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ABSTRACT The Raman spectra of aqueous solutions of myosin and mixtures of
myosin in solutions of the salts CaCl,, MgCl,, and LiBr have been taken. The
spectrum of the solvent background has been subtracted by means of a computer,
leaving only the Raman peaks of the protein. From an analysis of the Raman bands
in the regions at 900, 940, 1,240-1,300, and 1,650-1,670 cm™, it seems likely that
CaCl, effects an a-to S-transition in myosin, probably owing to the interaction of the
Ca** ion, LiBr appears to denature the protein leading to increased random coil struc-
ture, and MgCl, appears to have an effect intermediate between the two other salts.
These results are reported for concentrations as low as 10~> M of CaCl, and MgCl,.

This investigation indicates the usefulness of the Raman light-scattering technique
for the study of protein conformational changes.

INTRODUCTION

Raman spectroscopy is now well established as a useful means of estimating, at least
qualitatively, the secondary structure of proteins and polypeptides (1-9). The effect of
salts on polypeptide conformation in aqueous solution has recently been studied by
this technique (8). An attempt to obtain quantitative measurements of the secondary
structure of proteins has also been made recently (9), but we will not attempt to do this
here. The feasibility of such a study on myosin has already been discussed by Carew
et al. (10) in a pioneering paper in which the Raman bands of myosin were assigned.

Myosin performs three important physiological functions: (a) formation of filaments
through aggregation; (b) hydrolysis of ATP to Pi and ADP (ATPase); and (¢) combina-
tion with actin. There is also evidence concerning a fourth function, related to the
three stated but of more fundamental importance, namely: the provision of a driving
force for muscle contraction resulting from conformational changes at the position of
its intersection with actin (11-13).

Dr. Barrett was a visiting Professor at the time of this study. His permanent address is: Department of
Physiology and Biophysics, University of Tennessee Center for the Health Sciences, Memphis, Tenn. 38163.

COPYRIGHT © BIOPHYSICAL SOCIETY - 0006-3495/78/0901-0349 $1.00 349



The ATPase activity of the myosin-actin complex is controlled by the presence of the
inorganic ions Ca?** and Mg?*. For example, Szent-Gyorgyi (14) observed 30 years
ago that the addition of ATP to a suspension of actomyosin at low ionic strength
caused sudden precipitation (“‘super-precipitation”) in the presence of Mg?*. Indeed,
Mg2*-ATP is now thought to be the physiological substrate for actomyosin ATPase
activity (15). In contrast, the role of Ca%* ion is one of regulation; it permits inter-
action of actin and myosin. In vertebrate striated muscle, this occurs as follows. Ex-
citation of the plasma membrane of muscle induces discharge of Ca?* from the sarco-
plasmic reticulum, which then diffuses to the contractile system to be bound to the
troponin C component and is thus accepted into a complex composed of tropomyosin
and three components of troponin located on the thin filament. When Ca?** binds with
troponin, a structural change is transmitted to the tropomyosin complexed with the
troponin, and this structural change is further transmitted from tropomyosin to the
F-actin with which it is combined. Myosin then binds with actin; actin-activated
Mg?*-dependent actomyosin ATPase occurs, and contraction ensues. During muscle
relaxation, Ca?* is removed from the contractile system by absorption back into the
sarcoplasmic reticulum; the binding between actin and myosin is inhibited, and the
ATPase activity of myosin, now unmodified by actin, is greatly reduced.

In this contractile process, the reaction of Ca** with myosin is probably not as im-
portant as the reaction of this ion with tropomyosin and troponin, since it has been
established that vertebrate striated myosin does not bind reversibly in the range of
physiological Ca** concentrations (16,17). However, calcium ions, at concentrations
about 10 times higher than the range of calcium control required to activate muscle,
do induce changes in vertebrate striated myosin (18), and it is difficult to exclude
myosin control in vertebrate muscles based on in vitro evidence (13). In molluscan
muscle, the factors that regulate contraction by interaction with Ca?* are associated
with myosin (18,19). Thus, in molluscan muscle, and in many other invertebrate
muscles, many of which contain both actin- and myosin-linked control systems (20),
Ca?* ions do interact directly with myosin.

