
D I C Y C L O H E X Y L C A R B O D I I M I D E  A N D  S U B M I T O C H O N D R I A L  P A R T I C L E S  

Omura, T., and Sato, R. (1964), J .  Biof. Chem. 239,2370. 
Remmer, H., Schenkman, J., Estabrook, R.  W., Sasame, H., 

Gillette, J., Narasimhulu, S., Cooper, D. Y . ,  and Rosenthal, 
0. (1966), Mol. Pharmacol. 2,187. 

Rickert, D. E., and Fouts, J. R. (1970), Biochem. Pharmacol. 
19, 381. 

Sasame, H. A., and Gillette, J. R. (1970), Biochem. Pharmacol. 
19,1025. 

Schenkman, J. B. (1970), Biochemistry 9,2081. 
Schenkman, J. B., Remmer, H., and Estabrook, R. W. (1967), 

Shoeman, D. W., Chaplin, M. D., and Mannering, G. J. 

Wilkinson, G. N. (1961), Biochem. J.  80,324. 
Wolcott, R. M., Vaughn, W. K., and Neal, R. A. (1972), 

Mol. Pharmacol. 3,113. 

(1969), Mol. Pharmacoi. 5, 412. 

Tox. Appl. Pharmacol. (in press). 

Effect of N,N'-Dicyclohexylcarbodiimide and Other 
Carbodiimides on Electron Transfer Catalyzed by 
Submitochondrial Particlest 

Robert E. Beyer,* Thomas W. Brink,: Daune i. Crankshaw,$ Jerry M. Kuner,Y 
and Alice Pasternak 

ABSTRACT: Compound I inhibited NADH oxidation in beef 
heart sonic submitochondrial particles (ETPH) but was not 
inhibitory with succinate as substrate or with electron donors 
which transfer electrons on the oxygen side of coenzyme Q. 
The oxidative phosphorylation uncoupler carbonyl cyanide 
p-trifluoromethoxyphenylhydrazone (FCCP) released the 
I-induced inhibition of NADH oxidation and thereby 
mimicked respiratory control observed in intact mitochondria. 
Inhibitor studies with a series of hydrophobic and water- 
soluble carbodiimides revealed that only nonpolar carbodi- 
imides had significant inhibitory activity at reasonably low 
concentrations, suggesting that the inhibitory site within the 
mitochondrial membrane is also hydrophobic. N,N'-Dicyclo- 
hexylurea (hydrophobic) and l-cyclohexyl-3-(2-morpho- 
1inoethyl)urea metho-p-toluenesulfonate (water soluble) were 
without inhibitory effect. Treatment of ETPH with I in the 
presence of glycine methyl ester increased the inhibitory ac- 
tion of I and prevented release by FCCP, suggesting the in- 
volvement of available carboxyl groups at the I-sensitive site. 
Gel filtration studies suggested that I and GlyOMe, reacted 

I n addition to being a valuable reagent in the study of 
phosphate esters of biological importance (Khorana, 1961), 
compound I has received attention recently as a tool in stud- 
ies of oxidative phosphorylation and respiratory metabolism. 
Beechey et a f .  (1966, 1967) have reported that I acts at low 
concentrations as an inhibitor of oxidative phosphorylation 

in the presence of I, are firmly bound to ETPH. Electron spin 
resonance (epr) spectrometry of I-inhibited ETPH revealed 
that nonheme iron of NADH dehydrogenase was reducible 
by NADH while other nonheme iron compounds of the elec- 
tron-transfer chain giving signals at g = 1.94, and copper at 
g = 2.00, remained oxidized under such conditions. In addi- 
tion, coenzyme Q was not reduced by NADH in I-inhibited 
preparations under conditions where succinate did reduce the 
quinone in the inhibited particle and both NADH and suc- 
cinate reduced coenzyme Q in uninhibited particles. The epr 
and coenzyme Q data suggest that the site sensitive to hydro- 
phobic carbodiimides lies on the oxygen side of NADH de- 
hydrogenase nonheme iron and on the substrate (NADH) 
side of coenzyme Q. Experiments with submitochondrial 
particles from Mung bean etiolated seedlings, which are resis- 
tant to inhibition by rotenpe,  barbiturates, and piericidin 
A, as well as to I, suggested that such inhibitors all react with 
a common, sensitive component. A mechanism involving 
conformational alteration of the inhibitory site is suggested. 

I 

intact mitochondria and submitochondrialp articles. Racker in 
and Horstman (1967) have shown that I mimics the effects 
of rutamycin in that it stimulates the synthesis of ATP1 by 
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1 Abbreviations used are: ATP and ADP, adenosine tri- and diphos- 
phates; FCCP, carbonyl cyanide p-trifluoromethoxyphenylhydrazone; 
HBHM, heavy-layer beef heart mitochondria; ETPH, electron-transfer 
particles prepared from HBHM by sonic vibrations (20 kc) i n  the pres- 
ence of salts which are indicated in parentheses; epr, electron spin 
resonance; MB-ETP, electron-transfer particles prepared from Mung 
bean seedling mitochondria; UQ, coenzyme Q or ubiquinone; TMPD, 
N,N,N',N'-tetramethyl-p-phenylenediamine; PMS, phenazine metho- 
sulfate; FeNHN.s, or R ,  nonheme iron proteins of the NADH dehydro- 
genase, succinic dehydrogenase, and cytochrome b-cl complex (Reiske 
protein), respectively. 
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submitochondrial particles at low concentrations and inhibits 
at high concentrations. McCarty and Racker (1967) have ob- 
served similar effects of I on photophosphorylation catalyzed 
by chloroplasts. Compound I also appears to mimic the effects 
of oligomycin as an inhibitor of coupled respiratory metabo- 
lism in intact yeast cells (KovBE et al., 1968). I has been em- 
ployed to study the ability of inorganic ions to interact with 
inhibited respiratory states in submitochondrial particles 
(Beyer et a/. , 1969). 

In addition to the relatively intact biochemical systems 
noted above, I has also been used to study reactions catalyzed 
by partially resolved submitochondrial systems. Penefsky 
(1967) has noted inhibition of ATPase activity after reacting 
purified coupling factor 1 with I. Holloway et a/. (1966) have 
reported that I binds to the CFo complex described by Kagawa 
and Racker (1966), while more recent studies (Knight 
et al., 1968) indicate that I forms covalent bonds with mito- 
chondrial proteolipids. 

The experiments to be described herein were designed to 
provide further information on the location and characteris- 
tics of the I-inhibited site. Some of these data have been pre- 
sented in preliminary form (Beyer et a/.,  1967a,b, 1968a,b). 

