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FTR: ferredoxin thioredoxin reductase
GSH: glutathione

HSQC: heteronuclear single quantum coherence
IPTG: isopropyl-B-D-thiogalactopyranoside
ITC: isothermal titration calorimetry

Keat: turnover number.

Kq: dissociation constant

Km: Michaelis constant

MV: methyl viologen

NiR: nitrite reductase

NMR: nuclear magnetic resonance

OAS: O-acetyl serine

PC: phytochelatine

PC: plastocyanin

PCA: principal component analysis

PMSF: phenylmethylsulfonyl fluoride

SiR: sulfite reductase

ST: sulfate transporter

TCA: trichloroacetic acid

Tm: melting temperature



Vmax: maximal velocity

ACpping: Change in heat capacity for binding

ACp giobal: Change in heat capacity for global unfolding
AGring: Gibbs free energy for binding

AHping: change in enthalpy for binding

AHgiobai: change in enthalpy for global unfolding
ASping: change in entropy for binding;



Chapter |

General introduction



Introduction

In plants and microorganisms, reductive assimilation of sufate to sulfide is an essential
process for the synthesis of various sulfur containing amino acids, sulfolipids, and coenzymes
(1). Sulfate is first activated with ATP by ATP sulfurylase to form adenosine 5'-phosphosulfate
(APS). APS reductase catalyzes a direct reduction of APS to sulfite, and resulting sulfite is
further reduced to sulfide. Sulfite reductase (SiR) catalyzes this six-electron reduction of sulfite
(SOs%) to sulfide (S%) (1-4). As cysteine is synthesized from sulfide and O-acetylserine (OAS)
in most organisms, SiR is a key enzyme for this metabolic pathway (Fig. 1-1A). SiR is a soluble
monomeric protein with a molecular mass of around 65 kDa and contains a single siroheme
and a [4Fe-4S] cluster as a prosthetic group (2,3,5). This enzyme receives electrons from a
physiological electron donor, ferredoxin (Fd). An electron carrier protein, Fd has a [2Fe-2S]
cluster, and electrons are transferred from [2Fe-2S] cluster of Fd to [4Fe-4S] cluster of SiR
intermolecularly and then from [4Fe-4S] to siroheme intramolecularly (Fig. 1-1B). The stromal
concentrations of SiR and Fd were estimated at 1.2 and 37 uM, respectively (6). In higher
plants, SIiR is located both in roots (7) and in stromal space of chloroplast (3). The root and leaf
sulfite reductases are encoded by a single gene, which is expressed in both photosynthetic and
non-photosynthetic tissues (8,9). In both chloroplasts and root plastids, Fd reduced by
Photosystem I and ferredoxin NADP* reductase (FNR) respectively transfers electrons for SiR
reduction (3,10-13).

In the case of Fd-dependent chloroplast enzymes, such as Fd:NADP* oxidoreductase
(FNR), nitrite reductase (NiR) and Fd:thioredoxin reductase (FTR) including SiR form an
electrostatically stabilized complex with Fd (2,14). The complex formation is essential for
efficient intermolecular electron transfer between Fd and Fd-dependent enzymes. For example
a complex structure of Fd:FNR has been determined by x-ray analysis. Five salt bridges are
present on the interface of Fd:FNR and contribute in determination of the right orientation of
two prosthetic groups, the [2Fe-2S] cluster of Fd and FAD of FNR respectively, for a productive
electron transfer (11).

To understand mechanisms of the electron transfer process between Fd and SIiR, 3D
structure of Fd-bound SiR by x-ray crystallography gives a piece of essential information. From
this high resolution crystal structure and the accumulated knowledge of Fd-dependent
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chloroplast enzyme interactions, this specific interaction between SiR and Fd is considered to
be crucial for efficient electron transfer (2,3). From the electron transfer complex structure
several charged residues, basic residues from SiR and acidic residues from Fd, are present at
the interface of SIR and Fd, indicative of an involvement of the electrostatic interaction for
stabilization of the Fd:SiR complex. Various basic residues such as arginine and lysine of maize
SiR located at or near the interface were neutralized to glutamine or asparagine by site-directed
mutagenesis (15). Resulting mutants were analyzed by biochemical and biophysical methods
such as assay of Fd and redox dye dependent enzyme activity, size exclusion chromatography
and isothermal titration calorimetry. These mutational analyses of SiR based on the crystal
structure allow me to get the concrete image and a new hypothesis of the electron transfer
process between SiR and Fd.

Outline of thesis

In chapter 11, | performed the structural analyses on the X-ray crystal structures of the
Fd:SiR complex. All of the three complex structures showed similar binding modes without no
appreciable structural changes. Positive electrostatic potentials surrounded binding interfaces
of SiR for Fd and the central region consisted of the hydrophobic patch. Thus, complementary
attractive electrostatic interactions of SiR with negatively charged Fd at interfaces was
confirmed. Deletion of positive charges of SiR at interface lowered significantly SiR activity
and binding ability for Fd, indicating that interfacial electrostatic interactions are crucial for
the productive electron transfer complex between Fd and SiR. Meanwhile, decreases in
hydrophobicity at the central regions of interfaces did not affect SiR activity and interprotein
binding affinity, implying that electron may flow directly from Fd to SiR.

In chapter 111, I address mutagenic effects of SiR on activity of SiR and binding ability
of SiR for Fd in more detail using the mutagenic analysis in combination to SiR activity assays,
isothermal titration calorimetry (ITC), and solution-state NMR spectroscopy. In-depth SiR
activity assays revealed clearly that disruption of interprotein electrostatic interactions
influences greatly SiR activity without no remarkable substrate preference. ITC and NMR
results showed abolishment of binding ability of a SiR mutant, which positive charges at
interface were neutralized, for Fd. On the one hand, SiR mutants, which hydrophobicity
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Fig. 1-1. Sulfur assimilation in plants and reduction of sulfite by SiR.

(A) Schematic representation of reductive sulfur assimilation in plants is shown. Sulfate is first
activated with ATP by ATP sulfurylase to form adenosine 5-phosphosulfate (APS). APS
reductase catalyzes a direct reduction of APS to sulfite, and resulting sulfite is further reduced
to sulfide. Sulfite reductase (SIR) catalyzes the reduction of sulfite to sulfide. Cysteine is
synthesized from sulfide and O-acetylserine (ST: sulfate transporter, GSH: glutathione, PC:
phytochelatine, SiR: sulfite reductase). (B) Intermolecular electron transfer from Fd via SiR
for reduction of sulfite to sulfide is illustrated. An electron carrier protein, Fd has a [2Fe-2S]
cluster, and electrons are transferred from [2Fe-2S] cluster of Fd to [4Fe-4S] cluster of SiR

intermolecularly and then from [4Fe-4S] to siroheme intramolecularly.
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decreased, showed distinct changes in activity depending on the type of substrates. ITC results
showed that thermodynamic parameters of the formation of the complex were similar to those
of wild type. Although binding of wild type SiR and mutant SiR showed common interfaces
on ®N-labeled Fd, binding modes were different to some extent based on the distinct chemical
shift difference and direction of NMR peak shifts. Taken together, intermolecular electrostatic
interactions are critical for SiR activity with making productive electron transfer complexes. I
suggest that hydrophobic interactions play an important role for substrate preference using
subtle binding modes.

In chapter IV, | set out to understand non-covalent interactions between Fd and SiR
and their relations to SiR activity at the various concentration of NaCl as a physiological
perturbation. Fd-dependent SiR activity assays and Michaelis-Menten kinetics revealed a bell-
shaped activity curve with a maximum around 40-70 mM NacCl and a reverse bell-shaped
dependence of affinity. Meanwhile, intrinsic SiR activity, as measured in a methyl viologen-
dependent assay, exhibited saturation above 100 mM NaCl. Thus, two assays suggested that
interprotein interaction is crucial in controlling Fd-dependent SiR activity.

ITC analyses showed the monotonic increase in the dissociation constant on increasing
NaCl concentrations, distinguished from the biphasic change in the Michaelis constant. The
results further revealed that Fd:SiR complex formation and interprotein affinity were
thermodynamically adjusted by both enthalpy and entropy through electrostatic and non-
electrostatic interactions. A residue-based NMR investigation on addition of SiR to *°N-labeled
Fd also demonstrated that a combination of both non-covalent forces stabilized the complex
with similar interfaces and modulated binding affinity and mode depending on NaCl
concentrations. | suggested that non-electrostatic forces are also essential for complex
formation and modulation and that a complex configuration optimized for maximum enzymatic
activity near physiological conditions is achieved by structural rearrangement through
controlled non-covalent interprotein interactions.

Finally, in chapter V, | summarize of my research described in chapter I, I1l, and IV

with future perspectives.
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Chapter 11
Structural and mutational studies of an electron

transfer complex of maize sulfite reductase and

ferredoxin
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Abstract

The structure of the complex of maize sulfite reductase (SiR) and ferredoxin (Fd) has
been determined by X-ray crystallography. Co-crystals of the two proteins prepared under
different conditions were used for the diffraction analysis and three possible structures of the
complex were dissolved. Although topological relationship of SiR and Fd varied in each of the
structures, common characteristics were found both in the electrostatic intermolecular
interactions and the positional arrangements of the redox centers; several negative residues of
Fd are close to distinctive areas within the positive electrostatic surface of SiR, and positions
of [2Fe-2S] cluster of Fd and [4Fe-4S] cluster of SiR are in a close proximity with the shortest
distance around 12 A. This indicated that the three complexes would be functionally competent.

Mutational analysis of a total of seven basic residues of SiR distributed widely at the
interfaces of the three structures showed their importance for Fd-dependent SiR activity and
contribution for a strong affinity of SiR with Fd. Based on these combined results, | suggest
that the electron transfer complex of SiR and Fd could be formed though multi-intermolecular
interaction processes. This implication is discussed in terms of the multi-functionality of Fd in

various redox metabolisms.
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Introduction

Intermolecular interactions among biomolecules and/or small ligands are one of the most
fundamental processes in life phenomena such as electron transfer, signal transduction, and protein
homeostasis (16-21). Intermolecular interactions proceed to a stable state in an energetically
favorable way. These intermolecular forces largely comprise of the two terms, electrostatic (i.e.,
charge-charge) and hydrophobic (i.e., van der Waals) interactions (22). Surfaces of folded active
proteins are generally consist of both charged/polar hydrophilic and apolar hydrophobic residues
(23). Proteins have evolved to use these physicochemical properties adequately for efficient
functions in soluble states (24).

A lot of redox proteins have shown biased local electrostatic patches of positive (i.e.,
basic) or negative (i.e., acidic) residues on their binding surfaces for partner molecules (11,25-39).
Cytochrome c uses the highly positive electrostatic patches to interact with acidic residues of the
subunit 11 of cytochrome ¢ oxidase for electron transfer (31). Similarly, positive residues of
cytochrome f interact with negative residues of plastocyanin (29). In chloroplast, ferredoxin (Fd)
which possesses the clusters of acidic regions acts as a multiple electron donor for various redox
proteins. A lot of 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 (2-4,11,13,14).

SiR is an important enzyme for sulfur assimilation and reduces sulfite to sulfide using six
electrons transferred from Fd which is a physiological electron donor (2-4). Electrons are
transferred from a [2Fe-2S] cluster of Fd to a [4Fe-4S] cluster of SiR intermolecularly and then
flow from a [4Fe-4S] to siroheme intramolecularly. Linked sequential catalytic reactions with other
enzymes produce amino acid residues such as methionine and cysteine using sulfide.

Up to now, limited information on the contribution of Fd:SiR interactions to SiR activity
(3,4,40). Although intermolecular electrostatic interactions have been shown to play a key role in
forming the Fd:SiR complex, much still remains to be elucidated for obtaining detailed
intermolecular interactions in the complex for SiR activity and for a pathway of electron transfer.
In this regard, in order to address these issues, | performed that in-depth analyses on the crystal
structure of the Fd:SiR complex and characterized orientation of two proteins in the complex, the
distance between two iron-sulfur centers, physicochemical features of interfaces.

-16-



Materials and Methods

Site-directed mutagenesis of SiR

We used an expression plasmid of maize SiR previously constructed for site-directed
mutagenesis in this study (3,41). The mature region of SiR cDNA was inserted into pTrc99A
expression vector together with E. coli Cys G gene, which is necessary for siroheme
biosynthesis. Amino acid substitutions targeted in this study, K66Q, R111Q, R114Q,
R111Q/R114Q, R117Q, R324Q, K582Q, K584Q, K582Q/K584Q, A493G, L499G, P501G, L502A,
A503G, Q504G, P541G and each mutation was introduced by use of quick change XL site-
directed mutagenesis kit (Stratagene, USA). The list of mutants generated in this study and

synthetic oligonucleotides used for the mutagenesis is shown in Table 2-1.
Expression of SiR in E. coli cells
E. coli IM109 cells were transformed with the expression vector carrying mutant SiR

cDNA. Each mutant including wild type was grown overnight at 37 °C in Lurial-Bertani

Table 2-1. Alist of PCR primers used for mutagenesis of maize SiR.

