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ABSTRACT

Although electrostatic interactions between negatively-charged ferredoxin (Fd) and
positively-charged sulfite reductase (SiR) have been predominantly highlighted to
characterize complex formation, the detailed nature of intermolecular forces remains to
be fully elucidated.

We herein investigated interprotein forces for formation of an electron-transfer
complex between Fd and SiR and their relationship to SiR activity using various
approaches over NaCl concentrations between 0 and 400 mM.

Fd-dependent SiR activity assays revealed a bell-shaped activity curve with a
maximum around 40-70 mM NaCl and a reverse bell-shaped dependence of interprotein
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.

Calorimetric analyses showed the monotonic decrease in interprotein affinity on
increasing NaCl concentrations, distinguished from a reverse bell-shaped interprotein
affinity observed from Fd-dependent SiR activity assay. Furthermore, 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 at the various NaCl concentration
also demonstrated that a combination of electro- and non-electrostatic forces stabilized
the complex with similar interfaces and modulated the binding affinity and mode.

Our findings elucidate that non-electrostatic forces are also essential for the formation

and modulation of the Fd:SiR complex. We suggest that a complex configuration



optimized for maximum enzymatic activity near physiological salt conditions is achieved

by structural rearrangement through controlled non-covalent interprotein interactions.



SUMMARY STATEMENT

SiR activity assays and ITC/NMR investigation at variable NaCl concentrations reveal that
electrostatic and non-electrostatic interactions both stabilize the electron transfer complex
between Fd and SiR and optimize the configuration of the complex for higher SiR activity at

near-physiological conditions.
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Effects of Fd:SiR interactions on SiR activity
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INTRODUCTION

The physicochemical and structural aspects of the surfaces and active sites of folded proteins
are the result of evolution with a high interior packing density and local functional flexibility
of proteins [1]. The properties of protein surfaces are a critical factor in ensuring appropriate
intermolecular contacts for protein function. A statistical study previously showed that the
interfaces of protein-protein complexes consisted of 57% apolar residues, 19% charged
residues, and 24% polar residues [2], suggesting that non-covalent interactions, electrostatic
and non-electrostatic interactions, are indispensable in interprotein forces.

Non-electrostatic interactions including polar and hydrophobic interactions have been
shown to contribute to complex formation of proteins with binding partners. Proteins that
accommodate hydrophobic cavities such as GroEL and lipocalin-type prostaglandin D synthase
form complexes with hydrophobic molecules [3,4]. The molecular recognition of proline
residues of partner proteins by the SH3 domain has also been attributed to non-electrostatic
forces [5].

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 [6]. Many studies based on site-directed mutagenesis, electron transfer (ET) rate, X-ray
crystallography, and NMR spectroscopy suggested that most redox proteins involved in ET
reactions show localized charge clusters on surfaces and utilize predominantly attractive
electrostatic interactions among oppositely-charged resides to form an ET complex formation.
Positively-charged patches on nitrite reductase [7,8] or [Fe-Fe] hydrogenase [9] interact with
negatively-charged surfaces on ferredoxin (Fd). We previously demonstrated that the negative
surfaces of Fd also show complementary electrostatic networks with the positively-charged

residues of ferredoxin-NADP(") reductase (FNR) in the crystal structure of their complex [10].



Disruption in attractive electrostatic interactions by ionic strength or mutation decreased the
ET rate and population of the complex [7,9,11-16], clearly indicating the importance of
intermolecular electrostatic interactions in forming redox protein complexes.

Meanwhile, distinct patterns of the ET rate between electron-transferring proteins have
been observed on changing ionic strength. For instance, while the overall ET rate from
cytochrome c to plastocyanin decreased monophasically with increasing the salt concentration,
that from cytochrome ¢ to cytochrome ¢ peroxidase or from cytochrome f to plastocyanin
increased at low salt concentrations and decreased at higher salt concentrations [13,17-19], not
simply explained by the electrostatic contribution and complex population. The similar
biphasic change was also observed in the electron transfer among Anabaena Fd, flavodoxin,
FNR, and PSI [20-24]. Interestingly, the change in hydrophobicity on FNR interfaces for Fd or
flavodoxin influenced the intermolecular ET rate [22,24]. We have recently revealed that
enhancement of interfacial hydrophobicity in Fd increased and decreased activity of FNR and
sulfite reductase (SiR), respectively [25].

