Biochemistry 1995, 34, 1179—1196

1179

Quantitative Endoproteinase GluC Footprinting of Cooperative Ca?t Binding to
Calmodulin: Proteolytic Susceptibility of E31 and E87 Indicates Interdomain
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ABSTRACT: Calmodulin is the primary eukaryotic intracellular calcium receptor. Cooperative calcium
binding to two sites in each of two domains drives large conformational changes that enable it to activate
target proteins. An understanding of the molecular mechanism of cooperativity requires determination of
the conformational states populated by calmodulin, the intrinsic free energies of binding calcium to four
sites, and the nature and degree of intradomain and interdomain interactions. To monitor residue-specific
conformational changes within calmodulin as calcium binds, we have developed a new quantitative
proteolytic footprinting method using endoproteinase GluC (EndoGluC). Under conditions of very limited
proteolysis, cleavage occurred at only five of the sixteen positions possible in calmodulin. The relative
abundance of fragments indicated that calcium induced changes in the susceptibility of individual peptide
bonds. Quantitative susceptibility profiles were resolved for two positions: E31-L32, in site I in the
N-terminal domain, and E87-A88, preceding site III in the C-terminal domain. In apocalmodulin, E87-
AB88 was susceptible to EndoGluC; calcium binding to sites III and IV caused monotonic protection from
proteolysis. The response of E31-L32 was biphasic. In apocalmodulin, it was resistant to cleavage.
Susceptibility was induced by calcium binding to sites IIT and IV, followed by protection induced by
calcium binding to sites I and II. This indicated that calmodulin must adopt at least three distinguishable
conformations and suggested that the two domains interact. Model-dependent equilibrium constants were
resolved from the EndoGluC susceptibility profiles for E31 and E87; they indicated cooperative binding
within each domain. Approaches taken to validate this proteolytic footprinting method are described.

Calmodulin (CaM),! an essential element in most calcium-
mediated signal transduction pathways, binds calcium co-
operatively in response to an increase in intracellular calcium
concentration. The binding of calcium is understood to cause
conformational changes that expose hydrophobic surfaces
(LaPorte et al., 1980) and allow calmodulin to activate tissue-
specific target proteins that regulate a myriad of cellular
processes [see Cohen and Klee (1988) and Tor6k and
Whitaker (1994)]. Despite many years of careful experi-
mental studies and theoretical modeling [see Weinstein and
Mehler (1994) for a recent review], there is much to be
learned about the cooperative mechanism of calcium binding
to calmodulin and the extent to which sites and domains may
interact. This study describes the development of an
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approach to quantitatively monitor residue-specific confor-
mational switching induced by calcium binding to calmodulin
(in the absence of target proteins). The goal is to determine
the number and properties of the molecular states populated
by calmodulin and to determine the rules of calcium-driven
transition between them.

Although calmodulin in the size of only a single subunit
of hemoglobin, it contains four ligand binding sites in a
highly conserved (Moncrief ez al., 1990) and repetitive amino
acid sequence configured in an a—B—a’—f8’ pattern, as
shown in Figure la. This arrangement has confounded
attempts to use optical spectroscopy to monitor individual
binding sites of the native protein because each segment does
not have a unique reporter group. High-resolution structural
studies [Babu et al., 1988; Ikura et al., 1991, see McPhalen
et al. (1991) for a review] have shown that each of the four
segments of calcium-saturated calmodulin does contain a
very similar helix—loop—helix or EF-hand calcium binding
site motif [see Kretsinger (1976)]. A short region of S-sheet
exists between sites I and II in the amino-terminal (N-
terminal) domain (residues 1—75) and between sites IIT and
IV in the carboxyl-terminal (C-terminal) domain (residues
76—148). No structural models of comparable resolution
have been determined for apocalmodulin, although spectro-
scopic studies suggest that it is generally more disordered
while retaining two pairs of EF-hand sites (Hoffman &
Klevit, 1991; Finn et al., 1993; Drabikowski & Brzeska,
1982).

© 1995 American Chemical Society
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FIGURE 1: (a) Amino acid sequence of rat and bovine calmodulin.
The sequence was divided into segments. Segment o (residues
1—39) includes site I; segment 3 (residues 40—75) includes site
IT; segment o (residues 76—112) includes site III; segment 3’
(residues 113—148) includes site IV. The 12 residues of the
calcium binding sites (boxed residues) are aligned. The subset of
glutamate residues (E) that are possible cleavage sites for EndoGluC
is indicated in shaded boxes. (b) Depiction of (Ca®*);-CaM crystal
structure (Babu er al., 1988) showing E31 and E87, two positions
of cleavage by EndoGluC. Coordinates are taken from Brookhaven
Protein Data Bank file 3cIn.pdb (Bernstein et al., 1977; Abola er
al., 1987); ribbon drawing of the backbone was made using
MolScript (Kraulis, 1991). The secondary structure type of the
central helix is based on studies by Ikura er al. (1991).

Cooperative ligand binding to regulatory proteins is
notoriously challenging to understand quantitatively because
the partially liganded species of the protein are present in
low abundance over the course of a titration. Many models
of intradomain and interdomain cooperativity have been
proposed [see Kilhoffer et al. (1992) for a review]. There
is widespread agreement that (a) there are two classes of
sites with macroscopic binding affinities that differ by
approximately an order of magnitude and that (b) calcium
binds to sites III and IV with higher affinity and apparently
greater cooperativity than it does to sites I and II (Wang,
1985; Crough & Klee, 1980; Drabikowski & Brzeska, 1982;
Starovasnik ef al., 1992; Martin ef al., 1985; Klee, 1977).
From studies of calmodulin mutants, there is additional
evidence that suggests that the intrinsic affinities of calcium
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binding sites within the same domain are not identical
(Starovasnik et al., 1992; Kilhoffer er al., 1992).

Many studies concluded that there was little or no
interaction between the N-terminal and C-terminal domains
in the absence of target peptides or drugs [see Weinstein
and Mehler (1994)]. However, chemical cross-linking (Per-
sechini & Kretsinger, 1988; Small & Anderson, 1988), low-
angle X-ray scattering (Heidorn & Trewhella, 1988), and
other spectroscopic studies (Torok et al., 1992), as well as
molecular modeling studies (Pascual-Ahuir et al., 1991), have
suggested that the central helix is actually flexible (Kretsing-
er, 1992b). Thus, it must be possible for the two domains
of calmodulin to approach each other more closely than the
distance observed in the crystallographic structure of (Ca’"),-
CaM (Babu et al., 1988) shown in Figure 1b. NMR studies
showed that a portion of the central helix is nonhelical (Ikura
et al., 1991; Barbato ez al., 1992) in solution. Chemical
modification and partial proteolysis have shown that there
are calcium-dependent differences in the reactivity or ac-
cessibility of amino acid side chains in calmodulin that
correlated with zero, two, and four calcium ions bound
(Giedroc et al., 1985, 1987; Mackall & Klee, 1991; Kawasaki
et al., 1986; Walsh er al., 1977). These support a model
having at least one intermediate state of the protein.

Although a cooperative molecular binding transition is best
studied directly, that is rarely straightforward. In the case
of hemoglobin, an understanding of the molecular mechanism
of cooperativity and the inadequacy of 2-state models has
required decades. Recent advances have required the
development of new methods capable of probing the eight
intermediate (partially liganded) species via the use of stable
ligand analogs, mutant hemoglobins, and innovative trapping
methods such as cryogenic isoelectric focusing [see Ackers
and Hazzard (1993) for a review]. In the case of calmodulin,
there are 14 partially liganded states (those having one, two,
or three calcium i1ons bound). To identify which of these
are populated significantly as calcium binds to calmodulin,
we have embarked on a program to use many specific and
nonspecific proteases to probe ligand-linked conformational
change quantitatively.

There are many precedents for studying conformational
switching in cooperative systems by probing ligand-induced
changes in macromolecular susceptibility to enzymatic
cleavage or chemical reactivity [e.g.. the quantitative DNase
footprint titration method, as developed by the laboratory
of Ackers (Brenowitz er al., 1986)]. The strength of an
approach using limited proteolysis to probe calcium-linked
conformational changes is that many positions of the native
protein may be studied simultaneously without modification
or mutation and without bias for the location of responses.
This screening is essential in a protein the size of calmodulin,
because most mutations studied to date affect more than one
attribute (e.g., stability as well as calcium binding). In the
absence of knowledge about residue-specific roles in con-
formational switching, it is extremely challenging to apply
experimental methods of protein engineering fruitfully to test
hypotheses based on high-resolution structures. It is not yet
possible to accurately predict the free energies of binding
and cooperative interactions on the basis of such structures.

The goal of this research was to monitor properties that
would represent individual site binding isotherms reflecting
the population distribution of partially saturated species. The
challenge was to find properties of the native protein that
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would indicate residue-specific conformational change in
response to calcium binding. The consensus sequence (D-
X-D-G-D/N-G-X;s-E) of the calcium binding sites has an
invariant glutamate as the C-terminal residue (Figure la).
This terminal glutamate residue offers both of its side chain
oxygens for bidentate chelation of the calcium ion (Babu et
al., 1988). In addition to these four critical glutamate
residues in the binding sites, seventeen others are distributed
throughout the calmodulin sequence. Thus, EndoGluC was
chosen as an enzymatic probe of calcium-induced changes
in the conformation of calmodulin.

In this report, we describe the first use of EndoGluC to
quantitatively determine (a) the positions of calcium-sensitive
peptide bonds within calmodulin under conditions of limited
proteolysis and (b) the fractional change in the calcium-
dependent susceptibility of those bonds over the course of
an equilibrium titration. The resolved susceptibility profiles
were analyzed according to two simple binding models. The
estimates of binding free energies are compared to those
obtained from several independent methods used to monitor
calcium binding. Validation of the EndoGluC footprinting
method is described.

EXPERIMENTAL PROCEDURES
Materials

Recombinant rat calmodulin was overexpressed in Es-
cherichia coli using the T7-7 vector (Tabor & Richardson,
1985) in Lys-S cells (U.S. Biochemicals, Cleveland, OH);
this construct was the kind gift of R. Mauer and P. Howard.
Recombinant calmodulin differs from tissue-derived calmo-
dulin in that the N-terminus is unacetylated and K115 is not
trimethylated. The recombinant protein was purified via
phenyl Sepharose CL-4B (Pharmacia, Piscataway, NIJ)
chromatography (Putkey et al., 1985) to approximately 99%
purity, as judged by silver staining of overloaded denaturing
gel electrophoresis experiments and small zone chromatog-
raphy on a Superdex75 column (Pharmacia). The protein
was chemically characterized by N-terminal sequencing and
amino acid analysis (see the following section). Spectral
characterization of the recombinant calmodulin included UV/
vis, circular dichroism, and intrinsic tyrosine fluorescence
spectroscopy as a function of calcium concentration. The
ability of the recombinant rat calmodulin to stimulate
phosphodiesterase activity was confirmed. Fluorimetric
calcium probes, BAPTA and 4,4’-difluoro-BAPTA, were
purchased from Molecular Probes (Eugene, OR). Endopro-
teinase GluC (EC 3.4.21.19, EndoGluC) was purchased from
Promega (Madison, WI). (Carbobenzoxy)phenylalanyl-L-
leucyl-L-a-glutamyl-4-nitroanilide (Z-FLE-NA), the substrate
for EndoGluC activity, was purchased from Boehringer
Mannheim Biochemicals (Indianapolis, IN). Solvents for
HPLC and other routine laboratory chemicals were of the
highest grade commercially available.

