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Neural Regulation of Mammalian Fast and Slow Muscle

Myosins: An Electrophoretic Analysis®

J.F. Y. Hoh*

ABSTRACT: Mammalian nerves to fast and slow muscles
have the remarkable property of changing the speed of con-
traction of muscles following cross-reinnervation. The bio-
chemical basis of speed transformation is the change in my-
osin in ATPase activity. This paper provides electrophoretic
evidence for structural changes in myosin from cross-rein-
nervated muscles. A method is described for the separation
of intact fast and slow muscle myosins by polyacrylamide
gel electrophoresis. This method utilizes the fact that ATP
and its analogs prevent the formation of myosin polymers in
low ionic strength buffers. In this system, normal fast mus-

Motor nerves exert a trophic effect upon skeletal mus-
cles. A remarkable example of this trophic effect was the
discovery by Buller er a/. (1960) that when nerves to fast-
and slow-contracting muscles in a mammalian limb were
cut and sutured cross-wise, so that the fast muscle became
reinnervated by the nerve to slow muscle and vice versa (an
operation known as nerve cross-union), the time course of
the isometric twitch of these muscles became altered: the
fast muscle became slow, while the slow muscle became
fast. Detailed physiological analysis of normal fast and slow
mammalian muscles by Close (1964) revealed that they dif-
fer in the intrinsic speed of shortening of their sarcomeres.
This implies that the rate of sliding of thick and thin fila-
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cle myosin has a higher electrophoretic mobility than slow
muscle myosin. Normal rat soleus myosin has a major slow
and a minor fast component due to two populations of mus-
cle fibers. The same muscle cross-reinnervated by a fast
muscle nerve shows only the fast component. The normal,
homogeneous fast extensor digitorum longus muscle has
only the electrophoretically fast myosin, but following
cross-reinnervation it shows both fast and slow components.
These results suggest that mammalian motor nerves can in-
duce or suppress the expression of genes that code for fast
and slow skeletal muscle myosins.

ments relative to each other under unloaded conditions is
different in fast and slow muscles. Furthermore, Close
(1969) showed that the intrinsic speeds of sarcomere short-
ening in cross-reinnervated muscles were reciprocally al-
tered. These physiological studies suggest that the site of
action of the neural influence on speed is the contractile
material, i.e., actin or myosin. The work of Barany (1967)
narrowed this to myosin since he showed that the actin-acti-
vated ATPase activity of myosins from muscles of different
speed was correlated with the speed of muscle shortening,
whereas myosin ATPase activity was independent of the
source of actin used in the ATPase reaction. This concept of
the biochemical basis of speed transformation has been cor-
roborated in studies which showed correlated changes in
myosin ATPase activity and muscle speed in cross-reinner-
vated muscles (Buller er al/., 1969; Barany and Closc,
1971).

It has been postulated that mammalian nerves bring
about speed changes by regulating the expression of genes
that code for myosin (Hoh, 1969; Buller et al., 1969; Guth
et al., 1970). A major difficulty in testing this hypothesis is
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the lack of a method for separating myosins of fast and slow
muscle fibers. The necessity for separation stems from the
fact that most mammalian muscles, including those used for
nerve cross-union studies, are composed of mixtures of fast
and slow muscle fibers (Close, 1972) and changes in physio-
logical properties and myosin characteristics as a result of
nerve cross-union are not necessarily complete (Buller er
al., 1969). Myosins from fast and slow muscles are ultra-
centrifugally indistinguishable (Gergely et al., 1965; Bar-
any et al., 1965). Polyacrylamide gel electrophoresis, which
has been so successfully applied to the separation of many
proteins in recent years, has been used extensively on myo-
sin, but only to analyze proteolytic fragments (Nauss et al.,
1969; Harrison et al., 1971), or myosin after subunit disso-
ciation (Small er al., 1961; Gaetjens et al., 1968; Perrie and
Perry, 1970; Gershman and Dreizen, 1970; Sarkar ez al.,
1971; Hale and Beecher, 1971) or chemical modification
(Locker and Hagyard, 1967; Florini and Brivio, 1969; Pa-
terson and Strohman, 1970; Weeds and Lowey, 1971). This
is because intact myosin is insoluble in the low ionic
strength buffer systems usually used in polyacrylamide gel
electrophoresis. These buffers at the high ionic strength
necessary to solubilize myosin are also not suitable for myo-
sin electrophoresis because considerable amount of heat
would be produced at the voltage gradient needed to pro-
duce a reasonable migration of these high molecular weight,
thermolabile molecules. A method of electrophoresis appli-
cable to intact myosin has been developed which overcomes
this dilemma. This method makes use of the observation of
Brahms and Brezner (1961) that myosin is soluble in low
ionic strength solutions containing ATP or other anions
which bind strongly to myosin. This method clearly resolves
myosin from fast and slow muscle fibers. This paper de-
scribes the method and its application to the analysis of the
neural regulation of myosin gene expression. Preliminary
reports of this work have appeared (Hoh, 1972a,b).

