystallographic analysis 
of bovine phospholipase A, implicates Ile-19 (this 
is a tyrosine in the equine system) as being ori- 
ented in space in such a manner to make this 
residue part of the interface recognition site 
[13a,b]. Isoleucine would interact in a hydro- 
phobic capacity in such an environment. The ac- 
tivity of the dansyltyrosine-55-modified protein is 
actually double that of the native enzyme [ll]. It 
also shows a characteristic hydrophobic blue shift 
and quantum yield increase in fluorescence emis- 
sion iri the presence of TDOC micelles [ll]. The 
addition of a hydrophobic group at the proposed 
lipid recognition site of the colipase molecule 
might increase its affinity for lipid interfaces, 
therefore increasing the amount of actively ad- 
sorbed lipase. In view of the striking similarities in 
the steady-state fluorescence experiments between 
dansylaminotyrosine derivatives of phospholipase 
A, and colipase, insertion of Tyr-55 into the 
micelle interior may be part of the binding mecha- 
nism of colipase to interfaces. 

To study more thoroughly the possibility that 
tyrosine insertion is a mechanism of micelle bind- 
ing; lifetime analysis, polarization, anisotropy de- 
cay and acrylamide quenching studies are pre- 
sented here, in an attempt to validate earlier 
steady-state investigations. Binding parameters 
from these experiments are also presented and 
support the possibility that the nature of the in- 
creased activity of DNS-Tyr-55 porcine colipase is 
related to an increased affinity of the modified 
protein for interfaces. These studies are extended 
to dansyl-modified Tyr-59 so as to determine the 
role of Tyr-59 in the lipid recognition site. 

2. Materials and methods 

2. I. Proteins and reagents 

Porcine pancreatic lipase was kindly provided 
by M. Rovery and colleagues from the Centre de 
Biochimie et de Biologic Moleculaire du Centre 
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National de la Recherche Scientifique, Marseilles, 
France. Porcine colipase was isolated according to 
the procedure of Chapus et al. [14]. Acetone 
powders of porcine pancreas were generated from 
fresh tissue (Kahns Meats, Cincinnati, OH) in our 
laboratory. Dimethylmaleic anhydride and TDOC 
were purchased from Sigma (St. Louis, MO.). TLC 
analysis of several different commercial TDOC 
samples showed significant fluorescent contamina- 
tion. Lot numbers without such contamination 
were used for all fluorescence measurements, with 
solution preparation taking place the same day as 
use. Micropolyamide sheets for 2D TLC of 
dansylated amino acids were purchased from 
Pierce (Rockford, IL). All other chemicals were 
obtained as described in ref. 6. Dansyltyrosine 
derivatives of colipase were synthesized and char- 
acterized as described earlier [6]. 

2.2. Synthesis and characterization 01 N-terminal 
dansyl-porcine colipase 

To 10 mg of porcine pancreatic colipase in 1.0 
M sodium bicarbonate (pH 9.0, 4” C) was added 
40 mg of dimethylmaleic anhydride in lo-mg 
aliquots. The pH of the reaction was kept at 9.0 
by the addition of 6 N HCl and the reaction was 
allowed to proceed for 60 min. The reaction gener- 
ated a modified form of colipase with all four 
lysine groups being reversibly acylated [15]. The 
reaction products were extensively dialyzed against 
0.1 M bicarbonate buffer (pH 6.9). The dialysate 
was then reacted with a lo-fold molar excess of 
dansyl chloride at room temperature in the dark 
for 24 h. The acylated lysines were deblocked by 
extensive dialysis against pH 6.0 buffer [15]. The 
final product had an absorbance spectrum with a 
maximum at 350 nm. By the combined use of a 
Lowry protein assay and the absorbance at 350 
um (% 350 nm = 3980 Mm’ cm-‘) [16], it was 
shown that the modified protein contained 0.91 
mol dansyl/mol colipase. The enzyme activity of 
the modified protein was 80% of that of the native 
protein. N-terminal analysis by acid hydrolysis 
and 2D TLC (1st dimension, benzene/water, 9 : 1; 
2nd dimension, water/formic acid, 100 : 1) showed 
the presence of N-dansylglycine, glycine being the 
N-terminal amino acid of porcine colipase AIL 

Emission,‘spectra and lifetime analy$is -showed no 
significant changes with increasing FTDOC con- 
centratiorts (data not shown). 

