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ABSTRACT: The 3Fe forms of ferredoxins (Fd) from the hyperthermophilic archaebacteria Pyrococcus 
furiosus ( P A  and Thermococcus litoralis (TI) have been investigated by ‘H NMR. A combination of 
one-dimensional nuclear Overhauser and two-dimensional NOESY and bond correlation spectroscopy provides 
the assignment of the aromatic residues, one conserved valine, and the location of the signals for each of 
the three cysteines coordinated to the clusters. Dipolar contacts between the Trp 2 and Tyr 46 in Pf Fd 
and from an invariant phenylalanine to an invariant valine and a cluster cysteine in both Fd confirm a folding 
pattern for these proteins that is very similar to that of the crystallographically characterized ferredoxin 
from the mesophile Desulfovibro gigas. The sequence-specific assignment of the buried cysteine near the 
invariant phenylalanine has been made. The temperature dependence of the contact-shifted cysteinyl 
residues reveals a distinct 2:l asymmetry in the magnetic coupling among the three high-spin ferric ions, 
in that one cysteine exhibits Curie behavior, while the other two cysteines display anti-Curie behavior. 
These magnetic properties are rationalized qualitatively on the basis of a magnetic coupling scheme where 
two iron couple to yield an intermediate spin of 2 which couples to the remaining S = 5/2 iron to yield 
the total cluster spin 1 /2. This magnetic asymmetry appears to be a characteristic feature of oxidized 3Fe 
clusters, Pf Fd also undergoes a dynamic equilibrium between two alternate forms that differ slightly in 
the environment of two of the coordinated cysteines. Analysis of the pattern of the contact shifts for the 
three cysteines in the two ferredoxins suggests that the cysteine coordinated to the unique iron does not 
have the same sequence origin. 

Iron-sulfur clusters in proteins fulfill diverse chemical 
functions yet utilize a relatively limited number of fundamental 
structures, namely, [Fe2S2] l + y 2 + ,  [Fe&]OJ+, [Fe4S4] 1+92+,3+ 

clusters [for reviews, see Lovenberg (1973), Spiro (1982), 
Thompson (1985), Beinert, (1990), and Howard and Rees 
(1991)l. All iron atoms are tetrahedrally coordinated to 
bridging sulfur atoms and terminal cysteinyl ligands and are 
high-spin but magnetically coupled in all known cluster 
oxidation states. In the 2Fe clusters, the iron retain formal 
valence states (i.e., Fe3+-Fe3+ for oxidized and Fe3+-Fe2+ for 
reduced yielding total S = 0 and S = 1/2 ground states, 
respectively) (Gibson et al., 1966; Fee et al., 1984; Johnson, 
1986), whereas the 4Fe systems have some pairs of iron atoms 
exhibiting ‘delocalized” or averaged valence states of Fe2.S+ 
(i.e., 2Fe2.5+-2Fe2.0+, 2Fe2,5+-2Fe2,S+,and 2Fe2.5+-2Fe3.0+, for 
the three known oxidation states with spin ground states ST 
= 1/2, 0, and 1/2, respectively) (Moss et al., 1968; Dickson 
et al., 1974; Cammack et al., 1977; Middleton et al., 1978, 
1980). For 3Fe clusters in the oxidized (+1) form, three 
high-spin ferric ions couple to yield a total spin ground state 
of 112. Hence, Mossbauer and magnetic susceptibility studies 
indicate idential iron environments (Huynh et al., 1980; 
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Emptage et al., 1980; Moura et al., 1982; Day et al., 1988) 
although low-temperature ESR data have been interpreted as 
reflecting a 2:l asymmetry in the coupling scheme (Kent et 
al., 1980). When the cluster is reduced, the added electron 
is delocalized over a specific or ‘special” pair of Fe which in 
turn couple to the remaining Fe3+ for a cluster spin of S = 
2 (Thompson et al., 198 1; Papaefthymiou et al., 1987; Miinck 
et al., 1988). 

Delocalized valence states are therefore characteristic of 
both 3Fe and 4Fe clusters, but little is known about how the 
protein structure controls the differentiation between the iron 
pairs. ‘H NMR is uniquely suited for studying both the 
electronic/magnetic properties of the individual iron atoms 
of a cluster and the overall protein structure. The observed 
contact shifts for the 8-methylene protons of the coordinated 
cysteine reflect both the spin magnetization, (S,)i, for the 
individual iron atom, i ,  as well as the orientation of the 
methylene protons relative to the iron atom, i.e. 

awni = (bo + b, cos’ ( P ) D ( S , ) ~  (1) 
where bo, b2, and D are constants and cp is the angle between 
the Fe-S-C6 plane and the p orbital with the unpaired spin 
(Poe et al., 1970; Busse et al., 1991). A spin Hamiltonian 
formulation of the exchange coupling in 2Fe and 4Fe clusters 
has been fruitfully applied to identify the characteristic 
temperature dependence for the ferric and ferrous ions in 2Fe 
clusters (Dunham et al., 1991; Banci et al., 1990), as well as 
the valence delocalized pair in both the [Fe4S4] 1+,3+ states of 
4Fe clusters (Bertini et al., 1991b, 1992). One- and two- 
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FIGURE 1: (A) Alignment of amino acid sequences for ferredoxins from Pf Fd, TI Fd, and Dg Fd. Numbering is based upon Pf Fd as it is 
the longest protein. Cysteines are identified by Roman numerals to allow easier comparison of equivalent residues. (B) Conformation of 
cysteines around the 3Fe-4S cluster based upon Dg Fd X-ray diffraction structure (Kissinger et al., 1988); residues numbers are for PfFd. 
(C) a-Carbon chain for the proposed structure of Pf Fd based upon the coordinates of the Dg Fd. Aromatic residues, cysteines, and Asp14 
are identified for comparison to text discussion. The dashed light line indicates the variable loop region, residues ca. 3446. 

dimensional NMR identification of the signal of individual 
cysteines has verified the predicted temperature dependence 
patterns (Banci et al., 1991b; Bertini et al., 1990, 1991a,b, 
1992a; Busse et al., 199 1; Cowan & Sola, 1990) and for several 
proteins has identified the sequence origin of the valence state 
differentiated irons (Dugad et al., 1990; Skjeldal et al., 1991; 
Nettesheim et al., 1992; Bertini et al., 1992b). 