Materials and Methods

Muscles. Experiments were done using the fast extensor
digitorum longus (EDL) and the predominantly slow soleus
muscles of normal and operated Wistar rats. Nerves to
these muscles were surgically crossed when the animals
were 3-4 weeks old. Special precautions were taken as pre-
viously described (Hoh and Salafsky, 1971) to ensure that
each muscle was reinnervated only by the intended nerve.
As controls, nerves to these muscles in some rats were cut
and allowed to reinnervate their own muscles. This study is
based on 16 experimental muscles from 9 operated animals
12-16 months after operation. During the excision of these
muscles from the animal, the innervation of each muscle
was checked by careful dissection and stimulation of the ap-
propriate nerves. Muscles were stored in 100% glycerol at
—20° until used.

Preparation of Myosin. EDL and soleus muscle myosins
used during the development of the electrophoretic method
were prepared from pooled glycerinated muscles from nor-
mal rats by dissociation of actin from three times precipi-
tated actomyosin according to the method described by B4-
rdny (1967) except that the dialysis step to remove Mg+
was omitted. Myosins from experimental muscles were pre-
pared using individual muscles or pairs by direct extraction
according to the method of Birdny and Close (1971). Myo-
sins were stored at —20° after mixing with an equal volume
of glycerol. The protein concentration in myosin solutions
was measured by the method of Lowry er al. (1951) using

bovine serum albumin as standard.

Preparation of Electrophoresis Buffer. Electrophoresis
was carried out at 4° in a continuous buffer system contain-
ing 0.025 M Tris, 0.19 M glycine, S mM ATP, and 10%
glycerol (v/v) (pH 8.3). A stock solution containing 6.03 g
of Tris, 28.8 g of glycine, and 6.16 g of ATP (disodium salt)
per 200 m! was prepared; 1 l. of running buffer was pre-
pared using 100 ml of the above Tris-glycine-ATP stock so-
lution, 100 ml of glycerol, and 800 ml of deionized water,
the pH being adjusted at 4° with concentratrated HCI to
8.3 before the run. This solution may be reused once or
twice with good result within 1 week if stored at 4°.

Preparation of Polyacrylamide Gels. Gels were 3.36%
with respect to total monomers, the acrylamide methylene-
bisacrylamide ratio being 20:1. A stock solution containing
32 g of acrylamide and 1.6 g of methylenebisacrylamide per
200 ml was prepared. To prepare 25 ml of the gel mixture,
5 ml of monomer solution, 2.5 ml of Tris-glycine-ATP stock
buffer, 10 mt of 25% glycerol (v/v), and 7.4 mi of deionized
water were mixed and deaerated. Polymerization was ini-
tiated by adding 40 ul of N,V,V/,N’-tetramethylethylenedi-
amine and 0.1 ml of freshly prepared 10% solution of am-
monium persulfate. Gel tubes used were 5 mm i.d. X 76
mm long or 6 mm i.d. X 80 mm long. They were filled with
the mixture up to 10 mm from the top of the tube and
layered with deionized water to ensure a flat horizontal gel
surface. Polymerization was allowed to proceed for 1 hr at
room temperature.