*Mutant Oligonucleotide

S'TCTGAAGTTAAGCGAAGCCAGGTTGAGATAATCAAGGAAZ

1oeQ 3AGACTTCAATTCGCTTCGGTCCAACTCTATTAGTTCCTTS'
5'GCTACCAGCAAACTGACCAGGATGTCCGTGGGCAGAAGS

RHIQ 3CGATGGTCGTTTGACTGGTCCTACAGGCACCCGTCTTCS’
5’ CTGACCGAGATGTCCAGGGGCAGAAGAATTACS’

RHAQ 3GACTGGCTCTACAGGTCCCCGTCTTCTTAATGS'
5’ AGCTACCAGCAAACTGACCAGGATGTCCAGGGGCAGAAGAATTACTCGS'

R111Q/R114Q

3TCGATGGTCGTTTGACTGGTCCTACAGGTCCCCGTCTTCTTAATGAGCS'
5 CGAGATGTCCGTGGGCAGCAGAATTACTCGTTTATGCTCS'

e 3'GCTCTACAGGCACCCGTCGTCTTAATGAGCAAATACGAGS'

R8240 5 GGCATGGGAAGGACACACCAGGTGGAAACTACATTCCCTS’

3'CCGTACCCTTCCTGTGTGGTCCACCTTTGATGTAAGGGAY
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5'CATTTATGGACCAAGTGAAGCTTGATGACATCGAG3

(o82Q 3'GTAAATACCTGGTTCACTTCGAACTACTGTAGCTCY
5'CATTTATGGACAAGGTGCAGCTTGATGACATCGAG3’

(o8aQ 3'GTAAATACCTGTTCCACGTCGAACTACTGTAGCTCS’
5'CGCTAGCAGAATCATTTATGGACCAAGTGCAGCTTGATGACATCGAGAAGGT

K582Q/K584Q
3'GCGATCGTCTTAGTAAATACCTGGTTCACGTCGAACTACTGTAGCTCTTCCY
*Mutant Oligonucleotide

5'CCTTGAATTTAACTGCCATGGGTTGCCCTGCCTTGCCACTGTGCT

Ad9SE 3'GGAACTTAAATTGACGGTACCCAACGGGACGGAACGGTGACACGY

L499G 5'GCATGCCCTGCCTTGCCACGTTGCCCTTTGGCACAAACT
3'CGTACGGGACGGAACGGTGCAACGGGAAACCGTGTTTGY

P501G 5'CCTGCCTTGCCACTGTGCCGTTTGGCACAAACAGAAGCTE
3'GGACGGAACGGTGACACGGCAAACCGTGTTTGTCTTCGY

L502A 5'GCCTTGCCACTGTGCCCTICTGCACAAACAGAAGCTGAAZ
3'CGGAACGGTGACACGGGAAGACGTGTTTGTCTTCGACTTS’

A503G 5'CCTTGCCACTGTGCCCTTTGGGTCAAACAGAAGCTGAACGGT
3'GGAACGGTGACACGGGAAACCCAGTTTGTCTTCGACTTGCCY

Q504G 5'CCACTGTGCCCTTTGGCACGTACAGAAGCTGAACGGGGGT
3'GGTGACACGGGAAACCGTGCATGTCTTCGACTTGCCCCCY

P541G 5 GGATAACTGGATGCCCTGATGGATGCGCTAGACCS

3 CCTATTGACCTACGGGACTACCTACGCGATCTGGH

*electrostatic mutant, **non electrostatic mutant

medium containing 50 pg/ml ampicillin. The seed culture was inoculated to 8 L of the same
medium. The cells were grown with vigorous aeration at 37 °C for 3 hours. Then culture
temperature was lowered to 27 °C and isopropyl-p-D-thiogalactopyranoside (IPTG) was added
to a final concentration of 0.5 mM. After further cultivation for overnight, the cells were
collected by centrifugation at 6,000 rpm for 10 min and stored at -30 °C. About 40 g of bacterial
cells were obtained in each culture (per 8 L).
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Preparation of SiR and Fd

The frozen cells were suspended in 50 mM Tris-HCI, pH 7.5 containing 150 mM Nacl,
1 mM MgClz, 1 mM EDTA and 0.1% B-mercaptoethanol. After adding PMSF at a final
concentration of 0.5 mM, the cell suspensions were disrupted by sonication on ice. The broken
cell suspension was centrifuged at 10,000 rpm for 15 min and supernatant was passed through
DE-52 resin. SIR was recovered from the flow-through fraction and fractionated by salting out
with ammonium sulfate concentrations between 35% and 60%. The precipitated proteins were
dialyzed against 25 mM Tris-HCI buffer (pH 7.5) overnight at 4 °C. The dialyzed proteins were
applied on a DEAE-Toyopearl column and chromatographed with a linear gradient with NaCl
from 0 to 200 mM in 50 mM Tris-HCI buffer (pH 7.5). SIiR fraction was added with ammonium
sulfate to a final concentration of 30%, applied on a phenylsepharose column, and eluted with
a reverse linear gradient of ammonium sulfate from 40% to 0% in 50 mM Tris-HCI buffer (pH
7.5). The purification procedure is shown in Fig. 2-1.

Wild type maize Fd was expressed in E. coli strain JM109 cells and purified as
described previously (42). The detailed purification procedure is show in Fig. 2-2. °N-labeled
Fds were obtained by culturing the bacterial cells in an M9 minimum medium containing

15NH,Cl as the sole nitrogen source.

Assay of SiR activity

Fd- and methyl viologen (MV)- dependent activity of wild type and mutant SiRs was
assayed with a reconstituted electron transfer system by converting sulfide to cysteine with
cysteine synthase (CSase) shown in Fig. 2-3. The reaction mixture included Fd (0-40 uM) or
methyl viologen (1 mM), SiR (200 nM), sodium sulfite (2 mM), O-acetyl serine (10 mM) and
CSase (0.4 U) in 50 mM Tris-HCI buffer (pH 7.5) containing 100 mM NacCl at 30 °C. Sulfite
reduction was initiated by adding Na>S:O4 which reduces Fd and sulfide produced was
sequentially converted to cysteine by coupling with CSase in the presence of OAS. Reaction
was stopped by adding 25% of trichloroacetic acid (TCA) to a final concentration of 20%. After
heating at 95 °C for 10 min, 450 pl ethanol was added to the ninhydrine solution. The solution
was centrifuged at 15,000 rpm for 3 min to remove insoluble materials, 150 pl acetic acid, and
150 pl acid-ninhydrine reagent was added to the supernatant (150 pl). After production of
cysteine was monitored by increases in absorption intensity at 546 nm. MV was used instead
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Fig. 2-1. Schematic representation of the purification procedure of wild type and mutant
SiRs.
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Fig. 2-2. Schematic representation of the purification procedure of Fd.
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of Fd for confirming activity of SiR mutants driven by a redox dye. Kinetic measurements were
conducted by changing the concentration of Fd from 0 to 40 uM. Measurements were repeated
at least three times for each protein sample.

Size exclusion chromatography

Complex formation of Fd with wild type and mutant SiRs was analyzed by gel
filtration chromatography using an AKTA purifier (Amersham Pharmacia Biotech, USA). A
mixture of Fd and SiR was loaded on a Superdex 75 gel filtration column (PC3.2/30;
Amersham Pharmacia Biotech, USA) pre-equilibrated by 50 mM Tris-HCI buffer (pH 7.5)
containing 25 mM NaCl and eluted using the same buffer (for (pre-)equilibration) at a flow
rate of 0.5 ml/min at 25 °C. Fd and SiR were monitored by the absorbance at 330 nm derived
from the prosthetic groups of the proteins.
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Methyl Viologen (MV): artificial electron donor

CSase

OAS

Fig. 2-3. Scheme of assay for Fd- and MV-dependent sulfite reduction by SiR.

Two SIR activity assays, which are distinguished by the type of an electron donor, Fd or methyl
viologen (MV), are schematically represented. Sulfide (S*) produced by SiR is converted to
cysteine in the presence of an excess amount of o-acetyl serine (OAS) and cysteine synthase
(CSase). The production of cysteine is monitored by increases in absorbance at 546 nm
resulting with treatment of acid-ninhydrin reagent. The chemical structure of MV is also shown.
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Results

X-ray crystal structure of Fd:SiR complex

I utilized previously obtained x-ray crystal structure of Fd:SiR complex for analysis
(crystallization by Dr. Nakayama Masato (Osaka University) and Prof. Genji Kurisu (Osaka
University)). Two different types of crystals were prepared from a mixture of Fd and SiR co-
existed with one to one molar ratio. In a unit cell of the crystal 1, one Fd molecule and two SiR
molecules were observed. In crystal 2, there were two Fd molecules and four SiR molecules.
Based on the relative spatial arrangement of Fd and SiR, three possible complex structures of
Fd and SiR (Complex AC, Complex BF, and Complex AE) were found in the crystals (Fig. 2-
4). In all three complexes the distance between the two iron-sulfur clusters, a [2Fe-2S] cluster
from Fd and a [4Fe-4S] cluster from SiR, was about 12 ~13 A and the two redox clusters were
facing each other (Fig. 2-5). These indicate that intermolecular electron transfers are likely to
occur in all complexes. However relative orientations of the two proteins in individual Fd-SiR
complexes are different meaning that amino acid residues involved in intermolecular
interactions at each complex would be distinct. In order to examine interacting residues in each
complex, | introduced the results previously obtained by solution-state NMR spectroscopy (4),
which provides information on important residues of Fd for intermolecular interactions with
SiR. The residues obtained from NMR data were well located in intermolecular surfaces in all

complexes in Fig. 2-6.

Mutagenesis of basic and non-charged residues of SiR located at the interface of the complex

Three structures of the complex of SiR and Fd determined in this study gave important
pieces of information on the physicochemical characteristics of the protein-protein interaction.
The surface of SiR at the interface was surrounded by a wide area of positive electrostatic
potential and the center region of the interface, where the [4Fe-4S] cluster was located, was
covered by a small non-charged area as shown in Fig. 2-7. In order to examine whether
restricted area or all of the positively charged surface of SiR is crucial for an efficient electron
acceptance from Fd, | performed mutagenic investigation in combination to enzyme activity

assay.
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Crystal O  _____

V
Complex AC

Fig. 2-4. Three dimensional structure of Fd and SiR.

Fd and SiR in crystal 1 (upper) and crystal 2 (lower) are shown in pink and green, respectively.
The [2Fe-2S] cluster in Fd and the [4Fe-4S] cluster and siroheme in SiR are also colored with
the space-filling model. Each Fd:SiR complex is highlighted with broken circles and labeled.
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Fig. 2-5. Structures of three possible Fd:SiR complexes.
Three Fd:SiR complexes (complex AC, BF, and AE) in crystals 1 and 2 are shown. Fd and SiR

are colored in magenta and green, respectively (upper). Redox centers are displayed with the
color code and space filling model. (Lower) The distance between the two iron-sulfur clusters,
a [2Fe-2S] cluster from Fd and a [4Fe-4S] cluster from SiR, is guided by the dotted line and
shown in angstrom (12 ~13 A). Siroheme next to the [4Fe-4S] cluster is shown with the stick

model.
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Fig. 2-6. Mapping of NMR results onto Fd in the three possible complex structures.

Chemical shift difference (CSD) of Fd (4) on binding with SiR was mapped on to each Fd in
three complexes (AC, BF, and AE). Residues with the high (CSD > 0.08) and relatively high
CSD values (0.08 > CSD > 0.06) are shown with their side chains and colored in red and yellow,

respectively.
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Seven basic residues of SiR, Lys66, Arglll, Argl14, Lys117, Arg324, Lys582, and
Lys584, which are distributed at the various region of the interface of the complex, were
substituted point by point to Gln and mutagenic effects on the activity of SiR were examined
(Fig. 2-7A). The mutant SiRs were purified and showed absorption spectra comparable with a
wild type enzyme (Fig. 2-8), indicating that mutation did not affect structures of redox centers.
All mutants showed a remarkably lowered activity when Fd was used as an electron donor,
although mutations at Lys66 and Argl14 retained the activity to a certain extent. In a sharp
contrast, no such significant decrease was observed in the MV-dependent activity. This data
clearly showed that the almost all of the basic residues is attributed to an efficient electron
acceptance from reduced Fd, but not for enzyme activity itself.

Next, seven non-charged residues with a large side chains at the center region of the
interface were substituted to glycine or alanine (Fig. 2-7) and resulting mutants were assayed
as above (Fig. 2-7B). The results revealed that the mutations gave no significant effects on
either Fd-dependent or MV-dependent activity, indicating that the non-charged residues located
between the redox centers of the two proteins is dispensable at least with a level of single

residue mutation.

Kinetic analysis of mutant SiRs with Fd

Fd-dependent activity of wild type and mutant SiRs was Kinetically assessed by
measuring formation of cysteine by CSase from sulfide produced by SiR. SiR mutants, whose
basic residues of Lys and Arg, located at or near the interaction site for Fd, were neutralized to
GIn, were characterized for evaluating effects of these positive charges on Fd-dependent
activity (Fig. 2-9).

In order to investigate the integrity of mutations for catalytic reaction capability, MV-
dependent activity of SiRs was also assayed with comparison of Fd-dependent activity. Activity
of SiRs at a 3-min reaction time was plotted against Fd concentrations ranged from 0 to 40 uM
in the assay mixture (Fig. 2-9A and 2-9C). All the mutants showed MV-dependent activity
comparable to the wild type whereas Fd-dependent activity of the mutants was lowered in all
mutant SiRs.

The representative activity results of mutants are shown in Fig. 2-9A and 2-9C. The
double mutants, R111Q/R114Q and K582Q/K584Q), and the single mutants, R111Q, R117Q,
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Fig. 2-7. Location of mutation and activity of wild type and mutant SiRs.

(A, B) Residues subjected to electrostatic (A) and non-electrostatic mutation (B) are shown on
the crystal structure of SiR (left) and activity of wild type and mutant SiRs obtained by Fd-
(hatched bar) and MV-dependent SiR activity assay (open bar) is also shown (right).
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Fig 2-8. Absorption spectra of wild type and mutant SiRs.
UV-vis spectra of wild type and mutant SiRs are shown with color codes.
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and R324, exhibited considerably low activity (Fig. 2-9Aand 2-9C). On the other hand, R114Q),
K582Q, and K584Q decreased activity to some extent compared to wild type. Extents of the
activity drop varied among the mutant SiRs, indicative of variable contributions of the basic
residues of SiR to the interaction with Fd.

Fd and SiR interactions analyzed by gel filtration chromatography

Complex formation of Fd with wild type and mutant SiR was investigated using size
exclusion chromatography. Fd and SiR were separately loaded on a column of Superdex 75
and it was observed that SiR was eluted earlier than Fd as a single peak (Fig. 2-10A). When a
mixture of Fd and wild type SiR in a molar ratio of 1:1 was loaded, a single peak corresponding
to Fd:SiR complex was detected at a retention time earlier than that of free SiR, (Fig. 2-10B).
Adding more Fd excess to the 1:1 mixture, the peak area of the free Fd became larger, further
confirming that the earlier peak is due to Fd:SiR complex formed by a saturation of bound Fd.

