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Calcium Binding Decreases the Stokes Radius of Calmodulin and
Mutants R74A, R9OA, and R9OG

Brenda R. Sorensen and Madeline A. Shea
Department of Biochemistry, University of Iowa College of Medicine, Iowa City, Iowa 52242-1109 USA

ABSTRACT Calmodulin (CaM) is an intracellular cooperative calcium-binding protein essential for activating many diverse
target proteins. Biophysical studies of the calcium-induced conformational changes of CaM disagree on the structure of the
linker between domains and possible orientations of the domains. Molecular dynamics studies have predicted that Ca42CaM
is in equilibrium between an extended and compact conformation and that Arg74 and Arg9O are critical to the compaction
process. In this study gel permeation chromatography was used to resolve calcium-induced changes in the hydrated shape
of CaM at pH 7.4 and 5.6. Results showed that mutation of Arg74 to Ala increases the R, as predicted; however, the average
separation of domains in Ca2-CaM was larger than predicted by molecular dynamics. Mutation of Arg9O to Ala or Gly
affected the dimensions of apo-CaM more than those of Ca2+-CaM. Calcium binding to CaM and mutants (R74A-CaM,
R9OA-CaM, and R9OG-CaM) lowered the Stokes radius (R,). Differences between R. values reported here and Rg values
determined by small-angle x-ray scattering studies illustrate the importance of using multiple techniques to explore the
solution properties of a flexible protein such as CaM.

INTRODUCTION

Calmodulin (CaM) (Fig. 1) is the primary intracellular re-
ceptor for calcium, binding four calcium ions cooperatively
(Crouch et al., 1980; Cox, 1988; Wang, 1985). Calcium
binding exposes hydrophobic surfaces in each domain (La-
Porte et al., 1980). Structures of Ca2+-CaM have been
determined by x-ray diffraction (XRD) (Babu et al., 1985,
1988; Taylor et al., 1991; Chattopadhyaya et al., 1992) and
NMR (Ikura et al., 1991; Barbato et al., 1992). These
approaches have resolved similar structures for both do-
mains which contain two helix-loop-helix sequences (EF-
hand; see Fig. 2). Each site consists of a sequence of 12
residues; five residues directly chelate the calcium ion (their
positions are designated X, Y, Z, - Y, -X, and -Z (Krets-
inger et al., 1973; cf. Strynadka et al., 1989; see Fig. 1). The
helices flanking the four binding sites are designated by
letters (e.g., helices E and F flank site III; see Fig. 2).
A controversy over structures adopted by Ca2+-CaM has

arisen because XRD studies showed the domains separated
by a seven-turn a-helix (Babu et al., 1988), whereas NMR
showed this helix to be disrupted by four nonhelical resi-
dues from D78 to S81 (Ikura et al., 1991). The NMR studies
are consistent with earlier chemical studies suggesting that
the domains are connected by a "flexible tether" (Persechini
et al., 1988; see Kretsinger, 1992, for a review) that allows
variable orientation of the two domains relative to each
other. Small-angle x-ray scattering studies (Heidorn and
Trewhella, 1988, 1990; Matsushima et al., 1989; Kataoka et
al., 1989, 1991a) and fluorescence studies (Small and
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Anderson, 1988; Yao et al., 1994) of CaM suggest that the
central helix is not rigid under all solution conditions. This
is expected to be critical to the physiological roles of CaM.
CaM serves as a second messenger in signal transduction

pathways via interactions with many distinct target proteins
(cf. Klee and Cohen, 1988) and plays an essential role in the
regulation of varied processes such as cell cycle progres-
sion, cell motility, and contraction (Lu and Means, 1993; Lu
et al., 1993; Davis et al., 1986; Rasmussen et al., 1990;
Rasmussen and Means, 1989). Structures resolved for CaM-
target complexes show the two domains of CaM in close
proximity, with equivalent interactions with the target (see
Crivici and Ikura, 1995, for a review).

However, compact structures are possible in the absence
of "cross-linking" afforded by a target peptide. A crystal-
lographic study of Ca2+-CaM with one molecule of TFP
bound (only to the C-terminal domain) showed the two
domains in close proximity (Cook et al., 1994). Functional
studies of Paramecium CaM (Kung et al., 1992) and chi-
meric CaM (George et al., 1993) support differential roles
of the sites and domains. Functional energetic studies of
site-knockout mutants (Maune et al., 1988, 1992) and wild-
type CaM (Pedigo and Shea, 1995; Shea et al., 1996) have
indicated that even in the absence of target protein, the two
domains of CaM interact over the course of binding four
calcium ions. Thus, despite detailed structural studies of
Ca4+-CaM bound to target peptides or drugs and increas-
ingly fine dissection of the roles of individual sites of CaM
in enzyme activation, many aspects of the molecular mech-
anism of CaM function are not understood.
The controversy over the structural nature of the linker

between domains and the apparent dynamic variability of
the structure of CaM in solution prompted a series of
molecular dynamics studies (Mehler et al., 1991; Pascual-
Ahuir et al., 1991; Weinstein and Mehler, 1994) to explore
how this flexibility might be controlled. The simulations
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FIGURE 1 Amino acid sequence of rat CaM divided into four segments.
Residues 1-39 include site I; residues 40-75 include site II; residues
76-112 include site III; residues 113-148 include site IV. The 12 residues
comprising each calcium-binding site (boxed residues) are aligned, and
those involved in chelating calcium ion are in positions X, Y, Z, - Y, and
-Z. The arginine residues (R) implicated in a model for a ratcheting
mechanism of compaction of CaM are in shaded boxes.

started with Ca4+-CaM in the conformation of 3cln (Babu et
al., 1988) and included water molecules in addition to those
observed crystallographically. The family of simulated
structures suggested that calcium-saturated CaM would
adopt a compact conformation with a computed radius of
gyration (Rg) of 17 A (Mehler et al., 1991; Pascual-Ahuir et
al., 1991), -5 A smaller than that of 3cln (Table 1). Com-
parison of the pair distribution functions computed for these
models (called CaM2 and CaM10) and those obtained ex-
perimentally for Ca4 -CaM using small-angle x-ray scat-
tering studies (Heidorn and Trewhella, 1988, 1990; Kataoka
et al., 1989, 1991a; Matsushima et al., 1989) suggested that
CaM2 and CaM10 were as compact as Ca2-CaM com-
plexed to mastoparan (Matsushima et al., 1989) or melittin
(Kataoka et al., 1989, 1991a), where both domains of CaM

FIGURE 2 Ribbon drawing (Kraulis, 1991) of the a-carbon backbone of
the E and F helices flanking calcium-binding site Ill in the C-terminal
domain of the crystallographic structure of Ca.2-CaM (Babu et al., 1988).
Coordinates were taken from the Brookhaven Protein Data Bank file
3cln.pdb (Bernstein et al., 1977; Abola et al., 1987). The calcium ion in site
III appears as a shaded sphere. The first and last residues in this fragment
are also highlighted with shaded spheres numbered 82 and 113, respec-
tively. Arginine 90 has been proposed to be critical for the compaction of
Ca42-CaM (Pascual-Ahuir et al., 1991; Weinstein and Mehler, 1994) and
is indicated with a blackened sphere.

TABLE I Size and shape of Ca2+-CaM and globular proteins

Mw* Rg (A)# R. (A)'
Calmodulin structures
WT (3cln) 16.7 21.91 23.95
WT (CaM10) 16.7 16.99 NA
R74A model 16.6 24.02 24.26
R90A model 16.6 24.32 24.02

Globular proteins
Cytochrome C 12.41 13.07 16.3'
Ribonuclease A 13.711 14.20 16.411
Chymotrypsinogen A 25.01 16.19 22.411
Carbonic anhydrase 29.0' 17.37 20.11

*The molecular weight for the calmodulin structures was calculated based
on the amino acid sequence.
#Rg was calculated using HYDRO (Garcia de la Torre & Bloomfield, 1981;
Garcia de la Torre et al., 1994). The Rs values reported were either
§determined experimentally using gel permeation chromatography (no
value is reported for CaMlO because it is a theoretical model ofWT CaM),
or were taken from '(Potschka, 1987) or 1I(Pharmacia LKB Biotechnology,
1991.).

interact with the target peptide. Using the Rg value reported
for Ca2-CaM complexed to mastoparan (Matsushima et
al., 1989) and the Rg for CaM2, it was estimated that almost
30% of the populated species of Ca2+-CaM in solution
could be this compact (Mehler et al., 1991), with the balance
being as extended as 3cln (Babu et al., 1988).

