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ABSTRACT: Calbindin-D28k is a calcium binding protein with six EF hand domains. Calbindin-D28k is unique in
that it functions as both a calcium buffer and a sensor protein. It is found in many tissues, including brain,
pancreas, kidney, and intestine, playing important roles in each. Calbindin-D28k is known to bind four calcium
ions and upon calcium binding undergoes a conformational change. The structure of apo calbindin-D28k is in an
ordered state, transitioning into a disordered state as calcium is bound.Once fully loadedwith four calcium ions,
it again takes on an ordered state. The solution structure of disulfide-reduced holo-calbindin-D28k has been
determined by NMR, while the structure of apo calbindin-D28k has yet to be determined. Differential surface
modification of lysine and histidine residues analyzed by mass spectrometry has been used in this study to
identify, for the first time, the specific regions of calbindin-D28k undergoing conformational changes between
the holo and apo states. Using differential surface modification in combination with mass spectrometry, EF
hands 1 and 4 as well as the linkers before EF hand 1 and the linkers between EF hands 4 and 5 and EF hands 5
and 6 were identified as regions of conformational change between apo and holo calbindin-D28k. Under the
experimental conditions employed, EF hands 2 and 6, which are known not to bind calcium, were unaffected in
either form. EF hand 2 is highly accessible; however, EF hand 6 was determined not to be surface accessible in
either form. Previous research has identified a disulfide bond between cysteines 94 and 100 in the holo state.
Until now, it was unknown whether this bond also exists in the apo form. Our data confirm the presence of the
disulfide bond between cysteines 94 and 100 in the holo form and indicate that there is predominantly no
disulfide bond between these residues in the apoprotein.

The calcium binding protein calbindin-D28k plays a unique role
in eukaryotic cells, acting as both a calcium buffer and a
sensor (1-4). It is found in several tissue types and serves many
functions. For example, it is responsible for the selective reabsorp-
tion of calcium in the kidney and the intestine, as well as regulating
the release of insulin in pancreatic islet cells (5, 6). Calbindin-D28k

is very abundant in the brain, making up 0.1-1.5% of the total
soluble protein. It is essential in neural functioning, altering
synaptic interactions in the hippocampus andmodulating calcium
channel activity and neuronal firing (6-8). In addition to this,
calbindin-D28k has been found tomodulate the activity of proteins
involved in the development of neurodegenerative disorders,
including Alzheimer’s andHuntington’s disease, as well as bipolar
disorder (9-14). Deciphering how calbindin-D28k functions is
essential for improving our understanding of the pathogenesis of
these neurodegenerative disorders.

Structurally, calbindin-D28k is made up of six EF hand do-
mains, four of which bind calcium (2, 15). The EF hand domain is
a helix-loop-helix calcium binding domain. The loop consists of
12 conserved residues responsible for coordinating calcium bind-
ing. EF hand calcium binding proteins are subdivided into two
general groups, calcium buffers and calcium sensors (16-18). As
stated above, calbindin-D28k is unique in that it functions as both.
EFhandproteins in the sensor category undergo a conformational
change that occurs upon calcium binding (19, 20). Mass spectro-
metry (MS)1 and nuclearmagnetic resonance (NMR) experiments
have shown that calbindin-D28k binds four calcium ions, in EF
hands 1, 3, 4, and 5, and that the calcium ions are sequentially
bound with EF hand 1 first, followed by EF hands 4 and 5 and
finally EF hand 3 (15). NMR titration experiments have also
demonstrated that the structure of calbindin-D28k is ordered in the
apo state (15). As calcium ions are bound, calbindin-D28k under-
goes a transition into a disordered state, and once fully loadedwith
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four calcium ions, it returns to an ordered state. The effect that the
conformational change has on the surface hydrophobicity of
calbindin-D28k has been investigated, and the studies showed that
the surface hydrophobicity of rat brain calbindin-D28k is lowest in
the holo form (2). Similar experiments with human calbindin-D28k

also showed a lower surface hydrophobicity for the holo form
versus the apo form (1). Circular dichroism (CD) spectroscopy has
shown that the secondary structure remains unperturbed upon
calciumbinding but the tertiary structure ismuchmore sensitive to
calcium binding (21). These experiments have provided some
insight into the effect calcium binding has on the structure of
calbindin-D28k. They do not, however, define the specific areas of
the protein affected by the conformational change. The high-
resolution structure of the disulfide-reduced holo rat brain calbin-
din-D28k structure has been determined using NMR (2); however,
the structure of apo calbindin-D28k remains to be determined. In
the absence of a high-resolution structure of apo calbindin-D28k, it
has not been possible to compare the three-dimensional structures
of the apo and holo conformational states of calbindin-D28k.

This study uses differential surface modification analyzed by
MS to identify, for the first time, the specific regions of calbindin-
D28k affected by the conformational changes between the apo
and holo forms.MS analysis of differential surfacemodifications
has been used for several purposes, including mapping protein
surfaces, studying protein-protein complexes, and determining
ligand-induced conformational changes by differentially modify-
ing specific amino acid residue side chains (22-32). These side
chain modifications reflect both the reactivity and surface
accessibility of a specific residue. Side chain reactivity is affected
by its surface accessibility as well as its surrounding microenvir-
onment, including the presence of electrostatic interactions, such
as the formation of a salt bridge (22-24, 33). Several studies have
established that the relative reactivity data from differential
surface modification experiments with both lysine and histidine
residues correlate with their surface accessibility (22-24, 34).
This allows the differential surface modification patterns to be
used to identify regions of structural change that occur as a result
of a specific perturbation, such as the binding of calcium (33, 35).
Lysine acetylation and histidine modification analyzed by mass
spectrometry have been used in this study to identify, for the first
time, the specific regions of calbindin-D28k undergoing a con-
formational change upon calcium binding. We have investigated
the status of the potential disulfide bond in the apo formandhave
found the apo form to be predominantly reduced. We have also
modeled the conformational changes occurring as a result of
disulfide bond formation based on the reduced holo calbindin-
D28k NMR structure and have interpreted our differential
reactivity results in terms of these structural changes.

