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ABSTRACT: Cysteine biosynthesis in plants is partly regulated by the physical association ofO-acetylserine
sulfhydrylase (OASS) and serine acetyltransferase (SAT). Interaction of OASS and SAT requires only
the 10 C-terminal residues of SAT. Here we analyze the thermodynamics of formation of a complex of
Arabidopsis thalianaOASS (AtOASS) and the C-terminal ligand of AtSAT (C10 peptide) as a function
of temperature and salt concentration using fluorescence spectroscopy and isothermal titration calorimetry
(ITC). Our results suggest that the C-terminus of AtSAT provides the major contribution to the total
binding energy in the plant cysteine synthase complex. The C10 peptide binds to the AtOASS homodimer
in a 2:1 complex. Interaction between AtOASS and the C10 peptide is tight (Kd ) 5-100 nM) over a
range of temperatures (10-35 °C) and NaCl concentrations (0.02-1.3 M). AtOASS binding of the C10
peptide displays negative cooperativity at higher temperatures. ITC studies reveal compensating changes
in the enthalpy and entropy of binding that also depend on temperature. The enthalpy of interaction has
a significant temperature dependence (∆Cp ) -401 cal mol-1 K-1). The heat capacity change and salt
dependence studies suggest that hydrophobic interactions drive formation of the AtOASS‚C10 peptide
complex. The potential regulatory effect of temperature on the plant cysteine synthase complex is discussed.

Cysteine synthesis in plants and bacteria occurs through
a two-step pathway that connects the nitrogen and sulfur
assimilation processes (1-3). In the first step of the cysteine
biosynthetic pathway (Figure 1), serine acetyltransferase
(SAT,1 EC 2.3.1.30) generates the activated sulfide acceptor
O-acetylserine from serine and acetyl-CoA.O-Acetylserine
sulfhydrylase (OASS, EC 4.2.99.8) catalyzes the final step
by inserting sulfide intoO-acetylserine in aâ-replacement
reaction to yield cysteine and acetate. In addition to feedback
inhibition by cysteine, biochemical regulation of this pathway
involves the physical association of SAT and OASS which
form the cysteine synthase complex. This macromolecular
assembly is not involved in metabolite channeling because
O-acetylserine freely diffuses out of the complex (4-6).
Instead, interaction of the two proteins appears to coordinate
sulfate assimilation and modulates cysteine synthesis at the
cellular level in plants (7). The physiological role of the
complex in bacteria is not as well defined, but the complex
may serve a similar function.

Protein-protein interactions between SAT and OASS
modulate the activity of each enzyme. In the plant cysteine
synthase complex, SAT activity increases and OASS activity
decreases (6, 8). This results in production ofO-acetylserine,

which is used by free OASS to generate cysteine (Figure
1). Under low-sulfur conditions,O-acetylserine accumulates,
which disrupts formation of the cysteine synthase complex
and results in downregulation of SAT activity. Increased
O-acetylserine concentrations activate expression of genes
required for sulfate uptake and sulfur assimilation pathways.
As sulfur concentrations increase,O-acetylserine levels
decrease and the cysteine synthase complex reassociates.
Demonstration of complex formation using the proteins from
plants and bacteria has employed size-exclusion chromatog-
raphy, yeast two-hybrid analysis, surface plasmon resonance,
and fluorescence spectroscopy (9-16). These studies estab-
lish that only the 10-20-amino acid C-terminal tail of SAT
is essential for association with OASS (9-12, 16). Crystal
structures ofArabidopsis thalianaOASS (AtOASS) and
Haemophilus influenzaeOASS in complex with peptides
corresponding to the C-termini of their cognate SAT (C10
peptide) reveal that the OASS active site forms the binding
site for the C-terminus of SAT (17, 18). Because binding of
the C10 peptide blocks access to the catalytic center of
OASS, this explains how OASS activity is downregulated
upon formation of the cysteine synthase complex. Moreover,
comparison of the plant and bacterial structures suggests that
structural plasticity in the active site allows for the binding
of SAT C-termini with dissimilar sequences at structurally
similar OASS active sites (18).
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FIGURE 1: Overview of the reactions catalyzed by SAT and OASS.
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Understanding of the thermodynamic basis for formation
of the cysteine synthase complex is required for the dissection
of the regulatory mechanism underlying cysteine biosynthesis
in plants and bacteria. A complete perspective of how these
two enzymes form a macromolecular assembly requires
knowledge of the structure, kinetics, and thermodynamics
of complex formation. In this study, we examine the
interaction between AtOASS and theA. thaliana SAT
(AtSAT) C10 peptide by equilibrium binding studies using
fluorescence spectroscopy and isothermal titration calorim-
etry (ITC). The stoichiometry and thermodynamics of
complex formation confirm that AtOASS binds the AtSAT
C10 peptide at each of two binding sites and reveal that
negative cooperativity occurs at high temperatures. Our
results indicate that binding of the C-terminus of SAT by
OASS contributes a large portion of the total binding energy
during formation of the plant cysteine synthase complex. This
work provides insight into the energetics of complex forma-
tion and the thermodynamic basis for interaction of OASS
and SAT.

