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Chemical modification and cross-linking as probes of regions on ferredoxin
involved in its interaction with ferredoxin: NADP reductase
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Ferredoxin which had been modified with glycine ethylester in the presence of a water-soluble carbodiimide
to the extent of one carboxyl-group modified per ferredoxin was subjected to peptide mapping in an attempt
to locate the site(s) of modification. The peptide mapping was done by HPLC and analysis of the resulting
chromatogram allowed assignment of peaks to various segments in the amino acid sequences of the two
isozymes of ferredoxin. The modified ferredoxin appeared to be a mixture of ferredoxin derivatives in which
modification had occurred in three areas of the molecule. Although unable to identify the specific residues
modified, it has been shown that modification is localized in the regions of residues 26-30, 65-70, and
92-94. The possibility that these regions of ferredoxin may define its binding site for ferredoxin: NADP
reductase is discussed. Peptide mapping studies on a covalently linked adduct between ferredoxin and
ferredoxin: NADP reductase also support these regions of ferredoxin as being important in the interaction

between the two proteins.

Introduction

The nonheme iron-sulfur protein, ferredoxin,
and the flavoprotein, ferredoxin: NADP re-
ductase, participate in the terminal steps of photo-
synthetic electron transport mediating the reduc-
tion of NADP by electrons from the reducing side
of Photosystem 1. Considerable evidence has accu-
mulated showing these two proteins to form a
complex having a 1:1 stoichiometry [1-3]. The
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sensitivity of this complex to increasing ionic
strength [2,3] indicates that the interaction be-
tween the two proteins is electrostatic in nature.
Little is known, however, as to which portions of
the two proteins are involved in their interaction.

As ferredoxin is an extremely acidic protein
with about 20 of its 97 amino acids bearing
carboxyl groups [4-6] it is often assumed that
some of these negatively charged carboxyl groups
must interact with positively charged groups on
ferredoxin : NADP reductase. Data supporting this
assumption have been presented in a recent paper
[7] where it was shown that modification of only a
few of the 20 carboxyl groups on ferredoxin
dramatically decreased its ability to interact with
ferredoxin : NADP reductase. Modification of 3-4
carboxyl groups per ferredoxin was sufficient to
decrease the activity of ferredoxin in NADP pho-
toreduction by chloroplast membranes by ap-
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proximately 80%, while 50% activity was lost when
one carboxyl group was modified per ferredoxin
[7]. The large loss of activity accompanying the
relatively small degree of modification suggest that
the modified groups are likely to be involved in
the interaction of ferredoxin with ferredo-
xin: NADP reductase. In the present paper, we
report on attempts to determine the locations of
these modified carboxyl groups in the ferredoxin
structure.

Materials and Methods

Modification of ferredoxin. Carboxyl groups on
ferredoxin were modified with ' C-labelled glycine
ethylester in the presence of EDC as described in
Ref. 7. The extent of modification was limited to
an average of one carboxyl group modified per Fd
for the present studies.

Separation of ferredoxin isozymes. Separation of
the two isozymes of spinach was done in a manner
similar to that described by Takahashi et al. [6,8].
Purified ferredoxin was treated with 4 M urea for
10 min followed by a 30 min incubation with 20
mM dithiothreitol. After this incubation, the fer-
redoxin was treated with 40 mM iodoacetamide
for 1 h. These treatments converted Fd into the
apoprotein and modified the liberated sulfhydryl
groups so that disulfide bonds could not form.

The apoprotein sample was then applied to a
1.5 X 25 ¢cm DEAE-cellulose column (Whatman
DE-52) and the two isozymes eluted with a
NH,HCO, gradient (0.2-0.5 M). Fractions were
collected and the location of the two isozymes
determined by their A 4.

Primary digestion and HPLC peptide mapping of
ferredoxin samples. Samples of control or modified
ferredoxin for peptide mapping were all treated
with urea, dithiothreitol, and iodoacetamide as
described above. After dialysis into 0.1 M
NH_HCO,, the samples were treated with trypsin
(0.016 mg,/mg ferredoxin) for 3 h and then with
chymotrypsin (0.004 mg/mg ferredoxin) for 7 h.
Both treatments were done at 37°C.