In order to examine roles of basic residues on the interfaces of SiR for Fd binding, a
series of SIR mutants, whose positive charges were neutralized, were respectively loaded with
Fd. As indicated in Fig. 2-10C, a mixture of R111Q and Fd showed the two separated peaks
corresponding to the elution peaks of free SiR and Fd, indicating no complex formation.
Further addition of Fd becomes only the peak of Fd greater. However, mutants in the interface
part, K582Q, K584Q, and K582Q/K584Q displayed complex behaviors (Fig. 2-10D). The peak
positions of K582Q/K584Q:Fd mixture were consistent with those of free proteins, indicative
of no interaction between the two proteins. The elution time of Fd:SiR mutant complex was
subtly different in the order K584Q > K582Q > K582Q/K584Q, which coincides with the order
of decreases in activity (Fig. 2-9C).

The other mutants on binding interfaces, R111Q/R114, R117Q, and R324Q not
capable of carrying significant activity, exhibited similar pattern of free Fd and SiR (Fig. 2-
11A, B and C). A mixture of Fd and K66Q, not located on the interface, and used for a control.
Unexpectedly, however, elution time close to those of Fd:SiR was observed, suggesting weak
Fd:SiR complex formation, which would be also involved in residual activity. From the
previous research addition of 100 mM NacCl to the elution buffer (2), Fd and SiR in the mixture
were separately eluted, indicating that Fd and SiR complexation was mainly by electrostatic

interaction.
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Fig. 2-9. Kinetics of Fd-dependent activity of SiR mutants.

(A, C) Fd-dependent activity of mutant SiRs was plotted against the concentration of Fd. (B,
D) Representation of side chains at interface. Basic residues in SiR and acidic residues in Fd
are represented. Clusters of red spheres indicate siroheme and the two iron-sulfur clusters are
also shown with the space-filling model.
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Fig. 2-11. Size exclusion chromatographic analysis on the interaction between Fd and SiR.
(A-D) Elution profiles of solutions containing Fd and R324Q SiR (A), Fd and R117Q SiR (B),
Fd and R111Q/R114Q SiR (C), and Fd and K66Q SiR (D) are shown.
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Discussion

It has been suggested that electrostatic and van der Waals interactions both function in
a binding mechanism (39,43-47). Long-range electrostatic interactions first steer intermolecular
recognitions then short-range van der Waals interactions act on effective packing in contact
regions. Therefore, for the deeper understanding intermolecular these intermolecular interactions,
determination of a stereo-structure of a protein complex is a straightforward approach.

In this regard, complex formation of Fd and SiR is an excellent model system for
investigating contributions of intermolecular electrostatic interactions to complexation and to
electron transfer as following reasons. First, Fd is an acidic protein and has many acidic residues.
SiR has a basic patch with positively charged residues which is considered to be at the interface
when it forms complex with Fd for electron transfer (3,4,25). However, there is no available
direct information at the atomic levels probably due to difficulty in obtaining and handling SiR
from higher plants. Second, there are several available biochemical and biophysical data to be
used for interpreting contributions of intermolecular electrostatic interactions. Third, Fd interacts
with a lot of redox partners (25). Therefore, the detailed study and systematic comparison can be
expected by obtaining information based on a number of case studies. SiR is one of the
challenging redox partners to be examined.

We successfully determined 3D structures of Fd:SiR complex together with free Fd and
SiR (Fig. 2-4). Fd and SiR were made up of combinations of a-helices and 3-strands with loops.
The two redox centers, the [4Fe-4S] cluster and sirohaem, were stabilized in SiR and the distance
between intraredox centers (4-5 A) was appropriate enough for electrons to flow (1,5) (3,6).

We obtained the three complex structures which showed similar binding sites but
distinct binding modes (i.e., configuration) depending on the distinct condition of crystallization
(Fig. 2-5). In addition, interacting sites of Fd for SiR detected by solution-state NMR
spectroscopy (4) were well located to interfaces of Fd determined by current crystal structures
(Fig. 2-6). These findings indicated that three complex structures obtained in this study are
possible, and that overall binding sites of Fd for SiR are similar in both crystal and solution and
subtle differences in binding modes are susceptible to ambient conditions.

There were no significant changes of conformations (judged from RMSD, data not
shown) and flexibility (judged from B-factors, data not shown) of Fd and SiR upon forming a
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complex, indicating rigid binding between the two proteins. It was found that one Fd bound to
one SiR and binding sites were composed of several of basic and acidic residues from SiR and
Fd, respectively (Fig. 2-4 - 2-6 and 2-9). The oppositely charged residues formed electrostatic
networks including the ion pairs and a lot of hydrogen bonds, clearly illustrating essential
contributions of electrostatic interactions to stabilizing Fd:SiR complex (Fig. 2-12). SiR and Fd
made a complex in a proper orientation facing its redox center each other and distance of around
12-13 A between redox centers (Fig. 2-5), which can allow intermolecular electron transfers.

Based on intermolecular binding interfaces of stereo-structures of the Fd:SiR complex,
| prepared a series of SiR mutants by neutralizing basic residues on biding sites, R111Q, R114Q,
R117Q, R324Q, K582Q, K584Q), and K582QK584Q (Fig. 2-7), to further examine consequences
of intermolecular electrostatic interactions. Then, the affinity of mutant SiRs for Fd was analyzed
by Fd-dependent assay in the presence of increasing concentrations of Fd as shown in Fig. 2-9.
Double mutants, R111Q/R114Q and K582Q/K584Q, and single mutants, R111Q and R324Q,
exhibited extremely low activity. K582Q and K584Q decreased activity to some extent compared
to wild type. These kinetical data suggested that the decreased ability of mutant SiRs in the Fd-
dependent activity was due to weakened affinity of mutant SiRs for Fd.

In this context, therefore, physical complex formation between wild type and mutant
SiRs with Fd was investigated using a size exclusion chromatography as described previously
(Fig. 2-10 and 2-11). When a mixture of Fd and wild-type SiR in a molar ratio of 1:1 was loaded,
SiR and Fd were eluted as a single major peak (Fig. 2-10A), and further addition of Fd over the
1:1 ratio was resulted in an elution of the excess Fd as a separate peak (data not shown),
confirming the stoichiometric formation of the complex of SiR and Fd. The equivalent gel
filtration of K582Q/K584Q (Fig. 2-10D) and R324Q with Fd (Fig. 2-11A) showed that these
mutants abolished the ability to form the complex with Fd.

In the meantime, no remarkable changes in Fd- and MV-dependent SiR activity of non-
electrostatic mutants implicated direct electron transfer in a through-space mechanism.

Based on these combined data, | suggest that almost all of the basic amino acid residues
of SiR at the interface of the complexes of SiR and Fd are generally contributed to the protein-
protein interaction which governs an efficient acceptance of reducing equivalents from reduced
Fd.
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Chapter 111
Interfacial mutagenesis of sulfite reductase

Influences its activity and interaction with

ferredoxin and substrates
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Abstract

Sulfite reductase (SiR) conducts the reductive conversion of sulfite to sulfide using
reducing power of electron transferred from ferredoxin (Fd). | previously showed that
interprotein electrostatic interactions between SiR and Fd are essential for SiR activity by
forming the productive electron transfer complex (chapter I1): however, the contribution of
interfacial residues to the complex formation and SiR activity still remains to be elucidated.

Here, we examined mutagenic effects of SiR on activity of SiR and its binding ability
for Fd using site-directed mutagenic analysis in combination to the types of SiR activity assays
with three types of substrates, solution-state NMR spectroscopy, and isothermal titration
calorimetry (ITC). Two types of SiR activity assays revealed that disruption of interprotein
electrostatic interactions by neutralizing positive charges of SiR influences mostly SiR activity
without remarkable changes in substrate preference. ITC and NMR results showed abolishment
of binding ability of a K582Q/K584Q double mutant of SiR for Fd. A unique electrostatic
network on large patches of positive charges of SiR which complements the loss of a single
positive charge of SiR for Fd interaction by mutation was also observed.

Meanwhile, SiR mutants, which hydrophobicity decreased, showed distinct changes
in SiR activity depending on the type of substrates. ITC results showed that thermodynamic
parameters of the complex formation of Q504G SiR with Fd were similar to those of wild type
SiR. Similar but distinct binding sites of *°N-labeled Fd for wild type SiR and Q504G SiR were
revealed by the chemical shift difference and distinct direction of NMR peak shifts.

These findings demonstrate that intermolecular electrostatic interactions are
fundamental for SiR activity by forming the productive electron transfer complex and
hydrophobic interactions play an important role for substrate preference using subtle
differences in configuration of the Fd:SiR complex. | suggest that enzymes may evolve to use
skillfully these non-covalent interprotein forces for biological efficiency.
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Introduction

Plant sulfite reductase (SiR) is an indispensable enzyme for the reductive sulfur
assimilation in plants, algae, and cyanobacteria by catalyzing the six-electron reduction of
sulfite to sulfide (2-4). SIR is a soluble monomeric enzyme with a single domain. SiR is a
relatively large with a molecular mass of approximately 65 kDa and contains a single siroheme
and a single [4Fe-4S] cluster as prosthetic groups for intra- and intermolecular electron transfer,
respectively. Plant-type ferredoxin (Fd) is a small acidic protein with a molecular mass of
approximately 11 kDa (4,11). Fd carries one electron using a single [2Fe-2S] cluster and serves
as a physiological electron donor for several enzymes including SiR, ferredoxin NADP*
reductase, and nitrite reductase (2-4,11). The midpoint redox potential (Em) of the [4Fe-4S]
cluster and siroheme in maize SiR are -415 and -285 mV, respectively (3). Therefore, electron
flow thermodynamically to SiR from the reduced Fd, which has Em of -423 mV.

In order to understand the interplay among interprotein electron flow, SiR activity, and
the formation of the Fd:SiR complex, we recently determined the X-ray crystal structures of
the Fd:SiR complex (chapter Il). The binding interfaces showed the electrostatic network
mainly from positive charges of SiR and negative charges of Fd. The central regions in front
of the [4Fe-4S] cluster of SiR were mostly hydrophobic in nature and were well matched with
the hydrophobic regions in front of the [2Fe-2S] cluster of Fd for an efficient intermolecular
electron transfer.

Our previous mutagenic studies and biochemical investigation (2,4) demonstrated that
deletion of negative charges of Fd at interfaces or near interfaces revealed in crystal structures
dropped SiR activity with weakened binding affinity for SiR. Similarly, neutralizing positive
charges of SiR at interfaces greatly decreased SiR activity and binding affinity for Fd (chapter
I1). All these results suggest that intermolecular electrostatic interactions between Fd and SiR
are important for the complex formation which is prerequisite for SiR activity. Meanwhile,
decreasing hydrophobicity of SiR at interfaces did not affect SiR activity and interprotein
interactions with Fd as shown by the chromatographic analysis (chapter II).

In order to obtain deeper insights into the contribution of electrostatic and hydrophobic
interactions to the complex formation and its relation to SiR activity, we herein performed in-
depth biochemical and biophysical studies using mutagenesis, SiR activity measurements for
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the three types of substrates (sulfite, nitrite, and hydroxyl amine), isothermal titration
calorimetry (ITC), and solution-state NMR spectroscopy.

Two types of SiR activity assays demonstrated that disruption of interprotein
electrostatic interactions, stabilized by both enthalpy and entropy changes, by neutralizing
basic residues of SiR decreases mostly SiR activity without no remarkable substrate preference
and binding ability for Fd as shown by the ITC and NMR analyses. On the other hand, activity
of SIR mutants with decreased hydrophobicity depended on the type of substrates. Although
ITC results showed no appreciable differences in thermodynamic parameters of formation of
the Fd:SiR complex, residue-based NMR results of °N-labeled Fd revealed distinct binding
modes of mutant SiR for Fd compared to wild type SiR.

Our findings clearly elucidate that intermolecular electrostatic interactions are
fundamental for SiR activity to form the electron transfer-competent complex and hydrophobic
interactions play an important role for substrate preference using subtle different binding modes
although they do not contribute largely to the complex formation. Finally | propose that

enzymes may evolve to use properly non-covalent interprotein forces for biological efficiency.
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Materials and Methods

Analysis of substrate preference using Fd-dependent SiR activity assay

SIR activity was measured using NADPH/FNR/Fd redox cascade (2,3) to compare
substrate preference in the presence of sulfite (SOz3), nitrite (NO2), or hydroxyl amine (NH20H).
The reaction mixture for Na.SO3 and NaNO2-dependent activity consisted of 3 uM FNR, 4 uM
SiR, 1 mM Na>SO3z, 1 mM NaNO- and 20 uM Fd in 50 mM Tris-HCI, pH 7.5 containing 100
mM NaCl. That for NHsOH-dependent activity consisted of the same components except for
2 mM NH2OH. The reaction was initiated by adding NADPH at a concentration of 1 mM at
30 °C. Oxidation of NADPH was directly measured spectrophotometrically its decrease in Azag

for sixty seconds. Enzymatic reaction rate was extrapolated from derivation of measurements.

Measurements of isothermal titration calorimetry

Isothermal calorimetric titration (1ITC) of Fd to wild type and mutant SiRs in 50 mM
Tris-HCI buffer (pH 7.5) at 100 mM NaCl was performed by using a VP-ITC instrument (GE-
Healthcare, USA) at 30 °C. Binding reactions were initiated with the addition of Fd (1.49 mM)
in the syringe to SiR (40 uM) in the cell. Titration of Fd was comprised of 38 injections with
the spacing time of 300 s and the stirring speed of 307 rpm. The injection volume was 2 or 7
uL for each. The corresponding heat of dilution of Fd titrated to the buffer was used to correct
data. Binding isotherms were analyzed with the theoretical curve of equation 1,

Q

_NISRILAHV |, [Fdl, K, |, [Fdl, K, ) _4[Fd],
T2 n[SiR], ' n[SiR], n[SiR],  n[SiR], )  nSiR],

Equation 1

where Q and n are the change in heat and the binding stoichiometry of Fd per a binding site on
SiR, respectively. AH indicates the change in enthalpy and Vo is the effective volume of the
calorimeter cell (~1.43 ml). The total concentration of SiR in the cell and Fd in the syringe are
shown with [SiR]: and [Fd], respectively, at any given point during titrations. Kq indicates the
dissociation constant. Based on non-linear fitting to equation 1, the values of n, AHping, and Kgq

were obtained.
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By using the known values of AHping and Kq and the following thermodynamic
relationships, equations 2 and 3, the change in Gibbs free energy (AGping) and entropy (ASpind)
was calculated.