In contrast, 3Fe clusters have been studied by NMR 
primarily in proteins that possess both the 3Fe and 4Fe clusters 
so it has not even been possible to associate all of the contact- 
shiftedcysteinyl residues to the respective clusters (Nagayama 
et al., 1986; Cheng et al., 1990). In order to elucidate the ‘H 
NMR spectral parameters that reflect electronic/magnetic 
properties common to, and perhaps diagnostic for, 3Fe systems, 
we have investigated the NMR spectra of the ferredoxin (Fd) 
from two hyperthermophilic archae (formerly archaebacteria), 
Pyrococcus furiosus (PA and Thermococcus litoralis (TI),  
organisms that grow optimally near or at 100 OC (Fiala & 
Stetter, 1986; Neuner et al., 1990). Both proteins are 
comprised of about 65 residues (Figure 1A) and contain a 
single 4Fe cluster which readily converts to stable 3Fe forms 
(Conover et al., 1990a).2 They exhibit extensive sequence 

Abbreviations: NMR, nuclear magnetic resonance; EPR, electron 
paramagnetic resonance; DSS, 2,2’-dimethyl-2-silapentane-5-sulfonate; 
ppm, parts per million; NOE, nuclear Overhauser effect; NOESY, nuclear 
Overhauser effect spectroscopy; COSY, correlation spectroscopy; DQF- 
COSY, double-quantum-filtered correlation spectroscopy; Fd, ferredoxin, 
HiPiP, high-potential iron protein; Dg, Desufjouibrogigas; PA Pyococcus 
furiosus; TI, Thennococcus litoralis. 

* J. B. Howard, J.-B. Park, Z. H. Zhai, and M. W. W. Adams, 
manuscript in preparation. 

homology to the 3Fe Fd from the mesophilic bacterium 
Desulfovibrogigas (Dg), for which an X-ray crystal structure 
(Figure 1B,C) has beenreported (Kissingeret al., 1988,1989), 
and computer modeling has predicted strong structural 
homology to Dg Fd.2 However, these hyperthermophilic 
proteins are stable to significant denaturation over 12 h at 95 
OC (Aono et al., 1989)2 and, in physiological electron transfer 
reactions to hydrogenase, appear to function efficiently only 
above 80 OC (Bryant & Adams, 1989; Adams, 1992). While 
TI 4Fe Fd has the usual 4 cysteinyl ligation to the cluster: 
Pf 4Fe Fd has one residue replaced by an aspartyl group 
which accounts for the ease of removal of one Fe, the anomalous 
resonance Raman properties of the 4Fe cluster (Conover et 
al., 1990a), the ability of the 4Fe cluster to bind exogenous 
ligands (Conover et al., 1991), and the ease with which other 
metal ions (M) can be accommodated to generate mixed metal 
[MFe3S4]-type clusters (Conover et al., 1990b). A recent 
ENDOR study concluded hydroxide is likely to furnish the 
fourth ligand in the reduced 4Fe cluster of the Pf protein 
(Park et al., 1991). 

In this initial NMR study, we have addressed the following 
questions: (1) Do these hyperthermophilic 3Fe Fds exhibit 
a protein folding pattern similar to that of the mesophilic Dg 
3Fe Fd, as predicted by computer modeling? Can the 
&methylene signals for the coordinated cysteines be located? 
Do the contact shifts for the cysteines reflect a characteristic 
pattern that can be interpreted in terms of the electronic/ 
magnetic properties of the cluster? Do the iron within the 
oxidized cluster exhibit the asymmetry that can form the basis 
for the “special pair” in the reduced cluster? Lastly, can the 
signals from coordinated cysteines be sequence-specifically 
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assigned to assess the structural basis of the asymmetry of the 
electronic structure? 
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resonances (Busse et al., 1991; La Mar & Ropp, 1993) or as 
slow repetition rate, high-resolution experiments. MCOSY 
experiments (Bax, 1982) werecollected as n-typespectra with 
sweep widths of 25 000 Hz and 30 000 Hz used for Pf Fd and 
T1 Fd, respectively. The data consisted of 1024 t 2  points and 
256 t l  blocks with a pulse repetition time of 50 ms. The data 
were processed using Oo-shifted sine-squared window functions 
over 256 points in both dimensions, and zero-filled to 1024 X 
1024 final size. Because of the rapid decay of magnetization, 
the sensitivity in COSY and NOESY (see below) experiments 
was improved by using only one-quarter of the collected data 
points in the t2 direction (Busse et al., 1991; La Mar & de 
Ropp, 1993). NOESY data were collected over the same 
bandwidths with TPPI phase-sensitive detection (Marion & 
Wiithrich, 1983), using 1024 t2 points and 256 tl blocks; the 
mixing time was 10 ms and the repetition time was 50 ms. The 
data were processed using 60O-shifted sine-squared windows 
over 256 points in both dimensions. The data were baseline- 
straightened after the first FT using a fourth-degree polynomial 
function. High-resolution NOESY and DQF-COSY exper- 
iments were collected as 5 12 t 1 blocks of 2048 t 2  points over 
7000 Hz for both proteins. Pure phase spectra were collected 
using TPPI with a mixing time of 250 ms and were processed 
using 60O-shifted sine-squared windows in both dimensions. 
DQF-COSY data were processed using 0'-shifted sinesquared 
windows in both dimensions. All 2D data processing was 
performed using the FELIX program by Hare Research Inc. 
Chemical shifts are reported in parts per million referenced 
to 2,2-dimethyl-2-sila-5-pentanesulfonate (DSS) via the re- 
sidual solvent line. 

