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(Bacl(ground: Regulation of calcium channels by calcium-sensor proteins mediates short term synaptic plasticity.
Results: Calcium-binding protein-1 (CaBP1) inhibits calcium channels through its N terminus and second EF-hand, which is

Conclusion: Specific domains of CaBP1 are responsible for differential regulation, including an EF-hand inactive in calcium

Significance: These results reveal the molecular code used by calcium-sensor proteins to differentially regulate short term
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Presynaptic Cay2.1 channels, which conduct P/Q-type Ca>*
currents, initiate synaptic transmission at most synapses in the
central nervous system. Regulation of Cay2.1 channels by CaM
contributes significantly to short term facilitation and rapid
depression of synaptic transmission. Short term synaptic plas-
ticity is diverse in form and function at different synapses, yet
CaM is ubiquitously expressed. Differential regulation of Ca,,2.1
channels by CaM-like Ca>* sensor (CaS) proteins differentially
affects short term synaptic facilitation and rapid synaptic
depression in transfected sympathetic neuron synapses. Here,
we define the molecular determinants for differential regulation
of Ca,2.1 channels by the CaS protein calcium-binding pro-
tein-1 (CaBP1) by analysis of chimeras in which the unique
structural domains of CaBP1 are inserted into CaM. Our results
show that the N-terminal domain, including its myristoylation
site, and the second EF-hand, which is inactive in Ca>* binding,
are the key molecular determinants of differential regulation of
Cay 2.1 channels by CaBP1. These findings give insight into the
molecular code by which CaS proteins differentially regulate
Ca, 2.1 channel function and provide diversity of form and func-
tion of short term synaptic plasticity.

P/Q-type Ca®" currents conducted by Ca,,2.1 channels ini-
tiate synaptic transmission at most conventional fast synapses
in the central nervous system (1, 2). Short term synaptic facili-
tation and rapid synaptic depression, on the time scale of mil-
liseconds, strongly influence the response of synapses to trains
of incoming action potentials (3, 4). Typically, synaptic trans-
mission is strengthened by short trains of action potentials
through synaptic facilitation, whereas long trains of action
potentials cause depression of synaptic transmission. At the
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Calyx of Held, which is a large synapse in the auditory system,
simultaneous recordings of presynaptic P/Q-type Ca>* current
and postsynaptic responses have shown that short term synap-
tic facilitation requires expression of Ca,2.1 channels (5).
Moreover, both short term facilitation and the rapid compo-
nent of depression of synaptic transmission are correlated with
the amplitude and kinetics of Ca®>" -dependent facilitation and
inactivation of the P/Q-type Ca®>" current (6 -9). These results
implicate regulation of Ca,,2.1 channels in short term synaptic
plasticity at the specialized Calyx of Held synapse, where both
Ca®" currents and synaptic transmission can be recorded
simultaneously.

Cay2.1 channels expressed in nonneuronal cells are regu-
lated by Ca®*-dependent facilitation and inactivation (10, 11).
These Ca®"-dependent regulatory processes require interac-
tion with Ca®>"/CaM (10, 11), which binds to a bipartite regu-
latory site in the C-terminal domain of these channels (10, 12,
13). Ca®"-dependent facilitation is engaged by local increases
in intracellular Ca®", whereas Ca®>*-dependent inactivation
requires more sustained, global increases in intracellular Ca%*
(11). Ca®>*-dependent facilitation is mediated by high affinity
Ca%* binding to the C-terminal EF-hand of CaM, which inter-
acts preferentially with an IQ-like motif in the C-terminal
domain of Ca,,2.1 channels (12, 13). Ca*>*-dependent inactiva-
tion is mediated by lower affinity Ca>* binding to the N-termi-
nal EF-hands of CaM and subsequent interaction of the N-ter-
minal domain of CaM (12) with a CaM binding domain (CBD)?
located just downstream of the 1Q-like motif in the C-terminal
domain of Ca,2.1 channels (10, 13). Mutations of the 1Q-like
motif and deletion of the CBD (ACBD) inhibit Ca®" -dependent
facilitation and inactivation, respectively (13). In sympathetic
neurons, synaptic transmission driven by transfected Ca, 2.1
channels shows facilitation followed by depression in trains of
stimuli, and facilitation and depression are inhibited by muta-
tion of the IQ-like domain and the CBD, respectively (14).
These results show that regulation of presynaptic Ca*>* chan-

3 The abbreviations used are: CBD, CaM binding domain; ACBD, deletion of
the CBD; CaBP1, Ca®*-binding protein-1; CaS, CaM-like neuronal Ca** sen-
sor; EGFP, enhanced GFP; VILIP-2, visinin-like protein-2.
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nels by Ca®>"-dependent binding of CaM contributes substan-
tially to short term synaptic plasticity (15).