EXPERIMENTAL PROCEDURES

Reagents.All buffers were prepared from reagent grade
chemicals using double-distilled water that was further
deionized using a Milli-Q purification system (Millipore
Corp.). Recombinant wild-type AtOASS was expressed and
purified as previously described (14). This enzyme is the
cytosolic OASS isoform encoded by the At4g14880 gene in
A. thaliana. The peptide corresponding to the 10 C-terminal
residues of AtSAT (C10 peptide, YLTEWSDYVI) was
synthesized by Sigma-Genosys. The AtSAT C10 peptide
used here is from the sequence of At1g55920, which encodes
the plastid localized enzyme; however, the core motif of the
A. thaliana SAT C-termini [X(I/L)(S/T)EWSDY(V/I)I] is
highly conserved in the plastid (At1g55920), cytosolic
(At5g56760), and mitochondrial (At3g13110) isoforms.
Although two additional SAT-like isoforms (At2g17640 and
At4g35640) lacking this motif have been described, their
extremely low in vivo expression levels and 100-1000-fold
higherKm values for acetyl-CoA and serine suggest that these
isoforms do not contribute to cysteine synthesis (19). Protein
and peptide concentrations were determined using molar
extinction coefficients for the AtOASS homodimer (ε280 )
44 762 M-1 cm-1) and the C10 peptide (ε280 ) 8480 M-1

cm-1), as described by Gill et al. (20).
Fluorescence Measurements.Titrations of AtOASS with

the C10 peptide were performed by monitoring the intrinsic
pyridoxal 5′-phosphate (PLP) fluorescence of AtOASS using
a Cary Eclipse fluorimeter (Varian, Inc.). The excitation
wavelength was 412 nm, and the fluorescence intensity was
monitored at 505 nm. A 0.5 mL solution of AtOASS in a
2.0 mL quartz cuvette was equilibrated for 30 min at 22°C.
Scans of AtOASS (1µM) were performed in 50 mM Hepes
(pH 7) with 20 mM NaCl by adding 2µL aliquots of C10
peptide in the same buffer to the cuvette containing AtOASS.
Both excitation and emission slit widths were set to 5 nm,
and the level of photobleaching under these conditions was
less than 2%. Initial readings of both the sample and
reference cuvette (containing only buffer) were used to define
the initial fluorescence of the sample. The sample cuvette
containing AtOASS was then titrated with peptide and the
mixed solution equilibrated for 3 min. Data points from three

such measurements were used to obtain the average fluo-
rescence intensity change. Background signal was subtracted
from sample fluorescence to obtain the relative emission
increase upon C10 peptide binding. All measurements were
corrected for dilution and inner filter effects (21). The
extinction coefficient of the PLP in AtOASS is independent
of salt concentration.

For determination of the ionic dependence of peptide
binding, experiments used the same protocol described above
with varied NaCl concentrations (0.02-1.3 M). At lower salt
concentrations (<0.5 M NaCl), C10 peptide binding was
analyzed using a two-independent site binding model:

whereRobsis the observed relative fluorescence increase,Rmax

is the maximum fluorescence increase observed at saturation,
R1 andR2 are the maximum relative fluorescence increases
corresponding to one and two C10 peptides bound, respec-
tively, P is the peptide concentration, andK1 and K2 are
macroscopic association constants for the binding of peptide
to each site. Analysis of binding of C10 peptide to AtOASS
at a high salt concentration (>0.5 M NaCl) used a single-
site binding model to obtain the equilibrium binding constant,
Keq:

whereRobsis the observed relative fluorescence increase,Rmax

is the maximum fluorescence increase observed at saturation,
andP is the peptide concentration. Fitting of data to either
equation used Sigmaplot (Systat Software, Inc.) with the best-
fit parameters selected on the basis of the lowestø2 values.

