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ABSTRACT. Cellular C&" transients and Céa-binding proteins regulate physiological phenomena as diverse
as muscle contraction, neurosecretion, and cell division. Whén Baapidly mixed with slow C&
chelators, EGTA, or M§/EDTA, artificial Ca* transients (ACTs) of varying duration (6-50 ms half-

widths (hws)) and amplitude can be generated. We have exposed sev&rahd@eators, Ca"-binding
proteins, and a Ca-dependent enzyme to ACTSs of various durations and observed their transient binding
of Ca&*, complex formation, and/or activation. A 0.1 ms hw ACT transiently occupi@®% of the
N-terminal regulatory sites of troponin C consistent with their rapié*Qm-rate (8.7 2.0 x 10/ M1

s1). A 1.1 ms hw ACT produced-90% transient binding of the N-terminal of calmodulin (CaM) to the
RS-20 peptide, but little binding of CaM’s C-terminal to RS-20. A 0.6 ms hw ACT was sulfficient for the
N-terminal of CaM to transiently bind-60% of myosin light chain kinase (MLCK), while a 1.8 ms hw
ACT produced~22% transient activation of the sarcoplasmic reticulum (SRya Pase. In both cases,

the ACT had fallen back to baselinel0—30 ms before maximal binding of CaM to MLCK or SR
Ca"/ATPase activation occurred and binding and enzyme activation persisted long after the Ca transient
had subsided. The use of ACTs has allowed us to visualize how thee2ahange rates of €abinding
proteins dictate their Ca-induced conformational changes, 2 &anduced protein/peptide and protein/
protein interactions, and enzyme activation and inactivation, in response?toti@asients of various
amplitude and duration. By characterizing the response of these proteins to ACTs, we can predict with
greater certainty how they would respond to naturad*Geansients to regulate cellular phenomena.

C&" is a ubiquitous second messenger responsible for Fluorescent Ca indicators, such as fluo-3 and mag-fura-2
regulating a large variety of cellular processgk (n cells, (MF2)! allow the time course of Ca transients to be
[Ca2t] rises in a transient fashion, allowing for the activation followed within living cells. The half-widths (hws) of Ca
and subsequent inactivation of various’Ghinding proteins transients vary greatly from+1 ms in neurons3d) to ~15
and C&*-regulated enzymes. The €aexchange rates of  ms in skeletal muscleff and up to minutes in smooth muscle
C&'-binding proteins are variable (for review, see 2&f (5). Cytosolic [C&"] typically rises in cells when hormonal
allowing them to be “tuned” so that they are activated to a or neuronal stimulation triggers the entry of extracellular
specific extent and for a particular duration by cellula?Ca  Ca*" and/or the release of €afrom internal stores (endo-
transients. Alterations in the profile of €atransients or in plasmic or sarcoplasmic reticulum (ER, SR9) 7). Cytosolic
the kinetics of C&" exchange with C&-binding proteins  [Ca*] decreases as €dATPases pump Ca into the ER
can produce dramatic changes in?Gdependent physi-  or SR or extrude G4 across the plasma membrane. When
ological responses. C&" uptake mechanisms fail, €atransients are prolonged
and this can lead to cell necrosis and cell ded&h A
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! Abbreviations: MF2, mag-fura-2; hw, half-width; ER, endoplasmic : b :
reticulum; SR, sarcoplasmiéJ reticulum; TnC, troponin C; Tn%-danz, f-adrenergic agonists increase the amplitude and shorten the

dansylaziridine labeled troponin C; TBQ, 2,5-ti-butyl)-1,4-ben- duration of the C# transient in cardiac ventricular muscle,
zohydroquinone; CaM, calmodulin; MLCK, myosin light chain kinase; causing increased contractility and faster relaxatib).(

RS-20, smooth muscle myosin light chain kinase peptide (ARRK- i i 2 i
WOKTGHAVRAIGRLSS): "MIANS. 2-(4-maleimidoanilino)-naph- Thus, the amplitude and duration of the?C#&ransient can

thalene-6-sulfonic acid; ACT, artificial Catransient; TNP/ATP, 23 dictate the extent and longevity of €abinding to proteins
O-(2,4,6-trinitrophenyl)/ATP. and subsequent enzyme activation. It has also been shown
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in B lymphocytes that Cd transients of different amplitude 7,510 1
and duration control the differential activation of specific

transcriptional regulatorsl(). These studies imply that the complexes T,‘{},‘Pln;?)te K°”(§ff;;a‘e Ka ?,\f}c,')n'ty
. SN A d

tuning qf C&" binding to proteins is also an important £ oo 13x1CF 055 225 107
mechanism to alter cellular responses to changes ifffCa  gEpTa + ca+ 22%x10 07 3.2% 108
Another example of this tuning mechanism is observed in EDTA + Mg2* 8.75x 10° 2.8 3.2x 1078
fast twitch skeletal muscle. During a twitch, Tarapidly MF2 + Ca* 2x10° 4000 2x 10°°

. . A . Fluo-3+ Ca* 54x 10 170 3.2x 1077
binds to the N-terminal regulatory sites of troponin C (TnC) 1,,¢ N-terminalt a2+ 87x 107 160 1.8 10°6
to elicit a contraction, while Ga slowly exchanges with  cam C-terminak Ca* 23x 106 2.4 1x 1076
the C&* buffering protein parvalbumin to aid relaxatiat®y. CaM N-terminah Cef* 1.6x 16 405 25¢10° °
Thus, modifications of both the €atransient and Ca- CaM N-terminat Cef” + MLCK 6.7 x 10" 0.031 5x 107
exchange properties of €abinding proteins can produce . o B ) )
alterations in cell function. Protein Purification CaM was purified from bovine brain

Naturally occurring C# transients can be modified by ~and wheat germ as described previously by Kasturi et al.
varying electrical stimulation parameteds3), by drugs that ~ (17)- Wheat germ CaM and skeletal TnC were fluorescently
inhibit C&* resequestration into cellular compartmerit4, (  labeled with 2-(4maleimidoanilino)-naphthalene-6-sulfonic
15), or by addition of extracellularld) or intracellular (3, acid (MIANS) (17) and dansylaziridine (DANZ) 1@),

