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ABSTRACT EF-hand Ca(Il) binding sites share a con-
served architecture and are prevalent in Ca(Il) signaling
pathways. The ion binding kinetics of these sites are carefully
tuned to provide the physiologically appropriate activation and
inactivation time scales. Here we examine kinetic tuning by the
side chain at the ninth position of the EF-loop. A model is
proposed in which both the size and charge of the side chain
contribute to kinetic tuning. To test this model, the ninth loop
position of the EF-hand-like site in the Escherichia coli p-ga-
lactose binding protein has been engineered and the Th(III)
dissociation kinetics of the resulting sites have been analyzed.
Substitutions at this position are observed to generate up to
10%-fold changes in Th(III) dissociation rates, with little effect
on Th(III) affinity. Furthermore, the observed pattern of rate
changes confirm the model’s predictions; long side chains at the
ninth loop position yield slow dissociation kinetics as predicted
for a steric block, whereas acidic side chains yield slow
dissociation kinetics as expected for an electrostatic barrier.

The EF-hand Ca(II) binding motif is widespread in eukaryotic
Ca(ll) signaling systems where it is used for Ca(lII) activation,
buffering, and structural stabilization (for reviews, see refs.
1-6). At least 276 putative EF-hand Ca(Il) sites have been
identified to date by sequence homology (7), and the crystal
structures of 24 EF-hand sites are known (8-13). Each
EF-hand site utilizes a 12-residue loop to provide seven
oxygens for Ca(I) binding; invariably these oxygens sur-
round the bound ion in a pentagonal bipyramidal coordination
geometry (Table 1 and Fig. 1) (8).

Significant progress has been made in delineating cellular
EF-hand Ca(Il) signaling networks (1-6), yet much remains
to be learned about the control of their kinetics. In a given
pathway, both the activation and inactivation kinetics must
be optimized to generate the appropriate response time and
duration, particularly in pathways regulated by a temporal
sequence of Ca(Il) binding to multiple EF-hand proteins. For
instance, the contraction signal of skeletal muscle (21, 22)
begins with a Ca(II) flux from the sarcoplasmic reticulum.
The incoming Ca(II) binds first to troponin C, the trigger
component of the tropomyosin complex. Then, after a brief
lag phase, the bound Ca(II) population shifts to parvalbumin,
which serves to sequester Ca(II) and inactivate the contrac-
tion signal, until the Ca(Il) is returned to the sarcoplasmic
reticulum.

This ordered flow of Ca(II) between the EF-hand sites of
troponin C and parvalbumin is provided by differences in their
ion binding kinetics, specificities, and affinities. Troponin C
possesses two fast-activation sites exhibiting high Ca(II) spec-
ificity and relatively short halftimes for Ca(ll) loading and
unloading, such that for each two-step event, the overall time
scale is 712 < 10 msec (23, 24). In contrast, the two slow-
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buffering sites of parvalbumin are less Ca(II)-specific and are
initially saturated with Mg(II). The slow dissociation of Mg(II)
from these sites provides the needed lag phase of #,/> = 1 sec
prior to Ca(Il) binding (22, 25). [Parvalbumin also exhibits
slow dissociation for other multivalent cations, indicating that
slow dissociation kinetics are a characteristic feature of its
cooperative binding sites (25).] Finally, the Ca(II) affinity of
parvalbumin (K4 = 10 nM) is significantly greater than that of
the troponin C activation sites (Kq = 3 uM), providing a net
flow of Ca(Il) from troponin C to parvalbumin during the
approach to equilibrium (23, 26).

Previous studies have begun to elucidate the molecular
mechanisms underlying affinity (27) and specificity (28-32)
tuning; and 4-fold kinetic tuning has been accomplished by
varying surface charge near an EF-hand site (33). However,
most of the 103-fold range of Ca(II) dissociation rates from
EF-hand sites (22, 25, 34) remain to be explained in terms of
structural features. The present study begins by comparing
the tertiary and primary structures of fast and slow EF-hand
Ca(Il) sites to identify residues that might be involved in
kinetic tuning. Subsequently, a candidate residue is tested in
the experimentally accessible EF-hand-like site of the Esch-
erichia coli galactose binding protein. Since only the Ca(II)-
occupied structures of EF-hand sites have been well-studied,
the focus is on metal ion dissociation rather than association.
The results suggest that the ninth EF-loop position plays a
key role in kinetic tuning and, moreover, that kinetics can be
tuned independently of affinity.