Calorimetric Measurements.Isothermal titration calorim-
etry (ITC) experiments were performed using a VP-ITC
calorimeter (Microcal, Inc.). AtOASS and the C10 peptide
were dialyzed overnight at 25°C in 50 mM Hepes buffer
(pH 7) and 50 mM NaCl at a 1:500 volume ratio, unless
otherwise indicated. Similar specific activities were observed
before and after dialysis. All samples and buffer solutions
were degassed at room temperature prior to use. Briefly,
injections of 10-12 µL of either C10 peptide or AtOASS
were added using a computer-controlled 250µL microsyringe
at an interval of 5-6 min into the sample solution containing
either AtOASS or C10 peptide. Control experiments using
buffer determined the heat of dilution for each injection. Data
obtained from the titration of C10 peptide with AtOASS were
analyzed using either a two-independent site binding model
(eq 3) or a sequential two-site binding model (eq 4):

whereQi
tot is total heat after theith injection,V0 is the volume

of the calorimetric cell,K1 and K2 are the observed
equilibrium constants for each site, and∆H1 and ∆H2 are
the corresponding enthalpy changes. For the forward titration
experiment,P and Etot are the free concentration of C10

Robs/Rmax ) R1[(K1P)/(1 + K1P)] + R2[(K2P)/(1 + K2P)]
(1)

Robs/Rmax ) (KeqP)/(1 + KeqP) (2)

Qi
tot ) V0Etot{[(K1P)/(1 + K1P)]∆H1} + [(K2P)/(1 +

K2P)]∆H2 (3)

Qi
tot ) V0Etot{[∆H1K1P + (∆H1 + ∆H2)K1K2P

2]/(1 +

K1P + K1K2P
2)} (4)
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peptide and the total concentration of AtOASS, respectively.
In the reverse titration experiment, these are reversed.
Estimates ofKobs and ∆H were obtained by fitting the
experimental data to either model using software provided
by the manufacturer of the instrument (Microcal, Inc.). The
best-fit parameters were selected on the basis of the lowest
ø2 values. Values for the change in free energy (∆G) were
calculated using the relation∆G ) -RT ln(Kobs), whereR
is the gas constant (1.9872 cal K-1 mol-1) andT the absolute
temperature. Changes in entropy (∆S) were calculated using
the relation∆G ) ∆H - T∆S.

RESULTS

Estimation of C10 Peptide Binding Stoichiometry and
Affinity by Fluorescence Spectroscopy.The active site PLP
molecule shows a strong absorption band at 412 nm
indicative of the presence of a Schiff base formed with Lys46
(1). Excitation of PLP at 412 nm generates an emission
spectrum with maxima around 505 nm (Figure 2A). Titration
of AtOASS with the C10 peptide shows increased PLP
fluorescence (Figure 2B). Thus, monitoring the fluorescence
emission changes after addition of the C10 peptide to
AtOASS provides a signal for complex formation. The results
of titrations performed at two different protein concentrations
are shown in Figure 2B. In each titration, the relative
fluorescence increases linearly with addition of C10 peptide,
reaching a plateau upon saturation of AtOASS binding sites,
indicating a maximum binding of two C10 peptides per
AtOASS dimer. Titration results were independent of protein
concentration and suggest tight binding of the C10 peptide
such that only a lower limit for binding affinity could be
estimated. Fitting of the binding isotherm to a two-site
binding model (eq 1) yields similar values forK1 andK2 for
each binding site (Table 1).

Determination of C10 Peptide Binding Energetics and
Stoichiometry by ITC.To validate the fluorescence binding
experiment and to further examine the energetics governing
the interaction between the C10 peptide and AtOASS, we
used ITC. The binding stoichiometry and energetics of
complex formation using forward and reverse titrations were
determined under the same conditions used in the fluores-
cence experiments. All titrations were corrected for addition
of buffer alone to the sample chamber. Addition of C10
peptide to a solution of AtOASS shows that 1 mol of
AtOASS dimer binds 2 mol of C10 peptide (Figure 3A).
The binding isotherm fits to a two-independent site model
(eq 3) with similar values for each binding site (Table 1).
Data for the reverse titration experiment, i.e., injection of
AtOASS into a solution of C10 peptide, are shown in
Figure 3B. Fitting of the reverse titration binding isotherm
to a two-site model yields similar values for each binding
site (Table 1). ITC data in Figure 3 are plotted as kilocalories
per mole of injectant. A summary of the energetics of
complex formation from both the forward and reverse
titrations is presented in Table 1.

