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ABSTRACT. The ferredoxin (7.5 kDa) of the hyperthermophilic archad®yrpcoccus furiosugontains a

single [4Fe-4S}"2" cluster that is coordinated by three Cys and one Asp residue rather than the expected
four Cys. The role of this Asp residue was investigated using a series of mutants, D14X, whe@® X

S, H, N, V,and Y, prepared by heterologous gene expressiBsdherichia coli. While the recombinant

form of the wild-type and the D14S and D14C mutants contained a [4FPe-#Stluster, the D14V,
D14H, D14Y, and D14N proteins contained a [3Fe%Stenter, as determined by visible spectroscopy
and electrochemistry. The redox potentials (at pH 7.0;@B of the D14C and D14S mutants were
decreased by 58 and 133 mV, respectively, compared to those of the wild-type 4Fe-ferrégdoxiB68

mV), while those of the 3Fe-protein mutants (including the 3Fe-form of the D14S, generated by chemical
oxidation) were between 15 and 118 mV more positive than that of wild-type 3Fe-form (obtained by
chemical oxidationE, —203 mV). The reduction potentials of all of the 3Fe-forms, except the D14S
mutant, showed a pH response over the range-B000 with a X of 3.3—4.7, and this was assigned to
cluster protonation. The D14H mutant and the wild-type 3Fe-proteins showed an addifotaith at

5.9) assumed to arise from protonation of the amino acid side chain. With the 4Fe-proteins, there was no
dramatic change in the potentials of the wild-type or D14C form, while the pH response of the D14S
mutant (K 4.75) was ascribed to protonation of the serinate. While the ferredoxin variants exhibited a
range of thermal stabilities (measured at’8) pH 2.5), none of them showed any temperature-dependent
transitions (6-80 °C) in their reduction potentials, and there was no correlation between the calculated
AS' values and the absorbance maximum, reduction potential, or hydrophobicity of residue 14. In contrast,
there was a linear correlation between k' value and reduction potential. Kinetic analyses were
carried out at 80C using the ferredoxin as either an electron acceptor to pyruvate oxidoreductase (POR)
or as an electron donor to ferredoxin:NADP oxidoreductase (FNOR, both Frofuriosu3. The data
showed that the reduction potential of the ferredoxin, rather than cluster type or the nature of the residue
at position 14, appears to be the predominant factor in determining efficiency of electron transfer in both
systems. However, compared to all the variants, the reduction potential of WT Fd makes it the most
appropriate protein to both accept electrons from POR and donate them to FNOR.

Cubane-type [4Fe-4S] clusters are ubiquitous in biological to transfer electrons and undergoes a one-electron redox
systems. They are found in simple redox proteins termed couple (2-/1+) at potentials that can range from300 to
ferredoxins (Fd$) as well as in a wide range of both —700 mV. In addition, some Fds and some enzymes contain
cytoplasmic and membrane-bound enzymes (for reviews, seea [3Fe-4ST° cluster. This is a derivative of the cubane-
refs1—4). In most systems the [4Fe-4S] cluster functions type but has a higher potential, typically neal00 mV.
While several 3Fe-clusters are known to be functional, such
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cysteinyl sulfur atoms also appears to play a role in the novel H-activating FeS cluster of Fe-only hydrogenases
differentiating Fd and Hipip clusterg(8). For example, (9.

the 4Fe-cluster o€hromatiumvinosum(Cv) Hipip contains Pf Fd therefore provides a much simpler model system
three less NH-S bonds per cluster than the clusters in four with which to investigate the effects of noncysteinyl ligation
bacterial Fds. It was suggested that the increased numbeto a cubane-type cluster. This protein also has a central
of NH-+S bonds in Fds allows for the stabilization of the position in the metabolism of Pf wherein it functions as the
more electron-rich reduced state by removing electron densityelectron carrier for a number of oxidoreductases in both the
(7). However, further modulation of the redox potential of carbohydrate (for enzymes oxidizing pyruvate and glycer-
Fd-type 4Fe-clusters must be due to other factors. Thesealdehyde-3-phosphate, see r2@s21) and peptide fermenta-
could include the number and orientation of peptide amide tion pathways (for enzymes oxidizing various aldehydes,
groups in the vicinity of the cluster and accessibility to the formaldehyde, indolepyruvate, 2-ketoglutarate, and 2-ketois-
cluster of solvent water moleculeg, ©, 1Q. As yet though, ovalerate, see refd2—25). In addition, Fd has also been

a molecular basis for these effects has not been elucidatedshown to act as the electron donor for ferredoxin:NADP

In the present work we have utilized the Fd from the Oxidoreductase2f). NADPH is ultimately used by hydro-
hyperthermophilic archaeoR. furiosus (Pf), as a model ~ 9genase to reduce protons tg (7). Thus, there are a variety
system to investigate both the molecular determinants of Of Oxidoreductases available with which to investigate the
redox potential and the role of the protein in determining €fficiency of Fd-enzyme interprotein electron transfer.
the efficiency of electron transfer between Fd and its redox  The remarkable stability of Pf Fd (unaffected by 12 h at
partners. Pf Fd is a monomekl{ 7500 Da) containing a 95 °C; ref 28) also enables its redox properties to be
single [4Fe-4S] cluster and is distinguished by its extremely éxamined over a wide range of both temperature and pH,
high thermostability and by noncysteinyl ligation of a specific conditions not accessible to mesophilic proteins. Indeed, for
Fe site in the clusterl(l). The typical cubane or bacterial Mmetalloproteins in general, only a limited number of ther-
type ferredoxin consensus sequence that is almost exclusivelynodynamic parameters associated with electron transfer have
utilized in coordinating 4Fe- and 3Fe-clusters consists of two been reported, and these are based on data obtained over a
CX,CX,CXsCP motifs related by a pseudo two-fold center limited temperature rangé,(29—33). Similarly, previous
of symmetry between the first and second halves of the studies on the potential correlation between thermodynamic
protein. Cluster ligation occurs by cysteinyl S atoms from entropy and enthalpy terms and the environment of the redox
the first three Cys residues in one motif and from the fourth Site have relied predominantly on comparing similar proteins
Cys in the remote sequence. In 4Fe-Fds, one or more offfom a variety of different organisms, e.g., with cytochrome
the Cys residues in the second cluster-binding Cys motif is ¢ (29) and Hipip €). The benefit of having a series of
replaced, while the first motif maintains four Cys to bind Proteins differing in only one amino acid for such compari-
the single cluster. With Pf Fd, however, the second Cys in SONS is obvious, and herein we present such a thermodynamic
the first motif (at residue 14) is also replaced, in this case analysis for a series of Pf Fd variants, measured over a range
by an Asp residue. Despite incomplete Cys ligation, the Pf of 80 °C.
protein contains a [4Fe-4S] cluster and the carboxylate group The gene for Pf Fd was recently expressedircoli to
of Asp 14 acts as a coordinating ligant?(. Of all other give a recombinant protein that was indistinguishable from
4Fe-Fds reported, incomplete Cys ligation has been foundthe wild-type (WT) Fd. In the present study a series of site-
only in Fds | and Il fromStreptomyces griseolwghere Ala directed mutants were prepared to investigate the site-specific
replaces the second Cys3j. Such a substitution does not chemistry at position 14, the site of the cluster-coordinating

appear to stabilize a 4Fe-cluster since upon purification theseAsp. Six mutants were prepared at this position (D14X; X
proteins both contain a 3Fe-cluster. =C, S,H, N, V,Y). Together with the 4Fe- and 3Fe-forms

of the WT recombinant protein, these mutants provide an

Noncysteinyl ligation to a cubane-type FeS cluster is now . ) X .
known to occur in several enzymes, and in each case theSXtensive set of variants to probe the effect of this position

anomalous cluster coordination has a functional significance. on the propertles of (_:ubane—type FeS F:Iusters, and specifically
The prototypical example is the citric acid cycle enzyme, the reduction potential, thermodynamic, and electron-transfer

aconitase, whose 4Fe-cluster has a coordinating hydroxylproloertles of the protein.

