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ABSTRACT. Calmodulin (CaM) is an essential, eukaryotic protein comprised of two highly homologous
domains (N and C). CaM binds four calcium ions cooperatively, regulating a wide array of target proteins.
A genetic screen dParameciaby Kung [Kung, C. et al. (1992 ell Calcium 13413-425] demonstrated

that the domains of CaM have separable physiological roles: “under-reactive” mutations affecting calcium-
dependent sodium currents mapped to the N-domain, while “over-reactive” mutations affecting calcium-
dependent potassium currents localized to the C-domain of CaM. To determine whether and how these
mutations affected intrinsic calcium-binding properties of CaM domains, phenylalanine fluorescence was
used to monitor calcium binding to sites | and 1l (N-domain) and tyrosine fluorescence was used to monitor
sites lll and IV (C-domain). To explore interdomain interactions, binding properties of each full-length
mutant were compared to those of its corresponding domain fragments. The calcium-binding properties
of six under-reactive mutants (V35I/D50N, G40E, G40E/D50N, D50G, E54K, and G59S) and one over-
reactive mutant (M145V) were indistinguishable from those of wild-type CaM, despite their deleterious
physiological effects on ion-channel regulation. Four over-reactive mutants (D95G, S101F, E104K, and
H135R) significantly decreased the calcium affinity of the C-domain. Of these, one (E104K)aisased

the calcium affinity of the N-domain, demonstrating that the magnitude and direction of wild-type
interdomain coupling had been perturbed. This suggests that, while some of these mutations alter calcium-
binding directly, others probably alter CaM-channel association or calcium-triggered conformational change
in the context of a ternary complex with the affected ion channel.

Calmodulin (CaM: Figure 1) is comprised of two highly  (3); these surfaces mediate protejorotein interactions that
homologous domains that appear to have arisen from twoenable CaM to function as a member of many calcium-
successive gene-duplication events. Sequence alignmentiependent signal transduction cascades. The level of calcium
indicates that the four calcium-binding sites (I and Il in the saturation required for the interaction with targets can vary.
N-domain and IlIl and IV in the C-domain, Figure 1) are A high-resolution structure of apo (calcium-depleted) CaM
very similar; of the 12 amino acids in each site, positions associated with a long peptide fragment of a calcium-
1(D), 3(D), 4(G), 6(G), and 12(E) are identical in all four. activated small conductance potassium (SK) chahelr{d
Although these sites in CaM are in homologous heloop— two crystallographic studies of half-saturated CaM KQa
helix motifs or EF-hands, calcium binding to the domains is CaM)] associated with targets, (6) demonstrate that calcium
sequential: sites Ill and IV in the C-domain are nearly 100% saturation is not required for specific Calarget inter-
saturated before saturation of sites | and Il in the N-domain actions. Apo-CaM can bind to some targets with a higher
reaches a few percentagds 2). affinity than calcium-saturated CaM [(E34-CaM] (7, 8)

Calcium binding to CaM causes major structural changes, and serves as an integral enzyme subi@)ib( ion-channel
including exposure of a hydrophobic cleft in each domain subunit (0) that is bound constitutively.

A comparison of the high-resolution structures of CaM
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C-domain fragment of PCaM starting at fesidue 76, PCaM full deviant chemotactic phenotypes and defective ion-channel

length PCaM: PDB, Protein Data Bank; Phe, phenylalanine; Tyr, egulation (4). Unexpectedly, both classes of mutants were
tyrosine. linked to mutations in CaM (not to the sequences of the
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Ficure 1. Calcium-saturated PCaM. (A) Ribbon diagram of calcium-saturated PCaM [PDB 1&2})/cfeated with MOLSCRIPTHJ)
and RASTER3D %4). Backbone atoms of residues in calcium-binding loops (I, Il, lll, and 1V) and calcium ions are yellow; positions of
mutations are indicated by orange spheres. Fluorescent residues Phe (green) and Tyr (violet) are shown in a ball-and-stick representation.

(B) Sequence alignment of the four calcium-binding sites in PCaM. Highlighted are positions of mutations (orange), Phe residues (green),
and the single Tyr residue (violet) in wild-type PCaM.

calcium-dependent ion channel per se), and each phenotypéaramecia(i.e., avoidance behavior persisted longer than
was mapped to a specific domain of CaM. normal). These C-domain mutations also caused defective

Mutations in the N-domain dParameciunCaM (PCaM) calcium-activated potassium currents. All but one of these
causedParameciato under-react to various stimuli; they —over-reactive mutations wevethin sites lll and IV and were
showed little or no reversal in swimming direction in expected to disrupt calcium binding to the C-domain. The
response to stimuli compared to wild-tyParamecia These outlying mutation M145V was located in the terminal helix
mutations also caused defective calcium-activated sodiumof CaM (following site 1V) and disrupted one of two
currents. As shown in Figure 1, all but one of these mutations occurrences of vicinal methionine residues in CaM (see
is betweersites | and Il (the exception is G59S in site 11). Figure 1).

