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ABBTRACT

Sytochroms ¢ from Neureospova wes lsoloted and 1%s proper-
tiom amm with respoet to 1its role sz a protein scoumilated
in the exi wfﬁ«'ws'uﬂ‘k mitants, M and wd 3. A1l sanplesn

toshrome im&m@ﬁ um@ several differeont procedures wore

Ceramenem Farther, electrophoretic
sorered :m %i’ze ay‘bmm ¢ isolnbed from

hough oybechreme ¢ from

2 Appesred mmwwwm%ﬁimm
ami had very mmm »w mfmmwm. Tn contrast
o wild btype mm, sytoshrome o in hovonorit
day old poky was found to remain largely ;m m gapernat
Praotion after high speed centrifugttien supgesting ﬁmm the
onzyme in poky is mot bound bo wmibechondria or any other
particulate, subeellulsr strusture.

I4pid extracts frem poky were found o contalin up %o
36 times the swount of total free fatty aclds precent in gimi-
sy extrechts frow wild Gype although the chendeally beund
fatty solde of the two siwaine were similar. The interaction
of free Potty scide with memmmlian cytechrome g was studied
in detsi) and it wee ww@t@ﬁ that they mey cBune &n un-
mwmg of the protein poriion of the gytochrome ¢ roleoule

wveby expoeing the heme te diveet inberseblon with such
emmn&ﬁ Bz hydrogen paroxdde or molecular exygen. Thus
the large smountn of fvee fatty acid present in poky might
allow its cybochrome ¢ to resct drectly with moleculer
oxyeen thereby sllowing eytochrome ¢ $0 function as the
vermingl oxidass in place of cytechromss 2 + as present in
wild type Neureaspore but not found in poky.
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INTRODUCTION

One of the problems of modern biology concerns the blo-
chemical mechanicms invelved in the transuission of heritable
specificity from generation to generation., Numerous papers
have outlined the apparent velstion between genes and the
structure of specific proteins (1,2,3,4,5,6) however, the
phenomenon of extrechrompsomal inheritance suggests the exist-
ence of heritable specificity not directly contrelled or trans-
mitted by genes.

Some of the mpst studled and genetically stable examples
of extrachromesomel inheritance are found in Neurospora crassa.
Mitchell and Mitehell (7) have isolated mutants with two dis-

. tinct phenotypes, peky and mi 3 that are inherited through a
non-genie mechanism and which were found to be stable threugh
& large mumber of vegetative transfers. Crosses between
elther poky or ml 3 and wild type Neurospora using the mutants
as the perithecial or female parent yield progeny of only the
matant type with rare exceptions. About one wild type per
1,000 peky were found in the oross deseribed above for poky x
wild type. The infrequent wild progeny are considered to be
due to reciprocal crosaing and not reversion of poky sinece
erogses of poky x poky did not yileld any wild types among
more than 20,000 progeny.
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Beth poky and mi 3 ave cheracterized by relatively slow
growth and aberrations in many biochemical systems when com-
pared with wild type Neurospora (8). For instance alkaline
phosphatasce appears to be consistently about 50 per cent
higher in the different poky re-isslates and it has been
found that young poky centains abeut 30 per cent mere DNA
per wilt weight of mold than wild type, However, 1t should
be noted that this difference is probably primarly dus to
variations in structural elements sueh as hyphel walls, thus
in total dry weight, rather than in the ampunt of DNA present
in peky and wild type. Ribomueleic acid and polysacchaeride
are found in about the same total concentration in polky and
wild type but the distribution in the cells 1s different.

The large gramiles or mitochondrial fractien are relatively
deficient (two fold or more) in these compenents. Om the
cther hand peky containe approximately twice as much ribeflavin
and nimein as wild type, the excess niacin being found in the
soluble frection whereas the riboflavin (as FAD) is relatively
concentrated in the mitochendria, Perhaps the most striking
difference in the biochemical composition of peky or mi 3 and
wild type i3 in the oytochrome system. Young poky accumilates
up to 16 times the emount of cytochreme ¢ found in wild type
but lackse oytochromes b and 8 + By. Mi 3 alss accumlates
cytochrome ¢ but te & smaller extent than poky. It containe
cytechrome b and hes detectable emounts of cytochrome &, which
is mot present in wild type, hewever, like peky, it lacks
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cytochremes g + a,. Aleo, Herzenberg (9) purified and par-
tially characterized an ether soluble, acidic materisl frem
poky which he called pokenic seid. This materisl was found
to prevent the reduction of Neurospers

chrome ¢ by ascorbic 2eld and was apparently fmportan
destruction of cytechrome ¢ in peky. =

work by Dr. H, K, Mitchell and Dy, Carl Stevens demonstrated
that pokonic scid was primartly free fatty scid end that it
caused cytechrome ¢ to0 become very sensitive to destructive
extdation by hydrogen perexide, .

Iattle is known of the chemical pature or mechaniems
involved in extrachromosomal inheritance and how they differ
from or are integrated with genie systema, OChaeryvations on
the extrachromosemal mitants of Neurvspersa and the rather
aimiler "petites” in yesst (10) suggest that the gress
organization of subcellular mram, particularly mitecheondria,
may be involved. However, these observations do not exclude
the possibility that extrachromosoral matations might slse
esuse changes in the structure of specific proteins. Cyte-
chrome ¢ ascumilated in both poky and mi 3 seemed to have
many desirable physical and chemical properties for a comparison
with ocytochrome ¢ from wild type snd to offer an epproach i«
further investigeate apparent biochemical aberrations of these
mtants., Accordingly studies were undertaken on cytechreme ¢
and factors thought to e¢ffect its eynthesis, dbreskdow
physiological funetion in Neurospora,




" PART I
THE INTERACTION OF PATTY ACIDS
WITH CYTOCHROME C



A, MATERIALS AND METHODS
Cytochrome ¢

Sigma Chenical Company type II herse hesrt cytochrome ¢
was used throughout the work reported on the interaction of
fatty aclds with cytochrome ¢, The materisl was determined
to have 2 molecular weight of sbout 16,800 on the basis of
one molecule of iron per molecule of protein. Iron was de-
termined by the o-phenanthroline method of Drabkin (11) with
slight modification (see p. T7). This moleculer weight 1s
in fair agpresment with the 16,500 originally reported by
Kedlin and Hartree (12). Hewever, this preparation of cyto-
chrome ¢ was observed to contain @ colorless protein compon-
ent which moved towards the positive peole in free boundary
glectrophoresis at pH 8.060 in barbital buffer. Such & ma-
terinl wae siso obhmerved and removed by chromatogyraphy on
IRC 50 resin by Margoliash (13). In the present work re-
woval ¢f the colorless component by continuous flow paper
electrophoresis at pH 5.0 ylelded a product found to have
2 molecular weight of 13,000 on the baslag of ireon content.
This value is in sgrooment with the molecular weight of
highly purified oytochrome ¢ obtained with ion exchange
repins reported in the paper by Margolizsh mentioned asbove.

Cytechrome solutions were diluted te the desired molar
concentration on the basie of the extinctien coefficient for

the Soret band of oxidized cytochrome ¢ reported by Margollash
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and Prohwirt (14). The final eytochrome consentration for all
reactions, unless otherwise specifically mentioned (as for the
effect of palmitic acid on the reducibility of cytochrome g
see table 3) was abou’ 0.02 mM,a concentration which for fully
oxidized cytochrome ¢ gave an optical demsity of 2.12 st a
wave length of 407 mu .

The cytochrome used always contained small amwunts of
ferrocytochrome ¢ and exaet concentratiens were deteramined
for fully oxidized cytochrome ¢ by malding the selutions 0,1 mM
in potasasium ferricyanide by & 10011 dilution fyom 3 stook
solution, When checling the spectrus of fully oxidized cyte-
chrome the same concentration of potassium ferrieyenide was
used in the reference cell of the speetrophotometer. |

Margoliash and Frohwirt reported the Soret band peek of
oxidized cytochrome ¢ %o be &t 410 mu in 0.1 M phosphate
buffer at pH 6.8, The spectrophotometer used in this study
indicated the peal to be at about 407 mu 4in pH 8.6, 0.05 M
tris -{hydroxymethyl)- eminomethane buffer, thus this wave
length was used throughout this work, |

Petty Acids

California Biochemical Corporation CIfP grade fatty aselds
were used without further purification., The purity of each
sample of fatty aeld was checked by forming the methyl estar
with diazomethane, then quantitatively snslyzing the sample
with an Aerograph gas chromatograph, The details of this
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procedure are given under the section on "the free fatty seid
sontent of poky and wild type Neurespora" (see p. 112) in part
II of this thesis. In &ll cases the purity was found to be
excellent with no more than trace amounts of clesely related
fatty acids detected.

Selutions of fatty scids wewre made up in absolute ethaml,
generally s¢ that 0.1 ml of the ethanolie solution added %o a
final volume of 4.0 ml of cytochrome ¢ would give the desired
final econecentration of the fatty acid, It was determined that
0.3 ml or three times the amount eof aﬁm& generally added,
had no apparent effect on the rate or extent of the hydrepe
peroxide reaction with untreated or fatty secid treated cyto-
chrome ¢. |

Buffers

The buffer used in all experimente described in part I
of this thesis, uniess otherwise specified, was 0.05 M
tris -(hydroxymethyl)- aminomethane, (tris), neutralized to pH
8.60 with HC1, Tris wes obtained as Sigma "7-9" Blochemical
Buffer, |

Buffers used in the determination of the effects of pH
on the palmitic acid-hydrogen perexide reastion with cyte-
chrome ¢ (see figure 3) were as follows:




pH 6.8 through 7.6 NaH, PO, plus NaOH
7.8 " 8.8 trip " HO1
8.8 " 9.5 E’HbCl " NeOH
9(16 " 10.0 gmm " NsOH
10.% " 1.0 ﬁ&ﬂ@ﬂs " NaOH

All vuffers were mads up to 0.05 molar, howsver, no
attempt was made to maintein constant ionie strength,

Hydrogen peroxide was diluted from a refrigerated stoeck
solution of Superoxel (Merck and Co.) determined to be 33.0
per cent hydrogen peroxide by the sodium thicsulfate method
sutlined by Vogel (15). Hydrogen peroxide soluations were
always made up inmediately before use by dilution of the
stock solutlon into cold, distilled water. Unless otherwise
spocifically stated, as for the *’gfrwts of hydropen peroxide
eoncentrations”, the stock solution was diluted to 0.1 per
cent concentration. Thue, a fingl concentration of 0.736 mM
hydrogen peroxide rvesulted from the addition of 0.1 mi of
the 0.1 per cent solution to & final volume of 4,0 ml of
eytochrome solution.

Seneral Proced

Unless otherwise specifically stated 0,1 ml of ethanolie
solution of fatty scid was added o & final volwne of 4,0 m}
of cytochrome ¢ in cuvettes or small test tubes and mixed by
covering with "Savan Wrap” then inverting 10 times, The
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solution of cytochrome ¢ plus fatty acid was allowed to stand
for 15 to 30 nmimutes before use, Then, 0,1 nl of hydrogen
peroxide solution was quickly sdded and the sclutions were
mixed by again inverting the tubes or cuvettes, and the time
of reaction measured with a stop watch, |

211 spectrophotonetric determinatiens except those for
the effect of temperature were done on the Cary moedel 11 MS
recording spectrophotomster. Spectrophotometric measurements
requlring temperature control were performed with a Beclman
model DK2 spectrophotometer.

A sllight decrease in the rate of reaction was noted when
hydrogen peroxide was added within 5 mimutes of the addition
of fatty acid. NHo differences were detected with the addition
of hydrogen peroxide from 5 to 60 mimates after the addition

of fatty acid.
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B, RESULTS

Plgure 1 was taken directly from tracings made with &
Cary recording spectrephotometer and illustrates the hydrogen
perexide induced decline in absorption at ULO7 mu for eyto-
chrome ¢ alone and for cytochroms ¢ in the presence of 0.20 mM
~and 0,60 mM palmitic acid. Samples contalning paimitic acid
show & sharp decline in Soret band sbsorption although samples
econtaining no palmitic acid show little change under similar
- eonditions,

The fall in optical density does not reach its mascimam
rate immediately but rather is characterized by an indtial
1ag as seen for both palmitic mcid trested ssmples, Alse,
the sheorption for palmitic acild treated ssmples g mmt:
greater than 2.12, the optical density at 40T mp of & 0.02 mM
sample of oxidized eytechrome ¢, bechuse of the hyperchromic
effect discussed in connection with table 3.

Samples having large chenges in Seret band absorption
always unfergo corresponding visible changes in eolor from
red to groen. PFigure 2 1llustrates the changes in the speo-
trum of cytochrome ¢ treated with 0.6 mM palmitic aeid and
0.6 mM palmitic acid followed by the addition of hydrogen
peroxide to give a 0.736 mM final concentration. The latter
spectrum was taken 20 minutes after the addition of hydrogen
peroxide so that the sample would undergo very little further
change., Hydrogen peroxide g&lseo causes the formation of 2
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Plgure 1, The decline of Serect bhand abserption of
0.02 mM untreated and palmitic acid treated eyto-
chom ¢ caused by 0.730 mM hydregen peroxide.
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Figure 2. The spectrum of 0.02 mM cytochrome ¢ in pH

8.6 tris buffer, cytochrome ¢ plus a final concentration
of 0.6 mM palmitic acid, and cytochrome ¢ plus palmitic
acid followed by treatment with hydrogen peroxide to
give a final concentration of 0.736 mM,
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small but variable smount of 2 troublesome, finely divided
white substance that was precipitated by centrifugation before
this spectrum was taken. )

Samples not exposed to hydrogen peroxide or other effec-
tive oxidants contain some cytochrome ¢ in the reduced form
as evidenced by the peaks in the 550 mu region of the above
spectra. Hydrogen peroxide easily oxidizes the iron of cyto-
chrome ¢ to which no fatty acid has been added, however, the
daetermination of 1ts effect on treated samples is complicated
by the loss of the characteristic cytochrome spectrum, Ab-
tempts to measure the oxidation state of the iron in samples
of reduced cytochrome ¢ to which fatty acid and then hydrogen
peroxide are added indicate that the iron probably undergoes
very rapld oxidation.

Effects of Hydrogen Peroxide Concentration

Figure 3 illustrates the effect of hydrogen peroxide
concentration on 0,02 mM cytochrome ¢ with and without palmitic
acid added to give a final conecentration of 0,20 mM, The
values recorded as percentages were obtained frem the observed
optical densities after 15 minmutes with hydregen peroxide and
were compared with velues for potassium ferricysnide oxidized
blanks containing neither palmitic acid nor hydrogen peroxide.
It may be seen that at low concentrations of hydrogen peroxide,
values of more than 100 per cent are recorded, This phenomenon

is due to a hyperchromic effect of palmitic acid on eytochrome

¢ mentioned above.



407 mpu Absorption as Per Cent of Control

- 14 -

1O

100 . .
No Palmitic Acid

90 0.736 mM
HZOZ

60 -
S50 -

0.2 mM Palmitic Acid

30 -
20 -

o
|

0O | | | | |
10 20 30 4.0

Final Concentration of H202 in mM

Figure 3. The effeet of hydrogen peroxide on
0.02 mM eytochrome ¢ and 0.02 mM cytochrome ¢
with 0.02 mM palmitiec acid. See text for a

description and explanatien of the procedure.
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The concentration of hydrogen perozide generally used was
0,730 o and 48 Indieabted in the figure. This concentration
arose from the addition of 0,1 ml of o 0.1 per cent solution
of hydrogen peroxide to a solution of cytochrome ¢ to give a
final volume of £.0 ml, At this concentration there is only
8 very slow decline in the Seret band absorption of samples
contadning no palnitic acld but & rapld decrezge in adbsorption

of treated sanples as con alse be meen in flgure 1.
Effects of Rydrogen Ion Concentration

e dependence of the cytochrome destiyroying reaction on
hydrogen ion concentration iz schown in figure 4. Hydrogen
peronide wap added to pelmitic asid treated and untreated solu-~
tione of eytochrome ¢ at different hydrogen lon conecentrations,
The finsl concentration of palmitic acid used was 0.20 nM,

The Soret band ghoorption of samplesz wasg measured 15 mimates
af'tey the addition of hydrogen peroxide and recorded asg the
por cemt of a potassiun ferricyanide oxidized blank at the
same pH in 2 manner similar to that used for figure 3. .

