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ABSTRACT

CHEMICAL and PHYSICAL STUDIES of TWO BACTERIAL FERREDOXINS
by

Richard S. Magliozzo
Adviser: Professor William V. Sweeney

The thesis is primarily composed of an investigation of

the pH dependence exhibited by the midpoint reduction po-
tential of Clostridium pasteurianum 2 (4Fe-4S) ferredoxin.
The experiments described involve the determination of the
E% vs. pH behavior in buffer with high ionic strength and
an examination of the dependence of ﬁmr, epr and CD spectra
on pH. The results of the spectroscopic investigations in-
dicate that the protein does not exhibit a pH dependent
conformation equilibrium suggesting that the pH effect a-
rises from oxidation state dependent hydrogen ion equilib-
ria. The data fit a model describing two equivalent sites
of protonation per molecule of ferredoxin, each with a pK =
7.4 in the oxidized form and a pK = 8.9 in the reduced
form. These proton equilibria may be assigned to the 4Fe-
4S centers in this ferredoxin. Such a result is consistent
with known properties of iron-sulfur proteins (including |
hydrogenase) and is likely to be a general feature of.the

chemistry of iron-sulfur centers. It is suggested that the
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involvement of iron-sulfur protein centers in energy con-
servation at Site I in mitochondrial electron transport
may represent a specialization of the observed oxidation
state dependent hydrogen ion equilibrium. The thesis also
contains preliminary studies of the reconstituiion of iron-
sulfur centers in Azotobacter vinelandii F4 I and in a syn-
thetic tridecapeptide. The details of a synthetic route to
& water soluble 4Fe-4S model compound and an attempt to
form a CO adduct of ferredoxin are also described. The ef-
fect of DMSO and EDTA on 4. vinelandii Fd I is described.
Appendix I is entitled "Study cf the Influence of NH--*S
Hydrogen Bonds on the Reduction Potential in Clostridium
pasteurianum 2(4Fe~4S) Ferredoxin Using Deuterium Exchange",

W.V. Sweeney and R.S. Magliozzo, and appears in Biopolymers

19: 2133 (1980). The experiments descriked there concern
the deuteration of both slowly and rapidly exchanging pro-
tons and subseguent measurement of midpoint reduction po-
tentials in the derivatives. The results indicate that
hydrogen bonding from amide donors to sulfurs in the iron-
sulfur centers does not significantly affect the reduc-

tion potential of the ferredoxin.
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INTRODUCTION

Ferredoxins are low molecular weight, iron-sulfur pro-
teins that have been isolated f&om bacterial, plant and ani-
mal sources (1l). They are electron transfer proteins, the
redox center of which contains ferrous and ferric iron, sul-
fide, and cysteinvl sulfur ligands (2). The structure of
the iron-sulfur centers in ferredbxins and HiPIP's has been
elucidated by x-ray analyses of three proteins and Figure I
presents the three presently recognized types. The struc-
ture I appears in 2Fe-2S, plant-type ferredoxins, as in spin-
ach and parsley ferredoxin (3,4). The structure II appears
in bacterial ferredoxins of three types: clostridial-type,
2 (4Fe-4S) ferredoxins as in Peptococcus aerogenes; high-
potential iron protein, HiPIP, as in Chromatium vinosum;
and ferredoxin I from Azotobacter vinelandii (5-9). The
structure III, only recently described by D. Stout (9,10),
is also found in ferredoxin I from A. vinelandii and is a
novei structure. The studies herein described concern the
properties of the 2 (4Fe-4S) ferredoxin from Clostridium pas-
teurianum and to a lesser extent, the ferredoxin I from Aa.
vinelandii. A recent review (ll) presents an overview of

iron-sulfur proteins containing 4Fe-4S centers.

A. Clostridium pasteurianum ferredoxin

l. Structure



Figure T.

The structure of iron-sulfur centers

(filled circles are Fe atoms)






The ferredoxin from C. pasteurianum was first isolated
by Mortenson (12). The amino acid sequence has been deter-
mined (13) and its structure may be compared to that of p.
aerogenes ferredoxin, the structure of which has been deter-
mined by x-ray analysis (14). The P. aerogenes structure
serves as a good model for clostridial-type ferredoxins since
the sequence homologies are extensive from species to spe-
cies. Notably, 39 of the 55 residues are conserved, for ex-
ample, in the P. aerogenes and C. pasteurianum ferredoxins
and the total number of hydrophobic, neutral, acidic and ba-
sic residues is identical in both proteins (27, 20, 7, 1, re-
spectively (15) ). There are many other additional charac-
teristics common to all the clostridial-type ferredoxins
that allow valid comparisons to the P. aerogenes structure:
these would include the spectroscopic properties, iron and
acid-labile sulfur content, and magnetic properties. (Any
discussions of the structure of ¢. pasteurianum ferredoxin
contained here are founded upon these similarities and are
based on the P. aerogenes structure). The ferredoxin con-
tains 2 (4Fe-4S) centers linked to the polypeptide by the
sulfhydryl groups on 8 cysteinyl residues. Cysteines 8, 11,
14, and 45 supply thiolate ligands to one cluster and cys-
teines 18, 35, 38, and 41 supply thiolate ligands to the oth-
er, giving an approximate two-fold symmetry axis to the mol-

ecule. The iron in the clusters only approximate tetrahe-



dral geometry and the cube-like structure is actually dis-

torted to D symmetry. The two 4Fe-4S centers are approx-

2d
imately 12 2 apart. They are buried in hydrophobic regions
of polypeptide, though cysteines 11 and 38 are exposed to the

solvent (14).
2. Metabolism

The role of ferredoxin in the redox-related metabolism
of C. pasteurianum has been determined and its importance in
glucose metabolism is illustrated in Figure II (2). The re-
duced ferredoxin also serves to shuttle electrons in the hy-
drogenase catalysed reaction Fdrd + 2H+ - H2 + Fdox (16).

It is this couple that is used in the potential measurements
discussed in ensuing sections. (. pastuerianum ferredoxin
is also central in the nitrogenase-linked electron transport

reactions (2) as illustrated in Figure III.
3. Spectroscopic characteristics
a. Uv-visible
The UV~visible spectrum of oxidized C. pasteurianum ap-

pears in Figure IV. The notable feature is the broad absorp-

tion band at 390 nm (¢ = 30.6 mM T-cm T) due to S+Fe .charge



Figure II. The role of ferredoxin in glucose metabolism of

Clostridium pasteurianum
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Figure III. The role of ferredoxin in the nitrogenase
linked electron transport of Clostridium

pasteurianum
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Figure IV. The optical spectrum of Clostridium pasteurianum

2 (4Fe-48) ferredoxin
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transfer bands (17, 18). The quotient Ajzgg/Ajygp is used to
assess the purity of this ferredoxin since this 'purity ra-
tio' reflects the amount of ghromophore compared to the a-
mount of polypeptide and is a useful guide in any purifica-
tion procedure. The absorbance at 390 nm is bleached upon
reduction of the ferredoxin and the ratio of extinction co-
efficients at 425 nm (where the greatest difference occurs

between the reduced and oxidized absorbances) is 0.435 (19).
b. magnetic

The low temperature (v 13 K) epr spectrum of one and
two electron reduced C. pasteurianum ferredoxin appears in
Figure V and VI. This ferredoxin exhibits the 9., = 1.96
signal typical of reduced 4Fe-4S centers in bacterial-type
ferredoxins. The ferredoxin is epr-silent as isolated be-
cause 0of antiferromagnetic exchange coupling between iron
atoms in oxidized clusters that results in an S = 0 ground
state at low temperature (20). However, each cluster can
accept one electron upon chemical or enzymatic reduction (e.
g., sodium dithionite or hydéogenase) and the spectrum in
Figure VI represents a sample containing approximately 85%
of the ferredoxin with both clusters reduced (Ze—/ mole).
Such spectra contain a superposition of the spectrum aris-

ing from one-electron reduced molecules (Figqure 'V ) and the

12



Figure V. The epr spectrum of Clostridium pasteurianum

ferredoxin (partially reduced sample)

Conditions: temperature, 13 K; gain, 630;
modulation amplitude, 2.5 G; power, 2 mW;
frequency, v, 9.40 GHz; buffer, 0.05 mM

potassium phosphate (pH 7.5)
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Figure VI.

The epr spectrum of Clostridium pasteurianum

ferredoxin (near fully reduced sample)

Conditions: temperature, 12 K; gain, 200;
modulation amplitude, 2 G; power, 5 mW;
v, 9.401 GHz; buffer, 0.04 M potassium phos-

phate in 0.5 M NaCl
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fully reduced sample spectrum arising from protein molecules
in which the two reduced clusters interact.

Epr spectroscopy of C. pasteurianum ferredoxin, as it
finds application here, is useful as an analytical tool in
examining protein conformation. The g-values and linewidths
may be compared under different solvent conditions, for ex-
ample, to probe geometric changes in the paramagnetic cen-
ters.

A typical lH-nmr spectrum of oxidized C. pasteurianum
ferredoxin . appears in Figure VII. The notable features here
are the single proton resonances in the ~10-20 ppm region
(from DSS). They arise from B-cysteinyl protons whose reso-
nance frequency is shifted downfield due to the paramagne-
tism of oxidized clusters at room temperature (21). These
resonances serve as good probes of cluster geometry and the
application of lH-nmr spectroscopy here is also a useful tool

in monitoring protein conformation.
4. Synthesis and reconstitution of 4Fe-4S centers

The mechanism of in vivo synthesis of iron-sulfur cen-
ters is not known though the in vitro reconstitution of 4Fe-
4S centers in C. pasteurianum ferredoxin is straightforward.
Apoferredoxin (polypeptide lacking Fe~S centers) may be re-

constituted to holoprotein by the addition of ferrous iron

17



Figure VII.

The 270 MHz 1H—nmr spectrum of oxidized

Clostridium pasteurianum ferredoxin

Conditions: temperature, 220; buffer,
0.04 M potassium phosphate-d, in DZO
(pD = 8.8)

18
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and sulfide in the presence of denaturants and sulfhydryl re-
ducing agents (22). Reconstituted ferredoxin is indistin-
guishable from native protein and the procedure has applica-

tion in many of the experiments herein described.
5. Oxidation-reduction characteristics

The 4Fe-4S centers in this ferredoxin function as one
electron oxidation-reduction centers and operate between the
+1 and +2 states. The 'three state hypothesis' (23) serves
to catalogue the oxidation states of 4Fe-4S centers for fer-
redoxins and HiPIP's in the following way: the "C" state
corresponds to the paired spin state for clusters in oxidized
or "as‘isolated" C. pasteurianum ferredoxin and the 4Fe-4S
center in high-potential iron proteins. The "C+" state is
the epr active state in HiPIP type proteins. The "C " is
another paramagnetic state corresponding to reduced c¢. pas-
teurianum ferredoxin. (Recent iron-sulfur protein literature
makes use of the designations +1, +2, and +3 for oxidation
states of 4Fe-4S centers, corresponding to the C_, C, and C+
states in the 'three state hypothesis'. In some instances,
the designations -1, -2, and -3 are used, which correspond
to the CT, C and C~ states. If a cluster is identified as a
4Fe-4S center, the +1, +2, +3 (or C designations) may be

used. However, a cluster formulation which includes the 4

20



additional Fe-S ligands, must be described by the -1, -2, -3
formal oxidation numbers (or simply the C-state labels) since
the formal charge of the thiolate ligands included in a for-

mula such as Fe (SR)4 must then be included in the formal

454
oxidation state of the cluster). Thus, formally, the irons
may be considered to be 3 ferrous and 1 ferric in the re-
duced state and 2 ferrous, 2 ferric in the oxidized state,
with the inorganic sulfur as sulfide.

