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ABSTRACT: IF1, the natural inhibitor protein of FOF1ATP synthase able to regulate the ATP hydrolytic
activity of both mitochondrial and cell surface enzyme, exists in two oligomeric states depending on pH: an
inactive, highly helical, tetrameric form above pH 6.7 and an active, inhibitory, dimeric form below pH 6.7
[Cabezon, E., Butler, P. J., Runswick,M. J., andWalker, J. E. (2000) J. Biol. Chem. 275, 25460-25464]. IF1 is
known to interact in vitrowith the archetypal EF-hand calcium sensor calmodulin (CaM), as well to colocalize
with CaM on the plasma membrane of cultured cells. Low resolution structural data were herein obtained in
order to get insights into the molecular interaction between IF1 and CaM. A combined structural proteomic
strategy was used which integrates limited proteolysis and chemical cross-linking with mass spectrometric
analysis. Specifically, chemical cross-linking data clearly indicate that the C-terminal lobe of CaM molecule
contacts IF1 within the inhibitory, flexible N-terminal region that is not involved in the dimeric interface in
IF1. Nevertheless, native mass spectrometry analysis demonstrated that in the micromolar range the
stoichiometry of the IF1-CaM complex is 1:1, thereby indicating that binding to CaM promotes IF1 dimer
dissociation without directly interfering with the intersubunit contacts of the IF1 dimer. The relevance of the
finding that only the C-terminal lobe of CaM is involved in the interaction is two fold: (i) the IF1-CaM
complex can be included in the category of noncanonical structures of CaM complexes; (ii) it can be inferred
that the N-terminal region of CaM might have the opportunity to bind to a second target.

Bovine IF1, the natural inhibitor protein of FOF1ATP
synthase, consists of an 84 residue long monomer which folds
into a single cationic amphiphilic R-helix (1). In solution, two IF1

molecules dimerize by forming an antiparallel R-helical coiled-
coil structure in the C-terminal region, leading the N-terminal
regions to be available for binding to FOF1 (1) and other putative
partners (2). The dimer is the predominant form at acidic pH,
while at pH 6.5, it is in equilibrium with a tetrameric form which
becomes predominant at basic pH (3).

Pedersen andCarafoli groups had previously reported that IF1

is a target for Calmodulin (CaM1) (4, 5), the archetypal EF-hand
calcium sensor (6-9). CaM interacts and regulates numerous
target proteins that are structurally and functionally unrelated,
including metabolic enzymes, structural proteins, transcription
factors, ion channels, and pumps, andmodulates a wide range of

cellular processes in response to calcium (10-12). The list of
known CaM-dependent proteins is extensive, exceeds 300 in
number (13-15), with the diversity of targets being strictly
dependent on the ability of CaM to interact with its targets in
different ways (11, 15-17).

The best known mode of interaction of CaM with the target is
the classical wrap-around mode with the target peptide engulfed
in a hydrophobic channel (18) and the two lobes of CaM coming
close to one other (18-21). Although the wrap-around binding
model was initially assumed to be the predominant structural
mechanism for CaM binding to its targets, a growing body of
evidence demonstrated that CaM can also bind to targets in an
unusual compact or extended conformations in some instances
with less than a full complement of bound calcium ions, as well as
with novel stoichiometries (10, 20). In the case of the plasma
membrane Ca2þ-pump, 4Ca2þ-CaM binding to its peptide C20W
involves only the C-terminal lobe, as a consequence of a missing
hydrophobic anchor residue with respect to the common target
sequences (22). A radically novel target-binding mode has been
revealed with the crystal structure of 2Ca2þ-CaM in complex with
a fragment of Kþ-channel (23) and exotoxin from Bacillus
anthracis (23). In all these structures, CaMmaintains an extended,
open conformation after binding to its target.

Our in vitro fluorimetric analyses clarified that both the bovine
inhibitor protein of FOF1ATP synthase IF1 and yeast inhibitors
IF1 and STF1 interact with Ca2þ-saturated CaM with a 1:1 ratio
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over a wide pH range. Moreover, sequence visual inspection,
together with binding studies of CaM with bovine IF1 synthetic
peptides, revealed the presence of a conserved putative CaM-
binding motif within the N-terminal of IF1 from bovine and
yeast (2).

In addition, we have reported that IF1 expressed on the cell
surface colocalizes with CaM in human HepG2 cells (25),
suggesting the hypothesis that the interaction may occur in vivo
at this level. Such a hypothesis is reinforced by recent reports
documenting that IF1 located on the plasmamembrane is able to
regulate the activity of FOF1ATP synthase expressed on the cell
surface (25-27).

As mentioned above, IF1 exists in two oligomeric states
depending on pH: an inactive, highly helical, tetrameric form
above pH 6.7 and an active, inhibitory, dimeric form below pH
6.7 (3). In the IF1 dimer, the twomonomers associate through an
extended antiparallel R-helical coiled-coil in the C-terminal
region, while the inhibitory active portion is in the N-terminal
region (28). Structural data are needed in order to understand
whether the binding of CaM overlaps the inhibitory portion as
well as the stoichiometry of the IF1-CaM complex. The aim of
the present work was to characterize the complex between IF1

and Ca2þ-CaM, by defining the stoichiometry and topology of
the protein complex, in the experimental conditions in which the
IF1 is in the dimeric, inhibitory form, i.e., pH 5.

We investigated the stoichiometry of the IF1-CaM complex
by native ESI-MS analyses. Complex topology was investigated
by a combined strategy, which integrates limited proteolysis and
cross-linking experiments with mass spectrometric analyses.

Our data indicated that IF1 and CaM in the physiological
micromolar range form a 1:1 complex, with four calcium ions
bound, and clearly demonstrated that only the C-terminal lobe of
CaM is involved in the formation of the complex and contacts IF1

within the inhibitory, flexible N-terminal region.

