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ParameciumCalmodulin Mutants Defective in lon Channel Regulation Associate
with Melittin in the Absence of Calcium but Require It for Tertiary Collapse
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ABSTRACT. Calmodulin (CaM) is a small acidic protein essential to calcium-mediated signal transduction.
Conformational change driven by calcium binding controls its selective activation of myriad target proteins.
In most well characterized cases, both homologous domains of CaM interact with a target protein. However,
physiologically separable roles for the two domains were demonstrated by mutaRerarhecium
tetraurelia[Kung, C. et al. (1992 ell Calcium 13 413], some of which have altered calcium affinities
[Jaren, O. R. et al. (200@iochemistry 396881]. To determine whether these mutants can associate
with canonical targets in a calcium-dependent manner, their ability to bind melittin was assessed using
analytical gel permeation chromatography, analytical ultracentrifugation, and fluorescence spectroscopy.
The Stokes radius of wild-type PCaM and 11 of the mutants decreased dramatically upon binding melittin
in the presence of calcium. Fluorescence spectra and sedimentation velocity studies showed that melittin
bound to wild-type PCaM and mutants in a calcium-independent manner. However, there were domain-
specific perturbations. Mutations in the N-domain of PCaM did not affect the spectrum of melittin (residue
W19) under apo or calcium-saturated conditions, whereas most of the mutations in the C-domain did.
These data are consistent with a calcium-dependent model of sequential target association whereby melittin
() binds to the C-domain of PCaM in the absence of calcium, (ii) remains associated with the C-domain
upon calcium binding to sites lll and 1V, and (iii) subsequently binds to the N-domain upon calcium
binding to sites | and Il of CaM, causing tertiary collapse.

Calmodulin (CaM) is a small, acidic, calcium-binding  with deficient Na channel regulation5). Mapping the
protein that functions as the primary intracellular calcium underlying mutations revealed changes localized to the
sensor in eukaryotic cells. CaM is a member of the EF-hand N-domain of PCaM, primarily between calcium-binding sites
family of proteins (, 2) with four helix—loop—helix calcium- I and Il (one mutation is within site Il). The second group
binding sites (see Figure 1, panel A), two in each globular of mutants was classified gantophobiacThey were over-
domain. Alignment of the four segments Baramecium reactors to stimuli, a response associated with deficient K
CaM (PCaM, see Figure 1, panel B) illustrates the high channel regulation. The underlying mutations were located
degree of sequence homology between the two domains (then the C-domain of PCaM, primarily within calcium-binding
N-terminal domain is composed of residues7b and the sites Ill and IV (one is located in helix H in the hydrophobic
C-terminal domain is residues #848) and among the four  cleft).
12-residue calcium-binding sites. _ Biochemical characterization of 12 of these mutants [six

Calmodulin associates with and activates over 30 different j, the N-domain and six in the C-domain (see Figure 1)]
target proteins, many of which are essential for signal reyealed that they can bind calcium and adopt conformational
tran_sductlon, cell motlllty, growth, and r_norphogenes_,ls, and gngstates equivalent to wild-type (WT8)( The N-domain
calcium-activated ion channel regulatioB, (). In vivo  (ynder-reactive) mutations have no effect on calcium-binding
studies by Kung et al.%-7) have identified mutants in 4 sjtes 11 and IV and appear to have minimal effects on
ParameciunCaM that cause deficits in ion channel regula- gjtes | and II (W. S. Van Scyoc and M. A. Shea, unpub-

tion (both Na and K" currents). These mutants were |jished). Most of the C-domain (over-reactive) mutations are
classified into two functional groups on the basis of their iy, sjtes |11 and IV, and their intrinsic affinities and cooper-

abnormal response to chemical stimuli. Mutants classified ayjyity are diminished. A consequence is that the sequential
asfast-2were under-reactors to stimuli, a response associatedyansition from apo to calcium-saturated PCaM is perturbed.
Results from simulations, where the calcium affinities of sites

