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ABSTRACT: The parvalbumin metal ion-binding sites differ at the+z and-x residues: Whereas the CD
site employs serine and glutamate (or aspartate), respectively, the EF site employs aspartate and glycine.
Although frequently indistinguishable in Ca2+- and Mg2+-binding assays, the CD and EF sites nonetheless
exhibit markedly different preferences for members of the lanthanide series [Williams et al. (1984)J.
Am. Chem. Soc. 106, 5698-5702], underscoring an intrinsic nonequivalence. This nonequivalence reaches
its pinnacle in the mammalianâ-parvalbumin (oncomodulin). Whereas the oncomodulin EF site exhibits
the expected Ca2+/Mg2+ signature, the Ca2+ affinity of the CD site is severely attenuated. To obtain
insight into the structural factors responsible for this reduction in binding affinity, oncomodulin variants
were examined in which the CD and EF site ligand arrays had been exchanged. Our data suggest that
binding affinity may be dictated either by ligand identity or by the binding site environment. For example,
the Ca2+ affinity of the quasi-EF site resulting from the combined S55D and D59Gmutations is substantially
lower than that of the authentic EF site. This finding implies that other local environmental variables
(e.g., binding loop flexibility, electrostatic potentials) within the CD binding site supersede the influence
of ligand identity. However, the CD site ligand array does not acquire a high-affinity signature when
imported into the EF site, as in the D94S/G98D variant. Instead, it retains its Ca2+-specific signature,
implying that this constellation of ligands is less sensitive to placement within the protein molecule. The
D59G and D94S single mutations substantially lower binding affinity, consistent with removal of a liganding
carboxylate. By contrast, the S55D and G98D mutations substantially increase binding affinity, a finding
at odds with corresponding data collected on model peptide systems. Significantly, the Ca2+ affinity of
the oncomodulin CD site is increased by mutations that weaken binding at the EF site, indicating a
negatively cooperative interaction between the two sites.

The “EF-hand” metal ion-binding motif consists of a 12-
residue binding loop flanked by short helical segments (1,
2). The coordinating ligands are invariably oxygen atomss
carboxylate, hydroxyl, carbonyl, or aquosand are arrayed
at the vertexes of a pentagonal bipyramid. Despite their
general similarity, individual EF-hand domains exhibit
substantial variation in their ion-binding properties. Clearly,
the fundamental determinants of metal ion-binding affinity
in these proteins must be identical to those that govern
binding to small organic chelators, i.e., ion size and charge.
However, it is apparent that affinity can be modulated by
diverse mechanisms in protein systems, so that a quantitative
understanding of the relationship between protein structure
and Ca2+-binding behavior remains well out of reach (3, 4).
The small (Mr 12 000) vertebrate-specific proteins called
parvalbumins (5-8) offer an attractive system for exploring
this issue.

Parvalbumins contain two functional Ca2+-binding sites
called the CD1 and EF sites, a reference to the helices
flanking the central binding loops. The CD-binding loop is
positioned in the center of the protein sequence, spanning
residues 51-62; the EF loop is positioned near the C-
terminus, spanning residues 90-101. Although the two sites
are typically indistinguishable in Ca2+-binding assays (9-
12), they differ significantly in their interactions with the
lanthanide series. Whereas the EF site is flexible, accom-
modating the various members of the series with comparable
affinities, the CD site evinces a strong preference for the
larger ions at the beginning of the series (13).
The parvalbumin (PV) family includesR andâ sublineages

(14, 15). TheR isoforms are less acidic (pI > 5.0) and have
an additional residue in the C-terminal helix. Regardless of
source, they exhibit very high affinity for Ca2+ (KCa < 10-8

M) and physiologically significant affinity for Mg2+ (KMg

< 10-4 M). These metal ion-binding properties are consis-
tent with a Ca2+ buffering function. The mammalianR-PV† This work was supported by NSF Awards MCB9296171 and
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is expressed in diverse tissue settings (16). It is particularly
abundant (>1 mM) in fast-twitch skeletal muscle (17), where
it is believed to facilitate relaxation. Consistent with this
hypothesis, Mu¨ntener et al. (18) have recently shown that
the myofibrillar relaxation rate is accelerated by direct
injection of parvalbumin cDNA. The protein is also
expressed at moderate levelssapproximately 50µM (19)s
in rapidly firing neurons, particularly GABA-ergic neurons
(20, 21). In the latter setting, PV may confer protection
against Ca2+ toxicity (22).
In contrast to theR isoform, postnatal expression of the

mammalianâ-PV is apparently confined to the outer hair
cells of the mammalian auditory organ, the Organ of Corti
(23-25). In rat, the protein has also been detected in the
pre-implantation embryo and placenta (26, 27). Due to its
frequent expression in neoplasms (8, 28, 29), the mammalian
â-PV is commonly called oncomodulin (OM). The physi-
ological role of OM is presently conjectural. It may function
as a tissue-specific Ca2+-dependent regulatory protein. Blum
and Berchtold (30) have shown, for example, that the cell-
cycle length of a tumor cell line is sensitive to the expression
level of the protein. Alternatively, OM may serve as a
specialized cytosolic Ca2+ buffer.
Relative to theR-PVs, theâ lineage exhibits greater

diversity in metal ion-binding behavior. OM, for example,
displays substantially reduced affinity for Ca2+ (31, 32). In
fact, with an apparent dissociation constant for Ca2+ of 0.8
µM, the CD site qualifies as a “Ca2+-specific site.” Moreover,
the relative rigidity of the CD site is exaggerated in OM
(33). In previous studies undertaken by this laboratory to
identify the underlying structural basis for this behavior, the
OM codon was replaced with the corresponding rat muscle
parvalbumin (RPV) codon at selected positions of noniden-
tity. Ca2+-binding data for the resulting proteins suggested
that the attenuation of ion-binding affinity results from
multiple substitutions both within and outside the binding
pockets (34, 35).
Cox, Berchtold, and co-workers have also studied the

metal ion-binding properties of OM and RPV. In one study
(36), they examined alterations in metal ion-binding affinity
resulting from simultaneous RPVfOM mutations at four
hydrophobic residues in the CD domain of RPV (V46I, L50I,
I58L, and I66F). Their data suggested that the combined
mutations afford increased selectivity toward Ca2+. In a
companion study (37), they produced chimeras of RPV and
OMs[S41-Q71]RPV and [D41-S71]OM, respectivelysin
which the entire CD domain (residues 41-71) was replaced
with the corresponding domain from the other protein.
Binding data indicated that the CD site of [S41-Q71]RPV
had acquired metal ion-binding properties resembling those
of OM. Similarly, the CD site of [D41-S71]OM appeared
to have acquired properties resembling those of RPV. The
investigators concluded that the Ca2+-specificity of the
oncomodulin CD site is an intrinsic property of the site, i.e.,
that the specificity is largely dictated by the local sequence.
To further delineate the relative importance of structural