Methods

Calmodulin was equilibrated via extensive dialysis in a
series of buffers of experimentally determined free calcium
concentration. Each dialysate was then subjected to limited
proteolysis. The proteolytic products were separated and
quantified. The fractional abundance of each peptide was
calculated and plotted against the concentration of free

Biochemistry, Vol. 34, No. 4, 1995 1181

calcium in the buffer. These susceptibility profiles are a
quantitative measure of the calcium-dependent accessibility
of a specific peptide bond. The details of the experimental
protocol and data analysis are described in the following
sections.

Calcium/pH Buffers. All proteclyses were done in pH/
pCa buffers containing 50 mM HEPES, 94 mM KCl, 0.5
mM EGTA, and 0.5 mM NTA. By the addition of calcium
chloride (CaCly), 19 separate calcium buffers were prepared;
they spanned a range from approximately nanomolar (pCa
= 9) to millimolar (pCa = 3) free calcium concentration
(pCa denotes —log [Ca?"ge.). All buffers were pH 7.40 +
0.01 at 22.0 °C. The total calcium concentration was
determined by atomic absorption spectroscopy. The con-
centration of KCI was determined with a CDM83 conductiv-
ity meter by Radiometer (Copenhagen).

The free calcium concentration in each of the buffers was
determined experimentally by measuring the calcium-sensi-
tive fluorimetric signal of 7 uM BAPTA (for buffers in the
pCa range 9—6.4) or difluoro-BAPTA (buffers in the pCa
range 6.7—5.5) to determine its degree of saturation and using
that value to calculate the pCa (Swenson & Fredricksen,
1992). The dissociation constants (Ky) for calcium binding
to each of these fluorophores were determined in our buffer
system (see Figure 2a). Each pCa buffer was monitored by
an SLM 4800 fluorimeter set at excitation and emission
wavelengths of 255 and 364 nm for BAPTA and 257 and
369 nm for difluoro-BAPTA, respectively. These wave-
lengths were chosen to avoid spectral overlap when used in
dialysates containing both a fluorophore and calmodulin (see
the following). Fluorescence of the calcium-sensitive fluo-
rophores decreased upon calcium binding. For each pCa
buffer, the fluorescence of the added fluorophore (Fi) was
compared to values of the end point fluorescence. The
fluorescence signal of calcium-free fluorophore (Fiax) was
determined by adding EGTA to a total concentration of 3
mM; the fluorescent signal of calcium-saturated fluorophore
(Fpin) was determined by adding concentrated calcium
chloride to a final concentration of 20 mM. The free calcium
concentration of the buifer was calculated using the experi-
mental values (Fi, Frax, and Fpy,) in eq 1.

[Ca" i = Ko(Frmax = F)/(F; = F i) 1)

For buffers with high free calcium concentrations (buffers
in the pCa range 5.2—3.5), the free calcium was determined
using a calcium-selective electrode (F2110Ca) from Radi-
ometer. The selectrode was calibrated with standards
prepared from the Calcium Reference Solution (1000 ppm
+ 1%) from Fisher. The experimentally determined values
were compared to values calculated on the basis of published
association constants (Fabiato & Fabiato, 1979; Sillen &
Martell, 1971) using our own program based on standard
equations of ionic equilibria. The buffers contained no added
magnesium. Although magnesium is recognized to affect
calcium binding to calmodulin and to be of physiological
significance, it was omitted from these buffers to simplify
the development of the EndoGluC footprinting method.
Magnesium contamination in the buffers was estimated via
atomic absorption analysis to be between 5 and 13 yM. These
concentrations are well below the magnesium affinity of the
calcium binding sites in calmodulin (Haiech et al., 1981).
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FIGURE 2: (a) Representative Ca?* titration of BAPTA for the
determination of dissociation constant. A solution of 4 xM BAPTA
in 50 mM HEPES, 94 mM KCl, 0.5 mM NTA, and 0.5 mM
EGTA, pH 7.40 at 22 °C, was titrated with calcium chloride and
monitored fluorimetrically. The curve was simulated using the
value of K resolved from a nonlinear least-squares analysis of the
data according to a single site model (standard Langmuir binding
isotherm). The results from triplicate determinations were Kg-
(BAPTA) = (1.26 & 0.14) x 1077 M and K(difluoro-BAPTA) =
(79 = 1.5) x 1007 M. (b) Comparison of experimentally
determined free calcium to the calculated free calcium concentration
(dashed line) for each of the pCa/pH buffers. The ordinate free
calcium values were calculated using published association con-
stants (Fabiato & Fabiato, 1979; Sillen & Martell, 1971), and total
calcium concentrations were measured by atomic absorption (see
Experimental Procedures). The experimental free calcium values
were determined by two approaches: fluorimetrically via the
extrinsic calcium probes BAPTA (@) or difluoroBAPTA (O) or
with a calcium-selective electrode (®). (¢) EndoGluC activity is
independent of calcium concentration. The percent cleavage of the
chromogenic substrate (Z-FLE-NA), determined by HPLC, is
plotted vs the free calcium concentration for each of the 15
dialysates used in the proteolytic probe experiment. Each point
represents the average and standard deviation of triplicate deter-
minations.

Equilibration of Calmodulin. To conduct a discontinuous
titration, calmodulin was dialysed extensively against each
of the 19 separate pCa/pH buffers (1:30 ratio of dialysate to
buffer in each of six buffer exchanges). The final concentra-
tion of calmodulin in each of these dialysates was estimated
using an extinction coefficient of 3300 M~! cm™! at 277 nm
(Klee, 1977), which agreed well with the concentration
determined by amino acid analysis. Individual dialysates
varied between 0.3 and 0.8 mg/mL (18—48 uM); they were
aliquoted and stored at —20 °C. As judged by SDS—PAGE
analysis, no degradation of the calmodulin was observed
under these storage conditions.
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FIGURE 3: (a) Normalized calmodulin tyrosine fluorescence of each
of 19 calmodulin dialysates. Excitation wavelength was 277 nm;
emission was monitored at 308 nm. [CaM] was approximately 30
ug/mL (18 uM) in all samples. Buffer was 50 mM HEPES, 94
mM KC], 0.5 mM EGTA, and 0.5 mM NTA, pH 7.40 at 22 °C,
with varying amounts of free calcium (see Experimental Proce-
dures). The value of free calcium for each dialysate (the abscissa)
was calculated from simultaneously determined fluorescent signals
of a fluorimetric probe (BAPTA or difluoro-BAPTA). Curves
correspond to simulations using mode! I (eq 4, dashed line) or model
I (eq 5, solid line) according to the best-fit values in Table 1. The
Hill coefficient for these data was 1.7. (b) Residuals between the
data and best fit to model I. (c) Residuals between the data and
best fit to model II.

Calmodulin Fluorescence. The intrinsic tyrosine fluores-
cence of calmodulin was monitored in each of the 19
individual calmodulin dialysates; wavelengths were 277 nm
for excitation and 308 nm for emission. The procedure was
identical to that outlined for the determination of free calcium
in the buffers used for dialysis. BAPTA or difluoro-BAPTA
was added to 4 uM final concentration; multiple measure-
ments of the same sample with different wavelengths gave
the fluorescence of calmodulin and the fluorophore. The
high- and low-fluorescence end points for each dialysate were
determined by the addition of EGTA or excess calcium, as
described earlier. In order to correct for variations in the
concentration of calmodulin in different dialysates, the
tyrosine fluorescence of an individual dialysate was normal-
ized to its end points of high and low fluorescence. The
resolved values of the normalized fluorescence, Fy, are
shown in Figure 3. The calculated degree of saturation of
BAPTA or difluoro-BAPTA was used to determine the free
calcium concentration in each dialysate for comparison to
the original buffer.

Proteolysis. All proteolyses and chromatographic separa-
tions were automated by the Gilson HPLC autosampler (see
the following). Limited proteolysis was performed by
precise volumetric addition of the EndoGluC stock solution
(0.1 mg/mL) to the calmodulin dialysates. The total time
of exposure was 18 min at 22 °C, as controlled by a water-
jacketed autosampler rack. An internal standard for protease
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activity, Z-FLE-NA, was added to a final concentration of
32 uM after 15 min for the last 3 min of proteolysis. Method
development for the chromatography of the internal standard
was done in the absence of calmodulin to ensure unambigu-
ous identification of intact Z-FLE-NA and its two proteolytic
products. The proteolytic footprinting reaction was quenched
by injection of the mixture onto the HPLC column (see
details in the following). The ratio of EndoGIuC to
calmodulin was 1:100 mass ratio (1:156 mol ratio). Prior
to exposure to EndoGluC, dialysates were adjusted so that
the concentration of calmodulin in each reaction was 14.4
UM. A volume of 100 uL (25 ug) was injected onto the
column. Triplicate independent footprinting reactions were
conducted using each dialysate. A total of 15 dialysates was
used in the proteolytic probe experiments.

The proteolysis conditions were chosen such that the extent
of cleavage of whole calmodulin was low (<15%) and the
likelihood of multiple cleavage events of the fragments was
reduced. EndoGluC is a serine protease that contains no
divalent metal ions for structural or catalytic purposes. The
dependence of proteolytic activity on calcium concentration
was tested experimentally using the chromophoric substrate
Z-FLE-NA.

Chromatography. EndoGluC footprinting reactions were
analyzed chromatographically on an HPLC from Gilson
Medical Electronics (Middleton, WI) consisting of Models
302 and 305 pumps, a Model 811 dynamic mixer equipped
with a 700 uL. mixing chamber, a Model 116 dual wave-
length detector set at 220 and 344 nm, and a Model 231
autosampler. As mentioned previously, the versatility of the
autosampler allowed the automation of all procedures
required for proteolytic and chromatographic experiments.
The column used for peptide separations was a Vydac C-18,
22 cm X 4.6 mm i.d. (Hesperis, CA). A binary solvent
system of water (A) and 80:20 acetonitrile/water (B) with
0.06% TFAA added to each was used with the following
gradients: 10% to 28% B from 3 to 8 min, 28% to 51% B
from 8 to 28 min, 51% to 56% B from 28 to 42 min. The
flow rate was 1 mL/min. Due to slight variations in the
chromatography, peptide peaks were followed on the basis
of the elution profile rather than strictly by their retention
time.

To identify the proteolytic products, peptide peaks from
the chromatograph were collected from the column effluent.
The samples were dried and subsequently hydrolyzed in 6
N HCI under argon. Analysis of the amino acids in the
hydrolysate was done on a Beckman 6300 amino acid
analyzer at the Protein Structure Facility at the University
of Iowa (data not shown). In no case was the identity of
reported proteolytic fragments ambiguous.

Resolution of Proteolytic Susceptibility Profiles. The
precision of integration of peak areas in a chromatogram
depends on the precision of estimates of background absor-
bance as well as peak separation. The chromatographic
method was optimized to resolved primary cleavage products.
Peak area at 220 nm was determined for all peptides in the
analysis. All automatic calculations of peak area were
checked by an operator; modified corrections for baseline
variations were applied when necessary. The fractional area
percent of each peptide (A;) was determined by

_ peak area of peptide i
peak area of CaM and all its peptide fragments

2

i

Biochemistry, Vol. 34, No. 4, 1995 1183

where the denominator is the sum of the peak areas for all
calmodulin peptides and whole calmodulin (i.e., it represents
the total mass of CaM in the footprinting reaction).