Short term synaptic plasticity at different synapses is diverse
in form and function (3, 4), suggesting that Ca>* channel reg-
ulators in addition to ubiquitiously expressed CaM may be
involved. The family of CaM-like neuronal Ca®>" sensor (CaS)
proteins includes many members that are differentially
expressed in different types of neurons and differentially regu-
late many neuronal functions (16 —19), including Ca®>" currents
and short term synaptic plasticity (20—23). Ca®>*-binding pro-
tein-1 (CaBP1), a neuron-specific CaS protein, interacts with
Ca, 2.1 channels and modulates their activity in a manner dis-
tinct from CaM (20). Interaction of CaBP1 with the CBD posi-
tively shifts the voltage dependence of activation of Ca,2.1
channels, supports faster inactivation in both single depolariza-
tions and trains of depolarizations, and reduces Ca®"-depen-
dent facilitation (20). Sympathetic neuron synapses expressing
Ca,2.1 channels and CaBP1 have reduced synaptic facilitation
and more rapid depression.* The experiments described here
define the molecular basis for the differential regulation of
Ca,2.1 channels by the CaS protein CaBP1 and provide insight
into the molecular code used by CaS proteins in differential
regulation of short term synaptic plasticity.

EXPERIMENTAL PROCEDURES

Construction of Chimeras—All of the chimeras were named
with a combination of two letters and four numbers. The letters
are N for the N-terminal domain including the myristoyl moi-
ety and H for the interlobe a-helix. The four numbers corre-
spond to the four EF-hands from N to C terminus. The CaBP1
functional domains are highlighted in bold and underlined,
whereas the CaM domains are in normal font. The N12H34
chimera was generated by subcloning the N terminus of the
long splice variant of CaBP1l (amino acids 1-80) into
pcDNA3.1 and inserting it in-frame with CaM in pcDNA3.1.
Similarly, the chimera N12H34 was generated by fusing the N
terminus and EF-1 of CaBP1 (amino acids 1-183) in-frame with
EF-hand 2, H, EF-hand 3, and EF-hand 4 of CaM (amino acids
46 —end). The (N12H34) chimera composed of the N terminus
of CaBP1 (amino acids 1-80) fused to EF-hand 1 of CaM
(amino acids 1-45), EF-hand 2 of CaBP1 (amino acids 120—
150), and the central helix, EF-hand 3 and EF-hand 4 of CaM
(amino acids 84-end) was generated using the N12H34 chimera
and replacing EF-2 of CaM (amino acids 46 —83) with EF-2 of
CaBP1 that was subcloned separately. The chimera N12H34
was generated from NI12H34 by replacing EF-hand 3 and EF-
hand 4 of CaM in with the corresponding EF-hand 3 and EF-
hand 4 of CaBP1 (amino acids 160-227).

Cell Culture and Transfection—Prior to transfection, tsA-
201 cells were grown to ~70% confluence in DMEM/Ham’s
F12 with 10% FBS (Atlanta Biologicals, Lawrenceville, GA) and
100 units/ml penicillin and streptomycin at 37 °C in 10% CO.,.
Cells in 35-mm dishes were transfected with Ca>" channel sub-
units o, (2 or 1.2 pug), By, (1.5 or 1 ug), a,6 (1 ug) with or
without the long splice variant of CaBP1 (16), or a chimera (1
ug), using the Ca>* phosphate method or FUGENE 6. CDS (0.3

4K. Leal, S. Mochida, T. Scheuer, and W. A. Catterall, submitted.
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pg) was included to identify cells transfected with transmem-
brane proteins, and EGFP expression was used to select cells
expressing chimeras or CaBP1. Throughout the results CaM
indicates endogenous CaM present in tsA-201 cells. Through-
out the results expression of Ca,2.1 channels will indicate co-
transfection of o, B,,, and 0.