AGyind = RT In Kg Equation 2
AGyind = AHbind - TASpind Equation 3

NMR measurements

Two dimensional 'H-N heteronuclear single-quantum coherence correlation
(HSQC) spectra of N uniformly-labeled Fd in the absence and presence of wild type and
mutant SiRs were obtained by using an AVANCE 11-800 spectrometer equipped with a
cryogenic probe (Bruker, Germany) in 50 mM Tris-HCI buffer (pH 7.4) containing 10% DO
and 100 mM NaCl at 25 °C. The protein concentrations for NMR measurements were 100 uM
for Fd and 50 uM for SiR. Data were processed and analyzed with NMRPipe (48) and Sparky
(49), respectively.

Chemical shift perturbation (CSP) of NMR cross peaks in the absence and presence

of SiR were calculated by using equation 4:
CSP (Adave) = [(AdHn)?+ (Adn x 0.158)%]°° Equation 4
where Adun and Adn are changes in *H and 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.
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Results

Fd-dependent SiR activity with site-directed mutagenesis

In order to examine effects of physicochemical effects of interfacial residues of SiR
on enzymatic activity, site-directed mutagenic analyses in combination with SiR activity assay
were performed (Fig. 3-1). We first classified interfacial residues to the two groups,
electrostatic and non-electrostatic residues, for mutating SiR. Representatively, R111, R324,
K582 and K584 were selected to eliminate positive charges and L499, P501, and Q504 were
chosen to change polar and/or hydrophobic natures. As a consequence, we prepared
K582Q/K584Q which were designated as electrostatic mutant hereafter and Q504G which
termed non-electrostatic mutant.

Fd-dependent assay showed the elevation of enzymatic activity of wild type SiR with
increases in Fd concentrations, indicating increases in the turnover numbers (Fig. 3-1). Most
of the electrostatic mutants showed decreases in activity compared to that of wild type although
the degree of changes in activity were different.

A single mutant of K584Q exhibited activity comparable to wild type and activity of
K582Q was marginally lower than that of wild type. However, R111Q and R324Q showed
drastic dropping in activity, suggesting that SiR activity was subjected to location of positive
charges on SiR surfaces. It should be noted that a double mutant of K582Q/K584Q displayed
significant decreases in activity in spite of low decreases in activity of each single mutant,
raising a possibility of cooperative synergetic effects of neutralization of (Fig. 3-1A) positive
charges on activity.

Meanwhile, a series of non-electrostatic mutants, L499G, P501G, A503G, and Q504G,
showed less disruption of activity than electrostatic mutants (Fig. 3-1B). Although some
mutants, e.g., Q504G and P501G, showed higher turnover numbers than wild type, apparent
interprotein affinity of all non-electrostatic mutants were relatively similar to wild type based
on Km values (approximately 10 uM), suggesting that these non-charged, hydrophobic and
polar residues were not predominantly involved in the strong affinity for Fd.

Interprotein affinity and binding energetics between Fd and SiRs examined by isothermal

titration calorimetry
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In order to examine thermodynamically roles of electrostatic and non-electrostatic
interactions in forming the Fd:SiR complex at the molecular level, we conducted ITC
measurements using wild type SiR and two types of SiR mutants (K582Q/K584Q and Q504G)
(Fig. 3-2).

On titrating of Fd to wild type SiR, successive negative ITC peaks in thermograms
were observed (Fig. 3-2, upper panels), which indicated formation of the Fd:SiR complex with
large exothermic heat. The analyses of the binding isotherm (Fig. 3-2, lower panels) showed
negative enthalpy change for binding (AHuing) Of -4.4 kcal/mol and positive entropy change for
binding (ASbind), -TASbina Of -4.9 kcal/mol (Table 1). Negative AHuing and positive ASpind
indicated typical positive contribution of electrostatic interactions and hydrophobic effects,
respectively. Combination of energetic gains from both driving forces resulted in the Gibbs free
energy change for binding (AGping) 0f -6.3 kcal/mol. The dissociation constant (Kq) was 29 uM.

K582Q/K584Q mutant which showed the significant decrease in activity was selected
among electrostatic mutants. Titration of Fd to K582Q/K584Q SiR showed drastic changes.
There was no observable heat, which indicated no appreciable binding reaction due to the
considerable decrease in the interprotein affinity Next, in order to investigate
thermodynamically non-electrostatic contribution, the ITC measurement of Fd binding to
Q504G mutant was performed. The similar ITC thermogram and binding isotherm to those of
wild type without remarkable altering of binding thermodynamic parameters were obtained
(Fig. 3-2 and Table 3-1).

Residue-based solution-state NMR investigation on interprotein interactions between
ferredoxin and sulfite reductase

In order to explore the binding interface and mode between the two proteins at the
residue level in solution, we performed a series of *H-1°N HSQC measurements (Fig. 3-3). The
detailed NMR study of SiR in solution is still difficult due to its large size (~65 kDa) which
causes the severe peak broadening and overlapping. Therefore, the solution-state NMR
spectroscopy of *H-*N HSQC was performed on uniformly labeled *°N Fd in the absence and
presence of SiR at 100 mM NacCl.
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We first recorded the *H->N HSQC spectra of Fd in the presence of wild type SiR
without NaCl. Considering the peaking broadening of Fd on binding to SiR, we carefully chose
the molar ratio of Fd/SIR to two based on Kq obtained by ITC. In addition, this allowed us to
observe promptly mutation-dependent changes in interprotein affinity without severe peak
broadening due to excess amounts of SiR by determining differences in chemical shifts (see
below). The spectrum displayed shifts in position of a lot of NMR peaks, which indicated the
formation of the Fd:SiR complex (Fig. 3-3).

To obtain detailed quantitative and qualitative information, we calculated the chemical
shift difference (CSD) and mapped the residues onto the structure of SiR-bound Fd depending
on the degree of CSD (Fig. 3-4A). Largely, the three parts of Fd were involved in forming a
complex with SiR: A28, E29, D34 and Y37 in the N-terminal parts, G49, Q61, and L64 around
the [2Fe-2S] cluster, and K91, E92, and E93 in the C-terminal part, which were in good
agreements of our X-ray crystal structures (Fig. 2-4) and previous NMR studies (4). It should
be noted that the residues around the [2Fe-2S] cluster due to the paramagnetic relaxation
enhancement (PRE) effect were not available. Most importantly, the charged residues of Fd
were mostly perturbed and the polar and apolar residues also showed perturbation.

However, the addition of K582Q/K584Q SiR showed no changes in the peak position
and intensity of Fd (Fig. 3-4B). This suggested no detectable interactions between
K5820Q/K584Q SiR and Fd, which coincided with ITC results. On the one hand, the NMR
peaks of Fd in the presence of Q504G SiR, which showed a lot of the peak shift. The pattern
of the peak shift and the number of peak which showed perturbation were similar to those with
wild type (Fig. 3-4C). The degree of CSD in the central and C-terminal parts including D60,
Y63, D65, A79, and Y80 (Fig. 3-5) and the direction of peak shifts (Fig. 3-6) were obviously
distinct from those with wild type.

Substrate type-dependent SiR activity monitored by NADPH oxidation
In order to obtain deeper insights into properties of enzymatic activity of SiR, |
introduced alternative enzymatic assay which monitored the oxidation of NADPH by using the
three distinct substrates, sulfite (SOs%), nitrite (NO2), and hydroxylamine (NH.OH) (Fig. 3-7).
| first monitored kinetics of reduction of each substrate by using wild type SiR (Fig.
3-7). The exponential decreases in absorbance at 340 nm corresponding to NADPH oxidation
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Fig. 3-2. Isothermal titration of Fd to wild type and mutant SiRs.
Consecutive titration of Fd to wild type SiR (left), K582Q/K584Q (middle), and Q504G (right),
is shown, respectively. Each binding thermogram (upper panel) and isotherm (lower panel) is

also shown. Solid lines in binding isotherms indicate fitted curves.
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Table 3-1. Summary of thermodynamic parameters for the Fd:SiR complex formation.

the number of Fd which binds to a binding site of SiR.
bwild type SiR

“best fit with a one-site binding model.

dKK: a mutant of SiR, K582Q/K584Q

¢ N.D. indicates "not determined”.

fQ: a mutant of SiR, Q504G

SiR NaCl . Kad AHbing -TASbing AGping
i n
(mM) (uM)  (kcal/mol)  (kcal/mol)  (kcal/mol)
W.T.b 100° ~1 23 -0.9 -5.6 -6.5
KK 100°¢ N.D.® N.D.® N.D.® N.D.® N.D.®
Qf 100¢ ~1 16 -2.0 -4.6 -6.6
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were observed in all reaction mixtures of substrates and ensured substrate-dependent activity
assay.

| specially focused SiR variants which did not show large changes in SiR activity
revealed by Fd- and MV-dependent assays and in physical interactions with Fd compared to
those of wild type so as to uncover a hidden role for SiR activity. Hence, a series of non-
electrostatic mutants of SiR (L499G, P501G, A503G, and Q504G) were selected and their
enzymatic activity was measured at distinct concentrations of individual substrates.

Regardless of the type of substrates, increases in activity were obtained in a substrate
concentration-dependent manner (Fig. 3-8). Activity of a non-electrostatic mutant was different
depending on substrates. Activity of Q504G for hydroxylamine was similar to that of wild type,
but activity for nitrite obviously decreased and activity for sulfite is even higher at lower
concentration. By contrast, A503G showed the decrease in activity for sulfite and no changes
for nitrite and hydroxylamine in activity (Fig. 3-8).

In addition, at the same substrate, activity of each non-electrostatic mutant depended
on types of mutation (Fig. 3-8). Although activity for sulfite of wild type, L499G, was all
similar, activity of P501G, Q504G and A503G increased and decreased, respectively. When
nitrite was used for a substrate, L499G, P501G, and Q504G showed large decreases in activity.
L499G also showed decreases in activity for hydroxylamine.

Distinct activity changes suggested the contribution of non-electrostatic interaction
between the two proteins to SiR activity by sensing different substrates.
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Fig. 3-3. Solution-state NMR measurements of Fd with and without wild type SiR.
Two-dimensional *H-1>N HSQC spectra of °N-labeled Fd (100 pM) in the absence (red) and
presence of 50 uM SiR (blue) at 100 mM NacCl.
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Fig. 3-4. Chemical shift perturbations of Fd in the presence SiRs.
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Q504G SiRs (C) at 100 mM NaCl were plotted against the residue number.

-52-



Fig. 3-5. Mapping of interacting residues of Fd for SiR onto the crystal structure of Fd.
(A-C) The degree of the chemical shift difference (CSD) was mapped onto the crystal structure
of Fd (PDB ID: 1GAQ) (11) in the presence of wild type SiR (A), K582Q/K584Q SiR (B), and
Q504G SiR. The color code for the finite CSD analysis is as follows: Red, CSD > 0.04; orange,
0.04 > CSD > 0.03; yellow, 0.03 > CSD > 0.02. The NMR invisible peaks (due to paramagnetic
relaxation enhancement) are shown by green. Pink color represents invisible residue upon
binding with Fd.
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Fig. 3-6. Direction of the peak shift of Fd upon binding with wild type SiR and Q504G
SiR.

The direction of the peak shift of Fd was represented by blue arrows for binding of wild type
SiR and green arrows for binding of Q504G SiR mutant. The peak position of free Fd is shown
in red.
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Fig. 3-7. Monitoring of NADPH oxidation by SiR with three types of substrates.
Aredox cascade of NADPH/FNR/Fd/SIR was traced by monitoring the decrease in absorbance
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(A-C) Bar representation of NADPH oxidation by wild type and mutant SiRs is shown for three
types of substrates: sulfite (SOs%) (A), nitrite (NO2) (B), and hydroxylamine (NHzOH) (C).
The concentration of each substrate used was 100 uM, 500 uM, and 1 mM (for hydroxylamine,
200 uM, 1 mM, and 2 mM).
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Fig. 3-9. Comparison of amino acid sequences of SiRs.

The sequence of SiR from plant, cyanobacterium, and E. coli is shown with the sequence of
plant NiR. Amino acid sequences of Fd-SiRs from maize (ZmSiR), tobacco (NtSIR),
Arabidopsis (AtSiR) and Synechococcus PCC7942 (AnSiR), the hemoprotein subunit of E. coli
of NADPH-SIR (EcSiR) and Fd-NiR from spinach (SoNiR) are aligned with gaps inserted to
obtain the maximum homology. The mature regions are presented. Four conserved cysteine
residues (Cys-434, Cys-440, Cys-479 and Cys-483 in E. coli enzyme) ligating the [4Fe-4S]
cluster and the siroheme are shown by arrows, and four basic residues involved in the
hydrogen-bonding network (Arg-83, Arg-153, Lys-215 and Lys-217 in E. coli enzyme) by

triangles.
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Discussion

The crystal structures of the Fd:SiR complex showed well-organized electrostatic
interactions at interfaces with non-electrostatic interactions including polar and hydrophobic
contacts. The net energetic contribution of these intermolecular contacts was found to be
negative AHping (Fig. 3-2 and Table 3-1), which prefers the formation of the Fd:SiR complex.
Positive ASying, resulting from indirect molecular contacts such as dehydration and/or increased
flexibility (i.e., conformational entropy), (Table 3-1) also drove favorably complex formation.

