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The preparation of spinach ferredoxin by a modification of the method of Ker- 
es&es-Nagy and Margoliash which is particularly convenient for large-scale opera- 
tion is described. 

The optical, CD, and EPR spectra of this protein are studied in 5 M urea as a func- 
tion of ionic strength. At high ionic strength the various spectra are very similar to 
the native protein; at low ionic strength all three spectral parameters are greatly 
changed. 

The reactivity of the protein with mercurial and iodoacetamide is compared. The 
very high reactivity of the former is rationalized by assuming an initial reaction with 
the sulfide moieties. Iodoacetamide reacts only with accompanying denaturation 
by an all-or-none mechanism. At most only one sulfhydryl is available for reaction, 
even in 5 M urea. This is consistent with the assumption that the mercaptides function 
as metal ligands. 

A very sensitive instrument for the amperometric titration of SH groups is de- 
scribed. 

Several reports have been published con- 
cerning the effect of urea upon the absorb- 
ance and circular dichroism spectra of iron- 
sulfur proteins (l-4). Most of these studies 
have placed great weight on the interpreta- 
tion of the CD spectra and thus are rather 
limited. To provide a more comprehensive 
analysis of the effect of urea we have com- 
pared five properties of spinach ferredoxin 
in the absence and presence of 5 M urea. 
Our results show that the interpretations of 
earlier experiments are equivocal and that 
the effect of urea is greatly complicated by 
a previously unsuspected effect of ionic 
strength. 
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MATERIALS AND METHODS 

Materials. Phenyl mercury acetate, organic 
analytical standard, was purchased from British 
Drug Houses, Ltd., iodoacetamide from Calbio- 
them, and urea, reagent grade, from Mallinckrodt. 
Before use, urea was incubated at pH 2 for 30 min 
as a precaution against cyanate contamination 
and then recrystallized. Fresh spinach was ob- 
tained from the University of Michigan Food 
Service. All other reagents were reagent grade. 
Unless specified otherwise all Tris buffers were 
prepared from a stock solution of 0.7 M Tris- 
chloride, pH 7.3 (25”). The DEAE-cellulose 
(Sleicher and Schuell, No. 70, Standard Type) 
and DE-52 (Whatman) were preequilibrated with 
0.15 M Tris-chloride. 

Preparation of ferredoxin. Spinach ferredoxin 
was prepared either according to the method of 
Tagawa and Arnon (5, 13) or by the following 
method which is based on the procedure of 
Keresztes-Nagy and Margoliash (6). Because we 
have found this latter method particularly satis- 
factory for the large-scale preparation of the pro- 
tein, we describe it in detail. All steps are done in 
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t,he cold room. Spinach leaves were blended in 
500-g batches with 1 liter of HzO, 10 ml of 1 M Tris 
base, and 2 ml 10-Z M EDTA at high speed in a 
l-gal Waring Blendor for 1 min. Filtration through 
cheese cloth yielded a dark-green extract, pH 7.8. 
To 20 liters of t,he aqueous extract was added 
150 ml of well-settled DEAE-cellulose slurry. 
After 1-hr of vigorous stirring, the resin was 
allowed to settle during a 2- to 3-hr period (or 
overnight, if convenient). The supernatant fluid 
was collected by siphoning and was treated a 
second time wit)h DEAE-cellulose. The dark- 
green cellulose resin was easily isolated by cen- 
trifugation at 3000 rpm for 10 min (International 
PR-6 centrifuge). It was washed batchwise with 
0.007 M Tris buffer until the supernatant fluid was 
only faintly green; the washing is expedited if the 
DEAE-cellulose is centrifuged at low speeds as 
much of the green contamination is particulate, 
506 rpm for 1 min is convenient. The resin is 
packed into a column, washed with 2 liters of 
0.15 M Tris buffer, and then eluted with 0.15 M Tris 
buffer containing 1 M NaCl. This solution, about 
lo-* M in ferredoxin, was made 85% saturated in 
ammonium sulfate by the addition of 559 g of solid 
ammonium sulfate per liter of solution. A volumi- 
nous precipitate developed which was removed by 
centrifugation for 20 min, at 10,000 rpm in the 
SS-34 head of the Sorvall RC2 centrifuge. After 
dialysis of the supernatant fluid against two 
lo-v01 portions of 0.01 M Tris buffer for a total of 
8 hr, the ferredoxin solution was diluted 2-fold 
with Hz0 and placed on a DEAE-cellulose column 
(15 X 4.5 cm). Ferredoxin was eluted with 0.15 M 

