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Abstract: Isolation is reported of the four mutant proteins of the electron-transfer protein rubredoxin from
Clostridium pasteurianunm which each of the four cysteine ligands is changed in turn to serine. They fall
into two pairs whose properties depend on whether an interior (C6, C39) or a surface (C9, C42) cysteine
ligand is substituted. A crystal structure of the oxidized C42S protein (1.65 £8.5%) confirms the presence

of an Fd!(S-Cys)k(Or-Ser) center (FeO, 1.82(8) A). Significant structural change is restricted to the region
around the mutation. EXAFS experiments confirm'BgO (O = O”-Ser or OH) centers in each oxidized
protein at pH 8. The reduction potentials of the''flecouple are decreased by about 100 and 200 mV,
respectively, in the interior and surface ligand mutants. The potentials are pH-dependent with resiigétive p
values of about 9 and 7. EXAFS data indicate an increase ef@2A in the Fé—0O distances in passing
through these characteristi&#d values. 'H NMR experiments on Cforms reveal the presence of &d
(S-Cys}{ O(H)-Se# centers in the surface ligand mutants C9S and C42S by the detecfisicdf- O—CH?,
coupling and SOH? resonances. The assumption of the presence 6fSFEys}(O-Ser) centers in each
mutant protein at pH values above the characterigtifepallows a simple interpretation of the electrochemical
behavior. Protonation of the F®-Ser link upon reduction is proposed, followed by hydrolysis at lower pH
values: F# —0Or-Ser+ H* + e- — Fé'—0Or(H)-Ser; Fd—07(H)-Ser+ H,0 — Fe'—OH, + HO"-Ser. The
differences in reduction potentials, their pH dependence, and the onset of irreversible electrochemistry can be
attributed to differences in the F®© bonds of the interior and surface ligands. These differences appear to
result from variation in the conformational flexibility of the protein chelate loops which carry the ligands. An
attempt to generate crystals of the reducet+€42S protein by treatment of #eC42S crystals with dithionite

at pH 4 led to loss of iron. A crystal structure (1.6 B; 16.8%) reveals that cysteine residues 6 and 9 have
trapped the oxidation product $(a result confirmed by reactions in solution: Cys-$H5O, — Cys-3'—
SVO,™ + HT.

Introduction * mass approximately 6000 $a> They are presumed to be
electron transport proteins, cycling between ferric and ferrous
forms, and this role has been demonstrated in both the sulfate-
reducing bacteriurbesulfaibrio gigasand the aerobBseudomo-
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Research Institute, 10550 N. Torrey Pines Rd., La Jolla, CA 92037. loops (residues 511 and 38-44) which carry the cysteine
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O Stanford University. ligands exhibit gpseudo2-fold symmetry which includes six

(1) Abbreviations used: Asp, aspartate; CAPS, 3-(cyclohexylamino)-1- NH--S interactions (Figure ). It has been expressed in
propanesulfonic acid; CHES, R{cyclohexylamino)ethanesulfonic acid;

The simplest of the irorisulfur proteins are the rubredoxins
(Rd) which feature a single Fe(S-Cys)te in a protein of molar

Cp, Clostridium pasterianumCtoS, Cys to Ser; Cys, cysteirte}, standard (2) Beinert, H.; Holm, R. H.; Munck, ESciencel997, 277, 653—-659.
reduction potentialE,, reversible midpoint potentiaE., Escherichiaesd, (3) Eaton, W. A.; Lovenberg, WIron—Sulfur Proteins Academic
estimated standard deviation; HiPIP, high potential iron protein; His, Press: New York, 1973; Vol. Il, pp 131162.

histidine; I, peak currentK,, proton dissociation constant; MB:mer- (4) Day, M. W.; Hsu, B. T.; Joshua-Tor, L.; Park, J.-B.; Zhou, Z. H.;
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morpholino)propanesulfonic acid; number of electrons transferred; PAGE, (5) Sieker, L. C.; Stenkamp, R. E.; LeGall,Methods Enzymoll994
polyacrylamide gel electrophoresBa, Peptococcus aerogenesf, Pyro- 243,203-216.

coccus furiosusPi, phosphate; r, recombinant; Rd, rubredoxinestimated (6) Santos, H.; Faraleira, P.; Xavier, A. V.; Chen, L.; Liu, M.-Y.; Le
standard deviation; Ser, serine; SHE, standard hydrogen electrode; SWV,Gall, J.Biochem. Biophys. Res. Commad®893 195, 551-557.
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Figure 1. NH---S interactions (- - -) around the Fe(S-Cysgnter in
CpRd (generated from the coordinates of pdb5rxn.ent in the Brookhaven

Protein Databank). The pseudo-2-fold axis (see the text) is perpendicular

to the page, passing though the Fe atom.

Escherichia coli,providing ample recombinant proteilGp
rRd8-10 Generation of mutant forms has bedin!3

The reduction potential of a protein active site is determined
by its ionization energy, governed by electronic structure, and
by its “solvation energy”, which accounts for reorganization of
the active site environment upon reductiénThe present work
has generated mutant proteins C6S, C9S, C39S, and'€dPS
Cp rRd in which each of the four cysteine ligands has been

Xiao et al.

Surface charges are important in some systems but not in others,
a variation which may be related to the influence of solvent
water in damping charge effecgl”21

Iron—sulfur centers in proteins are usually bound to the
protein chain by Fe S-Cys links?2 Nitrogen (His) and oxygen
(Asp, OH) ligands are confirmed to be present in a number of
system&*~27 and may be present in othéfs.However, while
the side chain of serine is identified as a ligand in a number of
metalloproteins (cf. dimethyl sulfoxide reducté®eit may be
disfavored in iror-sulfur proteins by the significantly lower
FeO bond strength and by the energy penalty inherent in
deprotonating Ser f, 13.6) relative to more acidic ligand®.
When presented with a choice, thesEgcluster of ferredoxin
| in Azotobactewinelandii prefers Cys over Ser as a ligafid.

In fact, Ser has been identified as a ligand in a single-ron
sulfur system only: Sé¥8 with Cy<*153 binds to one of the
iron atoms (Fe-O”, 2.0 A) in the oxidized state of the f=®
“P-cluster” of the iror-molybdenum protein of nitrogenagg.
The amide nitrogen of Cy¢& is the only other non-cysteinyl
ligand. Upon reduction by two electrons, the two non-cysteinyl
ligands are replaced by F& interactions involving a cluster
sulfide. Both the unbound Ser and amide ligands will be
protonated in the reduced state and may be deprotonated when
bound in the oxidized state. This suggests a possible mechanism
for correlated (2e, 2H") transfer between the P-cluster and the
catalytic reducing center, the iremolybdenum cofactof?

Ser for Cys substitution in iroasulfur proteins via site-
directed mutagenesis has been used widely for identification
of ligands and for creating new coordination environ-
ments?3:30:3337 |n many cases, the substitution leads to loss
or modification of the iror-sulfur center. For example, only

(18) Banci, L.; Bertini, I.; Savellini, G. G.; Luchinat, @norg. Chem.
1996 35, 4248-4253.

(19) Bertini, |.; Bosari, M.; Bosi, M.; Eltis, D.; Felli, I. C.; Luchinat, C.;
Piccioli, M. J. Biol. Inorg. Chem1996 1, 257-263.

(20) Moulis, J.-M.; Davasse, \Biochemistryl995 34, 16781-16788.

replaced, in turn, by serine. Four geometric isomers have been (21) Brereton, P. B.; Lavery, M. J.; Tregloan, P. A.; Wedd, A. G.,

created in which FeQenters are orientated differently within

submitted for publication.
(22) Johnson, M. K. IfEncyclopedia of Inorganic Chemistriting, R.

the same protein chain. The system provides an excellentB., Ed.; wiley: New York, 1994; Vol. 4, pp 18961915,

opportunity for systematic exploration of the factors determining
reduction potential.

The orientation of peptide amide and side chain dipoles
(including NH--S hydrogen-bonding interactions) and access
of solvent water to the active site are proposed to influence the
solvation energy term for iroasulfur proteins>17 These
electrostatic interactions tune the potential of a given center.

(8) Mathieu, I.; Meyer, J.; Moulis, J.-MBiochem. J1992 285, 255—
262.
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(13) Zeng, Q.; Smith, E. T.; Kurtz, D. M., Jr.; Scott, R. korg. Chim.
Acta 1996 242 245-251.
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2239-2314.

(15) Backes, G.; Mino, Y.; Loehr, T. M.; Meyer, T. E.; Cusanovich, M.
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The Rubredoxin from Clostridium pasteurianum

Table 1. Primer Oligonucleotides

mutant
C6S 3-CACATACTGTAGATGTATACTTC-3
C9s 5-AAATATATCCA GATACTGTACATG-3
C39S 5-CACACAAAGGAGATACCCAATC-3
C42Ss 5TCCTACTCCAGACAAAGGACA-3'

the C77S mutant of the high potential iron protein (HiPIP) from
Chromatium vinosum retains its FgS, center’® H NMR

structural and related studies indicate that the serine side chain
is coordinated as the alkoxide in both the oxidized and reduced

forms (Fe-07, 2.3+ 0.6 A)380 A serine ligand is present in
each of the four Cys to Ser mutant forms of the oxidizegBre
ferredoxin from amAnabaenapecies; and an Asp to Ser ligand
mutation is stable in the g8s-ferredoxin fromPyrococcus
furiosus®®

In the present work, the effect of systematic monosubstitution
of O for S in the Fe(S-Cyg)coordination sphere d@p Rd is
examined. The properties of the four mutant proteins fall into
pairs reflecting the pseudo-2-fold symmetry around the active
site of the native protein (Figure 1). The effect on the reduction
potential is dramatic, with shifts of up to 200 mV. In addition,

a pH dependence of the potential is induced in each protein.
The structural basis for these changes is explored by X-ray

crystallography and X-ray absorption spectroscopy.

Experimental Section

General materials and DNA manipulations have been described
previously® Oligonucleotides were synthesized on an Applied Bio-
systems DNA synthesizer, model 380A.

Mutagenesis. Techniques have been described previotfslyihe
primers used for the four mutants are listed in Table 1. The boldface

bases are mismatched and convert the cysteine codon to serine. Afte

mutagenesis and identification by DNA sequencing, the four mutants
(C6S, C9S, C39S, C42S) were subcloned intoBbeR| andPst sites
of the pKK223-3 vector for protein expression.

