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possessed the characteristic note. In a similar fashion, 2- 
butoxy-3-propylpyrazine ( 19) exhibits only a low medici- 
nal character. 

Based on three compounds, it appears that the oxygen 
of the methoxy group can be replaced by sulfur with a 
quantitative but not qualitative change in character. 
Thus, it can be seen that while the intensity of 2-methyl- 
thio-3-isobutylpyrazine (21) may be lower than the oxygen 
analog (6),  the bell pepper note remains similar. Analo- 
gously, 2-methylthio-6-isobutylpyrazine (22) possesses this 
note, but with lower intensity than the 2,3 isomer (21). 

Infrared and mass spectral data of previously unpub- 
lished compounds have been deposited in the microfilm 
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Quantitative Isolation and Partial Characterization of Elastin in Bovine Muscle 
Tissue 

H. Russell Cross, Gary C. Smith,* and Zerle L. Carpenter 

Three tissues (muscle, aorta, and l igamentum 
nuchae)  from one young animal and one old ani- 
mal were utilized as sources of connective tissue 
to compare staining properties and amino acid 
composition to ascertain the purity of elastin iso- 
lated from bovine muscle. Elastin preparations 
from the triceps brachii and biceps femoris mus- 
cles were essentially identical in amino acid com- 
position to elastin from l igamentum nuchae in 
both young and old animals. The ease with which 

elastin can be purified varies considerably with 
the source, but by the use of extraction proce- 
dures of increasing severity, the Ind product from 
tissues of different kinds and from animals of dif- 
ferent ages approaches constancy of composition. 
It can be concluded that elastin isolated as the 
residue remaining after extraction with 0.1 N 
NaOH at 98" for 45 min yields a material that is 
relatively homogenous in composition and varies 
little with tissue source or animal age. 

Although considerable research has been reported con- 
cerning the role of connective tissue in determining the 
tenderness of meat, the majority of the related literature 
has dealt with collagen (Cross e t  al., 1972; Go11 et al., 
1963; McClain, 1969; McClain e t  al., 1965; Wilson et al., 
1954). Collagen has been extensively investigated, both 
with regard to its physical and chemical properties and to 
determine its relationship to tenderness. Elastin has been 
less extensively researched, perhaps because it forms a 
lesser proportion of connective tissue than collagen and 
because of the inherent difficulty in studying a protein 
which is characteristically insoluble during heating (Par- 
tridge e t  al., 1955). 

The historical assumption that elastin is present in 
muscle tissue in only small amounts has been challenged 
by Partridge (1966), who found considerable amounts of 
elastin in the muscles of the beef rump. The necessity to 
consider the singular effects of elastin, rather than total 
connective tissue, on muscle tenderness suggests that a 
quantitative method for determining small quantities of 
elastin in muscle tissue needs to be developed. The meth- 
ods presently available for the isolation of elastin fibers 
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are based on the insolubility of elastin and its resistance 
to hydrolytic reagents. The ease with which elastin can be 
purified varies considerably with the connective tissue 
source. Most of the purification methods reported in the 
literature have been conducted on an elastin-rich tissue 
such as aorta and l igamentum nuchae (Gotte et al., 1963; 
Lansing et al., 1952; Partridge, 1962). Bendall (1967) iso- 
lated elastin from muscle tissue using numerous extrac- 
tions with NaOH and various fat solvents. Contrary to re- 
sults reported by Partridge (1966), Bendall found signifi- 
cant amounts of elastin only in the semitendinosus muscle 
of the bovine. Little additional work has been reported on 
the isolation of elastin in muscle tissue; thus, procedures 
for isolating elastin without dndue hydrolytic damage ap- 
pear to be needed. More specifically, the objective of this 
study was to develop a quantitative assay for elastin de- 
rived from muscle tissue and to document age-associated 
changes in bovine elastin. 

EXPERIMENTAL PROCEDURE 
Four tissues ( l igamentum nuchae, aorta, triceps brachii, 

and biceps femoris) were utilized from a young Hereford 
female (388 days of age) and an old Hereford female (3660 
days of age) as sources of bovine elastin. 

Purification of Elastin. Purified elastic-fiber prepara- 
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tions were obtained from two bovine tissues, l igamentum 
nuchae and aorta. Both tissues were dissected free from 
adhering tissues, frozen in liquid nitrogen, powdered, and 
extracted with excess 1% NaCl in a low-speed mechan- 
ical shaker. Agitation was continued until the extract gave 
a negative test for protein with trichloracetic acid solu- 
tion. Three 1-hr extractions with 1% NaCl were normally 
required to obtain a negative test for protein. The samples 
were then suspended in distilled water and disintegrated 
in a high-speed blender. The samples were washed several 
times with distilled water and finally recovered in a low- 
speed centrifuge (1500 X g ) .  The washed preparations 
were partially defatted with acetone by shaking for 2 hr in 
a low-speed mechanical shaker and dried overnight in air 
a t  room temperature. 