This region is known to change conformation when calcium  Although the CaM-binding domains of the affected
binds to the C-domain16—17), and nearby methionine  pParameciumion channels have not yet been identified, an
residues (M36 and M51) contribute to the hydrophobic clefts essential first step in understanding the molecular basis for
of CaM that have an important role in calcium-dependent defective calcium-dependent signaling by these viable mu-
molecular recognition of target proteing 19). tants is to characterize their effects on the intrinsic calcium-
In contrast to the mutations found in the N-domain of binding properties of both domains of PCaM. Presumably,
PCaM, Kung and co-workers found that mutations in the C- differences in the ability of a mutant sequence to bind cal-
domain of PCaM (Figure 1) caused an over-reactive pheno-cium at concentrations that would be sufficient for activating
type, whereby a negative stimulus cauBedameciato swim wild-type PCaM would contribute to differences in the ability
in the reverse direction longer than observed for wild-type of that mutant to bind to and regulate calcium-dependent
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ion channels. CaM is in equilibrium between the free and and M145V); the corresponding N-domain fragments
channel-bound forms. Therefore, the intrinsic calcium- (PCaM-gg) of the wild-type protein and mutants V35I/D50N,
binding affinity of each PCaM mutant, as well as its calcium G40E, G40E/D50N, D50G, E54K, G59S; and C-domain
affinity when bound to channels or other targets, will be of fragments (PCaM-14g) Of the wild-type protein and mutants
interest in understanding the biological effects of these D95G, S101F, E104K, H135R, and M145V were cloned into
mutants. the bacterial overexpression vector pT721,(22) using
Equilibrium constants for calcium binding to full-length ~ standard technique4) and overexpressed B coliLys-S
PCaM (PCaM-14¢) were determined directly by monitoring  cells (U.S. Biochemicals, Cleveland, OH) as described
the decrease in intrinsic phenylalanine (Phe) fluorescencepreviously (5). Proteins were purified as described by
(which selectively reports on the occupancy of the pair of Putkey et al. 23); some protein preparations underwent an
sites in the N-domain) and the increase in intrinisic tyrosine additional 10 min of incubation at 8 in saturating calcium
(Tyr) fluorescence (which selectively reports on the occu- (10 mM CaC}) to precipitate any remaining contaminating
pancy of the pair of sites in the C-domain) of PCaMsg proteins. The recombinant proteins were-@B% pure as
(20). The position of these native fluorophores is illustrated judged by silver-stained SDSPAGE and reversed-phase
in Figure 1. Results were compared to those obtained for HPLC. Sequencing of plasmids was conducted by the DNA
calcium binding to the same sites in isolated N-domain Facility, and amino acid analysis of proteins was conducted
(PCaM_go) or C-domain (PCaM-14¢ fragments to inves- by the Molecular Analysis Facility, both at the University
tigate whether the mutations perturbed normal interdomain of lowa Carver College of Medicine.
interactions in PCaM 145 Equilibrium Calcium TitrationsTitrations were conducted
The calcium-binding titrations in this study were conducted in @ thermally jacketed quartz cuvette and monitored using
under physiological magnesium conditions and showed that8 "M bandpasses on an SLM 4800 (SLM Instruments, Inc.,
the under-reactive mutations (all located in the N-domain of Champaign-Urbana, IL) or 4 nm bandpasses on a PTI-QM4
PCaM) and M145V, the single over-reactive mutation that sp_ectrofluorometer (Photon T(_achnology International, Bir-
is outside of sites Il and IV (in the C-domain of PCaM), Mingham, NJ); both were equipped with a xenon short arc
did not alter the calcium-binding properties of PCaM. In amp (Ushio, Inc.). PCaM samples [V in 50 mM N-2-
contrast, all four of the over-reactive mutations that are within nydroxyethylpiperaziné¥'-2-ethanesulfonic acid (HEPES),
sites 11l or IV showed a decrease in affinity for calcium 100 mM KCl, 1 mM MgCh, 0.05 mM ethylene glycol bis-
binding to sites Ill and IV in PCaM 145 and PCaMs_14s, (ammogthyl (_ether_N,N,_N',N'-tetraacetlc acid (EGTA), and
with the greatest effect observed for E104K, which abolished © MM nitrilotriacetic acid (NTA) buffer at pH 7.4 and 2Z]
binding to site Ill. A mutation in site 1l (D95G) seemed to Were tltrated. with a concentrated palmum solution (50_ mM
abolish the cooperativity of binding calcium to sites Ill and t© 1 M CaC} in the same buffer) using a microburet outfitted
IV in PCaM;_14s and PCaMe_14s The mutations D95G, with a Hamilton syringe. Note the buffer contained 1 mM
S101F, and H135R in the C-domain had no effect on calcium MdClz total, but the calculated free concentration of4g
binding to the N-domain (their effects were local). However, Was lower ¢-150 M) at the start of the calcium titration
the mutation E104K, which altered the bidentate glutamate @nd increased as the calcium concentration increased.
at position 12 in site 11, had the most deleterious effect on  Calcium binding to sites | and Il was monitored by observ-
the C-domain and also increased the calcium-binding affinity ing calcium-dependent changes in the steady-state fluores-
of sites | and Il in the N-domain, perturbing interdomain Ccence intensity of the five Phe residues in the N-doméig (
interactions. These results provide evidence for the allostericOf 250 nm andien of 280 nm), and binding to sites 1l and
regulation of domain differences in calcium affinity. vV ;/;]/as Tor(‘j'torfdt b);lobservmg ca_lctlum-_(t:iep?rt\gent_chlan_glj_es
This analysis of calcium binding and calcium-induced In the steady-state fluorescence intensity ot the singie 1yr
switching suggests two distinct models for the molecular residue in the C-domairi of 277 nm andiem of 320 nmy)

determinants of domain-specific regulation of calcium- as developed for mammalian CalQj. Calcium titrations

dependent ion channels by CaM. It suggests that most over-0f PCaM-1ss under stoichiometric conditions indicated that,
like mammalian CaM, the decrease in Phe fluorescence of

reactive mutants lower intrinsic calcium binding directly and PC i | ional h lci
thereby increase the level of calcium required to allow PCaM aM.-145 was linearly proportional to the calcium occu-
aPancy of sites | and Il and the increase in Tyr fluorescence

to associate with and close a potassium channel during 4 . ) .

cellular influx of calcium. In contrast, the under-reactive W3S linearly proportional to the calcium occupancy of sites

mutants probably act by altering the association constant ofIII ano! IV (data not shown)2(4)._AIthough the PC_aM mutant
domain fragments each contained only one pair of sites, both

PCaM for a target or changing the calcium-triggered con- - .
formational change in the context of a ternary complex with f:tt:inog d\,ﬁ\ée:ﬁggterﬁiev;eé;aV\r/ri}grgt/gléetfirggnt’i\:ﬁgta'“ hat hey
the affected sodium ion channel. The fluorescent dye Oregon Green 488 BAPTA-5N (0.1
MATERIALS AND METHODS uM; Molecular Probes, Eugene, OR) was used as an indicator
of free calcium concentration (see eq 1)

Chemicals All chemicals were reagent-grade.

Overexpression and Purification of CaMDriginal vectors [calcium},.. = K f[high] B f[x] @
for Parameciunwild-type and mutant PCaM;4sgenes were ree df
a gift from C. Kung, University of WisconsinMadison. The
DNA encoding full-length PCaM 145 sequences (the wild  wherefpign is the fluorescent intensity of Oregon Green at
type and the 11 PCaM mutants: V35I/D50N, G40E, G40E/ the high plateau (high calciumfyo, is the fluorescent
D50N, D50G, E54K, G59S, D95G, S101F, E104K, H135R, intensity at the low plateau (calcium depleted), dgdis

X1~ fiow
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the intensity of the indicator dye after each addition of _ k,[X]
calcium. TheKy of calcium binding to Oregon Green was Yiota = Y1 = A+ kX)) (2b)
determined experimentally to be 34.24M in 50 mM 1

HEPES, 1.00 m_M KCI’ and 1 mM Mgght pH 7.4 and 22C To account for normal variations in the values of the high
(25). Calcium titrations of W|!d—type PCaM and_eac_h mutant 5nq low endpoints of fluorescence intensity in each titration
sequence were repeatedBtimes. Representative titrations  yese are a function of slight differences in the starting con-
are shown in Figures-24 and 6. centration of CaM, age of the lamp, etc.), the functifgix)]
Stoichiometric Calcium TitrationdVild-type PCaM-14s used for nonlinear least-squares analysis of the calcium-
binds 4 equiv of calcium, and each domain fragment dependent change in fluorescence intensity is given by
(PCaM-_gp and PCaMs-14¢) binds 2 equiv of calcium. For _
each protein that showed a decrease in the median calcium f(X) = Yxjow + Y+ Span 3)
concentration of equilibrium titrations relative to the behavior N
of the corresponding wild-type sequence, the number of Where Y refers to the average fractional saturation as
calcium ions bound at saturation was determined by monitor- described by eq 2a or 2ljow is the fluorescence intensity
ing changes in steady-state fluorescence throughout stoichio2t the lowest calcium concentration, spanis the difference
metric calcium titrations of highly concentrated (6050 between the fluorescence intensity signal at high and low
#M) solutions of PCaM (data not shown). All of the mutants  llgand concentrationslf). Note that the value of the param-
except E104K showed a stoichiometry of binding corre- eterspanis negative for the calcmm-dependent _decrgasg in
sponding to 4 calcium per PCaMus and 2 calcium per intensity of Phe fluoresceng:g resulting from c;almum binding
PCaM_go0r PCaMe._14s Stoichiometric titrations of E104K O Sites I_an_d Il a_nd positive for the calcmm-dt_apendent
PCaMy_ s and E104K PCaM s showed that the C-  increase in intensity of Tyr fluorescence resulting from
domain of this mutant bound only 1 calcium ion, consistent caIC|ur_n b_mdmg to sites lll and IV. Values for_ all parameters
with previous stoichiometric calcium titrations of E104Q Were fit simultaneously. Average free energies and standard
DrosophilaCaM monitored by 1D proton nuclear magnetic dgwauons bas_ed onllndllv|dual nonlinear Igast-squares analy-
resonance (NMR)26). The N-domain of E104K PCaMug sis of 3-9 replicate titrations are reported in Tables 1 and 2.

