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ABSTRACT. A molecular model for the three-dimensional solution structure of the paramagnetic, four-iron
ferredoxin (Fd) from the hyperthermophilic archaebmermococcus litorali§Tl) has been constructed

on the basis of the reportédl NMR spectral parameters [Donaire, A. (1996Biomol. NMR 735—-47].

The conventional use of long mixing time NOESY cross-peak intensity, backbone angles, and hydrogen-
bonding constraints for building the structure was augmented by short mixing time NOESY, steady-state
NOE, paramagnetic relaxation constraints, and the angular dependence of the ligated €ydatdt

shifts. Distance geometry was used to generate various initial structures, and these structures were refined
with the simulated annealing protocol. The family of structures with inconsequential violations exhibited
low RMS deviations for the backbone except for a few residues in the immediate cluster vicinity and
traces out a secondary structure very similar to those of the structurally characterized single cubane cluster
Fds. The ability to describe the cluster environment depended on the use of nhumerous paramagnetic
relaxation constraints which resulted in even the cluster loop residues exhibiting well-defined orientations,
with the exception of one residue (llell) whds¢ signals have not been located. Comparison of the
structure ofTl Fd to those of mesophilic ferredoxins reveals tiibFd possesses the same secondary
structural elements, tw-sheets, two helices, and four turns, with the exception tha#-#teeet involving

the termini incorporates a third strandThFd. Several minor structural adjustmentsTirnFd relative to

other Fds, in addition to the third strand f@rsheet, include the incorporation of the termini into the
pB-sheet, a likely salt bridge from the side chain of the thfrdtrand to the N-terminus, and a more
hydrophobic and compact interaction between the Iggbeet and the long helix. It is likely that each

of these modifications, among others not yet well-definiegl, (surface salt bridges), contributes to the
extraordinary thermostability ofl Fd.

The so-called hyperthermophiles are a recently discoveredglutamate dehydrogenase (Yip et al., 1995) from the archaeon
group of microorganisms that have the remarkable property Pyrococcus furiosugoptimal temperature for growtiTop:
of growing optimally at 80C and above (Stetter et al., 1990; = 100 °C), for DNA-binding proteins (Edmonson et al.,
Blochl et al., 1995). Virtually all of them are classified as 1995; Starich et al., 1996; Baumann et al., 1995) from the
archaea (or archaebacteria) rather than as bacteria (omrchae&ulfolobussp. (Top: = ~80 °C) andMethanothermus
eubacteria: Woese et al., 1990). Proteins obtained fromfervidus (T, = 83 °C), and for glyceraldehyde-3-phosphate
these organisms are of current interest both for their dehydrogenase (Korndorfer et al., 1995) from the bacterium
biotechnological potential and for insights into the molecular T. maritima(Toy 80 °C). The main conclusions from such
mechanisms that enable them to function under such extremeanalyses are that proteins from hyperthermophiles do not
conditions (Adams et al., 1995). However, although numer- have any “new” interactions and do not possess structural
ous hyperthermophilic proteins are now available in purified motifs significantly different from those found in their
forms (Adams, 1993; Scimbeit & Schider, 1995), there is  mesophilic counterparts. Instead, it appears as if significantly
a paucity of detailed structural information on them. At enhanced thermostability is achieved by minor changes in
present, three-dimensional structures, determined by X-raysecondary and tertiary contacts that appear to be widely
crystallographic or solution NMR studies, have been reported distributed over the protein. Thus, protein hyperthermosta-
for the rubredoxin (Day et al., 1992; Blake et al., 1992a), bility has been variously attributed, at least in part, to the

aldehyde ferredoxin oxidoreductase (Chan et al., 1992), andpresence of additional salt bridges and hydrogen bonds,
increased volume to surface ratios and increased compactness