Peptides obtained from this digestion proce-
dure were resolved using a Spectra-Physics SP-8700
HPLC equipped with a Brownlee RP-300 reversed
phase column. The peptides were eluted with a
0-100% methanol gradient. Trifluoroacetic acid

(0.1%) was present throughout the gradient. The
positions of the peptides were determined by con-
tinuous monitoring of the eluant at 210 nm using
a Tracor 970A variable wavelength detector. Frac-
tions were collected throughout the HPLC run
and saved for further analysis. The digestion and
HPLC mapping procedures have proved very re-
producible. In over 30 runs covering a one year
period, we have observed no variation in the rela-
tive positions or sizes of peaks in the resulting
chromatograms.

Identification of peaks in HPLC peptide maps of
ferredoxin. Each of the peaks from the HPLC run
was hydrolyzed in 6 M HCl in vacuo for 24 h at
110°C prior to amino acid analysis using a micro-
computer-controlled acid analyzer described by
Durham and Geren [9]. When necessary, peaks
from several HPLC runs were pooled to obtain
sufficient material for analysis. The amino acid
compositions of the various peaks were compared
with the compositions of various segments of the
amino acid sequences of the two Fd isozymes to
identify which peaks corresponded to each seg-
ment. Compositions determined experimentally
were within 15% of the predicted value for the
assigned segment. No correction was made for
losses of amino acids during hydrolysis.

Location of modified peptides in HPLC peptide
map of modified ferredoxin. Visual comparison of
peptide maps of control and modified ferredoxin
showed decreases in some peaks and the ap-
pearance of some new peaks as would be expected
from modification. The identity of the new peaks
has been determined by amino acid analysis.

The use of *C-glycine ethylester to modify Fd
also facilitated location of modified peaks. Ali-
quots (0.1 ml) from each fraction collected during
a HPLC run were mixed with 4 ml liquid scintilla-
tion cocktail (Research Products International
3a70B) and counted using a Beckman LS100C
liquid scintillation counter to determine which
peaks contained radiolabel. All counts/min re-
ported have been corrected for background.

Secondary digests of peaks from HPLC peptide
map. Peaks from the HPLC run were collected
and, where necessary, secondary digestions were
performed using proteolytic enzymes of differing
specificity. Details of these secondary digestions
are provided in the appropriate figure legends.



The products of these secondary digestions were
analyzed by HPLC, amino acid analysis, and liquid
scintillation counting as described above.

Chemical cross-linking of ferredoxin-ferre-
doxin: NADP reductase complex. The complex be-
tween ferredoxin and ferredoxin : NADP re-
ductase was cross-linked by incubation of the two
proteins in the presence of EDC in a manner
similar to that described by Zanetti et al. {10] with
the following alterations. Ferredoxin and ferre-
doxin: NADP reductase were incubated with 1
mM EDC in 10 mM Mops (pH 6.5) for 2 h. In
contrast to the Zanetti procedure, no NADP was
present during the incubation. After the incuba-
tion, the sample was applied to a DEAE-cellulose
column (Whatman DE-52) and the column washed
with a 0-0.6 M NaCl gradient in 50 mM Tris-HCl
(pH 8.0). The covalently linked ferredoxin-ferre-
doxin: NADP reductase adduct eluted between
uncross-linked Fp and Fd.

Results

Peptide map of spinach ferredoxin I and 11

Before HPLC peptide mapping could be used
to locate the positions of modified groups in fer-
redoxin, a reproducible peptide mapping proce-
dure had to be developed. One problem encoun-
tered was the presence of two isozymes of fer-
redoxin (ferredoxin I = major isozyme, ferredoxin
Il = minor isozyme). Although amino acid se-
quences for these two isozyme differ in 25 posi-
tions [6], they have proved impossible to separate
in an intact form. The chemical modification stud-
ies described in Ref. 7 were thus done on a
mixture of the two isozymes. Takahashi et al. [6,8]
have found that the two isozymes can be resolved
on DEAE-Toyopearl after removal of the iron-
sulfur center and blocking of the liberated sulf-
hydryl groups with iodoacetamide. We have found
that after comparable treatment, the two ferredox-
in isozymes can also be resolved on DEAE-cel-
lulose (data not shown). The resolution and rela-
tive amounts of the two isozymes are comparable
to that reported by Takahashi et al. [6,8].