Fig. 3, A and B, illustrates the differences in the backbone
conformations of 3cln and the simulated model CaM10.
Weinstein and co-workers described the orientation of the
domains by a change in the dihedral angle between the four
calcium ions (Pascual-Ahuir et al., 1991), as depicted below.

trans cis

S( l[

The circles represent calcium ions in sites II and MI of
CaM, and the lines are drawn to calcium ions in sites I and
IV. In CaM1O, before compaction, the relative orientation of
the N- and C-terminal domains has changed from trans, as
was observed in 3cln, to cis. The "ratcheting" compaction of
Ca2+-CaM seen in the trajectory of CAMIO appeared to
depend on a changing network of hydrogen bonds; the
principal residues were three arginine side chains (Arg74,
Arg9O, and, to a lesser extent, Arg86) interacting with
residues up to 20 amino acids away in the CaM sequence
(Pascual-Ahuir et al., 1991; Weinstein and Mehler, 1994).

In Fig. 4, Arg74, Arg9O, and their proposed interacting
residues in the rat CaM sequence were compared to 42 other
sequences of CaM. This showed that 1) 93% of these
sequences contained an arginine residue at position 74, 2)
64% contained arginine at position 90 (with an additional
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FIGURE 3 Ribbon drawings (Kraulis, 1991) of the a-carbon backbone of (A) 3cln.pdb, a crystallographic structure of Ca4 -CaM (Babu et al., 1988),
in which residues 5-147 were resolved; (B) CaM 10, an energy-minimized model of Ca4 -CaM (Pascual-Ahuir et al., 1991; Weinstein and Mehler, 1994);
(C) an energy-minimized model of CaM10 with alanine substituted for the arginine at position 74; and (D) an energy-minimized model of CaM10 with

alanine substituted for the arginine at position 90. Coordinates for 3cln.pdb were taken from the Brookhaven Protein Data Bank (Bernstein et al., 1977;
Abola et al., 1987). The energy-minimized models in B-D were determined using molecular dynamics simulations with 3cln.pdb as the starting structure

(Pascual-Ahuir et al., 1991; Weinstein and Mehler, 1994). Arginines 74 and 90 are indicated with dark spheres. The four calcium-binding sites in CaM are

illustrated as roman numerals I-IV, with calcium ions appearing as shaded spheres. The secondary structure type of the junction of the helix leading out

of site II (helix D) and the helix leading into site III (helix E) is based on NMR studies of Ca4 -CaM in solution (Ikura et al., 1991). The secondary structure

types depicted in CaMIO were determined using Procheck (Laskowski et al., 1993); identical structures are depicted in the models of R74A and R9OA for

comparison.

33% containing a conservative lysine substitution), and 3)
43% contained an arginine residue at position 86 (with an

additional 41% containing a lysine). The high degree of
conservation of Arg74 and Arg9O supported the proposal

that they are important for the structure and function of
CaM.
To explore theoretically the role of Arg74, Arg 86, and

Arg9O in compaction, an alanine was substituted computa

D
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FIGURE 4 An illustration of the sequence homology for Arg74, R90 (in
bold) and their interacting residues as proposed (Pascual-Ahuir et al., 199 1;
Weinstein and Mehler, 1994). The 42 sequences most homologous to rat

CaM were compared using FASTA (GCG, Madison, WI) searching the
Swiss Protein database. The residues found in the 42 sequences at the
positions indicated and their frequency are reported below the correspond-
ing CaM residue. The type of hydrogen bonding interaction between Arg74
or Arg9O and these residues is also indicated where Glu54, ValS5, and
Thr7O hydrogen bond with Arg74; and Glu83, Glu87, Gly96, and Asn97
hydrogen bond to Arg9O.

tionally for an arginine (Weinstein and Mehler, 1994). Sim-
ulations for the R86A model yielded a compact structure
similar to that of CaM10. The largest deviation from CaM 10
had been predicted for the R74A model because Arg74 in
wild-type CaM was involved in a hydrogen bonding inter-
action with at least two residues at all times during the
simulation leading to CAM10 (Weinstein et al., 1994). The
R74A model and R9OA model are depicted in Fig. 3, C and
D. The model structures were more extended than 3cln
(their starting structure; Weinstein and Mehler, 1994) and
had dihedral angles (per Eq. 1) smaller than that of 3cln
(- 134°); the R9OA model (-43°) deviated the most, and
CaMIO (-72°) and the R74A model (-77°) were similar
(Weinstein and Mehler, 1994) in this respect.

The goal of the present study was to explore the calcium-
induced conformational changes in CaM and determine
experimentally whether changes at Arg74 and Arg9O would
detectably alter the structural diversity of Ca2+-CaM. For
the sake of direct comparison with the computational stud-
ies (Weinstein and Mehler, 1994), CaM was mutated to

have an alanine substituted for Arg74 (R74A-CaM) or

Arg9O (R9OA-CaM). Because of the helical propensity of
alanine, these changes were expected to be consistent with
the computational models suggesting more extended struc-
tures. Thus Arg9O was also substituted by glycine (R9OG-
CaM) to test for the effect of introducing a "helix-breaking"
residue near the flexible tether in CaM. The hydrodynamic
behavior of these proteins has been studied using gel per-

meation chromatography (GPC) at pH 7.4 and pH 5.6 and
compared to effects predicted by the molecular dynamics
simulations discussed above (Pascual-Ahuir et al., 1991;
Weinstein and Mehler, 1994).

MATERIALS AND METHODS

Mutagenesis

Recombinant rat CaM was overexpressed in E. coli using the T7-7 vector
(Tabor and Richardson, 1985) in Lys-S cells (U.S. Biochemicals, Cleve-

land, OH) as described previously (Pedigo et al., 1995). Recombinant CaM
differs from tissue-derived CaM in that the N-terminus is unacetylated and
Ki 15 is not trimethylated. Mutations of CaM were created using a double-
stranded DNA mutagenesis kit available from CLONTECHnique (no.
K1600-1; Palo Alto, CA). Three primers were synthesized by the DNA
Facility of the Diabetes and Endocrinology Research Center, University of
Iowa College of Medicine (Iowa City, IA). Primer A (5'-GAAGAAAT-
TAGAGAGGCCTTCGCCGTGTTG-3') was designed to mutate Arg9O
(-CGT-) to alanine (-GCC-). Primer B (5'-GAAATTAGA GAGGCCT-
TCGGTGTGTTG-3') was designed to mutate Arg90 (-CGT-) to glycine
(-GGT-). Primer C (5'-CTGACAATGATGGCCGCAAAAATGAA-3')
was designed to mutate Arg74 (-AGA-) to alanine (-GCA-). These primers
also introduced a unique restriction enzyme recognition site (StuI or EaeI)
used to screen the mutated plasmids. In the primer sequences above, the
mutated codon is in bold and the StuI and EaeI recognition sites are

underlined. Mutations were confirmed by 5' and 3' DNA sequencing
(DNA Facility of the Diabetes and Endocrinology Research Center, Uni-
versity of Iowa College of Medicine, Iowa City, IA).

