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ARTICLE INFO ABSTRACT

Keywords: Background: Characterizing the thermodynamic parameters behind metal-biomolecule interactions is funda-
ITC mental to understanding the roles metal ions play in biology. Isothermal Titration Calorimetry (ITC) is a “gold-
Thermodynamics standard” for obtaining these data. However, in addition to metal-protein binding, additional equilibria such as
EF-hand proteins metal-buffer interactions must be taken into consideration prior to making meaningful comparisons between
Iglllrr{an C;,rd;,ic TnC metal-binding systems.
Baéluw dm mj Methods: In this study, the thermodynamics of Ca®* binding to three buffers (Bis-Tris, MES, and MOPS) were
uffer-independent parameters 3 o o K i
obtained from Ca“"-EDTA titrations using ITC. These data were used to extract buffer-independent parameters
for Ca* binding to human cardiac troponin C (hcTnC), an EF-hand containing protein required for heart muscle
contraction.
Results: The number of protons released upon Ca®* binding to the C— and N-domain of hcTnC were found to be
1.1 and 1.2, respectively. These values permitted determination of buffer-independent thermodynamic para-
meters of Ca?*-hcTnC binding, and the extracted data agreed well among the buffers tested. Both buffer and pH-
adjusted parameters were determined for Ca®>* binding to the N-domain of hcTnC and revealed that Ca®*
binding under aqueous conditions and physiological ionic strength is both thermodynamically favorable and
driven by entropy.
Conclusions: Taken together, the consistency of these data between buffer systems and the similarity between
theoretical and experimental proton release is indicative of the reliability of the method used and the importance
of extracting metal-buffer interactions in these studies.
General significance: The experimental approach described herein is clearly applicable to other metal ions and
other EF-hand protein systems.

1. Introduction

Metals play critical structural, enzymatic, and signaling roles in
biological systems. As a result, nature has evolved sophisticated me-
chanisms to maintain metal homeostasis [1,2]. Divalent calcium is one
example of a metal ion that acts as a secondary messenger in cells; a
function made possible by the ubiquitous intra and extracellular cal-
cium-binding proteins (CaBPs) that operate as Ca®* buffers, transpor-
ters, and sensors [3-5]. The largest family of CaBPs contains the EF-
hand motif, a 12-amino acid Ca®>* binding sequence flanked by two
alpha helices. The canonical 12-amino acid Ca®*-binding region

presents a pentagonal bipyramidal coordination geometry with direct
ligation predominantly from glutamic and aspartic acid side chains with
contributions from a backbone carbonyl and one water molecule [6].
One intracellular CaBP that serves a crucial function in the animal
kingdom is cardiac troponin C (cTnC), an EF-hand protein that binds
Ca®* to initiate muscle contraction in the myocardium [7]. Cardiac
troponin C consists of two domains, each containing a pair of EF-hand
sequences (Fig. 1A). The C-domain binds two Ca®* ions with positive
cooperativity and an affinity of ~107, while the regulatory or N-domain
contains two EF-hand motifs but binds only one Ca®* ion (EF-hand II)
with an affinity that is two orders of magnitude lower than the C-

Abbreviations: CaBP, Calcium-binding protein; ¢TnC, Cardiac Troponin C; hcTnC, Human Cardiac Troponin C; ITC, Isothermal Titration Calorimetry; NTD, No
Thermal Detection; NA, Not applicable; ICP-OES, Inductively Coupled Plasma Optical Emission Spectrometry
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EF Hand IV: -D K NND G R I DY D E

Fig. 1. A) NMR solution structure of Ca®>* bound N- (Left) and C-domain
(Right) of ¢cTnC (PDB ID 1AJ4). B) The 12 and 13 (EF-Hand I) amino acid loop
region of EF hands I-IV. Underlined positions (1, 3, 5, 7, 9, and 12) represent
location of residues participating in Ca** ligation. Conserved amino acid re-
sidues are in bold. The Asp residue located in position 9 binds Ca®* indirectly
via a bridging water molecule. EF-hand I does not bind Ca®>* due to the non-
polar amino acid substitutions located in postions 1 and 3.

domain [8]. EF-hand I is also known as a “defunct” loop and does not
bind Ca%* due to evolved non-polar amino acid substitutions in posi-
tions 1 and 3 of loop I (Fig. 1B) [9].