Electrophysiological Recording and Data Analysis—Whole
cell voltage clamp recordings were obtained at room tempera-
ture 2—3 days after transfection. tsA-201 cells were incubated in
extracellular solution containing 10 mm CaCl, or 10 mm BaCl,,
150 mm Tris, 1 mm MgCl,, and CD8 beads (Dynal, Oslo, Nor-
way) to allow visualization of transfected cells. The intracellular
solution consisted of 120 mm N-methyl-p-glucamine, 60 mm
HEPES, 1 mm MgCl,, 2 mm Mg-ATP, and 0.5 mm EGTA. The
pH of intracellular and extracellular solutions was adjusted to
7.3 with methanesulfonic acid. Recordings were made using an
HEKA EPC 9 patch clamp amplifier (HEKA Electronik, Lam-
brecht, Germany) with PULSE software (HEKA Elektronik) and
filtered at 5 kHz. Leak and capacitive transients were subtracted
using a P/-4 protocol. Because extracellular Ba>* causes shifts
in the voltage dependence of activation of —10 mV, voltage
protocols were adjusted to compensate for this difference. Data
analysis was performed using IGOR (Wavemetrics, Lake
Oswego, OR). Individual traces of the data in Figs. 2, A and B,
and 4, A and B, were smoothed prior to measuring /,,, using a
binomial algorithm smoothing within 20 points. Activation
curves from each cell were fit to determine values for the volt-
age of half-activation (V,,) and the slope (k) using the Boltz-
mann equation: y = (¥,,.c — Ymin)/(1 + exp(V},, = VI/K) + ¥in-
All averaged data represent the mean = S.E. Statistical signifi-
cance was determined using one-way ANOVA.

RESULTS

Structure and Function of CaS Proteins—CaM and Ca$ pro-
teins contain four EF-hand motifs separated into two pairs by a
central a-helix (Fig. 14). All four EF-hands in CaM are active in
Ca*>" binding, whereas at least one of the two N-terminal EF-
hands of the neuronal CaS proteins has molecular changes that
prevent high affinity Ca®>* binding (Fig. 1A4) (17, 18). In addi-
tion, the CaS proteins have an extended N-terminal domain
with an N-terminal myristoyl lipid anchor. These molecular
differences in the CaS proteins must be responsible for the dif-
ferential regulation of Ca,2.1 channels, yet the molecular
determinants of this differential regulation are unknown. We
constructed chimeric CaS proteins in which the regulatory
domains of CaBP1 were progressively transferred into CaM
(Fig. 1A) and analyzed their functional properties. Our strategy
was to convert the regulatory properties of CaM to those of
CaBP1, overexpress the chimeras to displace endogenous CaM,
and detect the change of functional properties of the chimeras
by their distinctive regulatory properties compared with
endogenous CaM. Overexpression of CaM itself does not have
any functional effects on Ca,,2.1 channels, suggesting that it is
already at a saturating concentration (20). Therefore, distinc-
tive regulatory effects conferred by expression of chimeras can
be ascribed to the molecular changes in the chimeras them-
selves and not to additive effects of endogenous CaM plus the
chimera. All of the chimeras we constructed were functionally
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FIGURE 1. Activation curves and peak currents of Ca, 2.1 channels modu-
lated by chimera N12H34. A, schematic of CaM/CaBP1 chimeras. EF-hands
areindicated by rectangles and the central a helixis indicated by a spiral. Filled
rectangles, CaM EF-hands; striped rectangles, CaBP1 EF-hands that bind Ca**
with high affinity; open rectangles, CaBP1 EF-hands that do not bind Ca** with
high affinity. Band C, normalized tail current-voltage curves were obtained by
depolarizing from a holding potential of —80 mV to a variety of potentials and
then repolarizing to —40 mV to elicit a tail current before returning to the
holding potential (B) in Ca** for CaM (filled circles; n = 16), CaBP1 (open circles;
n = 7), and N12H34 chimera (open triangles; n = 10) and (C) in Ba*" for CaM
(filled circles; n = 8), CaBP1 (open circles; n = 6), and N12H34 chimera (open
triangles; n = 10). D and E, the peak inward current in the presence of Ca*>* (D)
orBa®" (F) from the current-voltage curve was normalized to the capacitance
estimated by integrating a 10-ms test pulse from —80 mV to —90 mV for CaM
(black), CaBP1 (white), and N12H34 chimera (diagonal lines). The data shown
are averages * S.E. (error bars). Asterisk indicates a significant difference from
CaM (*, p < 0.05).