Protein Expression and Reconstitution. Plasmids pKK223-3Zp
Rd carrying the four mutations were transformed iBocoli strain
JM109. The procedures for protein expression were similar to those
described previousBf. Each of the four genes was expressed as a
colorless protein. The C6S example was purified by the following
procedure. After 2-fold dilution with buffer (TrisHCI; 50 mM; pH

7.4), the crude lysate was applied to a DE-52 column and the absorbed

proteins eluted with a NaCl gradient (6-:0.4 M buffer). The fraction
eluting at [NaCl]= 0.21-0.27 M contained the Rd mutant, as identified
by SDS-PAGE. This fraction was bound to a second DE-52 column

and the protein eluted as above. The eluate was concentrated using an

Amicon ultrafiltration cell equipped with a YM3 membrane and treated
with (NH4).SO, to 60% saturation. After removal of precipitate, the

supernatant was concentrated further and desalted on a G-25 gel

filtration column (1.2x 75 cm) with distilled water. The protein was
identified as a mixture of the 2n(>90%) and apo €10%) forms of

I
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Figure 2. Negative-ion electrospray ionization mass spectr@mRd
proteins: (a) recombinant; (b) Z+C6S as isolated; (c) HeC6S as
reconstituted. The proteins (6-2.0 mM) suspended in distilled water
were infused into a mixture of MeOHH,O—Et;N (30:70:0.1 v/viv).
Weak peaks with higher molar masses are due to the formation‘ef Na
protein adducts.

Table 2. Molar Masses (Da) Determined by Electrospray Mass
Spectrometry

CpRd calculated fourtd
recombinant 6100.5 6100(1)
Zn'—-C6S% 6094.5 6095(1)
Fe''-C6S/C9S/C39S/C42S 6084.4 6084(1)
apo-C6S/C9S/C39S/C42S 6031.6 6029(1)
C0'-C6S/C9S/C39S 6088.5 6091(1)
113Cd'-recombinant 6158.7 6159(1)
uCdl-C6S/C39S 6142.1 6142(1)

Products from Treatment of

Fe''-C42S Protein with Dithionite at pH 4
apo(SS, SH) 6029.5 6029(F)
apo(SS, SSP)! 6093.6 6094(%)
apo(SH, 2SS@)" 6159.7 6158(1)

a Determined under basic conditions in negative ion mode; mobile
phase: HO/MeOH/EgN = 70/30/0.1 viv/v? Single standard deviations
given in parenthese&As isolated d Apo-C42S protein with one cystine

the C6S mutant by electrospray mass spectroscopy (Figure 2 and Tablalisulfide link and one Cys-SH residuePeaks ate 6051 and 6074

2).
The Zn forms of the mutant proteins can be reconstituted readily
with iron. The most convenient point for reconstitution is the crude

cell lysate stage as the subsequent purification steps are simplified.

(37) Holden, H. M.; Jacobson, B. L.; Hurley, J. K.; Tollin, G.; Oh, B.
H.; Skjeldahl, L.; Chae, Y. K.; Cheng, H.; Xia, B.; Markley, J. L.
Bioenerg. Biomembrl994 26, 67—88.

(38) (a) Argawal, A.; Li S.; Cowan, J. Al. Am. Chem. S0d996 118
8, 926-928. (b) Bentrop, D.; Bertini, |.; Capozzi, F.; Dikiy, A.; Eltis, D.;
Luchinat, C.Biochemistryl1996 35, 5928-5936.

(39) Calzolai, L.; Gorst, C. M.; Bren, K. L.; Zhou, Z.-H.; Adams, M.
W. W.; La Mar, G. N.J. Am. Chem. S0d.997, 119 9341-9350.

are assigned to adducts of apo(SS, SH) with 1 Had 2 Nd ions.

f Apo-C42S protein with one cystine disulfide link and one modified
Cys-SSQ@ residue? Peaks atm/e 6116 and 6138 are assigned to
adducts of apo(SS, S$Q with 1 Na" and 2 N& ions." Apo-C42S
protein with one Cys-SH and two modified Cys-SSQesidues! A
peak atm/e 6179 is assigned to an adduct of apo(SH, SS$@ith 1
Nat ion.

The procedure was derived from that described edfliefhe protein
in the crude lysate was precipitated by addition of trichloroacetic acid

(40) (a) Lovenberg, W.; Williams, W. MBiochemistryl1969 8, 141—
153. (b) Moura, I.; Teixeira, M.; LeGall, J.; Moura, J. J. . Inorg.
Biochem.1991, 44, 127-139.
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(20% in water) angs-mercaptoethanol (ME) to final concentrations of  of stock protein solution was less than 0.05 pH unit. Rolyéine)

ca. 5-10% and 0.3-0.5 M, respectively. After centrifugation and  (100uM) was used as promoter: a correctiond6® mV was applied
removal of the supernatant, the precipitate was washed with a mixture for the induced shift in potentidf“®> Before each measurement,

of 5% trichloroacetic acid and 50 mM ME and extracted3times dioxygen was removed by bubbling water-saturated dinitrogen through
with Tris base (0.5 M; £2 mL/g of cells) containing ME (0.5 M). the solution. Anaerobic conditions were maintained by passing
Insoluble material was discarded, and the extracts were combined. Thedinitrogen over the surface of the solution.

protein was reprecipitated, washed, and redissolved as detailed above Reversibility and reproducibility of the electrode responses of each
to minimize contamination by Znand other metal ions. A 5-fold mutant were found to be dependent on the pH of the solution. At pH
excess of Fe(Ng); (0.2 M) was added, producing an orange solution 6—10 for C9S and C42S, and pH 7@0.5 for C6S, the responses
whose color faded with concomitant formation of green insoluble were chemically reversible and reproducible but became irreversible
material. After incubation on ice for 1 h, the green precipitate was or showed no response at lower pH. The reported reduction potential
removed by filtration. After ca. 5-fold dilution with water, the orange at each pH is the averaged value of at least three successive scans for
color reappeared, and the solution was applied to a DE-52 column (3.3 a reversible response or of three first scans, each after polishing the
x 12 cm). The protein was eluted with a NaCl gradient (6:QB0 electrode surface, for an irreversible response.

M) in Tris—HCI buffer (50 mM; pH 7.4) at a flow rate of 40 mLh NMR of 3Cd-Substituted Samples. The recombinant wild type

For each mutant, an intense orange band was observed. Fractions wittind four cysteine to serine mutants were reconstituted #ied for
Azsd/Asso < 3 for C6S and C39S and withzsd/Aszs < 3 for C9S and NMR investigations. The procedures employed purified' Ferms
C42S were combined and treated with ammonium sulfate to 60% gand followed those outlined previoush.

saturation. After several hours, the precipitate was discarded and the  jnjess otherwise specified, alH and 1°Cd NMR data were

supernatant applied to a Phenyl Sepharose CL-4B columnx(2L8 collected at 303 K with samples containifCd-substituted Rd (5
cm) equilibrated with 50% saturation ammonium sulfate in Biffer mM), NaCl (200 mM), and phosphate buffer (20 mM; pH 6.8) in 90%
(50 mM; pH 7.5). The orange protein was eluted with a-5@ H,0/10% DO. Two-dimensional experiments included DQF-COBY,
saturation ammonium sulfate gradient in the phosphate buffer at a flow pg.cosY#54 NOESY# and TOCSY#8 They were recorded on a
rate of 40 mL h™. Fractions withAosg/Asso < 1.8 for C6S Ass/Asas < Bruker DRX 500 spectrometer, operating at 500 MHz Yidr over a

1.8 for C9S AsgfAsss < 1.9 for C39S, andhoed/Asay < 1.7 for C42S, spectral width of 8013 Hz. A total of 512768, increments of 2048
respectively, were pooled and concentrated by ultrafiltration. Yields (gg) points using either States-TPPI or TPPI was used for quadrature
were around 10 mgt! of starting culture for each mutant. The samples detectiorf5° Water suppression was achieved using either the SCUBA
were >95% pure as judged by SBSAGE and electrospray mass  sequenc® or low-powered irradiation during the recycle delay. DQ-
spectrometry. The first 12 amino acids of the C6S and C9S proteins COSY experiments were acquired with a DQ preparation period of 30
were confirmed by sequential Edman degradation. ms. TOCSY spectra (4690 ms) were acquired using the MLEV-17
Physical Measurements.Electronic spectra, electrospray ionization  mixing scheme, flanked by 2.5 ms trim pulses. For NOESY specitra,
mass spectra and resonance Raman spectra, were obtained as describsuxing times of 106-250 ms were utilized. DQF-COSY experiments
previously!® EPR spectra were recorded on an X-band EPR spec- were acquired with 4096 data points and 1@2#crements.
trometer (Bruker ESP380E) with an Oxford Instruments helium flow 113cd NMR spectra were acquired on a Varian Unity-Plus 400 NMR
cryostat: standard, 1,1-diphenyl-2-picrylhydrazyl; modulation fre- spectrometer (88.72 MHz fd#3Cd). One-dimensiona]*H—13Cd}
quency, 100 kHz; modulation amplitude, 0.2 mT; microwave power, HMQC spectra were acquired at 400 MHz with evolution periods of
ca. 0.5 mW; temperature, 4.2 K. The samples (ca. 0.2 mL) were 1.6 12.5-70 ms (46-7 Hz)525% Typically, 5006-30000 transients were
mM in protein, 50 mM in Tris-HCI buffer (pH, 7.4), and 150 mM in required for detection of NH-S donors. GARP decoupling was applied
NaCl. D,O samples were prepared by freeze-drying the above samplesduring acquisitior
followed by redissolution in BD. Electronic spectra before and after Two-dimensional data were processed using either Bruker XWIN
the drying procedure were indistinguishable. NMR software or Varian VNMR 5.1 software. For NOESY and
Electrochemistry. Electrochemical experiments were carried out TOCSY spectra, 6680° shifted square sine bells were typically used
at 25+ 1 °C in a water-jacketed cell whose temperature was controlled in both dimensions and zero-filled to a final matrix size of 4096
with a circulating water bath. A standard three-electrode system was 2048 real data points3Jy,,, coupling constants fd#*Cd—CprRd were
used. The working electrode was a digk & mm) of edge-cleaved  determined from DQF-COSY experiments, zero-filled to 8492048
pyrolytic graphite (Le Carbone-Lorraine) housed in a sheath of epoxy real data points, and evaluated by the method of Kim and Prest&gard.
resin. The electrode was polished manually using a slurry of alumina Proton chemical shifts were referenced to th©tsignal at 4.73 ppm
(0.3um) in water and rinsed with distilled water. The counter electrode (303 K), and***Cd resonances were referenced indirectly to Cd(GIO4)
was a Pt wire. Reduction potentials are quoted relative to SHE and (0.0 ppm, 0.1 M).
were measured via a KCl-saturated Ag/AgCl reference electrode
(potential, 199 mV vs SHE at 2%C). All electrochemical data were (43) Lavery, M. J.; Xiao, Z.; Bond, A. M.; Wedd, A. G. Submitted for

i 2 i . publication.
acquired by square wave voltammetry (SW¥J? Equilibrium reduc (44) Rance, M. Sgrensen, O. W. Bodenhausen, G.. Wagner, G.. Ernst,

tion potentials were read directly from the current peak potential of o R.. Withrich, K. Biochem. Biophys. Res. Commu883 117, 479~
the voltammograms. The number of electrons transferr@dwv@as 485.