Though the formal charge on the clusters can be cal-
culated by assigning oxidation ﬁumbers to the iron and sul-
fur atoms, the electron density in the centers is delocalized
and the actual oxidation state of individual irons cannot be
assigned even on the time scale of M8ssbauer spectroscopy.

For example, the average valence assigned to the iron atoms

in reduced ¢. pasteurianum ferredoxin is +2.25 (24).
B. Azotobacter vinelandii ferredoxin I

The iron-sulfur protein, ferredoxin I, from azotobac-
ter vinelandii is a novel bacterial ferredoxin. Until re-
cently, it was considered a 2 (4Fe-4S) protein with unusual
redox chemistry because it contains a reducible, low-poten-
tial center (E% = =420 mv) and an oxidizable, HiPIP-like
center (E;5 = + 320 mv) though epr characteristics suggest-

ed both clusters operated between the HiPIP oxidation states

21



(8). Préliminary x-ray data (9) as well as cluster extrusion
experiments (25) suggested that Fd I contained one 4Fe-4S cen-
ter and a second center containing less iron, presumably a 2
Fe-2S center. Most recently, the 2.5 g resolved x-ray stud-
ies completed by D. Stout (10) have elucidated the structure
of the unusual center, which contains 3Fe-3S (see Figure i).
The structure is consistent with M8ssbauer results that in-
dicated the presence of a 3Fe center. It has also been shown
that the high potential center is the 4Fe-4S, HiPIP~-like cen-
ter (25). In the absence of the advancement provided by
these studies, the problem of identifying clusters in this
protein was attempted and a reconstitution experiment is de-

scribed in later sections.
C. Synthetic analogues

The synthesis of an inorganic model for a ferredoxin
iron-sulfur center was first reported by Herskovitz (26).
Many models have been synthesized and characterized since
that time and have provided simpler routes to descriptions
of cluster chemistry and redox properties. A comprehensive
review of these appears in Volume III of Iron-Sulfur Pro-
teins (27). Included in the list of numerous models de~
scribed in the literature are several that have small, cys-

teine-containing synthetic peptides incorporated around 4Fe-

22



4S centers (28). These 4Fe-4S models have midpoint reduc-
tion potentials close to those for protein-bound clusters
(e.g., Fe4S4(12-peptide)—2, 12-peptide = t-BOC-gly-cys-gly-
gly—cys-gly—gly-cys—gly—gly—cys-gly—NH2, E;5 = -0.80v vs.
SCE (28)). A description of the reconstitution of a syn-
thetic, cysteine containing tridecapeptide appears in sec-
tion IV. This experiment is directly related to the cluster
replacement experiments in which the 1l2-peptide is incorpo-
rated around a preformed Fe4S4 core through the demonstra-
tion that short peptides with cys-X-X-cys sequences can ac-
commodate 4Fe-4S centers.

Section III contains a description of ﬁhe synthesis of a

water soluble model compound.
D. Clostridium pasteurianum hydrogenase

The hydrogenase from C. pasteurianum is a bi-direction-
al iron-sulfur enzyme which catalyzes the following reaction:
gt o+ e 2 %H, (16). It has a molecular weight of
60,000 (29, 30, 31) and there is some disagreement on the
number of 4Fe-4S5S centers it contains: Erbes, et al., (32)
reported one center per mole; Chen and Mortenson (33) re-
port 3 centérs per mole. The enzyme couples with ferredox-

in in solution and crude preparations of hydrogenase (see

section II, C) were used in the determination of midpoint
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reduction potentials described throughout this work.
GENERAL METHODS
A. Growth of Clostridium pasteurianum

Clostridium pasteurianum cultures were started from ly-
ophilized cells using a potato medium (34). Fully grown po-
tato tubes were used as inoculum for 125 ml of synthetic me-
dium in 250 ml volumetric flasks. Traces of Na25204 were
added to flasks just prior to inoculation and anaerobic plugs
(using alkaline pyrogallol or 'Chromosorb' solutions) were
used throughout. Flasks were stoppered with anaerobic plugs
while étill hot from autoclaving and allowed to cool. Cul-
tures were worked up to grow required amounts of cells for
either ferredoxin preparation or hydrogenase preparation,
using a 10% inoculum for each transfer. Hydrogenase prep-
aration required approximately 5 liters of active culture
(yvield = 10g/liter wet cells). Ferredoxin preparations re-
quired approximately 500 g cells. Large amounts of cells
were grown in a Fermatron-150 fermentor from which yields
averaged 650g/90 liter run. The following recipe was used
for 90 liters of medium (adapted from (34)):

Sucrose (Domino Sugar) 1800g

MgCl, - 6H,0 13.3g

2
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NaCl 9g

Na,MoO,-2H,0 (10% w/v) 9ml

2 4 2
Biotin + p-aminobenzoic acid

(solution 0.01% in each) 4.5ml
Na2804 6.4qg
NH,C1 ' l44g
FeCl3 (5% in absolute ethanol) 360ml
K2HP04 (in a sterile solution) 400g

The fermentor vessel was autoclaved for 45 minutes with
.all components in solution except FeCl3 and K2HPO4 which were
added just prior to inoculation. The pH was adjusted to a
value between 7 and 8 with NaOH. Approximately 2 hours be-
fore inéculation, oxygen-free nitrogen (or prepurified grade
nitrogen scrubbed free of'O2 with alkaline pyrogallol) was
vigorously bubbled through the medium. Inoculum (approxi-
mately 14 liters active culture) was added during vigorous
bubbling of N2. Gas flow was reduced to a slow rate after
one hour and maintained during the entire growth cycle. The
pH of the medium was maintained with a pH-stat feature on
the Fermatron-150, using 10 N NaOH. Large amounts of base
were required due to the production of butyric acid by c.
pasteurianum. Cells were usually harvested 12-18 hours af-
ter inoculation or when Klett turbidimetric readings had

reached approximately 450 (green filter). Ten liters of
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active culture were saved under nitrogen as inoculum for a
second or third growth cycle before which fresh medium was
sterilized as described above.

Cells were harvested using a CEPA cell harvester and
were stored at 0°. For hydrogenase preparations, cells

were harvested from flask cultures using a Sorvall centri-

fuge.
B. Preparation of ¢. pasteurianum ferredoxin

The 2 (4Fe-4S) ferredoxin from C. pasteurianum was iso-
lated according to the following procedure, based on the pro-
cedure of Rabinowitz (34).

Approximately 1200 g frozen cells were defrosted and
suspended in 1200 ml 0.05 M potassium phosphate buffer, pH
7.4, and sonicated in batches for approximately 6 minutes
at 0°. The sonicate was centrifuged for one hour at 14,000x
g and the supernatant was applied to a DEAE column (300 ml)
pre-equilibrated with 0.01 M Tris-HCl (pH 7.4). The protein
was washed with 500 ml 0.01 M Tris-HC1l (7.4), then 250 ml
0.15 M Tris-HC1l (7.4) and finally 250 ml 0.1 M Tris-HC1l con-
taining 0.1 M NaCl (pH adjusted to 7.4 after addition of
NaCl). The ferredoxin was eluted with a linear gradient
composed of 300 ml 0.1 M Tfis-HCl/ 0.1 M NaCl and 300 ml

0.1 M Tris-HCl/ 0.5 M NaCl, both at pH 7.4.
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The ferredoxin containing_fractions from this first
chromatography were diluted approximately 4 times with water
and applied to a second DEAE column (300 ml) pre-equilibrat-
ed with 0.1 M Tris~HCl in 0.1 M NaCl (pH 7.4). The column
was washed with 250 ml 0.1 M Tris-HCl/ 0.1 M NaCl (pH 7.4),
0.1 M Tris-HCl/ 0.16 M NaCl (pH 7.4) and the protein was
eluted with a linear gradient composed of 0.1 M Tris-HC1/0.16
M NaCl and 0.1 M Tris-HC1/0.5 M NaCl (pH 7.4, 300ml each).
Ferredoxin-containing fractions from the second chromatog-
raphy were concentrated by ultrafiltration to a concentra-
tion of approximately 1 mg/ml. The solution was made 60%
saturated in ammonium sulfate under a blanket of nitrogen.
The 60% 'cut' was centrifuged at 10,000 x g for 30 minutes.
The supérnatant was then made 90% saturated in ammonium sul-
fate and the ferredoxin was recentrifuged. The purity ratio
of the ferredoxin at this stage of the preparation was usu-
ally near 0.7 (Ratio = A3q9q¢/RAogg)- The precipitated ferre-
doxin was washed once with saturated ammonium sulfate and
the pellet was dissolved in 0.1 M Tris-HCl (pH 7.4 at 5°)
containing 0.1 M NaCl.  Approximately 60 mg portions were
applied to a Sephadex G-75 column (5 x 100 cm, refrigerat-
ed at 5°). Fractions with a purity ratio of 0.80 were
pooled, precipitated in 90% .saturated ammonium sulfate,

and stored anaerobically at 59,
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C. Preparation of ¢. pasteurianum hydrogenase

The following procedure was used to prepare partial-
ly purified hydrogenase which was used for midpoint reduc-
tion potential measurements (19).

Forty to sixty grams of freshly harvested cell (taken
from very active cultures that exhibited vigorous evolution
of H2) were suspended in 40-60 ml of 0.1 M potassium phos-
phate buffér (pPH 7.4) that had been saturated with hydrogen
and then made approximately 0.01 M in Na28204. The cell
suspension was sonicated at 0° (Sonifier Cell Disruptor,
Model W140, Heat Systems Ultrasonics) at approximately 80%
of full power. The sonicate was centrifuged at 14,000 x g
for oné hour and the supernatant was loaded onto a DEAE col-
umn. The column had been equilibrated first with 0.01 M po-
tassium phosphate (pH 7.4), then with 4 column volumes of
de-aired (H2) 0.1 M potassium phosphate and finally with
approximately 2 column volumes 0.1 M potassium phosphate
made 0.01 M in Na28204. The green 'pass thru' was collect-
ed under hydrogen in 15 ml centrifuge tubes. Peak fractions
were treated at 60° for 10 minutes and centrifuged at 3000
x g for 45 minutes with serum caps on the tubes. The pale
green supernatant was transferred to sample tubes by sy-
ringe, under hydrogen gas. Sample tubes of approximately

0.5 ml were prepared from disposable pipettes which were cut
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and sealed with serum caps. Samples were quickly frozen in

liquid nitrogen and stored in a liquid nitrogen dewar.
D. Preparation of nmr samples

Most nmr spectra were recorded on solutions which were
100% DZO and samples were generally prepared in the following
manner:

Ferredoxin, usually recovered from 90% saturated ammo-

nium sulfate, was dissolved in 0.1 M K2DP04/KD2PO buffer

4

prepared by titrating a 0.1 M solution of KD2P04 with 40% KOD

to the desired pD. (p + 0.41 (35)).

D= pH(meter reading)
This solution was placed in an AMICON ultrafiltration cell
(¥YM 5 membrane) and concentrated to approximately 250 micro-
liters. The concentrate was diluted to approximately 3 ml
with the same buffer and reconcentratéd. The second solu-
tion was diluted again and finally concentrated to 250 mi-
croliters to remove the last traces of water. To the finél
concentrated solution (containing approximately 5 mg ferre-
doxin) was added 25 microliters 1% DSS (sodium 2,2-dimethyl-
2—silapentahe—s—sulfonate) in D20. Samples were generally
loaded into Wilmad cylindrical microtubes, 508~CP which

contain a 140 pul well.