METHODS

Engineering the Ca(Il) Binding Site of the E. coli Galactose
Binding Protein. Plasmid pSF5 bearing the gene for galactose
binding protein was engineered by oligonucleotide-directed
mutagenesis as described (31). The resulting wild-type and
engineered genes were expressed in E. coli and the protein
was purified by standard procedures (31, 35). Bound metal
ions were removed by dialysis (31, 35, 36); the final dialysis
buffer was 100 mM KCIl [Ca(Il)-electrode grade, Orion]/10
mM Pipes-KOH, pH 6.0.

Tb(III) Dissociation Measurements. To quantitate Tb(III)
dissociation, the binding protein at 2.5 uM was allowed to
equilibrate overnight at 25°C with 25 uM TbCl; in final buffer.
Bound Tb(III) fluorescence was selectively monitored by
steady-state energy transfer from nearby Trp-127 (Aex = 292
nm; Aem = 543 nm; bandwidths = 4 nm) (31, 35, 36); the
dissociation time course was triggered by the addition of 0.3
mM EDTA. For the Asn-142 site, it was necessary to initiate
the time course by stopped-flow rapid mixing, yielding the
same final ionic parameters.

RESULTS

A Model for Kinetic Tuning. Examination of the known
EF-hand crystal structures reveals a specific side-chain po-
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Table 1. Summary of coordinating residues in 276 EF-hand Ca(II) binding sites

Residue
9
1 3 5 7 (side chain 12
Site (side chain) 2 (side chain) 4 (side chain) 6 (backbone) 8 or H;0) 10, 11 (side chain)
Consensus (276 seqs) Asp (99%, 273)  Asp (75%, 207)  Asp (57%, 158) —C=0 (100%) Asp (33%, 92) Glu (91%, 252)
Parvalbumin site 1 (22 seqs) Asp (22) Asp (22) Ser (22) Phe (17) Glu (22) Glu (22)
Tyr (5)
Troponin C, calmodulin sites
1-4 (129 seqs) Asp (128) Asp (106) Asp (74) Thr (50) Asp (54) Glu (129)
Asn (1) Asn (23) Asn (37) Gin (20) Ser (28) Gln (1)
Ser (13) Tyr (19) Thr (24)
Gly (5) Phe (10) Asn (22)
Arg (8) Glu (1)*
Asp (5)
Asn (3)
Leu (3)
Cys (3)
Ser (2)
His (2)
Lys (1)
Ala (1)
Val (1)
Gly (1)
Other sites (125 segs) Asp (123) Asp (79) Asp (84) Lys (30) Asp (38) Glu (101)
Glu (1) Asn (31) Asn (22) Glu (15) Gly (27) Asp (17)
Tyr (1) Glu (13) Ser (15) Thr (15) Ser (21) Val (4)
Ser (2) Glu (2) Phe (13) Thr (12) Asn (2)
Gin (1) Tyr (9) Met (11) Leu (1)
Thr (1) Ser (8) Glu (6)
Val (7) Gin (2)
Ala (5) Arg (2)
Ile (4) Asn (2)
Asp (4) Cys (1)
Arg 3) Leu (1)
Met (3) Val 1)
Leu (3) Ala (1)
Asn (2)
Gin (2)
Gly (1)
Pro (1)

Shown are the 12 positions of the EF-hand Ca(lI) binding loop. The type of coordination provided by each of the six coordinating positions
is indicated, and the consensus residues most commonly used for coordination are in boldface type. Also summarized are the nonconsensus
residues observed at these positions. The number of occurrences of each residue is indicated in parentheses. Data were compiled from 276
EF-loop sequences (7). At the ninth position, Glu or Gln provides direct coordination, whereas shorter side chains yield coordination by solvent.

seqs, Sequences.

*From the Saccharomyces cerevisiae CMD1 protein, which lacks an essential Ca(II) signaling function (14, 15).

sition where kinetic tuning might occur and suggests a model
in which tuning is partly controlled by steric factors (Figs. 1
and 2). In each structure, the shortest path connecting the
bound Ca(Il) to bulk solvent is partially or completely
blocked by the axial ninth side chain of the EF-loop. Further
examination of these structures reveals two distinct classes of
axial coordination. (/) When the side chain is Glu or Gln, the
side chain carboxyl oxygen provides direct coordination to
the Ca(Il) (4 examples, refs. 8-13, 16), thereby yielding the
maximum steric hindrance to dissociation, as summarized in
Fig. 1A. (ii) In contrast, shorter residues at the ninth loop
position never provide direct coordination (20 examples,
refs. 8-13, 16); instead the axial ligand is a water oxygen,
often stabilized by outer-sphere coordination to the side
chain as illustrated in Fig. 1B (16). Such axial coordination by
solvent is proposed to generate less steric hindrance to
dissociation and may even provide a dissociation channel
leading to the bulk solvent (Figs. 1 and 2).