Fig. 1 shows the HPLC chromatogram of na-
tive ferredoxin (a mixture of the two isozymes)
and each of the isozymes run individually. All
samples were digested as described in Materials
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and Methods after removal of the iron-sulfur
center and blocking of the liberated sulfhydryl
groups. It is clear that most of the peaks in the
chromatogram of native ferredoxin can be corre-
lated with peaks in the chromatogram of one or
the other of the ferredoxin isozymes.

Peaks from the chromatograms shown in Fig. 1
were collected, hydrolyzed in 6 M HC], and sub-
jected to amino acid analysis. The composition of
each peak was compared with compositions of
various segments of the amino acid sequences of
the two isozymes to determine which peaks corre-
sponded to particular regions of the two se-
quences. The results are summarized in Fig. 2. In
the case of ferredoxin I, peaks have been found
which include all of the sequence excepting two
small peptides (residues 38-40 and 51-52). For
ferredoxin II, peaks have been found covering the
entire sequence excluding residues 1-4 and 38-40.
As the missing pieces are small and contain no
carboxyl-containing amino actds, we have not at-
tempted to locate them.

Peptide mapping of modified ferredoxin

Attempts to locate the positions of modified
carboxyl groups on ferredoxin have utilized fer-
redoxin which was modified to the extent of one
carboxyl group per ferredoxin. Fig. 3 shows HPLC
chromatograms of digests of control and modified
Fd. Several changes are apparent. Most notable
are the decreases in peaks E (residues 76-97), H
(residues 24-37), and K (residues 53-75) from Fd
I. The integrated area under these peaks decreased
by 37, 71 and 51%, respectively. (Although de-
creases were also seen in peaks D, F, G, and J
from ferredoxin II, no attempt has been made to
quantitate the decreases or further analyze these
fragments due to the lower concentration of fer-
redoxin II in the ferredoxin preparations used in
these studies.)

Two new peaks appear in the chromatogram of
modified ferredoxin. These are labelled E* and
K* in Fig. 3. When ferredoxin was modified in
the presence of '“C-glycine ethylester, both of
these new peaks were found to be labelled. Analy-
sis of their amino acid compositions identified
them as modified forms of peptides E and K,
respectively.

When “C-glycine ethylester was used, consid-
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Fig. 1. HPLC peptide map of ferredoxin preparation and ferredoxin isozymes ferredoxin (a mixture of two isozymes) was converted
into the apoprotein and sulfhydryl groups protected as described in Materials and Methods. The Fd or samples of the individual
isozymes were subjected to proteolytic digestion as described in Materials and Methods prior to analysis of the resulting proteolysis
fragments by HPLC using a methanol gradient. The gradient was increased from 0 to 55% methanol over a 60 min period followed by

a increase from 55-100% methanol in 30 min.

erable labelling was also seen in the poorly re-
solved region of the chromatogram between peaks
J and K (57-63% methanol). When this region
was collected and rerun using a different methanol
gradient, two prominent labelled peaks were
located (Fig. 4) and identified by their amino acid
compositions as being modified forms of peak H
(H*) from ferredoxin I and peak J (J*) from
ferredoxin II.

Secondary digests of peak H and H*

The labelled peaks, E*, H*, and K*, comprise
over half of the sequence of Fd I and contain 17
of the 20 carboxyl groups present in ferredoxin 1.
Consequently, it was necessary to perform sec-
ondary digests on these peaks using proteolytic
enzymes of differing specificity to identify more
precisely the sites of labelling.