16) Ca* chelators such as EGTA. These modifications have respectively. MLCK was purified to electrophoretic homo-
helped to determine the role &aplays in physiological geneity from chicken g|z;ard smooth muscle as described
systems. For example, in living skeletal muscle at°@y by Ngai et al. {9). SR vesicles were prepared from the back
intracellular EGTA caused a 2-fold decrease in the hw of @nd leg muscles of rabbits by the method of Elter and Inesi
twitch-induced C#& transients, while the SR €dATPase  (20)- o N
inhibitor 2,5-di-tert-butyl)-1,4-benzohydroquinone (TBQ) Methods Kinetic measurements were performed by.m|xmg
caused a 2-fold increase in the hw of théCaansient {3). an equal volume (5@L) of each solution together in an
As the duration of the G4 transient was increased from Applied Photophysics Ltd. (Leatherhead, U.K.) model SF.17
~40 to 130 ms, there was a linear increase in tension MV stopped-flow instrument which has a dead time of 1.6

development. Thus, the duration of the2?Caransient in ~ Ms. The samples were excited using a 150 W Xenon arc
skeletal muscle is a primary determinant of force. source at the specified wavelength. Fluorescence emission
In these studies we show that, wher?Cahelators with was monitored through the specified interference filters. The
slow C&" on-rates (EGTA and MJ/EDTA) are rapidly ~ curve fitting program (by P. J. King, Applied Photophysics
mixed with C&*, the [C&*] initially rises and then falls as  Ltd.) uses the nonlinear Levenberllarquardt algorithm.
these chelators bind €a This allowed us to generate &a The calibration of the change in quin-2 fluorescence into
transients of various amplitudes and durations in a stopped-moles of C&" dissociating from the Ca/CaM/RS-20
flow apparatus and to determine the response of*Ca COMplex was previously described by Johnson etZi). (
indicators (fluo-3 and MF2), Ca-binding proteins (calm- Computer Modeling Computer simulations were per-
odulin (CaM) and TnC), and G&dependent enzymes formed using KSIM version 1.1 (N. C. Millar, UCLA School
(myosin light chain kinase (MLCK) and SR &#ATPase)  Of Medicine, Los Angeles, 22)), which solved a set of
to these C# transients. Previously investigators determined differential equations numerically using the Rung@utta

Cca&* on-rates by rapidly mixing Ga with an apo C# - method. All reactions were considered to be bimolecular,
binding protein and determined Eaoff-rates by mixing a  With kinetic parameters (association and dissociation rates)
Ca&* chelator with a C#-saturated C&-binding protein. corresponding to those of the experimental data as listed in
Our new approach allows us to follow the consequences of Table 1 and the appropriate figure legends. The initial
both C&* binding and C& removal on the following: Ca- concentrations of the reagents in the simulations were set at

induced conformational changes; anduced protein/  the steady-state values corresponding to the contents of the
peptide and protein/protein interactions; and enzyme acti- tWo stopped-flow syringes immediately after mixing (time
vation and inactivation, in response toCaransients of =0

various amplitude and duration. This has enabled us to define

how these C#-binding proteins and Ca-dependent en- RESULTS

zymes are tuned to receive and transduce th& Gignal Response of a Rapid and Slow?Céndicator to a 1.2 ms
into cellular actions. This approach should further our hw Artificial Ca&2* Transient Since EGTA has a slow Ga
understanding of how cellular €atransients regulate €& on-rate, when Cd is rapidly mixed with EGTA, free [C&]
dependent processes. initially rises and then falls as it is chelated by EGTA. The

slow C&" chelation by EGTA thereby allows the production
EXPERIMENTAL PROCEDURES of artificial C&" transients (ACTs) in a stopped-flow
Materials.Quin-2, mag-fura-2, fluo-3, and TNP/ATP were apparatus. The KSIM computer progra@?y was used to
purchased from Molecular Probes (Eugene, OR); EDTA and simulate the C& transient which would be produced when
EGTA were purchased from Sigma (St. Louis, MO); and 100 uM C&*" was instantaneously reacted wii©®0 xM
hydroxylapatite was purchased from Bio-Rad (Hercules, CA). EGTA. This simulation (Figure 1, Ca trace) shows that
RS-20, smooth muscle myosin light chain kinase CaM- [C&']xes initially set at 10Q«M, would fall at a rate of 600/s
binding peptide (ARRKWQKTGHAVRAIGRLSS), was producing an ACT with a 1.2 ms hw. This ACT can be
purchased from American Peptide Co. (Sunnyvale, CA). All produced and visualized by mixing 2@ Ca?" with an
other chemicals were of analytical grade. equal volume of the rapid Gaindicator MF2 in the presence
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Ficure 1: Response of the €aindicators mag-fura-2 and fluo-3  Figure 2: Effect of [EGTA] on the half-width of artificial C&

to a 1.2 ms half-width artificial Cd transient. The traces show  transients. Mag-fura-2 fluorescence (traces inverted) was used to
the time courses of decrease in fClaee (C&* trace), mag-fura-2 follow the time course of the artificial Ga transients which were
fluorescence (Mag-Fura-2 trace, inverted for comparison), fluo-3 produced when 20@M Ca?* was rapidly mixed with an equal
fluorescence (Fluo-3 trace), and a simulation ofCaccupancy  volume of 1M mag-fura-2 in the presence of 0.5, 0.75, 1, or 2

of Fluo-3 (0), during a 1.2 ms hw artificial @atransient. C& mM EGTA. Experiments were conducted atfDusing the buffers
(2004M) in 10 mM Mops, 90 mM KCl, pH 7.0, was rapidly mixed  described in the legend of Figure 1. Control experiments, in which
with an equal volume of the appropriate?Candicator (1uM) +  C#* + mag-fura-2 was mixed with buffet C&+, were flat and

1 mM EGTA, in the same buffer at 1T. The simulation of fall  ajlowed us to calculate that80% of the mag-fura-2 was transiently
in [Cé?*]ree of this artificial C&* transient and of Fluo-3 Ca occupied with C&" during each artificial CH transient. Mag-fura-2

occupancy was modeled using the program KSINM) (and the fluorescence was monitored as described in the legend of Figure

kinetic parameters described in Table 1. The initialfGavas set 1. Each trace represents an average of 5 traces fit with a single-
at 100uM and the initial [EGTA] at 50Q¢M to mimic the stopped- exponential equation (variance 3 x 10—4)

flow experiments described above. The kinetic parameters in the

simulation for the C& off- and on-rates from EGTA of 0.55/s . .
and 1.3x 106 M~ts 1 at 10°C, respectively, were used. The half- Effect of [EGTA] on ACT DurationFigure 2 shows the

width of the artificial C&" transient was measured as the time time courses of several ACTs when®Cavas rapidly mixed
required for a 50% decrease in [Chree Control experiments, in  with MF2 in the presence of increasing [EGTA]. When 200
which C&" + mag-fura-2 or fluo-3 was mixed with buffefr Cet*, uM Ca2* was mixed with an equal volume ofiM MF2 in

were flat and indicated that80% of mag-fura-2 and-95% of ‘ ;
fluo-3 were transiently occupied with €aduring this artificial the presence of 0.5 mM EGTA (Figure 2, 0.5 mM EGTA

