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ABSTRACT  The covalently binding fluorescent probe 5-
dimethylamino-1-naphthalenesulfonyl (dansyl) chloride was
affixed directly to the plasma membrane of viable human pe-
ripheral blood lymphocytes via a solid phase transfer method
utilizing Sephadex G-10 as the transfer vehicle. After dansyla-
tion, lymphocytes retain maximal short-term viability. Dansyl,
as the protein conjugate or as the free acid, does not appear to
netrate the cells to any significant extent. Dansylated mixed
phocyte cultures respond to lectin mitogen stimulation for
at least 72 hr. Furthermore, differential response of dansylated
lymphocytes in culture to three plant lectin mitogens provides
a clue to the binding loci of concanavalin A with res; to
phytohemagglutinin and pokeweed mitogen on the e
surfaloi; receptors f(:; tlleslea l:gtil;:; The abilifty to sust:li:ll func-
tionally responsive dansylat p es for several days in
culture suggests that such probe-hgl;:?‘ cells may be useful in
elucidating aspects of the plasma membrane in tie regulation
of cell behavior.

In the study of biological membranes, extrinsic fluorescent
probe molecules provide very sensitive measures of their im-
mediate environment by the emission they produce upon ex-
citation. The use of fluorescent probes has made possible the
estimation of relative rotational mobility of lectin-binding sites,
and fluorescence anisotropy measurements have permitted the
determination of relative membrane viscosities of malignant
transformed and normal cells (1, 2). With viable intact cells, the
fluorophore is usually conjugated first to a surface receptor li-
gand, such as the sugar-binding lectin concanavalin A (Con A),
and then this fluorescent conjugate is reacted with the surface
of the plasma membrane of whole cells (3). However, the direct
introduction of covalent fluorescent probe molecules onto the
surface of whole cells and the subsequent analysis of cellular
function have not been extensively studied (4).

We have instituted studies on the effects of fluorescent probes
covalently bound to the surface of viable human peripheral
blood lymphocytes. Two familar fluorogenic molecules which
react with primary amino groups were examined: 5-dimeth-
ylamino-1-napthalenesulfony! chloride (dansyl-Cl) and fluo-
rescein isothiocyanate. We have had more methodological
success employing a solid-phase probe transfer technique with
the water-insoluble dansyl-Cl, and the data we report here deal
exclusively with the effects of this probe.

We have investigated several properties of isolated, cultured
human peripheral lymphocytes after direct dansyl labeling via
our probe transfer method. Our data provide information about
the effect of plasma membrane-bound dansyl on short-term cell
viability, the tendency for dansyl to penetrate the intracellular
milieu together with the extent of probe binding to lymphocyte
plasma membrane, and the responsiveness of such probe-la-
beled lymphocytes to lectin stimulation.
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A most important finding of these studies is that for at least
72 hr the covalently bound probe does not extinguish the broad
functional events that characterize the responses of mixed
populations of lymphocyte cultures exposed to mitogens.

METHODS

Lymphocyte Isolation from Peripheral Blood. Whole blood
(type A-positive) was collected from random, healthy adults
(18-65 years old), heparinized, and diluted 1:1 (vol/vol) with
Hanks’ balanced salt solution (HBSS). The lymphocytes were
separated according to Boyum (5) in Ficoll/Hypaque and
washed three times by centrifugation with HBSS, then resus-
pended in the same medium. Dye exclusion (trypan blue, 0.4%)
cell counts were routinely performed in a hemocytometer.

Direct Dansylation of Viable Lymphocytes. Dried, ace-
tone-washed Sephadex G-10 beads (Pharmacia), devoid of fines,
were added to an acetone solution of dansyl-Cl (Sigma), re-
sulting/ina system that was'4.2% probe /bead (wt/wt). Theace-
tone was removed by rotary evaporation under reduced pres-
sure, and the dried dansyl-Cl-bead adduct was stored in the
dark at —20°. To label the cells, 4.5 X 108 viable lymphocytes
per ml of HBSS, containing 25 mM 4-(2-hydroxyethyl)-1-pi-
perazineethanesulfonic acid (Hepes) buffer, pH 7.2, were in-
cubated with the dansyl-Cl-béead adduct (2.0 mg of adduct per
108 viable lymphocytes) for 30 min at room temperature, with
initial gentle inversion. A Ficoll/Hypaque centrifugation of
the cell-bead suspension separated the dansyl-labeled lym-
phocytes from the probe-bead adduct. The lymphocytes were
washed three times in HBSS or, if the preparation was to be
cultured, in RPMI 1640 medium (Gibco).