RESULTS 
The oxidized 3Fe forms of Pf Fd and T1 Fd were used 

throughout the following experiments. 
The complete 500-MHz lH NMR spectra in 2H20 at 30 

'C under nonsaturating conditions (pulse repetition rate 0.33 
s-l) for these proteins are illustrated in Figure 2A,D. The 
reSonanas of interest are labeled by lowercase letters. Spectra 
were also collected under rapid pulsing condition (pulse 
repetition rate 10 s-l) that emphasize fast-relaxing proton 
signals and significantly suppress the slowly relaxing envelope, 
and these are given in Figure 2B,E. The super WEFT 
(Inubushi & Becker, 1983) trace for Pf Fd shown in Figure 
2C suppresses signals with T1 > 30 ms and allows detection 
of two severely relaxed proton peaks h and p. The resolved 
portions in Figure 2A,D consist of a single slowly relaxing 
upfield methyl, numerous slowly relaxing resonances in the 
aromatic window 6-7 ppm, and 6-7 broad low-field signals 
in the 8-30 ppm region that clearly experience contact shifts 
and significant paramagnetic relaxation. Signal intensities 
were determined by peak integration under conditions where 
neither the signal of interest nor the reference signal is 
saturated. The upfield three-proton methyl peak z (confirmed 
by 2D; see below) served as intensity reference for slowly 
relaxing protons, while the narrowest low-field Cys single 
proton peak (confirmed by 1D NOES; see below) served as 
reference for rapidly relaxed protons. The chemical shifts, 
line widths, and nonselective T I  values for resolved signals at 
30 'C are listed in Table I. Because Pf Fd is more readily 
obtained and has been more extensively characterized (Aono 
et al., 1989; Bryant & Adams, 1989; Connover et al., 1990a; 
1991; Park et al., 1991), we focused primarily on the Pf Fd; 
less extensive studies were carried out with the more recently 
characterized TI Fd.2p3 

Assignment of Aromatic Residues. Pf Fd has three 
aromatic residues, Trp 2, Phe 25, and Tyr 46.2 Portions of 

MATERIALS AND METHODS 

Proteins. P. furiosus (PA cells were grown (Bryant & 
Adams, 1989), and its ferredoxin (Fd) was isolated and purified 
(Aono et al., 1989) and converted to the 3Fe form (Conover 
et al., 1990a) as described previously. Growth of T.  litoralis 
(TI)  cells3 and the characterization of its ferredoxins will be 
described elsewhere. The NMR samples were prepared by 
exchanging the 'H20 solution with a 25 mM sodium phosphate 
2H20 buffer in an Amicon ultrafiltration device using a YM3 
membrane at pH 7.8-7.9. The NMR spectra parameters 
were found to be pH indepehdent within f0 .5 pH unit of 
these values (data not shown). 

NMR Spectroscopy. All NMR spectra were acquired on 
a General Electric a500 NMR spectrometer operating at 500- 
MHz proton frequency. One-dimensional spectra were 
recorded with either a slow repetition time (3 s) using 
presaturation for water suppfession or with a fast repetition 
time (100 ms) using a super-WEFT pulse sequence (Inubushi 
& Becker, 1983) with a 40-60 ms relaxation delay between 
the 1 80' and 90' pulse SeQuence for water suppression. Spin- 
lattice relaxation times ( T I )  weremeasured using an inversion- 
recovery sequence; repetition times were set at 5 times the TI 
relaxation time of the peaks of interest. The relaxation times 
were determined using a three-parameter fit of the data for 
resolved resonances. Tls for unresolved peaks were estimated 
by the inversion null point for fast relaxing resonances under 
conditions where nearby slow relaxing signals are strongly 
suppressed. One-dimensional NOE experiments were per- 
formed using a SUPER-WEFT pulse sequence; repetition 
times of 100 ms were used with a relaxation delay of 40-60 
ms. The resonance under study was irradiated for 95% of the 
relaxation delay time. NOE difference traces were acquired 
by interleaving a block of scans with saturation on-resonance 
with an equal number of blocks with off-resonance saturation 
and taking the difference between these two sets of scans. 
Sweep widths of 25 000 Hz and 30 000 Hz were used for Pf 
and TI Fd, respectively. Line widths for resolved peaks were 
determined by fitting the entire hyperfine region (30 ppm to 
7.0 ppm) to a series of Lorentzian lines. For unresolved peaks 
of interest, the line width was estimated from the lineshape 
of the nuclear Overhauser effect, NOE, response in a 1D 
NOE difference trace. The steady-state NOE from peak j 
to peak i is given by (Neuhaus & Williamson, 1989) 

~pt = QijTli (2) 
where u,, is the cross-relaxation rate given by 

uij = 0 . 1 ~ ~ ~ ~  rij4 7, (3) 
with rij the interproton distance and rc the reorientation time 
of the ij vector, which can be assumed to be the rotational 
correlation time of the protein, T ~ .  This, in turn, can be 
estimated from the Stokes-Einstein equation 

7, = 4ra3{/3kT (4) 
where a is the protein radius and {is the solvent viscosity. For 
a globular protein of Mr - 7000, as in the case for Pf and 
TI Fd, eq 3 yields rt - 3 ns at 30 'C in 2H20. 

Two-dimensional NMR experiments were performed either 
as fast repetition rateexperiments tostudy the hyperfineshifted 

S. Makund, and M. W. W. Adams, manuscript in preparation. 
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FIGURE 2: The 500-MHz 'H NMR spectra of 5 mM oxidized 3Fe Fd in 2Hz0, at 30 O C :  PfFd at pH 7.9 with (A) 0.33 s-l and (B) 10 s-l 
pulse repetition rates and (C) Super-WEFT spectrum revealing peaks h and p; TI Fd at pH 7.8, with (D) 0.33 s-l and (E) 10 s-l pulse repetition 
rates. The repetition rate emphasizes fast relaxing peaks, particularly within the diamagnetic envelope. The resonance of interest in this report 
are labeled with lowercase letters. 
its DQF-COSY spectrum, illustrated in Figure 3, reveal that 2 are located in the DQF-COSY map by two cross peaks at 
the upfield methyl peak z is part of a valine (Figure 3A), 6.62 (m), 6.91 (j), and 7.35 (g) ppm (Figure 3B). The fourth 
while peaks n and o arise from the 2,6-H and 33-H of Tyr signal is under the broad composite at -6.9 ppm. The 
46 (Figure 3B). The protons of the six-membered ring of Trp expected COSY cross-peak to that resonance is too close to 
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Table 1: IH NMR Spectral Parameters for Coordinated Cysteinyl Protons in the 3Fe Forms of Pf Fd and TI Fd 
protein Cys” peakb assignment‘ Tld line widthc Sod dmng (d,,(CpH) )*  &,,,(CBH)/~,(C~H’) 