E. Preparation of epr samples
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Fully reduced samples were prepared by de-airing a solu-
tion of ferredoxin (usually 0.5 mM) with nitrogen and trans-
ferring this solution anaerobically to a sample tube. A 20
to 30-fold excess of sodium dithionite in buffer was then ad-
ded under nitrogen or argon. The bleaching of brown color
was immediate under these conditions and samples were frozen
in liquid nitrogen immediately after addition of reductant.
For partially reduced samples, a 20 to 40-fold excess of
Na28204 in buffer was added to the protein solution in the
epr tube without de-airing. Samples were then frozen in 1li-
guid nitrogen. In some cases, the degree of reduction was
adjusted during the recording of epr spectra by removing a
sample from the spectrometer, plunging the tube into water

to thaw the sample and opening the tube to the atmosphere

momentarily. The sample was then agitated and re-frozen.

F. 'Procedure for measurement of midpoint reduction poten-

tials

All ferredoxin reduction potential measurements report-
ed here were performed in the following manner (19): a buf-
fered solution of ferredoxin was bubbled for 20 minutes with

H, using needles, in 'a 3 ml cuvette fitted with a serum cap.

2
The gas (prepurified grade) was scrubbed by bubbling it

through 15% pyrogallic acid in 50% KOH, then bubbling through
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water to prevent contamination of solutions with pyrogallol
aspirated from the bubbler. The absorbance at 425 nm of
the ferredoxin solution was then recorded. A sample of hy-

drogenase (Section II, C) was defrosted under H, and 6 mi-

2
croliters were added to the ferredoxin solution by syringe.
The absorbance at 425 nm was then monitored until it no lon-
ger decreased. The final absorbance was then recorded, Ard‘
The ferredoxin solution was then bubbled for approximately

20 minutes with N, (prepurified grade) which contains enough
oxygen to gently re-oxidize the ferredoxin. The nitrogen in
" this step was first bubbled through water to saturate the gas
with water vapor in order not to concentrate the ferredoxin
solution during bubbling. The absorbance at 425 nm was re-
corded again. The solution was bubbled again with nitrogen
for 10 minutes and the absorbance re-measured. This process
was repeated until a constant absorbance was achieved, to
insure that the ferredoxin was completely re-oxidized. The
re-oxidized absorbance at 425 nm was usually greater than 95%
of the original, oxidized absorbance. If 95% of the origin-
al absorbance was not recovered, the data were discarded
since the loss of protein may occur in the reduced state, or
upon re-oxidation and no proper correction can be made. The

ratio of oxidized to reduced protein is calculated from the

following:
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Ard - 0.435(on)

on - Ard

The value 0.435 is the ratio of extinction coefficients at
425 nm for the reduced/oxidized C. pasteurianum ferredoxin
(19). The pH of the ferredoxin solution was carefully meas-
ured after completion of the reduction procedure (Radiometer
pH meter 26). The Nernst equation is applied (n = 1) with
the solution potential equal to the hydrogen potential. Most
measurements were performed at one atmosphere giving Esol'n =

-59 (pH) at 25°.

G. Preparation of glove box

A glove box was prepared as required according to the
following procedure. All solutions required in the box were
thoroughly degassed before placing them in the box. The box
was pumped out for approximately 30 seconds using the house
vacuum or a mechanical pump and purged with oxygen-free N,
through 4 cycles. It was then filled with nitrogen which
was continuously circulated through molecular sieves and an
oxygen scavenger (BASF R3-11l). Figure VIII illustrates the
arrangement of the gas train. A slow purge of N, was main-
tained during use of the box. Gas was circulated using a
small diaphragm pump. The box was thoroughly purged for 24

hours with the glove ports covered with aluminum foil before
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Figure VIII. Sketch of gas train used for re-cycling and

purifying glove box atmosphere

A, diaphragm pump; B, molecular sieves Grade
513; C, molecular sieves Grade 626 Binderless;
D, BASF catalyst; E, condenser loaded with
Grade 513 sieves; G, KOVAR seals; F, molecu-

lar sieves Grade 513
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the recirculating system was opened. All transfers into the
box were done through a port which was thoroughly purged,
through several pump-out cycles. The outlet of the glove box
was fed through a bubbler with a float-check wvalve, filled
with o0il. Minimum lengths of rubber tubing were used wher-
ever needed for connections to reduce diffusion of air. The
catalyst column was attached to a board fitted to the roof
of the glove box. Connections from the glass columns to the
box were made by Kovar to glass seals. The Kdvar sections
were silver soldered to the outlet valves on the roof of the
box. Joints on the glassware of the purifying train were
spherical type with O-rings. The BASF catalyst was reduced
before use by slowly passing nitrogen through the column
while heating to approximately 130°. cCarbon monoxide was
added to the nitrogen at a rate such that the temperature of
the catalyst reached approximately 190°. Reduction was com-
pleted with undiluted CO. The catalyst turns from green to
black during the reduction process (CuO + CO - Cu + COZ);
The temperature of the bed was monitored with a small ther-
mometer attached to a glass hook located on the inner wall
of the column. The column was wrapped with heating tape and
was air jacketed. Gas was passed from the top to the bottom
of the bad and the efflux was cooled through a condenser
filled with molecular sieves (Davison, Grade 513) to trap

H,0 released during reduction. The gas pumped through the
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catalyst from the glove box was passed through Grade 513 and
Grade 626 Binderless sieves (to trap HZS and mercaptans) be-

fore entry into the catalyst column.

v
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Study of the pH Dependence of the Midpoint Reduction Poten-

tial in Clostridium pasteurianum ferredoxin

A. Introduction

Many iron-sulfur proteins exhibit pH dependent mid-
point reduction potentials and some examples of these are
listed in Table I. Though such dependéncies have been known
for years, the question of the origin of the effect has not
been addressed in the literature. It appears that oxidation
state dependent hydrogen ion binding to iron-sulfur centers
is a feature of the chemistry of Fe-S centers in general, in
view of the following: Hydrogenase is an iron-sulfur pro-
tein; iron-sulfur proteins are implicated in the proton
translocating property exhibited by energy transducing mem-
branes (39, 40); and the observation that the slope of E%
vs. pH has a negative value for all the proteins (except Hi-
PIP) listed in Table I, despite varied polypeptide composi-
tions. To test for the existence of oxidation state depen-
dent hydrogen ion equilibria, the pH dependence of the mid-
point reduction potential of Clostridium pasteurianum has
been examined. This ferredoxin was chosen because it has no
amino acid residue with an intrinsic pK between 6 and 9 and

exhibits a significant and well-defined pH dependence.
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Table I. The pH dependencies of the midpoint reduction

potentials for several iron-sulfur proteins
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Cluster Type

2Fe-28

2Fe-2Se

4Fe-4S

2Fe~-28S

4Fe-48S

Source Estimated Dependence pH Range
Spinach -4 mv/pH unit 7.0-8.2
Pseudomonas putida -30 7.5-?
Parsley -7 6.0~-9.0
Parsley -14 6.5-8.0
Peptococcus aerogenes -8 6.9-7.6
Clostridium pasteurianum -16 6.6-7.5
-12 6.7-7.7
Clostridium acidi-urici -13 6.5-8.2
=2 7.0-7.9
Clostridium tartarivorum -3 7.0-7.9
Bacillus polymyxa (I) -11 6.6-7.7
Bacillus polymyxa (II) -24 6.9-7.7
Chromatium vinosum -11 8.1-8.9
Chromatium vinosum (HiPIP) 0 7.0-11.0
Ox heart mitochondria, center N-la -60 6.2-8.6
Ox heart mitochondria, center N-2 -60 6.8-8.6

(36)
(37)
(37)
(37)
(36)
(19)
(36)
(19)
(36)
(36)
(36)
(36)
(36)
(38)
(39)
(39)



B. Materials and Methods

Cells were grown and ferredoxin isolated according to
the procedures in sections II, A and B. Reduction potentials
were determined according to the procedure described in sec-
tion II, F. Ferredoxin solutions were prepared from a high-
ly concentrated stock solution by dilution into the buffer
of desired pH. The stock solution was prepared using an AMI-
CON ultrafiltration cell (YM 5 membrane) and distilled water
to which a few drops of Tris-HCl buffer (pH 7.4) had been
added to adjust the pH to near neutrality. All solutions
were prepared to be approximately 0.03 mM ferredoxin by d4di-
lution of 30 microliters of stock solution to 3 ml with 0.1
M Tris-Acetate-Glycine-Phosphate buffer containing 0.5 M
NaCl. This buffer system was chosen to provide the buffer-
ing capacity needed throughout the range of E%/ pH measure-
ments and to eliminate any effect arising from differences
in ionic strength between buffers of different pH. The pH
of re-oxidized ferredoxin solutions was used in the calcula-
tions because small changes in pH occurred during the re-
duction procedure. The changes cannot be ascribed to the
reduction or re-oxidation parts of the procedure and were
small enough that no significant error is introduced into
E% determinations by omitting such an assignment. (The

largest change observed was approximately 0.05 pH units be-
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tween the starting buffer and the pH of the solution of re-
oxidized ferredoxin {see General Methods section II, F, for
other details of the reduction procedure}). The pD of buf-
fers used for nmr samples was calculated by adding 0.4 to

the pH read on a Radiometer pH Meter 26 (35). Optical mea-
surements were made using a Cary 219 UV-visible spectropho-
tometer. Proton nmr spectra were recorded on a Bruker 270

MHz spectrometer at the NIH Regional Facility in New Haven,
CT. Epr spectra were obtained using a Varian V-4500 X-band
spectrometer ecquipped with a Heli-Tran liquid helium trans-
fer system (Air Products). Circular dichroism spectra were

recorded on a Jasco J-20 spectropolarimeter.
C. Results and Discussion

The pH dependence of the midpoint feduction potential,
E%, for é. pasteurianum ferredoxin was determined from pH
6.2 to pH 8.9. At pH values lower than 7.4, E% exhibits a
dependence of -l6mv/ pH unit and at pH values greater than
7.4, a dependence of -30mv/ pH unit is observed. These re-
sults are consistent with a number of previously reported
results! (37, 19, 41-43).

The observed midpoint reduction potential can be pH

lrhe data in reference 41 were recalculated using a value of n = 1 in
the Nernst equation. The data in reference 42 were recalculated using
0.435 as the ratio of extinction coefficients of reduced to oxidized
ferredoxin at 425 nm.
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Table II. E% vs. pH data for Clostridium pasteurianum
ferredoxin

E are experimentally determined values.

% (obs)
E% (fit) are values generated by FITFUNCTION

(see text)

42



pH E} (obs) Tk (fit)
6.53 -374.5mv  -374.0
6.82 -378.8 ~376.7
7.082 -=380.3 -380.5
7.41 -387.1 -388.0
7.773 =400.2 . =400.0
8.16 -417.7 -415.4
8.41  -422.2 -425.5
8.751 -438.9 -437.7

*estimated uncertainties

43

(average)

= 1 mv.



dependent if the protein conformation itself is pH dependent
or if the oxidation-reduction equilibrium involves hydrogen
ion binding. The change in conformation must, of course, be
coupled to some alteration of the redox active center (the 4
Fe-4S centers), whéther this coupling changes the bonding
geometry at that site or changes the electrostatic environ-
ment of that site. In order to test for a pH dependent pro-
tein conformation, nmr, epr and CD spectra were recorded as
a function of pH.

The 1H—nmr spectra of oxidized C. pasteurianum ferredox-
in at pD 6.8 and pD 8.9 appear in Figure IX. The resonances
in the 0-8 ppm region (from DSS) arise from aromatic and ali-
phatic side chains in the polypeptide and because of poor
resolution, provide no clear insight into the cluster geome-
try. The relevant resonances appear in the 10-20 ppm region
of the spectra. These resonances arise from the B-cystein-
yl protons which appeér as single proton resonances shifted
downfield due to the paramagnetism of oxidized 4Fe-4S centers
at room temperature (21). The position of these resonances
depends on contact shift interaction and are thus sensitive
to the orientation of the B~carbon to sulfur bonds in the
cysteinyl ligands at the clusters (44), The resonance posi-
tions exhibited by the B~cysteinyl protons therefore, provide
information concerning the geometry of Fe-~S centers and their

neighboring atoms. Thus, the lH—nmr spectra are useful in

44



identifying conformation changes at the cluster. As can be
seen from Figure IX, the resonances in the 10~20 ppm region
occur at identical field strengths at pD 6.8 and pD 8.9. It
therefore can be concluded that no detectable conformation
differences exist at the immediate environment of the clus-
ters in oxidized c. pasteurianum ferredoxin between these two
pD values.

