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Abstract Sulfite reductase (SiR) catalyzes the reduction of sulfite to sulfide by 
using six electrons transported from ferredoxin (Fd) for eventual sulfur assimila-
tion. As efficient electron flows are ensured by forming a productive Fd:SiR com-
plex, detailed characterization of a Fd:SiR complex in solution is of particular 
importance. Here, we show that acidic residues of Fd play essential roles in forming 
an electron transfer complex with SiR by using attractive electrostatic interactions 
with putative basic residues of SiR. The thermodynamic approach using calorimetry 
revealed a favorable electrostatic contribution to form the Fd:SiR complex at the 
molecular level. Solution-state nuclear magnetic resonance (NMR) spectroscopy on 
15N-labeled Fd in the presence of SiR showed large perturbations in NMR signals of 
acidic residues of Fd. The addition of NaCl diminished overall perturbations of 
NMR signals of SiR-bound Fd which resulted from the decrease in interprotein 
affinity. However, acidic residues at both termini still showed relatively large peak 
perturbation. These results at the residue level suggested that intermolecular inter-
actions between Fd and SiR are electrostatic in nature and the electrostatic interac-
tion is a dominant contributor to form the Fd:SiR complex. We suggest that a 
combination of calorimetry and NMR is a powerful approach to investigating 
protein- protein interactions.

A variety of life phenomena such as electron transfer, signal transduction, and pro-
tein homeostasis, are conducted by intermolecular interactions of multiple proteins. 
Protein surfaces generally consist of both charged/polar hydrophilic and apolar 
hydrophobic regions. The intermolecular interactions, achieved by the electrostatic 
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and hydrophobic forces, occur in an energetically favorable way. Several physico-
chemical studies have been reported on the molecular interaction between electron 
transfer proteins and their partner enzymes. Cytochrome c uses the highly positive 
electrostatic patches to interact with acidic residues of the subunit II of cytochrome 
c oxidase for electron transfer (Maneg et al. 2004). Similarly, positive residues of 
cytochrome f interact with negative residues of plastocyanin (Gross and Pearson 
2003). In chloroplasts, Fd, which possesses clusters of acidic regions, acts as a mul-
tiple electron donor for various redox proteins. Biochemical and biophysical studies 
have suggested that various Fd-dependent enzymes such as nitrite reductase (NiR), 
sulfite reductase (SiR), and ferredoxin-NADP+ reductase (FNR) mainly interact 
with Fd using their positive residues on surfaces (Akashi et al. 1999; Nakayama 
et al. 2000; Kurisu et al. 2001; Saitoh et al. 2006; Lee et al. 2011; Sakakibara et al. 
2012).

SiR reduces sulfite to sulfide using six electrons transferred from Fd. Linked 
sequential metabolic reactions with other enzymes produce amino acid residues 
such as methionine and cysteine using sulfide. Electrons are transferred from a 
[2Fe-2S] cluster of Fd to a [4Fe-4S] cluster of SiR and then from a [4Fe-4S] to 
siroheme intramolecularly. We have reported biochemical analyses of interprotein 
interactions between Fd and SiR to form the electron transfer complex (Akashi et al. 
1999; Nakayama et al. 2000; Saitoh et al. 2006). In this study, we first applied iso-
thermal titration calorimetry (ITC) to investigate interactions between Fd and SiR 
(Fig. 1). By measuring gradual heat changes attributed to the binding of SiR and Fd 
under a titration of increasing concentrations of Fd in the presence or absence of 
100 mM NaCl, thermodynamic parameters, changes in enthalpy (ΔH), entropy 
(ΔS) and binding affinity (Kd) with binding stoichiometry (n), were determined 
using the equations as below.

