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ABSTRACT: A solution molecular model for the conformationally dynamically heterogeneousPyrococcus
furiosusferredoxin with an intact disulfide bond has been constructed on the basis of reported1H NMR
spectral parameters using distance geometry and simulated annealing protocols. Conventional long-mixing
time NOESY and H-bonding constraints have been augmented by previously reported short-mixing time
NOESY, steady-state NOE, and cluster paramagnetism-induced relaxation. The family of 15 structures
with inconsequential violations exhibited low rms deviations for backbone atoms for the overwhelming
majority of the residues, including the cluster ligating loop with the unprecedented ligated Asp14. Larger
rms deviations were observed across the disulfide bond, but closer inspection revealed that the 15 structures
can be factored into 10 substructures exhibiting an “S” or right-handed disulfide orientation and 5 exhibiting
an “R” or left-handed disulfide orientation. The remainder of the structure is indistinguishable for the two
disulfide orientations but confirms stabilizing extensions of secondary structural elements in the lengthening
of the long helix and both the lengthening and incorporation of a third strand into theâ-sheet involving
the termini, with these extensions interacting strongly in a modular fashion through the rings of Tyr46
and Trp2. These extensions of stabilizing interactions inPyrococcus furiosusFd, however, lead to strong
destabilization of the disulfide bond and destabilization of the highly conserved first and lastâ-turns in
the sequence. It is concluded that the structural alternations inPyrococcusFd relative to other
hyperthermostable Fds are not to increase thermostability but to place “stress” on the disulfide bond and
render it more reducible. The possible physiological implications of this unique reducible disulfide bond
are discussed.

The bacterial-type ferredoxins (Fds)1 are small electron-
transfer proteins that possess cubane 4Fe:4S and/or 3Fe:4S
clusters attached to the protein matrix by Fe ligation of Cys
via a conserved consensus ligating sequence (1-4). The four
ligating residues in a single cluster containing Fd are labeled
I-IV as shown in Figure 1 for the sequence alignment for
three Fds of interest. The other two Cys, labeledV andVI ,
form a disulfide bond. Iron-sulfur cluster proteins are
currently of significant interest in the context of the magnetic
properties of the cluster(s) (5, 6), protein control of redox
potential (7-10), and the elucidation of the structural basis
of hyperthermostability (11-26). The Fd protein sequences
are highly homologous (1), and crystal (13, 27, 28) or
solution NMR (17, 18, 21, 29, 30) structures have been
reported for several single cluster (13, 27-29) and two-

cluster Fds (12, 14, 31, 32). The structures of single and
double cluster Fds are remarkably similar among members
of each class even for Fds with very different thermostability.
One single cluster Fd, that from the hyperthermophilic
archeaonPyrococcus furiosus(Pf), possesses several proper-
ties (33) that distinguish it not only from Fds from meso-
philes but also from Fds of other hyperthermophiles. The
sequence ofPf Fd is compared in Figure 1 with that of two
other structurally characterized single cluster Fds from
hyperthermophiles, that of the archeaonThermococcus
litoralis (Tl) (34, 35) and the bacteriumThermotoga maritima
(Tm) (13, 18). While Tl andTmFds exhibit not only strong
sequence, and hence structural, homology to Fds from
mesophiles,Pf Fd possesses an Asp (Asp14) in positionII
of the consensus ligating sequence (which ligates the cluster
in all four-iron cluster oxidation states) (36). The electron
self-exchange rate forPf Fd is retarded by a factor∼103

relative to Fds from either mesophiles or other hyperther-
mophiles, and this difference is abolished by the single Asp14
f Cys mutation (37).

Pf Fd, in contrast to the other hyperthermostable Fds,
exhibits a readily reducible disulfide bond (38). This disulfide
bond is cleaved at about the same potential as the 4Fe cluster,
although the kinetics of thiol formation have not been studied
with donors of potential metabolic relevance. Indeed, the
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physiological significance of the reducible disulfide bond is
not yet understood.Pf Fd also exhibits small sequence
extensions of the termini, as well as an insertion of four
residues, relative to other Fds (see Figure 1), which have
been proposed to lengthen the long helix by one turn and
the â-sheet inPf relative to all other characterized cubane
Fds (19, 20). Last, all forms of WT and cluster-ligand
mutatedPf Fd derivatives with an intact disulfide exhibit a
dynamic equilibrium heterogeneity (19, 20, 39) that has been
proposed to originate from population of alternate (R- or left-
handed andS- or right-handed) Câ-S-S-Câ orientations
of the disulfide bond (20). Structurally characterized single
cluster Fds with CysV and CysIV form a disulfide bond
exclusively with theS-orientation (13, 18, 21, 27).

Neither the retarded electron-transfer rate (37) nor the
ready reducibility of the disulfide bond (38) in Pf Fd lends
itself to interpretation based on the conventional and highly
conserved cubane Fd structure (13, 18, 21, 27-30). Thus
the absence of a suitable molecular model hampers effective
strategies for modulating via mutagenesis these unusual
properties ofPf Fd. Initial efforts to securePf Fd crystals
suitable for X-ray crystallography were unsuccessful. The
recent crystallographic characterization of thePf 4Fe FdAox