expressed because each of them had a clearly detectable effect
on regulation of Ca,2.1 channels (supplemental Tables 1 and
2). However, only one chimera was able to fully confer the reg-
ulatory properties of CaBP1 on CaM as described below.
Functional Effects of Transfer of the N-terminal Domain of
CaBPI to CaM—Previous studies showed that expression of
CaBP1 causes reduced peak current, more positive voltage
dependence of activation, more rapid inactivation in single
depolarizations as well as in trains of depolarizations, and
reduced facilitation in trains of depolarizations compared with
endogenous CaM for Ca,2.1 channels expressed in the human
embryonic kidney cell line tsA-201 (20). To determine the
molecular basis for these differences in Ca>* channel regula-
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FIGURE 2. Inactivation and facilitation of Ca, 2.1 channels modulated by
chimera N12H34. A and B, mean normalized currents elicited by a 1-s depo-
larization from —80 mV to (A) +30 mV in Ca®* for CaM (n = 13), CaBP1 (n =
10), and N12H34 chimera (n = 8) or (B) +20 mV in Ba®* for CaM (n = 6), CaBP1
(n = 6), and N12H34 chimera (n = 14). C and D, paired-pulse ratios (PPR) of
CaM (black), CaBP1 (white), and N12H34 chimera (diagonal lines) from tail
currents evoked by test pulses 1.05 s before (P7) or 8 ms after (P2) a 50-ms
depolarization to + 10 mV to allow Ca®" entry. Test pulses were from —80 mV
to (C) +30mV for Ca®* currents or (D) +20 mV for Ba>* currents followed by
repolarization to —40 mV to evoke a tail current. E and F, normalized currents
from repetitive depolarizations at a frequency of 100 Hz for 5 ms from —80 mV
to (E) +20 mV in Ca** for CaM (filled circles; n = 13), CaBP1 (open circles; n =
10), and N712H34 chimera (open triangles; n = 8) or (F) +10 mVin Ba>" for CaM
(filled circles; n = 5), CaBP1 (open circles; n = 10), and N12H34 chimera (open
triangles; n = 8). The data are averages * S.E. (error bars). Asterisks indicate a
significant difference from CaM over error bars or CaBP1 over brackets (**,p <
0.01; *, p < 0.05).

tion, we transferred functional domains of CaBP1 into CaM
progressively, constructing CaBP1/CaM chimeras. Previous
studies showed that deletion of the myristoylation site from the
N terminus of CaBP1 prevented its differential regulation of
Ca,,2.1 channels (24). A chimera in which the entire N-terminal
domain of CaBP1 was substituted in CaM (N12H34) induced
relatively negative voltage dependence of activation of both I,
and I, similar to Ca,,2.1 channels in the presence of endoge-
nous CaM (Fig. 1, B and C). However, this chimera showed
reduced I, like CaBP1 but not reduced I, (Fig. 1, D and E).

Transfer of the N-terminal domain of CaBP1 into CaM in the
NI2H34 chimera did not increase the rate of Ca>*-dependent
inactivation of I, compared with that observed with endoge-
nous CaM (Fig. 2A) and only partially increased the rate of
inactivation of I, toward the faster rate observed with CaBP1
(Fig. 2B). Nevertheless, this chimera significantly reduced both
paired-pulse facilitation (Fig. 2, C and D) and facilitation in
trains (Fig. 2, E and F), but not as effectively as CaBP1. Alto-
gether, this chimera increased CaBP1-like regulation of inacti-
vation of I, during single depolarizations and significantly
reduced facilitation during paired pulses and trains of depolar-
izations, but it was ineffective in transferring positively shifted
voltage dependence of activation to CaM (Table 1).