Tris-0.16 M NaC!l whichleft the bulk of the impuri- 
ties bound to the column. At this point the solu- 
tion has a value between 0.35-0.40 for the ratio (R) 
of the absorbance at 420 rnp to that at 275 m/l. It 
is diluted a-fold with water and batch-adsorbed 
onto a minimum quantity of DE-52. The dark- 
brown resin is packed into a column and quantita- 
tively eluted with 0.15 M Tris-1 M NaCl at a very 
slow flow rate. The concentrated eluate (2-3 X 
10-Z M) is applied to a column (4 X 45 cm) of 
Biogel P-60 which is developed with 0.15 M Tris 
buffer. The bulk of the red-brown eluate has a 
value of 0.48 or greater for R; lower values are 
found in both leading and tailing edges of the 
ferredoxin fraction. Fractions with R > 0.47 are 
adsorbed and eluted from DE-52 as before and 
stored at 4” in the eluting buffer; no deterioration 
of the protein has been detected after several 
months when stored in this way. One hundred 
pounds of fresh spinach will vield about 1 g of 
protein by this procedure. 

For the experiments described in this paper 
ferredoxin with ratios of 0.46-9.48 was used rou- 

tinely. Standard disk-gel analysis (8% gel) of 
material of ratio, 0.475, revealed a single, sharp 
band moving at the front. At higher gel concentra- 
tions, (16, 20, and 24%) which retard the mobility 
of ferredoxin, a faint trailing band was noted. 

Amperometric titrimetry. Sulfhydryl and disul- 
fide titers were determined amperometrically 
using the mercurial phenyl-mercury acetate, and 
a dropping mercury electrode. In place of the 
usual circuitry, in which current flow through the 
titration sample is measured directly with a 
galvanometer (7), the following circuit has been 
employed, in which El provides a variable bucking 
emf against izr (Fig. 1). When the voltmeter 
(NVM) is nulled, Ei is equal to izr, in which iz 
is equal to & , the diffusion limited current due to 
the reduction of unbound mercurial at the elec- 
trode surface. The concentration of mercurial in 
the solution is proportional to id and hence to El . 

There are two advantages of this circuit design 
which contribute to the precision with which it 
measures id. First, there is only one standard 
visual task, the centering of the oscillatory deflec- 
tion of the voltmeter about zero. Second, the 
nulling procedure can be done very carefully with 
the lo-turn micropot coupled with a 1006-division 
dial and a sensitive null volt.meter. 

The sensitivity of this detection system is 10 f 
2 divisions per 6 mpmoles of phenyl mercury ace- 
tate in a 2-ml vol. Figure 5 illustrates the repro- 
ducibility of ferredoxin titrations with this sys- 
tem. The Sargent manual polarograph provides a 
resolution of 1 scale division per 6 mpmoles of 
mercurial and requires visual estimations of both 
extremities of t,he current oscillation, which con- 
tinually change during the course of the titration. 

Titrations were carried out anaerobically with 
2 ml of sample containing 30-300 mpmoles of 

FIG. 1. Apparatus for amperometric titration. 
NVM = Hewlett Packard Model 419A DC null 
voltmeter; 10 K, 10 turn pot = Borg 2201B micro- 
pot; titration vessel, Sargent S-29405; dropping 
mercury electrode (DME), Sargent S-29419; 
Standard Calomel Electrode (SCE), Corning 
476002. SB = Salt Bridge. 
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sulfhydryl or disulfide and 0.4 mmole of KCl. To 
titrate disulfide groups, 10 rl of 1 M N&O8 was 

added prior to the titration. The mercurial 
selected for use was phenyl-mercury acetate, ob- 
tained as a microanalytical st.andard and em- 
ployed in these titrations as the primary standard; 
it was delivered from a micrometer-controlled 
microburette. The voltage across the cell was set 
at -500 mV (8). 