determined from the width at half-height (126 nmy// About 500uL (45) Braunschweiler, L.; Bodenhausen, G.; Ernst, RVB.. Phys.1983
of protein solution (10:M) in buffer (30 mM) and NaCl (100 mM) 48, 535-560.

were used for each experiment. Each sample was derived by dilution En(zil?r)lcﬁellggg 1'\464 flrlazin, W. J.; Dalvit, C.; Wright, P. Elethods
of a protein stock solution (35 mM) in Tris—HCI (30 mM; pH 7.4) (47) Macura, S.; Ernst, R. RMol. Phys.198Q 41, 95-117.

with the appropriate buffer at the required pH. Bufferused were (48) Bax, A.; Davis, D. GJ. Magn. Resonl985 63, 207-213.
acetic acid (4.7), MES (6.1), MOPS (7.2), tricine (8.1), CHES (9.3), (49) Marion, D.; Ikura, M.; Tschudin, R.; Bax, A. Magn. Resor989
and CAPS (10.4). Each buffer was adjusted with NaOH to the 85, 393-399.

appropriate pH near itsky to maximize the buffer capacity and (50) Marion, D.; Wihrich, K. Biochem. Biophys. Res. Comma883
minimize variation of the ionic strength. Control experiments showed 11%5%6;:3\;?; S. C.: Weber, P. L.: Mueller, 0. Magn. Resar1988 77,
that a maximum change in buffer pH upon addition of arequired amount 1g6- 169 T » 5. Magn. '

(52) Bax, A.; Griffey, R. G.; Hawkins, B. LJ. Am. Chem. Sod 983

(41) (a) Christie, J. H.; Turner, J. A.; Osteryoung, R.Axnal. Chem. 105 7188-7190.
1977, 49, 1899-1903. (b) Turner, J. A.; Christie, J. H.; Vukovic, M; (53) Bax, A.; Griffey, R. G.; Hawkins, B. LJ. Magn. Resorl983 55,
Osteryoung, R. AAnal. Chem.1977 49, 1904-1908. (c) O’Dea, J. J.; 301-315.
Osteryoung, J.; Osteryoung, R. Anal. Chem1981, 53, 695-701. (54) Shaka, A. J., Barker, P. B., FreemanJRMagn. Resonl985 64,
(42) Smith, E. T.; Feinberg, B. Al. Biol. Chem.199Q 265, 14371 547-552.

14376. (55) Kim, Y.; Prestegard, J. H.. Magn. Reson1989 84, 9—13.
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X-ray Crystallography. The structures of the C42S mutant protein
in oxidized and dithionite-reduced forms were solved by single-crystal
X-ray diffraction.

Crystallization. The highly acidic nature d€p Rd (pl ~ 4) means
that the solubility of the protein is low at pi 4. The conditions
reported for the original crystallization (pH 4.0; ammonium sulfate,
75% of saturation) were used as a basis for hanging drop vapor diffusion
experiment$® Optimal crystallization of P&-C42S occurred in gL
drops containing protein (0.8 mM), ammonium sulfate<{395%), and
sodium acetate buffer (50 mM; pH 4.0). These were equilibrated
against a 70Q:L reservoir containing ammonium sulfate (560%)
in the same buffer. Overnucleation occurred, but single crystals were
present. To collect high-resolution data, a dark orange crystal of
dimensions 0.38« 0.23 x 0.15 mm was chosen and mounted in a
capillary in the presence of a drop of mother liquor.

Crystals of F#-C42S were reduced with sodium dithionite. A
crystal (approximate dimensions 0:20.2 x 0.1 mm) was mounted
in a drop of mother liquor in a capillaryl(0.7 mm) in the presence of
air. A second drop of mother liquor, saturated with dithionite, was
placed next to the first drop, and the end of the capillary was
immediately sealed with wax. A few grains of sodium dithionite, on
the end of a glass fiber wetted with mother liquor, were added to the
drop containing the crystal. The crystal bleached and was pushed with

a glass fiber into the gas bubble separating the two drops. The other

end of the capillary was sealed immediately.

Data Collection. X-rays were generated by a Rigaku RU-200
rotating anode (Cu &; 4, 1.5418 A), focused with mirrors and filtered
with a nickel foil. All data were recorded at 293 K, for a single crystal
each of the oxidized and reduced forms. The images were collected
on an R-AXIS imaging plate scanner. Two sets of data were recorded
from a single crystal of the feC42S protein (0.4« 0.2 x 0.15 mm)
in two passes. The first pass, 15 min of exposure and 0.000 15 in. Ni
foil, was chosen to optimize the exposure of the high angle reflections.
The second one, 10 min of exposure and 0.000 25 in. Ni foil, was

made to measure the low angle reflections overexposed in the first pass.
Nonoverlapping frames were recorded on each pass at room temperature

with the same crystalfilm distance (70 mm), oscillation angla¢
(1.7°), and number of frames collected (32). For dithionite-reduced
C42S protein, a crystal of dimensions 0<20.1 x 0.1 mm was used

to record the data with a crystdlilm distance of 65 mm and.¢ value

of 3° for a total of 20 frames (exposure time 10 min/image and 0.000 15
in. Ni foil). The crystal remained colorless throughout the data
collection. Derived parameters for each crystal are listed in Table 3.

The intensities were integrated, scaled, and merged using the program

DENZOS” Data for each crystal extended to good resolution with
adequate completeness. Both forms of ®gl C42S crystallized in
space groupR3 and were isomorphous with the native protein.

Refinement. The starting model in each case was the 5RXN entry
for Cp Rd in the Protein Data Bank with the water atoms removed.
Refinement of the models for both structures was achieved using the
CCP4 suite of progrant. The models were refined using the program
PROLSQ>® R-free validation was used on the basis of a subset of 5%
of the reflections. The positions of water molecules in the structure
were identified by inspection of theF@ — F. andF, — F¢ electron
density maps. The final list of water molecules was further confirmed
by examining omit maps calculated with contributions from blocks of
water molecules omitted from the structure factor calculations. Model
building and visualization were achieved using the prografd O.

(56) Herriott, J. R.; Sieker, L. C.; Jensen, L. H.; Lovenberg,JMMol.
Biol. 197Q 50, 391-406.

(57) Otwinowski, Z.; Minor, WDENZO: A Film Processing Program
for Macromolecular CrystallographyYale University: New Haven, CT,
1993.

(58) Collaborative Computational Project, NumbeAdta Crystallogr.
1994 D50, 760-763.

(59) Konnert, J. H.; 4 Hendrickson W. Acta Crystallogr. AL98Q 36,
344-350.

(60) Jones, T. A,; Zou, J. Y.; Cowan S. W.; Kjeldgaard Kcta
Crystallogr. 1991, A47, 11-19.
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Table 3. X-ray Data for C42S Protein Crystals (Space Gr&®)

Fe! dithionite-treated

unit cell

a 64.52 64.54

b 32.57 32.47
res limit, A 1.65 1.7
no. of observations 40888 14658
no. of unique reflects 6061 5426
completeness, % 99.6 98.5
R(1)mergé overall, % 6.8 4.5
R(Dmergé highest res,% 14.1 15.1
no. of reflects used 5925 5407
R-factor? % 18.5 16.8
R-freet % 21.7 20.1
no. of solvent waters 48 51
meanB factor, A2 25.2 21.7
rms deviation from ideal values

bond, A 0.02 0.03

angle, deg 1.9 13
no. of residues in core regichs 92.7 91.7
no. of residues in allowed regichs 7.3 8.3

aR = Yllo| =[lc/l/Zlol. °R = ¥||Fo| — IFc|I/|Fol. ¢ Based on a
subset of 5% of the reflection$As output from the PROCHECK
program.

C(S)42

G43

Figure 3. Overlay of ball-and-stick models of the 'feC42S (light)
andCp rRd (dark) structures in the region of residue 42.

Fe''-C42S Rubredoxin. The initial difference Fourier electron-
density map displayed two main features. é ®egative peak at the
position of C42-%and a pair of positive and negative peaks on either
side of the iron atom were apparent, indicating the mutation of residue
42 and a movement of the iron atom toward C42-®spectively.
Residue C42 was mutated to a serine using the program O. The
cysteinyl sulfur atom was replaced with an oxygen atom (S4RHO
the coordinate file. Figure 3 shows an overlay of structural models of
the C42S protein an@p rRd in the vicinity of residue 42.

Dithionite-Treated C42S Rubredoxin. The conventionaR-value
based on structure factor amplitudes between observations from the
dithionite-treated form and calculated structure factors from the refined
Fe'-C42S model observed data was 31%, indicating significant
structural differences between the two structures. A difference electron-
density map with coefficient§,] — |F¢|, where theF, values were
observed structure amplitudes from the dithionite-treated structure and
the F¢ values were calculated from the'f~€42S structure, revealed
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quantitatively analyzed by curve-fitting. The EXAFS total amplitude
and phase-shift functions were calculated using the protgtifversion
6.01)%364 Protein samples (710 mM) were prepared in buffer (100
mM) and NaCl (300 mM) at pH 4.0 (acetic acid), 6.0 (MES), and 8.0
(tricine). The samples were mixed with glycerol (30 vol %) as glassing
agent before loading into Lucite sample cells fitted with Mylar tape
windows. The samples were in the oxidized form as prepared. For
reduced samples, dithionite solution (200 mM;2equiv) was added.
The samples were frozen in liquid nitrogen immediately after prepara-
tion.