From the dried, partially defatted tissue, samples of pu- 
rified elastin were prepared by each of the following pro- 
cedures. 

Autoclaved Elastin.  The dried tissue was suspended in 
distilled water, autoclaved at 1 atm pressure for 45 min, 
refluxed with acetone for 1 hr, dried in warm air over- 
night, and sequentially powdered and autoclaved until the 
effluent gave a negative reaction for protein. Four sequen- 
tial periods of powdering and autoclaving were normally 
required to achieve purification. Finally, the preparation 
was refluxed in diethyl ether for 1 hr and dried in a vacu- 
um desiccator. 

Autoclaved Elast in  Extracted w i th  0.5 N Sod ium H y -  
droxide a t  25". Extraction of the dried, partially defatted 
tissue was continued by using a mechanical shaker with 
an excess of 0.5 N NaOH a t  25" for three or four periods of 
1 hr each or until the extract gave a negative test for pro- 
tein. 

Elastin Extracted w i th  0.1 N Sod ium Hydroxide a t  98". 
The dried, partially defatted tissue was digested with 0.1 
N NaOH a t  98" for 45 min, according to the procedure of 
Lansinget al. (1952). 

Elast in  Extracted from Muscle  Tissue. The Lansing et 
al. (1952) method of isolating elastin is based on the as- 
sumed insolubility of elastin in 0.1 N NaOH a t  98" as con- 
trasted with the solubility and rapid extraction of collagen 
and reticulin constituents of the tissue following removal 
of sarcoplasmic and myofibrillar proteins. The weight of 
the dry residue remaining after thorough extraction repre- 
sents the weight of elastin in the tissue. 

The actual procedure for elastin extraction from muscle 
consisted of the following. Duplicate samples of 2-3 g of 
tissue were weighed in 50-ml round-bottomed polypropyl- 
ene centrifuge tubes. The muscle tissue was extracted 
with 1.1 M potassium iodide plus 0.1 M potassium phos- 
phate buffer, pH 7.4 (lO-ml/g of wet tissue), for 3 hr as 
outlined by Helander (1957). The tubes were centrifuged 
for 10 rnin a t  1400 X g; extraction was repeated for an  
additional 3 hr; the tubes were centrifuged again; and a 
final extraction of 2 hr duration completed the procedure. 
The tissue was washed twice with distilled water and the 
residue was recovered with low-speed centrifugation (1400 
x g ) .  Exhaustive extraction of the muscle tissue was per- 
formed to ensure complete removal of myofibrillar and 
sarcoplasmic proteins. Removal of the latter proteins was 
assumed to be complete when a white residue was 
achieved which evidenced a complete lack of visible red- 
ness in the final residue. 

An excess of 2 : l  chloroform-methanol was added to ex- 
tract the lipid from the stromal fraction. The samples 
were agitated in a low-speed mechanical shaker a t  2" for 2 
hr. Following fat extraction, the samples were washed 
three times with distilled water to remove the solvent. I t  
was essential that  no trace of the chloroform-methanol re- 
mained prior to alkaline hydrolysis to prevent foaming of 
the solution upon subsequent heating. The samples were 
hydrolyzed in 0.1 N NaOH (10 ml/g of wet tissue) a t  98" 
for 50 min. The residue was washed with distilled water, 

recovered by centrifugation, and the tubes were immersed 
in hot water to remove any surface contaminants from the 
tube. The tubes were dried for 24 hr at 102", cooled, and 
weighed. Elastin content was reported as mg/g on a whole 
tissue basis (WTB) or on a moisture and fat-free tissue 
basis (MFFB). 

Rate  of Alkaline Hydrolysis. Samples of l igamentum 
nuchae, aorta, and stromal protein from the muscle were 
suspended in a measured volume (100 ml/g of dry weight) 
of 0.1 N NaOH and the tubes were placed in a 98" water 
bath. Triplicate tubes were removed at  5- or 10-min inter- 
vals, centrifuged, dried for 24 hr a t  102", and weighed to 
determine the weight loss as a percent of the original dry 
weight. 

Changes in  Staining Character with Partial Hydrol- 
ysis. Changes in the staining character of elastin after 
mild treatment with NaOH solution were investigated. 
Samples of autoclaved l igamentum nuchae preparation 
were further extracted with 0.1 N NaOH a t  98" for 30 or 
45 min or with 0.5 N NaOH at 25" for 4, 8, 24, or 48 hr. 
Samples of the muscle elastin were further extracted with 
0.1 N NaOH at  98" for 50, 60, or 80 min. Following extrac- 
tion, the samples were washed and dried in a vacuum des- 
iccator. 