NaTtizzglslenssttiﬁ?tE: ovgﬂgaﬁﬁp(%ogf%&ysg 0%%” to MAS. from the ||| and IV were varied and calcium affinities of sites | and
* Corresponding author. Telephone: (319) 335-7885. FAX: (319) Il were not altered by C-domain mutations (see Figure 7 in

335-9570. E-mail: madeline-shea@uiowa.edu. ref 8), suggest that these mutations cause the affinities of
thl ?bbrevnlatloPst:) _;CaMPar?hmlfeCILtJrrlrc?Lnlllogu:{ln t(lt—148):t_EGTAéI the domains in PCaM to become more similar to each other
ethylene glycol bigf-aminoethyl etherN,N,N',N'-tetraacetic acid; ; : ; ; ;

HEPES N-(2-hydroxy-ethyl)piperazin®¥-2-ethanesulfonic acidimax th’-iln. IS Ot?eryed tl)n hative ECG(.jM (I'(.a" t.he Sepﬁ‘ratlonhOf
wavelength at maximum fluorescence intensifgmaximum fluores- calcium affinities between the domains is smaller). The

cence intensityRs, Stokes radius; WT, wild-type. mutant M145V (see Figure 1) does not alter the calcium
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FicUrRE 1. (A) Ribbon diagram of ther-carbon backbone of (€8,—PCaM created using MOLSCRIPB&) and RASTER3D 39).
Coordinates were taken from the RCSB Protein Data Bank file 1osa.pd#O{reftp://www.rcsb.org/pdb/). The four calcium-binding sites

are numbered I, 11, lll, and IV and calcium ions are colored yellow. Locations of mutations of PCaM isolated on the basis of abnormal
swimming behaviorg) and included in this study are indicated by red spheres. Substitutions are listed in boxes next to each domain. (B)
Amino acid sequence of wild-type PCaM aligned to illustrate sequence similarity among the four calcium-binding sites enclosed in boxes.
Positions within each site involved in chelating calcium ion are indicated as X, ¥;YZ,—X and —Z (41, 42). Mutations in PCaM
identified by Kung et al.§) are highlighted in red.

affinity of sites Il and IV. This implies that its main defect not bind calcium normally but are still able to bind target

is in target association or conformational change required [e.g., similar to som®rosophilaCaM mutants )], (c) bind

for activation. both calcium and some targets in a normal fashion, or (d)
The mutants may be subdivided according to whether they bind neither calcium nor target. Calcium titrations monitored

(a) bind calcium normally, but do not bind target(s), (b) do by fluorescence showed that over-reactive mutants with
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sequence differences in sites Il and IV have a lower intrinsic
affinity for calcium and diminished cooperativity between
sites Ill and IV @) suggesting they may be in class “b”.
However, the calcium-binding properties of sites Il and IV
in six under-reactive N-domain mutants and the mutant
altered in helix H (M145V) are equivalent to wild-type. Thus,
unless sites | and Il are dramatically affected in these, it

appears that some of these mutants may be defective only

in the calcium-dependence of their target interactions (class
“a” mutants).

CaM can associate with and activate a variety of different
targets. There are examples of CaM functioning as an
intrinsic subunit [e.g., phosphorylase kinagd®){ and as a
transient activator of targets through association-mediated
release of inhibition of catalytic sites or proteiprotein
interaction sites3). CaM may also be inhibited by associa-
tion with various pharmacological agents [e.qg., trifluoperazine
(11)]. The flexibility of the tether connecting the two domains
of CaM allows CaM to adjust its tertiary structure to
accommodate a multitude of targets. It can also bind small
peptides such as melittin and a portion of sSmMLCK even if
they are synthesized with altamino acids 12).

Many physiological targets are too large for direct
structural characterization of a co-complex with CaM. To
study the interactions between CaM and its targets, an
accepted strategy is to examine CaM interactions with a
small peptide representing the binding domain of the tar-
get. Most of the identified domains3) are 14-26 resi-
due peptides that have a propensity to form basic amphi-
pathic helices13). Studies of the interactions between CaM
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FiIGURE 2: Stokes radii for (C&),—PCaM (wild-type and mutants)

in the absence (hatched bar) and presence (black bar) of equimolar
levels of melittin. Three trials were performed for each protein.
The absence of an error bar indicates that replicate measurements
of Rs were identical to within 0.01 A.