The information provided by EF-hand primary structures
(Table 1) is consistent with the steric component of the model
and suggests an electrostatic component of kinetic tuning as

well. The EF-hand family with the slowest metal dissociation
kinetics (25), namely, the parvalbumins with 22-member se-
quences, possesses a perfectly conserved Glu at the ninth loop
position of their N-terminal site (Table 1 and ref. 7). The slow
dissociation kinetics of these proteins is proposed to stem in
part from steric hindrance by direct Glu coordination and in
part from an electrostatic barrier to dissociation provided by
the Glu charge. In contrast, the rapid EF-hand sites (23, 24, 34)
of troponin C and calmodulin possess neither Glu nor Gln at
the ninth loop position in 128 of the 129 described sequences
(Table 1 and ref. 7). [The sole exception is the Glu in site 2 of
the Saccharomyces cerevisiae CMD] protein (14), an atypical
calmodulin that lacks an essential Ca(Il) signaling function
(15).] Instead the rapid sites utilize shorter side chains includ-
ing Asn, Ser, and Asp (Table 1 and ref. 7). This lack of
sequence overlap between rapid and slow sites is unique to the
ninth loop position; at the other five coordinating positions,
side chains are shared extensively between the two kinetic
classes. Interestingly, for the rapid sites, the ninth loop posi-
tion also exhibits the greatest sequence variability, consistent
with its proposed role in tuning.
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FiG. 1. Axial Ca(Il) coordination at the ninth position of the
EF-loop. Four representative sites illustrating the two types of axial
coordination associated with the ninth EF-loop position [—-X in the
octahedral designation (16)]. The sites are oriented such that the
nearest solvent interface is reached by vertical migration of the ion.
Shown for each site is the bound Ca(II) (yellow atom) surrounded by
the pentagonal bipyramidal array of coordinating oxygens (red
atoms). Highlighted is the side chain of the ninth loop position
(carbon is green and nitrogen is blue). (A) Gln and Glu side chains
provide direct inner sphere Ca(II) coordination. To the left is the
Ca(lI) site of the E. coli galactose binding protein (17); to the right is
site II of parvalbumin (18). (B) Asn and Asp side chains stabilize inner
sphere coordination by a water oxygen (aqua atom). Also shown is
the second most proximal water oxygen. To the left is site IV of
calmodulin (19); to the right is site III of troponin C (20).

Testing the Kinetic Tuning Model by Engineering the Ninth
Position of the Loop. The steric and electrostatic tuning model
makes simple predictions that can be tested by engineering
the ninth loop position of a representative EF-hand site and
then quantitating the effects on metal ion dissociation. The E.

Solvent

F1G.2. Schematic model for Ca(Il) dissociation from an EF-hand
Ca(Il) site. Shown are the seven coordinating oxygens (darkly
shaded spheres) surrounding the central Ca(II) atom (small open
sphere), as well as the axial side chain of the ninth loop position,
which is proposed to tune the dissociation rate (explicitly shown at
the top of the figure). Ca(II) dissociation is proposed to occur in the
vertical direction along the shortest path to solvent (boldface arrow)
after the steric block of the coordinating axial side chain is removed
by a conformational change.
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coli periplasmic galactose binding protein, which utilizes
Ca(II) binding for structural stabilization, possesses a single
Ca(Il) binding site with an EF-hand-like structure as dis-
cussed in detail (17). Two features of this site make it useful
for quantitative measurements: (i) it possesses the binding
properties of a simple independent site lacking the compli-
cations of cooperative multisite systems and (ii) it provides
Trp-127 within 5 A of the bound ion for sensitive fluorescence
detection of metal binding (35, 36). The present study em-
ploys four versions of the site (31): the wild-type site that
possesses Gln at the ninth loop position [Q142(WT)] and the
three most conservatively engineered sites possessing Glu,
Asn, or Asp at this position (Q142E, Q142N, or Q142D,

respectively).