Analytical measurements. Absorbance spectra 
were obtained at room temperature with a Cary 15 
spectrophotometer, and fixed-wavelength absorb- 
ance data taken on a Gilford modified DU spectro- 
photometer. 

A Durrum-Jasco UV-5 scanning spectropolar- 
imeter equipped for circular dichroism measure- 
ments was used to record CD spectra at room 
temperature. The spectra have been adjusted for 
baseline deviations. In the study of the effect of 
NaCl upon the absorbance and CD spectra of 
ferredoxin in anaerobic urea, an anaerobic cuvette 
with side arms was used. Salt additions were made 
from the sidearms or while the solution was under 
a nitrogen atmosphere. Spectra were taken 20-30 
min after each salt addition. Concentration 
changes due to the evacuation procedure or to salt 
additions were corrected by the factor needed to 
adjust all of the optical spectra to the same ab- 
sorbance at 420 rnp. This identity had been estab- 
lished in separate experiments. For these measure- 
ments 0.015 M Tris-Cl buffer, pH 7.5, was em- 
ployed: this contributed little to solution ionic 
strength. 

Electron paramagnetic resonance spectra were 
obtained with a Varian V-4500 spectrometer (cf 9). 
Samples were reduced quickly in EPR tubes with 
a solution of sodium hydrosulfite and immediately 
frozen. Oxygen-free gases were obtained either by 
using Grade-6 helium (>QQ.Q99oj, He) using a 
regulator with low inboard leakage or nitrogen 
which has been passed over hot copper turnings. 

Alkylation with iodoacetamide in the absence of 
urea. Ferredoxin (6.8 X 1OW M) and iodoacetamide 
(0.1 M) were incubated at room temperature in 
0.15 M Tris plus 1.0 M NaCl. At given times, sam- 
ples were removed from the reaction mixture and 
dialyzed at 4” again& 0.15 M Tris-Cl, pH 7.9. After 
the optical spectrum of the protein was taken, a 
sample suitable for acid hydrolysis was obtained 
by precipitation of protein with 5’% trichloro- 
acetic acid, the protein collected by low-speed 
centrifugation and t’he precipitate washed with 
three Z-ml portions of 95yo ethanol and then three 
2-ml portions of ethyl ether and dried under 
vacuum. After hydrolysis in wcuo in 6 N HCl at 
110’ for 22 hr the amino acid composition was de- 
termined on a Spinco 120 C amino acid analyzer; 
the content of carboxymethylcysteine (CMC) was 

calculated as follows: 

moles CMC moles CMC 

moles Fd = moles aspartate 

X 
13 moles aspartate 

1 mole ferredoxin 

assuming 13 moles aspartate per mole of ferredoxin 
as determined by sequence analysis (10). The per- 
centage of denaturation was calculated in two 
ways from the spectral data. One assumes that 
iron remains bound to the protein in the de- 
natured state, so that extinction coefficients at 
275 rnp of denatured and native protein are the 
same; this is the situation with urea-oxygen 
bleached ferredoxin (11) : 

Percent age of denaturation = 
( > 

1 - s 
RO (1) 

x loo 

where RO = the initial value of A4a/A1~:, and Rt is 
the value of this ratio at the time the sample was 
obtained. The other assumes that iron is not 
bound in denatured ferredoxin and that the ex- 
tinction coefficients of native and denatured 
proteins differ (11). 