A sharp break in reasctivity is seen at about pH 7.8. Re-
actions carried out below this pH were consistently turbild,
while those &t hydropen ion concentrations between pH 8.0 and
10.0 were not., The diffevence betwoen pelmitic acid treated
and untreated cytochrome below this pH is lilkely due to tur-
bidity of the treated samples rather than differences in re-
activity of the cytochrome produced by palmitic zeid., At pH
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Figure 4. The effect of hydrogen ion coneentration on
the hydrogen peroxide exidation of 0.02 mM cytochrome ¢
with and without added palmitic acid.
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values of 10.0 and shove an increasing amount of flocculent
material precipitable by centrifugation cccurred thus prevent-
ing accurate spectrophotometric znalysis of these samples.

Effects of Temperature

The reaction of hydrogen peroxide with eytochrome ¢
treated with 0.2 mM palmitic acid was carried out at controlled
temperatures in a Beckman DK-2 Spectrophotometer and the dats
plotted giving curves similar to those of figure 1 for each
temperature. The maximum rate of reaction was determined
graphically and recorded in figure 5 aceording to the Arrhenius
equationt ’

E, 1
m}'tﬂ*--ﬁ- . + &

vhere k is the activation rate consiant
(per min,). R is the gag constant (1,987
cal. per degree per mole). T is the ab-
solute temperature, E, is the activation
energy (esl, per mole), and ¢ is & conatant
of integration. .

It may be seen that the maximm rate ¢f the reactlion in-
croases rapldly with relatively small increases in tewmpers-
ture., ‘The maximum rate is increased by approximately a factor
of 2 with pn increase in temperature from ol® o 26° e,

The heat of sctivation was calculated as 25,200 calories
per mole by application of the Arrhenius equatien to the data
of figure 5, However, this value ig of questionable signif-

' cance because of the complex nature of the resction mnd the
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Figure 5., Effect of temperature on the hydrogen
peroxide oxidation of palmitic acid treated cyto-
chrome ¢. The final cencentrations used were
0.02 mM eytechrome ¢, 0,20 mM palmitic acid and
0.736 mM hydrogen peroxide.
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pogeinle necesnity for a corpection of the data for the presence

of colored or insoluble preducts,
Effectivencss of Common Fatty Acids

The maximim ratos of resctions for vorious concentretions
of fatty seids were Jebermdned from recordings of the deeline
in Soret band obheorption similer o theose shown in Pligure 1
ond ave presented in flgures 62 and 6Gb, All resctions were
run ot roon tomperature {shout 26° €.) with 0,02 n¥ eytochvome
e ond 0,736 n¥ hydvogen peroxide.

fSome voriations in raﬁ@é were ohgorved, undoubhtedly due
in port o variations of temperature ond hydrogen peroxide
concentrations, Yith the exception ¢f lauryl sulfate 211
curves were axbtended into the region of 1limliting solubilicy
for the compound being tested,

The highest nmoximm rates were obtalned with laurdce seid
and its non-fetty acid analogue, lauryl sulfete, but &t relse-
tively high concentrations compared with pelmitic seid,
Myristic reld was found to be zbout intermediate in activity
hetveen palmitic and lenvic acid., Stearie seld was quite in-
soluble and had 2 relatively small affect in the test systen.
The 018 ungaturated seids, oleic, linclele, and linolenic
acide, were found to be voughly similay in solublility bheing
more soluble than ¢ither palmitic or myristis scid, Thelr
maximum rates were also relatively hip

It ig d1fficult to chiain 8 sstisfactory basis fer
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comparisen of the relative activities of the fatty acids used,
however, these data suggest 2 relation between activity of the
acld and 1ts molecular size. Figuvre 7 presents the relative
rates ob%ain%ﬁ directly or by extrapolation te final concen-
trations of 1,0 mi for the saturated fotty acids, Palmitice
and steeric acids were insoluble at concentrations of 1.0 nM,
howaver, values were obtained for these compounds by extrapola-
tion of the data of figurees 6a and 6b., On this basis lauric,
myristic and stearic acids are seen to have 8.7, 45,0 and 21.7
per cent, respectively of the activity of palmitic acid., The
corresponding values for the 18 carbon unsaturated compounds,
oletc, linoleic and linolenic meide sre 51,4, 47.2, end 37.7
per cent respectively. |

Other compounds tried but found to be inective included
chelic meld, depoxycholic seid, xylene sulfonie acid, traumatic
aeld, camphoric 2oid, pimelic seid, suberic acid, eimnamie scid,
chaulmoogric seid, methyl palmitete and tripalmitin, Saturated
straight chaln ascids shorter than lauriec acid were also tesbed
and found to be inactive, However, complete concentration
curves were not done for theese compounds,

Effect of Isobutyl and n-Putyl Alcohol on Paimitic Acid Activity

It was suggested that the fatty acids might be effective
by the fermation of a2 micellar structure vhich might involve,
or could react with, cytochrome ¢. The addition of alcohols
of borderline solubility te such a system might be expected to
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Fatty Acids

Figure 7. The maximum rates obtained or expected
with 1.0 mM final concentrations ef the saturated

fatty acids:
012 laurlec acid
clu myristic acid
016 palmitic aecid
018 stearic aecid

The correspending retes at 1.0 mM of the 18 carben
unsaturated fatty acids used are:

oleic aeid: 7.1 uMx 10 3/hl/hin.
linoleic acid: 6.5 MM x 10~ /hl/hin.
linolenic acid: 5.2 uMx 10~ /hl/hin.
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have a considersble effect, although it ig not clear whether
this rdpght stabilize or disrupt the structure.

Accordingly 0.2 nl of iscbutyl alcohol and n-butyl al-
cohol were added to test selutions of a final volume of 4,0
nl containing 0,16 m¥ and 0.6% m¥ paimitic acid. Reactions
weye run &8 previcusly deseribed and the maximun vetes de-
The remults are recorded in table 1, '

PABLE 1. THE BFFECT OF ISOBUTANOL AND n-EBUTANOL
| WITH PALMITIC ACID

Maximm Rate
eyto, ¢/ml/min®
0.2 ml M cone. inuM x 103 azp&eté/aﬁéithm%
alcohol pal, acid with sloohol 2lcohol
0,00 0.0" 0.0
190~ ,
S 2 2
butanol 0-.%?; 25.5 807
Vi~ g.gg ) G.Qﬁ ) go%g"*
butanol 0.6 19.4 Bkt

wmxz frem the data for figure 5,
’mmed se8py after 5«10 nimten,

T™e activity of palmitic acid s&ms to be considerably
increased by the presence of normal and lscbutyl aloohol al-
though simtilar quantities of ethyl aleohol had no such effect.
Other alcohols were not tried with the exception of isoamyl |
alecohel which was found to have a prohibitively low solubllity.
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Preliminary work indlcated that a stable complex was
formed between palmitic acid and cytochrome ¢. Only part of
the palmitic acid added to unpurified cytochrome ¢ at pH 8.6
then taken to low pH could be recovered by repeated ether
extractions. Accordingly experiments were begun to test the
stabllity of the complex to electropheoresis, |

A 0,02 mM sample of oytochrome ¢ at pH 8,6 was treated
with palmitic-—l-ém acid in ethanol, The final concentration
of palmitic acid was 0,30 mM with & specific aectivity of 3.56
X lﬁ& epm per uM, The solution wae then lyophilized to remove
gbout half of the water present. Centrifugation of this con-
centrated solution resulted in & loss of 17.7 per aem;.af‘ the
cytochrome and 61.6 per cent of the palmitic aeid ms an in-
gsoluble red precipitate. The solution was then diaslyzed for
24 hours ageinst three changes of 0,05 M, pH 8,0 tris buffer
and run in a Beckman model CP contimucus flow peper electro-
phoresis cell, After completion of the electrophoresis of
the palmitic-1-C2% acid treated eytechrome, the curtain of
the electrophoresis cell was washed by ruming 15 liters of
fresh buffer for 24 hours and the electrophoresis repested
with untreated cytochrome ¢. The distribution of the cyto-
chrome ¢ from the two runs was determined spectrophotometrically
and labeled samples counted to determine the amount of pelmitic-
1-»01& present.,
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Teble 2 indlcates the distribution and recovery of
palmitic acid and eytochreme ¢ during the entire experiment,
Of the 3.44 uM of cytechrome ¢ remasining after lyophilization
and dialysis about 56 per cent wes recoversd in the colleetion
tubes of the cell, the remsinder presumably being lost durdng
manipulation of the samples and by adeorption to the peper of
the cell, In contrast less than 1 per cent of the 0,93 x 1&6
CPM in the palmitic acid of the sample was recovered after
electrophoresis, Moot of the palmitic scid was apparently
lost by adsorption and by migration into the reclrculated
puffer of the eleetrodes, This migration of labeled paimitic
acid into the elecirede vessels,eventually to be recirculated
throughout the cell, presumably sccounts for the low levels of
radiosctivity detected in all fractions from the electro-
vhoresis of this sample.
| It 45 seen in figure 8 that adbout 80 per cent of the
palmitic acid present in the collection tubes after electro-
phoresis was found in fractions 23, 24 and 25 although these
fractions contained less than 2 per cent of the total recovered
cytochrome ¢ o8 determined by absorption at 407 mp,

Mwther point of interest in the dats of teble 2 is the
aboence of radicactive material in the dialyzate of samples
labeled with palmitic-1-62" acta. Although these observetions
were originally presumed to yeflect the stability of a palmitic
acid-cytochrome ¢ complex such an interpretation seems doubt-
fal. Floch, lees, and Stanley (16) pointed out that lipids in
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general are not dialyszable. Purther, when a solution contain-
ing 0,30 mM lsbeled palmitic acid but no cytechrome ¢ was made
up and dislyzed as above, less than 0.5 per cent of the label

was found in the tuffey cuteide the 8/32 Visking dialysis bag
after 24 hours,

Pigure 8 indicates that palmitic scid and eytechrome ¢
weye separated durdng electrophovesis, however, the fatty acid
ned a profound effect on the mobllity of the protein. As is
sean in the flgure, untreated oytochrome ¢ migrates rapidly
towards the negative olectrede of the cell, however, the
palmitic aoid treated oytechrome exhibited a net migratien
tewards the pesitive electrode, Marther, the treated cyto-
ehrome ¢ underwent a mich greater spresdly
phoresis and wis distributed in 8 greater mmwber of fractions
than the untreated cytochrome ¢.

Hyperchromic Effect and Decrease in Reducibility

Palmitic acid was found to have two effects on cytochrome
& independent of the increase in suscepbibility te hydreogen
peroxide, One, the hyperchromic ¢ffect em the Seret hand ab-
sorption of cytechreme ¢,hes previously been mentioned. The
other, & detrease in the gusceptidbility ef eytochrome ¢ to re-
lon by ascerbate, was first noted by Herzenberg (9).

A sample of cytochreme ¢ in pH 8,6, 0.05 M tris buffer
wag exidised with potassium ferricyenide (0,125 mM final con-
centration) then dimlyzed agsinst twe changes of the same
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buffer in the cold for 36 hours. The spectrum of the ayto-
chrome ¢ was examined for complete axiﬁétiﬂa and the sample
diluted to glve & finsl concentration of 0,02 mﬂ.* The
amount of hyperchremic effect at 407 mu preduced by differ-
ent concentrations of palmitic ecid was determined by com-
paring the sbhsorption of treated and untrested zamples and
is reported ag the percentages in table 3.

The influence of palmitic acid on the reduction of cyto-
chrome ¢ by ascorbate was determined by comparisons of the ab-
sorption abt 550 mu . of palmitic acid trested samples and un-
troated contrels, Freshly prepersd, cold ascorbate at pH 6.0
was added to give a final concentration of 0.05 per cent in
samples of the potassium ferricyanide omidized cytochrome ¢
described above, The difference in optical density at 550 mu
between an oxidized sample and the resulting reduced cytochrome
¢ was taken as 100 peor cent reduetion, The 5% m A absorption
of gamplen treated first with palmitic acid then ascorbate as
putlined shove were determined and the increase in optical
density over fully oxildized controls expressed as the percent-
ages of complete reduction in table 3,

”Fﬁlly oxidized samples of eytechrome ¢ allowed to stand in
solution cccasionelly develop some reduced form, presumably
by outo-reduction, {Tveri, E., 17).

** X\ maxtrmm for the @ band of reduced cytochrome ¢ is at
550 w/.(c ;



, Rypershromt
Palmitic acid et 407 wu, %
M concentration of contrels

0.00 100.0 100
0.05 100.5 100
0.10 m;.a 100
0.20 105.3 , o
6

gféﬁg 2087

The first detectable effect on the ascorbate reduction
0Ff eytochrome ¢ bocame apparemt at sbout 0,02 mM pslmitic
acid or a molar ratic of 10:1 palmitic seid to cytochrome g,
In contrast some incresse in Soret band absorption occcurve
at half this concentration of pelmitic seld,

- The meximum concentration of palmitic acid tested is
¢lose to the region of limiting solubility at which samples
had & wisibly soapy sppearance, However, the relatively
guall increase in optical density in the spectral regions
adjacent te the Soret band, as evidenced in flpure 2, makes
it seem wnllkely that the inerease in sbserption is due to
particulate materdal formed in the sample,
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Rature of the Resction

Tree methods were attempted to investigate the nature
of the destructive oxidation of oytochreme ¢ by hydrogen
peroxide in the presence of palmitic seid and the nature

products formed. The firet, an attempt to

evaluate the mmber of moles of hydrogen peroxide consumed
per mole of cytocimwome ¢ destroyed, did not give satisfactory
results, Technical diffioulties in measuring the small amount
of hydrogen peroxide and cytochreme ¢ remaining after the re-
action had run to completion prevented dependable determina-
tion of these paremeters. However, the data indicated that
at lemst two and mmxy sonsideradbly more than two moles of

Hydrogen peroxide were imlwﬁ in the destruction of each
mole of aytechrome o,

The fate of palmitic acld during the reaction some

Wm$ of the mmma Products were also investigated,
rdrogen perexide %ﬁ added to S0C m} of 0.02 mM cytochrome
¢ %o which palmitie acid had been added to give 8 0.30 mM
final contentration. After 4§ howurs the ssmple wes dried by
Iyophilization, then hydrolyzed with 6 N HCI in & sesled
tube at 100° €, for 18 hours. The ether extract of the
hydvolyzate was analyzed by gas emwgimmy* and shown

*me procedur gas chromatogrephy are described in
Part II, the section on "The Free Fatty Acide of Poky."
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to contain much {72 per cent) of the palmitic acid expected
for quantitative recevery. Although a 28 per cent loss may
seem high, 1¢ 1s likely that 1t resulied during analysis of
the small amount of palmitic seid invelved rather than by
destruetion during the reaction.