2.3. Instrumentation 

Ultraviolet and visible absorbance measure- 
ments were made on a Cary 15 scanning spectro- 
photometer (Varian, Monrovia, CA), Static fluo- 
rescence measurements were taken on a Perkin- 
Elmer MPF-44A equipped with a DCSU-2 cor- 
rected spectra unit (Norwalk, CT). Time-resolved 
fluorescence and differential polarization experi- 
ments were performed on an SLM 4800 sub- 
nanosecond spectrofluorometer modified to a l- 
250 MHz multifrequency capacity [17-201. 4 
Liconix He/Cd laser was used as the light source 
with an emission line at 325 nm that was sinusoid- 
ally modulated with a Pockels cell. The modulated 
emission was observed in the L-format through a 
Janos GG-375 cut-off filter for both lifetime and 
differential polarization measurements. The data 
were collected by an IBM-PC with ISS-01 and 
ISS-187 software (ISS Instruments, Urbana, IL). 

2.4. Lifetime and differential polarization measure- 
ments 

The acquisition of both lifetime and differential 
polarization data was performed as described pre- 
viously [6,17-201. Phase and modulation data were 
collected at 8-16 modulation frequencies (15-170 
MHz) with respect to the reference fluorophore 
dimethyl-POPOP in absolute ethanol (lifetihe 1.45 
ns) [21]. The excitation polarizer was set at the 
magic angle, 55 O, in order to eliminate Brownian 
motion as a determinant of apparent lifetime. 
Data were collected and analyzed by ISS-1 and 
ISS-187 software. Lifetime analysis was performeg 
by either a nonlinear least-squares analysis [22], or 
a Lorentzian continuous distribution analysis 
[23,24] for a one-, two- or three-component fit: 
Lorentzian continuous distribution analysis was 
favored for this work due to the added dimension 
of measuring width distributions. The ability to 
measure width distributions provides additional 
evidence for the homogeneity of a particular emit- 
ting species, which can be very informative in 
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protein studies [25,26]. The reduced x2 parameter 
was used to judge quality of fit [6]. 

Differential phase and modulation ratio experi- 
ments were carried out in order to obtain static 
polarization values. These values and previously 
reported lifetime data were used to calculate 
time-resolved anisotropies [17-191. Data were col- 
lected, by ES-01 software utilizing the differential 
polarization program and calculated by the rota- 
tional least-square analysis program, which fits the 
data to eq. 1: 

F(t) = c [1+ a. r(r)] . i(t) 0) 
i 

where the following eqs 2 and 3 represent r(t) and 
i(t), respectively: 

r(t)=C[l+a-g,. exp(-t/R,)] 
I 

(2) 

i(t) = C[h. exd-f/~)l 
i 

(3) 

The following indices represent constants that de- 
pend upon the nature of the sample being ob- 
served; j is the number of species present, f 
indicates the number of rotational components for 
each species, and i represents the number of life- 
time components for each species. K and f, are 
the values of emission lifetime and fractional in- 
tensity, respectively. The summation of the frac- 
tional contributions g, is the limiting anisotropy. 
The rotational correlation times are represented 
by R,. 

From this, it is possible to calculate amsotropy 
decay parameters from one set of data in several 
different ways. However, only the hindered rota- 
tor model was used to calculate anisotropy decay 
data (eq. 4): 

r(t)=(‘~-‘i.f)exp(-t/R)+ri,l (4) 

In eq. 4 rin, represents the limiting anisotropy at 
infinite time. The number of possible rotational 
components of a complex system involving the 
binding of one large molecule to a large aggregate 
was beyond our resolution. In a system such as 
this, the correlation times of the unbound protein, 
the complex and the segmental motion of the 
fluorophore are all very similar and therefore dif- 

ficult to resolve individually. Fitting the data to 
eq. 4 results in rotational relaxation times and 
limiting anisotropies which are complex averages 
that cannot be interpreted literally. The de- 
termination of the quantities is, however, useful 
for detecting changes and differences among the 
colipases and serves as a basis for comparison. 
Protein concentration in both lifetime and dif- 
ferential polarization studies was chosen to be 
below a value of 0.20 absorbance units at 325 nm, 
so as to eliminate inner filter effects. The con- 
centration of TDOC used in these experiments 
was chosen to start below CMC and to approach 
binding saturation. 

2.5. Acrylumide quenching 

Acrylamide quenching experiments were per- 
formed by monitoring the change in the fluores- 
cence emission spectra induced by the addition of 
acrylamide. A solution of 8 M acrylamide was 
used, and to determine the extent of the dilution 
factor identical experiments were performed using 
distilled water. The emission spectra were ob- 
tamed in the corrected mode with an excitation 
wavelength of 335 nm. The data are presented as 
KSy values according to eq. 5 [27]: 

F,/F exp( V[Q]) = 1-C K,[Q] = Fe/F (5) 

KS, values are obtained by measuring the slope of 
the line generated by plotting Fe/F vs [Q]. 