Results

Characterization of Mutant Proteins. Cp Rd has been
expressed ifE. coli as a mixture of the F& and Zr' forms of
the unformylated recombinant protéitf12 For mutant proteins,
the relative content of Peand zZr' varies from case to case.
Mutants C6S, C9S, C39S, and C42S each expressed as'the Zn
protein. However, it is possible in the present system to
incorporate iron at the crude lysate stage of protein isolation

large areas of both positive and negative density in and around the Py mild denaturation under reducing conditions followed by
active site. Electron-density difference omit maps, omitting the cysteine renaturation in the presence of exces$.FAerial oxidation of
ligands from the calculated structure factors, were used to clarify the F€'-Rd produces stable Feforms. Stable Ciforms of each
structure around the active site. The interior cysteines, C6 and C39, of the present mutants have also been produced for NMR
were present in conformations similar to thos€mrRd and the C42S examination. However, attempts to in(;orporaté;| @do these
mutant. Surface residue C9 was found to fit the electron density in a mutant apo proteins were unsuccessful. Mixtures of apo and
conformation pointing away from the actiye site.. A large crescent- \nstable CHh-Rd forms were obtained although €bas been
shaped volume of electron density associated with C9 was mOdeledincorporated successfully into recombinant wild type protef.

by the inclusion of an S©group covalently bound to C9:S Two . e . .
conformations for S42 were observed and modeled assuming 50% 1 he identification of these proteins was confirmed by

occupancy for each. A crescent-shaped volume of electron density wasN-terminal sequencing for C6S and C9S and by electrospray
also observed in the position occupied by the iron atom in the oxidized iOnization mass spectrometry (Figure 2 and Table 2). The mass
structure. Attempts to place an iron atom in this position failed. The spectrometry reveals a single peak at 6100(1) and 6084(1) Da,
associated temperature factor refined to an unacceptably high valuerespectively, forCp rRd and for its four cysteine to serine
(~50 A? compared with 20.8 Afor the Fe atom in the oxidized  mutants, consistent with a sulfur atom being replaced by an
structure). In fact, it was not possible to place an iron atom bonded to oxygen atom in each mutant molecule. All four mutants,
both C6-8 and C39-3 ligand atoms with acceptable geometry —aicylarly C6S and C39S, are less stable tBarRd. For
anywhere in the remaining electron density. It was clear that C6-S example, in 10% trichloroacetic acid, the mutant proteins decolor

only could be bound to the active site electron density. The most d initat letely in | than 5 mi d to at
reasonable model which accounted for the observed shape of the@NC precipitate compe ely In less . an o> min compared to &
leag 1 h for the native and recombinant forms.

electron density in this region involved inclusion of a second &t
bound covalently to C6+S Refinement of this model resulted in Electronic spectra of the recombinant wild type protein and
B-factors of about 17 Aup to the $ atom and about 31 Afurther the four cysteine to serine variants are shown in Figure 5, and
along the side chain. Itis not possible to simultaneously accommodate detailed absorption bands listed in Table 4. The spectrum of
one of the two conformations of S42 and the;S@it on C6. The Cp rRd displays features at 350, 380, 490, 570, and 750 nm,
final model is consistent with a partially occupied Sanit on C6 arising from S— Fé!l charge-transfer transitio§é%8 These
present only when S42 is in its more distant conformer. Figure 4 shows bands are all shifted to higher energy upon replacement of a
the active site structure of the final model, together with the firgl 2 - . . . . .
cysteinyl ligand by serine, leading to a change in protein color

— F. electron-density map. 2 o )
X-ray Absorption Spectroscopy. Measurements were carried out from red to orange. The band at 280 nm diminishes in intensity

at the Stanford Synchrotron Radiation Laboratory with the SPEAR UPON mutation, attributable to a decreased-SFe'' charge-
storage ring containing 5590 mA at 3.0 GeV. Spectra were collected transfer contribution. Comparison of the spectra of the four
on beamline 7-3 using a Si(220) double crystal monochromator, with mutants shows that those of the pairs C6S, C39S and C9S, C42S
an upstream vertical aperture of 1 mm and a wiggler field on 1.8 T. differ but are similar within each pair, consistent with the
Harmonic rejection was accomplished by detuning one monochromator different environments of the interior (C6,39) and surface (C9,-
crystal to approximately 50% off-peak, and no specular optics were 42) |igands.
present in the beamline. The incident X-ray intensity was monitored
using a nitrogen-filled ionization chamber, and X-ray absorption was —(g3) Rehr, J. J.; Mustre de Leon, J.; Zabinsky, S. I.; Albers, RJ.C.
measured as the X-ray Feolfluorescence excitation spectrum using  Am. Chem. Soc1991,113,5135-5140.
an array of 13 germanium intrinsic detect&rsDuring data collection, (64) Mustre de Leon, J.; Rehr, J. J.; Zabinsky, S. |.; Albers, RRIgs.
samples were maintained at a temperature of approximately 11 K, usingRev- 1991 B44,4146-4156.
an Oxford Instruments liquid helium flow cryostat. Spectra at the Fe __ (65) The Cd forms of interior ligand mutants C6S and C39S appeared

. . . .~ to be more stable than those of surface ligand mutants C9S and C42S.
K-edge were calibrated with reference to the lowest energy inflection gy ion of the reconstitution mixture on a DE-52 anion exchange column
point of iron metal (assumed to be 7111.3 eV). The data were analyzed esulted initially in a single protein band of t€6S but two bands for
using the EXAFSPAK suite of computer prografisThe extended C9S. The pale green solution of €proteins decolored gradually during

Figure 4. Model of the active site structure of the dithionite-treated
Fe''-C42S mutant ofCp Rd, superimposed on the finaFe — Fc
difference map.

X-ray absorption fine structure (EXAFS) oscillationgk) were storage. ESI-MS experiments suggested apo proteins as major products.
(66) Lucarelli, M. Honours Thesis, University of Melbourne, 1996.
(61) Cramer, S. P.; Tench, O.; Yocum, M.; George, GNNcl. Instrum. (67) Lovenberg, W.; Sobel, B. B2roc. Natl. Acad. Sci. U.S.A.965
Methods1988 A266 586—-591. 54,193-199.

(62) The EXAFSPAK program suite is available from http:// (68) Gebhard, M. S.; Deaton, J. C.; Koch, S. A;; Millar, M.; Solomon,
ssrl01.slac.stanford.edu/exafspak.html. E. I.J. Am. Chem. S0d.99Q 112, 2, 22172231.
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Figure 5. Electronic absorption spectra of oxidiz€p Rd proteins r-CpRd
(0.13 mM in 50 mM Tris-HCI (pH, 7.4)). The spectra have been offset
by 0.3 absorption unit for clarity. 400 | 300 | 200
Table 4. Electronic Absorption Spectra in 50 mM T#i$ICl (pH Wavenumber (cm-1)
757 Figure 6. Resonance Raman spectra of oxidizguRd proteins (50
protein Amax, NM (€, 1 M~ cm™?) mM Tris—Cl (pH, 7.4)) at 93 K obtained with 476.5 nm excitation
CprRd 750 (0.34), 570 (3.18, sh.), 490 (6.64), 380 (7.71), 350 (100 mw) and 2.7 cmt slit widths. The ice band at 225 crhis

(7.00, sh), 280 (15.0) indicated by an arrow.
C6S 475 (3.35, sh), 420 (4.53), 350 (8.06), 280 (14.4) .
C9S 630 (0.65), 512 (3.18, sh), 453 (4.31), 420 (4.08, sh), 335 Table 5. Resonance Raman Data in the Range of-24800 cnt?t

(8.00), 280 (14.1) (Ao = 476.5 nm)
C39S 475 (3.45, Sh), 418 (4.69), 348 (7.92), 280 (14.4) protein protein
C42s 645 (0.81), 525 (3.08), 440 (4.06), 331 (8.91), 280 (14.6) CprRd 316,~332 (sh)~362, 379 C395S 324,354, 377
aMolar extinction coefficients of the recombinant protein were C6S 326,~332 (sh),~349 C42s 328, 341;-356
determined by quantitative drying of a sample of known absorbance (sh), 380 (sh), 367
in volatile ammonium bicarbonate buffer. C9s ~330 (sh), 339, 358

Resonance Raman spectra of recombinant protein and eachrable 6. EPR Parameters fa€p Rd Proteins
cysteine to serine mutant are shown in Figure 6. Data are listed

in Table 5. The spectrum dp rRd is identical to that of the protein & g ref proein g g ref
native protein but differs significantly from that of each mutant, CPTRd 2-2277 3-272 " gggs i-% g-gg

as expected for the substitution of an Fe8nter by an FeQS 431 942 69 Ca2s 497 952
center. Again, the similarity in individual behavior of the cgs 426 8.98 427 965 11

interior (C6S, C39S) and surface (C9S, C42S) pairs of mutants
is observed in the spectra (Figure 6), reflecting the pseudo-2-

fold symmetry of tge Fe4S|ceane_r ilzjthe_lnative protein. The mutant (Figure 7). This may reflect heterogeneity at the site in

spectra remain to be analyzed in detal - this case. The features are more complex for the C42S midtant.
The EPR spectrum doEp rRd at 4.2 K displays a resonance  The spectrum does not change upon dissolution of freeze-dried

atg = 9.32 associated with one principal direction of the Iow_est protein in2H,0, and so the structure is not due to dissociable

Kramers doublet£1/2 or+£5/2) and a number of features in  protons. The spectra of the other mutants also do not change

the g = 4.0-4.8 range associated with the three principal upon deuteration.

directions of thet-3/2 doublet®"® Similar features are present Electrochemistry. Estimates of the reduction potentials of

Figure 7). Tempe_rature dt_ependenmes_of the spectra are s]mllag,vave voltammetry have employed a paljysine)-modified

to those of the native protein. The low-field resonance is shifted pyrolytic graphite edge electrod®43 For the present mutants,
(69) Peisach, J. Blumberg, W. E.. Lode, E. T.. Coon. MJJBiol only weak and unstable electrochemical responses were ob-

Chem.1971 246 5877-5881. T T served under t.h.e same conditjons, presumably due to their
(70) Hagen, W. RAdw. Inorg. Chem1992 38, 165-222. decreased stability to denaturation and consequent blockage of

significantly @, 8.98), and all features are broader in the C6S
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Figure 7. EPR spectra of oxidize@p Rd proteins (1.6 mM in 50 mM TrisHCI (pH 7.4) and 150 mM NacCl) at 4.2 K: (a) interior mutants; (b)

surface mutants.

the active sites of the electrode surface by adsorbed protein.

This difficulty can be alleviated by the addition of 1 equiv of
poly(L-lysine) to the solution. The potential shifts positively
due to the presence of polylysine) in the solution, but the

magnitude of that shift can be estimated from the dependence

of Ey, of Cp rRd on the molar ratio of polyflysine) to the
protein#® Steady, reversible electrochemistry was observed for
surface ligand mutants C9S and C42S in the pH rang&06

C42s8
701

4.0

Peak Current (pA)

3.5 5.0

1.0 I I 1

6.5

the peak potentials remained constant at different pulse frequen-
cies, and a plot of the peak currents versus the square roots of
those frequencies is linear (Figure 8). This is a one-electron

1112 (571/2)

couple, F&/F€', as characterized by the observed peak width
at half-height of 127 1 mV 4! For the interior ligand mutant
C6S, the observation of a similar reversible electrochemical
response was limited to a pH range of 7¥.5. It was
critically dependent on protein purity and on the condition of
the electrode surface. Only highly purified protein and a freshly

polished electrode produced a reversible electrochemical re- g T .
sponse (Figure 8). However, under the same conditions, C39S <~
produced a weak and unstable electrochemical response only.