The activity of EndoGluC in each footprinting reaction
was determined by a chromatographic assay of the proteolytic
products formed by cleavage by Z-FLE-NA. The chro-
mogenic portions of cleaved and uncleaved Z-FLE-NA have
equal molar absorptivities at 344 nm, but distinct retention
times in the HPLC chromatographic experiments (12 and
45 min, respectively). The exposure to protease was
determined by the calculation of the ratio of the cleaved
substrate relative to the total amount of chromogenic
substrate as measured by peak area at 344 nm. The fraction
of peptide i, A;, was corrected for the fraction of Z-FLE-NA
cleaved in that footprinting reaction according to

A/ = A/(fraction of Z-FLE-NA cleaved) 3)

Susceptibility profiles were generated by plotting the cor-
rected fraction for each peptide, A/, against the free calcium
concentration of the dialysate.

Data Analysis. Footprinting titrations for each peptide
consisted of triplicate independent determinations of Endo-
GluC susceptibility (A;") for each of 15 calmodulin dialysates.
All 45 data points were included in each fit. The independent
variable, concentration of free calcium, was assumed to be
known precisely. Susceptibility profiles and fluorescence
signals were fit using nonlin (Johnson & Frasier, 1985), a
nonlinear least-squares algorithm that uses a modified
Gauss—Newton procedure for obtaining convergence to the
best-fit parameters and provides multiple criteria for the
evaluation of goodness-of-fit. The fitting was done using a
Silicon Graphics Personal Iris workstation; Fortran functions
were written to correspond to the following equations.

As required in all approaches to parameter estimation, it
is necessary to make an assumption about the relationship
between the experimenfal signal (A/ or Fy) and the chemical
model being tested. For the purposes of model-dependent
analysis, we have postulated that the susceptibility of a
peptide bond or intrinsic fluorescence is linearly related to
the degree of binding. This is a standard approximation
when using spectroscopic probes of binding. Problems with
this convention will be discussed.

Despite the goal of understanding the cooperative mecha-
nism of calcium binding to four interacting sites, the
footprinting titrations provided constraints sufficient only to
discriminate between two simple binding models. Model I
treated the two sites of a domain as equal and independent
(eq 4); this model may apply to a macromolecule with any
number of binding sites, but was interpreted here in terms
of the pair of sites within a globular domain.

. KX

U 14 kX @
In this equation, K is the intrinsic association constant for
a site (AG; = —RT In K;) and [X] is the concentration of
free calcium in the dialysate. Model II allowed for hetero-
geneous and cooperative binding of calcium to the pair of
sites in a domain.
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_ K [X]' + 2K,[X]?
Y= 1 3 5)
2(1 + K, [X]' + K,y [XTP)

The macroscopic equilibrium constant K represents the sum
of two intrinsic equilibrium constants (k; and k,) that are
not necessarily equal, and K represents the equilibrium
constant (kik,k12) for binding ligand to both sites; it accounts
for any positive or negative cooperativity, regardless of its
source or magnitude. It is not possible analytically to
determine an estimate of the intradomain cooperativity, K.,
from these data alone; it may be estimated by assuming that
the binding sites have equal intrinsic affinities (K; = k; +
k, = 2k). This leads to a lower limit value of cooperativity,
given by

K. =4K,/(K))* (6)

To accommodate the experimental data without prior
normalization, the function used for fitting the data to each
model was

F(X) =Yy, + Y;span 7

where ¥; refers to fractional saturation in model I or II as
defined by eq 4 or 5 and was written in Fortran as a function
of free energies rather than equilibrium constants. Note that
the value of the parameter Yix;, , corresponds to the value of
the experimental signal (susceptibility or fluorescence) at the
lowest calcium concentration in the range of abscissa values
being fit, and the value of the parameter span is positive for
a monotonically increasing signal. (At the limit of high
ligand concentration, the experimental signal is equal to the
sum of these two parameters.) This is equivalent to fitting
for low and high end points.

Model-dependent analyses of the proteolytic susceptibility
and fluorescence profiles of calcium titrations were conducted
exhaustively over a wide range of starting guesses for the
parameter values. In addition, multiple combinations of
numerical constraints were applied to the free energies or
normalization parameters (approximately 100 fits for each
data set). In all of the analyses reported in Tables 1 and 2,
association free energies were optimized parameters. Con-
vergence was obtained for each combination of values using
at least three sets of starting guesses that differed by 2 kcal/
mol. Even when the midpoint is well-defined for a titration
curve, slight variations in values of end points may dramati-
cally affect the shape of the best-fit curve for any particular
model (Johnson & Frasier, 1985). Thus, the parameters for
end points were estimated simultaneously with those for free
energies whenever possible.

In some cases, the limits of the titration curves were not
sufficiently well-defined to solve simultaneously for both end
point parameters (Yx),, and span) as well as the free energies
or binding. To explore their effect on estimates of total free
energy of binding and cooperativity, one or both of these
parameters were set to a wide range of constant values
(“fixing” them), while the remaining parameters were fit
(“floated”). In all cases, fixing the end point parameters
narrowed the confidence intervals resolved for the free
energies (data not shown).

Multiple criteria were used for evaluating goodness-of-fit
for the parameters that minimized the variance in each case.
These error statistics as reported by nonlin included (a) the

Pedigo and Shea

value of the square root of variance, (b) the values of
asymmetric 65% confidence intervals, (c) the systematic
trends in the distribution of residuals, (d) the magnitude of
the span of residuals, and (e) the absolute value of elements
of the correlation matrix.

RESULTS

The goal of these studies was to develop EndoGluC
footprinting as a quantitative method to probe the calcium-
dependent structural changes in calmodulin. The results
presented here provide new insights into the ways that
heterogeneous, cooperative calcium binding drives confor-
mational switching of calmodulin, and they demonstrate the
validity and limitations of this quantitative proteolytic
footprinting approach.

Discontinuous Equilibrium Titrations. To resolve the
energetics of calcium binding to calmodulin, it was essential
to probe an equilibrium distribution of calmodulin species
in a solution of known free calcium concentration. However,
numerous technical difficulties in calculating free calcium
levels have been recognized [e.g., Bers (1982)]. For the
buffers used in this study, Figure 2b compares the experi-
mentally determined pCa values and those calculated using
published calcium and proton association constants for each
component in the buffer (Fabiato & Fabiato, 1979; Sillen &
Martell, 1971), their concentrations in the buffers (assuming
purity based on information from manufacturer), and the total
calcium concentration based on an experimental determina-
tion using atomic absorption spectroscopy. Although agree-
ment was generally good, the greatest deviations between
calculated and experimentally determined values occurred
in a range where calmodulin binds calcium (~1 M), as well
as at the low calcium extreme. This was unacceptable; errors
of this magnitude would affect both the position and shape
of the resolved curve, changing estimates of total binding
free energy and cooperativity. Thus, all of the pCa values
reported for buffers used in this study were determined
experimentally using BAPTA, difluoro-BAPTA, a calcium-
selective electrode, or a combination of two methods as
described in Experimental Procedures.

In order to reliably quantify the UV signal during HPLC
analysis of peptide products, the calmodulin concentration
had to be high (~15 #uM). Because the dissociation constants
for calcium binding are in the range of 1 uM, direct titration
of a 15 uM calmodulin solution would have been in the
regime of stoichiometric binding. Thus, it was impossible
to perform an equilibrium titration of calmodulin by the
addition of calcium to a single protein solution. Instead, by
extensive dialysis of calmodulin against the individual pCa/
pH buffers described earlier, we created a series of calmo-
dulin solutions at equilibrium over a wide range of calcium
concentrations. Thus, each datum in a footprinting or
fluorescence titration represented the study of an individual
dialysate and was independent of the data at other values
of pCa.

Intrinsic Fluorescence of Equilibrium Titrations. The
intrinsic tyrosine fluorescence of calmodulin dialysates at
each of the 19 pCa levels was determined; normalized
fluorescence values are shown in Figure 3. These values
provide an independent indicator of the calcium-dependent
structural changes of calmodulin and corroborate ordering
of the buffers on the basis of experimental pCa determina-
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Table 1: Model-Dependent Analyses of Calmodulin Titrations® Resolved from the Tyrosine Fluorescence and Susceptibility of E87-A88°

model I model T

signal AGY AGy AG; AG# Y iXlou® span’ Vvar
Tyr fluors -8.15£0.11 ~0.08 % 0.05 1.10 £ 0.05 0.065
—750+035 —1641+008 —22+08 ~0.01 % 0.02 0.95 + 0.03 0.023

E87 (1-87) —8.47£0.13 0498 £0.033  —0534+0029  0.051
—800+090 —1696+022 —1.8—18,+08 0.486 £ 0.014  (—0.500) 0.040

E87 (88—148)  —8.550.12 0.237£0.015  —0254+0.013  0.022
—831+049 —17.09+0.18 —13-1,406 02334 0.007 (—0.244) 0.018

¢ Model I assumed equal and independent binding; model II allowed heterogeneous and cooperative binding. ® Data spanned the free calcium
range from 7.3 nM to 0.34 mM (pCa 8.14-3.47). © All free energies are expressed on kilocalories/mole (1 kcal = 4,184 J). To overestimate the
uncertainty in fitted values, the greater of the positive or negative limit of each asymmetric 65% confidence interval was tabulated. Unless reported
individually, these differed by less than 2-fold. ¢ Estimate of cooperative free energy was calculated as AG. = AG; — 2AG; — RT In(4), and errors
were propagated by nonlin; this formulation assumes that the intrinsic binding energies are equal (which was not assumed in the fits for AG, and
AG),) and gives a lower limit of the value of actual cooperativity. Asymmetric confidence intervals are shown if they differed by more than 2-fold.
¢ Values in italics in parentheses were fixed during simultaneous fits for other parameter(s). / Values of the square root of the variance reflect
differences in the span of the dependent variable in each data set because data were not normalized. Correlation coefficients, magnitude, and
distribution of residuals were also evaluated but are not shown; for all data sets, fits to model I showed nonrandom residuals. & Tyrosine fluorescence.

Table 2: Model-Dependent Analyses of Calmodulin Titrations® Resolved from the Susceptibility of E31-L32°

model I model II
range AGy AG, AG, AGS# Y Xliow! span‘ Vvar
pCa 8.14—5.99¢ —8.42 £ 0.16 0.037 £0.19 (0.400) 0.037
-751£0.75 —16.75 £ 0.14 —26=%14 0.059 +0.15 (0.400) 0.024
pCa 5.99-3.47* —7.55+£0.20 0.406 £+ 0.026 (—0.400) 0.047
—-6.51 £0.95 —15.05 £ 0.10 —285+15 (0.406) (—0.400) 0.034

3 Model I assumed equal and independent binding; model 1T allowed heterogeneous and cooperative binding. ® Data spanned the free calcium
range from 7.3 nM to 1.02 M (pCa 8.14~5.99) for the induced susceptibility portion of the E31 analysis; data spanned the free calcium range
from 1.02 4M to 3.47 mM (pCa 5.99—3.47) for the induced protection portion of the E31 analysis. ¢ Ali free energies are expressed in kilocalories/
mole (1 kcal = 4.184 J). To overestimate the uncertainty in fitted values, the greater of the positive or negative limit of each asymmetric 65%
confidence interval was tabulated. Unless reported individually, these differed by less than 2-fold. ¢ Estimate of cooperative free energy was
calculated as AG, = AG, — 2AG, — RT In(4), and errors were propagated by nonlin; this formulation assumes that the intrinsic binding energies
are equal (which was not assumed in the fits for AG, and AG>) and gives a lower limit of the value of actual cooperativity. Asymmetric confidence
intervals are shown if they differed by more than 2-fold. ¢ Values in italics in parentheses were fixed during simultaneous fits for other parameter(s).
fValues of the square root of the variance reflect differences in the span of the dependent variable in each data set because data were not normalized.
Correlation coefficients, magnitude, and distribution of residuals were also evaluated but are not shown; for all data sets, fits to model I showed

nonrandom residuals. £ Induced susceptibility phase. Induced protection phase.

tions. These data were analyzed according to both model I
(eq 4), specifying equal, independent binding sites, and model
II (eq 5), allowing heterogeneous, cooperative binding.
Resolved parameters are listed in Table 1. The dialysates
of calmodulin spanned a sufficiently wide range of free
calcium such that, in fitting both models I and II, the
parameters Y[xj ., and span (eq 6) could be floated simulta-
neously with the free energies (AG; and/or AG,). Titration
curves simulated using the best-fit values are shown in Figure
3a. Figure 3b shows the calculated values of the residuals
for this fit to model I; by visual inspection, it is evident that
they were systematic (nonrandom), indicating that the model
itself was incorrect. As is characteristically seen in a fit of
cooperative data to an independent binding site model, to
fit the midpoint of the transition precisely, the fitted end
points spanned a range beyond that defined by the experi-
mental data.