EXPERIMENTAL PROCEDURES

Materials. GST resin was purchased from Novagen
(Gibbstown, NJ). Sequencing-grade trypsin was obtained from
Promega (Madison, WI). Sequencing-grade GluC and chymo-
trypsin were purchased from Roche Applied Sciences
(Indianapolis, IN). Acetonitrile was purchased from Caledon
Laboratory Chemicals (Georgetown, ON). Formic acid (FA)
(96%), acetic anhydride, and diethyl pyrocarbonate (DEPC)
were supplied by Sigma Aldrich (St. Louis, MO).
Expression and Purification of Calbindin-D28k. The clon-

ing, expression, and purification protocol for rat calbindin-D28k

has previously been described (36). Briefly, calbindin-D28k is

expressed as a GST fusion protein. A glutathione S-transferase
(GST) resin column is used to isolate the calbindin-D28k-GST
fusion protein. The fractions containing the calbindin-
D28k-GST fusion protein were combined, and the N-terminal
GST tag was removed by thrombin cleavage. A second GST
column is used to isolate the calbindin-D28k from the GST tag.
Purity was confirmed by running the sample on a denaturing
SDS-PAGE gel (Figure S1 of the Supporting Information). The
holo calbindin-D28k sample was dialyzed into 20 mM HEPES
and 6 mM CaCl2 (pH 7.0). The apo calbindin-D28k sample was
dialyzed into 20 mM HEPES and 2 mM EDTA (pH 7.0).
NMR Spectroscopy. NMR samples contained 0.5 mM apo

or holo calbindin-D28k in their appropriate buffers. A 1H-15N
HSQC-TROSY experiment was conducted at 25 �C on a Varian
Inova 600MHz spectrometer using a 1H/13C/15N triple-resonance
z-gradient probe. Data were processed using NMRPIPE (37) and
analyzed using NMRVIEW (38).
Differential Surface Modification Experiments. All sur-

face reaction experiments were performed in triplicate or dupli-
cate and analyzed individually as described below.
Lysine Acetylation. Both apo and holo calbindin-D28k were

acetylated in parallel, in their respective buffers as described
above, using a 1000-fold molar excess of acetic anhydride with
respect to amines. The pH was maintained at 7.0. The pH was
monitored with a pH probe, and 5 M NaOH was titrated in as
necessary immediately after the addition of the acetic anhydride.
Reactions proceeded at room temperature for 30 min and were
then quenched via addition of an equal volume of 1 M Tris
(pH 8.0) to their respective buffers.
Histidine Modification. Both apo and holo calbindin-D28k

were modified with diethyl pyrocarbonate (DEPC) in parallel,
using a 5-fold molar excess of DEPC to histidines. Reactions
proceeded at room temperature for 30 min in their respective
buffers and then were quenched via addition of 10 mM histidine.
Circular Dichroism.CD spectra were recorded using a Jasco

J-600 spectropolarimeter (Jasco Inc., Easton, MD) using a 1 cm
(near-UV) Hellma cuvette (Hellma Corp.). A concentration of
40 μM for each protein sample was used. Spectra were recorded
five times and averaged at 25 ( 1.0 �C from 250 to 320 nm.
Acetylated samples were prepared as described above. Spectra
were recorded in 20 mM HEPES and 6 mM CaCl2 (pH 7.0) for
holo calbindin-D28k and in 20 mM HEPES and 2 mM EDTA
(pH 7.0) for apo calbindin-D28k. Measurements were corrected
for the appropriate buffer signal.
Enzymatic Digestion. Following each chemical modifica-

tion reaction, the proteins were digested with trypsin, chymo-
trypsin, or GluC, at a protein:enzyme ratio of 20:1, at pH 8.0 in
their respective buffers as described. Trypsin digests proceeded
for 2 h at 37 �C. The chymotrypsin and GluC digests proceeded
overnight at 25 �C.
Mass Spectrometry. A Waters (Milford, MA) Q-Tof

Premier mass spectrometer equipped with a nanoAquity UPLC
system and NanoLockspray source was used for the acquisition
of the LC-ESI/MS and LC-ESI/MS/MS data. Separations
were performed using a 3 μm nanoAquity Atlantis dC18 column
(100 μm � 100 μm) (Waters) at a flow rate of 300 nL/min. A
nanoAquity trapping column (5 μm C18, 180 μm � 200 mm)
(Waters) was positioned in-line with the analytical column. The
digested samples were diluted to 0.5 pmol/μL just prior to
analysis with their respective buffers as described above, and a
2 μL aliquot was injected. Peptides were eluted using a linear
gradient from 98% solvent A [water/0.1% formic acid (v/v)] and



Article Biochemistry, Vol. 48, No. 36, 2009 8605

2%solvent B [acetonitrile/0.1% formic acid (v/v)] to 95%solvent
B over 60min.Mass spectrometer settings forMS analysis were a
capillary voltage of 3.5 kV, a cone voltage of 30 V, and a collision
energy of 8.0V.Themass spectrawere recorded over a scan range
of 200-2000 Da. MS/MS data were acquired using a data-
dependent acquisition method, selecting collision energies on the
basis of the mass and charge state of the candidate ions. Data
analyses were performed using MassLynx version 4.0 (Waters).
Extracted ion chromatograms were used to calculate ratios of the
abundances of modified peptides to unmodified peptides. In the
calculation of the percentmodification, only results for those ions
that could be verified by MS/MS are reported.

A Waters Q-Tof Ultima Global hybrid tandem mass spectro-
meter (Waters) was also used for the acquisition of ESI/MS and
ESI/MS/MS data for the native apo- and holoproteins and
peptide digests. This instrument is equipped with a nanoflow
ESI source and consists of a quadrupole mass filter and an
orthogonal acceleration time-of-flight mass spectrometer. The
needle voltage was ∼3500 V, and the collision energy was 10 eV
for the MS analyses and 20-40 eV for the MS/MS analyses.
Samples were diluted 1:1 just prior to analysis with a 50:50 ACN/
H2O solution (0.1% FA) and infused at ∼300 nL/min using a
pressure injection vessel.
Structural Model. Using molecular dynamics (MD) simula-

tions, conformational changes in specific areas of the solution
structures of apo calbindin-D28k and nonreduced holo calbindin-
D28k were determined. The initial structures were based on the
disulfide-reduced, holo NMR structure [model 1 of PDB entry
2G9B] (2). For the apo calbindin-D28k simulation, the coordi-
nates of theNMR-determined structurewere directly used for the
initial model as the NMR structure more closely resembles the
holo structure than the apo form. This apo calbindin-D28k

structure was solvated in a box of 16124 water molecules. For
the holo calbindin-D28k simulation, four calcium ions were intro-
duced into EF hands 1, 3, 4, and 5 according to the information
given in refs 2 and 19. Also, for this case, a disulfide bond was
introduced between the sulfur atoms of cysteine residues 94 and
100. This holo calbindin-D28k system was solvated in a box of
16127 water molecules.