Disruption of electrostatic interactions by mutation of SIR (R111Q, R324Q, and
K582Q/K584Q) caused the loss of binding capability of SiR for Fd as shown by the ITC and
NMR analyses (Fig. 3-2, 3-3 - 3-6), thereby decreasing largely Fd-dependent SiR activity (Fig.
3-1). Decreased binding affinity of [Fe-Fe] hydrogenase for Fd and activity by neutralization
of positive charges of [Fe-Fe] hydrogenase were also interpreted by weakened intermolecular
electrostatic interactions (50). In addition, we previously showed that deletion of negative
charges of Fd decreased affinity for SiR and SiR activity (4).

Interestingly, a unique electrostatic network for SiR activity was detected. A single
SiR mutant of K582Q and K584Q retained activity comparable to that of wild type; activity of
a double mutant, K582Q/K584, decreased remarkably. Recovery of activity could be possible
with an aid of neighboring positive residues by complementing a loss of a favorable single
positive charge for activity, which is a complementary system within large patches of positive
charges on SiR. Considering conservation of K582 and K584 in plants (Fig. 3-9), this self-
repair system may be tailored to cope with the damage by mutation.

On the one hand, decreasing hydrophobicity of Fd at the center of interfaces by
mutation did not affect Fd-dependent SiR activity for reducing sulfite (Fig. 3-1), implying the
direct electron transfer from Fd to SiR. However, SiR activity for reducing nitrite or hydroxyl
amine varied depending on the types of non-electrostatic SiR mutants. Q504G SiR, as a
representative non-electrostatic SiR mutant, showed no remarkable differences in
thermodynamic properties for forming the complex with Fd (Fig. 3-2 and Table 3-1).

However, close investigation of multi-dimensional NMR spectroscopy revealed the
differences in binding modes (i.e, configuration) between the Fd:wild type SiR complex and
the Fd:Q504G SiR complex. Differences in CSD (Fig. 3-4 and 3-5) and direction of the peak
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shift (Fig. 3-6) were observed in the center and C-terminal part as well as the N-terminal and
central part, respectively (Fig. 3-5), suggesting that these regions surrounding the center active
site on Fd are responsible for subtle tuning of complex conformations.

Therefore, it is conceivable that disruption of hydrophobic interactions may result in
subtle differences in the fine structures of each individual Fd:SiR complex which influence
direct electron flow, thereby producing the substrate-dependent change in SiR activity. Short-
range interactions such as hydrophobic and van der Waals contacts tune configuration of the
complex as observed in fixing of an encounter complex to a final complex (35,43).

Distinct configuration of the Fd:FNR complex and its relation to FNR activity was
also observed by the direction of NMR peak shifts when physicochemical properties at the
center of interfaces of Fd for FNR were changed (22). Increasing hydrophobicity of Fd
increased FNR activity and binding affinity with slight changes in configuration compared to
wild type complex. However, increasing attractive electrostatic interactions by the addition of
a negative charge to Fd decreased unexpectedly FNR activity and binding affinity with
relatively large different orientation.

Accordingly, | here demonstrated that total SiR activity is governed by interprotein
interactions with Fd for efficient interprotein electron transfer from Fd to SiR without
perturbing capability of intramolecular activity of SiR. Furthermore, these findings elucidate
that the electrostatic interaction at the interface is a more critical factor for the stability of the
Fd:SiR complex than the non-electrostatic interaction. However, the non-electrostatic
interaction serves as fine-tuning of complex conformations which might be beneficial for the
recognition of various substrates. Lastly, I propose that enzymes may evolve to use
appropriately these non-covalent interprotein interactions for biological efficiency under

various ambient conditions.
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Chapter IV

Noncovalent forces finely tune the electron transfer
complex between ferredoxin and sulfite reductase to
optimize enzymatic activity
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Abstract

Plant sulfite reductase (SiR) forms an electron-transfer complex with ferredoxin (Fd)
for the reductive conversion of sulfite to sulfide. Although previous studies have predominantly
highlighted electrostatic interactions between negatively-charged Fd and positively-charged
SiR, the nature of intermolecular forces involved in complex formation and their relationship
to SiR activity remain unclear.

I examined Fd:SiR complex formation and SiR activity over NaCl concentrations
between 0 and 400 mM with considering physiological conditions. Fd-dependent SiR activity
assays and Michaelis-Menten kinetics revealed a bell-shaped activity curve with a maximum
around 40-70 mM NaCl and a reverse bell-shaped dependence of affinity (Michaelis constant).
Meanwhile, intrinsic SIR activity, as measured in a methyl viologen-dependent assay, exhibited
saturation above 100 mM NaCl. Thus, two assays suggested that interprotein interaction is
crucial in controlling Fd-dependent SIR activity.

Calorimetric analyses showed the monotonic increase in the dissociation constant on
increasing NaCl concentrations, distinguished from the biphasic change in the Michaelis
constant. The results further revealed that Fd:SiR complex formation and interprotein affinity
were thermodynamically adjusted by both enthalpy and entropy through electrostatic and non-
electrostatic interactions. A residue-based NMR investigation on addition of SiR to *°N-labeled
Fd also demonstrated that a combination of both non-covalent forces stabilized the complex
with similar interfaces and modulated binding affinity and mode depending on NaCl
concentrations.

These findings elucidate that non-electrostatic forces are also essential for complex
formation and modulation. | suggest that a complex configuration optimized for maximum
enzymatic activity near physiological conditions is achieved by structural rearrangement

through controlled non-covalent interprotein interactions.
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Introduction

The intermolecular interactions between proteins and various partner molecules such
as biomolecules including other proteins, nucleic acids and small ligands or metal ions play
essential roles in numerous cellular and biological processes, such as electron transfer, signal
transduction, and protein homeostasis. (13,19,20,46,51-58)

Native-state proteins function with their unique three dimensional structures, achieved
by folding reactions, whereas intrinsically disordered proteins function without specific
conformations (59,60). The physicochemical and structural properties of the surfaces and
active sites of folded proteins are the result of protein evolution with a high interior packing
density and local functional flexibility (61-63). These characteristics are important physical
and chemical determinants that effectively control enzymatic activity in a given environment.
The properties of protein surfaces are a critical factor in ensuring appropriate interprotein
contacts for function. Astatistical study previously showed that the interfaces of protein-protein
complexes consisted of 57% apolar residues, 19% charged residues, and 24% polar residues
(23). This finding suggests that proteins utilize these surface properties and that non-covalent
interactions, electrostatic and non-electrostatic interactions, are indispensable in intermolecular
forces.

Non-electrostatic interactions including polar and hydrophobic interactions have been
shown to contribute to complex formation of proteins with other molecules. Proteins that
accommodate hydrophobic cavities form complexes with hydrophobic molecules. Examples
include the binding of GroEL with unfolded proteins for cellular homeostasis (64) and that of
LPGDS to lipophilic compounds for cell differentiation (58). The molecular recognition of
proline residues of partner proteins by the SH3 domain has also been attributed to non-
electrostatic forces (65). Interactions between DNA-binding proteins and the minor grooves of
DNA are also known to be mostly hydrophobic in nature (20).

One of the most well-known electrostatic interactions is the attractive charge-charge
interaction between positively-charged proteins and the negatively-charged major grooves of
DNA (20). The repulsive interprotein electrostatic interactions between the same charges play
a role in suppressing protein aggregation, which often leads to the deactivation of enzymes and
disruption of homeostasis, due to decreases in protein solubility (66).
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Biochemical data obtained from site-directed mutagenesis, rates of electron transfer
or enzymatic activity, and biophysical approaches including X-ray crystallography and NMR
spectroscopy suggested that most redox proteins involved in electron transfer reactions show
localized surface charged patches and utilize predominantly attractive electrostatic interactions
to form an electron transfer complex formation. Cytochrome ¢ (cytc), which possesses a
localized patch of positively-charged residues on its surface, forms a complex with the
negatively-charged surface of subunit Il of cytochrome ¢ oxidase (31,67,68) or cytochrome ¢
peroxidase (CcP) in order for intermolecular electron transport to occur (69). Cytochrome f
also interacts with plastocyanin (PC) for electron flux by means of the oppositely-charged
residues of individual proteins (43,70). Nitrite reductase (NiR) (14,56) and [Fe-Fe]
hydrogenase (50), which possess positively-charged surface patches, form complexes with
ferredoxin (Fd), which possesses corresponding negatively-charged patches. | previously
showed that the negative surfaces of Fd also show complementary electrostatic networks with
the positively-charged surfaces of ferredoxin-NADP(*) reductase (FNR) in the crystal structure
of their complex (11). Disruption in intermolecular electrostatic interactions, due to the change
in ionic strength or deletion of charges by mutation, often affects electron transfer rate,
enzymatic activity, and binding affinity (4,14,43,44,46,47,50,70,71), clearly indicating that
electrostatic interactions are important in forming redox protein complexes.

On the other hand, distinct patterns of the electron transfer rate have been observed on
increasing ionic strength. For instances, while the overall electron transfer rate from cytc-555
(72) or cytc to PC decreases monophasically (73), that from cytc to CcP (73) or from
Cytochrome f to PC shows decreases in the electron transfer rate following increases in the rate
(43,72-74). The similar biphasic change was also observed in the electron transfer between
Anabaena Fd, flavodoxin, FNR, and PSI (27,28,30,32,67). Changes in hydrophobicity on the
interfaces of FNR influenced the rate of electron transfers from Fd or flavodoxin (28,32).
Remarkably, | have recently revealed that enhancement of Fd interfacial hydrophobicity
increased and decreased the electron transfer rate to FNR and sulfite reductase (SiR),
respectively (22). Hydrophobic interactions at interfaces of encounter complexes have shown
to play a central role in searching a final active complex conformation for electron transfer
(38,39,75).

These findings have suggested that the electrostatic interaction alone is not enough to
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explain all these changes (27,28,30,32,38,39,43,46,63,74-76) and raise many key questions
about the relative contribution of non-covalent forces such as electrostatic and hydrophobic
interactions during formation of different productive electron transfer complexes. Furthermore,
information regarding the relationship between complex formation and enzymatic activity
remains limited. Therefore, in order to address these issues in detail, | selected model redox
proteins, the enzyme SiR and its physiological electron donor protein Fd, both derived from
the maize leaf.

SIiR sequentially receives six electrons from the one electron carrier Fd through the
repeated formation and dissociation of the Fd:SiR complex, using these electrons to reduce
sulfite to sulfide. 1 previously demonstrated the importance of electrostatic interactions
between negatively-charged side chains on Fd and positively-charged side chains on SiR for
complex formation and SiR activity (2-4). Mutagenic neutralization of negative charges of Fd
on the putative interfaces of complex formation with SiR decreased binding ability of Fd, and
SiR activity (2,4).

I herein performed in-depth biochemical and biophysical studies on the role of
electrostatic and non-electrostatic forces in interprotein interactions between SiR and Fd, and
how both non-covalent forces controlled SiR activity. | performed the two distinct SiR activity
assays to differentiate influence of interprotein interactions of Fd on SiR activity from intrinsic
SiR intramolecular activity, thermodynamic characterization of complex formation by
calorimetry at the molecular level, and residue-based NMR spectroscopy of °N-labeled Fd to
examine the binding site and mode at various NaCl concentrations.

The results obtained demonstrated that SiR activity was controlled by interprotein
interactions with Fd and that both electrostatic and non-electrostatic interactions were
thermodynamically and mechanically important for the formation and modulation of the
Fd:SiR complex. | propose that an optimized productive complex for maximum SiR activity
near physiological conditions is dependent on fine-tuning of non-covalent forces for
conformational gating of electron transfer. | further show the concise schematic model on how
SiR interacts with Fd and modulates its activity against saline perturbations by distinguishing

non-productive physical binding.
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Materials and methods

Enzymatic activity assay

Fd- and methyl viologen (MV)-dependent SiR activities were assayed using a
reconstituted electron transfer system that resulted in the production of cysteine. The reaction
mixture containing Fd (0-40 uM) or MV (1 mM), SiR (200 nM), sodium sulfite (2 mM), O-
acetyl serine (10 mM), and cysteine synthase (0.4 U) in 50 mM Tris-HCI buffer (pH 7.5) was
prepared at various NaCl concentrations from 0 to 400 mM at 30 °C.

SiR reduction was initiated by an intermolecular electron transfer from Fd, which was
reduced by Na»S;04. Reduced SiR sequentially converted sulfite to sulfide. Cysteine synthase,
in the presence of O-acetyl serine, produced cysteine from sulfide. The reaction was stopped
in 3 min after reducing SiR by the addition of trichloroacetic acid at a final concentration of
20% (volume/volume). The solution was promptly centrifuged at 15,000 rpm for 3 min and
150 pl of the supernatant was collected. After adding 150 pl acetic acid and 150 pl acid-
ninhydrin reagent to the supernatant, the solution was heated at 95 °C for 10 min. The further
addition of 450 pl ethanol to the solution allowed the production of cysteine to be monitored
by increases in absorption intensity at 546 nm.

In order to calculate the Michaelis constant (Km) and turnover number (kcat), data
obtained at the various concentration of Fd (0, 1, 2, 4, 6, 10, 20, and 40 uM) and NaCl (0, 25,
50, 75, 100, 200, 300, and 400 mM) were fit to the following Michaelis-Menten equation:

_ k,[SiR][Fd] Equation 5
[Fd]+K_
where v indicates the initial velocity of the catalytic reaction of SiR, and [SiR]o and [Fd]

indicate the concentrations of total SiR and free Fd in the reaction mixture, respectively.

Isothermal titration calorimetry

The isothermal calorimetric titration of Fd to SiR in 50 mM Tris-HCI buffer (pH 7.5)
containing NaCl in the range of 0-400 mM (0, 25, 50, 75, 100, and 400 mM) was conducted
using a VP-ITC instrument (Malvern, UK) at 30 °C or 25 °C and 27.5 °C at 100 mM NacCl.
Binding reactions were initiated by adding Fd (0.85-2 mM) in a syringe to SiR (15-70 uM) in

-65-



the cell at each NaCl concentration. The titration of Fd comprised 38 injections with a spacing
time of 300 s and stirring speed of 307 rpm. The injection volume was 2 or 7 uL for each
injection. The corresponding heat of the dilution of Fd titrated to the buffer was used to correct
data. Binding isotherms were analyzed with the theoretical curve (equation 1 in chapter I11).
Based on non-linear fitting to equation 1 (chapter IllI), the values of n, AHbing, and Kq were
obtained. Changes in Gibbs free energy (AGping) and entropy (ASeing) Of binding were calculated
by using the known values of Hying, and Kq and the thermodynamic relationships in equations
2 and 3.