As judged by criteria such as the square root of variance
(a factor of 3 lower) and the smaller span and more random
distribution of residuals (Figure 3b), these fluorescence data
fit better to binding model II, which allowed heterogeneous
and cooperative binding. The best-fit macroscopic free
energies are given in Table 1. If one assumes that the
binding sites have equivalent intrinsic calcium binding
properties, then a lower limit on the actual cooperativity may

be calculated by eq 6; as listed in Table 1, this corresponds
to a factor of 43.

EndoGluC Activity and Exposure. For the proteolytic
susceptibility profiles to merit consideration as equilibrium
titration isotherms, many experimental variables such as
exposure conditions and calcium-dependent effects on pro-
teolytic catalysis were evaluated. A small chromogenic
substrate for EndoGluC, Z-FLE-NA, was used to examine
the dependence of protease activity on calcium concentration.
As can be seen in Figure 2c, there is no systematic trend to
the data. Thus, EndoGluC activity was independent of
calcium concentration, and no corrections were applied.

The substrate Z-FLE-NA was added to each footpriting
reaction as an internal standard to control for variations in
the extent of exposure to protease. The average fraction of
Z-FLE-NA cleaved was 12% + 2% in the 45 separate
footprinting reactions (Figure 2c). The value of fractional
cleavage of Z-FLE-NA was determined for each footprinting
reaction and used to normalize the fractional area of
individual peptide peaks in that chromatogram, as described
in eq 3 in Experimental Procedures.

Observed Cleavage Sites. Under these buffer conditions,
EndoGluC specifically cleaves peptide bonds C-terminal to
glutamate residues; no cleavage is expected between pairs
of glutamate residues (Wilkinson, 1986; Beaudet et al.,
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FiGURE 4: Cleavage products isolated after EndoGluC footprinting of calmodulin. The diagram indicates the four calcium binding sites.
Major products were uncut calmodulin (1—148) with all possible cleavage sites marked. Products analyzed quantitatively are shown (15—
31, 32—148, 1—87, 88—148); three of those were primary cleavage products.

1974). Of the 21 glutamate residues in calmodulin, only 16
are expected to be susceptible to EndoGluC because there
are three occurrences of EE and one of EEE in the sequence
(see Figure 1a). Under the conditions of limited proteolysis
described earlier, cleavage was observed at a small subset
of these 16 glutamate residues. At very low levels of
proteolysis (less than 15%, leaving greater than 85% cal-
modulin whole), cleavage at only five of the possible sites
was observed.

The observed fragments represented both primary and
secondary cleavage products; they resulted from cuts at
glutamate residues E14, E31 (site I), E87, E104 (site III),
and E140 (site IV). Peptides 15—31 and 32—148 were
formed due to cleavage between E31 and L32 in the
N-terminal domain (Figure 4). Complementary peptides
1—87 and 88—148 were formed by cleavage between E87
and A88 in the helix preceding site III (Figure 4). Small
quantities of peptides 88—140, 88—104, and 105—140 were
formed from subfragmentation of the C-terminal domain (as
Jjudged by comparing the sum of relevant peak areas to that
of peptide 1—87). In experiments in which the extent of
proteolysis was increased above 15%, cleavage was observed
at other sites in the C-terminal domain (E114, E123, and
E127), as well as at E67, the terminal glutamate in site II.
Significant subfragmentation of the N-terminal domain was
not observed until the fraction of calmodulin cleaved
increased above approximately 50%.

Chromatographic Separation and Quantitation of Peptides.
The technique of HPLC reproducibly monitored the abun-
dance of peptide products from proteolytic footprinting of
calmodulin titrations and facilitated identification of the
peptide products. Figure 5a shows a complete chromatogram
of a single footprinting reaction of calmodulin at pCa 8.1.
Consistent with conditions of limited proteolysis, calmodulin
was the most abundant component in the chromatogram; the
peptide products were low in abundance and primarily high
in molecular weight (as shown by longer retention times on
the HPLC column). Peaks labeled Z, Z’, and Z” are derived
from the internal standard, Z-FLE-NA, and used for nor-
malization as described in Experimental Procedures.

Calcium-dependent changes in the susceptibility of cleav-
age sites were evident as the change in the relative abundance
of the peptide products. Figure 5b shows a comparison of
a region of the chromatogram for one of the footprinting
reactions for four of the fifteen dialysates. Peptides labeled
B (88—148) and C (1—87) decreased in abundance as the
calcium concentration increased from nanomolar to micro-
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FIGURE 5: Separation by HPLC of fragments generated by

EndoGluC footprinting of calmodulin. (a) Complete chromatogram
from a single digest of dialysate pCa 8.1 monitored at 220 (solid
line) and 344 nm (dashed line). Peak identities are as follows: 7",
Z-FLE-NA (cleaved: chromophore (NA) alone); A, peptide 38—
140; B, peptide 88—148; Z”, Z-FLE-NA (cleaved: tripeptide (Z-
FLE) alone); C, peptide 1—87; D, peptide 32— 148; CaM, uncut
calmodulin; Z, Z-FLE-NA (uncleaved). (b) Comparison of a region
of the chromatogram from 27 to 35 min for footprinting reactions
conducted at pCa 6.8, 6.2, 5.4, and 3.5 monitored at 220 nm; records
are offset for clarity. Same peak labeling as that used in part a.
Chromatographic conditions are described in the Experimental
Procedures.

molar levels. This showed that the E87—AB8 bond in the
C-terminal domain was susceptible in apocalmodulin, but
was protected from cleavage as calcium bound to calmodulin
(Figure 6). (None of the fragments formed from subfrag-
mentation of the C-terminal domain were detectable in
footprinting reactions at calcium concentrations above 1 4M.)

The greatest surprise in these studies was that E31, the
terminal glutamate in site I, showed biphasic susceptibility
to EndoGluC proteolysis as calmodulin bound calcium, as
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FIGURE 6: Susceptibility of the E87—A88 bond to cleavage by
EndoGluC: comparison of the fractional abundance of comple-
mentary primary products, peptides 1—87 (a) and 88—148 (b),
determined in triplicate footprinting reactions for each of 15
dialysates. (a) Fractional abundance of peptide 1—87 with curves
corresponding to simulations using model I (eq 4, dashed line, AG,
= —8.47 kcal/mol) or model II (eq 5, solid line, AG, = —8.00
kcal/mol, AG; = —16.96 kcal/mol). The Hill coefficient was 1.6.
(b) Fractional abundance of peptide 88—148 with curves cor-
responding to simulations using model I (eq 4, dashed line, AG,
= —8.55 kcal/mol) or model II (eq 5, solid line, AG; = —8.31
kcal/mol, AG; = —17.09 kcal/mol). The Hill coefficient was 1.5.

free

seen by the abundance of peptide D (32—148) in Figure 5b.
It was not evident at low levels of free calcium, but increased
in abundance in the range of nanomolar to micromolar free
calcium; however, at higher calcium concentrations, the
susceptibility of the E31—L32 bond was reduced and
returned to being completely protected from cleavage in fully
saturated calmodulin (Figure 7). As outlined in the follow-
ing, these data were treated by piecewise analysis.
Nonlinear Least-Squares Analysis of Susceptibility Pro-
files. The fluorescent and footprinting titrations were
analyzed according to the nature of the susceptibility profile
(monotonic or biphasic). In all cases, the data were
compared to two models of binding: one that forced equal
and independent binding at two sites (model I) and the other
that allowed heterogeneous and cooperative binding (model
II). Note that the values of cooperative free energy, AG.,
that are reported in Tables 1 and 2 are not fit parameters.
They were derived from the best-fit values of AG; and AG;
in a fit to model II and then calculated by assuming that
AG, representated two equal intrinsic free energies for
calcium binding; errors in AG; and AG, were propagated.
Protection of E87-A88. Glutamate residue E87 is located
in the C-terminal domain in the helix leading into site II.
Over the course of the titration, the bond between E87 and
A88 was protected monotonically from cleavage as calcium
bound to calmodulin. In Figure 6, the fractional area of the
peptide products 1—87 (Figure 6a) and 88—148 (Figure 6b)
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FIGURE 7: Susceptibility of the E31—L32 bond to cleavage by
EndoGluC: comparison of the models for EndoGluC susceptibility
at E31 (site I) fit piecewise to the biphasic abundance of peptide
32—148. In the range of pCa 8.14—6, curves correspond to
simulations using model I (eq 4, dashed line, AG; = —8.42 kcal/
mol) or model II (eq 5, solid line, AG, = —7.51 kcal/mol, AG, =
—16.75 kcal/mol) according to fitted values in Table 2. In the range
of pCa 6—3.47, curves correspond to simulations using model I
(eq 4, dashed line, AG, = —7.55 kcal/mol) or model II (eq 5, solid
line, AG, = —6.51 kcal/mol, AG, = —15.05 kcal/mol) according
to fitted values in Table 2.

is shown as a function of the calcium concentration in each
dialysate. It was possible to analyze the titration curves
resolved from each peptide (1—87 and 88—148) individually.
The scales for the corrected area, A/, of each peptide differ
because the absolute mass of peptide 88—148 was less than
that of 1—87 due to its smaller molecular weight and slight
subfragmentation. The mole fraction of peptide 88—148 and
its subfragments (88—104, 105—140, 88—140) was equal
to that of peptide 1—87.

Figure 6a shows data for peptide 1—87. These data were
fit to models I and II, and comparisons were made with
respect to simuitaneously estimating (floating) or fixing the
values of both Yx;,, and span; best-fit values are reported
in Table 1. The residuals of all fits to model I (equal and
independent sites) showed sinusoidal variations characteristic
of the mismatch between this model and a cooperative
isotherm, as shown in Figure 3b for the fluorescence titration.
This can be seen by visual inspection of the dashed curve in
Figure 6a. Using model II, which allowed heterogeneous
and cooperative binding, it was not possible to float the free
energies and both Yix;,,, and span of these data; however, if
one end point parameter was fixed, the other could be floated.
The value estimated for the total free energy (AG>) in the
fits to model II did not change dramatically by fixing one
or both end points, although the value of AG; was affected.
The best-fit values are given in Table 2 and used to simulate
the solid curve in Figure 6a. From inspection of the residuals
and variance of the fits to models I and II (Table 1 and data
not shown), it was apparent that the data were fit best by
model II, which allowed for heterogeneous and cooperative
binding.