3. Results 

As described in our previous articles [6,11], the 
use of dansyltyrosine derivatives of colipase was 
established to generate sensitive probes of protein 
microenvironments. These studies were designed 
to determine the role of tyrosine residues in the 
lipid recognition site of pancreatic colipase. In 
addition to the static emission spectra of the origi- 
nal investigation [ll], lifetime, polarization and 
anisotropy decay experiments were utilized in this 
study. These measurements allowed for the de- 
termination of the dynamic interaction of the fluo- 
rophores with TDOC micelles. 
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3.1. The effect of TDOC on the emission spectra of 
DNS-Tyr-55 porcine colipase and DNS-Tyr-59 
porcine colipase 

The emission spectra of DNS-Tyr-55 porcine 
colipase and DNS-Tyr-59 porcine colipase are 
shown in fig. 1A and B, respectively. The addition 
of 4.0 mM TDOC caused the emission spectrum 
of DNS-Tyr-55 porcine colipase to shift from 550 
to 480 nm, a 70 nm blue shift. This shift in 
emission maximum was accompanied by a 4.3-fold 
quantum yield increase. The effect of TDOC on 
the emission spectrum of DNS-Tyr-59 porcine co- 
lipase was not nearly as dramatic as the changes in 
the Tyr-%-modified colipase. In the presence of 
TDOC micelles, the emission maximum of 520 nm 1.0 
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Fig. 1. Effect of bile salt micelles on the emission spectra of 
DNS-Tyr-55 porcine colipase and DNS-Tyr-59 porcine co- 
lipase. Spectra were obtained in the corrected mode with an 
excitation wavelength of 325 nm and 8 nm slit widths for both 
excitation and emission. The proteins were dissolved into a 
0.05 M KaHPO, (pH 7.4) buffered solution. A taurodeo- 
xycholate stock solution (0.10 M) was made with the same 
buffer and all spectra were obtained at room temperature. The 
plots depicted in panel A have been reported previously [6,11]. 
(A) (- ) 0.56 mg/ml DNS-Tyr-55 porcine colipsse, 
(- - - - - -) 0.56 mg/ml DNS-Tyr-55 porcine colipase with 4 
mM TDOC. (B) (- ) 0.56 mg,/ml DNS-Tyr-59 porcine 
colipase, ‘(- _ - - -) 0.56 mg/ml DNS-Tyr-59 porcine colipase 

with 4 mM TDOC. 

4 

Fig. 2. Effect of TDOC concentration on the center of the 
lifetime distribution of DNS-Tyr-55 porcine colipase and 
DNS-Tyr-59 porcine colipase. All measurements were made at 
24OC with a 325 nm excitation wavelength. The buffered 
solution was 0.05 M K,HPO., (pH 7.4) and the stock TDOC 
solution was made in the same buffer. (A) Center of the major 
lifetime distribution (in ns): (o----- 0) 30.6 pg/ml DNS- 
Tyr-55 porcine colipase and (O- 0) 32.0 &ml DNS- 
Tyr-59 porcine cobpase. (B) Center of the minor lifetime 
distribution (in ns): (o- O) 30.6 ag/ml DNS-Tyr-55 
porcine colipase and (O- 0) 32.0 pg/ml DNS-Tyr-59 

porcine colipase. 

did not change, and the quantum yield increased 
only 2.5-fold. 

3.2. Lifetime distribution analysis 

The lifetimes of Tyr-55- and Tyr-59-modified 
porcine colipase were determined by Lorentzian 
continuous distribution and nonlinear least squares 
analyses. Only the distribution analyses are pre- 
sented here, with C[I] representing the center of 
the width of the major lifetime distribution and 
C[2] denoting the same relationship for the minor 
distribution. The advantages of using the 
Lorentzian method were discussed previously [6]. 
The effect of increasing TDOC concentration on 
both lifetime components is presented in fig, 2. 
The center of the first lifetime distribution of 
DNS-Tyr-55 porcine colipase (fig. 2A) showed 
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very minor changes until the CMC of TDOC was 
reached at 1.0 mM. At the CMC, the lifetime 
increases 22% from 11.5 to 14.1 ns. This increase 
gradually saturated at higher concentrations of 
TDOC, reaching 15.4 ns at 12.5 mM TDOC which 
was the same as the lifetime of the model com- 
pound N-acetyl-3-dansyltyrosine ethyl ester in the 
viscous solvent propylene glycol. A shift to longer 
lifetimes is indicative of a more hydrophobic en- 
vironment for the fluorophore, and would support 
earlier conclusions made from the emission spec- 
tra data for DNS-Tyr-55 porcine colipase. The 
center of the minor lifetime distribution compo- 
nent of DNS-Tyr-55 porcine colipase was not 
affected by increasing TDOC concentrations, nor 
is the second component of DNS-Tyr-59 porcine 
colipase. This result may be due to rotational 
isomers of dansylaminotyrosine which have geom- 
etries that do not allow the flnorophore to interact 
with micelles. The C[l] of DNS-Tyr-59 porcine 
colipase showed ‘a very marginal increase with 
increasing TDOC, and stayed near 10 ns. Thus, 
the lifetime distribution of DNS-Tyr-59 porcine 
colipase was insensitive to TDOC binding, in con- 
trast to the quantum yield increase seen in the 
emission spectra. 