The reduction potential of nativep Rd is pH-independent,
as is that ofCp rRd’* Those of the Cys to Ser mutants do

depend on pH (Figure 9). The electrochemistry of the surface
ligand mutants, C9S and C42S, is chemically reversible in the

range 10> pH > 6 but becomes irreversible in the range 6
pH > 5. This will not affect the estimation of peak potentials

significantly as the subsequent chemical reactions are slow on
the voltammetric time scale. The response disappears below

pH 5. For the interior ligand mutant C6S, the response is
chemically reversible in the range 105 pH > 7.6 and
disappears at pH 6.2.

Possible processes involving 'H&€' couples may be
depicted by Scheme 2. Equation 1 may be derived far =

K(KE!+[H])

E,,=E°, + 59 log——— (1)
e KK + [H'])

298 K/374whereEy, is the observed midpoint potential (mV),

@ m © 1

6.00 |- E

Current

-120 -280
Potential (mV)
Figure 8. Square wave voltammograms @p Rd proteins (0.10 mM

in 30 MM CHES (pH, 8.9) and 0.1 M NaCl): (a) recombinant; (b)
C6S; (c) C42S. The peak current for the C6S protein is only about
half that of C42S (see inset) but is adjusted to similar intensity for
easy comparison. Condition&, = 50 mV,Es= 1 mV, 771 = 30 Hz.
Inset: plots of peak currem} versus the square root of the frequency
of the applied potential pulse 2

(Fé"/Fe!, in this case) andK?* and K are the proton
dissociation constants of the oxidized and reduced forms,
respectively.

~440 800

(71) Im, S.-C.; Zhuang-Jackson, H.-U.; Kohzuma, T.; Kyritsis, P.;
McFarlane, W.; Sykes, A. Gl. Chem. Soc., Dalton Tran&996 4287—

E°a the standard reduction potential for the deprotonated couple 4294.
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orT T T T T T Table 8. Comparison of Coordination Spheres in"F€p Rd and
Its C42S Mutant
sk 8 ] R c429 AC
Bond Distances, A
| "Rd 6S—Fe 2.29 2.32 0
-100 T 95 —Fe 2.25 2.37 +0.1
s ; 39S —Fe 2.28 2.36 +0.1
€ 150k | 42(S,0")—Fe 2.23 1.82 —-0.4
S . 65 —C/ 1.79 1.78 0
. 95 —C* 1.86 1.83 0
_200F c428 i 398-Cf 1.81 1.82 0
42(S,0M)—CF 1.82 1.41 —-0.4
cos mean esd <0.01 0.08 0.1
-250[ 7 Bond Angles, deg
6S'—Fe—9S 113.4 113 0
L 6S'—Fe—393 110.1 110 0
B[00 7 8 9 10 65 —Fe—42(S,07) 104.3 112 +8
H 95 —Fe—39S 104.6 101 -4
P 99 —Fe-42(S,0) 112.7 113 0
Figure 9. Variation of E;;; with pH for Cp rRd and C to S mutant 395 —Fe-42(S,0) 111.9 108 —4
proteins. The lines are fittings of eq 1 to the experimental data. 42C°—(S,0")—Fe 110.2 132 +22
Conditions are as in Figure 8. mean esd 0.1 3 3
Dihedral Angles, deg
Scheme 1 60—~ —Fe 169.7 166 —4
Ay —S A, 9C*—Cf—S'—Fe 93.8 100 +6
E} 39C—Cf—-9'—Fe 175.8 170 -6
1|k ox - ‘Kared 420—-CP—(9,0)—Fe 88.1 100 +12
- Hydrogen Bond Distances, A
AHp, ——= AHy 6S-:-N8 3.68 3.70 0
A 6S---N9 3.65 3.71 +0.1
a 95---N11 3.49 3.42 -0.1
Table 7. Square Wave Voltammetry Data at 26 305-+-NA1 354 354 0
protein E°A, mV pKged pKL* protein E°A, mV  pKged  pK 39S---N42 3.58 3.56 0
R = 95 o84 67 <4 42(S,07)-*N44 3.84 4.00 +0.2
C6S —-170 87 <6 C428 2713 70 <4 aTaken from ref 76. Esds are 0.003 A: distances are quoted to three
C39s ~-190 figures only to allow convenient comparison with distances in C42S.

1 (Figure 9) and corrected for the shift induced by the polysine
promoter (see ref 43).

b
a Parameters derived by curve fitting of the experimental data to eq toPrrSzent wor

k¢ A positive value means an increase in C42S relative

conformational flexibility. When combined with the electronic

and steric implications of substitution of ligand atom S by O,
Fitting of eq 1 to the data provides estimates of parameters these features appear to be responsible for the observed structural
E°A, K® and K% (Table 7; Figure 9). Large errors are variations (Table 8). In particular, major structural changes are
associated with the estimatesk§* due to lack of experimen- limited to the region of the mutation: the polypeptide chain
tal data at lower pH. “kinks”, with the C* and & atoms of residue 42 moving 0.4(1)
Molecular Structure of Fe'l -C42S Rubredoxin. The and 0.5(1) A, respectively, toward the iron atom (Figure 3).
Closer packing of atoms is apparent in this local surface region.

observation of a S42 'G-Fe distance of 1.82(8) A confirms le. th - 1 id d
the presence of an Fe@&enter (Table 8; Figure 3). Synthetic For éxample, t e separ_atlon of‘rhitoms on resi ues 9 and 42
(cf. Figure 1) is 2.3 A inCp rRd but less tha 2 A in C42S

[FE'"'(OAr)4~ complexes featuring substituted phenoxy ligands X i A

OAr exhibit Fe-O distances of 1.831.87 A’ The S42-0—  (@ssumingr(C—H) = 1,09 A; the H-H van der Waals

Fe and -O—C# distances are 0.4 A shorter than the equivalent Separation is about 2.4 A. .
Six $++N distances in the range 3-3.9 A separate cysteine

distances to C42+3n CprRd.”® In turn, this imposes increases ) . . g
of 22° and 8 in the S42-G—0O"—Fe and C6-&Fe—07-S42 S and peptide HN functions around the active siteCinrRd
(Figure 1; Table 8). The-SN separation for typical S*HN

angles, respectively, and 12n the S42-G—CF—O’—Fe . -
g b y hydrogen bonds is around 3.47A.In particular, the C42-G---

dihedral angle. The data are consistent with the generally larger . . .
value of the M-O—C bond angle (range, 13140) in olate HN_—V44_|nter%ct|o_n (_3'844(3.) R) has been descrlbe_d as weak
or “incipient™.”® Within experimental error, the:SN distances

complexes relative to the MS—C angle (range, 16012C°) in . . .
are the same in the C42S protein. The S42-®M-V44 distance

thiolate complexes: is 4.0 A which can be compared with an expectee-i®
The polypeptide chain carrying interior ligands C6 and C39 separation of 2.8 A for a typical @HN hydrogen bond? It is

is constrained by the rigid aromatic core of the profeifithe .
sections carrying surface ligands C9 and C42 will have greater.apparem thata S4.21’O-HN-V44 hydrogen bond is not present
in the C42S protein.

Molecular Structure of Dithionite-Treated C42S Rubre-
(73) Dutton, P. | Methods Enzymoll978 54, 411 doxin. A crystal of the F&#-C42S mutant protein was treated

(74)Eyjp = E°an + 59 log K + [HH/(K + [H*]), whereE°an is (77) Huhey, J. E.; Keiter, E. A.; Keiter, R. lnorganic Chemistry4th
the standard reduction potential for the protonated couple, is equivalent to ed.; Harper- Collins: New York, 1993; p 292.
eq 1. (78) Hamilton, W. C.; lbers, J. AHydrogen Bonding in Solids;

(75) Koch, S. A.; Millar, M.J. Am. Chem. S0d.982 104, 5255-5257. Benjamin: New York, 1968; p 16.

(76) Dauter, Z.; Wilson, K. S.; Sieker, L. C.; Moulis, J.-M.; Meyer J. (79) Adman, E.; Watenpaugh, K. D.; Jensen, L.Rtoc. Natl. Acad.
Proc. Natl. Acad. Sci. U.S.A.996 93, 8836-8840. U.S.A.1975 72, 4854-4858.

(72) Clark, W. M.Oxidation—Reduction Potentials of Organic Systems
Williams & Wilkins: Baltimore, 1960.
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Table 9. Structural Parameters for-€5—SQ, Fragments in
Dithionite-Treated C42&p rRd and Metal Complexes

ce Coxr Ru'b Cuc
Bond Distances, A
S—-Cf 1.8 1.8 1.79 1.76
S-S 25 2.4 2.84 2.53
-0 15 15 1.32 (1.44)
S—0<2 15 1.5 1.42 (1.44)
mean esd 0.1 0.1 0.01 0.01
Bond Angles, deg
C—Cf-g 112 116
Cf-9-9 85 102 97 95
S—-P—-0Ot 138 92 95 106
- -0 84 103 103 110
O1-3—02 97 111 112 (114)
mean esd 5 5 1 1
Dihedral Angles, deg
C—Cf-9-8° 158 97 131,128 109, 148
-9 —-S—041 102 59 82 84
-9 —-—02 165 172 148 140
anglew' 41 14 17 35

aThis work. ? (17°-CsHs)(PPh)(SO)RU'{ S(SQ)-4-CsHaMe} (ref 82).
¢ (PPhMe);CU{S(SQ)-Ph} (ref 83).9 The SQ unit was refined as a
rigid body of constrained geometr§yThere are two angles as there
are two ortho carbons in the aromatic rings of these fragméAtsgle
between the SS vector and S@plane.

with dithionite at pH 4 in an attempt to produce the reduced
Féd'-C42S form. However, the current structural model indicates
that the iron atom is missing. $Othe oxidized form of the
reducing agent S©, is bound to C9, forming a [C}¥'S°O¢,] ~
side chain which defines part of the protein surface (Figure 4).
About half of the molecules in the crystal feature anotheg SO
bonded to C6-& This second [CKBESQ]~ unit is located in
the space occupied by the iron atomGp Rd.

Xiao et al.

C6-SSQ relative to those for C9-SSO and the complexes
may be related to the steric interactions experienced by the C6
fragment in the “active site”.

Support for the addition of SOfragments to the protein is
provided by experiments in which solutions of the C42S protein
(6 mM; acetate buffer (100 mM)) were reduced by sodium
dithionite (20 equiv) at pH 4. The orange solution bleached
immediately. After isolation on a G25 gel filtration column in
air (eluent, HO or ammonium acetate (10 mM)), the protein
products were examined by electrospray ionization mass
spectrometry (Table 2; Figures S1 and S2 in the Supporting
Information). At least three series of peaks were detected under
these oxidizing conditions. Their relative abundance varied
considerably with the exact conditions. Each series is assignable
to a number of metal-free apo protein species in which redox
modifications to one or more of the three Cys residues has
occurred. The first series comprises an oxidized form featuring
one cystine disulfide link, apo(SS, SH), bound to 0, 1, and 2
Na' ions. A second series is assignable to apo(SS,SS®
which the third Cys residue binds a $ftagment) bound to 0,

1, and 2 N& ions. The third is consistent with an apo(SH,
25SQ") form with one Cys-SH and two Cys-SgOfragments
bound to 0 and 1 Naions.