Functional Effects of Transfer of EF-hand 1 of CaBP1 to CaM—
To examine whether addition of EF-hand 1 of CaBP1 would
transfer the functional properties of CaBP1 modulation of
Ca, 2.1 channels, we constructed a chimera in which both the
N-terminal domain and EF-hand 1 of CaBP1 were substituted
in CaM (N12H34). The N12H34 chimera induced negative
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voltage dependence of activation of both I, and I;, and high
peak current density similar to CaM (Fig. 3, A and B). In addi-
tion, this chimera induced inactivation of /-, and I;;, that was
similar to CaM and was slower than CaBP1 (Fig. 4, A and B).
The NI12H34 chimera induced paired-pulse facilitation that
was similar to CaM, whereas facilitation in trains was signifi-
cantly reduced compared with CaM, but not to the level
observed with CaBP1 (Fig. 4, E and F). Taken together, these
results suggest that the N terminus plus the EF-hand 1 of CaBP1
give some CaBP1-like effects when substituted in CaM, but are
not sufficient for the positive voltage dependence of activation,
enhanced inactivation, large reduction in facilitation, and
decrease in the current density that are characteristic of CaBP1
modulation of Ca,,2.1 channels (Table 1).

Functional Effects of Transfer of EF-hand 2 of CaBP1 to CaM—
A striking difference between the neuronal CaS proteins and
CaM is the presence of an EF-hand motif in which amino acid
substitutions prevent high affinity Ca®>" binding (16-19).
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FIGURE 3. Activation curves and peak currents of Ca, 2.1 channels modu-
lated by chimera N12H34. A and B, normalized tail current-voltage curves
were obtained by depolarizing from a holding potential of —80 mV to a vari-
ety of potentials and then repolarizing to —40 mV to elicit a tail current before
returning to the holding potential (A) in Ca®* for CaM (filled circles; n = 13),
CaBP1 (open circles; n = 8), and N12H34 chimera (open triangles; n = 10) and
(B) in Ba*" for CaM (filled circles; n = 10), CaBP1 (open circles; n = 8), and
N12H34 chimera (open triangles; n = 10). C and D, the peak inward current
from the current-voltage curve was normalized to the capacitance estimated
by integrating a 10-ms test pulse from —80 mV to —90 mV for CaM (black),
CaBP1 (white), and N12H34 chimera (diagonal lines). The data shown are aver-
ages = S.E. (error bars). Asterisks indicate a significant difference from CaM
over error bars or CaBP1 over brackets (**, p < 0.01).

TABLE 1
Summary of functional effects of CaBP1/CaM chimeras

Although these EF-hand motifs are inactive in Ca*>* binding,
they may participate in Ca®>"-independent regulatory interac-
tions. Consistent with an important functional role for the inac-
tive EF-hand 2, binding of CaBP1 to Ca,,2.1 channels does not
require Ca>", and the effects of CaBP1 on the voltage depend-
ence of activation, peak current amplitude, time course of inac-
tivation, and facilitation in trains of depolarizations are all
observed for Ba®>" currents recorded in the absence of Ca*"
(20). To test the functional role of EF-hand 2 of CaBP1, we
constructed an additional chimera in which both the N-termi-
nal domain and the second EF-hand motif of CaBP1 were trans-
ferred into CaM (NI12H34) (Fig. 1A). This chimera shifted the
activation of Ca,,2.1 channels to more positive voltages, like
Ca,2.1 channels regulated by CaBP1 (Fig. 5, A and B) and
reduced peak Ca, 2.1 channel currents like CaBP1 (Fig. 5, C and
D). Moreover, this chimera increased the rate of inactivation of
both I, and I, as effectively as CaBP1 (Fig. 6, A and B). The
NI12H34 chimera also reduced paired-pulse facilitation like
CaBP1 (Fig. 6, C and D) and prevented facilitation of both I,
and I, in trains of depolarizations similarly to CaBP1 (Fig. 6, E
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FIGURE 4. Inactivation and facilitation of Ca, 2.1 channels modulated by
chimera N12H34. A and B, normalized currents elicited by a 1-s depolariza-
tion from —80 mV to (A) +30 mV in Ca?" for CaM (n = 10), CaBP1 (n = 8), and
N12H34 chimera (n = 8) or (B) +20 mVin Ba%* for CaM (n = 6), CaBP1 (n = 8),
and N12H34 chimera (n = 10). C and D, paired-pulse ratios (PPR) of CaM
(black), CaBP1 (white), and N12H34 chimera (diagonal lines) from tail currents
evoked by test pulses 1.05 s before (P7) or 8 ms after (P2) a 50-ms depolariza-
tionto +10 mVtoallow Ca®* entry. Test pulses were from —80 mV to (C) +30
mV for Ca®* currents or (D) +20 mV for Ba>* currents followed by repolariza-
tion to —40 mV to evoke a tail current. E and F, normalized currents from
repetitive depolarizations at a frequency of 100 Hz for 5 ms from —80 mV to
(E) +20 mVin Ca** for CaM (filled circles; n = 13), CaBP1 (open circles;n = 10),
and N12H34 chimera (open triangles; n = 15) or (F) +10 mV in Ba*" for CaM
(filled circles; n = 10), CaBP1 (open circles; n = 10), and N12H34 chimera (open
triangles; n = 8). The data are averages = S.E. (error bars). Asterisks indicate a
significant difference from CaM (**, p < 0.01).