Methods 

Preparation oJ Mitochondria and Submitochondrial Par- 
ticles. HBHM were prepared from fresh bovine cardiac ven- 
tricles as described by Low and Vallin (1963) with modifica- 
tions as described by Fritz and Beyer (1969). The Willem's 
Polytron, Model BEW, used to homogenize cardiac ventricles 
revolved at a speed of 14,500 rpm while unloaded. ETPH 
(Mg, Mn) and ETPH (EDTA-1) were prepared as described 
by Beyer (1967). Submitochondrial particles from Mung bean 
(Plzaseolus aureus) etiolated seedlings were prepared as de- 
scribed previously (Beyer et al., 1968~). 

Analytical Methods. Protein was estimated by a biuret pro- 
cedure (Gornall et al., 1949) in which protein was solubilized 
by the use of approximately 1 mg of deoxycholate/mg of mito- 
chondrial protein. Oxygen consumption was determined with 
a Clark electrode (Yellow Springs Instrument Co.) in 1.5- to 
1.7-ml water-jacketed glass cells (Norman Erway Glass Blow- 
ing, Oregon, Wis.) or a 3-ml water-jacketed Plexiglass cell 
(Estabrook, 1967) maintained at 25". Signals from the Clark 
electrode were monitored as described by Estabrook (1967) 
using a Heath EUW-20A servorecorder. Dissolved oxygen 
was assumed to be 240 ,UM at 25<. All assays of oxygen con- 
sumption were determined in a medium (medium A) consist- 
ing of 0.3 M mannitol, 10 mM KCI, 5 mM MgCI2, and 5 mbi 
Tris-phosphate (pH 7 .3 ,  in addition to those components 
indicated in the tables and figures. Carbodiimides were added 
to assays in small volumes; those not soluble in water were 
added as ethanol solutions, the ethanol concentrations of 
which had negligible effects on rates of substrate oxidations. 
X-band (9 GHz) epr spectra were obtained with a Varian V- 
4500 spectrometer equipped with a microwave bridge and a 
circulator (Palmer, 1967). A low-temperature accessory re- 
sembling that described by Hansen et al. (1967) was employed. 
Samples of normal or carbodiimide-inhibited ETPH (ap- 
proximately 100 mg of protein/ml) were prepared for observa- 
tion of epr spectra exactly as described previously (Beyer and 
MacDonald, 1970). Epr instrumental settings were: Micro- 
waver power, 25 W ;  modulation amplitude, 12 G ;  tempera- 
ture, - 190"; V = 9.23. Steady-state oxidation-reduction 
levels of UQ were assayed under the following conditions. 
Portions (0.6 ml) of a suspension of freshly prepared ETPH 
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(Mg, Mn) in 0.25 M sucrose-0.01 M Tris-HC1 (pH 7.5) were 
pipetted into screw-topped test tubes containing 0.4 ml of a 
solution of medium A and a small Teflon-covered magnetic 
bar added for aeration. Three particle types were prepared: 
control ; inhibited with excess I (preincubated); and particles 
incubated for 8 min in the presence of 10 mM I (inhibited). All 
suspensions were incubated at 30" for 2 min to establish tem- 
perature equilibrium. The reaction was initiated by the rapid 
addition of excess NADH or succinate. The reaction was ter- 
minated after 10 sec by the rapid addition of 4 ml of methanol 
containing 1 mgjml of pyrogallol at -20". Total and steady- 
state oxidation-reduction levels of UQ were determined by 
the method of Redfearn (1967) using a Beckman DU-2 spec- 
trophotometer or a Unicam SP-800 recording spectropho- 
tometer for photometric analysis. 

Materials 

All reagents were of analytical reagent grade or equivalent 
whenever possible and were used without further purification. 
Filtered, deionized, glass-distilled water, or redistilled eth- 
anol, was used for all solutions. FCCP was a generous gift 
of Dr. Peter Heytler. Compound I was purchased from Ald- 
rich Chemical Co. and Schwarz BioResearch Inc. No differ- 
ence in the effects of the two I samples was observed. AI! 
other carbodiimides and urea derivatives were purchased 
from Aldrich Chemical Co. NADH was a product of P-L 
Biochemicals. Using the rate of NADH oxidation catalyzed 
by ETPH with increasing NADH concentrations, samples 
from this source appealed to contain considerably less of the 
inhibitor of NADH oxidase reported by Fawcett et a/. (1961) 
than those of several other sources of NADH. 

Results 

Inlzibition of' N A D H  Oxidation by I. Increasing concen- 
trations of I progressively inhibit the oxidation of NADH 
catalyzed by ETPH (Mg,Mn) (Figure 1). Half-maximal in- 
hibition (,k) was observed at approximately 43 ,UM I .  This 
inhibition constant may also be reported as half-maximal 
inhibition at approximately 172 nmoles of I/mg of enzyme pro- 
tein. Further additions of NADH to inhibited enzyme did 
not result in increases in rates of oxidation, indicating that 
inhibition was not of the competitive type. However, this 
point is not absolutely clear since the study of such inhibition 
kinetics is rendered difficult of interpretation due to an in- 
hibitor of NADH oxidation present in commercial NADH 
preparations (Fawcett et ai., 1961). The concentration of 
NADH which we have employed, 8 mM, gave maximal rates 
of oxidation. Higher concentrations of NADH as substrate 
resulted in progressive inhibition. Since the curve in Figure 1 
is not hyperbolic, the Ki values mentioned above should be 
regarded as approximations. 

Release of' Carbodiiniide Inhibition by FCCP. As reported 
above, and previously (Beyer et al., 1967a), uncouplers of 
oxidative phosphorylation appear to release the inhibition of 
NADH oxidation imposed by I and, in that regard, simulate 
respiratory control in intact mitochondrial systems imposed 
by adenine nucleotides. The question arose as to whether 
FCCP was merely stimulating those electron-transfer assem- 
blies not combined with carbodiimides, similar to the stimula- 
tion of ATPase catalyzed by submitochondrial particles in the 
presence of I (Beyer et al . ,  1967a). In order to answer the 
question a series of experiments were performed in which 
ETPH (Mg, Mn) and ETPH (EDTA-1) were assayed for the 
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TABLE I: Effect of I on Segments of the Electron-Transfer 
Chain: 

Substrate 
- 

Succinate 

Ascorbate, PMS, 
antimycin A 

Succinate, 
TMPD, 
antimycin A 

Electron 
Acceptor I (HM) 

Mean 
Rate* 

Oxygen 0 

Oxygen 0 

Oxygen 0 

2-133 

2-133 

2-100 

86 
119 
768 
720 
216 
223 

= Assay conditions were as detailed in the Methods section 
using the oxygen electrode a t  25". Antimycin A was present 
at 4 pg/mg of protein during the ascorbate-PMS assay of the 
terminal portion of the electron-transfer chain. Ascorbate = 
4.16 mM; PMS = 0.83 p ~ ;  TMPD = 0.3 mM. All assays 
contained 0.75 mg of ETPH (Mg, Mn) protein. * natoms of 
acceptor reduced/min per mg of protein. 

oxidation of NADH before (A) and after (B) the addition of 
uncoupling concentrations of FCCP, and the ratio B :A noted. 
The particles were then assayed with respect to NADH oxi- 
dation in the presence of various concentrations of I (C) and 
after the addition of FCCP (D) and the ratio D:C noted. If 
FCCP was capable merely of stimulating NADH oxidation 
in electron-transfer assemblies not bound by I then the ratio 
D:C would not be expected to exceed the ratio B:A at any 
concentration of 1. If, on the other hand, the ratio D : C  was 
observed to exceed the ratio B:A, this would lend support to 
the contention that inhibition by I may be released by the 
uncoupler. 