3.3. Actylamide quenching of dansyl-modified col- 
ipuses with and without TDOC micelles 

Fluorescence intensity was used to monitor the 
quenching of dansyl fluorescence by acrylamide. 
To explore the change in dansybyrosine environ- 
ment when the protein is bound to TDOC micelles, 
Stern-Volmer constants from acrylamide quench- 
ing of dansyl colipases and dansyl colipases com- 
plexed with micelles were determined (table 1). 
The Stern-Volmer constant (K,,) for DNS-Tyr-55 
porcine colipase was significantly greater than that 
of DNS-Tyr-59 porcine colipase, indicating that 
Tyr-55 was much more accessible to the surface 
than Tyr-59. When bound to micelles, the quench- 
ing of DNS-Tyr-55 was reduced by 64%. The 
shielding from quenchers provided by TDOC sug 
gests that Tyr-55 is located in the lipid recognition 
site and may insert into the interior of the micelle 
as part of the mechanism of binding. The Stem- 
Volmer constants for DNS-Tyr-59 porcine col- 

Table 1 

Acrylamide quenching of DNS-Tyr-55 porcine colipase and 
DNS-Tyr-59 porcine colipase 

Stern-Volmer quenching constants (K,,) were calculated for 
acrylamide quenching of DNS-Tyr-55 porcine colipase and 
DNS-Tyr-59 porcine colipase. K,,(F) represents the Stem-’ 
Volmer constant for acrylamide quenching of the steady-stale 
emission and is calculated from a plot of F,/F vs [acrylamide]. 

Sample 

DNS-Tyr-55 porcine colipase 
+ 10 mM TDOC 

DNS-Tyr-59 porcine colipase 
+ 10 mM TDOC 

K,,(P) (M-l) 

a 5.83 
2.11 

0.79. 
2.33 

ipase with 10.0 mM TDOC increased instead of 
decreased. The K,, increased almost 3-fold. These 
data indicate that Tyr-59 actually becomes more 
accessible to quenching when the protein is bound 
to micelles. 

3.4. Static polarization studies of colipase-micelle 
binding 

The N-terminal dansyl derivative of colipase 
was synthesized in an attempt to attach covalently 
a dansyl group to colipase in a region of the 
molecule that did not directly interact with bound 
micelle. This type of probe could be used to 
ascertain the effect of the increased size of the 
colipase-micelle complex on the static polarization 
of the protein, and by inference would allow for 
the determination of local effects at Tyr-55 and 
Tyr-59. However, the values generated by these 
measurements (P, R, and rW)‘ are complicated 
and depend upon protein tumbling, segmental 
motion and the location of the fluorophore’s tran- 
sition moment with respect to the major axis of 
the protein and the complex. Thus, these numbers 
are used for comparison, and only large dif- 
ferences can be regarded as significant. DNS-Gly-1 
porcine colipase was unaffected by TDOC micelle 
binding as observed by steady-state emission spec- 
tral and lifetime analyses, and thus was used as a 
control in static polarization and anisotropy decay 
experiments. 

The polarization of DNS-Gly-1 porcine co- 
lipase increased gradually from 0.119 at 1.0 mM 
TDOC to 0.136 at 12.5 mM TDOC (fig. 3). The 
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P 
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Fig. 3. Effect of TDOC concentration on the polarization of dansyl derivatives of colipase. All measurements were made at 24O C in 
0.05 M K ,HPO, (pH 7.4) buffer, The instrument was set for L-format measurements. (0 ~ o) 30.6 pg/ml DNS-Tyr-55 porcine 

colipase, (A -A) DNS-Tyr-59 porcine colipase and (A -A) 36.5 pg/ml DNS-Gly-1 porcine colipase. 