[ox superscript indicates oxidized cluster and subscript A
indicates an intact Cys21(V)-Cys48(VI ) disulfide bond (38)]
in a 1:1 complex with its redox partner aldehyde oxidoreduc-
tase (AOR) revealed a well-resolved cluster, but this was
within the part of the Fd that was in contact with AOR, and
the remainder of the Fd was lost due to disorder (40). It is
likely that this structural disorder in the crystal is related to
a dynamic equilibrium heterogeneity detected by NMR (19,
20, 39). In the absence of a crystal structure, a solution NMR-
based molecular model has been pursued (19, 20, 41). Recent
results indicate that relatively robust complete solution
structures can be derived from cubane cluster Fds (5, 14,
18, 21, 29, 30, 42, 43) (as well as the related high-potential

iron-sulfur protein) (5, 42). The necessary assignments both
remote from (19, 20) and close to2 (41) the paramagnetic
cluster have been made, and sufficient dipolar contacts
(NOEs) and paramagnetic-induced relaxation rates2 (41) have
been observed to allow the construction of at least a
preliminary model ofPf Fd. Similarly, extensive NMR data
(20) on the readily preparedPf 3Fe FdAox (and less extensive
data on the mutantPf 4Fe D14C-Fdox) indicate negligible
structural change away from the cluster upon extraction of
one iron from the cluster [or the mutation of the cluster ligand
Asp14(II)fCys]. Some dozen residues ofPf 4Fe FdAox (as
well asPf 3Fe FdAox and D14C-FdAox) exhibited severe line
broadening of their NH resonances such that relatively few
NOEs were observed to these NHs (20). However, the
absence of NOEs for these NHs may not be a serious
disadvantage, since they likely reflect the average over the
two interconverting structures (see below).

We report herein on a preliminary molecular model for
Pf 4Fe FdAox based on constraints obtained from slow
repetition rate, long-mixing time NOESY that characterize
the region remote (RFe >6 Å) from the cluster2 (19, 20, 41),
rapid repetition rate, short-mixing time NOESY that provide
crucial dipolar contacts for protons closer than 6 Å from the
iron, steady-state NOEs connecting the strongly relaxed but
hyperfine-shifted cluster ligands to the protein matrix (36,
41), and paramagnetic-induced relaxation times for protons
<6 Å from RFe (RFe is the distance to the nearest cluster
iron)2 (41, 44). The resulting model provides support for a
conformational equilibrium for the disulfide bond where the
conventionalS- or right-handed disulfide bond and a gener-
ally conserved turn are both destabilized by extensions of
the long helix andâ-sheet involving the termini via the novel
strong interaction of a pair of aromatic rings on those
extensions of secondary structure. The possible physiological

2 L. Calzolai, H. Harklau, P. Brereton, M. W. W. Adams, and G. N.
La Mar, submitted for publication.

FIGURE 1: Comparison of sequences and secondary structural elements ofPf Fd with those of the structurally characterized, hyperthermostable
Tm (13) andTl (21) Fds. The roman numerals represent the cluster ligating residuesI-IV and the two Cys that participate in the disulfide
bond (V, VI ). PositionsI , III , andV provide convenient reference points for comparing the structures involving residues through Asp42-
(V+21) in Pf, while positionVI is the reference point for describing residues Glu43(IV -13) to Ala66(VI+10) in the three structures. This
labeling scheme is shown in italics between thePf andTm Fd sequences.
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relevance of the disulfide, which is consequently readily
reducible, is discussed.

EXPERIMENTAL PROCEDURES

Source of Protein and NMR Spectroscopy.Growth of P.
furiosusand purification of the 4Fe Fd were carried out as
described (45, 46). NMR analyses and the spectral parameters
from 1D and 2D NMR data have been described in detail
previously1 (20, 36, 41).

Distance Constraints from NOEs.The majority of the
distance constraints were obtained from 300 ms mixing time
NOESY spectra at 30 and 40°C which reflect interproton
distances remote from the cluster (20). Cross-peak intensities
were calibrated as strong, medium, and weak to correspond
to interproton distance ranges of<2.5, 2.5-3.5, and 3.5-
5.0 Å, respectively. In cases where stereospecific assignments
were not available, distances were adjusted accordingly to
the pseudoatom position. A total of 338 constraints [11
intraresidue, 127 sequential, 69 intermediate range (i+2,
i+4), and 131 long range] were obtained from the 300 ms
map.

The proximity to the cluster of numerous protons, and their
resultant enhanced relaxation, will suppress NOESY peak
development involving such protons (47). Hence, the distance
constraints for cross-peaks involving protons which the
resulting molecular structure placed<6 Å from an iron were
derived using a 50 ms NOESY map as previously discussed
in detail (21). In the immediate vicinity of the cluster, in
particular for spatial constraints to ligated residues, distance
constraints were derived from steady-state NOEs,ηij, for
which distances were obtained from the magnitude of the
NOEs and estimates of theT1 for the detected NOE viaηij

) σijTij , whereσ ∝ rij
-6, with σ ) 3 s-1 for a methylene

group (rij ∼ 1.8 Å). The distributions of the various NOE
constraints are summarized at the bottom of Figure 2. The
individual constraints are listed in Supporting Information.

Relaxation Constraints.Protons near the cluster withRFe

>4.5 Å,T1 >10 ms, are relaxed by the cluster paramagnetism
according to the relation (41, 48, 49) T1i

-1 ) D∑q)1
4RFeq-I

-6,
whereRFeq-I is the distance of protoni from Feq in the 4Fe
cluster. The derivation of distance constraints fromT1

relaxation data in this work was discussed in detail previously
(21). The distribution of relaxation constraints among the
residues inPf Fd is included in Figure 2, and the individual
constraints are listed in Supporting Information.

Other Constraints.A disulfide bond is formed between
Cys21 and Cys48 on the basis of both sulfhydryl titration
(38) and local NOESY cross-peak patterns. Hydrogen bond
constraints were introduced for the slowly exchanging
peptide NH identified previously (19, 20) by examination
of the NOESY cross-peak pattern to indicate the likely
acceptor oxygen; distance ranges involving these likely
hydrogen bound NH-O were set at 1.9-2.5 Å.

Structural Modeling of Pf Fd.All structural calculations
of Pf Fd were performed using the NMR-Refine and
Discover software packages (San Diego, CA) operating on
a Silicon Graphics Octane workstation, as reported previously
for Tl 4Fe Fd (21). Due to the electron delocalization, the
partial charges for the Fe and S atoms in the cluster were
used instead of using their formal charges in the calculations.
The geometry and partial charge parameters for a [4Fe-4S]
cluster were used as those reported previously (8) with the
exception of one of the cluster Fe atoms which is ligated to
Asp14 Oγ. To our knowledge, the determination of the
geometry and partial charges of a [4Fe-4S] cluster in a similar
model system has not been reported. Therefore, the partial
charge of the Fe atom ligated to Asp Oγ was “tentatively”
assigned a value of+0.6, which is slightly higher than that
of the other Fe atoms (+0.4) in the cluster.