At 89 and 167 nmoles of I per mg of protein addition of the 
uncoupler, FCCP, resulted in D :C ratios which exceeded B:A 
ratios. These data suggest that at least a portion of the elec- 
tron-transfer assemblies inhibited by I were stimulated by 
FCCP with regard to the oxidation of NADH. 

I and Portions of the Electron-Transfer Chain. Segments of 
the electron-transfer chain may be functionally isolated with 
the use of inhibitors and various artificial electron donors or 
acceptors (Lee et al., 1965). In an attempt to localize the in- 
hibitory site of I ,  its inhibitory capacity has been noted using 
several functionally isolated portions of the electron-transfer 
chain. Compound I, even at extremely high concentrations, 
did not inhibit the oxidation of succinate (Table 1). Since 
electrons from succinic dehydrogenase flavin enter the elec- 
tron-transfer chain at the level of coenzyme Q, ie., on the 
oxygen side of the NADH dehydrogenase complex, the lack 
of inhibition of succinate oxidation by I indicates that the 
site sensitive to I resides within the NADH dehydrogenase 
complex. This conclusion was supported by the lack of in- 
hibition by I of assays which measure electron transfer over 
the cytochrome c to oxygen segment of the electron-transfer 
chain (ascorbate-PMS-antimycin A) and the cytochrome b to 
cytochrome c portion of the chain (succinate-TMPD-anti- 
mycin A (Table I). Since the rates of oxidation were similar 
for any given substrate in the presence of 0-133 mM I, mean 
values for rates are given in Table I. 

EPR Analysis of I Inhibition. Two pieces of information, 
namely the lack of inhibition of the submitochondrial succinic 
oxidase system by I and the appearance of a crossover point 

FIGURE 1 : Inhibition of NADH oxidation by increasing concentra- 
tions of I. Each assay cuvet contained 2.9 ml of medium A and 0.75 
mg of ETPH (Mg, Mn) protein, and the reaction was initiated by 
the addition to the oxygen electrode cuvet of 2.5 ,umoles of NADH. 
Oxidation was allowed to proceed until enough trace enabling a 
rate to be measured was obtained, when I was added. The points 
in  the figure reflect the final rate after I addition. Note that ADP 
was not present. 

between NADH dehydrogenase flavin and cytochrome b in I- 
inhibited particles as observed in the Aminco-Chance dual- 
wavelength spectrophotometer (Beyer et al., 1967a), suggested 
that the site within the electron-transfer chain susceptible to 
I resided on the substrate side of cytochrome b, i.e., within 
the NADH dehydrogenase complex. In order to further de- 
lineate the I-sensitive site, epr spectra were obtained using I- 
inhibited and control submitochondrial particles (Figure 2). 
Instead of the highly phosphorylating submitochondrial par- 
ticle ETPH (Mg, Mn) (Beyer, 1967), particles prepared in the 
absence of metals, ETPH (EDTA-l), were employed to avoid 
the strong Mn2+ epr signal which obscures paramagnetic non- 
heme iron and copper signals. Both control and I-inhibited 
ETPH (EDTA-l), in the oxidized state, exhibited normal epr 
spectra in that they both contained a copper signal at g = 
2.00 and no evidence of reduced nonheme iron signals at g = 
1.94 (Figure 2) .  Control particles incubated with NADH for 
30 min. at 25 displayed loss of the cytochrome oxidase cop- 
per signal at g = 2.00 and appearance of g = 1.94 signals 
characteristic of FeNHN, FeNHs, and FeNHR (Palmer, 
1967) (Figure 2A). Conversely, the epr spectrum of I-inhib- 
ited particles incubated with NADH did not show a loss of 
the copper signal at g = 2.00 and of the three nonheme iron 
signals seen in the control particle, only that characteristic of 
FeNHN was observed (Figure 2A). The data in Figure 2A 
indicate that I blocked the flow of electrons from NADH to 
FeNHs, FeNHR, and copper of cytochrome oxidase but did 
not interfere with the reduction of FeNHN by NADH. These 
findings suggest that the I-sensitive site in the electron-trans- 
fer chain resides on the oxygen side of FeNHN and on the 
substrate (NADH) side of FeNHR. 

The addition of succinate to the epr tubes after obtaining 
the spectra shown in Figure 2A resulted in a sizeable reduc- 
tion of the strength of the copper signal in the control tube 
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FIGURE 2 :  The effect of I on the epr spectra of ETPH (EDTA-1). Inhibited submitochondrial particles were prepared by the slow addition 
of 60 MI of 1 M I in ethanol to centrifuge tubes containing 150 mg of particle protein and incubating at 30". Control particles were treated 
similarly except that 60 p1 of ethanol was added slowly with stirring. Portions of the incubating enzyme were removed periodically 
during incubation and assayed for NADH oxidase activity. After 45-min incubation the rate of NADH oxidase activity was 
6.9 natoms of oxygen/min per mg of protein in the I-treated preparation while the rate catalyzed by control particles was 907 natoms of 
oxygen/min per mg of protein. The submitochondrial particles were diluted with 0.25 M sucrose-0.01 hi Tris-HCI (pH 7 . 5 )  and centri- 
fuged at 155,OOOg for 30 min. The pellets were drained of excess fluid, rinsed with 0.25 M sucrose-0.01 M Tris-HCI (pH 7 . 3 ,  and used 
for epr spectroscopy as reported previously (Beyer and MacDonald, 1970). 

while a significant portion of the copper signal was main- 
tained in the I-treated (no NADH) tube (Figure 2B). These 
data indicated that a t  the very high concentrations of I used 
to  inhibit the ETPH (EDTA-1) for purposes of epr spectros- 
copy some small interference with electron flow from succin- 
ate to cytochrome oxidase copper occurred. These two prep- 
arations also exhibited normal, pure FeNHs signals. The 
addition of succinate to  the preparations previously incubated 
with NADH (upper two traces, Figure 2B) did not result in a 
significant alteration of the spectrum for the control enzyme 
preparation. On the other hand, the I-treated enzyme, after 
incubation with succinate, exhibited normal g = 1.94 signals 
for FeNHs and FeNHR, as well as a reduction in the intensity 
of the g = 2.00 cytochrome oxidase copper signal, indicating 
essentially normal functional capacity for such components 
in the succinic oxidase pathway of electron transfer. An addi- 
tional 12% reduction of components occurred upon the addi- 
tion of dithionite, indicating good continuity between sub- 
strate dehydrogenases and the rest of the electron-transfer 
chain. 