All these findings raise key questions on the contribution of non-covalent forces such as
electrostatic and hydrophobic interactions to formation of ET complexes between oppositely-
charged redox proteins and on the relationship between complexation and enzymatic activity
under varying conditions such as salt stresses. However, most of studies described the
importance of either electrostatic or hydrophobic contribution and no detailed study is available
based on various approaches not just ET kinetics.

In this context, we herein selected the enzyme SiR and its physiological electron donor
protein Fd as model redox proteins, both of which are derived from the maize leaf. Plant SiR
is localized in chloroplasts and catalyzes the reduction of sulfite [26]. SiR plays a key role in

the biosynthetic assimilation of sulfur-containing amino acids from inorganic sulfur as well as



in protection against the toxicity associated with the accumulation of sulfite in plant leaves [27].
SiR sequentially receives six electrons from the electron carrier Fd through the repeated
formation and dissociation of the Fd:SiR complex, and uses these electrons to reduce sulfite to
sulfide. A recent crystallographic analysis showed that SiR consists of 28 helices (218 residues)
and 29 strands (106 residues), which correspond to 55% of 583 residues, and the terminal 9-10
residues and a loop of G236-A241 are highly flexible [28]. SiR contains two redox centers, one
[4Fe-4S] cluster and one siroheme, for intramolecular electron transfer and catalysis. Four
conserved cysteine residues (C494, C500, C540, and C544) for ligating the [4Fe-4S] cluster
and siroheme and four conserved residues (R124, R193, K276, and K278), which may be
important for substrate recognition, were structurally revealed. SiR showed hydrophobic and
hydrophilic surfaces including positively-charged patches.

Our previous study demonstrated the importance of electrostatic interactions between
negatively-charged residues on Fd and positively-charged residues on SiR for complex
formation and SiR activity [16,26,29]. Mutagenic neutralization of negative charges of Fd on
putative interfaces for SiR decreased binding ability of Fd and SiR activity [16,29]. However,
non-electrostatic contributions between Fd and SiR to formation of an ET complex and SiR
activity are still poorly understood.

We performed in-depth biochemical and biophysical studies on the role of electrostatic and
non-electrostatic forces at various NaCl concentrations to control ionic strength and reflect
physiological conditions using two types of SiR activity assays, calorimetry for thermodynamic
characterization of complex formation, and NMR spectroscopy to examine the binding site and
mode at the residue level. We elucidate importance of non-electrostatic interactions and how
non-covalent interprotein forces control thermodynamically and mechanically the Fd:SiR

complex for SiR activity depending on changes in the NaCl concentration.



MATERIALS AND METHODS

Preparation of proteins

Recombinant SiR from the maize leaf was overexpressed in Escherichia coli strain JM 109 cells
at 37 °C using Luria-Bertani medium [16]. Cells were grown with vigorous aeration at 37 °C
for 3 hours. After decreasing the culture temperature to 27 °C, isopropyl-B-D-
thiogalactopyranoside was added at a final concentration of 0.5 mM. Cells were collected by
centrifugation at 6,000 rpm for 10 min after further cultivation overnight. They were then
suspended in 50 mM Tris-HCI buffer (pH 7.5) containing 150 mM NaCl, 1 mM MgClz, | mM
ethylenediaminetetraacetic acid, and 0.1% B-mercaptoethanol.

After adding phenylmethylsulfonyl fluoride 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 the supernatant was passed through an anion exchange column
(DE-52 resin, GE Healthcare, USA). SiR proteins were recovered from the flow-through
fraction and fractionated by salting out with concentrations of ammonium sulfate 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 to a DEAE-Toyopearl anion exchange column (GE
Healthcare, USA) and a chromatographic linear gradient of NaCl developed from 0 to 200 mM
in 50 mM Tris-HCI buffer (pH 7.5). The SiR fractions obtained were applied to a
phenylsepharose column (GE Healthcare, USA), and eluted with a reverse linear gradient of
ammonium sulfate from 40 to 0%.