MATERIALS AND METHODS

Materials.Recombinant IF1 was provided byMRCMedical
Research Council (Centre Cambridge). Recombinant bovine
calmodulin, TPCK treated trypsin, endoprotease Glu-C, chymo-
trypsin, the cross-linking reagent 1-ethyl-3-(3-dimethylamino-
propyl)-carbodiimide (EDAC), R-cyano-4-hydroxycinnamic acid,
and sinapinic acid were purchased from Sigma. Acetonitrile was
HPLC-grade from Baker.
Biotinylation of IF1. IF1 (344 μg, in 50 mM MES, pH 5.0)

was incubated with 8 μg of Sulfo-NHS-Biotin (sulfosuccinimido-
biotin) (Pierce) (molar ratio 1:1), dissolved in the same buffer, on
ice in the dark for 2 h. The reaction was stopped with 0.1 M Tris
at pH7.0, and the excess of nonreacted biotin reagentwas removed
by size exclusion chromatography on PD-10 columns (GE-
Healthcare) in 0.1 M sodium phosphate at pH 7.2 and 0.15 M
NaCl, following absorbance at 220 and 280 nm to single out IF1-
containing fractions. These fractions were pooled, and the extent
of biotinylation was verified by ESI-MS on an aliquot corre-
sponding to∼1 nmol of IF1 protein previously purified by reverse-
phase HPLC on a ZORBAX Eclipse XDB-C8 column (150 �
4.6 mm, 80 Å pore size) with a 25-65% acetonitrile linear
gradient in 0.1% TFA over 10 min, at a flow rate of 1 mL/min.
Elution was monitored at 220 nm, and individual fractions were
collected and analyzed by electrospray mass spectrometry on a
QUATTROMicroLC-MS/MS system equippedwith aZ-SPRAY
source and a triple quadrupole analyzer (Waters-Micromass).

Protein solution was injected into the ion source at a flow rate of
10 μL/min. Calibration of the instrument was achieved with the
multicharge distribution of the equine myoglobin. Data were
elaborated using the MassLynx program (Waters-Micromass).
Immobilization of Biotinylated PHK on Avidin and the

Pull Down Assay. Two hundred microliters of avidin agarose
resin (settled gel, Pierce) was equilibrated with five volumes of
binding buffer (0.1 M sodium phosphate at pH 7.2 and 0.15 M
NaCl) and incubated with biotinylated IF1 (2 mg of biotinylated
IF1 per mL of settled avidin agarose resin) at 4 �C for 1 h. The
resin was washed with 10 volumes of 50 mM MES at pH 5.0.

CaM (200 μL, 5 μM in 50 mM MES, pH 5.0) was incubated
with 200 μL of biotinylated-IF1 immobilized on avidin agarose
resin and incubated overnight at 4 �C. The resin was washed with
10 volumes of 50 mM MES at pH 5.0, and the retained species
were elutedwith 30 μLof denaturing buffer (15.6mMTris, 1.25%
SDS, 2.5%Glycerol, 0.2MDTT). Sampleswere analyzedbySDS-
PAGE (12.5%-10 cm � 10 cm), and proteins were stained with
Coomassie Brilliant Blue G-Colloidal (Pierce, Rockford, USA).
Gel Filtration. Gel filtration experiments were carried out as

follows: 50 μL of the 20 μMsample in 50mMammonium acetate
at pH 5.0, 0.15 M NaCl, and 100 μM CaCl2 were loaded on a
Superdex 75 PC (3.2� 300mm) gel filtration column installed on
Smart System (Pharmacia LKB) and isocratically eluted at 25 �C
at a flow rate of 75 μL/min. The column had been previously
calibrated in 50 mM sodium phosphate at pH 7.5 and 0.15 M
NaCl with the following proteins of known molecular mass:
bovine serum albumin (66000 Da), ovalbumin (45000 Da),
carbonic anhydrase (29000 Da), trypsinogen (24000 Da), and
cytochrome c (12400 Da).
Native Mass Spectrometry. IF1 and the IF1-calmodulin

mixture (1/1, mol/mol) were analyzed on a Q-TOF hybrid mass
spectrometer equipped with a nano Z-spray source (Waters,
Manchester, UK). Protein solutions, 10 μM in 10 mM ammo-
nium acetate at pH 5.0 and 100 μMCaCl2, were injected into the
ion source at a flow rate of 1 μL/min. Data were elaborated using
the MassLynx program (Waters-Micromass). Calibration of the
instrument was achieved with the multicharge distribution of the
bovine pancreatic tripsinogen.
Complementary Proteolysis Experiments. Enzymatic hy-

drolyseswere performed at 37 �Cby incubating the 10 μMsample
in 10 mM ammonium acetate at pH 5.0 and 100 μMCaCl2 with
either trypsin, chymotrypsin, or endoproteaseGlu-C, enzyme-to-
substrate ratios ranging from 1:4000 to 1:100 (w/w). The extent of
proteolysis wasmonitored on a time-course basis by sampling the
reaction mixture at different time intervals from 1 to 60 min and
directly analyzing the released peptides by MALDI-MS. For
each measurement, an aliquot of 1 μL of peptide mixture was
applied to a sample slide and mixed with 4 μL of a 10 mg/mL
sinapinic acid solution in acetonitrile/0.2% TFA (70:30, v/v)
before air drying. The samples were then analyzed on a linear
Voyager DE MALDI-TOF mass spectrometer (Applied Biosys-
tems, Foster City, CA). The mass range was internally calibrated
with the [M þ H]þ and [M þ 2H]2þ ions from the entire IF1

protein present in the proteolytic mixture.
Chemical Cross-Linking Experiments. Cross-linking reac-

tions on the IF1 dimer were carried out in a total volume of 20 μL
of 50 mMMES at pH 5.0. IF1 (0.5 nmol) was incubated at 37 �C
for 15 min and then treated with 1-ethyl-3-(3-dimethylamino
propyl)-carbodiimide (EDAC) cross-linking reagent for 30 min.