For all studies that involved subsequent culture of the dan-
sylated cells, two control preparations were examined simul-
taneously (see Fig. 1). Sham-treated lymphocytes were incu-
bated with plain (“nude”) acetone-washed Sephadex G-10,
according to the dansyl-Cl labeling protocol. Time control
lymphocyte suspensions were incubated without beads but
otherwise handled by means of the dansyl-Cl labeling proce-
dures.

Plasma Membrane Isolation: Fluorescence Localization
of the Dansyl. Lymphocyte components were fractionated (6)
in RNase-free 25-50% (wt/vol) linear sucrose gradients, made
with membrane buffer (5 mM MgCly/10 mM Tris-HCl buffer,
pH 7.4) (see Fig. 2). Aliquots (250 ul) of the isopycnic fractions
were collected from the centrifuge tube bottoms, and sucrose
densities were calculated from refractive index measurements
made on alternate aliquots. Fluorescence measurements were
performed on the remaining aliquots, after 1:50 dilution with
the membrane buffer. A modified Cary 14 spectrophotometer,

Abbreviations: dansyl-Cl, 5-dimethylamino-1-napthalenesulfonyl
chloride; HBSS, Hanks’ balanced salt solution; PHA, phytohem-
agglutinin; PWM, pokeweed mitogen; Con A, concanavalin A; Hepes,
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid.
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Wash once with complete HBSS
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30 min, room temperature
Wash thrice with complete HBSS or RPM| 1640
Resuspend; trypan blue exclusion (see Table 1)

Experimental manipulation
FIG. 1. Sequence of methods used to covalently label viable,
isolated, human peripheral circulating lymphocytes in suspension
with dansyl-Cl. Three parallel cell aliquots were routinely processed
(time control, sham labeled, and dansyl labeled) for subsequent ex-

perimental study.

equipped with front-face fluorescence data acquisition, was
employed. Light scattering corrections were not applied.

Specificity of Dansyl Localization: 1251 /Dansyl Mixed-
Label Analysis. (Figs. 3 and 4.), The surfaces of viable lym-
phocytes were radioiodinated. Cells (2 X 107) were incubated
at room temperature in a total of 285 ul containing 10 ul of
0.03% H30,, 25 pl of lactoperoxidase at 5 mg/ml (Sigma), 2
mCi of Na!%] (New England Nuclear), and 250 ul of phos-
phate-buffered saline, pH 7.4. The incubation was terminated
af;er 10 min by rapid dilution with 12 ml of phosphate-buffered
saline.

A simultaneously prepared suspension of dansyl-labeled
lymphocytes was combined with the 125I-labeled cells, and the
mixed-probe cell suspension was washed with HBSS. Trypan
blue exclusion for this system was greater than 97%. This sus-
pension was then taken through plasma membrane isolation
techniques, employing both 15-40% and 25-50% (wt/vol)
linear sucrose density gradient centrifugation. Fractions (250
ul) were collected from the tube bottoms and the radioactivities
of 100-ul aliquots were measured in an LKB model 80,000
gamma counter. After radioactivity assay, these 100-ul aliquots
were diluted 1:5 with membrane buffer and assayed for fluo-
rescence intensity at 490 nm.

Probe Permeation: [*H[Dansyl Cell Fraction Enrichment.
(Fig. 5.) [Methyl-3H]dansyl-Cl (New England Nuclear) was
bound to Sephadex G-10 in the presence of carrier dansyl-Cl
by the procedures outlined (5.4 X 10° cpm/mg of adduct). A
suspension of viable lymphocytes, prepared as described above,
was divided in half. One aliquot of whole cells was dansylated
as described. The second aliquot was first subjected to Dounce
homogenization after a'30-min osmotic shock in cold deionized
water, and the homogenate was then incubated with the ra-
dioactive probe-bead adduct. Both whole cells and homogenate
were allowed to react with the same amount of [3H]dansyl-Cl
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FIG. 2. Isolation of the plasma membrane fraction of danyslated
lymphocytes. The use of two different linear sucrose gradients yielded
differentially sedimenting fluorescent bands corresponding to plasma
membrane fractions according to isopycnic density.

under identical conditions. The dansylated whole cell aliquot
was disrupted via osmotic swelling and Dounce treatment.
Centrifugal fractions of the homogenates were examined for
3H probe enrichment. The covalently bound dansyl was se-
lectively precipitated with ice-cold 10% (wt/vol) trichloroacetic
acid, and the precipitate was collected on 0.45-um pore di-
ameter cellulose filters in a filter manifold device (Millipore).
The filters containing precipitate were washed with cold 10%
trichloroacetic acid, removed to scintillation vials containing
15 ml of Instagel (Packard), and assayed for radioactivity in a
liquid scintillation spectrometer. Both homogenate systems
were assayed for protein content (7) to normalize the radioac-
tivity data.