Conditions for Myosin Electrophoresis. Electrophoresis
was done in a cold room or in a refrigerator using either a
Canalco apparatus or a Gradipore (Townson and Mercer,
Sydney) apparatus speciaily adapted to hold six tubes in
place of a gel plate. Recirculation of buffer between the
upper and lower electrophoresis baths was necessary to
avoid drastic pH changes which would otherwise occur
from the electrolysis of water during the electrophoresis
run. The Gradipore apparatus has a built-in pump for this
purpose. The buffer was pumped from the lower bath
through a cooling coil immersed in ice before returning to
the upper bath. In the case of the Canalco apparatus, an ex-
ternal pump in the cold room was used without further pro-
vision for cooling. In both cases the buffer was returned to
the lower bath by gravity. Gels were prerun at 100 V for 30
min prior to the application of protein. Samples (2-50 ul)
containing up to 2 mg/ml of protein in 50% glycerol were
applied directly to the top of the gels. During the first 15
min of the electrophoresis, buffer recirculation was stopped
to avoid mixing of sample with buffer. With the Canalco
apparatus, electrophoresis was carried out at a constant
current, usually of 2 mA /tube (about 90 V initially) and in
the Gradipore apparatus at a constant voltage ranging be-
tween 110 and 180 V (about 2.5-5 mA /tube initially), the
duration of each run was usually 4-6 hr. At the end of a run
the temperature of the running buffer was usually not more
than §°.

Staining for Myosin ATPase in Gels. A method was de-
veloped for localization of calcium-activated myosin AT-
Pase in gels after electrophoresis. Gels were incubated at
room temperature or 35° in 10 ml of an ATPase reagent
containing 0.025 M Tris, 0.19 M glycine, 0.005 M ATP,
0.035 M CaCly, and 0.6 M KCI (pH 8.3) (20°) until a white
band of calcium phosphate appeared. This took a few min-
utes to 1 hr at 35° and up to several hours at room tempera-
ture. Gels may either be subsequently stained for protein or
treated further to produce a more permanent ATPase stain-

1975 743

BIOCHEMISTRY, VOL. 14, NO. 4,



|
Al |B| |C

FIGURE |: Polyacrylamide gel electrophoresis of purified intact myo-
sins from the slow soleus and the fast extensor digitorum longus mus-
cles of the rat. (A) Soleus myosin, 5 ug, (B) soleus myosin + extensor
digitorum longus myosin, 5 ug. (C) extensor digitorum longus myosin,
5 ug. Electrophoresis was carried out in a Canalco apparatus in the
cold room at 2 mA/gel (92 V initially) for 4.5 hr. Gels were stained
with Coomassie Brilliant Blue.

ing in the gel using a modification of the lead conversion
method (Allen and Hyncik, 1963): gels were rinsed in
deionized water and incubated at room temperature for 30
min in 10 ml of a lead reagent containing 0.1 M Tris male-
ate and 0.003 M lead nitrate (pH 7.0) to convert the precip-
itate to lead phosphate. Subsequently gels were washed in
running tap water for 3-12 hr to remove excess lead ions.
They were finally incubated for 3 min in an ammonium sul-
fide solution containing 0.5% H,S (w/v) to give a brownish-
black lead sulfide precipitate. Gels were washed several
times and stored in deionized water. Gels stained in this
way tend to fade over a period of several weeks especially
when exposed to strong light.

Staining for Protein in Gels. Gels were stained for pro-
tein using 0.05% Coomassic Brilliant Blue in 7% acetic acid
(v/v) in a water bath at 70° for 2 hr and destained by diffu-
sion for 24-48 hr in 7% acetic acid in a Hoeffer diffusion
destainer.

Results

Electrophoresis of Intact Myosin in Tris-Glycine-ATP
Buffer. Attempts to electrophorese myosin using Tris-gly-
cine buffer (without ATP) according to the method of Deyl
et al. (1969) resulted in precipitation of myosin at the top of
the gel. In contrast, using the Tris-glycine-ATP buffer, pu-
rified myosin was able to remain in solution and migrated
into the gel during electrophoresis. This is shown in Figure
1 in which 5 ug of myosin was loaded per gel and electro-
phoresis was carried out for 4.5 hr at 2 mA /gel. With loads
above 20 ug/gel, some myosin tended to be retained at the
top of the gel. Even with 55 ug/gel, the bulk of the protein
migrated at about the same rate as with lower myosin loads.
However, at such high loads there appeared a minor compo-
nent of considerably lower mobility, presumably due to an
aggregated form of myosin. The presence of calcium-acti-
vated ATPase activity in the principal bands (as well as the
slower minor band and the tops of the heavily loaded gels)
was demonstrable by incubation of gels in the ATPase re-
agent prior to protein staining thus establishing the intact
nature of the myosin. This ATPase activity electrophoresis
buffer was replaced by 5 mM sodium pyrophosphate or sim-
ply by using 10 mM sodium pyrophosphate in 10% glycerol
(v/v) as the buffer. However, these buffers are not satisfac-
tory for the demonstration of calcium-activated myosin AT-
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FIGURE 2: Duplicates of gels shown in Figure 1 but stained for cal-
cium-activated myosin ATPase. (A) Soleus myosin, (B) soleus myosin
+ extensor digitorum longus myosin, (C) extensor digitorum longus
myosin. Gels were incubated in the ATPase reagent for 1 hrat 35°, the
white bands which appeared were subsequently converted to dark
bands by the lead conversion method.