determinants beyond the immediate coordination sphere, we
have inserted the EF ligand array of OM into the CD-binding
loop. The resulting protein contains, in effect, two EF sites,
and their relative Ca2+ affinities can potentially furnish
insight into the structural preference of this ligand array. At
one extreme, if the binding properties of this particular Ca2+-

binding domain were dictated exclusively by the coordinating
residues, the wild-type and engineered sites should exhibit
the same affinity. At the other, if higher order structural
considerations figure prominently, then substantially different
binding properties may be observed.
We have likewise examined the consequences of inserting

the CD ligand array into the EF-binding loopsin effect
creating a protein with two CD sitessas well as the
consequences of exchanging the CD and EF ligand arrays.
Finally, we have characterized the Ca2+-binding properties
for each of the individual mutations. The influence of these
site-specific modifications on Eu3+ luminescence behavior
has been described elsewhere (38).

MATERIALS AND METHODS

Recombinant OM was expressed inEscherichia coli
DH5R harboring the pLD2 expression vector. pLD2 is a
derivative of pBluescript (Stratagene Corp., La Jolla, CA),
in which the OM coding sequence has been placed down-
stream from thelac promoter. Alterations in the OM coding
sequence were introduced by oligonucleotide-directed mu-
tagenesis, employing a double-stranded template (39). One-
liter LB broth cultures yielded 50-100 mg of purified
protein. The recombinant proteins were isolated as previ-
ously described (31).
Divalent cations were scavenged from protein preparations

and buffers alike by passage over columns of EDTA-
derivatized agarose (40). Typically, 0.5 mL of EDTA-
agarose was employed per milligram of protein. For the
S55D and G98D variants, however, this ratio was increased
to 2.0 mL of resin per milligram of protein, due to their
substantially higher Ca2+-binding affinities. Treatment with
this chelating matrix removed>98% of the bound Ca2+, as
judged by flame atomic absorption measurements. Protein
concentrations were estimated by UV absorbance, employing
an extinction coefficient of 3260 M-1 cm-1.
Flow-dialysis measurements (41, 42) were conducted on

100µM protein samples in 0.15 M NaCl, 0.025 M Hepes-
NaOH, pH 7.4, at 25°C, as described previously (31, 34).
For those mutations that severely reduced one of the Ca2+-
binding constants, an abbreviated titration protocol was
employed, to prevent depletion of the label. Dissociation
constants were extracted by fitting the data to the sum of
two hyperbolas:

In this equation,r is the average binding number, andk1
and k2 are the apparent dissociation constants for the two
binding sites. Least-squares analyses were performed with
Scientist (Micro-Math Inc., Salt Lake City, UT). The
reported dissociation constants represent the mean of at least
three determinations.
Titration Calorimetry. Ca2+ titrations were monitored

calorimetrically at 25°C in an isothermal titration calorimeter
from Calorimetry Sciences Corp. (Provo, UT). Following
equilibration, 4.0µL additions of titrant were made automati-
cally to the 1.00 mL sample at 200 s intervals from a 100
µL Hamilton syringe driven by a precision stepping motor.
In all cases, the sample buffer consisted of 0.15 M NaCl,

r )
[Ca2+]

k1 + [Ca2+]
+

[Ca2+]

k2 + [Ca2+]
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0.025 M Hepes-NaOH, pH 7.4. The reference cell con-
tained 1.00 mL of water.
Raw voltage data were integrated using ITC Dataworks

(v. 1.0, Applied Thermodynamics). Prior to least-squares
analysis, the data were corrected for the heats of mixing and
titrant dilution by subtracting a blank titration, i.e., titration
of buffer alone. Enthalpies of binding were extracted from
the data using BindWorks (v. 1.0b, Applied Thermodynam-
ics). The analyses utilized the following model describing
two classes of independent binding sites (43):

The subscripts 1 and 2 denote the two classes of binding
site. n1 andn2 are the number of sites in each class.∆H
andK represent the molar enthalpy of ligand binding and
the ligand association constant, respectively. [L] is the free
ligand concentration. [LB,1] and [LB,2] represent the con-
centrations of ligand bound at each of the two classes of
site. [M] is the total protein concentration.V is the sample
volume. Q, Q1, andQ2 represent the total heat of binding
and the heats associated with the binding events at each class
of site.
For the least-squares analyses, the binding constants were

fixed at the values obtained by direct binding studies.R2,
as defined below, exceeded 0.99 in all cases.

Yobs andYcal represent the observed and calculated values,
respectively, for a particular data point.
The heat of protonation of tris(hydroxymethyl)amino-

methane was used for calibration. At 25°C, this quantity
is-11.36 kcal/mol (44). The calorimeter performance was
evaluated by titrating 18-crown-6 with Ba2+. The enthalpy
and dissociation constants for this reaction are-7.47( 0.095
kcal/mol and (1.74( 0.39)× 10-4 M, respectively (45).
Scanning calorimetrywas performed on the apo-proteins

in a Nano-DSC (Calorimetry Sciences Corp. and Applied
Thermodynamics). Prior to analysis, the samples were
dialyzed to equilibrium against 0.20 M NaCl, 10 mM EDTA,
pH 7.4. All of the data presented were collected at a scan
rate of 60°C per hour, after verifying that the line width of
the thermal transition and excess heat capacity were inde-

pendent of scan rate for the wild-type protein. Data analysis
was performed with CpCalc (v.2.0, Applied Thermodynam-
ics).
NMR spectroscopywas conducted, at 37°C, on 2-4 mM

samples of the variant proteins in 0.15 M NaCl, pH 6.0,
containing 10% D2O. Data were collected on a Varian
UNITY-500 spectrometer and processed with TRIAD (Tri-
pos, Inc., St. Louis, MO) or VNMR (Varian Instruments,
Palo Alto, CA) software. 1H shifts were referenced to the
absolute1H frequency of 0.1% TSP in D2O. Clean-TOCSY
(46) datasets were acquired on the apo-protein and following
addition of 0.5 and 2.0 molar equiv of Ca2+. The order of
occupancy was apparent from the magnitudes of select
resonances in the CD- and EF-binding sites. The spectral
width was 7000 Hz in both dimensions, with 1024 complex
points in t2 and 256 complex FIDs in t1. The carrier
frequency was centered on the water signal, which was
suppressed by selective irradiation during the relaxation delay
of 1 s. The mixing time was 60 ms.

