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Abstract

Human cystathionine β-synthase (hCBS) is a key enzyme of sulfur amino acid metabolism,

controlling the commitment of homocysteine to the transsulfuration pathway and antioxidant

defense. Mutations in hCBS cause inherited homocystinuria (HCU), a rare inborn error of

metabolism characterized by accumulation of toxic homocysteine in blood and urine. hCBS is a

complex multidomain and oligomeric protein whose activity and stability is independently

regulated by the binding of S-adenosyl-methionine (SAM) to two different type of sites at its C-

terminal regulatory domain. Here we study the role of surface electrostatics on the complex

regulation and stability of hCBS using biophysical and biochemical procedures. We show that the

kinetic stability of the catalytic and regulatory domains is significantly affected by the modulation

of surface electrostatics through noticeable structural and energetic changes along their

denaturation pathways. We also show that surface electrostatics strongly affect SAM binding

properties to those sites responsible for either enzyme activation or kinetic stabilization. Our

results provide new insight into the regulation of hCBS activity and stability in vivo with

implications for understanding HCU as a conformational disease. We also lend experimental

support to the role of electrostatic interactions in the recently proposed binding modes of SAM

leading to hCBS activation and kinetic stabilization.
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1. Introduction

Human cystathionine beta-synthase (hCBS) is a key regulator of sulfur amino acid

metabolism, catalyzing the β-replacement of the hydroxyl group of L-serine by the thiolate

group of homocysteine using pyridoxal 5′-phosphate (PLP) as a cofactor. Its activity is

essential to control the flux of sulfur from methionine to cysteine, redox regulation, methyl-

transfer reactions and H2S production [1, 2]. hCBS displays a complex architecture, forming

functional homotetramers, and each monomer containing three structural domains: i) a short

heme-binding N-terminal domain (residues 1-70), which is thought to modulate CBS

activity and proper folding; ii) a catalytic domain (CD; residues 71-413) which contains the

catalytically active PLP molecule bound to Lys119 through a Schiff base; iii) a C-terminal

regulatory domain (RD), which contains two types of SAM binding sites involved in SAM

mediated enzyme activation and kinetic stabilization of hCBS [1, 3, 4]. Over 160 mutations

in the CBS gene have been found to cause classical homocystinuria (HCU) ([5] and http://

medschool.ucdenver.edu/krauslab). Missense mutations often lead to protein instability and

impaired catalytic activity and regulation [1, 4, 6-9]. Some of the mutations responsible for

HCU were modeled based on the structure of the truncated CBS [10, 11], in some cases

providing a structural rationale for loss-of-function [12]. More recently, we have determined

the crystal structure of an optimized dimeric full-length hCBS construct lacking 10 residues

in the regulatory domains [3], that provides a structural framework to explain SAM

mediated regulation of hCBS function and stability. However, comprehensive structural-

energetic studies on major forces contributing to hCBS stability as well the impact of

disease-causing mutations on the thermodynamic and kinetic stability of hCBS are scarce [4,

6, 7].

In a recent calorimetric study, we have shown that hCBS catalytic and regulatory domains

denature independently, and display largely different stabilities at physiological pH (with

half-lives of about 1 day and three weeks at 37°C; [4]). Binding of SAM to a set of high

affinity sites in the RDs strongly enhances their kinetic stability with no effect on the

stability of the CDs [4]. HCU-causing mutations affect the kinetic stability of the RDs even

if they occur within the CD, suggesting some communication between domains [4].

However, disease-causing mutations may affect SAM mediated activation of hCBS without

distorting SAM thermodynamic binding properties to a large extent, suggesting that

transmission of the SAM mediated allosteric signals is subtle from thermodynamic [4] and

structural [3] viewpoints. SAM binding to the high affinity sites might be also of importance

to understand ligand-mediated regulation of CBS steady-state levels in vivo and to prevent

misfolding of HCU-causing mutants [4, 13].

The role of electrostatic interactions in a wide set of protein properties such as catalytic

performance, regulation and stability is well recognized [14-19]. Particularly, surface

charge-charge interactions have been shown to be important for protein thermodynamic and

kinetic stabilities since they are more frequent in the native state [15, 18-23]. Interestingly,

evolution seems to have tuned electrostatic interactions in proteins to fit the biologically

relevant conformational stability and folding barriers to protein function [15, 24].