To further examine conformation as a function of pH and
to include the reduced state of ferredoxin, epr spectra were
compared at the pH values shown in Figures X and XI. Two
sets of spectra appear; the first pair (Figure X) are the
spectra of partially reduced ferredoxin samples (approximate-
ly 15% reduction); the second pair (Figure XI) are the spec-
tra of ﬁore fully reduced ferredoxin samples (approximately
75-90% reduced). Slightly reduced samples of ferredoxin ex-
hibit spectra which arise predominantly from reduced 4Fe-4S
centers in one-electron reduced molecules. Fully reduced
samples exhibit a more complex spectrum which arises from in-
teraction between two paramagnetic reduced 4Fe-4S centers in
the same molecule (20). In either case, the linewidths and
g-values of the signals are sens&tive to the bonding geometry
of the 4Fe-4S centers. The spectrum of slightly reduced sam-
ples in Figure X exhibits a small component of the two-elec-
tron reduced spectrum, visible as small peaks centered around

3.3 KG. These features correspond to the two major peaks of
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Figure IX.

1
The 270 MHz H-nmr spectra of oxidized

Clostridium pasteurianum ferredoxin

Conditions: temperature, 220; buffer,
0.04 M potassium phosphate-d, in DZO’

pD as labeled
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Figure X.

Epr spectra of partially reduced samples of
Clostridium pasteurianum ferredoxin at pH 7.01

and pH 8.99

Conditions: temperature, 13 K; gain, 500 (pH

7 spectrum), 800 (pH 9 spectrum); modulation

amplitude, 2 G; power, 5 mW; v, 9.402 GHz;

ferredoxin concentration, = 0.5 mM; buffer,

0.04 M potassium phosphate in 0.5 M NaCl
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Figure XI. Epr spectra of near fully reduced samples of

Clostridium pasteurianum ferredoxin

Conditions: same as figure X except gain,

320, for both spectra
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the fully reduced ferredoxin spectrum.

The observation that the spectra in Figures X and XI are
essentially superimposable at the pH values given, indicates
that not only is the geometry at a single cluster conserved
(partially reduced samples) but also that the conformations
at pH 7 and pH 9 are similar enough to conserve the spin in-
teraction between paramagnetic centers in the same molecule.
(The small differences between the spectra of the two near-
fully reduced ferredoxin samples may be ascribed to small
differences in the percent reduction. Though the samples
were identically prepared, it is difficult to exactly repro-
duce an equal percentage of reduced species in two different
samples).

The epr data corroborate the 1H—nmr findings, indicat-
ing that the conformation of C. pasteurianum ferredoxin is
pPH independent. CD spectra of oxidized ferredoxin were re-
corded at pH 6.5 and pH 8.5 and were found to be identical.
The CD spectrum of reduced ferredoxin from 300 nm to 800 nm
was also pH independent from pH 6.5 to pH 8.3 (see Figures
XII and XIII).

The spectroscopic results eliminate the possibility
that a pH dependent conformation equilibrium is the origin
of the observed pH dependent E;5 and leave the alternative,
that it is hydrogen ion binding which gives rise to the ef-

fect. A pH dependence can be incorporated into the Nernst
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Figure XII. The CD spectra of oxidized Clostridium pasteur-
ianum ferredoxin
A: pH, 8.5
B: pH, 6.5

Buffer: 0.1 M Tris-HCl/ 0.5 M NaCl
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Figure XIII. The CD spectra of reduced Clostridium pasteur-
ianum ferredoxin
A: pH, 6.5
B: pH, 8.3
Buffer: 0.1 M Tris-HCl/ 0.5 M NaCl
Samples were reduced with a 20 to 30-fold excess

of sodium dithionite in the same buffer.
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equation for reduction of ferredoxin using the following mod-

el (45):
Ea
(4Fe-4S) + e+ uY 2% (4Fe-as5) + gt
ox rd
4K HK_
b
(4Fe-48) —HT + e 2 (4Fe-48) —H"
ox “ € rd

The diagram above is only schematic. It is not required in
such a scheme that the site of hydrogen ion binding be the 4
Fe-4S center, but only that the equilibrium for binding be
oxidation state aependent. E; and Ez are the respective
midpoint reduction potentials of the unprotonated and proton-

ated forms. Kox and Kr are the equilibria for proton asso-

d
ciation to the oxidized and reduced forms of the protein.
For a one electron reduction at 250, the apparent midpoint re-
duction potential in millivolts is given by the following:

+
Krd(l + Kox(H ))

+
Kox(l + Krd(H )) .

= b _
E = E% 591o0g

. (EQ 1)

The equation is derived based on the definitions of the equi-
librium constants above (proton association equilibria) and
the cohditions of equilibrium for the reduction (amount of
reduced species is equal to the amount of oxidized species).
Figure XIV is a plot of the experimental data along with

a superimposed curve which was calculated using equation 1.
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Figure XIV.

Ey tapparent) VS+ PH for Clostridium pasteuz-

ianum ferredoxin.

All solutions contained 0.03 mM ferredoxin,
0.1 M Tris-Acetate-Glycine-Phosphate, 0.5 M
NaCl. X = experimentally determined E;5
values. Solid line is a curve calculated
from Equation 1 with the parameters given

in the text.
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An excellent fit is obtained using a model describing two
equivalent sites of protonation per molecule of ferredoxin,
each with a pKox = 7.4 * 0.1 and pKrd =¥8.9 + 0.2. (The pos-
sibility of more than two sites of protonation cannot be ex-
cluded, however, and the additional variable parameters

would certainly give as good a fit to the experimental data
as the simple case does). The data were used as input to the
FITFUNCTION statistics package in the PROPHET system. The
system performs multiple iterations of curve fitting trials
using the equation supplied to FITFUNCTION and also generates
standard deviations from which the limits on the pK values -
were calculated.

Based on the pH independence of the protein conforma-
tion and the quality of the fit of the experimental data in
Table II to the calculated curve, it is concluded that the
origin of the pH dependence of the midpoint reduction poten-
tial is oxidation state dependent hydrogen ion association.

The oxidation state dependent pK values obtained from
the E% vs. pH data may be assigned to sites on the iron-sul-
fur centers, namely the cysteinyl or acid-labile sulfur at-
oms. The 4Fe-4S cluster hydrogen ion eéuilibrium would be
intrinsically oxidation state dependent because reduction of
the center would increase the basicity of a sulfur atom and
thereby shift the pK to higher values (7.4 to 8.9). The fol-

lowing observations are consistent with or directly suggest
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hydrogen ion association to iron-sulfur centers:

1. With the exception of Chromatium HiPIP, all the re-
ported values for the pH dependence of iron-sulfur protein re-
duction potentials are negative, despite a wide variation in
peptide composition. This fact suggests that the pH depend-
ence is a property of the iroﬁ-sulfur center, not the poly-
peptide chain.

2. Chromatium HiPIP does not exhibit a pH dependent
reduction potential in the range from pH 7 to pH 11 (38). 1It
has been shown by Peisach, et al. (46), that the 4Fe-4S cen-
ter in this protein is inaccessible to solvent at pH 7 and is
therefore unable to participate in a protonation equilibrium
with water.

3. A pKa of 7.4 has been reported for the water soluble
synthetic analogue Fe4s4(SCHZCH2COO)2_ (48).

(It should be noted that evidence for cluster protonation does
not appear in the nmr or epr spectra at low pH (less than 7)
but consideration of the nature of these spectra indicates
that the effects of protonation may not be observed. For ex-
ample, if the site of protonation is a cysteinyl sulfur atom,
the nmr resonance positions of the B-cysteinyl protons asso-~
ciated with that residue would be expected to change. How-
ever, in the nmr spectrum of the oxidized ferredoxin, only
eight of the sixteen B-cysteinyl proton resonances are re-

solved and therefore, protonation of a cysteinyl sulfur atom

61



would not necessarily be detected. 1In the epr spectra, hy-
perfine interaction would be present between a proton bound
to a cysteinyl sulfur atom and the unparied spin in the
cluster but it is likely that this interaction is too small
to be observed in a frozen solution spectrum with signifi-
cant g-value anisotropy. If the site of protonation were
an acid-labile sulfur atom, it is unlikely that any effect
on the B-cysteinyl proton resonances would be observed in
the nmr spectra. 1In the epr spectra for this second case,
a larger hyperfine interaction might be expected but it is
still reasonable that the effect is too small to be detect-
ed).

Although titrable sites other than the cysteinyl sul-
fur aﬁoms are present on the polypeptide chain, none could
exhibit the oxidation state dependent pK's found from Fig-
ure XIV. The titrable sites are aspartic acid residues 6,
27, 33, 35, and 39; glutamic acid residues 17 and 55; res-
idue 3 which is lysine; and the carboxyl and amine termin-
als (13). Of these, only Lys and the N terminal could have
a pK near 8.9 and though a pK of 7.4 is also reasonable for
the N terminal, it is not probable for the lysine. For ex-
ample, an intrinsic pK as low as 8.4 has been assigned to
Lys“? in sperm whale ferrimyoglobin because it is hydrogen
bonded to a backbone carbonyl and has limited solvent ac-

cessibility (48). Even if such special circumstances ex--
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isted for the lysine in ¢. pasteurianum ferredoxin, a pK.
of 7.4 remains unlikely.

Mechanisms through which the pK of the lysine or N
terminal could be varied may be proposed, but none is like-
ly to be in operation in C. pasteurianum ferredoxin. For
example, electrostatic effects certainly could alter pK
values and the shift would be toward more basic values up-
on reduction. However, the overall charge on the ferredox-
in between pH 6 and pH 9 is negative due to the preponder-
ance of acidic residues and the increase in negative charge
on reduction could only have a small influence on the pK.
Furthermore, the estimated distances between the lysine
residue or the N terminal and the center of the nearest Fe-
S cluéter (10.2 and 8.7 R respectively, estimated from the
x-ray structure of P. aerogenes ferredoxin (49) ) would
seem to preclude any electrostatic influence provided by
the increase in cluster charge. Calculations of the change
in the pK of the NH, terminal (valine) in sperm whale fer-
rimyoglobin with large changes in pH (i.e., variation of
the pK with large changes in overall protein charge from pH
4.5 to pH 9.5) yield a maximum of only a 0.4 unit pK shift
(50) .

There may also be a special mechanism to alter the pK
of the N terminal upon reduction in this feriredoxin. The

NH, terminal (alanine) in P. aerogenes ferredoxin partici-

2
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pates in an ion pair with the carboxyl terminal and it is
likely that such an ion pair also exists in C. pasteurian-
um ferredoxin, considering the extensive sequence homolo-
gies and similarities in their spectral properties. The
electrostatic influences of an ion pair involving the N
terminal could conceivably be part of a mechanism to alter
the pK through a conformation change on reduction, but
several implications of such a mechanism are inconsistent
with known properties of this protein. If the clusters are
indistinguishable in this hypothetical conformational coup-
ling mechanism, it is implied that the midpoint reduction
potentials for the two clusters must exhibit ccoperativity.
It is known, however, from epr studies, that the cluster
potentials in ¢. pasteurianum ferredoxin are not coopera-
tive (51). It can also be proposed that reduction of a
specific one of the two clusters is required for the con-
formational coupling, but it is then not possible to simu-
late the experimental pH dependence of E% using equation

1. Note that in this second case, the E% of the two clus-
ters would differ because of the effect of the ion pair on
one cluster in particular. At high pH values, the N ter-
minal would be uncharged and therefore the cluster poten-
tials should be the same. It is for this reason (equiva-
lence of cluster potentials at high pH) that it is not pos-

sible to fit the experimental data. Also inconsistent
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with this model is the fact that the cluster potentials are
known to be nearly identical at low pH. (E%'s for reduc-
tion of clusters in the same molecule are within 10 mv of
each other (52) ).