An initial extended structure ofPf Fd was built and then
used to generate a total of 100 embedded structures in
distance geometry (DG) calculations. The embedded DG-
generated structures were minimized with 500 steps of
steepest descent and 300 steps of conjugate gradient to
remove any close contacts in the embedded structures before
proceeding to the restrained simulated annealing molecular
dynamics (MD) calculations in Discover 2.95. During MD
calculations, peptide dihedral angels,ω, were forced to a
trans configuration for all residues with four prolines. A
nonbonded cutoff distance of 5 Å was used. No cross and
charged terms were included in the calculations. A total of
eight phases with a total simulation time of 65 ps were used
in restrained MD simulations. At the beginning, all of the
force constants for bonded, NOE, and nonbonded interactions
are scaled down from their full values. During the first three
phases of restrained MD calculations, the embedded struc-
tures were subjected to simulation for a total of 50 ps at
1000 K. By the end of the third phrase, the force constants
for bonded and NOE interactions were scaled back to their
full values while that of nonbonded interaction was scaled
back to 20% of its full value only. The last three phases
consist of restrained MD from 700 Kf 500 K f 300 K
with a 5 pssimulation time at each phase. The force constant
for nonbond interaction was gradually scaled back to its full
value at the last phase. The calculated structures were then
minimized with 1000 steps of steepest descent and 2000 steps
of conjugate gradient methods. To make sure the structures
were calculated correctly, the structures were checked and
corrected periodically according to the procedures described
in detail previously forTl 4Fe Fd (21).

Finally, a total of 15 structures with minimal numbers of
constraint violations and without NOE constraint violations
>0.4 Å were retained. The overall quality of these refined
structures was examined with the program PROCHECK. The
Ramachandran plot for the structures is shown in Supporting
Information. With the exceptions of Gln8 and Pro35, the
majority of backboneφ/ψ dihedral angles reside in the well-

FIGURE 2: Schematic representation of the number, distribution,
and nature of the structural constraints available for the solution
structure determination ofPf Fd.
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defined, generally acceptable, regions of the Ramachandran
plot.

RESULTS

Quality of the Structure.The superposition of the main
chain backbone atoms of the 15 structures with only minimal
violations is shown in Figure 3A, with the cluster environ-
ment expanded in Figure 4. The root-mean-square deviation

(rmsd) values of the backbone atoms are shown in Figure
5A. Thus the structures bundle well and yield rmsd values
for backbone atoms comparable to those of other cubane Fd
NMR-based models (14, 18, 21, 29, 30). The number of
constraints used is shown schematically in Figure 2, and the
detailed constraints are listed in Supporting Information. The
use of short-mixing time NOESY, steady-state NOEs, and
T1s provided the majority of the limited number of constraints

FIGURE 3: Stereoviews of the superposition of backbone atoms of the 15 acceptedPf Fd NMR structures with minimal constraints and (B)
backbone atoms from the crystal structure ofTm Fd (13).

FIGURE 4: Stereoviews of an expansion of Figure 3 to focus on the backbone atoms for the cluster environment [Cys11(I )-Cys17(III ) and
CysIV ] for (A) the 15 accepted NMR structures ofPf Fd and (B) the crystal structure ofTm Fd (13).
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for residues in the immediate vicinity of the cluster but
yielded superpositions, as shown in Figure 3, with rmsd
values near the cluster essentially the same as for the majority
of the other backbone atoms (Figure 5A). Hence the residual
paramagnetism of the cluster does not seriously interfere with
the definition of the cluster geometry, as found in other single
cubane cluster Fds (18, 21, 29, 30) and Hipips (6, 42, 43).
The rmsd values of other heavy atoms are well-defined for
residues oriented toward the interior of the molecule (Figure
5A), but those oriented toward the solvent exhibit a distribu-
tion of positions with resulting larger rmsd values, as
observed in other Fd NMR structures.

The general outline ofPf Fd in Figure 3 depicts a molecule
with essentially the same secondary structural elements as
found previously for single cubane cluster Fds from either
mesophiles (27, 30) or hyperthermophiles (13, 21) (Tmand
Tl Fds shown in Figure 1B,C). The same stereoview for the
Tm Fd crystal structure (13) and the presentPf Fd NMR
model can be compared in Figure 3. The sequence extensions
in Pf relative toTmor Tl Fd manifest themselves simply as
extensions of conserved secondary structural elements.
However, the details of the secondary structural elements
and the interaction among them exhibit some systematic and
significant differences from other Fds that are likely related

to the unusual functional properties ofPf relative toTmFd
or Tl Fd.

To effectively analyze thePf Fd structure, it is convenient
to convert to a notation for the position of a residue in the
sequence such that homologous residues reside in the same
structural environment in the three Fds to be compared. Such
a system refers to sequence position, in italics, relative to
one of the conserved CysI , III , IV , and/orV (i.e., helix A
consists of residuesI+5 to III +3, â-sheet B consists of
residuesV+4 to V+7 and V+11 to V+14, etc.). This
labeling scheme is shown in italics above the sequence of
Pf Fd in Figure 2. This labeling scheme greatly facilitates
comparison of the differences and similarities betweenPf
andTm Fds (which is essentially the same asTl Fd).