Recombinant Fds from the maize leaf were overexpressed in Escherichia coli strain JM109

cells and purified as described previously [16,25]. Fd uniformly labeled with >N for NMR



measurements were obtained by culturing the bacterial cells in an M9 minimum medium

containing "NH4Cl as the sole nitrogen source.

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 Na2S204. 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 NacCl (0, 25, 50, 75,

100, 200, 300, and 400 mM) were fit to the Michaelis-Menten equation (equation 1):

_ kg [SiR][Fd]

cat

[F d]+ K. Equation 1



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-HCl 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 NaCl. Binding
reactions were initiated by adding Fd (0.85-2 mM) in a syringe to SiR (15-70 uM) in 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 pL 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 of equation 2,

_ NISiR],AHyingVo [Fd]; K4 [Fd], Ky \? 4[Fd],
0= 2 <1 TSR], AISR], \/(1 TSiRYL ¢ n[SiR]t> N n[SiR]t>

Equation 2

where Q and n are the total heat content and binding stoichiometry of Fd per SiR, respectively.
AHpbind indicates the change in enthalpy for the binding reaction and V5 is the volume of the
calorimeter cell (~1.43 ml). The total concentrations of SiR and Fd are shown as [SiR]: and
[Fd], respectively, at any given point during titrations. Kd indicates the dissociation constant,
which is the inverse of the association constant (Ka). The values of n, AHbind, and K4 were
obtained based on a non-linear fit to equation 2. Details of the derivation of equation 2 are

provided in Supplementary material.
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Changes in Gibbs free energy (AGbuind) and entropy (ASvind) of binding were calculated by

using the known values of AHbvind and Kd and the thermodynamic relationships in equation 3

and 4,

AGbind = - RT In Kvina = RT In K4

AGhbind = AHbind - TASbind

Equation 3

Equation 4

where R and T are the gas constant and temperature, respectively.

Circular dichroism measurements

Far-UV circular dichroism (CD) measurements of 3 uM (0.2 mg ml™") SiR 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 by monitoring CD signals at 220 nm at

a rate of 1 °C per minute. The apparent melting temperature (7m) 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 we performed thermodynamic analyses although thermal unfolding of SiR was

irreversible.

) @-o)+®b - DT (s
obs 1+ global(Trn) (l L) + ACp,global (& 1+1 l)
P\ R T T, R T T

Equation 5
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where Oobs 1s the signal intensity monitored by CD. The pre- and post-unfolding baselines are
described by a + bT and ¢ + dT. T, Tm, and R indicate temperature, the midpoint temperature
of denaturation, and gas constant, respectively. The change in enthalpy for the global unfolding
of SiR is represented by AHglobal and the change in heat capacity is shown by ACyp global. Details
of the derivation of equation 5 are available in Supplementary material. 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).

NMR measurements

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 heteronuclear single-quantum coherence correlation (HSQC) was
performed on the smaller >N uniformly-labeled Fd protein (~10.5 kDa) in the absence and
presence of SiR using an AVANCE II-800 spectrometer equipped with a cryogenic probe
(Bruker, Germany) in 50 mM Tris-HCI buffer (pH 7.4) containing 10% D20 at 25 °C.

We selected NaCl concentrations ranging from 0 to 100 mM since the most dynamic
changes in SiR activity were observed in this concentration range. In addition, to maximize
detection level of NMR peaks, NaCl concentrations above 100 mM were not used, as this
decreases sensitivity when using a cryogenic probe. A molar ratio between Fd/SiR of 2:1 was
selected, which allowed us to promptly detect NaCl concentration-dependent changes in
interprotein affinity, i.e., the population of complexes, (see RESULTS) 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
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resolution of NMR peaks. The protein concentrations for NMR measurements were 100 uM
for Fd and 50 uM for SiR. Data were processed by NMRPipe [30] and analyzed by Sparky
[31].