Prior to structural equilibration, both systems were subjected
to several stages of energy minimizations and relaxations under a
constant volume. As the first step, 100 ps belly dynamics runs on
water molecules relaxed their initial positions while the protein
was kept frozen. This was followed by an energy minimization
step followed by a low-temperature NPT (constant temperature

and constant volume) step with frozen protein to yield a reason-
able starting density (around grams per cubic centimeter). After a
complete energy minimization (10000 conjugate gradient steps)
and a stepwise heating procedure at a constant volume (NVT,
200 ps), constant volume equilibration runs were conducted for 1
ns at NVT and 300 K for each system. The final trajectories were
calculated at 300 K under NPT for ∼15 ns. During the produc-
tion runs, no constraints were used in dynamics. All final MD
runs were conducted with time steps of 1.0 fs, and the particle
mesh Ewald method (39) was used to treat long-range electro-
statics in all simulations. The PMEMD module of the Amber10
molecular dynamics package was used for all energy minimiza-
tions andMD trajectory calculations. The force field parameters
for all amino acid residues and the calcium ions were taken from
the ff03 force field (40) included in the AMBER10 package (41).
It should be noted that the 15 ns simulation is insufficiently long
for observation of large conformational changes but is sufficient
for capturing less drastic conformational changes occurring
within specific regions of the molecule.

RESULTS

Rat brain calbindin-D28k is an ∼30 kDa protein comprised of
261 residues (Figure 1). Chemical surface modification of both
lysine and histidine residues has been used to identify the regions
of calbindin-D28k undergoing a conformational change upon
calcium binding. The purity of the samples was confirmed using
SDS-PAGE (Figure S1). In addition, 1H-15N HSQC-TROSY
spectra confirmed the protein samples were pure and in the
correct conformation as seen in previously published data
(Figure S2) (2, 15). A three-dimensional (3D) HNCACB spec-
trum (Figure S3) confirms that, under these conditions, no
deamidation of the protein occurs at N203/G204. If deamidation
were present, a negative cross-peak in the HNCACB spectrum
would be seen at the 1HN and 15N shifts of Gly204 and the 13CR

chemical shift of Asn203 (42). As is evident in Figure S3, such a
cross-peak is not observed.

Of the 261 residues, there are 25 lysine residues and four
histidine residues. Lysines were modified by acetylation, and
histidines were modified to their N-ethoxycarbonyl derivatives.
CD spectra of the near-UV region were acquired to confirm the
modification reactions did not affect the conformation of the
proteins (Figure S4). No gross conformational change is observed
between the modified and nonmodified proteins. However, local
structural changes that may be caused by the modifications may

FIGURE 1: Amino acid sequence of rat brain calbindin-D28k. Individual EF hand domains are designated at the left. The amino acid sequence of
eachEFhand is subdivided into the individual structural components of the domain. Lysine andhistidine residues are highlighted inbold. The line
between cysteine 94 and cysteine 100 indicates the site of possible disulfide bond formation. Amino acid residues that were observed in the digests
of the modification reactions are underlined; the solid line applies to the apo form, and the dashed line applies to the holo form.
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have been missed. As expected, a large conformational change
between the apo and holo calbindin-D28k proteins was observed.
The reaction products were enzymatically digested and then
analyzed by LC-ESI/MS/MS, and sequence coverage of >95%
in the apo state and >90% for the holo state was achieved after
combination of all enzymatic digestion results (Figure 1). In
addition, 23 of the 25 lysine residues were observed in the apo
state and 22 of the 25 lysine residues for the holo state. Samples of
both apo and holo calbindin-D28k that had not undergone surface
modification were also analyzed, and >99% sequence coverage
was achieved, with all lysine andhistidine residues being observed.
Additional acetylation products in which free cysteine thiol
groups weremodified are also observed. No additionalN-ethoxy-
carbonyl-derivatized amino acid residues were observed. All sites
of modification were confirmed by MS/MS.
Modification of Lysine Residues. Surface accessible lysine

residues of calbindin-D28k in both the apo and holo states were
acetylated under neutral-pH conditions using excess acetic anhy-
dride. The modified proteins were then subjected to proteolytic
digestion by either trypsin, GluC, or chymotrypsin. Tryptic
digestion results in the hydrolysis of the peptide backbone after
either a lysine or arginine residue. Trypsin, however, will not
cleave after an acetylated lysine, thus resulting in a “missed
cleavage”. Independent of tryptic digestion, endoproteinase GluC
which cleaves after glutamate and aspartate residues was also used
to increase sequence coverage. The resulting peptides were ana-
lyzed usingLC-ESI/MSandLC-ESI/MS/MS.Acetylated lysine
residues were identified by aþ42 Da mass shift for the [M þ H]þ

charge state, aþ21Damass shift for the [Mþ 2H]2þ charge state,

and a þ14 Da mass shift for the [M þ 3H]3þ charge state. The
relative quantitation of peptides observed in both the acetylated
and nonacetylated state was calculated from three independent
surface modification data sets using extracted ion chromatograms
(EICs). The absolute ion counts from the EICs of each form were
compared and tabulated as the percent modification of the
residue. Table 1 summarizes the calculated percentages for each
lysine residue observed and ratios of the percent modification of
the apo to holo form. Several residues showed no difference in the
extent of acetylation between the apo and holo forms of calbindin-
D28k. For example, lysine residues 235, 236, and 246 were shown
to be >95% nonacetylated in both forms. Conversely, lysine
residues 48, 49, 59, 72, 98, 105, 109, 133, 136, 142, 193, and 216
were shown to be >95% acetylated in both apo and holo
calbindin-D28k. This indicates similar surface accessibility and/or
reactivity in or around these residues in both forms. In both the
apo and holo forms of calbindin-D28k, ions corresponding inmass
to proteolytic peptides containing lysine residue 189 (EF hand 5)
were not observed.

Many other lysine residues, however, showed differences in the
extent of acetylation between the two forms of the protein. For
example, lysine 34 (EF hand 1) in the apo form was shown to be
acetylated in the GluC peptide corresponding to amino acid
residues 25-35 (ADGSGYLEGKE). The theoretical [M þ
2H]2þ ion for this peptide is m/z 563.262þ. However, an ion at
m/z 584.302þ was observed which corresponds in mass to this
peptide plus one acetyl group. From theMS/MS data of this ion,
lysine 34 was identified as the site of acetylation. Conversely, in
the holo form, this peptide was shown to be unmodified on the

Table 1: Comparison of Modification States between Apo and Holo Calbindin-D28k
a

residueb peptidec apo percent modified ( SDd holo percent modified ( SD ratio of apo to holo

