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ABSTRACT Highly fluorescent analogs of insulin and e
idermal growth factor were repared by the covalent attach-
ment of these peptides to a--actalbumin molecules that were
highly substituted (i.e., seven to one) with rhodamine molecules.
The a-lactalbumin was specifically linked to the lysine residue
of insulin or to the a-amino group of epidermal growth factor.
The insulin derivative retained 1.15% of its potency in stimu-
lating glucose oxidation in fat cells but retained about 8.3% of
its binding affinity toward receptors. The epidermal growth
factor derivative was completely active in binding to fibroblast
receptors and 40% as potent as the native hormone in stimu-
lating DNA synthesis. These highly fluorescent derivatives were
suitable for the specific visual labeling of receptor sites in viable
cells and for measuring the lateral mobilities of the receptor-
hormone complexes by fluorescent photobleaching recovery
techniques. By these methods it was shown that the hormone-
receptor complexes can move laterally in the plane of theplasma
membrane with a diffusion coefficient of (3-5) X 10- cm2/
sec.

Fluorescence microscopy is used extensively for localizing
different cell surface components such as surface antigens (1),
lectin-binding sites (2), and toxin receptors (3). Recently, the
fluorescent photobleaching recovery technique has made it
possible to study quantitatively the dynamic properties of such
fluorescently labeled molecules on viable cells under physio-
logical conditions (4, 5).

Unfortunately, in only a few cases has it been possible to label
hormone receptors with fluorescent analogs (6, 7). The number
of hormone receptor sites per cell is generally so small (i.e.,
10,000 to 40,000, at most) that a density of labeled receptors
sufficiently high for microscopic detection is in theory difficult
to achieve. Furthermore, polypeptide hormones have few po-
tential sites for substitution with fluorophores without impairing
the binding affinity of the hormone to its receptor. This makes
it difficult or impossible to achieve by conventional methods
the high fluorescence intensity that can be obtained by multiple
fluorescent probe substitution. Extensive chemical modification
of hormones may also cause gross changes in conformation,
resulting in lowered affinity, specificity, and selectivity of
binding to receptors on intact cells.

In the present studies these problems are overcome by cou-
pling to peptide hormones a protein (a-lactalbumin) that has
previously been highly substituted (i.e., seven to one) with
rhodamine through single, uniquely specified hormone residues
whose selective modification is known not to adversely alter the
biological activity of the hormone. Thus, a highly fluorescent
analog of a-lactalbumin can be coupled to the a-amino group

of epidermal growth factor (EGF) or to the e-amino group of
the single lysyl residue of insulin. These derivatives retain
partial biological activity, and they label receptors sufficiently
well to permit localization by fluorescent microscopy and
quantitation of lateral mobility by fluorescent photobleaching
recovery methods.

MATERIALS AND METHODS
Materials. a-Lactalbumin, 5,5'-dithiobis(2-nitrobenzoic

acid), dithiothreitol, iodoacetamide, 2-iodoacetic acid, citra-
conic anhydride, dansyl chloride, and S-acetylmercaptosuccinic
anhydride were purchased from Sigma. Rhodamine (Rhod)
isothiocyanate (tetramethyl form, hereafter referred to simply
as rhodamine) was obtained from Research Organic Chemicals,
2,4-dinitrofluorobenzene and m-maleimidobenzoyl-N-hy-
droxysuccinimide ester (MIB-NHS) from Pierce Products, and
pork insulin from Eli'Lilly. EGF was purified from male mouse
submaxillary glands according to the procedure of Savage and
Cohen (8). The following procedures were used with no mod-
ification: binding of 125I-labeled insulin (125I-insulin) to fat cells
and liver membranes (9); [3H]thymidine incorporation into
DNA (10); conversion of D-[U-'4C]glucose to 14CO2 (11);
NH2-terminal analysis of proteins with dansyl chloride (12).

Preparation of Rhod7-a-Lactalbumin. To 5 ml of a-lactal-
bumin (3 mg/ml) in 0.2 M sodium carbonate buffer, pH 9.3,
were added four aliquots of 0.3 ml of rhodamine isothiocyanate
(10 mg/ml in dimethylformamide) over a period of 24 hr. The
solution was then dialyzed extensively in the cold against dis-
tilled water and finally was lyophilized. The number of rho-
damine groups incorporated was determined using e545 =
80,000M cm-1 (13). a-Lactalbumin concentration was deter-
mined by amino acid analysis. Approximately 7 mol of rho-
damine were coupled per mol of a-lactalbumin.

