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Chapter 4

Ferredoxin/ferredoxin-thioredoxin Reductase Complex:
Complete NMR Mapping of the Interaction Site on

Ferredoxin by Gallium Substitution

Xu X, Kim SK, Schiirmann P, Hirasawa M, Tripathy JN, Smith J, Knaff DB, Ubbink M. FEBS
Letters, 2006, 580, 6714-6720.



The complex of Fd/FTR

Abstract:

The reduction of ferredoxin-thioredoxin reductase by plant-type ferredoxin plays
an important role in redox regulation in plants and cyanobacteria. Nuclear
magnetic resonance (NMR) was used to map the binding sites on Synechocystis
ferredoxin for FTR. A gallium-substituted structural analogue of this 2Fe-2S
ferredoxin was obtained by reconstituting the apoprotein in a refolding buffer
containing gallium. For the first time, the complete interaction interface of a
2Fe-2S ferredoxin with a target enzyme has been mapped by NMR chemical

shift perturbation with this diamagnetic structural analogue.
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Chapter 4

Introduction

Transient complexes formed by electron transfer proteins play an important role
in photosynthesis and respiration. One of the most important electron transfer
proteins in oxygenic photosynthesis is the soluble 2Fe-2S cluster-containing
protein, ferredoxin. This protein, also known as plant-type ferredoxin, is a small
(M, = 11 kDa), acidic (pl = ca. 3) protein ®. It transfers electrons from
photosystem | to a range of other proteins including ferredoxin-NADP*
reductase (FNR), ferredoxin-thioredoxin reductase (FTR), glutamate synthase
(GOGAT), nitrite reductase (NiR), cyanobacterial nitrate reductase (NaR),
sulfite reductase (SiR), and ferredoxin-plastoquinone reductase .

Most thioredoxin reductases are flavoproteins and use NADPH as reductant. In
contrast, FTR is a unique 4Fe-4S enzyme and composed of a conserved catalytic
subunit of 13 kDa, with a 4Fe-4S cluster and a proximal redox active disulfide,
and a variable subunit of similar size ®. In chloroplasts, FTR receives electrons
from Fd and then reduces the thioredoxins f and m through a disulfide-dithiol
interchange system. Thioredoxins can reduce regulatory disulfides of various
target enzymes to activate or deactivate them, thus switching on anabolic
pathways and inhibiting catabolic ones ¢+,

Spinach Fd and FTR were shown, using changes in absorbance and circular
dichroism difference spectra, to form a 1:1 complex at low ionic strength that
dissociates at high ionic strength ©. The Kq of this complex at 15 mM ionic
strength is smaller than 107 M, a value considerably lower than those measured
for complexes of ferredoxin with other interaction partners ©. Differential
chemical modification of acidic residues of Fd identified D34, D65, E92, E93,
E94 and C-terminal A97 as important residues for the binding to FTR .
Nuclear magnetic resonance can be used to study these complexes in solution,
providing detailed information on the interaction interface, and the dynamics of
89

binding . However, for proteins containing a 2Fe-2S cluster, there is a
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The complex of Fd/FTR

challenging problem. Fast relaxation of the nuclear spins located close to the
iron sulfur results in NMR signals that are broad or even invisible, so that no
information can be obtained for an important area on the protein surface. An
obvious way of circumventing paramagnetic broadening is to substitute the iron
sulfur center with a diamagnetic prosthetic group.

Here, we use NMR to study the interaction of Fd and FTR, both from
Synechocystis sp. PCC6803. Replacement of the 2Fe-2S cluster with a gallium
ion produces a diamagnetic analogue of Fd that eliminates this problem. Using
chemical shift perturbation analysis, the entire binding interface of the complex
in solution can be mapped. The results show that the FeS clusters of two proteins

are in close proximity in the Fd/FTR complex.

Materials and methods

Protein preparation

A culture of Escherichia coli harboring the plasmid containing the Fd gene from
Synechocystis sp. PCC 6803 “® was grown in LB medium containing ampicillin
(100 pg/mL) and 0.5 g N ammonium chloride (Cambridge Isotopes
Laboratories, Inc., Andover, MA) per L of culture. Fd was expressed in E. coli

D The ferredoxin concentration was

and purified as described previously
estimated from the absorbance at 422 nm, using an extinction coefficient of 9.8
mM™cm™. Recombinant FTR from Synechocystis PCC6803, produced in E. coli,

was isolated and purified to homogeneity as described earlier 2.