Temperature Dependence of C10 Peptide Binding.To
obtain insight into the forces driving the interaction between
AtOASS and the C10 peptide, complex formation was
examined as a function of temperature (10-35 °C). The
binding isotherms obtained at different temperatures
(Figure 4A) were all sigmoidal except at 35°C. A compari-
son of data obtained at 25 and 35°C is shown in Figure 4B.
At temperatures up to 30°C, the experimental data fit to a
two-independent site model with each site having similar
parameter values. Thus, C10 peptide binding at lower
temperatures is not accompanied by any apparent cooper-
ativity (Table 2). Overall, as the temperature increases, the
binding enthalpies are negative with their magnitude increas-
ing (Figure 4A and Table 2). The enthalpy for binding under
the salt conditions that were used (50 mM NaCl) at 25°C is
similar to that observed with 20 mM NaCl at the same
temperature (Table 1).

The binding isotherm at 35°C exhibits more asymmetry
than at other temperatures (Figure 4B). The transition from
a sigmoidal shape to a nonsigmoidal likely occurs between
30 and 35°C, but the effect is pronounced at 35°C. The
35 °C experimental data were fit to both two independent
site and sequential site binding models (Figure 4C). As
shown, the fit to a sequential site binding model represents
the data very well and yields two distinct macroscopic
association constants (K1 and K2) for the binding of each
C10 peptide to AtOASS (Table 2). Binding of the C10
peptide at 35°C is 4-fold tighter than binding at 30°C.
Binding of the first C10 peptide is 8-fold tighter than binding
of the second peptide. This suggests that at 35°C, binding
of the C10 peptide at one site decreases the intrinsic affinity
at the second site and indicates negative cooperativity in the
AtOASS homodimer. Therefore, temperature plays a role in
dictating the nature of interaction between SAT and OASS.

Temperature Dependence of the Thermodynamic Param-
eters and Heat Capacity Change for the Interaction between
AtOASS and the C10 Peptide.ITC provides a direct
measurement of the enthalpy and analysis of free energy and
entropy changes. Table 2 summarizes the measured enthalpy,
free energy, and entropy changes for the interaction between
AtOASS and the C10 peptide. These data are plotted as a

FIGURE 2: Fluorescence titration of AtOASS with C10 peptide.
(A) Comparison of the fluorescence emission spectra of AtOASS
(1 µM) in the absence and presence of C10 peptide (4µM) in
50 mM Hepes (pH 7.0) with 20 mM NaCl. The excitation
wavelength was 412 nm. (B) Fluorescence titration of 1 (b) and
2 µM (9) AtOASS in 50 mM Hepes (pH 7.0) with 20 mM NaCl.
The break point at which the fluorescence signal does not increase
is ∼2.0, indicating that 2 mol of C10 peptide binds per AtOASS
dimer.
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function of temperature in Figure 5A. The negative enthalpy
of binding at all the temperatures that were examined
(Table 2) indicates favorable exothermic binding interaction
between the C10 peptide and AtOASS. At lower tempera-
tures (10 and 15°C), the entropic contribution is more
favorable and decreases with an increase in temperature. This
suggests that at lower temperatures, the association is driven
by both enthalpy and entropy; however, the enthalpy of
binding becomes the dominant force at higher temperatures.

The observed enthalpy depends linearly on the experi-
mental temperature in the range of 10-35 °C. To determine
the change in heat capacity (∆Cp), the first derivative of
temperature dependence of enthalpy change, the data were
plotted as∆H versus temperature (Figure 5B) to yield a∆Cp

of -0.401( 0.025 kcal mol-1 K-1. The negative value of
∆Cp indicates that the binding is specific and accompanied
by burial of nonpolar surface area (22, 23). In addition, the
negative∆Cp causes the net thermodynamic force of complex
formation to shift from a predominantly entropic contribution
to an enthalpy-driven one as the temperature increases. The
local interpolation of thermodynamic parameters (Figure 5A)
indicates that at∼22 °C (TS), the entropic contribution to
the binding process is zero. This is the temperature at which
the binding process becomes completely driven by enthalpy.
In contrast, a linear fit of the binding enthalpy indicates that
at -3.0 °C (TH), the net enthalpic contribution is∼0 kcal/

mol, with the binding process driven completely by entropy.
Thus, between-3.0 and 22°C, both enthalpy and entropy
contribute favorably to the Gibbs energy of complex
formation.

