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The recently reported NMR solution structure of'fFe!" parsley Fdl has made possible 2D NOESY NMR studies

to determine the point of attachment of'@rin F€"F!...Cr'L. The latter Cr-modified product was obtained by
reduction of FEFE" parsley and spinach Fdl forms with [Cr(15-angNH,0),]%" (15-aneN = 1,4,8,12-
tetraazacyclopentadecane), referred to here 4s, @llowed by air oxidation and chromatographic purification.
From a comparison of NMR cross-peak intensities of native and Cr-modified proteins, two surface sites designated
A and B, giving large paramagnetic 't broadening of a number of amino acid peaks, have been identified.
The effects at site A (residues 122, 27, and 30) are greater than those at site B (residue8#2and 96), which

is on the opposite side of the protein. From metal (ICP-AES) and electrospray ionization mass spectrometry
(EIMS) analyses on the Cr-modified protein, attachment of a sindl&@nly is confirmed for both parsley and
spinach Fdl and Fdll proteins. Electrostatic interaction of theG"'L center covalently attached to one protein
molecule (charge-—18) with a second (like) molecule provides an explanation for the involvement of two regions.
Thus for 3-4 mM Fe''Fe!...Ci''L solutions used in NMR studies (L attached at A), broadening effects due

to electrostatic interactions at B on a second molecule are observed. Experiments with the Cys18Ala spinach Fdl
variant have confirmed that the previously suggested Cys-18 at site A is not the sitd loi@achment. Line
broadening at Val-22 of A gives the largest effect, and! ICattachment at one or more adjacent (conserved)
acidic residues in this region is indicated. The ability of' ICto bind in some (parsley and spinach) but not all
casesfnabaenavariabilis) suggests that intramolecular H-bonding of acidic residues at A is relevant. The parsley
and spinach Feg€"...Cr''L products undergo a second stage of reduction with the formation'¢fdte.Cr''L.
However, the spinach Glu92Ala (site B) variant undergoes only the first stage of reduction, and it appears that
Glu-92 is required for the second stage of reduction to occur. A sample'df-@odified parsley FéFe" Fd

is fully active as an electron carrier in the NADPdytochromec reductase reaction catalyzed by ferredexin
NADP™" reductase.

Introduction sequencesof [2Fe-2S] ferredoxins from over 75 species have

The [2Fe-28] ferredoxins (Fd) function as electron-transfer P€eN reported and show considerable homology, with 18
mediators in many biological processes including photosynthe- POSitions totally invariant. o .
sis, respiration, biosynthesis, and degradative metabolic pro-, Xay crystal structures of the protein in the'fee" state

cessed:® The most extensively studied class is the photosyn- 1OM 8the blue-green alg;Spirulina plantensig Anabaeﬂ::?a
thetic ferredoxins from plant chioroplasts and cyanobacteria /120 Aphanothece sacryfrandHalobacterium maris-mort

. 1 L
(blue-green algae), the prime function of which is to promote 2"d fromlzthe plant sourcdsquisetum arensé! and Spinacia
electron transfer (ET) between reduced photosystem | and thetleracea > and NMR solution structures of proteins also in the

enzyme ferredoxinNADP™ reductase (FNR)> Amino acid (5) Cammack, RAdy. Inorg. Chem 1992, 38, 281—322.
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Figure 1. Space-filling representation of the structure of parsley [2Fe-
28] FdlI in the FEFe" oxidation staté® showing the position of the

cysteine ligands (yellow) at the 2Fe site. Amino acids at sites A (red)
and B (green), as defined in this work, are indicated. The blue at site

A indicates a larger broadening effect, and the orange at B less

broadening (see Results).

Fe'Fé' state fromPseudomonas puticlé Synechocystisp.
PCC 6803¢ Synechococcus elongafttaand parsley Fdf have
been reported. A space-filling structure of parsley Fdl, with the
positions of amino acids relevant to this study, is shown in
Figure 1.

Photosynthetic ferredoxingvif ~ 10.5 kDa; 93-99 amino

acids) contain a single [2Fe-2S] cluster and have two high-spin

tetrahedral P& atoms §= %/,) bridged by twaqu-sulfido ligands,
which are antiferromagnetically coupled and therefore EPR
silent!” The binuclear Fe core is coordinated to four cysteines
at positions 39, 44, 47, and 77, in the polypeptide chain
(numbering as in ref 16). One-electron-reduction potentials (vs
NHE) for higher plant FéF€" ferredoxins are in the range
—430+ 20 mV 8 and for cyanobacteria ferredoxins are in the
range—310 to—380 mV1°® The [2Fe-2S] ferredoxins are very
acidic, with d values from 3 to 4. From the amino acid
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Figure 2. Active site of [2Fe-2S] ferredoxins, with k€close to the
surface) and Redefined as in ref 20.

composition, taking account of the charge on residues Glu/Asp
(1-), Arg/Lys (1+), and the active site, the charge balance for
the Fé'Fé! proteins is—18 (£2) at pH 7.5. One of the metal
atoms, Fg, is close to the surface-6 A), and the Cys-39 and
Cys-44 residues bound to it are partially exposed to solvent
water. Although there is no crystal structure for thd'fre!
state, it has been shown by NMR that the extra electron is
localized on Fg with Fes assigned as HE° (Figure 2). An
X-ray structure of the Fg=€!' protein fromAnabaen®CC 7119

has recently been reported at 1.17 A (Morales, R.; Chron, M.
H.; HudryClergeon, G.; Petillot, Y.; Norager, S.; Medina, M.;
Frey, M.Biochemistryl999 38, 15764-15773). The [2Fe-2S]
ferredoxins as isolated have two different molecular compo-
nents® Such isoferredoxins can be separated by Phenyl Superose
HR5/5 hydrophobic column chromatography, with Fdl the major
and Fdll the minor component. In the case of spinach the two
forms have the same charge, but 24 amino acids are différent
(Figure 3). Furthermore, spinach Fdl has been cloned and
overexpressed iescherichia coli

2+

H<O
C”}

The reduction of parsley and spinach Fdl forms with the
1,4,8,12-tetraazacyclopentadecane complex [Cr(15-greN
(H20),]%", abbreviated CL, has provided the first evidence
for a 2 equiv reduction of FéFe! ferredoxins to the Fé=¢!
state?2 The CH'L/Cr''L couple has a reduction potential 680
mV (vs NHE) at [H'] = 0.4 M2 An important feature of the
double reduction is the covalent attachment of'Crto the
Fe'Fe! formed in the first step, which perturbs the protein
sufficiently to make the second reduction possible (Scheme 1).

