
Table IV. Inhibitory Effect of Ammonium Sulfate“ 
% Activify % Activity 70 Acfivify 

(NHO2S06, M Unifr Remaining Units Rema’ining Units Remaining 

0 1 7 . 5  100 11 .8  100 5 .88  100 
0.0095 13 .5  77 .1  9 . 9 0  8 3 . 9  4 .38  7 4 . 6  
0 .062  6 . 9 0  3 9 . 4  3 .89  33 .0  2 .53  43 .0  
0 .17  5 .40  30 .8  3 .65  30 .9  1 .85  31 .5  
0 .33  5 .50  31 .4  3 .70  31 .4  

a Regular test system, 

to an alteration of the clottable proteins, 
probably by binding of chloride anions, 
and that the enzyme does not compete 
with the inhibiting agent for the sub- 
strate. 

Table IV presents data for the inhibi- 
tory effect of ammonium sulfate. It can 
be seen that ammonium sulfate exerts 
its inhibitory effect in a manner similar 
to that of sodium chloride and that this 
inhibition is approximately twice that 
due to the sodium chloride. 

Figure 4 presents a plot of the data of 

Tables I11 and IV, where the per cent 
remaining activity (average) is plotted 
against concentrations of the inhibiting 
salts. In  carrying out routine analyses 
in the presence of known concentrations 
of the above inhibitory salts, units ob- 
tained were corrected for inhibition by 
multiplying by the factor, lOO,’70 activ- 
ity, obtained from the plots. 

No attempt was made to investigate 
either the influence of the inhibitory 
salts on the value of the constant, c, 

or the possibility of preferential inhibition 
of one of the enzymes by a given salt. 

Literature Cited 

(1) Balls, A4. K.. Hoover, S. R., J .  Biol. 

(2) Bodansky, O., Zbid., 120, 555 (1937). 
(3) Gawron, 0.. Cheslock, K. E., 

Arch. Biochem. Biophys. 34, 38 
(1951). 

(4) Gawron. 0.. Draus, F., Division of 
Biological Chemistry, 122nd Meet- 
ing, ACS, htlantic City, 1952. 

(5) Goldstein, -4.> J .  Gen. Physiol. 27, 
529 (1944). 

(6) Jansen, E. F., Balls, .4. K., J .  Biol. 
Chem. 137, 459 (1941). 

(7) Lineweaver, H., Burk, D., J .  Am. 
Chem. Soc. 56,  658 (1934). 

(8) Straus, 0. H., Goldstein, A., J .  
Gen. Physiol. 26, 559 (1943). 

Receioed f o r  reiiew October 7, 7955. Accepted 
January 3, 1956. Diuision of Biological 
Chemistry, 722nd .Meeting ACS, Atlantic City, 
N.  J . ,  September 1952. Abstracted in part 
f rom the master’s thesis df Frank Draus. 

Chem. 121, 737 (1937). 

MEAT PIGMENTS 

Factors Affecting the Oxidation of 
Nitric Oxide Myoglobin 

K. A. WALSH and DYSON ROSE 
Division of Applied Biology, 
National Research Laboratories, 
Ottawa, Canada 

The stability of nitric oxide myoglobin, the pigment found in cured, unheated meat, was 
investigated by measuring its rate of oxidation in solution. The rate of oxidation was 
first-order and was affected by light, pH changes, temperature variations, nitrite concen- 
tration, and certain inhibitors. Three distinct mechanisms were observed: a rapid oxida- 
tion by  nitrous acid, a slow autoxidation in air, and a photo-oxidation. 

HEN MEAT I S  CURED IN BRINE or dry W salt mixtures, myoglobin, the 
major pigment of the fresh meat ( 7 7 ) ,  is 
converted to nitric oxide myoglobin 
(h lbN0) .  During storage. this charac- 
teristic red pigment tends to change to 
undesirable brown and gray hues on 
exposed surfaces. The rate of dis- 
coloration is increased by light (5, 8. 7 4 ,  
but can be retarded by the exclusion of 
air ( 7 4 ,  by wrapping the meat in red 
cellophane to filter out undesirable light 
( 7 4 ,  and by dipping in sodium nitrite 
after the sulfhydryl groups haire been 
released by heating (76). 