Protein purification

The recombinant wild-type CaM, R74A-CaM, R9OA-CaM, and R9OG-
CaM were purified using phenyl sepharose CL-4B (Pharmacia Biotech,
Piscataway, NJ) chromatography (Putkey et al., 1985), to approximately
99% purity as judged by silver staining of overloaded reducing sodium
dodecyl sulfate-polyacrylamide gel electrophoresis experiments and by
small zone GPC on a Superdex75 column (Pharmacia Biotech) with the

eluent monitored at 280 nm. Purified fractions were collected, pooled, and
dialyzed in a buffer of 50 mM HEPES and 100 mM KCI (pH 7.40, 22°C);
aliquots were stored at -20°C. Protein concentrations were determined
using the BCA Protein Assay (catalog no. 23225; Pierce, Rockford, IL),
which had been calibrated for CaM by comparison with amino acid
analysis of wild-type (WT) CaM.

Chemical characterization

The expression of R74A-CaM, R90A-CaM, and R9OG-CaM proteins was

confirmed by amino acid analysis performed by the Protein Structure

Facility (University of Iowa College of Medicine, Iowa City, IA). The data

were normalized to the expected occurrence of at least four amino acids.
Results for wild-type CaM were 5.91 mol Arg, 10.50 mol Ala, and 10.52
mol Gly, where 6 mol Arg, 11 mol Ala, and 11 mol Gly were expected. For

the mutants having Ala substituted for Arg, 5 mol Arg and 12 mol Ala

residues were expected per mole of protein; results for R9OA-CaM were

5.12 mol Arg and 11.78 mol Ala residues, and for R74A-CaM were 4.95

mol Arg and 11.89 mol Ala residues. Amino acid analysis of R9OG-CaM
indicated that it contained 5.28 mol Arg and 12.38 mol glycine residues (5
and 12 were expected).

The bacterially expressed proteins were further characterized electro-

phoretically. Samples of CaM in buffer containing 5 mM EGTA or 5 mM
CaCl2 were run on 17% Tris-glycine polyacrylamide gels, and the expected
calcium-induced increase in mobility was observed for WT CaM and all

three of the mutants. Isoelectric focusing was performed on Isogel agarose
IEF plates with a pH range of 3-10 (catalog no. 56011; FMC, Rockland,
ME). Using the Genetics Computer Group software (GCG) (Madison, WI),
we predicted the isoelectric point (pl) for all three mutant proteins to be

3.87; wild-type CaM was predicted to have a pI of 3.92. The experimen-
tally resolved pl for R74A-CaM was 3.99, that of R9OG-CaM was 3.97,
and that of R9OA-CaM and wild-type CaM were 4.06.

Preparation of calmodulin samples in
pCa/pH buffers

Proteins (WT CaM, R74A-CaM, R9OA-CaM, and R9OG-CaM) were pre-
pared to be calcium-saturated or apo at pH 7.4 and 5.6. They were saturated
with calcium by the addition of concentrated CaCl2 in buffer to a final

rat CaM: E54 V55 T70 R74 E83 E87 R90 G96 N97
Type H-bond: CO CO OGI OEI OEI CO CO

E:42 V:39 T:21 R:39 E:39 E:42 R:27 G:26 N:37
1:2 N:13 K: 3 A: 1 K:14 Q:13 D: 5
A: 1 S: 4 D: 1 Q: 1 N: 2

E: 1 K: I S: 1

G: 1

M: 1

V: 1
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concentration of 4 mM CaCl2 and diluted 10-fold with either buffer A (50
mM HEPES, 91 mM KCl, 0.5 mM EGTA, 0.5 mM nitrilotriacetic acid
(NTA), and 5.2 mM CaCl2 (pCa 2.84 ± 0.01), pH 7.41 at 23°C) or buffer
B (50 mM piperazine-N,N'-bis(2-ethanesulfonic acid (PIPES), 89 mM
KCI, 0.5 mM EGTA, 0.5 mM NTA, and 5.2 mM CaCI2 (pCa 2.27 ± 0.01),
pH 5.60, at 23°C) where pCa = - log[Ca2+]free. CaM samples were
depleted of calcium by the addition of EGTA to a final concentration of 0.5
mM at pH 7.4 or 5 mM at pH 5.6 and diluted 10-fold using either buffer
C (50 mM HEPES, 91 mM KCl, 0.5 mM EGTA, 0.5 mM NTA (pCa
8.86 ± 0.18), pH 7.40) or buffer D (50 mM PIPES, 89 mM KCl, 0.5 mM
EGTA, 0.5 mM NTA (pCa 6.64 + 0.63), pH 5.61).

The experimental determination of the pCa of calcium buffers was
described previously (Pedigo et al., 1995), and calcium titrations of WT
CaM monitored by tyrosine fluorescence were performed in these buffers
to ensure that CaM was completely saturated or depleted of calcium before
the chromatographic studies (Sorensen and Shea, 1995, and data not
shown). Stock CaM concentrations after dilution ranged from 10.2 ,uM for
R9OG-CaM to 2.1 ,uM for R9OA-CaM. Each 250-,ul sample contained 1 ,iul
acetone as an internal standard used to normalize all elution profiles;
studies in the absence of acetone demonstrated that acetone did not affect
the elution behavior of any CaM (data not shown).

where V. is the void volume (the solvent volume outside of the gel matrix
measured by the elution of a macromolecule too large to enter the beads),
and Vi is the internal volume that is the total volume accessible to solvent.
Rearrangement of Eq. 2 gives the expression for the partition coefficient u,

O = (Ve< Vo)/Vi (3)

which ranges in value from 0 to 1. The internal volume of a column is
determined indirectly as the difference between the total solvent-accessible
volume (Vs) of the column bed (as probed by a small molecule such as
glycyl-glycine or acetone) and the void volume (probed by a totally
excluded molecule such as blue dextran). Thus, V1 = V, - VO. The
parameter o( is independent of variations in column bed preparation and
dimensions.

Models for the separation of macromolecules by analytical GPC have
been proposed based on different assumed geometries of the gel matrix (cf.
Ogston, 1958; Squire, 1964). However, multiple independent approaches
for describing elution behavior correlate equally well (see Ackers, 1970,
for a review). A formulation of the relationship between Stokes radius and
elution volume (given in Eq. 4) is based on the experimental observation
that the distribution of solute-accessible volume within gel beads may be
described by a Gaussian probability function (Ackers, 1967):

Small-zone gel permeation chromatography
Small-zone analytical GPC studies were conducted on a Basic Pharmacia
FPLC system at room temperature (23 ± 1 °C) using a Superdex 75 column
(Pharmacia Biotech). The column was equilibrated with at least two
column volumes of buffer A, B, C, or D described above. The elution
profiles were monitored at 280 nm. The column characteristics were

determined by the elution volumes for acetone and blue dextran. The
column was calibrated by determining the elution volumes for the follow-
ing globular proteins: bovine serum albumin (BSA), ovalbumin, chymo-
trypsin, and ribonuclease A (Pharmacia Biotech). Preparation of column
standards (20 mg/ml) was as described for CaM samples, with the excep-

tion that the standards were diluted 20-fold to a final concentration of 1

mg/ml in each of the buffers.
All samples were filtered through 0.2-,im filters before loading 200 ,ll

of CaM samples or 110 ,l of the mixture of calibration standards onto the
column at a flow rate of 0.4 ml/min. The values reported here are repre-

sentative of more than 100 analyses that tested the effects of varying FPLC
instrumentation and columns, temperature, and multiple buffer and protein
preparations. The variability of column characteristics was minimal, as

judged by consistent elution volumes for acetone, blue dextran, and column
standards under all conditions tested. (No calcium-dependent behavior was
observed for the column standards.) The precision of Stokes radius (Rs)
values ranged from 0.1 to 0.2 A. The results reported in the tables are

averages of at least three trials for each protein sample run under identical
conditions. There was no evidence for interactions of CaM with the resin
under any conditions tested. CaM eluted as a symmetrical peak on either
Superdex 75 (used for all studies reported) or Sephadex G-50. All elution
volumes (retention times) were greater than expected for a protein of this
mass; interactions would have caused retardation.