The third type of experiment performed was to measure
the effect of hydrogen peroxide on cytochrome ¢ thet had
been subjected to hydrelysis by roteelytic enzymes, Cyto-
ghrome ¢ was disselved in 0,05 M tris buffer at pH 8.2 me
that a concentration of 0.02 mM was given by the additien of
0.4 ml to 3.6 ml of the starting cytochrome ¢ selutions., To
3.6 ml portione of the solution of cytechwome ¢ were added
0.1 ml of Worthingten Biochemical Corporation trypsin or
chymotrypsin dissolved in cold distilled water in concentra-
tions that weuld give 1/5 by weight the amount of cytochrome
¢ present in the sample. The abaorption at 407 mu was followed
for 30 mimites a6 room tenperature, then the pH adjfusted to
about 8.5 by the eddition of 0.2 ml of 2,10 M un-neutralized
tris. Hydvegen pervexide was then added as usual, and the
decline in sbsorption at LOT mu followed. The average results
for twe trials with trypein and with chymotrypsin are shown
m figure 9. The sxperiment wes repeated using belled solu-
tions of trypsin and chymotrypsin which were found to have
noe effect,

Although the tetal initial less was different in the twe
cases, both trypein and chymotrypsin hydrolyzed samples demon-
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20 LH?_O2 Added
Boiled Trypsin
] and Chymotrypsin
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Figure 9. The effect of hydrogen peroxide on cyto-
chrome ¢ that had been subjected to hydrolysis by
the proteolytic enzymes, trypsin and chymotrypsin.
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strated marked declinesin Soret band sbsorption Pfollowing

the addition of hydrogen peroxide, PFurther, after the initial
sharp drop in optical density both types of samples seemed to
level off at sbout the rate of decline given by controls con-
taining bolled trypsin or chywotrypein. Alse of inberest is
the slight bul apparently real difference in the eptical den-
sity of trypsin &nd elnmetrypoin treated sawples before the
addition of hydrogen perexide,
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€. DISCUSSION

Purified horse heart cytochrome ¢ is a relatively small,
basic protein having a molecular weight of about 13,000 and
an iscelectric point of 10.65 at 0% 0, (Theorell and Rkesson,
18), Tt contains one heme of the protoporhyrin IX type per
molecule and sbout 93 amine acids including 18 molecules of
iyeine and 3 of histidine, (leaf, Gillies and Pirrie, 19).
mscle-eytochrome ¢ is stable to dilute acids, even
neral acids, 0.1 W allmli end bolling., At physiological pH
it is not auto-oxidizeble, Perrieyani
oxidize Perrooyt
sstiveted by platinum or palladium, dithienits, oysteine,
p-phenylenedianine, ascorbic scid, catechol and pyrogallol
reduce fervicytochrome to ferrocytochrome,

The molecular shape of horse oytochroms ¢ hag been de-
gseribed as a prolate elipsoid with a frictional ratic of 1,34
(£/f0) (Envenberg and Peléus, 20), end with meleoular dimensions
of a =18 % and b = 98 % (Neuratn, 21), "By woridng with scale
models Ehremberg and Theorell (22) have concluded the most
probable configuration for the heme peptide from proteolytic
digestion is as an 6-helix with a left hand spirsl, The con-
figuration provides a nesr perfect "fit" for thicether bhonds
between the vinyl groups of the planar protoporphyrin ring
and two oysteins residues of the peptide, Four of the six
coordinative valences of iron are occupled with the nitrogen
stoms of the tetrapyrrole, however, the other two arg spparently




protein., Amino acid analysis, titration curves, and spectre-
photometry strengly suggest that the twe valence bonds of
iven thet are not dirveeted in the plane of tetrapyrrole ring
are ooor with twe imidezple rings of histidine
{Mhecrell and ﬁmﬁm, 23). & hypotheticel evess section
Through the molecule hes been visualized ag in fMgpure 10
which is reproduced from the English translation of Hugo
Theorellts Nobel Prize lectuve (1956), ‘

Thue ‘Theorell {24) considered it extremely prebable
that the hems plate in cytochrome ¢ is surreunded by peptide
spirals on all) sides in such & way that the heme. iven ip
entirely seresmed off from contact with oxypen gis, This is
offered as an explanation as to why reduced iren in cytochrome
¢ camnot be oxidized directly by oxygen gas for it cannot come
in contact with the fvon atem, Electrons are prebably passed
in and out to the iven atom via the imidasole groups..

With this preposed structure ef oytochreme ¢ in mind mnd
the inown intersction of fatty acids with other proteins
{%.aﬁ,a'r,as,ag) a probable explanation of their effest on
¢ is that they soméhbw intersct with the protein
mpiety of the cytochrome melecule in such & way that the heme
15 move directly exposed to attack by hydvegen peroxtde. This
hypothegis seens t0 be supported by many of the previously
described resulte in that they suggest a mechaniom by which
the helical peptide chain is st least pertially unfolded from
around the eytochrome heme,

f\*ﬂ-’ Yru




Figure 10. Hypothetical section through a cyto-
chrome ¢-molecule. The solid lines show the
hemopeptide. The dashed lines show the parts of
the natural molecule split off with pepsin., The
region between the outer and inner circles is
taken up by the side chains of the amino acids,
The four peptide chains surround the iron atom,
making it inaccessible to oxygen gas. (24),
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If fatty aeids do cause exposure of the heme then it
micht be reasoned that digestion by proteolytic engymes such
as trypsin and chymotrypsin might produce many of the same
effects. Such treatment would hydrolyze mich of the pretein
and presumably expose the tetrapyrrole ving. Indeed, the
data in figure 9 shows that proteclytic digestion does cause
cytochrome to become highly susceptible te destructive oxida-
tion by hydrogen peroxide similsr to treatment with fatty acids.

Purther, if the hypothetical mechanism is cerrect then it
seems likely that moleoular oxyzen would be able to oxidize
reduced cytochrome ¢ direotly 4in the presence of fatty ascids.
Accordingly, 2% ml of 0.1 mM solution of cytochrome ¢ was
mede up in degassed 0.05 M tris buffer at pH 8,6, reduced with
ascorbic acid and dialyzed against two 1000 ml changes of de-
gassed buffer in the cold under N,. The spectrum wes checked
to assure complete reduction,then the sample was quickly
divided into three 8 nml pertions, Two were made 0.6 mM by
the addition of palmitic aeild in 0.2 ml of ethanel. Then
one of these treated samples and the untreated portion were
placed in 100 ml beakers and put inte & desiceator. The
dewiccator was quickly evacuated and refilled with oxygen
gas and allowed to stand at room temperature for 1 hour
after which the spectra of all three samples were recorded.
Meanvhile the other palmitic acid treated sample was placed
in 2 sealed euvette and its spectrum recorded immediately as
well s at the end of the 1 hour period,



7 o

The flrat spectrum of e treated sample lkept free of
oxyeen insofar ag was poszible was ¢hat of completoly reduced
eytochrome ¢. However, after 1 hour 1t indicsbted the presence
of some fervri form, possibly due te oxidation by small amount
of molecular oxycen not completely excluded from the asvaten.
In eontrast, the spectrum of the palmitic acid treated sanmple
gxpoged to oxyzen indieated about S0 per cent of the oxidized
form although no oxidized cyvtochrome wos apparent in the un-
traated portion which had also been oxposed o oxvsen,

Thess remilts probebly represent the same phenoneron b
served by Rabinovitz and Poyer {30) who noted 2 decresse in
the characteristic obsorption peaks of ferrocytochrome ¢ with
the addition of ¢-tocophoryl vhosphate op sodium dodecyl sul-
fote, They 2lso weported an inhibition of the raé heart
susceinoxldage asystenm prebzbly due princlpally to the proven-
tion of the inbterscition of the suceinie dehylroszenage with
eytochrome c,

The conclusion is that fotty aeclds Jdo allow molecular
oxyoen to oxldlze reduced cytochrome ¢ direetly, Shus support-
ing the proposed nechanisam, I% follows that tryptle diges-
tlon might have essentially the same effoct on cytachrome ¢
by hydrolysis of the protein thus exposing the heme. How-
gver, spne dilfferonces were nobted between fatty aeid and
treabted and trypsin hydrolyzed samples of cytechrome ¢,

The foreroing experlment wos yepeated using & 1 hour
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digestion at room temperature with 0.01 per cent trypsin in-
stead of the fatty acid treatment of fervecytechrome ¢. In
this case digestion secemed to be paralleled by an incresse in
the amount of ferrieybtochrome ¢ present in the sample as judged
by its spectrum, After 1 hour no reduced cytochrome could be
detected in the sample, Ita speetrum was thet expected for
coupletely exidized cytochrome ¢. Although this result (re-
peated several times) might be due to traces of molecular
exygen present in the system 41t seems pouasible that the diges-
tion itself might destvoy interasction between the protein and
e ¢ neceasary for the characteristic ab-
serption spectrum of reduced cytochreme ¢, In this case
nge in the absorption spectrum from yeduced to oxidized

aytechreme ¢ might not reflect 8 change in the oxidatien
ptate of the iron, With this in mind 1t seems necessary o
quastion the offect of fatty ascid in decressing the apparent

mount of reduction of ecytochrome ¢ cbtained with ascerbie
seid (table 3).

The rupture of the ccordinated bonds of irom directed
put of the plane of the tetrapyrrole ring te some portion of
the protein, prosumebly imidazele ringe, might well be ex-
peated to disrupt a two step tronsmission of electrons to
ivon and thusz lend support to the mechenisom propesed by
Theorell ae well as the preposed explanabion of the effect
of fatty aseide en cytochrome ¢, However, it also aseus likely
that & groos change in the tertiary gtructure of the protein
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might cause changes in the characteristic spectrum of redused
cytochrome ¢ so that it did not reflect the oxldation state
of the heme iron, In this cese, the date of table 3, based
en spectral observations might nét represent the amount of
reduction actually obtained. This problem might be resolved
by use of some means other than characteristic shsorption to
measure the oxidation state of the iron,such as coupling with
indicators or electron spin resonance, or possibly by measure-
ment of the physiclogical effectiveness of fatty acid treated
cytachrone ¢,

The interaction of fatty aeids with cytechrome ¢ doem
cause some changee in absorption as seen in that pertion of
table 3, presenting date on the hyperchromic effect of the
Seret band pesk of oxidized cytochrome, Tresmtment with dif-
ferent amounts of palmitic acid led to an increase in ab-
serption at 407 mp but did not change the weve length of
maximum absorption. Such an effect might be produced by 2
change in the electronic environment of the heme as weuld
result from an unfoelding of the protein from around the heme
of cytochrome ¢, An antlogy might he made between this ob-
gservation and the situstion with deoxymiclelc acid in which
"melting” of its tertiary structure by inereased thermal
motion or chemical sgents leads te 2 hyperchromic effect in
the region of 260 mu.

The data present very little evidence for the nature
of the binding between fatty selds and cytochrome ¢, However,
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Rowley and Wainto (31) eoncluded that bonding between cyto-
chrome ¢ and desexychelate in solution was primarily ionic
in nature, During electreophoresis of oytechrome ¢ at pH
8,55 they found that the mobility changed from catienic with
increasing amounts of desoxychelate and calculated the maximam
muber of bound anions to be 12, This value was in clese
agreement with the munber of excess positive charges (+13)
caleulated to be present on the protein at this pH., Alse,
cytochrome and desoxychelate were cbserved te soparate during
electropheresis. Such observations agree with the findings
presented in figure 8 where palmitic acid was reperted te
affect the electrophoretic mobility of cytochrome ¢ but to
be eventually completely separated fyom it,

The sharp breaks in activity at about pH 8.0 and 10,0
seen in the pH curve of figure ¥ might be expected to reflect
some specific form of the pretein. However, comparison of
these data with the spectrephotometric titration curves of
ferricytochrome ¢ reported by Theorell and fkesson {32) in-
dicate that they do net correspeond to any one specific ferm
of the eytochrome, In fact, 1¢ may be of significance that
this 18 quite precisely the region of immer conversien of
two of the pH dependent spectral forms of cytechrome ¢ ob-
gerved. Direct titration eurves of cytechrome (Theorell
and ikeem, 23) show & break in the pH 9 to 10 region as
expected for titratien of hasic amino aclds,

Pigures 6a and 6b present the maximum rates of destruction
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of cytechrome ¢ by hydrogen peroxide obtained at various con-
centrations of the common fatty acids and sodium lauryl sulfate,
These data suggest an interesting apparent specificity more
clearly chown for the saturated fatty acids in flgure 7 where
palmitic acld is seen to have the greatest activity on a molsr
basis. The shorter fatty acids, lmurie and nyristic az well
as the leonger stearic acid, have considersbly less aetivity,
parhaps indicating & certain degree of gpecificity of the
protein for fatty scld, Such 3 relation suggests 2 require-
ment for & certain size and/or shape of fatty acid molecule,
The hypothesis that the length of the hydrocarbon chain may
somehow determing the extent of interaction is supported by
the results with the unsaturated 18 carben compounds, oleie,
linoleic and linelenic zelds, 2Al1 are e@n&iﬁ@»ﬁbly more active
than the 18 carbon saturated compound, stearic actd, This
might be expected since the cis double donds present in theae
ounds winild tend te turn the hydrocarben chain back upon
itsell thereby pessibly shertening the effective chain length.
A ¢close correlation seemsg to exist between the rates ob-
tained for the saturated fatty scids at & coneentration eof
0.1 mM (figure 7) and the second class of apparent associa-
tion censtants (k,) for the interaction of human serum al-
bumin with fagty seid antons at pH 7.85 reperted by Goodman
(25). Goodman equilibrated varying quentities of each fatty
acid in a two phase system of n-heptane and an aqueous solu-
tion of serum albumin in phosphate buffer at pH T.45., The
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concentration of unbound fatty acld in each aqueous phase
centaining serum albumin was deterndned from the concentra-
tion in heptane, thea compared with results from identical
distribution experiments performed in the sboence of albumin,

pparent assoclation constants for the imteraction of human
seyum al%uman with fatty acid aniens ave reperted in teble &
which is repreduced from Ovodman's psper (25)., It was de-
termined that hunsen serum albumin has about 2, 5, and 20
gdnding sites related to ky, k,, and k3 respectively. The
relative values of k, bssed on pelmitic acid were ecaleulated
from Goodmen's dats and conpared with similar valuse for the
dats of figure 7. The results ave presented in table 5, 'The
corpelation for the saturated fabtty asids seems move then
coincidental even though similar values for the unsaturated
compounds, ¢leic and liwoleic meids do not exhibit the same
clese agreement,

The poasibility that fatty aeid micelles and net the
free acids ave the active forms responsible for the effects
noted has been considered. It ecould be imagined that the
molecules of cytechrome ¢ are adsorbed to the surface of
fatty acid micelles in suech 2 manner as te distort their
tertiary structure and ceuse the partial unfelding of the poly-
peptide chain from ayvound the heme. Unfertunately, no informe-
tion is available cencerning critical micelle coneentrations
under the conditione employed., Gransth {33) bas indicated
that micellar size, shepe, and conecentration of formation
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TARLE 4. The apparent association constenta for the interaction

of hmn nemm albunin with fatty acid sniens at pH 7.45, ionie

th 9. 2%2 mth three classes of binding sitesn, n, = 2,
n o

na g
Pasty acid |
anion ey kh k3

leurate 1.6 x 10° 2.4 x 10° 6 x 10°

Wmaw 5.0= 106 1.4 = 106 2% 108

paimitate 6.0 x 107 3.0 x 108 1x 103

ptesrate 8,0 x 107 8,0 x 10° 1 x 103

oleate 1.1 = 105 4.0 x 108 1 x 103
1.3 x 307 2.5 = 10® 2.5 x 103

1inoleate

TABIE 5, ‘The relative activities of the saturabed i’aew %ama

based on palmitic acid and caleulsted &-?m mg : h?
second clase of appsrent rate constants (table podman {(25)
and the maximum m% congtants at 1.0 m¥ camwtmtmn (ﬁ.gum 7)

Fatty seid ey k max. at 1.0 mM
daurie 8.0% 8.7%
myriatic » %ow #50@%
palmitic 100,0% 100.0%

stearic | 26,7% 21.7%
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depend chiefly on length of the hydrocarbem "tail” of the
detergent moleculs, concentration eof the detergent, tempers-
ture, concentration of salts present and pH of the selution.
It wap reasened that the addition of slightly seluble al-
cohols such ae isobutyl or n-tutyl alechel might interfere
with possible micelle fermation. Thus, 1f micelle formation
was necessary for activity then such alechols might be ex-
pected to reduce the effect of the fatty acid, The data of
table (1) indicates that both isobutyl and n-butyl aleshol
mariedly inerease rather than decrease the activity of palmitic
aeid, This would be the expected result if free scid and net
micelles were active and the sleshel increased the effective
eoncemtration of free acid by inhibiting micelle formation.
However, there is some yeason to question the foregoing as-
sumptiens in that 1t is mwot clear that the aleshels would
interfers with,rather than stabilize,fstty scid micelles
(Benick and Powkes, 34) or especially micelle-like sggrega-
tiens of protein and fatty aecid, |

Iarge incressea in the smount of either fatty acids or
eytechrome ¢ seem to lead to the formatien of an insoludble
complex, Table (2) presenting the dats for the stability
of the cytochrome ¢-pélmitic acid complex indiecstes thet 17.7
per cont of the cytochreme ¢ and 61,6 per cemt of the palmitic
acid was lost as an insoluble red precipitate after lyophiliza-
tion during this experiment., These results are in sgreement
with these of Michelaszi (35) who observed precipitation of
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cytochrome ¢ when 1t was added to lipid extracts cf yesst or
liver. He also reported that such treatment produced spectral
shanges of both oxidized and reduced cytoechrome ¢ similer to
those eutlined sbove.

he products formed during the oxidation of fatty acid
treated oytochrome ¢ have not been chemically identified, How-
aver, hydrogen peroxide might be expected to csuse oxidation
of the porphyrin ring., The visible change in celer of cyto-
ghrome solutions from red to green duing the reaction (see
figure 2) strongly suggests en oxidative cleavage of the
porphyrin ring yielding at least in part a compound or greup
of compounds related to the bile plgments, particulsrly the
green or blue-green verdins (chapter IV, lemberg and legge, 36).
Altheugh such compounds would he expected to undergs further
oxidation in the presence of excess hydrogen peroxide it seems
likely that they might cccur in sufficient amounts to account
for the coler obmerved. Murther oxidation would bde Weteﬁ
te shift their absorption maxiwa to shorter wave lengths, thus,
the selution would transmit light of longer wave length and
have 8 eolor shift towards the ved,
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PART II

STUDIES ON NEUROSPORA
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A, MATERTALS AND METHODS--GENERAL

The Strains

Strains of Neurospora crassa rmumber ¥P-3178 a, po-3627-la,

po £-3627-8A, mi 3-3543-22 and C115-R-3 have been used. WP-
3178 a is a wild type strain. Po-3627-1A is the "maternally
inherited” strain called poky and isolated from an old wild
type culture by Mitchell and Mitehell (7). It is characterized
by relstively slow growth compared with wild type and an aso-
cumilation of cytochrome ¢ plus a deficiency of cytochromes a
and b, Po £-3627-4A carries genetic suppressor of poly de-
scribed by Mitchell and Mitchell (37) which restores the growth
rate of poky to nearly that of wild type but has little if eny
effect on the amounte of the cytochromes present. M 3-2543-2A
is 2lso a "maternally inherited” strain characterized by rela-
tively slow growth and an aberrant cytochrome system in which
eytochrome ¢ is acoumlated (38).