Ga substitution
A solution of the ferredoxin (7 mg/ml in 100 mM Tris-HCI, pH 8.0) was
prepared and concentrated HCI was added to the final concentration 1 M. The

cloudy solution was centrifuged for 10 min at 14000 rpm. The white precipitate
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was immediately rinsed with MilliQ water and re-suspended in degassed 100
mM Tris buffer (pH 8.0). The same procedure was repeated for 3 times to
completely remove the Felll and sulfide. The final protein precipitate was re-
suspended in 6 M Gdn.HCI, 100 mM Tris buffer (pH 8.0) containing 10 mM
DTT. The apoprotein was refolded at 4 °C by rapid dilution into the refolding
buffer containing 2 mM GaClz, 2 mM NayS, 2 mM DTT and 20 mM Tris (pH
8.0). The clear solution was incubated at 4°C overnight. Protein refolding was
confirmed by a one-dimensional NMR experiment. Then the protein was applied
to a Q-sepharose column, eluted with a gradient of 0 to 1 M NaCl in 20 mM Tris
pH 8.0. The protein fractions eluted at 0.5 M NaCl were concentrated by
ultrafiltration. The buffer was changed to 20 mM sodium phosphate, pH 7.4 for
storage. The concentration of GaFd was determined by the absorbance at 277
nm, using a predicted extinction coefficient of 9.0 mM™cm™ calculated from the
number of tyrosine, tryptophan and cysteine residues ®®. A diluted and pure
GaFd sample (6.7 puM) in MilliQ water was prepared for gallium element
analysis with an Inductively Coupled Plasma (ICP) Optical Emission
Spectrometer (Vista-MPX, Varian).

Backbone assignment of native and Ga substituted ferredoxin

NMR samples containing 20 mM sodium phosphate, pH 6.5, 10% D,O with
protein concentration ranging from 0.6 mM to 2 mM for assignment
experiments. All NMR experiments were recorded at 293 K on a Bruker
DMX600 spectrometer equipped with a TXI-Z-GRAD probe or TXI-Z-GRAD
ATM cryo-probe. For sequence-specific assignment of backbone amide
resonances of 2Fe-2S Fd and GaFd, 2D heteronuclear *H-">N-HSQC, 3D *°N-
NOESY-HSQC (mixing time 100 ms) and *>N-TOCSY-HSQC (mixing time 60
ms) spectra were recorded. For *°N labeled 2Fe-2S Fd bound to FTR, backbone
resonance assignment was performed by the analysis of the sequential NOEs
from a 3D °N-NOESY-HSQC (mixing time 150 ms) for a sample containing
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15N Fd:FTR (1.0 mM :1.2 mM). Data were processed with AZARA
(http://www.bio.cam.ac.uk/azara/) and resonance assignment was performed in
ANSIG-for-Windows ¥

NMR titration and chemical shift mapping

For 2Fe-2S Fd, both normal and reverse titration experiments were performed
and followed by recording on *H-">N HSQC spectra. In the normal titration, 200
UM N Fd was titrated with aliquots of 4 mM FTR to a molar ratio of 1.2. In the
reverse titration, 200 pM FTR was titrated with aliquots from 2 mM N labeled
Fd to a molar ratio of 2.8. For GaFd, 90 pM N labeled Fd was titrated with
aliquots of 2.4 mM FTR to a molar ratio of 1.2. The averaged chemical shift

change (4dg) of *°N and *H was calculated with the equation:

A8,y =VAN?I50+ASH? /2 4.1)

in which 40N and 4H represent the chemical shift change of the amide nitrogen

and proton, respectively.

Results

Ga substitution of Fd

The Ga-substituted plant type ferredoxin was obtained through refolding the
apoprotein in a refolding buffer containing excess Ga(lll). During the apoprotein
preparation, the iron sulfur cluster was completed removed by addition of HCI.
Refolding was monitored by one-dimensional proton NMR experiment, showing
a good dispersion of chemical shifts of amide protons and methyl groups. lon
exchange chromatography was used to purify the folded protein from the

refolding mixture. The yield of folded protein is 20-30%. Gallium element
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analysis by ICP-OES indicates that the GaFd contains 1.15 +0.20 mole of

gallium per mole of protein.

