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SUMMARY: A new method for identification and quantitation of [2Fe-2S] and 
[4Fe-4S] types of iron-sulfur centers in proteins is presented. The method 
relies on the solubilization of CsHsSH, [Fe2S2(SCsH5)k]-2 and [Fe,+S,+(SCsH5)k]-2 
in aqueous solutions containing 5-17 vol % N,N-dimethylformamide by 5 vol % 
Triton X-100. Quantitative removal of the Fe2S2 core of Spinach ferredoxin is 
achieved in media containing 80 vol % water. Advantages over previous core ex- 
trusion methods include avoidance of toxic hexamethylphosphoramide, a smaller 
percentage of organic solvent, increased sensitivity and (for Spinach ferre- 
doxin) decreased extrusion time. 

INTRODUCTION- 

The core extrusion method has proven to be of considerable utility in the 

identification and quantitation of [2Fe-2S] and [4Fe-4S] types of Fe-S centers 

in proteins and enzymes (l-5). The method is based on the ligand exchange re- 

action 1, in which cysteine thiolate ligands to the Fe-S center in the holo- 

protein are replaced by PhSH. The reaction is conducted anaerobically, usu- 

holoprotein + PhSH -> [FenSn(SPh)b]-z + apoprotein 1 

I (n=2), II (n=4) - 

ally in 80:20 vol % HMPA:water, a medium simultaneously capable of unfolding 

protein structure and of solublizing a large excess of aromatic thiol. FelS2 

and Fe,S,+ cores of Fe-S centers are extruded from holoproteins by reaction 1 

in the form of stable synthetic analogues (I and II) which can be identified 
19 

and quantitated spectrophotometrically (l-3) as well as by F NMR (using 

p-CF3C6H5SH) (3-5) or by EPR (4). 

Abbreviations. Fd, ferredoxin; DMF, N,N-dimethylformamide; Triton, Triton X-100; 
Me, -Ch,; Et, -C2Hs; HMPA, hexamethylphosphoramide; PhSH, benzenethiol;. the term 
"aqueous Triton" refers to predominantly (2 813 vol %) aqueous solutions in which 
the remainder is some proportion of Triton and DMF. 
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A new method of core extrusion via reaction 1 is presented herein which 

relies on the solubilization of I, II and PhSH in predominantly aqueous solu- * - 

tions by the nonionic detergent, Triton X-100 and which presents certain ad- 

vantages over previous methods. 

METHODS 

hS2(SPh)d(EtJ)2 (I), ~Fe4Ss(SPh)sl(EtsN)z (II) and 
[Fe4S?$??$~0H)~](MepN)2 (III) were Synthesized by published pRcedures (6 7). 
Spinach Fd was purchased frofiigma Chemical Co. and desalted by passage ovei a 
small Sephadex G-25 column equilibrated with 50 ti- Tris-Cl pH 8.3, imnediately 
before use. Triton X-100 was purchased from Sigma and used without further 
purification. DMF (over BaO) and PhSH were distilled under reduced pressure. 

All manipulations described below were carried out under argon on a vacu- 
um manifold in either schlenk-type glassware or septum capped vials. Solutions 
were transferred via gas-tight syringes. Buffer is 50 my Tris-Cl pH 8.3. All 
spectra were obtained using a Perkin-Elmer Model 554 recording spectrophotorce- 
ter in double septum sealed quartz cuvettes of either 0.05 or 1 cm path lengths 
similar to a design described in reference 8. 

Determination of spectral parameters of I and II in aqueous Triton. 
lo-20 mM stock solutions of I or II were prepared in DMF and contained a 
50-loo-fold molar excess of phSH.- Exact concentrations of I and II in the 
stock solutions were determined spectrophotometrically in DMF usi@ published 
extinction coefficients (9). Solutions of i or II in aqueous Triton were pre- 
pared typically by injecting 0.040 mL of stock izo 0.960 mL of a solution pre- 
pared by adding 0.04 mL DMF to 0.2 mL Triton and diluting with 3.6 mL buffer. 
The resulting solution was transferred to the double septum cuvette and spectra 
obtained between 700 and 350 nm. The final solvent composition was 90:5:5 vol 
% buffer:DMF:Triton. Molarities of i and 11 in these solutions were assumed 
to be those resulting from dilution of stock and ranged from 0.1-0.4 mM. The 
calculated molar extinction coefficients in aqueous Triton are thus based on 
those in DMF. Unless otherwise noted, the final values for absorbance ratios 
and extinction coefficients are averages of three determinations. 

