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The basis of muscle contraction has been well studied over
four decades. There are primarily two types of proteins

involved in this process: troponin and tropomyosin.1�11 Muscle
contraction is initiated by an increase in intracellular free Ca2þ

concentration and is controlled by the binding of Ca2þ to
troponin.1�3,8�10,12�17 Troponin, which is present in skeletal
and cardiac muscle of various species of mammals, birds, and
some invertebrates, has three subunits: troponin C (TnC),
troponin T (TnT), and troponin I (TnI). Each subunit plays a
special rule in modulating the movement of muscle filament.

Troponin C, which is the subject of this study, is an 18 kDa
protein that is structurally homologous in skeletal and cardiac
muscle1,3 but has different Ca2þ stoichiometry in these two
tissues. Skeletal troponin C has four helix�loop�helix motifs
(EF hands) that bind to Ca2þ. The EF-hand motif, which is a
conserved structure first identified in parvalbumins,18 allows
Ca2þ to interact with carboxyl and hydroxyl groups of amino
acid side chains located at positions 1, 3, 5, 7, 9, and 12 of a 12-
membered loop.1,19 One of the EF hands (EF-I) in cardiac tro-
poninC is defunct so the protein binds only three Ca2þ.1,2,7,20�23

In skeletal troponin C, two of four EF hands are located in the
C-terminal (EF-III and EF-IV) and have higher affinities for
Ca2þ (Ka ∼ 107 M�1) than the other two EF hands; they are
usually saturated with Ca2þ or Mg2þ in tissue. The binding of
Ca2þ at these two sites helps maintain the interaction between
the C-terminus of troponin C, the N-terminus of troponin I, and
the C-terminus of troponin T.1,24�27 The latter subunit binds to
tropomyosin on the muscle thin filament, serving as a key in

complex formation. When the two N-terminal EF hands (EF-I
and EF-II), which have lower affinities for Ca2þ (Ka ∼ 105�
106M�1), bind to Ca2þ, troponin C undergoes a conformational
change to form a hydrophobic core.15,23,26,28�30 The inhibitor
region on the C-terminus of troponin I then interacts with this
core and releases tropomyosin and actin. The free actins are able
to interact with the myosin heads on the thick filament and
produce muscle contraction.1�3

The Ca2þ binding to troponin C and its relation to muscle-
contraction disorders have implications in cardiac-related dis-
eases. The amino acid sequence of troponin C and the phos-
phorylation of troponin I induced by overactivation of protein
kinase A and C31,32 affect the binding of Ca2þ to troponin C.
Newly designed drugs interact with troponin C and adjust its
affinities to Ca2þ.33,34

The Ca2þ-binding and protein-target binding properties of
troponin C have been the subjects of numerous studies using
NMR,21,25,35�37 calorimetry,38 and fluorescence.26 Hydrogen/
deuterium exchange (H/DX) coupled with mass spectrometry is
another powerful method to study protein conformation
and protein�protein or protein�ligand interactions.39�46 With
H/DX, one can measure the relative rates of exchange of
backbone amide hydrogen with deuterium and thereby follow
changes in H-bonding, which often is parallel to relative solvent
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ABSTRACT: Troponin C (TnC), present in all striated muscle,
is the Ca2þ-activated trigger that initiates myocyte contraction.
The binding of Ca2þ to TnC initiates a cascade of conformational
changes involving the constituent proteins of the thin filament.
The functional properties of TnC and its ability to bind Ca2þ

have significant regulatory influence on the contractile reaction of
muscle. Changes in TnC may also correlate with cardiac and
various other muscle-related diseases. We report here the im-
plementation of the PLIMSTEX strategy (protein ligand inter-
action by mass spectrometry, titration, and H/D exchange) to
elucidate the binding affinity of TnCwith Ca2þ and, more importantly, to determine the order of Ca2þ binding of the four EF hands of
the protein. The four equilibrium constants, K1 = (5( 5)� 107 M�1,K2 = (1.8( 0.8)� 107M�1,K3 = (4.2( 0.9)� 106 M�1, and
K4 = (1.6( 0.6)� 106M�1, agree well with determinations by other methods and serve to increase our confidence in the PLIMSTEX
approach. We determined the order of binding to the four EF hands to be III, IV, II, and I by extracting from the H/DX results the
deuterium patterns for each EF hand for each state of the protein (apo through fullyCa2þ bound). This approach, demonstrated for the
first time, may be general for determining binding orders of metal ions and other ligands to proteins.
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accessibilities. Recently, H/DX was applied to study the regulatory
function of human cardiac troponin complex and the conforma-
tional changes of troponin complex induced by Ca2þ binding.47,48