Observed ΔH for binding and the dissociation constant (Kd) were directly calcu-
lated from the integrated heats using the two-sets (Fig. 1a, lower panel) or one-set 
(Fig. 1b, lower panel) of an independent binding site mode using Eq. 1:
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where Q is the change in heat, V0 is the effective volume of the calorimeter cell 
(~1.43 ml), LR is the ratio of the total SiR concentration to total Fd concentration 
([P]t) at any given point during titrations, and n is the binding stoichiometry of Fd 
per a binding site on SiR. By using the values of ΔH and Kd, the change in Gibbs 
free energy (ΔG) and ΔS were calculated using thermodynamic relationships 
(Eqs. 2 and 3) as follows:

 ∆G RT K= ln d  (2)

 ∆ ∆ − ∆G H T S=  (3)
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where R is the gas constant and T is the temperature in Kelvin. Schematic represen-
tation of binding states of Fd and SiR are shown in the upper panels.

A large exothermic reaction was observed during a successive titration of Fd to 
SiR without NaCl and thus the formation of the Fd:SiR complex was assumed to be 
driven with negative ΔH (ΔH < 0; Fig. 1a). As the molar ratio of Fd/SiR increased, 
the extent of binding heat decreased and saturation was reached, indicating that all 
SiR was occupied with Fd. Interestingly, there were two binding phases: a high 
binding affinity phase at the low molar ratio of Fd/SiR (0 to ~2) was followed by a 
low binding affinity phase at the high molar ratio (~2 to ~7). The analyses of these 
isotherms provided that the values of ΔH, Kd, and n for a high affinity binding reac-
tion were −4.4 kcal/mol, 0.2 μM, and ~1, respectively, and, for a low affinity bind-
ing reaction, ΔH of several negative kcal/mol, Kd of several hundred μM, and n of 
several values (~3 to ~5) (Table 1): the value of “n” indicates the number of Fd 
which binds to SiR. Negative ΔH clearly revealed, regardless of the binding affinity 
and site, an exothermic nature of the Fd:SiR complex formation, which suggested 
the favorable contribution of interprotein electrostatic interactions. Furthermore, it 
was shown that when concentrations of Fd were lower than those of SiR, one Fd 

Fig. 1 Isothermal calorimetric titration of Fd with SiR. Binding reactions between Fd and SiR 
were initiated by adding Fd (1.49 mM) in the syringe to SiR (40 μM) in the reaction cell using 
VP-ITC instrument (GE-Healthcare, USA) at 30 °C in 50 mM Tris/HCl buffer (pH 7.5) in the 
absence (a) and presence (b) of 100 mM NaCl. Titration consisted of 38 injections spaced at inter-
vals of 300 s. The injection volume was 7 μL for each, and the cell was continuously stirred at 
307 rpm. The corresponding heat of dilution of Fd titrated to the buffer was used to correct data. 
Thermograms and binding isotherms are shown in upper and lower panels, respectively. For clar-
ity, the thermogram with 100 mM was magnified in inset of B. Solid lines in lower panels are theo-
retical curves
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bound to one SiR (n = ~1) with a strong affinity (Kd = 0.2 μM; Table 1) at a high 
affinity binding site (Fig. 2). However, as excess amounts of Fd existed, several Fds 
further bound to SiR (n = ~3 to ~5) with a weak affinity (Kd of several hundred μM) 
at a low affinity binding site. Considering the difference in the molecular size of 
small Fd (~11 kDa) and large SiR (~65 kDa), multiple bindings of Fd to SiR are 
possible.

Table 1 Summary of thermodynamic parameters for the formation of the Fd:SiR complex

NaCl 
(mM) Binding site na Kd (μM) ∆H (kcal/mol) T∆S (kcal/mol) ∆G (kcal/mol)

0 High affinityb ~1 0.2 −4.4 4.9 −9.3
Low affinityc ~5d ~330d −~2d ~2.8d ~−4.8d

100 High affinityb ~1 23 −0.9 5.6 −6.5
Low affinityc n.d.e n.d.e n.d.e n.d.e n.d.e

aThe number of Fd which binds to a binding site of SiR
bHigh affinity binding site
cLow affinity binding site
dSeveral Fds interact with a low affinity binding site of SiR. The gradual increase in ∆H hampered 
a best fit to a non-linear curve which was based on Eq. 1. Thus, a range of n values were obtained 
(~3 to ~5). The values of n and ∆G in Table were obtained with a fixed value of Ka = 3 × 103 M−1 
(Kd = 333.3 μM) and ∆H = −2 kcal/mol. The total values of ∆H and T∆S must be divided by an n 
value for values of each binding reaction
en.d. indicates “not determined”