Table 1: Comparison of Binding of the C10 Peptide to AtOASS by Fluorescence Titration and ITCa

stoichiometry K1,2 (M-1) Kd (nM) ∆G1,2 (kcal/mol) ∆H1,2 (kcal/mol of C10 peptide)

fluorescence 2.0( 0.1 (1.0( 0.1)× 108 10.0( 1.0 - -
ITC (forward) 1.9( 0.1 (6.8( 0.9)× 107 14.7( 1.9 -10.7( 0.1 -12.7( 0.1
ITC (reverse) 1.9( 0.1 (7.5( 0.8)× 107 13.3( 1.4 -10.7( 0.1 -11.0( 0.4
a Titrations were performed in 50 mM Hepes buffer (pH 7) with 20 mM NaCl at 22°C, as described in Experimental Procedures. All data were

fit to a two-independent site binding model that yielded similar values ofKeq, ∆G, and∆H for each site, which are expressed asK1,2, ∆G1,2, and
∆H1,2, respectively.

FIGURE 3: ITC analysis of the interaction between AtOASS and
the C10 peptide. (A) Titration of AtOASS (2µM) with C10 peptide
(62.6 µM) at 25 °C in 50 mM Hepes (pH 7) with 20 mM NaCl.
Data are plotted as the heat signal (microcalories per second) vs
time (minutes). (B) Integrated heat responses per injection from
panel A plotted as normalized heat per mole of injectant. The solid
line represents the best fit of the data to a two-independent site
binding model (eq 3). (C) Reverse titration of C10 peptide (2µM)
with AtOASS (21.0µM) at 25 °C in 50 mM Hepes (pH 7) with
20 mM NaCl. Data are plotted as the heat signal (microcalories
per second) vs time (minutes). (D) Integrated heat responses per
injection from panel C plotted as normalized heat per mole of
injectant. The solid line represents the best fit of the data to a two-
independent site binding model (eq 3).

FIGURE 4: Temperature dependence of binding of C10 peptide to
AtOASS. (A) ITC binding isotherms at different temperatures are
shown, as follows: 10 (b), 15 (3), 20 (O), 25 (0), 30 (9), and
35 °C (]). Titrations were performed in 50 mM Hepes buffer (pH
7) with 50 mM NaCl. (B) Comparison of titrations of AtOASS
with C10 peptide at 25 (b) and 35°C (O). Data are plotted as
normalized heat released per mole of C10 peptide vs the molar
ratio of peptide to AtOASS dimer. At 25°C, AtOASS and C10
peptide concentrations are 0.68 and 21.8µM, respectively. The
AtOASS and C10 peptide concentrations are 0.65 and 23.0µM,
respectively, at 35°C. The binding isotherm at 25°C was fit using
a two-independent site binding model, and the 35°C data were fit
to a sequential binding model. (C) Comparison of data fitting to
the 35°C data. The solid line is the fit of the data to a sequential
binding model. The dashed line shows the fit of the same data to
a two-independent site binding model.
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Previous studies indicate that the linkage of interactions
or conformational changes during binding may affect the
van’t Hoff plot (24, 25). The temperature dependence of the
equilibrium intrinsic binding constants for formation of the
AtOASS‚C10 peptide complex shows a nonlinear van’t Hoff
plot (Figure 5C), suggesting that the interaction could be
linked with other processes, including potential conforma-
tional changes. The intrinsic binding constants increase with

a decrease in temperature, reaching the highest value at
15 °C and then decreasing with temperature. Interestingly,
the binding constant for the binding of the first peptide
increases at 35°C compared to a decrease in the same for
binding of the second peptide. The general dependence of
the binding constants at 10-30 °C follows a similar trend,
but at 35°C, the trend is reversed. This divergent behavior
at 35°C increases the magnitude of the difference between
their values, which is reflected in the apparent negative
cooperativity.

Ionic Dependence of C10 Peptide Binding.The structure
of the AtOASS‚C10 peptide complex suggests that hydro-
phobic interactions and hydrogen bonds between the protein
and peptide are involved in binding (18). To obtain informa-
tion about the electrostatic properties of the interaction
between AtOASS and the C-terminus of AtSAT, we tested
the effect of NaCl on C10 peptide binding. The fluorescence
of PLP was used to monitor C10 peptide binding
(Figure 2A). To confirm that changes in salt concentration
did not alter oligomerization of AtOASS, gel filtration
chromatography showed that the protein was a stable
homodimer at the salt concentrations that were used (not
shown). The results of titrations performed as a function of
NaCl concentration are shown in Figure 6A. Equilibrium
binding constants were determined for the interaction of the
C10 peptide with AtOASS in the presence of up to 1.3 M
NaCl (Table 3). Comparison of the binding affinity for the
C10 peptide binding over the NaCl concentration range that
was used shows two distinct phases of behavior (Figure 6B).
Initially, the Keq values decrease as the salt concentration
increases. Then, at higher NaCl concentrations, the affinity
for the C10 peptide becomes independent of salt concentra-
tion. In addition, the stoichiometry switches from two-site
occupancy at lower salt concentrations to single-site binding
at >0.5 M NaCl. The effect of salt on C10 peptide binding
is also observed in theRmax values (Figure 6C), which suggest
that high ion concentrations prevent binding of the second
C10 peptide. A linear fit of the data yields a slope of 0.9(
0.1, indicating that binding of the C10 peptide to AtOASS
is accompanied by the release of one anion or cation.