Cell Culture of Mitogen-Stimulated, Dansylated Lym-
phocytes. Lymphocytes were cultured for 72 hr in the presence
of plant lectin mitogens (8) in wells of microtiter culture plates

Ficoll/Hypaque isolate

Dansylation
procedure

Radioiodination
procedure

107 viable cells 108 viable cells

Wash twice with complete

/ HBSS

Wash twice with'P;/NaCl,

PH7.2 \

Recombine cell
suspensions

Wash once with complete HBSS

Plasma membrane isolation -

FIG. 3. Preparation of the mixed probe-labeled lymphocyte
suspension. The cell suspension contained 125]-labeled and dansyl-
labeled lymphocytes. The plasma membrane fraction was obtained
according to Fig. 2. P;/NaCl, phosphate-buffered saline.
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F1G. 4. Mixed probe-labeled plasma membranes in suspension.
Aliquots of the combined plasma membrane fraction were collected
from isopycnic 15-40% continuous sucrose density gradients and
assayed for both 1251 and dansyl fluorescence at 490 nm. Fractions
were ~0.28 ml.

(Cooke Engineering, London). [2-14C|Thymidine (0.025
uCi/ml; New England Nuclear, 54.6 Ci/mol) was added to
each culture well at 68 hr, and after a 4-hr pulse the cultures
were terminated. The contents of each microtiter plate well
were collected onto AH glass fiber filters (Reeve Angel), using
an automated cell harvesting device (Otto Hiller, Madison, WI).
The filters were washed, air dried overnight, cut, and assayed
with a liquid scintillation ometer in a cocktail containing
3.0 g of 2,5-diphenyloxazole (PPO) plus 0.1 g of 1,4-bis[2(5-
phenyloxazolyl)]benzene (POPOP) per liter of toluene.
Three plant lectin mitogens were assayed for their ability to
promote DNA synthesis in dansylated and control lymphocyte
cultures. Dose-response data for solutions of phytohemagglu-
tinin (PHA) P and Con A (Difco) and pokeweed mitogen

Homogenate labeling Intact cell labeling

Ficoll/Hypaque isolate

10° time-control cells 10% [*HIdansyl-labeled cells

-
Osmotic swelling; Dounce
homogenization of each suspension

[3H]Dansyl-labeling No treatment

of homogenate

v .
Low speed spin over sucrose cushion
to separate beads from homogenate

}

Supernatant*

/N

Supernatant* Pellet*

Supernatant*

v—
800 X g spin

Supernatant* Pellet*

FIG. 5. Probe penetration studies via dansylation of intact and
disrupted lymphocytes. The procedures outlined were performed with
aliquots from the same initial Ficoll/Hypaque lymphocyte suspension
(see Table 2).

* Fractions normalized for protein content before and after trichlo-
roacetic acid precipitation.
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(PWM) (Gibco), prepared aseptically in RPMI 1640 medium,
were generated from 25-ul additions of the lectin to the culture
wells. Control cultures received 25 ul of RPMI 1640 medi-
um.

RESULTS

Direct Dansylation and Short-Term Viability. Table 1
demonstrates that neither dansylation nor the solid phase la-
beling had deleterious effect on the short-term permselective
functions of the labeled lymphocytes. Moreover, routine phase
contrast microscopy of labeled and time control suspensions
revealed no discernible alterations in cellular morphology over
a period of several hours. Significantly, dansyl labeling was
performed under physiological conditions.

Dansyl Enrichment of the Plasma Membrane. Fig. 2 di-
agrams the process employed for the isolation of lymphocyte
plasma membranes. Cells that escaped fragmentation via
Dounce homogenization fluoresced clearly, whereas nuclei
from disrupted cells did not fluoresce. This was the first indi-
cation of the apparent restriction of the dansyl probe to the cell
periphery. The nucleus of the mitotically quiescent lymphocyte
occupies more than 80% of the internal cell volume, and would
be readily accessible to any penetrant probe. Fig. 6D is a pho-
tograph of dansyl-labeled lymphocytes obtained via dark field
fluorescence microscopy. The large nucleus is clearly discerned
as a dark, intracellular, light-absorbing filter, surrounded by
highly fluorescent regions of the cell periphery. Were the dansyl
bound to both the nuclear envelope and the plasma membrane,
the nucleus would appear at least as bright as the cell periph-
ery.