has a wild-type sequence; it bound 2 equiv of calcium, for The_ free energy C_’f cooperativity between the_ sites In e_ach
a total of 3. domain may be estimated from the macroscopic equilibrium

] ] o ) constants only by assuming that calcium binds with equal
Analysis of Free Energies of Bindingach domain of i yinsic affinity to the paired sites in a domain. The value

CaM may be considered as a two-site macromolecule 5f AG(—RT In(k.)) is given by the expression in eq 4
described by the linkage diagram belofr).

AG, = AG, — 2AG, — RTIn(4) 4)

™

ch

\F

If the values ofk; andk, are not equal, using this equation
to estimateAG; provides a lower limit (underestimate) for
o o the degree of cooperative interaction between the sites (see
ref 15 for a discussion).

Perturbations of Fluorescence Intensities Caused by a
Mutation. The calcium-dependent decrease in Phe fluores-
) ) o ) cence intensity of wild-type PCaM4s reports exclusively

_Free energies of calcium binding to sites | and Il or 0 4 calcium binding to the N-domain, while the increasing
sites Ill and IV were determined by fitting the data to a Ty fluorescence reports exclusively on calcium binding to
model-independent two-site binding function (eq 2a) origi- the C-domain 20). However, the validity of this interpreta-
nally described by Adiar28). The nomenclature in the  tjon for the mutants had to be tested experimentally. None
expression for fractional saturation has been used in prior of the mutations in the N-domain changed the content of
publications from this laboratoryl, 17, 29) and many  aromatic amino acids. Analysis of stoichiometric titrations

v
\ /

=~
~
el

others 80—34) showed that the calcium-induced changes in steady-state
fluorescence intensity were linearly proportional to occu-

_ _ K,[X] + 2K,[X]? pancy, as observed for wild-type PCaM (data not shown).

Yiotar = Y2 = (2a)  However, the mutation S101F introduced an additional Phe

- 2
2(1 4 Ky[X] + Ko[X]%) residue into the C-domain within site Ill. It was necessary

to determine whether this residue would contribute a calcium-
where [X] represents the free calcium concentrationl&nd  dependent change to the net fluorescence intensity measured
is the sum of intrinsic microscopic equilibrium constariks ( for PCaM or whether it would be quenched in the same
+ ko) for two sites: either sites | and Il in the N-domain or manner as the other three Phe residues are in the wild-type
sites Il and IV in the C-domain. The second macroscopic sequence. Furthermore, it was necessary to determine
equilibrium constant K,) is the product Kik:k;) of the whether other over-reactive mutations in the C-domain might
intrinsic constants with the cooperativity constakt, The perturb the conformation of CaM in a manner that would
parametersAG; and AG;, are macroscopic binding free change the interpretation of the Phe signal as representing
energies witlAG; equal to—RTIn K;. In the case of atwo-  calcium binding only to sites | and Il. This was addressed
site domain having only one functioning binding site, the by determining whether the C-domain fragment (PGalsg)
expression for fractional saturation reduces to of each mutant PCaM displayed a calcium-dependent change
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Table 1: Free Energies of Calcium Binding to N-Domain Sites | fluorescence of S101F PCaMas included a component

and Il sensitive to calcium binding to the C-domain as well as
protein length AGE AGS AAG, calcium bmdmg to_ thg N-domain. .To apcc_:unt for the
1-148  —6.09: 033 —1226%0.08 ’ spectroscopic contribution from calcium binding to the C-
wild-type 1-80¢ 5801031 —1213%0.10 2/2 domain, the observed fluorescence intensity was fit to a sum
vasipsony 17148 6524009 —1237+009 -0.11 of 2 two-site (Adair) binding equations, each having an
1-80 —5.86+0.17 —12.07+0.11 0.06 amplitude representing the fraction of Phe fluorescence inten-
G40E 1-148 —5.754+0.37 —1251+0.05 -0.25 sity coming from each domain. This is expressed in eq 5
1-80 —5.974+0.13 -12.494+0.01 —0.36
1-148 —-554+0.32 —12.67+0.08 —0.41 Y. =fY. +fY 5
GAOE/DSON 155" _6.08£0.05 —-12.71+0.02 -0.58 total — INTN T e e ()
1-148 —6.194+0.13 —12.40+0. —-0.14 .
D50G 1_808 _2.82 n 8_12 _12_28 T 8_82 _8.07 wherefy represents the fraction of Phe fluorescence con-
E54K 1-148 —6.28+0.13 —12.31+0.09 0.05 tributed by calcium binding to the N-domaixiy represents
1-80 —5.75+0.10 —12.03%0.04 0.10 the fractional saturation of the N-domaiia,represents the
G595 1:;6‘8 :g-%‘l‘i 8&? :g%i 8-82 8-83 fraction of Phe fluorescence contributed by calcium binding
DI5G 1148 —626+ 011 —1234+002 —0.08 to the C—domalln, andlc represents the fractlonal saturation
S101F 1-148 -5.81+010 —12.04+0.05 0.22 of the C-domain. The value fde was determined experi-
E104K 1-148 —6.594+0.02 —13.08+0.06 —0.82 mentally by performing titrations of S101F PCaMu4susing
H135R 148 —6.07+020 —12.41+009 -0.15 solution conditions and instrument settings identical to those
M145V 1-148 —6.47+0.08 —12.584+0.05 —0.32

: — of S101F PCal 145 and comparing the absolute changes
?Gibbs free energies (in kcal/mol; 1 kcal 4.184 kJ). Values and jn intensity (values from three replicate experiments were

errors represent averages and standard deviations between 3 and 9 trial : . :
The square root of the variance ranged from 0.010 to 0.DBAG, averaged). The absolute change in the Phe intensity observed

= AGy(mutant)— AG(wild-type) (in kcal/mol).c Taken from ref25. for S101F PCal-145 alone was determined to be 22.5

d Gibbs free energy resolved from the decrease in Phe fluorescence fort: 1.7% of that observed for S101F PCalks Thus, the
S101F PCal 145 shown in Figure 6 that is represented by a 22.5% fractional contribution of the Phe residues in the N-domain
contribution from the C-domain and a 77.5% contribution from the N- \yas calculated as the complement{1fc): 77.5%. This
domain of S101F PCaMuss (see the Results). calculation assumes that the spectroscopic behavior of S101F
PCaMe-145 represents the behavior of that domain within