Cross-linking reactions on the IF1-calmodulin complex were
carried out in a total volume of 20 μL of 50 mMMES at pH5.0,
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1 mM CaCl2, and 0.15 M NaCl. Then, 0.5 nmol of IF1 and
0.5 nmol of CaM were incubated at 37 �C for 15 min and then
treated with 1-ethyl-3-(3-dimethylamino propyl)-carbodiimide
(EDAC) cross-linking reagent for 30 min.

Preliminary experiments were carried out both for the IF1

dimer and the IF1-CaM complex to determine the optimal
excess of EDAC. Cross-linking reactions were terminated by
quenching the excess of reagentswith gel loading buffer (15.6mM
Tris-HCl, 1.25%SDS, 2.5%glycerol at pH6.8, and 0.2MDTT).
The protein samples were heated at 100 �C for 5 min and
separated by electrophoresis on a 15% SDS-polyacrylamide
gel. Proteins were detected by colloidal Coomassie, and selected
positively stained protein bands were excised from the gel, in situ
digested with trypsin, and analyzed by MALDI-MS for protein
identification.

In IF1 dimer cross-linking experiments on a preparative scale,
6 nmol in 120 μL of IF1 were incubated at 37 �C for 15 min and
then treated with a 10-fold molar excess of EDAC for 30 min at
37 �C. The reaction was stopped by acidification with 1% TFA.
The cross-linked protein was purified by reverse-phase HPLC on
a ZORBAX Eclipse XDB-C8 column (150 � 4.6 mm, 80 Å pore
size) with a 15-65% acetonitrile linear gradient in 0.1% TFA
over 30min, at a flow rate of 1mL/min. Elutionwasmonitored at
220 nm, and individual fractions were collected and analyzed by
electrospraymass spectrometry on aQUATTROMicroLC-MS/
MS system equipped with a Z-SPRAY source and a triple
quadrupole analyzer (Waters-Micromass). Protein solution was
injected into the ion source at a flow rate of 10 μL/min.Datawere
elaborated using the MassLynx program (Waters-Micromass).
The cross-linked protein fraction was evaporated to dryness in a
Speed Vac concentrator (Savant), resuspended in 10 mM ammo-
nium bicarbonate at pH 8.0, digested with trypsin at 37 �C
(E/S, 1:50 (w/w)) overnight, and subjected to MALDI-MS and
LC-MS/MS analysis.

In the cross-linking experiment, the IF1-CaM complex on a
preparative scale, 15 nmol of both IF1 and calmodulin was
incubated in 400 μL of 50 mM MES at pH 5, 1 mM CaCl2, and
0,15 MNaCl at 37 �C for 15 min and then treated with a 10-fold
molar excess of EDAC for 30 min. The reaction was stopped by
acidificationwith 1%TFA.The cross-linked proteinwas purified
by reverse-phase HPLC on a Phenomenex Jupiter C4 column
(250� 4.6 mm, 300 Å pore size) with a linear gradient of 5-65%
acetonitrile in 0.1%TFAover 40min, at a flow rate of 1mL/min.
Elution was monitored at 220 nm, and individual fractions were
collected and analyzed by electrospray mass spectrometry on a
Quattro-Micro triple quadrupole mass spectrometer (Waters-
Micromass). Protein solutionwas injected into the ion source at a
flow rate of 10 μL/min. Data were elaborated using the Mas-
sLynx program (Waters-Micromass). The cross-linked protein
fraction was digested with CNBr in 70%TFA overnight at room
temperature under an inert atmosphere in the dark using a large
weight excess of the reagent over protein. The sample was then
diluted 10-fold with water and evaporated to dryness in a Speed
Vac concentrator (Savant). The sample was then fractionated by
reverse-phaseHPLConaPhenomenex Jupiter C4 column (250�
2.00mm, 300 Å pore size), and individual fractionswere collected
and analyzed by electrospray mass spectrometry. Selected frac-
tions were digested with trypsin in 50 mM ammonium bicarbo-
nate at pH8 at 37 �C (E/S, 1:50 (w/w)) overnight and subjected to
MALDI-MS and LC-MS/MS analysis.

MALDI mass spectra were recorded on an Applied Biosys-
tems Voyager DE-PRO mass spectrometer equipped with a

reflectron analyzer and used in delayed extraction mode. One
microliter of the peptide sample was mixed with an equal volume
of R-cyano-4-hydroxycynnamic acid as matrix (in acetonitrile/
50 mM citric acid (70:30, v/v)), applied to the metallic sample
plate, and air-dried.Mass calibrationwas performed by using the
standard mixture provided by the manufacturer.

LC-MS/MS analyses were performed on a Q-TOF hybrid
mass spectrometer equipped with a Z-spray source and coupled
online with a capillary chromatography system CapLC (Waters,
Manchester, UK). After loading, the peptide mixture (4 μL) was
first concentrated and washed at 10 μL/min onto a reverse-phase
precolumn using 0.2% formic acid as eluent. The sample was
then fractionated onto a C18 reverse-phase capillary column
(75 μm� 20 mm) with 10-50% acetonitrile in 0.2% formic acid
over 40min, at a flow rate of 280 nL/min. Themass spectrometer
was setup in a data-dependent MS/MS mode where a full scan
spectrum (m/z acquisition range from 400 to 1400 Da/e) was
followed by a tandem mass spectrum (m/z acquisition range
from 100 to 2000 Da/e). Peptide ions were selected as the three
most intense peaks of the previous scan. Suitable collision
energy was applied depending on the mass and charge of the
precursor ion.