Ca* transient. Mag-fura-2 fluorescence was monitored through a {face), C& occupied ~80% of the MF2, causing its
510 nm broad band-pass filter (Oriel, Stanford, CT) with excitation fluorescence to increase during the mixing time of the
at 380 nm. Fluo-3 fluorescence was monitored through a 530 nm instrument. As C& was subsequently chelated by EGTA,
narrow bﬁ'}ﬁj‘é);?cgﬁi’e(gggé fgg:gggtgg)nv‘g%ggg%ifog 32‘&22 ﬁ{lé:/IFZ fluorescence decreased at a rate-8fL5/s back to its
nm. Eac . - - a+-free fluorescence level. Under these conditions, an ACT
- 4 )
with a single-exponential equation (varianse2 x 1074). with an amplitude of 10QtM C&* and a hw of 2.2 ms
of 1 mM EGTA, in a stopped-flow apparatus at X0 (Figure (determined from the extrapolated single-exponential fit to
1, Mag-Fura-2 trace). Note that, after mixing, the concentra- the data) was produced. As the [EGTA] before mixing was
tions of C&" and EGTA will be the same as used in the successively increased from 0.5to 0.75, 1 and 2 mM (Figure
modeling above. Extrapolation of the curve fit to zero time 2), ACTs of 1.6, 1.2, and 0.6 ms hws were produced. The
indicated that C& occupied~80% of the MF2, causing an  rate of fall in [C&'] in these ACTs increased linearly with
increase in its fluorescence during the mixing time of the increasing [EGTA], as expected for a second-order reaction.
instrument. As the Ca was subsequently chelated by EGTA, At higher [EGTA], more of the C& was chelated during
MF2 fluorescence decreased at a rate~a@00/s which the~1.6 ms mixing time of the instrument, resulting in less
corresponded to the simulated rate of fall in {Qdor this of the decrease in MF2 fluorescence being observed. Thus,
ACT. Thus, the ACT produced when €ais mixed with ACTs, which vary in duration from 0.6 to 2.2 ms hws, can
EGTA can be visualized using MF2 fluorescence. When the be generated using various concentrations of the slot¥ Ca
higher-affinity C&* indicator, Fluo-3, was subjected to the chelator EGTA. When 20@M Ca* was mixed with 1uM
same ACT (Figure 1, Fluo-3 trace), €anitially saturated MF2 in the presence of 500M EGTA, at 10, 20 and 30
the indicator, causing an increase in its fluorescence during°C, the hw of the ACT decreased from 2.2 to 1.1 to 0.6 ms,
the mixing time of the instrument. As €awas subsequently ~ respectively (data not shown). Thus, the duration of an ACT
chelated by EGTA, there was a lag period before freéfCa  generated with EGTA was-2-fold shorter for each IO
was reduced sufficiently to cause dissociation of thé"Ca  increase in temperatu(&:o of ~2.0).

Fluo complex and then Fluo-3 fluorescence decreaséd Generation of Longer-Duration ACTs Using EDTA&hen
times more slowly (100/s) than the MF2 fluorescence and the C&" chelator EDTA is bound to Mg, C&" cannot bind
the simulated rate of fall in [C&]. A simulation of the C&" until Mg?* dissociates. Since Mg dissociates from EDTA

occupancy of Fluo-3 during this €atransient shows that at ~3/s at 10°C, M¢?"/EDTA is a slow C&" chelator.
C&" occupancy follows precisely the observed change in Therefore, when G is mixed with MG*/EDTA, [C& e
Fluo-3 fluorescence. Thus, the rapid2Candicator MF2 initially rises and then falls as €adisplaces Mg and binds
accurately reported this ACT while the slower’?Candicator to EDTA. The very slow C& chelation by M§"/EDTA
fluo-3 responded to the same ACT with a large kinetic delay. allows the production of ACTs of longer duration than those
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Ficure 3: Effect of [Mg?t ] on the half-width of artificial Ca*
transient created with EDTA. (A) The traces show computer
simulations (using KSIM) of the artificial Ca transients produced
when 10uM C&?* was instantaneously reacted with 0@ EDTA

in the absence of Mg (no Mg trace), or in the presence of 0.125,
0.25, or 0.5 mM Mg". At time = 0, the initial [Mg?*], [EDTA],

and [Mg*/EDTA] were set at the steady-state values for the specific
[Mg?t] used, and then 10M C&* was instantaneously introduced.
C&* on- and off-rates (2.% 10" M~ st and 0.7/s, respectively)
and Mg@" on- and off-rates (8.75« 10° M~! s and 2.8/s,
respectively) from EDTA at 10C were used in these simulations.
The half-widths of the artificial Cd transients were measured as
the time required for a 50% decrease in Qg (B) The traces

Davis et al.

transient was reduced from2300/s to~14/s, producing an
~165-fold increase in ACT duration.

Fluo-3 was used to visualize the ACT produced with
Mg?/EDTA since fluo-3 fluorescence is not affected by
Mg?*. Figure 3B shows fluo-3 fluorescence as a function of
time when fluo-3 is subjected to ACTs generated with EDTA
in the presence of increasing [Mg. When 20uM Ca*
was mixed with an equal volume of AM Fluo-3 in the
presence of 200M EDTA, C&" initially occupied~100%
of the fluo-3, causing an increase in its fluorescence during
the mixing time of the instrument. As €awas subsequently
chelated by EDTA, fluo-3 fluorescence decayed at a rate of
~200/s (3 ms hw) which was-10 times slower than the
simulated rate of fall in [CH] at ~2000/s (0.3 ms hw) in
this ACT. As [M¢?*] was increased to 0.125, 0.25, and 0.5
mM (after mixing), C&" initially saturated fluo-3, causing
an increase in its fluorescence during the mixing time of the
instrument. As [M§'] was increased, Fluo-3 was saturated
with C&" for increasing periods of time before €acould
displace Md@* from EDTA and be effectively removed from
Fluo-3. Once this occurred, fluo-3 fluorescence (Figure 3B)
decreased with hws of30 (23/s), 50 (14/s), and 116 ms
(6/s) for 0.125, 0.25, and 0.5 mM Mg respectively. As
the hw of the simulated ACT increased from 0.3 ms to 5,
23, and 50 ms, fluo-3 reported the decrease irf{Caore
accurately with decreasing kinetic delays froriO- to
2-fold. Due to the competitive binding of €aand Mg" to
EDTA, as the [M@'] was increased, EDTA lost some of its
capacity to remove Ca from fluo-3, and this is reflected
by the fact that fluo-3 fluorescence does not return to its
Ca'-free state at higher [Md]. Modeling of the C&"
occupancy of Fluo-3 by each of these ACT showed that the
C&" occupancy followed a time course nearly identical to
that of the Fluo-3 fluorescence data in Figure 3B (data not
shown). Thus, even for the slower €dransients (0.5 mM
Mg), the Fluo-3 fluorescence falls at 6/s2 times more
slowly than the rate of fall in [CH]. Apparently at higher
[Ca&*], the reassociation of Ga with Fluo-3 hinders its
ability to accurately report even these slowef Gaansients.
These studies show that, at a fixed [EDTA], increasing

show the time course of the decrease in fluo-3 fluorescence that[Mg?'] produces more of the slow €achelator Md*/

occurs when 2«M Ca?* was mixed with an equal volume of 1
uM fluo-3 + 200 uM EDTA, in the absence of Mg or in the
presence of 0.25, 0.5, or 1 mM Nigat 10°C. The [Mg] on each

trace represents the [Mg] after the dilution caused by mixing equal

volumes. The control experiment, in which €at fluo-3 was
mixed with buffer+ C&", was flat and allowed us to calculate
that >95% of the fluo-3 was transiently occupied with@auring

EDTA which allows for the creation of ACTs with longer
duration (from 0.3 to 50 ms hw).