Kampschmidt (5) recently showed that 
light accelerated the oxidation of nitric 
oxide myoglobin and suggested that the 
reaction proceeded by a dissociation fol- 
lowed by an oxidation to metmyoglobin 
(MMb). Other information concern- 
ing the stability of nitric oxide myoglobin 
has been inferred from studies with nitric 

oxide hemoglobin, a protein with similar 
but not identical properties. 

To provide more information on the 
properties of the pigment of cured, un- 
heated meat, studies were undertaken on 
the influence of various factors on the 
stability of pure nitric oxide myoglobin in 
solution. 

Reagents 

Buffers above pH 5.8 were mixtures of 
sodium phosphates; below 5.8, mixtures 
of sodium acetate and acetic acid. 
Hydrosulfite reagent was made im- 
mediately before use as 0.2% sodium hy- 
drosulfite in 0.04itl buffer a t  pH 6.0. 
Sitrite reagent was lYO sodium nitrite in 
water. 

Crystalline myoglobin was isolated 
from horse hearts by the method of 
Theorell (72). Stock solutions (about 
0.4mM) were prepared by dissolving the 

crystals in water and dialyzing free of 
ammonium sulfate. They were stored 
at  0’ C. The total pigment concen- 
trations of these solutions and nitric 
oxide myoglobin solutions were deter- 
mined by iron analyses by the modified 
bipyridine method (2). assuming one 
atom of iron per molecule of myoglobin 
derivative. 

Concentrated nitric oxide myoglobin 
was prepared immediately bcfore use by 
combining one part of stock myoglobin, 
one part of nitrite reagent, and two parts 
of hydrosulfite reagent. 

Standard nitric oxide myoglobin was 
prepared by diluting concentrated nitric 
oxide myoglobin to about 0.04mM in a 
final buffer concentration of 0.048M. 

Dilute nitric oxide myoglobin solu- 
tions were prepared for oxidation rate 
measurements by dialyzing concentrated 
nitric oxide myoglobin against 0.04.44 
buffer at 4’ C. toreduce the sodium nitrite 
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level belon 1 p.p.m. After dialysis the 
pH and ionic strength were varied as 
desired, nitrite or inhibitors were added 
as required, and the solution was diluted 
to about 0.04m.W nitric oxide myo- 
globin and a final buffer concentration 
of 0.01 6,M. 

Standard metmyoglobin was pre- 
pared by adding to stock myoglobin a 
tenfold molar excess of potassium ferri- 
cyanide. Buffer and water were then 
added to give a final myoglobin con- 
centration of 0.04m.W and a buffer con- 
crntration of O.Ol6M. 

Methods 

Solutions of nitric oxide myoglobin 
\yere incubated in the light and dark 
under controlled chemical and physical 
environments. Five-milliliter aliquots 
of dilute nitric oxide myoglobin were 
placed in containers \cith flat circular 
bottoms (24 sq. cm. in area) and in- 
cubated for suitable intervals in either a 
lighted or completely dark bath main- 
tained a t  0.5' i 0.05" C. unless other- 
wise stated. The lighted bath was 
illuminated through a pebble-glass bot- 
tom by a bank of six 20-watt G.E. White 
80 fluorescent lights supplied with a 
constant line voltage. The light in- 
tensity a t  the surface of the containers 
i n  the lighted bath was approximately 
800 foot-candles, as measured with a 
\Veston illumination mrter (Model 603). 
\Vhrre necessary, the light intensity was 
varied by placing wire screens of different 
mesh sizes between the light source and 
the bath. 