Our understanding of cardiac troponin C and its role in muscle
contraction stem from a multitude of spectroscopic, kinetic, and ther-
modynamic studies using a variety of techniques [6,7,9-11]. Isothermal
titration calorimetry (ITC) is one such technique that has been used to
investigate the thermodynamic driving forces that govern metal
binding in biological systems [12], specifically for the Ca®*-cTnC
system [13,14]. ITC experimentally measures the flow of heat upon
addition of a titrant to a titrand. Heat is inherently non-selective in
nature and, consequently, inclusive of all chemical processes occurring
in the reaction cell. Thus, ITC is an ideal technique to study metal-
protein interactions because it is not restricted by the spectroscopic
properties (or lack thereof) of the metal. However, experimental sys-
tems that involve metal ions require special attention due to their
complex solution chemistry. Metal chemistry includes, but is not lim-
ited to, undesired interactions such as precipitation, hydrolysis, redox,
in addition to other intrinsically coupled equilibria in such as me-
tal-buffer interactions and de/protonation of the buffer and/or ligand
[15-17] Scheme 1 represents the most common coupled equilibria
present when divalent metals bind to ligands.

The bulk thermodynamic technique of ITC measures the net sum of
these equilibria, Eq. (1), in a single titration experiment.

AHrre = AHyp — (n)AHyg + (n)AHpp — rAHyp (@)

In this equation, n represents the number of protons displaced upon
metal binding to the ligand and r is the fraction of metal bound to buffer
at a specific experimental pH. The desired metal-ligand (AH,y) or
metal-buffer (AH,) contributions to the net enthalpy (4Hrc) can be
determined if all other equilibria are known by simply rearranging Eq.

Metal™ + Ligand = [Metal-Ligand]"* AHwme
[Ligand-H] 2 [Ligand]- + H' AHp1
Buffer + H* = [Buffer-H]* AHup
[Metal-Buffer]"" < Metal"" + Buffer AHwms

Scheme 1. Examples of equilibria associated with divalent metal ion binding to
a simple ligand along with AH designations for each.
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While Hess's law allows for the determination of AHy;z and AHyy,
from enthalpies reported in the literature, converting known equili-
brium constants to AG and employing the same method will not gen-
erate the correct condition independent equilibria values. This is due to
the way that the equilibrium constant (K;r¢) is defined in fitting algo-
rithms for ITC data; a more thorough discussion is available in previous
studies [16]. Fortunately, the methods developed to address this con-
cern involve the same equilibrium expressions presented in Scheme 1.

Herein, we report the extraction of metal-buffer enthalpy and
binding parameters from Ca®*-EDTA titrations. These data were, in
turn, used to determine buffer-independent and buffer/pH- adjusted
thermodynamic parameters for Ca®>*-binding to human cardiac tro-
ponin C (hcTnC) and the N-domain of the protein, respectively, under
identical conditions of buffer and ionic strength. This process can be
readily extended to the binding of other metals to hcTnC and other EF-
hand containing proteins.

2. Experimental
2.1. Materials

EDTA used to determine metal-buffer parameters was purchased
from Sigma and MP Biomedical, respectively. Both cadmium and cal-
cium atomic absorption standards (1000 ppm, 3% HCl) were purchased
from Ricca Chemicals. Ultra-Pure grade Bis-Tris buffer was purchased
from VWR (Amresco), while MES and MOPS buffers were purchased
from Sigma at =99.5 purity. Recombinant pET3d plasmid coding for
protein hcTnC was generously donated by the Chalovich laboratory
(Biochemistry and Molecular Biology Program at the Brody School of
Medicine). Isopropyl -D-thiogalactopyranoside (IPTG) was purchased
from IBI Scientific and used to induce protein expression. Phenyl
Sepharose CL-4B used for hydrophobic column chromatography was
purchased from GE Healthcare. All protein, ligand, and buffer solutions
were prepared using 18 MQ water. To avoid metal contamination, all
glassware used for solution preparation was acid washed and thor-
oughly rinsed with 18 MQ2 water.

2.2. Preparation of metal and EDTA stocks

All Ca?* stock solutions (~5 mM) were prepared from atomic ab-
sorption standards in 50 mM buffer (Bis-Tris, MES, or MOPS), 100 mM
KCl, and brought to a pH of 7.0. Three EDTA stock solutions (0.5 mM) in
each of the above buffer conditions were likewise prepared. Respective
buffer solutions containing 50 mM buffer, 100 mM KCI at pH = 7.0
were prepared and used to dilute the above metal and ligand stocks.

A series of 1 mM metal solutions was prepared for the EDTA titra-
tions by dilution of the 5 mM stock with the respective buffer solution.
EDTA solutions (0.1 mM) were prepared in a similar manner to mini-
mize the heat of dilution, AHg4;. All metal stock solutions were analyzed
by ICP-OES at RTI International to determine precise concentrations.

