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Fluorescent Pyrene Derivative of Concanavalin A: Preparation and 
Spectroscopic Characterizationt 

Brian A. Herman$ and Salvador M. Fernandez* 

ABSTRACT: The preparation and characterization of a fluor- 
escent 1 -pyreneacrylate-concanavalin A conjugate are de- 
scribed. Excitation, emission, and polarization spectra are 
presented as well as quantum yield and fluorescence lifetimes. 
Perrin plots examining the rotational behavior of the pyr- 

Fluorescent ligands have proven to be valuable tools for the 
study of cell surface topography. The dynamics of receptor 
redistribution on the cell surface in response to exogenous 
stimuli or endogenous processes have been most successfully 
investigated by fluorescence microscopy. The advent of lasers, 
image intensifiers, and other technological advances (Taylor 
& Wang, 1980), as well as the increasing availability of 
fluorescent probes of high specificity, continue to improve the 
sensitivity and versatility of this approach. The application 
of resonance energy transfer (RET) techniques to the study 
of cell surfaces (Fernandez & Berlin, 1976; Chan et al., 1979; 
Schreiber et al., 1980) have provided a method for quantitating 
in real time the dynamics of receptor clustering, a phenomenon 
which appears to be an important step in the initial stages of 
many cellular responses. 

Fluorescent conjugates of lectins and of concanavalin A in 
particular have been widely used as probes of cell surface 
architecture and dynamics. Fluorescein and rhodamine de- 
rivatives have proven particularly useful. In this paper, we 
describe the synthesis and some spectroscopic characteristics 
of a novel fluorescent derivative of Con A.' This pyrene- 
acrylate conjugate possesses certain advantages over its 
fluorescein or rhodamine counterparts, and it is well suited 
for time-resolved measurements and for RET studies. 

We have recently employed this pyrene-Con A derivative 
as a donor fluorophore (with FITC-Con A as acceptor) in a 
RET study of the muscle cell surface during myoblast fusion. 
The results of that investigation are presented in the following 
paper (Herman & Fernandez, 1982). 

Materials and Methods 
Synthesis of Pyrene-Con A Conjugates. The FITC con- 

jugate of Con A was prepared according to standard methods. 
The pyrene conjugate was prepared as follows: 14.9 mg of 
the succinimide ester of pyreneacrylate (Molecular Probes, 
Plano, TX) is dissolved in 5 mL of acetone (spectrophotometric 
grade) to which 100 mg of Celite was added. The solution 
was evaporated to dryness under a stream of nitrogen. Con- 
canavalin A, 20 mg, was dissolved in 5 mL of 10 mM NaH- 
C 0 3  with 0.2 M glucose at  pH 10.6 and then added to the 
pyrene-celite adsorbate and stirred on ice for 45 min. After 
completion of the reaction period, the solution was spun for 
15 min at 5OOOg in a Sorvall RC-2B centrifuge to pellet the 
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ene-Con A complex show good agreement with those previ- 
ously published for other fluorophore-Con A conjugates. The 
suitability of this flurorphore as a donor for resonance energy 
transfer studies is discussed. 

Celite. The supernatant was dialyzed for 8 h against PBS and 
then overnight against PBS with CaZ+ and Mgz+. The dialyzed 
solution was layered on top of a 10-cm Sephadex G-50 column. 
Free pyrene was eluted with a running buffer of 1 M NaCl, 
2 mM MnCl,, and 2 mM CaC1,. Labeled Con A was bound 
to the column. Fluorescence eluted from the column was 
monitored with a long-wave UV light; after no more 
fluorescence could be eluted, the labeled Con A was removed 
by applying a running buffer of 0.2 M glucose. The Con A 
was collected, dialyzed overnight at 4 OC against phosphate- 
buffered saline to remove the glucose, and concentrated by 
vacuum dialysis. The dialysis tubing was prepared by three 
successive incubations in 0.1, 0.01, and 0.001 M EDTA for 
30 min at 100 OC and then stored in 70% ethanol at -15 OC. 

The biological activity of the derivatized Con A was tested 
in 2 ways: First, we performed binding studies with [3H]Con 
A to examine the efficiency of displacement of [3H]Con A by 
the fluorescent derivatives and native Con A. Second, myo- 
genic cells were labeled with pyrene- or FITC-conjugated Con 
A in the presence and absence of 200 mM a-methylmannose 
(a-MM) and then examined in the fluorescence microscope. 