Particularly, surface charge-charge interactions contribute to the adaptation of proteins to

high temperature or high saline environments [15, 25]. One of the most relevant features of
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surface charge-charge interactions is the Debye-Hückel screening exerted by salt ions that

accumulate around surface charges thus strongly weakening electrostatic forces between

ionizable residues of the protein (either attractive or repulsive interactions). Accordingly,

protein thermodynamic and kinetic stabilities [21] as well as protein folding barriers [26]

can be efficiently modulated through electrostatic screening of surface charges. Salt effects

on protein stability vary according to their concentration (i.e. the ionic strength) and in some

cases, on the nature of the ions. At low ionic strength (typically below 0.2 M of monovalent

salt), salt ions may interact with surface charges of opposite sign causing changes in protein

stability that exponentially depend on the ionic strength, even though other mechanisms such

as ion specific binding may also be involved. At high ionic strength, salt ions may affect

protein stability by perturbing the hydration shell of the protein (which is ion dependent,

according to the Hofmeister series) and this effect scales linearly with salt concentration [21,

26, 27].

We have recently characterized the effect of SAM on the stability of hCBS (ionic strength

~10 mM; [4]). Here, we explore the role of electrostatic interactions in the function,

regulation and stability of hCBS by studying these properties in the presence of different

salts. We show that biologically relevant properties of hCBS, such as its kinetic stability,

enzyme activity and SAM-mediated allosteric modulation are strongly affected by screening

of surface electrostatic interactions. We thus provide insight into the function and regulation

of hCBS in health and disease, and further structural/thermodynamic information underlying

SAM mediated activation and stabilization of hCBS.

2. Materials and Methods

2.1 Protein samples

Human CBS (hCBS) was expressed and purified as previously described [9] and buffered

exchanged to 20 mM Hepes pH 7.4 using PD-10 columns (GE Healthcare). Protein samples

were concentrated to ~200 μM in subunit, flash frozen in liquid nitrogen and stored at

−80°C. Protein concentration was measured by UV-absorption using ε280nm of 1.038·105

M−1·cm−1 [4]. To perform experiments in the presence of varying concentrations of salt,

solutions of NaCl, CsCl and NaBr were prepared at 2 M in 20 mM Hepes pH 7.4.

2.2 Spectroscopic analyses

UV-visible absorption spectra were acquired using an Agilent 8453 diode array

spectrophotometer, using 20 μM protein subunit in a 3 mm path length cuvette. Circular

dichroism (CD) spectra were obtained using a Jasco J-715 spectropolarimeter, using 1 mm

(Far-UV) and 5 mm (Near-UV/visible) path length cuvettes and 5 μM (Far-UV) and 20 μM

(Near-UV/visible) protein concentration in subunit. Dynamic light scattering (DLS)

measurements were carried out in a DynaPro MSX instrument (Wyatt) using a 1.5 mm path

length cuvette and 10 μM protein in subunit. The hydrodynamic radius and polydispersity of

the samples in DLS measurements were obtained from the autocorrelation function using the

software supplied by the manufacturer and assuming a spherical shape for the protein. All

experiments were performed at 25°C. Samples were prepared in 20 mM Hepes pH 7.4 and

0-1 M NaCl.
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2.3 Differential scanning calorimetry

Differential scanning calorimetry (DSC) analyses were performed in a capillary VP-DSC

microcalorimeter (GE Healthcare) with a cell volume of 0.135 ml. Scan were routinely

performed in a 4-100°C range at 2-4°C scan rate. Samples were prepared in 20 mM Hepes

pH 7.4 and 0-1 M NaCl, containing 5 μM protein concentration (per CBS subunit), 50 μM

PLP and 0-100 μM SAM. For some experiments, urea was added to a final concentration up

to 1.5 M and its concentration was determined by refractive index measurements.

DSC profiles were analyzed using a model including two independent thermal transitions,

each of them described by a two-state irreversible model with first-order kinetics [4]:

(Scheme 1)

where N holds for native state and F stands for the final state which cannot fold back to N,

and k is a first-order rate constant. These fittings provide, for each thermal transition, the

values of the half-denaturation temperature (Tm), the denaturation enthalpy (ΔH) and the

activation energy (Ea)[4]. The rate constants (k) are determined from Arrhenius plots built

using the experimental DSC profiles and equation 1:

(Equation 1)

Where Cp(exc) and <H> stand for the excess heat capacity and the excess enthalpy at each

temperature, and τ and ΔH for the scan rate and the calorimetric enthalpy, respectively.

These Arrhenius plots are used to extrapolate the rate constants to 37°C.