Using ACTs To Estimate the &a On-Rate to the
N-terminal Sites of TnCInC-danz is a fluorescently labeled
skeletal muscle TnC which undergoes a large increase in
fluorescence when its N-terminal regulatory sites bind"Ca

each artificial C&" transient. Buffers and measurement of fluo-3 (18) TnC-danz has a Gaaffinity (half-maximal at pCa 5.8)

fluorescence were as described in the legend of Figure 1. Each
trace represents an average of 5 traces fit with a single-exponentiaf’jl

equation (variance< 9 x 1079 after the flat lag phase which
represents the Ca-saturated state.

produced with EGTA. Figure 3A shows the simulated time
course of the fall in [C&]tee when 10uM Ca" was
instantaneously reacted with 108 EDTA in the presence
of increasing [Mg"]. This simulation shows that, in the
absence of MY (Figure 3A, no Mg trace), an ACT with an
amplitude of 1uM C&* and an~0.3 ms hw was produced.

nd a C&" dissociation rate~{350/s, at 22°C) similar to
those of wild-type TnCZ3). Figure 4A uses the changes in
TnC-danz fluorescence to show the time course of'Ca
binding and dissociation from the N-terminal Tapecific
sites of TnC during ACTs of increasing duration at °ID.
When 200uM Ca&* was mixed with an equal volume of 2
uM TnC-danz in the presence of 0.75 mM EGTA (Figure
4A, 0.75 mM EGTA trace), a 1.6 ms hw ACT was generated
and C&" bound and transiently occupied100% of the
C&"-specific regulatory sites of TnC-danz during the mixing

As [Mg?] was successively increased to 0.125, 0.25, and time of the instrument. As Ca was subsequently chelated

0.5 mM, the hw of the ACT progressively increased to 5,
23, and 50 ms, respectively (Figure 3A). Thus, as Mg
was increased from 0 to 0.5 mM, the rate of fall in theCa

by EGTA and removed from TnC-danz, the fluorescence
decayed back to its C&free fluorescence level at a rate of
~95/s. As the [EGTA] before mixing was successively
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_5 8 B the C&*/CaM/RS-20 complex. The Quin-2 trace shows the increase
J alx10 (63%) in Quin-2 fluorescence that occurs upon?Calissociation from
=] - 8x1[]7( 57%) the N- and C-terminals of CaM in the &4CaM/RS-20 complex.
2 50 Ca" (60uM) + 4 uM CaM + 8 uM RS-20 in 20 mM Hepes, pH
5 ® 6x10 (48%) 7.0, was rapidly mixed with an equal volume of 2001 quin-2 in
g‘ the same buffer at 18C. Quin-2 fluorescence was monitored with
8 a 510 nm broad band-pass filter (Oriel, Stanford, CT) with excitation
2 A at 330 nm. The trace represents an average of 5 traces fit with a
8 251 A double-exponential equation (varianseB x 107°). The Trp trace
g 5 shows the increase in RS-20 tryptophan fluorescence that occurs
E - when 75uM Ca&" + 4 uM CaM + 8 uM RS-20 in 20 mM Hepes,
o pH 7.0, was rapidly mixed with an equal volume of 20 mM EGTA
T in the same buffer at 16C. RS-20 tryptophan fluorescence was
16 10 2 monitored through a UV-transmitting black glass filter with a
Time (ms) transmission maxima at 358 nm (UG1 (Oriel, Stanford, CT)) after
. " . - excitation at 275 nm. When this filter was used, CaM binding to
FiGURe 4: Ca&" occupancy of the N-terminal €a specific RS-20 produced a decrease in RS-20 fluorescence. The trace is an

regulatory sites of troponin C during artificial Catransients of 5\ erage of 5 traces fit with a double-exponential equation (variance
different duration. The traces in panel A show the time courses of _ g . 10°5).

decrease in TnC-danz fluorescence when200Ca?" was mixed

with an equal volume of ZM TnC-danz in the presence of 0.75, . . )
5, or 10 MM EGTA at 10°C. The control experiment (no EGTA shows a simulation of the aoccupancy of TnC-danz for

trace), in which TnC-danz was mixed with bufferCat, was flat the 10 mM EGTA (5 mM after mixing) experiment assuming
and considered to be 100% occupancy of TnC-danz. TnC-danzCa&" on-rates of 6x 10/, 8 x 107, and 1x 1B M1 sL
fluorescence was monitored through a 510 nm broad band-pass filterModeling with the 6x 107, 8 x 107, and 1x 10° M~1s7?
(Oriel, Stanford, CT) with excitation at 340 nm. Buffers are those g_rates suggested that 48%, 57%, and 63%, respectively,

described in the legend of Figure 1. Each trace represents an averag f . . .
of 5 traces fit with a single-exponential equation (variarc@ x Sf TnC-danz’s N-terminal regulatory sites would be occupied