The transfer of regulatory properties of CaBP1 to CaM is indicated by the symbols: —, regulatory property of CaM is retained; +, regulatory property of CaBP1 is effectively
transferred in the chimera; =, regulatory property of CaBP1 is partially transferred in the chimera.

Construct Vi Peak current Rate of inactivation Paired-pulse facilitation Facilitation in trains
CaM - - - - -
NI2H34 - + - =+ *
NI12H34 - - - - *
NI2H34 + + + + +
NI2H34 - - - + +
CaBP1 + + + + +
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FIGURE 5. Activation curves and peak currents of Ca, 2.1 channels modu-
lated by chimera N12H34. Normalized tail current-voltage curves were
obtained by depolarizing from a holding potential of —80 mV to a variety of
potentials and then repolarizing to —40 mV to elicit a tail current before
returning to the holding potential (A) in Ca®* for CaM (filled circles; n = 6),
CaBP1 (open circles; n = 5), and N12H34 chimera (open triangles; n = 10) and
(B) in Ba*" for CaM (filled circles; n = 9), CaBP1 (open circles; n = 10), and
N12H34 chimera (open triangles; n = 9). Cand D, the peak inward current from
the current-voltage curve was normalized to the capacitance estimated by
integrating a 10-ms test pulse from —80 mV to —90 mV for CaM (black), CaBP1
(white), and N12H34 chimera (diagonal lines). The data shown are averages =
S.E. (error bars). Asterisks indicate a significant difference from CaM (¥, p <
0.05; **, p < 0.01).
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FIGURE 6. Inactivation and facilitation of Ca, 2.1 channels modulated
by chimera N712H34. A and B, normalized currents elicited by a 1-s depo-
larization from —80 mV to (A) +30 mVin Ca2™ for CaM (n = 10), CaBP1 (n =
8), and N12H34 chimera (n = 8) or (B) +20 mV in Ba®* for CaM (n = 6),
CaBP1 (n = 8), and N12H34 chimera (n = 10). C and D, paired-pulse ratios
(PPR) of CaM (black), CaBP1 (white), and N12H34 chimera (diagonal lines)
from tail currents evoked by test pulses 1.05 s before (P7) or 8 ms after (P2)
a 50-ms depolarization to +10 mV to allow Ca®* entry. Test pulses were
from —80 mV to (C) +30 mV for Ca®* currents or (D) +20 mV for Ba*"*
currents followed by repolarization to —40 mV to evoke a tail current.
E and F, normalized currents from repetitive depolarizations at a fre-
quency of 100 Hz for 5 ms from —80 mV to (E) +20 mV in Ca>" for CaM
(filled circles; n = 13), CaBP1 (open circles; n = 10), and N12H34 chimera
(open triangles;n = 15) or (F) +10mVin Ba2* for CaM (filled circles;n = 10),
CaBP1 (open circles; n = 10), and N12H34 chimera (open triangles; n = 8).
The data are averages = S.E. (error bars). Asterisks indicate a significant
difference from CaM (**, p < 0.01; *, p < 0.05).
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FIGURE 7. Activation curves and peak currents of Ca, 2.1 channels modu-
lated by chimera N12H34. Normalized tail current-voltage curves were
obtained by depolarizing from a holding potential of —80 mV to a variety of
potentials and then repolarizing to —40 mV to elicit a tail current before
returning to the holding potential (4) in Ca®" for CaM (filled circles; n = 6),
CaBP1 (open circles; n = 5), and N12H34 chimera (open triangles; n = 10) and
(B) in Ba*" for CaM (filled circles; n = 9), CaBP1 (open circles; n = 10), and
N712H34 chimera (open triangles; n = 9). Cand D, the peak inward current from
the current-voltage curve was normalized to the capacitance estimated by
integrating a 10-ms test pulse from —80 mV to —90 mV for CaM (black), CaBP1
(white), and N12H34 chimera (diagonal lines). The data shown are averages =
S.E. (error bars). Asterisks indicate a significant difference from CaM over error
bars or CaBP1 over brackets (**, p < 0.01; *, p < 0.05).