RESULTS

The liganding residues within an EF-hand domains
roughly positioned at the vertexes of an octahedronsare
denoted (from N- to C-terminal) as+x, +y, +z, -y, -x,
and-z (e.g.,1). In the oncomodulin CD site, the+x, +y,
+z, and-z ligands are donated by the side chains of Asp,
Asp, Ser, and Glu, respectively (Figure 1). The-y ligand,
as in all canonical EF-hands, is a peptide backbone carbonyl,
in this case the carbonyl of Tyr-57. The-x residue is an
aspartyl carboxylate that coordinates indirectly via a bridging
water molecule (48, 50). The liganding residues in the EF
site differ at the+z and-x positions: Asp rather than Ser
at the+z position, Gly rather than Asp at the-x position.
In this paper, we discuss the alterations in Ca2+ binding that
result from CD-EF interchange of the+z and-x ligands.
As is customary, single-site mutations are indicated with

the residue number bracketed by the one-letter abbreviations
for the original and substituted amino acids. Multiple
mutations are indicated by simply listing the residue numbers
separated by slashes, with the understanding that the muta-
tions involve interchange of the CD and EF site residues.
For example, 55/59 denotes the variant harboring the
combined S55D and D59G mutations. The CD site in 55/
59 is occasionally referred to as a “quasi-EF” site, since it
has a ligand array identical to the authentic EF site. The
EF site in the 94/98 variant is similarly referred to as a
“quasi-CD” site.
In the following paragraphs, we first consider the impact

of these mutations on protein stability. We then describe
the Ca2+-binding properties of each variant- beginning with
the four single-site variants, followed by the two double-
site variants (55/59 and 94/98), then 55/59/94, and finally
the quadruple variant 55/59/94/98.
Differential scanning calorimetry(DSC) was used to

assess the impact of these site-specific mutations on protein
stability. The proteins were examined in their metal-free,
or apo, forms to avoid complications in interpretation arising
from altered Ca2+ affinity. Representative scans are pre-
sented in Figure 2 for wild-type OM, 55/59, 94/98, and 55/
59/94/98. Melting temperatures (Tm) and enthalpies of
denaturation (∆Hd) for all of the proteins are listed in Table
1.

Q) Q1 + Q2 ) (∆H1[LB,1] + ∆H2[LB,2])‚V (1)

Q) V[M] (n1∆H1K1[L]

1+ K1[L]
+
n2∆H2K2[L]

1+ K2[L] ) (2)

[LB,1] ) [M] (n1∆H1K1[L]
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[L] ) [LT] -

[M] (n1K1[L](1 + K2[L]) + n2K2[L](1 + K1[L])

(1+ K1[L])(1 + K2[L]) ) (4)

R2 )
|∑
i)1

n

Yobsi
2 - ∑

i)1

n

(Yobsi - Ycali)
2|

∑
i)1

n

Yobsi
2

(5)

Ca2+-Binding Affinity of Oncomodulin Biochemistry, Vol. 37, No. 25, 19989103



S55D and G98D both lower theTm - by 4.3° and 1.8°,
respectively. Conversely, D94S raises theTm by 2.5 °C.
Although D59G alone has no perceptible impact on stability,
leaving theTm unchanged at 53.6°C, the mutation moderates
the destabilizing influence of the S55D mutation in the 55/

59 variant. TheTm measured for 55/59 (51.3°C) is close to
the average of theTm’s for the individual mutations (51.4
°C). The melting temperatures observed for 94/98 (55.0°C)
and 55/59/94 (52.7°C) are similarly close to the averages
for the individual mutations (54.0 and 53.0°C, respectively).
However, theTm for 55/59/94/98 (51.3°C) departs signifi-
cantly from the average (53.2°C).
With the exception of S55D, the enthalpies of denaturation

are little changed in the variant proteins. Consistent with
expectation, those proteins denaturing at a higher temperature
than wild-type OM display a slightly elevated∆Hd, while
those denaturing at a lower temperature display a slightly
reduced∆Hd. The substantial reduction in∆Hd observed
for S55D suggests that this mutation may provoke relatively
larger structural alterations.

Calcium-Binding Properties.Binding isotherms for wild-
type OM and the single-site variantssS55D, D59G, D94S,
and G98Dsare displayed in Figure 3A. Corresponding data
for the multiple-site variantss55/59, 94/98, 55/59/94, and
55/59/94/98sare displayed in Figure 3B. The binding
parameters for each of the proteinssdetermined by flow-
dialysis and titration calorimetrysare listed in Table 2.
Dissociation constants were assigned by monitoring parallel
Ca2+ titrations by NMR; the1H chemical shift values for
Ca2+-bound oncomodulin have been reported previously (51).
To facilitate comparison, the coordinating residues in the CD
and EF sites of each variant are also included in the table.

D59G. The Ca2+ dissociation constants that we measure
for the EF and CD sites in wild-type OM are 45 and 800
nM, respectively (31), values similar to those reported by
Cox et al. (32). Binding data for the D59G variant are
displayed in Figure 3A (b), together with corresponding data
for the wild-type protein (O). The dissociation constants
obtained by least-squares analysis of three replicate titrations
are 78 nM and 22µM. Thus, the replacement of aspartate-
59 by glycine reduces the Ca2+ affinity of the CD site by a

FIGURE 1: Comparison of the CD and EF site ligand arrays. These structural depictions of the CD (left) and EF (right) binding sites were
generated with RasMol, v.2.6 (47), using the crystallographic data reported by Ahmed et al. (48). The amino acid sequence for each
binding loop (49) is indicated below its respective structure.

FIGURE2: Differential scanning calorimetry on select OM variants.
DSC analyses were performed as described under Materials and
Methods.

Table 1: Summary of Thermal Stability Parameters

protein Tm (°C) ∆Hd (kcal mol-1) ∆S(kcal mol-1 K-1)

wild-type OM 53.6 76 (4) 0.26
S55D 49.3 56 (3) 0.17
D59G 53.6 75 (4) 0.23
D94S 56.1 81 (4) 0.24
G98D 51.8 72 (3) 0.22
55/59 51.3 73 (3) 0.22
94/98 55.0 80 (4) 0.28
55/59/94 52.7 72 (3) 0.21
55/59/94/98 51.3 70 (3) 0.21
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factor of 28 (∆∆G ) +2.0 kcal/mol) and causes a slight
reduction in the apparent affinity of the EF site as well (∆∆G
) +0.3 kcal/mol).
When the titration of wild-type OM with Ca2+ is monitored

calorimetrically (Figures 4A and 5A), we obtain apparent
enthalpy changes for occupation of the EF and CD sites of
- 4.1 and-3.4 kcal/mol, respectively (52). Corresponding
data for a representative titration of D59G are displayed in
Figure 5B. It is evident that the mutation severely depresses
the enthalpy change associated with binding at the CD site.
The∆H values that we extract for the binding events at the
EF and CD sites are-4.7 and-1.3 kcal/mol, respectively.
Thus, the overall∆∆H resulting from the D59G mutation is
+1.5 kcal/mol. This value is somewhat smaller than the
overall∆∆G, suggesting that the reduction in affinity caused
by the replacement of aspartate-59 with glycine has both
enthalpic and entropic contributions.