14% increase in polarization can be attributed to the hindered rotator model to resolve an averaged 
the slower rotational correlation time of the co- rotational relaxation time (R) (fig. 4) and limiting 
lipase-micelle complex, and was used as the stan- anisotropy (rinl) (fig, 5). Comparison of the ani- 
dard increase in polarization due to complex for- 
mation. The polarization value of DNS-Tyr-55 

6.0 
porcine cohpase increased 100% from 0.055 at 0 
mM TDOC to 0.110 at 12.5 mM TDOC. In com- 
parison to DNS-Gly-1 porcine colipase, this 50 

polarization increase indicated that the rotation of 
the dansyl group at Tyr-55 had been restricted due @Z 40 
to steric hindrance and/or viscosity changes. Steric 
hindrance at Tyr-55 could arise from a direct 3.0 
interaction with the interior of the micelle or from 
the protein itself. For the protein interior to be the 2.0 

cause of the change in environment for Tyr-55, the 
protein would have to undergo a radical confor- 
mational change that has not been observed in 3.0 

other physical studies. The polarization data sup- UZ 
ported emission spectra, lifetime, and quenching 
experiments, all of which indicated a dramatic 2.0 

change in the environment of Tyr-55 consistent 
with its burial in a hydrophobic region when co- 
lipase is bound to micelles. The polarization of 

1.0 
0 2 4 6 8 10 12 14 

DNS-Tyr-59 porcine colipase does not change over (TD~CI mM 

the range of TDOC concentration used suggesting 
that DNS-Tyr-59 is not hindered by complex for- 

Fig. 4. Rotational relaxation time calculations for varied 
taurodeoxycholate concentrations. R, the rotational correla- 

mation. 

3.5. Anisotropy decay calculations 

tion time (in ns), was obtained from anisotropy decay calcula- 
tions utilizing the hindered rotator model. The input for data 
for anisotropy decay calculations was the lifetime and differen- 
tial polarization parameters from experiments outlined in figs 2 

Anisotropy decay data were calculated from 
lifetime and differential polarization data using 

and 3. (A) (o- o) DNS-Gly-1 porcine colipase; (B) 
(o -0) DNS-Tyr-55 porcine colipase and (A- A) 

DNS-Tyr-59 porcine colipase. 
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0.10. 
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0.0% 
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0 2 4 6 8 10 12 
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14 

Fig. 5. Limiting anisotropy calculations for varied TDOC 
concentration. The r ( rinf ) [limiting anisotropy at times much 
greater than emission] was obtained from anisotropy decay 
calculations utilizing the hindered rotator model. The input for 
calculations was the lifetime and differential polarization 
parameters from experiments outlined in figs 2 and 3. (A) 
Co- o) DNS-Gly-1 porcine colipase; (B) (O -00) 

DNS-Tyr-55 porcine colipase and (A -A) DNS-Tyr-59 
porcine colipase. 

sotropy decay parameters of DNS-Tyr-55 porcine 
colipase and DNS-Tyr-59 porcine colipase vs 
DNS-Gly-1 porcine colipase allows for the de- 
termination of local rotational dynamic effects, 
when the protein is bound to TDOC micelle. The 
rotational relaxation time of DNS-Gly-1 porcine 
colipase increased from 2.3 ns, in the absence of 
TDOC, to 4.3 ns at 12.5 mM TDOC. This 87% 
increase in R was due to slower tumbling of the 
micelle-colipase complex. Small-angle neutron 
scattering and analytical ultracentrifugation data 
have shown that the average micelle contains 2O- 
22 monomers of TDOC and that these micelles 
are ellipsoidal with an approximate molecular 
weight of 10000 [28,29]. Therefore, the doubling 
of molecular weight that accompanies complex 
formation generated a considerable (87%) increase 
in rotational relaxation rate. Titration of DNS- 
Tyr-55 porcine colipase with TDOC caused a 191% 

increase in R. By comparison to DNS-Gly-1 
porcine colipase, these data suggest that the bind- 
ing of micelle to colipase alters the local rotational 
properties of dansyl-Tyr-55 in a manner that slows 
the rotation of the fluorophore. The R value of 
DNS-Tyr-59 porcine colipase increased only 67% 
over the same range of TDOC concentration. 

The anisotropy decay parameter rinr is a mea- 
sure of the degree to which the rotation of a 
fluorophore is hindered. A zero or negative value 
of rkf indicates that the rotational path is free 
from hindrance, while larger positive values of rinr 
correspond to a greater energy barrier to all angles 
of displacement 1301. The rinr value of DNS-Gly-1 
porcine colipase did not change when bound to 
micelle. The rinf value of DNS-Tyr-55 porcine 
colipase in the absence of TDOC showed that 
Tyr-55 was free to rotate through all possible 
angles of displacement This was maintained until 
1.0 mM TDOC where rinr became positive. This is, 
therefore, indicative of a hindered rotation for 
DNS-Tyr-55 when colipase is bound to TDOC 
micelle. Only a very slight increase r,,, was ob- 
served when DNS-Tyr-59 porcine colipase was 
titrated with TDOC micelles. 