Pase in the gel as pyrophosphate forms a white precipitate
with the ATPase reagent as well as inhibiting myosin AT-
Pase.

Other workers have also used pyrophosphate buffers to
electrophorese myosin in polyacrylamide gel. Penn et al.
(1972) used 20 mM sodium pyrophosphate buffer at pH 7.5
in 0.6% agarose gel or 4% polyacrylamide gel. d’Albis and
Gratzer (1973) used a buffer of very high ionic strength
which has the disadvantage of limiting the permissible volt-
age gradient. The duration of electrophoresis needed to
achieve reasonable migration of myosin into the gel in their
study was of the order of 2 days. Neither group of workers
have positively identified intact myosin by ATPase staining.

Separation of Fast and Slow Muscle Myosins. Using
this method of electrophoresis, myosins from fast and slow
skeletal muscles can be clearly resolved into two distinct
components. Myosin from the fast EDL muscle (gel C, Fig-
ure 1) gave a single fast band while myosin from the slow
soleus muscle gave two bands: a major slow band and a
faint fast band which is not very clearly resolved in gel A
(but see gel D of Figure 3). The difference in mobility of
the band for EDL myosin and the major band of soleus my-
osin is clearly evident in the gel containing a mixture of my-
osins from these muscles (gel B, Figure 1). No difference in
mobility was detected between the fast component of soleus
myosin and EDL myosin.

The gels in Figure 2 were duplicates of corresponding
gels shown in Figure | but had been stained for ATPase by
incubating for 1 hr at 35° in the ATPase reagent and subse-
quently treated with lead reagent and ammonium sulfide.
Although this method for staining ATPase has not been
shown to be quantitative, it can be seen that the same quan-
tity of EDL. myosin incubated for the same duration as for
soleus myosin stained more intensely for ATPase than the
soleus myosin. The observation is consistent with the higher
specific activity of the EDL myosin (Bardny, 1967).

Effects of Reinnervation and Cross-Reinnervation on
Soleus Myosin. Reinnervation of the soleus muscle by its
original nerve produced no changes in the electrophoretic
pattern of soleus myosin (gel D, Figure 3), which is charac-
terized by a major slow component and a minor fast compo-
nent. Cross-reinnervation by the nerve to EDL, however, re-
sulted in a myosin with a fast component only (gel E, Fig-
ure 3). A mixture of these soleus myosins (gel F, Figure 3)
showed two approximately equally staining bands; the
minor fast component of reinnervated soleus could not be
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resolved from the fast component in cross-reinnervated so-
leus. ATPase staining of companion gels showed that all
bands, including the minor fast component of reinnervated
soleus, had enzymatic activity. Furthermore, the gel con-
taining the mixture showed that the faster band was more
heavily stained.

Effects of Reinnervation and Cross-Reinnervation on
EDL Myosin. Reinnervation of the EDL muscle by its orig-
inal nerve produced no change in the electrophoretic pat-
tern of EDIL. myosin which is characterized by the fast com-
ponent only (gel A, Figure 3). Cross-reinnervation by the
soleus nerve resulted in the appearance of a slow component
in addition to the fast component (gel B, Figure 3). The fast
and slow components stained for protein to about the same
intensity but the ATPase staining of the slow component is
less intense compared with that for the fast component,
suggesting that this new slow component has a lower specif-
ic activity. A mixture of the two EDL myosins (gel C, Fig-
ure 3) showed two components.