S55D. The binding isotherm resulting from replacement
of serine-55, the+z ligand in the CD loop, by aspartate is
also displayed in Figure 3A (4). In contrast to the D59G
mutation, S55D causes a significant increase in the Ca2+

affinity of the protein. The dissociation constants extracted
from least-squares analyses of replicate experiments are 26
and 67 nM (52). 1H NMR analysis indicates that these values
reflect the binding events at the EF- and CD-binding sites,
respectively. Thus, the S55D mutation elevates the Ca2+

affinity of the CD site by more than an order of magnitude
and affords a slight increase in the affinity of the EF site.
The “acid-pair” hypothesis, proposed by Reid and Hodges
(53) on the basis of results obtained with peptide analogues
(54-56), predicts that Ca2+ affinity should be maximized
in an EF-hand having four carboxylates paired on the+x,
-x and+z,-zaxes. Introduction of a fifth carboxylate into
the coordination sphere has been shown to reduce Ca2+

affinity in peptide model systems (e.g.,57), presumably due
to heightened interligand repulsion. Thus, the behavior
observed for S55D was somewhat unexpected.
Titration calorimetry data for S55D, displayed in Figure

5C, indicate that the mutation increases the exothermicity
associated with Ca2+ binding. The near-equality of the

FIGURE 3: Binding of Ca2+ to OM variants. (A) Ca2+-binding
isotherms are presented for S55D (4), D59G (b), D94S (2), and
G98D (9), along with corresponding data for the wild-type protein
(O). (B) Binding isotherms for 55/59 (2), 94/98 (b), 55/59/94 (9),
and 55/59/94/98 (4), and wild-type OM (O).

Table 2: Summary of Calcium-Binding Data for OM and OM Variantsa

CD site EF site

protein ligandsb KCa (µM)c ∆GCa°′ d ∆H -T∆S°′ e ligands KCa (µM) ∆GCa°′ ∆H -T∆S°′

wild-type DDS CdOD(w) E 0.80 (0.03) -8.3 (0.1) -3.4 (0.1) -4.9 DDDCdO w E 0.045 (0.005)-10.0 (0.1) -4.1 (0.1) -5.9
S55D DDDCdOD(w) E 0.067 (0.012)-9.7 (0.1) -2.4 (0.2) -7.3 DDDCdO w E 0.026 (0.005)-10.3 (0.1) -6.7 (0.1) -3.6
D59G DDDCdO w E 22 (2) -6.3 (0.1) -1.3 (0.1) -5.0 DDDCdO w E 0.078 (0.02) -9.7 (0.1) -4.7 (0.1) -5.0
D94S DDS CdOD(w) E 0.50 (0.02) -8.6 (0.1) -4.3 (0.2) -4.3 DDS CdO w E 42 (3) -5.9 (0.1) +0.2 (0.2) -6.1
G98D DDS CdOD(w) E 0.8 (0.04) -8.3 (0.1) -3.4 (0.1) -4.9 DDDCdOD(w) E 0.004 (0.003)-11.4 (0.1) -4.0 (0.1) -7.4
55/59 DDDCdO w E 0.72 (0.07) -8.3 (0.1) -0.3 (0.3) -4.6 DDDCdO w E 0.045 (0.004)-10.0 (0.1) -5.1 (0.1) -5.2
94/98 DDS CdOD(w) E 0.25 (0.02) -9.0 (0.1) -2.8 (0.1) -6.2 DDS CdOD(w) E 3.0 (0.2) -7.5 (0.1) -0.8 (0.1) -6.7
55/59/94 DDDCdO w E 0.23 (0.02) -9.0 (0.1) -1.9 (0.3) -6.6 DDS CdO w E 12 (1) -6.7 (0.1) 0 (0.2) -4.9
55/59/94/98DDDCdO w E 0.16 (0.02) -9.2 (0.1) -2.4 (0.1) -6.7 DDS CdOD(w) E 1.3 (0.1) -8.0 (0.1) 0 (0.2) -7.4

a All energies are expressed in kcal/mol.b Ligands are listed from N- to C-terminus. One-letter amino acid abbreviations denote coordination by
the corresponding side chain; CdO indicates the coordination by a main-chain carbonyl at the-y position; w indicates coordination by a water
molecule. D(w) indicates indirect coordination by an aspartyl carboxylate at the-x position.c Apparent dissociation constant for Ca2+ binding.
d ∆GCa°′ ) -RT ln(1/KCa), whereKCa is the corresponding Ca2+ dissociation constant.e -T∆S°′ ) ∆GCa°′ - ∆H.

FIGURE 4: Raw titration data for OM and select OM variants. (A)
Titration of 540µM OM with 15 mM Ca2+. (B) Titration of 210
µM D59G with 7.5 mM Ca2+. (C) Titration of 420µM D94S with
13 mM Ca2+. (D) Titration of 285µM 55/59 with 7.5 mM Ca2+.
(E) Titration of 412µM 94/98 with 12 mM Ca2+. (F) Titration of
250µM 55/59/94/98 with 7.5 mM Ca2+.
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overall ∆∆G and∆∆H values (Table 2 and52) suggests
that the heightened affinity of S55D for Ca2+ has an enthalpic
origin.
D94S. Representative Ca2+-binding data for the D94S

variant are plotted in Figure 3A (2). Least-squares analysis
of three replicate experiments afforded dissociation constants
of 0.50 and 42µM, respectively. Since a parallel titration
monitored by1H NMR indicated that the order of occupancy
is reversed in the D94S variant, the larger dissociation
constant must correspond to the EF site. Thus, replacement
of aspartate-94 (the+z ligand) by serine reduces the Ca2+

affinity of the EF site by nearly 3 orders of magnitude (∆∆G
) +4.1 kcal/mol). Notice that the D59G and the D94S
mutations yield identical ligand arrays in the CD and EF
sites, respectively, and that the Ca2+ affinities of these altered
sites are comparably weak.
When the binding of Ca2+ to the D94S variant is monitored