and F). Thus, all of the regulatory properties of CaBP1 were
transferred to CaM in a chimera containing the N-terminal and
EF-hand 2 of CaBP1 (Table 1).

Functional Effects of Transfer of the C-terminal Lobe of
CaBP1I to CaM—Finally, we examined the functional role of the
C-terminal lobe of CaBP1 together with its N terminus substi-
tuted in CaM (N12H34). Expression of Ca,,2.1 channels with
the N12H34 chimera gave negative voltage dependence of acti-
vation and normal peak current density for both I, and I, like
Ca,,2.1 channels in the presence of endogenous CaM alone (Fig.
7). In addition, Ca, 2.1 channels expressed with the N12H34 chi-
mera had a slow rate of inactivation similar to expression with
endogenous CaM and significantly different from CaBP1 (Fig. 8, A
and B). However, compared with CaM, the NI12H34 chimera
induced somewhat less paired-pulse facilitation in the presence of
Ca>" (Fig. 8C) and both reduced facilitation and increased inacti-
vation of Ca,,2.1 channels during trains of depolarizations com-
pared with CaM (Fig. 8, E and F). Overall, this chimera retained
CaM-like voltage dependence of activation, high expression level,
and regulation of inactivation of I, and I;;, during single depolar-
izations, and it gained partial CaBP1-like effects in reducing facil-
itation and enhancing inactivation during paired pulses and trains
of depolarizations (Table 1).

DISCUSSION

Molecular Basis for Differential Regulation of Ca,2.1 Chan-
nels by CaBP1—The neuron-specific Ca$ proteins differ from
CaM in their N-terminal myristoylation, their extended N-ter-
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FIGURE 8. Inactivation and facilitation of Ca, 2.1 channels modulated
by chimera N712H34. A and B, normalized currents elicited by a 1-s depo-
larization from —80 mV to (A) +30mVin Ca%* for CaM (n = 10), CaBP1 (n =
8), and N12H34 chimera (n = 8) or (B) +20 mV in Ba®* for CaM (n = 6),
CaBP1 (n = 8), and N12H34 chimera (n = 10). C and D, paired-pulse ratios
(PPR) of CaM (black), CaBP1 (white), and N12H34 chimera (diagonal lines)
from tail currents evoked by test pulses 1.05 s before (P1) or 8 ms after (P2)
a 50-ms depolarization to +10 mV to allow Ca?™" entry. Test pulses were
from —80 mV to (C) +30 mV for Ca®" currents or (D) +20 mV for Ba®*
currents followed by repolarization to —40 mV to evoke a tail current. E
and F, normalized currents from repetitive depolarizations at a frequency
of 100 Hzfor 5 ms from —80 mV to (E) +20 mVin Ca®" for CaM (filled circles;
n = 13),CaBP1 (open circles; n = 10), and N12H34 chimera (open triangles;
n=15)or (F) +10 mV in Ba?* for CaM (filled circles; n = 10), CaBP1 (open
circles; n = 10), and N12H34 chimera (open triangles; n = 8). The data are
averages = S.E. (error bars). Asterisks indicate a significant difference from
CaM over error bars or CaBP1 over brackets (**, p < 0.01).

minal domains, and their EF-hands that are inactive in Ca®>"
binding (16 -19). Previous studies showed that myristoylation
is required for differential regulation of Ca,2.1 channels by
CaBP1 and visinin-like protein-2 (VILIP-2) (23, 24). Our results
presented here show that the differential regulation of Ca,,2.1
channels by CaBP1 and CaM are primarily determined by the
N-terminal domain and the second EF-hand, which is inac-
tive in Ca®>" binding (16 —19). Transfer of these two domains
into CaM fully confers CaBP1-like regulatory properties,
including reduced peak current, positively shifted voltage
dependence of activation, increased rate of inactivation,
reduced paired-pulse facilitation, and reduced facilitation
during trains of depolarizations (Table 1). In contrast, sub-
stitution of the N-terminal lobe or other EF-hands gave at
most partial transfer of CaBP1 properties (Table 1). These
results provide the initial insights into the molecular code
used by CaS proteins in differential regulation of Ca®>" chan-
nel function. Evidently, molecular changes in specific
domains of the CaS$ proteins are sufficient to confer these
differential Ca®>"* channel regulatory properties.