K34e A25-35 100 <0.1 100

K48 T48-68 96.2 ( 3.8 98.1 ( 1.9 0.98

K49 T48-68 96.2 ( 3.8 98.1 ( 1.9 0.98

K59 T48-68 96.2 ( 3.8 98.1 ( 1.9 0.98

K72 A58-77 95.0 ( 3.6 >100 0.95

K98 T94-108 100 100 1

K105 T94-108 100 100 1

K109 apo, T109-128; holo,d,eY108-117 100 100 1

K124 apo, T109-128; holog 100 NCf NCf

K128 apo, T109-128; holog <0.1 NCf NCf

K133 A133-145 100 100 1

K136 A133-145 100 100 1

K142 A133-145 100 100 1

K152 A149-163e 100 <0.10 100

K161 A149-163e 100 <0.10 100

K180 T170-180 14.0 ( 3.6 31.4 ( 4.6 0.45

K185 T170-180 14.0 ( 3.6 31.4 ( 4.6 0.45

K189 g NCf NCf NCf

K193 A191-196 100 100 1

K216 A211-220 96.3 ( 2.1 97.0 ( 2.6

K221 apog; holo, T217-221 NCf,g <0.1 NCf

K223 T222-236 44.0 ( 8.5 28.7 ( 3.2 1.5

K235 T222-236 <0.10 <0.10 1

K236 T222-236 <0.10 <0.10 1

K246 T237-246 <0.10 <0.10 1

H5 A4-18 64.0 ( 1.2 22.0 ( 8.1 2.9

H22 A19-24e 51 ( 0.5 32.0 ( 5.8 1.6

H80 A78-86 60.0 ( 3.0 60.0 ( 9.9 1

aThe percent modification for each residue in each state was calculated from three different modification experiments (except as noted) and the mean
determined. In addition, the ratio of the percent modification observed for each residue in the apo and holo calbindin-D28k was calculated. These ratios
represent the amount of change that occurs between the two forms. bK is lysine.H is histidine. cA refers to theGluC digest peptide. T refers to the trypsin digest
peptide. Y refers to the chymotrypsin digest peptide. dSD is the standard deviation; no SD is given when one form is not observed. eAverage of two
analyses. fUnable to be calculated. gResidue unobserved.
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basis of the observation of an ion at m/z 563.292þ and its
corresponding MS/MS spectrum. These data identify lysine 34
as being acetylated in the apo formand nonacetylated in the holo-
form of calbindin-D28k.

Lysine residues 48, 49 (linker region betweenEFhands 1 and 2),
and 59 (EF hand 2) are all contained within one tryptic peptide
corresponding to amino acid residues 48-68. In both the apo
and holo forms, an ion at m/z 8.51.103þ was observed which
corresponds to an m/z increase of 42 which translates to a mass
increase of 126 Da over the expected ion at m/z 809.093þ for this
amino acid sequence. For the [M þ 3H]3þ charge state, this mass
increase correlates to the addition of three acetylation modifica-
tions for both the apo and holo forms.MS/MS analysis confirmed
the acetylation of lysine residues 48, 49, and 59 (Figure S5). This
peptide was also observed, albeit to a much lesser extent, with no
acetylated residues as indicated by the observation of two peptides
corresponding to ions with no modifications in both the apo and
holo forms of the protein. One of these tryptic peptides corre-
sponds to residues 48-59 and was observed in both the apo and
holo forms of the protein. The other tryptic peptide corresponds to
residues 50-59. This peptide is formed by cleavage after lysine 49
which indicates that lysine 49 was not modified, as well as lysine
59. The abundances of the peptides arising from or containing an
unmodified lysine are less than 2% of the abundance of the triply
acetylated peptide. To calculate the extent to which each peptide
was modified, extracted ion chromatograms (EICs) were gener-
ated and the abundances of the triply acetylated 48-68 peptide
and the unmodified peptides were compared. For the tryptic
peptide corresponding to residues 48-68, this value was 98.1 (
2.0% for the holo form and 96.2 ( 3.9% for the apo form
(Table 1).

Ions corresponding in mass to the unmodified and mono-
acetylated tryptic peptide comprising residues 69-93, which
contains lysine residue 72 of EF hand 2, were observed at m/z
946.903þ and 960.963þ, respectively, in the apo form. In the holo
form, only an ion corresponding to a monoacetylated peptide
was observed. The MS/MS data of the ion atm/z 960.963þ from
the apo form are shown in Figure 2. A nearly complete series of
both b and y ions are observed which correspond to cleavages
along the peptide backbone (43, 44). The y series ions result from
C-terminal peptide backbone cleavages, and the b series ions
result from N-terminal backbone cleavages. Many of these ions
correspond to the backbone cleavage plus an acetyl group,
thereby providing the necessary data to definitively assign the
location of the acetyl modification to lysine 72. To compare the
extent of acetylation in the apo form, EICswere generated.When
the percent of modified peptide was calculated, EICs for the
GluC 58-77 peptide were used instead of those for the tryptic
69-93 peptide because the GluC digests yielded peptides with
identical amino acid sequences (with or without acetylation)
while the trypsin digest yielded multiple peptides arising from
cleavages of unmodified lysines as well as peptides with missed
cleavages arising from modified lysines. Comparison of the
counts showed that this peptide was modified 95 ( 5% in the
apo form. These data indicate that lysine residue 72 is found to be
in a mainly acetylated state in both the apo and holo states.
Lysine 72 is located in the loop of EFhand 2, which does not bind
calcium. This similarity between the two forms indicates this
region does not undergo a significant change upon binding
calcium.

Tryptic peptide 94-108 has two lysine residues, 98 and 105
(EF hand 3). The theoreticalm/z value of the [Mþ 2H]2þ charge

state of this peptide is m/z 958.942þ. In the tryptic digests of apo
and holo calbindin-D28k, doubly charged ions of neither m/z
958.94 (corresponding to no acetylation) nor m/z 979.932þ,
corresponding to one acetylation, were observed. However, an
ion at m/z 1000.002þ was observed in both the apo and holo
forms. This is 1 Da lower than the expected m/z ion correspond-
ing to doubly charged tryptic peptide 94-108 plus two acetyl
groups (theoretical m/z of 1000.962þ). This 1 Da decrease in the
[Mþ 2H]2þ ion corresponds to a 2Damass shift in the [MþH]þ

ion, thereby implicating the presence of a disulfide bond between
cysteine residues 94 and 100 within this peptide. To verify the
nature of this ion, theMS/MS data were acquired and are shown
in Figure 3A (holo) and Figure S6A (apo). The mass difference
between the y3 and y4 ions (i.e., 170 Da) corresponds to an
acetylated lysine residue at position 105. The observedm/z values
corresponding to the y1-y8 cleavages are the same as the
predicted m/z values for these fragment ions (i.e., no 1 or 2 Da
mass shift observed for these ions). The mass of the b10 ion is also
that of the predicted m/z value for the ion containing one
acetylation and a disulfide bond. Thus, the presence of a disulfide
bond between cysteine 94 and cysteine 100 as well as the sites of
acetyl modification at lysine 105 can be determined from these
data for the doubly acetylated form. Low-abundance ions are
also observed above m/z 1200, possibly due to rearrangements
and fragmentations within the disulfide ring.