Information regarding the point of attachment of''Cris
important because of the unexpected influence it has on
reactivity, making it possible to further reduce the'Fe"
protein to F&F€'. Mossbauer evidence for the 'Feg!...C'L
state has recently been reported in a ferredoxin fAamifex
aeolicus(Yoo, S. J.; Meyer, J.; Mock, E.J. Am. Chem. Soc.
1999 121, 10450-10451). In view of the substitution inertness
of Cr''L, the point of attachment also defines the distance for
electron transfer from the @k reductant to the FéFe" active
site. From studies on spinach and parsley Fdl'(Cattached)
andAnabaenavariabilis Fdl (no CH'L attached), a correlation
of attachment with the presence of an uncoordinated cysteine
at position 18 has been noted (Figure 3), and Cys-18 was

(20) Dugad, L. B.; MaMar, G. N.; Banci, L.; Bertini, Biochemistry1l990
29, 2263-2271.
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10 20 30 40 50
* * *
(a) AA YRVTLVT-PT G-NVEFQCPD DVYILDAAEE EGIDLPYSCR AGSCSSCAGK
(b) AT YKVTLVT-PS G-SQVIECGD DEYILDAAEE KGMDLPYSCR AGACSSCAGK
(c) AT YNVKLIT-PD G-EVEFKCDD DVYVLDQAEE EGIDIPYSCR AGSCSSCAGK
(d) AT FKVKLINEAE GTKHEIEVPD DEYILDAAEE QGYDLPFSCR AGACSTCAGK
60 70 80 90
*

(a) LKTGSLNQDD QSFLDDDQID EGWVLTCAAY PVSDVTIETH KEEELTA
(b) VTSGSVDQSD QSFLEDGQME EGWVLTCIAY PTGDVTIETH KEEELTA
(c) VVSGSIDQSD QSFLDDEQMD AGYVLTCHAY PTSDVVIETH KEEEIV
(d) LVSGTVDQSD QSFLDDDQIE AGYVLTCVAY PTSDVVIQTH KEEDLY

Figure 3. Amino acid sequences for [2Fe-2S] Fds relevant to this study: (a) spinach(lBdspinach FdIF, (c) parsley Fd (that of FdIl not yet

determined), and (d). variabilis Fdl.4

Physiology and Biochemistry at the University of Milan. The Glu92Ala
I variant was obtained by site-directed mutagenesis, where the purification
FellgeIU +CrHL_>FeHFeIH,.,CrﬂlLLFeHFeH,,_CrHIL+CrmL and biochemical characterization were as previously desctEde
l Cys18Ala variant was obtained for the present work using the Quick
Change site-directed mutagenesis kit by Stratagene, with pE &I
loz template. The presence of the desired mutation and lack of second site
FellFe™...crllL

Scheme 1

mutations were confirmed by sequencing the entire ferredoxin gene.
The Cys18Ala ferredoxin | was purified using the same procedure
described for purification of the wild-type recombinant ferredoxif |.

The variant displayed an absorption spectrum similar to that of the

suggested as a possible point of!'Cr attachmen#* With
information provided by the NMR solution structure of!Fed"
parsley FdS and knowledge that ®r has a slow electronic
relaxation time =5 x 1079s) which causes dramatic NMR
line broadening? NMR line-broadening effects are now
examined in more detail, and hence the point of attachment of
Crl'L in FE"FE!...CIL is determined.

Experimental Section
Isolation and Purification of [2Fe-2S] Ferredoxins.The [2Fe-2S]

wild-type protein. Its electron-transfer properties were comparable to
those of the wild-type ferredoxin | in the NADP+tytochromec

reaction, using spinach ferredoxiNADP" reductase as catalyst.
Further biochemical characterization of the Cys18Ala variant will be
reported elsewhere. Samples of Glu92Ala and Cysl18Ala spinach

ferredoxin | used throughout this work were homogeneous, based on

electrophoresis and absorbance rafias/Ax7s >0.48.

Buffer Solutions. Solutions of tris(hydroxymethyl)methylaminelp
= 8.08) were used in kinetic studies, here referred to as Tris, with 1.0
M HCI (Convol) added to give pH’s in the range #8.9 as required.
For electrospray ionization mass spectrometry (EIMS) ammonium

ferredoxins from fresh parsley and spinach leaves were isolated by acetate buffer (6, = 4.76) was used, and the pH, was adjusted with

standard literature method®?” Samples of [2Fe-2S] Fds were stored
as the FEF€" protein at—80 °C under N. The purity was checked
using ratios of UV+-vis absorbance at 422 and 278 nm. Rattas/
Ao7g (Fdl and Fdll) obtained for spinach0.46 (in this work 0.48) and
for parsley>0.60 (0.63) were used.

Separation of Fdl and FdlIl Components. A Phenyl Superose
HR5/5 hydrophobic column attached to a Pharmacia FPLC (fast protein
liquid chromatography) system was us@dill buffers were deoxy-
genated by bubbling Nthrough solutions to minimize the loss of Fd.
The buffers used for separation were buffer A, 20 mM Tris/HCI, pH
7.5, and buffer B, 20 mM Tris/HCI, pH 7.5 containing 1.7 M
ammonium sulfate. The column was equilibrated in buffer B, and the
protein was filtered and loaded onto the column in the same buffer.
Separation was achieved using a linear gradient (1.75% p@&r am
0—50% A with a flow rate of 0.5 cthmin~!. Elution was monitored
at 280 nm using a UV-M control. The purified iso forms were
exchanged into 20 mM Tris/HCI, pH 7.5 0.100 M (NaCl) using
an Amicon cell fitted with a YM3 membrane.

Preparation of Spinach Fdl Variants. Recombinant spinach
ferredoxin | variants were prepared in the Department of General

(24) Im, S.-C.; Kohzuma, T.; McFarlane, W.; Galliard, J.; Sykes, A. G.
Inorg. Chem.1997, 36, 1388-1396.

(25) DeBoer, E.; VanWilligen, HProg. Nucl. Magn. Reson. Spectrosc.
1967 2, 111.

(26) Plesnicar, M.; Bendall, D. ®iochim. Biophys. Acta97Q 216, 192—
199.

(27) Ellefson, W. A.; Ulrich, E. A.; Krogmann, D. WMethods Enzymol.
198Q 69, 223-228.

(28) Sakihama, N.; Shin, M.; Toda, H. Biochem 1986 100, 43—47.