Analysis of R.
The theory of protein separation by small-zone analytical GPC has been
treated thoroughly (Porath, 1963; Laurent and Killander, 1964; Ackers,
1964, 1967, 1970; Andrews, 1964, 1965, 1970; Ackers and Thompson,
1965; Siegel and Monty, 1966; Henn and Ackers, 1969; Tanford et al.,
1974). The elution behavior of a macromolecule may be described by the
distribution coefficient (Kd; Andrews, 1970) or partition coefficient (a;
Ackers, 1967), which represents the fraction of the solvent volume within
the gel matrix that is accessible to the macromolecule. The volume at
which a macromolecule elutes from the column at maximum concentration
is denoted as the elution volume (Ve) and is given by

RS = ao + bo erfco- , (4)

where ao and b. are specific for a column and determined by fitting elution
data for calibration standards of known R, and experimentally determined
partition coefficients, a. Calibration values were 35.5 A for BSA, 30.5 A
for ovalbumin, 20.9 A for chymotrypsin, and 16.4 A for ribonuclease A
(Tanford et al., 1974; Pharmacia LKB Biotechnology, 1991); the void
volume (VO) was determined with blue dextran, and the solvent volume (Vs)
was determined with acetone. Values of ao and bo were determined using
nonlin (Johnson and Frasier, 1985) applied to the calibration data; values
for the inverse error function complement were determined using the solver
function in Microsoft Excel v.4.0.

Analysis of shape

The transport behavior of a macromolecule provides information about its
shape. The translational frictional coefficient fo of a spherical particle is
related to fluid viscosity by Stokes' law (Eq. 5):

(5)

where q is the viscosity of water at 20°C and r. is the radius of the sphere.
The frictional coefficient, f, for translation of a hydrodynamically equiva-
lent nonspherical particle can be described according to Eq. 6:

f = 6irrqRs (6)

For a solvated sphere, the radius is given by Eq. 7

[3M= v[w 1/3
Io= I+ II 9[ 4iTN pv J (7)

where M, is the molecular weight, w is the hydration in grams of water
bound per gram of protein, p is the density of water, v is the partial specific
volume of the macromolecule, and N is Avogadro's number (Andrews,
1970; Squire and Himmel, 1979; Stafford and Schuster, 1995). The fric-
tional ratio is represented by

-3Mwv w
--

1/3
flfo = Rs * I4N P-J

(2) (Stafford and Schuster, 1995). It should be noted that at least two conven
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tions for this ratio are in use; f/f0 is often equated withf/fmin, where

[3M,,v 1"3
fmin = 6wT-rmin= 6'wq 47rN I ' (9)

and rm.n represents the radius of an unsolvated spherical particle with the
same mass and partial specific volume as the protein under consideration
(see Stafford and Schuster, 1995). Deviations of f/f0 from unity are
indicative of a nonspherical molecular shape and the effects of hydration.
To evaluate the contribution of the two factors, Oncley developed an
approach that separated the frictional ratio into two terms: f/fe, which
relates to hydration, and fe/fo, which relates to asymmetry of molecular
shape (Oncley, 1941). Using the Perrin formulas for the frictional ratio of
ellipsoids (Perrin, 1936), values for fe/fo can be calculated given various
axial ratios (alb) of the ellipsoid (Oncley, 1941). The hydration factorf/fe
is represented by

/ 1\/3
f/fe = (I + -) (10)

where w is the hydration defined as the number of grams water per gram
of protein, p is the density of water, and v is the partial specific volume of
the macromolecule.

The frictional ratio for calmodulin (Eq. 8) in the absence and presence
of calcium was calculated using experimental values of v equal to 0.712 in
the absence of calcium and 0.707 in the presence of calcium (Klee and
Vanamon, 1982), and a molecular weight calculated on the basis of the
amino acid sequence (16,695 g/mol). The hydration of CaM, w, was
calculated using intrinsic hydration parameters for amino acids (Kuntz and
Kauzmann, 1974), which are based on the assumption that one water
molecule binds per amide group and one binds per side-chain polar group.
In the absence of calcium w was calculated to be 0.459 for WT and 0.457
for all of the mutant proteins. However, in the presence of calcium, the
hydration of five residues in each binding site is expected to decrease
because of their chelation of calcium; thus those amino acids were treated
as binding only 1 mole of water per residue, yielding a w of 0.386 for WT
and 0.384 for the mutant proteins. The resulting difference in hydration
upon calcium binding was 0.073 g H20/g protein for both wild-type and
the mutant calmodulins. These values are higher than 0.25, a "typical"
value of w that is often applied to globular proteins, but close to the
"average" of 0.53 g H20/g protein as determined in a tabulation of 21
common proteins (Squire and Himmel, 1979). It should be noted that CaM
is highly acidic (pl of less than 4).

Calculation of Rg
From the atomic coordinates of the 3cln structure of Ca2-CaM (Babu et
al., 1988) and the models CaM1O, R74A, and R9OA (Fig. 3) derived from
molecular dynamics simulations, the radius of gyration (Rg) was calculated
using the FORTRAN program HYDRO (Garcia de la Torre and Bloom-
field, 1981; Garcia de la Torre et al., 1994). Although this program was
developed to allow calculations of hydrodynamic properties of macromol-
ecules treated as aggregates of large beads or subdomains, it was applied
to CaM and the models by including all nonhydrogen atoms and repre-
senting each as a bead with a radius of 1.53 A (an average for C, N, and
0).

RESULTS

A purpose of these studies was to test experimentally a
theoretical proposal that Arg74 and Arg9O were residues
critical for the formation of a compact, globular structure of
Ca4 -CaM (Pascual-Ahuir et al., 1991; Weinstein and
Mehler, 1994) in which the N- and C-terminal domains are

in a cis orientation and are closer than in the extended trans

structure of 3cln (Babu et al., 1988). Gel permeation chro-
matography was used to compare the hydrodynamic behav-
ior of wild-type CaM, R74A-CaM, R9OA-CaM, and R9OG-
CaM under calcium-saturating and apo conditions at pH 7.4
and 5.6. The Stokes radii (Rs) for the three mutant proteins
were compared to the wild type under these conditions.
Analysis of shape changes in CaM due to mutation or
induced by calcium binding was conducted, and compari-
sons of RS values were made to those reported for compact
globular proteins (Potschka, 1987; Pharmacia Biotech,
1996).

Stokes radius at pH 7.4

The Stokes radii of CaM, R74A-CaM, R9OA-CaM, and
R9OG-CaM in the absence of calcium at pH 7.4 are shown
in Fig. 5. The Rs of R74A-CaM was slightly greater than
that of WT CaM; however, the difference was equivalent to
the error in the determination. In contrast, the differences
between the R90 mutants and WT appeared to be signifi-
cant: R9OA-CaM was 0.57 A larger and R9OG-CaM was
1.02 A larger. When these proteins were saturated with
calcium, only R74A-CaM was measurably (0.31 A) larger
than WT CaM.

For all of these proteins, calcium binding lowered the
Stokes radius. The smallest net difference was seen for
R74A-CaM (0.81 A), a net change smaller than that of WT
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FIGURE 5 A comparison of calculated Stokes radii for apo (hatched
boxes) and calcium-saturated (a) wild-type CaM, R74A-CaM, R9OA-
CaM, and R9OG-CaM at pH 7.4, 23°C. All proteins were analyzed on a

Pharmacia Superdex 75 column using a Basic Pharmacia FPLC system
(Pharmacia Biotech). The elution profiles were monitored at 280 nm. Apo
conditions were established using buffer C (50 mM HEPES, 91 mM KCI,
0.5 mM EGTA, 0.5 mM NTA (pCa 8.86 + 0.18), pH 7.40 at 23°C);
calcium-saturating conditions were established using buffer A (50 mM
HEPES, 91 mM KCI, 0.5 mM EGTA, 0.5 mM NTA, 5.2 mM CaCl2 (pCa
2.84 + 0.01), pH 7.41 at 23°C). Stokes radii were calculated based on the
elution profiles of standard proteins with known radii. All data represent an

average of at least three determinations.
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CaM (0.96 A). The calcium-induced changes in Rs for both
mutations at R90 were larger than that of WT; R9OA-CaM
decreased by 1.46 A and R9OG-CaM decreased by 1.84 A
upon calcium binding. Using the Stokes radii at pH 7.4, the
value of f/lf (Eq. 8) for apo WT CaM was calculated to be
1.244 and dropped slightly to 1.223 for Ca2+-CaM.