Fig. 2 Schematic representation of the effect of the NaCl addition on interprotein interactions 
between Fd and SiR. Green and red spheres represent SiR and Fd, respectively. Red ellipses and 
orange spheres indicate the siroheme and the [4Fe-4S] cluster in SiR, respectively. Yellow spheres 
signify the [2Fe-2S] cluster in Fd. In the absence of NaCl, a high affinity binding site of SiR 
accommodates one Fd as evidenced by the n value (n = ~1; Table 1) with high affinity and specific-
ity. Several Fds (n = ~3 to ~5) interact with SiR at a low affinity binding site in a lesser specific way. 
In the presence of 100 mM NaCl, SiR holds one Fd just at a high affinity binding site with rela-
tively high affinity and specificity
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In order to further reveal characteristics of the interaction between Fd and SiR, 
ITC measurements were performed in the presence of 100 mM NaCl (Fig. 1b). If 
electrostatic interactions are dominant, binding affinity should decrease upon addi-
tion of NaCl. In contrast, in the case of hydrophobic interactions playing a major 
role, reinforced hydrophobic interactions by increasing NaCl concentration stabi-
lize the complex. Although exothermic heat was generated from the binding of the 
two proteins, the extent of heat was found to be much smaller than that without 
NaCl. Decreases in the degree of exothermic heat were interpreted as dropping of 
attractive electrostatic interactions between negative charges of Fd and positive 
charges of SiR due to the screening effects of NaCl and/or direct binding of the 
counter ions (Na+ and Cl−) to charged/polar residues. Accordingly, ΔH decreased in 
magnitude from −4.4 to −0.9 kcal/mol. Kd and ΔG also increased to 23 μM and 
−6.5 kcal/mol, respectively, indicative of decreases in affinity between proteins. 
Intriguingly, adding NaCl apparently abolished weak interprotein interactions even 
at excess amounts of Fd (Fig. 2), which suggested that the origin of such weak inter-
actions was also electrostatic in nature.

The entropy term (TΔS) exhibited positive values in the absence (4.9 kcal/mol) 
and presence (5.6 kcal/mol) of NaCl (Table 1). Large energetic costs (3.5 kcal/mol) 
coming from the increase in ΔH by adding NaCl were still compensated for by 
energetic gains from the positive entropy change. These indicated that entropy 
changes were also an important driving force to form the Fd:SiR complex which 
may be a result of dehydration of water upon the complex formation: decreasing 
ΔG by increasing TΔS favors the binding reaction (Eq. 3).

Consequently, ITC results showed that intermolecular electrostatic interactions 
are a main driving force to form the Fd:SiR complex by using enthalpy. However, it 
is worth noting that a favorable hydrophobic contribution to complexation is also 
plausible since hydrophobic interactions gain entropy (i.e., ΔS > 0) from dehydra-
tion on interfacial packing among hydrophobic residues.