Two gene matants of Neurospors crassa have been deseribded
(Mitehell, Mitchell and Tissieres, 38) vhich have asberrant
eytochrome systems., One of these (strain C115) contains an

excens cytochrome ¢, an ebnormelly low level of cytochrome b
and little or no cytochrome a. The second strain (C117) con-
tains an excesg of a2 heme component with the absorption spec-
trum of cytochreme c. Unlike wild type, 2 substance with

spectral properties similar to cytochrome e, is also present.
However, C117 is defiecient in cytochrome ¢ and 2 and was not

used in this work.
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Culture of Neurospora

Stock eultures of the different strains were maintained
on agar slants of minimal medium by frequent trensfer and
storage of mature cultures at 10° C, The mutrient used for
slants and liquid culture was made up from 8 50 x stock solu-
tion as described by Vogel (39).

ILarger amounts of mold were grown in liquid culture in
five gallon pyrex carboys fitted with aeratien and exhaust
tubea. Sterile air was supplied by filtration through cotten
or Kerby air filters at rates sufficiently high to keep the 15
liter contents of each carboy in constant motion and to cause
the formation of many small bubbles., Orowing cultures were
meintained in a 25° €, constant temperature room. However,
the temperature of the 1iquid mitrient in the carboye was
somewhat belew 25° C, due to cooling by the air being forced
through them,

The conldia spores and some hyphae from one six inch
test tube slant of a mature stock culture were used to finoc-
ulate each carboy. Spores were suspended in distilled water
by agitation, then drawn into & sterile 20 ml hypodermic
syringe and injected directly into the carboys through their
exhaust tubes., The exhaust tubes were capped by inverted six
inch test tubes,

Some variation in growth rate between carbeys frequently
cccurred, probably in part due to variations in the amount of
innoculum, aseration, and the temperature of the mutrient.
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Cultures grown in carboys were harvested within a few
minutes of the termination of aeration by straining the ma-
trient through a strong cotton bag which was then quickly
placed in about 50 per cent cracked ice in water. The wash-
ing removed traces of the mutrient and quickly cooled the
tissue to nearly 0° €, As much water as possidble was then
removed by squeezing and twisting the bag., The resulting
press-dry mat of mycelia was then either used immediately or
wrapped in ﬁeavy gauge aluminum foil end stored st a -27° €.

Grinding Mold for Extraction

The resistence of fresh Neurospora mycelia to fragmen-
tation by Waring blenders and similar devices made them nearly
useless in the preparatién of large quantities of tissue,
Satisfactory fragmentation was obtained with a Nossel shalker
but the quantities that could be handled were prohibitively
amall, The moat satisfactory methoed found for up to 75 gram
quantities of fresh mold was that used by Herzenberg (9). The
preas-dry mycelial mats, 1/2 part by weight of washed sand,
and 2 parts of 0,05 M, pH 7 phosphate buffer containing 75 gzrams
per liter of mannitol were mixed in & mortar and greund in the
cold for about 10 minutes.‘ The resulting slurry was centri-
fuged at about 1,800 x g for 10 mimutes and the precipitate
re-ground and centrifuged twice more, each with the addition
of 1 part of phosphate-mannitel buffer. This method of grind-
ing was used for preparation of mitochondrial, microsomal and

supernatant fractions.
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By far the most satisfactory method for total extraction
was to gfinﬁ the frozen, press-dry mycelisl mats with agbout 2
parts of cracked, dry ice in a power driven corn mill (Qualer
City Mill Model P-3E, Pisher Scientific Company). This device
hag two cirecular friction plates between which the frosen
tissue and dry ice was foreced. The result of the grinding wae
a fine frozen powder of dry ice and mycelia, The dry lce wae
allowed to sublimate away as CO, gas in a deep freezer s¢ that
enly a fine frozen flour remained, Micromcoplc examination
and results from extraction procedures indicate excellent rup-
ture of seruatumai elam&nﬁa present in the tissue. Shearing
forces exerted on ice orystals during grinding probably destroy
much fine cellular structures ae nuclei and mitochendris as
well as the hyphal walls, In addition this procedure has the
advantage ef keeping the tissue in a frozen state until the
extraction is actually started, These factors plus the rela-
tive ease with which 1t could be applied to even kilogranm
gquantities of tissue wmade it the most satisfactory method of
grinding used,



Materials and Methods

Isolation of Cytochrome ¢ by Extraction
with Amwonium Hydroxide

Two prodedures were used for the isolation eof cytochm
from Neurospors during these investigations. The samonium hy-
droxide extraction deseribed in this section was used in gll
cases for the preperation of large amounts of eytochrome ¢ used
for free boundaryzlectrophoresis, sedimentation, and moleoular
weight determinations.

The flow chart of figure 11 indicates the procedure used
to obtain semi-purified cytochrome ¢ from ammonium hydrexide
extracts of Neurosporse, The nethods weye evolved through
many modificationg in the early stages of the work and contain
technigues and conditions found by exparience to be satisfac-
tory. For instance, & primary objective was the extraction
and subsequent iselation of all or nearly all of the oybte-
chrome ¢ present in the intact mold, thereby decreasing the
possibllity of a differential less of components., It was
found that use of the resin, IRC-50, used by Margoliash (H0,41)
led to relatively high losses (30 per cent or more) of cyte-
chrome ¢ as determined by the spectrum of the recovered mate-
rial. In contrast, 90 to 95 per cent of the cytochrome ¢
applied could be recoversd from acld washed Hyfle Super-cel,

Care was taken to maintain temperatures near O° C.
throughout the procedure, Insofar as was possible all steps
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Grind press~dry elial mats with
dry ice.

Sublimation of €O, at -27° ¢. (deep
freeve).

Add 1:5 by welghts volume, cold din-
tilled water,

Cautiously add NH,OH to pH 10.5 with
vigoreus stiveing in Waring dlender.

let stand in ice water for 5 mimitea,

Gsutiously sdd GH,CO0H to pH 8.5 with
vigoreus stirring”in Waring blender,

Centrifuge at 4,000 x g.

Precipitate
{eell walls, cellnlar
debris, et@.?e

Add ebout 1:2 co0ld dls-
tilled water snd re-suspend.

Centrifuge at 3,000 x g.

Precipitate Supernatant contsining cytochrome ¢,
(dLscard) |

Flgure 11 _
Flow dlagran of purification procedure,
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Supernatant mmmmg cytochreme ¢.

Add 490 grams per liter (WH,).S
and let stend for 2 to 12 houf

Contrifuge at abeut 25,000 x g.

[ |

Precipitate, discard Supernatant centaining eytochrome ¢,

(centains a small

amount of cytochrome g,

probably as & co-

precipitate ). Plalyve sgatnst distilled water.
(8ee text fer deseription of
sontimious miv dialyeis).

Adsord cytechrome ¢ on aecid washed
Hyflo Super-cel.

I
Not adsorbed on Hyfle Wash with dietilled water,.
shout 509 of remaining
protein, 90% of remain-
ing maclelec acid and
most emall water sol- Elute with a mininum volume of 1,0 M

uble sompounds, » ~30), buffered with 0.05 M trie

Dialyze against 0.01 M, pH 8.6 tris

Moure 11 {ocontimed)

*wly isclation employed a3 Spinco model L preparative centyd-
fuge hewever, the large volumes involved were most easily
handled with a lourd's continuous flow centyrifuge 2t 25,000 x g.
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philize to dryness.

Malyze agaln

Store at -27° ¢, as a dry powder
until used,

Pigure 11 {coneluded)
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were carried out either in o cold room held at about 4° €, or
in vessels surrounded by ice. Amonium hydroxide and acetic
acid were added in & fume hood in & warm room; however, solu-
tione were kept on ice except during the actual addition of
these compounds,

A hand held spectroscope {Dr. ¢. E. Rlesker, Nederlandse
Optiek-en Instrumenfabriek; Zeist, Nederland) was an indispens-
able aid in following the distribvution of small amounts of
me ¢ during the course of fractionation. A powerful

but variable light source in the form of a microscope lamp
equipped with an iris diaphragm and s variable power supply
was set up to direct light through containers placed above 1t.
In this manner solutions, precipitates or intact tisoues in
which the cytochrome ¢ had previously been reduced, usually by
the addition of a emall amount of erystalline sodium hydro-
sulfite, could be quickly and easlily examined, The width of
the characteristic absorption band of reduced cytochrome ¢ at
550 mp indicated the amount afcarrierpm@sent.

Treatment with ammonium hydroxide.--The addition of 5
parts of ¢old distilled water to 1 part of ground Neurcspora
at «97° C. yielded a lumpy half-frozen suspension. Homogens-
tion of the suspension in 2 bHlender (Varing Model CB-3, los

Angeles Chemical Company) provided a viscous materisl of unt-
form consistency and 2 meens of assuring vigorous stirring
during the addition of ammonium hydroxide and acetic acid,
Such stirring is importent in aveoiding locsl concentration
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gradients, partieularly for scetic scid., Weurespora cytochrome
¢ 15 irreversibly denatured under conditions of acid pH (pH 4
to 5 and below) s determined by its spectrus, Further 1t is
gpperently iwportant to maintain relatively high pH to inhibit
proteolytic enzymes known to be present in Neurospera and ef-
fective in the hydrolytic destruction of cytechrome ¢ {9).
Homogenates of poky taken to near neutrality at this point
tended to turn green and to lose the characteristic eybtochrome
¢ spectram, This is in agreenmet wizenbery's choervation
of rapid proteolysis st pH 7.0 but nome at pH 8.2,
| peed centrifugations (5,000 x g) were generally per-
formed in 8 model PR-2 refrigevated Internstional centrifuge
{International Bquipment Company; Boston, ¥sss.), altheugh
weral contimwous flow aemﬁrifﬁs&akwar& tried. The large
amount of precipiiste inwlved limited the usefulness of the
continuous flow devices for ﬁﬁ&scmmﬂw&fﬁ@&@&mm. Some less
of oytochrome ¢ with the precipitated cellunlar debrie imevitably
urred in this gstep. Rurther, there is a sigaificant dif-
ference between poky end wild type Neurospors in this regard.
A mach higher percentage of the total cytochrome ¢ present in
intast wild type is lost, possibly reflecting the differences
in the totsl amount of ¢yteshrome ¢ in peky and wild type
Neurospora.

fmmonium sulfste fractionation,--The amount of ammonium
sulfate added {abeut 7O per cent saturated at 0° €.) represents
a compromise betwsen two undesirable situatiens. Although
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purified cytochrome ¢ is seluble in low concentrations in 80

to 100 per cent saturated smmonium sulfate, increasing amounts
are lost with increasing concentrations »f ammonium sulfate,
probably due primerily to co-precipitation with other proteins,
On the other hand lower concentrations of ammonium sulfate fatl
to precipitate a great deal of the protein. Indeed, when cen-
centrations ef arwonium sulfate of U0 per cent saturatien or
loss were used and when the hydrogen ion concentratien of sub-
sequent solutions was allowed to drop to near pH 7.0 the red
color of eytechrome ¢ was roplaced by green puggesting the
proteclytic activity previcusly mentioned, In contrast, when
70 per cent ammpnlum sulfate wae used at this point, subseguent
splutions seemed quite stable despite the pH, This ebservation
indieates that the proteolytic enzyme or enzymes involved may
have been largely removed with 70 per cent saturated ammoniunm
pulfate,

The ammenium sulfate precipitate was most conveniently
rempved with & leurdes model IRA refyigerated centrifuge
equipped with a CPR-1 contimuous flow head, (Iourds Instrument
Corp.; Brooklyn, N.Y.). A centrifugal foree of 285,000 x g
eould easily be obitained with this centrifuge and supermatant
fractions were nearly Iree of turbidity.

Contirmous flow dialysis,.--Dialysis of up %o 10 liter
quantities of 70 per cent saturated pmwnium sulfate solutions
from the preceding step represented & difficult technical
 problem, Direct dimlyeis of this material against distilled
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waber or dilute buffer vwas complicated by the high osmetic pres-
sures involved as well as the large amount ¢f dialysis tubing
required to contain the large volumes.

A satisfactory selution to this problem was the constiuc-
tion of the contimuous flow pressure dialysie system deseribed
bhelow and depicted in figure 12, BRasically thia inwlved an
13 foot length of 8/32 inch {inflated Jdiameter) seanles
lulope tubing (Visking Co,., Chicago, I11,) dvawn through a8
similar length of 3/8 inch polyethylene tubing in such & way
that the ammonium sulfate solutlons were very slewly passed
through the dialysis tubing at the same time thst coeld, dig-
t1iled wabter wvas passed in the opposite divection through the
polyathylene tubing. About 5 pounds per sguare inch pressue
was applied to the amuonium gulfate solution through a dynamice
pressure regulator that would prevent the inevease in pressure
shove this value, It was found that new §/32 inch Visking
tubing would usually withstand at least 15 pounds per sguare
inch of pressura. The use of positive pressure within the
systen acted against the omotic pressure gradlient in the up-
take of water into the =molution and even led to alight reduc-

tion in volume after lower salt cencentrations had been cbtadned,
Some AAfficulty was exparienced in attaching the dialysis
tubing to the glasa intake tube in such & mavner as to prevent
rupture of the dialysis tube at this point. The most satis-
factory technique wae te insert the glass tube into the dialysis
tube, then wrap both with electrical tape (Scoteh Brand, Ho. 33)




- 62 -

Solution with high salt -
Under 51bs./sq.in. pressure

8732 in. Dialysis Tubing

3/4 in.
Polyethylene
Tubing

Water + Salt

Cold Distilled Water

Valve for Regulation of Flow

Dialyzed Solution ——*
]

Figure 12, Diagram of "continuous flew dlalysis" set up.
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8o that & single layer of tape covered the section adjacent
to the region of strain for the dialysis tube, Streng thread
wag then wound over the electrical tape to within about 1/4
inch of 1ts edge over the dlalysis tubing, The electrical
tape used was quite plastic as well as resistant to water
and selt., It would streteh with inereasing pressure within
the dialysis tube so that no localized point of stress was
ereated on the dialysis tube thms preventing ite rupture.

It was always necessary to test the apparatus thoroughly
for pin holes or weak spots in the dialysis tubing., However,
when 2 satisfactory set up was atteined the dialysis gencrally
progressed with surprising ease, The flow rate of ammonium
sulfate solution through the apparatus was adjusted as low as
possible, preferably to & few drops per mimute, By passing
the same solutions through the apparatus several times quite
low concentrations of salt were obtained,

Set ups employing larger diameter Visking tubing such as
the 24/32 inch tubing, colled in open containers of distilled
water or properticnally larger polyethylene or rubber tubes
were not successful. Even when no external pressure was
applied, kinks, pin holes, and weak spots in the dialysis
tubing almost invariably led to 1ts rupture and, of course,
the loss or extreme dilution of the asmonium sulfate solution.