Stokes radius at pH 5.6

Customarily, NMR and crystallographic studies of Ca2-
CaM and apo-CaM have been conducted at pH lower than
7.4 (pH 5, Babu et al., 1988; pH 6, Ikura et al., 1991; Zhang
et al., 1995; Kuboniwa et al., 1995; Finn et al., 1995). To
explore the effect of pH on the shape of CaM, GPC studies
of CaM were conducted in the absence and presence of
saturating calcium at pH 5.6. The results from these studies
of CaM, R74A-CaM, R9OA-CaM, and R9OG-CaM are il-
lustrated in Fig. 6.

In the absence of calcium, the Rs values for R74A-CaM,
R9OA-CaM, and R9OG-CaM at pH 5.6 were indistinguish-
able from wild-type values within the error of the experi-
ment. In the presence of saturating calcium, R74A-CaM and
wild-type were indistinguishable; the mutants at R90 were
smaller than wild-type by 0.69 A (R9OA-CaM) and 0.30 A
(R90G-CaM). For both levels of calcium, the Rs values at
pH 5.6 were smaller than those measured for the corre-
sponding protein at pH 7.4. Based on the Stokes radii for

WT CaM at pH 5.6, the value of flf. (Eq. 8) for apo WT
CaM was 1.196 and decreased slightly to 1.188 for Ca4 -
CaM. These values were slightly smaller than the corre-
sponding values at pH 7.4.

State of association

The determination of a Stokes radius from small-zone ana-
lytical gel permeation chromatography studies assumes that
the single peak observed represents the elution behavior of
a monomer species of the protein. Although x-ray scattering
studies of CaM at pH 5.5 and 6.0 in the absence and
presence of calcium indicated that CaM exists as a mono-
mer (Heidorn and Trewhella, 1988; Yoshino et al., 1993),
one study reported signs of CaM aggregation at pH 5.5
(Heidorn and Trewhella, 1988). To ensure that CaM existed
as a monomer under all of the conditions used in these
studies, concentration-dependent analyses were conducted
at pH 7.4 and 5.6. The value of Rs determined at pH 7.4 for
300 ,uM Ca2+-CaM was indistinguishable from that deter-
mined at 93 ,uM Ca2+-CaM and is in agreement with other
reports (Seaton et al., 1985; Heidorn and Trewhella, 1988).
At pH 5.6 the values of Rs for 20 ,uM and 40 ,uM Ca2+-
CaM were also indistinguishable and only slightly smaller
(0.15 A) than that observed for 93 ,uM Ca2+-CaM. These
results indicated that Ca2+-CaM appeared to be monomeric
at the concentrations and solution conditions used in these
studies.
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FIGURE 6 A comparison of calculated Stokes radii for apo (hatched
boxes) and calcium-saturated (-) wild-type CaM, R74A-CaM, R90A-
CaM, and R90G-CaM at pH 5.6, 23°C. All proteins were run on a

Pharmacia Superdex 75 column using a Basic Pharmacia FPLC system

(Pharmacia Biotech). The elution profiles were monitored at 280 nm. Apo
conditions were established using buffer D (50 mM PIPES, 89 mM KCI,
0.5 mM EGTA, 0.5 mM NTA (pCa 6.64 + 0.63), pH 5.61 at 23°C);
calcium-saturating conditions were established using buffer B (50 mM
PIPES, 89 mM KCI, 0.5 mM EGTA, 0.5 mM NTA, 5.2 mM CaCI2 (pCa
2.27 ± 0.01), pH 5.60 at 23°C). Stokes radii were calculated as described
for studies at pH 7.4. All data represent an average of at least three
determinations.

Calculation of R. and comparison to
RS of standards

Weinstein and co-workers (Weinstein and Mehler, 1994;
Pascual-Ahuir et al., 1991) calculated the radius of gyration
(Rg) of the CaM10 model to be 17 A (Pascual-Ahuir et al.,
1991). Calculations of Rg from the coordinates of 3cln and
the molecular dynamics models CaMlO, R74A, and R9OA
(Fig. 3) are listed in Table 1 for comparison. The value of Rg
calculated for CaM10 (16.99 A) was identical to the value
reported previously and was smaller than the Rg of the
R74A model (24.02 A) and the R9OA model (24.32 A), as
predicted (Pascual-Ahuir et al., 1991). There is no atomic
model for the structure of the R9OG-CaM mutant, and
therefore Rg could not be calculated.

Also shown in Table 1 are values of RS, Rg, and molecular
weight (Potschka, 1987; Pharmacia Biotech, 1996) for com-
mon proteins that are regarded as having compact struc-
tures. Comparison of these values indicated that in all cases
the experimentally determined Stokes radius is larger than
the calculated value of Rg. This difference was also found in
cases where RS could be compared to experimentally deter-
mined values of Rg.

DISCUSSION

The studies presented demonstrate the use of small-zone
analytical gel permeation chromatography (GPC) to resolve
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calcium-dependent conformational changes in wild-type
and mutant CaM. This approach has been used to study the
hydrodynamic properties of many proteins (Ackers, 1964,
1967, 1970; Andrews, 1964, 1965, 1970; Laurent and Kil-
lander, 1964; Squire, 1964; Henn and Ackers, 1969; War-
shaw et al., 1971; Tanford et al., 1974; Horiike et al., 1983;
Potschka, 1987; Le Maire et al., 1989). Studies by Ackers
and co-workers (Warshaw and Ackers, 1971) showed that
the inherent precision of molecular radius determinations of
globular proteins by gel partitioning methods is ±0.2 A, a
value that is in good agreement with those reported here. On
this basis, small differences in Stokes radii measurements
allow us to compare the behavior of mutants to that of
wild-type CaM and to explore the effects of changing so-
lution conditions.
The size and shape of CaM are characterized by plasticity

that is essential to its function as a calcium-sensitive acti-
vator. A crystallographic structure for Ca2+-CaM (Babu et
al., 1988) indicated that CaM had the dimensions 65 X
30 X 30 A (Clore and Gronenborn, 1994); however, small-
angle (Heidorn and Trewhella, 1988, 1990) and solution
x-ray scattering (Yoshino et al., 1989, 1993) studies suggest
that the average separation of the domains of Ca2+-CaM is
smaller than that observed in 3cln. A fluorescence anisot-
ropy study of wheat germ CaM with Cys27 cross-linked to
Tyrl39 (Small and Anderson, 1988) indicated that variation
in determination of the solution structure for Ca2+-CaM
may be due to hydration. It demonstrated that an -3 A
decrease in the overall dimension of Ca2+-CaM was possi-
ble when the value assumed for the hydration increased
from 0.2 to 0.4 g H2O/g Ca4+-CaM. Small and Anderson
also reported that the increase in volume associated with
0.4 g H2O/g Ca2+-CaM hydration would require the two
domains to nearly touch (Small and Anderson, 1988). Sev-
eral lines of evidence, including absorption spectroscopy
studies (Yazawa et al., 1990) and quantitative proteolytic
footprinting studies (Pedigo and Shea, 1995; Shea et al.,
1996), suggest that the domains are not rigidly separated in
CaM; time-resolved fluorescence anisotropy studies indi-
cate that Ca2-CaM may exist in solution as a compact
globular protein (Bayley et al., 1988).