We describe here the use of PLIMSTEX (protein�ligand inter-
actions by mass spectrometry, titration, and H/D exchange)49�51 to
determine again the affinities of Ca2þ to rabbit skeletal troponin C.
The purpose of the determination is to test the ability of PLIMSTEX
to extract these values in a complex 4:1 interaction. From the deter-
mined affinities (equilibrium constants), we calculated the fractional
species for the various TnC-Ca2 states as a function of [Ca2þ]. The
deuterium exchange patterns of four peptic peptides representing the
four EF hands of rabbit skeletal troponin C (EF-I peptide 28�44:
DADGGGDISVKELGTVM; EF-II peptide 63�73: EVDEDGSG-
TID; EF-III peptide 100�109: FRIFDRNADG; EF-IV peptide
136�149: MKDGDKNNDGRIDF) were then measured. Guided
by the fractional species calculation, the deuterium patterns for each
EF hand were measured as a function of the various Ca2þ binding
states (i.e., 0, 1, 2, 3, and 4) to determine howD distributions change
as a function of the binding states. Previous efforts to elucidate the
binding properties of Ca2þ to troponin C used NMR, fluorescence
measurement, Ca2þ ion-selective electrode measurements, and
mutagenesis.36,37,52,53 Although some insights were achieved, a full
understanding on the Ca2þ binding order is still lacking. Our strategy
provided data that, for the first time, give the binding order ofCa2þ to
full length troponin C in a single and relatively simple experiment.
Our ultimate goal is to extend the approach to study the effect of
troponin I and troponin T on the affinities and orders of binding of
Ca2þ to troponin C.

’EXPERIMENTAL PROCEDURE

a. Materials. Rabbit skeletal Troponin C (TnC) was pur-
chased fromOceanBiologics Inc. (Seattle,WA). Potassium chloride,
calcium chloride, EGTA tetrasodium salt [ethylenebis(oxyethylen-
enitrilo)tetraacetic acid tetrasodium], and HEPES hemisodium salt
[N-(2-hydroxyethyl)piperazine-N0-(2-ethanesulfonic acid) hemiso-
dium salt] were purchased from Sigma-Aldrich (St. Louis, MO).
Deuterium oxide was purchased from Cambridge Isotope Labora-
tories Inc. (Andover, MA). Immobilized pepsin on agarose was
purchased from Pierce (Rockford, IL).
b. Apo-TnC Preparation.TnC was dialyzed against EGTA to

obtain apo-TnC. A 1mL of protein solution containing 180 μg of
TnC was prepared in 10 mM HEPES and 150 mM KCl. The
solution was dialyzed by using Slide-A-Lyzer dialysis cassettes
7000 MWCO (Pierce, CA). The dialysis membrane was first
boiled two times in 10 mM EGTA for 10 min to remove heavy
metals from the membrane and then soaked in deionized H2O
for 10 min. The protein solution was then injected into the cassette
and dialyzed against 10 mM HEPES, 150 mM KCl, and 1 mM
EGTA for 2 h. The buffer was exchanged for fresh buffer, and the
solution was dialyzed overnight at 4 �C. The protein solution was
then dialyzed against 10 mM HEPES, 150 mM KCl for 3 h, fresh
buffer was added, and the protein was dialyzed again for 3 h at 4 �C.
The concentration of the final protein solution was measured
by using a UV spectrophotometer at 280 nm absorption (a =
0.2 (mg/mL)�1 cm�1). The protein solutionwas stored at�80 �C.
c. H/D Exchange (H/DX) Protocol. H/DX was initiated by

diluting the protein solution 1:40 into D2O buffer (10 mMHEPES,
150 mM KCl) at 25 �C. At various times, H/DX was quenched by
adding sufficient 1 M HCl at 0 �C to give a final pH of 2.5.
For global protein H/DX experiments, a quenched protein

solution was loaded onto a C8 guard column (1 mm � 15 mm,

Optimize Technologies, Oregon, City, OR). The column was
pre-equilibrated with 200 μL of 0.2% formic acid in water (0 �C).
After loading the protein solution, the column was washed with
250 μL 0.2% formic acid in ice cold normal water (0 �C) to back-
exchange the labile sites on side chains. The protein was eluted by
using a gradient from 5% to 40% solvent B in 3min, 40% to 100%
solvent B in 3 min, and back to 5% solvent B in 2 min (Waters
CapLC, Manchester, UK; solvent A, water containing 0.1%
formic acid; solvent B, acetonitrile containing 0.1% formic acid).
For peptide-level H/DX experiments, 5 μL of immobilized

pepsin on agarose was added to the solution. Protein digestion
took place at 0 �C for 3 min. The final solution was centrifuged
for 2�3 s to bring down the agarose beads. The peptide-
containing supernatant was then loaded onto a C18 guard
column (1 mm � 15 mm, Optimize Technologies, Oregon,
City, OR). The column was pre-equilibrated with 200 μL of 0.2%
formic acid in water (0 �C). After loading, the column was
washed with 250 μL of aqueous 0.2% formic acid (H2O) to back-
exchange the labile sites. The protein was eluted by using a
gradient from 5% to 35% solvent B in 3 min, 35% to 80% solvent
B in 4 min, 80% to 100% solvent B in 1 min, and back to 5%
solvent B in 2 min. All LC connection lines were immersed in a
water�ice (0 �C) bath (Waters nanoACQUITY UPLC, Man-
chester, U.K; solvent A, water containing 0.1% formic acid;
solvent B, acetonitrile containing 0.1% formic acid).
d. LC-ESI/MS Analysis with a Q-TOF Mass Spectrometer.