relative to mesophilic counterparts, and it is more a global
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5 I II ISIII VvV 25 30 35 40 VI 45 1v 55 59
Tl Fd MKVSVDKDAC IG CGVCAS IC PDVFEMDDDG KAKALV A ETDL ECAKEAAESCPTGAITVE
B-sheetA o-helix B-sheetB B-sheetB  PB-sheetA o-helixB B-sheetA
Turn A Turm B Turn C Turn E
5 10 15 20 25 30 35 40 45 50 55 S8
Dg Fd PIE VNDD CMACEACVEIC PDVFEMNEEGDKAVVIN P DSDL DCVEEAI DSCPAEAIVRS
B-sheetA o-helixA B-sheetB B-sheetB o-helixB B-sheetA
Turn A Tum B Turn C Turn D Turn E
S 10 15 20 25 30 35 40 45 50 55 60 64
DaFd ARKFYVDQDECIACESCVEIA PGAFAMDPEIEKAYVKDV EGASQ EEVEEAMDTCPVQC I H WEDE
B-sheetA a-helixA B-sheetB B-sheetB a-helixB B-sheetA
Turn A Turn B Turn C Turn D Turn E
5 10 15 20 25 30 35 40 45 50 55 60 66
PfFd AWKVSVDQDTCIGDAIC ASLCPDVFEMNDEG KAQPKV E VIEDEELYNCAKEAMEACPVSAITIEEA
B-sheetA o-helixA B-sheetB  B-sheetB B-sheetA o-helixB B-sheetA
Turn A Turn B Turn C Turn E

Ficure 1: Comparison of the amino acid sequencedlofd with those of the mesophileg andDa Fds and another hyperthermophile,
Pf Fd. The alignments are made on the basis of the four cluster ligands (Cys also labeletMCggtept forPf, which has Asp at position

II), Cys involved in a disulfide bridge (CysV and CysVI), and structural homology. The positions of secondary structural elements are

indicated below the sequences.

rather than a local structural phenomena. This complicatesdiamagnetic systems in solution NMR studies. The broad
analyses of individual interactions, and a dissection of and effective relaxed protons in the cluster vicinity are

contributions to “hyperthermostability” is obviously more
readily achieved with small rather than large proteins.

As model hyperthermophilic proteins we are using two
small iron—sulfur electron transfer proteins, 4Fe ferredoxin
(Fd)Y and rubredoxin (Rd), from the archa®yrococcus
furiosus (Pf) and Thermococcus litoraligTI; Top: 88 °C).
Rds (~50 residues) contain a single iron ligated by four
cysteinates, whereas 4Fe Fds50 residues) contain a single
cubane [FgS;] ™12 cluster ligated by four cysteinateseg.,

TI Fd, or three cysteinates and one aspariaePf Fd (Blake

difficult to detect and assign by 2D NMR, and the resulting
diminution or loss of NOESY cross-peak intensity near the
cluster obliterates structural constraints needed to build a
robust molecular model (Teng et al., 1994). However,
appropriate tailoring of 1D/2D NMR methods to strongly
relaxed resonances has led to the identification of all but
one residue fronTl 4Fe Fd (Donaire et al., 1996). These
preliminary 2D NMR results ol 4Fe Fd (Donaire et al.,
1996) have identified secondary structural elements and some
tertiary contacts that demonstrate structural homology to the

etal., 1991, Busse etal., 1992; Calzolai et al., 1995). Thesethree crystalographically characterized single clusters from
hyperthermophilic proteins serve as ideal examples for mesophilic FdsDesulfaibrio gigas (Dg; Kissinger et al.,
structural studies as a large number of sequences and severq_lggl) Desulfasibrio africanus (Da; Sery et al., 1994), and
crystal structures are available for both protein types from g.ijus thermoproteolyticugBt; Fukuyama et al., 1988);

various mesophilic organisms. So far the crystal structure ,, sequences @a andDg Fd, together with that ofl Fd

of native Pf Rd (Blake et al., 1992a), the solution NMR
structure of Zn-substituteldf Rd (Day et al., 1992), and the
solution NMR secondary structures of natRE3Fe Fd (Teng
et al., 1994) and| 4Fe Fd (Donaire et al., 1996) have been

are aligned in Figure 1.