1.0 M NaOH (Convol). For NMR solutions sodium hydrogen phosphate
buffer (pKa = 6.68) was used. All buffers were obtained from Sigma
and were adjusted tb = 0.100 M with NaCl (BDH, Analar). A
Radiometer PHM62 pH meter, complete with a Russell CWR/320/757
pH electrode or, for measurement in an NMR tube, a narrow Russell
CMAWL/3.7/180 pH electrode, was used to measure the pH.

Other Reagents.Sodium dithionite, Nz5,0,4 (Sigma Chemicals
86%), was standardized spectrophotometrically by addition of an excess
of [Fe(CNY)]3~ (Aldrich 99%), followed by determination of unreacted
complex at 420 nme(= 1010 M~ cm™). Deuterium oxide (Goss
Scientific Instruments Ltd; 99.9% D min) was used for the preparation
of NMR samples.

Preparation of the [Cr(15-aneNy)(H:0),]>" Complex. A sample
of chromium(ll) chloride, CrG+4H,0, was prepared by a literature
method®! Required amounts of the ligand 1,4,8,12-tetraazacyclopen-
tadecane (Strem Chemicals), 15-aneMere added to Crgi4H,0 in
deoxygenated 20 mM Tris/HCI, pH 7.5 to give [Cr(15-an¢N,0);]?",
| = 0.100 M (NaCl). The latter is likely to be the trans isomer by
analogy withtrans-[Cr(15-aneN)(H,0)(NCS)F".%2 Rigorous air-free
techniques were employed using a glovebox O3 ppm). The U\
vis absorbance pealnm /M~ cm™?) for Cr'L over a wide range of

(29) Piubelli, L.; Aliverti, A.; Bellintani, F.; Zanetti, GEur. J. Biochem
1996 236, 465-469.

(30) Piubelli, L.; Aliverti, A.; Bellintani, F.; Zanetti, GProtein Expression
Purif. 1997, 1342 298-304.

(31) Holah, D. G.; Fackler, J. Pnorg. Synth 1969 10, 26—35.

(32) Clegg, W.; Leupin, P.; Richens, D. T.; Sykes, A. G.; Roper, E. S.
Acta Crystallogr 1985 C41, 530-532.
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[NaCl}/M Table 1. Inductively Coupled Plasma Atomic Emission
1 Spectroscopy (ICP-AES) and Electrospray lonization Mass
Spectrometry (EIMS) Analyses of [2Fe-2S] Fdl and Fdll Iso Forms
and Ct'L-Modified Proteins
source protein Fe:Cr M,/Da
parsley FdI FéFe! 10661.6(1)
Fe'Fe!...CM"L  2.0:0.9 10958.4(2y
0.5 parsley Fdll FeFe!"
: Fe'Fe'...CML 2.0:1.17
spinach Fdl FeFe! 10660.3(1)
Fe'Fe"...CML  2.0:1.0 10954.2(Ff
spinach Fdll FeFe! 10507.9(1)
Fe'Fe'..CM"'L  2.0:1.0
spinach Cys18Ala  P&-€" 10625.2(1)
Fe'Fe'..CM'L  2.0:1.1 10916.3(3
0 . spinach Glu92Ala  PFéFe" 10597.0(1)
0 10 20 30 40 Fe'Fe'..CML  2.0:1.2 10900.4(2y

Time/mi
. . e . aTo be compared with the calculated value assuming covalent
Figure 4. lllustration of FPLC Mono-Q separation of components of . hment of Cr(15-ana}#,0%" to the proteins,which give¥10945.6),

a CtM'L-modified sample containing parsley 'flr-modified Fé'- ¢(10944.3) 410909.2). and(10882.0). respectiveli For other pub-
Fé'...C/"'L protein using buffers A (20 mM Tris/HCI at pH 7.5) and Ii(shed v;alzje(s see -re)f’ 35. ( ‘0), respectively, pu

B (20 mM Tris/HCl at pH 7.5 in 1.0 M NaCl) as gradient. The flow
rate was 0.5 cAtmin?, with the absorbance peak selected at 280 nm.

The peak labeled 1 gave no color and no Fe or Cr content; peak 2 wasesults in the loss of an axial water molecule to give a unit of 284 Da.

assigned to CtL-modified; and peak 3 to native Fdl protein. From mass analysis data, Table 1, both parsley and spinach Fdl conform
with AES-ICP analyses in that only one'@r is attached. The results

pH's (5.0-9.0) is at 540 ¢ = 36.5)% Upon air oxidation the CL indicate additiqnal 13 Da (parsley) arj(_j 10 Da (;pinach) contributions

product [Cr(15-anelyH,0)]*" is formed; at pH 1.5 it has peak to formula_ weights c_)f the Cr-modlfled proteins, Table 1 Such

positions 337 (88) and 454 (87) as previously repoféetihe CH! dlscrepangles are attributed to different degrees of protonation under

complex has K, (25 °C) values of 2.9 and 7.8, and pHs7.5 were the conditions employed. _ B

therefore chosen for the present studfeas far as CtL is concerned NMR Spectroscopy. Samples of native and Cr-modified (Fe

the two axial HO's will be kinetically very labile®* whereas with GfL Fel...Cr'L) parsley FdI, pH 7.5 (46 mM sodium phosphatey; 0.100

all ligands are inert. M (NacCl), were prepared in ¥D/D,O (90:10) solution, using ultrafil-

Preparation of the Fé' Fé' ...Cr'! L Form. For parsley and spinach ~ tration methods (Amicon; YM3 membrane). Concentrations of native
FdI addition of a 3-fold excess of Ct. to the F&!Fe!' protein at pH and Cr-modified protein were dete_rmlned by U\_As spectrometry at
7.5 (20 mM Tris/HCI),l = 0.100 M (NaCl), was carried out in the 422 M € = 9200 M™ cm ). Protein concentrations used were-3.0
glovebox. This was followed by rapid air oxidation, DE-52 column 4.0 mM. T_he protein solution was loaded into an NMR t_ube, previously
separation of excess ¥, and separation of products by Mono-Q  flushed with argon, and sealed. Al NMR spectra for this study were
Pharmacia FPLC anion-exchange column chromatography, to give the@cquired at 200.13, 600.13, and 800.13 MHz on MSL200, AMX600,
Fe' Fe'...CHL product as previously describ&iThe FPLC elution and AVANCE 800 _Bruker spectrometers. The 1B NMR spectra _
profiles for solutions following CiL reduction of parsley and spinach ~ Were recorded using the super WEFT (water-eliminated Fourier
FdI are different from those for native Fd (single band). Three bands transform) pulse sequen&ewith a recycle delay range from 200 ms
were observed (Figure 4). The first had no color and no Fe or Cr to 1s. The spectrav_vere taken gt 288, 298, and 303_ K using presaturation
content. The second having by far the greatest intensity analyzed for©' Watergate during relaxation delay and mixing tifheTwo-
Cr-modified protein, and the third was a small amount of unreacted dimensional TPPI NOESY spectra were acquired at 298 K, using a

native Fd. The same procedures were used for parsley and spinach FdipPectral width of 13-14 ppm, ;"g’ith a recycle timefd. s and mixing
and variant forms. Both Fdil forms were found to undergo 2 equiv times of 40, 100, and 300 ni$*All 2D spectra consisted of 4K data

reduction with excess @r as in Scheme 1. The €tt-modified points in the F2 dimension and 512 increments in the F1 dimension,
products are stable at 2& under anaerobic conditions. Reactions of USing 112 scans per experiment. Raw data were multiplied in both
the two variant forms with Cit. are considered in Results. dimensions by a pure cosine-squared and Fourier transformed to obtain