Chemical shift differences (CSD) of Fd in the absence and presence of a half molar amount

of SiR, here designated finite analysis, were calculated using equation 6:

CSD (Adave) = ((ASHN)+ (AN x 0.16)%)3 Equation 6

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.

In order to calculate the chemical shift values of Fd, which was saturated by SiR (here

designated infinite analysis) we used the relationship in equation 7 [32],

Oobs - Ofree = ((Ocom - Ofree)/[Fd]t) ((Kd + [Fd]e + [SiR]1)/2) — ((Scom - Ofree)/[Fd]t) ((Ka + [Fd]: +

[SiR]:)? - 4[Fd]{SiR])"? /2) Equation 7

where ofee and oobs indicate the chemical shifts of Fd in the free form and in the presence of
SiR, respectively. dcom 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], respectively.

Principal component analysis of chemical shift perturbation
Principal component analysis (PCA) was performed using the change in chemical shifts

obtained from the infinite analysis at each NaCl concentration. The CSD data were represented
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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).

RESULTS

NaCl concentration-dependent changes in SiR activity

SiR activity in the range 0-400 mM NaCl 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 (Figures 1A and B).

SiR activity was first examined using the Fd-dependent assay with a fixed concentration of
SiR and Fd (Figure 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 NaCl, 10-fold lower activity than that at 50 mM NaCl was observed. For more
detailed information, we performed a fit using a Gaussian function to reveal 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 41 mM (Table 1).
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Next, the MV-dependent SiR activity assay was performed at the same NaCl concentrations
(Figure 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 NacCl. 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 (Figure 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 1). The NaCl
concentration with the highest vmax was best fit to approximately 63 mM. Similarly, Acat
increased with increasing NaCl concentration to 50-75 mM NacCl, while further increase in
NaCl resulted in decreased kcat (Figure 1D). Fitting results revealed that kcat was maximal at
approximately 66 mM NaCl (Table 1). Km of SiR for Fd also showed NaCl concentration
dependence. The value of Km decreased from 0 to 100 mM NaCl and increased as NaCl
concentrations rose above 100 mM (Figure 1D). A minimum Km value was best fit to
approximately 76 mM NaCl. The catalytic efficiency, kca/Km, also showed a similar salt
concentration dependent profile to that of vmax and kcat, with a maximum at approximately 63
mM NaCl (Table 1). It should be noted that other fit functions may be used for scattered data

in Figure 1A and D.

Thermodynamic investigation of interprotein interactions between Fd and SiR by

isothermal titration calorimetry
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To obtain information on underlying thermodynamic contribution to binding between Fd and
SiR, we carried out an energetic investigation using isothermal titration calorimetry (ITC) at
various NaCl concentrations and 30 °C (Figure 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 (Figure 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 binding isotherm using the fit and theoretical
equations (Figure 2A, lower panels) revealed the underlying thermodynamic parameters for
Fd:SiR complex formation: change in enthalpy (AHbind), entropy (ASbind), and free energy
(AGying) as well as the dissociation constant (K4) with binding stoichiometry (7) (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
(Figure 2A, left upper), consistent with our previous study [33].

AHbind 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
(Figure 2B). On the other hand, all ASbind 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 K4 exponentially increased (Figure
1D) and, accordingly, AGvind decreased monotonically in magnitude from -8.3 to -6.6 kcal mol

! (Figure 2B).
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Although we cannot exclude the possibility that variation between K4 and Km was caused
by technical differences between ITC and enzyme assays, it is more likely that these differences
arise from the fact that K4 values obtained from ITC report all physical binding reactions,
including productive and non-productive complex formation, while Km 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 NacCl (Figure 3). A series of negative ITC peaks representing exothermic
reactions were observed at both temperatures (Figures 3A and 3B). Decreasing the temperature
from 30 to 27.5 and 25 °C, resulted in slight increases and decreases respectively in the negative
values for AHbind and -TASbind (Figure 3C and Table 2). Thus, the temperature dependence of
AHbind and -TASvina weakened interprotein affinity on decreasing temperature by showing the
decrease in the magnitude of AGbind 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, 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 (Figure 4).