Percent age of denaturation = 

Alkylation with iodoacetamide in 6 M urea. One 
and five tenths milliliters of ferredoxin solution 
(3.4 mna) was made anaerobic in the main body of 
a Thunberg tube and 0.59 g of solid urea was 
added. The evacuation and flushing procedure was 
continued and samples removed for optical spectra 
and amino acid analysis. A solution (0.1 M) of 
iodoacetate was purged thoroughly with Nz and 
0.46 ml added to the urea-ferredoxin mixture. 
Samples (50 ~1) were subsequently removed at 
chosen intervals, diluted in 2.0 ml 1 M NaCl, the 
optical spectra taken, and then TCA added to 5%. 
The protein firecipitate was collected and washed 
and dried as above. The Thunberg tube was re- 
evacuated and filled with Ns after each sample was 
withdrawn. 

RESULTS 

When spinach ferredoxin is dissolved in 
5 M urea virtually no changes in absorbance 
occur at 420 rncL provided oxygen is excluded 
(Fig. 2). However, on admission of oxygen 
there is a rapid disappearance of most of the 
visible color (1). Other oxidants produce the 
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FIG. 2. Absorption spectrum of 1.05 X 10-4~ spinach ferredoxin (-O-), the protein in 5 M urea and 
0.02 M NaCl (--) and after addition of solid NaCl to 1 M (X) (cf. Fig. 3). The buffer was 0.015 M 
Tris-chloride, pH 7.3, and the temperature 23”. All data recorded anaerobically. 
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FIG. 3. CD spectrum of 1.05 X 1OW M spinach 
ferredoxin and the protein in 5 M urea plus 0.02 M 
sodium chloride. The spectra at higher salt con- 
centrations were taken by the addition of solid 
sodium chloride from the side-arms of the Thun- 
berg-type anaerobic cuvette. The buffer was 
0.015 M Tris-chloride, pH 7.3, and the t,empera- 
ture 23”. All data were recorded anaerobically. 

same effect and the protein product is sub- 
stantially modified (1, 11). Even in 8 M urea 
ferredoxin shows no tendency to lose its 
visible color, but at these urea concent,ra- 
tions there are changes in several spectral 
properties of this protein, specifically in the 
optical, CD, and EPR spectra. 

Circular dichroism spectra of oxidized spin- 

ach ferredoxin in 5 M urea. The most striking 
effect of urea on the properties of ferredoxin 
is that the CD spectrum varies both quali- 
tatively and quantitatively with the ionic 
strength of the solvent. Thus Fig. 3 shows 
that in 5 M urea and 1 M sodium chloride 
the CD spectrum of oxidized spinach ferre- 
doxin is very similar to that of the urea-free 
protein. However, as the salt concentration 
is lowered the spectrum changes markedly 
and at 0.02 M sodium chloride it is com- 
pletely different from the spectrum in 1.0 M 

sodium chloride. In particular, in going from 
1 to 0.02 M sodium chloride the intense Cot- 
ton effect at 428 rnp in high salt is replaced 
by a weak negative band at 420 rnp, the 
characteristic negative double trough at 500 
and 550 rnp is replaced by a small positive 
peak at 480 rnp and a very weak broad posi- 
tive absorption at 550 rnp, and the weak 
positive Cotton effects at wavelengths longer 
than 600 rnp are replaced by weak negative 
absorptions. The low-salt spectrum is readily 
converted back to the high-salt form by 
addition of solid sodium chloride (Fig. 3). 
This salt effect is not ion specific; both 
potassium chloride and sodium sulfate can 
substitute for sodium chloride, though no 
quantitative data have been obtained. The 
intensity of the CD increased further with 
increasing salt and approached the intensity 
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observed with the native protein. Figure 3 
shows that there are four isosbestic points 
in this salt-induced transition at 584, 494, 
390, and 365 mp, implying the existence of 
two, and only two, optically active species. 