These inconsistencies prompted a series of molecular
dynamics studies (Pascual-Ahuir et al., 1991; Mehler et al.,
1991; Weinstein and Mehler, 1994) designed to model the
energy-minimized structure for Ca2+-CaM. Simulations
predicted a structural model (CaM2 or CaM10) that was
smaller than the 3cln crystal structure (Babu et al., 1988). In
the simulations, a ratcheting motion of arginine residues
bent the flexible tether region of Ca2+-CaM to bring the
domains closer to each other. The domains of CaM2 and
CaM10 adopted a cis orientation (Pascual-Ahuir et al.,
1991; Mehler et al., 1991; Weinstein and Mehler, 1994)
rather than the trans orientation observed in the 3cln crystal
structure. The radius of gyration (Rg) for the model CaM10
(16.99 A) and 3cln (21.91 A), calculated using HYDRO,
indicated that CaM10 was 4.92 A smaller than 3cln. This

directly detectable by experimental studies and prompted
the series of gel permeation chromatography studies pre-

sented here to test the model of compaction.

Molecular size

The Stokes radius of Ca2+-CaM at pH 7.4 was determined
to be 23.95 A and is in good agreement with one reported
previously (Dedman et al., 1977). In comparison to calibra-
tion proteins of similar molecular weight, the experimen-
tally determined Rs of CaM (in both the presence and
absence of calcium) is higher than expected. This compar-

ison holds when CaM is compared to another protein orga-

nized as two domains separated by a linker: the R. (24.91 A)
of apo-CaM (148 residues) is larger than the Rs (23 A; Burz
et al., 1994) of a monomer of lambda cI repressor (236
residues).

In Table 1 a comparison of the Stokes radii reported for
globular proteins of molecular weight similar to that ofCaM
(Potschka, 1987; Pharmacia Biotech, 1996), with their Rg
values calculated with HYDRO, illustrated that for these
globular proteins, RS was approximately 2-4 A larger than
the radius of gyration. This difference in RS is in good
agreement with the difference between Rg values obtained
for CaM using SAXS (Seaton et al., 1985; Heidom and
Trewhella, 1988, 1990; Kataoka et al., 1989, 1991a,b; Mat-
sushima et al., 1989) and the Rs obtained using GPC for
CaM in this study. Therefore, the radius of gyration for
Ca42-CaM may be estimated as 20-22 A, and comparison
to the value of Rg predicted based on molecular dynamics
(17 A) would suggest that the average size of the structure
of Ca2+-CaM is more similar to the 3cln crystallographic
structure than to CaM10.

Pair distribution function

Calcium-induced conformational changes in CaM have
been analyzed using small-angle x-ray scattering (Seaton et
al., 1985; Heidorn and Trewhella, 1988; Kataoka et al.,
1989, 1991a,b; Matsushima et al., 1989) and solution x-ray

scattering (Yoshino et al., 1989, 1993). These studies all
indicated a small increase in the radius of gyration (Rg) of
CaM upon binding calcium; however, the magnitude of this
increase varied from 0.1 A (Heidorn and Trewhella, 1988)
to 2.5 A (Yoshino et al., 1993) and depended on whether the
data were analyzed using the Guinier or Moore approach.
The discrepancy between these two approaches could be
rationalized by assuming an equilibrium among structures
of CaM whose domains were in various states of reorien-
tation and compaction (Mehler et al., 1991). One way to
treat this is to consider the measured properties as an aver-

age of the behavior of the limiting cases.

Weinstein and Mehler (Mehler et al., 1991) derived a pair
distribution function for the simulated model CaM2 and
compared it to the pair distribution function obtained in

predicted difference in molecular size was expected to be
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whella, 1988; Kataoka et al., 1989, 1991a; Matsushima et
al., 1989) in an attempt to estimate the fraction (a) of the
total population represented by the extended structure. Mak-
ing the assumption that CaM in solution is an equilibrium
mixture of two structures similar to CAM2 and 3cln (x-ray),
this fraction was expressed as

a = [R2(a) - R2(CaM2)j/[R2(x-ray) - R2(CaM2)], (11)

where the Rg values were estimated or calculated as follows.
The value of 21.5 A for Rg(a) was determined for Ca2-
CaM in solution using SAXS (Matsushima et al., 1989), the
value of 17.8 A used for Rg(CaM2) was the SAXS value
reported for a CaM:mastoparan complex, and the value of
22.8 A used for Rg(x-ray) was one calculated using a dumb-
bell model in which two ellipsoids (20.5 X 13 A) repre-
sented the domains of CaM and a single ellipsoid (30 X 7
A) represented the interconnecting helix (Heidom and Tre-
whella, 1988). The resulting value of a was 71%, suggest-
ing that a compact structure like CaM2 could represent
almost 30% of the total population of Ca2+-CaM species in
solution.

However, the value of a is extremely sensitive to small
differences in the values of R . Using an Rg(CaM2) of 17.2
A and Rg(x-ray-3cln) of 22.0 A as calculated by CHARMM
(see table 2 in Mehler et al., 1991), the value of a increases
to 88%, implying that a compact structure exists at a level
of only 12%. If Rg is calculated using HYDRO, Rg(CaMIO)
is 16.99 A and Rg(x-ray) is 21.91 A; the value of a changes
to 91%. These two examples illustrate the sensitivity of the
calculation to the precise Rg values and demonstrate that
experimental error could cause large variability in the pre-
dicted fractional population of a compact structure such as
CaM2 or CaM10 in an equilibrium distribution in solution.
If an extended 3cln-like structure represents at least 90% of
the total, it is possible that small-zone analytical GPC stud-
ies would not detect the presence of a compact species
contributing only 10%, particularly if there were a dynamic
equilibrium between these as expected for CaM.

Molecular shape

Previous studies (cf. Squire and Himmel, 1979) have shown
that the frictional-based Stokes equation provides a good
estimate of the behavior of proteins with molecular weights
similar to that of CaM. The frictional ratios f/fo for Ca2-
CaM were calculated and found to lie within a range de-
limited by the proteins in Table 1; however, this does not
imply that CaM behaves as a globular protein under the
conditions used in this study. (The reported frictional ratio
for bovine serum albumin (BSA) is 1.308, yet the dimen-
sions for this protein (140 X 40 X 40 A) derived from its
crystal structure are hardly "spherical" (Squire and Himmel,
1979).) Because the experimentally determined Rs of CaM
is much greater than that expected for a protein of its
molecular weight, the alb ratio for an equivalent prolate

these data support the contention that CaM may behave on
average more as a dumbbell or perhaps an hourglass (as
suggested by spectroscopic data; Small and Anderson,
1988; Bayley et al., 1988; Yao et al., 1994; Tjandra et al.,
1995). Further interpretation of the frictional ratio awaits an
experimental determination of hydration properties that are
complex (Kita et al., 1994), especially for this highly
charged protein, which exposes a large hydrophobic cleft
upon binding calcium (LaPorte et al., 1980).

Calcium-induced structural changes

Structural, chemical, and spectroscopic studies over the last
20 years have indicated that CaM changes size and shape
upon calcium binding. Studies using NMR (Seamon, 1980;
Ikura et al., 1983, 1984, 1985; Klevit et al., 1984; Hoffman
and Klevit, 1991), dynamic fluorescence anisotropy (Small
and Anderson, 1988; Torok et al., 1992), lifetime-resolved
fluorescence resonance energy transfer (Yao et al., 1994),
and small-angle and solution x-ray scattering (Seaton et al.,
1985; Heidorn and Trewhella, 1988, 1990; Kataoka et al.,
1989, 1991a,b; Matsushima et al., 1989; Yoshino et al.,
1989, 1993), and chemical and proteolytic cleavage (Pedigo
and Shea, 1995; Shea et al., 1996) have shown that apo-
CaM is flexible relative to most globular proteins and be-
comes more rigid upon binding calcium. These studies are

supported by an increase in solvent accessibility (Yao et al.,
1994) and the volume of CaM (Kupke, 1986; Kupke and
Shank, 1989; Torok et al., 1992) upon binding calcium.
Small-angle x-ray scattering studies have shown that the
radius of gyration increased by a range of 0.1 A (Heidorn
and Trewhella, 1988) to 2.5 A (Yoshino et al., 1993) upon