In this report we present a model for the three-dimensional
solution molecular structure of oxidizéld 4Fe Fd. This is

reported. Even for these two very small proteins, there Pased on distance geometry and restrained molecular dynam-
appear variations in the degree to which the structures differ IS using conventional long mixing time NOESY cross-peak

between the hyperthermophilic and the mesophilic forms.

For example, some secondary structural elementaf ¢fd

intensity, backbone bond angles for protons remote from the
cluster, and hydrogen bonding constraints from previously

are significantly extended or shifted relative to those of identified slowly exchanging labile protons (Donaire et al.,
mesophilic Fds (Teng et al., 1994), whereas the tertiary 1996). In the vicinity of the cluster, short mixing time

structure ofPf Rd is virtually superimposable on its meso-

philic counterparts (Blake et al., 1992a,b; Day et al., 1992).

NOESY cross-peak intensity, steady-state NOESs, the ligated
Cys GH contact shift dependence gn (Noodleman et al.,

This suggests that the nature of the interactions that increasel995; Bertini et al., 1995), and cluster-induced relaxation
stability may not be universal but depend on the particular (Donaire et al., 1996) provide key structural constraints. The

folding topology of a given class of proteins.

resulting structure is well-defined even in the vicinity of the

Definitive structural studies of a hyperthermostable Fd cluster and confirms strong structural homology to meso-
have been hampered both by the instability of crystals to philic single-cluster Fds but also reveals some structural
X-ray irradiation and by the intrinsic cluster paramagnetism alternations that may contribute to the hyperthermostability
which complicates data collection and analysis relative to of this protein.
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FIGURE 2: Schematic representation of the structural constraints used to generate the molecular modé&l &id4lEn the lower portion
are shown the number of NOE constraints (left margin) from int@)-gnd intra-residue (///) long (300 ms) mixing time NOESY, short
mixing time (50 ms) NOESY (\\\), and steady-state NOBS. (The residues with estimates fl{NHC,H) are shown by asterisks. In the
upper portion are shown the number of relaxation constraints (right margin) with both upper anéRigbeunds [0) and with only upper
bounds toRg. ().

MATERIALS AND METHODS 7 = 05T 1)

Source of Protein and NMR Spectroscofyrowth of T. The distribution of the various constraints are summarized

litoralis (DSM 5473), purification of the 4Fe Fd, NMR 4t the bottom of Figure 2. The individual constraints are
analyses, and the spectral parameters from 2D NMR datajisted in supporting information.

have all been described in detail previously (Donaire et al., Paramagnetic ConstraintsProtons near the cluster with

1994, 1996). Ree > 45 A T, > 10 ms, are relaxed by the cluster

Distance Constraints from NOEsThe majority of the  3ramagnetism according to the relation (Banci et al., 1991;
distance constraints were obtained from 300 ms mixing time st et al.. 1995a: Donaire et al. 1996)

NOESY spectra at 30 and 4C which reflect interproton
distances remote from the cluster (Donaire et al., 1996). 4
Cross-peak intensities were calibrated as strong, medium, T,'= DZREG—i 2)
and weak to correspond to interproton distance ranges of K= %
<2.5,2.5-3.5,and 3.55.0 A, respectively. In cases where
stereospecific assignments were not available, distances wergvhereRe, i is the distance of protonfrom Fe in the 4Fe
adjusted accordingly to the pseudoatom position. 295 cluster. Since the [R&4]*2 cluster possesses four magneti-
constraints [85 intra-residue, 112 sequential, 38 intermediate-cally equivalent F&25 (Middleton et al., 1978)D may be
range {(+2,i+4), and 60 long-range] are obtained from the assumed as a constant (Donaire et al., 1996). The value of
300 ms map. The proximity to the cluster of numerous D =5 x 1P A%s in eq 2 is estimated from correlation of
protons, as well as their resultant enhanced relaxation, will ghservedr; values ofTl 4Fe Fd with distance obtained from
suppress NOESY peak development involving such protons.crystal structure of three homologous Fd (Donaire et al.,
Hence, the distance constraints for cross-peaks involving 1996) and adjusted as needed on the basis of the structure
protons which the resulting molecular structure plac&l  deduced in this reportRe.; estimated fronT; values were
A from an iron were recalibrated interactively by comparing allowed ranges oft10% (corresponding tec60% uncer-
their cross-peak intensity in &, = 50 ms NOESY map. tainty in D or due to differences in spin density among the
Eleven such cross-peaks were located in the 50 ms NOESYiron)_ For protons WithRre—i < 4.5 A, even minor Changes
map and compared to the intensity of a strong cross-peakin geometry near the cluster lead to very large changes in
involving protons remote from the cluster (see supporting R, ;. Hence all protons withl; < 10 ms were simply
information). Lastly, six cross-peaks were observed solely restricted toRee < 4.5 A. Backbone protons which could
in the 50 ms NOESY map, and their intensities were not be detected even by short mixing time NOESY (50 ms)
calibrated with the same reference peak in this map. or TOCSY (10 ms) spectra were assigrngd<10 ms and