Optical spectra of spinach. jerredoxin in 5 M 
urea. Similar though less striking effects are 
seen in the optical spectra (Fig. 2). In high 
sodium chloride solution there is consider- 
able similarity of the optical spectrum to 
that of the native protein particularly with 
regard to the presence of the peaks at 460 
and 700 rnp and the overall increase in ab- 
sorption in the 450- to 500-rnp region. By 
contrast the spectrum in low salt has its 
maximum at 417, a poorly defined shoulder 
at 450 rnp, and generally decreased absorp- 
tion out to 550 rnp. There is a small increase 
in absorption in the region 580-680 rnp in 
low salt. Again, these differences can be re- 
versed by the addition of sodium chloride. 

EPR spectra of reduced spinach ferredoxin 
in 5 M urea. Oxidized spinach ferredoxin 
shows no EPR from O-5 k-gauss (kG) in the 
absence of urea or in urea solution as high 
as 7.5 M when the solvent is 0.015 M Tris, 
pH 7.3, containing 1 nr NaCl. The reduced 
protein shows the g = 1.94 EPR signal and 
no other resonance between O-5 kG (Fig. 4). 
The intensity of the resonance in 5 M urea 
is the same as that in the absence of urea; 
above 5 M, however, the intensity decreases 
and by 7.5 M urea only about 50% of max- 
imum intensity is observed. In these experi- 
ments ferredoxin, buffer, and concentrated 
urea are mixed together aerobically, trans- 
ferred rapidly to an EPR tube containing a 
solution of dithionite, the contents of the 
tube mixed, incubated for 30 set, and frozen. 
Thus the decrease in intensity above 5 nr 
urea may be due to the oxygen sensitivity of 
the protein which is particularly marked at 
the high urea concentration. There are small 
changes in the EPR spectra on increasing 
the urea concentration; gZ and g, move to 
higher magnetic fields by 2 and 4 G, respec- 
tively, and g, moves downfield by some 6 G 
as the urea concentration is increased from 
0 to 7.5 M. These variations in g value may 
be only apparent, however, for there are 
concomitant changes in the linewidths of the 
spectra over the same range of urea concen- 
tration. Thus the halfwidth at g, increases 

5M UREA-IM N&l 
,; k.’ ! 

5 M UREA - 0.015M NoCl 

1./-J 

3000 3200 3600 
MAGNETIC F%!L: (GAUSS) 

FIG. 4. EPR spectra of reduced spinach ferre- 
doxin (1.5 mkr) in 5 M urea-l M NaCl (top), no 
urea-O.015 M NaCl (middle), and 5 M urea-O.015 M 

NaCl (bottom). In this experiment a sample of 
ferredoxin was dialyzed for 5 hr vs 0.015 M Tris- 
chloride plus 0.02 M NaCl, and a sample (0.4 ml) 
placed in one side-arm of a two side-arm Thunberg 
tube. Urea (0.16 g) was placed in the second side- 
arm, the vessel rendered anaerobic and left under 
nitrogen gas. The ferredoxin and urea were mixed 
and the solution was incubated at room tempera- 
ture for 30 min. A swelling factor of 1.3 is assumed 
(11). The sample in high salt was prepared by 
adding the requisite amount of solid NaCl to the 
ferredoxin solution before placing in the Thunberg 
tube. The vessel was opened, a portion of the 
ferredoxin solution transferred aerobically to an 
EPR tube and then reduced by the addition of 
20 11 of 0.5 M solution of dithionite (in 0.5 M borate, 
pH 9.0). EPR conditions: microwave frequency, 
9.2 GHz; microwave power = 3 mW; modulation 
amplitude, 9 G; scan rate, 200 G/min; time con- 
stant, 1 set, temp. = 79°K. 

from 19 to 21 G, that at g2/ from 20 to 25 G, 
while no significant change in the experi- 
mental linewidth is observed at g, . 

When the protein is reduced in low 
(0.02 M) sodium chloride and 5 M urea the 
color changes instantly from red-brown to 
pale green-brown, and this reduced state 
shows no EPR even at instrumental settings 
where the protein in high salt gives very 
large signals (Fig. 4). Protein in low salt in 
the absence of urea shows full EPR inten- 
sity and no unusual color changes. 