Analysis of the calcium-dependent abundance of peptide
88—148 was performed in a fashion analogous to that
described for peptide 1—87. There was a very slight
difference between the model-dependent free energies re-
solved from the data for peptide 88—148 and those resolved
from data for peptide 1—87. The value of AG, estimated
for peptide 88—148 had a slightly lower value (more
favorable binding affinity), but these differences were within
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experimental error (0.1—0.2 kcal/mol). In all cases, the
estimates for total free energy were lower (more favorable)
than the best-fit values for tyrosine fluorescence (Table 1).
However, the cooperative free energy was very similar. Thus,
the susceptibility of the E87—A88 bond (Figure 6) reflected
a cooperative binding event at a more favorable free energy
than that resolved from tyrosine fluorescence data (Figure
3).

Induced Susceptibility of E31. Glutamate residue E31 is
the bidentate chelator of calcium in site I. The susceptibility
of the E31—L132 bond showed biphasic behavior (Figure 7);
it was protected from cleavage at low and high calcium
concentrations and showed the highest susceptibility to
cleavage at intermediate calcium concentrations. The form
of these data posed a significant challenge to nonlinear least-
squares analysis; attempts to fit both phases simultaneously
failed. Instead, the data were treated in a piecewise fashion.
The dialysates between 7 x 107° and 1.02 x 107% M free
calcium comprised the profile indicating increased suscep-
tibility to proteolysis; those between 1.02 x 107¢ and 3.4 x
107* M free calcium were used to represent protection from
proteolysis. The susceptibility values for the dialysate at 1.02
x 107 M calcium were included in both subsets of data to
provide a constraint for continuity.

Each phase of the susceptibility data for E31 was fit to
both models I and II (Table 2). When span and Yx;,, were
floated parameters, the resolved free energies were infinitely
correlated. Thus, the value of either span or Yxj,, was a
fixed parameter in the fits; their values were chosen on the
basis of the highest and lowest values of the independent
variable. Because the data themselves did not permit an
accurate estimate of the end point at maximal susceptibility,
the effects of fixing Y}x;,, and span for these data at several
different values were explored exhaustively (data not shown).
A change in span from 0.4 to 0.5, for example, resulted in
a change of only 0.5 kcal/mol in AG,. (Note that the
absolute values of susceptibility were not normalized for the
length of the fragment; they were normalized only for the
extent of proteolysis in that particular footprinting reaction.)
Simulations using best-fit parameters (Table 2) are plotted
in Figure 7. Given that both transitions are extremely steep,
these data were expected and found to fit better to model II,
which allowed heterogeneous and cooperative binding.

The most significant finding was the remarkable agreement
between the values resolved for the induced susceptibility
of E31 (Table 2) and the induced protection of E87 as
monitored by peptides 1—87 and 88—148 (Table 1). This
is evidence that susceptibility at E31 does not reflect the
properties of binding at the nearest calcium binding site only.

Protection of E31. The susceptibility of E31 was maximal
at approximately micromolar concentrations of free calcium.
Subsequently the susceptibility was reduced, indicating
protection of E31. This presumably arose because of calcium
binding locally in the N-terminal domain, at site I or both
sites [ and II. From the piecewise analysis of the abundance
of peptide 32—148, the total free energy (AG») was found
to be ~2 kcal/mol less favorable than that observed for
footprinting titrations corresponding to binding in the C-
terminal domain. The calculated cooperativity was greater
(ca. —3 kcal/mol); however, the error in that determination
is large, reflecting the large uncertainty in AG;. This is an
extremely sharp, cooperative transition, making absolute
values of AG, imprecise.
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Summary of Nonlinear Least-Squares Analysis. The
model-dependent parameter estimates included in Tables 1
and 2 were drawn from a much larger set of analyses (>200).
We used several criteria to judge these, including the
dependence on starting guesses, the variance, the span and
systematic nature of the residuals, the correlation of param-
eters, and the magnitude and symmetry of confidence
intervals. In all cases, model I appeared to fit the data more
closely and with fewer systematic (i.e., more random)
residuals than did model I. In comparing the values of the
square root of the variance, it is important to evaluate the
trend for different fits to an individual set of data but not to
compare values between data sets. This is because the
susceptibility profiles were not normalized. Therefore, the
value of the square root of the variance also indicates a
difference in the numerical range of each data set. These
values, expressed as a fraction of the span (e.g., 0.022/
—0.254), are very similar (+5—10%) for all of the reported
fits to EndoGlIuC footprinting reactions. All of the values
for parameters reported in Tables 1 and 2 had correlation
coefficients that were below 95%; in most cases, they were
in the range of 40—70%.

DISCUSSION

Calmodulin is an essential, ubiquitous, and highly specific
regulator of enzyme activity in most calcium-mediated
pathways of signal transduction. Although calcium binding
is understood to activate calmodulin for target recognition,
many mysteries remain regarding its allosteric mechanism
and the extent to which sites and domains interact [see
Kilhoffer et al. (1992); Weinstein & Mehler, 1994; Cox,
1988; Wang, 1985]. A new appreciation for the division of
labor between individual domains is emerging as calmodulin
and its mutants are studied in vivo in organisms such as
Paramecium (Kung et al., 1992) and yeast (Davis, 1992;
Ohya & Botstein, 1994) and as new structural studies of
calmodulin complexes with target peptides are reported at a
rapid pace [see Torok and Whitaker (1994) for a review]. A
complex interplay between site heterogeneity and cooper-
ativity regulates four ligands binding to a protein of only
148 residues [see the Appendix of Haiech et al. (1981)].

To understand cooperative ligand binding fully, one must
determine the number of populated intermediate (partially
liganded) states and their energetic and structural relationship
to the two end states, apocalmodulin and fully saturated
calmodulin. One of the problems in understanding cal-
modulin is that there are no high-resolution studies of the
structures adopted by apocalmodulin. Thus, it is not possible
to postulate the mechanism of a cooperative binding process
as the transition between known end states. Even if it were,
it is instructive to review the case of hemoglobin, long a
textbook paradigm for multisite cooperativity. Several
critical elements of the molecular logic of this a——o—f
tetramer were overlooked in mechanisms based solely on
detailed crystallographic structures of two end states. New
experimental approaches that directly probed the intermediate
states proved that the elegant and simple concerted (MWC)
model for cooperativity was inadequate to explain the
detailed logic of ligand-induced quaternary switching [see
Ackers and Hazzard (1993)]. However, very few techniques
have been developed that successfully quantitate the popula-
tions of intermediate states under equilibrium conditions, and
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enormous effort is required to test the experimental validity
of such methods [e.g., Brenowitz et al. (1986); Senear et
al., 1993].

One of the approaches to studying conformational switch-
ing in cooperative systems is to probe ligand-induced
macromolecular susceptibility to limited cleavage or modi-
fication. These approaches have been used successfully to
obtain two classes of information: mapping of susceptible
positions and quantitative determinations of changes in the
extent of susceptibility coupled to ligand binding. For
example, proteolytic probe studies of cAMP binding to CRP
(Heyduk & Lee, 1989) showed that three conformations were
adopted, thus disproving an “all-or-none” (2-state) model of
switching. Quantitative DNase footprint titrations (Brenow-
itz et al., 1986) have been used to determine microscopic
free energies of protein—DNA interactions; hydrogen ex-
change methods have been used to correlate local change
with allosteric mechanisms [e.g., Englander et al. (1992)].
Such approaches have given estimates of the number of
molecular conformations populated during cooperative ligand
binding and the energetic costs of transitions between them.

In calmodulin, the susceptibility of lysine residues to
proteolytic cleavage and chemical derivatization has been
studied in this way. Partial proteolysis of calmodulin using
trypsin indicated that cleavage occurred in a calcium-
dependent fashion (Kawasaki et al., 1986; Walsh et al.,
1977). Mackall and Klee (1991) interpreted their finding
of the biphasic susceptibility of the central helix as indicating
that apocalmodulin and fully saturated calmodulin adopted
similar conformations, but that an intermediate of different
structure was formed. Giedroc et al., (1985, 1987) showed
that the calcium-dependent reactivities of the two lysines in
the central helix (K75 and K77) differed dramatically, in
spite of their close proximity. To exploit these calcium-
dependent differences in the environments of individual
residues in calmodulin, we have developed the novel
quantitative proteolytic footprinting method reported here.

In this study, EndoGluC has been used to monitor site
occupancy and conformational change induced by coopera-
tive calcium binding to calmodulin under equilibrium condi-
tions. The ultimate goal of these studies was to determine
which partially liganded species were populated and the rules
for transition between them (i.e., the molecular partition
function for calcium binding). The EndoGluC footprinting
method has given insight into residue-specific differences
between the intermediate states and into the microscopic
equilibrium constants for intrinsic affinity and cooperative
interactions of calcium binding.

This has allowed us to develop a model for conformational
switching in which calmodulin (a—g—o'—f’) progresses
through at least three distinct states in solution, corresponding
to three levels of ligand binding. In this model, the ensemble
of configurations adopted by apocalmodulin is characterized
by intramolecular interactions; the N-terminal domain (a—
B) is relatively rigid, and the C-terminal segment (") that
comprises much of the central helix and contains site III is
the most flexible. We postulate that the plasticity that
characterizes the interactions of calmodulin with its cellular
targets [see Meador et al. (1993)] may play a role in allowing
many energetically equivalent forms of the apo state to
coexist. At an intermediate state of saturation, with ap-
proximately two calcium ions bound, the interdomain
interactions of the apo state(s) aré modified. The C-terminal

Biochemistry, Vol. 34, No. 4, 1995 1189

domain is more constrained by favorable intradomain
interactions between sites III and IV, and the N-terminal
domain becomes more flexible and accessible. In the third
state, both calcium-saturated domains of calmodulin have
less conformational flexibility, and interdomain interactions
are altered and diminished. This structural interpretation of
calcium-induced conformational change relies heavily on the
quantitative EndoGluC footprinting and fluorescence studies
presented here, as well as other proteolytic footprinting
studies of calmodulin titrations. The following discussion
addresses the related issues of (a) experimental validation
of the EndoGluC footprinting method and (b) new informa-
tion it has provided regarding the allosteric mechanism of
calmodulin.

EndoGIuC Footprinting Method. This technique was
designed to take advantage of the properties of native
calmodulin that change in response to calcium binding.
Acidic residues play a key role in determining the calcium
binding affinities of EF-hand sites {see Procyshyn and Reid
(1994); Renner et al., 1993; Marsden et al., 1990]. In each
site, the invariant terminal glutamate residue (E31, E67,
E104, and E140, see Figure 1a) offers both of its side chain
oxygens for bidentate chelation of the calcium ion; binding
of calcium necessarily causes a significant reorientation of
this residue. In addition to these four glutamate residues,
seventeen others are distributed throughout the calmodulin
sequence. Thus, EndoGluC was chosen as a suitable
enzymatic probe of conformational change because it specif-
ically cleaves peptide bonds that are C-terminal to glutamate
residues. The terminal glutamate of each EF-hand site was
expected to serve as a direct probe of site occupancy; the
other glutamate residues are distributed globally (see Figure
1a), but were expected to be locally sensitive reporters of
the structural transitions that occur upon calcium binding.

Quantitative susceptibility profiles were resolved for the
cleavage at E87 and at E31. For model-dependent analysis
of susceptibility profiles to be thermodynamically meaning-
ful, the independent variable (i.e., free ligand) must be known
accurately, and the dependent variable (i.e., susceptibility)
must be related to calcium binding to calmodulin in a
measurable way. Approaches developed for controlling the
independent and dependent variables and other issues related
to the validation of this footprinting method are discussed
in the following.