DISCUSSION

Here we present a series of binding experiments that for
the first time analyze the detailed thermodynamic properties
of formation of a complex between AtOASS and the
C-terminal ligand of AtSAT. Assembly of the cysteine
synthase complex in plants and bacteria has been demon-
strated multiple times (9-16), but a systematic examination

Table 2: ITC Analysis of the Temperature Dependence of Binding of the C10 Peptide to AtOASSa

temp (°C) stoichiometry K1,2 (M-1) Kd (nM) ∆G1,2 (kcal/mol) ∆H1,2 (kcal/mol) -T∆S1,2 (kcal/mol)

10b 2.0( 0.1 (1.7( 0.2)× 108 5.9( 0.7 -10.7( 0.1 -5.0( 0.1 5.3
15b 1.9( 0.1 (2.9( 0.3)× 108 3.5( 0.4 -11.1( 0.1 -6.3( 0.1 4.5
20b 2.0( 0.1 (9.1( 1.3)× 107 11.0( 1.6 -10.7( 0.1 -7.8( 0.1 2.9
25b 2.1( 0.1 (6.0( 0.5)× 107 16.7( 1.4 -10.6( 0.1 -11.6( 0.1 -1.4
30b 1.9( 0.1 (3.3( 0.3)× 107 30.3( 2.8 -10.4( 0.1 -13.0( 0.4 -3.0
35c 2.0( 0.1 (1.4( 0.3)× 108 7.1( 1.5 -11.5( 0.7 -14.6( 0.7 -3.1

((1.7( 0.4)× 107) (58.8( 13.8) (-10.2( 0.2) (-10.2( 0.8) (0.0)
a Titrations were performed 50 mM Hepes buffer (pH 7) with 50 mM NaCl, as described in Experimental Procedures.b Data were fit to a

two-independent site binding model that yielded similar values ofKeq, ∆G, ∆H, and-T∆S for each site, which are expressed asK1,2, ∆G1,2, ∆H1,2,
and-T∆S1,2, respectively.c Data were fit to a two-sequential site binding model that yielded different values ofKeq, ∆G, ∆H, and-T∆S for each
site. Values for binding of the second peptide are shown in parentheses.

FIGURE 5: Temperature dependence of thermodynamic parameters
for binding of C10 peptide to AtOASS. (A) Temperature depen-
dence of∆H (b), ∆G (9), and-T∆S(]) for the interaction. Error
bars represent the standard deviation of the nonlinear least-squares
fit to the raw data points. (B) Determination of heat capacity change
(∆Cp). (C) van’t Hoff plot of Keq vs temperature for formation of
the AtOASS‚C10 peptide complex. TheKeq values for binding of
the first (]) and second (b) C10 peptide at 35°C are both shown.
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of the energetics of the association of OASS and SAT has
not been undertaken. Although protein-protein interactions
differ from protein-peptide interactions in the size of one
interaction partner, variations in the well-defined structures
of both molecules, and changes in the entropy of interaction
due to mobility and solvent organization between protein

and a representative peptide, the use of simplified systems
allows the dissection of the molecular mechanisms of
complex formation (26).

The interaction between AtOASS and AtSAT can be
effectively studied using the C10 peptide because the 10-
20 C-terminal amino acids of SAT are unstructured in
solution (27-29) and deletion of the 10 C-terminal residues
or mutations at key positions abrogates interaction of SAT
with OASS (10-12, 16, 18). Moreover, in the crystal
structures of OASS in complex with the C10 peptide (17,
18), the ligand lacks secondary structure and analysis of the
C10 peptides structure by circular dichroism shows no
structural changes occur under the range of experimental
conditions used here (not shown). The binding constants for
formation of the AtOASS‚C10 peptide complex (Tables 1
and 2) are similar to those reported for association of full-
length AtSAT and AtOASS (13). Using surface plasmon
resonance (or BIAcore analysis), Berkowitz et al. (13)
showed that interaction between the two plant proteins is
tight with aKd of 25 nM. The fluorescence and ITC binding
studies presented here yield similar binding affinities (Kd )
10-40 nM) depending upon solution conditions. Thus, the
C-terminus of AtSAT contributes significantly to the total
free energy of interaction with AtOASS. In contrast, forma-
tion of the bacterial cysteine synthase complex may involve
additional protein-protein interactions, since the affinity of
the bacterial OASS for the full-length bacterial SAT is tighter
than binding of the corresponding C10 peptide alone (10,
11, 15). This difference may reflect structural differences in
the assembly of the plant and bacterial cysteine synthase
complexes.