10-%). Panel B shows a computer simulation of the percent Py C&* after mixing was complete (1.6 ms). Clearly, even
occupancy of the N-terminal sites of TnC in the presence of 5mM small changes in the assumed*Can-rate can produce large
EGTA (after mixing) assuming a €aon-rate of 6x 107, 8 x variations in the percent occupancy of théGhinding sites.
10 or 1 x 1P M~ s A simulation using a C& on-rate of 8.7x 10/ M1 s!
increased from 0.75 to 5 and 10 mM EGTA (Figure 4A), gave an identical 59% occupancy as the actual experimental
ACTs of 0.21 and 0.1 ms hws were created and'Ca data with the 10 mM EGTA experiment. Thus, by exposing
transiently occupied~75% and 59% of the N-terminal a C&"-binding protein to ACTs of different duration and
regulatory sites of TnC-danz, respectively. Furthermore, asexamining the percent occupancy as a function of€a
[EGTA] was increased from 0.75 to 5 and 10 mM EGTA, transient duration, we can determine the*Can-rate.
C&" was chelated and removed from TnC-danz more quickly —Quin-2 and EGTA Dissociation of €aand RS-20 from
at rates of 145/s and 160/s, respectively. the C&t/CaM/RS-20 ComplexCat binding to the N- or
Since the percent occupancy of Zabound to the C-terminal of CaM exposes hydrophobic pockets in both
N-terminal of TnC-danz during an ACT of a given duration domains that allows CaM to bind target peptides and proteins
is directly related to the rate of €abinding to those sites,  (for review, see reR4). Figure 5 (Quin-2 trace) shows the
we were able to estimate the €an-rate to the regulatory  time course of increase in Quin-2 fluorescence that occurred
sites of TnC-danz. We used a computer simulation which as 2 mol of Ca" were removed from both the N-terminal
fixed the C&" off-rate from TnC-danz at 160/s (Eaoff- (2/s) and C-terminal (0.1/s) sites of CaM bound to RS-20.
rate at 10°C) and let the C& on-rate to TnC-danz vary  Figure 5 (Trp trace) shows the time course of the EGTA-
from 1.0 x 10° to 5.0 x 10® M~* s! until the modeled induced increase in RS-20 Trp fluorescence that occurred
transient occupancy and €alissociation rates approximated as RS-20 dissociated from CaM’'s N-terminal (2/s) and
the experimental data. The modeling predicts that we shouldC-terminal (0.1/s). Clearly, RS-20 dissociates from the N-
observe the percent occupancies obtained experimentally ifand C-terminals of CaM at the rates at whiclF Cdissociates
the C&" on-rate to the Ca-specific regulatory sites of TnC-  from the N- and C-terminals of CaM in the £&CaM/RS-
danz is~8.7 + 2.0 x 10’ M™% s%, at 10°C. Figure 4B 20 complex.
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FIGURE 6: The time course of the decrease infG&aM/RS-20
Trp fluorescence upon €achelation by EGTA and after a 1.1
ms half-width artificial C&" transient. The time course of the

increase in RS-20 tryptophan fluorescence is shown as EGTA

dissociates the C&/CaM/RS-20 complex (trace A) or when the
complex has been transiently formed by a rapid ACT (trace B).
The EGTA-induced increase in RS-20 tryptophan fluorescence
(traces labeled A. (N-EGTA) and A. (C-EGTA)) was accomplished
by mixing 75uM C&*+ 4 uM CaM + 8 uM RS-20 with an equal
volume of 20 mM EGTA at 10°C. The transient occupancy of
CaM with C&" and RS-20 (trace labeled B. (N-Transient) and B.
(C-Transient)) was accomplished by mixing Z&1 Ca?" with an
equal volume of 4M CaM + 8 uM RS-20+ 1 mM EGTA at 10

Davis et al.

10% of the C-terminal, sites of CaM are able to transiently
bind to RS-20 during this 1.1 ms hw ACT. Our use of ACT
has allowed us to generate a transient kinetic species which
could not be observed with conventional stopped-flow
techniques; a CaM/peptide complex where only the N-
terminal of CaM is bound to C& and to peptide. Further-
more these studies show that during a rapid ACT only the
N-terminal of CaM has a fast enough €aon-rate and
conformational change to allow it to transiently associate
with this target peptide.

CaM Binding to MLCK Following ACTs of Various
Duration. Wheat CaM/MIANS exhibits a large fluorescence
increase which is specific for its binding to target proteins
including MLCK (17). This fluorescent CaM allowed us to
determine if CaM could bind MLCK after exposure to ACTs
of varying duration. Figure 7A uses MF2 fluorescence to
visualize the 0.6 ms hw ACT which is produced when 200
uM Cat is mixed with an equal volume of 2 mM EGTA
(Mag-Fura-2 trace). [Gd]iee increases during the mixing
time of the instrument and decays at a rate of 1200/s. When
CaM/MIANS, in the presence of MLCK and EGTA, was
exposed to this ACT, CaM/MIANS fluorescence increased
at a rate of~90/s (Figure 7A, CaMians + MLCK trace).
There was an-25 ms delay between peak [Chand peak
CaM/MIANS binding MLCK. In fact, the [C&]xee had

°C. The inset shows these two reactions over shorter times with fallen essentially back to baseline befoer@0—30% of the
the two traces staggered for comparison. Buffers and measurementincrease in CaM/MIANS fluorescence (€&CaM/MLCK

of tryptophan fluorescence are described in the legend of Figure 5.

All traces are an average of 5 traces fit with a double-exponential
equation (variances 5 x 1079).

Calmodulin Binding to RS-20 Following a Rapid ACT.

complex formation) was detected. Since we are exposing
CaM and MLCK to a C& transient, the CaM/MIANS/
MLCK complex should dissociate after €ahas been
chelated by EGTA. Figure 7B shows the same trace (2 mM

The fact that RS-20 Trp fluorescence decreases when it bindsEGTA trace) over longer times &% s). CaM/MIANS

to both the N- and C-terminals of CaM allowed us to
determine if the N- or C-terminal of CaM could bind to RS-
20 during a rapid ACT. Figure 6 shows the EGTA-induced
increase in RS-20 Trp fluorescence when EGTA (20 mM)
is rapidly mixed with CaM (M) and RS-20 (&M) in the
presence of 7aM Ca". There is a biphasic increase in RS-
20 Trp fluorescence; 50% occurs at 2/s ag'Gissociates
from the N-terminal (Figure 6, trace A (N-EGTA)) and 50%
occurs at 0.1/s as €adissociates from the C-terminal
(Figure 6, trace A (C-EGTA)) of the CaM/RS-20 complex.

fluorescence increased at 90/s and then decreased at a rate
of ~1/s. Thus, when subjected to a 0.6 ms hw ACT, CaM/
MIANS is able to rapidly and transiently bind MLCK. The

no EGTA trace (Figure 7B) shows the CaM/MIANS
fluorescence when it is saturated with MLCK. Thus, a 0.6
ms hw ACT allows~60% of CaM/MIANS to transiently
complex with MLCK. Figure 7B also shows the transient
binding of CaM/MIANS to MLCK following ACTs with

hws of 0.2 and 1.1 ms. A shorter, 0.2 ms hw, ACT (Figure
7B, 5 mM EGTA trace) resulted in-35% of the CaM/

By using these changes in RS-20 fluorescence, we wereMIANS transiently binding to MLCK, with similar kinetics

able to determine if either the N- and/or C-terminal of CaM
could transiently associate with RS-20 during a rapid ACT.

as the 2 mM EGTA trace. A longer, 1.1 ms hw, ACT (Figure
7B, 1 mM EGTA trace) resulted in~80% of the CaM/