Chromatogyraphy on Hyfle Super-cel.--As previously men-
tioned ascid washed diatomacecus earth sold under the trade
name of Hyflo Super-cel (Johns Menville Cerp., los Angeles,
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Calif.) was found to be most useful in concentration and
parification of eytochroms ¢ solutions containing low
quantities of salt and having =i ien concentration near
peutrality. This material was found to have the extremely
useful property of temactiously binding either mammaliom or
Hemxwsopora oytochyoms ¢ 50 that 1t could be used to effect
the nearly quentitative recovery of eytochrome ¢ from ex-
tromely dilute selutions, Hyflo Super-cel om which cytechrome
¢ had been adporbed could be weshed with very lsrge volumes of
distilled water with no detecteble lose of oytochrome. Yet
¢his material had the wnddue property of allowing nearly
guantiative recovery by elution with solutioms of high pH or
igh cenmcentrations of salt.

Speeifically, & volume of about 500 cw® of Hyflo was
suspended in 0.1 ¥ HC1 in distilled water. Thie scidic pus-
pension was then poured inte a 7.5 x 55 om chromatographic
colwmn fitted with & porous sintered glass plate, then washed
with distilled water until the effluent wes near pH 6, The
large chromatographic cohwum was convenlent in that & vecuum
eould be easily applied to increase the rate of flow and that
1t would contain & relatively large quantity of the dilute
solution of cyitochrome ¢. The acid wash of the Hyfle was
found te be important for the removal of contaminating na-
terials and was necegsary to assure a2 satisfactory rate of
flow., Although relatively high rates of flow were easily
attained with aéid washed Hyfle, exposuye to solutions of
high pH caused 2 drastic decrease in rate to prehibitively
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low levels,

It was found that cytochrome ¢ was adserbed fvom neutral
solutions to Hyfle at concentrations of ammenium sulfate below
gbout 0.05 M., Thus, samples frem the contimseus flow dialysis
deseribed shove were elther diluted to suffleciently lew con
centrations of sal1t (usually by & factor of 2-5) or dislywed
further sgainet 0.01 M, pH 8.6 tris buffer. This dialysis
was accomplished by placing the solutions into 1 5/8 inch
heavy well Visking tubing and then into 10 x 18 inch jars
£illed with .01 M, pH 8.6 tris buffer,

- Hyflo was found o heve 2 maximum capacity for retalning
eytochrome ¢ that was dependent upon the purity of the material
applied so that the lower the purity the less the total ameount
of cytochrome ¢ that could be adsovbed from velution. Tms,
experience and care were neceseary te provent over loading
the Hyflo used 20 that cytochreme ¢ was not loet at this
point., The Hyfls with the adsorbed cybtochvome ¢ émﬁ then
washed by running a8 large velume of distillad water through
the columm. It wes found that almost all remaining traces
of small water seluble organic compounds such as sugars and
amino acids, wost of the micleic aeid, and much of the pro-
tein present in m}.mm after dlalysis were not retained
on the Hyfle,

Elution of the cytoehrome ¢ wee accomplished with 1 M
(NH, )80, in 0,05 M tris buffer adjusted to pH 8.6. Elutien
oeild slso be acoonplished with 0.1 ¥ amwonium hydrexide or
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similar basic solutions but this had the decided disadvantage
of causing the marked decrease in flew rate through the Hyfle
described sbove. The cytochrome ¢ usually is eluted from the
Hyflo in a sharp red band se that it may be recovered in
relatively concentrated solution.

Iyophilization and storage.--The solution from the pre-
ceding step was then eagily dialyzed against 0.01 M ¢tris-
hydrechloric acid at pH 8.6 to low salt concentrations,
lyophilized to dryness on a VirTie Freeze Dryer (The VirTie
Co., Yonkers, N.Y.) and stored as a red, dry pows
until used. The oytochrome ¢ of the resulting semi-purified
preparations was found to account for 20 to 30 per cent of
the tetal protein present asg based on the millimolar extinc-
tion coefficient for the Soret band peak of masmalian eyto-
chrome ¢ {14), an ascumed molecular weight of 16,500 and &
Bluret determination of total protein,

Isclation of "Seluble” Cytochrome ¢ of Poky

Mach of the cytochreme ¢ present in polky is apparently
ot bound to any particulate, subcellular structure for it
remains in the supernatant after fractionation of homogenabtes
by centrifugation (see fig. 13), The procedure cutlined be-
low was designed to isolate this "soluble oytochrome ¢” from
poky and fast poky. It proved completely unsatisfactory for
wild type Neurospers which centainsg ruch smaller smounts of
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oytochrome ¢ per umit weight of tissue snd in which the eyto-
chrome ¢ present is almost coupletely bound to the mitochon.
arial fraction, Also, enly trace amounts of cytechrome were
recovered in attempted isolations frem ml 3 using this methed,
glthough, like poly, mi 3 accumilates eytochrome c. This may
reflect a primavy difference in the cellular organization of
the twe mﬁm%.
‘!?mmmdmtmmmnmwrwmmw
latien of the extracted cytochrome ¢ and attempis to avpid
such guestionable procedures ss high pH and velatively long
pertods of dlalysis, Further, 1t has the advantage of being
relatively easy and quick to perform, On the other hand, 1t
has the decided disadvantage of failing to exbtract mach of
rtochrons soky and fast m and
wae found wzaamam.ammmmmwm%y
may be of particulsr significance that primerily only one
type or glass of cytochyrome s iz extracted, namely the ao-
called "soluble cytochrome ¢.”

Since sume electrophoretic heteregensity was observed
early in this work several types of electrephoresis spperatus
were employed in an atbempt to find the mest satisfactory
methed of analysis. Each of the three matheds finally chesen
2o en enalytical snd/or preparative procedure had certain sd-
vantages and disadvantages not ghared by the other twe metheds.




Frozen nyceliasl mat

Grind with dvry ice
{see p. 53)

Sub ﬁim of CO
-2 ¢, frge

Adﬁ 135 wi@t volume
’ PK 0-95 a Ma

é w&ﬁ @f"%.ﬁ“ *

ized ma.

at 4,000 % g.

Precipitate {discard)

Orind with s and centrifuge
ag directed, (see p. 52)

serpetant

Iyophilize to drynees

Redissolve in & asall volume
of cold distilled water,

Pigure 13. Isolatisn of Soluble Cytochreme ¢ from Poky
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1

Redissolve in & gmall wvolume of
cold, distilled water.

Add 890 grams per iiter (ﬁﬁn)gﬁe~
and adjust pH to 8.0 with 2,0 M %ﬂiﬁ.

ilet stand 2 houra.

Centrifuge at 25,000 x g or more.
(Spinco model L

Precipitate Supernatant
(considerable amounts
of ecytochrome )

gentrifuge at 25,000 x g,

Precipitate
Supsrnatant

Dialyze against 0,01 M,
pH 8.6 tris.

Iyophilize to dryness,

Store at -27° €. until used.

Floure 13 (eoncluded)
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For instance, both Neurospora and mammalian cytechrome ¢ are
adgorbed rather badly te filter paper generally used for |
papor electrophoresins, Attempts to use one dimensional paper
electyrophoresis even with albumin trested paper were unsuc-
cessful due to "tailing” of the eytochrome ¢ applied,

Continupua flow paper electrephoresis.--The problem of
"talling” on paper was largely overcome by use of a contimu-
ous flow paper electrophoresis apparatus shown in figure 14
{model CP - Continuous Flow Paper Electrophoresis Cell,
Spinceo Division, Beckman Instrument, Inc., Pelmont, Calif-
ornia) in which that portion of the papor constantly exposed
to the sample soon besesme saturated with protein. Further,
the current and the flow of buffer down across the paper
curtain could be maintained for some time after the applics-
tion of the sample had stopped so that much of the material
remaining on the paper was washed off into the collectlon
tsbes,

Relatively large smounts ef the semd-purified eytochrome
¢ obtained by ammonium hydrexide extraction could be conven-
iently further purified end enalyzed in the same operation.
Material collected in the primary band ¢f cytochrome ¢
(figure 18) 1s thought to be pure or nearly pure cytechrome ¢
ag defined by its spectrum,

In general results from repeated experiments using cen-
timious flow electrophoresis as an snalytical tool were quite
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reproduclble., However, some diffienlty was experienced in pre-
venting lateral displacement of the satire elution curve as a
result of impreper adjustment of solvent flow down the curtaln.
Care miet be taleen to assure a vertical flow of splvent straight
doun the primary curtain so that meterisl applied near the top
of the sheet without current will be collected dmetly bolow
the point of mummm.
| A further hazerd in the use of mﬁma fiow tle@t:ﬁ»»
mmaia a8 an mlﬂiaal teol 1s differential loss of ninor
compenents due to adsorption on the paper, the percentage of
loss being mch higher for components present in swall ampunts
as compsred with majer components., This diffioulty is Miaw
larly important for the anslysis of very small samples.

The results of runs on the mﬁm& ﬂw electrophoveni;
gpparatus were conveniently determined wm&wmﬁﬁaﬂw,
using the %mtmﬂmakat%?mpw&m:w eytoshrome ¢
as woll as sbgorption at 280 mu and 260 mu 88 & measuve of the
amount of total protein and mucleic acid present. The amount
of cytoohrome ¢ recovered in emch tube was caleulated from
the total volume in that tube, the moler extinction coefficienit
ef horse heart cytochrome ¢ and &n sssumed molecular weight
of 16,500, In general, however, data sve expressed as the
total mmber of milliliters recovered in e2ch tube multiplied
by the optical density of that tube giving a value vhiah is
directly proportional to the smount of matertal present. A
distributien curve is obtained by plotting this value versus
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the muber of the cellection tube. The appar:
ecollection tubes munbered consecutively from left to right,

The most satisfactory buffer used for elsctrophoresis
wae 0.5 ¥ tris (hydroxymethylaminomethane seld as Sigma 7-9,
Biochemical Buffer, Sigma Chemical Co., 3t, louis, Miesowri)
neutrelized te pE 8.0 with hydrochloric acid. Tris has the
advantage of near maxirmm buffering capacity at this pi and
relatively low fonic strength and thus low conductivity, Phos-
phats buffer proved unsatizfeotory for contimwous flow electre-
phorenis bestuse of its relstively high conductivity in con~
centrations heving satisfactory huffering capaclity., Adequate
potential and termperature control becams difficult with in-
erveasing conductivity of the buffer., Verensl buffers seemed
te lack sufficient buffering capacity in the stremgths tried.

Contimous flov electrophoresis was performed with a
raservolr containing 15 liters of the twis tuffer described
above. Buffer was returned frem the electrodes inte the
reserwolr to be remixed snd recyeled. The btuffer in the
veservoir wis replaced by fresh buffer in mms lasting over
36 hours.

Settings for the mwdel CP are listed below:

Right side balances for lateral flow on the 6.3 units
left aide bBolances for latersl flow on the 6.1 unita
primeyry curtain

top curtein flew rate setting 8.2 units
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sample Peed rate setting 6.0 unite
voltage held constant | 600 volts
amperage 89 mAmps
fiow rete over the primery curtain 12 em/hour
time of egquilibration with current before 12 hours

the semple was applied

A1l runs were done in a cold reom held at about + 4° ¢, and
with cold water at the same temperature circulated threugh
the cooling plate of the electropheresis cell.

Free boundary electrephoresisc.--2A11 free boundary elec-
trephoresis was performed with a portable Tiselius electro-
phoresis apparetus (medel 38-Peritin-Elmer Corp,, Nerwalk,
Commectiout) equipped with a2 schlieren eptieal szystem,
Satisfectory photographs of dark red solutions were cbtained
bty using a red filter and & very sensitive panchromatic film,
Royal X-Pan (Eaetman Xodak Co., Rochester, N,Y.) developed
in DK 60a for 6 mimates,

Buffers used in free boundary electrophoresis were as
follows

salt Nall

Buffer pH form concentratien added
suceinate 5.8 ¥a* 0.05 M 0.025 M
phosphate 6.8 wat 0.05 M 0,025 M
7.1 Na* 0.05 M 0.025 M
phosphate 7.4 Rat 0.05 M 0.025 M

barbital 8.0 Ne* = 0.1 you
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| sal NaCl

Buffar pH form soncentration added
trin 8.0 c1” 0.05 ¥ 0.05 M
barbital 8.6 ¥a* *u=0. yes
glyoine 9.5 Na* 0.05 M 0.05 M

* & indlcates lonic strength

A1l buffers were made up with deionized water, Samples
were dialyzed against 1 liter of the same buffer used in
electrophovesis for 18 to 24 hours.

A1l the veported data are from runs using 0,4 te 0.6
per cent cytochrome ¢ &8 determined by its spectrum (37).

The distance of migration ¢f cytochrome ¢ was determimed
by projection of the schlieren lmegesz from photepraphie negs-
tives onte sultable squared graph paper, A calibrvated trens-
parent scale was mounted with the negative in the phetegraphic
enlarger used for projection so that both the schlieren pie-
ture and the scale were projected simultanecusly and at the
same magnification, In this manner the distance of migratien
from some fixed point of refeveonce within the cell wes given
directly.

Starch gel elsctrophoresis.--Both contirmeus flow and
free boundary electrophoresis require relatively large amounts
of material snd lack convenience of spplication. A method of
seemingly high resolution snd sdvantage as an snalytical
technigque was developed using the method of starch gel electro-
phoresis outlined by Smithies (42), The tris buffer used in
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contimious flow (0.06 M tris, pH 8.0) proved satisfactory for
starch gel., Hydrolyzed starch was obtained from Cormaught
Medical Research laborabtories, University of Teronto, Toronte,
Canada, and was miwed with buffer using the recommended pro-
cedure and proportions.

Electrophoresis was performed in a 4% ¢, constant tenp-
erature roem with 300 veolts held constant, epplied to & 0.7 =
7.3 x 25 em block of starch gel. Typleally the morrent was
agbout 45 milliamps, Some small rise in tempers
blocks was noted after several hours of electrophore

Two procedures were used in photographing the starch gel
blocks after electrephoresis, One, the staining procedure
recoummended by Smithies (42) invelved the use of sniline blue
black (Mational Aniline Divisien, Allied Chemical Corp., New
York, N.¥.) to detect cytechrome ¢ as well ae the other pre-
teins in the block,

A system was worked out whereby ecytechreme ¢ could be
perd -specifically detected by virtue of the intense Soret
band ebsorption of 1ts heme. An RFL 2 CGenersl Electric photo-
flood lamp was mounted below a vessel conteining 2 mixture of
the dyes, tetrabromphenolsulfonphthalein and methylene blue
in concentrations sufficlently high to meke the lamp appear
88 & bhlue circle of light of moderate intensity when viewed
through the solution. The starch blecks were then mounted
above the light source and photographed with transmitted

light.
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The solution of dye removes nearly all the light detween
the wave lengtha of 450 to 650 mu. Further, tetrabromphencl
has an eébsorption maximum nsar 370 mu 80 that primarily only
light in the region of 410 mu 45 transmitted. Since this 18
the spectral region of Soret band sbsorption, portions of the
blocks containing eyteochrome ¢ transmitted relatively little
1light and appesr as dark or deep red spots on & light back-
ground. A 3% mm single lens reflex camers with Plus X Kodak
film was used to photegreph the blocks, Since this f1im has
very low sensitivity to red light above 640 mpm, positive prints
appear as black spots on a white background and sensitivity
seems conparable to that obtained with the protein stein men-
tioned above.

Sedimentation

The sedimentation constants reported were determined
using highly purified semples of poky and wild type cytechrome
¢ obtalned from the primary elution bands from contimuous flow
electrophoresis. The concentrations of cytochrome ¢ used were
between 0.4 and 0.7 per cent as determined from Soret band ab-
sorption. The buffer was 0.05 M pH 8.0 trin, centaining C.05 M
Nall and was the same as used at that pH for free boundery
electrophoresis.

Sedimentation data were obtained with an analytiesl ultra.-
centrifuge (model E, Spinco Divisicn, Beclman Instrument Co.,
Palo Alto, Calif,) using & schlieren optical system and an
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AHG light source. All reported runs were at 59,780 rpm in an
An-D head with a standard 3 mm cell. Temperature was main-
tained within + 0.1° ¢. between 4° €, and 7° €. for vartous
mms. Red sensitive 103 F spectroseopic plates (Eastmen
Kodak Co, Rochester, N,¥.) were developed in D-1ldeveloper
for 6 minutes and were used in sll photogrephs. Unless other-
wise specifically stated 8ll photogrephs were made with a red,
#20 vratten Filter. A blue filter wos used to detect the pres-
ence of obhsorbing material sedimenting 2t 2 slower yrate than
the primary component. All plates were snalyzed on 2 miero
comparator sold as n Toolmaker microscope with a 15 power
??ﬁj@&ﬁiﬁﬂ attachment {(model M2001, The Gasritner Scisntifie
Corp., Chicago 14, I11.).