Radioligand Binding Studies with [3H] Con A .  Cultured 
myotubes (see following paper for culture procedure) were 
harvested for binding assays as follows (Den et al., 1975): 
Each 35-mm dish was incubated for 10 min with 2 mL of cold 
(0-4 "C) PBS, pH 7.4. The cells were scraped from the plates 
and concentrated by centrifugation at 40000g for 20 min in 
a Sorvall RC-5B centrifuge. The supernatant was discarded 
and the pellet resuspended in an appropriate experimental 
volume of PBS. Binding reactions were carried out in poly- 
propylene tubes which had been soaked overnight in 0.9% 
NaCl containing 5 mg of bovine serum albumin (BSA)/mL. 
The reaction mixture had a total volume of 1 .O mL and con- 
tained the following: 1 nM [3H]Con A and appropriate 
concentrations of Con A, pyrene-Con A, FITC-Con A, N- 
acetyl-D-glucosamine, or a-methylmannoside. The reaction 
was initiated by addition of 0.5 mL of homogenate. The tubes 
were incubated for 30 min at  37 OC in a gyrorotatory water 
bath. The amount of bound ligand was determined with a 
filtration assay. Nonspecific binding was determined by in- 
cubating the radioactive ligand in the presence of 1000-fold 
excess of unlabeled Con A. Filters were placed in scintillation 
vials and dried for 1 h under a heat lamp. Econofluor scin- 
tillation solution (10 mL) was added to each vial, and samples 
were counted in a Mark I1 liquid scintillation counter. Protein 

' Abbreviations: Con A, concanavalin A; EDTA, ethylenediamine- 
tetraacetic acid; PBS, phosphate-buffered saline. 
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concentrations were determined by using the Bio-Rad protein 
assay. 

( A )  
Spectra. Absorption spectra for the dye-Con A conjugates 
were recorded on a GCA McPherson double-beam spectro- 
photometer with unlabeled protein of the same concentration 
as a blank. Corrected excitation and emission spectra were 
obtained with a Perkin-Elmer MPF4 spectrofluorometer 
equipped with a thermostated sample holder. 

( B )  Quantum Yields. Quantum yields were calculated 
according to (Chen, 1965) 

Spectral Characterization of Con A Conjugates. 

Q = Q,(F/F&A,/A) 

where Q is the quantum efficiency of the fluorophore-Con A 
conjugate, Qq is the quantum efficiency of a quinine standard 
solution, A is the absorbance at an appropriate wavelength of 
fluorophorecon A conjugate, A ,  is the absorbance of quinine 
at 348 nm, F is the integrated fluorescence intensity of fluo- 
rophorecon A conjugate, and F, is the integrated fluorescence 
intensity of quinine. 

A vahe  of 0.55 was assumed for the quantum yield of 
quinine sulfate in 0.1 N H2S04 excited at 348 nm (Chen, 
1965). Erroneously low quantum yield values may be obtained 
due to asymmetric distribution of the emission if the 
fluorescence viewed at right angles to the exciting light is 
highly polarized (Singleterry & Weinberger, 195 1). Cor- 
rections for all the fluorophores employed in our studies were 
found to be negligible. 

Dye to Protein Ratios. Protein concentrations were mea- 
sured by the method of Lowry (Lowry et al., 1951), and the 
dye content was assayed spectrophotometrically. From ab- 
sorbance measurements and knowledge of the molar extinction 
coefficient, molar dye to protein ratios were calculated. The 
extinction coefficient, E, for pyrene at 368 is 1.06 X lo4 M-I 
cm-I as measured by us and that of FITC was taken to be 7.2 
X lo4 M-' cm-' (Chen, 1969). 

Fluorescence Polarization. Static polarization measure- 
ments were performed with a Perkin-Elmer MPF 4 fluorom- 
eter. The polarization, p ,  was calculated according to 

G = -  
= I V V  - IVHG IHH 

IHV I V V  - IVHG 

where Ivv and IVH represent the fluorescence intensities (at 
the wavelength of interest) measured with the analyzer or- 
iented parallel and perpendicular to the vertically polarized 
excited light and G is an instrumental correction factor. The 
first and second subscripts refer to the orientation (vertical 
or horizontal) of the polarizer and analyzer, respectively. 
Corrections for scattering contributions were performed by 
subtracting the signals from a similar solution of unlabeled 
Con A. 