Steady-State Oxidation-Reduction Lewis  of Coenzyme Q. 
Because UQ is generally considered to  occupy a position in 
the electron-transfer chain linking the succinic and NADH 
dehydrogenases to  the cytochrome portion of the chain, the 
steady-state oxidation-reduction levels of U Q  were measured 
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during the oxidation of either succinate or NADH by control 
and two types of ETPH (Mg, Mn) treated with I. Since sev- 
enty distinct preparations were assayed for their UQ contents, 
it is noteworthy to report the values obtained. The mean UQ 
content was 5.24 nmoles/mg of protein with a standard devia- 
tion of the mean of 1.22. The values ranged from 3.2 to 8.2 
and fitted a normal distribution around the mean. These val- 
ues are in agreement with those for similar submitochondrial 
particles from beef heart mitochondria reported by Green 
and Wharton (1963) and for submitochondrial particles pre- 
pared from Pliuseolus aureus etiolated seedlings reported by 
Beyer et al. (1968~). 

Submitochondrial particles, inhibited by I, and with 
NADH as electron donor, contained primarily oxidized UQ, 
in contrast to  control particles in which approximately two- 
thirds of the UQ was found to  be in the reduced state (Table 
11). It should also be noted that the two preparations treated 
with I had a limited capacity to oxidize NADH (Table 11). 
ETPH (Mg, Mn) catalyzed succinate oxidation a t  nearly nor- 
mal rates and, as a consequence, were capable of maintaining 
approximately half of the UQ in the reduced state (Table 11). 
These data indicate that the site which is susceptible to I re- 
sides prior to UQ within the NADH dehydrogenase complex. 
in agreement with data derived from oxygen electrode studies 
reported previously (Beyer er al., 1967a). 
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Effect of’ I on Mung Bean Submitochondrial Particles. In 
conjunction with studies on the properties of submitochon- 
drial particles from etiolated seedlings of Phaseolus aureus 
(Ikuma and Beyer, 1966; Beyer et al.,  1968c) it was observed 
that, in contrast to submitochondrial particles isolated from 
beef heart, MB-ETP were not inhibited by rotenone and other 
NADH dehydrogenase inhibitors. These data supplement the 
observations of Ikuma and Bonner (1967) that extremely 
high concentrations of rotenone are required to inhibit malate 
oxidation in intact Mung bean mitochondria and that, even 
at very high rotenone concentrations, 5 0 x  of the malate 
oxidation is completely insensitive to rotenone in the presence 
of ADP (i.e.,  state 3) while malate-supported respiration in 
the absence of ADP (state 4) is completely insensitive to ro- 
tenone. The observations of Ikuma and Bonner (1967) and 
our own data clearly indicate that a portion of the electron- 
transfer chain in the NADH dehydrogenase complex in intact 
Mung bean mitochondria, and all of such complexes in MB- 
ETP, either are devoid of the rotenone-sensitive component 
or contain it in such a modified form that it is not capable of 
interaction with rotenone. It was of interest, therefore, to  
compare the effect of I on both types of submitochondrial 
particle preparations. 

The addition of I at 0.13 mM to ETPH (EDTA-1) resulted 
in a reduction in the rate of NADH oxidation of 64% while 
the same treatment reduced NADH oxidation in the Mung 
bean preparation 43 %. The addition of the uncoupler FCCP 
(Heytler, 1963; Heytler and Prichard, 1962) caused a further 
depression of NADH oxidation in MB-ETP while the beef 
heart system was stimulated by 35%;. In this respect I ap- 
peared to be capable of inducing respiratory control in the 
mammalian system (Beyer et at., 1967a, 1969), but not in the 
plant submitochondrial system. That the Mung bean system 
reacts differently than the mammalian system to I is evident 
from data on the effect of I on succinate oxidation by sub- 
mitochondrial particles. With increasing concentrations of I 
succinate oxidation was first stimulated and then depressed 
in ETPH (EDTA-1) while only inhibition was seen with the 
Mung bean preparation. 

A comparison of the effects of I on the rate of substrate 
oxidations in the two types of submitochondrial particles is 
seen in Figure 3 where the rate of oxidation is plotted 
against the amount of I per milligram of submitochondrial 
protein. Compound I inhibited NADH oxidation by both 
types of preparations at all concentrations employed, although 
the depression of NADH oxidation was considerably more 
severe in the beef heart preparations (Figure 3). With the beef 
heart preparation I caused an initial increase in succinate oxi- 
dation followed by inhibition to oxidation values slightly be- 
low control (no I) in the presence of extremely high concen- 
trations of the carbodiimide. No stimulation was observed 
with the Mung bean preparation (Figure 3). 

I Inhibition and Carboxyl Groups. The observation that 
uncouplers of oxidative phosphorylation, possessing nucleo- 
phylic properties, partially released the inhibition imposed 
on the NADH dehydrogenase portion of the electron trans- 
fer chain suggested the possibility that I was binding to the 
enzyme via carboxyl groups. Such binding could lead to in- 
hibition of electron transfer as a result of a conformational 
alteration of an electron-transfer component. Hoare and 
Koshland (1966, 1967) have published a method of determin- 
ing the involvement of carboxyl groups in water-soluble pro- 
teins by condensation with GlyOMe in the presence of water- 
soluble carbodiimide according to reactions 1 and 2 in which 
it would be expected that the stable “amidification” of the 

TABLE 11: I Inhibition and Oxidoreduction Levels of UQ.0 

O2 Con- 
UQ sumption, 

Particle Type Substrate (%) Inhibited 
Oxidized % 

Control NADH 36.8 
Inhibited NADH 95.0 84.8 
Preinhibited NADH 100 94.3 
Control Succinate 49.7 
Inhibited Succinate 44.7 16.5 
Preinhibited Succinate 57.1 8 . 1  

~~ 

= Experimental procedures as described in the Methods 
section. Prior to incubation an aliquot of each ETPH (Mg, 
Mn) preparation was assayed with the Clark oxygen electrode 
for rate of substrate oxidation. 

R ” 

I 
NH 

R‘ 
I 

R 

O H H  H H O H  
I1 I I I I II I 

R-C-N-C-WCH + R’-N--C-N-R” (2) 
I I k A  

carboxyl group by GlyOMe would result in strong inhibition 
not reversible by an oxidative phosphorylation uncoupler 
nucleophile such as FCCP. 