Global protein H/DX results were acquired on a Waters
(Micromass) (Manchester, UK) Q-TOF Ultima spectrometer
equipped with a Z-spray ESI source. The instrument settings
were as follows: capillary voltage, 3.0 kV; cone voltage, 80 V;
source and desolvation temperatures, 80 and 180 �C, respec-
tively. The cone and desolvation gas flow rates were 40 and 400
L/h, respectively. The MS profile used for quadrupole transmis-
sion was: scan fromm/z 500, dwell for 5% of the scan time, ramp
tom/z 1000 for 45% of the scan time, and then dwell atm/z 1000
for 50% of the scan time.
Peptide-level H/DX results were acquired on a Maxis (Bruker)

(Bremen, Germany) Q-TOF spectrometer. The instrument set-
tings were as follows: capillary voltage, 3.8 kV; nebulizer gas, 0.4
bar; drying gas flow rate and temperature, 4.0 L/min and 180 �C;
funnel RF, 400 V(pp).
e. LC-ESI/MS/MS Analysis of Protein Digests. To establish

the peptide profile from the pepsin digestion of TnC, 100 pmol
of TnCwas digested with pepsin for 3min, and the peptides were
identified by accurate mass and sequencing by product-ion
analysis on a Thermo LTQ XL Orbitrap (Thermo Fisher, San
Jose, CA). Samples were loaded and eluted by using an Ultra
1Dþ UPLC and autosampler (Eksigent, Dublin, CA). A 75 μm
diameter column was pulled with a laser-based column puller
(Sutter Instruments, Novato, CA) and packed with 12 cm of
Magic C18AQ reverse-phase media (Michrom Bioresources,
Auburn, CA). The column was interfaced via a nanospray source
(New Objective, Woburn, MA) and eluted with a 60 min
gradient from 2 to 98% solvent B (acetonitrile with 0.1% formic
acid). The spray voltage was 2.0 kV, and the capillary tempera-
ture was 200 �C. One full mass spectral acquisition triggered six
scans of MS/MS whereby the most abundant precursor ions
were activated for sequencing. The product-ion spectra (MS/
MS) data were centroided during the acquisition.
f. Mascot Database Search. Thermo RAW files were pro-

cessed using extract_msn (2007 version 4.0, Thermo Fisher, San
Jose, CA) with a grouping tolerance of 0.8 Da, an intermediate
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scan setting of 1, and a minimum of 1 scan per group. The NCBI
nonredundant database (version 20080718, restricted to
mammals) was searched by using MASCOT 2.2.06 (Matrix
Science, Oxford, UK) with the following settings: enzyme, none;
MS tolerance, 10 ppm; MS/MS tolerance, 0.8 Da; maximum
number of missed cleavages, 3; peptide charge of 1þ, 2þ, and
3þ; oxidation of methionine was set as variable modification.
g. Data Analysis. The uptake of deuterium by the global

protein was the average mass differences between the masses of
the deuterated protein and the undeuterated protein. The back-
exchange rate was measured to be one deuterium loss per
minute.45 No correction for back exchange was applied because
the time between sample quench and the measurement with the
mass spectrometer was less than 3 min, and all data were treated
consistently. For global protein analysis, deconvoluted spectra
were generated by using the MaxEnt1 algorithm (MassLynX
version 4.0). The parameter settings were as follows: resolution,
1.00 Da/channel; uniform Gaussian width at half-height, 1.00
Da; minimum intensity ratios, 33% for left peaks and right peaks.
h. Kinetic Modeling. The global protein kinetic data were fit

with a fixed-rate-constant binning model by MathCAD (Math-
Soft Inc., Cambridge, MA) in which the root-mean-square (rms)
was minimized.50,51 All exchangeable H’s were separated into
four fixed rate-constant bins (k = 10, 1, 0.1, and 0.01 min�1).
These rate constants were selected because the rates of exchange
change measurably in the time frame 0.17 to 540 min, and the
H/DX became relatively constant after 60 min; hence, the
brackets of 10 min�1 (fast exchangers, half-life ∼0.07 min) and
0.01 min�1 (slow exchangers, half-life ∼69 min) were chosen.
Although the largest rate constant for H/DX is >100 min�1 for
unstructured peptides,54 we are yet unable to obtain data at the
short times that correspond to this rate constant. Three trials
were fit separately, and the results were averaged and reported
with standard deviations.
i. Titration and Species Fraction Calculation. The method

for fitting the titration curve was described previously.51 Briefly,
there are nine parameters involved in the 1:4 protein�ligand
binding systems: Ka1, Ka2, Ka3, Ka4, D0, ΔD1, ΔD2, ΔD3, ΔD4,
where Ka is the binding constant, D0 is the deuterium uptake of
protein in the absence of ligands (Apo form), and ΔDx is the
difference between the average of deuterium uptake of the

complex in the presence of x ligands and that of the apo form.
The nonlinear least-squares fitting utilized the “Minimize” func-
tion ofMathCAD (Math-Soft Inc., Cambridge, MA) tominimize
the root-mean-square (rms) of all inputs by optimizing the
parameters being searched. To obtain the nine parameters in
single fitting cycle with acceptable precision, a significant number
of titration points would be needed (>500) by applying a
resampling statistical method.51 Because it was difficult to fit
the titration curve by varying all nine parameters in one fitting
cycle, a repeat fitting cycle strategy was used to obtain theK’s and
ΔD’s values reported here.
The fitting process was started by making a guess of the D’s