X-ray Absorption Spectroscopy. For surface ligand mutants
C9S and C42S, aaed of about 7 was estimated for the reduced
form (Table 7). In addition to oxidized Feforms, samples
reduced by sodium dithionite were examined at pH 8, 6, and 4
in 30% glycerol. The reduced pH 8 and 6 samples could be
recovered quantitatively in pure oxidized form after removal
of dithionite and glycerol in air. However, apo forms only could
be recovered from the reduced pH 4 samples, consistent with
the mass spectral data presented above. For interior ligand
mutants C6S and C39S, some decompositieri0@) was

S42 is present in two conformations, one directed toward the observed at pH 8 and complete decomposition at pH 6.

C6 fragment and one directed away (Figure 4). It is probable

X-ray absorption near-edge spectra fol'Fand Fé-CprRd

that molecules with the former arrangement do not possess theat pH 8.0 were very similar to those, typical of tetrahedral

C6-SSQ~ unit as the @---O¢ separation between S42-@nd
C6-S'S°0¢,~ fragments would be unacceptably short (about 2
A; typical hydrogen-bonding separation, 2.783 This sug-

coordination, observed for the equivalent forms of nattge
Rd, RdPaand RdPf.84-8 The bond lengths of 2.27(1) and 2.33-
(1) A for Fé"—S and F&—S, respectively, provided by the

gestion is consistent with the temperature factor associated withEXAFS curve fitting (Table 10) are within experimental error

the C6-8 atom being twice that of C6¥Sindicating that the
occupancy of C6-8is about half that of C6-S In addition,
products containing one and two $Qnits were isolated in
solution phase experiments at pH 4 (vide infra; Table 2).
The structural parameters of the proposedx&4-SVO,~
side chains are listed in Table 9. The-S distances, 2.5(1)

of those for R&®a and RdPf. The Fd'—S distance can be
compared with the value of 2.26(3) obtained by averaging the
range of distances obtained by X-ray crystallography (Tabié 8).
A change of pH to 4, that used for the crystallization experi-
ments, had no effect on the average'F& distances.

The near-edge spectra of the''Féorms of the four Cys to

and 2.4(1) A, are much shorter than the sum of the van der Ser mutants were also typical of pseudotetrahedral geometry

Waals radii, 3.6 A7 but longer than the distance of a typical
S—S single bond, 2.62.15 A8 They are similar to that, 2.39
A, seen for the dithionite ion in N&04-2H,08! The bond

(e.g., Figure 10). In contrast, the near-edge spectra of the Fe
forms contained nontetrahedral features and, in particular, the
peak on top of the edge at about 7123 eV. The intensity of

and dihedral angles indicate a pyramidal geometry around thethis feature correlated approximately with the observed®e

S? atoms (Table 9), consistent with the presence of a stereo-

chemically active lone pair of electrons characteristic of

bond lengths (Table 10), being most intense witH-E&S at
pH 6 (data not shown). Assuming an Fe@8nter, curve fitting

oxidation state IV. Such fragments have been observedof data for the F#-C42S protein obtained at pH 4 (the

previously as ligands bound to metal atoms via the®m in
complexes §5-CsHs)(PPR)(SO;)RU'{ S(SQ)-4-CeHsMe} and
(PPhMe)sCU{S(SQ)-Ph}, produced via reaction of metal
thiolate precursors with S3283 Relevant structural parameters
are included in Table 9 for comparison. The significant

variation in the bond lengths and dihedral angles estimated for

(80) Cotton, F. A.; Wilkinson, GAdvanced Inorganic Chemistngth
Ed.; Wiley: New York, 1988; p 523.

(81) Dunitz, J. D.Acta Crystallogr.1956 9, 579-586.

(82) Shaver, A.; Plouffe, P.-YInorg. Chem 1992 31, 1823-1826.

(83) Eller, P. G.; Kubas, G. J. Am. Chem. Sod977, 99, 4346-4351.

crystallization pH) provided F&—S and F# —O distances of
2.29(1) and 1.84(1) A (Figure 10, Table 10). The equivalent
X-ray crystallographic estimates are 2.35(8) and 1.82(8) A

(84) Shulman, R. G.; Eisenburger, P.; Blumberg, W. E.; Stombaugh, N.
Proc. Natl. Acad. U.S.A1975 72, 4003-4007.
(85) Sayers, D. E.; Stern, E. A.; Herriott, J. R.Chem. Physl976 64,
427-428.

(86) Bunker, B.; Stern, E. ABiophys. J.1977, 19, 253-264.

(87) Shulman, R. G.; Eisenburger, P.; Teo, B. K.; Kincaid, B. M.; Brown,
G. S.J. Mol. Biol. 1978 124, 305-321.

(88) George, G. N.; Pickering, I. J.; Prince, R. C.; Zhou, Z. H.; Adams,
M. W. W. J. Biol. Inorg. Chem1996 1, 226-230.

A
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Table 10. EXAFS Curve Fitting Results

protein Fe oxid state pH Fes, A o2 A2 Fe—0, A o2 A2 E°ceV errof
rRd I 8.0 2.274(1) 0.0019(1) —8.8(7) 0.331
I 4.0 2.274(1) 0.0018(1) -8.8(7) 0.325
I 8.0 2.332(2) 0.0026(2) ~9.3(7) 0.391
C6S I 8.0 2.280(1) 0.0027(1) 1.869(5) 0.0024(5) —8.8(7) 0.310
I 8.0 2.323(2) 0.0029(2) 2.094(9) 0.002(1)  —9.3(7) 0.423
cos I 8.0 2.285(1) 0.0019(1) 1.843(4)) 0.000(3)  —8.8(7) 0.334
I 8.0 2.354(1) 0.0022(1) 1.921(8) 0.004(1)  —9.3(7) 0.374
I 6.0 2.334(3) 0.0042(3) 2.110(6) 0.000(5)  —9.3(7) 0.457
C39s 1l 8.0 2.281(2) 0.0027(2) 1.865(6) 0.0016(6)  —8.8(7) 0.399
I 8.0 2.319(2) 0.0021(2) 2.064(6) 0.000(7)  —9.3(7) 0.457
c42s i 8.0 2.290(1) 0.0013(1) 1.836(5) 0.0006(5) —8.8(7) 0.379
I 4.0 2.293(1) 0.0020(2) 1.832(5) 0.0004(5) —8.8(7) 0.414
I 8.0 2.357(2) 0.0027(2) 1.928(8) 0.003(1)  —9.3(7) 0.461
I 6.0 2.324(2) 0.0024(2) 2.092(7) 0.0009(8)  —9.3(7) 0.374

aValues in parentheses are estimated standard deviations from the diagonal elements of the covariance matrix. These values are)frecisions, and
the accuracies (generally larger) are difficult to estimate. For bond lengths, the commonly accepted upper limit is-betd@eandi-0.002 A.
b Debye-Waller factors.t Threshold energy shift Fit error defined as [(xobsd — Xcalcd )/ S [(XobsdKE]-

(Table 8). No significant variation is seen at pH 8 (Table 10). spread observed for proteins proposed to featurgHiysites
Equivalent data for the oxidized C6S, C9S, and C39S proteins (Cd$N).89.90.95-98
at pH 8 confirm the presence of an'FeO bond in each. The Complete'H resonance assignments f8#Cd-Cp rRd were
Fd''—0 distances may be longer in the interior ligand mutants made using established techniqd®¥® The assignments are
C6S and C39S (1.87(1) A) than in the surface ligand mutants summarized in Table S1. They are consistent with those of
C9S and C42S (1.84(1) A). Zn"-Cp rRd, and the secondary structures are gqualitatively
For the surface ligand mutants C9S and C42S, curve fitting similar 210t Short-range NOEs are summarized in Figure S3.
indicates that FeO distances increase from 1.84(1) to 1.92(1) Comparison ofH NMR spectra of thé**Cd-substituted forms
A upon reduction of P& to Fé' at pH 8 (Figures 10, 11; Table  Of the four CtoS mutants with that of Qdp rRd allowed
10), consistent with the larger radius of a ferrous ion. However, identification of the serine Hand H’ resonances. For spin
at pH 6, the increases are much larger, and data at pH 8 for theSYStems which were broadened and/or shifted significantly,
interior ligand mutants C6S and C39S match the behavior of S€duéntial NOE connectivities were used to confirm assign-
the surface mutants at pH 6,(0.01 A): ments.

ResolvedH—113Cd coupling to the serinefHuclei was not
pH 8 8 6 detected in 2D experiments. HowevétH—11Cd} HMQC
Fe oxid state n I Il spectra for the surface ligand mutants C9S and C42S show that
surface ligand: C9S 184 1.92 211 coupling thr_ou_gh the oxygen is present to b,@tpro_tong (Figure
C42S 1.84 1.93 209 12), establishing the presence of a-@d-Ser link in those
interior ligand: C6S 1.87 2.09 proteins. Equivalent experiments for the interior ligand mutants
C39S 1.87 2.06 C6S and C39S failed to identify such coupling unequivocally.

A TOCSY spectrum of the interior ligand C6S mutant exhibits
These structural changes apparently reflect the differkgep four cross-peaks which correlate with S6-NH (8.42 ppm). One
values of about 7 and 9 derived electrochemically for the surface of these (5.55 ppm) is very weak (Figure 13a,c). The correla-
and interior ligand mutant proteins, respectively (Figure 9).  tions are confirmed by a DQF-COSY experiment, where S6-
Nuclear Magnetic Resonance. Effective substitution of ~ H®"(2.98 and 3.80 ppm) resonances show scalar connectivity
diamagnetic Cti for paramagnetic e was confirmed for the  to both S6-t4 (4.25 ppm) and the resonance at 5.55 ppm (Figure
recombinant and mutant proteins by mass spectrometry (Table14). The latter is assigned to a S6-Ofgroton. Further
2). In addition, a single resonance was observeédidd NMR evidence comes from weak NOE interactions between S6-OH

spectra (Table 11). Synthetic tetrahedral' €thiolate centers ~ and V8,C9-NH resonances (Figure 13c). In addition, V8H
resonate in the range 68050 ppmé®*®® By comparison, a and V44-Haresonances demonstrate weak NOE connectivities
range of 684-751 ppm has been observed for mononuclear Cd- with S6-OH’ (Figure 13_c,d). Each of these protons will be close
(SR), centers in proteins, an@p rRd falls in this rang&%9%4 to a S6-OH proton (Figure 1). o

Thel13Cd resonances in the CtoS mutants are deshielded relative T Wo-dimensional experiments acquired ipfor the surface

to the recombinant perein (729-4_ ppm) and fall in the_ range  (gs) Fitzgerald, D. W.; Coleman, J. Biochemistry1991, 30. 5195~
604—645 ppm. Mutation of a buried ligand (C6,39) gives a 5201. _

higher chemical shift than does mutation of a surface ligand __(96) South, T. L.; Kim, B.; Summers, M. B. Am. Chem. Sod989

. . 111, 395-396.
(C9'42)' This range can be compared with the 6800 ppm (97) Giedroc, D. P.; Johnson, B. A.; Armitage, I. M.; Coleman, J. E.
Biochemistry1989 28, 2410-2418.