To obtain a signal-to-noise ratio suitable for the accurate
spectrophotometric quantitation of peptides, it was necessary
to work with samples of calmodulin in the range of 15 uM
(0.25 mg/mL). However, the dissociation constants for
calcium binding to calmodulin are in the micromolar range.
This ruled out the possibility of conducting a direct equi-
librium titration by the simple addition of ligand. Instead,
it was essential to equilibrate individual samples in individual
pH/pCa buffers at high concentrations of calmodulin and to
determine experimentally the concentration of free calcium
in each one as described in the Experimental Procedures.

The buffer conditions were 50 mM HEPES and 94 mM
KClI with 0.5 mM EGTA and 0.5 mM NTA. The concentra-
tions of the chelators EGTA and NTA were adequate but
not ideal for buffering calcium over the entire range
(nanomolar to micromolar) required for these studies. As
can be seen in Figure 2b, there were points of significant
deviation between the calculated and experimentally deter-
mined free calcium concentrations of the buffers. Thus,
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experimental determination of the free calcium concentration
was required.

Several experimental factors were addressed directly in
order to ensure that the footprinting titrations reflected the
properties of calmodulin, rather than those of EndoGluC.
These included determining whether the activity of Endo-
GluC was calcium-sensitive and controlling for experimental
variations in extent and quenching of proteolysis. Digestion
of Z-FLE-NA by EndoGluC was shown to be calcium-
independent (Figure 2c); thus, the patterns of calcium-
dependent susceptibility of calmodulin may be interpreted
to indicate calcium-induced conformational changes, rather
than altered proteolytic activity.

For the fractional susceptibility of a single bond to indicate
a property of native calmodulin, the fragments formed must
be primary cleavage products. The extent of cleavage never
exceeded 15% for any footprinting reaction. To control for
small variations in protease exposure in the individual
footprinting reactions, the extent of proteolysis in each was
determined by the addition of Z-FLE-NA.

Molecular Origins of Changes in Susceptibility—
Conformational Change vs Binding. The experimental signal
monitored by proteolytic footprinting is the change in
backbone susceptibility of calmodulin as a function of
calcium binding. The pure interpretation of that signal is
that a conformational change in the side chain and/or
backbone has occurred in response to binding. However,
the signal may result from changes in the conformational
entropy of the surrounding segment, the accessibility of the
side chain, or in the peptide bond itself. If this conforma-
tional change or difference in accessibility is linearly related
to the extent of binding, then the resulting profile represents
an individual site isotherm. In a multisite protein, the median
ligand concentration of such an isotherm represents the
chemical work of saturation at that site, concurrent with
binding at other sites, regardless of the degree of cooperati-
vity and the heterogeneous nature of the sites (Wyman,
1964). 1t is clear, however, that changes in susceptibility
do not arise solely from the changes in occupancy of the
closest binding site(s).

It is important to recognize that this dilemma (a) is shared
by many spectroscopic and chemical methods (e.g., hydrogen
exchange) and (b) may be tractable, given sufficient inde-
pendent determinations that each carry different systematic
deviations. Techniques such as circular dichroism, fluores-
cence, and NMR have been productively applied to the study
of calcium binding to calmodulin; they each have yielded
insight into the average properties of the protein backbone
or the nature of conformational changes in the vicinity of a
few residues that provide unambiguous signals. Although
there are few naturally occurring reporter groups in calm-
odulin, mutagenesis and chemical modification procedures
have been applied to introduce them. Studies of such
mutants have elucidated an ordered binding mechanism.

Kilhoffer and co-workers (1992) demonstrated that site
heterogeneity and intradomain cooperativity in calmodulin
were required for a consistent description of the fluorescent
properties of calcium binding to five mutants of synthetic
calmodulin (SYNCAM) engineered to have tryptophan at
position 7 in one of the four calcium binding sites (T26W,
T62W, YOOW, Q135W) or the central helix (S81W). This
required that they assume that the mutations did not alter
the binding properties. However, they pointed out that even
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when a unique, benign reporter group at a known location
is monitored, site occupancy and associated conformational
changes are not readily deconvolved. This difficulty in the
interpretation of structural transitions that result from calcium
binding is common to all chemical and spectroscopic probes
of microscopic binding processes.

On the basis of these EndoGluC footprinting studies alone,
it is not possible to determine independently the coefficients
that relate binding to proteolytic susceptibility. For example,
it could be that species with a particular number of ligands
bound (zero, one, two, three, or four) each have a charac-
teristic susceptibility; this would require the determination
of at least five susceptibility coefficients. Alternatively, each
of the 16 species that differ with respect to the position of
ligand(s) might have a unique susceptibility coefficient. The
nonlinear least-squares analysis has been conducted using
the simple interpretation that susceptibility is linearly related
to the extent of binding and has been designated as model-
dependent for that reason. This interpretation may be tested
by comparing these results with those obtained using residue-
specific probes such as other proteolytic footprinting and
spectroscopic techniques, as well as the macroscopic proper-
ties determined from equilibrium titrations monitored by flow
dialysis (Crouch & Klee, 1980), or by using calcium chelators
to monitor ligand dissociation rather than properties of
calmodulin per se [e.g., Linse et al. (1991)]. In the
discussion that follows, we comment on insights that have
been gained regarding calcium binding and intra- and
interdomain interactions using this method, the self-
consistency of EndoGluC footprinting studies, and the degree
to which these results supplement and extend previous
understanding of the mechanism of cooperative calcium
binding to calmodulin.

Cooperative Calcium Binding to Sites III and IV. The
intrinsic tyrosine fluorescence of calmodulin primarily
reflects a change in the environment of Y138 (in site IV),
which has been shown to be relatively insensitive to calcium
binding at the N-terminal sites I and II (Drabikowski et al.,
1977; Drabikowski & Brzeska, 1982; Wang et al., 1982,
1984). Reported free energies resolved from titrations
monitored by fluorescence vary from —15 (Drabikowski &
Brzeska, 1982) to —18 kcal/mol (Wang et al., 1982) under
conditions similar, but not identical, to those used in this
study. The median of the isotherm derived from changes in
intrinsic tyrosine fluorescence (Figure 3) indicated a slightly
lower affinity binding event (higher free energy) than that
determined for the susceptibility of E87; the difference
corresponded to 0.6 kcal/mol. Studies using NMR and
proteases such as thrombin and bromelain (data not shown)
to probe the dialysates comprising these equilibrium titrations
of calmodulin suggest that this deviation of 0.6 kcal/mol
represents a real difference in the calcium-linked conforma-
tional response of residues E87 and Y138 in the C-terminal
domain.

The signals from E87 and Y138 may differ if they respond
unequally to the same binding processes. It is not known
to what degree the calcium-dependent change in intrinsic
tyrosine fluorescence of Y138 reports on the individual
occupancy of site IV or the average occupancy of both sites
Il and IV in the C-terminal domain. If it were more
sensitive to the average properties of the domain (or the
properties of site IV alone), and the susceptibility of E&7
were more sensitive to the occupancy of site III, then the
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simple conclusion would be that site III has a higher affinity
for calcium than does site IV. A similar conclusion was
reached by Kilhoffer et al. (1992). This hypothesis could
be tested directly with wild-type calmodulin if it were
possible to determine independently the contribution of each
binding event to the total change in intrinsic tyrosine
fluorescence. Studies are underway using the approach of
Lohman and Bujalowski (1991) to determine the values for
native calmodulin under these conditions. The most plau-
sible explanation for differences seen between signals from
E87 and Y138 is that sites III and IV do not have the same
intrinsic affinity for calcium, and this is reflected in the extent
and coupling of conformational change to binding.

The conclusion that two binding sites in the same domain
may differ with respect to their intrinsic affinities for calcium
(i.e., site Il is not equivalent to site IV) is supported by
equilibrium and kinetic studies of mutants of Drosophila
melanogaster calmodulin in which the terminal glutamate
of each binding site was replaced by lysine or glutamine.
As expected, binding was reduced or eliminated in the mutant
site (Maune et al., 1992; Martin et al., 1992). However,
stoichiometric titrations of these mutants monitored by NMR
indicated that while mutation of site III caused the affinity
of site IV to drop and vice versa, mutation of site III did not
have the same effect on site IV as mutation of site IV had
on site III (Starovasnik et al., 1992). Although the reduction
in affinity could be explained solely by the loss of coopera-
tive interactions between sites III and IV, the effect of a
single mutation should have been equivalent (regardless of
site) if the intrinsic affinities were equal and no other pairwise
interactions were affected. Those nonreciprocal effects
suggested that the intrinsic affinities of sites III and IV
differed as also implied by the difference in signals from
E87 to Y138.

There is remarkable agreement between the free energies
resolved from the induced susceptibility of E31 (Table 2)
and those from the protection of E87 (Table 1) in these
EndoGluC footprinting reactions. This is a strong indication
that the phase of the isotherm indicating induced susceptibil-
ity of E31 (Figure 7) is due to calcium binding in the
C-terminal domain rather than to a nonspecific effect of
calcium on the N-terminal domain. The free energy resolved
from this phase of the data for E31 (see Table 2) may most
accurately represent the total free energy for two calcium
ions binding to the C-terminal domain. The resolved value
of AG, falls between the free energies resolved from
EndoGluC footprinting at E87 and from tyrosine fluorescence
of Y138 (Table 1), as would be expected if they represented
the occupancy of sites III and IV, respectively.

The isotherms that resulted from calcium binding in the
C-terminal domain indicated intradomain cooperativity, as
well as heterogeneity of calcium binding affinities. This
conclusion is based on several factors, including the span
and systematic nature of the residuals from fits to model I,
which indicated that an independent binding model was
insufficient to describe the process. The values of coopera-
tive free energy, AG,, calculated from the susceptibility data
at E87 and the tyrosine fluorescence of Y138 are very similar,
as are the Hill coefficients (noted in the legends to Figures
3 and 6). The exact shapes of the transitions and, therefore,
the extent of resolved cooperativity are highly dependent on
an accurate estimate of the concentration of free ligand.
Given that the footprinting and fluorescence measurements
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were made on the same equilibrated dialysates of calmodulin,
the free calcium concentration is assured of being identical
in the two titrations. With confidence in the absolute values
of those determinations, the agreement between methods and
the values of cooperative free energy resolved may be taken
as significant.

It is not possible to determine whether the susceptibility
of the E87—A88 bond is influenced by calcium binding to
N-terminal sites, which might confer the additional protection
of that bond. Note that there is incomplete separation of
the signals pertaining to each domain; the inflection point
in the susceptibility profile for E31-L32 occurs at a concen-
tration of free calcium lower than that required for complete
protection of E87. The extended dumbbell structure (see
Figure 1b) resolved from crystallographic studies of calcium-
saturated calmodulin would suggest that there is no signifi-
cant physical interaction between domains, and thus, this
overlap in titration curves arises solely from the degree of
separation in values of free energies of intrinsic binding and
intradomain cooperativity. However, molecular models such
as CAM10 (Pascual-Ahuir et al., 1991) and experimental
studies of calmodulin (Persechini & Kretsinger, 1988; Small
& Anderson, 1988; Torok et al., 1992; Heidorn & Trewhella,
1988) suggest that a more compact structure for calcium-
saturated calmodulin is energetically favorable and would
allow for interdomain interactions to contribute to a change
in chemical or spectroscopic signal. The degree to which
calcium binding to the N-terminial domain contributes to the
susceptibility at E87 cannot be assessed from these data
alone.