by titration calorimetry, we obtain the data presented in
Figures 4C and 5D. Interestingly, the mutation virtually
abolishes the enthalpy change associated with occupation of
the weakened EF site. The apparent∆H values for the CD
and EF sites are-4.3 and+0.2 kcal/mol, respectively. In
contrast to D59G, the unfavorable change in the enthalpy of
Ca2+ binding (∆∆H ) +3.4 kcal/mol) is nearly equal to the
overall loss of Ca2+ affinity (∆∆G ) +3.8 kcal/mol).
Although the reduction in Ca2+ affinity at the EF site

resulting from the D94S mutation was anticipated, the
increase in affinity at the CD site was unexpected. The
dissociation constant for the CD site is reduced from 800

nM in the wild-type protein to 500 nM in D94S (∆∆G )
-0.3 kcal/mol). In the 94/98 variant (discussed below), the
apparent CD site binding constant is further reduced to 250
nM. A qualitatively similar trend is noted below for the 55/
59, 55/59/94, and 55/59/94/98 variants.
G98D. In contrast to the D94S mutation, replacement of

glycine-98 in the EF site by aspartate substantially increases
the Ca2+ affinity of the EF site. Binding data for G98D are
displayed in Figure 3A (9). Least-squares analysis of
replicate experiments yielded dissociation constants of 4 and
800 nM for the EF and CD sites, respectively. Like the
S55D mutation in the CD site, the G98D substitution adds
a fifth carboxylate to the coordination sphere of the EF site.
Thus, the resultant gain in affinity, comparable to that seen
in S55D, is likewise at odds with the acid-pair hypothesis.
Representative titration calorimetry data are presented in

Figure 5E. The enthalpies for the Ca2+-binding events at
the CD and EF sites are estimated to be-3.4 and-4.0 kcal/
mol, respectively, very similar to those determined for wild-
type OM. Whereas the heightened affinity of the S55D
variant has an enthalpic origin, the heightened affinity of
the G98D variant apparently has an entropic origin (52).
55/59. Replacement of aspartate-59 by glycine in the

S55D variant endows the CD site with a ligand array identical
to that of the wild-type EF site. The Ca2+-binding isotherm
for 55/59 is displayed in Figure 3B (2). The dissociation
constants for the EF and CD sites extracted from three
replicate experiments are 45 and 720 nM, respectively.
Significantly, the Ca2+ affinity of the quasi-EF site created

FIGURE5: Heat of Ca2+ addition versus total Ca2+ added for wild-type OM and the OM variants. To facilitate comparison between experiments
performed at different protein concentrations, data are reported per mole of titrant added. (A) Wild-type OM; (B) D59G; (C) S55D; (D)
D94S; (E) G98D; (F) 55/59; (G) 94/98; (H) 55/59/94; (I) 55/59/94/98.
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in the CD-binding loop by the combined S55D and D59G
mutations is markedly attenuated relative to the wild-type
EF site. In fact, the affinity of the quasi-EF site is very
similar to that determined for the wild-type CD site.
Raw calorimetry data for the titration of 55/59 with Ca2+

are displayed in Figure 4D. The integrated heat fluxes are
plotted vs total Ca2+ added in Figure 5F. Least-squares
analysis of these data afforded estimates of-5.1 and-0.3
kcal/mol for the enthalpies of binding to the EF and CD sites,
respectively. Thus, relative to the wild-type protein, the
enthalpy change associated with occupation of the EF site
is perceptibly larger, while that associated with occupation
of the engineered CD site, i.e., the quasi-EF site, is negligible.
Since the combined S55D and D59G mutations lower the

Tm of the protein by 2.3°C, the apo-form of the 55/59 variant
might be somewhat less tightly folded than wild-type OM.
Accordingly, occupation of the EF site in 55/59 would be
accompanied by the formation of more numerous van der
Waals interactions. By contrast, the markedly reduced
enthalpy change associated with occupation of the quasi-EF
site in 55/59 may reflect either a more limited conformational
change than that occurring in the wild-type protein or an
intrinsically weaker interaction with the bound ion.
94/98. Introduction of the D94S mutation into G98D, to

afford the 94/98 variant, furnishes the EF site with a ligand
array identical to that in the CD site. Ca2+-binding data for
94/98 are displayed in Figure 3B (b). The dissociation
constants that we obtained from replicate experiments are
0.25 and 3.0µM. NMR data indicate that, as in the D94S
variant, the order of occupancy of the binding sites is
reversed relative to that observed in the wild-type protein,
so that the 3.0µM dissociation constant is associated with
the altered EF site.
Although the ligands at the CD and EF sites of this variant

are identical, the quasi-CD site resulting from the combined
mutations at residues 94 and 98 has a somewhat lower
apparent affinity for Ca2+ (Kd ) 3.0 µM) than does the
authentic CD site in wild-type oncomodulin (Kd ) 0.80µM).
Significantly, the CD site ligand array does not acquire the
high Ca2+ affinity characteristic of the wild-type EF site when
placed at the C-terminal end of the molecule. As observed
for the D94S variant, reversal of the order of occupancy
yields a detectable increase in the measured affinity of the
CD-binding loop for Ca2+ relative to the wild-type protein.
Raw titration calorimetry data for 94/98 are displayed in

Figure 4E, and the integrated heat effects are plotted in Figure
5G. These two mutations in the EF site significantly depress
the enthalpy changes associated with Ca2+ binding. The
apparent∆HCa values decrease from-4.1 and-3.4 kcal/
mol, respectively, for the wild-type EF and CD sites to-0.8
and-2.8 kcal/mol for the corresponding sites in the 94/98
double variant.
55/59/94harbors the serinefaspartate mutation at residue

55, the aspartatefglycine mutation at residue 59, and the
serinefaspartate mutation at residue 94. Representative
Ca2+-binding data for the 55/59/94 variant are displayed in
Figure 3B (9). The dissociation constants that we extract
by least-squares analysis are 0.23 and 12µM. 1H NMR data
indicate that the CD site is occupied first, so that the larger
of the two constants must correspond to the EF site.
Recall that introduction of the D94S mutation into the

wild-type protein increased the Ca2+ dissociation constant

from 45 nM to 42µM, a factor of nearly 103 (∆∆G ) +4.1
kcal/mol). When introduced into the 55/59 variant, D94S
has a comparable impact, raising the apparent dissociation
constant from 45 nM to 12µM (∆∆G ) +3.3 kcal/mol).
Notice further that introduction of the D94S mutation into
55/59 significantly decreases the Ca2+ dissociation constant
for the remote CD site, from 0.72µM to 0.23 µM. This
behavior is qualitatively similar to that noted previously for
the single-site D94S variant.
Titration calorimetry data for 55/59/94 are presented in