Metal Analyses of Fé! Fel ...Cr'" L Products. These were carried 1024 x 1024 real data points with a polynomial baseline correction
out by inductively coupled plasma atomic emission spectroscopy (ICP- appllqd in bpth directions. All the spectra were cahbratgd from the
AES) and gave Fe:Cr ratios close to 2.0:1.0 (Table 1). chemical shifts 4.93, 4.8_1, and 4.77 ppm of the water signal at 288,

Electrospray lonization Mass Spectrometry (EIMS). Mass analy- 298, and 303 K, respectively. All NMR data were processed with the
ses of native and ®iL-modified Fé'Fe' samples were carried outon ~ Bruker UXNMR and XWINNMR software packages. The program
a Micromass Autospec M triple-focusing magnetic sector instrument, XEASY (ETH Zirich) was used for analyses of the 2D spettra.
Samples were prepared in 10 mM ammonium acetate pH 7.28 with  Kinetic Studies. An Applied Photophysics SX-17MV stopped-flow
the concentration of protei400 mM. The samples were run in the reaction analyzer was used to monitor absorbance decay at the 422
negative detection mode so as to preserve the-ismiffur cluster nm Fé'Fe" Fd peak, which gived\e = 4500 M cm™* for the first
The infusion solvent for the negative detection mode (which is taken Stage of reduction to &€" 4! The further decrease in absorbance for
up by the instrument after the Fd sample) was 60:40 acetonitrile and the second stage of reduction td'Fe' (when effective) was monitored
water, pH 8.6. For Cr-modified parsley and spinach the EIMS data
gaveM,'s of 10958.4+ 1 and 10954.2t 1 Da, respectively, with the (36) Banci, L.; Bertini, I.; Luchinat, C.; Piccioli, M.; Scozzafava, A.;
M; of the two native Fds given in Table 1, in good agreement with Torano, PInorg. Chem 1989 28, 4650-4656.
reported value® The M, of the CHL macrocyclic complex is 302 Da, ~ (37) Piotto, M.; Saudek, V.; Skelenar, V. Biomol. NMR1992 2, 661~

where it is assumed that covalent attachment dfL.Cio the protein 38) (IS\/?a?éura S.; Wihrich, K.; Emst, R. RJ. Magn. Reson1982 47

351-357.
(33) Richens, D. T.; Adzamali, I. K.; Leupin, P.; Sykes, A.IGorg. Chem (39) Marion, D.; Withrich, K. Biochem. Biophys. Res. Commi883 113
1984 23, 3065-3069. 967—-974.
(34) Lincoln, S. F.; Merbach, A. EAdv. Inorg. Chem 1995 42, 1-88. (40) Eccles, C.; Gnter, P.; Billeter, M.; Wthrich, K. J. Biomol. NMR
(35) Petillot, Y.; Forest, E.; Meyer, J.; Moulis, J.-Mnal. Biochem1995 1981 1, 111-130.

228 56-63. (41) Fee, J. A.; Palmer, @iochim. Biophys. Actd971, 245 175-195.
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Figure 5. H NMR spectra (200 MHz) of parsley FdI forms at 25: 3 -1 103/'1([{1
(A) native F¢'Féd", (B) native FéFé", (C) Fé'Fé"...Ci'L, and (D) 10°/T(K™) )
Fe'Fe'...Cr'L at pH 7.5 (46 mM phosphate),= 0.100 M (NacCl). Figure 6. Curie plots for hyperfine shifted resonances of parsley [2Fe-
2S] Fdl: (A) native F&Fe" form and (B) F&Fe"...Cr'L forms, with
at the same wavelengtihé = 2200 M1 cm™1). UV —vis contributions the signals labeled as in Figure 5

from Cr'L or Cr''L are negligible®® All reactions were at 25.@- 0.1

°C, with 20 mM buffer, and the ionic strength was adjusted to 0.100 displayed. Spectra of one-electron-reduced samples were ob-

+ 0.001 M with NaCl. Concentrations of t&€''Fd used were~1.0 tained by addition of 1 equiv (small excess) of sodium dithionite,

x 105 M with the CI'L in >10-fold excess. An Applied Photophysics  Figure 5B,C. The P&¢€! components of both native and Cr-

software package was used to determine first-order rate constants. Ratgnodified parsley Fdl exhibit the same behavior as previously

constants listed are the mean of absorbance vs time fits for at 'eaStdescribed for spinach [2Fe-2S] FdThe peaks at 99140 ppm

five different traces using the same reactant solutions. (Figure 5B, a and c) show a Curie-type temperature dependence
Electrochemistry. Square-wave voltammetry measurements on the (Figure 6) and are assigned to the tB«CH;'s of the cysteines

two spinach Fdl variants were carried out as previously repaftad. . . . .
peak at-450 mV vs NHE was obtained for the Cys18Ala variant, and coordinated to the Bk The shoulders in the region are assigned

a peak at—342 mV vs NHE for the Glu92Ala variant, in good O the other twgs-CH,'s. The peak at 43 ppm (&) also exhibits

agreement with a previous valé. a Curie-type temperature dependence (Figure 6), assigned to
Structure Analysis. The programs MOL-MOL and RASMOE the o-CH’s of the same cysteines. A set of four signals were
were used for solvent accessibility, H-bonding, and structure display observed at 2635 ppm (f-i), showing an anti-Curie temper-
calculations. ature dependence (Figure 6), and are assigned to thg{Gti,
protons of the cysteines coordinated to thd.F peak at 15
Results ppm showed little temperature dependence and can be tentatively