MATERIALS AND METHODS

Analytical gel permeation chromatography studies were
performed on a Superdex-75 column (Pharmacia) using an
FPLC (model LCC-500 Plus; Pharmacia). Samples of wild-
type (WT) or mutant PCaM were diluted to %0/ using
either the apo buffer (50 mM HEPES, 100 mM KClI, &0
EGTA; pH 7.42+ 0.01 at 23 C) or calcium-saturated buffer
(apo buffer, 3 mM Cag@) in the absence or presence of 50

and these small peptides have demonstrated that the orieny M melittin. Elution profiles of injected volumes of 100

tation of target interaction with CaM can be antiparallel
[N-cam: CHargei €.9., myosin light chain kinase44—16)]

or parallel [Ncam: N-targei €.9., CaMKK (7) and melittin
(18, 19)].

Melittin is a well-accepted model for studying Calvarget
interactions because it is small (26 amino acids), binds to
(Ca&"),—CaM with high affinity @0, 21), and has a
spectroscopic reporter (W19) that changes upon binding to
CaM (22, 23). Previous biophysical studies of the interaction
between CaM and melittin indicate that a low affinity
complex Kq of 10uM (21)] forms between CaM and melittin
under apo conditions and a high affinity compléds [of 3
nM (20) to 0.11uM (24)] forms in the presence of saturating
calcium. Small-angle X-ray scatterin@5), fluorescence
energy transfer24), and gel permeation chromatography
studies 23, 26) suggest that the interaction betweeniq.a-
CaM and melittin is similar to the high-resolution structure
of a peptide of CaMKK bound to (€8),—CaM (i.e., target
binding causes (C&),—CaM to collapse with both domains
interacting with target). Therefore, melittin is an appropriate
model for studying the effect of the mutations in the domains
of PCaM on target interaction.

In this study, analytical gel permeation chromatography,
analytical sedimentation velocity, and tryptophan fluores-
cence were used to monitor the association of PCaM with

protein samples were monitored at 254 nm with a 0.4 mL/
min flow rate and 0.2 cm/mL chart speed. All chromato-
graphic separations were performed at room temperature
(20—23 °C). Stokes radii were calculated based on the elu-
tion profiles of standard proteins [bovine serum albumin
(BSA), chymotrypsin, RNase A, and ovalbumin] used at a
final concentration of 4 mg/mL each as described pre-
viously (27). The average Stokes radius from three deter-
minations is reported in Figure 2. The absence of an error
bar indicates thaRs values were identical to within 0.01 A

in all trials.

Analytical Ultracentrifugation. Sedimentation velocity
studies of WT PCaM with or without melittin under apo and
calcium-saturated conditions were conducted at-2? °C
on a Beckman XL-I analytical ultracentrifuge at 55 000 rpm.
Apo conditions were established by dilution of PCaM (
40 uM melittin) to 40uM with apo buffer (50 mM HEPES,
100 mM KCI, 50uM EGTA; pH 7.42+ 0.01) or calcium-
saturated buffer (apo buffer 3 mM CaCl). Sedimentation
was monitored at 280 nm every 90 s for 3.5 h. Data were
analyzed using the approach developed by Walter Stafford
(28) and the software progradCDT+ developed by John
Philo (http://www.jphilo.mailway.com). Sedimentation coef-
ficients were resolved by fitting the resulting distributions

melitiin. With these approaches, mutants from both the (S¢€ Figure 3) to a single Gaussian or the sum of two
under-reactive and the over-reactive classes were comparea@ussians using the softwakaleidagraph 3.08Synergy

to wild-type PCaM to test whether they could associate with
melittin in a calcium-dependent manner and whether the
complexes formed were structurally similar to that adopted
by wild-type PCaM.