RESULTS

Structural Characterization of IF1. Oligomeric State
of IF1.The oligomeric state of IF1was assessed by direct ESI-MS
measurement under native conditions. An aliquot of IF1 (20 μM)
was incubated in 10 mM ammonium acetate at pH 5.0 at 37� for
30 min and then directly injected into the electrospray source of a
hybrid Q-TOF type mass spectrometer. Figure 1 shows the multi-
ply charged ion spectrum of native IF1, showing the presence of
mass signal distribution encompassing z = þ9 to z = þ6 ions.
The measured molecular mass calculated from the ESI-MS spec-
trum was 19166.3( 0.3 Da, in excellent agreement with the expe-
cted value for a dimeric IF1 species ((IF1)2 = 19163 Da).

Limited Proteolysis. Limited proteolysis experiments were
designed to study the surface topology of (IF1)2 on the grounds
that the portions of the protein that are involved in highly

FIGURE 1: Native ESI-MSmass spectrum of the IF1 dimer, showing
the predominant dimeric ions.
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structured regions or are located at the intersubunits interface are
protected from proteases (29).

(IF1)2 (20 μM) was individually incubated with trypsin, chymo-
trypsin, or endoprotease Glu-C, as conformational probes. The
extent of the enzymatic hydrolysis was monitored on a time-
course basis by sampling 1 μL aliquots of the incubation mixture
at different interval times followed by MALDI-MS analysis.
Fragments released from the dimer were identified on the basis of
their unique mass values and the specificity of the proteolytic
enzyme. Identification of the two complementary peptides follo-
wing a single proteolytic event led to the assignment of the
preferential cleavage sites (29). In Supporting Information, an
example of the MALDI-TOF analysis of the time course experi-
ments with Glu-C endoprotease is reported.

The overall results of the limited proteolysis experiments are
summarized in Table 1 and Figure 2, from which a number of
considerations can be drawn. Preferential cleavage sites in (IF1)2
gathered into specific regions of the protein, the most exposed
segment being the N-terminal portion spanning Glu31-Arg37.
Interestingly, no cleavage sites were detected in the C-terminal
region. These data are in perfect agreement with NMR data on
the 44-84 C-terminal coiled-coil IF1 domain (30), and with the
crystallographic structure of the IF1 mutant H49K (1) that could
not be resolved in the N-terminal portion due to the high
flexibility of this region. The high resolution data depict a central,
highly structured, and, therefore, likely inaccessible, antiparallel
coiled-coil structure formed by the opposite pairing of the two
C-terminal regions with the two, very flexible and exposed
N-terminal arms protruding at each end. This structural organi-
zation perfectly justifies our results.

Chemical Cross-Linking of (IF1)2. The interacting contact
regions in the IF1 dimer complex were further investigated by
chemical cross-linking. Cross-links were introduced with the
heterobifunctional reagent EDAC (1-ethyl-3-(3-dimethylamino-
propyl) carbodiimide) that forms zero-length isopeptidic bonds
between the carboxylic group of Glu residues and the ε-amino
group of lysines or the free N-terminus of the protein.

(IF1)2 (20 μM) was incubated in 50 mMMES buffer at pH 5.0
and treated with EDAC at 37 �C. Several concentrations of
EDAC and different reaction times were tested and the final
experimental conditions were accurately selected to result solely
in the formation of dimeric species, avoiding the formation of
high molecular mass oligomers and distortion of the tertiary
structure by excessive cross-linking. The cross-linking reaction
mixtures were separated by monodimensional SDS-PAGE and
the resulting gel stained with colloidal Coomassie Blue. Figure 3
shows the electrophoretic analysis of (IF1)2 treated with 10, 100,
500 molar excess of EDAC for 30 min at 37 �C. A protein band
with an apparent molecular mass of 19 kDa was clearly detected
in lanes 2, 3 and 4, which could tentatively be assigned to a
covalent dimer of IF1. IF1 was also analyzed on the gel without
treatment with EDAC as the control (Figure 3, lane 1). A thin
band corresponding to a dimeric species could also be observed in
these conditions, demonstrating the peculiar stability of the
noncovalent (IF1)2 dimer, which can resist even to the highly
denaturant conditions of the SDS-PAGE analysis. A 10-fold
molar excess of EDAC was considered enough to introduce
cross-links in a sufficient amount to freeze the dimeric IF1 species

FIGURE 2: Preferential cleavage sites observed in the dimeric form of IF1. The diagram shows the results obtained with trypsin (highlighting in
gray), chymotrypsin (highlighting in black), and Glu-C (boxed residue). In all cases, the proteolytic cleavage took place between the indicated
residue and the following one in the sequence.

Table 1: Peptides Generated in the Digestions of the Dimeric Form of IF1

with Proteases and Identified by MALDI-TOF Analysis

protease

(enzyme/IF1

ratio, w/w)

identified

peptide

experimental

[MHþ] mass

value (Da)

theoretical

[MHþ] mass

value (Da)

Glu-C (1/400) 1-31 3125.69 3125.19

32-84 6476.55 6476.28

trypsin (1/500) 1-9 919.70 920.90

1-16 1548.81 1549.59

1-25 2409.17 2409.52

1-32 3281.35 3281.38

1-35 3748.26 3747.92

1-37 3975.7 3975.19

38-84 5626.54 5626.29

36-84 5853.75 5853.56

33-84 6319.74 6320.10

26-84 7191.11 7191.95

17-84 8051.82 8051.89

10-84 8680.66 8680.58

chymotrypsin (1/1000) 1-33 3444.10 3444.56

1-34 3591.45 3591.73

35-84 6009.01 6009.75

34-84 6156.44 6156.92

FIGURE 3: (IF1)2 cross-linkingwithEDAC. SDS-PAGEof reaction
mixtures with different (IF1)2/EDAC ratios: (1) (IF1)2 without
EDAC; (2) (IF1)2/EDAC 1/10; (3) (IF1)2/EDAC 1/100; (4) (IF1)2/
EDAC 1/500; (M) protein molecular weight markers; molecular
weights are reported in kDa on the side. All of the reactions were
carried out at 37 �C for 30 min in 50 mM Na-MES at pH 5.0 and
stopped by the addition of the SDS-PAGE sample buffer.
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for subsequent analysis, while higher excesses of EDAC gener-
ated higher molecular weight bands, thus suggesting aggregation
of the protein caused by excessive cross-linking.