The evidence presented here, in conjunction with the
generally observed negative dependence of E;5 on pH, indi-
cates that binding of hydrogen ions to iron-sulfur centers
is likely to be a general feature of the chemistry of iron-
sulfur proteins. Indeed, the enzymatic activity of hydfo-
genase, and the involvement of iron-sulfur protein centers
in energy conservation at Site I in the mitochondrial elec-
tron transport chain may represent specializations of this

aspect of iron-sulfur protein chemistry.
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D. Additional experiments
1. Attempt to form a carbon monoxide adduct of

Clostridium pasteurianum ferredoxin

The pH dependence of the midpoint reduction potential
in ¢. pasteurianum ferredoxin has been examined and these
results appear in section III. There is no direct evidence
however, contained in the description of experiments relat-
ed to the pH dependence, for protonation of 4Fe-4S centers,
though all the evidence accumulated is consistent with that
conclusion. An approach was taken to demonstrate indirect-
ly that the acid-base properties of the 4Fe-4S centers do
in fact give rise to the observed pH effect based on prop-
erties reported for the iron-sulfur enzyme hydrogenase.

Hydrogenases are known to bind carbon monoxide which
is a competitive inhibitor of enzyme activity (16, 53, 54).
For some enzymes, the binding is light reversible (55, 56).
There is substantial evidence that the binding of CO occurs
at the iron in the 4Fe-4S center (s) in these enzymes.
Foremost is the evidence that a significant change in the
epr spectrum of both oxidized and reduced C. pasteurianum
hydrogenase occurs after treatment with CO (54). Addi-
tionally, there is a 2.4 G broadening of the line with g-
value = 2.009 in oxidized hydrogenase treated with 13CO
and a 2 G broadening for the g = 1.93 signal of reduced

hydrogenase in the presence of !'3CO (54). The line broad-
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ening results from unresolved hyperfine interaction between
the unpaired spin and the spin of the !3C nucleus (I = %).

Also consistent with iron-carbonyl formation in the enzyme

adduct is the fact that iron-carbonyls may be photo-disso-

ciated (57) just as the enzyme inhibition may be licht-re-

versed.

The binding of CO to the iron-sulfur centers in hy-
drogenase suggested a means to probe the pH dependence of
C. pasteurianum ferredoxin reduction potentials. The pH
dependence of a ferredoxin-CO adduct would be expected to
differ from the pH dependence exhibited by the native pro-
tein. The introduction of a carbonyl ligand in the cluster
(which should then exhibit a new pH dependence) would pro-
vide é route to the demonstration of Fe-S center involve-
ment in pH effects. It was found, however, that ¢. pas-
teurianum does not bind CO. This conclusion is based on
the observation that no differences are observed between
the epr spectrum of native ferredoxin and ferredoxin which
was reduced in the presence of carbon monoxide. (See Fig-
ure XV).

The active site in hydrogenase is-a 4Fe-4S center
(54, 16). Certainly, there are significant differences be-
tween the chemistry of 4Fe-4S centers in the enzyme and the
4Fe-4S centers in ferredoxin since the ferredoxins do not

exhibit any hydrogenase activity. The evidence that CO

67



Figure XV.

Epr spectrum of Clostridium pasteurianum
ferredoxin in the presence of carbon mon-

oxide and control spectrum

Conditions: temperature, 15 K; gain, 1250;
modulation amplitude, 2 G; power, 2 mW; v,
9.3795 GHz; buffer, 0.1 M Tris-HCl/ 0.1 M

NaCl, pH 7.4

68



SL°¢

o ‘a1dId
G°¢ gZ°¢

69



does not bind to the ferredoxin clusters is immediate evi-
dence of the differences in the nature of the iron binding
in these two proteins. Some speculation concerning the de-
tails cof the hydrogenase mechanism with the evidence of the
CO binding in mind, along with the already known facts about
the hydrogenase mechanism, is contained below.

Krasna (16) has shown that the reduced, active form
of hydrogenase is an enzyme hydride. He has further sug-
gested that the mechanism of hydride formation would be
facilitated by some basic group near to the cluster capable
of binding the proton released in the heterolytic cleavage
of Hy. It is suggested that the iron in hydrogenase clus-
ters is more labile than that in ferredoxin clusters and
this lability is directly related to the enzyme mechanism.
(Note also that hydrogenases are very oxygen sensitive
whereas ferredoxins have a much higher stability in the
presence of oxygen). The reversible binding of CO suggests
that either ligand exchange can occur at the iron atoms in
clusters or that the iron can become penta-coordinate in
hydrogenase clusters. The stoichiometry and kinetics of
binding are not known and therefore, both of these possi-
bilities must be considered. Also, the reversibility in-
dicates that the Fe-S cluster must remain essentially in-
tact, suggesting that the acid-labile sulfurs are not dis-

sociated by CO binding.
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A mechanism for the formation of an enzyme hydride
with H, as the substrate can be described in the following
way: the dissociation of a cysteinyl sulfur ligand upon
H, binding would provide a strongly basic site for proton-
ation and hydride formation is thus facilitated. Such a
hypotheticél mechanism might be favored over one in which
the hydride occupies a fifth ligand position on an iron
because the cysteinyl sulfur would not be as good a base
as it is when dissociated. A pH dependence of H, binding
(reduction) exhibited near the pK of cysteinyl sulfur would
provide some evidence that such a mechanism operates in hy-
drogenases. Also, experiments to determine the kinetics
and stoichiometry of binding of cysteine-titrating reagents
(e.g., mercurials) would also provide insight into the de-
tails of the mechanism. Such experiments would determine

if dissociation of cysteine does in fact occur.

2. Synthesis of Fe S, (SCH,CH,CO00)§"

The synthesis of the 4Fe-4S analogue Fe4s4(SCH2CH2COO)2_
was undertaken to provide a soluble model which was expected
to exhibit a pH dependent midpoint reduction potential. The
demonstration of such a dependence would have provided con-
clusive evidence that iron-sulfur centers give rise to the

dependencies exhibited by the Fe-S proteins. Difficulties
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associated with handling of the product, however, precluded
completion of the polarographic analyses for the determina-
tion of E%. The model was observed to be extremely air
sensitive in solutions in which the concentration of thio-
late ligand (B-mercaptopropionic acid) was not very much
larger than the concentration of the model. Solutions con-
taining an approximately 100 fold excess of ligand, however,
were stable for 2 weeks.

The following procedure was used as a synthetic route
to the water soluble model first described by Carrell, et
al. (58).

All solutions were de-aired using oxygen free grade
nitrogen to bubble through needles into vessels which were
sealed with serum caps. The reaction vessel consisted of
a 250 ml three neck flask fitted with a condenser, a pres-
sure equalizing dropping funnel, and a serum cap. The con-
denser outlet led to a one-way bubbler valve. Nitrogen was
passed into the vessel through a needle fitted through the
serum cap. A solution containing 4.1 g NaOCH3 and 4.0 g B-
mercaptopropionic acid in 50 ml methanol was bubbled for 45
minutes. To this de-aired solution wgs added 33 ml of a de-
aired solution of 2.5 g FeCl3 in 50 ml methanol, through
the pressure equalizing funnel over a 30 minute period, with
stirring. The solution turned purple as FeCl3 solution en-

tered and then turned olive green after all the FeCl3 had
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been transferred. A solution of anhydrous sodium sulfide
was prepared in the following way: H,5 was bubbled through
1 g of NaOCH3 in 50 ml methanol for approximately 5 minutes.
Nitrogen was then bubbled through the same solution for 15

minutes to remove excess H,S and a second portion of NaOCH

2 3
(1 g) was added. Thirty-five ml of this solution was added
by syringe, to the reaction vessel. The reaction mixture

at this time, was black with some black preéipitate. Then,
2.5 g of tetrabutylammonium bromide in 10 ml methanol was
added and the mixture refluxed for 4.5 hours. All the sol-
vent was then removed in vacuo. The reaction vessel, which
now contained a gray powder, was filled with nitrogen and
transferred into the glove box prepared as described in sec-
tion II, G. Then, 25 ml methanol and 25 ml N-methylpyrrol-
idine were added to the gray powder and stirred for 10 min-
utes. The dark brown solution was filtered and a second
trituration was performed with 10 ml methanol and 10 ml N-
methylpyrrolidine. Then, 50 ml N-methylpyrrolidine was
added to the combined filtrates. Very fine, dark brown
crystals appeared after approximately 12 hours and the pro-
duct was filtered (yield = 1 g). The visible spectrum of
this material (50 mg dissolved in 3 ml 0.1 M B-mercapto-
propionic acid titrated to pH 9.2 with NaOH) appears in Fig-
ure XVI. The spectrum of the material prepared according

to the above procedure had the same optical spectrum as
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Figure XVI. Optical spectrum of Fe4S4(SCH2CH2COO)2— in

0.1 M B-mercaptopropionic acid/ NaOH, pH 9.2
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the material the authors describe (58).

The synthesis was repeated using Schlenck-type glass-
ware for all manipulations. Oxygen-free nitrogen was used
as purge gas and was passed through a column packed with
Davison Molecular Sieves (Grade 513) and 'GRANUSIC' (gran-
ular P205) to dry the gas. A vacuum manifold was used for
purging glassware and all liquids were de-aired by bubbling
with nitrogen through a glass sparger. Several purging cy-
cles were performed.on the sealed vessels after de-airing
and immediately after any transfer. Absolute methanol was
fractionally distilled from Mg(OCH3)2. B-mercaptopropionic
acid was fractionally distilled at approximately 3 mm Hg.
The distillate was tested with DTNB (5,5'-dithiobis-(2-ni-
trobenzoic acid), Ellman reagent) to determine if signifi-
cant amounts had oxidized to the disulfide before or during
the distillation process. The freshly distilled material
gave the calculated absorbance for a stoichiometric conver-
sion of DTNB to the colored anion IV, according to the gen-
eral reaction: OOH

R-SH + DTNB > RSS NO2 + Iv

00
0,N

Iv
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The undistilled material showed only 75% of the stoichio-
metrically calculated absorbance for conversion of DTNB
+to the colored product. The FeCl3 solution was filtered
through very fine porosity sintered glass before use.