Immediately after incubation the per- 
centage of total pigment remaining as 
nitric oxide myoglobin was estimated by 
determining the abscirbances of the 
solutions in a Cary rccording spectro- 

Figure 1. Typical first-order plots for 
destruction of nitric oxide myoglobin 
in light and dark 

800 foot-candles, 75  p.p.rn. NaNOs, 0.5' C., 
pH 6.7 

DARK 

"\ 

0.4 

Time, hc 

photometer and calculating the ex- 
tinction coefficients, E, at  547, 565, and 
577 mp. The percentage of the total 
pigments as nitric oxide myoglobin was 
then calculated by comparison with 
standard nitric oxide myoglobin and 
metmyoglobin solutions, assuming a two- 
component system ( 7 ) .  This method of 
calculation \vas justified, because ex- 
cept where oxymyoglobin was formed, 
only one end product could be distin- 
guished and its spectrum was identical 
with that of metmyoglobin. 

.4s nitric oxide myoglobin is not stable 
in solution, the absorbance values of the 
standard solutions \yere always meas- 
ured without delay. The extinction co- 
efficients found \rere 12.2 and 10.9 per 
millimole per cm. a t  547 and 577 mp, 
respectively, the peaks of maximum ab- 
sorbance, and 10.4 at  the minimum at  
565 mp. The absorbance obeyed Beer's 
law at  these wave lengths and was not 
affected by excess nitrite or p H  varia- 
tions between p H  5.0 and 7.5. The 
metmyoglobin solutions were stable and 
obeyed Beer's law at  the three wave 
lengths, but the E values depended upon 
the nitrite level (75) and the p H  (7 ) .  
E values of metmyoglobin standards 
were therefore determined for each ex- 
perimental pH and nitrite level. 

Nitrite concentration was measured 
wherever necessary by the sulfanilic 
acid method (70). 

Results 

The rate of loss of nitric oxide myo- 
globin was studied at  various pH values, 
ionic strengths, nitrite levels, tempera- 
tures, and light intensities. Under all 
these conditions the reaction rate was 
first-order in the light and in the dark. 
Assuming that the dark reaction pro- 
ceeded in the light according to the same 
kinetics that it followed in the dark, the 

Figure 2. Effect of pH on nitric oxide 
myoglobin oxidation rates in the pres- 
ence and absence of sodium nitrite 
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photo-oxidation rate constant (kphoto) 
was calculated as the difference between 
the reaction rate constants in the light 
(k,lghJ and in the dark (kdark). A typical 
experiment is illustrated in Figure 1. 

The effect of pH upon the rate of 
nitric oxide myoglobin oxidation in the 
light and in the dark was studied between 
pH 5.0 and 7.5 in the presence or ab- 
sence of 200 p.p.m. of sodium nitrite 
(Figure 2) .  In the absence of nitrite, 
increasing pH had no effect on the dark 
reaction but increased the rate of photo- 
oxidation. In  the presence of nitrite, 
decreasing p H  below 6.3 markedly 
accelerated the oxidation in both light 
and dark. Above p H  6.3 k,,,,, was 
slightly reduced by nitrite. while kdnrk 
was not affected. 

The accelerating effect of nitrite a t  
low pH was examined further by varying 
nitrite and maintaining pH 5.6 (Figure 
3). Sitrite stimulation was very sig- 
nificant above 100 p.p.m. of nitrite, and 
the rate of reaction in the dark was a 
linear function of the square of the 
nitrous acid concentration (Figure 4) as 
calculated from a dissociation constant 
for nitrous acid of 6 X 

The ionic strength was varied from 
0.03 to 1.0 at  pH 6.8 with suitable ad- 
ditions of chloride. phosphate, acetate, 
citrate, and sodium ions. No relation 
could be found between the k,,,,, 
or kdark and the ionic strength. 

The influence of temperature upon 
the kphoto and the kdnrk was studied be- 
tween 0.5@ and 26.3@ C. at  p H  6.3 
(Table I). The dark reaction had a 
Q I O  of 5.0 and an energy of actiyation 
of 22 kcal.. while the photo-oxidation had 
a Qio of 1.6 and an energy of activation 
of 7.0 kcal. 