Preparation of Citrac2,NfB29-MIB-Insulin. Dicitraconyl
insulin (Citrac2-insulin) was prepared as follows. A 30-ml so-
lution of insulin (2 mg/ml) with trace quantities of l25I-insulin
in 0.01 M sodium carbonate was adjusted to pH 6.9. Two ali-
quots (5 ,l each) of citraconic anhydride were added to the
stirred protein solution over a period of 1 hr and the pH was
kept at 6.8 to 6.9 by the addition of NaOH. The protein solution
was then dialyzed at 7° against 4 liters of 0.05 M NaHCO3

Abbreviations: EGF, epidermal growth factors; MIB-NHS, m-
maleimidobenzoyl-N-hydroxysuccinimide ester; Rhodra-lactalbumin,
a-lactalbumin modified with an average of 7 mol rhodamine per mol
of a-lactalbumin; Citrac2-insulin, an insulin derivative in which both
a-amino groups are citraconylated; Citrac2,NEB29-MIB-insulin, Ci-
trac2-insulin in which the lysine residue (B29) is modified to give an
N-maleimidobenzoyl lysyl residue; NEB29-Rhod-insulin, derivative in
which a rhodamine molecule is covalently linked to the e-amino group
of lysine B29.
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(adjusted to pH 7.0), for 16 hr. Under these conditions both
a-amino groups were blocked and the e-amino group of lysine
residue B29 remained free, as was confirmed by end-group
analysis and the complete absence of lysine on amino acid
analysis following reaction of the derivative with 2,4-dini-
trofluorobenzene and acid hydrolysis. The protein was further
reacted with the bifunctional reagent MIB-NHS, to produce
an insulin derivative that would react with sulfhydryl groups.
Ten milliliters of Citrac2-insulin (2 mg/ml in H20) was brought
to pH 7.7 by the addition of NaOH cooled to 00 to 20 and three
aliquots (0.4 ml each) of MIB-NHS (10 mg/ml in dimethyl-
formamide) were added over a period of 20 min. The pH was
maintained at 7.7 with NaOH. After 30 min the solution was
adjusted to pH 6.0. After the reaction mixture was centrifuged
to remove a fine precipitate produced during the reaction, it
was dialyzed in the cold. The number of maleimidobenzoyl
groups incorporated into the insulin molecule was determined
by reacting a portion of the derivative with a 2-fold molar excess
of reduced glutathione. The amount of unreacted glutathione
was determined with 5,5'-dithiobis(2-nitrobenzoic acid) (14).
Approximately 1 mol of the maleimidobenzoyl group was in-
corporated per mol of Citrac2-insulin.

Coupling of Citrac2,NEB29_MIB-Insulin to Partially Re-
duced Rhod7-a-Lactalbumin. To Rhod7-a-lactalbumin (8.5
mg/ml in 0.2 M TrisCl, pH 7.0), a 0.10-ml aliquot of di-
thiothreitol solution (10 mM) was added (2-fold molar excess
over the protein), and the reduction was allowed to proceed for
10 min. Then Citrac2,NEB29-MIB-insulin (1.2 mg, dissolved in
2.0 ml of 0.1 M TrisCl buffer, pH 7.0) was added. The coupling
reaction proceeded for 1 hr. Iodoacetamide (1 mg) was then
added and the reaction mixture was incubated for 10 min. It
was then extensively dialyzed against water in the cold and
lyophilized. No significant reduction of disulfide bonds of the
insulin derivative under the coupling process took place, as
confirmed by incubating Citrac2,NeB29-MIB-insulin with the
same amount of dithiothreitol applied in the coupling process,
followed by the addition of 2-iodoacetic acid. Only 0.1-0.2 mol
of S-carboxymethylcysteine per mol of insulin was incorporated
(as determined by acid hydrolysis and amino acid analysis).
The noncovalently bound insulin derivative was separated