Backbone chemical shift assignment of ferredoxin and GaFd

The assignment of the backbone 'H and N resonances of 2Fe-2S Fd was
performed using 3D N -NOESY-HSQC and TOCSY-HSQC spectra and
greatly facilitated by the availability of assignments from the literature ®.
Residues 36-48, 61-63, 75-79 were not assigned due to the strong paramagnetic
effect of the iron-sulfur cluster. After substitution of the paramagnetic FeS
cluster with gallium the complete backbone assignment could be obtained.

The comparison of 2D 'H-"*N HSQC spectra of 2Fe-2S Fd and GaFd (Figure
4.1) shows that for most of the observable residues of 2Fe-2S Fd the
corresponding resonances of Ga Fd match very well. This indicates that the
secondary structure and the fold of the protein are maintained. The conclusion is
also supported by the similarities in the sequential NOE connectivity between
both forms. Many new resonances are also observed in the spectrum of GaFd,
originating from residues located in the vicinity of the metal. In native Fd, these
residues are invisible due to the paramagnetic relaxation effects of the 2Fe-2S

cluster.

Titration experiments

'H->N HSQC titration experiments were performed by titrating FTR into
N labeled 2Fe-2S Fd (normal titration) and >N Fd into FTR (reverse
titration). Both show that the interaction is in the intermediate-slow
exchange regime. The off rate (kofr) can be estimated to be in the range of
50-100 s based on the appearance of several resonances exhibiting small
chemical shift perturbations. For residues with large perturbations, two

sets of resonances representing free and bound states are visible with
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intensities proportional to their fractions (Figure 4.2A). The titration
results suggest a 1:1 stoichiometry for the complex of Fd with FTR,
consistent with earlier estimates for the complex between these two

Synechocystis proteins based on spectral perturbation experiments 2.
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Figure 4.1. Overlay of the HSQC spectra of native Fd (black) and GaFd
(red). Assignments of new crosspeaks in the GaFd are indicated with residue
numbers.
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A titration experiment of FTR into N GaFd indicates that the
interaction is in the intermediate-fast exchange regime in this case,
because the averaged chemical shifts of protein in free and bound states
were detected for most of the residues (Figure 4.2B), The assignment of
GaFd in bound state was readily achieved by following the chemical shift
changes of resonances during titrations. The off rate (ko) can be
estimated to be 500 s* from the resonance of Y96, which is in the
intermediate exchange regime because of its large chemical shift
difference between free and bound states. At a ratio 1.2 of FTR/GaFd, the
chemical shift changes were complete and the chemical shift at this ratio

was taken to represent the bound state of Fd.
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Figure 4.2. Overlay of part of the series of 'H-""N HSQC spectra of the
normal titration experiments for 2Fe-2S Fd (A) and GaFd (B) with FTR.
For native Fd (A), the ratios of FTR/Fd are 0 (black), 0.3 (red), 0.7 (orange),

1.2 (blue). For N GaFd (B), the ratios of FTR/Fd are 0 (black), 0.4 (red),
0.7 (orange), 1.2 (blue)
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Intermolecular paramagnetic effect

For residues C39 and R40 in GaFd, the resonances are broadened to a
much larger extent than is the case for the rest of the residues, even at a
FTR/Fd ratio as low as 0.11 (the first point in the titration). The
crosspeaks of these two residues have completely disappeared in the
following titration points and do not reappear in the fully bound state. The
line broadening of the averaged peaks in fast exchange is proportional to
the square of chemical shift difference between the free and the bound
states. The large broadening of C39 and R40 cannot be due to this
exchange, because the extrapolated chemical shift changes for these two
residues are much smaller than the largest observed chemical shift change
of residue C44, which is visible in the HSQC spectrum of the last titration
point. Thus, we attribute the extra line broadening of C39 and R40 to an
intermolecular paramagnetic effect that originates from the paramagnetic
Fe-4S iron-sulfur cluster of FTR.