Discussion

The principle which forms the basis of myosin electro-
phoresis described in this paper is the specific interaction of
ATP and its analogs on myosin which prevents its aggrega-
tion into filaments in low ionic strength solutions. Noda and
Ebashi (1960) first demonstrated that ATP caused the dis-
sociation of myosin polymers. Brahms and Brezner (1961)
showed that not only ATP. but also other polyvalent anionic
ligands such as pyrophosphate and ADP would keep myosin
in solution at millimolar concentrations in the absence of
other salts. Josephs and Harrington (1968) using velocity
sedimentation studies have shown that in low ionic strength
solutions myosin filaments are in a rapidly reversible equi-
librium with monomeric myosin. The effect of ATP and
other ligands have been shown by Harrington and Himmel-
farb (1972) to shift this equilibrium dramatically in favor
of filament dissociation at low concentrations of ligand.
These authors have produced evidence 10 suggest that this
dissociating effect is due to a specific binding of 1-2 mole-
cules of ligand per molecule of monomer to some site in the
rod portion of the myosin molecule.

During the clectrophoresis described in this paper, myo-
sin is exposed to a low ionic strength buffer in the presence
of a ligand, i.e.. conditions very similar to those which en-
sured virtually complete dissociation of myosin filaments
(Harrington and Himmelfarb, 1972). However, myosin
under these conditions may not be truly monomeric. It has
been shown by Godfrey and Harrington (1970) and Her-
bert and Carlson (1971), using independent methods, that
myosin in high ionic strength solutions is in a rapidly revers-
ible equilibrium between monomeric and dimeric species. A
similar monomer == dimer equilibrium may exist at low
ionic strength in the presence of ligand. The electrophoretic
pattern of such an equilibrium system would be indistin-
guishable from that of a purely monomeric system (Cann,
1972). It is therefore uncertain whether myosin during elec-
trophoresis described above 1s monomeric or in a rapidly re-
versible monomer == dimer equilibrium.

It is now generally accepied that myosin is a multisubun-
it protein consisting of two heavy chains of molecular
weight about 200,000 (Gershman et al., 1969; Gazith et al.,
1970) and several light chains of about 20,000. The electro-
phoretic separation of fast and slow muscle myosins de-
scribed in this paper provides support for their overall dif-
ference in structure. The uncertainty of whether myosin ex-
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FIGURE 3: Effects of self-reinnervation and cross-reinnervation on the
clectrophoretic pattern of myosins from the extensor digitorum longus
(EDL) and soleus muscles. (A) Control myosin from EDL reinnervat-
ed by its own nerve, (B) myosin from EDL cross-reinnervated by nerve
1o soleus, (C) mixture of myosins in (A) and (B), (D) control myosin
from self-reinnervated soleus, () myosin [rom soleus cross-reinnervat-
ed by nerve to EDL. (F) mixture of myosins in (D) and (E). All gels
were clectrophoresed at 180V for 5 hr and stained by Coomassie Bril-
liant Blue.

ists as true monomers or as a rapidly reversible monomer ==
dimer equilibrium is of little consequence in this connection:
if such an equilibrium state exists during electrophoresis,
independent migration of the two species of myosins would
imply that they are sufficiently distinct structurally to pre-
vent the formation of hybrid dimers. Further independent
evidence for differences in overall structure is provided by
immunological studies (Groschel-Stewart and Doniach,
1969) and analyses of myosin subunits.

The light chains of myosin extracted from fast and slow
muscles are electrophoretically distinet (Locker and Hag-
vard, 1968; Perrie and Perry, 1970: Sarkar er al., 1971
Lowey and Risby, 1971). Fast muscle myosins show three
light chain components. Peptide sequence wnalyses have
confirmed that these are structurally distinct (Weeds, 1969;
Weeds and Frank, 1972). Slow muscle myosins show two
light chains and peptide analysis shows that they are
structurally unrelated to light chains from fast muscle myo-
sin but similar to those from cardiac myosin (Weeds and
Pope. 1971). It may therefore be concluded that light
chains of fast and slow muscle mvosins are products of dis-
tinct sets of genes,

Heavy chains from fast muscle myosin contain the un-
usual amino acid 3-methylhistidine (Trayer et al., 1968;
Kuehl and Adelstein, 1969; Huszar and Elzinga, 1971)
whereas it is absent in heavy chains of slow and cardiac my-
osins (Kuehl and Adelstein, 1970). It has been shown that
the methyl group is added after the histidine has been incor-
porated into the polypeptide chain (Hardy er al., 1970), so
that this difference alone does not imply a difference in
structural genes for the heavy chains of these myosins.
However, a comparison of the amino acid sequence of a his-
tiding-containing peptide of cardiac myosin with the homol-
ogous 3-methylhistidine-containing peptide of fast muscle
myosin revealed differences in structure between the heavy
chains of these myosins (Huszar and Elzinga, 1971, 1972).
Unfortunately, similar sequence analysis has not been done
for skeletal slow muscle myosin. Indirect evidence is avail-
able to suggest that the heavy chain of slow muscle myosin
is very similar to that of cardiac heavy chain: light meromy-
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osin paracrystals prepared from cardiac and slow skeletal
muscle myosins are strikingly similar in ultrastructural pat-
tern to each other but differ from that of fast muscle myo-
sin (Nakamura et al., 1971). It is therefore likely that
heavy chains of fast and slow muscle myosins are products
of different genes.