In the immediate vicinity of the cluster, in particular for Ree < 4 A on the basis of detection of TOCSY cross-peaks
spatial constraints to ligated residues, distance estimates weréor lle54 GsHs-C,H for which GsHs exhibits T, = 10 ms
drawn from steady-state NOEs (two intra-residue, three (Donaire et al., 1994), and 8 is predicted to be much more
sequential, eight medium-range, and 17 long-range) for whichweakly relaxed. The relaxation analysis resulted in 18
distance estimates were obtained from the magnitude of theconstraints with both upper and lower boundftgand 14
NOEs and the estimates of tfie for the detected NOE as  constraints with only upper bounds teR The distribution
given by eq 1 (see below). of relaxation constraints among the residuesTinFd is
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FiGure 3: Superposition of backbones for accepted structuréd dfe Fd from the structural calculations. (A) Five structures obtained
with Cys y, as constraints, (B) five structures obtained without using gyas constraints, and (C) superposition of the two sets of five
structures for A and B above.

included at the top of Figure 2; the individual constraints constraint violations were retained. The restrained simulated
are listed in supporting information. annealing protocol consisted of seven stages. These included
The Fe-S—Cs—H angle, 6 (related toyy), for the four initially raising the temperature to 1000 K for 12 ps in three
ligated Cys GHs [previously assigned stereospecifically by stages during which the NOE force constants were scaled
the predicted and observed differential paramagnetic relax-from 0.001 to 20 kcal. Subsequently, the system was cooled
ation behavior (Busse et al., 1991; Davy et al., 1995; Donaire to 300 K in two stages. Finally, energy minimization was
et al., 1994)] are related to the contact shiff,(CsH) via performed in two steps (100 steps steepest descent, 2000
eq 3. steps conjugate gradient).
The procedures described above were repeated numerous
5con(cﬁ|-|) =asinff +bcosh + ¢ ) times. Initially we focused on the local constraints and built
the structure of each segment separately. The constraints
which always resulted in geometry violations were found to
et al., 1994; Noodleman et al., 1995). The uncertaint§ in be incorrect and were corrected by checking the original

(12) value deduced from the reportagh{CsH) was estimated experimental data. Some side chain chiralities were also
as+10°. assigned during this process. Subsequently, the structures

Other Constraints.A disulfide bond is formed between ©f Ségments were built again with the updated constraints

Cys20 and Cys43 on the basis of both sulfhydryl titration and the constraints were re-evaluated. After local refinement,
[see Gorst et al. (1995b)] and local NOESY cross-peak the whole molecular structure was constructed. Errors in
patterns. Hydrogen bond constraints were introduced for thethe long-range constraints were |dent!f|ed and corrected in
very slowly exchanging peptide NH identified previously the same way as for the local constraints, and, on the basis
(Donaire et al., 1996) by examination of NOESY cross-peak ©f the whole structure, some pseudoatoms were assigned to
pattern to indicate the likely acceptor oxygen; distance rangesSPECific atoms. With the refined constraints, two sets of 50
involving these likely hydrogen-bound NHO were set at initial structures each were generated from distance geometry