binding calcium, and the maximum dimension between two
atoms (dmax) in CaM increased by a range of 4 A (Heidorn
and Trewhella, 1988; Seaton et al., 1985) to 5 A (Kataoka
et al., 1989, 1991a). Recent NMR structures provide quan-

titative insight into the calcium-induced reorientation of the
helices within each EF-hand motif as they go from being
almost parallel in the absence of calcium to almost perpen-

dicular in the presence of calcium (Ikura et al., 1991;
Kuboniwa et al., 1995; Zhang et al., 1995; Finn et al., 1995).
These studies all suggest that each domain of Ca2+-CaM in
solution has a greater surface area, less flexibility, and a

greater average separation relative to apo-CaM.
In the gel permeation chromatography studies presented

here, the Stokes radius of hydrated CaM decreased by 0.96
A upon addition of calcium. Other reports of the Stokes
radius for Ca2+-CaM are in agreement with those reported
here (Dedman et al., 1977; Crouch and Klee, 1980), and one

showed a 0.5 A decrease upon binding calcium (Crouch et
al., 1980). In contrast, SAXS studies performed in several
laboratories consistently demonstrate a small but reproduc-
ible increase in Rg values for CaM upon saturation by
calcium (Seaton et al., 1985; Heidorn and Trewhella, 1988,
1990; Kataoka et al., 1989, 1991a,b; Matsushima et al.,

ellipsoid is quite skewed (values ranging from 4 to 5). Thus
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the calcium-induced change in RS is opposite to the change
in Rg observed in SAXS studies, numerous repetitions of the
GPC studies under various conditions (e.g., variation of
temperature from 4°C to 23°C, different instrumentation
(fast protein liquid chromatography (FPLC) and HPLC),
protein stock, and buffer composition) yielded consistent
results. The precision in R, reported in Table 2 (0.03-0.23
A) reflects the precision attainable in the elution volumes
(0.01-0.05 ml) and the reproducibility of the column.
Equivalent results have been obtained by five individuals in
this laboratory. In addition, gel permeation studies of re-
combinant Paramecium CaM (wild type and 12 mutants) all
showed a decrease in Rs upon saturation by calcium (Har-
mon and Shea, 1995; Chen and Shea, data not shown). This
large body of evidence supports the validity of the small
differences reported here. Although the discrepancy be-
tween the GPC and SAXS results is not understood, it
demonstrates that these techniques measure subtly different
properties of CaM in solution.

Separable contributions of domains

The shape of each domain is determined by the relative
orientations of the two component EF-hands: the four heli-
ces and their linker sequences. For reference, Fig. 2 shows
the third EF-hand of Ca2-CaM as observed in the x-ray
crystallographic structure 3cln.pdb (Babu et al., 1988).
Structures of Ca2+-CaM determined by x-ray diffraction
(XRD) (Babu et al., 1985, 1988; Taylor et al., 1991; Chat-
topadhyaya et al., 1992) and NMR (Ikura et al., 1991;
Barbato et al., 1992) have shown that both domains are
globular, with approximate dimensions of 20 X 20 X 25 A
(Babu et al., 1985). In Ca2+-CaM the helices within a single
EF-hand are almost perpendicular (calculated interhelical
angles range from 84 A between the C/D helix pair in the
N-terminal domain to 105 A between the E/F helix pair in
the C-terminal domain; Kuboniwa et al., 1995). Interhelical
distances (defined as the distance between the centers of the
axes of the EF-hand helices; Zhang et al., 1995) range from
14.4 A (between the G and H helices flanking site IV) to
18.5 A (between the A and B helices flanking site I) (Zhang
et al., 1995; Finn et al., 1995).
The calcium-induced structural changes in CaM currently

cannot be addressed by XRD methods because there is no
crystallographic determination of a structure of apo-CaM.
Early 1-D proton NMR analysis of stoichiometric calcium

TABLE 2 Calcium and pH dependence of Stokes radius of
calmodulin

RS (A) at pH 7.4 R, (A) at pH 5.6

Apo-CaM Ca4 -CaM Apo-CaM Ca4 -CaM

WT CaM 24.91 ± 0.12 23.95 ± 0.09 23.88 + 0.13 23.26 + 0.09
R74A-CaM 25.07 ± 0.08 24.26 ± 0.08 24.06 ± 0.09 23.25 ± 0.23
R9OA-CaM 25.48 ± 0.12 24.02 ± 0.15 23.96 + 0.10 22.57 ± 0.06
R9OG-CaM 25.93 + 0.11 24.09 n0.13 24.04 + 0.12 22.96 + 0.03

binding studies (Seamon, 1980; Ikura et al., 1983, 1984;
Klevit et al., 1984; Aulabaugh et al., 1984; Urbauer et al.,
1995) indicated that domains changed sequentially with the
C-terminal domain calcium-binding sites having higher af-
finity for calcium than the N-terminal domain sites; how-
ever, the chemical shifts of a few N-terminal domain resi-
dues changed over the range of zero to two calcium ions
bound per CaM, suggesting domain interactions.
A detailed structural comparison of the effect of calcium

on whole CaM has been made possible by recent NMR
determinations of apo-CaM structures (Zhang et al., 1995;
Kuboniwa et al., 1995). Comparison of these with a crys-
tallographic study of Ca2+-CaM (Babu et al., 1988) indi-
cated that there is no major change in the secondary struc-
ture of CaM. However, the helices within each EF-hand
change from an almost antiparallel orientation to an almost
perpendicular orientation upon binding calcium. The in-
crease in interhelical distance upon binding calcium ranged
from 2.1 A (for the G-H helix pair) to 6.2 A (for the A-B
helix pair). Superposition of the NMR models for apo-CaM
indicated that the relative orientation of the two domains
was not constrained (the family of structures were manifest
as a "mushroom") (Zhang et al., 1995).
NMR studies of the isolated C-terminal domain of CaM

(residues 76-148) indicated that the secondary structure of
the domain was conserved upon binding calcium but rear-
ranged to give a more open structure with a 3.6-A increase
in the interhelical distance (Finn et al., 1995). Calculation of
the radius of gyration using HYDRO (Garcia de la Torre et
al., 1994; Garcia de la Torre and Bloomfield, 1981) for the
structural models 1 and 20 of the C-terminal domain in apo
(lcmf.pdb) and calcium-saturated forms (lcmg.pdb; Finn et
al., 1995) indicated that the radius of gyration increased by
-1.5 A upon binding calcium. These differences are pos-
sibly due to the significant mobility observed for the first six
residues, the linker and the two calcium-binding loops of the
C-terminal domain.

Calcium-induced changes in the size of CaM reflect
changes intrinsic to each domain and to the relative dispo-
sition of the domains; the difference in Stokes radius be-
tween apo- and Ca2+-CaM may be expressed as

ARS =f(AN) +f(AC) +f(A(N<->C)), (12)

where f(AN) is a function of calcium-induced change in-
trinsic to the N-terminal domain,f(AN) is the corresponding
term for the C-terminal domain, andf(A(N<->C)) represents
changes in the orientation of the domains upon binding
calcium. To evaluate each of these contributions, prelimi-
nary GPC studies of recombinant forms of the N-terminal
domain (residues 1-75) and C-terminal domain (residues
76-148) of CaM were conducted in the absence and pres-
ence of calcium at pH 7.4, 23°C. These indicated that 1) the
overall size of each domain was larger than predicted by
comparison with calibration proteins or on the basis of
calculations of Rg from coordinates of CaM structures and
that 2) the Stokes radius decreased slightly upon binding
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calcium (Sorensen and Shea, data not shown). However,
further analysis will be required to assess the contribution of
the orientation of the two domains to ARS.