It is unexpected that EF-hand 2, which is predicted to be
inactive in Ca®>* binding, is dominant among the four EF-hands
in transferring the regulatory effects of CaBP1 to CaM. This
EF-hand has two complementary effects. First, it displaces CaM
as indicated by the loss of Ca®" -dependent facilitation induced
by CaM. Second, it induces more rapid, Ca”>"-independent
inactivation than observed with CaM, which indicates that its
binding causes Ca®"-independent acceleration of inactivation.
These results imply that EF-hand 2 is constitutively in an acti-
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vated conformation with respect to these regulatory effects of
CaBP1 on Ca,2.1 channels. Because the neuronal Ca$ proteins
all have at least one EF-hand that is predicted to be inactive in
Ca%* binding, it is possible that these inactive EF-hands also
play a dominant regulatory role in other CaS protein-depen-
dent regulatory processes.

In addition to the N-terminal and EF-hand 2, transfer of
other EF-hands from CaBP1 to CaM gave partial CaBP1 effects,
suggesting that these domains also contribute to the overall
function of CaBP1 (Table 1). In particular, The N12H34 chi-
mera supported partial CaBP1-like effects to reduce facilitation
and enhance inactivation of Ca,2.1 channels during trains of
stimuli (Table 1). These results show that substitution for the
C-terminal lobe of CaM, which is responsible for Ca?"-depen-
dent facilitation (13), reduces facilitation partially even without
transfer of EF-hand 2 of CaBP1. Thus, even though EF-hand 2
of CaBP1 is dominant in transferring its regulatory effects, per-
haps because it is constitutively in an activated conformation in
the absence of Ca®>*, other EF-hands of CaBP1 may further
enhance its Ca®" -dependent regulatory functions because they
have partial effects when transferred into CaM by themselves
(Table 1).

Ca®" Sensor Proteins and Short Term Synaptic Plasticity—
Within the family of CaS proteins, CaBP1 can displace CaM
from their common interaction site on Ca,,2.1 channels and
enhance inactivation (20), whereas VILIP-2 binds at the same
site and enhances facilitation (23). CaBP1 and VILIP-2 differ-
entially regulate synaptic plasticity when overexpressed at sym-
pathetic neuron synapses expressing Ca,2.1 channels.* These
results show that the neuronal Ca$ proteins can bind to the
same bipartite regulatory site as CaM on Ca, 2.1 channels but
cause differential regulation of Ca®>" channel function and
short term synaptic plasticity.

At the Calyx of Held, facilitation of P/Q-type Ca®" currents
contributes significantly to short term synaptic facilitation (5,
6), and Ca®"-dependent inactivation of P/Q-type Ca*>* cur-
rents contributes significantly to the rapid phase of synaptic
depression (7, 8). In transfected sympathetic neurons, regula-
tion of Ca,,2.1 channels by CaM is required for short term syn-
aptic facilitation and rapid synaptic depression at sympathetic
neuron synapses transfected with wild-type and mutant Ca,,2.1
channels (14). These results all point to an important role for
regulation of Ca,2.1 channels by CaM and Ca$ proteins in
short term synaptic plasticity.

The form of short term synaptic plasticity differs widely
among synapses, with very different ratios of facilitation and
depression (3, 4), but the molecular basis for the diversity of
short term synaptic plasticity is unknown. CaM is ubiquitious
and cannot effectively provide diversity of synaptic plasticity in
different types of neurons and synapses. Our results presented
here suggest that differential regulation of presynaptic Ca*"
channels by the “inactive” EF-hands of neurospecific CaS pro-
teins may provide diversity of short term synaptic plasticity.
Analysis of the molecular determinants of differential Ca**
channel regulation by other members of the Ca$S family of pro-
teins will provide further insight into the molecular code that
these proteins use for differential modulation of short term syn-
aptic plasticity.
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