(D0, ΔD1, ΔD2, ΔD3, ΔD4) values. The initial values for D0 was
set as experimental data, and the values forΔD1, ΔD2, ΔD3, and
ΔD4 were obtained through a PLIMSTEX experiment at high
protein concentration (100 times the 1/Ka or Kd as reported
previously) (Supporting Information Figure 1).We fixed theseD
values and searched for K’s in the initial fitting process. After the
four K’s (Ka1, Ka2, Ka3, Ka4) were obtained, the repeat-fitting
processes were then started. In first half cycle, we fixed the K’s
obtained in the initial process and searched for the D’s. We then
fixed theΔD1,ΔD2,ΔD3 and searched for Ka1, Ka2, Ka3, Ka4, D0,
and ΔD4 to finish the cycle. This fitting cycle was repeated until
the relative differences between K values before and after each
cycle of fitting were less than 10%. Three trials of experiments
were applied with this strategy separately, and the results were
averaged and reported with standard deviations.
Once the binding affinities of Ca2þ were determined, the

information for fractionally bound TnC species as a function of
Ca2þwas obtained and presented as a deuteriumpattern (d0, d1, ...)
in which other isotopes (e.g.,13C, 15N, 18O) had been removed by
using an isotopic pattern calculation. Toobtain these patterns, each
mass list from three experimental trials was extracted from their
individual spectra as an x,y file (x: mass-to-charge ratio; y:
intensity). A program inMathCADwas applied to find the isotopic
peak envelope among the list by providing the chemical formula
and charge state of the target peptide. The peak area in each
envelope was applied for fractional species calculation, and the
isotopes (13C, 15N, 18O) were removed from the output by using
the information provided via the Isotope Simulation function in
Qual Browser 2.0.7 (Xcalibur, Thermo Fisher, San Jose, CA).

Figure 1. Kinetics of H/D exchange for rabbit skeletal troponin C. Apo-troponin C in 3mMEGTA (squares, red) shows more extensive D uptake than
holo-troponin C in 1 mM CaCl2 (diamonds, black). The fitted curves are shown as solid lines.
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’RESULTS

a. H/DX Kinetics of Apo- and Holo-TnC. Binding of four
Ca2þ induces a conformational change in troponin C. Previous
studies showed that the structure of the holo (Ca2þ saturated)
state of skeletal troponin C is more structurally open than the
semiapo state (two Ca2þ bound). The center partial-loop
structure between the N and C-terminal EF hands forms a less
flexible helix whereas the Ca2þ is bound to the two EF hands near
the N-terminus (EF-I and EF-II).1,4,12,55 A detailed structure of
apo-troponin C has eluded determination owing to the unstruc-
tured C-terminus in the absence of Ca2þ.37,56

We began our study by measuring the kinetics of H/DX of
rabbit skeletal troponin C in the Ca2þ saturated (holo) and Ca2þ

absent (apo) states (Figure 1); the output is a plot of deuterium
uptake as a function of exchange times (10 s to 9 h). To generate
the holo state of troponin C, we made the protein stock solution
(40 μM) containing 10 mM HEPES, 150 mM KCl, and 1 mM
CaCl2, pH 7.4. Using KCl mimics physiological conditions and
excess Ca2þ (the ratio of Ca2þ concentration to protein con-
centration was 25) ensures that the four EF hands of troponin C
are saturated with Ca2þ. To generate the apo state of troponin C,
we replaced CaCl2 with 3 mMEGTA to ensure that no Ca2þwas
present in the protein.
Rabbit skeletal troponin C has 158 exchangeable amide

protons (excluding one proline). Because the percentage of
D2O in the experiment was 97%, the maximum number of
observable exchange events is 153. After 20 min of H/DX, the
mass of apo-troponin C shifted by 116 ( 1 Da, indicating that
∼75% of the amide sites are exchangeable at this time. This high
level of exchange is in accord with the general view that troponin
C in solution is highly flexible, dynamic, and solvent-exposed in
the absence of Ca2þ. In the presence of Ca2þ, the number of
amides undergoing H/DX decreased to 83 ( 1 Da after 20 min
of exchange, indicating that∼32 amide sites no longer exchange
as a consequence of Ca2þ binding. A more stabilized secondary
structure, an increase in hydrogen bonding, a decrease in solvent
accessibility of some amide sites, and/or a combination of these
factors decreased the H/DX rates.
To understand quantitatively how Ca2þ binding affects the

exchange rate, we fit the kinetic curve with four exchange rate
bins (k = 10, 1, 0.1, and 0.01 min�1) (Table 1). The results show
that the apo state has 79( 1 sites with an exchange rate constant
of 10 min�1, whereas the holo state has only 26( 2 sites with the
same rate constant, indicating that∼53 fast-exchanging sites are
affected by Ca2þ binding. In the holo state, these sites shift to
the lower exchange rates including those with an exchange rate
constant of 1 min�1 where the apo state has 1( 1 sites, whereas
the holo state has 24 ( 2 sites. There are also significant
differences for those amides undergoing exchange with a rate
constant of 0.01 min�1, whereas the holo state has 61 ( 3 sites,
37 ( 4 amides in the apo state exchange at this corresponding

low rate. The overall shift to states having low exchange rate
constants is consistent with troponin C possessing a more rigid
secondary structure upon Ca2þ binding.
b. Affinities for Ca2þ Bindingof Troponin C. Several methods

can be used to measure the binding affinities for protein�protein
interactions and protein�small molecule interactions; thesemeth-
ods include FRET (fluorescence resonance energy transfer),57