Solution-state NMR spectroscopy is useful to investigate intermolecular interac-
tions at the atomic/residue level. NMR further probes weak and/or dynamic features 
of intermolecular interactions (Mizushima et al. 2014). We first carried out the mea-
surement of 1H-15N heteronuclear single-quantum coherence correlation (HSQC), 
using 15N-labeled Fd without SiR and NaCl (Fig. 3a). Clear and sharp NMR signals 
of free Fd were obtained with good dispersion ranging from 6 to 11 ppm in the 
transverse axis for proton (1H). One peak in the HSQC spectrum corresponds to one 
amino acid residue of the backbone in Fd. Based on the previous assignment infor-
mation (Saitoh et al. 2006), we assigned the NMR peaks to the corresponding resi-
dues. The addition of SiR changed the position of several NMR peak signals of Fd 
(i.e., chemical shift), indicating that a set of Fd residues was involved in SiR bind-
ing. The number of assigned peaks (78) was the same as that without SiR, sugges-
tive of a fast exchange regime in terms of the NMR time scale between free and 
complex states, thereby showing an averaged one peak between these two confor-
mational states. A binding system, which shows a fast exchange regime has 
 suggested (relatively) weak intermolecular interactions over a nanomolar order of 
Kd. Thus, a system with a fast exchange often shows Kd in a micromolar order. A 
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Fig. 3 NMR spectra of SiR-(un)bound Fd without NaCl and binding interfaces of Fd for SiR. (a) 
1H-15N HSQC spectra of 15N uniformly-labeled Fd without (red) and with (blue) SiR were obtained 
using an AVANCE II-800 spectrometer equipped with a cryogenic probe (Bruker, Germany) in 
50 mM Tris/HCl buffer (pH 7.4) containing 10 % D2O at 25 °C. Data were processed by NMRPipe 
and analyzed by Sparky. Stable isotope-labeled maize leaf Fd with 15 N was expressed using E. coli 
cultured in minimal media containing [15N]-NH4Cl as a nitrogen source and purified as previously 
described (Kurisu et al. 2001; Saitoh et al. 2006; Sakakibara et al. 2012). Maize leaf SiR was pre-
pared as described in our previous study (Saitoh et al. 2006). The protein concentrations for NMR 
measurements were 100 μM for Fd and 50 μM for SiR. The assigned peaks are shown with the one 
letter amino acid code and residue number. The NMR signal stemmed from the side chain of tryp-
tophan is shown (W73). (b) The values of chemical shift differences (CSD) were plotted against 
residue numbers. Mainly acidic clusters are shown by the red rectangles. The regions where NMR 
peaks are invisible due to the paramagnetic relaxation effect (PRE) from iron are displayed with the 
green rectangle. (c) Mapping of residues which showed CSD on the crystal structure of Fd (PDB 
ID: 1GAQ) (Kurisu et al. 2001). The degrees of CSD are shown by the color code: red > 0.06 ppm, 
0.04 < orange < 0.06 ppm, and 0.02 < yellow < 0.04 ppm. NMR invisible regions due to PRE are 
represented with green colors. N- and C-terminal parts are indicated
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slow exchange regime produces two separated peaks which correspond individually 
to free and complex states because intermolecular interactions are significantly 
strong. Typically, Kd in a nanomolar order shows slow exchange regimes. Therefore, 
the binding affinity of Fd for SiR is judged to be relatively strong based on a fast 
exchange, consistent with ITC results which showed the submicro molar Kd value.

The degree of shifts in the peak position (i.e., chemical shift difference, CSD) in 
NMR peaks with and without SiR (Fig. 3a) were calculated by using Eq. 4:

 
CSD ave HN N∆ ∆ ∆d d d( ) = ( ) + ×( )
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where ΔδHN and ΔδN are changes in 1H and 15 N chemical shifts in ppm, respectively. 
The weighting factor of 0.158 was used to adjust the relative magnitudes of the 
amide nitrogen chemical shift range and the amide proton chemical shift range.

By using CSD information, we could identify the important residues of Fd 
responsible for SiR binding (Fig. 3b). The largely perturbed residues which showed 
CSD over 0.03 were distributed in the N-terminal region (I24, A28, E29, E30, D34, 
L35, and Y37), the central region (G49, Q61, and L64), and the C-terminal region 
(E92, E93, and E94), respectively (Fig. 3b, c). Together with a few hydrophobic 
residues (I24, L35, and L64), it was obvious that many negatively charged residues 
were responsible for forming a complex with SiR.