Peptide H (residues 24-37 of ferredoxin I) con-
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Fig. 2. Correlation between peptide map and amino acid
sequences of ferredoxin I and II. The amino acid sequences for
the two isozymes of spinach Fd are from Refs. 5 and 6. The
underlined regions indicate portions of the sequences for which
peaks in the HPLC peptide map have been found. The capital
letters shown indicate that the segment indicated corresponds
with the peak having that designation in the peptide map
shown in Fig. 1.

tains five acidic residues. Treatment of this peptide
with Staphylococcus aureus protease results in a
cleavage after Glu-31, dividing peptide H into two
smaller pieces, labelled H-1 and H-2 (Fig. 5).
When '“C-labelled peptide H* was treated in the
same way, peak H-2 was unaltered and contained
no radiolabel. Peak H-1, however, was missing
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and a new peak, labelled H-1*, appeared. This
new peak contained nearly all of the radiolabel
and was identified from its amino acid composi-
tion as being a modified form of H-1.

This data limits the possible site of modifica-
tion in this region of the molecule to Asp-26,
Glu-29, or Glu-30. Glu-31 cannot be the site of
modification, since if it were modified no cleavage
by S. aureus protease at that position would be
observed. Asp-34 is also excluded as it is located
in peptide H-2 which contains no label and chro-
matographs in an identical position in runs on
control and modified peptide H.

Secondary digests of peak K and K *

Peak K (residues 53-75 of Fd I) contains three
regions rich in carboxyl groups: Asp 59-Asp 60,
Asp 65-Asp 66—Asp 67, and Glu 70-Glu 71.
Treatment of peptide K with thermolysin resulted
in the production of two major peaks labelled K-1
and K-2 (Fig. 6) and several smaller un-
characterized peaks. Based on their amino acid
compositions, peptides K-1 and K-2 were identi-
fied as being residues 53-63 and 64-75, respec-
tively. Similar treatment of '*C-labelled peptide
K* also produced two major peaks. Peak K-1
chromatographed to the same position as did peak
K-1 from control peptide K and contained no
radiolabel. Peak K-2 was missing from the chro-
matogram from the digestion of K* and a new
peak, labelled K-2*, appeared. Based on its amino
acid composition, K-2* was identified as being a
modified form of K-2.

Peptide K was also treated with S. aureus pro-
tease which cleaved the peptide into two pieces,
K-3 and K-4 (Fig. 7). From their amino acid
compositions, K-3 and K-4 have been identified as
residues 53-71 and residues 72-75, respectively.
Treatment of '*C-labelled K* with S. aureus pro-
tease resulted in the absence of K-3 in the chro-
matogram and the appearance of a new doublet,
labelled K-3*. The radiolabel was associated with
this doublet. Amino acid compositions for each
peak of the doublet suggest that the two peaks are
due to singly and doubly modified peptide. Peptide
K-4 from the modified Fd chromatographed in a
manner identical to that of K-4 from control
ferredoxin and contained no radiolabel.

The thermolysin digestion of K* eliminates Asp
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Fig. 3. HPLC peptide map of modified ferredoxin control (unmodified) ferredoxin and ferredoxin which has been modified to the
extent of one carboxyl group per ferredoxin were converted into apoproteins and sulfhydryl groups blocked prior to proteolytic
digestion and HPLC mapping. Procedures were as described in Materials and Methods and in the legend of Fig. 2. The upper
chromatogram is that of control ferredoxin and the lower chromatogram that of modified Fd. The positions of new peaks in the

chromatogram of modified ferredoxin are indicated with *.
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Fig. 4. Further resolution of HPLC peptide map fractions
eluting between 52 and 67% methanol in the initial HPLC run
on modified ferredoxin were pooled and concentrated under

59 and Asp 60 as possible sites of modification.
As S. aureus protease digestion cleaves after Glu
71 in both peptides K (from control ferredoxin)
and K* (from modified ferredoxin), this residue is
also excluded as a site for modification. Four
carboxyl groups remain as candidates for the site(s)

N, gas prior to reapplication to the HPLC column. The
gradient was altered such that the methanol concentration was
increased from O to 35% in 10 min followed by a further
increase from 35 to 55% in 100 min. The bar graph shows the
positions of fractions containing radioactivity when *C-glycine
ethylester was used to modify the protein.
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Fig. 5. Analysis of S. aureus protease digestion of peaks H and H* material from peak H of unmodified ferredoxin and H* of
modified ferredoxin was treated with S. aureus protease (0.06 mg S. aureus protease/mg peptide) in 80 mM sodium phosphate (pH
7.8) for 12 h and the resulting fragments separated by HPLC. The bar graph shows the position of radioactive fractions when H*
from ferredoxin which had been modified in the presence of '*C-glycine ethylester was used. The gradient for the HPLC run was as

described in Fig. 1.

of modification in this region of the molecule.
These are Asp 65, Asp 66, Asp 67 and Asp 70.