Table 2 summarizes the effects of bile salt 
micelle binding on the polarization and anisotropy 
decay of all three modified colipases. Table 2 
clearly shows by comparison that the observed 
changes in the rotational parameters of DNS-Tyr- 
55 porcine colipase far exceeded those in the other 
two reference colipases. By the same type of com- 
parison, it was shown that DNS-Tyr-59 is not 
hindered when colipase is bound to a micelle. 

Table 2 

Percent increase in polarization and anisotropy decay parame- 
ters due to micelle binding 

Percent increases were calculated from the graphs in figs 3-5. 
P, polarization (from fig. 3); R, rotational relaxation time 
(from fig. 4); rinr (r,), limiting anisotropy (from fig 5). 

Sample Increase (W) 

P R riinr 

DNS-Gly-1 porcine colipase 14 83 o-3 
DNS-Tyi-Si porcine coipase 100 191 400 
DNS-Tyr-59 porcine colipase o-2 67 2-7 
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Scatchard analysis of TDOC micelle binding to DNS-Tyr-55 porcine colipase 

Dissociation constants (K,) were determined by Scatchard analysis of the litratlon of DNS-Tyr-55 porcine colipase with TDOC. 
Binding was monitored by the change in the physical parameters: C[l], center of the major lifetime component (from fig. 2); P, 
polarization (fig. 3); R, rotational relaxation time (fig. 4); rinr (I-,), limiting anisotropy (fig. 5). 

Cl11 P R ‘i”f 
DNS-Tvr-55 uorcine coliuase 5.3 x 1O-5 M 1.5 X 1O-5 M S.OX~O-~M , a 

3.8x10-’ M - 

3.6. Scatchard anulysis of the binding of bile sull 
micefles to DNS-Tyr-55 porcine coIipase 

Dissociation constants for the binding of 
micelles to DNS-Tyr-55 porcine colipase shown in 
table 3 were determined by Scatchard analysis 
[31]. Saturation binding concentration was de- 
termined by a double-reciprocal plot of l/(physi- 
cal parameter in question) vs l/micelle (20 mono- 
mers of colipase per micelle; CMC = 1.0 mM). All 
Scatchard plots were linear, showing no cooper- 
ative binding and the x-intercept indicated a single 
binding site, in agreement with earlier studies 
[9,28]. The previous studies determined a K, of 
10V4 M for TDOC micelle-colipase binding [9,28]. 
Binding parameters were calculated by monitoring 
four different fluorescence parameters in an at- 
tempt to determine whether aminodansylation of 
Tyr-55 increases the affinity of colipase for 
micelles. An increased affinity for lipid interfaces 
may explain the greater activity of DNS-Tyr-55 
porcine colipase. All four of the sets of data (C[l], 
P, R, rinf) showed that DNS-Tyr-55 porcine col- 
ipase has an increased affinity for bile salt micelles 
compared to unmodified colipase (9,281. The bind- 
ing affinities ranged from 2- to 12.5-times greater 
than that of the native protein [9,28] with an 
average of 6-times greater affinity for TDOC 
micelles. 

4. Discussion 

The mechanisms by which water-soluble en- 
zymes and proteins recognize and adsorb to lipid 
interfaces have long been under investigation in 
many different systems [32]. Studies on the bind- 
ing of colipase to model lipid interfaces have 

centered around the use of physical methods to 
determine structural changes in colipase as a result 
of binding. In keeping with the spirit of these 
previous efforts, herein is presented chemical mod- 
ification and spectrofluorometric studies of the 
tyrosine residues in the proposed interface recog- 
nition site of porcine pancreatic colipase. A previ- 
ous work reported the synthesis of two specific 
modified forms of colipase [6], aminodansylated at 
Tyr-55 or Tyr-59. These modified colipases were 
generated to provide unique probes of the tyrosine 
environments and to assess their possible roles in 
the interface recognition site. These studies con- 
firmed other physical studies that assigned Tyr-55 
to a free, surface-exposed region of the molecule 
and Tyr-59 to a somewhat buried surface position 
in the protein tertiary structure. Chemical modifi- 
cation of Tyr-59 did not significantly decrease the 
coenzymatic activity of colipase, but in the case of 
Tyr-55, modification actually increased activity. 