1.9-2.5A. Backbon@J(NH,) coupling constraint estimates  @nd all of them were refined subsequently by simulated
were from the DQF-COSY and TOCSY data. annealing. The two sets differed only in that the{C,H)
Structural Computations. Structural calculations were ~ Sonstraintin eq 3 was omitted from one set but was included

performed using the Biosym software package (San Diego in the other set of 50 initial structures. The residue properties
CA) operating on a Silicon Graphics Indigo workstation. The ©f the refined structures were checked by the PROCHECK

cluster geometry and charge parameters used are those for Br09ram. structures with disallowed geometry were elimi-
[FesS] ™2 cluster as reported by Mouesca et al. (1994). nated, and the remaining structures further refined. Finally,

Distance geometry (DG) was used to generate a variety ofd total of ten structures resulted, five from each set of initial
random structures. The structures from DG were refined 20 Structures, which are not only geometry reasonable but
using the restrained simulated annealing (SA) protocol &/S0 exhibit minimal restraint violations.

(DISCOVER 2.95), which substantially reduces the force RESULTS

constants at the beginning and then selectively scales them

up until the full values are regained. During the calculations, Quality of the Structure. The superpositions of the
all peptide bonds were forced tansand G, chirality toL, backbones for the five acceptable structuresbfiFe-Fd

a nonbonded cutoff distance of 6 A was used, and the chargebtained with and without the constraints in eq 3 are shown
and cross terms were not included. The structures from SAin Figure 3A and B, respectively. The superposition of all
calculations were further refined by restrained molecular ten acceptable structures is shown in Figure 3C. A stereo-
dynamics (RMD) at 300 K for 10 ps and restrained energy view of a ribbon representation of one of these structures is
minimization with low force constant constraints; during this shown in Figure 4A. The pairwise RMS deviations for the
period charges were included and distance-dependent di-backbone and side chain heavy atoms for two sets of five
electric was used. PROCHECK (Laskowski et al., 1993) structures shown in Figures 3A and B were found to be
was employed to check the geometry of the refined struc- similar, so the RMS deviations shown in Figure 5 are based
tures. Only the structures with reasonable geometry and lowon the total accepted ten structures for the main chain (Figure

with constanta = 11.5,b = —2.9,c = 3.7 (in ppm) (Bertini
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FiGure 4: Stereoviews of the ribbon representations of the backbone for (A) one of the accepted NMR structuréBeof-d and the
crystallographical structures of (B) 3f¥g Fd (Kissinger et al., 1991) and (C) 4Ba Fd (Sery et al., 1994).

5A) and side chain heavy atoms (Figure 5B), respectively. excellent, the proximity of the cluster leads to the detection
The only detectable difference in the two sets of five of fewer than expected tertiary NOESY cross-peaks between
structures determined with, and without, eq 3 constraints, the cluster angs-sheet B, and hence there is a less than
appeared in its orientation of Cysl3 (see below). All optimal definition of the interface between them. The family
secondary structural elements and the 4Fe cluster are well-of the five structures based on the use of eq 3 as a constraint
formed in each of the ten structures and establish the presencéeads to a good correlation between the repodigdCsH)

of the following: two helices (helix-A, residues 149; and computed values, as shown in Figure 7 (open marker).
helix-B, residues 4250), two f-sheets (triple-stranded Omitting they, constraint leads to a very similar plot except
B-sheet A, residues-15, 56-59, and 38-39; and double-  for Cys13 as shown in Figure 7 (closed marker). All ten
stranded3-sheet B, residues 226 and 32-34), and four accepted structures produced very reasonable correlations for
Asx type-turns A-C and E (a double type | turn A, residues eq 2, withD = (4.0 & 0.5) x 10° A%s (not shown, see
6—9/7—10, and three single turns B, C, and E, residues 20 supporting information). The resultant structures, moreover,
23, 2730, and 51-54, respectively). The positions of these confirm the stereospecific assignment of ligated Cys by the
structural elements are given in Figure 1. At present, there observation of reasonable correlation for b®tt{not shown;

are two structural elements for which only minimal structural see supporting information) amd,«(CsH) (Figure 2) in eqs
constraints exist: the cluster loop Cys10-Cys16 (Figure 6A) 2 and 3, respectively.