Molecular Heterogeneity and the Disulfide Bond.While
the main chain atoms in the 15 superimposed structures in
Figure 3 yield acceptable rmsd values that are typical for
other NMR-based Fd models (14, 18, 21, 29, 30), the rmsd
for the Câ-S-S-Câ in the disulfide bond are significantly
larger (not shown, but see Figure 6A) than for the nearby
main chain atoms. The disulfide bond in the superimposed
structures in Figure 3 is shown in the expansion of this region
in Figure 6A. In fact, the superposition for all 15 structures
in Figure 6A suggests two major contributing forms of 10

FIGURE 5: Root-mean-square deviation (rmsd) as a function of
residue number for the main chain (open markers) and side chain
heavy atoms (closed markers) for (A) the 15 acceptedPf Fd NMR
structures, (B) 10 of the 15 accepted structures with theR- or left-
handed disulfide bond, and (C) the remaining 5 of the 15 structures
with the S- or right-handed disulfide orientation.

FIGURE 6: Stereoviews of the expansion of Figure 3 showing the
superposition of the heavy atoms in the disulfide bond ofPf Fd in
(A) the 15 accepted NMR structures, (B) 10 of the 15 accepted
NMR structures with anR- or left-handed disulfide bond, and (C)
5 of the 15 accepted NMR structures with anS- or right-handed
disulfide orientation.
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structures, shown in Figure 6B, and 5 structures, shown in
Figure 6C. The conformation in Figure 6C resembles theS-
or right-handed disulfide bond (50) (as observed in all other
structurally characterized single cluster Fds) (13, 18, 21, 27).
The conformation in Figure 6B reflects a structure closer to
that expected for theR- or left-handed disulfide bond (50).
The rmsd for the Câ-S-S-Câ in the resolved superpositions
in Figure 6B,C are now comparably low (not shown; see
Supporting Information) to those of the nearby main chain
atoms. The appearance of disulfide bond orientational
isomerism in the computational aspects of our model strongly
supports our earlier proposal (20) that this isomerism is
responsible for two comparably populated interconverting
structures of allPf Fd forms that possess an intact disulfide
bond.

Factoring the 15 superimposed whole structures in Figure
3A into 10 separately superimposed structures with the
S-disulfide orientation and the 5 structures with theR-
disulfide orientation reveals indistinguishable models (not
shown; see Supporting Information), in that any slight
difference between the two overlaid sets of structures for
any one main chain atom represents only a very small
fraction of the rmsd for that atom in each of the two bundles
of structures. The rmsd values for main chain atoms and all
heavy atoms as a function of position for the separately
superimposed structures with theS-disulfide andR-disulfide
bond are shown in Figure 5B,C. It is clear that, at the
presently attainable resolution, molecular heterogeneity is
recognizable with any confidence only in the disulfide bond
orientation (see Supporting Information for separate super-
impositions of the “S”- and “R”-structural backbones). Hence
the description of the remainder of the structural features of
4Fe Pf Fd and comparisons withTm Fd (13, 18) apply
equally to both disulfide orientations included in the 15
structures in Figure 3A. The likely hydrogen bonds involving
the main chain atoms are identified on the basis of a
heteroatom separation of 2.5-3.5 Å and X-H-Y bond
angles>100°.

Secondary Structural Elements in Pf Fd. (A)R-Helices.
Pf 4Fe Fd possesses twoR helices, a short, one-turn,
5-residue helix A near the N-terminus involving residues
Ile16-Leu20 (i.e., residuesI+5 to III +3) that appears
identical to the highly conserved helix involving residues
I+5 to III +3 in other Fds (13, 21, 27) (Figure 1). A longer
helix is found near the C-terminus. This second helix B
exhibits a regular structure with no obvious deformations
(see below) but is lengthened by∼1 turn via the 4-residue
insertion Glu44-Asn47 relative to Fds from either other
hyperthermophiles (13, 21) (Figures 1B,C) or mesophiles
(27-30). This helix extension results in an additional four
backbone H-bonds relative to other Fds, as listed in Table
1.

(B) â-Sheets. Pf Fd, like other single cluster Fds (27-
30), possesses two antiparallelâ-sheets. The small, inner
â-sheet B consists of Phe25-Asn28 (residuesV+4 to V+7),
and Lys32-Pro35 (residuesV+11 to V+14) is well formed
(not shown; see Supporting Information) with the main chain
H-bonds homologous toTm Fd (see Table 1). Thisâ-sheet
B, in contrast toTm (13) or Tl (21) Fds where the residue
(V+14)-residue (V+15) peptide bond is the conventional
trans bond, contains the Pro35(V+14)-Lys36(V+15) bond
which exhibits a cis peptide orientation. While this places

the backbone angle of the Pro into a less favorable portion
of the Ramachandran plot (not shown; see Supporting
Information), it still allows the robust residue (V+14) (Pro35)
to residue Val(V+3) H-bond found in bothTm (13) andTl
(21) Fds. The cis Pro35-Lys30 peptide bond may allow an
additional H-bond from Asp26 to the Pro35 carbonyl (see
Table 1).

The largerâ-sheet A inPf Fd, as in other single cluster
Fds (13, 18, 21, 27-30), includes the two termini. The two
strands, residuesI -10 to I -5 (Ala1-Val6) and IV+5 to
IV+10 (Ile61-Ala66), of Pf Fd are longer than in either
Tmor Tl Fd (see Figure 1) and, hence, provide two additional
backbone H-bonds relative toTm Fd, as listed in Table 1.
Earlier qualitative analysis (19, 20) of the backbone NOEs
and CRH chemical shift pattern inPf Fd had suggested that
Glu38-Ile40 (residuesV+17 to V+19) form a third strand
of â-sheet A. The present model confirms this prediction in
that the residues form an extended strand that is superim-
posable on either the N- or C-terminal strands and leads to
the predicted three main chain H-bonds to the N-terminal
strand as listed in Table 1.