NMR,58 CD (circular dichorism),59 calorimetry,60 and SPR (sur-
face plasmon resonance).61,62 Because there is a significant differ-
ence in deuterium uptake between apo-TnC and holo-TnC, we
can apply PLIMSTEX (protein�ligand interactions by mass
spectrometry, titration, and H/DX) to measure the equilibrium
constants for Ca2þ binding to TnC45,49�51,63 in a relatively simple
experiment.
Our titration format varies the relative concentration of Ca2þ

and monitors by MS the extent of H/DX as a function of time.
Because EF-III and EF-IV are known from previous studies to be
high-affinity sites, they are often saturated with Ca2þ. To ensure
the protein was in the full apo state (no bound Ca2þ), we carried
out a two-step dialysis procedure (see Experimental Procedure
section). The deuterium uptake of the dialyzed TnC was
comparable to that of TnC in the presence of EGTA (data not
shown), indicating the dialysis was successful in removing Ca2þ

from the protein. This purified protein sample was used as the
starting material for the titration (Figure 2); the troponin C
concentration for the titration was 0.3 μM, which falls into the
range of Kd’s determined previously.64 The time for H/DX (97%
D2O buffer, 10 mM HEPES, 150 mM KCl, pH 7.4) was
necessarily constant at 1 h, a time for which H/DX had become
relatively constant and for which small errors in sampling time
would have minimal impact on the titration. We also performed
the titration at high protein concentration, 15 μM,which is∼100
times the Kd values (Supporting Information Figure 1). A
titration at this protein concentration will usually give a “sharp
break” curve that reveals the stoichiometry of the ligand
binding;49 in this case, rabbit skeletal troponin C binds four
Ca2þ, in agreement with previous findings. The other purpose
for conducting this “sharp break” titration is to obtain an estimate
of the ΔD values to aid the PLIMSTEX curve fitting process
(see Experimental Procedure section). At high protein concen-
tration, the equilibrium shifts toward the protein�ligand com-
plex, and the resulting ΔD values will be similar to the actual
ΔD’s, which report the change in the protein secondary structure
owing to each ligand binding.
In this manner, we obtained ΔD1, ΔD2, ΔD3, and ΔD4 as 6,

15, 31, and 37, respectively. These values serve as the initial
guesses for the repeat-fitting cycle described in the Experimental
Procedure section. The relative variations of K2, K3, and K4 all
decreased to∼10% after we performed three cycles of the fitting
(Supporting Information Figure 2). Although the relative varia-
tion of K1 was not constrained over each fitting cycle, probably
because the number of experimental points is insufficient, its
value still is in a reasonable range. Given that the affinities are
known and that themain purpose of the study is to investigate the
order of binding, we did not pursue the titration further because
additional improvements would not affect significantly the
determination of the binding order.
Previous studies show that skeletal troponin C has two Ca2þ

binding sites, EF-III and EF-IV, located near the C-terminus;
their binding affinities are comparable at (2.1 ( 0.7) �
107 M�1.64 Two additional sites are located near the N-terminus
of skeletal troponin C, EF-I and EF-II, and their binding affinities

Table 1. Numbers of AmideHydrogenUndergoing Exchange
for D for Apo- and Holo-Troponin Ca

kinetic fit no. of H’s per fixed-rate bin

k (min�1) 10 1 0.1 0.01

apo 79 ( 1 1 ( 1 16 ( 3 37 ( 4

holo 26 ( 2 24 ( 2 3 ( 2 61 ( 3
aThe kinetic modeling used four fixed exchange rate constants and
“binned” the number of amides with respect to the rate constants.
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for Ca2þ are in the range of 3� 105�5� 106M�1.20,64 Although
the equilibrium constants show variability from study to study
(possibly because the affinities are relatively small), the con-
sensus is that the equilibrium constants for the N-terminal EF
hands are in the range of 105�106 M�1 and smaller than those
for the C terminus.37

We fit the titration curve to a nonlinear least-squares model
that was previously described.51 The output of the fitting
produced four Ka’s (Table 2), two with high values of (5( 5)�
107 and (1.8( 0.8)� 107 M�1, which are within a factor of 3 of
previous results. The other two Ka’s have smaller values of (4.2(
0.9)� 106 and (1.6( 0.6) � 106 M�1, which are also within the
range of values from previous studies. The fitting parameter D0

(127( 1), which represents the deuterium uptake in the apo state,
is in agreement with the experimental results (127 ( 2).
c. Fractional Species and BindingOrder.The titration study

provides us the four equilibrium constants (Ka) for Ca
2þ binding

to troponin C. These values are not new, and they can be
determined by other approaches. Remarkable, however, is that
three of the four values (K2, K3, and K4) can be extracted with
reasonable precision from a single titration, probably because
each addition of Ca2þ to the protein induces a change in
conformation that responds to H/DX. Because the binding
affinities are different, it is likely that that Ca2þ binding is
cooperative and occurs, at least in part, in a stepwise manner.
The next level of information is the order of binding, which we

sought to determine by following the H/DX extent at the EF-
hand level. One prospect is to examine the deuterium distribu-
tion for the various EF hands as a function of Ca2þ concentration.
These EF-hand regions may be removed from the protein follow-
ing H/DX as peptides by pepsin digestion and submitted to LC-
MS analysis.When anEF hand binds Ca2þ, we expect the extent of