Reactivity with sulfhydryl agents. Native 
ferredoxin reacts rapidly and completely 
with mercurial reagents (1, 11, 12). By am- 
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FIG. 5. Amperometric titration of spinach 
ferredoxin (triple analyses). For details see experi- 
mental section. 

perometric titration a mercurial titer of 
8.8 f 0.2 for eight titrations on three prep- 
arations of protein was determined (Fig. 5). 
In 5 NI urea, two samples preincubated 
anaerobically for 1 hr in the titration vessel 
gave values of 8.3 and 8.8 moles of mercurial. 
The excellent! agreement between the three 
sets of data (Fig. 5) provides good evidence 
for the high precision of the amperometric 
method. The labile sulfide content of protein 
so incubated was 1.8; this compared to a 
value of 2.0 for the native protein. 

A second sulfhydryl agent, iodoacetamide, 
reacts very slowly with native ferredoxin, 
but more rapidly in the presence of urea 
(Table I, Fig. 6). Over 48 hr native ferre- 
doxin is only partially bleached in ca loo-fold 
molar excess of the alkylating agent, and 
the extent of alkylation of sulfhydryl groups 
agrees satisfactorily with the percentage of 
bleaching assuming the thiol groups of each 
denatured protein molecule react completely 

with iodoacetamide. Certainly no rapid al- 
kylation of one or more sulfhydryls which is 
undetected by absorbance measurement oc- 
curs. 

The reaction in 5 M urea is much more 
rapid but once more is accompanied by loss 
of the visible spectrum of the protein (Fig. 6). 
The kinetics of alkylation appear simple and 
there is no suggestion of any differential re- 
activity from the alkylation data. However, 
the parallel spectrophotometric measure- 
ments show relatively little change in ab- 
sorbance during the formation of the first 
mole of carboxymethyl-cysteine, suggesting 
that there may be one sulfhydryl group 
which can be alkylated without significant 
perturbation of the visible spectrum. At 
longer reaction times the absorbance is an 
unreliable indication of denaturation be- 
cause of the production of iodine. So at the 
end of 5 hr the reaction mixture was diluted 
with 20 ml of H20 and applied to a 1 X 2-cm 
DE52 column. The column was washed with 
50 ml of 0.15 M Tris, pH 7.3, and the protein 
was eluted with the same buffer containing 
1 M sodium chloride. The optical spectrum 
of the colored eluate was identical to native 
spinach ferredoxin from 800-360 mp. At 
shorter wavelengths the absorbance in- 
creased rapidly due to the presence of car- 
boxymethylated apoprotein. The CD spec- 
trum of the eluate was identical with native 
spinach ferredoxin from 700-300 rnp. The 
ratio of the absorbance at 420 rnp to that at 
275 rnp was 0.12. 

The percentage of denaturation calculated 
as described in the experimental section is 

TABLE 1~ 

ALKYLATION OF NATIVE FERREDOXIN 

Percent denaturationb 
Time (hr) R 

A B 

Carboxymethyl cysteim9 
expected (mole/mole Fd) Carboxymethyl 

cyst&e found 
A B (mole/mole Fd) 

0 0.475 0 0 0 0 0 
12 - - - 0.5 
24 0.427 16 10 0.8 0.5 0.67 
48 0.32 44 33 2.3 1.65 1.79 

a For details see experimental section. 
b Calculated according to Eqs. 1 (A) and 2 (B). 
c Calculated from percentage of denaturation assuming 5 moles carboxymethyl-cysteine per mole 

protein. 
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FIG. 6. Alkylation of spinach ferredoxin in 5 M 

urea as monitored by the decrease in absorbance 
at 420 rnp (a) and formation of carboxymethyl- 
cysteine (0). For details see experimental section. 

75~31% corresponding to 3.754.05 moles 
carboxymethyl-cysteine formed. Extrapola- 
tion of the data of Fig. 6 to 300 min gives a 
value of 3.6 moles carboxymethyl-cysteine. 