and the turn E following Cys51 (Figure 6B). The side chain heavy atom RMS deviations per residue
The chart of the RMS deviations for the backbone for all are shown in Figure 5B; generally well-defined orientations
ten structures (Figure 5A) reveals less than optimally defined occur for residues with side chains directed toward the
regions for residues near the cluster ligand (residuesl#l protein interior. The majority of the side chains with large
and 52-54). No signals could be located for llell, and RMS deviations are Lys and Glu on the protein surface. For
neither Thr53 backbone proton exhibited detectable NOESY the most part, this results from the side chain termini
cross-peaks (Donaire et al., 1996). However, in spite of the exhibiting no detectable NOESY cross-peake.( Lys7,
paucity of data, the secondary structural elements in which Glu46, Asp27), or the peaks overlap other proton signals at
these residues reside, the cluster binding loop (Figure 6A) all accessible temperatures (Lys2, Glu49). Lys33 and Glu25
and Asx turn E (Figure 6B), respectively, are reasonably exhibit weak NOESY cross-peaks to Leu35 that suggest a
well-formed. The other region of the protein where larger salt bridge between these residues. The inspection of the
backbone RMS deviations are observed involgesheet B positions of the surface Lys and Glu in thieFd molecular
residues 29-31. While this-sheet is well-formed and the  model (not shown; see supporting information) indicates the
superposition of thes-sheet residues by themselves is salt bridges can form between side chains of Lys2 and Glu38,
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Ficure 5: Heavy atom pairwise RMS deviations per residue for the ten accepted NMR structuresTdfRdéor (A) backbone and (B)
side chains.

Val 15

FiIGUure 6: Superimposition of the ten accepted structures for portions of the structure with minimal constraints. (A) Cluster binding loop,
Cys10-Cys16, and (B) turn E, Cys51-Gly54.

Lys31 and Asp27, and Lys45 and Glu59; the Glu38 side to that of 3FeDg Fd and 4Féba Fd. Bt Fd is significantly
chain, moreover, can participate in salt bridge to both Lys2 longer than the other single cubane cluster Fd, with a loop
and the N-amino terminus. However, the NOESY cross- inserted between turn D and helix B and an extension of the
peaks to confirm these interactions are not detected at thisC-terminus (Fukuyama et al., 1988), and hence does not
time. provide as direct a comparison as do thg and Da Fds.
Comparison with Other Single Cubane Cluster Fds TheTl, Dg, andDa Fds possess the same two helices, two
noted even in the preliminary analysis of NOESY cross- antiparallels-sheets, and four turns (A, B, C, E) involving
peak patterns alone (Donaire et al., 1996), both the secondansimilar residues (Figure 1). The single and most prominent
structure and the tertiary interaction are remarkably conservedfeature that differentiates the secondary structur&ldtd
in comparison to those of crystallographically determined from that of the other Fds [but not that of hyperthermophilic
single cubane cluster Fd (Fukuyama et al., 1988; Kissinger Pf Fd (Teng et al., 1994); see Discussion] is that a turn (turn
et al.,, 1991; Sery et al.,, 1994), as illustrated by the D) that makes a single backbone contact to fhsheet
comparison in Figure 4 of the ribbon structure of 4Rd-d involving the two termini in other structurally characterized
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Ficure 7. Plot of the observed contact shifts for ligated CysHE as a function of the FeS—Cz—H dihedral angleg, for the five

accepted structures using eq 3 as a constraint (open marker) and the five accepted structures excluding eq 3 as a constraint (closed marker).
The horizontal dimension of these boxes represent the range of the angles obtained for various members of the set of five structures. The
data points are labeled by Cys in the sequence in Figure.1] — IV, with CgH closer to iron indicated by the prime.