Five dye solutions were investigated. The dyes used 
were: aniline blue (C.L. 42755), methyl green (C.L. 
42590), fast green (C.L. 42053), orcein (C.L. 14689), and 
bromphenol blue (C.L. 240980). The dyes were prepared 
in the following manner: aniline blue (10 mg/l. in 1% ace- 
tic acid), methyl green (100 mg/l. in Na2C03-HCl buffer, 
pH 8.0), fast green (10 mg/l. in 1% acetic acid), orcein (50 
mg/l. in 70% ethanol containing 0.1 N HCl), and brom- 
phenol blue (6.3 mg/l. in Na2C03-HCl buffer, pH 8.8). 
The elastin samples (10 mg) were first equilibrated with 
the solvent used for dissolving the dye by shaking with an 
excess of solvent for 1 hr a t  20". The solvent was then 
poured off, replaced by 1 ml of dye solution, and allowed 
to stain for 24 hr with intermittent shaking. The fibers 
were allowed to settle to the bottom of the flask and the 
dye solutions were decanted into 0.5-ml light path cu- 
vettes. The absorbance of the dye which had not been 
taken up by the elastic fibers was determined at the 
wavelength of maximum absorption for the specific dye 
solution used. 

Elastin Staining. In order to ascertain the purity of the 
purified elastic preparation, the orcein procedure of Ro- 
meis (1948) and the Orcinol-New Fuchsin procedure as 
described by Fullmer and Lillie (1956) were used on the 
elastin extracted from muscle by hot alkali. Both methods 
stain elastin red and do not stain collagen or reticulin. To 
detect the presence of collagen or reticulin, the procedure 
of Humason and Lushbaugh (1960) was used. In this pro- 
cedure, elastin stains red, reticulin stains black, and col- 
lagen stains blue. 

Amino Acid Analysis. Tissue samples from ligamen- 
t u m  nuchae, aorta, biceps femoris,  and triceps brachii 
were analyzed to determine amino acid composition on a 
modified Beckman 120 amino acid analyzer. Samples 
were prepared as follows. Dried samples (approximately 
1.5 mg) were weighed accurately into the hydrolysis tube 
and 1.0 ml of reagent grade 6 N HC1 was added. (Note: If 
excess acid is added, it is difficult to obtain sufficient vac- 
uum due to the "bubbling" of the acid during evacua- 
tion.) Oxygen-free nitrogen was bubbled through the sam- 
ple for 3-5 min. The samples were evacuated for 2 min 
with an efficient water aspirator. If the samples had a 
tendency to boil, they were chilled to -10" in a freezer be- 
fore evacuating. The hydrolysis tubes were sealed under 
vacuum and placed in an oven a t  110 f 2" for 72 hr. Fol- 
lowing hydrolysis, the tubes were removed and cooled to 
room temperature. If there was any visible sediment, the 
sample was filtered through Whatman No. 3 filter paper 
into a 250-ml round-bottomed flask and evaporated to 
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Table 1. Amino Acid Composition of Elastin Preparations from Four Sources in Hereford Females 388 and 3660 Days of Age 

g of amino acid/100 g of protein 
Ligamentum nuchae Aorta 

Auto- Auto- Auto- Auto- Triceps Biceps 
claved a n d  claved and  claved and  claved and brachii, femoris, 

Autoclaved extracted extracted Autoclaved extracted extracted extracted extracted 
at neutral with 0.5 N with 0.1 N at neutral with 0.5 N with 0.1 N with 0.1 N with 0.1 N 

Amino acid pH NaOH at 25" NaOH at 98" pH NaOH at 25" NaOH at 98" NaOH at 98" NaOH at 98" 

Lysine 
Histidine 
Arginine 
Aspartic acid 
Threonine 
Serine 
Glutamic acid 
Proline 
Glycine 
Alanine 
Valine 
Methionine 
Isoleucine 
Leucine 
Tyrosine 
Phenylalanine 
Hydroxyprolinea 

Lysine 
Histidine 
Arginine 
Aspartic acid 
Threonine 
Serine 
Glutamic acid 
Proline 
Glycine 
Alanine 
Valine 
Methionine 
Isoleucine 
Leucine 
Ty rosi ne 
Phenylalanine 
Hydroxyproline5 

a Determined separately. 