Software, Reading, PA).

The sedimentation coefficiens)(is inversely related to
the Stokes radiusR) as shown in the following equation
(29),
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~ 'FA Declocgunteees,,
:ul 08 | 5000 .." %o, “oe, Analytical Gel Permeation Chromatographyomparison
o35 ! S % %, of the Stokes radii of WT PCaM with and without melittin
TRosl o %0 % shows that melittin binding to calcium-saturated PCaM
° (] o] L]
% % 04 b ..-' o ", resulted in a 1.19 A decrease in Stokes radius (see Figure 2
5 Tt . o, e and Table 1). Comparable results were observed for all
E <C L) o
S~ o2 - Ooo°-.. mutants (except E104K) under these conditions where the
< * 00%338 Stokes radius decreased between 0.42 and 2.26 A upon
°r . i binding melittin. Very little change in Stokes radius was
wwwwwww | S | L _
1 L oo C0ugse, observed for WT PCaM and mutants with and without
0000 Jesteey e .
o . B oo’ & oo e, melittin in the absence of calcium (data not shown).
% = *8r & ..‘. OOOOO;;-.. Analytical Sedimentation Velocityhe properties of WT
Qoo oL %0, %0, PCaM in the absence and presence of melittin under apo
N 2 i o OoO;-, and calcium-saturating conditions were compared. In the
g 3 o4 - OOE;.. absence of calcium, the resolved sedimentation coefficient
S 02| %38- (s*) of PCaM increased by 0.34 S in the presence of melittin
< . 05859 (Figure 3, panel A). In the presence of saturating levels of
o % calcium, thes* of PCaM increased by 0.38 S in the presence
PR T T S T S S T SR AT SH NI U | —_ | n
1.0 15 2.0 o5 1.0 35 of melittin (Figure 3, panel B). The standard error in the
* individual measurements & was 0.07-0.10 S, signifi-
s* [svedbergs]

E 3 Sedi afi locity study of wild-tvbe PCaM in th cantly smaller than the calculated values A&$*. This
IGURE 3: Sedimentation velocity study of wild-type PCaM inthe . _ . -~ ) ; —
absence (open circles) or presence (filled circles) of melittin in a !ndlcated that me"“'r.‘ b|_nd§ to PCaM in a Ca'c'“m
1:1 molar ratio under (A) apo and (B) calcium-saturated conditions. independent manner (i.e., it binds to both apo and calcium-

Sedimentation of PCaM was monitored by absorbance at 280 nm saturated PCaM).
gzg‘gige%ei%kmg?eé;g gﬂg'ﬁ'gﬁ!ouégacem”f”ge' Data analysis is  ging the inverse relationship betwesand Stokes radius
' (see eq 1), the Stokes radius of {€a—CaM was predicted
M(1 — vp) to decrease by 5.2%; the observed decrease for WT PCaM
S= W (1) was in very close agreement with this prediction (4.93%).
° Apo PCaM was predicted to decrease by 2.7% upon binding
melittin; however, no significant change in Stokes radius was
observed.

Trp Fluorescence of MelittinThe emission spectrum of
melittin changed upon addition of WT PCaM. Shifts in the
wavelength at maximum intensity of tryptophan fluorescence
(Amay indicated a change in the environment of W19 of

whereM is molecular weight (16.7 kDa for PCaM, 19.5 kDa
for PCaM/melittin),v is partial specific volumey is solvent
density,N, is Avogadro’s number, angl is the viscosity of
water at 20°C. This relationship can be used to predict the
change in Stokes radii caused by ligand binding when the

rr nding change in imentation fficients i - 9. . . .
corresponding change in sedimentation coefficients is de melittin under both apo and calcium-saturating conditions

termined. (Figure 4, panels AD). In the absence of PCaMyaxWas
Fluorescence Spectroscopy of Melittifluorescence emis- 355 3 nm under apo conditions and was almost identical
Sion Spectra Of PCal\/l, melittin, and miXtures Of PCaM and (3563 nm) in the presence Of Calcium (See data in Suppornng
melittin under apo and calcium-saturated conditions were |nformation). Upon addition of WT PCaM, the valuesigf,
collected at 22+ 1 °C using a Spectra CQ Fluorolog-3  shifted by~10 A (to 345.7 nm in the absence of calcium
SPEX, model FL3-21 (Instruments SA, Edison, NJ) with an and 346.4 in the presence of saturating levels of calcium).