7.3 3.5 10.6 140 14.27 11.3 
c5 -160 5.22 3.2 P CpH’ 

f CaH 39 48 9.37 4.7 
8.7 180 19.73 16.7 
2.9 210 17.14 14.1 C CpH‘ 

h CaH c5 -170 7.09 2.7 

Pf Fd A d CBH 

Pf Fd B b CaH 15.4 1.2 

14.8 Pf Fd C a CpH’ 5.0 375 23.65 20.7 
10.0 300 11.82 8.8 

-120 3.94 -0.6 
9.1 71 16.59 13.6 

-5 - 190 8.12 5.1 f CpH’ 
e CaH 15.5 37 9.88 5.2 

TI Fd B C CpH’ 5.2 102 17.41 14.4 - 80 4.85 1.9 - 50 3.76 -0.9 
i CBH 

e C P  
S CuH 

TI Fd A d CBH 9.4 

8.2 

j CuH 

0.43 

2.7 

0.13 

23.6 1.2 5.5 120 29.15 26.2 
1.7 255 23.96 21.0 

TI Fd C a C4-J 
b CpH’ 

Cys designation is C (for Curie-like temperature dependence) and A (for near aromatic, Le., conserved Phe). Peak labels as given in Figures 2-5. 
CpH and CBH’ designated the Cys @-methylene proton further from and closer to the iron, respectively, as reflected in their TI values. d TI values 

are in milliseconds, with uncertainty k20%, values preceded by - are determined from null point during an inversion recovery experiment under 
sufficiently rapid pulsing conditions to suppress slowly relaxing protons. Line width values are in hertz at 500 MHz, with uncertainty of k20%f With 
observed shift, relative to DSS, given in parts per million. 6,” = doh - ddia, with ddia in the shift in a diamagnetic complex, ddia(C@H) = 2.0, ddia(CaH) 
= 4.5 PPm. ’ (6mn(C~H)) e [6mn(CBW + 6mn(c~H’)]. 

the diagonal to detect. The Trp 2 2-H signal, 1, is a sharp 
singlet in 2Hz0 at 6.76 ppm. The composite signal, i, with 
an approximate five-proton intensity at 6.94 ppm, fails to 
exhibit any COSY cross-peaks and, hence, must arise from 
the essentially degenerate protons of Phe 25. This accounts 
for all of the signals from the three aromatic side chains. The 
signal h arises from a coordinated Cys C,H (see below). The 
remainder of the narrow weak signals in the region 6-10 ppm 
arise from slowly exchanging labile protons which are not 
relevant at this time. The Trp 2 and Tyr 46 signals all exhibit 
very long TIS, >2 s ,  indicating locations remote from the 
cluster. The five-proton Phe 25 composite exhibits a shorter 
effective T1 - 100 ms, indicating a position close to the cluster. 
The NOESY spectrum for the 0-10 ppm window in Figure 
3C exhibits the expected intraresidue cross-peaks for the above- 
identified aromatic and valine side chain (Figure 3C). Intense 
cross-peaks between the upfield-shifted valine methyl peak z 
and the Phe 25 aromatic ring composite dictate close proximity 
of these two side chains (Figure 3D). Strong cross-peaks are 
also observed between the Trp 2 and Tyr 46 aromatic chain 
protons (Figure 3E). Hence, the sequence positions 2 and 46 
form a close tertiary contact, as predicted by computer 
modeling based on the sequence.2 The remainder of the 
aromatic dipolar contacts are to as yet unassigned residues. 

In contrast, to Pf Fd, T1 Fd possesses a single aromatic 
residue, Phe 24.2 The two resolved peaks at 6.62 (g) and 6.47 
ppm (h), with relative areas 2:3, yield a DQF-COSY cross- 
peakidentifying them as the 2,6-H and 3,5-H/4-H composite 
of Phe 24 (supplementary material). The upfield-resolved 
methyl peak z exhibits cross-peaks diagnostic of a Val. The 
NOESY spectrum displays intense cross-peaks between the 
Val methyl peak z and the Phe 24 3,5-H/4-H composite (not 
shown; see supplementary material). The peaks marked with 
asterisks in Figure 2D arise from incompletely exchanged 
labile protons. Having accounted for all the aromatic side 
chain signals for nonlabile protons in the low-field side of 5.5 
ppm, and failing to observe any intensity decrease in 2H20 
over a period of two years during which other obvious labile 
proton signals slowly disappeared, we conclude that the 
remainder of the signals in the low-field spectral window must 
originate from the cysteines coordinated to the cluster; 1D 

NOES confirm this (see below). The chemical shifts for the 
assigned noncoordinated residues are listed in Table 11. 

Location of Cysteinyl Resonances. The line width and Tls 
of the likely cysteinyl resonances for Pf Fd and TI Fd are 
listed in Table I. Although the pattern of chemical shifts and 
Tls in the 8-30 ppm are similar in the two proteins, Pf Fd 
exhibits -50% greater widths for many of the resonances as 
compared to TI Fd. Therefore, Pf Fd failed to exhibit COSY 
cross-peaks for any of the low-field hyperfine shifted reso- 
nances, even under rapid pulsing conditions optimized for 
detecting broad resonances (not shown). However, the 
NOESY spectrum collected under rapidly pulsing conditions 
contained cross-peaks between resonances a and e, b and c, 
and d and f (Figure 4C), indicating that these resonances can 
be paired into three sets for the three coordinated cysteines. 
Although the cross-peak intensity cannot be interpreted in 
terms of distance, the 1D NOE of - -6% for peak a to e and - -5% for peak c to b (supplementary material) yield 
internuclear distances of -1.8 A using eqs 2 and 3. This 
establishes two of the three pairs of B-methylene protons for 
the coordinated cysteines. The - -1.5% 1D NOE from peak 
d to f (Figure 4B), together with the T I  = 39 ms for f, however, 
yields rdf - 2.7 A, indicating that d and fare not geminal but 
vicinal partners. The assignment of peak f to C,H rather 
than CBH of a cysteine is reflected in its smaller line width 
and longer T I  than the other resolved resonances. Consistent 
with this conclusion, the 1D NOE difference trace upon 
saturating peak d yields a N -3% NOE to a broad, rapidly 
relaxed resonance p ( T I  - 5 ms; line width 160 Hz) in the 
diamagnetic envelope at 5.22 ppm (Figure 4B); this resonance 
p is assigned to the geminal partner to peak d for the CpH2 
of the third coordinated cysteine, with peak f as the C,H. The 
likely C,H peaks for the other two cysteine were identified 
by detecting weak 1D NOES (- -1%) to unresolved broad 
(>lo0 Hz) resonances. 