1D !H NMR Spectra of Native and Cr-Modified Parsley assigned to the-CH’s of the cysteines attached to the'FA
Fdl. The 1D NMR spectra of native and Cr-modified parsley New peak was observed at 25 ppm (288 K) for the one-electron-
Fdl (Fe"Fe"...C" L) were determined at different temperatures reéduced Cr-modified protein (Figure 5C). Upon addition of an
(288, 298, 303 K) on a 200 MHz spectrometer. Analyses of €XCess (5 equiv) of sodium dithionite, the Cr-modified protein
1D H NMR for Fé'Fe'...CI'L samples are based on the IS _reduced to the Pg€! staté_24 :_;md a proad peak at 34 ppm
assumption that the protons of cysteines bound to tHeaFe (Figure SD) is observed. This is the first 1D spectrum of the
hyperfine coupled to that metal, and likewise for cysteines bound F€'F€' oxidation state of a [2Fe-2S] Fd determined by NMR.
to the F&', Figure 24 The spin of F# (S= %,) will be oriented The fully _reduced Pprotein was air oxidized after completion of
along the external magnetic field because it is the larger spin, the experiment, with 80% recovery of the'Heg"...C#'L state
and associated protons will experience contact shifts that @S determined by UVvis absorbance at 422 nm.
decrease with increasing temperature (the Curie effect). The spin, 2D *H NMR on Parsley Cr-Modified Ferredoxin. The
of Fe! (S= 2) will be oriented in the opposite direction because intensity of the NOESY cross peaks obtained in this study are
of the antiferromagnetic coupling to give a total spinSf= essentl_ally proportlon_al to the cross relaxation, whlch is
1/,, and associated protons will have less downfield contact shifts Proportional to the reciprocal of the sixth power of the distance
that increase with increasing temperature (anti-Curie effect). Separating two nuclei and depends on the correlation tije (
Spectra of both native and Cr-modified'Hes! forms S= 0) for the_ reorientation (_)f the two spins. The \_/alue of is
exhibit a broad peak at 3487 ppm, Figure 5A. This corresponds determln_ed by the rotational cor_relatlon tlme,(_whlch depends
to the four 3-CH, protons of the four coordinated cysteines, ©n the size of the molecule, with the detection of cross peaks
Figure 2, and a strong anti-Curie temperature dependence isdeépending on the signal-to-noise ratio. A large line width
(shorterT,) determines cross peaks of small height, which can
(42) Aliverti, A.; Hagen, W. R.; Zanetti, GFEBS Lett 1995 368, 220— be difficult to extract from the noise. The optimization of mixing
224. time is essential for maximum intensity and low signal-to-noise
(43) Sayle, R.RASMOL Biomolecular Structure Department, Glaxo ratio, with the intensity also depending dn values for the

Research and Development: Greenford, Middlesex, U.K., 1994. . . .
(44) Bertini, I.; Luchinat, C. INNMR of Paramagnetic Molecules in two coupled signals. In such a paramagnetic system the line

Biological SystemsPhysical Bioinorganic Chemistry Series, 3; The
Benjamin Cummings Publishing Company Inc.: Menlo Park, CA, (45) Bertini, I.; Lanini, G.; Luchinat, Clnorg. Chem 1984 23, 2729~
1986. 2730.
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Table 2. NOESY Cross Peaks with the Largest Broadening (Faetb8) of the Cr-Modified Parsley Fdl
region cross peak

A Cys18HN-Cys18H, Cys18Hx-ProHy2, Cys18Hh-Val22Hy?2, Asp19HN-Cys18HA3, Asp19HN-Val22H1,
Aspl9H32-Asp22H/1, Aspl9HB3-Asp22H/2, Aspl9HB3-Val22Hy 1, Aspl19HB3-Val22 HN, Asp21Hd-Val22HN,
Asp21HN-Tyr80H), Val22Qy1-Tyr80H¢, Glu29Hx-Glu29HN, Glu29HN-Ala28i4, Glu30HN-Ala28Hy,
GIu30HN-Ala28H5, Glu30Hy-GIn27Ha, 1le33HN-Ile33Hu,

B His90H5-Thr9Ha, His90H3-Thr89Hy 1, HisQOH3—Lys91HN, Lys91H2-Gly49Hu2, Lys91Hx-Glu93HN,
Glu92Hx—11e95H01, Glu94H,2-1le95Hy2, 1le95Hy2-Tyr73H32, lle95Hy2—GIn68H33, lle95Hy2-Val96HN,
lle95HN-Glu94H3 Phe63H-1le95Hy2, Phe63H-Val96Hy 1

width is largely determined by the paramagnetic contributions
of Cr''L. Therefore for fast relaxing systems, a short mixing

and recycling time must be used in order to avoid complete
relaxation of the signals before acquisition, and to increase the

5.10

number of scans per experiment time. For the Cr-modified HA19, HB21g |5-20
protein, F&'Fe"...CI''L, the same NOESY conditions were used
as for determination of the solution structure of native parsley 5 30

Fd1,*® with the only change the difference in mixing times 40, I Es
100, and 300 ms. Cross-peak intensities of native and Cr- (A) 2.90 2_§o 270 290 24&0 2.70 ppm
modified Fdl were compared, to detect the difference due to
paramagnetic contributions from'€lc. Nuclei which are close

to the paramagnetic tt have shorter T and T, values as

compared to the native protein, with a result that peak intensities
of nuclei affected become smaller in experiments performed

B39 HA%2 1.80

with normal mixing and acquisition times in the two dimensions. 0692, HA b 00
The volumes of cross peaks of native and Cr-modified protein o '
were obtained using a manual integration program XEASY.

The volume of the two NOESY spectra (native and Cr-modified)

were calibrated using average ratios for the least changed peak HB292 AR 220

volumes in both spectra. It should be noted that many cross
peaks overlap each other, with some cross peaks containing
more than two NOE's. These were excluded to determine more
accurately volume ratios.

From a comparison of peak volume ratios of native and Cr-
modified proteins a three-step strategy was used to identify
amino acids affected by the k. The first step was to identify
cross peaks, which had disappeared for Cr-modified protein due
to broadening caused by the paramagnetltldn the NOESY
(100 ms) spectra. The second step involved normalizing the
intensity of these two spectra, by equating the least changed
peak volumes on both native and Cr-modified protein. After
normalization, the peak ratio volumes for native and Cr-modified
protein were divided in classes as follows: 085, 1.5-8,

8—16, and greater than 16. These numbers indicate no broaden-
ing, small broadening, medium broadening, and extensive
broadening, respectively. The final step involves determining
the distance between the larger broadened cross peaks and those
showing no broadening, with the assignment of all inter- and
intra-residual connectivities compared with data for native
proteinl®

Cros§ peaks with large broadeningl(6) are shown in Table Figure 7. Examples of broadening and/or disappearance of peaks in
,2' Re5|du¢s 3840, ,43—48' 62, and 75,77 were not asslgned thg 2D NOESY gpectrum of the @?t-modified prpoF;ein compargd to
in the native proteins because of their close proximity to the those of the native protein. The left and right parts refer to the native
paramagnetic binuclear iron center. From the ratios close to 1.0and the CfL-modified protein, respectively: (A) Asp-19; (B) Glu-
of several of their cross peaks, residuesl?, 24-26, 28, 31+ 92; (C) Val-22.