Circular dichroism measurements

Far-UV circular dichroism (CD) measurements of 3 uM (0.2 mg mlI) were carried
out in 50 mM Tris-HCI buffer (pH 7.5) containing NaCl ranging from 0 to 400 mM at 25 °C.
Heat scanning of SiR from 20 to 90 °C was also performed under the same solvent condition
to the wavelength scanning by monitoring CD signals at 220 nm at a rate of 1 °C per minute.
The apparent melting temperature (Tm) was determined by a regression analysis using a
nonlinear least squares fitting of data to the sigmoidal equation under the assumption of a two-
state transition between folded and unfolded states. It should be noted that | performed the
thermodynamic analysis although thermal unfolding of SiR was irreversible.

S = ((SF + mFT) + (SU + muT) e-(AHgIobaI(l - T/Tm) - ACp,global((Tm - T) + TIn(T/Tm)))/RT) / (1 + e-(AHgIobaI(l -

T/Tm) - ACp,global((Tm - T) + TIn(T/Tm)))/RT) Equation 6

where S is the signal intensity monitored by CD, Sk and Sy are intensities of folded and unfolded
SiRs, respectively. T, Tm, and R indicate temperature, the midpoint temperature of denaturation,
and gas constant, respectively. The change in enthalpy for global unfolding of SiR is
represented by AHgiobar and the change in heat capacity is shown with ACp gional. The initial and
final baseline was described by Sr+ meT and Su+ muT, respectively. CD measurements were
performed with a J-720 spectropolarimeter (Jasco, Japan) using a cell with a light path of 1 mm.
CD signals between 195 and 250 nm were expressed as the mean residue ellipticity [0] (deg
cm? dmol™). Temperature was regulated using a PTC-423L Peltier-unit (Jasco, Japan).
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NMR measurements

Two-dimensional H-®N heteronuclear single-quantum coherence correlation
(HSQC) spectra of N uniformly-labeled Fd with and without SiR were obtained using an
AVANCE 11-800 spectrometer equipped with a cryogenic probe (Bruker, Germany) in 50 mM
Tris-HCI buffer (pH 7.4) containing 10% D0 and the desired concentrations of NaCl at 25 °C.
The protein concentrations for NMR measurements were 100 uM for Fd and 50 uM for SiR.
Data were processed by NMRPipe (48) and analyzed by Sparky (49).

Chemical shift differences (CSD) in NMR peaks in the absence and presence of SiR were
calculated for finite CSD analysis using equation 4 (chapter Ill). In order to calculate the
chemical shift values of Fd, which was saturated by SiR, and to perform infinite CSD analysis,
I used the relationship in equation 7 (77),

5obs - 5free = ((5c0m - &ree)/[Fd]t) ((Kd + [Fd]t + [SiR]t)/Z) - ((5c0m - &ree)/[Fd]t) (((Kd + [Fd]t +
[SiR]y)? -4[Fd]{[SiR])Y? /2) Equation 7

where oree and dobs indicate the chemical shifts of Fd in the free form and in the presence of
SIR, respectively. &om represents the chemical shifts of Fd in the presence of an infinite
amount of SiR. The total concentrations of Fd and SiR are represented by [Fd]: and [SiR]s,
respectively.

Principal component analysis of chemical shift perturbation

Principal component analysis (PCA) was performed using the change in chemical
shifts obtained from the infinity CSD analysis at each NaCl concentration. The CSD data were
represented as a single-row vector. Then, the vectors were used to build a two-dimensional
matrix, in which the rows were the infinite CSD data and the columns were the variables of the
NaCl concentration. The matrix size was 78 traceable residues and 5 different NaCl
concentrations (0, 25, 50, 75, and 100 mM). The CSD data of each residue were normalized
using the mean-centering and variance-scaling. PCA was carried out using the R statistics
platform (R Foundation for Statistical Computing, http://www.r-project.org). The obtained
eigenvalues were expressed as contribution ratios for individual principal components (PC1
and PC2).
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Results

NaCl concentration-dependent changes in SiR activity

SiR activity in the range of NaCl concentrations from 0 to 400 mM (0, 25, 50, 75,
100, 200, 300, and 400 mM) was measured with two distinct assays, which differed in the
electron donor to SiR: either Fd or MV, i.e., Fd- and MV-dependent SiR activity assays (Fig.
4-1A, B).

SiR activity was first examined using the Fd-dependent assay with a fixed
concentration of SiR and Fd (Fig. 4-1A). SiR showed relatively high activity even in the
absence of NaCl, and increased in activity with rising NaCl concentrations up to 50 mM.
Further elevation of NaCl concentration decreased SiR activity. The activity at 100 mM NaCl
was roughly similar to that at 0 mM NaCl. Further increase to higher NaCl concentrations
significantly decreased activity. At 400 mM NacCl, 10-fold lower activity than that at 50 mM
NaCl was observed. For more detailed information, | performed a fit using a Gaussian function,
demonstrated a NaCl concentration for maximum activity and symmetric dependence of
activity to the NaCl concentration. The best-fit result indicated that the NaCl concentration at
which SiR has maximum activity is approximately 40 mM (Table 4-1).

Next, the MV-dependent SiR activity assay was performed at the same NaCl
concentrations (Fig. 4-1B). SiR showed appreciable activity at all of the NaCl concentrations
examined. By increasing NaCl concentrations from 0 to 400 mM, SiR activity increased
progressively and was saturated at approximately 100 mM NaCl. Saturated SiR activity was
more than two-fold higher than in the absence of NaCl.

Michaelis-Menten kinetics were investigated by varying the concentration of Fd with
a fixed SiR concentration (Fig. 4-1C). Regardless of the NaCl concentration, increased Fd
concentrations increased the v value of SiR. However, maximum v increased then decreased
with increasing NaCl concentration, as shown in the vmax value (Table 4-1). The NaCl
concentration with highest vmax Was best fit to approximately 63 mM. Similarly, ket increased
with increasing NaCl concentration to 50-75 mM NaCl, while further increase in NaCl resulted
in decreased Keat (Fig. 4-1D). Fitting results revealed that kcat was maximal at approximately 66
mM NaCl (Table 4-1). K, of SiR for Fd also showed NaCl concentration dependence. The
value of Ki decreased from 0 to 100 mM NacCl and increased as NaCl concentrations rose
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above 100 mM (Fig. 4-1D). A minimum K, value was best fit to approximately 76 mM NaCl.
The catalytic efficiency, keat/Km, also showed a similar salt concentration dependent profile to
that of Vmax and Kcat, with a maximum at approximately 63 mM NaCl (Table 4-1).

Thermodynamic investigation of interprotein interactions between Fd and SiR by isothermal
titration calorimetry

To obtain information on underlying thermodynamic contribution to binding between
Fd and SiR, | carried out an energetic investigation using isothermal titration calorimetry (1ITC)
at various NaCl concentrations (0, 25, 50, 75, 100, and 400 mM) and 30 °C (Fig. 4-2).

During titration of increasing Fd to SiR, exothermic ITC peaks in thermograms,
derived from formation of the Fd:SiR complex, were observed at NaCl concentrations between
0 and 100 mM (Fig. 4-2A, upper panels). ITC thermograms at each NaCl concentration except
400 mM showed the decreased magnitude in the negative ITC peaks with consecutive titration
of Fd. At the higher molar ratio of Fd to SiR, the ITC peak intensity reached the level of dilution
and mixing heat, which indicated the completion of binding reactions. At 400 mM NacCl, the
apparent heat of binding was too small to be observed.

Analysis of the ITC thermogram and isotherm using the fit and theoretical equations
(Fig. 4-2A, lower panels) revealed the underlying thermodynamic parameters for Fd:SiR
complex formation: change in enthalpy (AHbing), entropy (ASeing), and free energy (AGping) as
well as the dissociation constant (Kq) with binding stoichiometry (n) (Table 2). The biphasic
binding isotherm in the absence of NaCl was best fit by a model with two interacting sites
which have different binding affinity, revealing the distinct thermodynamic parameters (Fig.
2A, left upper).

AHbing Values obtained at the other NaCl concentrations were all negative and their
magnitudes decreased from -4.2 to -0.8 kcal mol* with increasing the NaCl concentration (Fig.
2B). On the other hand, all ASwing Values were positive with relatively small differences (-0.7
kcal mol™) being observed. The binding affinity between Fd and SiR gradually became weaker
with increases in the concentration of NaCl because Kq exponentially increased (Fig. 4-1D)
and, accordingly, AGpina decreased monotonically in magnitude from -8.3 to -6.6 kcal mol™
(Fig. 4-2B).
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Fig 4-1. NaCl-concentration dependent SiR activity monitored by distinct activity assays.
(A, B) SIiR activity obtained by Fd- (A) and MV-dependent activity assay (B) was plotted

against the NaCl concentration. The continuous curves were obtained by fitting to Gaussian
(A) and single exponential equations (B) to show symmetric and saturating profiles,
respectively. (C) The steady-state kinetics of SiR activity obtained at the various NaCl
concentrations were plotted as a function of the concentration of Fd. The continuous lines show
the curves fitted based on the Michaelis-Menten equation. The error bars were averaged values
of the three independent measurements. (D) Km in the left axis (red) and keat in the right axis

(blue) respectively were obtained from Michaelis-Menten Kinetics and plotted against the

concentration of NaCl. The continuous curves were obtained by fitting to the Gaussian equation.

Kq values (black) obtained from ITC measurements in the left axis were also plotted. The solid
line for Kq is drawn as a visual aid. E, vmax in the left axis (red) and kca/Km in the right axis
(blue) were plotted against the concentration of NaCl, respectively. The continuous curves were
obtained by fitting to the Gaussian equation.
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Table 4-1. Summary of SiR activity obtained by Michaelis-Menten kinetics.

NacCl Vimax’ Keat® Km? Kcat/Km
(mM) (uM sec™) (x 10* sec?) (uM) (x 10* sectuMm?)
0 368 +5 184 +2 10.4+0.3 17.6 £ 0.6
25 390+ 20 190 £ 10 45+0.8 43 +8
50 440 + 10 219+7 7.4+0.6 303
75 420 + 20 2109 6.7+0.8 3214
100 390 + 30 20010 6.2+1.3 32+7
200 260+ 10 128 £5 126+1.1 10+1
300 270+ 20 140 £ 10 29.9+3.9 46=x0.7
400 150 £ 20 738 26.7+5.0 2.7+0.6
Maximum 62.5 mM 65.6 mM 76.1 mM 62.5 mM
concentration® (41.3 mM©)

Vmax, Keat, and Ky were calculated by fitting the averaged values of the three independent
measurements to the equation 5 (see Materials and Methods).
*The NaCl concentration at which a value was maximum with a Gaussian fitting.

“The NaCl concentration at which Fd-dependent SiR activity was maximum.
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Although | cannot exclude the possibility that variation between Kq and Kmn was caused
by technical differences between ITC and enzyme assays, it is more likely that these differences
arise from the fact that Kq values obtained from ITC report all physical binding reactions,
including productive and non-productive complex formation, while Ky values obtained from
Michaelis-Menten kinetics reflect the affinity of the only productive complex resulting in
enzyme activity.

ITC measurements at distinct temperatures (25 and 27.5 °C) were further performed
in the presence of 100 mM NaCl (Fig. 4-3). A series of negative ITC peaks representing
exothermic reactions were observed at both temperatures (Fig. 4-3A, B). Decreasing the
temperature from 30 to 27.5 and 25 °C, resulted in slight increases and decreases respectively
in the negative values for AHping and -TAShing (Fig. 4-3C and Table 4-2). Thus, the temperature
dependence of AHuing and -TAShina Weakened interprotein affinity on decreasing temperature
by showing the decrease in the magnitude of AGping from -6.6 kcal mol™ at 30 °C to -6.0 kcal
mol ™ at 25 °C.

At all NaCl concentrations and temperatures, except for 0 mM NaCl at 30 °C, the n
value was approximately 1, which suggested a 1-to-1 binding stoichiometry between Fd and
SiR in solution. However, in the absence of NaCl, the high binding affinity site at a molar ratio
([Fd}/[SIR]) lower than ~2 showed an n value of approximately 1 and the low binding affinity
site at higher molar ratios from ~2 to ~8 indicated an n value of ~4.

Changes in static structures and global dynamics of SiR at various NaCl concentrations
examined by far-UV CD spectroscopy

In order to investigate changes in the static and dynamic structures of SiR in the
presence of NaCl, far-UV CD measurements were performed at various NaCl concentrations
(Fig. 4-4). Static conformations of SiR were first investigated at the level of secondary structure.
The results obtained in the far-UV region without NaCl show the characteristic spectra of a
mixture of a-helical and B-strand structures with minima at 210 and 220 nm (Fig. 4-4A). A
series of far-UV CD spectra of SiR were obtained at various NaCl concentrations to further
characterize the change in the structure of SiR. No change was observed in the pattern of CD
spectra, indicating that NaCl does not perturb the secondary structure of SiR.

Sub-global and global dynamics between folded and unfolded conformations without
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NaCl were examined by observing CD spectra with increasing temperature from 20 to 90 °C
(Fig. 4-4B, C). The magnitude of whole CD signals decreased with increases in the temperature
from approximately 35 °C and were saturated from approximately 70 °C (Fig. 4-4B) indicating
cooperative global unfolding (Fig. 4C). The CD spectrum at 90 °C exhibited no characteristic
profile with low CD intensity even in the presence of NaCl (Fig. 4-4A, B), indicating the
thermally-unfolded state of SiR. The conformational transition was best fit by a two-state
transition model of the global dynamics of SiR, without recognizable sub-global dynamics,
producing a melting temperature (Tm) of 55.1 °C and an enthalpy change for global unfolding
(AHgiobat) Of approximately 290 kcal mol? (Table 4-3). The addition of NaCl increased
cooperativity of the two-state thermal transition which increased the magnitude of AHgiobal
(Table 4-3) and the transition curve was gradually shifted to a higher temperature with increases
in the concentration of NaCl (Fig. 4-4C).