Figure 5H. Recall that replacement of aspartate-94 by serine
in the wild-type protein profoundly alters the enthalpy change
associated with Ca2+ binding in the EF site (∆∆H ) +4.1
kcal/mol). A similar effect is observed upon introducing the
D94S mutation into the 55/59 variant. The∆H value shifts
from -5.1 kcal/mol for the EF site of 55/59 to 0 for the
corresponding site in 55/59/94. The enthalpy change as-
sociated with binding at the CD site becomes somewhat more
exothermic, shifting from-0.3 kcal/mol to-1.9 kcal/mol.
55/59/94/98.The combined mutations at residues 55, 59,

94, and 98 exchange the ligand arrays in the CD and EF
sites. Ca2+-binding data for the 55/59/94/98 variant are
displayed in Figure 3B (4). The best least-squares fit to a
two-site model yields dissociation constants of 160 nM and
1.3µM. 1H NMR data indicate that the smaller dissociation
constant corresponds to the CD site. Recall that introduction
of G98D into the wild-type EF site increases the apparent
affinity of that site by a factor of 11 and that introduction of
G98D into D94S yields a 12-fold increase in affinity. The
mutation similarly affords a 9-fold increase in the affinity
of the EF site when incorporated into the 55/59/94 back-
ground.
Raw Ca2+ titration calorimetry data for 55/59/94/98 are

presented in Figure 4F, and the corresponding integrated heat
effects are plotted against the total Ca2+ concentration in Fig-
ure 5, panel I. The best least-squares estimates for∆H are
-2.4 kcal/mol and 0 for the CD and EF sites, respectively.

DISCUSSION

In general, parvalbumin CD and EF sites behave equiva-
lently during titrations with Ca2+, exhibiting dissociation
constants between 1 and 10 nM at physiological pH and ionic
strength. However, the CD and EF sites in oncomodulin
are a notable exception, differing in Ca2+ affinity by a factor
of 20. We have undertaken these studies to assess the
relevance of higher order structural considerations, namely,
placement of the binding loop within the protein sequence,
to this issue. Specifically, we wished to determine (1)
whether the oncomodulin EF site coordination sphere retains
its high-affinity signature when imported into the CD binding
loop and (2) whether the oncomodulin CD site coordination
sphere experiences a marked increase in affinity when
transplanted to the C-terminal end of the molecule.
To address these questions, we produced a site-specific

variant of OM having two EF-like ligand arrays (55/59), as
well as one having two CD-like ligand arrays (94/98). In
addition, we exchanged the CD and EF ligand arrays to
produce 55/59/94/98. The relative performance of the wild-
type and engineered binding sites in these two proteins offers
some insight into the significance of flexibility on the
performance of the two ligand arrays. In addition to these
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multiple-site variants, we have also characterized each of
the single-site variants. Before examining the impact of these
mutations on Ca2+ affinity, we briefly discuss the effect of
the mutations on the conformational stability of the apo-
form of the protein.
Thermal Stability. The four individual mutations exam-

ined in this studysS55D, D59G, D94S, and G98Dsare fairly
conservative, and all occur in solvent-exposed regions of the
protein. With the exception of S55D, they confer modest
alterations in stability, less than 2.5°C.
The consequences of these mutations are largely consistent

with straightforward electrostatic arguments. OM has a
predicted charge of-16 at pH 7.4. Since the S55D and
G98D mutations introduce an additional charge, they are
expected to aggravate electrostatic repulsion in the protein,
thereby decreasing the stability of the native state. Accord-
ingly, both lower the melting point of the protein. The
somewhat greater destabilization caused by S55D (a 4.3°C
reduction inTm and a 20 kcal/mol reduction in the enthalpy
of denaturation) suggests that this substitution may cause a
local unfolding of the protein, with concomitant exposure
of apolar surface area.
Conversely, since D59G and D94S both eliminate a formal

charge, they are predicted to stabilize the native state.
Consistent with this expectation, D94S raises the melting
temperature by 2.5°C. Interestingly, however, the D59G
mutation does not similarly increase theTm. Some additional
factor must counterbalance the more favorable electrostatic
free energy.
The wild-type CD site and the engineered EF site in 94/

98 have the identical constellation of ligands. Replacement
of the +z serine with aspartate in the CD site (to afford
S55D) lowers theTm by 4.3 °C. The same replacement in
the EF site of 94/98 (to produce G98D) lowers theTm by
3.2 °C, suggesting that the stability of the molecule is more
sensitive to alterations at the+zposition in the CD site. By
contrast, replacement of the-x aspartate by glycine in the
CD site (to afford D59G) has no impact on the melting
temperature, while the same mutation in the EF site of 94/
98 (to yield D94S) stabilizes the protein by 1.1°C.
In general, the thermal behavior of the multiple-site

variants is a composite of the individual mutations. Thus,
the destabilizing influence of S55D is tempered somewhat
by the D59G mutation in the 55/59 variant. Similarly, the
stabilizing influence of the D94S mutation is moderated by
the G98D mutation in 94/98. In both cases, the observed
Tm is very close to the average of the two individual
mutations. Although this same trend is continued in 55/59/
94, the melting temperature of the quadruple variant 55/59/
94/98 is roughly 2°C lower than the average of the four
individual mutations.
Ca2+-Binding Properties of the Single-Site Variants.The

S55D and G98D variants have been discussed in a previous
study (52). Their Ca2+-binding properties are recapitulated
here to facilitate the discussion of the multiple-site variants.
As described in the earlier work, both mutations introduce
an additional carboxylate into their respective ligand arrays,
and both increase the Ca2+ affinity of their host sites by an
order of magnitude. Interestingly, in the case of S55D, the
increased affinity has an enthalpic origin, whereas the
increased Ca2+ affinity of G98D reflects an increase in the
entropy of binding.