36, 50-58, 64-68, 70-73, 79-91, and 95 are not involved as

Cr'"'L binding. The following amino acids experienced medium line broadening of intraresidual cross peaks corresponding to
broadening and, together with the residues originating the crossAsp-19, Val-22, and Glu-92.

peaks in Table 2, contribute to define possible binding sites for From these analyses it appears that two distinct regions on
the CH'L: 19—22, 27, 29-30, 59-61, 63, 69, 9294, and 96. the protein surface are affected by thé/'Cy Figure 8. Region

In the case of residue 29, which exhibits Glu29 H&Iu29Hy 3, A (largest broadening, factor 16) consists of the following

a factor of about 1 was found, and this residue can therefore beresidues: Asp-19, Asp-20, Asp-21, Val-22, GIn-27, and Glu-

excluded. Residues 5%1, 63, and 69 are close to the 30, with Val-22 showing the greatest broadening, and GIn-27
paramagnetic iron center and, therefore, must be considered withthe least. Region A includes Cys-18 which, however, from

caution. Figure 7 shows a section of the NOESY spectrum for studies on the native protein, would appear to be solvent

v
T T i1 T T T T T . T°°t

(BB6S 360 355 365 360 355 M

3.00

3.50

()L 125 120 130 135 120 g
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Figure 8. Space-filling proton-only representation of parsley [2Fe-2S}stowing the two binding sites, A and B. Color coding is as follows:
magenta, not assigned due taEecluster proximity (cluster sulfurs in yellow); dark green, peak ratio-L%; pale green, peak ratio 1:8; sky
blue, peak ratio 816; royal blue, peak ratios 16; navy, broadened beyond detection.
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Figure 9. Changes in UV-vis spectra corresponding to the 1 and 2 103[CI,IIL]/M
equiv CHL reductions of the Glu92Ala and Cys18Ala spinacH'Fe
Fe' variants at pH 7.5 (20 mM Tris/HCI), = 0.100 M (NaCl). Figure 10. Dependence of rate constants (2 for the reduction of

spinach [2Fe-2S] FdI variants- x 10~ M) with Cr''L (reactant in

inaccessible with the side chain buried inside the protein. >10-fold excess). Main plot: the two-stad@ons (®) and keobs (4)
Region B (mostly displaying peak ratios of-86) consists of reduction of Cysl18Ala. Inset: the one-stageody reduction of
Glu-92, Glu-93, Glu-94, and Val-96. It should be noted that A C'U92Ala, at pH 7.5 (20 mM Tris/HCI)L = 0.100 M (NaCl).
and B are on opposite sides of the protein, Figure 8. Table 3. First-Order Rate Constanksess and kaons (25 °C) for the

Cr'"L Reduction of Cys18Ala and Glu92Ala Spinach FdlI Reduction of the Spinach [2Fe-2S] Fdl Variants, CysI8Ala and
Variants. Spectrophotometric changes for the Cys18Ala variant Glu92Ala, by the CtL Reductant, [Cr(15-anef(H,0)]?*, at pH
with a 3-fold excess of (L. gave absorbance changes, Figure 7-5 (20 mM Tris/HCI),l = 0.100 M (NaCl)

9, consistent with a 2-equiv reduction to the''Fd' state variant 16[Cr'LYM KiondS 7t KaondS 1

(reaction 1). Air oxidation yields the Feé€"...C/''L product Cys18Ala 050 0.94 021

0.83 1.58 0.36

Fe"Fe" + 1.15 2.13 0.43

1.40 2.76 0.61

cr'L — Fe'Fe" ..ol 5 R LLC'L + Cr'L (1) 179 339 0.83
) Glu92Ala 0.19 0.41
(Scheme 1), which was analyzed by ICP-AES and EIMS, Table 0.25 0.73
1. Different behavior is observed in the case of the Glu92Ala 0.54 2.07
variant, with only 1 equiv reduction to Fee''...Ci''L observed 2'8471 égg
(reaction 2), Figure 9. 138 513
2.40 9.50

Fe'Fe" + cr'L — Fé'FE"...Cl'L 2)
(Table 4). With the Glu92Ala variant, uniphasic kinetics only

Kinetic studies were carried out on the''Crreduction of were detected, giving first-order rate constakiss Table 3.
both variants (CiL in >10-fold excess). With Cys18Ala, first-  From the dependence on [, Figure 10, the second-order
order rate constantk;ops and kagps (25 °C), Table 3, give rate constant ig; = 40604140 M~1s™1, pH 7.5 (20 mM Tris/
dependencies on [(X], Figure 10. Second-order rate constants HCI), | = 0.100 M (NaCl).
from the slopes ark; = 2270+ 50 Mt s7t andk, = 490 &+ Effects of Cr''L Modification on Biological Electron
60 M~ s tat pH 7.5 (20 mM Tris/HCI)] = 0.100 M (NacCl) Transfer. The effectiveness of the attached"Crof parsley
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Table 4. Comparisons of Second-Order Rate Constants®@5for native NOESY spectrum. The residues with the largest broaden-
the CHL Reduction of Various PéFe" [2Fe-2S] Ferredoxins, pH ing factor, due to the close proximity of the paramagnetitICr
7.5,1 = 0.100 M (NaCly complex, are 1922, 27, 30, 92-94, and 96. These residues
[2Fe-2S] FdI ki/M-tst kM- ts7t occur in two regions of the protein, Figure 1. Site A consists of
parsley 1510(64) 210(19) residues 1922, 27, and 30. The residues here are mainly acidic
spinach 2760(60) 660(20) (Asp-19, Asp-20, Asp-21, Val-22, GIn-27, and Glu-30), and
A. variabilis’ 1250(40) Cys-18 is also in this region. Site B consists of Glu-82 and
spinach Cys18Ala 2270(30) 490(60) Val-96. Figure 8 shows the position of A and B on opposite
spinach Glu92Ala 4060(140) sides of the protein. Site A gives the larger broadening effects
2 Errors are indicated in parentheséSee ref 24. with many peaks giving ratios 16 (very large broadening),