For TI Fd, the contact-shifted low-field lines yield MCOSY 
cross-peaks for the two narrowest lines c and d, with the obvious 
geminal partners for these protons, peaks i and f, respectively, 
located in thediamagnetic envelope (Figure 5D). Thegeminal 
nature of these spin-coupled protons is confirmed by - 3% 
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FIGURE 3: (A) The 500-MHz *H NMR reference trace for the resolved diamagnetic region of 5 mM PfFd in *H20, pH 7.9, at 30 OC. The 
labeling of the resonances is the same as in Figure 2A. Split-diagonal sections of the (B) upfield and (C) low-field region DQF-COSY map 
exhibit the bond correlation for Trp 2, Tyr 46, and Val 24; the phenyl resonances for Phe 25 are essentially degenerate. Split-diagonal portions 
of the NOESY map (mixing time 150 ms) exhibiting the dipolar show correlation (D) within the upfield Val 24 peaks, (E) among the aromatic 
side chain protons of Trp 2 and Tyr 46, and (F) between portions of Phe 25 and Val 24. 

to -6% NOES to these same unresolved resonance (Figure 
5C; supplementary material). The two lowest field lines failed 
to exhibit any MCOSY cross-peaks likely because of their 
greater line widths. However, the 1D NOE difference trace 
upon saturating peak b yields a NOE to peak a (Figure 5C), 
indicating that a and b are the &methylene protons of the 
third cysteine coordinated to the cluster. The 1D NOE 
difference trace upon saturating peak d yields a NOE not 
only to its geminal partner, f, at 8.12 ppm detected in the 
COSY spectrum (Figure 5D), but also to the narrower contact 
shifted resonance e. The smaller line width and longer T1 for 
peak e dictates that it originates from the C,H of the cysteine 
with peaks d and f as CpHs. 

Temperature Dependence of Contact Shifts. The chemical 
shifts for the assigned cysteinyl resonances of Pf Fd and TI 
Fd are plotted as a function of reciprocal temperature (Curie 

plot) in Figure 6. For each protein, the peaks of only one 
cysteine exhibit Curie-like behavior (contact shifts increase 
with decreasing temperature), and we label this as Cys C (for 
Curie-like); the resonances for the other two cysteins are 
labeled Cys A and Cys B, and they exhibit anti-Curie behavior 
(shifts increase with increasing temperature). Therefore, there 
is clearly a common magnetic asymmetry among the 3Fe of 
the cluster in each of these proteins. 

For PfFd, the line widths of several resonanw (in particular 
a, b, and e) exhibit a much stronger temperature dependence 
than the others in this protein or any of the line widths for T1 
Fd. These lines become broader as the temperature is lowered 
and at 20 'C split into two sets of resonances of comparable 
areas as illustrated in Figure 7. The splitting is greatest for 
the resonances of Cys C, less for Cys B, and not detectable 
for Cys A. Hence, Pf FdoX can exist in two comparably 



11958 Biochemistry, Vol. 31, No. 47, 1992 

I .  I '  

0 *& - - --- - - - -- - _-_- - -4 

Busse et al. 

--* 

e ~ ~ ~ ~~~ 

Table 11: 
Resonance in the 3Fe Forms of Pf Fd and TI Fd 

'H NMR Spectral Parameters for Assigned Side Chain 

protein residue peak label assignment Tia bobb 

PfFd Trp2 j 6-H >2 6.91 
k 7-H 6.91 

m 5-H -2 6.62 
1 2-H >2 6.76 

PfFd Tyr46 n 2,6-H >3 6.17 
0 3,5-H >3 6.02 

PfFd Val24 2 Cy& -3 -0.01 
Y CyH3' 0.79 
X 1.43 

3.94 
CBH 

W CmH 
TIFd Phe24 g 2,6-H 0.09 6.62 

h 3,5-H, 4-H 0.12 6.47 
TIFd Val23 Z C-33 -0.1 1 

Y Cy&' 0.66 
X 1.31 

3.86 
CBH 

W CaH 
TI, in seconds, h 20%. Shift is in parts per million from DSS at 

B 4-H 2 2  7.35 

PfFd Phe25 i 4-H, 2,6-H, 33-H 0.1 6.94 

30 OC in 2H20, pH 7.0. 

C M 

0' 

A I 0 1  

B 

I 
28.0 24.0 20.0 16.0 12.0 8.0 

(PP" 
FIGURE 5 :  (A) Resolved portion of the 500-MHz 'H NMR spectra 
of TI Fd in 2H20, pH 7.8, at  30 OC with peaks labeled as in Figure 
3C. (B) 1D NOE difference trace obtained upon saturating peak 
d; note the NOE to the narrow contact shifted signal e, as well as 
to the broad, rapidly relaxed resonance labeled f. (C) 1D NOE 
difference trace obtained upon saturating peak b; note the NOE to 
peak a, which identifies it as its geminal partner. (D) Low-field 
portion of the magnitude COSY spectra collected under rapid pulse 
repetition (15 s-l) conditions showing cross-peaks detected for the 
narrow low-field peaks c and d. The upfield portion of the map is 
obscured by artifacts resulting from the rapid pulsing rate needed 
to obtain reasonable sensitivity for the cross-peak. The cross-peak 
between peaks c and i overlaps a strong solvent ridge at  30 OC (E); 
however, a t  45 OC the solvent line and peak c are sufficiently resolved 
to reveal the cross-peak (F). 

b at coalescence at 20 O C  indicates an interconversion rate of 
-6 X lo3 s-l (Sandstrijm, 1982). The exchange contribution 
to the chemical shift in the  temperature range 5-20 OC does 
not allow the determination of the intrinsic temperature 
dependence of the peaks from the resolved components in the 
absence of exchange. 

Relaxation Properties of Cysteinyl Protons. The TIS have 
been determined for the three pairs of cysteinyl @-protons in 
Pf Fd and five of the six comparable protons in TI Fd; one 
of the TI Fd protons resonates too near (5.22 ppm) the residual 
water solvent peak to allow more than a crude estimate of - 10 ms for this proton. Because there is a good correlation 
between shorter TI and larger line width for the cysteinyl 
@-protons of TI Fd, either parameter can be used to identify 
the  more strongly relaxed proton in each @-methylene pair 
and, hence, which proton is closer to the coordinated iron 
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FIGURE 6: Plot of observed shift, relative to DSS, versus reciprocal 
absolute temperature (Curie plot) for the identified cysteinyl 
resonance for (A) PfFd and (B) TI Fd. The individual resonances 
are labeled as in Figures 2, 3, and 4 and Table I; the cysteines are 
labeled A for that close to the invariant phenylalanine and C for that 
exhibiting Curie-like behavior. The remaining cysteine is labeled 
Cys B. 