Further processing of the homogenate supernatant resulted
in a strongly fluorescing, minimally diffuse band in the cen-
trifuge tubes, observed via UV lamp, as depicted in Fig. 2.
Gradient fractions were examined in a spectrofluorometer and
relative fluorescence intensity was correlated with isopycnic
sucrose density. Peak emission intensity appeared in plasma
membrane fractions of sucrose densities between 1.11 and 1.13
g/cm3 (9-11).

Confirmation of the plasma membrane localization of the
fluorescent probe was obtained by means of a “mixed probe”
experiment. Separate portions of a viable lymphocyte suspen-
sion were tagged with either dansyl-Cl or 1251 and then re-
combined, and the plasma membrane fraction was isolated. Fig.
3 presents our general procedural sequence, and Fig. 4 displays
the results obtained from this heterogeneously labeled plasma
membrane fraction derived from the mixed probe lymphocyte
population. The isopycnic sucrose density gradient fractions
examined by fluorometry and radioisotope counting show
coincident peaks of fluorescence and radioactivity at gradient
densities that are characteristic of lymphocyte plasma mem-
brane preparations.

Studies on Intracellular Penetration of Dansyl. Our data
suggest that, when dansyl is transferred to the lymphocyte

Table 1. Plasma membrane integrity after dansyl labeling

Mean dye
Condition exclusion, % Median and CI, %
Time control 95.68 + 0.50 96.80, 94.31-97.77
Sham labeled 95.98 + 0.72 96.99, 95.70-98.31
Dansyl labeled 95.20 + 0.62 96.24, 93.91-97.24

Trypan blue dye exclusion by peripheral blood lymphocytes. The
median and 95% confidence interval (CI) agree with the mean values
for dye exclusion. Cells from 38 volunteer blood donors were used to
compile these data.
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FiG. 6. Mitogen-induced blastogenesis of dansylated lymphocytes in 72-hr culture. Dose-response pattern with (4) PHA; (B) PWM; (C)
Con A. For each mitogen level tested, time-control (black bars), sham-labeled (clear bars), and dansyl-labeled (cross-hatched bars) cells were
assayed. Vertical lines within each cell group indicate SEM. (D) Photomicrograph of viable, unfixed dansylated lymphocytes as seen under
dark field fluorescence conditions. (X1200.) A transparency was made with high-speed Ektachrome (daylight) film and printed via the Cibachrome
process (Ilford, Paramus, NJ). Dansyl has penetrated the cell indicated by the arrow, and its nucleus is highly labeled. The remaining cells have
excluded the probe such that the nuclei appear as dark intracellular shadows with roughly spherical outlines.

surface by the methods described above, its localization is rather
stringently restricted to the plasma membrane. The experiment
outlined in Fig. 5 provides a direct demonstration.

Dansyl-Cl is known to be readily hydrolyzed to the free acid
(dansic acid) in aqueous medium at physiological pH (12). Both
dansyl moieties display some distinguishing characteristics. The
dansic acid is incapable of covalent interaction with a-NH;
groups, yet is rather lipophilic and quite fluorescent, with peak
emission in the blue-green region of the spectrum (near 500
nm). On the other hand, covalently bound dansyl, as the protein
conjugate amide, displays a green to yellow-green fluorescence
(near 530 nm). Furthermore, the free acid is soluble in cold
trichloracetic acid, whereas protein-conjugated dansyl is not,
the thicamide bond being stable to such treatment. Thus, the
two types of dansyl moiety can be separated by precipitation
of the protein-bound probe with trichloroacetic acid (13).

In Table 2 we show that in fact both forms of the probe, the

free acid and the protein-conjugated dansyl, did not appear to
significantly permeate the intracellular space of intact viable
cells, because the cells were shown to exclude approximately
95% of the radioactivity (total or covalent) otherwise retrieved
when broken cells were dansylated.

Retention of Response to Mitogens after Dansylation.
Dansylated lymphocytes were treated with lectins for three
days in culture. The dose-response profiles, compared to
sham-treated and true-time control cultures, are given in Fig,
6 A, B, and C. The general pattern of lectin dose-response was

- similar in probe-labeled, sham-treated, and time-control cul-

tures. However, the dansyl labeling of lymphocytes differen-
tially reduced the amount of thymidine incorporated at max-
imal doses of lectin. Peak Con A response was diminished about
50%, while that for PHA and PWM was lowered by approxi-
mately 30%. Bound dansyl itself is not mitogenic.
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Table 2. Intracellular [*H]dansyl penetration

cpm/ug protein.