2.3. Preparation of hcTnC protein and metal solutions

Recombinant pET3d plasmid coding for hcTnC was transformed into
BL21 Star™ (DE3) cells and the protein was over-expressed and purified
as described previously [18]. Protein samples were flash frozen and
stored at — 80 °C until experimentation. To ensure that the protein stock
was free of metal ion, hcTnC was dialyzed against 20 mM EDTA, 50 mM
buffer (Bis-Tris, MES, or MOPS) at pH = 7.0, and 100 mM KCl solution
in BioDesignDialysis™ dialysis tubing (28.7 mm wet diameter, 3500
MWCO) 3x in =10X the protein solution volume. To remove EDTA,
the protein stock was then exhaustively dialyzed against the respective
buffer solution with no EDTA present (3 to 4x in =10x the protein
solution volume) [19]. Protein concentrations were calculated by
measuring the absorbance at 280 nm (eag9 = 4470 M “L.em™Y [20].
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ITC protein samples (~20-100 pM, 2.5 mL) and metal solution (1.5 to
2 mM) were prepared by dilution with the respective buffer. All protein-
metal solutions were analyzed by ICP-OES to determine precise con-
centration of metal. The pH of metal, protein, and EDTA solutions were
confirmed using an Orion pH probe and VWR pH meter.

2.4. Isothermal titration calorimetry

All ITC measurements were carried out at 25 °C on a MicroCal VP-
ITC ultrasensitive titration calorimeter. Titrations were run in triplicate
or quadruplet to ensure reproducibility and allow for statistical ana-
lysis. The metal (titrant) and ligand or protein (titrand) stocks were
diluted with identical buffer to a final titrant concentration of 1 to
1.5mM and titrand concentration of 20 to 100 uM as described pre-
viously. The titrand in the reaction cell was stirred at 307 rpm to ensure
rapid mixing. In a typical experiment, 8 pL of titrant was delivered to
the reaction cell over 20 s with a 350 s interval between injections to
allow complete equilibration. Titrations continued until 3 to 5M
equivalents of metal were added to ensure complete saturation of the
peptide. A background titration consisting of the identical titrant so-
lution but only the buffer solution in the sample cell was run for each
reaction to assure that unaccounted equilibria was not present (data not
shown). The last ten data points were averaged, and that heat sub-
tracted from each experimental titration to account for the heat of di-
lution.

ITC data are presented with the raw data (power vs. time) on the top
panel, where each peak represents an injection of titrant into the re-
action cell, and the integrated and normalized heat plotted vs. the
molar ratio of titrant to titrand on the bottom panel. The data were
subsequently analyzed with either a “Single Set of Identical Sites”
binding model (EDTA titrations) or “Sequential Binding Sites” model
(heTnC titrations) by the Origin 7.0 software package supplied by
MicroCal.

3. Results and discussion

3.1. Extraction of Ca®*-buffer binding parameters from Ca®*-EDTA
titrations

ITC data were collected for Ca®>* binding to EDTA in three different
buffers (Scheme 2) with identical values of concentration, pH, and ionic
strength. Representative binding isotherms for the titration of Ca®>* into
EDTA in Bis-Tris, MES, and MOPS buffers (Fig. 2A) reveal a single
exothermic event at n = 1 and were fit to a “Single Set of Identical
Sites” model (Table 1). The enthalpy values obtained for the different
buffer systems differ by ~1.4 to 3kcal/mol indicating a significant
contribution to AH;;¢ from buffer-dependent equilibria. To extract
buffer-independent parameters, one must account for these additional
equilibria in the system (Scheme 1). Fortunately, many of these equi-
libria such as pK, values and ionization enthalpies for various buffers

‘/\OH
Bis-Tris

/\/\\ //
N S oH
9

MES

K\N/\/\ /OH
i \\O

MOPS

Scheme 2. Chemical structures of 2-Bis(2-hydroxyethyl)amino-2-(hydro-
xymethyl)-1,3-propanediol (Bis-Tris), 2-morpholinoethanesulfonic acid (MES),
and 3-(N-morpholino) propanesulfonic acid (MOPS).
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and chelating ligands are known and reported in the literature [21].
This allows one to extract buffer-independent binding constants using
the following equations and enthalpies using Hess's law.

The subsequent expressions were derived from equilibria listed in
Table 2 and show the relationship between Ky and Kppc [16]. It is
important to note that a CAaHEDTA ~! complex has been observed, and a
Log K = 3.18 has been reported in NIST [21]. However, at pH?7,
99.999% of the Ca®* is present as a CaEDTA?~ complex, while the

CaHEDTA™ is only ~0.001% abundant. Consequently, we chose to
ignore the contributions of CaHEDTA™ in equilibrium and enthalpy
calculations.

Eq. (3) assumes a diprotic ligand because the four carboxylic acids
of EDTA have pKa values well below the experimental pH. It can,
however, be extended to account for any number ionizable protons. In
addition, Eq. (4) assumes a single metal-buffer species and can be ex-
tended to account for additional species if present and Log Ky are
known. However, one major strength of our approach is that many of
the “apparent” metal buffer constants (Kjs;) can be determined under
identical experimental conditions. This “apparent” affinity is directly
applicable to other experiments carried out under identical conditions
and all speciation involving interactions between the metal and buffer
are inherently incorporated into this value; the same is true for AH.