The earliest publication concerning the amino- 
dansylation of Tyr-55 in porcine colipase Ill] sug- 
gested, by comparison to conclusions from similar 
studies of PLA2 [12], that Tyr-55 was inserted into 
the interior of TDOC micelles as part of the 
micelle binding mechanism. This conclusion was 
based on a 70 nm blue shift and 4.3-fold quantum 
yield increase in the emission spectrum of DNS- 
Tyr-55 porcine colipase in the presence of levels of 
TDOC greater than the CMC. These considerable 
changes in emission properties are indicative of 
movement from a highly polar region to a very 
hydrophobic environment for DNS-Tyr-55. This 
paper presents time-resolved fluorescence studies 
of DNS-Tyr-55 porcine colipase to confirm the 
insertion of Tyr-55 into lipid interfaces. 

Fluorescence lifetime analysis of the effect of 
TDOC rnicelle binding on DNS-Tyr-55 is in 
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agreement with static methods. Above CMC levels 
of TDOC the lifetime shifts from 11.5 to 15 ns, an 
increase which can be attributed to the movement 
of a fluorophore to a more hydrophobic environ- 
ment. It is also worth noting that the lifetime of 
the model compound N-acetyl-3-aminodansyl- 
tyrosine ethyl ester is 13 ns in aqueous buffers and 
shifts to 15.2 ns in the highly viscous solvent 
propylene glycol [6]. The interior of the micelle 
would provide a considerably more viscous en- 
vironment than the normal water solvent and may 
be one of the contributing factors in the increase 
in lifetime for DNS-Tyr-55 in the presence of 
TDOC. The second lifetime component of the 
emission decay of DNS-Tyr-55 porcine colipase is 
insensitive to micelle binding. The reason for the 
lack of any effect on the second component may 
be due to the geometry of specific rotameric iso- 
mers of dansyltyrosine that are unable or unlikely 
to interact with micelles [6]. Acrylamide quench- 
ing showed a decrease in accessibility of quencher 
for DNS-Tyr-55 when the modified protein was 
bound to a micelle. Again, these data can be 
explained by a model in which DNS-Tyr-55 is 
buried in the micelle when the colipase-micelle 
complex is formed; thus protecting it from 
quenching agents. 

In order to use polarization and anisotropy 
decay data to study the effect of micelle binding 
on the local environment of DNS-Tyr-55 and 
DNS-Tyr-59, it was necessary to synthesize a de- 
rivative of colipase with a fluorophore in a region 
of the molecule that did not interact with bound 
micelles. This was accomplished by preferentially 
dansylating the N-terminus of colipase. Emission 
spectrum and lifetime analyses showed no changes 
with the addition of CMC levels of TDOC. By 
comparing polarization and anisotropy data of 
DNS-Gly-1 porcine colipase to DNS-Tyr-55 
porcine colipase and DNS-Tyr-59 porcine co- 
lipase, it was possible to determine local changes 
by comparison. The polarization of DNS-Tyr-55 
porcine colipase increased 100% from 0.0 to 12.5 
mM TDOC while that of DNS-Gly-1 porcine co- 
lipase increased only 14%. This shows that local 
rotational changes at DNS-Tyr-55 are the cause of 
the additional increase in polarization. These 
changes may be due to hindered rotation of the 

fluorophore or decreased rotational rate or both. 
Anisotropy decay analysis utilizing the hindered 
fluorophore model showed that DNS-Tyr-55 is 
free to rotate until CMC levels of TDOC are 
reached. Increasing TDOC concentrations did not 
affect the rinf value for DNS-Gly-1 porcine co- 
lipase. The limiting anisotropy at infinite time for 
DNS-Tyr-55 porcine colipase has a value of zero 
until 1.0 mM TDOC, at which it then increases to 
0.028. This indicates that the angular displacement 
of the fluotophore is unable to complete its full 
rotation when the protein is bound to micelle. The 
rotational relaxation time of DNS-Tyr-55 porcine 
colipase increases 191% from 0.0 to 12.5 mM 
TDOC while the R value of DNS-Gly-1 porcine 
colipase increases 87% and of DNS-Tyr-59 porcine 
colipase 67% over the same range. By comparison 
this would indicate that the rotational time of the 
fluorophore is slowed by the presence of bound 
micelle. A model in which DNS-Tyr-55 is directly 
inserted into the interior of bound micelles would 
explain all the changes in emission, lifetime, 
quenching, polarization, and anisotropy decay ob- 
served when DNS-Tyr-55 porcine colipase binds 
TDOC micelles. 