The changes in activation free energy (ΔΔG), enthalpy (ΔΔH) and entropy (–TΔΔS) are

calculated based on the transition state theory as described [28, 29] using equations 2-4:

(Equation 2)

(Equation 3)

(Equation 4)

To determine the contributions to activation energies (≈enthalpies) from unfolding and

solvation barriers, we determined the kinetic m values (mǂ) from the urea concentration

dependence of the Tm and Ea values according to [29], using the following expression:

(Equation 5)
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Tm and Ea values in the absence of urea were used at each scan rate, and the values of dTm/

d[urea] and dln(Ea/RTm
2)/d[urea] values obtained from their dependence on urea

concentrations. mǂ values are the means±s.d. from three experimental scan rates.

The contributions from unfolding (ΔHUNF
ǂ) and solvation barriers (ΔH*) to activation

enthalpies were determined using equations 6-7 [28-30]:

(Equation 6)

(Equation 7)

The contributions of ΔHUNF
ǂ and ΔH* has been determined using meq, either calculated

using the total change in accessible surface area (ΔASA) upon unfolding expected for the

regulatory and catalytic domains based on their number of residues or the crystal structure of

hCBS [3] and using the correlations of [31] and [32] and the experimental values of ΔH. In

either case, denaturation of four regulatory or catalytic domains have been considered since

hCBS tetramer does not dissociate prior to the rate-limiting step of irreversible denaturation

[4]. The structural changes associated to the transition between the native and transition

states are calculated from the average values for ΔHUNF
ǂ, and ΔH* are estimated from the

relation between these two parameters and ΔASAtotal described by [31] and [29],

respectively.

2.4 Isothermal titration calorimetry (ITC)

ITC experiments were performed in a VP-ITC200 microcalorimeter in 20 mM Hepes pH 7.4

with or without 200 mM NaCl. In the absence of salt, hCBS (8 μM in protein tetramer) was

titrated by performing 50 stepwise injections (0.75 μL) of SAM (0.7 mM) spaced 150 s. In

the presence of salt, hCBS (20 μM in protein tetramer) was titrated by performing 19

stepwise injections (2 μL) of SAM (1.06 mM) spaced 250 s. Analysis of the binding

isotherms was performed using the software provided by the manufacturer as recently

described [4].

2.5. Activity measurements

The CBS activity in the classical reaction was determined by a previously described

radioisotope assay using L-[U-14C]serine as the labeled substrate [33]. CBS enzyme (420

ng) was assayed in a 100 μl reaction mixture for 30 min at 37°C. The reaction mixture

contained 20 mM Hepes pH 7.4, 0-0.2 M NaCl, NaBr or CsCl, 0.2 mM PLP, 10 mM L-

serine, 0.3 μCi L-[U-14C]serine and 0.5 mg/ml BSA. The reaction was initiated by the

addition of homocysteine to a final concentration of 10 mM following a 5 min incubation at

37°C. One unit of CBS specific activity was defined as the amount of CBS that catalyzes the

formation of 1 μmol of cystathionine in 1 h at 37°C under standard assay conditions.
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3. Results

3.1 Effect of salt on the conformation and function of hCBS

To determine the effect of salt on the conformation of hCBS, we have used a battery of

spectroscopy techniques. First, we have evaluated the oligomeric status at different salt

concentrations by dynamic light scattering (DLS). In the absence of salt, hCBS behaves as a

highly monodisperse protein with a hydrodynamic radius of ~5.2 nm (Figure 1A) consistent

with a tetrameric structure based on the correlation between hydrodynamic radii and protein

size (in number of residues) for globular proteins [34]. Addition of salt has no significant

effect on either the hydrodynamic radius or the sample polydispersity, indicating that hCBS

remains mainly as a tetramer in the presence of salt. Addition of salt has also negligible

effect on the secondary structure content as assessed by Far-UV CD spectroscopy (Figure

1B). The microenvironment of bound chromophores (PLP and heme) has been monitored by

UV-visible absorption and circular dichroism spectroscopies (Figure 1C and 1D), also

revealing negligible effects on the tertiary structure of hCBS. These studies support that the

presence of salt has no noticeable effects on the overall hCBS structure.

We have also characterized the effect of salt on the activity and regulation of hCBS (Figure

2). In the presence of 200 mM of different salts, the specific activity is reduced by 30-40%

(Figure 2A). The presence of salt does not prevent hCBS from SAM mediated activation

(Figure 2A), but raises the concentration of SAM required for half-activation 4-fold (Figure

2B).