(89) Coleman, J. EMethods Enzymoll993 227, 16—43. (98) Giedroc, D. P.; Qiu, H.; Khan, R.; King, G. C.; Chen, K,

(90) Summers, M. FCoord. Chem. Re 1988 86, 43—134. Biochemistry1l992 31, 765-774.

(91) Myers, L. C.; Terranova, M. P.; Ferentz, A. E.; Wagner, G.; Verdine, (99) Wuthrich, K.NMR of Proteins and Nucleic Acid®iley-Inter-
G. L. Sciencel993 261, 1164-1167. science: New York, 1986.

(92) Zerbe, O.; Pountney. D. L.; von Philipsborn, W.; Vasak JVAm. (100) Wagner, G.; Zuiderweg, E. R. Biochem. Biophys. Res. Commun.
Chem. Soc1994 116, 377-378. 1983 113 854-860.

(93) Blake, P. R.; Lee, B.; Summers, M. F.; Park, J.-B.; Zhou, Z. H.; (101) There are specific differences in the assignments of P15, N25, and
Adams, M. W. W.New J. Chem1994 18, 387—395. D35. The present assignments are confirmed via sequential and long-range

(94) Rusnak, F.; Czaja, C.; Kakalis, L. T.; Armitage, |. Morg. Chem. NOE interactions, and, in the case of P15, by observation of NOE

1995 34, 3833-3834. interactions between N14%hand P15-H and -H' protons.



4146 J. Am. Chem. Soc., Vol. 120, No. 17, 1998

Normalized Absorbance

0
[P T I AT W

7080 7100 7120 7140 7160 7180 7200
Energy (eV)

0

)((k)xk3

(=)

[e)

._.
T

Transform Magnitude

o

—_
T

3
R+A (A)

Figure 10. X-ray absorption spectroscopy of C4AZ®-rRd proteins:

(A) near-edge X-ray absorption spectra; {@weighted EXAFS data
(experimental and best fit plots); (C) EXAFS Fourier transforms (phase-
corrected for Fe'S back-scattering).

ligand mutant C42S demonstrate that the S#2b#esonances

Xiao et al.

& Fe(I1I), pH 8
2 Fe(Il), pH 8

Fe (1), pH 6
a Fe (III), pH 4
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Protein
Figure 11. Fe—O distance comparisons in CtoS mutant rubredoxin
proteins.
Table 11. 'H and!'%Cd Chemical Shifts (ppm) for Mutant
Proteins
serine
protein Cd H Hp Hr NH
recomb 729.4
C6S 626.3 4.25 2.98 5.55 8.42
3.80
C39S 644.8 a a a a
C9s 614.8 4.81 4.08 a 8.82
4.28
C42s 604.7 4.87 4.10 4.07 8.95
4.13

2 These resonances have not been identified unambiguously with the
present data.

a. $42 Ba,pb

Jj\
A S
S9

Ba

:

T
45

b.

40
(ppm)
Figure 12. {*H-Cd} HMQC spectra of (a) C42S (@) and (b)
C9S (HO) mutants. Evolution period optimized for 7 Hz coupling.

All backbone amide proton resonances in the C6S and C42S
mutants are sharp. On the other hand, broadening is observed
for protons close to the active sites in both C9S and C39S
mutants. In the C9S mutant, broadening is restricted to the S9-
NH resonance and that of Y11-NH, its type Il NH5 donor to
C9-S in the native form. The C39S mutant demonstrates
significant broadening associated with residues close to the site
of mutation (V38-G45). In fact, the present experiments could
not detect resonances from residues S39 and C42. Conse-
quently, the identification of Ser-OHesonances has not been

are separated by only 0.03 ppm (4.10 and 4.13 ppm; Table 11).possible for these two mutants.

The V44-QHs groups are withi 3 A of S42-0' and -H atoms

in the crystal structure of the #eC42S mutant (cf. Figure 1).

In D,O, an unresolved NOE cross-peak is identified between
V44-H’ and -H2b resonances while, in 40, a distinct NOE
cross-peak is revealed between V44did a resonance at 4.07
ppm. A TOCSY spectrum acquired in,8 shows that this

The crystal structure of the C42S protein confirms the absence
of a S42-0---HN-V44 hydrogen bond in that mutant {ON,
4.0 A; Table 8). Thus, the O for S substitution eliminates the
(incipient) hydrogen bond present in the native protein (Figure
1). A shift of 1.65 ppm upfield of the V44-NH resonance
correlates with that loss (Table 12). In fact, in each C to S

additional resonance is correlated with the S42 spin system andmutant protein, there is an upfield shift of 6.9 ppm for

consequently is assigned to S42-OH

each NH proton that interacts with the relevaitam in the
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Figure 13. Identification of NOE connectivities with the S6 spin system in the C6S mutant. (a) and (b) are TOCSY spectra; NOESY spectra (c)
and (d) demonstrate NOE connectivities associated with SB-Die resonance for S6-OHh (c) is identified at lower threshold.

native protein (Table 12). The data are consistent with The Fé'!(S-Cys) site of Cp Rd exhibits a pseudo-2-fold
equivalent S-O---HN hydrogen bonds being absent in each symmetry which distinguishes pairs of interior (C6,39) and

mutant protein. surface (C9,42) ligands (Figure 1). Comparison of the electronic
and resonance Raman spectra of the four mutant proteins
Discussion (Figures 5 and 6) shows that the spectra of the pairs C6S, C39S
) o ] and C9S, C42S differ but are similar within each pair. It is
Isolation and Characterization of Mutant Proteins. The apparent that the systematic substitution of a sulfur atom by an

four Cys to Ser (CtoS) mutant proteins@p Rd are expressed oxygen atom maintains similar environments for the new pairs
inE. coll_as zd fprms._ In the absence of sp_ecmc_ incorporation ¢ jnterior (S6,39) and surface (S9,42) side chains. As noted
mechanisms, zinc will E)e favored over iron in a reducing preyiouslyld the EPR spectrum of the #eC42S protein exhibits
environment as, for Zh(d™?), there is no change n ligand lflleld resolved splitting in the=1/2 feature (Figure 7b)!H hyperfine
stab|llzat|on energy upon ”‘T"”Sfe_f of metal from'dfto M"- coupling to the paramagnetic center is a plausible explanation.
(SR} sites. In the present isolation, however, the! Zorms However, identical EPR spectra are observetHsO or 2H,0
CO.U|d be convgrted to iron forms at the qrude lysate stage byfor each of the four mutant proteins, eliminating the possibility
mild .c'lenatpratlon followed by renatlljranon under reduqng of coupling to exchangeable protons. The possibility of multiple
co_ndlt!ons in the presence of excess! FeSubsequent aerial conformations will be assessed via NMR experiments on forms
oxidation rgsulted n st.able F’eforms. o substituted with the diamagnetic taon.

A 49-residue N-terminal domain of a transcription factor 1B The observations are consistent with the presence of a four-
Pomologue fro_m the hypertherm_ophlllc archad@yrococcus coordinate [F& S;0] unit in each protein, derived simply from
uriosus contains a Rd metal-binding motif and has been the [Fd (S-C ite of Co Rd. Whether the S due i
overexpressed ik. colil%? It was found to bind either Zhor ys)] site of Cp Rd. ether the Ser residue 1S

bound as a ligand in a given mutant protein and, if so, whether

Fe!', but the zinc form is thermally more stable than is the iron .. : ,
form. In addition, substitution of zinc for iron has been observed it is protonated (ol ligand) or deprotonated (olate ligand) are
’ not discernible from these spectra.

for other iron proteins expressedHn coli, including one only

of the two Fe(S-Cys)sites in desulforedoxin frorD. gigasio® The reduction potential o€p rRd is independent of pH.
Those of the surface ligand mutants C9S and C42S are

(102) Zeng, Q.; Lewis, L. M.; Colangelo, C. M.; Dong, J.; Scott, R. A.  independent at pH values above K89 of about 7 while that

J. Biol. Inorg. Chem1996 1, 162-168. i i i e i
(103) Czaja, C,; Litwiller, R.; Tomlinson, A. J.; Naylor, S.; Tavares, P.; Oli_the Inée”?rrh“galndtmu;am .CtGSbIS mdepe_ndent a_gloveprt91
LeGall, J.; Moura, J. J. G.; Moura, |.; Rushak J-Biol. Chem1995 270, (Figure 9). e electrochemistry becomes irreversipble abou

20273-20277. pH unit below Ke4 The data in Table 7 indicate that a shift
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Figure 14. DQF-COSY spectrum of the C6S mutant identifying the complete S6 spin system.

Table 12. Changes irtH Chemical Shifts A, ppm) in Cd
Mutant Proteing: Amide Protons Involved in NH-S Interactions in
the Fé'-Cp rRd Form

protein V8 C9 Y11 L41 C42 V44
C6S —-162 —1.93 0.16 -0.12 -1.01 -0.05
Cc9s -065 -055 -165 -045 -0.33 -0.17
C39S 0.08 —0.86 0.01 -—-1.84 b 0.00
C42S —-054 -0.85 -—-0.03 -0.6 0.21 -1.65

2 Chemical Shift difference taken as (mutantecombinant) in CHi
forms.” Not identified.

in the potential of the F&/Fe' coupleE°s (Scheme 1) of about
—100 mV is associated with a change of interior cysteine ligands
C6 and C39 to serine. The shift is doubled to abe@00 mV

for a change of surface ligands C9 and C42. As the electronic

spectra of the P& forms are independent of pH, the overall
behavior is consistent with protonation of the-F@”-Ser link

upon reduction (eq 2) with possible subsequent hydrolysis (eq

3) The following discussion explores the source of the

Fe'-0’-Ser+ H" + e — Fd'-O’(H)-Ser  (2)

Fé'—0’(H)-Ser+ H,0 — Fd'—~OH, + HO"-Ser  (3)

differences inE°a, pKae4 and electrochemical reversibility of
the pairs of interior and surface ligand mutant proteins.

Fe'' -CtoS Mutant Proteins. The presence of an He-Or-
S42 covalent bond of 1.82(8) A is confirmed in crystals of the
C42S protein grown at pH 4 (Figure 3). The major changes to
the active site structure (Table 8) are consistent with (i) the
relative difference in the size of an oxygen atom and a sulfur
atom®+1%5and (ii) the fact that the polypeptide chain carrying

interior ligands C6 and C39 is constrained by the rigid aromatic
core of the proteif.