Secondary digests of peak E and E*
Peptide E contains five carboxyl groups, Asp
84, Glu 88, Glu 92, Glu 93 and Glu 94. It also

contains a lysine residue at position 91. The
primary digestion of control and modified Fd did
not result in a cleavage after this lysine, perhaps
due to its close proximity to a cluster of negatively
charged groups (Glu 92-94).

We have attempted to cleave peptide E after
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Fig. 6. Analysis of thermolysin digestion of peaks K and K*. Material from peak K of unmodified Fd and peak K* of modified Fd
was treated with 0.15 mg thermolysin/mg peptide in 0.2 M ammonium acetate (pH 8.5) containing 0.5 mM CaCl, for 3.5 h. The
resulting fragments were sererated by HPLC using the gradient described in Fig. 1. The bar graph shows the fractions which
contained radioactivity when peak K* was obtained from Fd which had been modified in the presence of *C-glycine ethylesters.

this lysine by treatment with a higher concentra- trypsin at a level of 0.2 mg/mg peptide E, the
tion of trypsin than was used in the primary peptide is split into two pieces, E-1 and E-2. Based
digestion. Fig. 8 shows that when incubated with on their amino acid compositions, E-1 is residues
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Fig. 7. Analysis of S. aureus protease digestion of peaks K and K*. Material from peaks K and K* was treated with S. qureus
protease using conditions described in Fig. 5. Analysis by HPLC was done using the gradient described in Fig. 1. The bar graph
shows the position of fractions containing radioactivity when peak K* from Fd modified with *C-glycine ethylester was used.

91-97 and E-2 is residues 76~90. It is noteworthy
that this cleavage is after histidine 90 rather than
lysine 91. Cleavage at this point is also rather
inefficient as most of the peptide is not cleaved by
the treatment.

Treatment of **C-labelled E* with this level of
trypsin also resulted in a limited cleavage at the
same position. Because of the limited nature of the

cleavage, most of the label remained associated
with the parent peak. A peak corresponding to
E-2 is present in the chromatogram and contains
no radiolabel. This observation excludes Asp 84
and Glu 88 as sites for modification. No peak
characteristic of a modified form of E-1 was
located in the chromatogram. A few small peaks
of radioactivity were detected between the ex-
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Fig. 8. Analysis of trypsin digestion of peaks E and E*. The peptides were treated with trypsin at a level of 0.2 mg trypsin/mg
peptide in 0.1 M NaHCO, for 3 h. HPLC peptide mapping was done using the gradient conditions described in Fig. 1. The bar graph
shows the fractions which contained radioactivity when peak E* from ferredoxin labelled with 1*C-glycine ethylester was used. In the
chromatogram of peak E from control ferredoxin the area between the two arrows is run on an absorbance scale 4-fold greater than
the rest of the chromatogram. Note that digestion of either E or E* with trypsin is rather inefficient as most of the material remains

undigested.



pected location of E-1 and E-2. These peaks may
represent modified forms of E-1, but are present
in too small an amount to be characterized by
amino acid analysis. The absence of E-1 suggests
that it has been modified and limits the possible
carboxyl groups modified in this region of the
molecule to Glu 92, Glu 93, and Glu %4.

Peptide mapping of covalently linked ferredoxin-fer-
redoxin: NADP reductase adduct

A covalently linked ferredoxin-ferre-
doxin : NADP reductase adduct was prepared by
incubation of the two proteins in the presence of
EDC. Characterization of this adduct by spectral
analysis and by SDS gel electrophoresis (data not
shown) revealed it to have a 1:1 stoichiometry
similar to an adduct reported by Zanetti et al. [10].