As both the Ca?* and Mg?* ions are present with the contractile apparatus in vivo,
their presence in a study of conformational changes in myosin is apparent; but the in-
clusion of a third ion, Li*, requires some explanation. Tonomura et al. (21) reported
the effect of LiBr on the optical rotatory dispersion (ORD) of myosin A and expressed
their results in terms of the equation of Moffitt and Yang (22). Their conclusion, that
LiBr (and also LiCl, KI, and KSCN) induces a helix-to-coil transition in myosin, is
based on the two-compartment model for protein conformation offered by this equa-
tion of helix and nonhelix. Although the helical content of a protein may be calculated
by this model (23), the conclusion that the absence of helical content indicates the
presence of a random coil conformation is not necessarily valid, and positive identifica-
tion of the nonhelical content is required (24-26). As laser Raman spectroscopy offers
a probe for a-helix, B-sheet, and random coil configurations in protein structure (1-9),
the effect of LiBr was reinvestigated by the inelastic light-scattering technique.
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METHODS

The myosin samples were prepared from rabbit skeletal muscle using either the technique de-
scribed in Arakawa et al. (27) (giving a 2% solution) or the technique described in Hammond
and Goll (28) (giving a 3.7%, solution). Since ammonium sulphate was used to salt out the
protein from a chromatographic column in the latter procedure (28), a sharp band at 980 cm™!
owing to SO,~2 appears in the Raman spectrum for the 3.7%/ samples. Chen and Lord (29)
have recently shown how this band may be taken as an indicator of ion binding and conforma-
tional change, and so it was used in this study. All 3.7%, samples also contained 500 mM KCl,
1 mM KHCO,, 0.1 mM DTE (dithioerythritol), and | mM NaN,. All 29, samples contained
500 mM KCl and 1 mM NaN,;. The Raman spectra for myosin prepared by both procedures
were, however, similar.

The Raman spectra were taken using the 514.5-mm line of an argon laser as the exciting
source, The Raman apparatus in one series of experiments consisted of a Spex 1301 double
monochromator equipped with a stepping motor (Spex Industries, Inc., Metuchen, N.J.). Both
the stepping motor and the output of the photomultiplier were connected to a Varian 620/i
dedicated computer Varian Data Machines, Irvine, Calif.). The data acquisition is performed
by counting the photoelectron pulses emitted by the photomultiplier and subsequently ampli-
fied and standardized by means of an Ortec amplifier-discriminator (Ortec Inc., Oak Ridge,
Tenn.). To suppress errors due to slow drifts in the background owing to extraneous lumi-
nescence, such as impurity fluorescence, a series of scans was taken beginning at 550 c¢m~!
from the incident light frequency and stepping one wave number each second to 1,750 cm™!.
Generally about four to eight scans were taken and added together. The Raman spectra of the
corresponding salt solutions were also taken and computer subtracted from the myosin spec-
trum. This allowed the analysis of the amide I band without the use of deuteration to remove
the conflicting H,O band. It seems likely that this procedure will permit the use of the
amide I band and the amide III band for the quantitative determination of the secondary struc-
ture of proteins by a method similar to that of Lippert et al. (9) without the problems involved
in the deuteration procedure.

In a second series of experiments, the Raman apparatus consisted of an argon laser and a
Cary 81 double monochromator (Varian Associates, !nstruments Div., Palo Alto, Calif.)
adapted for photodetection, which was tuned to the 5145 A line.

RESULTS AND DISCUSSION

The Raman spectra of the myosin in aqueous solution and in salt solutions are shown
in Fig. 1. In each spectrum, the solvent Raman spectrum has been subtracted by means
of a computer, as described previously. After water subtraction, we expected that the
troughs in the spectrum would correspond to a number of photon counts which is very
low compared to the number of counts at the peaks. However, we found that this is
not the case. Superimposed upon the Raman spectrum is a broad luminescence of
unknown origin. The criterion for the exact amount of water subtraction has been
taken as a flat base line in the region 1,750- to 1,800 cm~'. The HOH-bending vibra-
tion at 1,660 cm~! extends to this region, and there is no competition from any of the
protein bands, including the amide 1. Thus, if the solvent spectrum is too intense, one
obtains a negative trough in this region, whereas if the solvent water spectrum is too
weak, what appears as a positive extension of the amide I band is obtained. Some
slight remnants of these effects can be seen in Fig. 1. The most accurate solvent sub-
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FIGURE 1  Solvent subtracted Raman spectra of aqueous solutions of 3.79; myosin.

traction was obtained in the myosin + CaCl, spectrum, where the base line is com-
pletely flat in the 1,750- to 1,800-cm~! region. The myosin + MgCl, spectrum still has
a slight HOH spectrum since in this region the Raman intensity is still decreasing to the
right. The myosin + LiBr is noisy, but appears to increase slightly to the right in the
1,750- to 1,800-cm~! region, showing that perhaps a little too much solvent spectrum
was subtracted. However, in each case, the amount of solvent spectrum remaining is
extremely small and does not affect the measured frequencies or intensities of the
amide I band more than a few percent. This has been established by making the
measurements with slightly too little and too large amounts of water being subtracted.
In each case, the measured peak heights were the same within experimental error.