0.39 
0.01 
0.92 
0.87 
0.97 
0.82 
2.28 

12.84 
21.99 
17.71 
24.53 
0.29 
2.90 
7.40 
1.26 
4.81 
1.72 

0.66 
0.01 
0.72 
0.91 
0.97 
0.83 
2.27 

12.77 
22.13 
17.40 
24.34 
0.26 
2.88 
7.36 
1.26 
4.82 
1.75 

0.45 

0.67 
0.79 
0.88 
0.71 
2.18 

13.03 
22.62 
18.38 
24.51 
0.30 
2.98 
7.69 
1.07 
4.43 
1.60 

0.21 

0.61 
0.76 
0.88 
0.70 
2.14 

13.00 
22.53 
18.29 
24.48 
0.28 
2.98 
7.68 
1.07 
4.41 
1.62 

388-Day-old Hereford 
0.46 2.47 

0.68 
0.64 2.82 
0.71 3.30 
0.72 2.21 
0.71 1.91 
2.01 5.90 

13.02 10.41 
22.57 16.73 
18.29 14.11 
24.48 20.36 

0.07 1.30 
3.15 3.75 
8.12 7.77 
1.11 2.40 
4.42 4.85 
1.58 1.71 

3660-Day-old Hereford 
0.22 

0.59 
0.64 
0.71 
0.69 
1.98 

13.01 
22.51 
18.19 
24.43 
0.05 
3.17 
8.10 
1.12 
4.40 
1.59 

dryness in a rotary evaporator. The dried film was redis- 
solved with an exactly measured volume of pH 2.2 citrate 
buffer to bring the sample to the concentration of ap- 
proximately 0.05 pmol of each amino acid. The integrator 
on the analyzer had a measuring range of about 0.005 to 
0.3 Fmol, and accuracy was not suitable beyond these lim- 
its. 

The amino acid concentrations were determined from a 
computer program which was designed to calculate data 
from an automatic amino acid analyzer equipped with a 
digital integrator. The amino acids in this study were re- 
ported in the condensed form (as found in the peptide 
chain, without the water added during hydrolysis) rather 
than the free form and values were reported in grams of 
amino acid/100 g of protein. Hydroxyproline was deter- 
mined separately using the procedure outlined above for 
the amino acid analyzer because it was difficult to quanti- 
tate hydroxyproline due to the interference of aspartic 
acid. 

Hydroxyproline. A second determination of hydroxy- 
proline content was obtained for ligamentum nuchae, 
aorta, and muscle tissues using the procedure (Method 11) 
outlined by Woessner (1961). 

0.65 
1.11 
0.43 
2.32 
1.72 
1.50 
4.28 

11.40 
19.17 
15.84 
22.45 

0.79 
3.50 
7.71 
1.91 
4.92 
1.82 

1.15 
0.14 
1.36 
1.86 
1.46 
1.34 
3.73 

11.60 
20.33 
16.38 
22.23 
0.68 
3.31 
7.52 
1.58 
4.53 
1.60 

1.05 
0.50 
2.20 
2.96 
2.03 
1.65 
5.34 

10.78 
17.83 
14.76 
20.79 

1.12 
3.66 
7.82 
2.14 
4.62 
1.61 

0.57 

0.67 
0.76 
0.74 
0.68 
2.06 

13.94 
24.74 
18.55 
24.62 
0.09 
3.19 
8.16 
1.22 
4.52 
1.55 

0.53 

0.72 
0.84 
0.83 
0.66 
2.39 

13.89 
23.14 
18.90 
23.78 
0.27 
3.35 
8.34 
1.40 
4.89 
1.57 

0.51 

0.61 
0.67 
0.69 
0.73 
2.13 

13.56 
23.06 
17.97 
24.21 
0.04 
3.19 
7.94 
1.37 
4.53 
1.51 

0.23 

0.56 
0.71 
0.70 
0.82 
1.89 

13.09 
24.01 
17.96 
23.02 
0.12 
3.12 
8.16 
1.42 
4.64 
1.52 

0.48 

0.63 
0.65 
0.74 
0.78 
2.06 

12:97 
22.94 
17.87 
23.97 
0.08 
3.34 
8.19 
1.43 
4.39 
1.49 

0.29 
0.03 
0.64 
0.74 
0.69 
0.89 
2.24 

12.78 
23.72 
17.73 
23.84 
0.09 
3.47 
7.95 
1.65 
4.48 
1.48 

Percent Recovery of Elastin. Elastin previously isolat- 
ed from muscle tissue was subjected to identical isolation 
procedures as detailed previously to establish quantitative 
accuracy in determining elastin content from muscles. 
Realizing that it was impossible to duplicate the biologi- 
cal conditions under which the elastin was originally iso- 
lated from muscle, such data should provide an indication 
of the relative accuracy of the procedure. 