The dimeric protein band was excised from lane 2 and subje-
cted to enzymatic in-gel digestion with trypsin. For comparative
purposes, the monomeric IF1 band from the reference sample

FIGURE 4: MS/MS spectra of the cross-linked peptides AKEQLAALKK and LKQSEDDD. Tandem mass spectra of the precursor ion [M þ
3H]3þ = 677.4. Fragments from the peptide AKEQLAALKK are labeled with an R subscript and those from peptide LKQSEDDD with a
β subscript. Most ion assignments are indicated on the peptide sequence in the figure. Panels A and B represent enlargements of different mass
ranges of the same MS/MS spectrum.
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(lane 1) was also excised and treated in the same manner. The
tryptic digests were then analyzed by MALDI-MS, and the
experimentally obtained mass values were mapped onto the anti-
cipated IF1 sequence, confirming the identity of the protein bands
and the absence of any contaminants.

The MALDI-MS fingerprint of dimeric IF1 showed the
occurrence of three signals that could be assigned to putative
cross-linked products. The signal at m/z 2030.1 was assigned to
the cross-linked peptides 38-47 and 77-84; the signal at m/z
2257.2 was interpreted as arising from either the peptide 36-47
linked to the peptide 77-84 or the peptide 36-46 joined to the
peptide 76-84; the signal at m/z 3349.7 was assigned to the
peptides 38-58 and 77-84. Although the IF1 regions involved in
the cross-link were clearly outlined by these data, discrimination
on which amino acids were actually covalently linked could not
be obtained by MALDI-MS data. A second aliquot of cross-
linked IF1 was then purified by HPLC and analyzed by ESI-MS
providing the expected molecular mass of 19145.7( 0.7 Da. The
sample was digested with trypsin and the resulting peptide
mixture analyzed by nano LC-MS/MS. The multiply charged
ions corresponding to the putative cross-linked species were
isolated and fragmented by collision induced dissociation (CID).
An example of the quality of the data is provided in Figure 4
where the fragmentation spectra of the triply charged ion at m/z
677.4 (corresponding to the MHþ 2030.1) are shown.

The daughter ion spectra exhibited almost the entire y ion series
for the two peptides 38-47 and 77-84. The y1β and y8R ions
constituted the key signals to assess the covalently linked residues.
The former corresponds to the entire 38-47 peptide linked to
Asp84, whereas the latter represents the residual 40-47 fragment
following the release of Asp84 and the dipeptide Ala38-Lys39.

These data unequivocally indicated that the cross-linked
species consisted of peptides 38-47 and 77-84 covalently linked
by an isopeptide bond joining Asp84 to Lys39. Tandem mass
spectra of ions corresponding to the other signals identified in the
MALDI-MS analysis of the tryptic digests confirmed Asp84 and
Lys 39 as the aminoacids involved in the cross-linked product.
This isopeptide bond does not fit with the data of the IF1 crystal
structure. However, fragmentation spectra reported in Figure 4
can be unequivocally interpreted as such. The apparent discre-
pancy could be explained taking into account the conditions of
our experiments, performed in solution at pH 5 and at low IF1

concentration, rather different from the crystallization ones.
Moreover, as stated by Walker’s group (3), the region in wild-
type IF1 predicted to be in the coiled-coil extends from residues 37
to 84, consistent with our experimental observation, whereas for
the IF1-H49Kmutant, for which the three-dimensional structure
has been solved at high resolution (1), the coiled-coil region is
predicted to be shorter (involving only residues 47-84), in good
agreement with the structural data. It should be noted that we
worked with the wild-type IF1 only, thus possibly explaining the
discrepancy between the cross-linked residues observed and the
high resolution data.
Structural Characterization of the IF1-CaM Complex.

IF1-CaM Pull Down. The existence of a IF1-CaM complex,
as suggested by the Pedersen and Carafoli groups (4, 5) and
characterized by spectroscopic analysis (2) was further prelimi-
narily assessed by a pull down assay exposing immobilized biotin
labeled IF1 to CaM.

Biotinylation of IF1 was carried out with Sulfo-NHS-Biotin
(sulfosuccinimidobiotin) and Biotin-IF1 was immobilized on
avidin, as described in the Materials and Methods. An aliquot

ofBiotin-IF1was purified byRF-HPLCan analized byES-MS in
order to assess the biotinilation yield showing that in the
experimental conditions used IF1 was efficiently biotinylated
(up to 2 biotins per IF1 monomer).

The biotinylated IF1 was immobilized on avidin beads that
were subsequently incubated with CaM in 50 mMMES buffer at
pH5.0. After extensivewashing, the CaM that had been recruited
by immobilized IF1 was eluted in denaturing buffer, separated
on SDS-PAGE and stained with colloidal blue Coomassie
(Figure S2, Supporting Information). In a control experiment,
an aliquot of CaM was loaded on avidin beads in the absence of
immobilized IF1, and treated as above: no CaM was unspecifi-
cally retained by avidin beads, thus unequivocally demonstrating
the existence of a specific interaction between IF1 and calmodulin.