which suggests this as the site of!'Crbinding. A number of
Fe'Fe'"...CM"L Fd on ET in the NADPH-cytochromec acidic residues are broadened by th# ICrThe residue showing
reductase reaction catalyzed by FNR was tested by steady-stat¢he largest broadening is VVal-22, with four nearby acidic residues
kinetics?® Whereas th&y value of FNR for the Ct¥L-modified Asp-19, Asp-20, Asp-21, and Glu-30 the next most broadened.
Fd was not substantially changed as compared with that for the An explanation in terms of attachment of'Ir at one or more
unmodified Fd, thek.a value using CFL-modified Fd was of the carboxylates close to Val-22 (which cannot itself bind

increased 2-fold (193 4 stvs 954+ 3 s7%). Cr"L) is likely. The GIn-27 residue is less broadened.
_ _ The NMR studies also indicate that site B is affected bYyILCr
Discussion but the broadening is less extensive than at A. As with A the

region includes conserved acidic residues, Glt~92. The
broadening around B suggests that a secoddLds bound,
but this is not possible from ICP-AES and EIMS analyses, Table
a sample of parsley Fdl in the £E&!...CHIL state, the so- 1. This Ieac_is to a c_onsideration of proteir_1 associati(éln in the
called CHL-modified form, was prepared as indicated in MR experiments, since-34 mM concentrations of the Ct -

Scheme 1. Both 1D and 28H NMR techniques have been modified protein give solutions which are quite compact in terms

used along with assignments provided by the NMR solution of prot_ein. As a result two C_:r-modified protein molec_ules might
structure of parsley FeFe!l Fdi16 associate in a head to tail fashion so that all A sites have a

Il I i 1
As in the case of parsley and spinach'Fe!! Fdl, the CHL Cr''L attached, and 50% of B sites interact with a bount{ IGr

reduction of the Fdll forms (which introduce further amino acid Fl.gure 11. 1 'Tree protein molectjles asspuatg, 'Fhen all A §|tes
variations!) give absorbance changes which are consistent WithWIII have a CIL attached and 66% of B sites will interact with

two-stage reactions to the 'fee' state. Metal analyses on the a bou_nd CHL, Figure 11. It shouI(_JI be recalled that in the case
air-oxidized F&'F€"...C"'L products (Scheme 1) confirm the of spinach Fdl the crystal packing of the Glu92Lys variant

attachment of a single @i, Table 1. From known amino acid reveals thg[ Lys-92 is H-bonded to Asp-26 of a symmetry-related
sequences for spinach Fdl, spinach Fdll, and parsley Fdl, FiguremOIeCU|e' These two Tes'd”es are in the same _surface regions
3, all three have a cysteine at position 18. On the other hand,(A”lanOI B) of ferredoxin proposed here to be linked through
A. variabilis,?* which does not bind L, has a valine at cr L , ) ,

position 18 and no free cysteine. These observations appear to i€ A includes Cys-18, which haf been considered as a
strengthen further the case for Cys-18 as a site fofLCr possible residue for @i attachment* However, from the

attachment. The spinach Cys18Ala variant was prepared to NMR solution structure of parsley Féft,Cys-18 is not solvent
specifically address this question. accessible, and the thiolate group is buried within the protein.
The 1D NMR spectra for native and'flr-modified Fdl show No broadening of Cys-18 is observed in the case of te-Fe
typical behavior on varying the temperature, Figure 5. Both F_e'”._..Cr‘“_L protein, and_ C_ys-18 IS unlikely the_refore to be the
Curie and anti-Curie shifts af and proton resonances of the blndlng site for C¥ L This is confirmed by St.Ud'eS on the @r
active-site cysteines coordinated to' Fad Fé!, respectively reduction of the spinach FdI Cys18Ala variant, when 1 mol of
are observed, Figure 6. No differences weré observed fo'r theCr”'L still becomes attached to the protein and two-electron
FelFe! and one-electron-reduced states in the far downfield "€duction to FH}Fé'_occurs, Table 1. The reduction potential of
region, whereas for the less downfield region a new peak for the variant is practically unchgngedaaso mvvs N.HE' S_lnce
the FéFe"...CI'L protein was observed at 25 ppm and 288 rate constantk, andks are similar to those for native spinach,
K. There are four peaks in this less downfield region, which Table 4, s_lmllar processes are implied.
have been assigned to specific protons of the active-site 1N€ Spinach Glu92Ala variant was used to test the ET
cysteines, and on increasing the temperature the new peakreactlvny of site B. Audlc res@ues at (or near to) this site have
appears to shift downfield to merge with these four peaks. The P€€N 6fg7und to be |mporta£12t in redox reactions/Asfabaena
similarity of the spectra of the EEe!-containing species, with /120" and spinach Fdt“2with the physiological partner
and without CVL attached, suggests that the site of!'Cr FNR, qnd the Qlu-92 residue reqelved particular mention. On
binding is remote from the four active-site cysteines. This reduct!on of spinach Glu92AIa with excess'Cithe Fé!Fe!
assumption is in keeping with EPR saturation studies which fO'm gives monophasic absorbance changes (Table 3), and the
indicate that the GHL is ~15 A from Fe,.2 The two-electron- Fe'Fe' state is the final product with a single'@r attached.

reduced spectrum of EE€'...CH'L shows a broad peak at 34.5 . . .
ppm, Figure 5, which is the same shape as that observed for(46) HU_”e%’:a]- K, Wel?er-Maln, ﬁ. M.; St_ankclaénch, M. T__, Bﬁnmng, M_.
native F&'Fe" (35.4 ppm). Spin coupling of the [tee! M. Thoden, J. B Van-Hlooke, J. L.; Holden, H. M. Chae, v. K.
- 4 ppm). op pling Xia, B.; Cheng, H.; Markley, J. L.; Martinez-Julves, M.; Gomez-
component gives a diamagnetic center as in the case of the Fe Moreno, C.; Schemetis, J. L.; Tollin, Giochemistry1997, 36,
Fé' protein, and the similar spectra are therefore as expected.(47) hloll(cj)g]lﬁﬂr\j'- Jacobsen. B. L Hurlev. 3. K.: Tollin. G.: Oh. B
The 2D NOESY spectrum of the &t-modified protein has Skjedal', L'_; (':’hae, Y K’_; 'Xia'{, B.: déme)’,’, 3. L. gioen'e,é_ v

a number of peaks with large broadening as compared to the Biomembr 1994 26, 67—68.