RESULTS AND DISCUSSION 
Evidence for proof of purity is one of the necessary stag- 

es in the development of a procedure for the quantitation 
of a specific protein found in heterogeneous substances. 
The more obvious methods for verification of the purity of 
a protein via solubility properties cannot be used because 
elastin is insoluble in its native state. Various staining 
techniques have proven useful in identifying preparations 
of elastin, but the staining characteristics of elastin can 
be altered when it is exposed to prolonged acid or alkaline 
treatment (Partridge, 1962). Partridge et al. (1955) used 
alkaline and acid extractions to yield a product of con- 
stant weight and constant amino acid composition which 
gave the staining reactions typical for elastin fibers. The 
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latter researchers concluded that this evidence was suffi- 
cient to provide proof that  the isolate fraction was a 
chemically homogeneous protein. 

In the present study, the amino acid composition of 
elastin isolated from muscle tissue was compared with 
that  of elastin isolated from ligamentum nuchae and aorta 
tissues. Techniques for purification of progressive severity 
were applied to the ligamentum nuchae and aorta and the 
amino acid composition of the subsequent products was 
examined after each procedure to determine if a protein of 
constant composition resulted from each procedural step. 
Since severe extraction procedures could alter the compo- 
sition and chemical properties of elastin, the purified pro- 
tein preparations were examined for changes brought 
about by partial hydrolysis. Such changes should be re- 
flected by changes in the dye binding capacity. 

The results of amino acid analyses of material prepared 
from three types (four sources) of tissue from a young ani- 
mal (388 days of age a t  slaughter) are presented in Table 
I. Elastin was prepared by autoclaving a t  a neutral pH, by 
extraction with 0.5 N NaOH at  25", or by extraction with 
0.1 N NaOH at  98". Amino acid analyses for the ligamen- 
tum nuchae revealed that the protein fraction prepared by 
either type of alkali extraction was generally similar in 
amino acid composition to that produced by autoclaving 
alone. Elastin preparations from the triceps brachii and 
biceps femoris muscles were essentially the same in amino 
acid composition as that  of ligamentum nuchae treated in 
the same manner. The composition of muscle elastin is 
closest in composition to that  from ligamentum nuchae 
produced by extraction in 0.1 N NaOH at  98" for 45 min. 
The minor differences in amino acid composition observed 
between ligamentum nuchae elastin prepared by extrac- 
tion with 0.1 N NaOH a t  25" and elastin prepared by ex- 
traction with 0.1 N NaOH a t  98" provide presumptive evi- 
dence that both preparations are relatively pure. 

The elastin preparation extracted from aorta by use of 
alkali a t  98" (Table I) was similar in composition to elast- 
in from ligamentum nuchae and muscle tissues, but the 
elastin preparation produced by autoclaving at  neutral pH 
had a higher content of lysine, histidine, arginine, aspartic 
acid, threonine, serine, glutamic acid, methionine, and 
tyrosine, and a lower content of proline, glycine, alanine, 
and valine than either of the other tissues. This suggests 
that the fraction yielded by autoclaving the aorta a t  neu- 
tral pH contained elastic fibers and a contaminating pro- 
tein which had an amino acid composition which was very 
different from that  of elastin. Analyses of the protein from 
alkaline hydrolysates revealed that the contaminating 
substance was removed by treatment with hot alkali. The 
attempt to extract autoclaved aorta elastin with cold di- 
lute alkali (0.5 N NaOH) resulted in considerable purifi- 
cation, but clearly did not remove all of the contaminants. 
The fraction produced by autoclaving and extraction with 
0.1 N NaOH at  98" was similar in amino acid composition 
to that  determined for samples of ligament and muscle 
tissue. 

The amino acid analyses from three tissues derived 
from a mature animal (3660 days of age at  slaughter) and 
prepared in the same manner as that previously described 
and reported for a young bovine are also reported in Table 
I. With the exception of percent lysine, the amino acid 
composition of "mature" ligamentum nuchae is essential- 
ly identical to that from the same tissue in the young bo- 
vine. Miller et al. (1964), working with aorta from chick- 
ens of varying ages (ranging from a 12-day embryo to a 
chicken which was 1 year of age), demonstrated that  the 
lysine content of elastin decreased with advancing age. 
Partridge et al. (1966) studied the biosynthesis of desmo- 
sine and isodesmosine and reported that four molecules of 
lysine were incorporated into each of these unique amino 
acids. These authors also demonstrated that  the cycliza- 
tion process was slow. which provides an explanation for 

t 

- Ligamentum nuchae 

-0- Aorta 

Y- Muscle 

TIME - MIN. 