Interaction maps on Fd and GaFd with FTR

Upon binding to FTR, GaFd exhibits similar chemical shift changes in
both **N and proton dimensions compared to observable residues of
native Fd (Figure 4.3), suggesting that both forms of ferredoxin use the
same residues to interact with FTR. Thus, gallium substitution only
changes the kinetics and the affinity of the interaction but not the binding
site. In Figure 4.4, the chemical shift changes were mapped onto the
residues of crystal structure of Fd (PDB ID:10FF) 9. For 2Fe-2S Fd,
chemical shift mapping clearly shows that C-terminal residues E92-Y96

and acidic
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A W 2Fe2S Fd
GaFd

'HesP (ppm)

N CSP (ppm)

A, (ppm)
o
S
1

01 -

20 40 80 a0

Residue number

Figure 4.3. Comparison of chemical shift perturbations for native Fd and
GaFd upon complex formatin with FTR. Chemical shift changes of amide

proton (A), amide nitrogen (B) and Ada,q (C) of 2Fe-2S Fd (black bars) and

GaFd (white bars) are shown for all observed residues

residues D34, D65 are involved in the binding. All these residues display
relatively large chemical shift perturbations. However, no information
could be obtained for other important residues located close to the iron

sulfur cluster (Figure 4.4A). For the GaFd, all residues with large
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4

Figure 4.4. Chemical shift mapping on 2Fe-2S Fd and GaFd in the
presence of FTR. The crystal structure of Synechocystis Fd was used to
display the surface generated by Deep-Viewer. Residues are color coded
according to Adayg (red for > 0.12; orange for > 0.08; yellow for > 0.04;
blue for < 0.04), unassigned residues are colored in white. In (B), residues
C39 and R40, which experience an intermolecular paramagnetic effect in
the GaFd/FTR complex, are colored in purple. (C) Surface representation of
the interface on Fd in the cystal structure of Fd/FTR complex. Interface
residues with atoms < 5 A from FTR are colored in red. Residues close to

the interface, with atoms < 8 A from FTR, are colored in yellow.
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chemical shift perturbations were identified. They mainly map to D34,
Y37-S45 (iron sulfur loop), 151, S62-D65, Q68-169, Y73, and C-terminal
residues E92-Y96 (Figure 4.4B).

Discussion

NMR chemical shift perturbation analysis was used to study the interaction of
Synechocystis 2Fe-2S Fd with FTR. The titration experiment showed that the
interaction of Fd with FTR is in the slow to intermediate exchange regime.
Chemical shift mapping with native, paramagnetic Fd shows that all of the
residues with large chemical shift changes except 151 are located near the 2Fe-
2S loop. However, due to the strong paramagnetic broadening effect of the iron-
sulfur cluster, 20 residues located in the vicinity are invisible or difficult to
assign in HSQC spectra, leading to the loss of important information.

Metal substitution has been extensively used to study the metallo-proteins. For
2Fe-2S ferredoxin, successful replacement of iron sulfur with a single gallium
ion or a gallium sulfur cluster was reported previously, using a denaturation and

reconstitution method @9,

Gallium substituted putidaredoxin has been
structurally characterized by NMR and it was found that Ga putidaredoxin has a
structural fold similar to that of 2Fe-2S putidaredoxin, even though the iron
sulfur loop conformation was slightly distorted by the single gallium substitution
(19).

A similar denaturing and refolding method was used in our study to achieve the
gallium substitution for plant type 2Fe-2S Fd. NMR spectra indicate that GaFd
has a folded structure similar to native Fd. Gallium elemental analysis of the
Synechocystis GaFd used in this study indicates that one gallium atom was
incorporated per protein molecule. Based on the sequence homology of plant-

type ferredoxin and of putidaredoxin, it seems reasonable to conclude that Ga is
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bound in the Synechocystis Fd in a manner similar to that reported for Ga
putidaredoxin, resulting in a product in which the gallium coordinates with 4
cysteine sulfurs.