3.2 Surface charge screening strongly affects the kinetic stability of the regulatory
domains of hCBS

We have thus tested whether the presence of a physiological relevant ionic strength (200

mM NaCl) may affect the stability and denaturation mechanism of hCBS using differential

scanning calorimetry (DSC). Representative DSC traces are displayed in Figure 3A,

showing that the presence of 200 mM NaCl increases the Tm of the RDs and slightly reduces

the Tm of the CDs. Denaturation of hCBS in the absence or presence of salt is described well

by two independent two-state irreversible denaturation reactions with first-order kinetics

(Figure 3B-D, Table 1). Remarkably, in the presence of 200 mM NaCl the kinetic stability

of the RDs is increased ~300-fold (half life~100 days) while the stability of CDs slightly

decreases (~5-fold, half-life ~8 days) (Table 1).

We have then studied the salt concentration dependence of the kinetic stability of RDs and

CDs (Figure 4A). The RDs are strongly stabilized even at relatively low salt concentrations,

while the CDs are destabilized but to a lower extent (see changes in Tm in Figure 4B). The

activation energies for the denaturation of RDs and CDs are also strongly dependent on the

salt concentration (Figure 4C), with a large increase for RDs (which contributes to their

large kinetic stabilization) and a small decrease for CDs, suggesting an important role

played by surface electrostatics on the energetics of either the native or the TS (transition

state) for denaturation of both domains. The increase in ΔH for CDs in the presence of salt

(Figure 4D) could be explained by a more extensively unfolded final state.
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The dependence of kinetic stabilities for RDs and CDs on salt concentration is shown in

Figure 4E. The presence of salt has opposite effects on the kinetic stabilities of RDs and

CDs. Below 0.1 M salt, CDs are more kinetically stable than RD, while the opposite is

observed above 0.1 M. The activation free energies for denaturation (which are proportional

to ln k in Figure 4E) change exponentially on salt concentration for both domains, as it

would be expected if electrostatic screening is modulating the kinetic stability of RDs and

CDs. Indeed, DSC experiments performed with CsCl and NaBr (in the Hofmeister series,

Cs+ is more kosmotropic than Na+ while Br− is more chaotropic than Cl−) provide similar

results to those with NaCl (Figure 5), supporting that electrostatic screening effects play a

major role in the modulation of RDs and CDs kinetic stabilities by salt (especially at low salt

concentrations). Overall, these results lend support to a modulation of the kinetic stability of

RDs and CDs by electrostatic screening of surface charges in the native state and/or the TS

of the hCBS domains.

3.3 Surface charge screening causes large structural changes in the TS for denaturation of
RDs

The remarkable effect of salt on the kinetic stability of RD and CD, prompted us to further

investigate their structural and energetic basis. Since the kinetic stability is related to the

height of the activation free energy barrier, changes in this barrier in the presence of salt

(Figure 4E) may be caused either by changes in the free energy level of the native state or

the denaturation TS. These changes in free energy level could imply structural changes

either in the presence of salt (which are not experimentally supported for the native state;

Figure 1) or by surface charge screening.

To get further insight into the changes in the free energy barriers for denaturation in the

presence of salt, we have performed detailed structure-energetic analyses in the presence of

low non-denaturing urea concentrations (see Figure S1 and S2 for corresponding control

experiments). In the presence of low urea concentrations, denaturation rates for both

domains are speeded up (i.e. increased k values). The changes in denaturation free energies

on urea concentration (the kinetic m values, mǂ) are determined from the effect of urea on

Tm and Ea values of each domain (Figure 6). mǂ values have also a structural interpretation,

because they are proportional to the change in solvent accessible surface area (ΔASA)

between the folded domain and the transition state of the rate-limiting state (TS, which is

placed at the top of the denaturation free energy barrier). The equilibrium m values can be

simply approximated from the size and/or the native structure of the domain (Figure S3),

and the ratio mǂ /m represents the fractional solvent exposure of the transition state (Figure

7B), thus allowing detection of large structural changes in the TS by salt.

First, we have studied the enthalpic and entropic contributions that lead to changes in the

kinetic stability of RDs and CDs in the presence of salt (Figure 7A). The activation free

energies are related to changes in activation entropies (-TΔSǂ) and enthalpies (ΔHǂ≈Ea)

using the classical thermodynamic relationship (but in activation terms: ΔGǂ=ΔHǂ-TΔSǂ).

The stabilization of RDs by 200 mM salt is caused by changes in these two opposing forces

that almost cancel out each other: the enthalpic contribution becomes more stabilizing while

the entropic contribution is destabilizing. These changes are much smaller for the
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destabilization of CDs (Figure 7A). The large effects observed for the enthalpic/entropic

contributions to the free energy barrier of denaturation of the RDs are difficult to explain

solely by effects on the structure of native RDs, even though changes in conformational

dynamics cannot be excluded [35]. Thus, we invoke large structural changes on the TS of

the RDs.