Deteroination of Tron

The method wes adapted from thet of Drabkin (11) in whiesh
8 red complex it mede by the ferrous ion and ovthophenanthro-
line, Prom 12 to 15 mg of cytochrome ¢ in 3 mI of wabter, 2.0
ml of ¢.160 M sodium hydroxide and 0.5 ml of 30 per cent hydro-~
gen peroxide were mixed, allowed to stand over night at roonm
temperature, and then heated at 90° €. for 10 minutes. The
hot tubes were cooled by immersion in water, 1.0 ml of 1 N
hydrochloric acid coubiously added with stirring, and the solu-
tiong sgaln heated at 9G° C. for 10 mimutes. After saoling,‘
0.2 nl of 50 per cont saturated ammonium acetate, 0.4 ml of

frech, cold, 1 per cent ascorbie zeid and 2.0 ml of 0.1 per
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cent orthephenanthreline were added. The solution was ad-
Justed to 8 volume of 10.0 ml and the optical density at 500
mpu determined after 90 minutes at room temperature. A1l
solutions were made up with deionized water, The unknown
values were determineé by comparison with & standard curve

made &t the zame time,
Regults
Contimious Flow Electrophoresis

The frogzen, semipurified cytochrome ¢ isolated by the
ammonium hydroxide extraction (mee fig. 11) from poky, fast

pekys mi 3, and wild type Neurospora was dissolved in ecold
0.05 M, pH 8.0 tris buffer to give a final concentration of
about 0.3 per cent cytochrome ¢ as determined by sbsorption
at 407 mu., These solutions were then mede 0.5 mM in potes-
sium ferricyanide by & 100:1 dilution from a stock solution
and dialyzed egainst two changes of the tris buffer for at
least 24 hours. Spectral examingtion of the solution before
and after dialysis indicated that cytochrome ¢ was present
only in the ferri form and that no more than trace amounts of
potassium ferricyanide remained after dialysis. The solutions
ef eytochrome ¢ were then run on the contimwus flow electro-
phoresis as shown for poky in figure 14 and with the results
indieated in figure 15, Contimuous flow electrophoresis of
eytochrome ¢ from wild type, mi 3, and fast poky gave distri-
bution patterns very similar to that shown for poky in



ficure 14, Continuous flow electrophoresis cell
showing the electrophoresis of semipurified poky
cytochrome ¢ prepared by ammonium hydroxide
extraction.
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Figure 15, The distribution of materials absorbing at
L4o7, 280, and 260 my from contimuous flow electro-

phoresis of semipurified poky cytochrome o,
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Plgure 15, Most of the eytochrome ¢ from all samples run under
the standard conditions was colleeted in tubse mumbered &, 5,
gnd 6 of the cantimuous flow electrophovesis cell, however,
all samples also contained apparently move acidic oybtochrome
that was distributed in a "tail” towards the positive pole of
the cell, The ambunts of cytoschrome ¢ found in tubes 8 to
20 of the cell wore found to vary somevhat for different
hrome ¢, however, the variability betwsen
preparationg for the different strains seemed no greater than
the variability for the same strain,

The reproducibility of the results frem contimuous flow
electrophoresis was checked by rerunning cytochreme ¢ col-
lected in different tubes of the cell, MNaterial from tubes
3, T, and 9, 10, and 11 were concentrated by lyophilization,
redialyzed and censecutively rerun with the results shown
in figure 16, These three fractions did not contain equal
angunts of cytochrome ¢ so that 1t was necessary to express
the results in relative smounts found in easch tube rather
than in milliliters x optical demsity ss used for Plzure 15,
The relative smount of cytochrome for eseh tube of each frac-
tion was caloulated hvy totaling the amount of eytochrome re-
covered in all tubea for thet fraction and then expressing
the empunt in each tube 8s a percentage of the total amount
recovered., Thus the percentage values for all the tubes of
oach of the threo factions equals 100 per cent, The results
indicate repeated electrophoresis of the cytochrome from dif-
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Figure 16. The relative distribution of cytochrome
¢ during the reelectrophoresis of material colleected in
different factions of the continuous flow electrophore-

sis repregented by figure 15,
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ferent portions of the distribution ecurve shown in figure 15
tended to migrate about 89 they did in the ordginal run,
Tube mumber 5 contazined the most cytochreme for the rerun
of tube mumber 3 of the original run and the material from
tube 7 of the original run was collected primarily in tube
number 7 of the rerun, Cytochrome collected in tubes §,

10, and 11 of the ordiginal run were distributed over a rether
broad region from ghout tubes O through 23 of the rerun,
however, no material from t:hiéa fraction was found to migrate
inte tubes 4, 5, and 6 thus indicating that no cytochrome ¢
with the mebility of the primary type of cytochrome in the
original sample was present in this fraction,

Cytochrome ¢ from tubes, B, 5, and G, of the electro-
phoresis of the originsl sample and the same tubes from the
electrophoresis of two other preparations of poky cytechrowme ¢
were conbined, concentrated by lyophilization end stored at
~27° €, to be used &8s highly purified poky cytochrome ¢ for
free boundary and stavch-gel elsatrophoresis, moleculsr welght
determinations and ultracentrifugsations. Similer frections
were odllected frem the centimuous flow eleetvophoresis of
eytochrome ¢ from wild type, mi 3 and fast poky.

Froo Poundary Elsctrophoresls

Pree boundary electrophoresis of highly purified cyto-
chrome ¢ from tubes 4, 5, and 6 of the continuous flow electro-
phoresis of poly cytochrome ¢ was carried out in buffers of
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various hydrogen ion concentrations and the mebilities were
caleulated from the equation: .

=) )
“ [ e Jro—
Ot IR

Mo méb:luﬁy with the dimensions of amg wli:’l aee."l
4x = distance of boundary travel in em,.

At = time

A= cross awt%onal area of the electrophoresis
cell in em<, ‘

K= conductivity cell constant
I = gurrent in amperes
R = prgagistance of the buffer in ohms

Pigure 17 presents & plot of mobllity versus pH from which it
may be seen that the iscelectric point of the major cowponent
(A peak of figure 18) in this preparstion is at sbout pH 8.0,
Although this mobility seeme to he dependent to some extent
on the buffer used, |
Preparations of highly purified poly cytechrome e in-
variably contained three components, &s shown in figure 18,
vhen electrophoresis was carriad out in 0,05 tris + 0.05 M
NaCl at pH 8.,0. In this system the A component has & mobility
of 0.97 % 1072 cm® volt™ sec.” towerds the negative pole of
the cell while the mobility of the B component 1s 1,1 x 1070
en® volt™! seoTl towards the positive pole, The € component
was calculated to have a cathodic mobility of about 6.1 x 10~°
om” volt™! seo;! Recognition of the three components was mach
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Pigure 17. Ionic mobility of highly purified cyto-
sheeme ¢, from the descending 1imb of the electro-

phoresis cell.
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Figure 13. Schlieren image from the ascendings
(upper) and descending (lower) limbs during the
free boundary electrophoresis of highly purified
poky cytochrome c. -
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more difficult at sther hydrogen ion concentratiens where the
B component was usually seen only sz an irregularity in the
curve or not seen at all and the ¢ component was detected only
as red color migrating inte the ascending lird of the electro-
phoresis cell but not assccliated with any specific peak.

Free boundary electrophoresis of semipurified cytochrome
¢ with pH 8,0 tris buffer was complicated by the presence of
contaminating materials, however, red color was observed to
migrata rapidly towarda the poeitive pole of the cell similar
to the electrophoresis of highly purified cytochrome ¢ de-

. soribed above. A red color grad&eht indicating cytochrome ¢
was assosiated with a low peak in the semipurified materlal
end was caloulated to have a cathodic mebility of sbout 6 x
1077 om® vo1t™} seal compared with an ancdie mobility of
about 1 x 10™° om® volt™! sec;! for the primary eytochrome ¢
peak, Thus, free boundary electrophoresis suggests the
presence of at lesst three electruphoretically distinpuish-
able species of cytochreme ¢ prepared with ammonium hydroxide
extraction, The mobility of these pesks have the ratio of
~1:431:46 4n the pH 8.0, 0,05 ¥ tris +0.05 M NaCl bulffer used,

Starch Gel Electrophoresis

Starch zel electrophoresis was carried out with cyto-~
chrome from poky, fast pelry, mi 3, and wild type purified by
continmcus flow electrophoresies and storad as a dry powder at
-27° ¢, unt1l used, Samples were diluted te appropriate con-
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centrations, then dialyzed againot 0.05 ’iﬁ tris uifer at pH
8.0 and run as previously described. Mgure 19 depicts the
results of these rns where apparent differences in the prep-~
arations are scen, 'The preparations from mi 3 and wild type
apparently contaln primarily only one detectabls electrophoretic
species of cytochrome ¢ although both exhibit "tailing” that
probebly cammwt be explained solely on the basis of smearing
due to lack of electrophoretic resolutlion in the starch,
Similar materials from poky seem to centain threo types of
eytochrome ¢, probebly identical with those seen in free
boundary studies (figure 18). Fast poky cytochrome ¢ produces
& streak with gipnificant amounts of red materisl moving to-
warde the positive pole of the starch block but with little
or no cytochreme moving as rapidly as the fastest component
of poloy cytochrome.

The unusual electrophoretic heterogeneity of all semples
as indicated by distribution curves frem the contimucus flow
electrophoresis and the "tailing” on starch gel warranted
sonsiderable doubt concerning the stabllity of Heurospors
eytochrome ¢ during the isolation using extrsction with
ammonium hydroxide, Accordingly "soluble® cytochreome ¢ from
poky and fast poky was prepared by the method outlined in
figure 13 and analyzed by starch gel electrophoresis with the
regults shown in figures 20a and 20b. Since these preparations
had not been purdfled by contimuous flow electrophoresis it was
necessary to photograph the unstained Plocks with transmitted



Figure 19. Starch gel electrophoresis of
cytochrome ¢ from the four strains of Neurospora:
1. to r. wild type, fast poky, poky and mi 3.




Figure 20a. Unstained starch gel block after
electrophoresis of "soluble" cytochrome ¢ from

poky (1) and fast poky (2).

Figure 20b. The same block as shown in figure
20b after staining. "Soluble" poky cytochrome
c (1) and "soluble" fast poky cytochrome c¢ (2).
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blue light to determine the reégions containing cytochrome ¢
as showm in figure 20a. The blecks were then cut, stained,
and photographed again with trensmitted light as shown in
fipare 20b, These figures also suggest electropheretic
heterogensity of the samples although there is somewhat
less tailing of the cytochrome ¢ than observed for samples
prepared with ammonium hydroxide. Both poky and fast poky
cytochrome ¢ seem to contain three electrophoretic species
similar to those seen in figure 19 for cytochrome ¢ extracted
from poky with ammonium hydroxide. "Soluble” fast poky oyto-
chrome ¢ apparently contains relatively more of the second
sytochrome component than poly, although the cytochreme con-
centrationsin the two semples apparently differed slightly.
Since cytochrome ¢ contains heme iren that might exist
in either the ferri or ferro form the pessibility was con-
gsidered that two of the electrophoretic components of poky
cytochreme might represent the exidized and reduced forms
of the enzyme, The spectrum of poky cytechrome ¢ prepered
by ammondium hydrexide extraction was taken directly and with
tuffers containing cysteine and potassium ferricyanide as
deseribed later in this paper (see p. 96). These spectra
are recorded on figure 21 and indicate that the preparation
of poky cytochrome ¢ dees contain a small but significant
amount of reduced cytechrome ¢ although it was treated with
potassium ferricyanide before purification by contimous
flow electropheresis. This observatien suggests an oxidation-
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Figure 21. The spectra of purifiled poky cytochrome ]
used for starch gel electrophoresis.
- — =~ — diluted directly inte buffer
oxidized with potassium ferricyanide
— - — peduced with cysteine
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reduction reaction within the protein possibly related to
auto-reduction described by Boeri (17).

Sedimentation

The sedimentation coefflicientsfor highly purified samples
of poky end wild type eytochromes:z from tubes, 4, 5, and 6 of
the contimuous flow electrophoresis were calculated using the
squation:

Sobs = &Bgi M%"g

w

where 3‘9«%—?— = plope for the plot of log r versue t

and 301” = observed sedimentation coefficient
w? = angulsr velocity in radians/sec.
r = the radius of rotation

t = time in seconds

The observed values for 8 were related to water at 20° €.
and are listed below:

820 wild type cytochreme ¢ = 2,12 x 10713 pec,
S,p0 POky cytochrome ¢ = 2.20 x 10713 see,

These vAalues seem in reasenable agreement with sedimentation
coefficients found for memmalian cytochrome ¢. Edsall (43)

lists values for the sedimentation coefficient of cow, horse
and pig heart cytochreme ¢ as 2.5, 2.1, and 2,3 x 10713 gec,
respectively.
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The samples of cytochrome ¢ seemed homogeneous to
centrifugation in that only one peak was detected, Boundary
gpreading occurred at 2 fairly rapid rate so that attempts
to analyze the shape of the curves for polydispersion were
not successful due to difficulty in establishing o base
line. PMPigure 22 presents the schlieren image for poky cyto-

e o at time intervals of 95 mimites,

Cytochroms ¢ has an intense Soret abserption band in the
Blue region of the spectmm. Thus the presence of absorbing
matertals that weve sedimented st o slower rate then cyto-
chreme ¢ would probably have been detected by inserting a
blue filter in the optical system near the light source.
T™is system gave a sharp change in the amount of transmitted
light over the cytochrome conteining boundary. However, no
sheorbing materdial was detected in solution gheve the cyto-
ehrome boundary of highly purified poky or wild type cyto-

- chrome ¢ or in preparation of semipurified peky eytechrome

as shown in figure 23, This finding indicates no very light
heme-containing proteins or peptides ave present in these
prepayrations.

Determination of Moleoular Welpght by Iron

Highly purifisd poky cytochrome ¢ from contimuous flow
electrophoresis was lyophilized and diluted to give a 2.0
per cent solution of oytochrome and then extensively dialyzed
against pH 8.0, 0.01 ¥ tris buffer made up with delonized water,



A

Figure 22. Ultracentrifugation of highly
purified poky cytochrome c.

A 32 minutes, phase plate angle at 500
B 128 minutes, phase plate angle at 300
C 224 minutes, phase plate angle at 20
D 320 minutes, phase plate angle at 20

0

Fipgure 23. Poky cytochrome ¢ photographed with
blue light indicating very 1little or no absorbing
material above the cytochrome c boundary.



desortbed (p. 'm using similar portions of the buffer used
in the dialypie as blanks., The minimm molecular weight of
peky oytochrome ¢ wes caleulated to be 13,700 for 0,408,
0.398, and 0,507 per cent ivon found in the three pemples,

Spectrun

Portions of the dialyzed solutien used for the deter-
mdnation of woleoular weight above were diluted be suiteble
sancentratiens with 0,05 M tris buffer ot pH 8.0 and the
visible spectra from 400 mu te 600 my taken with a Model 11
H8 Cery Recerding Spectrophotometer (Applied Physics Corp.,
ng, Calif.)., The exidized spectrum was téaken by dilu-
tion of the cytochreme with tris buffer whieh had been made
0.1 mN in potageiun ferricyanide. Portions of this buffer
ware ussd slsé in the reference cell of the speetrephotémeter.
e only detectabls diffsrence from the oxidized spectrum of
horse heart cytoshrome ¢ in 0,1 ¥ phesphate buffer at pH 6.8
eported by Margollash snd Prehwirt (14) was in the position
of the Seret bhand mexima. They reported the peak to be at
b10 mu , however the maximum for poly cybtechrome ¢ wes found
to be at 407 mu. As previously mentiened (p. 6 ) under
simtlior conditions horse heart cytechrome ¢ was alse found to
have & maximm at 307 my.