from the conjugate by gel filtration. The lyophilized material
(15 mg) was dissolved in 0.7 ml of 0.1 M TrisCl, pH 8.5/7 M
urea and loaded on a Sephadex G-50 column (1.5 X 60 cm)
previously equilibrated with the same buffer. The column was
developed at 50 ml/hr. The fractions corresponding to the first
peak were pooled and dialyzed extensively against water.
The citraconyl groups were removed by incubating the de-

rivative at pH 2.0 for 4 hr at room temperature. The pH was
then brought to 9.3 and the protein solution was dialyzed ex-
tensively against water for 20 hr and then lyophilized.
The ratio of 125I/A545 was used to determine the average mol

ratio of insulin to Rhod7-a-lactalbumin in the conjugate. This
varied between 0.2 and 0.4 in various preparations.

Preparation of NEB29-Rhod-Insulin. To 10 ml of Citrac2-
insulin (2 mg/ml) in 0.2 M sodium carbonate buffer, pH 9.3,
three aliquots of 3 mg of rhodamine isothiocyanate in 0.3 ml
of dimethylformamide were added at 3-hr intervals. The so-
lution was incubated for an additional 3 hr. It was dialyzed in
the cold against 0.1 M NaHCO3 for 3 days and then dialyzed
against distilled water for 2 more days before lyophilization.
The blocking groups were then removed at acidic pH, as al-
ready described, and the derivative was purified on a DEAE-
Sephadex column (A-25) using conditions identical to those
applied by Lindsay and Shall (15) for the separation of partially
acetylated insulin derivatives. The main reddish peak was di-
alyzed extensively against water and Iyophilized. The derivative
contained 1 mol of rhodamine per mol of insulin.

Preparation of Rhod7ra-Lactalbumin-EGF Conjugate. The
single a-amino group of EGF was modified with MIB-NHS to
produce an EGF derivative that would react with sulfhydryl
groups. To a solution of EGF (0.3 mg in 0.3 ml of cold 0.1 M
phosphate buffer, pH 7.3) which contained trace quantities of
125I-EGF, three aliquots (20 ;l each) of MIB-NHS (10 mg/ml
in dimethylformamide) were added over a period of 20 min.
The solution was then centrifuged and loaded on a Sephadex
G-15 column (15 X 1 cm). The elution was carried out with
0.2% bovine serum albumin. The EGF fractions were pooled
and lyophilized.

Sulfhydryl groups were incorporated into Rhod7-a-lactal-
bumin by successive succinylation of the remaining amino
groups with S-acetylmercaptosuccinic anhydride. Rhod7-a-
lactalbumin (10 ml, 2 mg/ml) was brought to pH 7.0 and five
aliquots (3 mg each) of solid S-acetylmercaptosuccinic anhy-
dride were added over a period of 1 hr. The pH was kept at 7.0
to 7.3 with NaOH. The protein solution was then dialyzed ex-
tensively against water and lyophilized.
The coupling was performed by incubating the a-lactalbu-

min (0.1 mM) and EGF (0.05 mM) derivatives in 0.1 M
TrisCl/50 mM NH20H (pH 7.0) for 20 min. Solid iodoacet-
amide was then added (final concentration, 0.5 mM) and the
solution was dialyzed extensively against distilled water. Any
EGF derivative not covalently bound to Rhod7-a-lactalbumin
was removed by using an Amicon-Diaflo cell (membrane
PM-10). The conjugated derivative contained 0.3 mol of EGF
per mol of Rhod7-a-lactalbumin.

RESULTS AND DISCUSSION
Fig. 1 describes schematically the steps involved in the prepa-
ration of Rhod7-a-lactalbumin-insulin conjugate, using the side
chain of lysine B29 of insulin and the reduced disulfide bond
I-VIII of a-lactalbumin for bridging both molecules. a-Lact-
albumin is a particularly suitable inert protein for coupling to
small polypeptides for the purposes described here. It is a small
globular protein (molecular weight 14,500) and it contains
many lysine residues, thus permitting the incorporation of a
large number of fluorescent probes.