Characterization of the Engineered Ca(Il) Sites. The engi-
neered galactose binding proteins exhibited no detectable
structural or functional perturbations outside the Ca(Il) site,
as determined by measurements of D-glucose affinity and
NMR chemical shifts (31). The wild-type site is highly
specific for Ca(Il), effectively excluding the physiological
Na(I), K(I), and Mg(II) ions (35, 36). However, as typically
observed for EF-hand sites, certain other metal cations,
including the trivalent lanthanides, can replace Ca(Il).

Tb(III), a fluorescent lanthanide, was the metal of choice
for kinetic studies because each of the engineered sites
exhibited Tb(III) affinities and dissociation kinetics in mea-
surable ranges; in addition, bound Tb(III) can be monitored
by a sensitive fluorescence energy transfer assay. [In con-
trast, Ca(Il) dissociation kinetics could not be measured
because fluorescent Ca(Il) indicators were observed to per-
turb protein folding (data not shown).] The effective ionic
radius of Tb(III) is similar to that of Ca(II) (0.98 and 1.06 A
for sevenfold coordination, respectively), and it yields the
same coordination in EF-hand sites. Thus, Tb(III) can sub-
stitute for Ca(Il) in EF-hand site activation (37-39). It is
worth noting, however, that electrostatic effects may be
exaggerated for the trivalent substrate Tb(III) relative to
Ca(Il).

In the present case, Tb(III) dissociation time-course ex-
periments were triggered by addition of 0.3 mM EDTA,
which was nonperturbing since EDTA concentrations up to
3 mM yielded identical Tb(III) dissociation kinetics. Subse-
quently, the bound Tb(III) population, which decreased as
the Tb(III) dissociated and was trapped by the chelator, was
continuously quantitated by steady-state nonradiative energy
transfer from Trp-127 to the bound Tb(III) ion (40). In the
case where dissociation was sufficiently fast (k¢ > 1 sec™1),
the time course was determined by stopped-flow fluores-
cence.

Tb(III) Dissociation Time Courses. The resulting time
courses reveal dramatic differences between the kinetics of
the four sites. The Tb(III) dissociation rate varies by more
than four orders of magnitude, as summarized in Fig. 3 and
Table 2. As predicted, for side chains with the same charge,
the shorter side chain provides more rapid dissociation,
yielding 110-fold and 24-fold rate increases for the Gin vs.
Asn and the Glu vs. Asp pairings, respectively. For side
chains of the same length, the acidic functionality generates
slower Tb(III) dissociation, yielding 500-fold and 110-fold
rate decreases for the Asn vs. Asp and the Gln vs. Glu
pairings, respectively. Thus the results indicate that the
kinetic tuning model correctly predicts the sign of changes in
metal ion dissociation rates resulting from both steric and
electrostatic modifications of the axial side chain at the ninth
loop position.

A key question is whether dissociation kinetics can be
tuned independently from metal ion affinity. This question
was addressed by comparing the dissociation rates and metal
ion affinities of the four sites, as summarized in Table 2. No
correlations between dissociation and affinity were ob-
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FiG. 3. Time courses of Tb(III) dissociation from the engineered EF-hand model site. Illustrated are the Tb(III) dissociation reactions of
four versions of the model EF-hand site; the wild-type site, which possesses Gln-142 at the ninth EF-loop position, and three engineered sites
possessing Glu, Asn, and Asp at this position. (Inset) Additional stopped-flow data for the Asn-142 site. Time courses were modeled by a single
decaying exponential, representing first-order dissociation from a homogeneous population of sites. The resulting nonlinear least squares best
fit curves are shown overlayed on the data. Tb(III) ko values are summarized in Table 2. Samples contained 2.5 uM protein, 25 uM TbCls,
10 mM Pipes-KOH (pH 6.0), and 100 mM KCl. Dissociation reactions at 25°C were triggered by the addition of 0.3 mM EDTA. rel., Relative.

served: the Asn-142 and Asp-142 sites exhibit indistinguish-
able Tb(III) affinities (31), but dissociation is 500-fold more
rapid from the former site; the Tb(III) affinity of the Gln-142
site is 1.9-fold greater than the Glu-142 site (31), but disso-
ciation from the former is 110-fold faster. Perhaps the most
surprising observation is that the Asn-142 site, which exhibits
the highest Tb(III) affinity, also yields the fastest Tb(III)
dissociation. At the same time, the Glu-142 site, which
exhibits the lowest Tb(III) affinity, provides the slowest
Tb(III) dissociation, fully 1.2 X 10%-fold slower than the
Asn-142 site. Thus, the unique structure of the EF-hand site
enables its Tb(III) dissociation kinetics to be significantly
altered without a corresponding change in its metal ion
affinity.