(Busse et al., 1991). However, exchange processes involving 
alternate local conformations lead to line broadening of some 
resonances in Pf Fd and preclude the use of line width for 
consideration of proton orientation. A comparison of the pairs 
of cystein @-protons reveals an interesting difference between 
the magnetic properties of the [3Fe-4S] cluster in the two 
proteins. For the Cys A proton pair (defined as the cysteine 
nearest the aromatic ring of the conserved phenylalanine in 
each protein; see below), the proton with the significantly 
shorter T I  and therefore, nearest the iron, has the smaller 
contact shift in both proteins. In contrast, the protons of Cys 
C (the Curie-dependent cysteinyl resonances) differ in the 
two proteins. Namely, the Pf Fd, the Cys C proton closer to 
the iron has the larger contact shift while in T1 Fd the closer 
proton has the smaller shift. A similar difference is also found 
for the remaining cysteine, designated Cys B. That is, in Pf 
Fd the Cys B proton closer to the iron has the smaller contact 
shift while the converse is seen for Cys B protons in TI Fd. 
Thus, the orientation of the cysteines in the two protein is 
such that only one of the cysteins exhibits a larger contact 
shift for the proton closer to the iron (Cys C in Pf Fd and Cys 
B in TI Fd), yet the magnetic properties of the coordinated 
iron are not reflected in the common orientation, namely Cys 
C has Curie temperature dependence while Cys B has anti- 
Curie dependence. 

DISCUSSION 

Tertiary Structure. Computer modeling of the hyperther- 
mophilic proteins, Pf Fd and TI Fd, based on the sequences 
and the crystal structure in Dg Fd, has already predicted very 
similar folding patterns for them.2 The strongest support for 
extensive structural homology among these proteins and the 
structurally characterized Dg Fd is the conservation not only 
the Cys positions I, 111, and IV in Figure 1C that coordinate 
the 3Fe cluster (Figure 1B) but also of the two Cys positions 
V and VI that form the disulfide bond in Dg Fd (Figure 1A). 
Accordingly, it has been proposed that these two cysteines 

b 
a 

C 
f l  

d \ 
a' b b "  c 

26.0 24.0 22.0 20.0 18.0 16.0 14.0 12.0 10.0 

FIGURE 7: The 500-MHz 'H NMR spectra of 3 mM PfFd in 2H20, 
pH 7.9, as a function of temperature: (A) 50 OC, (B) 20 O C ,  (C) 
15 O C ,  (D) 10 OC, (E) 5 OC. Note the splitting of resonance from 
peaks a, b, and e (the split components are labeled by primes and 
double-primes). 

form a disulfide bond in both of the hyperthermophilic Fds.2 
Dg Fd additionally possesses Cys I1 which does not participate 
in coordination to the cluster even in the 4Fe analog, and it 
has been proposed that this cysteine is chemically modified 
(Kissinger et al., 1989). In Pf Fd the position homologous to 
Cys I1 in Dg Fd is occupied by Asp 14.l Although TI Fd has 
Cys 11, the strong similarity of the cysteine contact shift pattern 
to both Dg Fd and PfFd support the conclusions from modeling 
that it is not coordinated to an iron in the 3Fe form of the 
protein. 

The limited 'H NMR assignments available do not allow 
a quantitative comparison of the folding pattern of Pf Fd and 
T1 Fd with the crystallographically characterized Dg Fd 
(Kissinger et al., 1988,1989). However, severalof the tertiary 
contacts identified in this work provide direct support for the 
predicted structural homology to Dg Fd.Z The crystal 
coordinates to Dg Fd predict only one strongly upfield ring 
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current shifted methyl, that of Val 21 interacting with the 
aromatic ring of Phe 22 on a B strand (Kissinger et al., 1988, 
1989; E. T. Adman, private communication); a methyl peak 
at -0 ppm with the correct ring current shift is observed for 
Dg Fd (Moura et al., 1977). The observation of essentially 
the same upfield ring current shift for a valine methyl (Val 
24 in Pf Fd, Val 23 in TI Fd) interacting with the conserved 
sole Phe (Phe 25 in Pf Fd, Phe 24 in TI Fd) in the 
hyperthermophilic Fds indicates very similar interaction on 
a conserved strand. One important conserved structural 
feature detected only in Pf Fd is the interaction between the 
side chains of Trp 2 and Tyr 46 (Figure 3C). This indicates 
that the amino terminus of the protein is near a loop leading 
into the presumed disulfide bridge (Figure 1A); such an 
interaction has been predicted by a model of Pf Fd.2 

The remaining structural feature common to these 3Fe Fd 
is the position of the invariant Phe side chain in relation to 
the cluster, and in particular, to the buried Cys I11 (see Figure 
1C). The crystal coordinates of Dg Fd (Kissinger et al., 1988, 
1989): as well as the computer modeling in Pf Fd and TI Fd,2 
place the aromatic ring close to CbHs of only the buried Cys 
111. In Dg Fd, the distance between the Cys 14 CbH and the 
Phe 22 ring is 3.5 A, while the distance between the ring and 
the nearest iron is 5.9 A. From this one would expect a 
detectable Cys I1 Cp to ring NOE and significant paramagnetic 
relaxation effects for the invariant phenylalanine ring protons. 
Saturation of the CbH of only one cysteine (Cys A) in each 
of Pf Fd and TI Fd yields an NOE to the invariant aromatic 
side chain protons (Figures 4C and 5D). The TI for the 
phenylalanine side chain peaks is - 100 ms in Pf Fd and TI 
Fdox, which confirms the predicted proximity of the aromatic 
ring to the iron cluster. Similar NMR data have not been 
reported for Dg Fd to date. This latter interaction between 
the conserved Phe and Cys A not only confirms that the folding 
pattern is conserved among these 3Fe Fds but also provides 
the sequence-specific assignment for Cys A (labeled A for 
near aromatic) as Cys 111. Likewise, Cys A exhibits strong 
and similar anti-Curie behavior (Figure 7) in both of the 
hyperthermophilic Fds. 