Figure 1. Time course for rate of removal of material other than 
elastin from the ligamentum nuchae, aorta, and muscle stroma. 
Samples were extracted in 0.1 N NaOH at 98". 

the observed variation in the lysine concentration of elast- 
in from animals of different ages. In the present study, 
desmosine and isodesmosine concentrations were not de- 
termined, since pure samples of these amino acids, neces- 
sary for use in standardizing the amino acid analyzer, 
could not be obtained. Elastin from the aorta of the older 
animal did not decrease in lysine content to the extent 
observed for the ligament or muscle from the older ani- 
mal, thus indicating either a lesser degree of crosslinking 
or a lesser degree of purification for the aorta sample. As 
was observed for the elastin from the young bovine, the 
elastin from mature muscle is very similar to  that pre- 
pared from the hot (98" alkali-treated) ligamentum nu- 
chae and aorta. The hydroxyproline values reported in 
Table I are very similar to those reported by Gotte e t  al. 
(1963), but lower than the 1.9% value reported by Neu- 
man and Logan (1950) for assays of the ligamentum nu- 
chae and aorta of cattle. The latter researchers used a col- 
orimetric procedure which may not have the same degree 
of sensitivity as that of an amino acid analyzer. The 
values in Table I were somewhat higher than those ob- 
tained from the same tissue using the Woessner (1961) 
procedure (1.5 LIS .  1.3%). The average hydroxyproline 
value for elastin from muscle tissue was 1.50%. 

The results of the elastin staining studies. using the 
procedures of Romeis (1948), Fullmer and Lillie (1956), 
and Humason and Lushbaugh (1960) and elastin extracted 
from muscle by use of hot alkali, were negative €or colla- 
gen and reticulin and positive for elastin. In view of the 
amino acid composition data reported previously for mus- 
cle isolates, it would not seem likely that contaminates 
detectable by staining techniques were present. 

Differences in the rate of alkaline hydrolysis and remov- 
al of substances other than elastin for three tissue sources 
are presented in Figure 1. The ligamentum nuchae and 
aorta were defatted with acetone, powdered, and dried in 
a vacuum desiccator, while the muscle stroma fraction 
was defatted for 2 hr in 2 : l  chloroform-methanol and 
dried in a vacuum desiccator. Ligamentum nuchae, which 
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Table II. Absorption of Dyes from Solution by Elastin Fiber Preparations from Bovine ligarnenfurn nuchae and Biceps femoris 

Absorbance of the supernatant" 
ligamentum nuchae 

Control, Bicees femoris. 
Wave- auto- Autoclaving with Autoclaving with autoclaving with 
length Absor-, claved at 0.1 N NaOH at  98" at 0.5 N NaOH a t  25" 0.1 N NaOH at  98" 
ot dye, Danceo neutral 

Dye solution rnp  of dye pH 30rn in  4 5 r n i n  4 h r  8 h r  24 h r  48 h r  5 0 r n i n  6Omin 80rn in  

Fast green 625 1.60 0.34 0.32 0.28 0.24 0.22 0.18 0.15 0.30 0.27 0.22 
Methyl green 630 0.36 0.15 0.15 0.13 0.09 0.08 0.05 0.01 0.14 0.13 0.10 
Aniline blue 600 0.31 0.08 0.08 0.09 0.10 0.15 0.20 0.40 0.10 0.10 0.13 
Orcein 500 0.90 0.59 0.62 0.62 0.65 0.66 0.68 0.69 0.62 0.64 0.65 
Bromphenol blue 590 1.78 0.54 0.60 0.60 0.64 0.69 0.71 0.78 0.61 0.63 0.70 

a Decreased absorbance of the supernatant is indicative of increased absorption by elastin. b Measured at the wavelength of maxi. 
m u m  absorption for the specific dye used. 

Table 111. Recovery of Muscle Elastina 

Elastin 
added, 

rn gb 

Elastin 
recovered, 

rng 
% recovery 

100 
50 
25 
10 
5 

95.1 
48.2 
24.3 

9.6 
4.8 

95.1 
96.3 
97.1 
96.0 
96.5 

The added elastin was subjected to the procedure outlined 
for the isolation of elastin tissue from muscle. *The added 
elastin originated from muscle tissue previously subjected to 
the i de n tica I isolation procedure. 

contained approximately 78% elastin, reached constancy 
of weight within 30 min of hydrolysis in 0.1 N NaOH at  
98". Aorta (42% elastin) required 50 min, while muscle 
stroma (2.5% elastin) required only 45 min to achieve con- 
stant weights. Since the amino acid composition of the 
three samples is very similar, differences in the rate of al- 
kali hydrolysis could be ascribed either to differences in 
the mean diameter of the elastin fibers or to the presence 
of contaminating proteins. Since Partridge et al. (1963) 
reported that there are differences in the degree to which 
elastin samples are cross-linked, the latter property could 
provide a third explanation for differences in the rate of 
hydrolysis. Data of the present study indicating high ly- 
sine content in aorta from the older animal may indicate 
less crosslinking of elastin in aorta from old animals. 