This â-sheet A makes numerous tertiary contacts with the
long helix B, as found in all other single cluster Fds (13,
18, 21, 27-30). The elongation of both the helix (by four
residues) andâ-sheet (by∼1-2 residues) inPf Fd relative
to other Fds extends the interaction between these two
secondary structural elements in a modular fashion, as is
apparent in the comparison in Figure 3. Two key residues
on theâ-sheet A andR-helix B include the aromatic Trp2
and Tyr46, which have no precedence in other Fds. These
two residues constitute the best “resolved” (i.e., very low
side chain heavy atom rmsd) of the tertiary contacts in this
Fd, with the two rings completely overlapping each other
and spaced parallel at the van der Waals separation of∼3.2
Å, as shown in Figure 7. An interesting consequence of this
very strong interaction between the two aromatic rings is
that the register of contacts between theâ-sheet A and helix
B is forced to shift∼1 Å toward the C-terminus of helix B
in Pf Fd relative to other Fds (see below) but, in particular,
Tm Fd, as shown in Figure 7.

(C) Turns. Single cubane cluster Fds generally possess (13,
27-30) five â-turns labeled A-E. The generally conserved
turn A on the N-terminal side of the cluster involves residues
I -4 to CysI (i.e., Asp7 to Cys11 inPf Fd). While such a
turn is observed inPf Fd, it appears somewhat deformed
from that observed in other Fds, most prominently with
∼180° rotation of the Asp7-Glu8 peptide bond. A conven-
tional â-turn, as inTmFd (13, 18), leads to the main chain
residueI -4 CdO as acceptor to the NHs of residuesI -1 and
I . In Pf Fd, the recognizable backbone H-bonds include
Asp7(I -4) CdO as acceptor to the NH of Asp9(I -2) and the
Asp8(I -3) CdO as acceptor to the Cys11(I ) NH (see Table
1). The rotation of the Asp7-Glu8 peptide bond precludes
the residueI -1 NH to residueI -4 CdO H-bond observed in
TmFd. That this structural change is likely real is supported
by the fact that the Asp7 NH inPf Fd is so labile as to exhibit
significant saturation transfer at ambient temperature (19,
20), arguing that it is not involved in an H-bond. Besides
these differences, turn A inPf Fd does exhibit the highly
conserved tertiary contacts toâ-sheet B in the Lys32(V+11)
side chain NH H-bonds to the carbonyls of Asp8(I -3) and
Cys11(I ) and to the junction of turn E andâ-sheet A in the
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main chain H-bond between Asp7(I -4) peptide NH and the
Ala60(VI+4) carbonyl. The configuration of these conserved
H-bonds inPf andTm Fds are compared in Table 1.

Turn B occurs immediately after helix A and constitutes
the most strongly conserved portion of the 4Fe Fd structures.
Its geometry and H-bonding patterns are unchanged relative
to those in eitherTm (13) or Tl (21) Fd. Turn C connects
the twoâ-sheet B strands and exhibits the largest main chain
rmsd. We conclude that this more likely arises from true
flexibility of the turn than the lack of sufficient NOESY
constraints, since several of its peptide NHs exhibit rapid
exchange with solvent. Similar flexibility has been observed
in bothTmandTl Fds (49). The implied H-bonds are listed

in Table 1. The conserved turn D in single cubane cluster
Fds from mesophiles contains a Pro and makes a single
backbone H-bond toâ-sheet A. The analogous residue inPf
Fd forms the third strand inâ-sheet A (27, 28, 30) (see
above). However, this does not introduce additional backbone
H-bonds relative toTm Fd. Since the N- and C-terminal
residues inTmFd do not participate inâ-sheet A, Met1 aligns
with loop/turn D (13) (the analogue to the third strand inPf
Fd) to provide the analogous third H-bonds to the N-terminal
residue as inPf Fd.

Last, turn E inPf Fd results in backbone atom rmsd values
(Figure 5) which are not significantly larger than for those
from the same turn in other NMR models of single cluster

Table 1: Proposed Main Chain Hydrogen Bonds inPf Fd and Comparison with Those inTm Fd

Pf Fd TmFd

positiona residues N‚‚‚O, Åb N‚‚‚H‚‚‚O, degc residues N‚‚‚O, Åd N‚‚‚H‚‚‚O, degd

â-sheet A
I f IV+10 A1-A66 3.4 140
I-9 f V+19 W2-I40 2.9 150 M1-T39e 2.77 102
I-8 f IV+8 K3-E64 2.9 140 K2-E59 2.75 164
I-7 f V+17 V4-E38 2.8 140 V3-P37 2.76 170
I-6 f IV+6 S5-T62 3.0 100 R4-S57 3.00 163
V+18 f I-9 I40-W2 3.4 140 T39-M1e 2.92 155
IV+6 f I-6 T62-S5 3.1 110 S57-R4 2.99 169
IV+8 f I-8 E64-K3 3.4 150 E59-K2 2.94 167
IV+10 f I-10 A66-A1 2.9 130

â-sheet B
V+5 f V+13 E26-Q34 3.4 130 Q25-K33 3.03 154
V+7 f V+11 N28-K32 3.1 130 G27-K31 2.78 152
V+13 f V+13 Q34-E26 3.2 160 K33-Q25 2.72 141
V+15 f V+11 K36-A24 3.4 140 L35-V23 2.77 144

helix A
III +1 f I+4 A18-A152 4.0 130 E17-G14 3.14 123
III +2 f I+5 S19-A15 3.4 140 N18-G14 3.17 157
III +3 f I+4 L20-I16 3.0 130 L19-V15 3.03 157

helix B
IV-10 f V+21 Y46-D42 3.1 140 A44-L41 2.99 162
IV-9 f IV+3 N47-E43 2.8 130
IV-8 f IV-12 C48-Q44 3.1 120
IV-7 f IV-11 A49-L45 3.0 170 K45-P42 3.14 133
IV-6 f IV-10 K50-Y46 2.7 150
IV-5 f IV-9 E51-N47 3.4 140 D46-C43f 3.26 104
IV-4 f IV-8 A52-C48 3.2 130 A47-C43 2.88 161
IV-3 f IV-7 M53-A49 3.7 150 A48-A44 3.10 152
IV-2 f IV-6 E54-K50 3.8 150 D49-K45 2.95 160
IV-1 f IV-5 A55-E51 3.3 150 S50-D46 2.99 130