The chemical shift perturbation results suggest that GaFd is a good structural
analog of native Fd and thus suitable for mapping the FTR-interaction sites of Fd
within the 1:1 Fd/FTR complex. Surprisingly, the interaction of GaFd with FTR
is in the intermediate-fast exchange regime. A plausible explanation is that the
distortion of loop region (residues P36-S45) introduced by single gallium
substitution slightly alters the surface complementarities of Fd and FTR or the
charge of Fd, resulting in a reduced affinity and an increase of Ky This
phenomenon may offer advantages for the chemical shift mapping of tight large
protein complexes formed by Fd with its interaction partners such as Fd/NiR
complex, Fd/NaR complex and Fd/GOGAT complex. The fast exchange regime
facilitates the resonance assignment of Fd in the bound state by avoiding the
need for deuteration of the protein and TROSY experiments ® on the large
protein complexes.

With the GaFd, a complete chemical shift map of Fd for the interaction with
FTR was obtained. Most of the hydrophobic residues located in or close to the
iron-sulfur loop were strongly perturbed by complex formation. It can be
concluded that this region is involved in the binding while the amide of residue
I51, located on the other side of the protein, probably experiences a secondary
chemical shift change resulting from the perturbation of hydrogen bond with
G72 upon complex formation. The result of NMR mapping in this study is
consistent with the previous mapping by differential chemical modification
experiments on spinach Fd and FTR . A comparison of our NMR chemical
shift mapping to the interface of the Fd/FTR complex observed in the crystal
structure (“Y and Dai, S. et al, unpublished observations) also confirmed the
validity of this diamagnetic analog. In the crystal structure of Fd/FTR complex
from Synechocystis, Fd residues Y37-T46, Q61-D66, Q68, E92, L95-Y96 are in
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the interface while other residues including E29, E34, P36, C47-K50, Q58-D60,
D67, 169, H90-K91, D93-D94 are very close to the interface (Figure 4.4C).

The Adaq Values can be classified as large. Worrall et al @2 have shown that
Ad.gVvalues can vary greatly between protein complexes. This was attributed to
the degree of dynamics within the complex. The large Ad.4 values observed
here classify the FA/FTR complex as a well-defined complex, with little internal
dynamics.

The intermolecular paramagnetic effect detected on diamagnetic GaFd is an
interesting observation. The 4Fe-4S cluster is in the 2+ state in purified FTR,
and is EPR silent ®®. However, at room temperature low lying excited states are
populated rendering the cluster paramagnetic ®¥. Intermolecular paramagnetic
effects including pseudo contact shifts and paramagnetic relaxation enhancement
can provide useful restraints in modeling of protein-protein interactions, as was

shown previously @

. In this case, the extra broadening effect due to the
intermolecular paramagnetic relaxation enhancement may be exploited to
determine the orientations of the proteins in the complex in solution.

Plant-type Fd can interact with a number of different redox enzymes. An
interesting question is how electron flow is regulated and balanced in this
complex interaction network ©®. An increasing number of studies on the
interaction of Fd with different enzymes suggests that the differences in the
interactions of conserved acidic residues which are distributed in three separate
acidic patches on the surface of Fd, may well provide the answer to this
question. These three patches include residues E29-D34, residues D65-E70 and
residues E92-D94 of Fd in the interaction of Synechocystis Fd with FTR. Some
residues are important for Fd interaction with many partners, others are specific.
Our complete chemical shift mapping reveals that not all the residues in these
acidic patches are directly involved in binding. The C-terminal acidic patch
seems the most important in the interaction of Fd with FTR, an observation also

made based on site-directed mutagenesis studies ®”. In contrast, the acidic
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patches formed by D65-D66 and E92-E94 on maize Fd are most important in its
interaction with maize FNR @ Interestingly, the complex formed between FNR
and Fd when both proteins come from the cyanobacterium Anabaena sp.
PCC7119 shows some significant differences in portions of the interactions

domain when compared to the complex between the same two maize proteins

@) In the case of another higher plant, Fd-dependent enzyme, maize SiR, the

major interaction sites on maize Fd with SiR include the acidic patch E29-D34
and the C-terminal patch ©°.

The interface shown in Figure 4.4 emphasizes, however, that, in addition to the
charged residues, polar and non-polar residues are also very important for the
interaction. The interface exhibits a composition typical for an electron transfer
complex 3 with a hydrophobic core (C39, A4l, G42, C44, F63, L64, L95)
surrounded by polar residues with the charged groups on the outer ring of the

interface.
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