Ions corresponding to the addition of three and four acetyla-
tions were also observed in tryptic peptide 94-108. These ions
have theoretical m/z values of 1021.962þ and 1042.962þ, respec-
tively. In the apo form, an ion with an m/z of 1021.912þ was
observed, corresponding to the addition of three acetyl groups.
The MS/MS spectrum contains abundant acetylated b ions
(b1-b4), indicating acetylation of cysteine 94, a diacetylated b5
ion, and a y series indicating acetylation at lysine 98 and lysine
105 (Figure 3B). In the holo form, an ion with an m/z of
1020.922þ was observed which is that expected if the disulfide
bond is intact. In the MS/MS analysis of the triacetylated holo
form, there are no abundant acetylated b ions as observed in
the MS/MS spectrum of the triacetylated apo form. Instead, the

FIGURE 2: MS/MS spectrum of the tryptic peptide corresponding to
residues 69-93 plus one acetyl group in apo calbindin-D28k.MS/MS
spectrum of the [M þ 3H]3þ ion of m/z 960.96 from apo calbindin-
D28k, corresponding in mass to the tryptic 69-93 peptide plus one
acetyl group (Ac) on lysine 72. A multiplication factor of 6 was
applied to the MS/MS spectrum.
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MS/MS spectrum is dominated by y ions through y8, which
correspond to cleavage being initiated at the disulfide bond cyclic
system. This indicates that the secondand third acetylations occur
in this ring, The b1 ion indicates acetylation of cysteine 94, and the
mass difference between the b4 and b5 ion locates the second
acetylation in the disulfide ring as being at lysine 98 (Figure 3C).

In the peptide corresponding to the addition of four acetyl
groups in the apo form,MS/MS analysis confirmed diacetylation
of cysteine 94 and acetylation of both lysines 98 and 105 (Figure
S6B). There are, however, several relatively low-abundance ions
indicating some acetylation is also occurring at cysteine 100, e.g.,
the (y10 þ 2Ac) and (y9 þ 2Ac) ions. Thus, acetylation pre-
dominantly occurs at the lysines followed by acetylation of the
N-terminal cysteine. The latter acetylation probably occurs after
digestionwhile still in the presence of excess acetic anhydride. The
MS/MS spectrum of the quadruply acetylated peptide from the
holo form (Figure S6C) is similar to that of the quadruply
acetylated apopeptide (Figure S6B).

Because the MS/MS spectrum of the doubly acetylated apo
form indicated the presence of a disulfide bond (Figure S6B)
while the mass of the triply acetylated ion was consistent with a
reduced disulfide, we used EICs to determine the extent of
disulfide bond formation as well as the extent of modification
of this peptide in both the holo and apo forms. For the apo form,
the relative abundance of the disulfide-bonded diacetylated
peptide corresponds to 16% of the summed relative abundances
of the þ2 to þ4 acetylated peptides, while in the holo state, the
relative abundance of peptides including a disulfide bond corre-
spond to 76%of the summed relative abundances of theþ2 toþ4
acetylated peptides. From these calculations, it is clear that the
holo form exists predominantly with a disulfide bond while the
apo form exists predominantly in a reduced state.

Lysine residues 109, 124, and 128 (EF hand 3) are located in
tryptic peptide 109-128. An [Mþ 3H]3þ ion atm/z 805.403þwas
expected for the unmodified peptide; however, in the apo form,
an m/z value of 833.503þ was observed. This mass difference

FIGURE 3: MS/MS spectra of tryptic peptides corresponding to residues 94-108 of calbindin-D28k. (A)MS/MS spectrum of the [Mþ 2H]2þ ion
atm/z 1000.00 from the holo form corresponding inmass to tryptic peptide amino acids 94-108 plus two acetyl groups (Ac). TheAc groupswere
determined to be located at Lys98 and Lys105. A disulfide bond between Cys94 and Cys100 was observed and is designated by a black line
connecting the two residues. A multiplication factor of 2 was applied to the MS/MS spectrum. (B) MS/MS spectrum of the [M þ 2H]2þ ion
at m/z 1021.90 from the apo form corresponding in mass to tryptic peptide amino acids 94-108 plus three acetyl groups (Ac). (C) MS/MS
spectrumof the [Mþ 2H]2þ ion atm/z 1020.90 from the holo form corresponding inmass to tryptic peptide amino acids 94-108 plus three acetyl
groups (Ac). Ac* indicates N-terminal acetylation. A multiplication factor of 2 was applied to the MS/MS spectrum.
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corresponds to the addition of two acetyl groups to this peptide.
MS/MS analysis identified and confirmed lysine residues 109 and
124 are acetylated and lysine 128 is nonacetylated (Figure S7). Of
note, however, is the fact that this peptide was not observed in the
holo form. In the chymotrypsin digest of the holo form, however,
a peptide corresponding to residues 108-117 was observed with
an m/z of 634.212þ, a 21 Da increase over the expected m/z of
613.282þ. MS/MS analysis identified lysine 109 as being acety-
lated in this peptide generated from the holo form of the protein.
No peptides containing lysine residues 124 and 128were observed
in the tryptic digest of the holoprotein; therefore, the modifica-
tion state of these lysine residues was unable to be determined.
We speculate, however, that these two residues might both be
acetylated in the holo form. This would result in a missed
cleavage by trypsin, and therefore, a large peptide (amino acids
109-152) with a theoretical mass of at least 5165.831þ would be
expected due to the acetylation pattern of lysine residues 109, 124,
128, 133, 136, and 142. No ions corresponding to multiply
charged forms of possible peptides resulting from modification
of these residues were observed in this range in the MS spectra
with an m/z value of e2000. There were also no corresponding
peptides observed in the GluC digestion.

Lysine 152 is located in helix 1 of EFhand 4. It was observed as
100% modified in the apo form as GluC peptide 149-163. No
peptide containing lysine 152 was observed in the holo form. We
did, however, observe tryptic peptide 153-161, indicating that
lysine 152was unmodified to some extent. Lysine 161 is located in
the loop of EF hand 4 and was observed as 100%modified in the
apo form, while the holo form was observed to be 100%
unmodified.