Thus, instead of using the actual net number of photoelectron counts at a given peak
height or the total number of counts under a given Raman band, we used the method
of estimating peak intensities suggested by Lippert et al. (9) and measuring the heights
from a line drawn between two troughs on either side of the peak. Since this procedure
is already described elsewhere (9), we will not discuss it here.

The intensity of each of the conformationally sensitive bands of interest are listed in
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TABLE I
INTENSITIES OF SENSITIVE BANDS IN 3.7%; SOLUTION

Myosin Myosin Myosin
Myosin + + +
1 M Ca(Cl, 1 M MgCl, 1 M LiBr
em™!
C—Cresidue
stretch 902 0.30 0.60 0.19 0.036
C—C residue
stretch 940 0.75 0.37 0.48 0.68
$0;? 980 26 1.7 19 22
C—Cring stretch 1,004 1.0 1.0 1.0 1.0
Amide 11
B-chain and
random coil 1,240 0.40 0.63 0.58 0.84
Amide III
a-helix,
CH bend,
CH twist 1,310 1.0 0.88 0.88 1.2
CHj; antisymmetric,
CH,,
CH bend 1,450 1.5 1.3 1.5 1.6
1,645 23 1.3 1.9 24
Amide 1 a-helix 1,650 2.5 1.3 1.9 2.5
1,655 23 1.4 1.9 25
B-chain,
random coil 1,670 1.6 1.1 1.5 20

Table I. The listed intensities are the ratio of the peak heights at the given frequency
to the peak height at 1,003 cm~'. This latter band is due to phenylalanine, and it is as-
sumed not to change with conformation. Another band also considered to be in-
dependent of conformation for any given protein is the CH,-bending mode at 1,450
cm~'. As can be seen from Table I, the ratio of this band to that at 1,003 cm~! re-
mains remarkably constant,

To determine the changes in conformation induced by the salts, we have tabulated
the ratio of the band heights at 1,300 cm~'/1,240 cm~' for the amide III region and
the ratio at 1,650 cm~'/1,670 cm~! for the amide I region. Although these ratios would
not be meaningful from one protein to another, for the same protein they give the
change in the amount of a-helix. The larger the number, the larger the amount of a-
helix. These ratios are tabulated in Table II, and it is immediately obvious that in each
case the salt at a concentration of 1 M greatly reduces the amount of a-helical content
of the myosin. The effect is present at far lower concentrations, and Fig. 2 demon-
strates the concentration dependence of these changes for CaCl, and MgCl,.

The question of whether the decrease in the a-helical content is due to an increase in
the amount of B-structure or random coil requires a very careful analysis of these
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TABLE II

INTENSITY RATIOS II DICATING RATIOS OF a TO (8 + RANDOM COIL)
CONFORMATIONS (3.7% SOLUTION)

Myosin Myosin Myosin
Myosim- + + +
1 M CaCl, 1 M MgCl, 1 M LiBr
Iy 310/1) 240 2.5 1.4 1.5 14
I 650/11 670 L6 1.2 1.3 1.2

bands, which is still underway using known proteins as models. This is because the
f- and the random coil bands overlap so that the intensity in the amide III region at
1,240 and at 1,670 cm~! in the amide I region are due to contributions from both ran-
dom coil and B-structure (4, 9). However, we propose another way of looking at these
Raman data using the C—C stretching vibrations at ~900 and 940 cm~'. These vi-
brations are known both from work on model polypeptides and proteins to be sensitive
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FIGURE 2 Concentration dependent changes in the amlde III band ratios of the myosin bands
1,240 and 1,310 cm ™! normalized to the band 1,004 cm ™" induced by CaC12 (#) and MgCl, (@)
for aqueous solutions of 2.3% and at salt concentrations of 107>, 1074,1073,107% and 1 M.
FIGURE 3 Concentration-dependent changes in the ratios of the myosin bands 940 cm ™! (upper
pair) and 904 cm™! (lower pair) normalized to the band at 1,004 cm™' induced by Cale
(e) and MgCl, (w) for aqueous solutions of 2.3%, and at salt concentrations of 10™3, 1074,
107%,and I M.
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to the conformation of the polypeptide backbone (4-7). Generally, upon denaturation
the bands broaden and weaken in intensity (6,7). However, in going from a- to 8-
structures in poly-L-lysine, there is actually an increase in the 900-cm~! band and a
change in the location of the 940-cm~! band (4).