excitation wavelength of 289 nm, a step size of 0.1 nm, @ 1,5 gy ntophan fluorescence of melittin was unaffected
time constant of 0.5 s, 2.5 nm slit widths, and a constant py, iy ations in the N-terminal domain of PCaM in both the
voltage of 950 mV. Apo conditions were established by psence (Figure 4, panel A; averaiggy of 344.8+ 0.0.5
dilution of melittin and PCaM with apo buffer (50 mM nm) and presence of calcium (Figure 4, panel C; average
HEPES, 100 mM KCI, 5tM EGTA; pH 7.42+ 0.01)to 3 of 346.3+ 0.8 nm). This suggests that the environment
final concentrations of 3.0M melittin and/or 4.5uM PCaM  gyrrounding W19 in melittin is not affected by either these
(iLe., excess PCaM). Calcium-saturated conditions were mytations or by calcium binding to sites | and Il in this
established by addinl M CaC} to the identical apo samples  domain. In contrast, the effects of mutations in the C-domain
to establish a final Cagkoncentration of 3 mM. Emission  of CaM were more variable (i.e., larger standard deviation).
spectra presented for melittin in solution with PCaM (Figure Shifts in 1. under both apo (Figure 4, panel B; average
4, panels A-D) were corrected for background emission of ;. awas 345.8+ 4.2 nm) and calcium-saturating (Figure 4,
PCaM in the absence of melittin. To allow for direct panel D; averagém.was 344.2+ 2.5 nm) conditions were
comparison of the spectrum for melittin alone with its observed. The largest variations were observed for M145V
spectrum in the presence of PCaM (WT or one of the 11 under apo conditions and E104K under calcium-saturating
mutants), all spectra were normalized to the fluorescenceconditions. This indicates that the environment of the
intensity at 355 nm. Spectra shown in Figure 4 are tryptophan in melittin when in the hydrophobic cleft of the
representative of three to six emission scans measured folC-domain is altered by these mutations regardless of the
each PCaM sample. degree of calcium occupancy of sites Il and V.
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Ficure 4: Fluorescence emission spectra of melittin in the absence (dashed line) or presence (solid lines) of PCaM WT (bold) and mutants

under apo (top panels, A and B) and calcium-saturated (bottom panels, C and D) conditions. Panels A and C compare tryptophan fluorescence

emission spectra of melittin in the presence of PCaM mutants altered in the N-domain. Panels B and D show the effect on melittin of

association with PCaM mutants altered in the C-domain. All spectra were normalized to 355 nm.

Table 1: Effect of Calcium and Melittin on Stokes Radii of PCaM mutations in the N-domain exhibited deficient calcium-

Mutants dependent sodium channel regulation, while mutations in the
Ca+-saturate®e (A) C-domain of PCaM exhibited deficient calcium-dependent
protein Ca*-saturatedR® (A) + melittin AR® potassium channel regulatior)( Biochemical characteriza-
WT PCaM 24135 0.00 52 0AL 0.32 119 tion of the calcium-binding properties of 12 _of these mutants
V351/D50N 23.95+ 0.30 22 57+ 0.00 1.38 revealed that they were able to bind calcium and undergo
G40E 24.67+ 0.00 22.41+0.29 2.26 conformational changes equivalent to wild-type PCaM.
SQSE’DSON 22:-;‘% 8-21 ggé‘;i 8-38 igi Therefore, a logical conclusion is that these mutants are
G59S 2431 0.31 59 575 0.00 174 defectlvg in target association. In thls stud_y, analytlcal gel
DI5G 23 60+ 0.00 22 08+ 0.00 1.52 permeation chromatography, analytical sedimentation veloc-
S101F 24.13t 0.00 22.57+ 0.00 1.56 ity studies, and fluorescence spectroscopy were used to
Eigg'é gi?igi 8-%1 %ggﬁ 8-35 (1)'32 determine whether PCaM mutants defective in ion channel
1136T 23 774 0.31 59 E7E 0.00 120 reg_ulat|on retain the at_Jlllty to_b_lnd target proteins. Com—
M145V 2413+ 0.00 22 57+ 0.00 1.56 parisons were made using melittin as a model target peptide