The solution of B-mercaptopropionic acid in methanol
turned violet as FeCl3 was added and then turned to a deep
green slurry as the remainder of the iron was added. The

FeCl, was delivered from a pressure equalizing funnel over

3
a 35 to 40 minute period. After trituration of the gray.
powder (as in preceding procedure), no crystallization oc-
curred upon addition of N-methylpyrrolidone though the so-
lution was dark brown. The crystallization solution was
concentrated in several steps, by evacuation of the vessel
to distill away some solvent. Between each evacuation, the
solution was left in a methanol-dry ice bath at approximate-
ly -30° for several hours or overnight in an attempt to in-
duce crystaliization. Finally, a small amount (~ 10 ml) of
acetonitrile was added to the solution and crystallization
occurred almost immediately. The product was collected and
washed with a small amount of CH3CN. The optical spectrum
of this product appéars in Figure XVII, spectrum A. Spec-
trum B is the optical spectrum of the B-mercaptopropionic
acid/ NaOH buffer, pH 9.0. It may be noted that based on

the characteristics of the spectra, the material that crys-

tallized overnight (from N-methylpyrrolidine) was pure com-
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Figure XVII. Optical spectrum of Fe4S4(SCH2CH COO)Z— in

2
0.1 M B~ mercaptopropionic acid/ NaOH, pH

9.0

Lower spectrum: 0.1 M B-mercaptopropionic

acid/ NaOH buffer, pH 9.0
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pared to the material precipitated by the addition of aceto-
nitrile (in N-methylpyrrolidone). Solutions of the 4Fe-4S
compound were stable for approximately two weeks if prepared
under thoroughly anaerobic conditions, in the presence of

a large excess of buffered B-mercaptopropionate (pH 9).
Discussion

The procedure for the synthesis of Fe4S4(SCH2CH2COO)2_
as published, is difficult to reproduce without attention
- to certain details as discussed here. All solvents must be
freshly distilled and water free. B-mercaptopropionic acid
may need to be distilled, in vacuo, to insure that the rea-
gent is free sulfhydryl. A simple test may be performed
using DTNB, which is converted to a colored product with
the mercaptan. The extinction coefficient at 412 nm for
product, structure IV, is 13,600 M Tecm L (59). Any water
contained in the purge gas should be removed by passing the
gas through dessicants. P205 is very effective and is con-
veniently supplied in a granular form (GRANUSIC) which can
be packed in a column. Sodium methoxide must be free-flow-
ing and there should be little or no residue when it is
dissolved in methanol. FeCl3 solutions must be filtered

(through very fine porosity sintered glass) before addition

to the reaction mixture (B. Job, personal communication).
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The published procedure states that a deep green slurry was
obtained upon addition of all the FeCl3. This color was
not observed in the synthesis described first, though the
product exhibits the same optical spectrum as the product
obtained from the second synthesis in which the deep green
color was observed. The final crystallization from methan-
ol/N-methylpyrrolidone/acetonitrile gave a powder which was
extremely sensitive to air. No crystallization occurred
from methanol/N-methylpyrrolidone mixtures even after con-
centration of solutions by evacuation and chilling to ap-
proximately -300, Storage of solutions containing product
over several weeks may result in precipitation of the prod-
uct in large needles, as described by the authors (58), but
this was not observed after a two week period. Addition of
acetonitrile (B. Job, personal communication) to the final
solution yields immediate precipitation of the product
though this material seems impure as evidenced by the small
features in the optical spectrum at appréximately 400 nm
and 375 nm which are absent from other spectra. It may
also be noted that the product recrystallized from N-meth-
ylpyrrolidine did not exhibit tﬁé spectral features which

indicate the presence of impurities.
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IV. Preliminary Studies of Reconstitution of Iron-Sulfur

Centers
A. Azotobacter vinelandii Ferredoxin I

There has been no report in the literature of the re-
constitution of Fd I from A. vinelandii. A procedure has
been developed by Hong and Rabinowitz (22) for the 'all or
none' reconstitution of clostridial ferredoxins which does
not give any iron-deficient products. The following pro-
cedure was used to first prepare apoferredoxin from native
ferredoxin I:

1. 10 mg Fd I was centrifuged from 90% saturated
ammonium sulfate and the pellet was brought up in 15 ml 5%
trichloroacetic acid. The suspension was incubated at 0°®
for one hour.

2. The suspension was spun at 27000 x g for 80 min-
utes to give a pellet that retained brown color.

3. The brown pellet was resuspended in 15 ml fresh
5% trichloroacetic acid and incubated for 30 minutes at
room temperature.

4. The suspension was centrifuged again.

5. The pellet (pale brown) was dissolved in a small
amount of 5% sodium carbonate and 4 ml 0.01 M sodium ace-

tate to give a pale brown solution.
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6. The solution was dialyzed against 4 liters 0.01 M
sodium acetate overnight.

7. The dialysis solution was then changed to 4 liters
0.01 M Na4EDTA. After 10 hours, the solution was changed
to 4 liters distilled water and left overnight. The protein
solution retained some brown color and a third precipitation
in trichloroacetic acid was performed. The pellet from this
precipitation was colorless. It was dissolved in 5% NaHCO4
and dialyzed against water for 2 hours and then 0.25 M Tris-
HCl1 (pH 8.3) overnight.

The reconstitution procedure follows below. 2All man-
ipulations were performed under Ar.

1. The dialysate from 7 above was made 8 M in urea.

2. 0.210 m1 0.1 M Nazs-9H20 was -~added.

3. 0.18 ml 0.037 M dithiothreitol in 0.1 M Tris-HCl
(pH 7.4) was then added.

4. 0.210 ml 0.1 M Fe(NH,),(SO,), was then added.

5. This solution, which contained some black precipi-
tate, was incubated for 30 minutes.

6. The product was diluted aerobically to 60 ml
and applied to a DEAE column pre-equilibrated with 0.1 M
Tris-HC1l (pH 7.4). The band was washed with several column
volumes of 0.1 M Tris-HC1l (7.4), then with 0.1 M Tris-HC1
in 0.25 M NaCl. The protein was eluted with 0.1 M Tris-HCl

in 0.5 M NaCl (pH 7.4).
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Figure XVIII. The optical spectrum of reconstituted azoto-

bacter vinelandii ferredoxin I
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The optical spectrum of the peak brown fraction eluted
from DEAE appears in Figure XVIII. Also in the figure is
the spectrum of native ferredoxin I. The purity ratio of
Pd I is 0.59 (Ay00/A2g0). The ratio exhibited by the re-
constituted material is 0.47. The most likely reason for
the low ratio here is the presence of unreconstituted apo-
ferredoxin I that co-elutes with the reconstituted protein
resulting in a high absorbance at 280 nm. Another possi-
bility is that the reconstituted material was an iron-defi-
cient ferredoxin (which would have an absorbance at 400 nm
lower than native protein and thus a smaller purity ratio).
The experiments in section V describe attempts to isolate

an irqn-deficient ferredoxin I.

B. Reconstitution of a synthetic tridecapeptide

There has been some interest in fer;edoxins as a

class of simple proteins that may have appearecd early in
the evolution of terrestrial biology. In the interest of
demonstrating that a contemporary ferredoxin could have
evolved from a simpler, short iron-~sulfur protein, a tri-
decapeptide that mimics part of the sequence of Peptococcus
aerogenes 2 (4Fe-4S) ferredoxin was synthesized by a group
at the Space Sciences Laboratory, University of California,

Berkeley (Jean Lecocq, Janis Young, Diane Sandlin and Thomas
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Figure XIX. The amino acid sequence of three synthetic
tridecapeptides and the parallel sequence of

Peptococcus aerogenes ferredoxin
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Peptide I:

Peptide II:

Peptide III:

p.

aerogenes:

Ser Cys

Ile

Ala Cys Gly Ala Cys Lys Pro Glu Cys Pro

Ser Cys Tyr Ala

Ser Cys

Ser Cys

Ile

Ile

Tyr

Ala

Cys

Cys

Cys

Gly Ala

Gly Ala

Gly Ala

Cys

Cys

Cys

Lys

Lys

Lys

Pro Glu Cys Pro

Pro Glu Cys Pro

Pro Glu Cys Pro (60)



Jukes, unpublished). The two-fold symmetry of clostridial
ferredoxins (both in sequence homology from either terminal
and in the tertiary structure) suggests that ferredoxins
evolved from gene duplication (Jukes, et al., personal com-
munication). This fact suggests that early in evolution,
there may have been a short sequence of amino acids that
could accommodate a 4Fe-4S center. The three synthetic
tridecapeptides from the T. Jukes laboratory have the se-
quences illustrated in Figure XIX. Also in the figure is
the parallel sequence found in P. aerogenes ferredoxin.
Experiments were undertaken to attempt the reconstitution
of an iron-sulfur center in Peptide III, with the following
procedure. All steps were performed in a glove box purged
with oxygen free nitrogen as described in section II, G.
The use of the gas train assembly was not included in the
procedure here.

2 mg Peptide IIT were added to 0.5 ml 0.07 M dithio-
threitol and 8 M urea in 0.5 M Tris~HCl, pH 8.3 and the
solution was incubated for 2.5 hours. To this was added
0.12 ml 0.1 M Na,S-9H

2 2
Then, 2.36 ml 0.1 M Tris-HC1l (pH 7.4) containing 0.035 M

0, then 0.12 ml1 0.1 M Fe(NH4)2(SO4)2.

dithiothreitol was added and the solution was incubated
for 30 minutes. The solution, which contained black pre-
cipitate, was diluted to 10 ml with distilled water and

was appiied to a 4 ml DEAE column prepared in a pipette.
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The column had been equilibrated with the following series
of solutions (all pH values were 7.4):

1. 10 column volumes 0.1 M Tris-HCl

2. 5 column volumes 0.005 M Tris-HCl containing 0.1 M
Na28204 (to reduce oxygen in the cellulose)

3. 6 column volumes 0.005 M Tris-HCl in 1 M NaCl

4. 1 column volume distilled water

5. 15 column volumes 0.005 M Tris-HC1l

The column was rinsed with a small amount of water after
application of the reconstitution products. The product
was then eluted in 6 fractions (approximately 1 ml each)
with 0.005 M Tris-HCl containing 0.3 M NaCl. The material
contained in fraction 2 was placed in a cuvette and sealed
with a serum cap. The optical spectrum of fraction 2 ap-
pears in Figure XX. A portion of fraction 2 (0.3 ml) was
diluted to 1 ml in the presence of air and the spectrum of
this solution was recorded over a seven bour period, until
the absorbance at 400 nm was near zero. Figure XXI con-
tains the spectrum of this 'aired dilution' after approx-
imately 30 minutes.

The reconstitution procedure was fepeated and samples
of the colored eluant from DEAE chromatography of the pro-
ducts were prepared as epr samples with varying amounts of
reduced methyl viologen and potassium ferricyanride and

also without addition of any reductant or oxidant
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Figure XX. The optical spectrum of synthetic trideca-

peptide III reconstitution product
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The modified procedures used in these reconstitution
experiments are based on the procedure developed by Hong
and Rabinowitz. Some related experiments, reported by Que
(28) describe the incorporation of a dodecapeptide around
a preformed 4Fe-4S center by ligand substitution in di-=
methylsulfoxide. The reaction involves substitution of t-
butyl mercaptide ligands on Fe4s4(S—t—butyl)z_ by cystein-
vyl sulfhydryls on t-BOC-Gly-Cys-Gly-Gly-Cys-Gly-Gly~Cys-

Gly-Gly-Cys-Gly~-NH Quantitative conversion is reported,

5.
afforded by the volatility of the t-butyl mercaptan and
DMSO which are removed in vacuo to drive the substitution
to completion. The spectrum of the Fe4S4(12—peptide) ap-
pears in Figure XX. Also in the figure are the spectra of
C. pasteurianum ferredoxin and the reconstitution product
of Peptide III. The notable similarities in all three
spectra are the broad absorbance bands around 400 nm. Also
notable is that the synthetic peptide product exhibits a
peak at approximately 313 nm which is absent from the other
spectra. This absorbance is exhibited, however, by a solu-
tion containing ferrous iron and githiothreitol as can be
seen in.the inset of Figure XXI. It seems that the by-
product of reconstitution co-elutes with the protein con-
taining fraction from the DEAE chromatography and therefore

that the spectrum of the products of reconstitution repre-

sent a mixture of an Fe/dithiothreitol complex as well as
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Figure XXI. The optical spectrum of synthetic trideca-
peptide III reconstitution product after

exposure to air

Inset: Optical spectrum of Fe2+/DTT mixture
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an Fe-S peptide III complex. Though the spectrum of the

2+

products formed simply by mixing Fe and dithiothreitol

(anaerobically) resembles that of the protein containing
fractions from the reconstitution procedure, it is probable
that some peptide was reconstituted. The ratio of absorb-
ances at 308 to 400 is 2.84 in the protein containing frac-
tion but is 10.20 in the pure Fe2+/dithiothreitol mixture
spectrum. The ratio, A,75/ALgp is 3.5 for the protein con-
taining fraction and 12.5 for the Fe/DTT spectrum. The
differences in these ratios corroborate the conclusion that
some peptide was reconstituted. An aliquot of the protein
containing fraction was diluted aerobically and the spec-
trum recorded. Immediately upon dilution, the relative
absorbance intensity in the range 320-270 nm decreased

more than that at 400 (ratio 270/400 - 0.4). Since the
Fe2+/DTT complex has strong absorbancy in this range and

is very oxygen sensitive, and the absorbance at 400 per-
sists for a short period when the solution is exposed to
air, the presence of material with a spectrum characteris-
tic of ferredoxins in the 400 nm region is indicated.
Clearly, the spectrum represents a mixture of chromophores
and the aliquots prepared for epr did not confirm the pre-
sence of an iron-sulfur cluster. The fact that no ferre-
doxin-like signals were exhibited by these samples does

not, however, rule out the presence of reconstituted mater-
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ial since the concentrations were very low in the epr sam-
ples (estimated to be 10 uM). Additionally, the reconsti-
tuted Peptide III is expected to be extremely air sensitive
and adequate precautions méy not have been taken in the
sample handling.