Certain information used here was crucial in the design and
preparation of the Rhod7-a-lactalbumin-insulin conjugate.
Various studies of chemical modification of insulin had con-
sistently shown that the eamino group of lysine B29 of insulin
can be modified, even with bulky substituents, with little or no
change in the biological activity of the hormone (16). In addi-
tion, we had recently observed that the binding of avidin to an
insulin derivative that contains a biotinyl moiety covalently
attached to lysine B29 does not destroy the biological potency
or the receptor binding affinity of the complex. On the other
hand, if the same complex is formed with an insulin derivative
in which the biotinyl group is attached to the a-amino group
of phenylalanine B1, both the binding affinity and biological
potency are greatly reduced.t Thus, we concluded that the
e-amino group of lysine B29 would be the most suitable can-
didate for attaching a macromolecule to the hormone without
adversely affecting its biological properties.

In addition, it has been observed (17) that the disulfide bond
I-VIII of a-lactalbumin can be selectively reduced by low
concentrations of dithiothreitol (2 to 5 mol equivalents). Es-
sentially the same situation exists in Rhod7-a-lactalbumin. Thus,
given the coupling conditions used here, only two SH groups
are available for attachment. In addition, the use of a relatively

t Y. Shechter, S. Jacobs, K.-J. Chang, and P. Cuatrecasas, unpublished
data.
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Table 1. Binding and biological activity of various fluorescent analogs of insulin and EGF

Binding affinity to cells* Biological activityt
Hormone or 5096 1251-hormone Relative binding ED50,§ Relative
derivative displacement, ng/ml potency,t % ng/ml activity, %

Insulin 40 100 0.15 100
NM29-Rhod-insulin 45 89 0.20 75
Rhod7-a-lactalbumin-insulin 480 8.3 13 1.15
EGF 8.2 100 0.13 100
Rhod7-a-lactalbumin-EGF 8.2 100 0.33 40

* For insulin experiments, isolated rat adipocytes (1.6 X 106 cells) and 2-5I-insulin (1 ng/ml) were incubated with various concentrations of native
insulin or its derivatives in 0.25 ml of Krebs-Ringer bicarbonate buffer, pH 7.4/1% bovine serum albumin for 45 min at 240. Insulin binding
was determined by floating adipocytes over silicone oil in a Beckman Microfuge. For EGF experiments, a suspension of confluent 3T3 mouse
fibroblasts (0.2 ml) in Krebs-Ringer bicarbonate buffer, pH 7.4/1% albumin (about 2.2 X 106 cells per ml) was incubated at 150 with 27 pg
of '125I-EGF and with various concentrations of native EGF or its derivatives for 2 hr. The amount of 125I-EGF bound was determined using
EAWP Millipore filters (9).

t Experimental values obtained from Fig. 2.
100 X IC50 of native hormone * IC50 of derivative, in which IC50 is the concentration of native hormone or derivative that inhibits 50% of the
'25I-hormone binding.

0 Concentration of insulin or EGF that produced half-maximal stimulation.

high mol excess of Rhod7-a-lactalbumin derivative relative to
the insulin derivative was applied in an attempt to eliminate
the possible formation of a conjugate with a ratio of insulin to
Rhod7-a-lactalbumin of more than one.
The method of conjugation used is unidirectional and

therefore precludes the formation of products of polymerized
insulin or a-lactalbumin.

Special precautions were taken to remove any unbound in-
sulin derivative from the conjugate. For this purpose a step of
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FIG. 2. Biological activities of fluorescent derivatives of insulin
and EGF. (A) Isolated rat adipocytes (105 cells) were incubated for
90 min at 370 in Krebs-Ringer bicarbonate buffer/1% albumin, pH
7.4, with 0.2mM D-[U-14C]glucose (5 Ci/mmol) and various concen-
trations of native insulin (0), NeB29-Rhod-insulin (0), and Rhod7-
a-lactalbumin-insulin conjugate (A). (B) 3T3 mouse fibroblasts were
grown to confluence (approximately 3 X 105 cells, 100 sg of protein)
in 1.5-cm wells and then incubated with various concentrations of
native EGF (0) or Rhod7-a-lactalbumin-EGF conjugate (@) for 20
hr. The cells were then incubated with 0.15 ,uM thymidine (1.0 AtCi/ml)
for 1 hr. Results are expressed as percent of maximal stimulation
(average of three replicate determinations).