Initial experiments involved the effect of GlyOMe on the 
rate of NADH oxidation catalyzed by ETPH (Mg, Mn) since 
the carboxyl group technique of Hoare and Koshland (1966, 
1967) requires the presence of high concentrations of nucleo- 
phile. GlyOMe, at concentrations up to 180 mM, increased 
the rate of NADH oxidation by approximately 400% while 
higher concentrations resulted in inhibition. Since the concen- 
tration of GlyOMe recommended by Hoare and Koshland 
(1966, 1967) is as high as 1 M, and since the inclusion of 0.1 M 
GlyOMe stimulated NADH oxidation by about 300%, we 
employed GlyOMe at 0.1 M in subsequent experiments. Since 
we felt it desirable to conform as closely as possible to the 
conditions of Hoare and Koshland (1966, 1967) for the deter- 
mination of “active” carboxyl groups possibly involved in the 
inhibition of electron transfer imposed by I, the water-solu- 
ble carbodiimide, l-cyclohexyl-3(2-morpholinoethyl)carbodi- 
imide metho-p-toluenesulfonate, was used in preliminary ex- 
periments. However, inhibition of NADH oxidation was ob- 
tained only at extremely high concentrations of this carbodi- 
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TABLE iv : Binding of I and GlyOMe to ETPH (Mg, Mn) a 
- ~~ - _ _  _- 

NADH Oxidation 
(natoms of 02/min per mg of Protein) 

mumoles DCCDIma protein 

FIGURE 3 :  The effect of I on NADH and succinate oxidations cat- 
alyzed by Mung bean and beef heart submitochondrial particles. 
Assay conditions were as described in Table 1V. (0- - - - - -0) 
ETPH (EDTA-l), NADH as substrate; (0- - - - -0) ETPH (EDTA- 
I ) ,  succinate as substrate; (0-0) MB-ETP, NADH as sub- 
strate; (O---O) MB-ETP, succinate as substrate. 

imide and, in addition, the slight inhibition observed was not 
released by uncouplers. Consequently, the most effective car- 
bodiimide, I, was used. 

In the presence of GlyOMe, ETPH (Mg, Mn) catalyzed the 
oxidation of NADH at twice the rate of controls containing 
low salt or 0.1 M KC1 (Table 111). The addition of I inhibited 
the KCI and low-salt controls 61 and 5375, respectively, while 
the enzyme in the presence of GlyOMe was inhibited 8 7 z  
by I. The uncoupler of oxidative phosphorylation, FCCP, 
which released the inhibited electron-transfer activity in the 
KCI and low-salt controls ($71 and $6875, respectively) was 

TABLE 111: Effect of GlyOMe and 1 on Oxidations Catalyzed 
byETPH(Mg,Mn): 

_ - _ ~  ~~ - __ 
Rate (natoms of 02/min per mg of Protein) 

Additions Control 75 +GlyOMe 75 fKCl  z 
NADH 403 91 1 406 

NADH, 1 320 +68 145 $20 272 +71 

NADH 398 1183 503 
NADH, 734 +85 1736 +53 774 +54 

NADH,I  191 -53 121 -87 159 -61 

FCCP 

FCCP 

a Rates of oxygen consumption were assayed with the Clark 
oxygen electrode. The electron chamber contained 1.6 ml of 
medium A, 0.6 mM I, 0.9 p~ FCCP, 0.3 mg of ETPH (Mg, 
Mn) protein, 0.1 M GlyOMe or 0.1 M KC1, and 2.5 pmoles of 
NADH. Reaction was initiated by the addition of substrate. 
Control assays were performed in the basic medium A de- 
scribed in the Methods section with KC1 omitted. GlyOMe 
and KCI were added prior to enzyme which was allowed to 
incubate for 60 sec before the addition of substrate. 

I + GlyOMe 

Addi- Pre- Post- Pre- Post- Pre- Post- 
tions Seph Seph Seph Seph Seph Seph 

~ - - - ~ _ ~ -  
Control I 

NADH 651 508 328 296 216 209 
NADH, 1414 1068 929 709 259 244 

~ ~~~~~~~~ ~ ~~ ~~~ . 
FCCP 

1.5 ml of freshly prepared ETPH (Mg, Mn) at 30 mg of 
proteinjml was incubated at 25" and 5-pl aliquots of 30 mM 
I added until NADH oxidation was reduced to 50% of the 
control activity. Another 1.5-ml sample was similarly treated 
but in the presence of 0.1 M GlyOMe. A control sample was 
treated identically except that 5-pl portions of ethanol were 
added instead of I and no GlyOMe was present. One milliliter 
of each of the three samples was passed through 1 X 30 cm 
columns of Sephadex (3-25 coarse equilibrated with 0.25 M 

sucrose-0.01 M Tris-HC1 (pH 7.5), maintained at 0-2". The 
submitochondrial particle preparations eluted from the 
column were centrifuged at 144,0005. for 40 min, suspended 
in 0.25 hi sucrose-0.01 M Tris-HC1 (PH 7.5), centrifuged again, 
and suspended in sucrose-Tris to a protein concentration of 
30 mg/ml. Each preparation was then assayed for its ability 
to catalyze the oxidation of NADH and the effect of the un- 
coupler FCCP. Conditions of assay as under Table 111. 

. - ~ 

relatively ineffective in stimulating the enzyme in the pres- 
ence of GlyOMe (Table 111). 

In order to ensure that the submitochondrial particle sys- 
tem was capable of significant stimulation of NADH oxida- 
tion by uncoupler in the presence of GlyOMe, the second ex- 
periment in Table 111 was performed. In the presence of both 
GlyOMe or KCI, FCCP was capable of increasing electron- 
transfer activity by 53 and 5 4 z  , respectively, although the 
low-salt control was stimulated by 85 75. 

In order to determine whether the interaction between I, 
GlyOMe, and the inhibited site in the NADH dehydrogenase 
complex of the electron-transfer chain was a stable, covalent 
complex as predicted from reactions 1 and 2 above, a series 
of experiments, a typical result of which appears in Table IV, 
were performed. The submitochondrial preparation, ETPH 
(Mg, Mn), was treated with I in the absence and presence of 
GlyOMe and passed through a column of Sephadex G-25 
coarse. The resulting particles were then assayed for their 
ability to oxidize NADH, the effect of FCCP on NADH oxi- 
dation was noted, and the rates thus obtained were compared 
to rates of oxidation prior to treatment with Sephadex (Table 
IV). In each of the three types of treatments, the rate at 
which NADH was oxidized by ETPH (Mg, Mn) was slightly 
reduced following passage through Sephadex and subsequent 
washing. The addition of FCCP to control particles doubled 
the rate of NADH oxidation both before and after Sephadex 
treatment, while FCCP increased the inhibited rate of NADH 
oxidation by I-treated particles 2.8 times before Sephadex 
treatment and 2.4 times after Sephadex treatment (Table IV). 
In contrast, those particles treated with I in the presence of 0.1 
M GlyOMe oxidized NADH at a rate considerably lower than 
control preparations and those treated with I alone. Such was 
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the case both before and after Sephadex treatment of the par- 
ticles (Table IV). The addition of FCCP to the I + GlyOMe- 
treated particles resulted in a low degree of stimulation of 
electron transfer from NADH. These data support the sup- 
position that (1) I was firmly bound to the inhibited site and 
(2) although highly water soluble, GlyOMe also appeared to  
be firmly bound since its effect in the presence of I was ob- 
served after Sephadex treatment (Table IV). In separate ex- 
periments the stimulatory effect of GlyOMe, on NADH oxi- 
dation (in the absence of I) was not observed following Sepha- 
dex treatment. Further, the addition of higher concentrations 
of NADH to particles inhibited by I did not increase the rate 
of NADH oxidation. 