In the case of changes in the intensity of the 900-cm~' band: Fig. 1 shows that there
is a considerable increase in the band at 900 cm~! when CaCl, is the added salt, but a
decrease when MgCl, or LiBr is the added salt. The poly-L-lysine spectra show a
change similar to this in going from a- to the 8-form. This can be seen in Fig. 1 of
ref. 4. On the basis of this evidence we therefore assign the increase in the 900-cm~!
band of myosin after CaCl, addition to the formation of increased 8-structure.

In the case of changes in wave number of the 940-cm~' band: There is a discrepancy
between the results obtained from the 3.79/ samples and those obtained from the
2.09 samples. With the 3.79/ samples and at a salt concentration of 1 M, the 940-
cm~! band diminished for all three salts (Table I). On the other hand, with the 2.0%
samples, the addition of CaCl, and MgCl, increased the 940-cm~! band (Fig. 3). This
discrepancy may be accounted for by the observation of Yu et al. (ref. 4, page 2166)
that the C—C stretch of poly-L-lysine in H,O shifts from 945 cm~! in the a-form to
~ 1,002 cm~! in the 8-form. We assume, therefore, that the diminishing of the 940-
cm~! band in the 3.79 samples indicates a shift of increasing vibrational modes to the
1,002-cm~! band, rather than a diminishing of the C—C stretch. This increase in the
C—C stretch vibrations remains at 940 cm~' in the 2.0%, samples as a concentration
effect.

An increase in g-structure would necessarily mean an increase in interchain hydrogen
bonding. Since such binding could occur between different myosin molecules, our ob-
servations are compatible with those of Margossian and Lowey (30), who have re-
ported that 0.1 mM Ca?* induced a reversible aggregation of myosin heads, as well as
a diminished binding of myosin to actin, and with Morimoto and Harrington (31),
who found changes in sedimentation velocity and viscosity measurements attributable
to conformational transitions within the thick filament when the Ca?* concentration is
altered from 10-7 to 10~°> M in an ionic medium comparable to that of living muscle.
These authors and others (32) also report that the structural changes observed in the
thick filament very likely result from direct association of Ca?* with the DTNB light
chains of myosin.! Furthermore, as it is reported that the infrared spectra of films of
both light and heavy meromyosin indicate conformations and conformational changes
similar to those observed in myosin (33), it is interesting that §-structure was observed
in both heavy and light meromyosin with the films were prepared under acidic con-
ditions (33).

The presence of 500 mM KCl in all samples may have influenced the result obtained,
since Ca?* has a maximum quenching effect on the fluorescence of a bound probe,

'DTNB light chains are the light chains removed from myosin by treatment with 5,5'-dithiobis (2-nitro-
benzoic acid).
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1-anilino-8-naphthalenesulfonate (ANS), in KCI (34). In the presence of K*, Ca®* in-
duces a larger change in the structure of the ANS-binding site of myosin than in LiCl
or NaCl (34).

The changes in the sulphate marker are rather difficult to interpret. The SO,~? band
appears to decrease with added salt. If one follows the previous interpretation (29) of
this effect, one must conclude that the SO, ion is more in the HSO,~ form when salt
is added. One possibility is that the new conformation of the protein allows more
SO,~2 binding to the protein.

As a comparison experiment for this study of myosin, the effects of changes in con-
centration in Ca?* and Mg?* were investigated in the case of another muscle protein,
tropomyosin. The results did not demonstrate a change. Therefore, the salt-induced
changes in myosin structure reported here do not stem from the nonspecific binding
of metal ions to a polypeptide chain; i.e., they do not reflect nonspecific changes in
a-helical content that would be found in any protein possessing a-helical structure.

Nevertheless, to detect the exact site of salt binding, further studies must be
separately made on the myosin rod and subfragment I. The thrust of the present study
thus lies in indicating the usefulness of the Raman light-scattering technique in in-
vestigating conformational changes in proteins.

The demonstration in the present paper of the direct effect of Ca2* on myosin is
probably not to be interpreted as indicating the major influence on myosin in muscle
contraction. The major effect of Ca?* on myosin is more probably in the regulation of
the level of phosphorylation of myosin (35, 36) through activation of a Ca%*-sensitive
protein kinase (37). The direct effect of Ca?* on myosin demonstrated here and else-
where (13, 18) may be regarded as a subsidiary effect at the present time.

CONCLUSIONS

The Raman spectra of aqueous solutions of myosin change with salt concentrations as
low as 10-° M. In all cases, the amount of a-helix is reduced whereas the effect on the
C—C stretching vibration is such that one can conclude that there is an increase in the
B-structure when Ca?* ions are added. The investigation indicates the usefulness of the
Raman light-scattering technique for the study of protein conformational changes.
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