Aspartate-94, the+z ligand in the EF-binding loop, is
directly coordinated to the bound Ca2+ ion. Replacement
by serine increases the apparent dissociation constant for the
EF site from 45 nM to 42µM, a reduction in the Ca2+ affinity
by nearly 3 orders of magnitude. Titration calorimetry data
indicate that the decrease in the free energy of binding is
almost entirely enthalpic, i.e.,∆∆H ) +3.4 kcal/mol, quite
similar to the∆∆G value of+3.8 kcal/mol.
There are three potential causes for the decreased exo-

thermicity of Ca2+ binding in this variant. Crystallographic
data suggest that the nonliganding carboxylate oxygen in D94
interacts with theε-ammonium group of K96 (48, 50). The
substitution of serine at position 94 would eliminate this
enthalpically favorable interaction in the Ca2+-bound form.
Alternatively, the less favorable enthalpy of binding in D94S
might reflect an attenuated interaction between the EF site
ligands and the bound Ca2+ per se. Although the driving
force for Ca2+ chelation is assumed to be largely entropic,
the enthalpy change for replacement of the hydration shell
by the chelatory ligand array is generally nonzero. A third
explanation for the reduction in magnitude of∆H is that the
conformational rearrangement that accompanies the binding
of Ca2+ to D94S is reduced.
Although aspartate-59 is the-x liganding residue in the

CD site, theγ-carboxylate does not coordinate directly to
the bound Ca2+. Rather, it is indirectly liganded via an
intervening water molecule. In the D59G variant, a water
molecule also occupies the-x position of the CD site inner
coordination sphere. Thus, the replacement of aspartate-59
by glycine does not change the proximal ligand. Neverthe-
less, the Ca2+ affinity of the CD site is reduced by a factor
of 25 (∆∆G ) +2.3 kcal/mol). Intuitively, one might
anticipate that this decrease would have a significant entropic
contribution, since a glycyl residue would experience a
greater loss of configurational entropy than aspartate in the
Ca2+-bound state. Consistent with expectation, the D59G
mutation is accompanied by a-T∆∆Sterm for Ca2+ binding
of +0.8 kcal/mol.
The D59G mutation also causes a significant decrease in

the exothermicity of Ca2+ binding (∆∆H ) +1.5 kcal/mol).
According to the crystal structure determined for OM (48,
50), the aspartate-59 carboxylate is hydrogen-bonded neither
to the peptide backbone nor to a neighboring side chain.
Thus, substitution by glycine is not expected to reduce the
number of stabilizing hydrogen bonds in the Ca2+-bound
form. It is more likely that the decreased enthalpic contribu-
tion mirrors the weaker interaction between the bound Ca2+

and the unperturbed water molecule in D59G, relative to the
interaction of the ion with the bridging water molecule in
the wild-type CD site.
Drake and Falke (58) have performed detailed equilibrium

and kinetic studies of lanthanide binding to the model EF-
hand site in theE. coli galactose-binding protein. Replace-
ment of aspartate by glycine in that system reduces the
affinity of the protein for Tb3+ by a factor of 11. Their data
indicate that replacement of a negatively charged side chain
at the-x position with a neutral side chain reduces the
ground-state stability of the bound state and lowers the
transition energy barrier to dissociation. Because the kinetics
of Ca2+ binding and release can be tuned over a wide range
by simply varying the identity of the-x ligand, they refer
to the-x residue as the “gateway residue.”
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Ca2+-Binding Properties: Multiple-Site Variants.The
combination of the S55D and D59G mutations within the
CD-binding loop imbue the CD site with a ligand array
identical to that found in the EF loop. The relative Ca2+

affinities of these two sitessthe “quasi-EF site” and the wild-
type EF sitesillustrate the performance of this ligand
constellation in the relatively flexible C-terminal region and
in the more rigid central region. If the affinity of the EF
site were dictated exclusively by local factors, i.e., ligand
identity, the two sites in 55/59 should behave equivalently
during Ca2+ titrations. Interestingly, however, placement of
the EF site ligand array into the CD-binding loop is
accompanied by a marked reduction in affinity: The apparent
Ca2+ dissociation constants of the wild-type EF site and the
quasi-EF site in the 55/59 variant are 45 and 720 nM,
respectively. Thus, the engineered site exhibits substantially
lower affinity for Ca2+, in fact, approaching that of the wild-
type CD site, suggesting that placement of the EF site ligand
array in the relatively rigid central region compromises its
performance. In fairness, however, it should be recognized
that the latter value is substantially inflated by the negatively
cooperative interaction between the two sites (vide infra).
The dissociation constant of 160 nM determined for the
quasi-EF site in the 55/59/94/98 variant may offer a better
estimate of the intrinsic Ca2+ affinity of the ligand array in
this setting. Nevertheless, even this amended value suggests
that the potential binding affinity of the EF-site ligand array
cannot be realized in the structural context of the oncomodu-
lin CD loop.
As mentioned in the introduction, Cox and his colleagues

have suggested that the relatively low affinity of the OM
CD site is dictated largely, if not exclusively, by the amino
acid sequence of residues 41-70 (36, 37). The failure of
the EF site ligand array to retain its high-affinity signature
when imported into the CD domain is certainly consistent
with their proposal. In this context, it would be interesting
to examine the 55/59 double mutation in other parvalbumin
backgrounds, notably in ratR-PV, which possesses a high-
affinity CD site, and in avian parvalbumin CPV3, in which
the CD site exhibits intermediate Ca2+ affinity (59).
Just as the combined S55D and D59G mutations permit

comparison of the EF site ligand array in the central and
C-terminal regions of the molecule, the combined D94S and
G98D mutations likewise permit comparison of the CD
ligand array in the two distinct environments. Assuming that
the attenuated Ca2+ affinity displayed by the OM CD site is
indeed dictated primarily by the amino acid sequence
spanning residues 41-70, then the CD site ligand array
should acquire a high-affinity phenotype when imported into
the EF domain. Somewhat unexpectedly, it retains a low-
affinity signature. The apparentKd (3.0µM) for the quasi-
CD site created in the EF-binding loop of 94/98 is roughly
4 times larger than that determined for the wild-type CD
site (0.8µM). If allowance is made for negative cooperat-
ivity, the apparent difference in Ca2+ affinity is smaller still.
Thus, unlike the OM EF site array, the behavior of the OM
CD site ligand array appears to be largely insensitive to
placement, less sensitive than the EF ligand array to its
environment.
However, the question immediately arises as to whether

the combined D94S and G98D mutations would behave
similarly in other PV backgrounds. Moreover, the presence

of aspartate at the-x position in the CD site distinguishes
OM from all other known PV isoforms. Since glutamate is
the consensus residue at this position, it would also be of
interest to learn whether the quasi-CD site resulting from
the combined D94S and G98E mutations mimics the quasi-
CD site in D94S/G98D or whether it in fact displays higher
affinity for Ca2+.
The overall∆H values for Ca2+ binding observed for

several of the variants deserve comment. The total∆H for
the 55/59 variant is just-5.4 kcal/mol. This value is 2.1
kcal/mol less exothermic than that observed for wild-type
OM, even though the overall∆G for Ca2+ binding is
unchanged. Similarly, whereas the overall∆H for binding
of Ca2+ to the 94/98 variant is 3.9 kcal/mol less favorable
than in the wild-type protein, the binding free energy is
changed by just+1.8 kcal/mol. Finally, the overall∆H for
Ca2+ binding to 55/59/94/98 is a mere-2.4 kcal/mols5.1
kcal/mol less favorable than in wild-type OMsalthough the
change in the free energy of binding is just+1.1 kcal/mol.
Since the overall Ca2+ affinity is largely preserved in these
three proteins, the reductions in magnitude of∆H suggest
that the conformational changes that accompany Ca2+ binding
to the variants are more limited than in the wild-type protein.
CooperatiVity. It is generally assumed that the parvalbu-

min CD and EF sites are independent and noninteracting.
However, as DiCera (60) points out, this conclusionslargely
based on the observation of linear Scatchard plots and Hill
coefficients near unitysis unwarranted. The dissection of
site-site interactions in systems comprising intrinsically
nonequivalent sites is far from trivial.
The spatial relationship between the parvalbumin CD- and