H/DXwill decrease. By identifying the state of Ca2þ binding (e.g.,
0, 1, 2, 3, 4) for which the change occurs, we should be able to
determine in a straightforward way the order for Ca2þ binding.
The interaction between Ca2þ and troponin C at any titration
point, however, results in a mixture of Ca2þ-binding states, and the
deuterium distribution of any given EF hand at each titration point
is of a mixture of different Ca2þ bound states. The challenge is to
extract from this mixture of states the deuterium distribution of an
EF hand for a single state (Figure 3).
The four equilibrium constants, determined by PLIMSTEX or

any other method, are a source of fractional species information
that allow the determination of the population of the various
Ca2þ states as a function of [Ca2þ]. We hypothesize that
knowing these fractional species will lead us to the required
deuterium distributions. To test this hypothesis, we used the
previously reported and likely more reliable K1 value (2.1 �
107 M�1) and the K2, K3, and K4 values (1.8 � 107 M�1, 4.2 �
106 M�1, and 1.6 � 106 M�1, respectively) determined by
PLIMSTEX to calculate the fractional species as a function of
total [Ca2þ] and determine the population of the five troponin C
species, TnC:xCa2þ (x = 0�4) when the protein concentration
was 4.2 μM (Figure 3). The reason for choosing a literature K1 is
the precision for our K1 value is not high because the titration is
underdetermined, and we do not want that to affect the precision
for the fractional-species determination. We chose seven Ca2þ

concentrations from the fractional species plot, including [Ca2þ] = 0
(100% apo-TnC) and Ca2þ = 2 mM (100% holo-TnC) (Table 3)
for our search for the required deuteriumdistributions. To obtain the
needed experimental data, we conductedH/DX for 1 h in 90%D2O
buffer (10 mM HEPES, 150 mM KCl, pH 7.4), quenched the
exchanging solution, digested the protein with pepsin for 3 min on
ice�water, and analyzed the peptide mixture by LC/MS.

Figure 2. PLIMSTEX curve of troponin C titrated with Ca2þ and followed by MS-based H/DX. The concentration of the protein for the titration was
0.3 μM.

Table 2. Four Ca2þ Binding Constants of Troponin C Obtained by Fitting PLIMSTEX Titration Curves

K experimental value literature values

K1 (5 ( 5) � 107 M�1 2 � 107 M�1 (1); (2.1 ( 0.7) � 107 M�1 (64)

K2 (1.8 ( 0.8) � 107 M�1 2 � 107 M�1 (1); (2.1 ( 0.7) � 107 M�1 (64)

K3 (4.2 ( 0.9) � 106 M�1 5 � 106 M�1 (20); (3.2 ( 1.3) � 105 M�1 (64)

K4 (1.6 ( 0.6) � 106 M�1 5 � 106 M�1 (20); (3.2 ( 1.3) � 105 M�1 (64)

ΔD4 38 ( 1 N/A

D0 127 ( 1 N/A

rms 0.62
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MS analysis directly gave us the complete isotopic distribution
for specific deuterated peptides, but this distribution represents
various states of the protein, not the single state we seek.
Nevertheless, from these distributions, we can calculate the
representative isotopic distribution for each Ca2þ-bound tropo-
nin C species (see Figure 4 for an example of this idea). The
upper left spectrum shows the deuterium-containing isotopic
distribution when [Ca2þ] = 16.7 μM for the triply charged peptic
peptide FRIFDRNADG, which is from the EF-III region. From
Table 3, we know that there is 30% TnC-3Ca2þ species and 70%
of TnC-4Ca2þ species in the solution when the total [Ca2þ] is
16.7 μM. Because we know the deuterium distribution of this
peptide when [Ca2þ] = 2 mM (representing 100% TnC-4Ca2þ

species, lower left in Figure 4), we can remove that pattern from
the experimental distribution to give the deuterium distribution
for the peptide representing this region of the protein when it
exists as TnC-3Ca2þ (right pattern in Figure 4).
To sort out the required isotopic distributions, we implemented

an algorithm with Mathcad 2001 Professional (Math-Soft, Inc.,
Cambridge, MA). We extracted mass lists containing all peptide
information from each spectrum and input them intoMathCAD as
x,y files for peak-finding and fractional-species calculation. The
basis for this algorithm is in matrix algebra as given in eq 1.

I00 I01 3 3 3 I0m
I10 I11 3 3 3 I1m
l l
In0 In1 3 3 3 Inm

2
66664

3
77775

Matrix A

¼
IS00 IS01 3 3 3 IS0x
IS10 IS11 3 3 3 IS1x
l l
ISn0 ISn1 3 3 3 ISnx

2
66664

3
77775

Matrix B

�
PS00 PS01 3 3 3 PS0m
PS10 PS11 3 3 3 PS1m
l l
PSx0 PSx1 3 3 3 PSxm

2
66664

3
77775

Matrix C

ð1Þ

In this equation, matrix A is the input of the experimental results;
that is, the isotopic abundances for a single peptide, I, from peak 0
to peak n as a function of the various ligand concentrations. Matrix
Cprovides the fractional species information; that is, the population

