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ABSTRACT. Calcium-saturated calmodulin (CaM) can bind and activate many target proteins through the
direct association with the respective autoinhibitory domains. The CaM binding sequences within the
autoinhibitory domains of these proteins have little sequence homology, and the mechanisms associated
with CaM'’s ability to recognize and productively bind with these variable sequences is unclear. Common
structural features of CaM bound to five peptides that are homologous to the autoinhibitory domains of
smooth muscle myosin light chain kinase, CaM-dependent protein kinastéhd plasma membrane Ca-
ATPase, a MARCKS homolog, and glycogen phosphorylase kinase were assessed using frequency-domain
fluorescence spectroscopy. In addition, the structural features of CaM complexed with the peptide melittin
was also considered. We observe similar decreases in the average fluorescence lifetime and similar increases
in the solvent accessibility dfi-(1-pyrenyl)maleimide (PM) bound at Gy9n calcium binding loop | in

the amino terminal domain of CaM upon association with all six target peptides. Likewise, using
fluorescence resonance energy transfer to measure the spatial separation between the opposing globular
domains in CaM, we observe a similar spatial separation between the opposing globular domains of CaM
bound to all six peptides. This indicates that CaM undergoes comparable structural changes upon
association with all six target peptides. However, there are significant differences in the observed lifetime,
solvent accessibility, correlation time associated with the segmental rotational motion of PM-CaM, and

in the spatial separation between the opposing globular domains in CaM upon association with the individual
target peptides, which indicates that CaM adopts a different tertiary structure that is dependent on the
structural features of the bound target peptide. The correlation times associated with the overall
hydrodynamic properties of CaM complexed with all six peptides are nearly idenpical 0.6+ 0.4

ns) and are consistent with the known dimensions of CaM complexed to a peptide homologous to the
CaM binding sequence of CaM-dependent protein kinase Tiherefore, while these results are consistent

with a common binding mechanism between CaM and all six target peptides, they indicate that the binding
domains of CaM adopt different tertiary structures that allow them to bind with the variable sequences
found in the autoinhibitory domains of target proteins with high affinity.

Calmodulin (CaM) is an intracellular calcium sensor that 1992; Meador et al., 1993; reviewed by Crivici and lkura
is involved in the coordinate regulation of the activity of a (1995)].
large variety of proteins associated with intracellular signal-  Understanding the mechanisms relating to CaM’s ability
ing and metabolism [reviewed by James et al. (1995)]. The to recognize and activate a range of diverse target proteins
crystal structure of the calcium-liganded form of CaM with variable binding sequences is critical to a quantitative
contains two structurally homologous globular domains understanding of calcium signaling in cellular metabolism.
connected by a seven-tuenhelix (Babu et al., 1985, 1988).
The central helix is conformationally disordered (Babu et *Abbreviations: CaM, calmodulin; C25W, a peptide homologous

P ; : : to the calmodulin binding sequence on the autoinhibitory domain of
al., 1988), resulting in considerable heterogeneity with respect, . plasma membrane Ca-ATPase whose sequence is QILWFRGLN-

to the spatial separation between the opposing globularRIQTQIRVVNAFRSSC (a cysteine at the carboxyl terminal provides
domains in both apo- and calcium-saturated CaM (Barbato an attachment sites for fluorophores on the peptide); CAMKII20, a

. T peptide homologous to the calmodulin binding sequence on the
etal., 1992; Yao et al., 1994; T]andra etal, 1995)’ and has autoinhibitory domain of the brain calmodulin dependent protein kinase

been proposed to be important with respect to the ability of |1a, whose sequence is LKKPNARRKLKGAILTTMLA; CAPS, 3-(cy-
CaM to associate with a range of target proteins whose clohexylamino)propanesulfonic acid; DTT, dithiothreitol; EGTA, eth-

fop s . ... ylene glycol bisg-aminoethyl etherN,N,N',N'-tetraacetic acid; F52,
autoinhibitory sequences have both little sequence similarity 7 beptide homologous to the calmodulin binding sequence on the

and in which the spacing of key hydrophobic residues in autoinhibitory sequence of MARCKS homolog whose sequence is
the primary sequence of target peptides thought to be Eﬁ;g”ﬁﬁ;ﬁfFg#ﬁg'—%':';ﬁ_’;‘_ﬁK?;?EJ;JLU;I’L?%?“E% L?ég{ga”ce
. . . . . . . y ; , guanidiniu y ide; -

associated with CaM binding is highly variable [Ikura et al., hydroxyethyl]piperazing¥'-[2-ethanesulfonic acid]; HPLC, high-
performance liquid chromatography; PHK5, a peptide homologous to
the calmodulin binding sequence on the autoinhibitory sequence of