EF-binding sites is depicted in Figure 6. As in other paired
EF-hand motifs, there is clearly the potential for site-site
interactions. The two sites are physically adjacentswith the
bound Ca2+ ions just 12 Å apartsand connected by a short
segment of antiparallelâ-sheet formed by residues within

FIGURE 6: Spatial orientation of the parvalbumin CD- and EF-
binding sites. The CD and EF sites, related by an approximate 2-fold
symmetry axis, are physically linked by a short segment of
antiparallelâ-sheet. Hydrogen bonds between L58 and I97 are
indicated in black. The bound Ca2+ ions; the relative positions of
residues 55, 59, 94, and 98; and the aquo ligands that occupy the
-x coordination positions have also been indicated. The relationship
of the two binding sites to the remainder of the molecule is shown
in the inset. This figure was prepared with RasMol (47) using the
published crystallographic coordinates for oncomodulin (48).
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the metal ion-binding loops. This structural element provides
a straightforward mechanism for transmitting structural
information between the two sites. Hydrogen bonds are
present between the amide hydrogen of L58 and the carbonyl
oxygen of I97 and between the carbonyl oxygen of L58 and
the amide hydrogen of I97. Ca2+-induced conformational
alterations within the EF site, for example, could be readily
propagated to the CD loop by these interactions. In this
context, whiting parvalbumin is reported to bind Ca2+ in a
positively cooperative manner (61).
Sykes, MacManus, and co-workers have previously sug-

gested that metal ion binding by oncomodulin is cooperative
in nature (62). Their conclusion was based primarily on1H
NMR and stopped-flow analysis of Ca2+-Lu3+ exchange
data for wild-type OM and the D59E variant. By monitoring
NMR resonances specific for the CD and EF sites, they
concluded, for example, that the D59E mutation increased
the Lu3+ affinity of bothbinding sites in OM by a factor of
5. The binding studies presented here offer further evidence
for conformational interactions between the oncomodulin CD
and EF sites.
In wild-type OM, the EF site is occupied first during Ca2+

titrations, due to its intrinsically higher affinity for Ca2+.
Consequently, the Ca2+ ion subsequently coordinated at the
CD site binds primarily to a conformation dictated by the
binding event at the EF site. However, in several of the
above-mentioned variants, notably D94S and 94/98, the Ca2+

affinity of the EF site has been weakened to the point that
the order of occupancy is reversed. Significantly, the Ca2+

affinity of the CD site is increased in these variants. For
example, the Ca2+ dissociation constant for the CD site is
reduced from 800 nM in the wild-type protein to 500 nM in
D94S and further reduced to 230 nM in 94/98. These data
suggest that the binding of Ca2+ to OM is negatively
cooperativesi.e., occupation of the EF site antagonizes the
subsequent binding event at the CD site. The∆∆G value
of -0.7 kcal/mol calculated for the CD site of the 94/98
variant (Table 2) suggests that the magnitude of this
unfavorable interaction is on the order of 1 kcal/mol.
In the 55/59 variant, the CD-binding loop has acquired a

ligand array identical to that in the wild-type EF site.
Nevertheless, this altered CD site retains sensitivity to
mutations in the EF site, comparable to that observed for
the wild-type CD site. As in wild-type OM, the EF site of
55/59 is occupied preferentially in titrations with Ca2+, and
the D94S and 94/98 mutations similarly reverse the order
of occupancy. Significantly, the Ca2+ dissociation constant
for the CD site in the 55/59 variant decreases from 570 nM
in the 55/59 variant to approximately 230 nM in 55/59/94
and to 160 nM in 55/59/94/98. This trend further implies
that the binding events at the wild-type CD and EF sites are
mutually antagonistic. The∆∆G value of-0.9 kcal/mol
calculated for the CD site in the 55/59/94/98 variant, relative
to the CD site in 55/59, likewise suggests that the magnitude
of the negatively cooperative interaction is roughly 1 kcal/
mol.
Summary.Whereas the oncomodulin EF site displays a

high-affinity (or Ca2+/Mg2+) phenotype, the CD site is a low-
affinity (Ca2+-specific) site. The CD and EF ligand arrays
differ at the+z and-x positions. We have examined the
consequences of exchanging these residues, both singly and
in pairs, with the intent of exploring the relative importance

of ligand identity on Ca2+ affinity. The D59G and D94S
mutations, both of which eliminate a carboxylate ligand from
the coordination, substantially reduce Ca2+ affinity. By
contrast, the S55D and G98D mutations, both of which
introduce a fifth carboxylate into the coordination sphere,
heighten Ca2+ affinity. The latter observations are in conflict
with data previously gathered on model peptide systems.
The combined S55D and D59G mutations create an EF

site ligand array in the context of the CD-binding loop.
Significantly, the EF array exhibits a substantial reduction
in Ca2+ affinity when imported into the CD site, suggesting
that the CD site environment is not optimal for this
constellation of liganding residues. Conversely, the com-
bined D94S and G98D mutations create a CD site ligand
array in the context of the EF site. Interestingly, the CD
ligand array does not acquire a high-affinity phenotype upon
transfer to the EF site environment, suggesting that the Ca2+

affinity of this constellation of ligands is relatively insensitive
to placement within the protein molecule. Oncomodulin is
distinguished from other parvalbumins by its unusually low
isoelectric point (pI ) 3.1) and sequence eccentricities (e.g.,
Y57-L58-D59 instead of F57-I58-E59). It will be interesting
to learn whether CD-EF ligand exchange has similar
consequences in other parvalbumin isoforms from both the
R andâ sublineages.
Finally, we observe that the Ca2+ affinity of the CD site

is perceptibly increased by mutations that reduce the Ca2+

affinity of the EF site. This finding suggests that the affinity
of the oncomodulin CD for the Ca2+ site is attenuated in
part by a negatively cooperative interaction with the EF site.
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