Table 2: Free Energies of Calcium Binding to C-Domain Sites IlI S101F PCaM 148
and IV The titration data were fit to eq 6, which allows for varia-
protein length AG2 AGR AAG tions in the initial fluorescence intensityjow) andspan
wild-tvpe 1-148 —7.76+0.20 -15924+0.12 nla of the data
yp 76-148 —6.45+0.50 —15.49+0.13 nl/a ] _ _
V35I/D50N  1-148 —7.76£0.30 —15.82£0.08  0.10 signal= f(X) = Yjxjow T (fyYn T+ fcYo) - span (6)
G40E 1148 -7.35+0.63 —16.11+0.08 —0.19
G40E/D50ON 1148 -7.80+0.10 —16.07£0.06 —0.15 The free energies of calcium binding to sites | andAI;
D50G 1:148 :7'61i 0.08 :16'06i 005 -0.14 andAGy) in S101F PCaM 145 (see Table 1) were resolved
E54K 1-148 —7.45+0.25 -15.60+0.08  0.32 = ‘ ; o
G59S 1148 —8.004026 —16.24+0.08 —0.32 by fixing fc t(? the experlmentally determined valge of 22.5%
DI5G 1-148 —7.07+0.04 —13.024+0.09 2.90 and calculatingrc using the values of free energies resolved
76-148 —6.65+0.07 —12.58+0.09 291 from fitting the calcium-dependent change in Tyr fluores-
S101F 1-148 —6.67+0.19 —13.6240.09  2.30 cence of S101F PCaMusto eq 2a (see Table 2).
76-148 —5.68+0.12 —13.17+0.02  2.32 . . -
H135R 1-148 —6.41+0.11 —-13.79+ 0.08 2.13 Antl-COOperatﬂlty UerSU-S Unequal Aff.lnltyFor a macro- -
76—148 —5.35+0.75 —13.46+0.09 2.03 molecule or domain that binds 2 mol of ligand, the expression
M145V 1-148 —7.00+0.90 —1559+£0.07  0.33 for average fractional saturation (eq 2a) makes no assumption
e Tooa=09% T1524%014 025 apout the relative affinities of the two sites. However,
E104K 76-148 —6.54+ 0.04 analytically identical macroscopic binding isotherms may

a Gibbs free energies (in kcal/mol; 1 kcal4.184 kJ) are described arise from two cases that are quite distinct in terms of

(eq 2a). Free energies and errors represent averages and standat@mcrosco_p'c_en_erget'cs'_ Qase a’, in which the S'te_s have
deviations between 3 and 9 trials. The square root of the variance rangeddnequal intrinsic association constanks € kz) and bind
from 0.006 to 0.046° AAG; is the difference betweehG, for mutants ligand independentlyk{ = 1), may appear to be identical to
and wild-type CaM (in kcal/mol)¢ Stoichiometric calcium titrations case “b”, in which sites have equal intrinsic association

of E104Kse-148 and E104K-14g indicated that this mutation abolishes — P ; indi <
the binding to site Il (data not shown). Therefore, the Gibbs free constants Ky ke) but anti-cooperative binding{ < 1).

energies reported for binding to the C-domain of this mutant were  DiStinguishing experimentally between cases “a” and “b”
resolved from fitting to a single-site Adair function (eq 2b). would require a method that could determine individual-site

binding isotherms under equilibrium condition&7). The
in intensity at 280 nm when excited at 250 nm (the same steady-state fluorescence approaches applied in this study
wavelength pair used to monitor calcium-dependent changescannot do that; however, it is possible to calculate the
in Phe intensity of the N-domain). maximum level of microscopic heterogeneity consistent with
Calcium titrations of the C-domain fragments (PGalg) an experimentally determined macroscopic titration (i.e., one
of all over-reactive mutants showed that only S101F that gives the average degree of saturation) determined from
PCaMs-145 €xhibited a calcium-dependent change in the calcium-dependent changes in fluorescent intensity.
intensity of fluorescence emission at 280 nm. The observed Proteins for which the value &£G; (eq 4) was close to 0
decrease in fluorescence indicated that the change in the Ph&vere candidates for those that bound calcium independently
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and nonequivalently at two sites (i.e., according to case “a”).
For these, the model-independent value&pandK, were
used to calculate microscopic equilibrium constaki{sad

ko) consistent with the titrations by setting the valueAd$.

to O (i.e.,k. = 1) and calculating values & andk, using
expressions in eqs 7 and 8

= K, + yK® — 4K,

K
o=t ®)

This calculation provides a limit on the magnitude of the

difference between intrinsic affinities of two sites that would

be consistent with the experimental titration curve. The
average fractional saturation for a molecule with no cooper-
ativity between two sites is given by eq 9 and is equivalent
to the average of two individual-site isotherms, each char-
acterized by an intrinsic affinityk;

ky[X]
2(1+ ky[X])

Ko[X]
2(1+ koX])

?t = %(?1 + ?2) = )

The value ofAG, for mutant D95G PCalM 143 Was close to

0 and had the greatest deviation from the value for wild-
type PCaM-14s Values ofk; andk; consistent withk, equal

to 1 were calculated from the model-independent free
energies, and simulations of the two non-identical individual-
site isotherms Y; and Y;) were compared to the best-fit
macroscopic isotherm for the C-domain as shown in Figure
6F.

RESULTS

Wild-Type PCaM An equilibrium calcium titration of
wild-type PCaM-14gis shown in Figure 2A. From analysis
of the calcium-dependent decrease in fluorescence intensit
of Phe @), the total free energyAG,) of calcium binding
to sites | and Il in wild-type PCaM 145 was determined to
be —12.264 0.08 kcal/mol (see Table 1). From analysis of
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FiGure 2: Calcium titration of wild-type PCaM monitored by Phe
and Tyr fluorescence. The normalized fluorescence intensity [(
foin)/ (fmax — fmin)] for Phe @) and Tyr @) is shown as a function

of free calcium for titrations conducted in 50 mM HEPES, 100
mM KCI, 1 mM MgCl,, 50uM EGTA, and 5 mM NTA at pH 7.4

and 22°C. (A) Wild-type PCaM-145 (B) wild-type PCaM-go,

and (C) wild-type PCaM-14s The solid black curve was simulated
using the best-fit values resolved for the data set shown. Dashed
curves indicate calcium binding to (B) sites | and Il and (C) sites

10 102

Vil and IV in wild-type PCaM- 145 for a comparison to the corre-

sponding domain fragment.

the calcium-dependent increase in fluorescence intensity of The energetics of calcium binding to the paired sites in

Tyr (»), the total free energy of calcium occupancy of sites
Il and IV was determined to be-15.92+ 0.12 kcal/mol

PCaM-14s Wwere compared to those of the same sites in the
corresponding domain fragments. Figure 2B shows a rep-

(see Table 2). Values of free energies reported in Tables 1lresentative titration of sites | and Il in an isolated N-domain
and 2 indicate the average and standard deviation of nonlineafragment (PCal-gg); filled triangles show the normalized
least-squares analysis of at least three discrete trials. For alvalues of the observed calcium-dependent decrease in Phe

of the titrations included in the analysis, the confidence
intervals of the individual fits for total free energAG,)
were smaller than 0.10 kcal/mol. Solid curves show titrations

simulated using the best-fit values for the data set shown.