The calculated mǂ values for RDs and CDs are shown in Figure 7B. Salt has little effect on

the mǂ values of CDs, with fractional m∕mǂ values of ~0.015 (no salt) to ~0.02 (200 mM

Salt)(Figure 7B), thus showing that the TS for CDs denaturation is native-like in terms of

solvent exposure. However, in the presence of 200 mM salt the m∕mǂ values of RDs

increases from ~0.06 to ~0.17 (Figure 7B), implying a more unstructured TS in the presence

of salt for the RDs. Thus, the free energy barrier for denaturation of RDs in the presence of

salt is raised because the number of interactions that must be broken and solvated is larger,

thus kinetically stabilizing the domain. Note that, we are considering the CBS tetramer, and

a 10% increase in solvent exposure for four regulatory domains may involve large structural

differences, in the order of several thousands of Å2. Indeed, analyses of the contributions

from unfolding (unfolded and solvated regions in the TS) and solvation (unfolded but not yet

solvated regions in the TS)(Figure 7C) barriers clearly show significant structural changes in

the TS in the presence of salt for the RDs (Figure 7D).

3.4 Salt effect of SAM binding and stabilization of RDs

SAM binds hCBS at two different types of sites in the absence of salt: a low-affinity site

(four per CBS tetramer; Kd~600 nM) that causes CBS activation, and high-affinity site (two

per CBS tetramer; Kd~10 nM), that kinetically stabilizes the RDs (Figure 9A and C, Table 2

and [4]). Titrations performed in the presence of 200 mM NaCl reveal a completely different

binding pattern (Figure 8B and 8D). Due to the small calorimetric signals, we have

performed titrations in the presence of 200 mM NaCl using higher injection volumes, which

increase the signal-to-noise ratio but provide less detail in the binding isotherm (Figure 8D).

Using this procedure, we systematically observed deviations (over four independent

experiments) from a single type of independent sites model at low ligand:protein ratios,

supporting the existence of two independent type of sites in the presence of 200 mM NaCl,

and this behavior is independent on the buffer used (Figure S4). However, the low number

of experimental data points does not provide convergent fittings when all parameters are

allowed to float. However, the binding isotherm in the presence of salt is described well by

this model when a few of the parameters are fixed (actually fixing those for the high-affinity

sites allow convergence of those for the low affinity sites). Thus, in the presence of salt, it

seems that the two types of sites are preserved, but salt changes the SAM binding properties

(Table 2). The low binding enthalpies in the presence of salt easily explain the difficult

detection and characterization of the two types of sites, and the somewhat lower affinity of

the high affinity sites could also contribute to this. The apparent Kd values for the low-

affinity sites is somewhat higher in the presence of salt (≈2.5-fold; Table 2), in good

agreement with the increased in the SAM concentration required for half-activation (≈4-

fold; Figure 2B).
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Interestingly, the Kd values for the high-affinity sites derived from ITC (Table 2) would

imply a lower concentration dependence of SAM mediated stabilization of the RDs. Hence,

we have investigated whether SAM mediated kinetic stabilization of the RDs might be also

modulated by surface charge screening. SAM binding stabilizes the RDs also in the presence

of salt (Figure 9A-B) but its dependence on SAM concentration is slightly lower than in the

absence of salt (in terms of Tm up-shift; Figure 9C), consistent with our ITC results.

Nevertheless, SAM mediated stabilization of RDs is still consistent with the release of two

SAM molecules prior to the denaturation TS (Figure 9D).

4. Discussion

Regulation of the stability and activity of hCBS in vitro and in vivo depends on the binding

of its allosteric regulator SAM to the RDs, thus controlling the commitment of methionine to

the transsulfuration pathway [4, 13]. In this work we show that the kinetic stability of the

RDs and CDs and SAM mediated enzyme activation and stabilization of RDs are strongly

modulated by the presence of physiological concentrations of salt, thus allowing for further

understanding of the dynamics of hCBS activity in vivo. Salt mediated effects are observed

even at low salt concentration and they are largely independent on the nature of salt ions,

thus suggesting that these effects are mostly mediated by the ability of salt to screen surface

charge-charge interactions. Binding of SAM to two structurally different types of sites at the