Kmr = Kire X R X Q (2)
where

Q=1+ Ky [H] + B, [H'F 3)
and

R =1+ Kyz[B] G

Substituting R into Eq. (2) allows us to solve for Kjp. All variables in
Eq. (5) are experimentally determined (Kir¢), readily available in the
literature (Kpy = Kcaepra,Knr, Ku,), or calculated from literature va-
lues (Q,Bn,1) (Table 2).

_Kwm 1
KireQ[B]  [B] (6]

The desired AH,;z can be determined from the known ionization
enthalpies and pKa values of EDTA and the respective buffers used in
the above Ca®* titrations, and by rearranging AH;z¢ expression shown
in Table 2.

Kup =

AHMB = (AHML - (a + b)AHHL - bAHHzL + ([1 + 2b)AHHB - AI‘I[Tc)/r
(6)

Eq. (6) is an extended version of Eq. (1) that considers the relevant
speciation that is occurring in this experiment. The coefficients, a, b,
and r represent the fraction of both protonated EDTA and Ca®* -buffer
species in solution respectively and can be calculated from the K, ex-
pressions found in Table 2. The expression a + 2b found in Eq. (6) re-
presents the total number of protons exchanged upon Ca®* binding to
EDTA and is easily calculated from the pH of the solution and pKa va-
lues of the ionizable protons of the ligand (Egs. (7) and (8)).

_ [HL] _ Ky [HY] _ K [H']
[Lltowt 1+ Ky [HY] + S, [H]? Q 7
b= [H,L] _ Bine [H*] _ Bt [H*P
[L]To[al 1+ Kpg, [H+] + 5H2L [H+]2 Q (€))
_ [MB] _ Kup[B] _ Kus[B]
[Mlrorar 1 + Kyp|B] R 9

Calculated Ky and AHyp values are listed in Table 3. The Log Kyp
of 2.4 value derived for Bis-Tris agrees quite well with the NIST value of
2.25 [21]. Calcium's interaction with Bis-Tris also appears to be more
stable than MES (Log Kz = 1.6) and MOPS (Log Ky;z = 2.1) This is not
surprising as the ionic radii of the Ca®* ion (0.99 A) is optimal for
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Fig. 2. A) Representative ITC data of Ca®™ titrated into EDTA in Bis-Tris (-EE—=-), MES (=A—#&-), and MOPS (-@-@-) buffer at 25 °C. B) Representative ITC data of
Ca®" titrated into apo hcTnC in Bis-Tris (<E—E-), MES (—&—&-), and MOPS (-@-@-) buffer at 25 °C. The inset depicts the Ca®* titration in Bis-Tris buffer to more
distinctly highlight the endothermic binding event at n = 3. All samples were in 50 mM buffer, pH = 7.0, and 100 mM KCI. Thermodynamic data are listed in Tables

3 and 4.

Table 1
Buffer ionization logarithmic binding constants and enthalpies from NIST da-
tabase [21].

Buffer systems” Log Kyp AHyg (kcal/mol)
Bis-Tris 6.54 (= 3) —6.86

MES 6.24 —-354(%3)
MOPS 7184 (+1) —-5.01(%x1)

@ Data reported for the following conditions: 0.0 M ionic strength and 25 °C
(MES and MOPS) and 0.1 M ionic strength and 25 °C (Bis-Tris).

chelation by Bis-Tris, allowing for maximal hydroxyl group coordina-
tion and a favorable hard-soft acid-base (HSAB) interaction [22,23].
When comparing the morpholine buffers, the Ca®* interaction with
MOPS appears to be more stable than MES. Although a tertiary amine is
not an ideal ligand for Ca%* due to a mismatch in HSAB properties, the
borderline base has been made harder due to the presence of the oxygen
in the morpholine ring. However, the amine present in MES is more
acidic and possibly less nucleophilic than its MOPS counterpart, most
likely due to the shorter sulfonate linkage. This may contribute to the
weaker interaction between MES and Ca®*.

The Ca?™ buffer enthalpies were determined to be —5.8 ( = 0.4),

Table 2

—0.2 (% 0.6), and 0.1 ( = 0.4) kcal/mol for Bis-Tris, MES, and MOPS
respectively. The Ca®*-Bis-Tris interaction is the most favorable and
correlates with the more favorable Ca®*-hydroxyl bonds. The en-
thalpies for the MES and MOPS were observed to be small in magnitude
and statistically the same. The small enthalpies reflect the weak
bonding interactions between Ca®* and the morpholine buffers.