Effects of pH

Gel permeation studies of Ca2+-CaM were conducted at pH
5.6 to allow direct comparisons of the Stokes radius for
Ca4+-CaM to 3cln, a crystal structure determined at pH 5
(Babu et al., 1988). The measured Stokes radius for Ca2-
CaM at pH 5.6 was 23.26 ± 0.09 A. The overall length of
CaM in 3cln was reported to be 65 A, with each domain
being 20 x 20 X 25 A (Cook and Sack, 1983; Babu et al.,
1985, 1988); analysis of 3cln using HYDRO indicated that
its radius of gyration would be 21.91 A. For globular
proteins of molecular weight similar to that of CaM
(Potschka, 1987; Pharmacia Biotech, 1996), the experimen-
tally determined RS was consistently 2-4 A larger than the
Rg value calculated with HYDRO. This offset is in good
agreement with the differences between the Rg obtained for
CaM using SAXS (Seaton et al., 1985; Heidorn and Tre-
whella, 1988, 1990; Kataoka et al., 1989, 1991a,b; Matsus-
hima et al., 1989) and the RS obtained using GPC for CaM
in this study. Therefore, a RS of 23.26 ± 0.09 A is roughly
equivalent to the Rg determined for 3cln. Comparison of the
helical content of Ca2+-CaM in solution at pH 5 measured
by far-UV CD (Bayley et al., 1988; Bayley and Martin,
1992; Torok et al., 1992) to that observed in 3cln showed
that 3cln had a higher degree of a-helical content than in
solution, which was attributed to the helicogenic com-
pounds added to promote crystallization (Bayley and Mar-
tin, 1992).
The calcium-induced changes in Rs for CaM at pH 5.6 are

illustrated in Fig. 6. The results indicated that the Stokes
radius decreased by a slightly smaller amount (0.62 A) upon
addition of calcium than the 0.96 A decrease observed at pH
7.4 (Table 2). Comparing the Stokes radius for Ca2+-CaM
or apo-CaM determined at pH 5.6 to the corresponding
values determined at pH 7.4 indicated that under both con-
ditions CaM increased in size as the pH was increased.
Far-UV CD studies would suggest that this increase is not
due to changes in helical content (Torok et al., 1992; Bayley
and Martin, 1992). Fluorescence energy transfer (Wang,
1989) showed a reduced quenching of the emission from
Tb3+ in the four binding sites by a chromophore attached to
Cys27; this could indicate elongation of Ca2+-CaM at pH 5
relative to pH 7. However, it could be due to a cis/trans
reorientation of the domains such that Cys27 is more distant
from the terbium ions under more acidic conditions.

Gel permeation chromatography studies of
CaM mutants

A goal of this study was to test experimentally a theoretical
proposal that Arg74 and Arg9O were critical for the forma-

1991; Weinstein and Mehler, 1994) of Ca2+-CaM. The
predictions for the existence of this structure and the exper-
imental analysis by gel permeation chromatography at pH
7.4 and 5.6 have been discussed. The proposal that Arg74
and Arg9O are important for the formation of the structure
of Ca2+-CaM can be evaluated regardless of the atomic
details of the resulting structures. In addition to the R74A-
CaM and R9OA-CaM mutant proteins, an Arg9O-to-glycine
mutation (R9OG-CaM) was also made to introduce a possi-
ble disruption of the helix leading into site III and thereby
probe the importance of this helix in determining the struc-
ture of CaM in the absence or presence of calcium.
The modeled structures of R74A-CaM (R74A model) and

R9OA-CaM (R9OA model) are depicted in Fig. 3. The
orientation of the domains in the R74A model and the R9OA
model are cis, as was observed for CaM10 and contrary to
the trans orientation observed in 3cln (Babu et al., 1988).
The dihedral angle (see Eq. 1) reported for CaM10 was

-720, and that reported for the R74A model (-77°) was
similar to CaM10 but larger than the -43° reported for the
R9OA model (Weinstein and Mehler, 1994). Molecular dy-
namics predicted that the mutation of Arg74 or Arg90
would result in conformations more extended than that of
3cln (Pascual-Ahuir et al., 1991). As indicated in Table 1,
an analysis of the radius of gyration for the R74A model and
the R9OA model using HYDRO showed that the R74A
model was 7.03 A larger than CaM10 and 2.11 A larger than
3cln; the R9OA model was 7.33 A larger than CaMlO and
2.41 A larger than 3cln. Despite the larger dimession of the
R9OA model, the largest deviation from CaM10 was pre-
dicted for the R74A model because in the molecular dy-
namics simulations this residue was always involved in a

hydrogen bonding interaction with at least two residues
(Weinstein and Mehler, 1994).

Fig. 5 illustrates the results obtained from the study of
R74A-CaM, R9OA-CaM, and R9OG-CaM relative to wild-
type CaM in the absence and presence of calcium at pH 7.4,
and Fig. 6 illustrates the corresponding studies performed at
pH 5.6. At pH 7.4 the only difference in RS relative to wild
type in the presence of saturating calcium was observed for
R74A-CaM (0.31 A). This is in agreement with that pre-
dicted from molecular dynamics; however, the magnitude
of the increase in RS is significantly smaller than the pre-
dicted increase in Rg (7.03 A relative to CaM10 and 2.11 A
relative to 3cln). The more significant changes in Rs for the
mutants relative to wild type were seen in the absence of
calcium at pH 7.4, where R9OA-CaM was 0.57 A larger
than wild-type CaM and R9OG-CaM was 1.02 A larger than
wild type. Thus the greatest difference in Stokes radius
relative to wild type under all conditions used in this study
was observed at pH 7.4 in the absence of calcium, when the
helix leading into site III was disrupted by introducing a
glycine in place of an arginine.

These results suggest that at pH 7.4, Arg9O may play a

role in the degree of compaction of apo-CaM; however, they
do not support any role in the presence of calcium. At pH

tion of a compact, globular structure (Pascual-Ahuir et al.,
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5.6, the only differences observed in Rs relative to wild-type
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CaM was in the presence of saturating calcium, and the
direction of the difference was opposite that observed at pH
7.4, where the mutants were larger than wild type. At pH
5.6, the Stokes radius for R74A-CaM and wild-type CaM
were indistinguishable, the R. for R9OA-CaM was 0.69 A
smaller than wild-type CaM, and R9OG-CaM was 0.30 A
smaller than wild-type CaM. The results presented here
suggest that the average size of Ca2+-CaM in solution is
more similar to 3cln than to the compact structure of
CAMlO predicted by molecular dynamics (Mehler et al.,
1991; Pascual-Ahuir et al., 1991). Although no direct evi-
dence was provided for the existence of an abundant com-
pact structure for Ca2+-CaM, the fractional abundance of
such a species may be too small to be detected by gel
permeation chromatography.

Other properties of these mutants are similar to those of
wild-type CaM. Preliminary quantitative thrombin foot-
printing studies of R74A-CaM, R9OA-CaM, and R9OG-
CaM at pH 7.4 (data not shown) showed a pattern of
calcium-dependent cleavage at Arg37 and Arg 106 similar to
that of wild-type CaM (Shea et al., 1996). These data
suggested that calcium binding energetics are similar and
that whatever structural changes in Ca2+-CaM are induced
by mutation at Arg74 or Arg9O, they do not destroy the
domain-domain interactions present in wild-type CaM. Pre-
liminary studies of chemically induced unfolding of these
mutants in the absence of calcium at pH 7.4 indicated that
their stability was indistinguishable from that of wild-type
CaM (data not shown) and suggest that minimal secondary
structural rearrangements were induced by these mutations
for the apo form. Additional studies using circular dichro-
ism, UV absorption spectroscopy, and fluorescence spec-
troscopy are being conducted to explore further the calcium-
induced changes in the structural properties of CaM induced
by these mutations.
The differences between Stokes radius and radius of

gyration that are indicated by this study suggest that there
are compensating elements of conformational change and
differential hydration that determine the calcium-induced
changes in hydrodynamic properties of calmodulin. These
differences underscore the need to understand the properties
of isolated domains further and to use multiple techniqes
(structural and hydrodynamic) to assess the properties of the
holo protein.
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