C-terminal RDs leads to enzyme activation and kinetic stabilization of the regulatory

domains [4]. Screening of surface charges does not abolish the function of these two types

of sites (Figure 2 and 9), but SAM binding is weaker and display different thermodynamic

signatures in the presence of 200 mM NaCl (Table 2). This lower binding affinity explains

the higher SAM concentrations required for activation and kinetic stabilization (Figure 2 and

9), and most likely, originates from the screening of favorable interactions between solvent

exposed ionizable groups in hCBS and SAM in the protein:ligand complex. A structural

rationale for this interpretation is provided by the recently solved crystal structure of a full-

length hCBS [3]. In the absence of SAM, two plausible and structurally different types of

SAM binding sites (named sites S1 and S2) are found, with potentially favorable

electrostatic interactions between SAM and the binding pockets in hCBS: in S1 (which may

correspond to the sites responsible for enzyme activation), the carboxylate group of SAM

may interact with positively charge side chain of H507, whereas in S2 (which may be those

sites leading to kinetic stabilization), favorable interactions could be established between

D538 with the ribose of SAM, and an acidic cluster (D444 and E201) with the positively

charged sulphonium group in SAM (see Figure 5 in [3]). More generally, charged residues

in nucleotide binding sites of CBS domains are known to provide a proper conformation of

the binding site and to interact favorably with the nucleotide [36, 37]. These electrostatic (as

well as pH effects, see [4]) may help to explain the wide range of binding affinities reported

for SAM binding at the regulatory sites of hCBS (this work, [4, 8, 38].

The remarkable effects of surface charge screening on the stability and regulation by SAM

may provide insight into physiological and pathological aspects of hCBS. We have

previously proposed a relationship between kinetic stability of the RDs (towards thermal

denaturation) and hCBS protein turnover inside cells due to their similar kinetics [4].

However, the presence of physiological concentrations of salt dramatically enhance the
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kinetic stability of RDs (to a half-life~100 days), far exceeding protein turnover kinetics

inside cells (half-life~1 day; [13]). Thus, it seems that hCBS turnover inside cells may not

be coupled to the kinetic stability of RDs towards denaturation, and thus, regulated by other

conformational or dynamic features of hCBS. Interestingly, SAM binding and preactivating

disease-associated mutations are known to enhance protein dynamics and increase

sensitivity to proteolysis [6, 7]. Therefore, protein dynamics and stability of low-populated

conformational states may play a major role in both hCBS activation and protein turnover,

as found for other allosteric proteins [35, 39]. SAM binding sites responsible for hCBS

activation and stabilization of the RDs are still operational at physiological salt

concentrations, but their affinities are somewhat lower (2 to 5-fold, Table 2 and Figure 9),

thus shifting the SAM concentration range for response in terms of activation and kinetic

stabilization to higher values. In the case of SAM mediated activation, the concentration

range of response to SAM (~1-100 μM, with half-maximal activation at 14 μM; see Figure

2) seems to be appropriate to keep homocysteine at low levels under various metabolic

conditions, since a very low affinity for these regulatory sites may rise homocysteine levels

to pathological levels [40].

Our study also provides insight into the energetic and structural basis for the salt mediated

changes in kinetic stability of hCBS, and to our knowledge, hCBS is the largest and most

complex protein for which the contribution of unfolding and solvation barriers to protein

kinetic stability has been determined so far. Surface charge screening at physiological salt

concentrations (200 mM NaCl) causes a remarkable stabilization of RDs (~300-fold;

corresponding to a ΔΔG≠~+3.5 kcal·mol−1), while the CDs are slightly destabilized (by ~10-

fold, ΔΔG~-1.4 kcal·mol−1). These changes in the denaturation free energy barriers may

arise from charge-charge screening in either the native or the denaturation TS for the

denaturation. Changes in the native state stability might be estimated from a protein crystal

structure using a suitable model for electrostatic interactions, but this approach cannot be

used for the TS, for which the high-resolution structure is unknown (for examples, see [15,

20, 21]). Interestingly, the structural changes occurring along the denaturation pathway of

RDs, but not for CDs (Figure 7), strongly support significant changes in the structure of the

TS for RDs denaturation rather than in the native state (Figure 1). The denaturation TS of

RDs is quite native-like without salt, with a change in the total ΔASA of ~7000 Å2 (Figure

7D), and its denaturation is dominated by a solvation barrier contribution (i.e. networks of

broken interactions but not yet solvated; [29]); however, in the presence of salt, the TS

becomes more unfolded in terms of solvent exposure, with change in the total ΔASA of