Residue-based investigation of NaCl concentration-dependent interprotein interactions by
solution-state NMR spectroscopy

A detailed NMR study of SiR in solution remains difficult due to its large size (~65
kDa), which causes severe peak broadening and overlapping. Therefore, solution-state NMR
spectroscopy of the *H-*N HSQC was performed on the smaller Fd protein (~10.5 kDa) in the
absence and presence of SiR at various NaCl concentrations (Fig. 4-5). To maximize detection
level, concentrations above 100 mM NaCl were not used, as this decreases sensitivity when
using a cryogenic probe. The most dynamic changes in SiR activity were observed in the range
of 0-100 mM NaCl as shown in SiR activity assays (Fig. 4-1). Thus, | selected NaCl
concentrations ranging from 0 to 100 mM (0, 25, 50, 75, and 100 mM NacCl).

Sharp NMR signals of °*N-labeled Fd alone were well distributed in *H->N HSQC
spectra at all NaCl concentrations examined (Fig. 4-5A) indicating that NaCl does not disturb
the structural integrity of native Fd. I then recorded the *H-"N HSQC spectra of *°N-labeled
Fd in the presence of SIiR at each NaCl concentration. | selected a molar ratio between Fd/SiR
of 2:1. This allowed me to promptly detect NaCl concentration-dependent changes in
interprotein affinity at the residue level by escaping severe peak broadening as would be
observed in the presence of excess amounts of SiR. Large molecular weights such as that of
the Fd:SIR complex, decrease the sensitivity and resolution of NMR peaks. Many Fd peaks
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Fig 4-2. Thermodynamic characterization of binding reactions between Fd and SiR using
ITC analysis and driving force plot.

(A) ITC thermograms of the titration of Fd to SiR at 0, 25, 50, 75, 100, and 400 mM NacCl at
30 °C are shown in the upper panel. Normalized heat values were plotted against the molar
ratio ([Fd]/[SIR]) in the lower panel. Fitted curves are exhibited using continuous lines. (B, C)
The values of AHying (triangle), -TASping (rectangle), and AGying (Sphere) were plotted as a
function of the NaCl concentration (B) and temperature C, All of the solid lines indicate the
fitting curve with the straight line. D, The driving force plot which describes the change in the
driving force (AHbind and -TASing) and AGuing Value following complex formation at each NaCl
concentration are shown. The dotted diagonal lines with various colors signify the AAGping lines
of 0 kcal mol for 0 mM NaCl (blue), 1.1 kcal mol for 25 mM NaCl (magenta), 2.1 kcal mol
! for 50 mM NaCl (green), 2.5 kcal mol for 75 mM NaCl (yellow), and 2.8 kcal mol* for 100
mM NacCl (red). Thermodynamically favorable (F) and unfavorable (U) directions following
change in NaCl concentration are indicated by blue arrows and red arrows, respectively, outside
the panel. The colored arrow in the panel indicates decreases in affinity.

-74-



Table 4-2. Summary of thermodynamic parameters of the Fd:SiR complex formation

obtained by ITC.

Temperature NacCl AHyind -TASbind AGping Ky n

(mM)  (kcal mol)  (kcal mol?)  (kcal mol?) (uM)

-4.2 +0.12 -5.2+0.22 -9.4+02* 0.2+0.1* 1.0°

’ -1.2° -4.4° -5.6° 106° 4.2°

25 -3.2+0.1 -5.1+£0.1 -8.3+£0.1 1.1+0.1 0.9

30 °C 50 -2.7x0.1 -46+0.1 -7.3+0.1 51+0.1 0.9

75 -2.3+0.1 -46+0.2 -6.8+0.2 11.8+0.2 1.0

100 -0.8+0.2 -58+04 -6.6 £ 0.3 176+0.2 1.0

400 n.d.c n.d.c n.d.c n.d.c n.d.c

27.5°C 100 -0.7+0.1 -58+0.2 -6.5+0.2 194+0.1 1.0

25 °C 100 -0.7+£0.0 -54+04 -6.1+£04 429+0.0 0.9

*Thermodynamic parameters for a high affinity binding site. ®Thermodynamic

parameters for a low affinity binding site. ““n.d.” is shown in cases, in which heat is too

small to be detected.

-75-



>

Heat flow (ucal sec")

kcal mol " of injectant

Time (min)

Time (min)

0 50 100
T T T

150
T

100 200 300
T T T

L ] 0.00 '. _.-.,..E- #;'
o o
.,.‘l -0.20 -q.'
L3 /
/ | ]
»
-0.40
-
0 2 ‘ 5 8 2 i 6 s
Molar ratio Molar ratio
A AHbind u ‘TASbind L AGbind

i

Thermodynamic parameters (kcal mol'1)
Py
T

=

298

300

302

Temperature (°C)

-76-

Fig 4-3. ITC measurements of Fd binding with SiR at distinct temperature.

(A) ITC thermograms of the titration of Fd to SiR in the presence of 100 mM NaCl at 25 (left)
and 27.5 °C (right) are shown in the upper panel. Normalized heat values were plotted against
the molar ratio ([Fd]/[SIR]) in the lower panel. Fitted curves are exhibited using continuous

lines. (B) Thermodynamic parameters obtained are plotted against temperature.
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Fig 4-4. Global dynamics of SiR observed by the far-UV CD spectroscopy.

(A) The far-UV CD spectra obtained at 20 (solid line) and 90 °C (dotted line) are obtained with
increasing NaCl concentrations from 0 to 400 mM. (B) The far-UV CD spectra of SiR without
NaCl at various temperatures are shown with distinct colors. The increase in temperature from
20 to 90 °C is indicated by the arrow and changing color from magenta to red. (C) Thermal
scanning of SIR represented by the fraction of folded native SiR using CD intensity at 222 nm
is shown. The continuous curves indicate the fitted curve based on the theoretical equation (see
Materials and Methods). The increase in the NaCl concentration was also guided by the arrow.
D, The melting temperature (Tm) was plotted against the NaCl concentration. The continuous

curve was obtained by fitting to single exponential equations giving a saturating profile.
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Table 4-3. Summary of thermodynamic parameters for global dynamics of SiR observed

by CD spectroscopy.

NacCl Tm? AHgiobal®

(mM) (°C) (kcal mol™*)
0 55.1+0.9 294 + 38
10 553+0.3 303+ 31
25 56.2+0.7 306 +43
50 569+1.4 314 + 40
75 57.1+1.2 316 + 38

100 56.8+0.5 312 + 44

200 57.0+0.9 317 =+ 37

300 575+1.0 328 +£ 30

400 576 +0.6 340 £ 40

*The averaged value with "standard deviation from two independent

measurements are shown.
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were shifted with the addition of SiR at 50 mM NaCl (Fig. 4-5A-C), which indicates
perturbation of electromagnetic environments induced by the formation of a Fd:SiR complex.
On decreasing the NaCl concentration from 100 to 0 mM, the degree of peak shifts decreased
(Fig. 4-5A, inset), which suggests a decrease in the population of the Fd:FNR complex.

To obtain detailed quantitative and qualitative information, | calculated the chemical
shift difference (CSD) (Fig. 4-5D, E) and mapped the residues onto a previously determined
crystal structure of Fd (Fig. 4-6) (11). | used two CSD analyses: CSD of Fd in the presence of
a half molar amount of SiR (Fig. 4-5D), here designated finite CSD analysis, and analysis with
an infinite amount of SiR (Fig. 4-5E), designated infinite CSD analysis (see Materials and
Methods). Finite CSD analysis provides easy evaluation of the Fd:SiR complex population and
allows identification of key Fd residues for formation and regulation of a complex with SiR.
On the other hand, infinite CSD analysis allows identification of the accurate binding interface
of Fd, which is fully occupied with SiR, thereby revealing subtle differences in the binding
modes.

Finite CSD analysis showed that both the number of residues with high CSD (over
0.02) and overall CSD values decreased with increasing NaCl concentrations, indicating
weakened interprotein affinity. However, despite the decrease in amplitude of CSD, the identity
of Fd residues showing CSD stayed basically the same (Fig. 4-5D). The binding interfaces for
SiR were comparable to our previous studies (4). Residues showed a variety of changes in the
degree of CSD depending on the NaCl concentration.

Mapping results from finite CSD analysis clarified that many negatively-charged Fd
residues were perturbed in the presence of SiR and clustered as expected; however, polar and
apolar residues also showed perturbations regardless of the NaCl concentration (Fig. 4-6A).
The residues showing greatest CSD were mostly in the three parts of Fd, both terminal parts
and the central part, along the Fd sequence, indicating that these regions of Fd are involved in
complex formation with SiR: representatively E11 and E13 in the N-terminal parts, A28, E29,
D34, L35, Y37, D60, and Y63 around the [2Fe-2S] cluster, and K91, E92-94, and T96 in the
C-terminal part. Infinite CSD analysis (Fig. 4-5E) and mapping results (Fig. 4-6B) showed a
similar pattern to that obtained with finite CSD analysis and binding interfaces with a higher
degree of CSD compared to finite CSD analysis.

In order to obtain more information on the change in the binding interface between Fd
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and SiR depending on the NaCl concentration, principal component analysis (PCA) was
performed on the infinite CSD results since PCA is a useful statistical method and reduces a
complex dataset to lower dimension to reveal hidden interrelationships among many objects.
The two-dimensional PCA plot (PC1 vs. PC2) accounted for 77.1% of total variance (Fig. 4-
5F), which indicated a high information content for the PCA plot. PC1 scores at 0, 25, 50, and
100 mM NaCl were clustered on the negative region around -2.5. However, the PC1 score of
75 mM NaCl was approximately 11 and positively contributed to the difference, indicating
variance between 75 mM NaCl and all other NaCl concentrations (0, 25, 50, and 100 mM
NaCl). On the one hand, the PC2 axis predominantly contained the variance information
between either 50 mM or 100 mM NaCl and the other NaCl concentrations (0, 25, and 75 mM).
PC2 scores at 0, 25, and 75 mM NaCl were clustered around zero whereas PC2 scores at 50
and 100 mM were around -8 (negative contribution) and 6 (positive contribution), respectively.
Thus, the PCA plot reveals NaCl concentration-dependent changes in variance which provide
NMR-based information on some differences at the binding interface of Fd and SiR.
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Fig 4-5. NMR spectroscopy of °®N-labeled Fd with SiR and chemical shift perturbation
analyses.

(A) The superposition of *H->N HSQC spectra of Fd with (blue) and without SiR (red) at 50
mM NaCl is shown. The peak shift of E93 of SiR-bound Fd depending on the NaCl
concentration is shown in the inset: 0 (magenta), 25 (cyan), 50 (blue), 75 (yellow), and 100
mM (green). The increasing concentration of NaCl is indicated by the arrow. (B) Magnified
central region of the spectra with dramatic perturbations. (C) Peak shifts of D60, which shows
variable direction of NMR peak shift of Fd with (blue) and without SiR (red) depending on the
concentration of NaCl. The concentration of NaCl is shown and the direction of the peak shift
is indicated by black arrows. (D, E) Chemical shift difference (CSD) of Fd in the presence of
SiR at 50 mM NaCl calculated by finite (D) and infinite CSD analyses (E) was plotted against
the residue number. The secondary structure elements determined from the X-ray structure
(PDB/1GAQ) (11) are displayed with labelling in the top part. a-helices (red coils) and -
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strands (yellow arrows) are shown. Negatively- and positively-charged residues are represented
by red and blue ellipses, respectively. In D stabilizing and regulating regions are also shown
with red and green bars, respectively. The red dotted rectangle indicates a putative stabilizing
region, which is mostly invisible in NMR spectra due to paramagnetic relaxation enhancement.
(F) Two-dimensional plot of principal component analysis (PCA) on the basis of the infinite
CSD results obtained at 0 (blue), 25 (magenta), 50 (green), 75 (yellow), and 100 mM NaCl
(red) is shown.
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0 mM NaCl 25 mM NacCl 50 mM NaCl 75 mM NaCl 100 mM NaCl

B : NMR invisible region Larger perturbation [l

Fig 4-6. Mapping of interacting residues of Fd for SiR onto the crystal structure of Fd.
(A, B) The degree of the chemical shift difference (CSD) by means of finite (A) and infinite
CSD analyses (B) at each NaCl concentration was mapped onto the crystal structure of Fd
(PDB ID: 1GAQ) (11). The color code for the finite CSD analysis is as follows: Red, CSD >
0.04; orange, 0.04 > CSD > 0.03; yellow, 0.03 > CSD > 0.02. The color code for the infinite
CSD analysis is as follows: Pink, CSD > 0.08; orange, 0.08 > CSD > 0.06; yellow, 0.06 > CSD
> 0.04. The NMR invisible peaks (due to paramagnetic relaxation enhancement) are shown by
dark gray. Stabilizing and regulating regions are shown with red and green dotted lines,
respectively. The stabilizing region includes putative stabilizing residues which are not visible
in NMR.
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Discussion

Interprotein interaction-governed Fd-dependent SiR activity over the intrinsic activity power
of SIR

Enzymatic activity is largely controlled by intermolecular interactions between
binding partners and the intramolecular catalytic capacity of the enzyme itself. | dissected these
two contributions to understand overall activity of SiR by using two types of SiR activity
assays: the Fd-dependent assay, which can evaluate the effects of interprotein interactions
between the SiR and its physiological electron donor Fd, and the MV-dependent assay, which
reflects the intrinsic catalytic capability of SiR since electron transfer to SiR by excessive
amounts of MV is not limited by intermolecular interactions.

The shape of electron-transferring rate curves plotted against ionic strength has been
used to interpret the degree of control exerted on catalytic rate by interprotien interaction
(27,28,30,32,43,67,71-74). A bell-shaped curve suggested rearrangement of electron-transfer
protein complexes, from an initial complex including the encounter complex to final
configuration (i.e., conformational gating for the electron transfer thorough two-step binding),
while a monotonically-decreasing curve indicated the absence of the conformational
rearrangement of complexes. Thus, a bell-shaped Fd-dependent SiR activity profile over NaCl
concentrations (Fig. 4-1A, D) demonstrated that the contribution of interprotein interactions
between Fd and SiR to overall SiR activity is considerable.