group in the absence of substrate, while binding of the MATERIALS AND METHODS

carboxylate substrate results in a six coordinate Fe atom

(14). This enzyme is representative of a large class of (de)- Materials Restriction enzymes,;polynucleotide kinase,
hydratases that utilizes a redox-inactive FeS cluster to E. coli strain JM105, X-gal, and all oligonucleotides were
catalyze (de)hydration reactiond5j. In a similar vein, obtained from Stratagene (La Jolla, CA). IPTG was from
protonation of a non-Cys FeS cluster ligand appears to enableAlexis (San Diego, CA). Sequenase (version 2.0), ampicillin,
some proteins to couple electron and proton transfer. Theand shrimp alkaline phosphatase were purchased from USB
double-cubane P-cluster of nitrogenase has partial serinatgCleveland, OH). The radioactive nucleotide used for DNA
ligation to affect such a reactiod§), and the His ligands to  sequencing was{3°S]dATP obtained from Amersham Corp
the Rieske 2Fe-center may also allow coupled proton/electron(Arlington Heights, IL). The expression plasmid pTrc99A
transfer (7). The distal [4Fe-4S] cluster in a NiFe- and the chromatography materials (Sephadex G-75 and
hydrogenase was recently shown to be coordinated by threeQ-Sepharose Fast Flow) were from Pharmacia-LKB (Pis-
Cys and one His ligand, suggesting perhaps that the His hascataway, NJ). The Mutagene kit (including tBecoli strains

a proton-transfer rolel@), and although structurally unchar- MV1190 and CJ236 and,IDNA polymerase and jJDNA
acterized, there is evidence for noncysteinyl coordination to ligase) was purchased from Bio-Rad (Richmond, CA). The
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plasmid modified for mutagenesis was pUC118 (Worthing- achieved by the addition of IPTG (1 mM) when the QP
ton; Freehold, NJ). The antibiotics chloramphenicol, kana- was between 0.5 and 0.6.

mycin monosulfate, neomycin sulfate, buffers (CAPS, CHES, Purification of Fds The mutants were purified under
MES, HEPES, and EPPS), pyruvate, benzyl viologen, methyl anaerobic conditions with all buffers containing sodium
viologen, and metronidazole were all from Sigma (St Louis, dithionite (2 mM; see ref37). After cell lysis 36) the
MO). Coenzyme A was purchased from ICN (Costa Mesa, majority of E. coli proteins were denatured by incubation at
CA). The bacterial growth media (tryptone and yeast extract) 70 °C for 1 h, and the extract was then placed atGl
were from Difco (Detroit, MI). The YM-3 ultrafiltration overnight to further enhance precipitationtfcoli proteins.
membranes were from Amicon (Beverly, MA). The geneclean After centrifugation (8K rpm for 45 min; Sorvall JA-10
kit was obtained from Bio 101 (Vista, CA). ADs slurry rotor), the supernatant was diluted 3-fold with 50 mM Tris-
and diamond polish were obtained from Buehler (Lake Bluff, CI, pH 8.0 (buffer A), and loaded onto a Q-Sepharose Fast

IL). Flow column (7 cmx 23 cm) previously equilibrated with
Mutagenesis The cloning and expression of the gene buffer A. The column was washed with buffer A (2 L) and
encoding Pf Fd irk. colihas been described previousBd). the absorbed proteins were eluted with a linear gradient (5

The E. coli expression system was constructed by cloning L) from 0 to 0.6 M NacCl in buffer A. Fractions containing
the PCR-generated Pf Fd gene fragment into the Ncol andFd (as judged by their brown color) were pooled, concen-
Smal sites of the vector pTrc99A. To facilitate mutagenesis, trated by ultralfiltration (YM-3 Amicon membrane), and
the Pf Fd gene was subcloned into a vector that can replicateapplied to a column (6 cnx 60 cm) of Sephadex G-75,
in the single-stranded form, thereby allowing mutagenesis equilibrated with buffer A at 3 mL/min. Fractions containing
by the method of Kunkel3b). For this purpose the plasmid pure Fd as judged by electrophoretic analysis (using Tris-
pUC118 was selected and modified to introduce a Ncol tricine polyacrylamide, 16% w/v r&¥8) and by the maximum
restriction site into the '5end of the multiple cloning site.  value of the absorbance ratisgy/Azs0) were combined and
The modified pUC118 was prepared to enable direct ligation concentrated prior to storage under Ar-a80 °C.
of the mutated Pf Fd gene from the pUC118 mutagenesis UV—Visible Spectroscopy Spectra of the oxidized and
vector to the pTrc99A expression vector. The introduction reduced form of each mutant (280 uM in 50 mM EPPS,
of a Ncol site into the pUC118 vector was achieved by the pH 8.0) were recorded on a Hewlett-Packard 8452A diode
mutation of one base-pair using a Mutagene kit as describedarray spectrophotometer at 23. The proteins were reduced
by the suppliers (except that chloramphenicol was not addedby the addition of sodium dithionite (3- to 5-fold molar
to the liquid media during phagemid growth as it was found excess over Fd) under anaerobic conditions.
to inhibit production of single-stranded DNA). The sequence  Biological Assay The ability of the Fd mutants to function
of the oligonucleotide used to introduce the mutation was as electron acceptors for Pf pyruvate ferredoxin oxidoreduc-
5-CGA ATT CGT AAC CAT GGT CAT-3, where the tase (POR; reR0) was determined by a direct assay as
mismatched base is underlined. The mutation was confirmedfollows. The reaction mixture (2.0 mL) contained 50 mM
by visualization on a 1% agarose-TAE gel stained with EPPS buffer, pH 8.0, pyruvate (10 mM), coenzyme A (0.2
ethidium bromide after a restriction digest with Ncol. The mM), MgCl, (1 mM), and Fd (5125 u«M). The mixture
modified plasmid was termed pUC118N. was incubated at 80C, and the reaction was initiated by
After Ncol and Pstl digestion of the pUC118N plasmid the addition of POR (0.1mg/mL; 18 units/mg, see below).
and dephosphorylation with shrimp alkaline phosphatase, theActivity was calculated (see Results) from the decrease in
plasmid was recovered and purified (Gene-clean). The WT absorbance at 412 nm. Curves were fitted with the Michae-
Pf Fd gene was excised from the expression vector pAH1993lis—Menten equation, and appardft andV, values were
(34) with the same restriction enzymes (Ncol and Pstl) and calculated. The activity of the POR was determined
was ligated into pUC118N3g). The ligation reaction was  independently using the same assay conditions but with the
used to transfornk. coli MV1190 competent cells. Trans- artificial electron acceptor methyl viologen (1 mM) replacing
formants were selected on LB-plates containing ampicillin, Fd. One unit of POR activity catalyzed the oxidation of 1
IPTG, and X-gal. Successful insertion of the Pf Fd gene umol of pyruvate per min. To investigate the effect of POR
was confirmed by gel analysis of a Ncol/Pstl restriction concentration on specific activity, the amount of POR added
digest. Construction of the D14N and D14Y mutants was to the assay was varied from 0.15 to A@/mL using either
performed using the Mutagene kit. The other mutants were WT Fd (3Fe- or 4Fe-form) or methyl viologen as the electron
prepared by PCR amplificationr37). All mutants were acceptor. POR activity using Fd as the electron acceptor
confirmed by Sanger dideoxy sequencing (Sequenase kit).was also measured by a coupled assay system using
The Pf Fd mutant genes were subcloned into the Ncol andmetronidazole (10@M) to reoxidize Fd, thereby maintaining
Pstl sites of the expression vector pTrc99A and used toa constant amount of Fd in the mixtur@7f. The reaction
transformE. coli JM105. Plasmid constructs were rese- conditions, apart from the addition of metronidazole and
guenced prior to large-scale expression to confirm that the lower amounts of Fd, were identical to the uncoupled POR
sub-cloning step, into the expression vector, was successfulassay. These assays were designed such that the substrate
Expression. Expression of the mutant proteins was (Fd) concentration allowed the reaction to approdghi.e.,
essentially as described previousBA), but with the induc- [S] > 5 x Ky Pf POR was purified by the published
tion time increased to 12 I87). Cells were grown in either  procedure Z0).
2YT, LB, or LB containing glycerol (0.5%). The cell yields The biological activity of the Fd mutants was also assessed
were typically in the range of 78 g (wet weight) of cell in a second coupled assay system in which Fd reduced by
paste/L for 2YT and LBt glycerol media and approximately POR was subsequently oxidized by ferredoxin:NADP oxi-
5 g/L for LB medium. Expression ift. coli IM105 was doreductase (FNOR; re6). The assay (2 mL) was
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performed at 80°C in EPPS buffer (50 mM; pH 8.0) ' T ' ' ' ' T '
containing pyruvate (10 mM), coenzyme A (0.2 mM), MgCl
(2 mM), Pf POR (2Qug/mL; 10 units/mg), and Fd (0120
uM). The reaction was started by the addition of FNOR (5
ug/mL; 55 units/mg, see below). The reaction was followed
by measuring the reduction of NADP at 365 nm. A molar
absorbance of 3400 M cm™* was used for NADPH. One
unit of activity in this assay is Zmol of pyruvate oxidized
per min (equivalent to 2umol of Fd oxidized per min).
Curves were fitted with the Michaetisvlenten equation. The
activity of the FNOR was determined using the artificial
electron acceptor benzyl viologen (1 mM) with NADH (0.3
mM) as the electron donor. One unit of activity of FNOR
catalyzed the reduction of 2mol of benzyl viologen per -
min in CAPS buffer (50 mM, pH 10.3). 280 320 360 400 440 480 520 560 600