Because of the cross-linked structure of elastin, it would 
be expected that any partial hydrolysis that occurs 
through the use of alkaline or acidic reagents would give 
rise to rupture points in the chemical framework owing to 
hydrolysis of susceptible peptide bonds in the backbone 
chains. Each rupture point should result in the appear- 
ance of a new a-carboxyl and a new a-amino group at-  
tached to the free ends of the broken chains. A second 
type of hydrolysis which could be encountered involves 
the liberation of ammonia from asparagine and glutamine 
residues. These reactions would give rise to a greater 
number of charged groups and would be expected to result 
in a change in the staining characteristics of the fibers. 

The uptake of dyes for samples of ligamentum nuchae 
elastin treated for various times with 0.1 and 0.5 N NaOH 
at  98" is presented in Table 11. Two groups of dyes which 
vary in specificity were identified. The first two, fast 
green and methyl green, are excellent dyes for staining 
collagen under the conditions used but are relatively inef- 
fective for staining unmodified elastin. However, as the 
liberation of free a-carboxyl and a-amino groups within 
the backbone of elastin progresses, the density of staining 
increases and more of the dye is removed from the solu- 
tion. The second group of dyes, including aniline blue, or- 
cein, and bromphenol blue, effectively stains the untreat- 

ed elastin, but mild hydrolytic damage brought about by 
the action of dilute sodium hydroxide results in a progres- 
sively lower uptake of the chromagenic substances. 

The ability of the collagen dye's (fast green and methyl 
green) to effectively stain ligamentum nuchae elastin and 
muscle elastin gradually increased with prolonged treat- 
ment (decrease in optical density) and two of the elastin 
stains (aniline blue and bromphenol blue) began to lose 
(increase in optical density) their ability to effectively 
stain elastin with prolonged treatment periods. The find- 
ings presented in Table II indicate that prolonged treat- 
ment with dilute sodium hydroxide will result in hydroly- 
sis of the elastin preparation, but hydrolysis is minor up  
to and beyond the point (50 min) required for removal of 
material other than elastin from the muscle stroma frac- 
tion. 

Recovery percentages for elastin which was subjected to 
identical isolation procedures, as detailed for quantitation 
of elastin from muscle, are presented in Table 111. Realiz- 
ing that it is impossible to duplicate the biological condi- 
tions under which the elastin was originally isolated from 
muscle, these data provide an indication of the relative 
accuracy of the procedure. Percent recovery values were 
all relatively high. The minor losses which were noted can 
be attributed either to experimental error or to loss due to 
continued hydrolysis in hot alkali. The procedure identi- 
fied in the present study for the isolation and quantitation 
of elastin from muscle tissue is supported by presumptive 
evidence of purity, and empirical evidence suggests that 
percents of recovery exceeding 95% are possible in isolat- 
ing elastin from bovine muscle. 

Several conclusions can be drawn from the preceding 
data concerning the isolation and purification of elastin 
from different tissues. The ease with which elastin can be 
purified varies considerably with the source, but by the 
use of extraction procedures of increasing severity, the end 
product from tissues of different kinds and from animals 
of different ages approaches constancy of composition. 
Samples of elastin purified by prolonged contact with di- 
lute sodium hydroxide displayed signs of hydrolytic dam- 
age which were revealed by changes in absorption capaci- 
ty for various dyes. It can be concluded that the procedure 
outlined for isolating elastin from muscle tissue yields a 
material that  is relatively constant in amino acid compo- 
sition and varies little with tissue source or age. 
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Oxidation of Sodium [U-14C]Palmitate into Carbonyl Compounds by Penicillium 
roqueforti Spores 