The difference between the free energy of calcium binding
to the C- and N-domain sites of PCaMss was—3.66 kcal/
mol (a factor of 22 difference iKeq per site at 22C). The
lower limit of cooperative free energ\\G.) between sites
I and Il was calculated to be-0.89 kcal/mol, andAG,
between sites Ill and IV was1.21 kcal/mol. NMR studies
of wild-type PCaM-14s showed that both sites in each
domain filled simultaneoushy?2j. This is consistent with the
intrinsic association constarksandk; being equal, although
the intradomain cooperativity may mask subtle differences.

fluorescence. The average total free energy wd®.13

=+ 0.1 kcal/mol; the solid curve was simulated using the best-
fit values resolved from the data set shown. For a compari-
son, a titration of sites | and Il in PCaMys is shown as
the dashed curve. The small decrease in calcium affinity of
PCaM._g relative to PCaM 145 (AAG; of 0.13 kcal/mol)
was close to the standard deviations (0.08 and 0.10) of the
determinations oA G, for calcium binding to the N-domain
sites | and Il in PCalMl 145 and PCaM-go.

Figure 2C shows a titration of sites Ill and IV in the
isolated C-domain fragment (PCaM.4g); open triangles
represent normalized values of the observed calcium-
dependent increase in Tyr fluorescence. The average total
free energy was-15.49 £+ 0.13 kcal/mol; the solid curve
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Two mutants showed a small but statistically significant
decrease in free energy of calcium binding to sites | and II,
as compared to wild-type sequences of both PCajand
PCaM-14s Both contained the G40E mutation, located at
the junction between the two EF-hands of the N-domain
(Figure 1). This mutation alone caused thé&, of sites |
and Il in PCaM-,45 to become more favorable by0.25
kcal/mol and the corresponding sites in PGagdto become
more favorable by-0.36 kcal/mol (Table 1). The double
mutation G40E/D50N also had a favorable effect on calcium
binding. Relative to wild-type PCaM, the value A&f5, for
sites | and Il was lowered by 0.41 kcal/mol in PCalyl 145
and by —0.58 kcal/mol in PCaM.g. These differences
exceeded the experimental standard deviations for the
average values for three or more replicate titrations of these
proteins.

A comparison of calcium affinities for sites | and Il in
PCaM-145 and PCaM-g (Figure 5A) showed that, for the
wild-type sequence and four of the under-reactive mutants,
calcium binding to sites | and Il in PCalvko was~0.2 kcal/

Normalized Fluorescence Intensity

10% 107 10% 105 10+ 100 102 mol less favorable than the same sites in PCabd For
. the two G40E-containing mutants, there was no significant
[Calcmm]free (M) difference in the energies of calcium binding to sites | and

Il'in PCaM;-14s and PCaM-go (i.€., the presence of the C-
FIGURE 3: Calcium titrations of domain fragments of PCaM domain had no measurable effect).
mutants. Normalized fluorescence intensity-f(fmin)/(fnax — fmin)] In these under-reactive PCaM4s mutants, the sequence

as a function of free calcium for titrations conducted in 50 MM f the C-domain is identical to that of wild- P
HEPES, 100 mM KCl. 1 mM MgGl 50 M EGTA, and 5 mm O € C-domain is identical to that of wild-type PCalis

NTA at pH 7.4 and 22C. (A) N-domain fragments (PCaivi) C_aIC|um titrations of S|tes_lll ar_1d IV in these mutanis ifh
of six mutants defective in regulating calcium-dependent sodium- Figure 4) were nearly identical to those of wild-type
channel function: V35I/D50N®), G40E (), GAOE/D50N &), PCaM-14s (- - - in Figure 4). The free energies of calcium

D50G (1), E54K (#), and G59S ¢). (B) C-domain fragments  pinding are given in Table 2. The largest differences were

(PCaMe-149) Of five mutants defective in regulating calcium-
dependent potassium-channel function: D93, (S101F (), ggzegsgsfcgciiil( inzbéuingsA_Goz gaicgﬁrioﬁ)c a_Ilfrr?eoslza
E104K (a), H135R @), and M145V @). Titrations shown are 148 2 : :

one representative trial of at least three replicates for each Pcamdifferences were larger than the confidence intervals obtained
mutant sequence studied. In each panel, the solid black curve wadn fits of individual titrations 0.1 kcal/mol) and the
simulated using_the best-fit values resqlved f_or the data set ShO_WnStandard deviation<0.1 kcal/mol) computed when fits of
and the behavior of the corresponding wild-type fragment is i, ree or more independent trials were averaged. Estimates
represented by a black dashed curve. . . . .
of cooperative free energies of interactiohG.) between
the paired sites in each domain according to eq 4 showed
small differences.
was simulated using the best-fit values resolved from the Over-Reactie Mutants All but one of the over-reactive
data set shown. A titration of sites Ill and IV in the C-domain mutants inParameciuntontains mutations within calcium-
in PCaM-14gis shown as the dashed curve. The decrease inbinding sites Ill and IV (Figure 1). The exception, M145V,

affinity of PCaMye-145 (0.43 kcal/mol) relative to PCaMiag is located outside of site IV, near the C-terminal residue
is statistically significant and similar to that observed for a (K148) of PCaM. Calcium titrations of mutant forms of
calcium-binding comparison of mammalian CaMus to PCaMe-148 (Figure 3B) and PCaM s (Figure 6) were
CaM;-145 (17). performed to determine how their calcium-binding properties

Under-Reactie Mutants.Six PCaM mutants that affect differed from those of wild-type PCaM. The results showed
the regulation of the calcium-dependent sodium current of a decrease in the calcium affinity of sites Ill and IV for all
Parameciunwere studied. Five of these have modifications five mutants with an amino acid substitution within one of
between sites | and Il, while one (G59S) is modified in site the sites, with the greatest decrease observed for E104K,
Il of the N-domain (see Figure 1). Titrations of PCal which abolished any observable binding to site Il at
(Figure 3A) and PCaM.4s (Figure 4) containing these concentrations of calcium up to 2.42 mM (17.10*Q&aM,;
mutations were conducted to determine how their calcium- data not shown). The slope of the titration of D95G was
binding properties differed from those of wild-type PCaM. similar to that of E104K, but stoichiometric titrations (not
The results (Table 1) showed that the total free energy of shown) demonstrated that the C-domain of D95G bound 2
calcium binding to sites | and Il in all six of these mutants calcium ions. Therefore, the molecular basis for the change
was similar to that of wild-type PCaM, whose behavior is may be distinct. Titrations of calcium binding to sites Il
represented by the dashed simulated titration in Figures 3and IV in M145V were nearly identical to those of wild-
and 4. There were slightly greater differences observed type PCaM. A comparison of calcium affinities of these sites
among the PCaM g, fragments of the mutants than among in PCaM 145 and PCaMs-14s (Figure 5B) showed that, for
their corresponding full-length counterparts. wild-type PCaM and these over-reactive mutants, calcium
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Ficure 4: Calcium titrations of under-reactive PCaM mutants. The normalized fluorescence inteinsitif)/(fmax — fmin)] for Phe @)

and Tyr (n) is shown as a function of free calcium for six mutants defective in regulating calcium-dependent sodium-channel function.
Titrations of (A) V35|/D50N__148, (B) G40B-_14s, (C) G4OE/D50N_14& (D) D50G,— 148, (E) E54K;—14s, and (F) G59% 145 PCaM were

conducted in 50 MM HEPES, 100 mM KCI, 1 mM MgCb0uM EGTA, and 5 mM NTA at pH 7.4 and 22ZC. The solid black curve was
simulated using the best-fit values resolved for the data set shown, and the dashed line in each panel represents the behavior of wild-type
PCaM__14s Titrations shown are one representative trial of at least three replicates for each PCaM mutant sequence studied.