Static conformations of SiR at the level of secondary structure were first investigated. The

17



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 (Figure 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 NaCl
were examined by observing CD spectra with increasing temperature from 20 to 90 °C (Figures
4B and 4C). The magnitude of whole CD signals decreased with increases in the temperature
from approximately 35 °C and were saturated from approximately 70 °C (Figure 4B) indicating
cooperative global unfolding (Figure 4C). The CD spectrum at 90 °C exhibited no
characteristic profile with low CD intensity even in the presence of NaCl (Figures 4A and 4B),
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 (7m) of 55.1 °C and an enthalpy change for global
unfolding (AHglobat) of approximately 290 kcal mol™! (Table 3). The addition of NaCl increased
cooperativity of the two-state thermal transition which increased the magnitude of AHgiobal
(Table 3) and the transition curve was gradually shifted to a higher temperature with increases

in the concentration of NaCl (Figure 4C).

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

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 [25,34,35].

18



Sharp NMR signals of '’N-labeled Fd alone were well distributed in "H-'"N HSQC spectra
at all NaCl concentrations examined, indicating that NaCl does not disturb the structural
integrity of native Fd. We then recorded the "H-'"N HSQC spectra of '°N-labeled Fd in the
presence of SiR at each NaCl concentration. Many Fd peaks were shifted with the addition of
SiR at 50 mM NaCl (Figures 5A-5C), 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 increased (Figure 5A, inset), which
suggests an increase in the population of the Fd:SiR complex.

To obtain detailed quantitative and qualitative information, we calculated the chemical shift
difference (CSD) (Figures 5D and 5E) and mapped the residues onto a previously determined
crystal structure of Fd (Figure 6) [10]. We used two CSD analyses, finite and infinite analyses
(see MATERIALS AND METHODS). Since finite analysis provides easy evaluation of the
Fd:SiR complex population, it allows identification of key Fd residues for formation of a
complex with SiR. On the other hand, infinite analysis allows identification of the accurate
binding interface of Fd, which is fully occupied with SiR, thereby revealing subtle differences
in the binding modes and relating residues.

Finite 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 were similar (Figure 5D).

Mapping results from finite 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 (Figure 6A). The

residues showing greatest CSD were mostly in the three parts of Fd, both terminal parts and
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the central part, 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 analysis (Figure 5E) and mapping results (Figure 6B) 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. 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, suggesting that these
residues (hereafter called stabilizing residues) were the most fundamental residues for
maintaining the complex state. On the other hand, 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) decreased on increasing the NaCl concentration, indicating
distinct binding modes (see DISCUSSION).

In order to obtain more information on the change in the binding interface between Fd 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 (Figure 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 NacCl). On

the one hand, the PC2 axis predominantly contained the variance information between either
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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.

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. We 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 interprotein interaction [11,13,17-
24]. 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 (Figures 1A and 1D)
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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 7m (Figure 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 (Figure 4A), by increasing 7m and the magnitude of negative
AHgiobal (Table 3).

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 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 NaCl
concentrations, activity in the MV-based assay increased in SiR activity before reaching a
plateau (Figure 1B). For example, a higher Fd-dependent SiR activity was measured at 50 mM
NaCl than that at 100 mM NacCl 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 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).
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Intermolecular non-covalent forces thermodynamically control Fd:SiR complex
formation

Interprotein interactions are under thermodynamic control, which tends to have a lower AGvbind
by balancing the two driving forces, AHbvind and (—=7)ASbind [25,36,37]. Therefore, we 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
[15,25,36-40], 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.