The influence of light intensity upon 
the rate of photo-oxidation was meas- 
ured a t  p H  6.8. The rate of reaction 

( 9 ) .  

Figure 3. Effect of sodium nitrite at 
pH 5.6 on the rate of oxidation of 
nitric oxide myoglobin 
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appeared to be a curvalinear function of 
light intensity, increasing more than 
proportionately with increasing light 
intensity (Table 11). 

Various substances were tested for 
their ability to retard the rate of reaction 
in the light or dark at  pH 6.8 (Table 111). 
Oxidation in the dark was studied at 
20' C. to give an easilymeasured reaction 
rate. The photo-oxidation was not 
affected by sorbic acid (2,4-hexadien-1- 
01) but was retarded by dextrose, po- 
tassium iodide, and potassium thio- 
cyanate. The dark reaction was not 
affected by dextrose, sorbic acid, and 
potassium thiocyanate. but potassium 
iodide appeared to be mildly inhibitory. 
In the dark and in the light ascorbic 
acid, hydroquinone, and reduced gluta- 
thione stabilized the red color, as judged 
visually, but the absorption spectrum 
indicated that some oxymyoglobin was 
being formed (cf. 5), making calculation 
of the rate of nitric oxide myoglobin 
loss impossible. 

0.6 1 

H O N O , ( ~ M ~  

Figure 4. Relationship between 
square of nitrous acid concentration 
and rate of oxidation of nitric oxide 
myoglobin in dark 

The measurements of inhibitory effects 
were repeated in the presence of 200 
p.p.m. of sodium nitrite a t  pH 6.8. 
Under these conditions reduced gluta- 
thione did not cause oxymyoglobin 
formation and did not affect the photo- 
oxidation rate! but did increase the rate 
of oxidation in the dark (kdark increased 
from 0.39 to 0.71). Sitrite had no 
significant effect on the action of the 
other substances. 

Discussion 

Nitric oxide myoglobin is rather un- 
stable in purified solutions exposed to air. 
Oxidative mechanisms destroy the pig- 
ment slowly in the dark and more rapidly 
in the light. 

Nitric oxide myoglobin is probably de- 
stroyed in the dark by an autoxidation 
of the type: MbNO + 1 / 2 0 2  + M M b  + NO;. The reaction proceeds inde- 
pendently of pH, is very sensitive to 

Table 1. Influence of Temperature 
on Rate of Oxidation of Nitric 

Oxide Myoglobin 
Temp., kdark. kphoto, 
OC. Hr . - l  H r . - I  

0 . 5  0.025 0.700 
11 .05  0.113 1 .04  
20.15 0.437 1 .65  
26.32 1 .13  , . .  

Table II. Effect of light Intensity 
on Rate of Photo-Oxidation of 

Nitric Oxide Myoglobin 
Light Ratio, 

Intensity, kphotor k p h d f o o t  
Foot-Candles Hr. -1 Candles 

0 0 
232 0.143 0.00062 
429 0 289 0,00067 
561 0.421 0,00075 
799 0.705 0.00088 

Table 111. Effect of Various Sub- 
stances on Rate of Oxidation of 

Nitric Oxide Myoglobin 
kdnrk kphoto of 

Substance Concen- 20' C. ,  0.5' C . ,  
Added tration H r . - l  H r . - I  

Ni 1 0 39 0 73 . ._ . .  

Dextrose 0 5% 0 42 0 54 
Sorbic acid 2.0rnA.i 0 37 0 70 
KI 2.0mi21 0 31 0 60 
KSCN 2.0mAM 0 . 3 5  0.54 

temperature, and is not readily in- 
hibited. 