We utilized the linear relationship between experimental heats and
buffer ionization enthalpies to determine the number of protons ex-
changed upon Ca%* binding to EDTA [15,24]. This was accomplished
by first subtracting the respective Ca®* -buffer enthalpies (Table 3) from
AHjpc values obtained from Ca? " -EDTA titrations (Table 3) and plotting
these values versus known buffer ionization enthalpies (Table 1). The
experimental value of 1.12 ( + 0.05) was obtained from the slope of the
graph generated in Fig. 3A and agrees very well with 1.13, the theo-
retical number of protons released/exchanged upon Ca®*-EDTA
binding. Taken together, these results provide us with confidence in our
experimental data and data analysis method. The Ky and AHyp values
were thus used to extract buffer and or pH-adjusted binding parameters
for the reaction between Ca®* and hcTnC.

Depiction of the individual equilibria that contribute to the binding constant and enthalpy measured in the ITC reaction cell (Kirc and AH;rc) when titrating Ca?* into

EDTA in a buffer system, B.”

Equilibria EDTA Kgq AH n’
Individual M2* + EDTA*~ = M-EDTA?~ Ky = MLL b AHp© 1
ML= Ta (L]
EDTAH®>~ = EDTA*~ + H* 1 [HH][L] — AHy;f a+b
Kgr ~ [HL]
EDTAH,?>~ = EDTAH®~ + H* 1 [HYHL] —AHp; b
KL~ [H2L]
+ + €
B+H' = BH Kirp = H[i[ﬁjsf AHpg a+2b
MB%* = M** + B 1 _ MBI —AHpg' r
KmB [MB]

Sum reaction cell
Al_IITC

(1 —M?** + rMB>* +(1-a — b)EDTA*~ + aEDTAH®"~ + bEDTAH,> = M-EDTA?~ + (a + b)BH*
AHyy, — (@ + b)AHpz — bAHy; + (a + 2b)AHpp — rAHyg

2 B represents 50 mM Bis-Tris, MES, or MOPS (pH = 7.0).

b Log Ky, = 10.7, Log Ky, = 10.2, Log Ky, = 6.1. Values obtained from NIST database [21].

c

4 Coefficients associated with listed equilibria.

¢ Kyg and AHyp can be found in Table 1.
f Kus and AHyp were determined in this study (Table 3).
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AHyy = —6.1, AHy;, = —5.6, AHys, = —4.2. Values obtained from NIST database [21].
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Table 3
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Average best fit thermodynamic parameters (Kipc and AHyrc) and extracted thermodynamic parameters (Kyp, AHyp, and Log Kyp) for ca* binding to EDTA in

a,b

various buffers.

Buffer Kire (X109) AHj¢ (kcal/mol) Ky (X 10?) AHy (kcal/mol) Log Kys
Bis-Tris 2.3(£0.1) —3.08 (+ 0.03) 2.7 (+0.1) -5.8(%0.4) 2.4
MES 9.5 (+0.1) —4.51 (*0.02) 0.4 (+0.1) -0.2(%0.6) 1.7
MOPS 7.6 (+0.4) —6.37 (£ 0.04) 1.2 (+£0.1) 0.1 (*0.4) 2.1

% Data were fit utilizing a “Single set of Identical Sites” model and represent an average of at least four experiments. Data represent an average of =3 experimental

repeats and are reported with the standard error of the mean.
> Data collected at 25 °C in 0.05M buffer at a pH of 7.0 and 0.10 M KCL.
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Fig. 3. Proton displacement plot (AH;rc + r AHyp versus AHjonization) for Ca?*
binding to A) EDTA and B) Ca?* binding to the C-domain (green data marker,
————— ) and N-domain (blue data marker, =====) of hcTnC in three buffers at
25°C: ([O) Bis-Tris, (O) MES, and (A) MOPS (50 mM buffer, pH = 7.0, and
100 mM KCI). The number of protons released upon metal binding were ob-
tained from the slope of each graph. The error bars represent the 95% con-
fidence intervals for each data point obtained from =3 experimental repeats.

3.2. Thermodynamic studies of Ca®* binding to hcTnC in Bis-Tris, MES,
and MOPS

ITC data were collected for Ca®>* binding to apo-hcTnC in the three
buffers used in the EDTA experiment described above. Representative
binding isotherms for the titration of Ca®>* into apo-hcTnC in Bis-Tris,
MES, and MOPS buffers are shown in Fig. 2B. The thermogram col-
lected in Bis-Tris (Fig. 2B inset) exhibits a strong exothermic binding
event at a molar ratio of 2 and a second weaker and endothermic
binding event at a molar ratio of 3. The thermogram is consistent with
three metal ions binding to the full-length protein and displays a similar
thermodynamic profile observed by Skowronsky et al., albeit under
different buffer and ionic strength conditions (14). Interestingly, the
endothermic feature was not observed in thermograms collected in MES
or MOPS buffers; these data were fit to a “Single Set of Identical Sites”
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model. The lack of a quantifiable endothermic event appears to be
consistent with the metal-buffer bond enthalpies reported in Table 3.
The more negative and favorable the metal-buffer interaction, the
greater net positive contribution to AH;rc.