Absorbance

The ability of FNOR to reduce Fd mutants using NADPH Wavelength (nm)
as the electron donor was determined at’80in 50 mM Ficure 1: UV—visible spectra of oxidized D14X mutants Bf

EPPS buffer, pH 8.0, containing Fd«(35 uM), NADPH furiosusferredoxin. The Fd variants are, from top to bottom: WT
(0.3 mM), and FNOR (5ug/mL). Fd reduction was  D14/4Fe, D14S/4Fe, and D14C (all of which which have been offset

determined by measuring the decrease in absorption at 41%’1:\?-gn%bsDoertf’g?gCge“?iﬁse)vsgéé’l\gs?_%g)al\x;’ugé"}f’gg’rr[]ﬁ"'""

nm (see Results). FNOR was purified as previously de- EPPS buffer, pH 8.0, and the spectra were recorded &€23he

scribed 26). absorbance maxima and ratios for each Fd are summarized in Table
Other Methods. The 3Fe-forms of both WT Fd and the 1.

D14S mutant were prepared by treatment with excess
ferricyanide (1). The thermal stability of the Fd mutants Table 1: Electronic Spectral Characteristics of Variant®of
(15 uM) was determined at 86C in 50 mM glycine/HC|  furiosusFerredoxin

buffer, pH 2.5. Degradation of their FeS clusters was visible visible % Auzz
measured by following the loss of absorption at 390 nm. Fdvariant AseAxso maximum maximumAgg after reduction
Reduction potentials of the proteins and their pH dependencewT (4Fe) 0.570 387 0.570 55
were measured by cyclic voltammetry at a glassy carbon D14C (4Fe)  0.731 388 0.714 50
electrode. The electrochemistry cell used was identical to D14S (4Fe)  0.552 390 0.552 65
that described by HageB39). Prior to each use, the electrode WT (3Fe) 0.639 408 0.603 63
. , D14S (3Fe)  0.553 405 0.555 61
was polished with a 0.&m Al,Os slurry and then with 1 D14H (3Fe)  0.660 405 0.665 53
um diamond spray. Fd mutants (5000 uM) in the Bii\N/ ((gEe)) 8.223 288 8.2% 2(7)
H P e . .
appropriate buffer (50 mM; citrate, formate, acetate, MES, D14Y (3Fe) 0640 405 0.663 o5

HEPES, CHES, or CAPS) containing the promoter neomycin _
(2 mM), added from a 20 mM stock solution in the same _ ° The samples were reduced at Z3 with a~ 5 molar excess of
buffer and pH, were analyzed between pH 3.0 and 10.0 atsodlum dithionite” A distinct absorbance maximum was not evident.
23°C. The scan rate was 10 mV/s over the potential range
—200 to—900 mV (versus the Ag/AgCl electrode) for the wild-type (WT) 4Fe-Fd (D14) was replaced, either with Asn
4Fe-forms of Fd and-100 to—700 mV for the 3Fe-forms.  (D14N), Tyr (D14Y), His (D14H), or Val (D14V). Two
The working, counter, and reference electrodes were glassyadditional mutants, where Asp14 was replaced by Ser (D14S)
carbon, Pt, and Ag/AgCl, respectively. The temperature and Cys (D14C), were also examined. Some properties of
dependence of the reduction potentials were measured undethe latter two proteins were recently reportegi)( All
the same conditions except that 50 mM HEPES, pH 7.0, wasrecombinant proteins contained an iron-sulfur chromophore
used as the buffer and the temperature was varied betweerand could be purified frork. coli by following their visible
0 and 80°C. Temperature was controlled by immersing the absorption. The yields of all of the recombinant Fds were
electrochemical apparatus in a water bath set at the desiredypically near 0.5 mg/g (wet weight) d. coli cell paste,
temperature. Potentials were adjusted to the SHE taking intoand these were not significantly affected by the nature of
account the temperature dependence of the Ag/AgCl refer-the mutation or the choice of growth medium. It should be
ence electrode4(). The isothermal cell arrangement used nhoted that in the following, all results with the mutant Fds
in this work differs from a nonisothermal setup in that the are compared with those obtained with the recombinant form
temperature of both the redox couple under investigation andof the WT Fd.
the reference electrode are varied. However, after correction UV—Visible SpectroscopyAs shown in Figure 1, the
for the temperature dependence of the reference electrodespectral properties of the Fd variants fell qualitatively into
both systems give identical values for the slope of potential two categories, those (D14C and D14S) which were similar
versus temperature, as shown in two independent studies oto the WT 4Fe-form of protein and those (D14V, D14H,
cytochromecss; from Desulfasibrio vulgaris (32, 41). D14Y and D14N) which resembled the WT 3Fe-form
(obtained after ferricyanide treatmentuitro, ref 11). The
RESULTS AND DISCUSSION visible absorption maxima and UV/visible absorbance ratios
Design of Fd Variants.In all of the mutants investigated are presented in Table 1. The WT 4Fe- and 3Fe-forms have
in this study, the cluster-coordinating Asp14 residue of the visible absorbance maxima at 387 and 408 nm, respectively,
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which is the expected shift upon such a cluster QonverSion Table 2: Reduction Potentials of Variants Pf furiosusFerredoxin
(42). The D14V, D14H, D14Y, and D14N proteins have

visible maxima like the 3Fe-form, between 405 and 409 nm, Ed variant En? (MV) _A(Irznm\//%pH (pKofT)Kred) I(Err:“a}k)b
and the ferricyanide-treated D14S mutant also falls into this

category. In contrast, the values for the WT 4Fe-form and \ISVLE;”(:EI):e) :222 E:fg% :‘11'2

the D14S and D14C mutants are 3890 nm. TheAsql D14S (4Fe) —501 (—495) —57 4.7 —501
Asgoratios for all of these 3Fe proteins were also very similar, WT (3Fe) —203 (—208) —44 4.2,5.9 —219
although not identical, see Table 1. These data indicate that D14H (3Fe) —129(-131) ~ —28& 47,59  —130
the D14V, D14H, D14Y, and D14N mutants, together with D gu ggg)) i Ejggg . 33 1%
the ferricyanide-treated D14S mutant (see Table 1), all piay (3re) —148 (-157) 4z 38 162
contain a [3Fe-4S] cluster, and this is substantiated by their D14S (3Fe) —85 (ND?) ND

redox properties described below. Such a conclusion has zpetermined at pH 7.0, 23C. The values in parentheses are derived
also been confirmed by detailed EPR, MCD, and resonancefrom the best fit to the temperature-dependent data (see Figure 4).
Raman analyse€=® In contrast, the visible absorption data b Determin_ed at pH 10.0, 23C. ¢ The values were calculated using
suggest that D14C and D14S mutants contain a [4Fe—4S]the reductlon_potentlals me_asured at_pH 3 and 8The values were