The impact of SiR structural dynamics on its intrinsic enzymatic capacity at various
NaCl concentration was characterized. A saturating curve of SiR activity, obtained by the MV-
dependent assay, was consistent with a NaCl concentration dependence of Tr (Fig. 4-4D). This
indicated that the increase in the intrinsic activity of SiR may be related to the suppression of
global dynamics, possibly due to NaCl-induced molecular compaction without an overall
change in secondary structure (Fig. 4-4A), by increasing Tm and the magnitude of negative
AHgiobal (Table 4-3). Although we consider it unlikely, I cannot exclude the possibility that NaCl
also influenced the redox potentials of the [4Fe-4S] cluster and/or the siroheme due to the
reorganization of microscopic structures.

Comparison of the detailed activity profiles obtained with the two distinct assays
further conferred insight into the factors regulating total SiR activity. At 0-100 mM NaCl, while
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in the Fd-dependent assay SiR exhibited dynamic activity changes, with maximal activity and
catalytic efficiency around 40-70 mM NaCl and decreased activity at higher concentrations,
activity in the MV-based assay increased in SiR activity before reaching a plateau (Fig. 4-1B).
For example, a higher Fd-dependent SiR activity was measured at 50 mM NacCl than that at
100 mM NaCl despite intrinsic SiR activity at 50 mM NaCl actually being lower than at 100
mM NaCl. Moreover, although MV-based SiR activity retained maximum activity at higher
NaCl concentrations over the saturation point of 100 mM NaCl, the Fd-based assay showed
minimum activity due to significantly low interprotein affinity (Table 4-2) resulting from the
attenuation of electrostatic interactions.

These findings indicated that maximum SiR activity at moderate concentrations of
NaCl is achievable through optimum interactions between Fd and SiR and that intermolecular
interaction is a more decisive factor in controlling SiR activity than intrinsic SiR catalytic

capacity under physiological conditions (see the final section of DISCUSSION).

Intermolecular non-covalent forces thermodynamically control Fd:SiR complex formation

Interprotein interactions are under thermodynamic control, which tends to have a
lower AGying by balancing the two driving forces, AHpind and (—T)ASkind (13,22,78). Therefore,
I herein thermodynamically examined complex formation between Fd and SiR using ITC over
variable NaCl because ITC reports driving forces which reflect electrostatic and non-
electrostatic forces (13,16-18,22,44,45,78,79), which will be altered as NaCl influences the
relative strength of interprotein attraction and interaction. Higher salt concentrations dampen
electrostatic and polar interactions, but reinforce hydrophobic interactions.

I performed ITC measurements on addition of Fd to SiR at variable NaCl
concentrations, which is a largely-used neutral salt that partly mimics local conditions in cells
and chloroplasts (80-82). Energetically-favourable negative enthalpy changes were observed
at all NaCl concentrations (Fig. 4-2A, B and Table 4-2); however, the plot of the driving forces
(referred to hereafter as the driving force plot) showed that increasing the amount of NaCl
attenuated interprotein affinity by decreasing the magnitude of enthalpy changes (Fig. 4-2C).
These results suggest that attractive charge-charge and polar interactions as well as
hydrophobic interactions positively contributed to complex formation with enthalpy as a
driving force, and that weakened charge and polar interactions due to the disturbance of counter
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ions or electrostatic screening were compensated by increased hydrophobic interactions.

Consequently, enthalpic gains from electrostatic and polar interactions were dominant
over interactions among hydrophobic side chains under higher NaCl concentrations. On the
other hand, electrostatic interactions enhance the molecular association rate through long-range
electrostatic steering (43,46); therefore decreased affinity at high salt concentrations accounts
for the decreased association rate (Fig. 4-7), stemming from the attenuation of electrostatic
interactions.

As with NaCl concentration, increased temperature is generally followed by decreases
and increases in electrostatic and hydrophobic forces, respectively (22,66). Thus, the heat
capacity change for binding (ACpping), Which is a temperature-dependent enthalpy change
(ACppind = OAHbing/0T), is also an indicator for the contribution of non-covalent forces to
complex formation based on the sign and magnitude of ACppind (13,16,17,44,45,78,83,84).
Most protein complex formation studied by ITC show a negative ACybing, indicating that the
enthalpic contribution of hydrophobic interactions prevailed over electrostatic and/or polar
interactions, even when interactions between oppositely-charged proteins appeared more
obvious candidates, such as formation of the Fd:FNR complex (ACppind = -100.4 cal mol?* K-
1y (13), the Putidaredoxin (Pdx):putidaredoxin reductase (PdR) complex (ACppind = -296.4 cal
mol™ K1) (40), and the P450cam:Pdx complex (ACp,pind = -308.3 cal mol™ K) (40). Therefore,
a negative ACpping (-19.7 cal mol* K1) for formation of the Fd:SiR complex (Fig. 4-3B and
Table 4-2) also demonstrated contributions from hydrophobic interactions. The small
magnitude of ACpbing in the Fd:SiR complex compared to formation of other electron transfer
complexes suggests a large contribution of charge-charge interactions, which increase ACp pind
(13,44,78,83). These findings clearly demonstrate that non-electrostatic interactions were also
important for Fd:SiR complex formation and that non-covalent forces thermodynamically
withstand changes in salt concentration and temperature through energetic adaptation.

Entropy changes also drove complex formation, giving positive values at all NaCl
concentrations (Fig. 4-2B), although entropy was not significantly affected by the NaCl
concentration as shown in the driving force plot (Fig.4-2C). This indicates that entropy plays a
key role in stabilizing the Fd:SiR complex as observed in forming the Fd:FNR complex (13)
and that enthalpy is a more decisive factor than entropy in controlling the stability of the
complex (i.e., affinity). Considering the surface areas buried on formation of the Fd:SiR
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complex are similar regardless of the NaCl concentration, as elucidated by NMR (Fig. 6B), the
energetic contribution of dehydration might be similar in formation of all Fd:SiR complexes
although I cannot exclude the possibility of trapped water and salt ions in interface (44,85).
Accordingly, the physical binding reactions between oppositely-charged Fd and SiR
are favored by both electrostatic and non-electrostatic interactions. Although other factors,
including the behavior of water, ions, protons, and protein dynamics, probably also contribute,
the thermodynamic balance for complex formation between enzymes and electron transfer
partners, depending on conditions, can be explained through the general thermodynamic

concept of enthalpy-entropy compensation.

Optimization of SiR activity by fine-tuning of the interprotein interaction with Fd under
physiological conditions

Information about weak and strong intermolecular interactions obtained by NMR
spectroscopy is extremely useful in evaluating the interacting site and binding mode of proteins
in solution, which are otherwise difficult to detect at the residue level (22,60,86). The NMR-
based infinite CSD analysis revealed no marked differences in the overall binding interfaces of
Fd for SiR over the range of 0 to 100 mM NaCl; however, the relative contributions of each
binding region and interacting residue to complex formation and modulation were different
(Fig. 4-6B). The central regions in the primary sequence of Fd, centered on the [2Fe-2S] cluster,
such as A28, E29, G32, D34, L35, Y37, and Y63, generally showed the strongest perturbation,
regardless of the NaCl concentration, and high sequence conservation (Fig. 4-8), suggesting
that these residues (hereafter called stabilizing residues) were the most fundamental residues
for maintaining the complex state.

The decrease in the magnitude of CSD on both terminal parts such as E11 and E13 in
the N-terminal part and K91, E92-E94, and T96 in the C-terminal part (designated regulating
residues) correlated well with the decrease in affinity at higher NaCl concentrations. This
reveals that the regulating residues play a more significant role in determining the interprotein
affinity and binding mode. Negatively-charged residues in the C-terminal part were conserved
in higher plants (Fig. 4-8). Stabilizing and regulating residues, which may be hot spot residues,
were both composed of charged and non-charged residues, demonstrating that electrostatic and
non-electrostatic interactions were essential for stabilizing complex and adjusting interprotein

affinity, in good agreement with the thermodynamic analysis of ITC.
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Fig 4-7. Overall scheme of relations between SIiR activity and Fd:SiR interactions
depending on variation in salt concentration.

Fd-dependent overall (red curve) and intrinsic SiR activity (green curve) are represented. The
continuous and dotted blue curves indicate trends of the change in interprotein affinity revealed
by ITC (Kg) and Michaelis-Menten Kkinetics (Km), respectively. Electron transfer (ET)
competent and incompetent Fds are represented by red and deep yellow objects, respectively.
SiR is schematically shown in green. While conformational gating (dotted curve with double
arrows) for efficient electron transfer with structural rearrangement to best configuration is
allowable at the moderate NaCl concentration, gating is blocked by strong intramolecular
forces in the complex.

-88-



Interestingly, the direction of peak shift for S59 and D60 (Fig. 4-5C) in the presence
of SiR varied with NaCl concentration, while the other peaks, such as E92, were shifted to the
same direction (Fig. 4-5A, inset). This indicates that a region including S59 and D60 is involved
in distinct binding modes depending on the NaCl concentration. Thus, the bell-shaped activity
curve of SiR can be also mechanically explained by a change in the binding mode between Fd
and SiR (i.e., structural rearrangement), which was further supported by PCA (Fig. 4-5F).

Taken together, a bell-shaped profile of Fd-dependent SiR activity was demonstrated,
based on the affinity and binding mode (Fig. 4-7). At low and moderate NaCl concentrations
which are near physiological conditions in plant chloroplasts (ionic strength of ~0.1-0.15 M)
(Fig. 4-7, middle), delicate interprotein regulation optimizes SiR activity. Stabilizing residues
form initial complexes, followed by tuning into a productive complex with the best
configuration for conformational gating (53) by regulating residues with non-covalent
interactions. This fine tuning model rationalizes the discrepancy among the apparently
continuous increases in Kq observed in the ITC results, the bell-shaped activity curves with a
maximum at around 40-70 mM NaCl in 50 mM Tris-HCI buffer, and a reverse bell-shaped
dependence of the Michaelis constant. At higher NaCl concentrations (Fig. 4-7, right), collision
and diffusion may limit the formation of the stable electron-transfer competent complex and
decrease the possibility of formation of productive complexes due to geometric constraints of
the binding sites (46). In the absence of NaCl, relatively efficient-complexes can form at the
high affinity binding sites on SiR, but also non-productive complex can form at the low affinity
binding sites (Table 4-2), preventing maximum activity (Fig. 4-7, left).

Thus, increasing and decreasing affinity beyond well-controlled interprotein forces
may not allow maximum enzymatic activity in terms of kinetics and thermodynamics. Too
strong an affinity due to the fast association of reduced Fd and/or the slow dissociation of
oxidized Fd in the absence of salts may decrease turnover numbers, and block diffusion from
non- or moderately-productive complex to the best configuration (43,46). Meanwhile, too weak
an affinity is also not adequate for enzymatic function. Although the roles of water molecules
are not addressed herein, interfacial water plays a marked thermodynamic and kinetic role in
stabilizing the protein complex and in controlling configuration (84,85,87).

Changing physiological electron donor or acceptor proteins to proteins of distinct
species or other redox proteins abolishes a bell-shaped electron transfer rate as observed in the
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FA:NIR (14), Fd:FNR (71), and Cytc:CcP/PC systems (73) possibly owing to subtle changes in
binding modes. Optimized enzymatic activity near physiological conditions is ensured by the
appropriate interplay between the physical, kinetic, and energetic adjustments on complex

formation by evolution.
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Fig 4-8. Multiple sequence alignments of Fds.

Amino acid sequences of Fds from plant, E. coli, and cyanobacterium are compared. The

sequences of Fds from maize (ZmFd), spinach (SoFd), Arabidopsis thaliana (AtFd),

Synechococcus PCC7942 (AnFd), and E. coli (EcFd) are aligned with gaps inserted to obtain

the homology. Color codes are black for conservation and gray for semi-conservation.

Asterisks indicate that the residues in that column are identical in all sequences in the alignment.

-91-



Chapter V

General conclusion
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General conclusion

| have performed the in-depth study on the interprotein interactions between Fd
and SiR and their relations to SiR activity by combining various biochemical and
biophysical approaches. By analyzing the crystal structures of the Fd:SiR complexes, |
demonstrated that interfaces of the complex consisted of electrostatic networks with non-
electrostatic interactions, and that similar but different binding modes between two
proteins are possible depending on different solvent conditions. Although disruption of
interfacial electrostatic interactions lowered significantly SiR activity due to the loss of
ability of the complex formation, that of non-electrostatic interactions such as
hydrophobic interactions at interfaces showed substrate preference without affecting the
formation of the Fd:SiR complex probably due to subtle changes in configuration of the
complex. Changing the concentration of salts revealed that small changes in configuration
of the Fd:SiR complex control thermodynamically and mechanically Fd-dependent SiR
activity through non-covalent forces.

Taken all together, | suggest that overall SiR activity depends on the
intermolecular interactions with Fd and both non-covalent interactions, electrostatic- and
non-electrostatic interactions, play an individual roles in controlling SiR activity in
response to the change in environmental changes. It may be conceivable that enzymes
have been evolved to adapt themselves to ambient conditions in order to maximize
biological efficiency.

For the further understanding on the relation between interprotein interactions
and SiR activity, the same experiment and analyses conducted in this study could be
performed in the distinct redox states. In addition, direct determination of the crystal
structures of the complex of mutant SiRs with Fd as well as the assignment of isotope-
labeled SiR for solution-state NMR spectroscopy will be promising. Other NMR
techniques such as residual dipolar coupling measurements which provide the relative
orientation of Fd and SiR in the complex can provide detailed information on the subtle
changes in configuration of the Fd:SiR complex under various conditions. Examination
on the intermolecular interaction between SiR and its substrates using NMR and ITC will
be interesting and the measurement of the electron transfer rate using laser photolysis
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with a set of SIR activity assays will be also helpful. Finally, the comparative study with
the formation of the Fd:FNR complex and FNR activity will be an interesting subject.
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