Consequently, significant structural change is restricted to the
region around the mutation where the relative mobility of the
polypeptide chain close to the molecular surface permits
accommodation of the shorter FeO and CO bonds. The atoms
defining the surface in this region are more closely packed as
a result.

The EXAFS experiment on a frozen solution of the C42S
protein at pH 4 confirms the He-O and F&'—S distances
observed in the crystal structure (Table 10). The distances
derived at pH 8 are identical, within experimental error.
Equivalent results obtain for the C9S protein at pH 8 (Figure
11; Table 10) and indicate the presence of a four-coordinate
[FE'(S-Cys}(O-Ser)] center in the surface ligand mutants C9S
and C42S at pH 8. The near-edge spectra of tHefBems of
the interior ligand mutants C6S and C39S are also typical of
pseudotetrahedral geometry. Although the difference is ap-
proaching the accuracy of the technique, the derived@e
distances of 1.87(1) A for both C6S and C39S appear to be
longer than those, 1.84(1) A, of the two surface ligand mutants
(Figure 11; Table 10). Such a difference would be consistent
with the longer F¥—S distances observed for the interior
ligands (2.29, 2.28(1) A) compared to the surface ligands (2.25,
2.23(1) A; Table 8). The variation can be attributed to the chain
carrying the interior ligands being constrained by the rigid
aromatic core of the protefh.However, the present EXAFS
data cannot discern definitively between possiblé F©-Ser
or Fé"—OH, (x = 1, 2) links in the interior ligand mutants.

Fé'- and Cd"-CtoS Mutant Proteins. Recent accurate mass
determinations for a range of zinc proteins containingGysl

(104) Pauling, LThe Nature of the Chemical Bon@ornell University
Press: lIthaca, NY, 1960.

(105) Millar M.; Lee, J. F.; Koch, S. A.; Fikar, Rnorg. Chem.1982
21, 4105-6.
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CysHis active site ligand arrays have been repot€dThe persulfide residue has been detected in the Y13C mutant of
interpretation advanced suggests that two cysteinyl protons onlyferredoxin | fromAzotobactewinelandiil®®
are lost for each Zhion bound, i.e., that these proteins exhibit Reduction Potentials and Proton Dissociation Constants.
[Zn"{S-Cyg { S(H)-Cy$ 7] and [Zn'{S-Cy$ o S(H)-Cyg{N- The factors influencing the ionization energy contribution to
His}] centers. The question arises as to the protonation statethe reduction potentiaE°s of a redox site have been sum-
of the reduced [PS;0] centers of the present mutant proteins marized** Assume initially that the effective dielectric constant
and of their M'-substituted forms, given that 'Mspecies are of the protein medium is the same for each mutant protein, as
weaker acids than M species, in general. is the geometry of the ligand field. Then, the influences of
1H NMR experiments on the (léCtoS proteins reveal the effecti_ve _nuclear cha_lrgé’eff and electronic relaxation will be
following: (i) Cd—Or-Ser bonds are present in the surface the principal determinants &i°. The conversion of an Fe-
ligand mutants C9S and C42S as detected!8gd—0r-CHS, (S-Cys);. to an Fe(S-CygIO-Ser) site incorporates a stronger
coupling (Figure 12). Equivalent coupling was not detected o,-donatlng olate Icl’gand.. This should reduce Fhe magnitude of
for the interior ligand mutants. This may be due to smaller Z'ef and de.croeasE a. This effect appears to drive the observed
scalar couplings as these are expected to depend on the Cd deprea;e i, of ~0.5 Y upon sub;tltutlon 0; %= S by X =
O’—CP—H?# dihedral angle&290.92 On the other hand, the €d O in anions [F@_(XAr)4] dissolved in MeCN? On the other
Or-Ser link may be kinetically labifé or, indeed, absent (cf. hano!, the substitution of Ser for Cys@erd shoulfd decreﬁse
eqs 2 and 3). (i) Ser-OHprotons are present in the interior the ligand ch_aracter of _the redo>_< orbital of the''Feenter?
ligand mutant C6S and in the surface ligand mutant C42S The chaljgeo in electronic relaxation effects should lead to an
(Figures 13 and 14). (i) Ser‘®-HN hydrogen-bonding increase irE’a. The observed decreasefif of 200 mV above
interactions equivalent to Cys=S-HN in rRd are absent in each pH 7 (Figure 9) |r'1 the surface I!gand mutants C9S and C.425
mutant (Figure 1; Table 12). suggests that th& . factor dominates in these systems with

i . their demonstrated FgS-Cys}(O-Ser) centers at pH 8 (Figure
The data confirm the presence of a four-coordinaté(G6d 3; Table 10).

Cysk{ O(H)-Se} center featuring a CeO"(H)-Ser link in the EXAFS measurements cannot distinguish between the pos-
C42Ss prot.eln. The very S|.mllalrl—| chemical shifts observed sibility of Fe''(S-Cys}y(O-Ser) or F&(S-Cysy(OH,) (x = 1,

for the serine spin systems in the C9S and C42S mutants (Tabley) centers at pH 8 in the interior ligand mutants C6S and C39S.
11) indicate that an equivalent center is present in the C9S rajr Fdi—( distances may be longer than those in the surface
protein. This correlates with the similartnd H shifts for ligand mutants (Table 10), similar to the behavior of th# F&

C9 and C42in C#CprRd (Table 12). A Ser-OHprotonwas  gistances irCp Rd (Table 8). However, the assumption of the
detected in C6S. However, the present NMR data are not ablepresence of an MES-Cys)(O-Ser) center in each mutant at

to confirm the presence of CaOr-Ser bonds in the interior 1 g allows a simple interpretation of the total electrochemical

mutant proteins C6S and C39S. data which are consistent with the available X-ray crystal-
The EXAFS data estimate IFe O distances of 1.92(2) Afor  |ographic and EXAFS structural data.
each of the surface ligand mutant proteind-B£9S and -C42S A longer Fe-O-Ser bond would reduce the ligangdonor

at pH 8. The distance increases to 2.10(2) A at pH 6 (Table strength, increasing'eir and E°a, correlating with the more
10; Figure 11). The data are consistent with protonation or positive E°s values of the interior ligand mutants relative to
hydrolysis of the F&—0O7-Ser link (K, about 7), as suggested  the surface ligand mutants (Table 7).
by the electrochemical data (eqs 2 and 3; Table 7). Forreduced The pH dependence of the reduction potentials of the mutant
interior ligand mutants C6S and C39S, data at pH 8 match thoseproteins (Figure 9) is attributed to protonation of the O-Ser
for the surface ligand mutants at pH 6 (Figure 11). This is again ligand following reduction (eq 2). While a free serine residue
consistent with electrochemical data which indicaté&Kaground exhibits a K, of 13.6, a value of 7.5 is reported for a'Zn
9 for the Fé forms of these mutants. O(H)—CR.— species featuring a benzyl alcohol pendant arm
Dithionite-Treated C42S Rubredoxin. An attempt to attached to a quadridentate cyclen ligdH Estimates derived
generate crystals of the F€42S protein involved treatment  for the Fé forms of the present mutants indicate that interior
of crystals of F&-C42S with sodium dithionite at pH 4. Iron  ligand S6 (K4, 9) is about 2 orders of magnitude more basic
was lost, and at least 1 equiv of §Ghe oxidation product of  than are surface ligands S9 and S4R{#, 7; Table 7). This
the reducing agent SO, was incorporated into the apo protein  observation is also consistent with a longer, weakerGeSer
crystals (Figure 4; Table 9). The structural model indicates that link in the C6S protein (Table 10), the same structural feature
(i) the Fd form of the C42S mutant is unstable at pH 4 (it is used to rationalize the differeli®’s values.
stable at pH 6 (Table 10)), (ii) the protein tertiary structure is  The electrochemistry of the surface ligand mutants, C9S and
maintained (the Fe atom is important for function but not for C42S, is chemically reversible in the range 2QH > 6 and
overall structure), and (i) Cys-SH functions as an effective that of the interior ligand mutant C6S in the range 18.%H
nucleophile at pH 4. > 7.6. The onset of irreversibility as the pH is lowered occurs
1—-2 pH units below the values ok (7 and 9, respectively).
; . di_avVA - + This behavior may be attributed to hydrolysis of thd F&(H)-
Cys-SH+ SO, Cys $-s O, +H ) Ser bond (eq 3). This proposal is again consistent with a longer,
weaker Fe-O-Ser link in the interior ligand mutants and with

The structural model is supported by related experiments in the jsolation of apo protein derivatives generated by hydrolysis
solution at pH 4 which are also consistent with products formed ypon reduction at pH 4 (cf. Table 2; Figure 4).

via eq 4 (Table 2). The reaction may Wellg?\llgve thiolate Cys- |nperent to the above discussion is the assumption that the
S~ as nucleophile rather than Cys-SM71%% A cysteine  effective dielectric constant is the same for each mutant protein.
(106) Fabris, D.; Zaia, J.; Hathout, Y.; FenselauJCAm. Chem. Soc (109) Kemper, M. A; Stout, C. D.; Lloyd, S. E. J.; Prasad, G. S.; Fawcett,
1996 118 12242-12243. S.; Armstrong, F. A.; Shen, B.; Burgess, B. K.Biol. Chem.1997, 272
(107) Wilker, J. J.; Lippard, S. J. Am. Chem. S0d 995 117, 8682~ 15620-15627.
8683. (110) Kimura, E.; Kodama, Y.; Koike, T.; Shiro, M. Am. Chem. Soc

(108) Wilker, J. J.; Lippard, S. Jnorg. Chem.1997, 36, 969-978. 1995 117, 8304-8311.
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This is obviously flawed as it implies an identical contribution present CtoS mutant proteins, but they would appear to be
to the solvent energy terfd. The conformation of the protein  secondary to the influence of ligand atom substitution.

chain around the mutation site in the'F€42S protein is .

different from that in the recombinant form and, presumably, Conclusions

from that close to the mutation site in the interior ligand mutants.  pifferences in reduction potentials, their pH dependence, and
These changes in the orientation of amide dipoles will influence {he gnset of irreversible behavior in the electrochemistry of the
E°A.18 In addition, there is a differential loss in the number of four CtoS mutant proteins o€p Rd can be attributed to
NH---S-Cys hydrogen bonds: two and one for the interior and gifferences in the nature of F€’-Ser bonds imposed by

surface cases, respectively (Figure 1; Table 12). The closeryyiation of the conformational flexibility of the protein chains
packing of atoms observed around the mutation site of the Fe | hich carry the ligands.

C42S protein indicates reduced solvent accessibility in that form.
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