Bis-Tris data were fit to a “Sequential Binding Sites” model in the
Origin software, constrained so that K;=K_ and H;=H,, indicating that
the first two Ca>* ions bind with positive cooperativity. This fit pro-
vides K¢ values of 2.9 ( + 0.4) x 10° and 4.3 ( = 0.5) X 10* in ad-
dition to AH values of —3.7 (*+0.1) and 1.3 ( = 0.1) kcal/mol
(Table 4). The K¢ values obtained are consistent with two high-affinity
Ca®* ions binding to the C-domain of hcTnC (with positive co-
operativity) and a third low-affinity Ca®>* ion binding to the regulatory
domain of the protein as seen in previous studies [13].

3.3. Extraction of buffer-independent binding parameters for Ca®* binding
to both the C-and N-domains of hcTnC

Coupled equilibria for Ca*>* binding to hcTnC are listed in Table 5.
Determining buffer and pH-adjusted metal binding parameters requires
a knowledge of the Ky values obtained in the preceding EDTA titra-
tions (Table 3), as well as the pKa values of the amino acid residues
coordinated to Ca®>*. Ionizable amino acids are very sensitive to their
chemical environment and their intrinsic pKa's can vary by two or more
units based on the microenvironment presented by the protein [25].
Determining these values often require a complex set of experiments
[26,27], computational methods (vide infra), and knowledge of the
protein structure. Although solution structures determined by NMR
exist for Ca2*-bound full heTnC [10] and the N-domain of heTnC in
both the apo- and Ca2*-bound forms [9], a structure for the apo-full
length protein has not been reported. This is partly due to the large
structural changes that occur upon Ca®* ions binding to the C-domain
of the protein [7,28].

While the lack of suitable pKa values for the C-domain prevented us
from determining pH-adjusted data, proton competition should be
identical in all buffers (due to the identical pH) with differences in K;r¢
stemming from the competition of the metal-buffer complex only. We
therefore chose to derive the buffer-independent values at pH = 7.0 for
Ca®* binding to both the C- and N-domain of the protein for com-
parison. Rearranging Eq. (5) and focusing solely on metal-buffer in-
teractions, R (Eq. (4)), the following expression (Eq. (10)) was obtained
and used to determine buffer-dependent Kyp for all three Ca* ions
binding to hcTnC in Bis-Tris, MES, and MOPS buffers. These values can
be found in Table 4.

Kyp = Kire X (1 + Kyp[B]) (10)

The Kyp values corresponding to binding of the first two Ca®* ions
are similar, therefore generating confidence in the data.

As formerly mentioned, the AH values that were determined from
the ITC fits include contributions from several reactions that are cou-
pled to Ca®>* binding to heTnC; these include the dissociation of the
metal-buffer complex as well as heats associated with proton flow from
the protein to the buffer. To determine the buffer-independent en-
thalpy, one must determine the number of protons released upon Ca®*
binding to both the C- and N- domains. In the absence of protein pKa
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Table 4
Best fit Kirc, AHyrc, and buffer-independent thermodynamic parameters (K, AG, AH, and TAS) for Ca?* binding to apo-hcTnC in various buffers.”
Parameter Bis-Tris" MES MOPS Average
Kirc 1=2) 2.9 (+0.4) x 10° 2.0 (+0.3) x 10° 4.1 (+0.5) x 10° NA®
AHyre -2 -3.7(%0.1) -5.3(%0.1) —6.7 (+0.1) NA®
K =K, 3.2 (% 0.4) x 107 5.4 (= 0.8) x 10° 1.4 (£0.2) x 107 1.7 (£ 0.3) x 107
AG( =2 -10.4 (£ 0.1) -9.19 (£ 0.1) —9.74 (£ 0.1) -9.8(%0.1)
AH( =5 -1.4 (%0.6) -1.6 (% 0.6) -1.2(%0.6) -1(x1)
TAS(1 =2 8.6 (% 0.6) 7.6 (% 0.6) 8.5 (% 0.6) 8(x1)
Kirc (3) 4.3 (+0.5) x 10* NTD! NTD* NA®
AHyre (3 1.3 (*0.1) NTD NTD' NA‘
K 3 4.7 (£ 0.6) x 10° - - 4.7 (+0.6) x 10°
AG (3 -7.7 (£0.1) - - -7.7 (£0.1)
AH (3, 4.3 (+0.4) 4.1 (+0.6) 6.1 (+0.6) 4.8 (*0.8)
TAS (3 11.9 (= 0.4) - - 11.9 (+ 0.4)

Thermodynamic parameters are reported in kcal/mol.

2 Data were collected at 25 °C in 0.050 M buffer at a pH of 7.0 and ionic strength of 0.10 M. Data represent an average of > 3 experimental repeats and are reported

with the standard error of the mean.
b Data were fit using a “Sequential Binding Sites” model.