In this paper studies on the reduction of plant [2Fe-2S] Fds
with Cr'L have been extended to determine the site on the Fd
at which the CHL product becomes attached. To achieve this
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Figure 11. The intermolecular electrostatic association df Fé"...CI"'L protein molecules to give (A) dimer and (B) trimer forms as an explanation
of Cr'"L NMR line-broadening effects at the two sites A and B on each molecule.

The second-order rate constant is similar to that obtained for 21 may be regarded as the most favorable site fdfLCr

the first stage ;) of reaction of the P& Fe" native protein

attachment. The corresponding two acidic residugsiabaena

(~2-fold increase), Table 4. The Glu92Ala variant therefore 7120 are H-bonded, so that when''Ciis used as a reductant

exhibits novel behavior, with attachment of'@r as observed

for A. variabilis Fe"Fe" Fdl the CH'L is not bound to the

for parsley and spinach Fdl and Fdll, but no second-stage protein. H-bonding is therefore able to explain the different

reduction to F&Fe!. This is surprising because not only does
the Glu92Ala have a more positive reduction potentiat-8#42
mV vs NHE but, on attachment of &L, the reduction potential
has been observed to be a furthe200 mV more positivé?
The first effect has been attributed to H-bonding of Gl4%¢#2

to Ser-45 and hence to the active site Cys-44 bonded 4d%e
Removal of Glu-92 not only disrupts the H-bonding but

behavior of parsley and spinach Fd forms as opposed.to
variabilis Fdl.

When CFL is the reductant at site A, the reaction occurs by
an inner-sphere mechanism (with bonding to the protein), and
Cr'"L remains attached to the product. The second stage of
reaction, which is more favorable with 'flc attached at A, then
occurs at Glu-92 of site B. This is, however, an outer-sphere

eliminates what appears to be a highly specific pathway for ET. process since the second'Ct does not become attached to
It is concluded that Glu-92 is a candidate as site of reduction the protein. The reaction of It at A is some seven times more

by the second Ct, when CH'L attached at A has the effect of
making the driving force more favorable.

The exact site of CtL attachment at A is not established,

favorable than at B for parsley and spinach Fdl. From structure

coordinated® the direct distance of a number of acidic residues
at A to the nearest point of the F(Cys), active site can be

but four acidic residues Asp-19, Asp-20, Asp-21, and Glu-30 measured. Of these the distance from the carboxylate O atom
are identified as candidates. Of these Asp-19 can be excludedof Asp-21 to the S atom of Cys-77 is18 A. The distance is
because it is replaced by Pro in spinach Fdl. A carboxylate greater than the corresponding distance of Glu-92 at B to the S
residue which is not H-bonded can be seen as a more likely atom of Cys-44, which is-11 A. Because of the H-bonding at

site for inner-sphere reduction by 'Cr than one that is
H-bonded. From the NMR solution structure of parsley ¥dl,
and similar information from th&nabaenar120 X-ray crystal

site B (see above), the reaction of'Ciis outer-sphere, and no
Cr'"L attachment occurs. In addition the most favorable pathway

for ET from Glu-92 to Cys-44 involves two H-bonds, which

structure? information has been obtained regarding the extent are generally regarded as less favorable, and the reaction is

of H-bonding using the program MOL-MOL with distance and
angle constraints set at2.50 A and 120.9 respectively? It
is apparent that, for parsley, residues-Bd (some of which

are components of site A) show most difference in H-bonding.

slower?52No ET from B appears to be observed on replace-
ment of Glu-92 with Ala, suggesting that Glu-92 is important
as a lead-in group.

The charge balance on the ferredoxins -a18(+2) is

Two residues at A, Asp-21 and GIn-27, which are broadened unusually high, and the attachment of £r'"'L to the surface
in the studies on parsley Fdl are not involved in H-bonding. Of has a large and controlling influence on reactivity. Thus the
these Asp-21 has the larger broadening and next to Val-22 E* for the native spinach Ee/Fe'Fe!" couple —462 mV vs
produces the largest effect. Solvent accessibility data indicate NHE decreases t6273 mV vs NHE on attachment of tE,24
that, of all the residues undergoing broadening in this region, and for the second-electron reduction &t of —410 mV vs
Asp-21 is the most exposed (48.0%). Thus for parsley Fdl Asp- NHE has been determinéfiTo a lesser degree the same may

(48) Vidakovic, M.; Fraczkiewicz, G.; Dave, B. C.; Czernuszewicz, R. S;
Germanas, J. Biochemistry1995 34, 13906-13913.

(49) Taylor, R.; Kennard, O.; Verichel, W. Am. Chem. Sod 983 105
5761-5766.

(50) Beratan, D. N.; Onuchic, J. Whotosynth. Re€989 22, 173-186.

be true on attachment of the 'Crreductant, which may be an

(51) Beratan, D. N.; Onuchic, J. N.; Betts, J. N.; Bowler, B. E.; Gray, H.
B. J. Am. Chem. S0d99Q 112 7915-7921.

(52) Zanetti, G.; Morelli, D.; Ronchi, S.; Negri, A.; Aliverti, A.; Curti, B.
Biochemistry1988 27, 3753-3759.
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important factor in favoring the inner-sphere reaction at A. 92—94 and 96) on a second molecule. Site B is on the opposite
Interestingly, there is no apparent effect of'Crmodification side of the molecule from A, and such association gives rise to
of Fd on its interaction with FNR. Thus, binding of '@Ir to less strong C¥L line broadening at site B. Since no second
site A does not perturb the proteiprotein interaction. Thisis  stage is observed with the Glu92Ala variant, Glu-92 at site B
in keeping with the model of the FEFNR complex proposed is established as the most likely point for the second slower
on the basis of cross-linking studiggand homology observed  stage of CtL reduction of the F&Fd!...CH'L intermediate to
with phthalate dioxygenase reducta3e. Fe'Fe!...CI'L. The relative effectiveness of A and B as sites
for inner-sphere (site A) and outer-sphere (site B) ET reaction
is thus established. To summarize, attachment ofHBeCr!' L

To summarize, using 1D and 2B NMR methods, residues  complex to the-18 charged protein (97 amino acids) at A has
19-22, 27, and 30 at site A have been identified as candidatesa large effect £200 mV) on the reduction potential, making
for the binding of the reductant @It as CH'L to parsley F&- further CHL reduction of FéFe"...C/'L to Fe'Fe'...CH'L
Fe'' Fdl. Similar binding is observed for parsley Fdll and for possible at B.
spinach Fdl and Fdll. Studies on the spinach Cys18Ala variant
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