The above discussion leads to the conclusion that the
electrophoretically fast and slow components of myosin are
products of different sets of genes. Recent work from this
laboratory has revealed that the situation is more complex
than this. Fast muscle myosin from a number of species can
be further resolved into three distinct components (White
and Hoh, 1973), while the fast migrating component of rat
soleus myosin, which corresponds to motor units contract-
ing with an intermediate speed (Close, 1967), is distinct
from these, and indeed has a mobility intermediate between
the three fast components and the slow component corre-
sponding to soleus slow motor units (Hoh and Dunlop, un-
published observations).

Using the method described here, the cross-reinnervated
soleus muscle showed only the fast myosin component.
Since soleus muscle reinnervated by the original nerve
showed no change in myosin compared with normal soleus,
it may be concluded that the EDIL nerve had induced the
synthesis of fast or intermediate myosin in fibers previously
synthesizing slow myosin while at the same time the synthe-
sis of slow myosin was suppressed.

Myosin from cross-reinnervated EDL. showed both elec-
trophoretically fast and slow components. This heterogene-
ity is not due to unintended reinnervation by its original
nerve, as special precautions had been taken to avoid self-
reinnervation and the innervation of muscles were checked
(see Materials and Methods). One possible explanation for
the observed heterogeneity is that both types of myosin are
synthesized in all cross-reinnervated EDL muscle fibers,
and this would imply that the nerve to soleus could induce
the synthesis of slow myosin but could not suppress the on-
going synthesis of fast myosin. An alternative explanation is
that there are two populations of muscle fibers in cross-rein-
nervated EDL as in the case of normal soleus muscle. In ei-
ther case, the soleus nerve has been shown to be able to in-
duce the synthesis of slow myosin in the originally fast mus-
cle fibers. In view of evidence cited above that electrophore-
tically fust and slow myosins are products of different sets
of genes, these results on cross-reinnervated muscles clearly
imply that the nervous system does alter the expression of
these genes.

Several recent studies have provided evidence that the
light chains (Samaha et al., 1970; Weeds et al., 1974; Sret-
er et al., 1974) and heavy chains (Jean et al., 1973) of myo-
sin may be transformed as a result of nerve cross-union.
Sreter ¢t al. showed that the electrophoretic patterns of
light chains from rat cross-reinnervated EDI. and soleus
muscles were virtually identical, both myosins containing
predominantly L.C 1, and 1.C 1y, the slowest migrating light
chains characteristic of normal slow and fast myosins, re-
spectively. This contrasts with the present findings on intact
myosin revealing an absence of electrophoretically slow
component in cross-reinnervated soleus myosin while cross-
reinnervated EDI. myosin showed both fast and slow com-
ponents. There is no apparent reason to believe that cross-
reinnervated soleus myosin used by Sreter er al. differed in
electrophoretic mobility from that of the present study. Our
results may be reconciled by the assumption that the elec-
trophoretic mobility of intact myosin and its ATPase activi-
746
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ty are determined principally by the heavy chains. Clearly,
studies on subunit composition of electrophoretically homo-
geneous intact myosins are needed to resolve this problem.

References

Allen, J. M., and Hyncik, G. (1963), J. Histochem. Cyto-
chem. 11,169,

Barany, M. (1967), J. Gen. Physiol. 50, 197.

Béarany, M., Bardny, K., Reckard, T., and Volpe, A. (1965),
Arch. Biochem. Biophys. 109, 185.

Bariany, M., and Close, R. 1. (1971), J. Physiol. (London)
213, 455,

Brahms, J.. and Brezner, J. (1961), Arch. Biochem. Bio-
phys. 95, 219.

Buller, A. J., Eccles, J. C., and Eccles, R. M. (1960), J.
Physiol. (London) 150, 417.