Comparison of Various Carbodiimides as Inhibitors of NADH 
Catalyzed by ETPH (Mg, Mn).  In an attempt to gain insight 
into the molecular arrangements required of carbodiimides 
as inhibitors of electron transfer in submitochondrial par- 
ticles, as well as to possibly gather information on the degree 
of hydrophobicity of the carbodiimide-combining site within 
the membrane catalyzing the I-sensitive portion of the elec- 
tron-transfer chain, inhibitor constants (Ki) were determined 
for a series of commercially obtained carbodiimides. The 
most effective carbodiimides with respect to inhibition of the 
rate of NADH oxidation were the highly water-insoluble I :  
di-p-tolylcarbodiimide, di-o-tolylcarbodiimide, and N-cyclo- 
hexyl-Nf-/3-morpholinoethylcarbodiimide. However, the only 
compounds listed in Table V the inhibitory character of which 
could be significantly reversed by the uncoupler FCCP were 
I ,  di-p-tolylcarbodiimide, and di-o-tolylcarbodiimide. None 
of the water-soluble carbodiimides showed any release of 
inhibition by FCCP (Table V). 

Since carbodiimides may be transformed to urea derivatives 
in aqueous solvent by the addition of water, two such urea 
derivatives were also tested in the submitochondrial system. 
Neither of the urea derivatives significantly affected the rate 
of NADH oxidation by the submitochondrial preparation 
(Table V, part 11). It is also of interest to note that the last 
two carbodiimides listed in Table VA stimulated NADH 
oxidation and were not inhibitory even at very high concen- 
trations. 

TABLE v : Inhibitor Constants (Ki) for Various Carbodiimides 
as Inhibitors of NADH Oxidation: 

Ki 
&moles/mg 

Compound of Protein) 

Part A 
I 0.107 
Di-p-tolylcarbodiimide 0.127 
Di-o-toly lcarbodiimide 0.218 
N-Cyclohexyl-N '-P-morpholinoethyI- 0.300 

1-Cyclohexyl-3-(2-morpholinoethyl)carbo- 41 

1-Ethy1-3-(3-dimethylaminopropyl)carbodi- 64 

N-Ethyl-N'-P-dimethylaminoethylcarbodi- 82 

N,N'-Diisopropylcarbodiimide 0.880 
N,Nf-Bis(triphenylmethyl)carbodiimidec Stimulates 
N,Nf-Bis(2,6-diethylphenyl)carbodiimidec Stimulates 

Part B 
l-CyclohexyI-3-(2-morpholinoethyl)urea 453 

N,N '-Dicyclohexyluread No effect 

a All assays were performed as detailed in Table 111. Reac- 
tions were initiated by the addition of 1.5 lmoles of NADH 
exactly 10 min following the addition of carbodiimide to the 
reaction chamber maintained at 25". Ki is hereby defined as 
that concentration of carbodiimide which results in half- 
maximal inhibition of NADH oxidation under the above 
conditions and is expressed in terms of micromoles of carbo- 
diimide per milligram of submitochondrial protein. Water 
soluble. c Insoluble in acceptable solvent. Compound was 
prepared for incubation in the assay system by sonication 
with soy bean asolectin to produce an inclusion micellar 
suspension. d Substituted urea. 

carbodiimide 

diimide metho-p-toluenesulfonateb 

imide hydrochloridea 

imide hydrochlorideb 

metho-p-toluenesulfonated 

Discussion 

Since the report by Beechey and his colleagues (1966) that 
I mimics the effect of oligomycin and aurovertin in intact 
mitochondria, Le., inhibits mitochondrial ATPase and electron 
transfer in well-coupled systems, the locus of interaction 
between I and the mitochondrial inner membrane has been 
the subject of research in several laboratories. Holloway et al. 
(1966) and Roberton et af .  (1966) reported that I binds irre- 
versibly to the Fa fraction isolated by Kagawa and Racker 
(1966). Knight et al. (1968) provided evidence that I combines 
with at least two proteolipid fractions in mitochondria and 
that the binding is covalent in nature. Compound I has also 
been reported to inhibit mitochondrial coupling factor 1 
(ATPase) (Penefsky, 1967). Bruni et al. (1971) have recently 

'implicated phosphatidylserine and phosphatidylcholine in the 
I-induced inhibition of mitochondrial ATPase. At somewhat 
higher concentrations, I also appears to inhibit the electron- 
transfer chain in submitochondrial particles (Beyer et a/. , 
1967a, 1969). 

Four distinct types of evidence allow for the assignment of 
the site inhibited by carbodiimides within the NADH dehydro- 
genase complex of the electron-transfer chain. First, I inhibits 
the oxidation of NADH and not the oxidation of succinate or 

other electron donors which enter the chain on the oxygen 
side of UQ. Second, in I-inhibited submitochondrial particles 
oxidizing NADH, UQ is found to be predominately in the 
oxidized form in contrast to uninhibited particles where UQ, 
under the same conditions of incubation, is approxi- 
mately 50 reduced. Third, in submitochondrial particles 
inhibited by I only FeNHN of the nonheme iron compounds 
is reduced by NADH. Fourth, I is relatively inactive in 
inhibiting NADH oxidation in submitochondrial particles 
from Mung beans. Since the MB-ETP system oxidizing 
NADH is not inhibited by rotenone or other inhibitors active 
in this region of the electron-transfer chain in mammalian 
systems (R. E. Beyer and C. Woermann, unpublished results), 
it would appear reasonable to assume that the component 
which normally binds inhibitors in the NADH dehydrogenase 
complex is either altered or missing in the Mung bean sub- 
mitochondrial system. The observation that I was without 
significant inhibitory activity in this preparation is consistent 
with an identical inhibitory site for I and other inhibitors 
active in this region. These data, in addition to the spectral 
data published previously (Beyer et al., 1967a), provide 
strong evidence that the site within the electron-transfer chain 
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sensitive to I lies on the oxygen side of FeNHh- and on the 
substrate side of UQ. This site, although as yet unidentified 
with respect to the component involved, also appears to be 
sensitive to such other inhibitors as barbiturates, rotenone. 
and piericidin A (cf: Garland er d., 1969). The most likely 
candidate for this site would appear to be the ferroprotein 
fraction B isolated by Hatefi and Stempel (1967). For a perti- 
nent discussion of this possibility, see Garland rr ul. (1969). 