turn A
I-4 f IV+4 D7-A60 3.1 130 D6-A55 2.80 163
I-2 f I-4 D9-D7 3.1 150
I-1 f I-3 A9-D6 3.02 136
I-1 f I-4 T10-Q8g 3.5 90
I f I-4 C10-D6 3.14 139
I f I-3 C11-Q8 3.5 140 C10-A7 3.29 127

turn B
V f III C21-C17 3.0 150 C20-C16 2.80 141
V+3 f V V24-C21 3.2 130 V23-C20 2.91 155
V+4 f III F25-C21 3.0 160 F24-C20 2.93 160

turn C
V+6 f V+7 G31-N28 2.9 150 G30-G27 3.12 151

turn E
IV f III -4 C51-A47 2.98 119
IV+3 f IV S59-C56 3.0 110 G54-C51 3.47 157

loop
V+16 f V+3 V37-A24 3.6 120

a Labeling of residues in the H-bond (donorf acceptor) for residues at homologous positions in the structure using the conserved CysI , III , IV ,
andV as reference, as described in Figure 1.b Separation between donor (N) and acceptor (O) heteroatoms, in Å.c N-H‚‚‚O bond angle, to nearest
10°. d Separation between donor (N) and acceptor (O) heteroatom, in Å, and N-H‚‚‚O bond, in deg, as taken from theTmFd crystal structure (13).
e Met1 is not considered as part ofâ-sheet A; all residues 36-41 are considered as a turn (turn D) inTm Fd (13). f This hydrogen bond would be
of only marginal stability inTm Fd. g Despite its favorable hydrogen bond length, the bond angle indicates the presence of a marginally stable
H-bond, at best.
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bacterial Fds (21, 29, 30). However, as shown by the portion
of the superimposed 15 structures that include residues
Cys56(IV )-Ser59(IV+3) (see Figure 8A), turn E is signifi-
cantly perturbed with respect to its highly conserved structure
(see Figure 8B) inTm (13) and Tl (21) Fds, as well as in
mesophilic cubane Fds (29, 30). The perturbation basically
reflects a conversion from a trans to a cis peptide bond for
the Ser59-Ala60 linkage in each of the 15 structures.
Possible structural bases for this deformation of turn E are
considered below.

(D) Loop betweenâ-Sheets A and B. Residues Cys21,
Val24, Lys36, and Val37 exhibit NH resonances that are
severely broadened by the dynamics equilibrium between
theS- andR-disulfide bridge (20). The NHs of residueV+15
(Lys36 in Pf) and the highly conserved Val24(V+3) serve
as H-bond donors to the carbonyls of the conserved Cys(V)
and Val(V+3) (see Supporting Information) in bothPf
(Cys21, Val24) andTm (13) (Cys20, Val23) Fds (Table 1).
In Pf Fd, unlike theTm protein, residueV+16(Val37 in Pf
Fd) appears to serve as a weak H-bond donor to Val(V+3)
(Table 1). This confirms that the four residues whose NH
chemical shifts are most strongly differentiated for the
alternate orientations of theS- andR-disulfide bond (20) are
present in a single 4-residue H-bond chain that links the

cluster toâ-sheet A. The present structure does not shed light
on what the alternate structures are for these residues for
theR- andS-disulfide orientations. The only evidence, albeit
weak, for structural heterogeneity in the link between
â-sheets A and B is that residues Lys36 and Val37 exhibit
somewhat larger rmsd values than nearby main chain atoms.

The Fe-S Cluster.The structure of the cluster is deter-
mined (see Figure 4) to the same precision as is the majority
of the remainder of the structure for which considerably more
constraints are available (Figure 2). The well-defined main
chain positions for residues CysI-CysIII in Pf Fd are not
detectably altered from those found in, for example,TmFd
(13), as shown in the comparison in Figure 4. ThePf Fd
structure, moreover, reveals Cys11(I ), Cys17(III ), and
Cys56(VI ) orientations (ø2) that are essentially conserved
relative to those found for the homologous Cys inTm (see
Figure 4) orTl 4Fe Fds (13, 21). These results are consistent
with the observation of similar patterns of Cys CâH contact
shifts and/or relaxation rates inPf (36) and Tl (21, 49) or
Tm4Fe Fd, both of which depend strongly on Fe-S-Câ-H
angles (6, 42, 51, 52). The unique Asp14(II ) in Pf Fd is
found with a well-defined orientation in the 15 superimposed
structures (see Figure 3) with the same CRH position relative
to the cluster as found for the CysII CRH in TmFd, despite

FIGURE 7: Comparison of the average of the 15 accepted NMR structures ofPf Fd (dark lines) and theTmFd crystal structure (light lines)
for homologous portions ofâ-sheet A (N-terminal strand residuesI-9 to I-5 and C-terminal strand residuesIV+5 to IV+10), turn E
(residuesIV to IV+3), and helix B (residuesIV-9 to IV-1) with optimized superposition for the conserved portion of the C-terminal
strand forâ-sheet A. Note the shift of helix B toward its C-terminus inPf relative toTmFd. The change in register betweenâ-sheet A and
helix B in Pf relative toTm Fd appears to result from the close contacts between the two rings of the unique Trp2 and Tyr46 residues in
Pf Fd.

FIGURE 8: Comparison of turn E involving residuesIV to VI+3 (Cys56-Ser59 inPf Fd; Cys51-Gly54 inTmFd) for (A) the superposition
of the 15 accepted NMR structures ofPf Fd,and for (B) theTm Fd crystal structure (13).
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providing no constraints to the structure determination. Hence
the ligated Asp14(II ) appears not to perturb the conformation
of the consensus ligating sequence, Cys(I)XXAsp(II )XXCys-
(III ), relative to the more conventional one with a Cys(II ).