of each species, PS, from species 0 to x as a function of the ligand
concentrations. For troponin C, binding to Ca2þ, x = 4, and there
exist five species: TnC-0Ca2þ, TnC-1Ca2þ, TnC-2Ca2þ, TnC-
3Ca2þ, and TnC-4Ca2þ. Matrix B is the output of isotopic
abundances of various species, IS, from peak 0 to peak n as a
function of various Ca2þ binding states.
In the implementation, we normalized each row of each matrix

so that their sum is equal to 1, and we required that the values in
matrix B be positive. We fit the output in matrix B to the best
values; this procedure requires minimizing the differences be-
tween matrix A and the product of matrix B and C. The intensity
input can be the intensity of the peak centroid or its area in a
peak-profile mode; the latter was used in this work so that each
part in the isotopic distribution pattern was considered, in
principle increasing the accuracy of the calculation. By comparing
the distribution of the peaks and their area, we obtained a deuterium
isotopic pattern of each peptic peptide as a function of the Ca2þ

binding state. Changes in H-bonding or solvent accessibility for
various regions of the protein induced by Ca2þ binding can be
determined by simply analyzing the shift of the isotopic distribution.
d. Order of Ca2þ Binding. Our hypothesis is that changes in

the deuterium distributions for peptides from regions involved in
Ca2þ binding as a function of the states of the protein (TnC-
0Ca2þ to TnC-4Ca2þ) will report the order of Ca2þ binding. To

Figure 3. Fractional species curves showing the distribution of each TnC:xCa2þ as a function of Ca2þ concentration (μM). Blue: zero Ca2þ-bound;
pink: 1 Ca2þ-bound; yellow: 2 Ca2þ-bound; light blue: 3 Ca2þ-bound; purple: 4 Ca2þ- bound.

Table 3. Various Solution Concentrations (in %) Chosen for
H/DX To Determine the Order of Binding of Ca2þ with
Troponin Ca

[Ca], μM TnC-0Ca TnC-1Ca TnC-2Ca TnC-3Ca TnC-4Ca

0 100.0 0.0 0.0 0.0 0.0

8.4 7.4 19.7 44.5 23.7 4.7

10.4 2.3 10.4 39.8 35.6 11.9

12.1 0.0 4.9 29.7 42.6 22.8

13.8 0.0 0.0 18.2 43.1 38.7

16.7 0.0 0.0 0.0 29.1 70.9

2000 0.0 0.0 0.0 0.0 100.0
aThe values are calculated fractional species of each Ca2þ-bound TnC
species and are taken from the fractional species curves in Figure 3.
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test this hypothesis, we needed four abundant peptic peptides
each representing one of the four EF hands to follow as a function
of the fractional species calculation, and we were able to obtain
these reporter peptides by pepsin digestion. The four peptides
are doubly charged DADGGGDISVKELGTVM (28�44) con-
taining EF-I; doubly charged, EVDEDGSGTID (63�73) con-
taining EF-II; doubly charged FRIFDRNADG (100�109)
containing EF-III; and triply charged, MKDGDKNNDGRIDF
(136�149) containing EF-IV. (One set of mass spectra of these
four peptic peptides from three trials are presented in Supporting
Information Figures 3�6.) The outcome of the matrix-algebra
calculation gave us the deuterium distributions convolved with
the native distribution of C-13, N-15, and O-18 of each EF hand
for the five states of Ca2þ binding to troponin C. We then
removed all isotope components except D for these four unique
peptic peptides by using the theoretical isotope ratio provided via
the Isotope Simulation function in Qual Browser 2.0.7 (Xcalibur,
Thermo Fisher, San Jose, CA). The isotope deconvolution
process is illustrated in Supporting Information Figure 7. Briefly,
each deuterium-containing isotopic pattern is a mixture of
various numbers of deuterium-containing species (d0, d1, d2, ...)
with their isotopic species. By knowing the chemical formula for a
particular peptide, we can calculate the isotope distribution
(except that of D from H/DX) and remove it from the distribu-
tion, leaving a pure deuterium distribution (Figure 5).We submit
that any slight change of the deuterium uptake can be readily
revealed by this strategy.
Comparing the variation of the deuterium distribution cen-

troid for the four peptic peptides as a function of different Ca2þ

bound troponin C states (Figure 5), we see that the first shift
from higher to lower deuterium content (indicating onset of
protection) occurs for peptic peptide 100�109 containing EF-III
for the transition of TnC-0Ca2þ to TnC-1Ca2þ, whereas the
deuterium distributions of the peptides representing the other

three EF hands remain largely unaffected. This indicates that
EF-III in skeletal troponin C is first to bind Ca2þ, although the
binding may not be complete as the D distribution continues to
shift to more protection as more calcium binds. Peptic peptide
136�149 from EF-IV showed a similar but more conclusive shift
from a centroid of six to four deuteriums for TnC-2Ca2þ,
indicating that EF-IV is the second Ca2þ binding site. Similar
to EF-III, the D distribution shows additional minor shifts as the
protein continues to take up calcium. Although the shifts for EF-III
and IV do not occur sharply as various states of Ca2þ binding are
achieved, the results clearly show the higher propensity for binding
Ca2þ by EF-III and EF-IV (∼107 M�1) than by EF-II and EF-I.
Sykes and co-workers53 studied the binding of Ca2þ to synthetic
EF-III and EF-IV peptides of troponin C by 1HNMR. Their results
show that Ca2þ binds to synthetic EF-III peptide; the resulting
Ca2þ-EF-III then associates with the apo-EF-IV peptide to form a
heterodimer Ca2þ-EF-III/EF-IV. The heterodimer then binds the
second calcium to give 2Ca2þ-EFIII/EFIV. Our results on the
intact protein agree with this general picture of stepwise binding.
Because the N-terminal EF-I and EF-II have lower binding