The increased efficacy of I as an inhibitor in the presence 
of GlyOMe, the inability of FCCP to relieve such inhibition 
of NADH oxidation under these conditions of inhibition, 
and the constancy of the I + GlyOMe effect after gel filtrdtion 
on Sephadex suggest that free carboxyl groups may be in- 
volved in the I-induced inhibition of NADH oxidation 
(Hoare and Koshland, 1966, 1967). The greater effectiveness 
of nonpolar carbodiimides as compared to water-soluble 
carbodiimides suggests that the binding site for carbodiimides 
resides in hydrophobic regions of the inner mitochondrial 
membrane. If, in fact, carboxyl groups in such hydrophobic 
regions are responsible for the observed inhibition, it is possi- 
ble that an irreversible conformational alteration ensues as a 
result of covalent binding of the carbodiimide preventing 
the altered electron-transfer carrier from accepting electrons 
from FeNHN. Such a mechanism is consistent with the sug- 
gestions of Abrams and Baron (1970) and Godin and Schrier 
(1970) derived from studies on membrane ATPases, and Azzi 
and Santato (1970) working with energy-dependent inter- 
actions between I and the mitochondrial inner membrane. 
It should be noted, however, that to date such evidence for 
the nature of carbodiimide interaction with mitochondrial 
membranes is indirect. The possibility that carbodiimides 
may react with sulfhydryl groups (Carraway and Triplett, 
1970) and tyrosine residues (Carraway and Koshland, 1968), 
as well as with a variety of nucleotides (Todd, 1959), should 
not be overlooked. The latter possibility, i.e., that hydrophobic 
carbodiimides might react to yield dimeric or polymeric 
nucleotides from adenine nucleotides bound within the inner 
mitochondrial membrane (Beyer, 19681, does not appear to 
have received consideration. 

Acknowledgments 

We are grateful to Dr. Graham Palmer for his participation 
in the experiments requiring use of the epr spectrometer 
and to Dr. Hiroshi Ikuma for participation in preliminary 
experiments on the effects of inhibitors on the Mung bean 
system. Ms. Janet MacDonald provided excellent technical 
assistance. 

References 

Abrams, A., and Baron, C. (1970), Biochem. Biophys. Res. 
Commun. 41,858. 

Azzi, A., and Santato, M. (1970), FEBS (Fed. Eur. Biochem. 
Soc.) Lett. 7, 135. 

Beechey, R. B., Holloway, C. T., Knight, I. G., and Roberton, 
A. M. (1966), Biochem. Biophys. Res. Commun. 23,75. 

Beechey, R. B., Roberton, A. M., Holloway, C. T., and 
Knight, I. G. (1967), Biochemistry 6, 3867. 

Beyer, R. E. (1967), Methods Enzymol. IO, 519. 
Beyer, R. E. (1968), Can. J .  Biochem. 46,677. 
Beyer, R. E., Brinker, K. R.,  Brink, T. W., Crankshaw, D. L., 

MacDonald, J. E., and Pasternak, A. (1968a), J .  Cell. Biol. 
39,14a. 

Beyer, R.  E., Brinker, K. R . ,  and Crankshaw, D. L. (1969), 

968 B I O C H E M I S T R Y ,  VOL. 1 1 ,  N O .  6, 1 9 7 2  

Can. J .  Biochem. 47, 117. 
Beyer, R .  E., Crankshaw, D. L.. and Kuner, J .  M.  (1967a), 

Biochem. Biuphj's. Res. Cornmun. 28, 758. 
Beyer, R. E., Crankshaw, D. L., and Kuner, J. M. (1967b), 

J .  Cell. B i d .  35, 1221. 
Beyer, R. E.,  Crankshaw, D. L., Kuner, J. M., and Mac- 

Donald, J. E. (1968b), Fed. Proc., Fed. Amer. Soc. E.uI). 
Biol. 27, 825. 

Beyer, R.  E.. and MacDonald, J. E. (1970), Arch. Biochem. 
Bioplij.s. I 3  7,  3 8. 

Beyer. R.  E., Peters. G. A,,  and Ikuma, H.  (1968~). Plunr 
Ph~,sinl. 43, 1395. 

Bruni, A, ,  Pitotti, A., Contessa, A. R. ,  and Palatini, P. (1971), 
Biochein. Bioplij,s. Res. Coinmiin. 44, 268. 

Carraway, K. L., and Koshland, D. E., Jr. (1968), Biochini. 
Bioph.vs. Actu 160,272. 

Carraway, K. L., and Triplett, R.  B. (1970), Biuchim. Bioph.rs. 
Acta 200, 564. 

Estabrook, R. W. (1967), Methods Enzyrnol. 10,41. 
Fawcett, C. P., Ciotti, M. M . ,  and Kaplan, N. 0. (1961), 

Fritz, I. B., and Beyer, R.  E. (1969), J .  Biol. Cheni. 244, 3075. 
Garland, P. B., Clegg, R. A,,  Light, P. A,, and Ragan, C. I .  

(1969), in Inhibitors-Tools in Cell Research, Bucher, Th., 
and Sies, H., Ed.. New York, N. Y., Springer-Verlag, p 
217. 

Godin, D. V . ,  and Schrier, S. L. (1970), Biocheniistrj~ 9 ,  4068. 
Gornall, A. G.,  Bardawill, C. J . ,  and David, M. M. (19491, 

Green, D. E., and Wharton, D. C. (1963), Biocheni. Z .  3-78, 

Hansen, R. E., Kalal, T. T., and Beinert, H. (1967), A n d .  

Hatefi, Y., and Stempel, K. E. (1967), Biochem. Bio1)hj.s. Res. 

Heytler, P. G. (1963), Biocheniistrj' 2,357. 
Heytler, P. G., and Prichard, W. W. (1962), Biuchem. Bioph.ys. 

Hoare, D. G . ,  and Koshland, D. E., Jr. (1966), J .  Amer. Chem. 

Hoare, D. G., and Koshland, D. E., Jr. (1967), J.  B i d .  Chem. 

Holloway, C. T., Roberton, A. M.,  Knight, I .  G . ,  and Beechey, 

Ikuma, H. ,  and Beyer, R. E. (1966), Fed. Proc., Fed. Amer. 

Ikuma, H.,  and Bonner, W. D. ,  Jr. (19671, Plunr Physiol. 42, 

Kagawa, Y., and Racker, E. (1966), J .  Biul. Chem. 241,2467. 
Khorana, H. G.  (1961), Some Recent Developments in the 

Chemistry of Phosphate Esters of Biological Interest, 
New York, N. Y . ,  John Wiley and Sons. 