Short sequences of peptides with the repeating sub-
units Cys-X~-X-Cys can accommodate 4Fe-4S centers when used
in ligand substitution reactions with preformed 4Fe-4S cen-
ters. The procedure for reconstitution, however, is more
straightforward than the synthesis of 4Fe-4S analogues and
provides a convenient route to the incorporation of iron-
sulfur clusters in an apo-peptide. It is suggested here
that these simpler reconstitution experiments be repeated
in order to identify the nature of the iron-sulfur cluster
which may be reconstituted. The demonstration that a prim-
itive iron-sulfur peptide could be formed in agueous solu-
tion would be a preliminary step toward answering the ques-

tions concerning the evolution of ferredoxins.

V. Other Experiments

A. Influence of denaturants on A. vinelandii FdI
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In the absence of the information provided by the completed
x-ray analyses of A. vinelandii ferredoxin I, several sets
of experiments were performed in an attempt to isolate an
iron-deficient ferredoxin. In one set, solutions of Fd I
wefe incubated with EDTA in buffer and EDTA in 60% DMSO.
The FA I in DMSO solutions required strict anaerobic hand-
ling in order to prevent the complete and rapid denaturation
of the ferredoxin. Solutions were handled by syringe,
through serum caps, in an oxygen free nitrogen atmosphere.
The spectrum in Figure XXII indicates that iron is released
from the ferredoxin under treatment overnight with EDTA in
DMSO. The nature of the absorbance néar 400 nm does not
change suggesting that there is an 'all or none' loss of
iron from both clusters in this ferredoxin. It should be
noted, however, that no conclusive remarks based on the
optical spectra of iron-sulfur centers should be made be-
cause of the similarities in the 400 nm region of all the
protein spectra. |

It was noted in the procedure to prepare apoferredoxin
I that this ferredoxin is more stable to acid denaturation
than ¢. pasteurianum ferredoxin. This observation suggest-
ed that one of the iron-sulfur centers may be more acid-
labile than the other and that a ferredoxin containing only
one center could be isolated from acid solution. It was

found, however, that incubation of ferredoxin I at pH 3.8

98



Figure XXII. The optical spectrum of Azotobacter vinelandii

ferredoxin I in DMSO/EDT"A solution

ITI

Inset: Optical spectrum of Fe in 80% DMSO
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probably resulted in an isoelectric precipitation based on
the optical spectra in Figure XXIII. The similarities of
iron-sulfur center optical spectra prevent, however, a de-
finitve conclusion from these experiments. Epr experiments
were undertaken to determine if one cluster per molecule
had been removed but these were not completed because of

an inability to reproduce the spectrum characteristic of
oxidized a. vinelandii ferredoxin I required as a control.

sample.
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Figure XXIII. The optical spectrum of azotobacter vinelandii
ferredoxin I after acid treatment and removal

of precipitate

Inset: Optical spectrum of supernatant from
precipitation at pH 3.8 (as above). The super-

natant was titrated back to pH 7.4.
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Reconstitution of Clostridium pasteurianum ferredoxin from

Deuterium Oxide

This procedure is included here as a foreword to Ap-
pendix I and describes the procedures omitted from the
manuscript that follows.

A. Preparation of apoferredoxin

Approximately 10 mg C. pasteurianum ferredoxin.(% 10
ml) in saturated ammonium sulfate was dialyzed against 4 1
distilled water to remove (NH4)ZSO4. The protein was made
5% in trichloroacetic acid with solid TCA and incubated for
‘one hour. The suspension was centrifuged at 33000 x g for
fifteen minutes. The pellet was suspended and incubated in
5% TCA for 30 minutes and recentrifuged. The pellet was
brought up in 5% NaHCO3 and any insoluble material was re-
moved by centrifugation. The solution was then dialyzed
overnight in 4 1 0.01 M sodium acetate, then dialyzed
against 4 1 water with three changes, overnight. The solu-
tion was then lyophylized and the powder stored at 0°.

B. Reconstitution

A solution containing 8 M d-4 urea, 0.07 M dithiothre-
itol and 0.125 M Tris-HC1l, pH 8.2, and 3 mg apo-ferredoxin

in 0.5 ml D,0 was incubated under an atmosphere of nitrogen

2
for four days. To reconstitute, 0.12 ml 0.1 M ferrous am-
monium sulfate and 0.12 ml 0.1 M sodium sulfide (both in

DZO) and 3 ml 0.035 M dithiothreitol in 0.1 M Tris-HCl1l (pH
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7.4) in DZO were added. This mixture was incubated for fif-
teen minutes under nitrogen. The mixture was diluted to 10
ml and applied to a DEAE column equilibrated with 0.1 M Tris-
HC1 (pH 7.4). The column was washed with 0.23 M NaCl in 0.1
M Tris-HCl (7.4) and the reconstituted ferredoxin was elut-
ed with 0.5 M NaCl in 0.1 M Tris-HCl (pH 7.4) in D,0. The
fraction containing holoprotein was precipitated by making

the solution 90% saturated in (ND4)2SO4 and this precipi-

tate was stored anaerobically at 59,

Please note that Figure XXIV is included also as an
addendum to the Appendix because the epr spectra were not

published in Biopolymers.
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Figure XXIV.

Epr spectra of Clostridium pasteurianum

ferredoxin in HZO and DZO

Conditions: temperature, 13 K; gain, 630;
modulation amplitude, 2.5 G; power, 2 mW; v,
9.40 GHz; buffer, A: 50 mM KZDPO4/KD2PO4, b,
8.07; B: 50 mM K2HP04/KH2PO4, pH, 7.51
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Study of the Influence of NH-~S Hydrogen Bonds
on the Reduction Potential in Clostridium
pasteurianum 2(4Fe-4S) Ferredoxin Using

Deuterium Exchange

WILLIAM V. SWEENEY and RICHARD S. MAGLIOZZO,
Department of Chemistry, City University of New York, Hunter
College, New York, New York 10021

Summary

The effect of deuterium substitution of exchangeable hydrogen atoms on the reduction
potential of Clostridium pasteurianum 2(4Fe-4S) ferredoxin has been studied. The studies
were conducted to determine if NH~-S hydrogen bonds to the iron-sulfur cluster are dominant
in the mechanism of influence of the protein on cluster reduction potential, as has been pro-
posed [Carter, C. W. (1977) J. Biol. Chem. 252, 7802-7811]. Deuteration of the slowly ex-
changeable hydrogen atoms, however, yields essentially no shift in the reduction potential
(—0.2 £ 0.8 mV), suggesting that NH--S bonds are not important modifiers of cluster reduction
potential in this protein. .

INTRODUCTION

One important aspect of iron-sulfur protein research is the origin of the
reduction potential of 4Fe-4S clusters in these proteins. Such clusters
appear in a variety of proteins, including high-potential iron-sulfur proteins
(HiPIPs), which contain only one cluster, and low-potential, clostridial-type
ferredoxins, which contain two clusters. The peptide in iron-sulfur pro-
teins exerts an influence on the reduction potential of clusters, acting to
shift E,/» to more positive values. The following four mechanisms of
peptide influence on E; /2 seem most likely: (1) polypeptide constraint of
the geometry of the 4Fe-4S clusters; (2) electrostatic and dielectric effects?;
(3) solvent or proton association with the clusters; (4) NH--S hydrogen
bonds to the iron-sulfur clusters.2 NH--S hydrogen bonds have been
identified in the x-ray structures of both Chromatium HiPIP3 and Pep-
tococcus aerogenes 2(4Fe-4S) ferredoxin® P. aerogenes ferredoxin ex-
hibits extensive sequence homology to Clostridium pasteurianum ferre-
doxin® and has been reported to contain 15-18 NH-..S hydrogen bonds.*
It has been proposed that these bonds are the major mechanism of influence
of the polypeptide on reduction potential.2 An attempt to correlate the
number of available hydrogen-bond donors with reduction potential in both
proteins and model compounds has been reported,? from which an influence
of about 650 mV was estimated for clostridial-type ferredoxins. Differences

Biopolymers, Vol. 19, 2133-2141 (1980)
© 1980 John Wiley & Sons, Inc. 0006-3525/80/0019-2133
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2134 SWEENEY AND MAGLIOZZO

in solvent composition, however, complicate those comparisons. A study
by Hill et al.¢ indicates a smaller peptide influence, approximately 100 mV.
NH---S hydrogen bonds would stabilize a reduced cluster relative to an
oxidized one” and x-ray studies? show that the NH--S bonds in Chromatium
HiPIP shorten by an average of 0.2 A on reduction. Furthermore, it is
observed that there are more NH--S bonds in P. aerogenes 2(4Fe-4S)2+1+
ferredoxin than in Chromatium (4Fe-45)3+:2+ HiPIP.2 The effect of
deuteration of the slowly exchangeable protons on the Ey/ of C. pasteur-
ianum ferredoxin was investigated in an effort to establish experimental
evidence for the influence of these bonds on the reduction potential in
iron-sulfur proteins.

MATERIALS AND METHODS

Clostridium pasteurianum was grown and ferredoxin isolated according
to the procedure of Rabinowitz.® "Apoferredoxin was prepared according
to the procedure of Hong and Rabinowitz® and reconstituted ucing a
modification of a published procedure.}?

Reduction potentials were determined using partially purified C.
pasteurtanum hydrogenase as described by Lode et al.1! In the determi-
nation of the reduction potential in D30, deuterium gas was used, and a
correction!2 was made for the standard reduction potential of the 2D*/D,
couple (~3.4mV). pD was determined by adding 0.41 to the reading ob-
tained on a conventional pH meter with a glass electrode.l3 It was observed
that DoO-reconstituted material was spectrophotometrically identical to
native ferredoxin, exhibiting the same spectral change on reduction.

Optical measurements were made using a Cary 219 uv-visible spectro-
photometer. Proton-nmr spectra were obtained using a Bruker 270-MHz
spectrometer at the NIH Regional Facility in New Haven, Conn. EPR
spectra were obtained using a Varian V-4500 X-band spectrometer
equipped with a Heli-Tran liquid helium transfer system (Air Prod-
ucts).