2 Stokes radii were calculated as described previouaR. ¢ Dif- becausg itwas expecteq to associate with the WiId—pre and
ference between Stokes radiARs) in the absence and presence of N'doma_'n (under-reactlve) mutants _that have V\_Illd-typ_e
melittin. C-domains. This was inferred from a wide array of biophysi-
cal studies that have spanned nearly two decades.

Calcium Dependence of Associatiddmall-angle X-ray
DISCUSSION scattering studies of the calcium dependence of CaM binding

Domain-Specific Effects of Mutations on PCaWwo to melittin indicate that the shape of apo CaM does not
classes ofParameciumCaM mutants were identified by change in the presence of melittin, whereas?({La-CaM
Kung et al. 6—7) and shown to affect ion channel regulation. undergoes a shape transition described as dumbell to more
These mutants were the first reported example of domain- globular @5). Fluorescence energy transfer studies have
specific target activation by calmodulifRarameciawith shown that the distance between the Cys 27 in site | and
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Ficure 5: Models for the calcium-dependent interaction between melittin and PCaM. In the absence of calcium (far left), PCaM is extended
and the peptide melittin (green; its W19 is purple) interacts with either (A) the C-domain (red sphere) alone or (B) with both the N- and
C-domains of PCaM. As the C-domain sites Il and IV (small circles) become filled with calcium (small black circles), the structure
remains extended. CaM collapses when calcium binds to the N-domain sites | and IlI.

W19
26

Tyr 139 in site IV of wheat (C&),—CaM decreases by3 observed in the gel permeation chromatography study in the
A (from 22.4 to 19.5 A) upon melittin complex formation, absence and presence of melittin is likely due to an
which is comparable to the change induced by other interaction that is too weak for detection using this technique.
autoinhibitory model peptide®4). Because melittin is smaller and has a larger partition
Ana|ytica| ge| permeation Chromatography studies con- coefficient than CaM, when it dissociates it may be retained
ducted in the absence of calcium showed no significant on the column as CaM progresses through the gel bed. Thus,
change in Stokes radius of PCaM (wild-type or mutants) in We have concluded that the small zone chromatographic
the presence of melittin (data not shown). These results aremethod we used is inadequate to analyze an interaction as
in agreement with previous studies of CaM and melittin using Weak as that of apo CaM with melittin.
the same techniqueg, 26) and offer evidence for a weak Fluorescence spectroscopy studies have taken advantage
association in the absence of calcium. However, in the of the differences in amino acid composition between CaM
presence of saturating levels of calcium, a significant and melittin.,ParameciunCaM contains one tyrosine (Y138,
decrease in Stokes radius was observed for all of the PCaMsee Figure 1) and no tryptophan residues, while melittin
mutants in the presence of melittin (see Figure 2 and Table contains one tryptophan (W19). Using fluorescence spec-
1) indicating that these mutations have not abolished the troscopy to study localized conformational changes in CaM
melittin binding site in CaM. has been well documente®, (31—-36). In this study, the
Analytical sedimentation velocity studies showed an environment of W19 in melittin was altered by WT PCaM
increase in the sedimentation coefficient for WT PCaM in binding in both the absence and presence of calcium [see
the presence of melittin under both apo and calcium-saturatedFigure 4, panels AD), consistent with prior findings with
conditions (Figure 3). These data provide unequivocal bovine CaM R1, 23)]. The average value Ofnax for the
support for the conclusion that an interaction between melittin N-domain mutants of PCaM was similar to that for WT
and PCaM exists in the absence of calcium. This conclusion PCaM. Significant variability in the shift ofyax for W19
is supported by tryptophan fluorescence, gel disk electro- fluorescence of melittin was observed upon addition of the
phoresis and microcalorimetry which detected a low affinity C-domain mutants of PCaM under apo and calcium-