Figure 6 (trace B) shows the change in RS-20 fluorescenceMIANS transiently binding to MLCK, again with similar

that was observed when 78V Ca*" was mixed with an
equal volume of CaM (4M), in the presence of RS-20 (8
uM) and 1 mM EGTA. Following this 1.1 ms hw ACT, €a
binds to CaM, and CaM then binds to RS-20 producing a

kinetics. Thus, under the conditions used in these experi-
ments, a~0.4 ms hw ACT is required for50% of the CaM

to transiently complex with MLCK. This suggests that the
N-terminal of CaM can bind to MLCK with a rate constant

decrease in RS-20 Trp fluorescence during the mixing time of ~6.7 x 10" M~! s, even during very rapid Ca
of the apparatus. This decrease in fluorescence was followedransients. These studies also point out an important aspect
by a biphasic increase in RS-20 Trp fluorescence. Most of CaM'’s association with its target proteins during cellular

(~90%) of this increase in Trp fluorescence occurred as RS-

20 dissociated from the N-terminal (Figure 6, trace B (N-
Transient)) of CaM at 2/s and the remainin@0% occurred

C&" transients. They suggest that, since CaM binding to a
target enzyme can dramatically increase CaM'$"Géfinity
and slow C&" dissociation, a CaM/target enzyme complex

as RS-20 dissociated from the C-terminal (Figure 6, trace B can exist for seconds after even a very rapid (ms) C&+

(C-Transient)) of CaM at 0.1/s. A comparison of the

amplitudes of the increase in RS-20 fluorescence that

occurred in the ACT experiment (Figure 6, trace B) to the
amplitudes of the increase in the EGTA experiment (Figure
6, trace A) suggests that 90% of the N-terminal, but only

transient has subsided.

Transient Actiation of the SR Cd/ATPase by ACTs of
Different Duration.Watanabe and Ines2%) have previously
shown that the Ca/ATPase activity of SR vesicles can be
followed by the fluorescent nucleotidé,2-0O-(2,4,6-trini-
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of increase in mag-fura-2 fluorescence (Mag-Fura-2 trace, inverted : P :
for comparison) and increase in CaM/MIANS fluorescence (CaM- ATP trace) by a 0.9 ms hali-width artificial €atransient. The
wans + MLCK trace) produced by a 0.6 ms half-width artificial transient activation cfthg SR &@ATPase was produced by rapidly
C&* transient. The transient binding of CaM/MIANS to MLCK mrlc))(tlga i2n0?h/éM rgfe n(\:’gtgf %e%\lallj /\Aqll.l;,mai é’feg&\g‘g@#ASR
was produced by rapidly mixing 20 Ca2* with an equal volume 'Fl)'h Mag-F p2 t duced b idly mixi :
of 200 "M CaM/MIANS + 400 nM MLCK + 2 mM EGTA. The e Mag-Fura-2 trace was produced by rapidly mixing 200
Mag-Fura-2 trace was produced by rapidly mixing 200 Ca2* (1:a2 I\\/IIV ItRTaF? eqléag\cl)%lul\rzleEoé}Fz/l ?’?\IQF;IX?I;Z f'ln the presence of
; m an U . uorescence was
with an equal volume of kM mag-fura-2+ 2 mM EGTA. Panel : : : -
B showsqthe time courslle of tlge rise and fall in CaM/MIANS monitored using a 547 nm band-pass filter (Oriel, Stanford, CT)
fluorescence obtained when 20M Ca?+ was rapidly mixed with with excitation at 405 nm. Mag-fura-2 fluorescence was monitored
an equal volume of 200 nM CaM/MIANS- 408 nK/I MLCK in as described in the legend of Figure 1. Each trace represents an
the p?esence of 1. 2. or 5 mM EGTA. CaM/MIANS fluorescence 2verage of 8 traces fit with a single-exponential equation (variance
f . : . . < 2 x 107%). Panel B shows the time course of the rise and fall in
stf;'n?;?g |tocr$c)i uviilphg 2;5%;&””;??;3 %?L]d\-/eﬁils: f'rggzlg%rr':_l'z TNP/ATP fluorescence (SR €dATPase transient activation)
fluorescence was monitored as described in the legend of Figureggﬁ'ge?nmht%nstgg [g(%rf‘)]r IEOIEQI\E/I a‘?’ﬁ\éecfrﬁ?glogi Vgﬁfﬂgﬁfrﬁ?sed
1. Experiments were conducted atIDusing the buffers described which 1.3 mM Cé+’was hsed to méximally activatepthe SRzﬁa
in the legend of Figure 1. The control trace, in which no EGTA ’ ; . : :
(no EGT?A trace) W%s used, shows maximal association of CaM/ ATPase (100%), remained actllvated ﬁdf mlln. Explenments Wer:e
MIANS with MLCK and is considered 100% binding. Each trace frgrclgurcée?e'sneﬁ,?s n;lr\:l ;-\;g'r'g/lz 2?% 2t(r)a/c0 egsy%aé?h ?}1 soihtl:_:rggse and
represents an average of 5 traces fit with a double-exponentialdecreasg in TNP/ATP flu%rescence wére fit with a sinale-
equation (CaM/MIANS fluorescence) or a single-exponential equa- exponential equation (variance 2 x 10-4) 9
tion (mag-fura-2 fluorescence) (varianse4 x 1074). P q :
peak [C&"] and peak activation of the SR &#ATPase. In

trophenyl)/ATP (TNP/ATP). TNP/ATP undergoes a large fact, the Ca' transient had fallen back to baseline before
fluorescence increase which is proportional to the formation any significant activation of the G2ATPase occurred. Since
of the phosphoenzyme intermediate {E2) when the SR this enzyme was activated by a transient increase #1,Qta
Ca*/ATPase is activated by €aand Mg*/ATP (25, 26). should inactivate after the €atransient subsides. Figure
This fluorescence decays as+R is inactivated by Cd 8B shows the same trace (60M EGTA trace) over longer
chelation or by ATP depletion. Figure 8A shows a 0.9 ms times (0-1 s). TNP/ATP fluorescence increases at 83/s and
hw ACT produced when 200M Ca** was mixed with an  then decays back to the no Tastate (2 mM EGTA trace)
equal volume of 60@M EGTA as monitored by the change at a rate of 4/s. By comparing the €anduced activation

in MF2 fluorescence (Mag-Fura-2 trace). When vesicles of the SR C&"/ATPase obtained in the absence of EGTA
containing the SR C&/ATPase were exposed to this ACT, and with saturating [Gd] (data not shown), we determined
TNP/ATP fluorescence increased at a rate-@f3/s (Figure that the SR Cd/ATPase is transiently activated to14%
8A, TNP/ATP trace). There was an32 ms delay between  of its maximal activity by this 0.9 ms hw ACT. Figure 8B
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also shows that a shorter-duration, 0.7 ms hw, ACT (Figure
8B, 800uM EGTA trace) resulted in lower (5%) transient
activation of the SR Ca/ATPase, while a longer-duration,
1.8 ms hw, ACT (Figure 8B, 400M EGTA trace) resulted

in greater (22%) transient activation of the enzyme, all with
similar kinetics. Thus, the SR €dATPase is able to bind
Ca&" and become activated after a brief kinetic delay by very
rapid ACTs.