Rotational Diffusion Characteristics of Fluorescent Con 
A Conjugates. For characterization of the rotational freedom 
of the fluorophore relative to the Con A molecule, Perrin plots 
of the p y r e n d o n  A conjugate were obtained. The rotational 
diffusion of a molecule can be related to its fluorescence po- 
larization by Perrin's equation (Perrin, 1926): 

r0 r - = I + -  
r 4 

where 4 is the rotational correlation time of the molecule, r 
is the mean radiative lifetime of the fluorophore, r is the 
fluorescence anisotropy defined as 

I V V  - I V H  

I V V  + 21VH 
r =  

and ro is the limiting anisotropy corresponding to no motion, 
as in frozen solution. For a spherical molecule, the rotational 
correlation time is given by the Einstein-Stokes formula, 4 
= vV/ (KT) ,  where v is the viscosity of the medium, Vis the 
volume of the fluorescent species, K is the Boltzmann constant, 
and Tis the absolute temperature. Perrin plots (a plot of l / r  
vs. T / q )  are useful in determining 4 and can reveal flexible 
motions in the protein or local restricted motion of the fluo- 
rophore (Wahl & Weber, 1967). Perrin plots were obtained 
by varying the temperature or by changing the viscosity under 
isothermal conditions. 

Time-Resolved Measurements. Fluorescence decay curves 
were collected by employing a photon-counting microspec- 
trofluorometer assembled in this laboratory. This apparatus 
has been previously described (Fernandez & Berlin, 1976; 
Herman & Fernandez, 1978) and essentially consists of a 
modified Zeiss research microscope interfaced to an Ortec 
9200 nanosecond fluorometer. Deconvolution of decay curves 
was carried out with the method of moments (Isenberg & 
Dyson, 1969). 

Determination of Critical Forster Radius, Rot for Pyrene 
Fluorescein-Con A.  The resonance energy transfer rate from 
an excited donor (D) to a suitable acceptor (A) in the very 
weak coupling case under prevailing dipole-dipole interaction 
(Forster, 1965) is given by 

9(ln 1 0 ) 4 D ~ ~  1 Ro6 
KT = J (X)  = -- 

128dNq47~R6  rD 

where N is Avogadro's number, 7 is the refractive index of 
the medium in the range of overlap, 4D and rD are the donor 
quantum yield and lifetime, respectively, in the absence of 
acceptor, and K~ is an orientation factor defined in terms of 
the angles between the unit vectors D, A, and R which lie along 
the donor and acceptor transition moments and the direction 
joining them, respectively (Dale & Eisinger, 1975). J ( X )  is 
the spectral overlap integral of donor (pyrene) emission and 
acceptor (fluorescein) absorption: 

J(X)  = 1 m ~ ( X ) f ( X ) X 4  0 dX 

where E(X) is the decadic molar extinction coefficient of the 
acceptor at wavelength X and f(X) is the normalized fluores- 
cence spectrum of the donor defined as 

where F( A) represents emission intensity per unit wavelength. 
Ro is a characteristic distance which is defined as the do- 
nor-acceptor separation for which the transfer rate equals the 
donor deexcitation rate in the absence of acceptor. Ro is a 
useful parameter which gives information on the range of D-A 
separations that can be investigated with a given D-A pair. 
A value of 2 /3  was assumed for r2. 

Results 
Spectral Characteristics. Excitation, emission, and polar- 

ization spectra of the pyrene-Con A conjugate in PBS, pH 
7.4, are shown in Figure 1. The excitation and emission 
maxima occur at 373 nm and 463 nm, respectively. The 
quantum yield for this Con A conjugate is 0.13, and the av- 
erage molar dye to protein ratio is 2.2. 

The binding affinities of pyrene- and fluorescein-Con A 
conjugates were investigated by a self-displacement binding 
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FIGURE 2: Fluorescence decay of pyren4on A (1 X lo4 M protein) 
in PBS, pH 7.4 at 22 OC. (A) Superposition of experimental and 
calculated (top curve) fluorescence decay curves obtained from a 
one-component deconvolution. (B) Superposition of experimental and 
calculated fluorescence decay curves obtained from a two-component 
deconvolution. Residuals are also shown. The excitation and 
fluorescence curves were collected to 100 000 and 20 OOO in their peak 
channels, respectively. Data were collected from a sample of Con 
A which was placed in a well slide on the stage of the microscope. 
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FIGURE 3: Emission spectra of pyreneacrylate conjugated to di- 
ethylamine. The solid line represents pyreneacrylate at a concentration 
of 1 pM and the dotted line represents pyreneacrylate at a concen- 
tration of 1 mM. 

with nitrogen. The decay curves were similar in both cases, 
suggesting that oxygen quenching is not a significant factor 
in the genesis of the double-exponential behavior. 