[Kg of 10 uM (21)] complex in absence of calciun2@, 21, saturating conditions. This indicated that the environment
23, 26) and a 1:1 complexKy ranging from 0.11uM (24) of W19 when in the cleft of the C-domain is altered by the
to 3 nM (20)] in the presence of saturating calciud8( 20, mutations regardless of the occupancy of sites Ill and IV by
21, 23, 26, 30). calcium (i.e., calcium binding does not “rescue” conforma-

Comparative analysis of the observed and predicted changdional heterogeneity).
in Stokes radii upon binding melittin (see eq 1 and Results)  Alternative Models for Binding and Collaps®n the basis
indicates that the similar Stokes radii of the apo PCaMs of these data, the models shown in Figure 5 were formulated
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to depict the calcium-dependent, domain-specific interactions SUPPORTING INFORMATION AVAILABLE

of PCaM and melittin. In Figure 5, panel A, the structure of

CaM is shown extended in the absence of calcium. Under
these conditions, melittin associates with PCaM. The fluo-
rescence spectra indicate that interaction occurs between th

Fluorescence wavelength and intensity maxima of melittin

associated with PCaM mutants (Table S1). This material is
gvailable free of charge via the Internet at http://pubs.acs.org.

C-domain of PCaM and the C-terminal end of melittin where REFERENCES

W19 is located. The lack of change in tlga.x and the
maximum fluorescence intensityy for the N-domain
mutants of PCaM suggest there is no direct interaction with
melittin or none that affects W19. In this model, we assume
that the interaction between PCaM and melittin under apo
conditions is not disrupted by calcium-binding to sites llI
and IV and that the presence of melittin has no effect on the
order of calcium binding or association of melittin to sites |
and Il in the N-domain. The structure of this intermediate
species would be comparable to that reported for the complex
between CaM and the peptide from the plasma membrane
C&*-pump [1CFF.pdb 37); http://www.rcsb.org/pdb/]. A
significant shift inAmax for the C-domain mutants of PCaM
under both apo and calcium-saturating conditions suggests
that melittin binds to the C-domain of PCaM at all levels of
calcium, consistent with results obtained from analytical
ultracentrifugation studies. The dramatic decrease in Stokes
radius seen only under calcium-saturating conditions suggests
that a collapse occurs only when calcium occupies all four
sites (i.e., after it binds to sites | and Il in the N-domain).

An alternative model for the calcium-dependent interaction
between melittin and PCaM is shown in Figure 5, panel B,
where both the N- and C-terminal domains of PCaM interact
with melittin in the absence of calcium. However, the
interaction with the N-domain is spectroscopically silent and
does not change the Stokes radius. When calcium binds to
sites | and Il in the N-domain, this interaction is altered and
mediates tertiary collapse of the structure. It should be noted
that many other models of propagated effects are also
consistent with these data. We favor these two on the basis
of comparison with the literature on CahMnelittin interac-
tions.

NMR studies of the interaction between ¢&a—CaM and
melittin indicate binding causes perturbation in both the N-
and C-domains of CaM and the orientation of the interaction
is parallel, rather than the more common antiparallel orienta-
tion (18, 19). However, if melittin associates in a parallel
orientation, W19 would interact directly with the C-domain
of PCaM and report primarily on local environmental
differences. It would be unlikely to report on melittin
interaction with the N-domain of PCaM. Therefore, it is not
possible to distinguish between these two models using
tryptophan fluorescence alone. This will require studies in
which residue-specific probes of the N-domain are used to
determine whether melittin can associate with a fragment
containing those residues.
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