Clemence K.  Dartey and John E. Kinsella* 

Spore suspensions of P. roqueforti metabolized 
sodium palmitate into carbon dioxide and a vari- 
ety of carbonyl compounds, including a homolo- 
gous series of methyl ketones. Both D-glucose and 
L-proline suppressed the catabolism of palmitate 
to COS but stimulated the rate of formation of 
carbonyl compounds, including methyl ketones. 
Spore concentrations of 6.3 X lo8 spores/ml pro- 
duced the optimum yield of (32.4%) carbonyl 
compounds from the incubation of 5 m M  of pal- 
mitate in the presence of 20 m M  of D-glucose 
under optimum conditions of pH and tempera- 

ture; i ,e . ,  pH 6.5 (0.1 M phosphate buffer) and 
30”. Analyses of carbonyl compounds formed 
from [U-14C]palmitate revealed that a homolo- 
gous series of labeled methyl ketones, C3 to C15 
inclusive, was produced. Pentadecanone con- 
tained the highest radioactivity, followed by tri- 
decanone and undecanone, with the lower methyl 
ketones containing varying amounts of radioac- 
tivity. Appreciable amounts of carbonyl com- 
pounds other than methyl ketones (Le . ,  labeled, 
saturated, and unsaturated aldehydes) were also 
produced from [14C]palmitic acid. 

Growing cultures of Penicillium roqueforti oxidize fatty 
acids into their corresponding methyl ketones with one 
less carbon atom (Franke and Heinen, 1958; Hammer and 
Bryant, 1937; Lawrence, 1966; Starkle, 1924; Stokoe, 
1928). Gehrig and Knight (1958) reported that only the 
spores of P. roqueforti oxidize fatty acids; however, Rolin- 
son (1954), Vinze and Ghosh (1962), and Lawrence and 
Hawke (1968) demonstrated the oxidation of fatty acids 
into methyl ketones by the mycelium of P. roqueforti. 

The addition of simple sugars (including D-glucose) and 
amino acids (including L-proline) stimulates oxygen up- 
take and formation of 2-heptanone from octanoic acid by 
the spores of P .  roqueforti (Lawrence, 1965a). The forma- 
tion of methyl ketones increased when metabolic carbon 
dioxide was retained in the incubation medium, but non- 
aeration of the incubation system decreased fatty acid oxi- 
dation (Lawrence, 1966). Enrichment of air with carbon 
dioxide increased the growth of P. roqueforti; however, 
these increases showed variation with both temperature 
and strain of the organism (Golding, 1940). 

In contrast to mammalian, plant, and bacterial sys- 
tems, a fatty acid oxidation system has not been isolated 
from fungi because of difficulty in disrupting the mycelia 
and obtaining cell-free active enzymes. However, a num- 
ber of investigators showed that P. roqueforti oxidizes 
fatty acids via (3-oxidation (Gehrig and Knight, 1963; 
Hammer and Bryant, 1937; Katz and Chaikoff, 1955; 
Lawrence, 1966; Lawrence and Hawke, 1968; Starkle, 
1924). These investigators agreed that  both the (3-oxida- 
tion reaction and ketone formation proceed simultaneous- 
ly. The @-oxoacyl-CoA formed by @-oxidation reaction is 

Department of Food Science, Cornel1 University, Itha- 
ca, New York 14850. 

deacylated and subsequently decarboxylated to a methyl 
ketone. The acetyl-coA formed by complete P-oxidation is 
further oxidized uia the tricarboxylic acid cycle to CO2 
and H2O. 

Fatty acids are actually toxic to P.  roqueforti and the 
degree of toxicity depends upon chain length, concentra- 
tion of acids, and the pH of the incubation medium 
(Franke e t  al., 1962; Lawrence, 1966; Lawrence and 
Hawke, 1968). Pressman and Lardy (1956) reported that 
the saturated fatty acids uncouple phosphorylation and 
myristic acid exhibited the greatest effect, which de- 
creased progressively from myristic acid as the fatty acid 
carbon chain was lengthened or shortened. Thus, it has 
been suggested that  conversion of fatty acids to methyl 
ketones may be a detoxifying mechanism. 

P. roqueforti is important in the manufacture of Blue 
and Roquefort type cheeses. Methyl ketones are the prin- 
cipal compounds responsible for the unique flavor of Blue 
cheese (Anderson, 1966; Day, 1965; Dartey and Kinsella, 
1971; Hawke, 1966; Patton, 1950). Metabolism of milk fat 
by P. roqueforti and the production of methyl ketones is 
important in the development of Blue cheese flavor. Al- 
though palmitic acid is the major fatty acid of milk fat, 
little is known of its metabolism by P. roqueforti during 
cheese ripening. Palmitic acid may serve as a precursor 
for some of the methyl ketones found in the cheese. While 
the major methyl ketones are presumably derived directly 
from the corresponding fatty acids by oxidation, the con- 
centrations of C7 and C9 methyl ketones exceed the molar 
ratios of the corresponding C8 and C10 fatty acids in milk 
fat. indicating their possible derivation from longer chain 
fatty acids. 

In this study the factors affecting the metabolism of 
palmitic acid by the spores of P. roqueforti were deter- 
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