ElectroniclMagnetic Properties of the Oxidized 3Fe 
Cluster. Both of the hyperthermophilic Fds exhibit Curie- 
like behavior for both CbHs of only a single cysteine (labeled 
Cys C in Table I), with the CbHs of the other two, Cys A and 
Cys B, exhibiting anti-Curie behavior (Figure 6). Therefore, 
in spite of the fact that the magnetic and electronic properties 
of the 3Fe cluster are thought to arise from the coupling of 
three apparently identical high-spin ferric ions (Huynh et al., 
1980; Emptage et al., 1980), the NMR detectable couplings 
must result from a 2:l asymmetry in the iron interactions. 
This behavior has a ready qualitative rationalization on the 
basis of the arguments and equations derived to account for 
the contrasting temperature dependence of the two valence- 
state differentiated iron pairs in reduced, ST = 1/2,2Fe plant 
Fd (Dunham et al., 1970; Banci et al., 1990), oxidized, ST = 
1/2, 4Fe HiPiP (Bertini et al., 1991b), and reduced, ST = 
112, 4Fe Fd (Bertini et al., 1992a). The characteristic 
temperature dependence is determined by the relative values 
for the “local” or intermediate spin vectors SA and SB, from 
pairs of iron, SA = SI + S2, SB = S 3  + S4, that antiferro- 
magnetically couple to yield the final cluster spin ground state, 
SA + SB = ST (Noodleman, 1988,1991) (for the 2Fe Fd, the 
intermediate spin vectors are for the individual iron atoms). 
At low temperature, the larger local spin SA aligns with the 

E. T. Adman, private communication. 
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FIGURE 8: Qualitative schematic representation of the temperature 
dependence with spin magnetization (S,) for the two local or 
intermediate spin states SA and SB, which couple to yield a total 
cluster spin state ST. The qualitative behavior shown is that for p,+l 
> p~l. The three regions are (1) high temperature, where both (&)A 
and exhibit Curie-like behavior with the same sign, (2) 
intermediate temperature where (&)A exhibits Curie-like and (&)e 
anti-Curie behavior, both with the same sign, and (3) low temperature 
where ( S,)B exhibits Curie-like behavior and SB exhibits Curie-like 
behavior but with opposite signs from that of (S,),+. The observed 
temperature dependence for the 3Fe forms of both Pf Fd and TI Fd 
exhibit behavior represented by region 2, with two cysteines exhibiting 
the behavior by (&)e and one showing behavior like (&)A. 

field (and results in positive spin density or low-field contact 
shifts for the attached cysteine), while the smaller local spin 
SB must align antiparallel to SA due to the antiferromagnetic 
coupling, and hence antiparallel to the field (this results in 
negative spin density or upfield CpH contact shifts for the 
coordinated cysteine). At high temperature, the local spins 
uncouple to both align with the field. 

In a plot of (S,)i (or contact shift) versus reciprocal 
temperature, this mechanism leads to the general qualitative 
curves (Dunham, et al., 1970; Banci et al., 1990; Bertini et 
al., 199 1 b, 1992a), as shown in Figure 8. At high temperature 
(left side or region 1 of Figure 8), both (&)A and (Sz)e 
approach Curie behavior with the same sign (low-field) shift. 
At low temperature (right side or region 3 of Figure 8), the 
shift for (S,)B changes sign. In the intermediate temperature 
region (middle or region 2 of Figure 8) above where the shift 
for (&)B changes sign, (&)A exhibits Curie-like behavior 
and (& exhibits anti-Curie behavior, both with the same 
sign. For the reduced 2Fe Fd, SA = 512 for the ferric and 
SB = 2 for the ferrous ion, which leads to the predicted Curie- 
like and anti-Curie behavior for the cysteines coordinated to 
the ferric and ferrous ions, respectively (Dunham et al., 197 1; 
Banci et al., 1990; Dugad et al., 1990). For oxidized 4Fe 
HiPiP, the intermediate spin for the iron pairs are SA = 712, 
for the 2Fe2,5+ pair and S g  = 3 for the 2Fe3.O+ pair (Noodleman, 
1988), with the former exhibiting low-field Curie-like and the 
latter exhibiting either anti-Curie (region 2 in Figure 8) or 
high-field “pseudo”-Curie-like (region 3 in Figure 8) behavior 
(Banci et al., 1991b; Bertini et al., 1991b). 

On the basis of a pair-wise coupling to yield a local spin SB 
for two of the iron in an oxidized 3Fe cluster (labeled Fel and 
Fez), which couple to a lone F3 with S 3  = SA = 512, the 
observation of two cysteines with anti-Curie behavior and one 
cysteine with Curie-like behavior dictates that SB (=SI + Sz) 
must be numerically less than SA (=S3 = 512). The total 
cluster spin, ST = SA + SB = 112, demands that SB must be 
2 or 3. The above condition that SA is less than SB dictates 
that the local spin for the Fel/Fez pair must be SA = 2. This 
conclusion is the same as that obtained from earlier EPR 
studies which revealed two similar couplings, J 1 3  and J23 
smaller than the third J l 2  (Kent et al., 1980). During the 
preparation of this manuscript, we became aware of a related 
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NMR study on oxidized Dg Fd which similarly shows that a 
single cysteine exhibits Curie-like and the other two cysteines 
exhibit anti-Curie like beha~ior .~  A simulation of (S , )  based 
on a Heisenberg-Dirac-van Vleck spin coupling model, 
assuming SA = S I +  S2 = 2 and Sg = S3 = 512, showed5 that 
the temperature behavior observed for the coordinated 
cysteines of oxidized Dg 3Fe Fd is reproduced with J12 > J13 
= 523. Modeling the magnitudes of the Observed shifts in that 
study also permitted an estimate of the J values. 

For the oxidized 3Fe center in the 7Fe Fd of Peptococcus 
aerogenes (Pa) and Azotobacter uinelandii (Au), earlier NMR 
studies showed that the sole pair of Curie-like low-field CpH 
signals arise from the same cysteine (Cheng et al., 1990). 
While the location of the signals of the remaining two cysteines 
of the 3Fe cluster remains controversial (Nagayama et al., 
1980; Cheng et al., 1988), the absence of other Curie-like 
resolved signals indicates that our conclusions on the elec- 
troniclmagnetic properties of the 3Fe cluster in hyperther- 
mophilic Fd are also applicable to this protein. It is therefore 
apparent that the spin coupling hierarchy that has served so 
well as a basis for the interpretation of the magnetic/electronic 
properties of 4Fe clusters with valence-state differentiated 
iron pairs is also applicable to the states where the iron are 
valence-state equivalent. Since the local spin states in the 
4Fe2,5+ systems are the same in oxidized HiPiP and reduced 
4Fe Fd (Cammack et al., 1977), the coupling mechanism 
does not manifest itself strongly in the NMR properties, with 
the major influence being the anti-Curie behavior arising from 
the population of excited paramagnetic states (Bertini et al., 
1990). The asymmetric coupling is clearly observed in the 
valence-state equivalent oxidized 3Fe Fd because the "local9 
or intermediate spin states are necessarily nonequivalent. 