Interdomain Interactions. The most striking feature of the
EndoGluC footprinting reactions of calmodulin titrations was
the biphasic nature of the susceptibility of the peptide bond
C-terminal to glutamate 31 (E31—L32). This was an entirely
unexpected result. Given that E31 is the bidentate chelator
of calcium in site I, it should be an exquisitely sensitive
indicator of binding in that site. However, most bonds in
calmodulin are protected from proteolysis upor. binding of
calcium, and the sites in the N-terminal domain were
recognized as having a lower affinity for calcium than those
in the C-terminal domain; therefore, we expected a mono-
tonic response having a higher median ligand concentration,
indicating a lower affinity for calcium.

Instead, the susceptibility of the bond between E31 and
L32 changed in two phases. It was (a) protected from
proteolysis in apocalmodulin, (b) became susceptible coin-
cident with the protection of E87, and (c) became protected
at higher calcium levels, presumably as calcium bound to
site I and was chelated by the oxygen atoms OE1 and OE2
of E31. Although opposite in sign, these two phases of
increasing and decreasing susceptibility were equal in
magnitude. There was no plateau between the transitions
representing induced susceptibility and protection. Given
that the sites in the C-terminal domain are those with higher
affinity, propagated conformational change is the most
plausible explanation for the induced susceptibility of the
E31—L32 bond in the N-terminal domain. The incontrovert-
ible evidence of a biphasic response provides compellirg
support for the existence of at least one intermediate for..
of calmodulin, whose properties are significantly different
from those of both the apo and fully saturated forms and is
not an average of the two end states. Although E31-1.32
was protected in both the apo and fully saturated states, the
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structural origins for this protection must differ given the
change in occupancy of site I and the side chain interactions
of E31. Furthermore, because E31 is not in the central helix,
it suggests that calcium binding to sites III and IV affects
the conformation of the entire N-terminal domain, not just
the portion that comprises the interface between the domains.

Most studies have concluded that there is little or no
interaction between the N-terminal and C-terminal domains
of calmodulin in the absence of target peptides or drugs. This
conclusion is based largely on comparisons of titration curves
for whole calmodulin to additive reconstruction of those of
the isolated domains (Dalgarno et al., 1984; Aulabaugh et
al., 1984; Ikura et al., 1984). However, Maune et al. (1992)
and Beckingham (1991) noted that mutations in one domain
increased the affinity of sites in the other, suggesting anti-
cooperativity in the native protein. Biphasic tryptic suscep-
tibility of the central helix near K75 (Mackall & Klee, 1991)
agrees with our findings, if interpreted as indicating that the
interface between domains changes in an ordered, calcium-
dependent way. Early NMR studies by Seamon (1980)
conclusively showed that the greatest change in chemical
shifts of Y99 and Y138 occurred in response to the first two
calcium ions binding, but additional change occurred upon
binding the second pair of calcium ions. Fluorescence
studies showed that terbium binding to N-terminal sites
changed calcium binding to C-terminal sites (Wang e? al.,
1984). The UV absorbance of calmodulin changes most
upon binding two calcium ions to calmodulin, but continues
to change in the range of 2—4 calcium ions binding (Klee,
1977; Yazawa et al., 1990). It is not known whether this is
because of direct interactions between the domains or
because binding to the C-terminal sites is not complete before
N-terminal sites begin to saturate.

In these EndoGluC footprinting studies, the only direct
indicator of calcium binding in the N-terminal domain was
the phase of decreasing susceptibility of E31-L32 (in the
range between 1.02 uM and 0.34 mM free calcium). The
total free energy, AG,, resolved from this transition was
estimated to be approximately 1.5—2 kcal/mol less favorable
than those of C-terminal sites (—15.05 vs —16.95 for E87
or —16.41 kcal/mol for Y138). Model-dependent analysis
of each phase of the E31 susceptibility profile required that
at least one of the end points be fixed; the estimate of the
total free energy varied only slightly, but the calculated value
of cooperativity (AG.) was very sensitive to changes in end
points. Although the absolute value of AG. was not well-
determined, the transitions clearly are positively cooperative.

If we assume that binding of calcium at site I protects the
E31—L32 bond from cleavage, this transition may represent
an individual site isotherm (Ackers et al., 1983) of site I
with fractional protection proportional to fractional oc-
cupancy. It is possible that a fraction of the protection of
E31-L32 results from conformational changes induced by
binding at site II in the absence of binding at 1. In addition,
we cannot eliminate the possibility that binding at sites III
and IV in the C-terminal domain plays a role in the protection
at E31.

The simplest explanation, however, is that the biphasic
behavior reflects transitions between a series of distinct
structures, in which (a) the F helix of site I is stabilized by
intramolecular interactions in the absence of calcium, (b)
some of these constraints are released upon calcium binding
to sites III and IV, and (c) different constraints are assumed
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upon calcium binding to the N-terminal sites I and IL
Proteolytic footprinting studies of isolated domains of
calmodulin are being used to address this hypothesis directly
(data not shown).

The EndoGluC footprinting titrations corroborate other
studies of calmodulin that have shown that calcium binding
induces at least one intermediate conformation [e.g., Crouch
and Klee (1980); Seamon, 1980]. The distinction is that the
results presented here strongly suggest that, in the absence
of bound calcium, the domains of calmodulin interact with
each other despite their flexibility. Such interactions between
domains would provide a conformational explanation for the
anti-cooperativity, or energetic barrier, to calcium binding
inferred from the studies of mutants of D. melanogaster
calmodulin containing only three functional sites (Maune et
al., 1992; Martin et al., 1992). Evidence for interactions
provides constraints on the nature of the populated interme-
diate states and energetic rules for transitions between them.

The detailed structural nature of residue-specific interac-
tions has yet to be elucidated. Heteronuclear NMR methods
(Ikura et al., 1991) applied to (Ca?*);-CaM showed that a
segment (residues 78—81) of the central helix defined by
the crystallographic structure was disordered (see Figure 1a).
Although NMR studies have not reported specific residue
interactions (e.g., NOEs) between the two domains in the
absence of target peptides, biphasic behavior (one domain
responding to a binding event in the other domain) has been
observed for several resonances, including H107 (Evans et
al., 1988) and T26 (Starovasnik et al., 1992), under sto-
ichiometric binding conditions. These results indicated that
the domains do not function completely independently of
one another, even though they retain very similar funda-
mental structures and macroscopic calcium binding properties
as isolated half-molecules (Klee, 1988).

Consistency of Resolved Free Energies. Confidence in
the quantitative EndoGluC footprinting of calmodulin titra-
tions requires that self-consistency be evaluated by compar-
ing the abundance of complementary cleavage products. If
the susceptibility of an individual peptide bond reflects a
property of whole calmodulin, then the molar abundance of
complementary primary fragments should be equivalent and
analysis of their profiles should yield equal free energies.
This was true for the peptides representing cleavage at E87-
AB88 (comprising residues 1—87 and 88—148), as shown in
Figure 6 and Table 1; the best-fit values of AG, were within
0.1 kcal/mol. Similarly, self-consistency was found for
products of cleavage at E31: residues 15—31 (data not
shown) and 32—148 (Figure 7). These agreed with each
other; both products displayed biphasic behavior with similar
medians for each of the transitions. Thus, it appears that
the susceptibility profiles of E31 and E87 reflect calcium-
dependent properties of whole calmodulin, as was the aim.

We have used several proteases other than EndoGluC (a
serine protease) to probe calcium binding to calmodulin;
abstracts of early stages in the development of these
footprinting studies have appeared previously (Pedigo et al.,
1991; Schaller & Shea, 1992; Verhoeven & Shea, 1993).
The susceptibility profiles resulting from footprinting with
bromelain (a cysteine protease) and thrombin (a serine
protease) have been analyzed quantitatively in the same
manner as reported here (data not shown), corroborating the
results obtained using EndoGIuC. The susceptibility of E87
to bromelain decreased monotonically in response to calcium
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binding; the resolved free energy, AG,, from that study
(—=17.1 £ 0.2 kcal/mol) is identical to that derived from
susceptibility to EndoGluC (see Table 1). The susceptibili-
ties of R37 to thrombin and of S38 to bromelain were
biphasic, as observed for E31. Resolved free energies from
piecewise analysis of the R37 and S38 isotherms corroborate
the interpretation of the data reported here. The excellent
agreement between residue-specific responses of calmodulin,
as monitored by very different proteases, confirms the
assertion that the behavior of calmodulin, and not the
protease, is reflected in the calcium-dependent properties of
these footprinting titrations.

The free energies for calcium binding resolved from
EndoGluC footprinting titrations are consistent with other
studies showing differences between the domains (Klee,
1988; Drabikowski & Brzeska, 1982; Starovasnik et al.,
1992; Wang et al., 1984). Although the EndoGluC foot-
printing studies here resolved domain free energies, their
sums agree well with macroscopic free energies determined
in other studies (Crouch & Klee, 1980; Maune et al., 1992;
Martin et al., 1992; Linse et al., 1991).

Calmodulin as a Substrate of EndoGIluC. The conforma-
tional heterogeneity of calmodulin is reflected in the subset
of bonds susceptible to EndoGluC, as well as their calcium-
dependent responses as described earlier. EndoGluC has
been used previously to digest calmodulin fully for chemical
analysis (Schaefer et al., 1987a,b). To our knowledge, this
study is the first report of its relative preference for bonds
of calmodulin and its use to detect calcium-linked confor-
mational changes of calmodulin. The susceptibility of a
peptide bond to proteolytic cleavage depends on both its
accessibility (i.e., position relative to the surface) and its
intrinsic suitability as a substrate for the protease. This may
depend on the conformational flexibility of the local region
of the protein and specific chemical contacts with side chains
of several nearby residues. EndoGluC is not highly selective
(Wilkinson, 1986; Beaudet et al., 1974), although it does
not cleave between neighboring glutamate residues. Of the
21 glutamate residues in the calmodulin sequence (see Figure
la), 16 precede bonds that are expected to be targets of
EndoGIuC. The subset of susceptible bonds suggests that
conformations adopted over the course of calcium binding
differ significantly from the one seen in the crystal structure
resolved for fully saturated calmodulin.

Under the conditions of limited proteolysis used in these
footprinting reactions (<15% calmodulin cleaved), only five
of the sixteen bonds were observed to be susceptible. There
was no apparent sequence preference for the two neighboring
residues; bonds C-terminal to E14 (KEA), E31 (KEL), E87
(REA), E104 (AEL), and E140 (EEF) were cleaved. Neither
the reported sequence specificity of EndoGluC nor the high-
resolution structures of calcium-saturated calmodulin (Babu
et al., 1988; Ikura et al., 1991) provide an obvious explana-
tion for the relative preference for these positions. Conser-
vation of mass, as measured by the sum of peak areas in the
chromatogram (values not shown), argued that no highly
abundant, large peptides were overlooked in our analysis.
The most straightforward interpretation of preferential cleav-
age is that the five susceptible bonds conformationally
differed from the eleven others that were not cleaved over
the course of the titration.

On the basis of the structures (see Figure 1b) determined
by crystallographic and NMR methods, all five bonds are
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located in regions expected to be helical in the calcium-
saturated state of calmodulin. In that state, all of these were
protected from proteolysis by EndoGluC. Protection at a
high degree of calcium saturation is probably due to a
calcium-induced decrease in conformational flexibility as
well as changes in secondary structure per se, as has been
seen using NMR to study ion binding to the two EF-hand
sites of calbindin (Akke er al., 1993). Susceptibility at lower
calcium levels argues that the conformation of the scissile
bond is not rigidly helical over the course of a titration.