Buller, A. J., Mommaerts, W. F. H. M., and Seraydarian,
K. (1969), J. Physiol. (London) 205, 581.

Cann, J. R. (1972), Methods. Enzymol. 25, 157.

Close, R. (1964), J. Physiol. (London) 173, 74.

Close, R. (1967), J. Physiol. (London) 193, 45.

Close, R. (1969), J. Physiol. (London) 204, 331.

Close, R. 1. (1972), Physiol. Rev. 52,129,

d’Albis, A., and Gratzer, W. B. (1973), FEBS Lett. 29,
292.

Deyl, Z.. Pelouch, V., Malkova, H., and Rosmus, J. (1969),
J. Chromatogr. 41, 423.

Florini, J. R., and Brivio, R. P. (1969), Anal. Biochem. 30,
358.

Gaetjens, E., Barany, K., Bailin, G., Oppenheimer, H., and
Béardny, M. (1968), Arch. Biochem. Biophys. 123, 82.
Gazith, J., Himmelfarb, S., and Harrington, W. F. (1970),

J. Biol. Chem. 245, 15.

Gergely, J., Pragay, D., Scholz, A. F., Seidel, J. C., Sreter,
F. A., and Thompson, M. M. (1965), in Molecular Biolo-
gy of Muscular Contraction. Ebashi, S., Oosawa, F., Sek-
ine, T.. and Tonomura, Y., Ed., Tokyo, Igakup Shoin
[td, p 145.

Gershman, L.. C., and Dreizen, P. (1970), Biochemistry 9,
1677.

Gershman, L. C., Stracher, A., and Dreizen, P. (1969), J.
Biol. Chem. 244, 2726.

Godfrey, J. E., and Harrington, W. F. (1970), Biochemis-
try 9, 894,

Groschel-Stewart, V., and Doniach, D. (1969), Immunolo-
gy 17,991,

Guth, L., Samaha, F. J., and Albers, R. W. (1970), Exp.
Neurol. 26, 126.

Hale, R. C.. and Beecher. C. R. (1971), FEBS Lett. 18,
245,

Hardy, M. F., Harris, C. 1., Perry, S. V., and Stone. D.
(1970), Biochem. J. 120, 653.

Harrington, W. F., and Himmelfarb, S. (1972). Biochemis-
try 11, 2945.

Harrison, R. G., Lowey, S., and Cohen, C. (1971). J. Mol.
Biol. 59, 531.

Herbert, T. J., and Carlson, F. D. (1971), Biopolymers 10,
2231.

Hoh, J. F. Y. (1969), Interactions Between Nerve and
Muscle, Ph.D. Thesis, Australian National University.
Canberra.

Hoh, J. F. Y. (1972a), Proc. Aust. Biochem. Soc. 5, 20

Hoh, J. F. Y. (1972b), Proc. Aust. Physiol. Pharmacol.
Soc. 3, No. 2, 36.

Hoh, J. F. Y., and Salafsky, B. (1971). J. Physiol. (Lon-



SULFONAMIDO FLUORESCENT PROBES

don) 216, 171.

Huszar, G., and Elzinga, M. (1971), Biochemistry 10, 229.

Huszar, G., and Elzinga, M. (1972), J. Biol. Chem. 247,
745.

Jean, D. H., Guth, L., and Albers, R, W. (1973), Exp.
Neurol. 38, 458.

Josephs, R., and Harrington, W. F. (1968), Biochemistry 7,
2834,

Kuehl, W. M., and Adelstein, R. S. (1969), Biochem. Bio-
phys. Res. Commun. 37, 59.

Kuehl, W. M., and Adelstein, R. S. (1970), Biochem. Bio-
phys. Res. Commun. 39, 5.

Locker, R. H., and Hagyard, C. J. (1967), Arch. Biochem.
Biophys. 120, 454.

Locker, R. H., and Hagyard, C. J. (1968), Arch. Biochem.
Biophys. 127, 370.

Lowey, S., and Risby, D. (1971), Nature (London) 234, 81.

Lowry, O. H., Rosebrough, N. J., Farr, A. L., and Randall,
R.J.(1951), J. Biol. Chem. 193, 265.

Nakamura, A., Sreter, F., and Gergely, J. (1971), J. Cell
Biol. 49, 883.

Nauss, K. M., Kitagawa, S., and Gergely, J. (1969), J.
Biol. Chem. 244, 755.