. alculated using the reduction potentials measured at pH 4.5 and 5.5.
cluster, and this has also been demonstrated by EPR an(fNot determined
NMR spectroscopic analyse87 43).

Figure 1 also indicates that the precise electronic spectrum Electrochemistry. The reduction potentials of the Fd
observed from the Fd variants is dependent on the nature ofvariants were determined by direct electrochemistry, and the
the residue at position 14, regardless of cluster type. Henceesults are summarized in Table 2. As previously noBejl (
the spectra of the various 4Fe-forms are not superimposablethe value for the recombinant Fd is the same as that
The gain of an Fe-S charge-transfer band in the D14C mutantdetermined for the native Fd as purified from Pf. The
compared to the WT D14 protein explains the increase in réduction potential of the recombinant 3Fe form of Pf Fd
the UV/visible ratio (see also ref2), but even the D14s ~ Was similar to that£190 mV) obtained previouslyte). For
and WT D14 proteins are distinguishable, in particular, the '€asons that are not clear, the potentials of both the 3Fe-
former does not exhibit a distinct visible absorption maxi- and 4Fe-forms of the protein determined by electrochemical
mum. The same is true of the various 3Fe-forms, although techniques (cyclic vpltammetry or differential pulse) are-30
in this case, where the mutated residue cannot be directly40 MV more negative than those generated by bulk redox
coordinating an Fe atom, the results are harder to rationalize fitrations monitored by EPR spectroscoig). The values
For example, their visible maximads, ratios are all very measurgd herein for the_Fd variants (at pH 7) fall into two
similar (0.66+ 0.01, see Table 1), except for the D14N 9roups in accordance with the cluster type, with the 3Fe-
protein where the ratio is 0.71 and the 3Fe-form of the D14s forms (D14N, D14V, D14Y, and D14H) being more than
protein which has a lower ratio (0.555). Significant differ- 150 mV more positive than the 4Fe-forms (D14, D14C, and
ences between all the 3Fe-forms are also manifest in the nearP14S).  Interestingly, all of the mutant 3Fe-forms had
UV region (Figure 1). The addition of an extra Tyr to the reduction potentials more positive (up to almost 120 mV)
protein (D14Y) did not significantly alter the UVivisible than that of the WT D14 3Fe-protein (see below). The
absorbance ratio, even though free tyrosine has significant’@duction potentials of the 4Fe-forms, where D1414C

absorption in the UV region (1340 Mcmt at 274 nm, ref > D14S, is readily explained by thekp value of rgsidue
44). The reason for this remains unclear. 14, where Asp (4.0x Cys (8.5)< Ser (16) (assuming that
each is a cluster ligand, see below). Thus, compared to Cys,

Asp is a better electron withdrawing group and stabilizes
the reduced cluster, while Ser is a stronger electron donor
and stabilizes the oxidized form. The reduction potentials
of the various 3Fe forms cannot be explained in this manner
‘as they (obviously) do not bind a cluster Fe atom and no
correlation is found by a similar electrochemical analysis.
The pH dependence of the reduction potentials of all Pf

Fds typically undergo an approximate 50% decrease in
their visible absorption upon complete reduction of their 4Fe-
cluster. Since the assay for the biological activity of the
mutant Pf Fds was dependent upon changes in their visible
absorption upon reduction, this phenomenon was character
ized for each protein. As shown in Table 1, the extent of
the change in the extinction coefficient upon reduction with

excess sodium dithionite (which is assumed to be complete,Fd variants were determined over the range pH-a@and

see below) is apparently independent of whether the Fd is 8the results are summarized in Table 2. Only the WT 4Fe-
3Fe- or 4Fe-form. The Fd variants lost between 50% (D14C) ¢, . (Figure 2a), the D14C mutant (Figure 2a), and the 3Fe-
and 33% (D14N) of their visible absorption (measured at (). ¢ the D14é mutant (Figure 2b) showeoi no dramatic

4.12. nm, see Table 1).' Due to _the h'gh absorbance Ofchange over this pH range. Nevertheless, for the WT 4Fe-
dithionite in the UV region, UV/visible ratios could not be form and the D14C mutant, the changes were linear and
calculated, but clearly the visible absorption spectra of the reproducible, with values oFyl 6 and—4.4 mV/pH unit
\t/)arlcr)]us F? mut?r;rt]s, bOt_Z 3Fe-t and_tA_fFe—Izrms, are aﬁeCtedrespectively. The only other Fds that have been examined
y the nature ot the residue at position 14. in this regard are the multicluster proteins fréwmotobacter
vinelandii (Av), which contains one 3Fe- and one 4Fe-cluster
2 Staples, C. R., Duderstadt, R. E., Fu, W., Zhou, Z. H., Brereton, (46) and fromClostridium pasteurianun{Cp), which has
P.,bVetEhﬁgfen, MBI_F- tJ M., Adams, M. W. W., and Johnson, M. K., two 4Fe-centers. In these cases, the pH dependence of their
submitted Tor publication. _ a H
3 Duderstadt, R. E., Staples, C. R., Fu, W., Zhou, Z. H., Brereton, [4Fe 48] centers was Iargelb( 16 mY/pH unit for Av Fd
P., Verhagen, M. F. J. M., Adams, M. W. W., and Johnson, M. K., and between-11 and—16 mV/pH unit for Cp Fd 47—49)
unpublished data. than those seen for the Pf Fd proteins, although less than
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-360 —— — —— the temperature response was independent of pH (data not

s A shown). Thus, in the case of the D14C mutant, at least, the
D14 (4Fe) small but significant pH effect appears to be a result of minor

400 F _ perturbation of the electrostatic and/or H-bonding interactions

* around the cluster.
In contrast to the other 4Fe-forms of Pf Fd, the reduction
a0 | ] potential of the D14S (4Fe) mutant showed a marked pH
DI4C (4Fe) dependence in the acidic range, see Figure 2a. That Serl4
o\ o plays a direct role in this pH response is strongly suggested
by the absence of a similar pH effect in the WT protein and
o r 1 the D14C mutant. Moreover, a recent NMR study of the
D14S (4Fe) D14S mutant showed that Ser14 is a ligand to the cluster at
o m o pH 7 43). Hence, the pH response can be analyzed by
-520 ' ' ' ' assuming that electron transfer is coupled to the addition of
T e DiaS G B a proton to the coordinating serinate (leqs 1 and 2), which
90 I * ] is a stronger acid when coordinated to the oxidized form of
the cluster than it is when coordinated to the reduced form.
Note that upon protonation, it is not clear if serine remains
. a cluster ligand or is replaced by water/hydroxide or even
- o uD14N (3Fe another protein side chain. In any event, the redox behavior
of such a system is described by a modified form of the
] Nernst equation (eq 3), wheEg, osiS the observed reduction
potential,Ky is the acid dissociation constarliy, . iS the
reduction potential under alkaline conditions (pHpK), and
other terms have their usual meanings. The slope of the fit
DI4Y (3Fe) (eq 3) between pH 3 and 4 wass5 mV/pH unit at 23°C
. , , o (see Figure 2a), in excellent agreement with the&6),(@nd
the calculated K (of H* addition) was 4.75: 0.13. These
-50 ' ' ' ! C data indicate that equilibrium (eq 2) is established in the time
of the voltammetric scarif).