We 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
[41-43]. Energetically-favourable negative enthalpy changes were observed at all NaCl
concentrations (Figures 2A and 2B and Table 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 (Figure 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
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 [13,14]; therefore decreased affinity at high salt concentrations accounts
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for the decreased association rate (Figure 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 [25]. Thus, the heat capacity
change for binding (ACppind), Which is a temperature-dependent enthalpy change (ACppind =
OAHbing/0T), 1s also an indicator for the contribution of non-covalent forces to complex
formation based on the sign and magnitude of ACppind [15,36-38,44]. Most protein complex
formation studied by ITC shows a negative ACppind, 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 (ACpbinda = -100.4 cal mol! KT') [37], the
putidaredoxin:putidaredoxin reductase complex (ACp,pbind = -296.4 cal mol! K1) [45], and the
P450cam:putidaredoxin complex (ACp,ind = -308.3 cal mol™! K'') [45]. Therefore, a negative
ACpbind (-19.7 cal mol ! K for formation of the Fd:SiR complex (Figure. 3B and Table 2) also
demonstrated contributions from hydrophobic interactions. The small magnitude of ACp,pind in
the Fd:SiR complex compared to formation of other ET complexes suggests a large
contribution of charge-charge interactions, which increase ACppind [15,36,37]. These
thermodynamic 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 (Figure 2B), although entropy was not significantly affected by the NaCl

concentration as shown in the driving force plot (Figure 2C). This indicates that entropy plays
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a key role in stabilizing the Fd:SiR complex as observed in forming the Fd:FNR complex [37]
and that enthalpy is a more decisive factor than entropy in controlling interprotein affinity.
Accordingly, the physical binding reactions between oppositely-charged Fd and SiR are
favoured by both electrostatic and non-electrostatic interactions. Although other factors,
including the behaviour 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
Stabilizing residues which show high sequence conservation (Figure 8) revealed their
importance in forming the Fd:SiR complex. The decrease in the magnitude of CSD of
regulating residues correlated well with the decrease in affinity at higher NaCl concentrations.
This reveals that the regulating residues play a significant role in determining the interprotein
affinity and binding mode. Negatively-charged residues in the C-terminal part were conserved
in higher plants and E. coil. (Figure 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.
Interestingly, the direction of peak shift for S59 and D60 (Figure 5C) in the presence of
SiR varied with NaCl concentration, while the other peaks, such as E92, were shifted to the
same direction (Figure 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
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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
(Figure 5F).

Taken together, a bell-shaped profile of Fd-dependent SiR activity was demonstrated, based
on the affinity and binding mode (Figure 7). At low and moderate NaCl concentrations
(approximately 40-70 mM NaCl in 50 mM Tris-HCI buffer), which are close to the
physiological conditions in plant chloroplasts (ionic strength of ~0.1-0.15 M) (Figure 7,
middle), delicate interprotein regulation optimizes SiR activity by showing a maximum in bell-
shaped activity curves. Stabilizing residues form initial complexes, followed by tuning into a
productive complex with the best configuration for conformational gating [46] by regulating
residues with non-covalent interactions. This fine tuning model rationalizes the discrepancy
among the apparently continuous increases in Ka observed in the ITC results, a reverse bell-
shaped dependence of the Michaelis constant. At higher NaCl concentrations, e.g., more than
several hundred millimolar, (Figure 7, right), collision and diffusion may limit the formation
of the stable ET competent complex and decrease the possibility of formation of productive
complexes due to geometric constraints of the binding sites [14]. 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 2), preventing maximum
activity (Figure 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
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moderately-productive complex to the best configuration [13,14]. Meanwhile, too weak an
affinity is also not adequate for enzymatic function.

Changing physiological electron donor or acceptor proteins to proteins of distinct species or
other redox proteins abolishes a bell-shaped ET rate as observed in the Fd:nitrite reductase [7],
Fd:FNR [11], and cytochrome c:cytochrome ¢ peroxidase/plastocyanin systems [18] possibly
owing to subtle changes in binding modes. Other physiological factors that may influence
enzymatic activity, such as metal-enzyme interactions, temperature, pH, and macromolecular
crowding effects are also important for obtaining a deeper understanding of the relationship
between physiological conditions and enzyme activity. For example, macromolecular
crowding effects not only promote molecular associations, they also suppress global unfolding
and molecular diffusion due to the excluded volume effect and steric hindrance [47,48]. Thus,
crowding effects in chloroplast may affect the activity curves of SiR at various NaCl
concentrations by shifting the bell-shaped activity curve to a lower or higher NaCl
concentration and by changing the width of the activity curve. 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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FIGURE LEGENDS

Figure 1 NaCl-concentration dependent SiR activity monitored by distinct activity
assays

(A-C) SiR 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 kcat 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.
Ka values (black) obtained from ITC measurements in the left axis were also plotted. The solid
line for K4 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.