¢ Data represent buffer specific data therefore “Average” is not applicable (NA).

4 No thermal detection (NTD).

Table 5

Depiction of the additive equilibria that contribute to K., and AH measured in
the ITC reaction cell (Kirc and AHjrc) when titrating Ca?* into heTnC in a
buffer system, B.”

Equilibria heTnC Keq Enthalpy n
Individual M** +P= p = LM AHyp 1
MP2+ [M][P]
PH* = P+H" 1 _ [HHP] -AHpp ny"
Kpp ~ [HP)
B+H' = BH" |HB] AH, ng-"
Kin = HB H
HB = 8]
MB** =M*t + 1 _ (MIB] -AHpp r
B KmB [MB]
Sum reaction cell (1 — OM2" + rMB?* + (1 — ng )P + nyg.PH'=MP?" +

ny-BH'

2 B represents 50 mM Bis-Tris, MES, or MOPS (pH = 7.0).

> The slope of the lines depicted in Fig. 3B are equivalent to the value for
ny+for the distinct C- and N-domain binding events.

¢ The calculation of r is described by Eq. (9).

values, we utilized the same experimental approach discussed above to
determine the number of protons exchanged upon metal-protein
binding [15,24]. Respective Ca?™* -buffer enthalpies (Table 3) were
subtracted from AHp;. values obtained from Ca?"-hcTnC titrations
(Table 4) and plotted versus known buffer ionization enthalpies listed
in Table 1. The number of protons displaced upon Ca** binding to the
C- and N-domain of hcTnC, as revealed in the slopes of the graphs
generated in Fig. 3B, are 1.07 ( = 0.05) and 1.2 ( % 0.1) respectively.

These values differ significantly from those reported in a 2013
publication [14]. In that study, it was assumed that the metal buffer
contributions (AH and Kj,p) were negligible for the buffers used and this
resulted in 0.5 = 0.1 and 0.6 * 0.2 protons displaced upon Ca®*
binding to the C- and N-domain's respectively. This discrepancy high-
lights the importance of accounting for metal-buffer interactions in all
quantitative binding experiments where multiple buffers are used.

The AHy;p values determined in this study were used in the fol-
lowing equation to obtain AH,p, where a positive slope or n value in-
dicates the number of protons released upon metal binding and a ne-
gative n represents the number of protons captured by the metal-protein
complex.

AHyp = AHppe — (n)AHyp + rAHyp an

The consistency in AHyp for Ca®* binding to the C-domain de-
termined in multiple buffers provides confidence in the outlined
method.
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Taken together, these data suggest that metal-buffer interactions are
considerable and contribute significantly to the observed binding affi-
nities and enthalpies. We chose to provide evidence for this statement
by collecting ITC data for Ca?* binding to apo-hcTnC at 25mM,
50mM, and 100 mM Bis-Tris buffer concentrations (100 mM KCl and
pH = 7.0; Supplementary Material Fig. S1). These data reveal a buffer-
concentration dependence, with weaker “apparent” affinities and less
favorable enthalpies occurring at higher buffer concentrations for the
two high-affinity Ca®* ions binding to the C-domain. The apparent
affinities differed by factors of 0.55 and 0.29 derived from our buffer
correction factors, R (Eq. (4)), providing additional confidence in our
method (Supplementary Material). The low affinity Ca®* data also
appears to become weaker at higher buffer concentration, however
additional replicates are required as these values tend to be subject to
more error (Supplementary Material Fig. S1; Tables T3 and T4).

Correcting both the high affinity K;r¢ and AH;y¢ for metal-buffer
interactions (Egs. (10) and (11) respectively) resulted in Kyp and Hyp
values that agree quite well and are within experimental error (Sup-
plementary Material Table T1 and T2). This internal consistency in
buffer-corrected binding parameters refutes the formation of ternary
species [29].

3.4. Extraction of buffer and pH-adjusted enthalpy values for Ca®* binding
to the N-domain of hcTnC in Bis-Tris buffer

Obtaining pH-adjusted thermodynamic parameters requires knowl-
edge of the pKa values and ionization enthalpies of the coordinating
residues. A convenient alternative to experimentally determining pKa
values of ionizable sidechains in proteins is to employ computational
methods that require structural coordinates obtained from solution
NMR or x-ray crystallography [30-33]. The solution structures of the N-
terminal domain of heTnC in both the apo- and Ca?* -bound forms have
been solved, revealing very little difference between the two structures
[9]. We therefore chose to use the open access software, H+ + [34],
and the solution structures of both the Ca®*-bound and apo-N-terminal
domain (PDB ID 1AP4 and 1SPY respectively) to estimate the pKa va-
lues of all ionizable amino acid residues located in EF-hand loop II of
the N-domain upon metal coordination (Supplementary Material Table
T5).