Liqand exchaoqe reactions of III in aqueous Triton. A solution of water 
soluble III was prepared by dissolving the solid in buffer containing 
0.021 mLm (30 r@l) HSCH2CH20H. A spectrum of this solution (Figure 2a) gave 
Az96/Asv+ = 1.32,close to the literature value of 1.35 (lo), and a calcu- 
lated concentration using ~~~~ = 15,400 M-'cm-' of 0.84 ~JvJ. To 1.5 mL of this 
solution was injected 0.380 mL of a solution prepared by iixing 0.25 mL Triton, 
0.725 mL DMF and 0.025 mL PhSH. The final solvent composition was approxi- 
mately 80:15:5 vol % buffer:DMF:Triton and contained 50 n+l PhSH. The same re- 
action was also carried out in a solution in which acetonTtrile was substituted 
for DMF. The aqueous solution (1 mL) initially contained 0.84 mM III and 
50 mM HSCH2CH20H, and after dilution (to 1.25 mL) the final solv&??omposi- 
tion-was approximately 81:9.5:9.5 vol % buffer:CHxCN:Triton (100 mM PhSH). 

Active site core extrusion of Spinach Fd. After thorough degassing 
0.5 mL Spinach Fd in buffer was transferred to the 1 cm cuvette and a spectruii 
obtained (Figure 3a). 0.15 mL of a solution prepared by mixing 0.25 mL Triton, 
0.725 mL DMF and 0.025 mL PhSH was then injected and after thorough mixing, 
spectra were obtained at intervals of lo-20 minutes until no further spectral 
changes were evident (Figure 3b). The final solvent composition was approxi- 
mately 77:17:6 vol % buffer:DMF:Triton and contained 50 mM PhSH. Three other 
extrusion reactions were carried out similarly with the fTna1 solvent compo- 
sitions listed in Table I. The completeness of extrusion was judged from the 
value of nd calculated as follows: 

"d 
EC= A474/10,000 M-'cm-' 

mcl Fd 
' 'f/'i 

A420/8870 M-'cm-' 
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Figure 1. Visible absorption spectra Of [Fe2S2(SPh)bl-* and [Fek5,,(5Ph!+]-' 
in 90:5:5 vol 2 buffer:DMF:Triton containing excess benzenethiol. 

where V, and V. represent final and intial volumes, respectively. In all cases, 
the dilution factor Vf/Vi was either 1.25 or 1.30. The value of ebZO = 
8870 M-'cm-' is taken from reference 1. 

RESULTS 

Determination of spectral parameters of I and II in aqueous Triton. I and 

II, which are insoluble in water, are soluble and stable for at least several 

hours in aqueous Triton in the presence of excess PhSH as judged by visible 

spectra. In the absence of excess PhSH, quantitative conversion of L to 2 was 

observed to occur in 90:5:5 vol % buffer:DMF:Triton, presumably via reaction 2, 

the one postulated to occur in 80:20 ~01 % HMPA:water (11). As in the latter 

2[Fe2S2(SPh)bl-2 -+ [FekS,(SPh),]-2 + 2PHS- t PhSSPh 2 _ 

solvent, reaction 2 is rendered negligibly slow compared to extrusion time in 

aqueous Triton by maintenance of a mole ratio of PhSH/I > 100, thus allowing - .., 

correct site identification in reaction 1 for proteins containing only [2Fe-2S] 

or [4Fe-4S] active centers. Figure 1 shows spectra of I and II in 90:5:5 vol % 

buffer:DMF:Triton. The relevant spectral parameters determined in this medium 

for I are: Amax, 474 nm (shoulder, 425 nm); ~~7~ = 10,000 F1-'cm-'; A474/A550 = 

1.24 + 0.02; AbsJAsso = 1.20 i 0.01; A~~+/A~oo = 1.84 rt 0.04, the latter three 

values each being the average of eight determination. For II, the relevant 
- 

parameters are Amax, 454 nm; E,+~,, = 17,400 M-'cm-'; A45r/A550 = 2.05 -t 0.03. 
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Figure 2. a) 0.84 m!! [FesS~(SCH2CH20H)41-2 in buffer containing 30 d 

HSCH2CH20H (0.05 cm path cell); b) solution in a) 15 -. 
minutes after a 1.25-fold dilution to a final solvent composition 
of 80:15:5 vol % buffer:DMF:Triton containing 50 ti PhSH. 
hs~/Asso = 2.0. 