-120

-150

2D14Y (3Fe)

-180 |

Reduction potential (mV)

100 | . [4Fe-4Sf"-L™ + e = [4Fe-4Sf"-L™ Enaw @
o D14H (3Fe)

R [4Fe-4St™L™ + HT =[4Fe-4St"-LH  (UKy) (2)

-150 |

Emobs= Emai+ {(2.30RTF) log{1 + [H'VK} (3)

i The reduction potentials of the 3Fe-forms of Pf Fd were
D14 3Fe) also determined over the pH range B0, and all of them
(except the D14S mutant) showed a pH response, see Figures
250 . . . . 2b and 2c. For two of the proteins, the D14H mutant and
2 4 6 8 10 12 the WT 3Fe-form, the data were fitted with twoKe
pH according to eq 4. TheKyx and K4 values were 4.7 and

5.9,
Ficure 2: (A) The pH dependence of the reduction potentials for
the 4Fe-forms ofP. furiosusferredoxin. The values for the WT —
(D14) and two mutant forms (D14S and D14C) were obtained at Er.obs™ Em i T (2.30RTF)
23 °C as described in Materials and Methods. All potentials are log{ K eq T [H+]/K
relative to the SHE. (b) The pH dependence of the reduction

potentials for the 3Fe-forms &f. furiosusferredoxin. The values ;
were obtained at 23C as described in Materials and Methods. resp;ectlvely,hfor tT]e D:PL]A'H mutarf1t and 4.2 and 5.9 for tk:je
The indicated samples represent the D14N, D14V, and D14y WT form. The other three 3Fe-forms, D14N, D14V, an

mutants, together with the 3Fe-form of the D14S mutant obtained D14Y, also showed an increase in potential at low pH, see
by ferricyanide treatment. All potentials are relative to the SHE. Figure 2b. However, in these cases the responses were
e 1 Ve oy D ot B endrcionn - SITIer. and the data couldbe fited wih Just o ps
The values were obtained at 2@ as described in Materials and described m. eq3 Wlth caIcuIatede/aI_ues of .3'3' 4.5, and
Methods. All potentials are relative to the SHE. 3.8, respectively. Prior spectroscopic studies have shown
that reduced [3Fe-4S] centers can exist in two pH-dependent
that attributable to an ionizable group%8.1 mV/pH unit forms (1, 52), and a pH effect reflecting a single protonation
at 20°C, ref50). To investigate possible causes of the pH site was observed for the reduction potential of the [3Fe-
effect, the temperature dependence of the midpoint potential4S] cluster in Av Fd (K 7.8; refs46, 53). Why the K of
of the D14C mutant of Pf Fd was determined at pH 4.0, 7.0, the 3Fe-cluster in Av Fd should be so much higher than that
and 10.0 over the range—®0 °C. While the values in Pf Fd, see Table 2, is not clear at present. It seems
decreased linearly with increasing temperature (see below),reasonable to suggest that this pH effect is due to protonation

-200 -

'Kox + Kred'[H+]} (4)

red
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of the cluster itself, presumably at an inorganic sulfur atom,
and that this effect is not dramatically perturbed by the amino
acid side chain (position 14 in Pf Fd) that would normally
interact with the fourth Fe site, if present. With Pf Fd, the
ionizable side chains of the Asp14 (WT) or His14 variants
must influence the properties of the cluster directly as these
exhibit a secondlg. From Table 2, thelg of the 3Fe-cluster 60
in Pf Fd varies from 3.3 to 4.5 (with Asn, Val, or Tyr at

position 14), suggesting that the secorkdv@lues from the

ionizable residues (Asp, His) are near 5.9. In their protonated 40
forms they would not be expected to have a significant
influence on the K of the cluster (4.24.7). Consequently,

at low pH (~ 3) the reduction potentials of all 3Fe-forms
converge near-100 mV, see Figures 2b and 2c. That of
the D14H variant is slightly higher{65 mV), which might

be expected as of all variants only this one would have a
positively charged residue in the position 14 pocket.

The one exception to the general pH-dependent response
of the 3Fe-forms of Pf Fd is the D14S mutant. As shown
in Figure 2b, its reduction potential was almost linear over
the pH range 3 to 10, and decreased slightly (approximately
10 mV) at low pH, thus reversing the trend seen for the other
3Fe-proteins. Why Ser at position 14 should prevent the
putative cluster protonation reaction is not clear at present.
In any event, at neutral pH and above, the D14S 3Fe-form
had the most positive midpoint potential of all the 3Fe-forms
examined (note the 4Fe-form of this protein had the most 20 [ D14y (3Fe)
negative reduction potential, see Table 2). The other 3Fe-

100 W

80 3
Di4 (3Fe)

D14V (3Fe) —°

20

100

20 I
D14 (3Fe)

Relative Absorbance (390 nm)

60

40 X — DI14H (3Fe)

forms under similar conditions (pkt 7) exhibited a range D14N 3Fe)

of reduction potentials{203 to —125 mV), but how to 0 e '
correlate the values with the residue at position 14 is not o s 115025 30 3 40
obvious (some attempts to do this from a thermodynamic Time (minutes)

perspective are addressed below). On the other hand, thercure 3: The thermal stability of the variants &f. furiosus
protonation event at low pH disrupts to a large extent the ferredoxin. The indicated protein (approximately 0.11 mg/mL in
influence residue 14 has on the reduction properties of the0 MM glycine/HCI, pH 2.5) was incubated at 8T, and
cluster. The absence of this pH response in the D14S mutangggarglrjgatlon was assessed by measuring the loss of absorption at
suggests that thelpfor cluster protonation in this protein is '
below 3.0. This is supported by the great similarity in the of ~15 min at 80°C, although, as shown in Figure 3,
VTMCD spectra of the D14S protein and the other D14 denaturation did not follow first-order kinetics. Surprisingly,
mutants (at pH 7) indicating the same protonation states forthe 3Fe-WT protein was more stable, with;a value of
their clusters. Thus, the identity of the residue at position about 1 h. Moreover, at pH 2.5 and 80, the 3Fe-variants
14 in Pf Fd not only determines the type of cluster that can exhibited a range of stabilities, and a variety of distinctive
be accommodated by the protein (3 or 4Fe), but also clearly denaturation curves were obtained indicating nonideal be-
can have a dramatic influence on the redox chemistry of thathavior, e.g., with D14H, see Figure 3. Further analyses of
cluster, even by potentially innocuous residues such as Val,the kinetics will not be presented here, but clearly, residue
Tyr, and Asn. 14 can have a large effect on the overall stability of the Fd
Temperature Dependenc@efore investigating the tem-  molecule, although not enough of one to preclude the
perature-dependent redox and kinetic properties of the variousfollowing temperature-dependent analyses.
mutants, their thermal stability was assessed. As mentioned, The reduction potentials of all of the Pf Fd variants, both
the 4Fe-form of WT Pf Fd shows no denaturation (as 3Fe- and 4Fe-forms, were examined within the temperature
monitored by visible absorption at pH 7.0) after 12 h at 95 range 0-80 °C, see Figure 4. The data presented here for
°C (28). The 4Fe-forms of the D14C and D14S mutants the WT protein up to 90C, obtained by direct electrochem-
and the 3Fe-forms of the WT and D14S, D14N, D14V, istry, are in good agreement (see thermodynamic values given
D14Y, and D14H mutants, were also unaffected by the samebelow) with those previously reported for the native Fd
treatment. To determine if any differences in the stability purified from Pf, which were determined by bulk electro-
of the variants and WT protein could be detected, the proteinschemical titrations monitored by EPR spectroscopy).(
were examined under various pH conditions. Remarkably, However, the transition seen at 80 in the latter study was
at pH 2.5, the WT protein showed a decrease in visible not evident by the direct method, see Figure 4. The
absorption on a reasonable time scale (minutes) fGB0  temperature-dependent behavior of the reduction potential
At low pH it is assumed that the stability is maintained by of native Fd from Pf, determined by cyclic voltammetry, was
nonionic interactions, since acidic groups should be proto- virtually identical to that of the recombinant WT protein (data
nated. At pH 2.5, the WT 4Fe-protein had a half-lifg,} not shown) and an 8€C transition was not observed. We
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0 . : : : AS" . = NF(OE®/OT), (5)