Figure 2 Thermodynamic characterization of binding reactions between Fd and SiR
using I'TC 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 and
C) The values of AHbind (triangle), -TASbind (rectangle), and AGvind (sphere) were plotted as a

function of the NaCl concentration (B) and temperature (C). All of the solid lines indicate the
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fitting curve with the straight line. (D) The driving force plot which describes the change in the
driving force (AHbind and -TASbind) and AGbrind value following complex formation at each NaCl
concentration are shown. The dotted diagonal lines with various colors signify the AAGbind 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 NaCl (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.

Figure 3 ITC measurements of Fd binding with SiR at distinct temperature

(A and B) ITC thermograms of the titration of Fd to SiR in the presence of 100 mM NaCl at
25 (A) and 27.5 °C (B) 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.

Figure 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 (7m) was plotted against the NaCl concentration. The
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continuous curve was obtained by fitting to single exponential equations giving a saturating

profile.

Figure 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 and E) Chemical shift difference (CSD) of Fd in the presence
of SiR at 50 mM NacCl 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) [10] are displayed with labelling in the top part. a-helices (red coils)
and B-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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Figure 6 Mapping of interacting residues of Fd for SiR onto the crystal structure of Fd
(A and 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) [10]. 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.

Figure 7 Overall scheme of relations between SiR 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 blue curve indicates trends of the change in interprotein affinity revealed by ITC
(Ka). Electron transfer (ET) competent and incompetent Fds are represented by red and deep

yellow objects, respectively. SiR is schematically shown in green.

Figure 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.
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Table 1 Summary of SiR activity obtained by Michaelis-Menten kinetics

NaCl Vmax® kcat® Kmn® keat/ Kim
(mM) (uM sec)  (x 10* sec™) (uM) (x 10* sec! uM™)

0 3685 184 £2 104+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 30£3

75 420 + 20 210+£9 6.7+0.8 32+4

100 390 + 30 200+ 10 62113 32+7

200 260+ 10 128+5 126 1.1 10+1
300 270 £ 20 140 £ 10 299+3.9 4.6+0.7
400 150 £ 20 73 £8 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°®)

%Ymax, kecat, and Km were calculated by fitting the averaged values of the three
independent measurements to the equation 1 (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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Table 2 Summary of thermodynamic parameters of the Fd:SiR complex formation

obtained by ITC

NaCl AHbind -TASbind AGhbind Ka n
Temperature
(mM) (kcal mol!)  (kcal mol') (kcal mol™) (uM)

-42+0.1° -52+02*  -94+02* 02£0.1* 1.0°

-1.2° -4.4° -5.6° 106 4.2°

25 -3.2+0.1 -5.1+0.1 -83+0.1 1.1+£0.1 0.9

30°C 50 -2.7+0.1 -4.6+0.1 -7.3£0.1 5.1+£0.1 0.9
75 -23+0.1 -4.6 0.2 -6.8+0.2 11.8+0.2 1.0

100 -0.8+0.2 -5.8+04 -6.6+03 17.6+02 1.0

400 n.d.c n.d.© n.d.© n.d.c n.d.c

27.5°C 100 -0.7£0.1 -5.8+£0.2 -6.5+02 194+0.1 1.0

25°C 100 -0.7+0.0 -54+04 -6.1+£04 429+00 09

“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.
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Table 3 Summary of thermodynamic parameters for global dynamics of SiR observed by

CD spectroscopy

NaCl T AHgiobal®
(mM) (°C) (kcal mol™)
0 55.1+£0.9 70.3 £9.1
10 553+0.3 724+7.4
25 56.2 £0.7 73.1 £10.3
50 569+14 75.1£9.6
75 57.1+1.2 75.5+09.1
100 56.8£0.5 74.6 £10.5
200 57.0+0.9 75.8 £ 8.8
300 57.5+£1.0 78.4+7.2
400 57.6 0.6 81.3+£9.6

"The averaged value with Pstandard deviation from two

independent measurements are shown.
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