DISCUSSION 

The spectral comparison of native ferre- 
doxin with the protein in anaerobic, 5 M 
urea solution demonstrates that at least in 
high ionic strength the chromophore and 
EPR center are only marginally perturbed 
by the presence of the potential denaturant. 
Thus, the details of both the optical and 
CD spectra are preserved while the changes 
in the EPR spectra are so small that clearly 
any modification of the fundamental geom- 
etry of the site is marginal. 

The absorbance and EPR spectra monitor 
the integrity of the iron site but the CD 
spectrum is, in principle, sensitive both to 
details of the geometry of the site and the 
local conformation of the protein in the en- 
vironment of the site. Thus, Padmanabham 
and Kimura have suggested that for both 
adrenodoxin and spinach ferredoxin the op- 
tical activity of the metal site may result 
from an asymmetry imposed upon an intrin- 
sically symmetric chromophore by the pro- 
tein structure (3). They based their original 
proposal upon the observation that during 
the aerobic denaturation of adrenodoxin the 
CD spectrum has been essentially destroyed 
under conditions which preserve most of the 

414-rnH absorbance of the protein. Further 
experiments (4) revealed that the first step 
was a very rapid conversion of the protein 
to a species with spectral properties similar 
to those which we see in the presence of urea 
anaerobically when the ionic strength is low 
(Fig. 3), i.e. because these workers confined 
their experiments to low ionic strength, they 
overlooked the dramatic effect of salt con- 
centration on these phenomena. This species 
is characterized by an optical spectrum mod- 
ified to the extent that the 460-rnp peak is 
lost and a significant amount of absorption 
in the 400- to 550.rnp region has disappeared, 
and a CD spectrum that is completely dif- 
ferent from the native protein being only 
feebly optically active and having its own 
characteristic set of optically active transi- 
tions; as we have shown (Fig. 3), this tran- 
sition is reversible. This may be interpreted 
to mean that the constitution of the active 
center has been preserved in the high-low 
salt transition even though the conformation 
of this site may have changed significantly. 
If the sample is now made aerobic, this new 
species sIowIy disappears as judged by the 
loss of the residual optical activity and a 
substantial decrease in the visible absorbance 
of the sample (1, 4, 11). 

Padmanabham and Kimura (3, 4) used 
these data to claim that the origin of the 
optical activity is extrinsic. We believe this 
is an arbitrary interpretation of the results. 

The initial species formed in these experi- 
ments and the species we observe at low 
ionic strength are clearly different from the 
native protein by several criteria. First, the 
optical spectra are not identical. To workers 
not familiar with this area the differences in 
optical spectra may seem small. However, it 
should be pointed out that optical spectra 
similar to the low salt species are readily 
produced in model systems (14) and artificial 
nonheme iron proteins (15) which are ob- 
tained by the judicious mixing of iron, sul- 
fide, and thiol donor. 

Second, the disappearance of the natural 
CD spectrum is just as readily interpreted 
as being due to a modification of the site. 
Indeed, if the activity were arising from an 
asymmetry imposed by the protein, would 
one expect the CD spectra of proteins as 
diverse as spinach ferredoxin (16), adreno- 
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doxin (16), Azotobacter protein III (17)) 
and xanthine oxidase (18) to give CD spec- 
tra which are so strikingly similar? It must 
be emphasized that the high and low salt 
species are reasonably stable under anaerobic 
conditions but that, in the presence of oxy- 
gen, both species denature by oxygen (11). 
Thus, the proposal by Padmanabhan and 
Kimura (4) of a complex sequence of de- 
naturation due to urea is unacceptable be- 
cause it ignores both the salt-dependent 
transition between optically different species 
and the sensitivity of these species to oxygen. 

Thirdly, the reduced protein in low salt 
gives no EPR spectrum even when frozen 
within seconds after reduction whereas both 
the urea-free protein in low salt and the 
urea-containing protein in high salt give full 
EPR signals under these conditions. 