binding to sites Illl and IV in PCalM-145 was ~0.5 kcal/ PCaM-14s (data not shown). Therefore, for these four
mol less favorable than to the same sites in PCal as mutants, the contribution of fluorescence intensity arising

had been observed for wild-type PCaM (Figure 2C). from calcium binding to the C-domain was considered negli-
In this set of five over-reactive mutants, the N-domain gible and the decrease in signal from PGaMs was inter-
sequence is identical to that of wild-type PCaMs. Stoi- preted as reflecting changes in the occupancy of sites | and

chiometric titrations (not shown) demonstrated that the Il. The free energies of calcium binding to sites | and Il were
fractional occupancy of calcium-binding sites | and Il was resolved using eq 2a. In PCaM,s, mutations D95G and
linearly proportional to the decrease in Phe fluorescence H135R did not significantly alter the calcium-binding
intensity. Thus, the fluorescence signal of the three Phe resi-properties of the N-domain (see Table 1). The mutation
dues in the C domain made no contribution to the calcium- M145V (AAG, = —0.32) caused a small increase in affinity
dependent Phe fluorescence signal. To evaluate the effect®f sites | and Il, while the mutation E104RAG, = —0.82)

of mutations on the calcium affinity of sites | and II, it was caused a large increase in affinity. The effect of the fifth
necessary to determine whether the Phe residues in the Cover-reactive mutation, S101F, on calcium binding required
domain of mutant PCaM sequences behaved in the same wayn analysis of the spectroscopic contribution of the newly

as those in wild-type PCaM. introduced F101.
To test this, calcium-dependent changes in Phe fluores- Phe Intensity of S101F PCaNDf the 11 mutants studied
cence of the isolated mutant C-domain fragments (Pcahd here, only 1 (S101F) changed the composition of aromatic

were measured. For D95G, E104K, H135R, and M145V, groups in PCaM. The addition of a Phe residue in site Il
the net calcium-induced change in steady-state fluorescenceeaused a calcium-dependent decrease in the raw (un-
intensity of the Phe (250/280) signal of PCaMaswas <4% normalized) Phe fluorescence signal of S101F P&al\k

of that observed for the corresponding mutant form of that was approximately one-quarter (2251.7%) of the
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determine the extent of difference possible between the
intrinsic affinity of sites Il and IV in the D95G C-domain,
the isotherms were analyzed using a model in which the two
sites were treated as independégtf 1, andAG, = 0 kcal/
mol) but were allowed to have different intrinsic binding
affinities (ky = k). With this assumption, individual free
energies of binding calcium to site Il or IV could be
estimated from the model-independent determinatioh@§
06 - using egs 7 and 8. For D95G PCalks, the estimated
= : == . e ! G40EI nsosl e : = intrinsic free energies (corresponding k¢ and k;) were
D50N D50N —6.07 and—6.95 kcal/mol, indicating a difference of 0.88
kcal/mol between the two sites. These individual-site values
B. represent the largest possible difference in intrinsic free
energies between the two sites that is also consistent with
the classical average titration determined experimentally (see
Figure 3 in ref27 for a similar case). The corresponding
independent individual-site isotherms are shown as solid
curves in Figure 6F, with a simulated average degree of
saturation shown as a dashed curve. Experimental studies
in which it was possible to to distinguish the saturation of
06 |- site Il from site IV would be required to determine whether
: : : : . intrinsic site differences, changes in cooperativity, or both

WT  D95G S101F E104K H135R M145V ; g )
o . : . . contributed to the observed average fractional saturation.
Ficure 5: Differences in the free energies of calcium binding to

domain fragments and full-length mutant PCaM molecules. A bar

graph representation of the differences between the total free energ;DlSCUSSK)N

of calcium binding to (A) sites | and Il of wild-type and mutant

PCaM-14s and PCaM_go and (B) sites Il and IV of wild-type Calcium-binding energetics of 11 viable mutants of PCaM

EQ%;E”‘&’-“ PCfZIaMtllés (ﬂd PCaMsﬁg l(zor ilArgutanth,b?xcelpt identified by their effects on ion-channel regulation and
, this reflected differences NG, (see , in Tables i i ; AV ; ;

and 2). E104K binds only 1 Gato the C-domain, andAG; rather ensuing I(;r_egukl)ar ngulqs avoIldancedbeha\(/jloPal;ameCIa .

than AAG; differences are reported. Errors were propagated from were s_tu Ied by observing calcium-aepen ent decreases In

the full-length and fragment data. intrinsic Phe fluorescence that indicated the occupancy of

sites | and Il in the N-domain and increases in intrinsic Tyr

decrease in the signal observed for S101F PCaM (see fluorescence that indicated the occupancy of sites Ill and
the Materials and Methods). This indicated that the total IV in the C-domain. Possible effects of the mutations on
change in the Phe fluorescence signal observed in a titrationinterdomain interactions were explored by comparing the
of S101F PCall. 145 contained contributions from calcium  calcium-binding energetics to sites in the N- and C-domain
binding to sites in both of the domains, rather than from the fragments (PCaMgoand PCaMs-14g) to the corresponding
N-domain alone. Therefore, the calcium-dependent decreasgites in full-length PCaM (PCaM4g).
in Phe fluorescence intensity of S101F PGaMs was Under-Reactie (N-Domain) MutantsAlthough one of the
analyzed according to eq 5. The free energies of calcium six under-reactive mutants studied contained a substitution
binding to sites | and Il resolved from this analysis of the within site Il (G59S), all six of these mutants bound calcium
total change in Phe fluorescence of S101F Pgal in both domains in a manner very similar to that of wild-
revealed that this mutation in the C-domain caused a slighttype PCaM under the conditions of this study (Figure 4).
decrease in calcium affinity of the site8AG; of 0.22 kcal/l  The largest differences iAG, observed for sites | and Il in
mol) in the N-domain (see Table 1) relative to the values under-reactive mutants of PCaMs were —0.25 kcal/mol
determined for wild-type PCaM. for G40E and—0.41 kcal/mol for G4A0E/D50N. The effects

Model-Dependent Analysis of D95G Assuming Indepen- of these mutations on calcium binding to sites | and Il were
dent SitesThe free energy of cooperativitAG.) between conserved in studies of the isolated mutant N-domain
the paired sites (I and Il or Il and 1V) was estimated by fragments terminating at residue 80 (see Table 1). It had been
assuming a model in which each of the sites within a domain shown previously that fragments of wild-type PCaM termi-
had equal intrinsic calcium affinity, an assumption supported nating at residue 77, 78, 79, or 80 have free energies of
but not proven by NMR studies of PCal2)( Wild-type calcium binding that are similar to that observed for sites |
PCaM -14shad a cooperative binding energy-of.21 kcal/ and Il in PCaM-145(25). In this study, the behavior of sites

A.