It is likely that thermodynamic parameters, i.e., salt
dependence and the temperature dependence of∆H, for the
interaction between full-length SAT and OASS will be
quantitatively different from those for the OASS-C10
peptide interaction. For example, the net entropy change upon
binding may be less favorable for the C10 peptide interaction
than for binding of full-length SAT. Moreover, the temper-
ature dependence of binding enthalpy for the interaction
between full-length SAT and OASS may involve additional
contributions from other coupled equilibria such as confor-
mation changes or proton-ion exhanges (26).

In the plant OASS, reports of positive cooperativity during
substrate (O-acetylserine) binding suggest that structural
changes during the catalytic cycle may mediate allosteric
communication between the active sites in the homodimer
(13, 30, 31). To account for potential cooperativity upon C10
peptide binding, the fluorescence and ITC binding studies
were analyzed using a two-independent site binding model.
Our results suggest that the two binding sites of AtOASS
are symmetric in nature and that binding of C10 peptide at
one site is independent of binding at the second site over
broad temperature (10-30 °C) and salt (0.02-0.5 M NaCl)
ranges. These results are consistent with the structures of
AtOASS alone and in complex with the C10 peptide that
show no global structural differences are induced upon
peptide binding (15, 18). Interestingly, negative cooperativity
for binding of the C10 peptide to AtOASS occurs at a higher
temperature (35°C). At lower temperatures, hydrogen bond
and electrostatic interactions are strong with hydrophobic
interactions weaker in protein structures, whereas the reverse
is true at higher temperatures (32). Temperature-related

FIGURE 6: Salt dependence of formation of the AtOASS‚C10
peptide complex. (A) Fluorescence titration of AtOASS with C10
peptide as a function of NaCl concentration. The solid lines are
nonlinear least-squares fits of the titration curves using either eq 1
or 2. (B) Effect of salt concentration onKeq for the binding of a
single C10 peptide to AtOASS. (C) Relative fluorescence increase
(Rmax) as a function of NaCl concentration.

Table 3: Fluorescence Titration Analysis of the Salt Dependence of
Interaction between AtOASS and the C10 Peptidea

[NaCl]
(M) stoichiometry Keq (M-1) Kd (nM) Rmax

0.05b 2 (4.5( 0.7)× 107 22.2( 3.4 1.60( 0.05
0.1b 2 (1.8( 0.3)× 107 55.6( 9.3 1.52( 0.01
0.3b 2 (8.0( 0.3)× 106 125( 5 1.52( 0.03
0.5b 2 (7.0( 0.6)× 106 143( 12 1.45( 0.05
0.7c 1 (1.0( 0.1)× 107 100( 10 1.33( 0.01
0.9c 1 (6.0( 0.8)× 106 167( 22 1.32( 0.01
1.0c 1 (1.0( 0.1)× 107 100( 11 1.20( 0.03
1.3c 1 (5.0( 0.9)× 106 200( 36 1.10( 0.02

a Titrations were performed in 50 mM Hepes buffer (pH 7) with
20 mM NaCl at 22°C, as described in Experimental Procedures.
b Data were fit to a two-independent site binding model that yielded
similar values ofKeq for each site.c Data were fit to a single-site binding
model.
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changes in protein structure could affect cooperative behavior
in both catalysis and ligand binding (33), but the details of
these differences are unclear.

Thermodynamic analysis of the interaction between
AtOASS and the C10 peptide indicates that the free energy
of binding varies only slightly over the temperature range
that was examined with the entropic and enthalpic contribu-
tions to the association process varying with temperature in
a compensatory fashion (Table 2 and Figure 5). At lower
temperatures, both enthalpy and entropy contribute to binding
interactions, but with an increase in temperature, the enthalpic
contribution increases and the entropic contribution de-
creases. The release of nonspecifically bound water mol-
ecules from AtOASS upon C10 peptide binding at lower
temperatures would increase the net entropy of the system,
thereby contributing to the free energy of interaction (34).
It should be noted that the structure of the AtOASS‚C10
peptide complex exhibited a number of water-mediated
interactions (18), indicating that specifically bound water
molecules are not released and likely contribute to binding
affinity at lower temperatures. At higher temperatures, there
is sufficient energy in the system to disrupt weakly bound
water molecules and decrease the favorable entropy com-
ponent of peptide binding. The differential solvation state
of AtOASS is also reflected in the nonlinear temperature
dependence ofKeq, as observed in the van’t Hoff plot
(Table 2 and Figure 5C). Although a preexisting conforma-
tional equilibrium of an unbound form of an interaction
partner may influence the temperature dependence of binding
(35), this is not the case here because circular dichroism
spectroscopy showed no structural changes in either AtOASS
or C10 peptide over the temperature range used in this study
(data not shown).