-100 b AS' = AS"rC — 65.2 (6)

) \\ Dian ko | The AS™ value for the recombinant WT protein determined
DI4Y GFe) in this study (203 J mot? K1) is in agreement with that

a0 f Bis oo previously reported for the Fd purified from P£210 J

mol~! K=%; ref 45). For the different variants of Pf Fd,
a0 F ] however, the magnitude of th&S™ values are independent
° Di4 (4Fe) of the cluster type and of the cluster reduction potential, see
500 \ oracare ] Figure 5. It shoul_d be_ notec_j that th_e overall entropy change
" 2 Dies ke for a redox reaction involving a given protein is equal to
€00 . . . ) the difference in the specific entropy in each redox state, as

0 2 40 6 80 100 shown in eq 7 Z9).

Temperature (°C)

Reduction potential (mV)

Ficure 4: Temperature dependence of the reduction potentials of AS" = S"1eg~ S (7)

variants ofP. furiosusferredoxin. The values were obtained at pH
7.0 as described in Materials and Methods. All values are relative Thus, AS”. values are not directly comparable to other

to the SHE. properties obtained with a specific redox state of the protein,

_ _ e.g, data presented in Figure 3, since the specific entropy of
Table 3:_ Summary of _the Thermodynamic Parameters of Variants a given redox state is unknown. Nevertheless, for the same
of P. furiosusFerredoxin type of cofactor, such as a cubane cluster, the magnitudes

En’ AG™ AS” AH” - TAS” of the AS” values for different proteins might give insights
D14X mV_AmV/K kJmol® kjmolK™" kJmol kJjmol™ into the cofactor environment in its different redox states.
gge) —368 —-1.43 355 203 —246 —60.1 For example, for six Hipips obtained from different meso-

_ _ _ _ _ philic photosynthetic bacteria, th&®S>’ values ranged from
a}:t? 426 —lel 4Ll 221 242 653 —230t0—109 J mot! K™ (a range of 121 J mot K™, ref
D14S —-501 -1.16 483  —177 —-42  -525 6). For the same Hipip proteins, Soriano et all)(reported
(4Fe) more negative values-340.7 to—170 J mof! K-1) than
gT:e) —203 —~1.34 196  —195 ~380 576 those determined by Heering et &),(a discrepancy ascribed
D14H —-129 —1.50 125 —210 _497 —62.2 to the different solution conditions used in obtaining the
(3Fe) measurements. In any event, the values for the Pf Fd mutants
(%}:4';1 —-125 -116 121 177 —40.4 -525 of —221 to—177 J mot! K~1 (a range 44 J mot K1) are

e . . L .

D14V —188 —1.55 181  —215 _455 —636 in the same range as those ob_tamed for the Hipip proltems,
(3Fe) although they are more negative than thatt03 J mot
D14Y —148 —1.58 143 218 -50.2 —64.5 K1) for DvFd. In considering other types of redox cofactor,
(3Fe) the values for Pf Fd are within the range reported for the
(%}:‘S —85 ND? ND  ND ND ND rubredoxin of Pf £251.2 J mot! K1, ref 45), but are

significantly more negative than the values reported for

a2 At pH 7, 23°C, and given relative to the SHENot determined. various heme proteins including cytochromg-120 J mot?

K~1) and hemoglobin{157 J mot! K1), and also for the

therefore conclude that this transition is peculiar to the EPR- Rieske [2Fe-2S]-containing protein of the complex (155
monitored bulk method, perhaps arising as an artifact of J molt K2, refs17, 29, 32). Whether there is a relationship
freezing which is necessary for spectroscopic analysis. Inbetween the large negative entropy values for redox proteins
fact, by the direct method, none of the Fd variants exhibited containing [4Fe-4S] (or 1Fe) centers, and particularly with
a transition, and in all cases, their reduction potentials those involving the presumably more rigid hyperthermostable
decreased by between 1.16 and 1.61 f@With increasing proteins of Pf, and protein stability remains to be established.
temperature, independent of whether the protein contained Although the AS” values for the variants of Pf Fd are
a 3Fe- or 4Fe-center, see Table 3. These data are in contrashdependent of cluster type and cluster potential, see Figure
to those obtained with the Fd of the mesophide pulgaris 5, the electronic spectra of Fd proteins were examined to
(Dv), the only other Fd which has been studied in this regard. determine if any correlation existed between reduction
The reduction potential of the Dv protein, which contains a potential and cluster environment. The visible maxima
[4Fe-4S] cluster, changed by0.40+ 0.1 mVFC over the reflect the polarity of the cluster environment, and variations
range 8-46°C (30). A series of [4Fe-4S] containing Hipips  in reduction potential might indicate changes in the amount
exhibited temperature-dependent redox potentials in the rangeof cluster solvation§5, 56). This in turn might ultimately
—1.13 mVFC to —2.39 mVFC (6). be related to the independent components of the entropy of

Thermodynamic Parametersin the isothermal system the system (see, for example, 8. For example, the effect
used here for Pf Fd, the slop&,,/oT) of a plot of reduction of DMSO/water mixtures on the visible absorbance maxima
potential versus temperature, see Figure 4, is related to theof the Cp Fd and of synthetic [4Fe-4S] analo§) (ndicated
thermodynamic entropy parametAS® by eqs 5 and 6.  a correlation between DMSO concentration, reduction po-
The relevant data for the Fd variants are summarized intential, and visible maxima. The latter were red-shifted by
Table 3. 13.7 mV/nm for the Fd and by-610 mV/nm for the analogs
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80 ‘ : : : given cluster type (20.4 kJ mdifor the 4Fe-forms, 12.2 kJ
o . e, mol~! for the 3Fe-forms). This might be expected as the
e [ T ] Hipips were obtained from different bacteria, whereas the
v Lol e ] Fds differ by only one amino acid. However, for reasons
B which are not clear, the actual values obtained for the Pf
o | e ST BT e ] proteins are about half those obtained for the different Hipips
E DI4 (3 F) Dlm;ﬁ)ﬁ (=49 to —99 kJ moft?, from data obtained over a 2@
= o | D14N (3Fe) | range)_
- A better comparison with the Pf Fd data is provided by a
‘20 Tt 1 study of nine single amino acid mutants made at three
e i different (noncluster coordinating) positions of Cv Hipgi).
ot CTeeel ] The variation in theAH*' values (approximately 30 kJ md)
‘ c is similar to that seen for the Pf proteins. It was concluded

o0 from the Hipip variants that although aromatic residues have
-500 -450 -400 -350 -300 -250 -200 -150 -100