T Supported by the American Heart Association Grant 1697 and the glycogen phosphorylase kinase whose sequence is LRRLIDAYAF-
National Institutes of Health Grants GM46837 and AG12993. RIYGHWVKKGQQQNRG; PM, N-(1-pyrenyl)maleimide; RS20, a
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864-4008. FAX: (913) 864-5321. E-mail: TCSQUIER@ autoinhibitory sequence of the smooth muscle myosin light chain kinase
KUHUB.CC.UKANS.EDU. whose sequence is ARRKWQKTGHAVRAIGRLSS; TEMPAMINE,
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It is now clear that the CaM binding domains of a variety of
target peptides have a propensity to form basic amphipathic
o-helices [reviewed by Erickson-Vitanen and DeGrado
(1987) and Trewhella (1992); O'Neil & Degrado, 1990]. Two
high-resolution crystal structures of CaM in association with
target peptides are currently available (i.e., peptides derived
from the autoinhibitory domains of smooth muscle myosin
light chain kinase and CaM-dependent protein kinase I
Meador et al., 1992, 1993), and the general features of the
complex are consistent with the average solution structure
of CaM complexed with a 26 amino acid peptide homologous
to the CaM binding domain of skeletal muscle myosin light
chain kinase as determined by high-field NMR data (lkura
et al., 1992). In all cases the-helical target peptide is
located in a hydrophobic channel that passes through the
center of the ellipsoid at an angle 6f45° relative to the
long axis of the CaM:peptide complex (Ikura et al., 1992;
Meador et al., 1992, 1993). A comparison of the two crystal
structures demonstrates that, while critical groups on the
target peptides involved in the binding interaction with CaM g5z 1: Positions of donor and acceptor chromophores within
have a variable spacing within the primary structure of the caimodulin. The relative positions of Cys27 (binding site for PM)
peptide, there is a similar spatial separation between specificand Tyr139 (which is nitrated to form an energy-transfer acceptor)
amino acids in CaM within the tertiary structures of CaM are highlighted in the ribbon drawing of the backbone fold of the

calcium saturated form of CaM bound to a target peptide from
complexed to both RS20 and CaMKIl (Meador et al., 1993). calmodulin-dependent protein kinase.ll The coordinates are taken

This suggests a degree of flexibility with respect t0 the rom the Brookhaven Protein Data Bank file 1 cdm.pdb (Meador
peptide binding sites within the tertiary structure of CaM et al., 1993), and the ribbon drawing was created using the
and suggests that CaM can bind a range of target proteinsshareware program RASMOL. The small filled circles represent
without the need to alter the spatial arrangement of the calcium ligands.
opposing globular domains (Afshar et al., 1994). From these o
studies it is unclear what role the reported flexibility of the covalently attachedN-(1-pyrenyl)maleimide (PM) to the
central helix may play in promoting the association of CaM Single Cysy in calcium binding site |, which permits the
with the variable binding sites found on target proteins. |dent|f_|cat|0n 'of confor_matlona! and strgctural changes
Measurements relating to the hydrodynamic properties of 8ssociated with the amino terminal domain of wheat germ
CaM indicate that the two opposing globular domains in ©aM upon binding to target peptides (Figure 1). Lifetime-
calcium-activated CaM are structurally coupled (Small & resolved fluorescence resonance energy transfer (FRET)
Anderson, 1988; Tiék et al., 1992; Yao et al., 1994), and between PM an_d mtrotyro&mlocated in calcium bmdmg.
small-angle X-ray and neutron diffraction measurements of 100P IV provide information regarding the average separation
CaM bound to target peptides indicate that many of the ar_ld distance h_eterogenelty betV\_/een quorophore_s assoc_lated
general features associated with the binding of the opposing™ith the opposing globular domains of CaM upon interacting
globular domains in CaM to recognition sites on target with target pepnd_es. Compllementary measurments of fluo-
proteins are conserved [reviewed by Trewhella (1992)]. This "€Scence quenching and anisotropy permit us to compare the
suggests that the structural properties of the central helix may!oc@l and global conformational changes of CaM upon
be critical in defining the optimal spatial relationship between Pinding to all six target peptides.
the_ opposing g_lobular domains in CaM for the rapld_ and EXPERIMENTAL PROCEDURES
efficient activation of target proteins. The conformational
flexibility observed in the central helix may facilitate the Materials N-1-(Pyrenyl)maleimide (PM) and 1-(2-2(5-
optimal interaction between CaM and target peptides, and carboxyoxazol-2-yl)-6-aminobenzofuran-5-yl-2-gnino-53-
may allow CaM to rapidly associate with autoinhibitory methylphenoxy)ethank;N,N',N'-tetraacetic acid) (FURA-
domains in target proteins in which there is a variable 2)were obtained from Molecular Probes, Inc. (Junction City,
separation between important hydrophobic amino acids OR). Tetranitromethane (TNM) was obtained from Aldrich
associated with CaM binding. The presence of multiple (Milwaukee, WI). CAMKII20 (LKKPNARRKLKGAIL-
binding pockets within CaM is consistent with observations TTMLA), a calmodulin binding domain derived from cal-
involving the association of CaM with target sequences in modulin-dependent protein kinasexlvas purchased from
altered conformations (Afshar et al., 1994). Itis, however, Signal Transduction Inc. (San Diego, CA). All other reagent
unclear if the spatial relationship between the opposing chemicals were the purest grade commercially available.
globular domains of calcium-saturated CaM bound to a rangeCaM was purified from wheat germ using the procedure
of target peptides is critical to the ability of CaM to bind to outlined by Strasburg et al. (1988), and purity was assessed
and activate target proteins on the millisecond time scale. by both SDS-PAGE and HPLC. Purified wheat germ CaM