Stoichiometry of the IF1-CaM complex. The stoichiom-
etry of the IF1-calmodulin (CaM) complex was investigated by
native electrospray mass spectrometry analyses. Preliminary size
exclusion chromatography analysis was used to inspect the
hydrodynamic behavior of the complex. Approximately equi-
molar amounts of IF1 and CaM (20 μM of each protein) were
incubated at 37� for 30 min at pH 5.0 and then loaded onto a
Superdex 75 size exclusion column. The chromatography resulted

FIGURE 5: IF1-CaM complex is a heterodimer. (A) Size exclusion
chromatography on a Superdex-75 column of an equimolar mixture
of IF1 and CaM. In the inset, a zoom of the elution profile of IF1-
CaM (black line) is overlaid on those of isolated (IF1)2 (red line) and
CaM (green line) obtained in the same chromatographic conditions
(50 mM ammonium acetate at pH 5.0, 0.15 M NaCl, and 100 μM
CaCl2). (B) Native ESI-MS mass spectrum of the IF1-CaM com-
plex, showing the predominant heterodimeric ions.
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in a single peak, which eluted at an apparent molecular mass of
about 26000 Da (Figure 5, panel A; elution volume, 1.30 mL; see
the inset in the figure), suggesting a 1:1 stoichiometry of the
complex. Peak top fractions were analyzed by MALDI-TOF,
revealing the presence of both proteins, i.e., IF1 and CaM (data
not shown).Most importantly, no peak eluting at a volume corres-
ponding to a higher apparent molecular weight was observed,
thus suggesting that, in these experimental conditions, the com-
plex is present in a single predominant homogeneous oligomeric
state. However, a reliable definition of the stoichiometry of the
complex from size exclusion analysis is impaired by the elongated
shape of both components, which significantly alters the hydro-
dynamic behavior of the two isolated proteins (in the same
experimental conditions, (IF1)2 elutes with an apparent molecular
weight of 30000 Da (Figure 5, panel A; elution volume, 1.25 mL;
see the inset in the figure) and CaM with an apparent molecular
weight of 23000 Da (Figure 5, panel A; elution volume, 1.32 mL;
see the inset in the figure), in fairly good agreement with the
apparent molecular weight reported by other authors (31, 32)).

Therefore, this issue was further addressed by native mass
spectrometry, which is not affected by the elongated conforma-
tion of the singular components. An equimolar amount of the
two proteins (20 μMof each protein) was mixed at 37� for 30 min
and then directly injected into the electrospray source of a hybrid
Q-TOF type mass spectrometer under native conditions. Panel B
in Figure 5 shows the enlargement of the full spectrum exhibiting
the presence of a clear distribution of mass signals encompassing
z = þ12 to z = þ8 ions that was assigned to the IF1-CaM
complex containing 4 calcium ions. The measured molecular
mass of this species was 26527.3( 0.7 Da, in excellent agreement
with the expected value for one IF1 molecule bound to one CaM
molecule bearing four calcium ions (expected molecular mass =
26528.0 Da). This result clearly indicated a 1:1 stoichiometry for
the IF1-CaM complex.

Chemical Cross-Linking. The interacting regions in the
IF1-CaM complex were investigated by chemical cross-linking
with the heterobifunctional reagent EDAC, using a procedure
similar to the procedure described above for the IF1 dimer.

IF1 and CaM (20 μM of each protein) were incubated as
reported in the Materials and Methods section, and then treated
with a 10-fold molar excess of EDAC at 37 �C for a further
30 min. Isolated CaM and IF1 were also individually incubated
with EDAC under the same conditions as the control. Several
concentrations of EDACand different reaction timeswere tested,
and the final experimental conditions were accurately selected to
result in the formation of an IF1-CaM heterodimeric complex,
avoiding the formation of high molecular mass oligomers and
preventing excessive cross-linking.

The different mixtures of products generated by the cross-
linking reaction were analyzed by SDS-PAGE, as shown in
Figure 6 for the reaction carried out with a 10-fold molar excess
of EDAC. A protein band with an apparent molecular mass of
26 kDa was clearly detected in lane 6. This band was absent both
when equimolar amounts of IF1 and CaM were mixed without
the cross-linking reagent (lane 5) and when CaM and IF1 were
individually treated with EDAC (lanes 2 and 4, respectively).
Aggregation of proteins caused by excessive cross-linkingwas not
observed as demonstrated by the absence of any band in the
higher mass range.

The identity of the 26 kDa gel bandwas definitively assessed by
identification of the protein components by mass spectral anal-
ysis. The protein band was excised from the gel and subjected to
enzymatic in-gel digestion with trypsin. The resulting peptide
mixture was directly analyzed by MALDI-MS and the corre-
sponding mass values were mapped onto the anticipated seque-
nces of IF1 and CaM revealing the contemporaneous presence of
both proteins. These results strongly supported the formation of
a covalent IF1-CaM complex following EDAC treatment and
confirmed previous mass spectral data on the stoichiometry of
the complex.

A second aliquot of the cross-linked IF1-CaM complex was
fractionated by reverse phase HPLC and the collected fractions
analyzed by ESI-MS. The covalent IF1-CaM complex eluted in
two fractions exhibiting molecular masses of 26353.5 ( 1.0 Da
and 26336.1( 1.6Da, the latter being aminor component. These
mass values correspond to the molecular masses of the two

FIGURE 6: IF1-CaMcross-linking with EDAC. SDS-PAGEof reactionmixtures of IF1 (20 μM) andCaM (20 μM)with EDAC (200 μM). The
samples are labeled as follows: (M) protein molecular weight markers, (1) CaM, (2) CaM with EDAC, (3) IF1, (4) IF1 with EDAC, (5) IF1 and
CaMmixture, and (6) IF1 andCaMmixturewithEDAC.All of the reactionswere carried out at 37 �C for 30min in 50mMNa-MESatpH5.0 and
stopped by the addition of the SDS-PAGE sample buffer.
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proteins minus 18.01 and 36.02 Da, indicating the presence of the
1:1 IF1-CaM complex containing one and two cross-linking
bonds.