To clarify the effects of salts on Fd:SiR interactions, 1H-15N HSQC spectrum of 
SiR-unbound Fd at 100 mM NaCl was obtained (Fig. 4a). The spectrum also exhib-
ited sharp peaks with broad dispersion as observed without NaCl and SiR. 1H-15N 
HSQC spectrum was then obtained with SiR: adding SiR shifted many peak posi-
tions with a fast exchange regime but to a lesser extent than those without NaCl 
(Fig. 4b). The overall direction of peak shifts in the presence of SiR was similar at 
0 and 100 mM NaCl, which suggested the similarity of an overall binding mode 
between Fd and SiR at two distinct salt concentrations. The CSD analysis displayed 
an overall decrease in CSD of SiR-bound Fd (Fig. 4b) compared to that without 
NaCl (Fig. 3b). This indicated the decrease in the population of a Fd:SiR complex 
due mainly to the dropping of interprotein affinity by the disruption of attractive 
electrostatic interactions by NaCl, in good accordance with our ITC results which 
showed the increase in Kd values from 0.2 to 22 μM (Table 1).

The analysis further revealed that acidic residues at the N- and C terminal parts 
and the central part (I24, A28, E29, E30, D34, L35, Y37, G49, Q61, L64, E92, E93, 
and E94) showed larger CSD values than those in the other parts (Fig. 4b, c). These 
acidic residues were almost the same as those without NaCl although the degree of 
change in CSD for each residue was different. Furthermore, considering the fact 
that acidic residues of Fd in both termini were also used for interactions with FNR 
(Kurisu et al. 2001; Saitoh et al. 2006) and NiR (Sakakibara et al. 2012), a favorable 
electrostatic force may be a common feature in interprotein interactions between Fd 
and its redox partners. Meanwhile, it should be noted that hydrophobic residues, 
L35 and L64 also exhibited large CSD values, which implied the contribution of 
hydrophobic interactions to the complex formation.
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Fig. 4 NMR spectra of SiR-(un)bound Fd with NaCl and binding interfaces of Fd for SiR. (a) 
1H-15N HSQC spectra of 15N uniformly-labeled Fd with (cyan) and without (magenta) SiR were 
obtained using the identical condition and procedure which are described in Fig. 3 except the pres-
ence of 100 mM NaCl. (b) CSD in NMR peaks with and without SiR was calculated and plotted 
against residue numbers. Mainly acidic clusters are shown by the red rectangles. The regions 
where NMR peaks are invisible due to PRE are displayed with green rectangles. (c) Mapping of 
residues which showed CSD on the crystal structure of Fd (PDB ID: 1GAQ) (Saitoh et al. 2006). 
The degree of CSD is shown by the color code: red > 0.04 ppm, 0.03 < orange < 0.04 ppm and 
0.02 < yellow < 0.03 ppm. NMR invisible regions due to PRE are represented with green colors and 
both termini are indicated
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Taken all together, it was concluded that attractive electrostatic interactions act 
as a main stabilizer for forming a Fd:SiR complex and NaCl attenuates interprotein 
interactions between electrically-charged residues. On the one hand, although 
favorable electrostatic interactions for complexation are evident, hydrophobic con-
tributions are still unclear. Favorable hydrophobic interactions enhanced by adding 
of 100 mM NaCl might promote the complex formation to a much lesser extent than 
opposite contribution of electrostatic interactions decreased by 100 mM NaCl. 
Thus, it appears that only electrostatic contributions may appear as the dominant 
contributor to complexation. Further detailed study will require the complete under-
standing of interprotein interactions between Fd and SiR by considering hydropho-
bic interactions such as the residues detected here (I24, L35, and L64) and the 
hydrophobic region around the [2Fe-2S] clusters that is NMR-invisible due to 
PRE. Site-directed mutagenesis combined with SiR activity assays and direct struc-
tural studies based on X-ray crystal and solution-state NMR approaches should 
prove promising in obtaining a clue or solution for this issue. Finally, current results 
imply that subtle changes in salt concentration, which might reflect conditions in the 
chloroplast, control electrostatic interaction for the electron transfer complex.
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