DISCUSSION

EGTA has a slow CH on-rate (13 x 1 Mt s™1) (21,
27) and can be considered a “slow” €achelator. Thus,
when EGTA is rapidly mixed with Cd in a stopped-flow
apparatus, [Cd] rises before it is chelated and this produces
an ACT. Since C#& binding to EGTA is a second-order
reaction, as the [EGTA] is increased, faster ACTs are

Davis et al.

Our studies with skeletal muscle TnC verified that its
N-terminal regulatory sites have ar60-fold faster C&" on-
rate than that of EGTA. When TnC was exposed to ACTs
of decreasing duration, we observed less transient occupancy
of the regulatory sites. Computer simulations of these
reactions suggested that the?Can-rate to the regulatory
sites of TNC was-8.7+ 2.0 x 10’ Mt st at 10°C. This
agrees with our earlier determination of the?Can-rates
to the regulatory sites of TnC of1 x 10 M 1stat4°C
(23). Thus, by subjecting a C&abinding protein to ACTs
of different duration and examining the percent of the protein
bound to Ca&" as a function of ACT duration, we can
accurately determine the rate ofCdinding to that protein.
The rapid C&" on- and off-rates of the regulatory sites of
TnC allow this protein to bind and release?Cauickly to
initiate contraction and relaxation, respectiveBa)

produced and these can be accurately visualized with the We have previously shown that, when a skeletal muscle

C&" indicator MF2 and modeled by computer simulations.
By using 200uM C&* and increasing [EGTA], we created
ACTs with hws from 16 to 0.1 ms and 10 amplitude

in a stopped-flow apparatus. The amplitude of the ACT could
be increased or decreased by mixing more or leg$ @ih

a fixed [EGTA]. By using this method, one can create ACTs
with different amplitudes and similar hws.

Because Mg must first dissociate from MJ/EDTA (at
a rate of 3/s at 10C) before Ca" can be chelated, Mg/
EDTA is an even slower Ca chelator than EGTA. Mixing
20 uM Cat with 200 uM EDTA and increasing [Mg]
allowed for the creation of ACTs with hws from 0.3 to 50
ms. When M@"/EDTA is used as the Cachelator instead
of EGTA, less C&" must be used since the €achelating
potential of EDTA is compromised by the presence of
increasing [Mg*].

We have used these slow Tahelators to create ACTs
with different durations and amplitudes by mixing a specific
[Ca*] with a specific concentration of EGTA or My
EDTA in a stopped-flow apparatus. In this study, we have
followed the response of fluorescent®andicators, C&'-
binding proteins, and C&-dependent enzymes which were
exposed to ACTs of different duration. This has allowed us
to characterize the kinetic tuning of these proteins and
enzymes to Cd transients.

Ca" indicators such as MF2 and fluo-3 have very rapid
(29 x 1®M~1tstat 16-22°C) C&" on-rates relative to
EGTA (28—30). Thus, when C# is mixed with these Ca
indicators in the presence of EGTA, [€awill rise and bind
to the indicators before EGTA. Consistent with this, both

was loaded with intracellular EGTA and subjected to a
twitch, C&*" could first bind to the regulatory sites of TnC
to produce contraction followed by relaxation as*Cwas
chelated by EGTA and resequestered by the B3R (Thus,

in our in vitro stopped-flow studies described above, and
also in vivo, the regulatory sites of TnC have a much more
rapid C&" on-rate than that of EGTA, allowing a transient
occupancy of the N-terminal regulatory sites and a transient
contraction.

We have previously shown that the N-terminal of CaM
exhibits~70-fold faster rates of Ca association than does
its C-terminal (1.6x 1° M1 s1vs 2.3x 10° Mt s}

(21). Furthermore, we have shown that the rates offCa
dissociation from CaM’s N- and C-terminal €abinding
sites in the presence of RS-20 ar®00 and~20 times
slower, respectively, than the rates ofCdissociation from
these sites in the absence of peptide. Our present studies
indicate that C# dissociates from the N-terminal sites of
the CaM/RS-20 complex at 2/s and that this is accompanied
by peptide dissociation from the N-terminal at 2/s. Similarly,
Ca* dissociates from the C-terminal sites of the CaM/RS-
20 complex at 0.1/s, and this is accompanied by peptide
dissociation from the C-terminal at the same rate. These
results are consistent with the recent findings of Brown et
al. (34), who demonstrated that high-affinity peptides such
as WFF dissociated from the N- and C-terminal of CaM at
the same rate that €adissociated from these domains. Thus,
our results of the dissociation of the LTALaM/RS-20
complex fit into the mechanism of Path A proceeding through
steps 1, 5, and 7 as defined by Brown et &K)( In this

indicators underwent an increase in fluorescence during thepathway, C&" dissociates from the faster N-terminal of CaM

mixing time of the instrument, followed by a decrease in
their fluorescence upon €achelation. Our studies show
that, during a 1.2 ms hw ACT, MF2 accurately reported the
rate of fall in [C&"]yee, While fluo-3 reported the fall in
[C&']fee at an ~6-fold slower rate. These results are
consistent with the fact that fluo-3 hasl00-fold higher C&
affinity and an~70-fold slower C&" off-rate (~370/s at 22
°C) compared to MF2~27000/s at 22°C) (4, 29—31).
Furthermore, in skeletal muscle, fluo-3 reports the rate of
fall in twitch C&* transients~3—4-fold more slowly than
MF2 (4, 15, 32). Thus, fluo-3 reports the rate of fall of rapid
ACTs, and of real C¥ transients in living muscle, with a
kinetic delay because of its slow Eaoff-rate.

followed by peptide dissociation and then?Calissociates
from the slower C-terminal followed by peptide dissociation.
While these kinetic studies have defined thé'Gaxchange
rates of CaM in the presence or absence of peptide, they
have not allowed investigators to observe how CaM associ-
ates and dissociates with target peptides or proteins when
exposed to a Ca transient. Our present studies, with the
use of ACTs, show that, in response to a 1.1 ms hw ACT,
only the faster N-terminal of CaM was able to significantly
bind C&" and expose its hydrophobic pocket rapidly enough
to bind RS-20. The C-terminal domain of CaM binds’Ca
too slowly to allow peptide binding following a rapid €a
transient.
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When CaM/MIANS and MLCK were exposed to ACTs
of various duration, we found that50% of CaM/MIANS
could complex with MLCK during a very brief~0.5 ms
hw) ACT. Thus, CaM is able to bind to MLCK after
exposure to rapid ACTs (0-2L.1 ms hws). The data are
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back to baseline before the enzyme exhibited any activation.
There was an-30 ms delay between the time required for
peak C&" and peak activation of the SR C#ATPase,
consistent with a model of the catalytic cycle of the SR'Ca
ATPase proposed by Inesi et afi4f. This kinetic delay,

consistent with the interpretation that we are observing the between the rise in cytosolic €aand enzyme activation,