The addition of sodium nitrite to 
nitric oxide myoglobin promotes a 
second type of oxidation, particularly 
at low pH levels. The rapid increase in 
the rate of nitric oxide myoglobin oxida- 
tion in the dark as the pH is brought be- 
low 6.3 can be explained as an oxidation 
of nitric oxide myoglobin by nitrous 
acid formed from nitrite. The linear 
relationship between the square of the 
nitrous acid concentration and kdark 
suggests that two molecules of nitrous 
acid oxidize one of nitric oxide myo- 
globin-Le., 2 HONO - N ~ 0 3  + HzO 
and 5 2 0 8  + M b S O -  M M b  + YO; + 
2 YO. The reaction is first-order with 
respect to nitric oxide myoglobin in the 
system studied, because the large sodium 
nitrite-nitrous acid ratio keeps the 
nitrous acid level essentially constant at 
any level of nitrite. 

The production of oxymyoglobin in 
the dark in the presence of ascorbic 
acid, hydroquinone, or reduced gluta- 
thione can be explained as a reduction 
of metmyoglobin to reduced myoglobin, 
which readily oxygenates to oxymyo- 
globin. This is supported in part by the 
observation (4) that ascorbic acid does 
reduce metmyoglobin. The accelera- 
tion of the dark reaction by the com- 
bined effects of glutathione and nitrite a t  
pH 6.8, where there is not sufficient 
nitrous acid to oxidize nitric oxide 

myoglobin directly, may have been due 
to the formation of oxidized glutathione 
( 6 )  by nitrous acid. The oxidized 
glutathione could increase the rate of 
oxidation by acting as an oxidation-re- 
duction mediator between nitrous acid 
and nitric oxide myoglobin. Since the 
liberation of protein sulfhydryl groups 
in meat does not accelerate pigment oxi- 
dation by nitrite (76), either these 
groups are not oxidized by nitrous acid 
or their oxidation products are not 
suitable electron acceptors or mediators. 

The destruction of nitric oxide myo- 
globin in the light is a photo-oxidation 
and the reaction follows first-order 
kinetics. The activation energy of 7 
kcal. suggests that there is a t  least one 
nonphotochemical reaction involved. 
Since only nitric oxide myoglobin and 
metmyoglobin could be detected by ex- 
amination of the absorption spectrum, 
any intermediate would have to be pres- 
ent a t  very low concentration. .4 per- 
oxide intermediate is not likely, because 
sorbic acid had no effect on the rate. A 
dissociation mechanism (5. 73) would 
lead to the formation of an intermediate 
mixture of reduced myoglobin and oxy- 
myoglobin. However, the measured 
ratcs of photo-oxidation are much more 
rapid than the known (3) rates of oxi- 
dation of this mixture, and the absence 
of measurable amounts of this inter- 
mediate mixture makes the dissociation 
mechanism highly improbable. For- 
mation of oxymyoglobin in the pres- 
ence of ascorbic acid cannot be accepted 
as evidence for a dissociation mechanism 
(5): because ascorbic acid can reduce 
metmyoglobin (4) and lead to a forma- 
tion of oxymyoglobin even in the dark. 

A more plausible mechanism for the 
photo-oxidation would involve the for- 
mation of an activated Mb?\TO* mole- 
cule by absorbed light, which would 
either deactivate to nitric oxide myo- 
globin or give up  an electron to oxygen 
to form metmyoglobin and a free nitrite 
ion. 

1,': 0 2  

M b S O  - MbNO* --- MMb + SO; 
light 

Such a mechanism is supported by the 
observation that known, nonselective 
deactivating agents (7). potassium thio- 
cyanate and potassium iodide, had in- 
hibitory effects. Other nonselective de- 
activating agents such as phenols could 
not be evaluated in this system because 
their oxidation products interfered with 
the spectrophotometric measurements. 

I t  appears that nitrous acid can supple- 
ment oxygen as an electron acceptor for 
the photo-oxidation, since nitrite in- 
creases the photo-oxidation rate below 
pH 6.3. Above pH 6.3 the inhibitory 
action of the nitrite must be due either 
to the reducing action of the nitrite ion 
or to a deactivating effect on the pro- 
posed activated MbNO* molecule. 
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Summary 

Factors affecting the rate of oxidation 
of nitric oxide myoglobin to metmyo- 
globin have been studied. Three dis- 
tinct pseudo-first-order mechanisms were 
observed : an autoxidation, an oxidation 
by nitrous acid, and a photo-oxidation. 