- % intracellular

Fraction Intact cells Homogenate dansyl exclusion
Total dansyl
Total homogenate 571.1 10,019.0 94.3
800 X g supernatant 1101.2 13,235.3 91.7
800 X g pellet 154.6 7,564.1 98.0
Covalent dansyl
Total homogenate 33.3 689.1 95.2
800 X g supernatant 324 406.1 92.0
800 X g pellet 11.4 292.3 96.0

Cellular location of [3H]dansyl. Total dansyl is measured prior to
protein precipitation with 10% trichloroacetic acid, while covalent
dansyl is assumed to be that measured in the precipitate subsequent
to such treatment. Analysis was performed according to the proce-
dures given in Fig. 5.

DISCUSSION

The use of fluorescent organic molecules to investigate mem-
brane structure and function is now widespread (see ref. 14 for
a comprehensive review). According to a recent review on cell
surface labeling (15), a nonpermeant reagent should react ex-
clusively with chemical groups at the cell periphery and
manifest no internal labeling. Because the overwhelming ma-
jority of membrane probe studies have utilized the mammalian
erythrocyte, the extent of hemoglobin labeling after cell lysis
is a sensitive measure by which to assess probe penetration with
such cells (16). With nucleated cells, however, such probe lo-
calization studies are few, and there exist no criteria based upon
corroboration from different laboratories that can be safely
employed to indicate relative probe permeation into the cyto-
plasmic milieu.

Despite the presence of covalently bound dansyl on their
surface, lymphocytes respond to mitogenic stimuli. Dansyl
appears to have little effect on viability, mitogen sensitivity, and
cell proliferation even through the fluorophore is highly re-
stricted to the plasma membrane of the lymphocyte (Table 2).
Differences observed in the response to several plant lectin
mitogens may reflect an effect of dansyl on some aspect of
lectin-surface receptor interaction. A given surface receptor
glycoprotein may share the ability to bind different lectins in-
dependently by possessing mixed affinity(for several lectins.

Studies on the inhibition of PHA and Con-A-induced mito-
genesis by a porcine thyroglobulin-derived glycopeptide (17)
suggest that these two lectins share an oligomeric carbohydrate
moiety as a binding locus. PHA appears to prefer D-mannose
residues that are more distal (from the cell surface) than the
residues preferred by Con A, evidenced by shorter binding-
activation times required by the PHA (18). Furthermore,
whereas N-acetylneuraminic acid does not display specific
affinity for PHA, Con A, or PWM, its removal should never-
theless allow for a less steric and charge-dependent hindrance
of Con A diffusion to its receptor site close to the plasma
membrane surface. If these considerations have merit, then Con
A binding should be enhanced by neuraminidase treatment of
cells, while that for PHA should be minimally affected, and this
is what is found (19). T-lymphocyte blastogenesis is also known
to be promoted by NalOy (20). The periodate reaction effects
aldehyde formation of vicinal alcoholic groups on the oligo-
saccharide side chains, and agents that block such alcohol-to-
aldehyde oxidations (e.g., KBH,) inhibit NalO4-induced blast
transformation. Significantly, KBH, does not affect T-cell
transformation by Con A (21). These arguments fortify the
proposition that PHA, and by extension PWM, binds to the cell

Proc. Natl. Acad. Sci. USA 75 (1978)

surface at a somewhat greater distance from the plasma
membrane bilayer than does Con A. :

The covalent attachment of dansyl-Cl to the lymphocyte
surface principally involves reaction with primary amines
(e-amino groups of lysine residues). Dansic acid presumably
associates hydrophobically with the plasma membrane lipid
bilayer. Thus, this fluorophore may be considered to reside in
close apposition with the lipoprotein milieu of the membrane
itself. This would place the dansyl moiety (approximate di-
mensions 70 X 120 A) in the neighborhood of the Con A re-
ceptor locus, but farther from the more distal PHA (and PWM)
site. This may account for the ability of Con A to stimulate
mitogenesis of dansylated lymphocytes only 50% as well as it
does with control cells, while PHA and PWM stimulated DNA
synthesis in our dansylated cells more than 70% as effectively
as controls.

These studies can be extended to address the problem of
identifying populations of peripheral circulating lymphocyte
subclasses. Preliminary indications are that T cells yield dif-
ferent dansyl fluorescence characteristics than do B cells.
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