Lysines 180, 185, and 189 are located in the linker region
between EF hands 4 and 5. No ions were detected for peptides
containing lysine 189. However, lysines 180 and 185 underwent a
significantly greater extent ofmodification in the holo form (31.4(
4.62%) than in the apo form (14.0 ( 3.6%). These percentages
are based on the ion counts from the extracted ion chromato-
grams (EICs) of the ions corresponding to peptides from this linker
region. In this case, we compared the EIC for m/z 964.982þ of the
tryptic peptide corresponding to residues 170-185, where lysine
180 is in a modified state, and the EIC of tryptic peptide 170-180,
m/z 657.312þ, where lysine 180 is in an unmodified state (Figure 4).
No corrections were made for differences in the ionization
efficiency of the two peptides.

Lysines 193 and 216 are located in EF hand 5, in helix 1 and
helix 2, respectively. Lysine 193 was observed as 100% modified
in both the apo and holo forms. TheGluC peptide corresponding
to residues 211-220 (LDALLKDLCE) contains lysine residue
216 and cysteine 219. Peptides corresponding in mass to an
unmodified peptide, a monoacetylated peptide, and a diacety-
lated peptide were observed in both the apo and holo forms of the
protein. MS/MS verified that only lysine 216 was modified in
the monoacetylated peptide (Figure S8). The acetylation of
cysteine 219 was observed in only the diacetylated peptide.
Lysine 216 was found to be mostly modified in both the apo
and holo forms. To calculate the modification percentages, the
mono- and diacetylated peptide EIC counts were added together.
A modification percentage of 96.3 ( 2.1% was observed in the
apo form and a value of 97.0 ( 2.6% in the holo form. This
indicates that this region in EF hand 5 is not affected by the
binding of calcium. EF hand 5 also contains four additional
lysine residues (K185, K189, K221, and K223), all of which are
found in the linker regions. As mentioned previously, no ions

were observed corresponding to any proteolytic peptides con-
taining K189 in either apo or holo calbindin-D28k digests. Ions
corresponding in mass to the nonacetylated K221-containing
tryptic peptide were observed in the digest of the holoprotein, but
these same ions were not observed in the digest of the apo form.
What was observed, however, was the ion corresponding to
tryptic peptide 222-236. The observation of this ion implies that
lysine 221 is not acetylated because cleavage after lysine 221 is
required for the formation of tryptic peptide 222-236. If K221
were acetylated, tryptic peptide 222-236 would not be observed.
Modification of Histidine Residues. The surface accessi-

bility of histidine residues in calbindin-D28k was investigated
using DEPC modification to the N-ethoxycarbonyl derivative.
Following DEPCmodification and enzymatic digestion, three of
the four histidine residues in the sequence were observed in the
MS and MS/MS analyses, histidine residues 5, 22, and 80. No
proteolytic peptide ions that could be confirmed as containing
histidine 114, modified or unmodified, were observed in any of
the analyses of the modification reactions. For histidine 5 in EF
hand 1, [M þ 2H]2þ ions at m/z 847.902þ and 883.982þ were
observed in both the apo and holo form GluC digests. An
expected theoretical mass for an [Mþ 2H]2þ ion for an unmodi-
fied peptide containing residues 4-18 would be 847.922þ. There-
fore, the observed ions would correspond to a nonmodified
peptide and a singly modified peptide, respectively. MS/MS data
verified that this peptide is present as both DEPC-modified
(Figure S9) and unmodified in the apo as well as the holo form
of the protein under the experimental conditions used. In the apo
form, the extent of DEPC modification was 63.6 ( 1.2%
(calculated from the EICs for the GluC peptides containing
histidine 5). In the holo form, the percent DEPC modification
was 22.0 ( 8.1%. These data imply that histidine 5 becomes less
surface accessible upon calcium binding. Similarly, for histidine
22 (EF hand 1), ions corresponding to the GluC peptides were
observed for both DEPC-modified and unmodified peptides in
both states of the protein. Relative quantitation using ion counts
from the extracted ion chromatograms shows the extent of
DEPC modification to be 31.5 ( 5.8% for the holo form versus
50.5 ( 0.5% for the apo form (Table 1).

Ions corresponding to both DEPC-modified and unmodified
GluC peptides were observed for histidine 80 (EF hand 2) in both
forms of the protein. MS/MS analysis of the [M þ 2H]2þ ion at
m/z 540.77, corresponding to the mono-N-ethoxycarbonyl deri-
vative, confirmed histidine 80 as the site of modification. This
residue was observed to be modified to the same extent (60%) in
both the apo- and holoproteins (Table 1). These data indicate no
change in the accessibility of histidine 80 upon calcium binding.
For both forms, two distinct chromatographic peaks were
observed in the LC-MS extracted ion chromatogram, m/z
540.772þ, for the DEPC-modified GluC peptide (Figure S10).
To verify the identity of these ions, the corresponding MS/MS
data were acquired from each of the chromatographic peaks
(Figure S11). TheseMS/MS spectrawere essentially identical and
confirm the amino acid sequence as LAHVLPTEE with the
histidine residue identified as being DEPC-modified. No evi-
dence for threonine acetylation was observed in either tandem
MS (Figure S11). It has been shown that DEPC is able tomodify
both tautomeric states of histidine (45). If histidine 80 exists in
both tautomeric states, then two structurally distinct DEPC
products could form, thereby giving rise to two distinct chroma-
tographic peaks. To calculate the percent modification of histi-
dine 80, ion counts from the extracted ion chromatograms of
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each peakwere added together and compared to the extracted ion
chromatogram for the unmodified peptide.
Molecular Dynamics. Molecular dynamics simulations

yielded stable solution configurations after 10 ns. Root-mean-
square deviations (rmsd) calculated for the backbone atoms, with
respect to the NMR structure of holo disulfide-reduced calbindin-
D28K as the reference configuration, can be used to gauge the
achievement of stability (Figures S12 and S13). For the apo
structure, the observed overall rmsd is slightly larger than the
corresponding rmsd of the holo structure, with averages of 3.7 and
2.9 Å, respectively. Most individual EF hand domains maintain
relatively stable folds inboth the apo andholo systems (Figure S14).
From the rmsd of the molecular dynamics simulations, the helices

stay relatively close to their orientations with respect to those
observed in the NMR structure. The exceptions are EF hands 3, 5,
and 6 of the apo structure (Figure S12A, blue, brown, and orange
lines, respectively) and EF hands 4 and 6 of the holo structure
(Figure S13A, yellow and orange lines, respectively) (showing an
average rmsd of >2 Å). For peptides connecting adjacent EF
hands, the region between EF hands 4 and 5 (Figure S12B, blue
line) in the apo state and the regions between EF hands 2 and 3 and
between EF hands 4 and 5 (Figure S13B, blue and brown lines,
respectively) in the holo state display the largest deviations com-
pared with corresponding segments of the NMR structure. In the
case of the peptide between EF hands 2 and 3 in the holo system,
disulfide bond formation may lead to the observed differences.