Ionic Strength and Temperature Dependence of Ion Disso-
ciation Rates. The ionic strength dependence of Tb(III) dis-
sociation is summarized in Table 2 for each site. Overall the
ionic strength dependence is 4- to 10-fold lower than expected
for the dissociation of a solvent-exposed +3 ion from a —3

Table 2. Equilibrium and kinetic parameters of Tb(III)
dissociation from the engineered EF-hand model site

koﬂ‘, s-l AliA.l'l')

"Site K4, M (X103) (2122)Y/2, ¢ kcal/mol
Q142E 280 = 90 0.10 = 0.02 0.3 12+1
Q142D 50 +10 24 £0.1 0.8 11+1
Q142(WT) 150 = 50 111 0.7 10+1
Q142N 50 +20 1200 = 100 0.7 4x1

Shown are the parameters of the wild-type site (Q142) and three
sites engineered at the ninth EF-loop position (Q142E, Q142D, and
Q142N). Ky is the previously measured equilibrium Tb(III) disso-
ciation constant at 25°C (31). ko is the rate constant for Tb(III)
dissociation at 25°C. The sites are listed in increasing order of this
parameter. (z1z2)V/2 is the ionic strength dependence of the Tb(III)
dissociation rate at 25°C, measured by varying the KCl concentration
from 25 to 400 mM. The resulting rates were best fit to the equation
derived for ionic dissociation in solution, In(kog) = In(ko) +
2.3(z1z2)u!/2, where p is the ionic strength, ko is the dissociation rate
constant at zero ionic strength, and z1z; is the product of the
dissociating charges (41). AH ar is the Arrhenius activation energy of
the dissociation rate, measured over the range 15-35°C (1 cal = 4.184
1.

site [for which the predicted (41) dependence is (z122)!/2 = 3;
compare with Table 2]. Finally, Table 2 also reveals a
correlation between the dissociation rates and the observed
Arrhenius activation free enthalpies.

DISCUSSION

The Tb(III) dissociation rates of the wild-type (Q142) and
engineered (Q142N, Q142D, and Q142E) sites suggest that
the ninth position of the EF-hand loop plays a major role in
tuning metal dissociation Kinetics (Figs. 1 and 2 and Table 1).
Side chains that provide direct coordination at this position
(GIn or Glu) yield dissociation rates one to two orders of
magnitude slower than shorter side chains; whereas a nega-
tively charged side chain (Glu or Asp) slows dissociation by
two to three orders of magnitude relative to the correspond-
ing neutral side chain. Moreover, these Kinetics can be varied
independently of affinity, indicating that side-chain substitu-
tions can tune the barrier height of the dissociative transition
state while leaving the stability of the ion site complex
unchanged relative to the empty site. This remarkable prop-
erty is predicted to provide an important physiological ad-
vantage: the dissociation rate of a given EF-hand site, which
in part determines the inactivation kinetics of the Ca(lIl)
signal, can be tuned as required for optimal pathway timing,
while the Ca(Il) affinity can be independently optimized to
match the Ca(II) concentration during an activation flux. The
observed insensitivity of metal ion affinity to substitutions at
the ninth loop position warrants further examination: a
molecular understanding of this insensitivity would be facil-
itated by additional structural information regarding the
empty and Tb(III)-occupied sites.

The ionic strength and temperature dependence of the
Tb(III) dissociation rates reveal additional features of the
dissociative transition state. For each site, the relatively
weak ionic strength dependence of the dissociation rate
suggests that the ionic transition state is partially buried
within the protein where it is shielded from solvent. Alter-
natively, the effective charge of the site during the transition
state may be reduced by protonation of multiple coordinating
carboxylates. If simple transition state theory describes the
dissociation, then the temperature dependence reveals a
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strong correlation between the Arrhenius activation enthalpy
and the dissociation rate but does not quantitatively account
for the observed rates, indicating that entropic factors also
contribute. Solvent reorganization around the Ca(II) binding
loop could provide one such entropic factor.

Additional structural features of the EF-hand site are
expected to contribute to kinetic tuning, including the com-
position of other loop positions and the binding of Ca(II) or
protein ligands at allosterically coupled sites. However in
specific cases (for example, the parvalbumin family, which
exhibits a perfectly conserved Glu at the ninth loop position
of the N-terminal site and which binds no protein ligands), the
side chain at this position is proposed to be a critical one in
the kinetic control of Ca(II) signaling.
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