Micelle-colipase complex formation does not 
induce the same fluorescence changes when moni- 
tored by a probe at Tyr-59. The emission spec- 
trum of DNS-Tyr-59 porcine colipase shows a 
2-fold quantum yield increase in the presence of 
CMC levels of TDOC, but has no blue shift in 
emission maximum as in DNS-Tyr-55 porcine co- 
Iipase. The first center of the lifetime distribution 
(C[l]) of DNS-Tyr-59 porcine colipase is not af- 
fected by TDOC concentration, in contrast with 
the first lifetime component of Tyr-55. Acryla- 
mide quenching studies show that the dansyl group 
attached to Tyr-59 becomes more accessible to 
quencher when the protein is bound to micelle. 
This would suggest that a conformational change 
brought about by TDOC binding alters the pro- 
tein structure in such a way as to move Tyr-59 to 
the surface of the molecule or perhaps opens the 
structure to allow solvent to be more accessible to 
Tyr-59. By comparing DNS-Tyr-59 porcine co- 
lipase, DNS-Tyr-55 porcine colipase and DNS- 
Gly-1 porcine colipase local changes in DNS-Tyr- 
59 polarization can be deduced. The polarization 
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of DNS-Tyr-59 porcine colipase does not change 
with added TDOC, while DNS-Gly-1 porcine co- 
lipase displays a 14% increase and DNS-Tyr-55 
porcine colipase a 100% increase. The rotational 
relaxation time (R) of DNS-Gly-1 porcine co- 
lipase increases 83% and that of DNS-Tyr-55 
porcine colipase 191% from 0.0 to 12.5 mM TDOC 
while R for DNS-Gly-1 only increases 67%. These 
data would suggest that Tyr-59 is not hindered 
when colipase is bound to a micelle. The fluores- 
cence properties of DNS-Tyr-59 porcine colipase 
indicate that Tyr-59 does not interact with TDOC 
micelles in the direct manner in which Tyr-55 
does, but may monitor a conformational change in 
the protein near its environment when colipase 
binds to a micelle, as shown by acrylamide 
quenching. 

The increase in activity of DNS-Tyr-55 porcine 
colipase may be explained by the hydrophobic 
nature of the naphthalene ring of aminodansyl- 
tyrosine 55. Studies of the model compound N- 
acetyl-o-aminodansyltyrosine ethyl ester show that 
due to the hydrophobic nature of the aromatic 
rings, this molecule will preferentially partition 
into n-hexadecylphosphocholine micelles (121. The 
hydrophobicity of the probe may increase the 
affinity of colipase for lipid interfaces. To examine 
this possibility, dissociation constants for TDOC 
micelle-colipase binding were calculated by 
Scatchard analysis of the titration of DNS-Tyr-55 
porcine colipase with TDOC, as monitored by 
several different physical parameters. The pub- 
lished binding constant of colipase binding to bile 
salt micelles is 10e4 M 19,281. The dissociation 
constants as determined by lifetime, polarization 
and anisotropy decay parameters all indicate that 
the Tyr-5.5 aminodansylated derivative of colipase 
has a higher affinity for the micelle than the 
unmodified protein. This might lead to the conclu- 
sion that a dansyl probe might direct itself to- 
wards lipid and as such be misleading as a probe 
for studying protein-lipid interactions. 

The activity of the more polar nitrotyrosine 55 
porcine colipase is not increased or diminished as 
compared to the native cofactor [33]. This suggests 
that the hydrophobic nature of the dansyl group is 
at least partially responsible for increased activity. 
However, dansylation at Tyr-59 and at the N- 

terminus does not stimulate activity nor does 
dansylation of Tyr residues in equine colipase 
(McIntyre, unpublished data). The model com- 
pound N-acetyl-o-aminodansyltyrosine ethyl ester 
does not show significant fluorescence changes in 
the presence of CMC levels of TDOC (McIntyre, 
unpublished data), suggesting that the dansyl 
group does not favor lipid environments in and of 
itself. The dansyl group at tyrosine may increase 
the activity of the colipase-lipase enzyme complex 
by increasing the affinity of colipase for interface. 
This would indicate that the dansyl group must be 
oriented in a position to be able to interact with 
lipid interfaces. 

Chemical modification and spectrofluorometric 
studies of Tyr-55 and Tyr-59 presented in this 
paper indicate that Tyr-55 directly interacts with 
bound bile salt micelles. This interaction is best 
described as an insertion of the residue into the 
micelle interior. The importance of this residue in 
interface recognition and binding will now be 
further addressed by site-directed mutagenesis, 
Tyr-59 of porcine colipase does not interact with 
micelles as does Tyr-55, but may be located in a 
region of the molecule that is conformationally 
changed by colipase-micelle complex formation. 
The nature of the structural changes induced by 
micelle binding will be further investigated by the 
combined use of molecular genetics, biochemistry 
and biophysics. 
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