Noda, H., and Ebashi, S. (1960), Biochim. Biophys. Acta
41, 386.

Paterson, B., and Strohman, R. C. (1970), Biochemistry 9,
4094.

Penn, A. S, Cloak, R. A., and Rowland, L. P. (1972),
Arch. Neurol. 27, 159.

Perrie, W. T., and Perry, S. V. (1970), Biochem. J. 119, 31.

Samaha, F. J., Guth, L., and Albers, R. W. (1970), Exp.
Neurol. 27, 276.

Sarkar, S., Sreter, F. A., and Gergely, J. (1971), Proc. Nat.
Acad. Sci. U. S. 68, 946.

Small, P. A., Harrington, W. F., and Kielly, W. W. (1961),
Biochim. Biophys. Acta 49, 462.

Sreter, F. H., Gergely, J., and Luff, A. L. (1974), Biochem.
Biophys. Res. Commun. 56, 84.

Trayer, 1. P., Harris, C. I, and Perry, S. V. (1968), Nature
(London) 217, 452.

Weeds, A. G. (1969), Nature (London) 223, 1362.

Weeds, A. G., and Frank, G. (1972), Cold Sprihg Harbor
Symp. Quant. Biol. 37, 9.

Weeds, A. G., and Lowey, S. (1971), J. Mol. Biol. 61, 701.

Weeds, A. G., and Pope, B. (1971), Nature (London) 234,
85.

Weeds, A. G., Trentham, D. R., Kean, C. J. C., and Buller,
A.J. (1974), Nature (London) 247, 135.

White, R., and Hoh, J. F. Y. (1973), Proc. Aust. Physiol.
Pharmacol. Soc. 4, 179.

Neutral and Cationic Sulfonamido Derivatives of the
Fluorescent Probe 2-p-Toluidinylnaphthalene-6-sulfonate.

Properties and Mechanistic Implications®

Frank C. Greene

ABSTRACT: The sensitivity of the fluorescence energy of 2-
p-toluidinylnaphthalene-6-sulfonate (TNS) to apparent
solvent polarity is considerably greater in methanol-water
mixtures and lower primary alcohols than in higher primary
alcohols or solvents containing no hydroxyl! groups. It is
suggested that the behavior of TNS in lower alcohols and
their mixtures with water is an anomalous result of the
combination of general polarity influences and changes in
the nature of specific interactions of the probe with hydrox-

Euorescent probes (environmentally sensitive fluoro-
phores) of the N-arylaminonaphthalenesulfonate type are
widely utilized in contemporary biochemical research, and
have proven quite useful, despite some uncertainty con-
cerning the nature of the mechanisms determining their
sensitivity (Brand and Gohlke, 1972). Interpretations of the
fluorescence characteristics of these probes in pure solvents
are based on the premise that the energy and efficiency of
emission reflect the degree of unrestrained solvent-excited
probe interaction (McClure and Edelman, 1966), and may

* From the Food Proteins Unit of the Western Regional Research
Laboratory, Agricultural Research Service, U.S. Department of Agri-
culture, Berkeley, California 94710. Received September 16, 1974.

yl groups of such solvents. Upon conversion of the sulfonate
group. of TNS to sulfonamido, the biphasic behavior ob-
served in alcohols is eliminated, and fluorescent probes are
obtained which have more nearly equal sensitivities to po-
larity in the alcohols and nonhydroxyl solvents. The sul-
fonamido fluorescent probes are more sensitive to general
environmental polarity than TNS, and are superior as
probes of environmental polarity.

be taken as indications of microenvironmental polarity
(Turner and Brand, 1968). Such interpretations are often
extended to studies involving the binding of probes by mac-
romolecules, though additional factors of environmental re-
straint may be operative (Ainsworth and Flanagan, 1969).
In the present investigation, neutral and cationic derivatives
of the probe 2-p-toluidinylnaphthalene-6-sulfonate (TNS)!
have been prepared as aids in the study of protein-amphi-

! Abbreviations and symbols used are: TNS, 2-p-toluidinylnaph-
thalene-6-sulfonate; 11, 2-p-toluidinylnaphthalene-6-sulfonamide; 111,
2-p-toluidinylnaphthalene-6-[ NV-B-ethylamine hydrochloride]sulfona-
mide; 1,8-ANS, 1-anilinonaphthalene-8-sulfonate; 2,6-ANS, 2-anili-
nonaphthalene-6-sulfonate.
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