Fd (Fukuyama et al., 1988; Kissinger et al., 1991; Sery et Table 1. Hydrogen Bonds to the Bridging Sulfur-Ligated Cysteines
al., 1994) is replaced by a short segment that forms a third in the Cluster

antiparallel strand (beginning residue 38)dtsheet A (see 4FeTIFd 3FeDg Fd 4FeDaFd

Figure 1). This difference is readily recognized in the acceptor  donor  acceptor  donor  acceptor  donor
comparison of the ribbon structures @i Fd and the S Cys13N

mesophilic Fds in Figure 4. Turn A il Fd is shown here s1 Glyl4N S1 Glul2N S1 Gluls N
to be a composite of two turns involving residue % (type S1 Ala32 N
| Asx) and 710 (type 1) involving the ligating Cys10; a  S2 lle11l N 8322 (':VletlglNN S2 llel2 N
. . . . . . . ys
similar double turn is found iDa Fd, while Dg Fd exhibits Sa Cys16N S4 Cys14N S4 Cys17N

a simple Asx turn (Figure 4). Cysl0S Glyl2N Cys8% AlalON Cysll$ Alal3N
) . . . ys y ys a ys a
The tertiary contacts among the side chains on various Cysl0S Ala32N Cys8% Ala3LN CysllS Ala34N

secondary structural elementsThFd are also very similar ~ cys13$ vallsN Cysl4$ Serl6N
to those in the two mesophilic Fds, as shown in Figures 3 Cysi6$S Alal7 N Cysl7$ Vali8N
and 4. The cluster environment T Fd is very similar to Cys51$ Gly54N Cys50$ GluS3N

: : S : Cys50S Ala52 N
that in other Fd, with similar predicted hydrogen bonds to Cys54S Vals6 N

the ligated sulfur atoms. The proposed hydrogen bonds t0 cys51§  Ala55N  Cys50$ Ala54N  Cys54$  Cys58N
Fhe sulfur atoms of both the cluster and of IIg_ated cysteines Bridging sulfide labeled as described for 3Bg Fd (Kissinger et
in TI Fd are compared to thosea andDg Fd in Table 1. al., 1991).

DISCUSSION the NOE data is, in small but crucial part, replaced by
NMR Structural ApproachesThe available NMR data  distance constraints to the cluster iron Vigdata, as shown
provided sufficient distance constraints to allow the construc- in the upper part of Figure 2. The results support an

tion of a robust molecular model &fl Fd in spite of its important role forT; constraints in model building of
paramagnetism. The conventioddl-'H NOESY dataare  paramagnetic Fds, both for the plant-type 2Fe (Oh &
sufficient to provide well-formed secondary structural ele- Markley, 1990; Pochapsky et al., 1994; Chae et al., 1994;
ments much as in similar diamagnetic proteins. This is Chae & Markley, 1995; Cheng & Markley, 1995) and for
confirmed by the appearance of the helices grgheets in cubane 4Fe/3Fe-type Fds (Teng et al., 1993; Gorst et al.,
numerous refined structures which exhibited less-defined, and1995a; Davy et al., 1995; Bertini et al., 1995b; Donaire et
hence unacceptable, local structure near the cluster. Clearlyal., 1996).

the number and nature of structural constraints near the The inclusion of Cysy, (8) constraints via eq 3 led to
cluster are the determining factors in obtaining an accurate significant changes in Cys orientation only for Cys13 for
molecular model. The paucity of NOE constraints for which the value off (Figure 7) is closer to the predicted
residues near the cluster is clearly shown in the lower half curve than when the constraint is omitted. The larger
of Figure 2 and is obvious in the region of the loop including influence of the constraints in eq 3 for Cys13 relative to the
the three ligating Cys10-Cys16, the segment5% near the other three ligated Cys is due to the smaller number of
ligating Cys51, and, to a lesser degree, for residugssheet constraints available for this residue (see Figure 2). The fit
B near the cluster (Ala32, Lys33). The limited nature of of CgH contact shifts to eq 3 in Figure 7 for the preséht
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FiIGURE 8: Stereoviews of ribbon structures allowing a comparison of the interactions between the N- and C-termini stranfisbééte
A with a-helix-B in the mesophilic Fd fronbg (A) and Da (C) with the hyperthermophili@l Fd (B). For bothDg andDa Fd, theS-sheet
is well-separated from the helix when compared to the positioH iRd.