Clearly these arguments do not eliminate 
the possibility that the optical activity is of 
extrinsic origin. For instance it could be 
argued that the absence of an EPR signal 
is a consequence of a very rapid disintegra- 
tion of the active center on reduction. Such 
a reaction is not ruled out by our data, but 
we see less than 1% of the anticipated EPR 
even when the sample was frozen in ca 10 
sec. A more satisfying interpretation of all 
the available data is that the initial species 
formed in strong urea under conditions of 
low ionic strength is a modified form of the 
active center with a different optical spec- 
trum, intrinsically lower optical activity 
and, on reduction, no EPR signal. This pro- 
posal is similar to that proposed by Garbett 
et al. who first observed that 8 n< urea con- 
verts the CD spectrum of spinach ferredoxin 
to a completely new form while only mildly 
perturbing the optical spectrum (2). They 
thus proposed that these differential affects 
were due to an increase in the structural 
symmetry of the chromophore by changes in 
protein structure which left the site intact. 
This effect of ionic strength on the properties 
of this protein are most easily explained as 
a salt-induced conformational change in the 
protein, a process which might be detected 
by changes in the ultraviolet optical activity 
of the protein. 

However, the extremely high absorbance 
of the urea solution in the ultraviolet will 
make this extremely difficult to demonstrate 

experimentally by direct CD measurements, 
while the indirect ORD method is not appli- 
cable because of the large changes in optical 
activity associated with the visible chro- 
mophore. 

The mercurial phenylmercuric acetate re- 
acts rapidly and quantitatively with spinach 
ferredoxin both in the absence and presence 
of urea. The value of 9 moles of mercurial 
bound/mole of protein is, of course, antici- 
pated on the basis of the cysteine and sulfide 
content of this protein on the assumption 
that each mercaptide binds one mercurial 
and each sulfide two. It should be empha- 
sized that results obtained by the ampero- 
metric method give an absolute value for the 
mercurial titer. Previous analyses (e.g. 5) 
have relied on the disappearance of the ab- 
sorption at 420 rnp after addition of mer- 
curial, a procedure which need only measure 
the number of mercurial sites present at the 
active center or on the uv-monitored forma- 
tion of mercaptide bonds, a method which 
is unreliable in proteins with nonprotein 
chromophores (21). The fact that both meth- 
ods of analysis give the same result implies 
either that all of the mercurial are indeed at 
the active center of the protein or that the 
denaturation produced by mercurial occurs 
in an all-or-none manner; 5 M urea has essen- 
tially no effect on the titration. The excellent 
precision of the amperometric method can 
be judged from the data of Fig. 5. 

By contrast, iodoacetamide reacts very 
sluggishly with the native protein though 
considerably faster in the presence of urea. 
This difference between the mercurial and 
iodoacetamide may well be a reflection of 
the differences in reactivity of these two 
reagents, for although both reagents react 
with thiol groups, mercurial binds sulfide 
much more avidly than does the alkylating 
agent. In this interpretation the sulfhydryl 
groups of the protein are not available for 
reaction, hence the ineffectiveness of iodo- 
acetamide. However, mercurial can attack 
the labile sulfide of the site leading to an 
uncovering of the thiol groups as the site 
disintegrates. 

This proposal is supported by the chemi- 
cal data on the carboxymethylation of the 
protein, for it is clear (Table I, Fig. 6) that 
with both native and urea-perturbed ferre- 
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doxin iodoacetamide is only able to alkylate 
sulfhydryl groups when there is concurrent 
site destruction. This appears to proceed in 
an all-or-none manner as judged by (1) the 
monophasic nature of the reaction with 
iodoacetamide, (2) the observation that after 
75-N% of the reaction has proceeded, the 
residual visible and CD spectra were those 
of the native protein. Thus, apart from the 
possibility that the first mole of iodoaceta- 
mide might react without destruction of the 
active center there is no evidence for any 
selective reaction of this reagent with the 
protein. 
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