In order to probe the general mechanisms relating to how was stored at-70 °C. The C25W peptide (QILWFRGLN-
calcium-activated CaM interacts with target peptides that RIQTQIRVVNAFRSSC) was synthesized by the Kansas
have little sequence homology, we have used frequency-State University Biotechnology Microchemical Core Facility.
domain fluorescence spectroscopy to assess the structure ofhe F52 peptide (KKKKKFSFKKPFKLSGLSFKRNRK),
wheat germ CaM bound to six target peptides. We have melittin peptide (GIGAVLKVLTTGLPALISWIKRKRQQ),
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and RS20 peptide (ARRKWQKTGHAVRAIGRLSS) were observed in the presence of saturating concentrations of

generous gifts from J. David Johnson (Ohio State University). peptide, and- is the observed fluorescence at a particular

The PHKS5 peptide (LRRLIDAYAFRIYGHWVKKGQQQN- peptide concentration. [CalM], is the total concentration

RG) was a generous gift from Robert Steiner (University of of CaM in solution, and [Peptidg}inq is the concentration

Maryland). of peptide that is associated with CaM. Knowing [Pep-
Specific Deriitization of CaM The specific nitration of  tide]young it is possible to calculate the concentration of

the single Tyrse in wheat germ CaM and the chemical peptide free in solution (i.e., [Peptide)), where

modification of Cyg; with PM was carried out as previously

described (Yao et al., 1994). Prior to chemical derivitization, [Peptide] .. = [Peptide],, — [Peptide],,ng  (2)

CaM was first dissolved in 6 M GnHCI, 25 mM HEPES

(pPH 7.5), 50 mM DTT and 1 mM EDTA buffer and Therefore, if one assumes a homogeneous population of

incubated at room temperature for 2 h in order to eliminate independent peptide binding sites on CaM one can calculate

intermolecular cross-linking. DTT was removed either by the apparent association constak)(assuming a simple

exhaustive dialysis against deionized water or by using size-binding isotherm (Pedigo & Shea, 1995), where

exclusion chromatography (i.e., a 16 23 cm Sephadex K IPentide

G-25 column), and the desalted CaM was SUbsequemly[Peptide],ound=( APeptide}, JX Span+