The theoretical number of protons exchanged upon Ca®* ion co-
ordination is simply the sum of the change in fractional protonation
states, Afga, of each ionizable residues in the protein (Egs. (12) and
(13)).


http://firstglance.jmol.org/fg.htm?mol=1AP4
http://firstglance.jmol.org/fg.htm?mol=1SPY
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Afya = Z (fHACa2+ _fHAapo)

where

12)

1
1+ 10PH-pKa

fHA (13)

The theoretical number of protons exchanged upon metal binding
were calculated to be 1.92 at pH = 7.0, which is comparable to 1.2
( £ 0.5) protons exchanged experimentally.

The primary coordination sphere of Ca™ is fulfilled by amino acids
located at positions 1, 3, 5, 7, 9, and 12 of EF-hand Loop II (Fig. 1B).
Asp-65, Asp-67 (positions 1 and 3 respectively) and Glu-76 (position
12) provide monodentate coordination through their respective car-
boxylate side-chains while Glu-76 coordinates in a bidentate fashion.
Ser-69 coordinates via its hydroxyl side-chain and Thr-71 binds via its
carbonyl backbone. Coordination is made complete by a water mole-
cule bridged by Asp-73 [6,10]. The program calculated pKa values of
8.4, 5.0, and 10.8 for the coordinating residues Asp-65, Asp-67, and
Glu-76 respectively. For the apo-structure, the pKa values were found to
be 5.5, 6.3, and 8.3 for the Asp-65, Asp-67, and Glu-76 residues re-
spectively (Supplementary Material Table T5). Ser-69 completes the
Ca®* pentagonal bipyramidal coordination; however, a pKa for this
amino acid was not provided by the H+ + program [30]. Furthermore,
Ca®* is a moderate Lewis acid and not able to displace the hydroxyl
proton on serine [35].

Calculating the sum of the change in fractional protonation at just
the coordinating amino acids resulted in a net 0.83 displacement in
protons upon Ca®* binding (Table 6). This value indicates that 43% of
the proton flow that occurs upon Ca®" binding is localized at the metal
coordinating residues.

Armed with the theoretical fraction of protons exchanged upon
metal binding for each ionizable amino acid and their estimated ioni-
zation enthalpies obtained from the NIST database [21], we calculated
a net protonation enthalpy, nAHyp, of —2.32kcal/mol and an AHy;p of
—1.21 kcal/mol assuming an n of 1.92 as calculated by the H+ +
program (Supplementary Material Table T6). The buffer and pH-ad-
justed Kyp and AHpp were determined from Egs. (14) and (15), using
the experimentally determined n value of 1.2, and found to be 1.3

(+0.2) x 107 and 2.8 ( = 0.7) kcal/mol respectively.
Kyp = Kire X (1 + Ky [B]) x (1 + Kpp [H']) a4
AHyp = AHrre — (n)AHpp + (n)AHpp + (1) AHyp (15)

The enthalpy of binding to the N-domain differs from the values
reported by Skowronsky et al. (—2.1kcal/mol) by a difference of
4.86 kcal/mol due to incorrectly accounting for metal-buffer

Table 6
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interactions and protonation enthalpies for coordinating amino acids.
The positive endothermic contribution to Gibbs free energy indicates
that metal binding to the N-domain of hcTnC under aqueous conditions
and close to physiological ionic strength is entropically driven
(TAS = 12.5kcal/mol). It is known that metal binding to the N-domain
of heTnC does not result in a significant exposure of hydrophobic re-
sidues [9]; consequently, the typical decrease in entropy as water mo-
lecules form highly rigid and structured clathrate structures sur-
rounding hydrophobic residues does not occur in our system. The
favorable entropy change may result from the positive entropic con-
tribution provided by desolvation of the Ca®>* ion upon binding to the
protein.

4. Conclusions

In this study, we applied a procedure developed by Grossoehme and
coworkers [16] to determine the metal buffer-independent binding
parameters of Ca®* binding to hcTnC, an EF-hand protein required for
cardiac muscle contraction. Metal-buffer binding constants and en-
thalpies, previously missing from the literature, were extracted from
EDTA titrations and used to determine metal-buffer parameters for
metal-protein interactions. By accounting for metal-buffer interactions,
the experimental number of protons released from the N-domain was
quantified and lies within error of the theoretical value. This allowed us
to determine both buffer and pH-adjusted thermodynamic parameters
for Ca®* binding to the N-domain of hcTnC, the region of the protein
responsible for sensing Ca®>* and initiating cardiac muscle contraction.
This study reveals the importance of considering both metal-buffer and
proton displacement equilibria when reporting condition-independent
thermodynamic values. Most importantly, this method can be used to
directly compare the binding thermodynamics of a variety of metal ions
to biomolecules in the absence of convoluting metal-buffer interactions.
We plan to further investigate essential and toxic metal interactions
with heTnC to probe binding specificity and identify heavy metal in-
teractions that may be linked to harmful health effects.
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