affinities to Ca2þ (∼106 M�1), they should bind after EF-III and
IV. Indeed, the deuterium content (most abundant ion) of the
peptic peptide containing EF-II shifts from four to two deuter-
iums at the transition to TnC-3Ca2þ, whereas the peptic peptide
representing EF-I shifts from eight to six deuteriums at the
transition to TnC-4Ca2þ. Thus, the third Ca2þ binds at EF-II
followed by the last Ca2þ binding at EF-I. Sykes and co-
workers37 also studied Ca2þ binding to EF hands in N-terminus
of chicken skeletal troponin C by using NMR. Although the
overall binding picture for full length TnC remained unclear, they
could conclude that EF-II is the first site in the N-terminus of
troponin C that binds to Ca2þ and EF-I is the last Ca2þ binding
site, a conclusion that is consistent with the results of H/DX
presented here.

Figure 4. (A) Deuterium-containing isotopic distribution of the triply charged peptic peptide 100�109 (FRIFDRNADG). The distribution can be
represented as a mixture of 70% holo (TnC-4Ca2þ, red area in C) and 30% TnC-3Ca2þ states as shown in (C), which is an enlarged view of A. (B)
Deuterium-containing isotopic distribution of triply charged peptic peptide 100�109 (FRIFDRNADG). The distribution represents 100% holo state (TnC-
4Ca2þ) in 1mMCaCl2. (C) Enlarged viewof (A). Although the triply charged peptide is for demonstration, the doubly charged peptidewas used for analysis.
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To illustrate more clearly the order of Ca2þ binding, we nor-
malized the deuterium-uptake values for the four peptides to
their most probable deuterium (highest intensity peak) uptake.
This allows us to view the relative deuterium uptake as a function
of different TnC-Ca2þ states (Figure 6). The outcome clearly
shows that the order of Ca2þ binding to the four Ca2þ binding
sites in intact skeletal troponin C is EF-III > EF-IV > EF-II >EF-I,

although there is likely to be some simultaneous binding of Ca2þ

by EF-III and IV.

’DISCUSSION

The advantage of H/DX coupled with MS is that changes in
the extent of H/DX, whether caused by increased H bonding or
decreased solvent accessibility or both, can be used to compare
two or more states. The conclusions do not depend highly on the
abundances of the various isotopomers but principally on their
m/z. The PLIMSTEX strategy further extends the advantage of
H/DX by affording, via ligand titrations at a fixed concentration
of protein, the protein�ligand binding affinities. The equilibrium
constants are essential for the design of an experimental approach
to extract deuterium distributions for regions of a protein as a
function of its binding state.

We illustrate the approach to determine the binding order of
Ca2þ to troponin C. Although troponin C is a well-studied pro-
tein, establishing the order of Ca2þ binding has proven difficult. The
kinetics of HDX at the protein or global level demonstrates that the
protein is considerably stabilized as a consequence of Ca2þ binding.
The differences in the apo and holo states allow the binding affinities
of troponin Cwith Ca2þ to bemeasured in a single-titration format.

Figure 5. Top: each column represents the deuterium distributions of the peptic peptide of EF hands: III, IV, II, I (left to right). Each row represents the
various Ca2þ boundTnC states: Apo (absent Ca2þ) to 4 Ca2þ bound TnC (top to bottom). Bottom: X-ray crystal structure of rabbit skeletal troponin C
(PDB: 1TCF) in gray, and the four EF hands are in black.

Figure 6. Plot of the normalized relative deuterium uptake based on the
centroids of the deuterium distributions for four peptic peptides contain-
ing the four EF hands as a function of various Ca2þ-bound TnC states.
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The values of the equilibrium constants allow calculation of frac-
tional species for troponin C. From H/DX experiments at known
fractional species, we can extract the deuterium distribution of four
regions of the protein that bind Ca2þ. Those distributions shift to
lower mass when Ca2þ binds at the site, providing a basis for
determining the binding order of the four Ca2þ ions.

Previous studies on Ca2þ binding to troponin C by Ca2þ

titration36,37,52,53,64 indicated the binding is cooperative and
affected by pH. Those studies, however, did not give a clear
outcome of the binding order of Ca2þ to troponin C probably
because the similar binding affinities of Ca2þ in each terminal
region of troponin C cause the states to coexist at various Ca2þ

concentrations. Nevertheless, our results indicate the Ca2þ

binding to skeletal troponin C occurs in the order EF-III > EF-
IV > EF-II > EF-I. This determination is attributed to the high
sensitivity of MS in the H/DX platform and the ability to extract
from the data specific D distributions for the five binding states of
the protein.

The reasons for this trend of binding are not completely
understood. Preferential binding at the C terminus is well-
established. Binding details may be an outcome of the various
charge states of the protein in different pH environments or the
difference of the secondary and tertiary structure of the Ca2þ

binding sites with respect to individual Ca2þ binding.52 It will be
of interest to see whether this approach can be applied to
determine binding orders of other proteins and ligands.
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