FIGURE 4: Extracted ion chromatogramsof the acetylated and nonacetylated peptides corresponding to lysine 180. (A)EICs of the apo calbindin-
D28k tryptic peptides corresponding to the modification state of K180. The top EIC is that of the monoacetylated tryptic peptide (amino acids
170-185),m/z 964.982þ. The bottomEIC is that of unmodified K180 (amino acids 170-180),m/z 657.312þ. (B) EICs of the holo calbindin-D28k

tryptic peptides corresponding to the modification state of K180. The top EIC is that of the monoacetylated tryptic peptide (amino acids
170-185), m/z 964.982þ. The bottom EIC is that of the unmodified K180 (amino acids 170-180), m/z 657.312þ.
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DISCUSSION

Calbindin-D28k is a unique calcium binding protein that
functions as both a calcium sensor and buffer in eukaryotic cells.
Although an NMR structure of disulfide-reduced, holo calbin-
din-D28k has been published (2), no structure for apo calbindin-
D28k or holo calbindin-D28k with an intact disulfide bond has
been reported. This study used differential surface modification
in combination with mass spectrometry to identify the regions of
calbindin-D28k affected by the conformational change that
occurs upon calcium binding. As mentioned in the introductory
section, NMR titration experiments indicate that calbindin-D28k

passes through a disordered state upon making the transition
from the apo form to the holo form. On this basis, we expect
disulfide-bridged holo calbindin-D28k to be more structurally
similar to the disulfide-reduced holo structure than to the apo
structure, and we will discuss structural differences between the
apo and holo forms in these terms. We will also discuss specific
structural changes between disulfide-reduced and disulfide-
bridged holo forms based on and consistent with specific
differential chemical reactivities.
Disulfide Bond. Rat brain calbindin-D28k contains four

cysteine residues, at positions 94, 100, 186, and 219. It has been
shown in the homologous human brain calbindin-D28k that the
two N-terminal cysteine residues 94 and 100 are essential to the
function of calbindin-D28k (46). Previous research has shown that
a disulfide bond between cysteines 94 and 100 is present in rat
brain holo calbindin-D28k (47). It is unclear from this report,
however, whether this disulfide bond forms in both apo and holo
calbindin-D28k. Our results indicate that upon calcium binding,
calbindin-D28k exists predominantly with a disulfide bond be-
tween cysteines 94 and 100. The presence of a disulfide bond was
also detected for the apo form to a limited extent. However, it is
possible that the tryptic digestion conditions (pH 8) oxidized
cysteines 94 and 100 in the apo form (48). In the apo form,
cysteine 94 is modified 84% and cysteine 100 52% of the time. In
the holo form, however, modification of cysteine 94 only
occurred at a rate of 24%. These results indicate that the
formation of a disulfide bond is calcium-dependent. This con-
firms previous speculation that the formation of a disulfide bond
in the calcium-bound form is involved in fine-tuning the surface
hydrophobicity, which could play a role in the ability of
calbindin-D28k to interact with different target proteins or the
affinity with which it binds these different targets (2).
EFHand 1.The first linker region (residues 1-15) of EF hand

1 contains a histidine residue at position 5. The ratio of the percent
of DEPC modification of the histidine 5 peptide in the apo and
holo forms is 2.9, indicating a significant increase in the reactivity
of this residue in the apo form, and it is thus predicted to be in a
more flexible, less protected conformation. The helix-loop-helix
motif of EF hand 1 extends from amino acid 16 to 44.Within this
region, the reactivity of two different residues was evaluated,
histidine 22 and lysine 34. Histidine 22 is located in the initial helix
of the EF hand, and ourmodification results indicate a somewhat
increased reactivity and/or accessibility for this residue (percent
ratio of 1.6) in the apo form. The loop region of this EF hand
contains lysine 34. The differential modification experiments
indicate a significant difference in reactivity of this residue
between the holo and apo forms,with the apo formbeing detected
only as modified and the holo form only as unmodified. This
indicates that this region undergoes a significant conformational
change leading to amore surface-exposed lysine residue in the apo

form. The linker region between EF hands 1 and 2 contains two
lysines (K48 and K49). These residues were observed as part of a
relatively long peptide that also contained lysine 59 of EF hand 2.
This peptide showed only a minor to no difference in reactivity
between the holo and apo forms, indicating that theremay be little
structural change in this linker between the two forms.
EF Hand 2. EF hand 2 contains lysine 59 (helix 1), lysine 72

(loop), and histidine 80 (helix 2). As noted above, there was little
or no change in the reactivity of lysine 59 between the holo and
apo forms, and lysine 72 (located in the middle of the loop in EF
hand 2) also exhibited little change in reactivity. As this hand
does not bind calcium, the similar reactivities shown by K72
between the apo and holo forms are not unexpected. Histidine 80
is located in helix 2 and is three residues C-terminal to the EF
hand 2 loop. Histidine 80 was also observed to be unchanged in
the extent of modification, again, indicating that the tertiary
structure in this region does not differ significantly on calcium
binding.
Linker Region between EF Hands 2 and 3. Lysine 98 is

located in the linker region between EF hand 2 and EF hand 3
and is located between cysteines 94 and 100. From these analyses,
lysine 98 was observed solely as acetylated in both apo and holo
calbindin-D28k. These data indicate that the absence or presence
of calcium in the absence or presence of the disulfide bond does
not significantly affect the conformation of this region. A recent
study used NMR chemical shift perturbation experiments to
identify the potential binding interface of holo calbindin-D28k

with peptides of previously identified protein binding part-
ners (49). This type of experiment identified select residues that
exhibit significant chemical shift changes, line broadening, or
both upon peptide binding, giving site specific interaction
information. It was determined that the region including part
of the second helix of EF hand 2 and the linker region between
EFhand 2 andEFhand 3 (residues 82-100) as a dominant site of
peptide binding in the holo form. Our data show that this region
is equally accessible in both forms, suggesting that this region is
available for interaction in the apo form as well. This discovery
makes this region of great interest in understanding how calbin-
din-D28k functions as both a buffer and a sensor protein as EF
hand 2 is not involved in calcium binding.
EFHand 3. Several lysine residues and a histidine residue are