Peptide mapping of the ferredoxin-ferre-
doxin : NADP reductase adduct was performed to
determine which portions of ferredoxin were
cross-linked to ferredoxin : NADP reductase. The
proteolytic digestion and peptide mapping proce-
dures used for analysis of chemically modified
ferredoxins (see above) were applied to pure ferre-
doxin: NADP reductase, to a noncross-linked
mixture of ferredoxin and ferredoxin: NADP re-
ductase, and to the ferredoxin-ferredoxin:NADP
reductase adduct. The peptide map of Fp alone
(Fig. 9, bottom) shows the presence of about 30
major peaks and several minor peaks. When an
uncross-linked mixture of ferredoxin and ferre-
doxin : NADP reductase was subjected to identical
treatment, several additional peaks due to fer-
redoxin fragments could also be detected (Fig. 9,
middle). These peaks are labelled with letters cor-
responding to those used in analysis of chemically
modified ferredoxins (Fig. 1 and 2). Of particular
interest are peaks E, H, and K which the modifi-
cation studies suggested to contain carboxyl groups
important in the interaction of ferredoxin with
ferredoxin : NADP reductase. It is fortunate that
all three of these peaks are distinguishable from
peaks due to the digestion of Fp in this chromato-
gram.

When the ferredoxin-ferredoxin: NADP re-
ductase adduct was subjected to the same proteo-
lytic digestion and peptide mapping procedures,
changes in these three peaks occured (Fig. 9, top).
Peak E disappeared entirely and the size of peak
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H decreased dramatically. Peak K also decreased
in size, but not to the same extent as either peak E
or H. As a peak from ferredoxin would only be
expected to disappear or decrease in size if it were
cross-linked to some undefined fragment from
ferredoxin : NADP reductase, these observations
support the involvement of carboxyl-groups in
these three regions of the ferredoxin molecule in
its interaction with ferredoxin : NADP reductase.

Discussion

Peptide mapping studies have been performed
on ferredoxin modified to the extent of one
carboxyl group per ferredoxin. Although we have
been unable to determine single sites of modifica-
tion, the data presented indicate that modification
occurs primarily in three regions of the molecule:
residues 26—30, 65-70 and 92-94. The apparently
singly modified Fd is thus likely a mixture of
monosubstituted derivatives. Attempts to further
resolve this mixture by ion-exchange chromatogra-
phy have not yet been successful. However, as Fd
modified to this extent is only 50% active in
NADP photoreduction [7], some or all of these
regions may be involved in its interaction with
ferredoxin : NADP reductase.

Fig. 10 shows the location of all carboxyl-con-
taining amino acids in the 3-dimensional structure
of spinach ferredoxin. (The structure shown is
derived from the 3-dimensional structure of
Spirulina platensis ferredoxin as described in Ref.
15. As the amino acid sequences for spinach and
Spirulina ferredoxin show about 65% homology, it
seems unlikely that the structures for the two
proteins would be greatly different.) The positions
of the possible groups modified in the present
study may define the portion of the molecule
interacting with ferredoxin: NADP reductase. If
all three regions are involved (an assumption which
may or may not be valid), it would appear that
ferredoxin : NADP reductase might wrap itself
around the upper left and rear portions of fer-
redoxin with some portion of ferredoxin: NADP
reductase extending down over the right front
portion of the Fd molecules.

The proposed type of interaction would bring
the iron-sulfur center (located in the upper portion
of the ferredoxin structure) in close proximity to
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Fig. 10. Location of possible sites of modified carboxyl groups
on ferredoxin. The drawing of the backbone of ferredoxin has
been altered from that presented in Ref. 15 and renumbered to
bring it into agreement with the numbering of the amino acid
sequence of spinach ferredoxin. Only the alpha carbons are
shown. The carboxyl groups which the present work indicates
are candidates for modification by glycine ethylester in the
presence of EDC are shown in black. All other carboxyl groups
are cross-hatched. The iron-sulfur center (not shown) is at-
tached to the protein by cysteine residues at positions 39, 44,
47, and 77.

the ferredoxin: NADP reductase such that elec-
tron transfer could occur. This view is supported
by the observation that modification of histidine
90 on the rear of the ferredoxin molecule also
alters its ability to interact with Fp while the
modification of the single arginine at position 40
on the front side of Fd does not [7].