‘e spectrum for reduced poky cytechreme ¢ was taken by
dtdnting the stock solution of cytochreme with 0.05 M, pH 8.0
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tris dbuffer which was 0,05 M in cysteine. Positions of the
meximum for reduced poky cytechrome ¢ were et 416 mu , 520-521
mu end 550 my and are essentially identical with these re-
ported for horse heart cytochrome ¢ (13), However, the milli-
molar extinetion coefficients were found to be somewhat lower
as indicated in table 6, The significsnce of the variations
in the extinction coefficienta of reduced poky and horse

heart cytochrome ¢ is not known but may represent unreduced
eytochrome ¢ present in the preparation frem poky.

the related millipelar sxtinesion soatficients. for horee heart
eytochrome ¢ at pH 6.8 (18) and poky cytochrome ¢ at pH 8.0,

Form of
Cytochrome Horse Heart Cytechrome ¢  Poky Cytechrome ¢

i 11imolar mi1limolar
wave length extinetion wave length extinction
(mp ) ceefficient ??mp ) ceefficient
| 430 106.1 ho7 108
oxidized
528 11.2 508 11
816 120.1 4316 120
reduced 520.5 15,9 520~-521 15

550.25 2T.7 550 2k
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Dilascusesion

Many of the properties of cytochrome ¢ iszolated from
sources other than Neuvospora were discussed in Part I (p. 36)
and will not be repeated here. In zeneral cytochrome ¢ from
Nourcospora seems similar to that isoclated from marmelian
sources. Horse heart cytochrome ¢ purified by columm ohro-
mtography, on IRC 50 resin was found to have & molecular
welght of sbout 12,400 {40) although Neilemds (44) reported
an approxivete molecular weight by sedimentation and dif-
fusion ef 18,000 for Ustilago sphoevegona cytochrome ¢. The
melecular welght determined for polky cytochrome ¢, assuming 1
mole of iren per mole of protein, was 13,700, m pedimentation
coefficient aleo seens similar te that of mammallian cytochrome ¢.
Atlas and Parber {(45) found averapge sedimentation coefficients
for horse, pig end beefl heart cytochrome ¢ %o be 2.1, 2.3 snd
2.4 x 1073 seconds respectively while the value found for

poky cytochrome ¢ was 2,2 x 10713 seconds. e spectra of
ozidized and reduced cytoclhorore ¢ was similar to that found
for horse heart cytechrome by Marpoliash and Frohwirt (14),
The isoelectric point of horse heart cytechrome ¢ found by
Theorell and Alkesson {18) was at pH 20.65 with a cathodic
mob111ty of about 2,3 x 1072 cm® volt™t seel} at pH 8,0 and
Neilande {48) reported the isvelectric point of Ustilago
eytochroms g to be nesr H 7.0. The iscelectric point of
poky cytochrome c was found to be at about pH 8.0, suzgesting
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& greater similarity of structure between cytochrome ¢ from
poky and the rust fungus, Ustilago, than for eytechrome ¢
from mammallan sources,

No significant difference was fﬂﬁnﬁ between preparations
from poky, fast poky, mi 3 or wild type cytechrome ¢ during
contimious flow electrophoresis, however, all exhibited an
interesting e¢lectrophoretic heteropenelty in that they con-
taingd a rether small proportion of apparently scidie cyto-
chrome ¢ detected as a "tall” of material ebsorbing at UOT mu
mgrating nore towards the positive pole of the cell. HMa-
terial from three tubss containing the highest concentratione
of eytochrome ¢ were taken for further snalysis., Free bound-
ary electrophoresis indicated thet this sample probsbly con-
tained ot least three distinet specles of eytochrome o, al-
though the schlieren imaspges of the ascending and descending
1imbs of the cell were strangely dissimilsr in that reselu-
tion of the peaks was visible only in the descending limb,

arpening effects in the aseonding liwb give
the sherpest resolution of boundaries. %The observation of
these differences between the two limbs of the cell strengly

suggestes & complex system in which interaction between pro-
teins or between protein and some other material dissolved
in the system might be invelved, Although the nature of this
differvence between the two limbs of the electrophoresis cell
remains unexplained it should be noted that three apparently
red spots alse ocour during sterch gel electrophoresis and



that they seem to be similar in amount and distribution to the
conponents seen in the descending limd of the free boundary
electrophoresis cell,

Starch gel electrophoresis of samples of poky, fast poky,
ml 3 and wild type show sericus "tailing" prebebly due to
electrophovetic heterogensity in the ml@s. Rather maried
differences were seen in cytochrome isolated frem the differ-
ent types of Neurespora, however, these differences should
prebebly be considered with csution since the stability ef
the preparations before and after isolation seems question-
_8ble, Semipurified samples of "soluble” cytochrome isolated
from poky and fast poky show less stresking and three qualita-
tively although not quentitatively similar spots. However,
these preparations of cytochreme from poky and fest poky are
objectionable in that they contain only the cytechrome ¢
that is apparently not bound into subcellular structures in
the mold. Rurther, a much larger proportion of the total
cytochrome ¢ wasg lost in the 70 per cent somenium sulfate
precipitate removed from this ssmple than was shaerved for
eytochreme ¢ extracted with smmonium hydre Although
this may represent only co-precipitation of cytechrome ¢
with other material it is possible that a selection of a
certain type of cytochrome ¢ may have ocourred during this
step of the procedure, This popaibility seems to be strength-
ened by Neilands (R&) ohservation that cytochrome
Ustilago was precipitated by saturated ammonium sulfate even
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though purified Neurospora cytochreme ¢ is not precipitated
from dilute solution saturated with ammontum sulfate. The
sonclusion seems Justified that poky cytochreme ¢ comtains

at least thres electrophoretically distinect compenents. Al-
theugh there is some question concerning the stability of
Reurospors cytochreme ¢, the heterogeneity is present in
preparations made under apparently mild condition invelving

- essentially only freezing, prinding, lyophilization, ammonium
- sulfate fractiemation, and dislysis.

The question of the electrophoretic heterogeneity of
eytochyome ¢ 1o not limited to preparstiens from Mmma.
Mumerous reports exist stating the observstion of two or move
' repara ochrome ¢ isslated frem

various sources. Namikhoven (#6) observed two electrophor-
etlc components in yeast eytochrome ¢ that had heen purified
ueing IRC 50 ion exchange resin and then analyzed by peper
eleotrophoresis, Horie (47) obmerved twoe fractions of cyto-
chrome o-like proteins in extracts from Ppeudomonss seruziness.
Tozald, et al. (48) observed two elution peaks for cytochrome
¢ isclated from baker's yeast when samples were chromatographed
on XR.64 vesin, Yamsnasia, ot al. (49) observed two chromato-
graphie fractions in preparations of cytechrome ¢ from cow,
horse, snd pig heart, but concluded that only one component
»d the "native" enzyme. Westoott and Diciman (50)
obaerved three conmponents in horse heart cytochreme ¢ purified
on XB-6L resin and then anslyred by vlestropheresis at pH 8.4
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but only one component during electrophoresis at pH 7.3 or
10.7. Paléus and Theorell (51) observed three somponents
in recrystallized reduced beef heart cytechrome ¢ at pH 7.2.

The nature of the heterogeneity of cybochrome ¢ has
often been related to 2 denaturizatien-like process that might
teke place in 1gsolated cytochrome ¢. The observation of mwé
reduction in purified preparations of horse heart cytochrome
¢ by Boers (17) and the detection of significant amounts of

y ome ¢ in samples thought to contain only the
oxidized form of the Neurospora enzyme are particularly in-
tevesting. Coupled with the electrophoretic data they suggest
the ccourrence of oxidizable sites ether than reduced irven in
the cytochrome molecule, Indeed, as previcusly discussed
Theorell (24) has suggested that histidine may be involved
in trensporting electrons to the heme iron, It seems possible
that ether oxlidizable groups such as the sulfhydryl moeity of
cysteine residues in other portions of the molecule might
somehow be capable of causing the reduction of the heme iron
go that there would be at least several or possibly many
oxidation-vreduction states of the protein as a whole.

Another previously ummentiened difference betwsen
preparations of cytochrome ¢ from various strains of Neurospora
waa feund for the cytechrome ¢ ef Cl15. In preparation of
ammonium hydroxide extracts from this strain, no detectable
eytochrome ¢ remained in solutien during fractionatien with
70 per cent saturated ammonium salfate but, in contrast to
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eytochrome ¢ extracted from the other strains of Neurospers,
wag present in the precipitate, This observation suggests a
posgible difference in the protein of €115,

An interesting oxidation-reduction of hoth horse hesrt
and Weurospors cytochrome ¢ was observed by heating dilute
solutions of reduced cytochrome ¢ containing emall amounts
of sodium hydrosulfite. Before heating, solutions inverisbly
contained broad ebeorption bands at 550 mu ag seen with a
hand spectreoscope., Howewer, after heating end then cooling
the shsorption band could not be detected although it eould
b reinduced by the additlon of fresh sodium hydrozulifite
into the system,

The results described zbove contribube to the charse-
terization of Newrospora cytochrome ¢ but offer little basls
for yredicting the relation between the heterogeneity of the
protein and mechonlems involved in its synthesis, or 1tes rele
in the inheritance of the poky phenotype.




Haskine et 8l. (52) reported that poky scoumilated up
to 3 per cent of ite total &ry weight ss eytochrome ¢ in 2
dsy cultures. During the preparation of mitochendria from
poky 1t was observed that much of this cytechrome ¢ was not
bound te particulate frections, but rather remained in the
supernatant and could not be precipitated even 2t 8 rela-
tively high centrifugal force. |

Materials and Methode
Preparation of Subcellular Practions

A sample of 112.1 grams of fresh 3 day poky myeella
wag ground in two portions with phosphate-mannditel buffer
and sand as previously deserided (p. 52), A sumll sample
of the tissue was found to lese 84,9 per cent of its weight
when dried in a vacwun over P,0;. The precipitate frem the
centrifugations following grinding contained primarily sand,
unground mycelia, myeelial walls, and undoubtedly some mueled,
It was found to welgh 52.6 g. met including the sand present
and wes designated ss sellular debris, ete, |

The combined supernatants were then cemtrifuged at en
average centrifugsl force of 45,000 x g fer 10 mipubtes, The
resulting precipitate contained primarily mitechondria but
wos undoubtedly contaminated by some muclel which 4id not
come down in the preceding precipitate., Attempts to frac-
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tionate miolel end mitechondria by sedimentation were not
succensful probably because of the relatively small size of
mielei from Neurospora mycelia,

The opalescent, red surernatant from the preceding
centrifuzation was in turn centrifuged at an average of
110,000 % g for 2 hours, The precipitate was & m trans-
lucent Jelly-like materiel corresponding to the microsemal
fraction. The supernatant from the microsomal frection was
ted that of

& clesr red solution whose spectrum approxing
primarily oxidized cytochrome ¢. Its spectrum was not
pignificantly changed by the additlion of ascorbate.

Determination of RNA and Protein

Enown portions ¢f each of the four fractions (ecellular
debris ete,, mimmdx'ia. microsomes and soluble fractiens)
were put through part of the extraction preocedure recommended
by Ts'c and Sato {53). Aliquots to be anslyzed for pretein
and RNA were left overnight in 5 ml of 0,5 N T¢A at o° ¢,,
washed twice with 7O per oent ethanol (5 m1) at 3.5° €.,
twice with 0.1 per cent perchloric scid in ,eMl {5 ml) at
3.5° @,, twice with 1:2 ether:ethenel (5 ml) at 50° ¢,, and
twice with 0.2 N HC10, (5 ml) at 3.5° G, The preeipitate |
from the above procedure wes left for 72 hre, 4in 4 ml of 1,0 ¥
perchloric seid at 3.5° C. with occasionsl stirring, extracted
and washed twice more, each time with 1 ml of 1,0 N perchlorie
acid, The phosphorous centent of the sombined supernatants
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from the 1.0 N perchleric acid hydrolysis of ribomcleic acid
were analyzed for phosphoreus by the method of Piske and
Subbarow {54) ss outlined on page 115 e amount of RNA was
caleulated hy assuming that it contained 9 per cent phos-
phorous (55).

‘The protein remaining after the 1,0 N perchleric aeid
extraction of RNA was determined by the Biuret method (56)
and by the Neasler method for total nitregen (57). The values
chtained by the two mothods agyeed within about 10 per cent
and were aversged to caloulate total protein present in the
frections, assuming the total protein contains 16 per cent
nitrogen. The mitochondrial fraction undoubtedly contained
some RNA, protein and DNA fyom contaminating ruclei that
weuld be included, as & source of error in the values caleulated
for this fraction, Alﬁhmagh the amount of error from thias
source hag not bheen estimated, it is probably relatively small
but would supposedly tend to lower the RNA:protein ratic for
this fraoction.

Determination of Cytochreme ¢

The cytochrome ¢ present in the first three precipitated
fractions was extracted by suaspending the precipitates in cold
distilled wabter and bringing the pH cautiously to about 10.5

gwhe Biuret method fer total protein was net spplied to
the fraction containing cellular debris ete., because of in-
soluble interferring substances.
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with concentrated amwonium hydroxide while the suspensions
were being vigorously agitated in a VWaring blender, After
standing 10 mirmates in ice water the pH of the suspensions
was veduced to zbout 5,6 by the sddition of acetic acid in
the Varing blender., The suspensions were then centrifuged
andd the precipitétes washed once with G,.05 M tris buffer at
pH 8.6, Mwmonium sulfate was added to the combined super-
natanta of each of the three ammonium hydroxide treated frac-
tions and also to the seluble fraction to give & concentration
of 152 mg., per ml, The samples were placed in the cold for
18 hrs. then centrifused at 45,000 x g for 10 min., Super-
natants were clear and the amount of cytochrome ¢ present

wag determined from their spectra in & manmer patterned after
that used by Rosenthal and Drabkin {58). The precipitates
from the e@ntrif&gatinn following the extraction and from

the ammonivwm sulfate treatment conteined only traces of eyto-
chrome ¢ as indicated by examination with a hand spectroscope.

Results and Discussion

The results are summarized in table 7 and expressed in
mz. of RNA, protein and cytochrome ¢ per gram dry weight of
the intact tissue., The values obtained for the RVNA:protein
ratlo in mitochondria, microsomes, and supsrnatant were 0,102,
0,383, and 0,018 respectively and seem to fall into the range
found from other sources pgiven below., For tobacco leaves the

weight ratio of RNA:protein for mitochondria calculated from
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TABLE 7. mmmmmn O RNA, TOTAL PROTEIN AND

in ng. per gram dry w*ught’ of the mml tiseue

RNA Protein RNAiprotein. oys. o
Cellular - Ghwg ¥ . 2,93
debris ‘
M to- 13.0 1274 0.102 1.58
chondria .
Microsomes  38.3 100.0 0.383 0.67
Supernatant 0.75 41.6 0.018 10,62
Total - 15.8

*Ratie by weight of RNA to mm::

'%Manmmm&mmmvmwmmammmu
per gran dry weight of tissue

the data ef MoClendon (59) 1s 0,114 and 0,412 for the combina-
tion of microsomes and the soluble fraction. Ts'o and Sate
(53) found the RNAsprotein ratio for mitochondris from pea
seedlings stems and tips to be 0.17 and 0.0 respectively.
The corvesponding values for the soluble fractions from stems
and tips were 0,026 and 0,05 respectively. |
In contrast to the distribution of RNA end protein the
digtribution as well as the amount of cytechreme ¢ in polky
secms quite wmusual, The total amount of oytochrome o
accounted for was 15.8 mg., per gram dry weight of intsct
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tissue, This 18 in cleose sgreement with the amount obtained
from similar but frezen samples of pelty and is ésaem:tany
identical to the value of 1.6 wg. per gram mmrtad for 3 day
cultures by Heskins st al. (52). Of the total amount of cyto-
chrome ¢ 10 por cent was recovered in the mitechondrial frac-
tion and 67 per cent in the seluble fraction, the tetal protein
of which was estimated to consist of 25.5 per cent eytochrome g.
In contrast, Schneider and Hogeboom (60) found over 50 per ceat
of the tetal cytochrome ¢ of liver homogenates to be assoeiated
with the mitochondrial frection., Cslculaticns from the data of
Beinert (61) for liver tissue fractionated in isotonic sucrese .
indicate that 70 per cent of the endogenvus cytochrome ¢ was
recovered with the mitochondria while only 16.5 per cent wae
recovered in the soluble fraction,

Aleo of possidle importance iz the small but é&@aiﬂ.emt
amount of cytochrome ¢ found in the microsomal fraction. The
spectrum of the micvesomal cytochrome was essentially iden-
tical to that of cytochrome o and indiceted that 1t amounted
to sbout 4.2 per cent of the total oytochreme ¢ iselated. Al-
though 1t weuld not seem unlikely that this amount of cybe-
chreme ¢ could have been due to contamination of the microsomal
fraction by mitochendria, fregmen
by the adsorption of cytochreme ¢ to the microsemes, the data
of Beinert (61) seem to make this a questiomable peint, In
his experiments, in which labeled cytochreme ¢ was added to
isotonie sucrose solutions in whieh homogenation of rat livers
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was carried eut, much but not all of the micresemal cytechrome
¢ could be accounted for by adsorptien.