AAG, (kcal/mol)

AAG, (kcal/mol)

mol for sites Ill and IV, indicating favorable sitesite I and Il in all of the under-reactive mutant PCal, closely
interactions. In contrast, the calculated valuesA@. for paralleled the corresponding sites in PGaMs (see Figure
sites lll and 1V in the over-reactive mutant D95G suggested 5A). The absence of an effect of these mutations on the C-
slightly anti-cooperative calcium binding in D95G PCaMs domain agreed with a prior study that was conducted without
(AGc of +0.31 kcal/mol) and essentially independent binding magnesium and was restricted to observing only sites Ill and
in D95G PCaMe-14s (AG, of —0.09 kcal/mol). IV (35). We conclude that these mutations do not disrupt

A macroscopic binding isotherm that is apparently anti- the biophysical properties that are necessary for maintaining
cooperative may also arise from the binding of a ligand to the affinities of sites | and Il in the domain fragment, even
two sites that are nonequivalent and independent. Thus, tothough they may change other properties as was observed
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Ficure 6: Calcium titrations of over-reactive PCaM mutants. Normalized measurements of fluorescence inteasifynJ((fmax — fmin)]

for Phe @) and Tyr (o) are shown as a function of free calcium for five mutants defective in regulating calcium-dependent potassium-
channel function. Titrations of (A) D95G, (B) S101F, (C) E104K, (D) H135R, and (E) M145V RCaMwere conducted in 50 mM
HEPES, 100 mM KCI, 1 mM MgGl| 50 uM EGTA, and 5 mM NTA at pH 7.4 and 22C. The solid {-) line indicates the fit for the
individual representative titration shown, and the dashed line (- - -) in each panel represents a simulation of the behavior of wild-type
PCaM -4 Titrations shown are one representative trial of at least three replicates for each-R{gaMtant sequence studied. (F) Fractional
saturation {-; eq 2b) for two sites of the D95(G; 45 C-domain simulated by assuming that calcium binding is honcooper#tive 1). The

average fractional saturation of the domain (eq 9) is indicated by a dashed line that overlays the experimemtal data (

in studies of thermal stability and Stokes radius of shorter conserved). This degree of sequence identity highlights the
fragments [PCaM 75 (29)] of these mutants. importance of this region of CaM for its physiological
Given that the substitutions found in the under-reactive function. It may be that the PCaM mutations discovered in
mutants had little effect on intrinsic calcium-binding proper- this region occur at the few positions that allow the organism
ties but are known to affect the calcium-dependent regulationto remain viable, although crippled, and that mutations at
of ion channels, we conclude that the association with the other positions between sites | and Il were lethal.
target proteins must disrupt normal calcium-induced con- The positions of V35, G40, E54, D50, and G59 are
formational switching. Thus, it is likely that (a) the amino highlighted in a structure resolved for CaM bound to a
acids at these positions are highly conserved throughoutpeptide from CaMKII [Protein Data Bank (PDB) 1CDM
evolution and (b) the substitutions disrupt an energetically (13)], in which only V35 made contacts with the peptide
favorable contact between CaM and one or more of its target(Figure 7A), and in a structure of CaM bound to the SK
proteins. channel [PDB 1G4YZR)], in which V35, D50, and E54 made
We explored these ideas by comparing CaM sequencescontacts with a peptide fragment of the SK channel peptide
from 50 eukaryotes, including plants, invertebrates, and (Figure 7B). To investigate the importance of the positions
vertebrates (see Figure 2 in r&%). This alignment showed  of under-reactive mutants to the interface between CaM and
that all of the residues from 32 to 55 (i.e., those between its targets, we used the Contacts of Structural Units (CSU)
sites | and IlI; Figure 1B) are almost completely conserved software 87) to determine the frequency at which each
with a substitution entropy (as described in 8&j of O for residue in wild-type CaM was within 4.5 A of a residue in
each residue except for two positions, Q49 and N53, each15 structures of CaMtarget co-complexes available in the
of which had a substitution entropy of 0.097 (still highly PDB (parts C and D of Figure 7). Of the five positions found
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Ficure 7: Ribbon diagram of (Cd)4,-CaM bound to a peptide (green) representing the CaM-binding domain of A)yCaM-dependent
protein kinase ik [CaMKII, PDB 1CDM (13)] and (B) the SK channel [PDB 1G4Y¥)]. Positions of the under-reactive PCaM mutations
are highlighted by space-filling models of the residues (orange). In CaM, residt&sdre blue, residues 780 are black, and residues
81-148 and calcium-binding sites are yellow. Ribbon drawings were created using MOLSCBR3Pan( Raster3D54). A CSU (37)
analysis of the residues in the N-domain (C) and C-domain (D) of wild-type CaM that4® A of residues in 15 CaM/target co-
complexes available in the PDB. Only residues common in all 15 structures are shown (restd@Qeis 2\ and residues 84146 in B).
Those compared were smMLCK [PDB 1CDIL1)], skMLCK [PDB 2BBM (55)], CaMKI [PDB 1MXE (56)], CaMKllo. [PDB 1CDM
(13)], CaM kinase kinase [PDB 11Q%7) and 1CKK 68)], SK channel [PDB 1G4Y5)], MARCKSs [PDB 1IWQ (59)], endothelial nitric
oxide synthase [PDB 1NIW6Q)], anthrax edema factor [PDB 1K98){, myristoylated CAP-23/NAP-22 [PDB 1L74()], olfactory CNG
channel [PDB 1SY942)], CaV, ,Q [PDB 2BE6 63)], myosin VI [PDB 2BKH (64)], and glutamate decarboxylase [PDB 1NWD, chain
B (65)]. Positions of the mutations in the under- and over-reactive mutants are highlighted with a black dot.

mutated in the under-reactive forms of PCaM, V35 and E54  This analysis demonstrates that the under-reactive muta-
made contacts with the largest number of targets (V35 wastions of PCaM may cause some local perturbations but most
within 4.5 A of a residue in 8 (53%) of the 15 targets studied, likely have long-range, allosteric effects on the functional
and E54 was within 4.5 A of a residue in 6 (40%) of the 15 properties of PCaM in a complex with a target. A model of
targets studied). While G40 had a contact in only 1 of these the effect that these mutants may have on sodium-channel
structures (CaM/anthrax edema factor peptide; PDB 1K90), function in Parameciais presented in Figure 8A and is
which might be expected given the lack of a bulky side chain similar to the interactions observed between CaM and the
at this position, the neighboring residue L39 had contacts in N-methylb-aspartate-type (NMDA) glutamate recept@8)(
80% and Q41 had contacts in 60% of the 15 structures In this model, CaM is pre-associated with the channel in
studied. This is consistent with the hypothesis that the the absence of calcium via its C-terminal domain and calcium
physiologically identified substitution of glutamate for gly- binding to sites | and Il in the N-domain of CaM is required
cine at position 40 might disrupt a patch of favorable con- for the association of that domain and channel activation.
tacts. Similarly, although D50 had a contact in only 1 of The under-reactive mutants with defective sodium-channel
these structures (CaM/SK channel peptide; PDB 1G4Y), its regulation inParameciamay associate with the channel in
neighbor M51 had contacts in 60% of the 15 structures the absence of calcium and bind calcium like the wild-type
studied. The residue G59 within site Il was the only residue but cannot undergo the conformational changes required for
among the five mutated in the under-reactive forms of PCaM association of N-domain and channel activation.