Changes in protein dynamics are often reflected in the
thermodynamic profiles of protein-protein interactions (36).
Analysis of AtOASS‚C10 peptide complex formation shows
that the values of∆H are linearly dependent on temperature
and that the heat capacity change is modest and negative
(∆Cp ) -401 cal mol-1 K-1). The magnitude of the∆Cp

value implies that interaction between the two molecules is
not accompanied by a major conformational change, as
suggested by circular dichroism spectroscopy, although the
interaction does not appear to be a perfect rigid body
association as indicated by a lowTs value (22°C) (22).
Calculation of the estimated change in heat capacity (∆Cp

calc)
from the difference in accessible surface area between the
free and peptide-bound forms of AtOASS (14, 18) was
carried out as follows (37):

The ∆Cp
calc is -273 cal mol-1 K-1, which is smaller than

the experimentally determined value. The difference between
the experimental and calculated values suggests that binding
of C10 peptide to AtOASS may cause additional localized
conformational changes in solution that are not observed in
the crystal structures of the enzyme (15, 18).

The change in heat capacity indicates burial of nonpolar
surface area during binding of the C10 peptide by AtOASS,
but structural studies show that hydrogen bonds and hydro-
phobic interactions are involved in binding of the ligand (18).

The contribution of electrostatics to binding was examined
by determining the ionic dependence of association
(Figure 6 and Table 3). Association of the C10 peptide with
AtOASS is sensitive to salt concentration with binding
affinity decreasing 6-fold from 0.05 to 0.5 M NaCl, which
indicates an only modest electrostatic contribution to binding.
Typical electrostatically driven interactions display greater
changes in equilibrium constants over a similar range of salt
concentrations. For example, the affinity of binding of
phosphopeptide to Src homology 2 (SH2) domains undergoes
100-1000-fold changes over the same salt concentrations
(38). The electrostatic contribution to C10 peptide binding
may derive from hydrogen bonds formed between the
C-terminal carboxylate group of the peptide and amino acid
side chains in the AtOASS active site (18). Nonetheless, this
result indicates that the binding energy for formation of the
AtOASS‚C10 peptide complex is primarily derived from
nonelectrostatic interactions.

At NaCl concentrations above 0.5 M, interaction between
the C10 peptide and AtOASS becomes independent of ionic
environment. Likewise, the stoichiometry of peptide binding
changes. Binding of anions at an allosteric site on the OASS
from Salmonella typhimuriuminduces a conformational
change that prevents substrate binding and catalysis (39, 40).
Although no evidence for an allosteric site has been reported
for the plant OASS, high salt concentrations may cause
structural changes that affect interaction with the C-terminus
of SAT; however, the changes in binding associated with
high salt concentrations (>0.5 M NaCl) are likely not
biologically relevant, since NaCl concentrations above
0.1 M cause severe and toxic salt stress in plants (41, 42).
Although NaCl inhibits the activity of OASS fromS.
typhimurium(Ki ) 20 mM) (40), AtOASS activity is affected
by only nonphysiological levels of NaCl (IC50 > 1 M NaCl).
Thus, the effects observed at lower salt concentrations (0-
0.5 M) likely do not reflect inhibition of the enzyme.

Physiologically, temperature changes affect sulfur as-
similation and cysteine biosynthesis in plants (43-46).
Elevated temperatures (>35 °C) reduce the demand for
cysteine (43), whereas increased sulfur utilization and
cysteine production provide needed metabolites for glu-
tathione synthesis in response to low-temperature chilling
(44-46). Since formation of the plant cysteine synthase
complex is associated with increased SAT activity (6, 8),
the temperature-dependent interaction of OASS and SAT
may contribute to modulating cysteine synthesis in plants.
As shown here, the affinity of the interaction between
AtOASS and the C10 peptide is greater at low temperatures
with decreased affinity and negative cooperativity observed
at higher temperatures. The thermodynamics of the OASS-
SAT interaction parallels the demands placed on cysteine
synthesis in response to temperature.
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