~21000 Å2. These additional ~14000 Å2 of total surface area exposed in the TS in the

presence of salt corresponds to extra ~35 residues solvent-exposed in the TS per RD

compared to the absence of salt (based on the correlations by [31]). This behavior agrees

with the Hammond postulate for protein folding/unfolding: the TS becomes less native-like

as the kinetic stability of the native state is increased [41]. Interestingly, those HCU-causing

mutants with lower kinetic stability in their RDs (A114V, R125Q, E176K and particularly

P422L; [4]) also show lower Ea values, thus suggesting a similar Hammond behavior for

these destabilizing mutants. A similar relationship between kinetic stability and Ea values

has been found in mutations causing human phosphoglycerate kinase 1 deficiency [28] and

congenital erythropoietic porphyria [42], which might imply that this Hammond behavior is
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a frequent phenomenon for kinetically destabilizing mutations in loss-of-function

conformational diseases. Thus, a certain degree of plasticity of the TS for denaturation might

be an important factor modulating protein kinetic stability, with implications to understand

mutational effects in conformational diseases as well as in the evolutionary changes and

species-dependent adaptation of protein kinetic stability [28, 30, 43].

In conclusion, we show that salts are able to modulate the stability, activity and regulation of

hCBS likely through screening of surface charge-charge interactions. Such screening

enhances the kinetic stability of RDs through structural changes in the denaturation TS,

revealing a significant structural plasticity of the TS which may also contribute to

understand the destabilizing effect of disease-causing mutations in HCU [4]. Our results also

support the role of electrostatic interactions in the recently proposed binding modes of SAM

to those sites responsible for enzyme activation and stabilization. We also provide functional

and binding thermodynamic information to be correlated with structural information

obtained upon determination of high-resolution structures of hCBS in the presence of SAM.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

RD regulatory domain

CD catalytic domain

DSC differential scanning calorimetry

ITC isothermal titration calorimetry

hCBS human cystathionine beta-synthase

HCU classical homocystinuria

TS transition-state of the rate-limiting denaturation step

Hepes 4-(2-Hydroxyethyl)piperazine-1-ethanesulfonic acid

SAM S-adenosyl-methionine
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Highlights

- Surface electrostatics plays an important role in hCBS SAM-mediated regulation.

- Domain stabilities are differently modulated by charge-charge interactions.

- Modulation of domain stability occurs through changes in denaturation transition

state.

- Activation and stabilization by SAM are differently driven by surface

electrostatics.
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Figure 1. Spectroscopic characterization of the hCBS native state in the absence and presence of
NaCl
A) Polydispersity and hydrodynamic radius of hCBS in the presence of different salt

concentrations obtained from DLS experiments. B) Far-UV circular dichroism spectra.

Inset: molar ellipticity at 222 nm at different NaCl concentrations. C) Near-UV/visible

absorption spectra. Spectra in the absence or presence of salt are undistinguishable. Inset:

absorption intensities at 429 and 365 nm as a function of NaCl concentration. D) Near-UV/

visible circular dichroism spectra. In panels B-D, the lines follows the legend of panel B.

Errors in panel A are mean ± s.d. from three different measurements.
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Figure 2. Effect of salt on the activity and regulation of hCBS
A) Effect of 200 mM NaCl on the specific activity of hCBS in the absence/presence of 300

μM SAM. The extent of SAM mediated activation of hCBS is indicated as a x-fold. B) SAM

concentration dependence of hCBS activity in the absence and presence of 200 mM NaCl.

SAM concentration required for half-activation are 3.7±0.2 μM (no salt) and 14.4±0.9μM

(200 mM NaCl). Note the logarithmic scale of the x-axis. Experiments performed in 20 mM

Hepes pH 7.4. Activity measurements were performed in 20 mM Hepes pH 7.4, 10 mM

serine and 10 mM homocysteine. Error bars in panel B are S.D. from triplicate experiments.
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Figure 3. Thermal stability and denaturation mechanism of hCBS in the absence and presence of
200 mM NaCl
A) DSC profiles at 3°C/min. B) Scan rate dependence of Tm values of RDs (lower panel)

and CDs (lower panel). C) Consistency test for the two-state kinetic model based on the Tm

dependence on scan rates [44]. D) Arrhenius plots for the denaturation of RDs and CDs in

the absence/presence of 200 mM salt. The dotted vertical line indicates 37°C. In panel B,

errors are smaller than data points. For the rest, data are from a single experiment at

different scan rates.
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Figure 4. Dependence of thermal denaturation of hCBS on salt concentration
A) Thermal denaturation profiles at the indicated NaCl concentrations (in mol/L); B-E) Salt

concentration dependence of thermal denaturation parameters (Tm, Ea, ΔH and ln k) on salt

concentrations for RDs (open circles) and CDs (closed circles). Experiments performed at