Reduction potential (mV) close interactions with the [4Fe-4S] cluster, their noncon-
A ] . . servative mutation had little effect on the thermodynamic
IGURE 5: Thermodynamic parameters derived from the temper- or , .
ature-dependent midpoint potentials of the variant® ofuriosus parameters AH*" and AS™) and therefore are relatively
ferredoxin. The calculatedG® (solid circles),—TAS” (tilted open unimportant in defining the cluster redox potential, particu-
squares), andH°' (open squares) values for the various proteins larly when compared to the effect of the number and
are depicted. Reduction potentials were calculated as described ingrientation of peptide amide groups near the clusté).(n

Materials and Methods. The thermodynamic paramet&s, AS™, . -
and AH®" were derived from eqs 5y 6, 8 F:z);md 9. The relevant another swdy?@’ It was fqund that the C77S mutation
parameters are summarized in Table 3. (where Cys77 is a cluster ligand) caused a 53.6 kJ ol

increase in theAH®' value and a 169 J mol K~ increase
as the cluster environment became more hydrophobic within the AS” value (compared to the WT Cv Hipip), changes
increasing DMSO concentrations. Similarly, for a variety that are much greater than those observed with the Pf Fd
of Hipips, a linear correlation of 19.8 mV/nm was found variants. However, there was only a modest change in the
between the position of the absorbance band near 385 nnreduction potential of the C77S mutant30 mV). Such
and reduction potentia]. However, although the Pf Fd  an effect is consistent with an isoequilibrium relationship,
variants show small differences in their absorption maxima, whereby a more favorable entropy value (more positive) is
particularly for the 3Fe-forms (Table 1), there was no compensated for by a less favorable (more positive) enthalpy
correlation between absorbance maximum and reductionterm G8). Although it is difficult to speculate on a similar
potential for these proteins (data not shown). In addition, trend in the Pf Fd variants examined here because of the
no relationship was found between any of the latter indices small overall changes in the parameters, the corresponding
and the hydrophobicity of the residue at position 14, a values for the various Fds (except the D14N mutant) do offset
parameter which should also reflect solvent accessibility to each other to some degree, see Figure 5. Dv 4Fe-Fd is the
the cluster. Hence, we conclude that the changes in theonly other Fd for which thermodynamic data are available
reduction potential of the various forms of Pf Fdnlat arise (30), but this gave a positive enthalpy value (9.65 kJ ol
from significant changes in protein rigidity or cluster in contrast to variants of Pf Fd (Table 3) and Cv Hip@). (
solvation. The significance of this conclusion and how it is Biological Actiity. The ability of the Pf Fd variants to
related to the variation in thAS™ values shown in Figure  function as electron carriers for two oxidoreductases from
5 also remain to be determined. Pf was investigated using both direct and coupled assay
Enthalpy The change in the Gibbs free energy term systems. The direct assay used pyruvate ferredoxin oxi-
(AG®") was calculated from the measured reduction potentials doreductase (POR, ré&0), which reduces Fd according to
(eq 8). The enthalpy ter‘H*" was then derived using the  eq 10. The coupled assay involved POR and ferredoxin:
Gibbs—Helmholtz equation (eq 9) where the temperature was NADP oxidoreductase (FNOR, re26). FNOR accepts
296 K. A summary of the results and electrons from reduced Fd and reduces NADP, eq 11. Hence
o , with a combination of POR, FNOR, and Fd, pyruvate
AGY = —nFE (8) oxidation can be coupled to NADP reduction.
AH® = AG® + TAS” (9)

Pyruvatet+ CoASH+ 2Fd,, —

the calculated thermodynamic parameters is presented in +
Table 3. Again, theAH®' value for the WT recombinant Acetyl-CoA+ CO, + H + 2Fd, (10)

form (—24.6 kJ mot?) is similar to that reported for the

+
protein purified from Pf {20.9 kJ mot?, ref 45). For the 2Fdey+ H™ + NADP — NADPH + 2Fd,,  (11)
Fd variants, a linear correlation betweat® and redox
potential was observed with a slope]02 kJ maot?) similar The ability of Pf POR to reduce the D14C and D14S

to that of theAG®' plot (which is by definition—96.5 kJ mutants has been previously report&d)( and the results
mol™1). These results suggest that it is the enthalpy term are discussed below. However, preliminary analyses with
that is a major determinant of redox potential. The range WT Fd showed that the POR specific activity decreased as
of values that were obtained spa®6 kJ mot?, which is the POR concentration in the assay medium increased. As
similar to that reported for various Hipips (50.3 kJ miol shown in Figure 6, this effect was independent of the electron
ref 6), although with Pf Fd the range is much smaller for a carrier used (WT 4Fe-form or methyl viologen) and was also
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Ficure 6: Effect of POR concentration on its specific activity. The [ D14 (4}:6)\ S ]
assays were performed as described in Materials and Methods. The 5 b > D14 (3Fe) ]
electron carriers were WT 4Fe-Fd (open square8), methyl _ b N N 1
viologen (solid circles, 1 mM), and WT 4Fe-Fd (tilted open squares, ’é" 4 Y 5
25uM), measured by following the reduction of metronidazole (100 =) D14V (3Fe) |
,uM) s 3L ! ]
> I
|
Table 4: Kinetic Parameters for the Wild-Type and Mutant Forms , b 1
of P. furiosusFerredoxin X [
F L 0 0 o
POR: POR/SUDH i E85EE ]
L =Tz
En? Km Vm Km Vim b ‘E g g a
Fdvariant (mV) (M)  (units/mg}y  (uM) (units/mg}y P S N S EN I PN
WT (4Fe) —454 22 (7) 25(2) 1.7 (0.3) 5.5(0.3) -600 -500 -400 -300 -200 -100

D14C (4Fe) —503 11(4) 84 (lf 02(0.05) 6.4(0.3) . . .
D14S (4Fe) —558 16(13) 10(2) 05(0.1)  6.8(0.3) Reduction potential at 80°C (mV)
WT (3Fe) —279 50(12) 46(4) 1.7 (0.5) 4.2(0.3)  FRGURE7: (A) Effect of reduction potential of variants Bf furiosus

D14S (3Fe) —148 50(20) 47(9) NA <05 ferredoxin on the activity of pyruvate ferredoxin oxidoreductase at
D14H (3Fe) —214 39(15) 33(5) NA <0.5 80 °C. Reduction potentials are taken from Figure 4 with the
D14N (3Fe) —191 23(4)  20(1) NA <0.5 exception of the 3Fe-form of the D14S mutant. This was estimated
D14V (3Fe) —276 40(7)  37(3) 7.7 (4) 39(1.0)  to be—148 mV from the value measured at 23 (see Table 2)
D14Y (3Fe) —238 31(10) 39(4) NA <05 assumingh mV/K = —1.16 (as determined for the 4Fe-form). The

aKinetic parameters for the indicated forms of Fd in the POR and Vm Values were taken from Table 4. (B) Effect of reduction potential

the coupled POR/FNOR systems were measured 4€88nd pH 8.0 of variants ofP. furioususferredoxin on the activity of ferredoxin:
as described in Materials and Methods. Standard deviations are givenNADP oxidoreductase at 8C. Reduction potentials were taken

in parenthese$.Reduction potential determined at pH 7.0, D vs from Figure 4, and th&/, values were taken from Table 4.
SHE. ¢ One unit/mg is the reduction of twamols of Fd per min/mg it those obtained previouslg(), after correcting, in the

of POR.9 One unit/mg is the reduction of twemols of Fd per min/ .
mg of FNOR. Taken from re37. The specific activity was corrected ~ caS€ Of theVy, values, for the amount of POR used in the