Figure 3. a) 0.140 rnkJ Spinach Fd in buffer (1 cm path cell); b) solution in 
a) 10 minutes after a 1.3-fold dilution to a final solvent compo- 
sition of 77:17:6 vol % buffer:DMF:Triton. These spectra represent 
expt 1 in Table I. 

Ligand exchange reaction of III in aqueous Triton. To demonstrate the 

feasibility of reaction 1 in aqueous Triton, the ligand exchange reaction was 

carried out on III, which is water soluble, stable to hydrolysis in the presence 

of excess HSCH2CH20H and serves as a model for simple ferredoxins containing 

[4Fe-4S] active centers (10). Figure 2 shows spectra of such a reaction. A 

constant spectrum (Figure 2b) is reached in about 15 minutes which is unambig- 

uously that of the expected product 11. Upon application of ~~~~ = 

17,400 M-'cm-' to figure 2b, the conversion of III to II is calculated to be 95% 
- - 

complete as is the same reaction carried out in a solution in which aceton- 

itrile was substituted for DMF (spectra not shown). These nearly quantitative 

conversions were obtained from solutions containing only about a twofold molar 

excess of PhSH over HSCH2CH20H. 

Active site core extrusion of Spinach Fd. As a test of the method, Spinach 

Fd, which a variety of techniques have shown to contain one [2Fe-2S] center per 

protein molecule (1,12), was subjected to core extrusion in aqueous Triton. 

Figure 3 shows results of one such experiment and Table I lists relevant results 

from four such experiments using various percentages of Triton, DMF and buffer. 
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Table I 

Expt. [Spinach Fdla(nt$ Solvent composition 
buffer:DMF:Triton 

[PhSHl(nJil) Extrusiy ndC 
time 

(vol %) 

1 0.140 77:17:6 50 10 min 1.00 

2 0.041 80:15:5 50 15 min 1.02 

3 0.149 8O:lO:lO 100 40 min 0.97 

4 0.149 90:5:5 80 >1.5 hrs --- 

aBefore dilution with Triton:DMF:PhSH. 

b Approximate time required to reach a constant spectrum. 

'See METHODS for equation used. 

The spectral parameters in Figure 3b, namely hmax = 474 nm, A4,&/Ass0 = 1.23, 

AssdAsso = 1.21, and A~TL,/A~~~ = 1.78, clearly identify it as that of I, whose 

Fe-S core has been extruded quantitatively from Spinach Fd as judged by nd 

(Table I, expt 1). The average value of nd for experiments l-3 in Table I is 

1.00 i 0.03. Experiment 4 gave a spectrum which appeared to be intermediate 

between Spinach Fd and 1. even after 1.5 hours and extrusion was assumed to be in- 

complete at this point. 

DISCUSSION 

The results presented above demonstrate the feasibility of active site core 

extrusion via reaction 1, in aqueous Triton, at least for simple ferredoxins con- 

taining only [2Fe-2S] or [4Fe-4S] types of centers. Advantages of core extrusions 

of Spinach Fd in aqueous Triton over that in 80:20 vol % HMPA:water include 

avoidance of toxic HMPA,a smaller dilution factor (~1.3 compared to 5) resulting 

in higher sensitivity,an extrusion time of lo-15 minutes (Table I, exptsl and 

2) compared to %90 minutes (l), and a lower percentage of organic solvent (~20 

vol % compared to 80 vol % or ti mole % compared to 40 mole %) which may permit 

easier separation of extruded cores and reconstitution of the ferredoxin. 

Experiments 1, 2 and 4 in Table I show qualitatively that extrusion time is quite 

sensitive to the volume percentage of DMF, while experiments 2 and 3 show that 

increasing the volume percentage of Triton at the expense of DMF increases ex- 
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trusion time. The highest volume percentage of DMF used for core extrusion of 

Spinach Fd (expt 1, Table I) corresponds to 2.2 Mwhich is well below the con- 

centration needed to reach the midpoint for denaturation of globular heme pro- 

teins (13) and perhaps indicates that complete denaturation is unnecessary for 

quantitativeextrusion in these aqueous Triton solutions. The relatively high 

percentage of Triton compared to that normally used to solubilize membrane 

bound proteins appears to be necessary primarily to solubilize PhSH in the 

range of 50 m!j!j 
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