BC-NMR studies on the interaction between
13C-enriched Fd from Anabaena variabilis and
spinach Fp [11] have indicated that the resonances
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of three glutamates are altered when ferredoxin
binds to ferredoxin:NADP reductase. One of
these three glutamates has tentatively been as-
signed as Glu-24 in the sequence of Anabaena
variabilis ferredoxin. The comparable position is
spinach ferredoxin I is occupied by a valine al-
though spinach ferredoxin II does contain a Glu
in this position. In all three cases, this position is
preceeded by two Asp residues. The fact that we
observe no modification in this region of the mole-
cule cannot be used to exclude these (or other)
carboxyl groups from being involved in the inter-
action with ferredoxin : NADP reductase as chem-
ical modification experiments can only provide
information on groups which have been modified.

It is also interesting to note that the regions
modified in the present work are at or near clus-
ters of carboxyl groups in the ferredoxin sequence.
This is not surprising as under the mild conditions
used, only the most reactive carboxyl groups would
be expected to react. Work in other laboratories
has shown that under similar conditions the reac-
tion of EDC with clusters of carboxyl groups is
favored [12-14]. This may explain why we were
able to achieve rather specific modification of
certain regions of the ferredoxin molecule rather
than having carboxyl groups modified at random
throughout the sequence. One potential problem
with the use of EDC in protein modification is the
possibility that the EDC-carboxyl group adduct
initially formed may also rearrange to form stable
N-acylurea derivatives. Under the conditions used
in our work (low concentrations of EDC and high
concentrations of glycine ethylester), this compet-
ing reaction should be minimal. Under conditions
where this rearrangement might be favored (no
glycine ethylesters present), we have observed that
treatment of ferredoxin with EDC results in sub-
stantial loss of the iron-sulfur center from the
protein.

Peptide mapping of a cross-linked ferredoxin-
ferredoxin : NADP reductase adduct also supports
the involvement of carboxyl groups in these three

Fig. 9. Peptide mapping of ferredoxin-ferredoxin: NADP reductase adduct proteolytic digestion and HPLC peptide mapping were
done as described in Materials and Methods and the legend to Fig. 1. The bottom chromatogram is the peptide map of ferredoxin
NADP reductase alone. The middle chromatogram is the peptide map of a 1.5:1 mixture of Fd an Fp and the top chromatogram is a

peptide map of the covalently cross-linked Fd-Fp adduct.
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regions of Fd in its interaction with ferredoxin. As
the EDC is expected to link covalently the two
proteins by forming amide linkages between nega-
tively charged carboxyl groups and amino groups
in close proximity, this means of cross-linking
takes advantage of the electrostatic interaction
between the two proteins. As peak E disappeared
entirely in the peptide map of the ferredoxin-fer-
redoxin : NADP reductase adduct, the data would
suggest that a linkage between carboxyl groups in
this region of ferredoxin and amino groups on
ferredoxin : NADP reductase is present in all of
the ferredoxin-ferredoxin: NADP reductase ad-
duct. The observation of decreases in peaks H and
K would suggest that in some molecules of the
adduct, carboxyl groups in these two regions are
also cross-linked to amino groups on
ferredoxin : NADP reductase with a greater degree
of cross-linking involving carboxyl groups in peak
H. It is not clear at the present time whether the
differences in cross-linking involving these three
regions of ferredoxin is a reflection of differing
reactivities of the carboxyl groups or accessibility
of EDC to the carboxyl groups when the two
proteins are interacting. As the complete amino
acid sequence of spinach Fp is now known [16],
we hope to use similar approaches to determine
which portions of Fp are involved in its interac-
tion with ferredoxin.

Recent studies with the modified Fd described
in this work have also indicated that its interac-
tion with other ferredoxin-dependent enzymes such
as nitrite reductase and glutamate synthase is also
impaired [17]. This observation suggests that the
same region of ferredoxin which is involved in its
interaction with ferredoxin : NADP reductase may
also be in involved in its interaction with other
FD-dependent enzymes.
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