found in the amino acid sequence comprising EF hand 3. No
histidine 114-containing proteolytic peptide ions, however, were
observed from the histidine modification reactions. Lysines 105
and 109 are located in helix 1 of this hand and do not exhibit any
change in reactivity between the two forms under our experi-
mental conditions. Lysines 124 and 128 are located in helix 2. In
the apoprotein, lysine 124 is found acetylated and lysine 128 is
found nonacetylated. No peptide containing either of these
residues was detected in the holoprotein digest. Interestingly,
these residues were observed in both tryptic andGluC peptides in
a digest of a holo control protein that had not undergone any
chemical modification reactions, suggesting that, in the acetyl-
ated holoprotein, both of these lysines are modified (in addition
to the confirmed sites ofmodification at lysines 109, 133, 136, and
142), resulting in six missed cleavages and a high-mass peptide
which may result in reduced sensitivity in the mass spectrometer.
Thus, we hypothesize that both lysines are fully modified in the
holo form (as are lysines 133 and 136 that would be part of that
tryptic peptide; see below), while only lysine 124 and not lysine
128 is modified in the apo form. These data are consistent with a
major conformational change occurring in this region. The linker
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between EF hands 3 and 4 contains lysines 133, 136, and 142.
Because all three lysines were observed to be fully modified in
both the holo and apo forms, this indicates anopen conformation
in this region in either state.
EF Hand 4. This EF hand contains one lysine residue in the

first helix (K152) and one lysine residue in the loop (K161). Both
of these lysines are observed to be modified in the apo form,
indicating an open conformation. No peptide containing lysine
152 was detected in the holo form. However, tryptic peptide
153-161 was observed, indicating that lysine 152 did exist to an
indeterminate extent in the unmodified state in the holo form.
This is consistent with a decrease in accessibility in the holo state.
Lysine 161 is found to be 100%modified in the apo form, but no
modified lysine 161 was observed in the holo form. Thus, the
lysine 161 results are also consistent with a decrease in accessi-
bility in this region in the holo form. The linker between EF hand
4 and EF hand 5 contains lysines 180, 185, and 189. Both lysines
180 and 185 are more readily modified in the holo form (31.3 (
4.62%) than in the apo form (14 ( 3.6%), indicating that these
lysines in the holo form are less constrained than in the apo form.
Proteolytic peptides containing lysine 189 were not observed in
our experiments.
EFHand 5.The amino acid sequence of the helix-loop-helix

motif of EF hand 5 contains two lysine residues, K193 and K216.
Lysine 193 is located in helix 1 and was observed only modified in
both forms of the protein, indicating an open conformation for
this helix. Lysine 216 was also seen to be>95%modified in both
forms. These results indicate that there is little change in the
protection of these residues. The linker between EF hands 5 and 6
contains lysines 221 and 223. Peptides containing lysine 221 were
not observed in the digest of the apo form, although a lysine 221-
containing peptide was observed in digests of the holo form as
being unmodified. These data are more consistent with a con-
formational change in this region to a more open state in the apo
form in that one would expect to see aK221-containing peptide in
the apo form if it were unmodified.
EF Hand 6. The sixth EF hand of calbindin-D28k contains

lysines 235, 236, and 246. All three residues were observed only
acetylated in both the holo and apo forms. Therefore, no
difference in reactivity between the holo and apo forms was
observed, indicating little or no conformational change.
Structural Consequences. Major differences in reactivity

were observed in several regions of the protein: the initial linker,
helix 1 of EF hand 1, the loop of EF hand 1, the first helix and the
loop of EF hand 4, the linker between EF hands 4 and 5, and the
first part of the linker to EF hand 6. The very significant
differences in reactivities observed in EF hand 1, EF hand 4,
and the linker regions on both sides of EF hand 5 are consistent
with the significant conformational changes between these two
forms observed (Figure S4 and ref 21). The results presented
here provide specific information about the regions of the
molecule undergoing significant changes in conformation.

Using molecular modeling, structural explanations for differ-
ences in the reactivity for several specific residues are proposed.
Molecular dynamics simulations over 15 ns were then used to
obtain a model of conformational changes in specific regions of
the solution structure of apo calbindin-D28k as well as non-
reduced holo calbindin-D28k. It should be noted that the 15 ns
dynamic window may not be long enough to capture extensive
overall conformational changes in their entirety. The initial
coordinates for these simulations were based on the disulfide-
reduced, holo NMR structure (PDB entry 2G9B). The chemical

modification data for lysine 34 of the EF hand 1 loop indicate this
region as being involved in a conformational change between the
apo and holo forms. A comparison of the NMR structure of the
reduced holo model, our nonreduced holo model, and our apo
model (Figure 5A-C) shows that lysine 34 ismore solvent-exposed
and away from any potential salt bridge-forming partners (>4 Å)
in the apo form, whereas in the disulfide-containing holo form
model, lysine 34 is able to form a salt bridge with glutamic acid 35
(∼2.9 Å). Salt bridges are thought to play an important role in the
structure and function of a protein. Salt bridges can form between
oppositely charged amino acid residues that are within amaximum
of 4 Å of each other, but amore typically accepted range is less than
3.5 Å (50, 51).

The reactivity of lysine 161 was also significantly affected upon
calcium binding, going from a completely modified state in the apo
form to a fully unmodified state in the holo form. Compari-
son of the apo model to both the NMR structure of the reduced
holo form and our nonreduced holo form showed a signi-
ficant structural difference in the residues surrounding lysine 161
(Figure 6). In both holo forms (Figure 6A,B), lysine 161 is
completely surrounded by acidic residues, giving it many opportu-
nities to form salt bridges, resulting in our observation of lysine 161
as being unmodified in the holo form.However, the opposite is true
in the apomodel, displaying lysine 161 as available formodification
in the non-calcium-bound state. Lysine 161 is located in the middle
of the calciumbinding loopofEFhand4, identifyingEFhand4as a
site of significant change upon calcium binding.

Our computationalmodel of holo calbindin-D28kwith a disulfide
bond is shown in Figure 7. In this figure, the residues that we
observed to undergo significant change in surface reactivity between
the holo and apo forms are highlighted. The locations of these
residues may be indicative of the areas of the protein undergoing
extensive conformational change upon calcium binding.

FIGURE 5: Comparison of the NMR structure to our structural
models around residues lysine 34 and glutamic acid 35. (A) NMR
structure with a reduced disulfide bond. (B) Holo model with a
nonreduced disulfide bond. (C) Apo model with a reduced disulfide
bond. Glu35 and Lys34 are shown in space-filling form. Atoms are
colored blue forN, red for O,white forH, and yellow for C.Also, the
averaged NZ-OE1 or -OE2 distances are shown.
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In summary, changes in local and global electrostatic and
hydrophobic properties allow a protein to fine-tune the surface

it presents, which is essential to its function. These changes
result in a different surface being presented to potential
binding partners. The conformational change characterized
here using differential surface modification analyzed by mass
spectrometry identifies the regions affected by the conforma-
tional change that occurs between the holo and apo states of
calbindin-D28k, thereby allowing, for the first time, structural
differences between apo and holo calbindin-D28k to be deter-
mined.
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