Identification of the cross-linked residues in both IF1 andCaM
proteins was achieved following the strategy outlined in Figure 7
on the fraction containing the IF1-CaM species where one
covalent cross-link had been introduced. The rationale behind
this strategy is based on the absence of methionine residues in the
IF1 sequence that is then unreactive withCNBr. Chemical hydro-
lysis of the complex would have therefore left the undigested IF1

molecule covalently linked to CaM peptides, making these
fragments immediately detectable by mass spectrometry.

The complex was then subjected to CNBr hydrolysis in 70%
TFA at room temperature overnight, and the resulting peptide
mixture was fractionated by HPLC. Individual fractions were
manually collected and directly analyzed by ESI-MS. The frac-
tion containing the species with a molecular mass 11280.2 (
0.5 Da could be tentatively interpreted as IF1 linked to peptide
110-124 of CaM (theoretical mass value 11280.3 Da). Two
minor fractions containing the species with a molecular mass of
13560.3 ( 0.6 Da and 15063.0 ( 0.9 Da were also observed and

interpreted as IF1 linked to peptides 110-144 and 77-124,
respectively (corresponding theoretical mass values of 13560.8
and 15061.5 Da, respectively).

The major component was further hydrolyzed with trypsin at
37 �C overnight, and the resulting peptide mixture directly analy-
zed by both MALDI-MS and nano LC-MS/MS. MALDI-MS
spectra displayed the presence of three signals, at m/z 2594.1,
2636.1, and 3465.4 that could not be assigned to any linear
peptide within the aminoacid sequence of either IF1 or CaM.
These species were then considered as putative cross-linked frag-
ments and tentatively interpreted as the IF1 peptides 17-25, 1-9,
and 17-32 linked to the CaM fragment 110-124 (theoretical
mass values 2594.2Da, 2636.1Da, and 3465.57Da, respectively).

Validation of these hypotheses and identification of the IF1

andCaMamino acids covalently linkedwere achieved by tandem
mass spectrometry experiments. The peptide mixture was analy-
zed by nano LC MS/MS, and the multiply charged ions corres-
ponding to the three putative cross-linked species were isolated
and fragmented by collision induced dissociation (CID). Figure 8
shows the fragmentation spectra of the triply charged ion at m/z
879.3 (corresponding to the MHþ 2636.1). The complete y-ion
series attributed to the IF1 peptide 1-9 and part of the b-ion
series spanning the sequence 116-122 of theCaM fragment 110-
124 could be detected, thus confirming the interpretation of the
MALDI data. The specific fragmentation of the two peptides was
certainly dictated by the presence of a trimethyl-lysine residue at
position 115of theCaMpeptide and anArg residue located at the
C-terminus of the IF1 fragment, both endowedwith a high charge
retention propensity.

The individual residues of the two proteins effectively involved
in the covalent linkage could also be assessed by theMS/MSdata.
The two key signals in the spectrum were identified atm/z 1486.5
and 1265.5. The former belongs to the b-ion series and corre-
sponds to the loss of the CaMGlu123-Met124 dipeptide together
with the entire IF1 1-9 fragment from the cross-linked species.
On the contrary, the y-ion at 1265.5 accounts for the whole IF1

fragment covalently bound to the CaM tripeptide Asp122-
Glu123-Met124, with the positive charge retained on the Arg9
residue.

These data unequivocally indicated that the cross-linked species
consisted of the 1-9 N-terminal peptide of IF1 and the 110-124
fragment covalently linked by an isopeptide bond joining Glu123
in the CaM molecule to the IF1 N-terminal amino group.

Similar analyses were carried out on the other two cross-linked
species, demonstrating their identity as the IF1 peptides 17-25
and 17-32 linked, respectively, to the CaM 110-124 fragment.
Moreover, the cross-linked bond could be shown to involve the
CaM Glu123 residue and the ε-amino group of IF1 Lys 24.

Altogether, the cross-linking experiments pointed to an IF1-
CaM complex in which the N-terminal portion of IF1 is in close
contact with the calmodulin C-terminal lobe.

DISCUSSION

The IF1-CaM complex was investigated in solution by a
combined strategy which integrates mass spectrometric metho-
dologies and cross-linking experiments. Crucial issues of the
structural characterization were the stoichiometry of the IF1-
CaM complex and the understanding of the contact region
between IF1 and calmodulin.

Mass spectral analysis of the IF1-CaM complex under native
conditions highlighted the 1:1 stoichiometry, indicating that a
single IF1moiety binds a single CaMmolecule.Most interestingly,

FIGURE 7: General analytical strategy for mapping the interaction
between IF1 and CaM by chemical cross-linking.
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the accuratemass value revealed that 4Ca2þ ions remain bound to
CaM, in accordance with the maintenance of a high Ca2þ affinity
in the complex (4). The ESI-MS did not reveal the presence of
higher order oligomers, as preliminarily suggested by gel filtration
chromatography. The 1:1 stoichiometry implies, therefore, that
CaM binds to monomeric IF1, although IF1 alone in solution at
acidic pH exists and is functional as a dimer, as already suggested
by several experimental data (3) and confirmed by mass spectral
analysis under native conditions in the present study.

The present results, togetherwith our previous data document-
ing the maintenance of a 1:1 molar ratio upon CaM fluorimetric
titration with IF1 up to 10 molar excess (2), are consistent with a
1:1 IF1-CaM complex stoichiometry in the micromolar con-
centration range, which correlates with the physiological con-
centration of CaM present in living cells (8.8 ( 2.2 μM) (33).

More details on the IF1-CaM interactionwere needed to asce-
rtain whether CaMmight interfere with the intersubunit contacts
of the IF1 dimer or bind the inhibitory activeN-terminal region of
the molecule. Cross-linking experiments identified residues at the
contact interface of the IF1-CaM complex. Glu123 in the CaM
molecule was shown to cross-link either the N-terminal amino
group of IF1 or the ε-amino group of IF1 Lys24.