N-terminal of CaM/MIANS binding to MLCK since (1) the
MIANS label is covalently attached to the N-terminal (Cys
28) of CaM (L7); (2) the ACTs we used are too fast to allow
significant C-terminal C& binding to occur because the
C-terminal of CaM has an70-fold slower C&" on-rate than
the N-terminal (2.3x 10 Mt stvs 1.6 x 1B M1 s
(21); and (3) only the N-terminal of CaM was able to bind
to the smooth muscle MLCK-binding peptide, RS-20, during
similar rapid ACTs. The observed rate of CaM binding to
MLCK at ~90/s is comparable to the rapid (65/s, at°Z3

may provide a mechanism which would allow?C4o bind

to the N-terminal regulatory site(s) of TnC and initiate
contraction before the SR €dATPase could be activated
to resequester Caand facilitate relaxation.

Our rates of EGTA-induced SR €dATPase inactivation
(~4/s) are comparable to previous studies in which the
enzyme was inactivated by EGTA atl1.8/s at 25°C (26).
EGTA inactivates the SR CHATPase by chelating the
[Ca*]ree and preventing the enzyme from binding more
C&". The rate of inactivation of the SR €d#ATPase that

increase in Trp fluorescence that occurs when CaM binds we observe (4/s) may correspond to the rat8/§) at which

to skeletal muscle MLCK35). Modeling of the transient
binding of CaM/MIANS to MLCK predicted the association
rate of the complex to be-6.7 x 10" M~! s1, consistent
with previously determined association rates of CaM for
smooth and skeletal muscle MLCK of 2:8 10'— 4.6 x
10" M~ s, respectively 17, 39. As EGTA dissociated
the CaM/MLCK complex, we observed a dissociation rate
of ~1/s for all of the ACTs at 10C. This slow dissociation
rate is comparable to our earlier finding that EGTA dissoci-
ates the CaM/MLCK complex at-23/s at 22°C (17, 35.
Our data indicates that, even during a rapid ACT, with a

prebound, occluded €ais translocated into the lumen of
SR Ca&"/ATPase vesicles4b). After the translocation of
C&", the SR C&/ATPase inactivates since the pump can
no longer bind free Ca due to EGTA chelation. These
studies are consistent with our observed decrease in TNP/
ATP fluorescence occurring at the rate of SR luminat'Ca
release. Our data are consistent with theories which suggest
that, as soon as €ais released in a skeletal muscle cell,
the SR C&'/ATPase can initially bind Cd, and with a
kinetic delay, actively begin to sequesterrC¢2).

There are certain limitations to the use of ACT that should

much shorter hw than those observed in smooth or skeletalbe mentioned. (1) Since the ability of both EDTA and EGTA

muscle, CaM’s N-terminal can bind &aquickly and then
rapidly associate with MLCK. The high €aaffinity of the
C-terminal lobe of CaM complexed to CaM-binding proteins
may allow the C-terminal of CaM to be bound to proteins,
like MLCK, at resting concentrations of cellular €a(21,

34, 37). If this is the case, and since binding of both the N-
and C-terminal lobes of CaM to target proteins is required
for enzyme activation3g), then rapid binding of Ca to
the N-terminal sites of CaM during a &atransient may
allow the N-terminal of CaM to bind and activate target
proteins such as MLCK. Subsequently, the fall in {Ja
would cause the N-terminal of CaM to dissociate from the
target protein first, since the N-terminal of CaM has-&20-
fold faster C&" off-rate than the C-terminal when complexed
with MLCK (2/s vs 0.1/s 21)). Consistent with this
interpretation, EGTA inactivated the CaM/MLCK complex
at a rate of~1/s 39). Thus, Ca&" dissociation from the
N-terminal sites of CaM in the G&CaM/MLCK complex

is presumably responsible for enzyme inactivation ag{Ca
falls (21). This implies that the faster, lower-affinity N-
terminal C&"-binding sites of CaM may be the regulatory
sites of this protein, analogous to the rapid N-termina'€a
binding sites of TnC which regulate cardiac and skeletal
muscle contraction and relaxatiofdj.

The SR C&'/ATPase was half-maximally activated in a
transient fashion by a5 ms hw ACT. The ability of the
SR C&"/ATPase to respond to rapid ACTSs is consistent with
a fast C&" on-rate &2 x 100—4 x 10 Mt s to this
enzyme 41, 42). The rate of increase in TNP/ATP fluores-
cence that we observe a83/s at 20°C is consistent with
earlier reports of Cd-dependent enzyme activation at-85
150/s under conditions of saturating TNP/ATP and/or ATP
at~25°C (26, 43). It was interesting that the ACT had fallen

to chelate C#& is affected by pH, it is important to have
sufficient buffer to maintain the desired pH. (2) The’Ga
exchange rates of EGTA increase with temperature, and we
determined that the hw of an ACT generated with EGTA
exhibits a Qy of ~2. (3) While all of our ACT were
generated with [EGTA] in excess of [Ca], it should be noted
that, as the [CH] approaches the [EGTA], the duration of
the ACT increases as the chelating potential of EGTA is
reduced. (4) When Mg/EDTA is used as the chelator it is
important to recognize that at higher [Mg], EDTA will be a
less efficient chelator and lower [€3 should be used to
produce the ACT. (5) As with all stopped-flow experiments,
the amount of the reaction that can be observed is dependent
on the mixing time of the instrument and the extent of the
changes in absorption or fluorescence that occurs with the
event being studied. For all of these reasons we recommend
that the actual ACT which is being generated be first
visualized by rapid G4 indicators such as Mag-fura-2. After
verification of the ACT which is being generated, any
protein’s response to that ACT could be determined.

We have exposed several andicators, Ca'-binding
proteins, and a Ga-dependent enzyme to ACTSs of various
durations and observed their transient binding of'Ca
complex formation, and activation. This has allowed us to
characterize the response of thesé'@iependent proteins
to C&" transients of varying amplitude and duration. We
show that their response to and their “memory” of thes& Ca
transients are dictated by their €eexchange kinetics.
Proteins with higher Ca affinity and slower C#&" off-rates
exhibit a longer memory for Gaand can remain active long
after the C&" transients have subsided. Furthermore, by
characterizing the response of these proteins to ACTs, we
can predict with greater certainty, how they would respond
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