RESULTS

In order to separate the effects of deuteration on the reduction potential
into those that arise from slowly exchanging protons and those that arise
from rapidly exchanging protons and solvent effects, two separate types
of experiments were performed. In the first type, apoferredozin was in-
cubated in D20 for at least 72 hr to allow substitution of all exchangeable
protons and then reconstituted from D;0. Protein was removed from D;0
either by ammonium sulfate precipitation or ion-exchange chromatography,
and the reduction potential was determined in H20O solution. In this way,
only the effects of slowly exchanging protons were observed. In asecond
type of experiment, ammonium sulfate-precipitated ferredoxin was dis-
solved in D20, and the reduction potential was measured immediately.
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REDUCTION POTENTIAL OF FERREDOXIN 2135

Thus, only effects arising from rapidly-exchanging protons and solvent
effects would be observed in this type of experiment.

The effect on E;s of deuteration of the slowly exchanging protons is
shown in Table I. For each determination, the E;/; of both a deuterium-
exchanged sample and native ferredoxin were measured. Correction for
differences in pH were made because of the pH dependence of the reduction
potential of this protein.11-14 The average difference in the pH-adjusted -
E;/; between the deuterium-exchanged sample and the control in these
trials was —0.2 mV, with a probable uncertainty of 0.8 mV (35% confidence
limits).

The effect on Ej; arising from deuteration of rapidly exchanging protons
and solvent effects is substantially larger (Table II). The pH and pD
conditions were chosen to give approximately the same degree of ionization
of the buffer rather than the same H* and D+ concentrations.!® It is
questionable whether a pH correction should be made in this experiment.
The observed shift in the midpoint reduction potential without pH cor-
rection is 16 mV; with pH correction, 7mV.

DISCUSSION

Isotope Effects

ND---S bonds are expected to have a lower zero-point vibrational energy
than NH---S bonds and, therefore, a greater bond strength because of the
larger mass of deuterium. Experiments indicate that the heat of sub-
limation of D50 is 5% greater than that for H,0.16 Similarly, D0 boils
at a higher temperature than H,O. The influence of hydrogen bonding
on the midpoint reduction potential is equal to the difference in NH(D)--S
bond strength between the oxidized and reduced states of clusters:

EH - E& = AEH
ED - ED, = AEP
If a 5% increase in bond strength is assigned to ND---S bonds, then
AEP = 1.05 (E}, — EX

The thermodynamic deuterium isotope effect that will be observed when
comparing native protein midpoint reduction potentials to those of deu-
terated derivatives is

AED — AEH = 0.05 (AEH)

In other words, an increase in hydrogen-bond strength would be expected
to shift the reduction potential by an amount proportional to the magnitude
of influence NH--S bonds exert on the potential.
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TABLE 1
Effect of Deuterium Substitution of the Slowly Exchanging Hydrogen-Bonded Protons on Reduction Potential®
Trial 1 ' Trial 2 Trial 3 Trial 4
Ey; pH Eyj2adj Eyp pH  Ejpadj Eyz pH  Eipadj Eyp pH  Ejpadj
D20 exchanged -4114 7.44 —~411.4 —~407.5 741 —407.5 —~410.7 7.46 —-410.7 —403.0 7.38 —403.0
Native —412.0 7.49 -411.2 —408.5 7.47 —407.6 -410.3 7.50 -409.7 —-404.4 7.45 -403.3
AEyp - — -0.2 — — +0.1 — — -1.0 — — +0.3

¢ The midpoint reduction potentials (reported in millivolts) were adjusted for differences in pH (see text). The buffer in trials 1-3 was 50 mM potassium
phosphate; in trial 4, the buffer was 100 mM Tris-HCI, with an approximate NaCl concentration of 0.4M resulting from DEAE chromatography (see Methods).
Temperature, atmospheric pressure, and ionic strength (for trial 4) were not constants in different trials, so only differences in the same trial are directly
comparable.
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REDUCTION POTENTIAL OF FERREDOXIN 2137

TABLE 1I
Effect of Solvent on the Reduction Potential®
Trial 1 Trial 2
Eip pH (D) E\/2 adj Eyp pH(D) Epadj
Dy0 solution ~ —425.6 8.09 —425.6 —428.9 8.07 ~428.9
H-0 solution —~409.9 7.53 -418.9 —412.4 7.53 —421.1
AE /2 —15.7 —_ -6.7 -16.5 —_ -7.8

& The values E;/2 adj (reported in millivolts) reflect an adjustment for differences in hy-
drogen-ion concentration. Reduction potential differences are shown for both the observed
potentials and the pH-adjusted potentials, as discussed in the text. For both the H;0 and
D,0 samples, 50 mM potassium phosphate buffer was used. Temperature and atmospheric
pressure were not constant for different trials, and only differences within the same trial may
be directly compared.

Slowly Exchanging Protons

Most of the slowly exchanging protons arise from NH..-S bonds. Slow
exchange occurs as a result of hydrogen bonding,!? in conjunction with
limited solvent accessibility. There are 15-18 NH---S and 8 NH---O hy-
drogen-bonded protons evident in the x-ray structure of P. aerogenes
2(4Fe-48) ferredoxin.4 Tritium exchange studies of C. acidi-urici 2(4Fe-
4S) ferredoxin indicate 27 slowly exchangeable protons,8 essentially as
would be predicted from the x-ray results. The tritium exchange studies
indicate that after 90 min, 19 of the original 27 protons remain unes-
changed. Measurement of E;/ requires 60-90 min, and thus these ex-
change studies suggest that even if all of the hydrogen-bonded protons
which exchanged in the first 90 min arose from NH---S bonds, about half
of the NH---S protons would remain unexchanged. The x-ray structure
clearly indicates that the NH---S protons have less solvent exposure than
the NH---O protons. The fact that 12 protons remain unexchanged after
9 hr suggests that limited solvent access may be important for the exchange
rate of some protons, mcreasmg the probability that most of the protons
unexchanged after 90 min are NH---S bonded.

Slowly exchangeable hydrogen-bonded NH protons exhlbxt nmr reso-
nances in the region between 6 and 10 ppm.?® Oxidized C. pasteurianum
ferredoxin in H,0 solution was diluted with D20 to 80% D,0:H30 (v/v),
and the nmr spectrum was recorded at several time intervals (23°C, po-
tassium phosphate buffer; D;0, pD 7.9; Ho0, pH 7.9). Comparison was
made of the 6-10-ppm region between these spectra and the spectra of
ferredoxin in 100% D20 and 90% H.0:D,0 (v/v). While it is difficult to
quantitate precisely the number of exchangeable resonances in each
spectrum, it is estimated that 27 exchangeable hydrogen atoms remain
unexchanged after 10 min. After 90 min, the maximum time required to
complete a reduction potential measurement, roughly 15 exchangeable
hydrogen atoms remain unexchanged. These estimates are in good
agreement with the tritium exchange results of Hong and Rabinowitz.18

The results of the nmr experiments, in conjunction with the results from
the tritium exchange studies, suggest that the deuterated derivative is stable
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under the conditions of potential measurements and that at least half of
the exchangeable amide donors remain deuterated based on the foregoing
discussion. The fact that essentially no deuterium isotope effect was found
(AEy/2 = —0.2 + 0.8 mV) suggests that NH---S hydrogen bonds are minor
influences on the midpoint reduction potential in this ferredoxin. For
comparison, if NH-S hydrogen bonds exert a 100-mV influence on Eys,
and deuterium substitution increases the bond strength by 5% (see dis-
cussion above), then a 5-mV shift in reduction potential would be predicted
for the fully deuterated derivative.

Though the results strongly suggest a minor influence, they are not
conclusive. The prediction that the shift in E;/s with deuterium substi-
tution is directly related to the magnitude of the influence of NH---S bonds
is based on the assumption that the effect of the deuterium isotope will be
the same in both the oxidized and reduced states. While this is probable,
there are circumstances under which it is not true. If all the potential wells
for the NH---S bonds were broader in the reduced protein than in the oxi-
dized protein, the change in hydrogen-bond strength on deuteration would
be less in the reduced than in the oxidized state. Such an effect would lead
to a negative shift in Eyp, possibly canceling the expected positive shift from
the formation of stronger bonds. However, there is no reason to expect
such special circumstances.

Rapidly Exchanging Protons and Solvent Effects

It is possible that the sole mechanism of influence of the NH--S hydrogen
bonds is through formation of new bonds in the reduced protein. The
protons involved in these NH-.S bonds would be rapidly exchanged in the
oxidized protein and thus not detected in the experiments discussed above.
Deuteration of these protons would lead to a positive shift in the reduction
potential. To probe the effect of these hypothesized, newly forming hy-
drogen bonds, the protein was dissolved directly in DO and its reduction
potential determined immediately. In this way, only the rapidly ex-
changing protons would be deuterated. However, this experiment indi-
cated a negative shift in the reduction potential of 7-16 mV (Table II).
This shift in E, /2 is in the wrong direction to have arisen from ND--S bonds
and probably arises from some other mechanism.

To determine if the shift in E, s arose from a conformational cmmge, nmr
spectra of oxidized ferredoxin were recorded under the same solvent con-
ditions used for the Ey/; measurements. These spectra are shown in Fig.
1. The downfield resonances labeled 8 in this figure arise from protons
on the 3-carbon of cysteinyl residues. The resonances labeled « arise from
a-carbon cysteinyl protons.20 The shift in the a-carbon protons indicates
that a protein conformation change may have occurred, but the close
alignment of the S-carbon resonances suggests that any effect on the cluster
conformation is, at most, very small.

To determine if a conformation change occurs in the reduced form of the
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I'O l'l 12 I'O ‘

Fig. 1. 270-MHz H-nmr spectra 22°C of oxidized C. pasteurianum ferredozxin in D0 and
H0 solution, as described in Table II. Top spectrum: 5 mg in 0.14 ml (6 mM), 45 mM
KHPOJVKH PO, buffer, pH 7.51, with 10% D,0 to provide a reference lock for the spec-
trometer. Solvent suppression techniques were used to allow a high concentration of Hz0.
Bottom spectrum: 5 mg in 0.14 ml (6 mM), 50 mM K,DPO,/KD,PO, buffer, pD 8.07.
Resonances marked 3 arise from protons bonded to cysteinyl 8-carbons; those marked « arise
from protons bonded to cysteinyl a-carbons.

protein, EPR spectra were recorded under the same conditions as the nmr
spectra. Samples were slightly reduced using buffered sodium dithionite
in order to allow direct comparison of the g values. EPR spectra of fully
reduced C. pasteurianum 2(4Fe-4S) ferredoxin are complex and arise from
interaction between the two paramagnetic 4Fe-4S clusters in the same
molecule.?! At slight degrees of reduction, however, the spectra arise
predominantly from molecules containing only one reduced cluster, and
direct comparison of the g values is therefore possible. The spectra exhibit
identical g values, allowing the possibility of only very small conformational
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differences. Therefore, although the a-proton resonances indicate a
conformation change of the protein may have occurred, the 8-proton res-
onance positions in the nmr spectra of the oxidized protein and the g values
exhibited in the EPR spectra of the reduced protein suggest that the ge-
ometry of the 4Fe-48S clusters is not detectably altered in D-0.

The most probable origin of the observed shift in E,/; in D0 is direct
interaction between the cluster and either solvent molecules or hydrogen
ions. Such interaction is indicated both by the pH dependence of the
midpoint reduction potential (R. S. Magliozzo and W. V. Sweeney, man-
uscript in preparation) and by linear electric field effect EPR experi-
ments.22

CONCLUSION

The deuteration studies described here indicate that NH---S hydrogen
bonds are not large influences on the reduction potential of the 4Fe-4S
clusters in C. pasteurianum ferredoxin. A negative shift in the reduction
potential observed for the protein in D;0 solution may arise from direct
interaction of the 4Fe-4S clusters with solvent molecules or hydrogen
ions.
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