A merely qualitative examination of the cross-linking data
suggested that a unique binding mode of IF1 in the IF1-CaM
complex is incompatible with the experimental results since the

same CaM residue (Glu123) was found cross-linked to two
different IF1 residues, suggesting the existence of at least two
types of IF1-CaM complexes, although the possibility of the
spatial proximity of the IF1 N-terminus and Lys 24 that can be
alternatively cross-linked toGlu123 cannot be ruled out. In order
to correctly interpret this result, it is also worth considering the
ability of CaM to recognize its targets in multiple modes, as
highlighted by similar experiments carried out on the well known
CaM-melittin complex (17) where multiple modes of binding
exist. Moreover, and mostly relevant in this case, the well docu-
mented (1) flexibility of the N-terminal region of IF1 is an
additional element that has to be taken into account to explain
the multiple binding modes observed in the IF1-CaM complex.
This N-terminal segment, extending from the central coiled-coil
of the molecule, appears to be essentially unstructured, as
demonstrated by the high accessibility to proteases exhibited by
the IF1 dimer up to Arg 37, with the most exposed segment being
the N-terminal portion spanning Glu31-Arg37. However, de-
spite the multiple binding mode observed, it is clear that it is the
N-terminal inhibitory region of IF1 that is involved in binding to
CaM, in agreement with the hypotheses that arose on the basis of
sequence analysis and with the previous data obtained with
synthetic peptides (2). The IF1 sequence 33-42 was previously
assessed as a putative target region for CaM on the basis of
fluorimetric binding studies using dansyl-CaM and native bovine

FIGURE 8: MS/MS spectra of the cross-linked peptides GSESGDNVR of IF1 and TNLGEKLTDEEMDEMof CaM. Tandemmass spectra of
the precursor ion [M þ 3H]3þ = 879.31. Fragments from the peptide GSESGDNVR are labeled with an R subscript and those from peptide
TNLGEKLTDEEMDEM with a β subscript. Most ion assignments are indicated on the peptide sequence in the figure.
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IF1 by comparing two synthetic peptides and two natural
mutants, namely, yeast inhibitor proteins IF1 and STF1 (2).
We can consider the contact interface at the 33-42 region to be
congruent with one of the multiple types of binding characterized
by the cross-linking of CaM Glu123 to IF1 Lys24.

Together, the findings that it is the N-terminal inhibitory
region of IF1 that is involved in the contact interface with CaM
and that the complex stoichiometry is 1:1 suggest that binding to
CaM promotes the dissociation of the active IF1 dimer without
directly interfering with the intersubunit contacts of the IF1

dimer.
The overall cross-linking data produced in this article clearly

indicate that only the C-terminal lobe of CaM is involved in
binding IF1. This definitively suggests that the IF1-CaM com-
plex deviates from the canonical or at least more frequent
representation of CaM complexes in which the protein adopts
a horseshoe-like structure with the N and C-terminal lobes, far
apart in the dumbbell native protein (34), coming in close contact
when the target peptide is bound, and originating an overall
globular shaped complex.

Novel structures of CaM complexed with large target frag-
ments, namely, the calcium-activated Kþ channel (23), and
anthrax adenylate cyclase exotoxin (24) have been solved reveal-
ing unexpected binding modes, and our data clearly put the IF1-
CaM complex among the noncanonical CaM interaction mode.
Moreover, a noncanonical binding mode might also explain the
unchanged CaM affinity for Ca2þ previously observed in the
complex (2). In themore common bindingmode, the dissociation
constants of Ca2þ from the EF hands of CaM in both C-terminal
and the N-terminal lobes decrease significantly as a consequence
of ternary complex formation (35-37).

Therefore, the IF1-CaM complex can be included in the
category of novel structures of CaM-target complexes. Inter-
estingly, Vetter and Leclerc reported that in the case of a Ca2þ

pump, the complex only involved the C-terminal lobe of CaM,
similar to what occurs in the IF1-CaM complex (20). In parti-
cular, NMR analysis of CaM complexed with the C20W peptide
of the Ca2þ pump, showed that the protein remained in an
extended conformation with a flexible central linker region bet-
ween Arg74 and Glu84, thus explaining the changes in fluores-
cence emission spectra of Lys75-dansylated CaM upon binding
to the C20W peptide (20). Similarly, the binding of Lys75-
dansylated CaM to IF1 showed changes in the fluorescence
emission suggesting that the linker region of CaM responded
with conformational changes to IF1 binding (2).

The involvement of only the C-terminal lobe of CaM suggests
that the N-terminal region of the protein might bind to a second
target more likely on the plasma membrane where IF1 and CaM
colocalize and where CaM is anchored to lipid rafts (25). More-
over, we can safely state that CaM and F1 can compete for the
binding of IF1 within the physiologic pH range. In fact, in vitro at
pH 6.7 CaM prevents IF1 from inhibiting both F1 (2, 4) and
FOF1ATPase (2) and that both IF1-F1 and IF1-CaM com-
plexes have Kd in the nanomolar range (2, 38). Noteworthy,
selective increase in IF1 expression on the cell surface that may
evoke some specific regulation has been observed to occur and
modulate cell surface-FOF1 activity in response to different
stimuli, i.e., TNFR in HUVEC cells and acute cholestasis in rat
liver (27, 39). Thus, we suggest that CaM on the cell surface may
sequester free IF1 even in the presence ofFOF1 andmaymodulate
the amount of the inhibitory IF1 in response to a proper
stimulus (25).

SUPPORTING INFORMATION AVAILABLE

Example of the limited proteolysis experiments, showing the
MALDI-MS analysis of the aliquots withdrawn following 0, 5,
and 20 min of digestion with Glu-C endoprotease; and the
SDS-PAGE analysis of the pull-down experiment carried out
with biotinylated IF1. This material is available free of charge via
the Internet at http://pubs.acs.org.
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