The autoxidation was not affected by 
pH within the range 5.0 to 7.5 or by 
nitrite in the absence of nitrous acid- 
Le., above p H  6.3. Thr  QIO of autoxi- 
dation was .5.0. 

The rate of oxidation by nitrous acid 
was directly proportional to the square 
of the nitrous acid concentration: and 
was therefore markedl). influenced by 
nitrite concentration and by pH.  

The rate of photo-oxidation was de- 
pendent on light intensity and tempera- 
ture (Qlo = 1.6)> and decreased slightly 
lvith increasing acidit.,.. Sitrite re- 
duced the rate slightly a t  pH levels above 
pH 6.3, but increased it progressively 

with increasing acidity from pH 6.3 to 
5.4. Evidence is presented that the 
photo-oxidation proceeds by an active 
molecule mechanism and not by a light- 
catalyzed dissociation. 
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The compositions of fusel oils from three varieties of Vitis vinifera-Thompson seedless, 
Emperor, and Muscat of Alexandria-are reported. The differences in composition are 
evaluated with respect to the possible effects of variations in fermentation conditions, dis- 
tillation conditions, treatment of the fusel oil after removal from the column, and differences 
due primarily to the variety of grape fermented. Consideration of the low boiling 
alcohols found and the amino acids that would be required to form them by the Ehrlich mech- 
anism indicates that the over-all formation of fusel oils must be extremely complex. 
Further studies of the varietal effect upon fusel oil composition would be of value in select- 
ing the best grape variety for any particular type of brandy. 

USEL OILS GENERALLY have been con- F sidered to be mixtures of al- 
cohols with boiling points in the range 
extending from a temperature slightly 
above that of the ethyl alcohol boiling 
point to a temperature slightly higher 
than that of the boiling point of n-hexyl 
alcohol. Investigations of fusel oils from 
many different source materials have 
demonstrated that the principal com- 
ponents always consist sf these simple 
alcohols (6. 8, 9, 7 7 ,  7-l. 79). The sub- 
stances other than the alcohols through 
n-hexyl alcohol present in  fusel oils to the 
extent of 5 to 15y6 hace been investi- 
gated less thoroughly and reported to 
consist mainly of very hiyh boiling esters 
(72, 75. 76. 79). alcohclls with boiling 
points higher than that of n-hexyl al- 
cohol (72. 75. 76). pyrazine derivatives 

(2, 75, 76), and, in certain cases? terpenes 
(70, 72> 77). 

The composition of a fusel oil is deter- 
mined by the nature of the substance 
fermented, the fermentation conditions 
(yeast type, temperature, aeration, agita- 
tion, sulfur dioxide content), the distilla- 
tion procedure, and the washing treat- 
ment of the fusel oil after removal from 
the distilling column. The investigation 
of Schicktanz, Etienne, and Steele (74) 
has demonstrated that the fermentation, 
distillation, and washing procedures em- 
ployed by two different distilleries defi- 
nitely can influence the composition of 
the fusel oil from a common source mate- 
rial. More recently Jensen and Rinne 
( 6 )  have reported differences not only in 
composition but also in constituents in 
fusel oils obtained from fermentation of 

paper mill sulfite waste liquors from 15 
mills in Finland. 

This paper reports the compositions of 
three fusel oils obtained from distillations 
of wines from three different varieties 
of grapes (Vitis ainifera).  Two of the 
samples, the Thompson Seedless and the 
Emperor, were obtained from a large 
winery-distillery located in the San 
Joaquin Valley in California, and pre- 
sumably were fermented, distilled, and 
washed under identical plant operat- 
ing conditions. The fusel oil sam- 
ple from Muscat of Alexandria wine 
was obtained by use of pilot plant scale 
equipment in these laboratories. An 
attempt was made to duplicate in the 
pilot plant as nearly as possible the fer- 
mentation and subsequent processing 
conditions used in the large distillery. 
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