The H-bonds to cluster-ligand side chains or bridging
sulfide atoms are identified by the position of labile protons
relative to potential acceptors. There are 10 likely H-bonds
to the cluster, and these, with two exceptions, are conserved
in both number and location relative toTmFd (13), as shown
in Table 2. The trans to cis conversion of the Ser54-Ala60
peptide bond in turn E ofPf Fd eliminates the possibility of
the CysVI (56) NH to Val58 to S H-bond. However, it
appears as if the Gly13(I+2) NH serves as H-bond donor to
the ligated carboxylate oxygen of Asp14(II ), leading to the
same number of H-bonds to cluster atoms.

The present molecular model for the cluster does not shed
any light on a structural basis for the strong retardation of
the electron self-exchange rate (37) in the WT Asp14(II )
ligated versus the mutant Cys14(II ) ligated in the 4Fe form
of Pf Fd. However, one possibility, that the Asp14(II )
provides bidentate in one, and monodentate cluster ligation
in the other, oxidation state, cannot be discounted. Investiga-
tion into whether, in fact, the Asp14(II ) chelates the iron in
one of the two-cluster oxidation states has not been explored,
and such studies warrant both more extensive assignments
on a 15H/13C-labeled sample as well as a study of the
optimized charges pertinent to both monodentate and biden-
tate Asp ligation.

Structural Implication for Hyperthermostability.There is
strong current interest in elucidating the structural basis of
hyperthermostability in proteins (11, 13, 23-26). Because
of their small size and monomeric nature, bacterial Fds (12-
14, 18-21), like their related single-iron rubredoxins (11,
15, 53), have provided important insight into the remarkably
small and widespread structural differences in iron-sulfur
cluster proteins from hyperthermophiles and mesophiles.
Inspection of the main chain H-bonds in Table 1 reveals a
significant increase in number for the Fd fromPf (Topt 100
°C) (54) relative to that fromTm (Topt 80 °C) (55).

Unfortunately, however,Pf Fd does not appear to be a
suitable candidate for shedding light on the structural basis
for the unusual thermostability of this protein. There are at
least two reasons for this conclusion. On one hand, the
present model is only preliminary and represents an “aver-
age” structure for the two interconverting disulfide orienta-
tions (20, 39) for which the extent of structural differences
away from the disulfide bond is currently unknown. On the
other hand, and likely more importantly, even the current

preliminary molecule model ofPf Fd clearly shows that, in
comparison to both hyperthermostableTm (13, 18) andTl
(21) Fds, as well as Fds from mesophiles (27), while several
structural features are stabilized relative to all other Fds (i.e.,
inclusion of the third strand inâ-sheet A, increased length
of helix B andâ-sheet A, and their strong interaction via
Trp2 and Tyr46), other generally conserved structural
features (i.e., turns A and E, disulfide bond, several cis
peptide bonds) are destabilized relative to the same Fds.
While a systematic comparison has not been reported, it has
been proposed thatTm and Pf Fds exhibit quite similar
stabilities at high temperatures (16). This suggests that the
additional stabilizing and destabilizing interactions essentially
cancel inPf relative toTm Fd.

Structural Implication for Disulfide Reducibility.The most
significant difference in physicochemical properties between
Pf Fd and the other two structurally characterized hyper-
thermostable Fds is the ready reducibility of the disulfide
bond, which is cleaved inPf Fd at about the same potential
as the cluster (38). The unprecedented ligation of the cluster
by one Asp14(II ) (36) somewhat perturbs the reduction
potential (-368 mV) relative to thePf D14C-Fd (-426 mV)
to that more comparable to the values reported for the
majority of all-Cys ligated Fd clusters (∼-400 mV) (46).
The present structural model serves to confirm our previous
proposal (20) that the disulfide bond is destabilized by the
extension of helix B by one turn toward the N-terminus,
which places Cys(48)VI on the center of a helix. This
position is expected to lead to destabilization of the disulfide
because of unfavorable steric interaction of the CysVI Sγ
with the helix backbone in both the favored traditional
S-orientation or the less favoredR-orientation (50). A
correlation between the tendency to populate the less-favored
disulfideR-orientation with reducibility at the disulfide has
been noted previously (56, 57).

Turn E is destabilized inPf Fd because of the trans to cis
rotation of the Ser59-Ala60 bond, but its potential effect
on disulfide reducibility is not clear. A logical link between
this deformation of turn E can be rationalized on the basis
of other unique properties of the protein. A particularly
significant and strong tertiary contact exists inPf Fd between
the unique Trp2 ring and that of the Tyr46 on the 4-residue
insertion that lengthens helix B. The backbone segment of
the protein involving helix B (residuesIV -8 to IV -1), turn
E (residuesIV to IV+3), and the C- and N-terminal strands
of â-sheet A (residuesI -5 to I -10) for Pf and Tm Fds are
shown in the stereoviews in Figure 7 where the extended
â-strands ofâ-sheet A are superimposed. It is clear from

Table 2: Proposed H-Bonds to Cluster Ligands inPf Fd and Comparison with Those inTm Fd

Pf Fd TmFd

positiona residues N‚‚‚S(O), Åb N‚‚‚H‚‚‚S(O), degc residues N‚‚‚S(O), Åd N‚‚‚H‚‚‚S(O), degd