Knight, I .  G., Holloway, C. T., Roberton, A. M., and Beechey, 
R .  B. (19681, Biochem. J .  109,27P. 

Kovac, L., Galeotti, T., and Hess, B. (19681, Biochim. Biuplij*s. 
Actu 153,715. 

Lee, C. P., Nordenbrand, K. ,  and Ernster, L. (1965), in 
Oxidases and Related Redox Systems, King, T. E., Mason, 
H. S., and Morrison, M., Ed., Vol. 2, New York, N. Y . ,  
John Wiley and Sons, p 960. 

LBw, H., and Vallin, I. (1963), Biochinl. Biuphys. Actu 6Y, 361. 
McCarty, R.  E., and Racker, E. (1967), J .  Biul. Chem. 242, 

Palmer, G. (1967), Methods Enzymol. IO, 594. 
Penefsky, H. S. (1967), J .  Biol. Chem. 242,5789. 

Biochini. Biophjss. Acru 54, 210. 

J .  Biol. Chem. 177, 751. 

335. 

Biochem. 20,40. 

Comrnun. 26,301. 

Res. Conimun. 7,272. 

SOC. 88,2057. 

242,2447. 

R.  B. (1966), Biochem. J .  110,79P. 

SUC. Exp. Biol. 25,737. 

1535. 

3435. 



C H A R A C T E R I Z A T I O N  O F  F E A T H E R  A N D  S C A L E  P R O T E I N S  

Racker, E,, and Horstman, L. L. (1967), J.  Bioi. Chern. 242, 

Redfearn, E. R. (1967), Methods Enzj*mol. 10,381. 

Roberton, A. M., Holloway, C. T., Knight, I. G. ,  and Beechey, 

Todd, A. (1959), Proc. Nat. Acad. Sci. U. S .  45,1389. 
2547. R. B. (1966), Bi0chem.J. 100,78P. 

Differentiation of Avian Keratinocytes. Characterization and 
Relationships of the Keratin Proteins of Adult and 
Embryonic Feathers and Scales? 

D. J. Kemp and G. E. Rogers* 

ABSTRACT: The keratin proteins of embryonic and adult 
feathers and scales of the chicken were investigated, with the 
aim of providing a basis for the study of cellular differentiation 
in these tissues at a molecular level. Results from gel electro- 
phoresis, isoelectric focusing, immunodiffusion, and amino 
acid analysis have demonstrated that the proteins of feathers 

I n developing embryonic chick skin, inductive events 
originating from the dermis result in the transformation of 
epidermal cell groups into feather and scale primordia 
(Wessells, 1962-1965; Rawles, 1963; Bell, 1963, 1964; 
Sengel, 1971). These primordia develop until they reach a 
form approximating the definitive organ. Tissue specific 
proteins (keratins) then become detectable by histological 
criteria and their synthesis continues rapidly until the cells 
fill with keratin (Bell and Thathachari, 1963). In suitable 
culture systems the developmental events can be experi- 
mentally investigated by recombining isolated epidermis and 
dermis from various regions ‘(see Rawles, 1963). Such studies 
have shown that the developmental fate of the epidermis is 
determined by the nature of the underlying dermis. For 
example, epidermis from a prospective scale region (anterior 
tarsometatarsus) can be experimentally induced to form 
feathers in the presence of dermis from a prospective feather 
region (Rawles, 1963). 

Studies on the molecular events occurring in response to 
these inductive influences have been hampered by lack of a 
suitable assay system for the keratin proteins which the tissues 
synthesize during their subsequent development. The com- 
ponent proteins of embryonic feathers and scales have not 
previously been identified. It was consequently not known 
whether the inductive events described above, control only 
tissue morphology or result as well in the synthesis of different 
tissue-specific proteins. Identification and characterization 
of the component keratin proteins of embryonic feathers and 
scales is a prerequisite in order to answer this question and to 
provide a quantitative and qualitative basis for the study of 
specific gene action during the differentiation of these tissues. 

Malt and Bell (1965) and Ben-Or and Bell (1965) studied the 
proteins of embryonic feathers by chemical and immuno- 
logical methods, but did not identify any individual keratin 
proteins. Harrap and Woods (1964a,b, 1967) and Woods 

t From the Department of Biochemistry, University of Adelaide, 
Adelaide, South Australia 5001. Receiued October 25, 1971. This work 
was supported by a grant from the Australian Wool Board. 

are different from those of scales. Differences also occur 
between adult and embryonic tissues. The results suggest that 
in each cell line which originates from embryonic epidermis, a 
different and restricted set of structural genes for keratin 
proteins is selected from a larger set. 

(1971) extended the earlier studies of Ward et al. (1946), 
Woodin (1954, 1956), and Schroeder and Kay (1955) on the 
proteins of adult feathers. They prepared soluble proteins 
from adult feathers by reduction and S-carboxymethylation 
and showed that each of the morphological parts of the adult 
feather (Schroeder and Kay, 1955) contains several proteins. 
These were all of the same molecular weight (10,500) but were 
electrophoretically and chromatographically distinguishable. 

In the present paper, soluble SCM1-proteins of adult and 
embryonic feathers and scales from the chicken have been 
investigated by gel electrophoresis, isoelectric focusing, 
peptide mapping, and immunological methods. The proteins 
of feathers are different from those of scales. Differences 
occur between the proteins of each tissue in their adult and 
embryonic states. 

Materials and Methods 

Preparation of Reduced S-Carboxymethy Ikeratins. Adult 
feathers and leg scales (from anterior tarsometatarsus) were 
obtained from approximately 1-year-old White Leghorn 
chickens, strain Para 3, a pure-bred strain obtained from 
Parafield Poultry Station, Parafield, South Australia. The 
so-called “embryonic” (down) feathers and scales were from 
newly hatched (21 day) chickens of the same strain. Adult 
feathers were separated into their four morphological parts, 
namely, rachis, calamus, barbs, and medulla (Schroeder and 
Kay, 1955). All tissues were washed, reduced and carboxy- 
methylated essentially as described by Harrap and Woods 
(1964a) except that the conditions for reduction were altered 
to 3 hr at 37” in a solution containing 8 M urea, 0.5 M ethanol- 
amine, and 0.1 M mercaptoethanol (pH 10.5). 

The extracted SCM-proteins were dialyzed exhaustively 
against glass-distilled water and freeze-dried. Amino acid 
analysis demonstrated that the reduction and carboxymethyl- 
ation reactions had gone to completion. Yields of freeze-dried 
material were greater than 7 0 x  of the dry weight of the start- 

~~ ~ ~ 

1 Abbreviation used is : SCM, S-carboxymethyl. 
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