As an indicator of residue flexibility, the temperature
factors of the calcium-saturated structure (Babu ez al., 1988)
were compared. Most residues in the N-terminal domain
have lower B-factors than those in the C-terminal domain,
as expected on the basis of its greater rigidity. However,
there was no simple correlation between the B-factors for
glutamate residues (main chain or side chain values) and
susceptibility to EndoGluC. Although several factors such
as multiple conformers [e.g., Borgstahl et al. (1994)] may
contribute to the value of a temperature factor, this lack of
correspondence implies that relative properties of the glutamate
residues in apocalmodulin or partially saturated calmodulin
are not fully represented by the structure of (Ca?*);-CaM
shown in Figure 1b.

It would be preferable to compare apo and saturated sites.
The only crystallographic study of a pair of apo EF-hand
sites is of sites I and II in half-saturated (two Ca?*) troponin
C (5tnc.pdb; Herzberg & James, 1988). As expected, the
B-factors of residues in the apo EF-hand sites are higher (by
approximately 2-fold) than those of the saturated sites. But
within each site, there is a clear hierarchy such that the first
six residues have higher B-factors than the last six, regardless
of the presence of calcium. This may reflect the dominant
helix-forming propensity of SXXE and TXXE capping boxes
(Harper & Rose, 1993) that stabilize helical secondary
structure and may contribute to the protection of E31 (in a
TTKE sequence) in the absence of a calcium ligand.

The preference of EndoGluC for five of the sixteen
expected sites in calmodulin may be interpreted in terms of
the relative calcium-dependent flexibility of the surrounding
regions of calmodulin and the calcium affinities of nearby
sites. It appears that the primary sequence of 12 residues in
an EF-hand site is a critical, but not exclusive, determinant
of calcium affinity (Marsden et al., 1990; McPhalen et al.,
1991). The structures adopted by the chelating residues of
calcium-saturated sites are nearly identical, as judged by the
superposition of domains from related proteins such as
calmodulin and troponin C. Thus, the differences in free
energies of binding may indicate that major differences lie
in the apo states. Although it is possible to rationalize the
relative calcium affinities of some EF-hand sites on the basis
of the small differences in the coordinates of the chelating
residues (Nayal & di Cera, 1994), the exact positions of the
those residues depend on interactions outside the site, as well
as within it (Waltersson et al., 1993). These comparisons
suggest that the flexibility and interactions of connecting
loops and helices of the protein must contribute to optimal
coordination geometry. EndoGluC appears to probe these
differences.

In the EndoGluC footprinting studies, the relative flex-
ibility of the apo C-terminal domain (o'—j") was reflected
by cleavage at E87 vs complete protection of E31 in the
N-terminal domain (o.—/3). Other studies of apocalmodulin
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have noted the proteolytic lability of the C-terminal domain
(Mackall & Klee, 1991; Walsh et al., 1977; Kawasaki et
al., 1986) and its lower melting temperature, as determined
by differential scanning calorimetry (Tsalkova & Privalov,
1985). Spectroscopic studies indicate that calcium loading
of the C-terminal domain causes the largest structural change
in calmodulin [see Klevit (1983) for a review], suggesting
that it is less constrained in the absence of calcium. As an
isolated domain, it also has a higher affinity for calcium than
does the N-terminal domain. It appears that the flexibility
of the apo form of the C-terminal domain is a determinant
of its higher calcium affinity relative to the N-terminal
domain.

The observed preference for a subset of five out of the
sixteen possible positions of cleavage by EndoGluC suggests
unanticipated differences in the local structure of glutamate
residues in corresponding locations in each of the four helix—
loop—helix segments of calmodulin. For example, E123 is
in a position relative to site IV that is equivalent to E87
relative to site III. However, it is not a primary cleavage
product. When the extent of proteolysis was increased above
approximately 15% (data not shown), subsequent subfrag-
mentation occurred at E104, E140, and additional positions
(E114, E123, E127).

These results suggest that, despite the similarities among
the primary sequences of the four covalently connected
helix—loop—helix segments (a—f—a’—f’) of calmodulin,
the segment containing site IIT (") seems to be the most
flexible. This interpretation is supported by studies (Ota &
Clarke, 1989, 1994; Potter et al., 1993) showing that calcium
binding affects the spontaneous degradation of Asp and Asn
residues in the EF-hand sites of calmodulin. Site III was
the most susceptible to degradation, followed by sites IV
and II, and calcium binding protected the sites from
degradation. This suggested that site III is the most
disordered apo site and that it is measurably different from
site IV in the same domain, consistent with the pattern of
cleavage by EndoGlIuC.

In combination with the footprinting studies reported here
on apocalmodulin, these results suggest that the lower
susceptibility of regions outside of o indicates rigidity, either
intrinsic to the sequence or caused by stabilizing interactions
within calmodulin. It is possible that, in the apo form, the
third segment is not stably folded and that calcium binding
causes folding and therefore protection. This interpretation
is also consistent with chemical denaturation studies of
calmodulin under these conditions (data not shown). Pro-
teolytic susceptibility studies used to monitor local regions
undergoing helix—coil transitions (Ueno & Harrington, 1984)
or to determine flexible regions or autonomous subdomains
in protein folding [e.g., Wu et al. (1994)] have emphasized
the linkage between folding and ligand binding in other
systems. They support the view that a functional (native)
form may be partially unfolded or highly disordered in an
internal region, as may be true for apocalmodulin.

In contrast to the C-terminal domain, the average structure
of the N-terminal domain changes little in response to
calcium binding (Klevit, 1983; Klevit ez al., 1984; Dalgamo
et al., 1984; Drabikowski & Brzeska, 1982; Klee, 1977).
The protection or lack of susceptibility of E31 in the apo
state corroborates the relative rigidity of the N-terminal
domain. The susceptibility of E31—L32 at intermediate
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calcium levels indicates a reversible change in the local
conformation or accessibility of this bond to EndoGluC.
Either or both of these require the formation of an intermedi-
ate species different from both the apo and calcium-saturated
forms.

Much as the understanding of cooperativity in the hemo-
globin tetramer has focused on understanding rearrangements
of the dimer—dimer (o!—f?) interface, so does our interest
in calmodulin naturally focus on understanding the forces
that drive secondary and tertiary changes in the interface
between the two domains, as well as within domains.
Although it is possible to frame questions about the structures
of calmodulin and its allosteric mechanism in terms of the
structure of the central helix per se, its conformation is a
consequence of the calcium-induced changes in the structural
disposition of the 3 and o segments (see Figure 1). Rather
than treating the central helix as an independent structural
unit that serves to connect two globular domains, we view
it as primarily comprising elements intrinsic to those globular
domains (the F helix of site II in segment 8 and the E helix
of site III in segment ) connected by a flexible loop that
may adopt a nearly helical structure. A model for transitions
is given in the following.

Model of Calmodulin Switching. The quantitative Endo-
GluC footprinting method described here has been developed
to probe calcium-induced conformational changes at a
residue-specific level and to dissect the roles of individual
structural elements and the energies of intrinsic and coopera-
tive interactions. The most astonishing finding was that the
E31—L32 bond responded to calcium binding to sites III and
IV in the absence of local (N-terminal) calcium binding.

On the basis of the susceptibility of E31-L32 and E87-
L88 to EndoGluC, we conclude that, in the absence of
calcium, the o segment is relatively disordered and the
domains interact interact in ways that protect segments «,
B, and B’ from cleavage. These constraints evidently are
disrupted by calcium binding to sites III and IV, while new
interactions may occur between the two domains. Although
it is possible that a conformational change in the C-terminal
domain could be propagated through a stiff central helix, it
is difficult to rationalize this on the basis of the structure of
(Ca?")4-CaM, as shown in Figure 1b. The distances between
the Cat atom of E31 and the calcium ions in the C-terminal
domain are approximately 43.5 A (site III) and 42 A (site
IV), which are not plausible distances for specific, long-range
interactions. This suggests that some conformations adopted
by calmodulin must differ from the one shown in Figure 1b
and may be more similar to those proposed by Kretsinger
(1992a). Although the molar basis for the interdomain
interactions cannot be deduced from this study alone, a
changing pattern of electrostatic and hydrophobic interactions
is expected to play a prominent role.

Studies of calcium-dependent changes in the conformations
of E31-L32 and E87-A88 reported here may be summarized
by using the truth table below (eq 8) correlating the
susceptibility (1) or protection (0) of a bond to EndoGluC
cleavage with the number of calcium ions bound. This chart
includes the response of R37, as probed by thrombin, and
1125, as probed by bromelain (data not shown), to draw
attention to the consistency of residue-specific responses
within a single helix in the first segment, o, and comparison
between those in different segments (i.e., o vs 8 and o’ vs

B).
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’ ’

o a o
E31 R37 E87 1125
apo (0) 0 0 1 0
partial (~2) 1 1 0 1
saturated (4) 0 0 0 0

Note that an identical response does not necessarily arise
for identical reasons (i.e., protection (0) afforded by calcium
binding cannot be responsible for the protection of an apo
segment).

This pattern of susceptibility leads to a proposal that (a)
calmodulin adopts at least three states that are conforma-
tionally distinct, (b) the conformation of apo-a” (containing
site III) is measurably more flexible and susceptible than
that of the other three, and (c) the segments a, 3, and 3’
(containing sites I, II, and IV, respectively) interact with each
other. Each of these proposed states is expected to represent
an ensemble of energetically accessible microstates that meet
the boundary conditions of susceptibility defined by these
proteolytic footprinting studies.

If all apo segments were similarly flexible and calcium
binding had equivalent structural consequences on their
proteolytic susceptibility, the transition of the a—8—o'—f’
sequence might have been represented as being (a) most
susceptible in the apo state (1-1-1-1), (b) partially protected
once the C-terminal domain was saturated (1-1-0-0), and (¢)
fully protected (0-0-0-0) upon complete saturation. This
expectation would provide for three states of the interface
between N- and C-terminal domains, as required by previ-
ously published studies of stoichiometric and equilibrium
titrations. However, it would provide for only two states of
each domain proper, (0-0) or (1-1). This pattern was not
observed. Instead, each domain makes two transitions
coupled to changes in the other domain.

SUMMARY

The allosteric mechanism of calcium binding to calmodulin
has been the subject of intense study for almost 2 decades.
The small size of this protein belies the difficulty of
discerning the molecular logic of its cooperative calcium
binding transitions. Despite elegant structural studies of the
calcium-saturated form of calmodulin and very precise
thermodynamic and kinetic characterizations of the macro-
scopic calcium binding properties, the number of intermediate
states and the roles of individual structural elements in
defining them are not fully understood.

The EndoGluC footprinting studies, while probing only a
few positions in calmodulin, have given unique insights into
the molecular logic of this very efficient and complex protein.
It has allowed the study of the allosteric mechanism of
calcium binding without introducing mutations or covalent
reporter groups. A favorable comparison with the extensive
literature on calcium binding to calmodulin supports the
assertion that the EndoGIuC footprinting method is valid for
monitoring microscopic binding properties quantitatively as
well as qualitatively. The chemical basis for all of the
observed changes in susceptibility has yet to be determined.
The model presented here for calcium-induced conforma-
tional switching proposes three conformations that are
distinguishable in their patterns of intra- and interdomain
interactions. This raises additional questions that may be
tested further by many methods.
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