To clarify the role of binding heterogeneity, we first in- 
vestigated the effect of solvent environment on the spectral 
characteristics of the free pyreneacrylate. Table I summarizes 
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Table I: Spectral Properties of Pyreneacrylate Succinimide Ester 
in Different Solvents‘ 

solvent he Y hem Q 
water 380 532 0.16 
ethanol 318 5 00 0.33 
acetone 310 410 0.35 
xylene 383 445 0.29 

‘ Dye concentration was 1 MM in all cases. 
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FIGURE 4: Perrin plot ( l / r  vs. T / q )  of pyrene-Con A. The con- 
centration of pyrene was 1 X 10” M, and the molar dye/protein ratio 
(D/P) was 2.2:l. (Open symbols) Isothermal run, where the viscosity 
is altered by varying the percentage of sucrose (560% w/w) in the 
solution. (Closed symbols) A “heat run”, where the sucrose con- 
centration is held constant (10% w/w) and the temperature is altered. 
The dotted line shows values at very low T / q  corrected for depo- 
larization of the emitted fluorescence due to scatter from the sucrose 
molecules in the solution. 

these results. It can be seen from this table that the excitation 
maximum does not change appreciably but that the emission 
maximum displays marked sensitivity to environment, shifting 
from 532 nm in water to 445 nm in xylene. This might suggest 
that heterogeneity in binding to Con A may lead to the decay 
kinetics observed. To further test this possibility, we conju- 
gated pyreneacrylate to a small free amine (diethylamine). 
The reaction was carried out in an excess of diethylamine to 
ensure complete conjugation of the acrylate and thus a ho- 
mogeneous population of emitting species. At 1 gM concen- 
tration, the excitation and emission maxima of this conjugate 
were 375 and 463 nm, respectively, in close agreement with 
the values of these parameters for pyrene-Con A. Interest- 
ingly, the decay kinetics of this homogeneous population of 
fluorophores were comparable to those of pyrene-Con A. This 
evidence suggests that heterogeneity in binding site environ- 
ments is not responsible for the two-exponential decay of 
pyrene-Con A. 

Perrin Plots. Figure 4 shows a Perrin plot of pyreneCon 
A. The open circles represent an isothermal Perrin plot (the 
temperature is held constant while the viscosity is changed), 
and the closed circles represent a “heat run” (the temperature 
is varied at constant sucrose concentration). This figure shows 
a behavior typical of the case where the fluorescence depo- 
larization is caused by two distinct rotations: a relatively fast 
hindered rotation of the fluorophore about the bond of at- 
tachment to the protein and a relatively slow rotation of the 
protein molecule (Wahl & Weber, 1967). The relative con- 
tributions of each of these motions to the fluorescence depo- 
larization depend on both T and q. At low T / q  values, ro- 
tational motion of the entire protein occurs on a much slower 
time scale than that of the excited state lifetime; thus the 

Wavelength (nrn) 

FIGURE 5: Spectral overlap between the emission of pyrene-Con A 
and the absorption of FITC-Con A. The two spectra are normalized 
at their respective peak intensities. The overlap integral is calculated 
as described under Results. The closed symbols represent the emission 
spectrum of pyrene-Con A, and the open symbols represent the 
absorption spectrum of FITC-Con A. 

fluorescence depolarization seen is caused predominantly by 
local motion of the fluorophore. At high T/q  values, orien- 
tational relaxation of the fluorophore occurs rapidly relative 
to the excited state lifetime, so that the changes in polarization 
reflect only the rotations of the protein molecule. 

Our results with pyrene-Con A are similar to those pre- 
viously obtained in Inbar et al. (1973) with FITC-Con A. In 
this case the linear region of the isothermal curve extrapolates 
to an Ro value of 0.26. Employing this value in Perrin’s 
equation (at T / q  = 2.86 X lo4 K PI) and a lifetime of 2.99 
ns (the fast component that accounts for about 96% of the total 
signal), we obtain a rotational correlation time, 4, of 16.3 ns. 
This value is in reasonable agreement with the previously 
reported value of 19.3 ns for FITC-Con A (Inbar et al., 1973). 
Decay of anisotropy curves (data not shown) suggests that the 
correlation time for the local restricted motion of the pyrene 
moiety is less than 0.5 ns. 

Ro Vulues. The value of Ro was calculated according to 

where the variables assume the same meaning as under Ma- 
terials and Methods. 