A question of significant interest that remains to be answered 
is whether the asymmetry (in terms of contributing cysteines) 
in the coupling of oxidized 3Fe clusters is the same as that 
in the reduced 3Fe cluster (2Fe2.5+- 1 Fe3.0+) (Papaefthymiou 
et al., 1987), or in the related reduced 4Fe cluster (2Fe2.0+- 
2Fe2.5+) (Park et al., 1991). The answer to this question can 
be addressed with current NMR methodology using Pf Fd 
and TI Fd in their reduced 3Fe and 4Fe forms; such studies 
are in progress. 

Sequence Control of the Magnetic Asymmetry. The 
available 2D COSY and NOESY maps of oxidized 3Fe Fd 
exhibit too many degeneracies to allow rapid sequence-specific 
assignments of the complete spectra. However, even in the 
absence of such assignments, the available data suggest that 
the cysteine exhibiting the Curie-like behavior (Cys C) does 
not have the same sequence origin (Le., Cys I, I11 or IV in 
Figure 1C) in Pf Fd and TI Fd. The strong structural 
homology for Fd of Pfi TI, and Dg evidenced by the NOESY 
and 1D NOE contacts suggest very similar orientations of the 
individual Cys relative to the coordinated iron atoms. The 
pattern of the CpH contact shifts has been proposed (Poe et 
al., 1980) to reflect the orientation of a cysteine as defined 
by eq 1. However, the quantitative relationship depends on 
the nature of the unpaired spin delocalization mechanism, n 
or n, that defines the angle 4 in eq 1, but this spin mechanism 
is not known (Busse et al., 1991). A recent comparison of the 
sequence specifically assigned cysteine CBH contact shift 
pattern in oxidized HiPiP from Chromatium vinosum with 
the angles provided by the X-ray structure (Carter et al., 
1974) showed that neither pure ?r nor u accounts for the 
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submitted for publication. 
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observed patterns (Nettesheim et al., 1992); both mechanisms 
may be operative. However, it is likely that the CpH contact 
shift patterns for two cysteine are the same only if their 
orientations are very similar. Conversely, significantly dif- 
ferent CpH contact shift patterns must indicate different 
cysteine orientation. 

Table I lists the contact shifts for the two CpHs for each 
cysteine and the ratio for these contact shifts for the sequence 
specifically assigned Cys A (positions 17 in Pf Fd and 16 in 
TI Fd). This ratio, which is defined as the shift for CpH 
divided by that for CpH', where CpH, and CBH are the protons 
further from and closer to the iron, is very similar (3.1 f 0.4) 
for both proteins. For the other two cysteines, however, the 
ratio for either the labeled Cys B or Cys C differs substantially 
between the two proteim6 If the similarly labeled Cys residues 
(B or C) have the homologous sequence origins in the two 
proteins, the different ratios must reflect substantially different 
cluster geometries. However, the ratio of CpH contact shifts 
for Cys C in Pf and Cys B in TI Fd (as well as for Cys B in 
Pf Fd and Cys C in TI Fd) are quite similar (Table I). This 
similarity in shift ratio would argue that the Curie-like Cys 
C does not originate in a structurally homologous Cys in the 
two proteins. The different sequence origin for the unique 
Cys C in Pf Fd and TI Fd is similarly supported by the 
relaxation properties of the CpH peaks. Thus, for twocysteines 
in each protein, the larger CpH contact shift is for the more 
weakly relaxed (further from the iron) protons Le., Cys A and 
Cys B in Pf Fd and Cys A and Cys C in TI Fd. For Cys C 
in Pf Fd and Cys B in TI Fd, the larger contact shift arises 
from the CpH more stronglyrelaxed (closer to theiron) proton. 
The comparison of relaxation properties6 of CpHs therefore 
favor pairing Cys B in Pf Fd with Cys C in TI Fd and Cys 
C in Pf Fd with Cys B in TI Fd. These results suggest that 
the magnetic asymmetry may not be controlled by the sequence 
position of a cysteine but is instead modulated by tertiary 
interactions between the cluster and the protein matrix that 
reflect neighboring amino acid contacts. However, it is not 
clear that these magnetic asymmetries, which are based on 
small energy differnces, are functionally relevant. 

The molecular heterogeneity detected in Pf Fd manifests 
itself most strongly for Cys C, less for Cys B, and insignificantly 
for Cys A and hence must reflect minor alternate confor- 
mations of the structure(s) including Cys I and IV (Figure 
1). The failure to detect such low-temperature broadening 
or splitting of the Cys C and Cys B peaks in TI Fd could arise 
from either the absence of this heterogeneity or simply a faster 
interconversion rate. It should be noted that whatever the 
molecular heterogeneity in the oxidized 3Fe form of Pf Fd, 
it exerts only minimal influence on the cysteinyl CpH contact 
shift patterns for the alternate forms. While this heterogeneity 
complicates the sequence-specific assignment of Pf Fd, such 
assignments, when complete, should not only provide the 
identity of the Curie-like Cys C in the sequence but also 
elucidate the nature of the alternative conformations of the 
structure(s) involving Cys I and IV. 

ACKNOWLEDGMENT 
We are indebted to J. J. G. Moura for providing a copy of 

their manuscript prior to publication and to E. T. Adman for 
providing the refined crystal coordinates of D. gigas ferredoxin. 

~ 

The conclusion that the shift ratios of Cys B of Pf Fd and Cys C of 
TI Fd (or Cys C of PfFd and Cys B of TI Fd) are more similar than either 
the Cys B or Cys C in both proteins is valid even if the inverse of the shift 
ratio in Table I are used. Hence, the shift ratios and relaxation properties 
do not provide independent information on the similarities of cysteine 
environments in the two proteins. 
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