that made a contact in only 1 structure (CaM/myosin VI;  Over-Reactie (C-Domain) MutantsIn the 12-residue
PDB 2BKH) and had neighbors that also only contactdd calcium-binding loops of each EF-hand in CaM, amino acids
structure of a CaMtarget complex (also in PDB 2BKH).  at positions 1, 3, 5, 7, 9, and 12 coordinate calcium, some
In general, very few contacts were observed for most residuesvia carboxyl groups and others via their backbone carbonyl
located within calcium-binding sites | and Il (see Figure 7C). group @9). The importance of residues in these positions
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A. loss of cooperativity (in PCal4-149 Or apparent anti-

“Resting Slate” “Resting State” “Active Slate” COOperat'V'ty (|n PC&M—]AS) betWeen SlteS ”I and IV,
Ca? consistent with what was observed when D95 was mutated

& to asparagine in mammalian CaM4j. It is possible that

the effect of this residue is primarily to disrupt structural
coupling between the paired heti¥oop—helix units in the
C-domain of PCaM. However, as shown in Figure 6F, the
macroscopic isotherm (reflecting average occupancy of the
B. two sites) is very well-represented by the sum of isotherms
“Resting State” “Resting State” “Active State” for sites that bind calcium independently but with different
Ca? g affinities, and this interpretation seems consistent with the
mutation of only one site. The major effect of this mutation
is probably to lower the midpoint of the titration, but site
differences could play a role in the dynamics of association
g & and/or activation of targets of CaM.
FIGURE 8: Models for compromised regulation of (A) sodium- Unlike the other over-reactive mutants, all sites of M145V
channel activity by the under-reactive mutants and (B) potassium- PCaM 145 and both sites in M145V PCaM 145 have
channel regulation by the over-reactive mutants. In model A, the calcium-binding properties similar to those of wild-type
C-domain of CaM is pre-associated with the channel and calcium pcan |t is likely that this mutation primarily affects the
is required for N-domain association and channel activation. - o o
Mutations in the under-reactive mutants most likely disrupt allosteric process of assqmanqn Qr actlvatlon of a target, but it might
effects necessary for N-domain association. In model B, calcium @lso affect calcium-binding properties of PCaM bound to a
is required for association and activation. Mutations (except target. It is well-established that methionine residues within
M145V) in the over-reactive mutants alter calcium binding and the hydrophobic pockets of CaM are important in binding
consequently disrupt target association. targets {8, 19). Residue M145 has contacts in 13 of the 15
for tuning the affinities of these sites has been demonstratedtarget-CaM co-complex structures in the PDB mentioned
(40). Of the five over-reactive mutants studied, four have previously as analyzed by CSUWBY), while the residues
mutations in these positions (the exception is M145V; Figure changed in the other over-reactive mutants did not have any
1B). Therefore, the observed diminution of calcium affinity contacts in these structures (Figure 7B). Studies of oxidation
of sites Il and IV in these mutants was expected. The most properties of the vicinal Met residues showed that target-
dramatic decrease in affinity was observed for E104K, which binding properties are very sensitive to the integrity of M145
abolished binding to site Ill. In that mutant, the free energy (45—47).
of calcium binding at the remaining site (site IV) was similar ~ The effects of mutations on calcium binding to PGaMs
to that of AG; for wild-type PCaMg-14s. were conserved in studies of the isolated C-domain fragments
In wild-type PCaM, the difference in the median ligand beginning at residue 76 (see Table 1). The slight increase in
activities of the N- and C-domains is a factor of 22. This affinity (~0.5 kcal/mol) of sites Il and IV in wild-type
separation leads to a highly populated intermediate state inPCaM 14z relative to sites lll and IV in wild-type PCahd 145
which both sites of the C-domain are occupied, while the (see Figure 5B) was similar to that observed for mammalian
N-domain sites are vacant. The significant decrease in theCaM (17) and was also observed for each of the five over-
calcium affinity of the C-domain of the over-reactive mutants reactive mutants. This indicates that the tertiary structure of
reduced the separation between the calcium-binding affinitiesan N-domain with wild-type sequence favorably affects the
of the N- and C-domains. Consequently, contrary to wild- affinity of the calcium-binding sites in the C-domain. In
type PCaM, the intermediate in which the C-domain is keeping with the effects of the E104K mutation on the N-
calcium-saturated and the N-domain is vacant is not popu-domain, it provides additional evidence for distributed inter-
lated to a significant level. If such an intermediate is impor- domain interactions, despite the lack of any close, persistent
tant in the regulation of the calcium-activated potassium contacts in solution such as that which would be monitored
channels, its loss could explain the dysfunctional regulation in NMR NOE experiments2).
of ion channels. In the genetic screen that yielded these altered forms of
In addition to abolishing calcium binding to site Ill, the PCaM, mutations in the C-domain of PCaM caused a length-
E104K mutation also caused an increase in affinity {dy ening of the interval of avoidance behavior in response to
kcal/mol) of sites | and Il in the N-domain of E104Kus various stimuli, as well as a decrease in the calcium-activated
The effect of a mutation in the C-domain improving the potassium current relative to wild-tygarameciun(14). If
affinity of the N-domain was observed for a site IV knockout calcium binding to the C-domain of PCaM is necessary and
mutation (E140Q) in mammalian CaM in which sites | and sufficient to trigger normal regulatory behavior that would
Il were half-saturated at a calcium level lower than that allow the organism to resume random sampling of its envi-
required for the same sites in wild-type Call) and studies  ronment, then lowered calcium affinity would raise the
of a series of site knockouts @rosophilaCaM (DCaM) effective concentration of cellular calcium required to saturate
(42). These results and other43 illustrate that coupling  these mutants of PCaM. If, in turn, calcium saturation is
within the C-domain of CaM affects interdomain com- required for the association of CaM with the ion channel
munication; however, the mechanism by which this occurs and subsequent termination of the avoidance response, then
remains unclear. a decrease in calcium affinity would extend the duration of
All of the mutations in sites Ill and IV lowered the calcium the calcium influx required to change channel behavior. In
affinity of the C-domain. The mutation D95G also caused a that case, the free energies of calcium binding measured in



CaM Mutants Affecting Channel Regulation

this study may directly address the step in the physiological
pathway disrupted by these mutations. A model for this
mechanism is shown in Figure 8B.

SUMMARY

The linkage between calcium binding to CaM and the
association with and activation of ion channels by CaM is a
broadening area of interest and is being explored very
successfully by making site-knockout mutants of Cal8
51). However, by studying two classes of viable mutants of
PCaM, we have shown that mutations may be deleterious
without affecting intrinsic calcium-binding properties. Whether
these are changed in the context of CaM bound to the
Parameciumchannel proteins awaits further investigation.
However, given that the sequences R&rameciumand
mammalian CaM are 88% identical, we believe these two
classes of mutants will provide valuable probes of other
CaM—target interactions. Further investigation into the

target-linked conformational changes of these mutants and 17.

their energetics of binding to multiple targets will be
necessary to understand the linked effects of these positions
in channel regulation. However, these studies lay a founda-
tion for elucidating the mechanism by which the highly
homologous domains of CaM differentially regulate multiple
classes of target proteins.
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