Figure 1 is a graph of the excitation and emission spectra 
of p y r e n d o n  A. These spectra show some overlap and yield 
an Ro for pyrene-pyrene self-transfer of 22 8. The overlap 
between the pyrene emission and the fluorescein absorption 
is shown in Figure 5. The Ro value for this pair is 43 8. 
Discussion 

Our choice of a pyrene fluorophore to label the Con A 
molecule was guided by our interest in a probe that (a) could 
be efficiently excited at  380 nm and (b) would serve as an 
effective donor to fluorescein-Con A derivatives in RET ex- 
periments. 

The first of these two requirements is related to our interest 
in performing time-resolved studies on single cells for which 
we employ an air-gap discharge flash lamp as an excitation 
source. The spectral output of these lamps is limited to several 
discrete bands in the UV, with most of their output centered 
around 360 and 380 nm and little or no output in the visible. 
The excitation peak of pyrene-Con A (Figure 1) closely co- 
incides with 380-nm emission of the nitrogen discharge. This 
provides efficient excitation of the probe and good signal-to- 



Biochemistry 1982, 21, 3275-3283 3275 

noise ratios and permits collection of decay curves from single 
cells in reasonably short times. 

The suitability of this probe to serve as a donor to fluorescein 
(FITC) in RET experiments can be seen from Figure 5 which 
shows the spectral overlap between pyrene emission and 
fluorescein absorption. The & for the pyrene-fluorescein pair 
is 43 8, which is sufficiently large to make this donor-acceptor 
combination useful for studies of cell surface receptor clus- 
tering [see following paper (Herman & Fernandez, 1982)l. 
In addition, the large Stokes shift of the pyrene fluorescence 
results in little self-overlap between pyrene’s own emission and 
absorption bands. Thus, the & for pyrene-pyrene self-transfer 
is only 22 8, (compare to 48 8, for fluorescein self-transfer). 
This constitutes an additional advantage of employing pyrene 
as a donor, since potential artifacts due to donor self-transfer 
are significantly reduced. Finally, the rapid local relaxation 
of the pyrene moiety relative to the Con A molecule and the 
fact that there is little direct excitation of fluorescein at the 
excitation maximum of the pyrene further add to the usefulness 
of this pyrene-Con A derivative as a probe for resonance 
energy transfer studies. 
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Dynamics and Topographical Distribution of Surface Glycoproteins 
during Myoblast Fusion: A Resonance Energy Transfer Study? 
Brian A. Herman* and Salvador M. Fernandez* 

ABSTRACT: We have investigated changes in topography and 
lateral translational mobility of concanavalin A (Con A) re- 
ceptors on the surface of cultured chick muscle cells during 
the period of myoblast fusion. A temporal correlation between 
these phenomena and the alteration in membrane fluidity 
known to occur during this time period is established. Receptor 
topography and mobility are studied by means of a resonance 
energy transfer technique employing pyrene- and FITC-Con 

O n e  of the earliest events in the process of muscle differ- 
entiation is the fusion of myoblasts into multinucleated 
myotubes. This phenomenon has been the subject of a great 
deal of attention not only because of its fundamental impor- 
tance as a developmental process but also because it provides 
a good model for the study of membrane fusion in general. 
A number of observations now indicate that cell surface lectins 
and the lipids of the plasma membrane play important roles 
in the process of myoblast fusion. Lectins, on the one hand, 
are envisaged as serving a function in cellular recognition and 
adhesion (Rosen et al., 1975) while membrane lipids, on the 
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A conjugates. All measurements are performed through a 
microscope on single cells. Our results reveal that during the 
period of myoblast fusion Con A receptors undergo a dramatic 
redistribution on the cell surface. Furthermore, our data 
suggest that the changes in membrane fluidity observed during 
muscle differentiation serve to modulate the lateral mobility 
of these receptors. 

other hand, are considered to be more intimately involved with 
the fusion event proper (Horwitz et al., 1979; Kalderon & 
Gilula, 1979). 

Several lines of evidence have implicated lectins in the 
process of myoblast fusion. First, cultured muscle cells ela- 
borate surface lectins as a prelude to fusion activity (Gartner 
& Podleski, 1976; Nowak et al., 1976; Teichberg et al., 1975). 
Second, exogenous addition of certain lectins to myogenic 
cultures results in marked inhibition of fusion (Den et al., 1975; 
Sandra et al., 1977). More recently (Parfett et al., 1981) it 
has been shown that Con A’ resistant myoblast lines defective 
in their ability to synthesize surface mannosylated glyco- 
proteins do not undergo fusion. Suggestions for a lipid in- 

’ Abbreviations: Con A, concanavalin A; EGTA, ethylene glycol 
bis((3-aminoethyl ether)-N,N,N’,N’-tetraacetic acid. 
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