for the POR concentration (see text for discussibk), value could assays. In particular, the mutant 4Fe-forms (D14C and
not be determined because of the low activity. D14S) exhibited decreasad, values compared to the WT
protein, suggesting that the lower midpoint potentials of these
observed when the concentration of Fd (WT 4Fe-form) was mutants affect their capacity to efficiently accept electrons
kept constant using a metronidazole-linked as€x. (In from POR. This is supported by thé, values for the
addition, a 2-fold increase in the concentrations of pyruvate, various 3Fe-forms. POR has a similar apparent affinity for
coenzyme A, and Mg (using 50uM WT 4Fe-Fd) did not all of them, withK, values in the range 3% 14 uM, but,
increase the specific activity of POR. Therefore, the as indicated in Figure 7a by the dotted line, there is a general
concentration-dependent effect appears to be a property ofincrease in activity with increasing reduction potential
the enzyme itself. While this is very unusual, and may (measured at 80C) of the Fd. The notable exception is
perhaps provide insight into its catalytic mechanism, the the D14N (3Fe) mutant which is about 2-fold less active
following results were obtained using a constant POR than the other 3Fe-forms, although it is twice as active as
concentration, and a conversion factor (see Figure 6) hasthe D14S 4Fe-form, which had the lowest specific activity
been used to compare them with specific activities previously as well as the lowest reduction potential. At the other
reported with this enzyme20, 37, 45). extreme was the D14S 3Fe-form, with the most positive
Pf POR reduced all of the Fd variants under study, both potential and the highest,, value. Thus, the reduction
4Fe- and 3Fe-versions, and the kinetic parameters are giverpotential of the Fd, rather than cluster type or the nature of
in Table 4. The results with the WT and D14S 4Fe-forms the residue at position 14, appears to be the predominant
and with the WT 3Fe-forms were in reasonable agreementfactor in determining efficiency of reduction by POR. The
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anomalous results with the D14N mutant are hard to
rationalize and are not reflected in any of its other properties
discussed above.

A more informative view of the biological function of a
redox protein is provided by a coupled assay in which
electron transfer (rather than just reduction or oxidation) is
measured. This also lessens the effects that may be cause
by nonspecific interaction$g). The POR/FNOR coupled
assay was designed to specifically measure the interaction
of the Fd with FNOR, wherein an excess of POR ensured
that the rate limiting step was not the reduction of Fd by
POR. Hence, under the standard assay conditions (see
Materials and Methods), the rate of the reaction (measured
by NADP reduction) was unaffected by a 2-fold increase in
POR concentration, but did increase with increasing con-
centrations of FNOR. It was also empirically determined 0 20 40 60 80 100
that the rate of oxidation of Fd by FNOR was slower than Reduction of Fd variant (%)
the reduction of Fd by POR. For example, the rate of ggures: Ability of variants ofP. furiosusferredoxin to function
reduction of the WT 4Fe-form by POR was 14-fold higher as electron carriers for pyruvate ferredoxin oxidoreductase and for
than Fd oxidation by FNOR. It should be noted that oxidized ferredoxin:NADP oxidoreductase &f. furiosusat 80 °C. Nernst
WT Fd is a poor substrate in the NADPH-dependent reaction Plots for the Fd variants are depicted using the reduction potentials

measured at 80C, pH 7.0 (see Figure 4). The curves represent,
catalyzed by FNOR (the reverse of eq 11,26f. The WT, from top to bottom, the following Fd forms: 3Fe-D14S, 3Fe-D14N,

D14C, and D14S did not support significant rates of NADPH  3re.p14H, 3Fe-D14Y, 3Fe-D14V, 3F8VT, 4Fe-WT, 4Fe-D14C,
oxidation. Moreover, although the reduction potential of and 4Fe-D14S. The horizontal lines labeled represent the estimated
NADPH (E,, —320 mV, pH 7.0, 25°C) is more negative reduction potentials of pyruvate ferredoxin oxidoreductase (POR)
than that of any of the 3Fe-forms (Table 2), only very low and ferredoxin NADP oxidoreductase (FNOR). See text for details.
rates of NADPH oxidation were observed and they were FNOR. If the reduction potential of the Fd is decreased too
independent of the 3Fe-form used (0.06@®.015umol of much, as with the 4Fe-form of D14S, it is a poor substrate
NADPH oxidized per minute/mg of FNOR). These data for POR. Indeed, the fact that the 3Fe-form of this mutant
serve to emphasize the utility of the coupled assay system.exhibited the highest activity emphasizes the effect of
As shown in Table 4, the three 4Fe-forms (WT, D14S, potential rather than the nature of residue 14. On the other
and D14C) were all active in the coupled assay, but of the hand, while the Fd variants with lower reduction potentials
3Fe-forms, only the WT and D14V mutant supported NADP than the WT protein, such as the 4Fe-form of D14S, are more
reduction. The appareiit,, values for the five active Fds  active as electron donors to FNOR, those with too positive
were all very low &8 uM, see Table 4), with that for the  a potential, such as the 3Fe-form of the same protein, were
D14C 4Fe-mutant being almost an order of magnitude lower inactive. The capacity of the various Fds to function as
than that for the WT 4Fe-protein. The reason for this is not electron carriers with POR and FNOR is illustrated in Figure
clear at present, but thé, values with the three 4Fe-forms 8, which depicts a Nernstian-type plot for each Fd. Experi-
were similar (6.24+ 0.7 units/mg) indicating that position  mentally it was determined that in the POR assay described
14, while affecting the apparent affinity of the Fd for FNOR, above, the extent of reduction of the 4Fe-form of the D14S
does not influence the rate of electron transfer to the enzyme.mutant was only~ 40%, while the WT and D14C 4Fe-forms
The rates of intermolecular electron self-exchange for thesewere completely reduced. This suggests a midpoint potential
three 4Fe-forms of the Fd have been determined by NMR for POR of approximately-520 mV (at 80°C, pH 8.0),
and they follow the trend D14G D14S > WT (60). It which is lower than that{450 mV) determined by direct
was suggested() that residue 14 plays a role in “gating” electrochemistry45). Of the six 3Fe-forms examined, the
electron transfer to/from the cluster, but this appears not to fact that the two with the lowest reduction potentials (WT
be the case with FNOR. However, as indicated in Figure and D14V) were able to function in the coupled assay (Table
7b by the dotted line for the five Fds that were active in the 4) indicates a potential for FNOR in the vicinity ef250
coupled system, there was a general decreasé,iwith mV (80 °C, pH 8.0). Thus, of all the variants examined,
increasing reduction potential. Thus, the lower reduction Figure 8 indicates that the WT Fd is the most appropriate
potential of the Fd variant, the more efficiently it is oxidized protein to accept electrons from POR and donate them to
by FNOR. The cutoff point for the reaction is quite dramatic FNOR. However, with the range of reduction potentials
(Figure 7b), and falls between188 mV (for D14V, which (~400 mV) known for biological 4Fe-centers with complete
was active) and-148 mV (for D14Y, which was inactive).  Cys ligation, one wonders why Pf should “choose” Asp
Thus, as with POR, the reduction potentials of the Fd coordination for its cluster, especially since incomplete Cys
variants appear to be the primary factor in determining their ligation generally leads to cluster instability, that is, Asp
ability to function as an electron donor to FNOR although, substitution is associated with 3Fe- rather than 4Fe-clusters
as is expected, the trend with FNOR (Figure 7b) is opposite in mesophilic 7Fe-Fds (see, for example, refs3). Perhaps
to that seen with POR (Figure 7a). It is perhaps significant the structural constraints on the Pf Fd protein that impart it
that the WT form of the protein, with Asp 14 and a 4Fe- with high thermal stability counteract the necessary protein-
center, is positioned in the middle of both systems. Thus, it cluster interactions that would “tune” a 4Fe-center with all
is readily reduced by POR and readily donates electrons toCys coordination in the required redox state. The nature of

Solution Poterftal (mV)
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those structural constraints, how the reduction potential is 30.

tuned, and if the redox-dependent ligation mode of Asp plays
a role, are questions yet to be answered.
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