Fd is as good as the fit of the experimental data points usedbetween each of the cluster ligands and the “diamagnetic”
to generate eq 3 (Bertini et al., 1994; Noodleman et al., protein matrix (Banci et al., 1995; Bertini et al., 1995a). The
1995). The use of Cyg, rather than relaxation constraints surface positions of three of the four cluster ligands in the
resulted in a reasonable model for a two cubane cluster Fdcubane Fds result in the observation of many fewer dipolar
(Bertini et al., 1995). The observation of large contact shifts contacts [and none for Cys13(1l)] to the “diamagnetic” matrix
for Hys for Cys13 and Cys16 (SCs—C,—H, bond angle, and hence yield fewer structural constraints for the cluster
~150-180C), and small contact shifts for Cys10 and Cys51 environment. However, even the limited structural con-
(5—Cs—Cy—Hy bond angles~65°) in Tl Fd indicates a  straints near the cluster do not preclude the generation of
Karplus-type co%y; dependence for the Hcontact shift reasonable molecular models for cubane cluster Fds (Bertini
similar to eq 3 (Busse et al., 1991; Zerbe et al., 1994; Bertini et al., 1995b). Further improvement of such models can be
et al., 1994; Donaire et al., 1994; Noodleman et al., 1995) expected fron?*N labeling, since paramagnetic influences
and suggests future use of Cyg tbntact shifts as structural on >N are considerably less than on protons (Chae &
constraints once the parameters correlating contact shift toMarkley, 1995; Cheng & Markley, 1995; Scrofani et al.,
bond dihedral angle have been calibrated on a series 0f1995). Additional*H relaxation and direct®N relaxation
structurally characterized Fds. data should provide the constraints necessary to define the
The problems of paramagnetism in determining molecular cluster environment to the same degree now possible for
structure by NMR of (single) cubane cluster Fds are regions remote from the cluster. The labeling of the Lys
intermediate between those encountered in the plant-type 2Feamino terminus may also provide routes to locating the labile
Fd (Oh & Markley, 1990; Pochapsky et al., 1994; Chae & protons whose NOESY contacts may provide constraints to
Markley, 1995; Chae et al., 1995) and the 4Fe Hipips (Banci define the surface salt bridges.
et al., 1995; Bertini et al., 1995a). In both classes of Fds, Structural Implications for Thermostability. Hd pro-
the clusters are on the surface and hence the inevitablevides us with the first complete structure for a hyperther-
paramagnetism obscures crucial links between the remainingmophilic Fd yet is remarkably similar to that of crystallo-
secondary structural elements. The significantly stronger graphically characterized mesophilic Fds, even though the
paramagnetism in 2Fe than 4Fe Fd obscures more resonancdatter exhibit substantially reduced thermal stability [see
in the former protein (Oh & Markley, 1990; Cheng & Busse et al. (1992)]. The most striking differences are that
Markley, 1995). While the cluster paramagnetism and Tl Fd exhibits an expandegtsheet (A) to include a third
molecular size of cubane Fds and Hipips are similar(50 strand with an additional two backbone H-bonds compared
60 residues), the cluster in Hipips is buried within the protein, to the mesophilic Fds and a likely side chain salt bridge
which results in a large number of observable dipolar contacts (Glu38) from this third strand to the N-terminus. The latter
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interaction may have the effect of stabilizing tHestrand SUPPORTING INFORMATION AVAILABLE
“zipper” against opening, as was proposed for hyperther-
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