gel filtration on a Sephadex G-50 column is used in the presence
of 7 M urea under conditions in which insulin exists exclusively
in the monomeric state. In a control experiment mixed native
insulin and Rhod7-a-lactalbumin were fully resolved under
identical conditions. In addition, rechromatography of the
purified conjugate did not change its biological specific activity,
thus indicating the absence of unbound insulin.
The single amino group of EGF can be modified with no

change in the biological potency of the hormone (unpublished
observation). Hence, this group is used to covalently attach the
hormone to Rhod7-a-lactalbumin. In an alternative approach,
SH groups are introduced into Rhod7-a-lactalbumin by suc-
cinylation of the derivative with S-acetylmercaptosuccinic
anhydride. Also, excess quantities of the a-lactalbumin deriv-
ative relative to the EGF derivative are applied in this coupling
step to approximate stoichiometric substitution.
The conjugated derivatives of both hormones contain 0.2-0.4

mol of insulin or of EGF per mol of Rhod7-a-lactalbumin, in-
dicating that some free Rhod7-a-lactalbumin is present in the
preparation. The presence of this material is not disadvanta-
geous because it is not adsorbed by the fibroblasts and is sub-
sequently readily removed by washing. The fibroblasts in effect
serve as affinity probes due to their selective affinity toward
the conjugates.
The binding affinities and the biological potencies of the

various conjugates prepared are summarized in Table 1 and
Fig. 2. As can be seen, the Rhod7-a-lactalbumin conjugate of
insulin is only 1.15% as active as native insulin in stimulating
glucose oxidation in fat cells. However, its binding affinity,
8.3%, is greater, Although the binding of the hormone is sig-
nificantly perturbed on conjugation, its affinity and specificity
are still sufficiently great to ensure highly specific labeling of
the receptor sites of fibroblasts. The Rhod7-a-lactalbumin
conjugate of EGF retains its full binding capacity and 40% of
its ability to stimulate DNA synthesis (Table 1 and Fig. 2).

Employing these fluorescent derivatives of insulin and EGF,
and using the fluorescence photobleaching recovery method
(4, 5, 16), we have been able to show that the fluorescence
emitted from the labeled cells is above the background fluo-
rescence. More than 60% of the total fluorescence could be
displaced by incubating cells with native hormone at 1 tg/ml.
The remaining background fluorescence was immobile on the
experimental time scale of the bleaching experiment (4, 5). It
is therefore possible to use these probes for studying the mobility
of the hormone-receptor complexes. In fluorescence photo-
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FIG. 3. Fluorescent recovery curve of 3T3 cells labeled with
Rhod7-a-lactalbumin-EGF conjugate at 230 for 20 min. Full details
about the fluorescent photobleaching method are described in refs.
4, 5, and 18.

bleaching recovery a brief laser pulse photobleaches the fluo-
rescence from a small area on the cell and then the rate at which
fresh fluorophores move laterally into the bleached area is
monitored (5). Cells labeled with N(B29-Rhod-insulin were not
adequate for fluorescence photobleaching recovery experi-
ments, despite the good retention of biological and binding
activities of this derivative (Table 1). This is mainly due to the
high degree of background fluorescence.
A typical recovery curve is illustrated in Fig. 3. In this ex-

periment 3T3 cells were labeled with Rhod7-a-lactalbumin-
EGF and then the fluorescence photobleaching recovery ex-

periments were performed. From this and similar experiments
performed on cells labeled either with Rhod7-a-lactalbumin-
EGF or Rhod7-a-lactalbumin-insulin, we have been able to
show that both hormone-receptor complexes are mobile, with
diffusion coefficients in the range of (3-5) X 10-10 cm2/sec.
These findings are compatible with the previously proposed
mobile receptor hypothesis of hormone receptor action (19).
Full details of these studies, as well as those that utilize these
analogs to visualize the qualitative pattern and redistribution
of surface receptors by fluorescence microscopy, will be pub-
lished elsewhere.

In conclusion, the present work describes the preparation of
highly fluorescent derivatives of insulin and EGF that retain
partial biological activity. These derivatives can be used to label
and detect cell surface receptors by fluorescence microscopy,
and the lateral diffusion of the hormone-receptor complexes
so labeled has been ascertained. We hope that pursuing such
studies in depth will extend our understanding of the dynamic
properties and biochemical events that follow the initial hor-
mone-receptor interaction.
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