Data similar t¢ that of teble T doea not exist feor wild
type Neurespora, However, estimation of the distribution eof
eytochrome ¢ in the cellular fractions of 2.5 day old cultures
ground only twice with send in phosphate mamnitol buffer in-
dicate that about half or more of the total cytochrome ¢ present
vemeined in the cellular debris with mich of the rest in the
mitochondrial fraction. Not move than 25 per cent of the total
was found in the soluble fraction. The total amsunt of eyto-
chrome ¢ present was about 0,2 mg per gram dry weight, How-
ever, these figures should be taken as approximate values, for
the cytochrome ¢ was not extracted a2t high pH ner was an ammon-
ium sulfete fractionation performed., Estimations wm»e made
with a2 Zeist hand spactroecope by comparing the width of the
550 mp  abserption band of reduced cytochrome with samples of
imewvn concentration., The difference in the amount of cyto-
chreme ¢ remaining in the cellular debrie of poky and wild
W niy reflect differences in the a&:tefm: of fragmentation |
scoomplighed by grind with sand.

In contrast to wild type Neurespora and higher orgenisms
in vhich oytochrome ¢ 1s largely bound % mitochondria, these
results suggest that mich 1P not all of the cytochreme ¢ of
poky iz not structurally incorporated inte any partienlate,
subcellular frection. A comparative study of the bischemiocal
and morpholiogical properties of the mitechondrial fractieons



of polky and wild type pppavent disorders in
Peky »elated to the organization rather than the epecific
eomposition of poly mitochendria. OF particulsr interest
ig the lipid compoasition of this fraction.
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D, THE PRER PATTY ACID CONTENT OF FOXY AND WILD TYPE NEUROSPORA

work enbexrg (9) observed and iso-
lated en ether soluble scidic substance which produced an im-
mediate ehm in Seurospora or horse heart cytechrome o mo

that 41t wes no longer reducidble by ascorbate. The acidie ma-
terial also caused horse heart eytochrome o to become mich move
susceptible to destruction by low concentrations of hydrogen
percxide. Dr. Carl Stevens identified the active substance s
primapily free fatty seid, Accordingly 3 day and 6 day oultures
of m and 2.5 day old enltures of wild type Neurospora were
smine mmwm«smmﬁmmmmm.

Materials and Metheds
Extraotion and Determination of Total Lipids

The water centemt of frogen pressed dry simples was de-
sermined by drying & small portion in vaguo ever PO, and
found to be 84,2, 84.5, and 86.3 per cent for wild type, 3
day poky &nd 6 day poky respectively. Prozen tiscues greund
88 previously described was extracted for tetal lipid by the
procedure recommended by Floch, lees snd Stanley (16) used
with glight medification. The frozen powder wes suspended
in 2:1 CHO1,:CHOH at -27° 0. then centrifuged. The precipi-
tate was resuspended in celd eﬁezg»senaw and centrifuged twice
more, then the process was repeated with 231 3:&!3@21 at
room temperature an sdditional 3 times. The combined washings
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wore at least 20 times greater by volumsiweight than the tissue
oeriginelly used and formed one phase, Sufficient salt solution
containing 0.02 per cent Call,, 0.07 per cent Mgfl,, 0.29 per
cent NaCl, and 0.37 per cent K01 was added to give a two phase
gystem of the composition B:l:3 mlasm%@m salt solution in-
eluding the welght of the frozen tissue as salt selution.
with pure upper phase msde by sllowing the equilibration st
room temperature of S:¥:3 m13ze33ans salt solution, Mn-
vaowa in a rotary flash evaporstor made by lab Glass and In-

irument Corporation of New York., Ice water was maintained
in the receiver trap and temperature in the bath of the evap-
oration chamber was kept at 30° €. Vacwum was madntained by
a ¢bld water aspirater,

™o gvaporation chamber of the flash evaporstor was

horoughly washed with several portions of redistilled 30-
60“ ¢. ligrein, the combined washings filtered, amd the velume
adjusted to exsctly 50 mi. The extrsct was stored under ﬂg
gas at 0° ¢, until used. All steps were carried out quantite-
tively so that portions of the lipld sample could be related
to specific ampunts of the original tissue,

Constderable amounts of material came out of solution
when the lipids in ligroin were cosled to 0° C., a smell por-
tien of which could net be redissolived upon warming the selu-
tions., The smsunt of insoluble material d1d not seem to be
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the same for 811 the samples although no cpecific deterwmins.
don of this was made, Also extracts of poky
color while theoe of wild type were light yellow,

The totel liptd content of the extracts wae determined
by eveporating & hkmows volume of the extrast in lievein wnder

Determination of Brgosterel

The ergosterel content of the total lipid extracts wis
meesuved by the procedure of Sebel, Mayer, and Rvamer (62),
Samples were taken to dryness under waowum and redisselved
in ehleroform, Sufficlent reapent grade glycerel o, ¥ di-
ahlorekydrin containing 4 per cent mcetyl chloride was added
to give & ratic of 2:3 chlereformsdichlorehydrin reazent
serption at 500 mu was vecorded after 1 hour at roem

curve was ectablished using C grade
grgecterel obtained from the Califernis Corporation for Ble-
chemical Ressarch, The sample of ergosterol was of Wm
able purity, thus the absolute ampunts of e GOPaad

and wild type Neurespore should net be effeoted, Alse iis
should be recognized that this colerdmetric detéermination is
not specific for ergosterel end that other related sterisds
pregsent in the btotel lipid extract might influence the dete
on the lipid extrects were not identical with these obtained
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with lmowvn ergosterol, althoupgh the resenblonces wers much
eloser then with kmown oaleiferol,

Determination of Iipid Phosphorous

The totel phosphorous content of the lipid extrasts
wity determined by the method of Fiske ond Subbawvew (54) as
modified by Stewert and Hendry (63).

yemic material wes digested by hesting with & swall
mmount of concentrated sulfuric acid followed by the addition
of a drop of 30 per cent hydrogen pevexide to the slightly
conled samples, 'The proveos wag repested until the samples
remained colerless after heating. Caution was exercised to
‘avoid excess fuming of the sulfurdc acid durving heating and
to prevent spattering upon atdition of the hydroge | peroxide.,
After complete clesring had been acetmwplished samples were
cooled end diluted nearly to velume. Then aqueous molybdste
followed by the reducing sgent, l-amine-2-napthol-l-sulfunie
sclid was 24ded and the ¢pticel density at 670 mp determined
after heating 1nm a boiling waber bath for 10 wminutes, The
prvined by conparison with o standar

m values wore Jdet
curve made ot the somwe tldme,

Fatiy Acid Analysis

Yethyl esters of free fatty acide in hydrolyzed and
hydrelyzed portions of the lipid extrocts were formed by re-
gotion with disrzonmethane generated by decorposition of nlirose-
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methyl urea with 70 per cent KOH in water az outlined by
Hickinbottom (64), WNitrosomethyl urea was synthesized and
recrystallized as cutlined by Weygend {65) and stored at -27° €.
Convenient 5 to Y0 ml portions of the lipid samplos %o be
treated with dlazomethane without preliminary hydrolysis wers
evaporated to dryness under vacuum in 40 nml gradusted contri-
fuge tubes. About 10 m) of Jdiethyl ether was added Yo each
tube and an ethereal asolution of diazomethane distilled into
the tubes until the solution took on the characteristic yellow-
gen colopr of diazomethane. The ether and excess dlazomethane

o
ware then removed by placing the test tubes in bankers of warm
waber and diveoating & pontle stream of RQ gas into the top of
the tube. Diazomethane should be generated only in ether in
small amounts and should be handled only 4n 2 fume heod
eguipped with a powerful exhiust fan, ‘%hen free of dlazo-
methane smd ether, samples were diluted in a known, convenient
amount of methyl butyrate and stored under N, gas in the cold
until used,

The procedure usged for hydrolyzed samples differed only
in that portions of the 1ipid extract in ligroin were evaporatod
to dryness in vacuum then treated with 5 ml of 1.0 ¥ ROH and
allowed to stand with ocoasional stivrring at 100° €, for 5
hours. The samples wore then acidiffed with 10 N H,80, and
extracted 3 timeos with diethyl ether. The volumes of the com-
hined etheresl exbtracts were adjusted to about 10 ml by evapora-
Flon wnder ﬁg gas and the samples were treated with dlazomethane
aa described sbove.
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Quantitative snelysis of the methyl esters of bage hydvo-
lyzed and unhydrolyzed portions of the total lipid extract were
performed with an Asvograph model A-100-C gas chromabograph
(vilkens Instrument and Research, Inc., Walmut Creek, Calif,)
fitted with a 10 millivelt full spen Varian G-10 recerdsr to
which 2 1 millivolt adapter had been attached. Standard curves
for the amounts of various fatty acid methyl esters and their
retention times were worked out using fatty acid methyl esters
or fatty acid ebbtained in CfP grade from the California Cor-
poration for Piochemical Research. PFor fatty acids not svail-
able as methyl esters, the esters were formed via the diasze-
methane procedure.

Insofar as was possible identieal conditions for chromato-
grephy vere maintained for all semples, A 10 feot x 1/4 inch
stainless steel LAC BUG" on Chromesorb Column at 200° €. and
83 mi/min, of helium were used with the recorder set at 5 milli-
. volts, Retention times end the relation between curve areas
and amounts ef fatty acld esters were routinely rechecked
throughout the work and found not to underge significant
change.

Fatty acid estere from the lipid extracts of poky and
wild type Neurcepors were ldentified by retention times and
checked by co-chromatography with known compounds. A small
pealk comprising less than 1 per cent of the total fatty acid

*ra0 b6 is & glycol-adipate polymer supplied by the
Wilkens Instrument and Research, Inc.
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and with the approwimate retention time expected for avachldic
aclid was detected but is not reported as such since no sample
of known aprachidic acid was available for co-chromatography.
¥o arachidonic acid was detected in any sample,

Resulte and Discussion

The results of the analywves of the 1ipld extracts are
rocorded in table 8 where all dats have been reporied on a dry
wodght basis. I¢ chould be noted, howsver, that dyy welghts
for young and old poky and wild type do nobt necossarlily pro-
vide an sgulivalent basis for compirison, For exenple, some-
what more of the total dry welght of 2,5 day wild type probably
conpilots of hyphal walls and simllar structural elements than
for poky.

The date indicate that 3 day and 6 day poky had 65 and
53 per cent more total lpid than 2.5 doy wild, however, by
the same comparison for 1ipld phosphate, 3 day poky was 36
per cent greater than 6 day poky and wild type. In contrast
to the data for lipid phosphate the results of the glycercl
o, ¥ dlchlorohydrin reaction cxpressed as ergosterol indicated
essentlally identical emounts for 3 day polyy and wild type but
& 37 per cent inerease for & day poky.

A most striking difference between poky and wild type is
the ampunt of free fatty acid present in poky &5 seen in that
portion of tzble £ which lists the data for unhydrolysed 1lipid
panples. For exemple, linoleic acid, the most prevalent fatty
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seid in all samples, 1o present in young and old poky &s a
free acid in concentrations sbout 21 times greater than feund
in wild., The free lincleic ww of wild type represents
about 3‘9 per cent of the total nmza:w geid put 49 and 53
per cent of the total lineleic acid of 3 and 5 day peiy
respestively, S o

The excess of total 1ipid found in poky se compared with
wild type 1s spparently not due solely te sn scoummlation of
free fatty acids, The smount of m«mﬁw seid 1ipid mey be
calculated by subtracting the total m:w acid content (mm
lyzed semples) fyom the total lipid snd is 15.9, 10.5, and
28,0 mg per gram dry weight for 2.5 dsy wild, 3 dsy poly end
6 day poky. The per cent of the tetal mpmmmmm
fatty scids represented by the nen-fatty aetd portion of the
total lipid can be caleulated by dividing the sbove figures
by the tetal 1ipid content less the total free fatty meid
{unhydrolyzed samples) and is 32, 35, and 49 per cent for
wild type, 3 day poky and 6 any poky respeetively. Altheugh
young poly and wild type ceem similar in this respect theve
is spparently 8 substuntia) inerease in the non-fatty acid
1ipid present in old poky. This relation seems to reflect
the value expressed as the ergosterol content snd can prebsbly
justifiably be considered @s 8 check on the type of caleula-
tions invelved, | | |

The pereentage of non-fatty seid lipid ether thsn ergos-
terol and phosphate mey be caloulsted frem the values glven
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by subtracting the evgosterel plus phosphorous fyrem the tetal
enpunt of non-fatty scid iipid, The remuliting value is 32
per cent for wild type but 43 and 42 poyr cemt for 3 and 6
day poky respectively. The difference prommably represents
the acowrulation in poky of seme lipid component net apeocif-
lcally deterwined, Unfortunately these celeuletions weuld
be stwengly affected by ervers in the ergosterel determins-
tion as discussed sbove. '

Diffevences oan alse be seen in the gbgolute amounts
and percenteges of individual free and bound fatty scids in
wild type and young snd old poky. Teble 9 lists the amounts
of individual free and bound fatty seids expressed as percent-
ages of the total free or bound fatty sold for that sample.
For example, 1t may be seen from table 8 that wild type cen-
tained 0,75 mg of free linslelc acid per gram dry welight of
tissue and had & total free fatty acid sontent of 1,36 mg per
grem dry weight, Tms table 9 indicates that linoleic acid
comprises 56,0 per cent of the total free fatty seid in wild
type. Similarly, wild type contained & total of 34,14 mg per
gram dry weight of bound fatty seild of whieh 54,7 per cent
wsa linoleic acid,

The seeurdoy of percentages caloulated from small asbselute
values such as these for the free fatty acids of wild type are
probably subject to considersble erver, Despite this, there
seems to be a correlatien between the beund fatty sold cowposd-
tion of the thvee sumples, especially between the 3 and 6 day




THBLE 9, & 0¥ INDIVIDUAL FREE AND DOUND P |
.mmmwmmwmmwmmmumwm

{See the text for &n explanation of celoulations)

Type of 2,5 day 3 day 6 dey
Sample wild  poley - peky

Myristic
o

Otﬂ ﬂ&ﬂ ’ | 9«;6
bound 5.2 T3 - 3.9

' w 25.0 12.0 2.3

19.0 6.5 o 5,2
bound 4.3 | 4.6 6.2

5 v » ; ) @‘G . ﬁ.n | giﬁ

9.8 7.8 6.6

55,0 53.2 65.8
sh,7 8.0 k0.0

0.0 24,6 9.2
9.4 16.8 6.6
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poky. Purther, there seems to be considerably more variation
in the compeosition of the free and bound fabiy acid fracticns
than was expected from the agceuracy of the techniques used,
This might sugpest that the free fatty aclds of poky have not
arisen directly from the bound fatty acids by degradative
processes in the living wold,

A very interesting aspect of the presence of free fatbty
acids in poky is the effect they might have on the large
ampunts of cytochveme ¢ accumlated in this mutant. The ob-
servations concerning the effect of palmitic meld on hovee
heart cytechrome ¢ presented in Part I indicate that the
enzyme can veact directly with oxypen in the presence of free
fatty acid. It seems possible that cybochrome ¢ plus fatty
aeid might actunlly function as the terminel oxidsse in place
of cytochromes 2 and 8q vhich are apparently not present in
poky. No specific deta are avallable, however, the rather
large smounts of both ceytochrome ¢ and free fatty acld proesent
in poly seem o warrant further consideration of this point.
e interaction of fyee fatity acids with protein surely in-
volves enzymes other than cytochrome ¢. It seems likely that
gn abervation in lipid metabolism of the Lype deseribed for
poky would be reflected by irregularities in the formmtion
or functions of many lipid contalning structures., Although
the mochaniom by which cytochrome ¢ is normally bound to
the mitvwhmdriaz fraction 16 not kmown, it ceems likely that
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