4°C/min. All data are from single DSC experiments. In panels B to D, fitting errors are

smaller than the symbols.
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Figure 5. Effect of different monovalent salt ions on thermal denaturation of RDs and CDs
Salt concentration dependence of the Tm (A) and Ea (B) values for denaturation of RDs

(closed symbols) and CDs (open symbols) in the presence of NaCl (triangles), CsCl

(squares) or NaBr (circles). In all cases, fitting errors are smaller than the symbols.
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Figure 6. mǂ values are determined from the slopes of panels A and B using Equation 5 [29]
Data are from experiments at a single scan rate (4°C·min−1) and yield the following mǂ

values (in kcal·mol−1·M−1): RD (no salt).- 0.41; RD (200 mM NaCl).- 1.12; CD (no salt).-

0.21; CD (200 mM NaCl).- 0.32. The contribution from panel B to mǂ values is residual

(lower than 10% of the total mǂ value).
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Figure 7. Structural and energetic effects of 200 mM NaCl on the kinetic stability of RDs and
CDs
A) Changes in activation energetic parameters by salt (200 mM – 0 mM NaCl). Errors are

those propagated from denaturation rate constants determined at different scan rates

(activation ΔΔG), from experimentally determined Ea values at different scan rates

(activation ΔΔH) and from those propagated using activation ΔΔG and ΔΔH (activation -

TΔΔS). B) Kinetic (mǂ) and equilibrium (meq) m values for the RDs and CDs in the absence

and presence of 200 mM NaCl. mǂ values are reported as mean ± s.d. from three different

scan rates determined using equation 5; C) energetic and D) structural effects from

unfolding and solvation components in the absence and presence of salt. Errors in panels C

and D are propagated from experimental errors in mǂ values.
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Figure 8. Titrations of hCBS with SAM in the absence or presence of 200 mM NaCl by ITC
A) and B) show raw calorimetric data, while C and D) display binding isotherms, with the

corresponding fittings to two (solid line) or one (dashed line) independent type of sites.

Experiments were performed using 8.5 μM (no salt) and 20 μM enzyme (200 mM NaCl)

calculated per hCBS tetramer and 0.7 mM (no salt) or 1.0 mM SAM (200 mM NaCl) .
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Figure 9. Effect of SAM on hCBS thermal denaturation in the absence or presence of 200 mM
NaCl
Thermal denaturation profiles in the absence (A) and presence (B) of salt. The

concentrations of SAM are indicated alongside the DSC profiles. C) SAM concentration

dependence of the Tm of the RD in the absence (closed circles) or presence of 200 mM NaCl

(open circles). Fitting errors are smaller than the symbols. Lines are meant to guide the eye

and have no theoretical meaning. D) Plots used to calculate ν (the number of SAM

molecules released per CBS tetramer prior to the rate-limiting step of denaturation) values

of 1.9±0.1 (no salt; closed circles) and 2.4±0.2 (200 mM NaCl; open circles) using the

procedure previously described [4, 45].
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Table 1

Thermal stability parameters for hCBS in the absence or presence of 200 mM NaCl analyzed by a two

independent and irreversible two-state denaturation model.

[NaCl]
(mM)

Regulatory domains Catalytic domains

Tm (°C)a Ea

(kcal·mol−1)b
ΔH
(kcal·mol−1)c

Tm (°C)a Ea

(kcal·mol−1)b
ΔH
(kcal·mol−1)c

0 52.5±0.1 86±6 61±4 71.8±0.1 64±8 167±27

200 56.1±0.1 129±15 72±9 70.7±0.1 59±4 269±64

a
at 3K/min, three independent experiments.

b
from the three different consistency tests previously applied [4].

c
from at least six different experiments at different scan rates and protein concentrations
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Table 2

Thermodynamic parameters for SAM binding to hCBS in the absence and presence of 0.2 M NaCl. N is

expressed as number of SAM molecules bound per tetramer, Kd in nM, and ΔH and −TΔS in kcal·mol−1. The

values for the two-types of sites model with 0.2 M are rough estimates obtained by fixing some of the

parameters during different rounds of fitting.

[NaCl]
(M)

Site 1 Site 2

N Kd ΔH −TΔS N Kd ΔH −TΔS

0 2.10 13 −12.4 1.6 4.14 610 −6.0 −2.4

0.2 −1.5 100 −2.4 −7.2 ~3.5 1500 −3.3 −4.6
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