I+2 f S2 I12-S2 3.9 160 I11-S2 3.30 161
I+2 f I G13-C11 4.1 120 G12-C10 3.36 148
I+2 f I+3 G13-D14(O) 4.2 140
I+4 f S1 A15-S1 3.4 130 G14-S1 3.26 155
I+5 f I+3 I13-D14(O) 3.3 150 V15-C13 3.50 171
III f S4 C17-S4 3.5 140 C16-S4 3.56 134
a Labeling of residues in the H-bond (donorf acceptor) for residues at homologous positions in the structure using the conserved CysI , III , IV ,

andV as reference, as described in Figure 1.b Separation between donor (N) and acceptor S (O) or heteroatoms, in Å.c N-H‚‚‚S(O) bond angle,
to nearest 10°. d Separation between donor (N) and acceptor S(O) or heteroatom, in Å, and N-H‚‚‚S(O) bond, in deg, as taken from theTm Fd
crystal structure (13).
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this comparison that the specific and strong interaction
between the Trp2 and Tyr46 rings results in a change in the
register of the helix B toâ-sheet A tertiary contacts, in that
the â-sheet strand is translated by∼1 Å toward the
N-terminus inPf relative toTm(or Tl) Fds. Since both helix
B and the N-terminal strand exhibit the regular structure for
their respective secondary structural elements, their shift in
the register of helix B toâ-sheet A tertiary contacts must be
accommodated by the connecting link between helix B and
the C-terminal strand ofâ-sheet A, namely, turn E. It is
reasonable to expect that substitution of either one or both
of the aromatic rings of residues 2 and 46 by bulky aliphatic
side chains (i.e., Leu) would lead to, among other changes,
a restoration of a “normal”â-turn for turn E, as is found in
the other hyperthermophilic Fds (13, 18, 21).

The most likely link between the destabilization of turn E
and the disulfide bond could occur if the disulfide bond
indeed deforms helix B in one or both of the two intercon-
verting forms with the alternate disulfide orientations. While
only a regular, undeformed, but “averaged”, helix B is
observed, very large line broadening of helix B peptide NHs
for Lys50, Ala52, and Glu54 due to interconvertingS- and
R-disulfide orientations (20) indicates that disulfide stereo-
chemistry obviously strongly perturbs at least the strength
of the H-bonds within the helix. However, the influence of
replacing the aromatic ring(s) (by site-directed mutagenesis)
on disulfide reducibility would first have to be ascertained
before proposing a specific structural relationship. Connec-
tion between the conversion of the more stable trans peptide
bond inTmFd to cis inPf Fd for residues in turn A [Asp7-
(I -4)-Gln8(I -3)] and in the loop that connectsâ-sheets A
and B [Pro35(V+14) to Lys36(V+15)] and disulfide reduc-
ibility are obscure at this time. The additional residues inPf
relative toTmandTl Fds are therefore not present to further
stabilizePf Fd relative to other Fd. Rather, they are present
to generate an “entatic” state (58), where the global molecular
structure places “strain” on a chromophore that “drives” the
molecule a portion up the reaction pathway toward disulfide
bond cleavage.

The fact that secondary structure has such a direct
influence on the properties of the disulfide bond lends
credence to the notion thatPf Fd has a specific role in thiol
interconversions that are metabolically relevant. Direct
interactions between FeS centers and disulfides, including
both homo- and heterodisulfides and both inter- and intramo-
lecularly, have recently been shown to play key roles in a
variety of biological processes (59-61). However, as yet,
these do not involve intramolecular electron transfer in what
is ostensibly a "conventional” Fd like thePf protein. In fact,
this Fd is already known to play a central role in the primary
metabolism of Pf, and many Fd-linked oxidoreductase
enzymes involved in carbon and nitrogen metabolism have
been characterized (62). These include an NADH:Fd oxi-
doreductase, which allows communication between one- and
two-electron carriers within the cell (62). It is therefore not
clear how the ability ofPf Fd to donate two electrons via
the disulfide bridge would be of biochemical utility. For
example, the disulfide-dependent redox protein thioredoxin
(and glutaredoxin) has many physiological functions in
mesophilic organisms and is typically reduced by NADPH-
specific oxidoreductases (63). The genome sequence ofPf
(http://comb5-156.umbi.umd.edu/) contains three homologues

of thioredoxin and one of NADPH:thioredoxin oxidoreduc-
tase, as well as homologues of several thioredoxin-dependent
enzymes (but not the spinach-type Fd:thioredoxin reductase).
Hence, the need for direct electron transfer from Fd to a
disulfide-containing, thioredoxin-like system is not obvious.
On the other hand, this Fd is the only 4Fe- (or 8Fe-) type
Fd present in the genome, and so multiple physiological
functions are possible. The recent findings of a thioredoxin-
like protein that contains an FeS center in place of the
expected disulfide (64) and of a disulfide bond that stabilizes
the cluster in a [2Fe-2S] Fd (64, 65) show that much remains
to be understood about the nature, function, and evolution
of these two types of redox center. Attempts to determine
the number and types of thioredoxin-related proteins inPf
are currently in progress.

The present results suggest several parallel avenues for
future NMR work. First, we have shown that, forPf Fd,
neither the average structure nor the thermodynamics of the
S- S R-disulfide orientational equilibrium are significantly
perturbed by its addition of up to∼30% methanol (39). The
addition of the cryosolvent, however, allows the use of
temperatures to-20 °C, where it may be expected that
several of the peptide NHs that severely broaden above 30
°C may be resolved and their distinct environments inter-
rogated. Next, comparison of NMR spectral parameters for
Pf Fd with intact and cleaved disulfide bond had shown that
the peptide NH chemical shifts differ significantly in the two
forms only for those residues whose NH exhibited severe
line broadening due to theS-S R-disulfide interconversion
(20). The difference in chemical shifts, as well as the excess
line broadening, tends toward zero near 100°C, where it is
now known theR-disulfide orientation dominates (20).
Hence, thePf Fd with cleaved disulfide andPf Fd with
disulfide at very elevated temperature [or mutated Cys21-
(V) and/or Cys48(VI)] are suggested to resemble the structure
of one (theR-disulfide) of the two interconverting structures
of Pf Fd with an intact disulfide bond (20). An ambient
temperature the solution structure of the homogeneous Fd
with abolished disulfide and the redetermination of the
present structure near 100°C are high priorities and under
current study. Last, the consequence of Trp2 and Tyr46
mutation for both solution NMR structure and disulfide
reducibility should provide additional insight into the link
between specific interaction in the Fd and the stabilization/
destabilization of specific secondary structural elements. Each
of these three areas will be systematically explored in the
future.
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