lyophilized. The concentration of wheat germ CaM was 1+ K [Peptide],
determined using the micro BCA assay (Pierce), using a stock Minimum (3)
solution of desalted bovine CaM whose concentration was
determined using the published extinction coefficient for Span is related to the extent of peptide binding offset by a
bovine CaM as a standareb{;= 3029 Mt cm™%; Strasburg ~ minimum value. Experimental data were fitted using the
et al., 1988). Derivitized CaM was stable-a70 °C for at Levenberg-Marquardt algorithm contained in the program
least 2 months, as evidenced by the ability to activate the ORIGIN (Microcal Software, Inc., Northampton, MA).
erythrocyte Ca-ATPase and fluorescence measurements Spectroscopic MeasurementBluorescence lifetime and
relating to protein structural changes (Yao et al., 1994). The anisotropy measurements were performed using an 1SS K2
extent of nitration was measured in 6 M GnHCI, 1 mM  frequency-domain fluorimeter, whose design has previously
EDTA, and 50 mM CAPS (pH 10) using the molar extinction been described in detail (Gratton & Limkeman, 1983). This
coefficientesrs = 4200 Mt cm* for nitrotyrosine (Richman  instrument is equipped with a Marconi signal generator
& Klee, 1978) and corresponded to 0.950.05 mol of (2022A & C) and ENI broad-band amplifiers (325LA and
nitrotyrosine per mol of CaM. The extent of modification 403LA) which operate in conjunction with a Pockels cell to
with PM was determined using the molar extinction coef- optain intensity-modulated light at 351 nm from a CW argon
ficient of PM (es43 = 36 000 M™* cm™) and corresponded  jon laser (Coherent Innova 400, Santa Clara, CA).
to 0.954 0.06 mol of pyrene maleimide per mol of CaM.  Fluorescence emission spectra and quenching experiments
Concentration of Target PeptidesThe concentration of  were performed using an ISS K2 fluorimeter in the ratio
C25W was determined using the published extinction coef- mode. TEMPAMINE was added in microliter increments
ficient (i.e., €250 = 5600 M"* cm™%; Chapman et al., 1992).  to 2 mL of 1.2uM PM-CaM in 0.1 M KCI, 1 mM MgC},
The peptide concentration of CaMKII20 was determined by 0.10 M HEPES (pH 7.5), and 0.1 mM CaClExcitation
amino acid composition analysis by the supplier (Signal was at 351 nm. Fluorescence emission was collected using
Transduction Inc., San Diego, CA). PHK5 was a kind gift a Schott GG400 long-pass filter. Analysis of the collisional
from Dr. Steiner (University of Maryland), and the concen- quenching was carried out essentially as described by Lehrer
tration of PHKS was computed assuming the molar extinction and Leavis (1978), and the effect of the quencher on the
coefficient at 280 nm to be equal to the summed extinction steady-state fluorescence of a sample is described by the
coefficients of the aromatic amino acids present in the peptide Stern-Volmer equation
(Juminaga et al.,, 1994). The F52, RS20, and melittin
peptides were kind gifts from Dr. J. David Johnson (Ohio Fo
State University), who supplied their respective concentra- - 1HKJQI=
tions based on a determination from absorption spectropho-
tometry in conjunction with amino acid composition analysis whereF, andF are the fluorescence intensity in the absence
(Graff et al., 1989). and presence of the quenches, and T are the average
Determination of Binding Affinities between CaM and fluorescence lifetimes in the absence and presence of the
Target Peptides Peptide binding affinities to CaM were  quencherKs, is the Stera-Volmer quenching constant and
assessed using the associated decrease in the steady-stdtethe slope of the ploEo/F versus quencher concentration.
fluorescence intensity of PM-CaM upon peptide binding, as  From K, and the average fluorescence lifetime of the
described in Results. This analysis assumes that there is dluorophore §), one can determine the bimolecular collisional
linear relationship between the decrease in the fluorescencefrequencyk,, which is directly related to the solvent exposure
signal and peptide binding and that one mole of peptide bindsof the fluorophores and is related #, and 7 by the
one mole of CaM, as previously determined [reviewed by following equation:
Crivici and Ikura (1995)], implying that

|(F_ I:o)|

|(Fmax - FO)| _ . . e
whereT represents the amplitude weighted average lifetime
whereF is the initial fluorescence;may is the fluorescence  (see below).

0

4

SR

KSV
== (5)

[Peptide;l)ound= X [CaM]totaI (1)
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Decays of Fluorescence IntensitieShe time-dependent the presence and absence of nitrotyrosine (see abdre).
decayl(t) of any fluorophore can always be described as a (in cm) is given by
sum of exponentials,

R,=9.79x 10 ° (n “%%p )" (9)

n

_ (—t/r)
'® ;a, © ©) wheren is the refractive indexs? is the orientation factor,
Jis overlap integral, andyq is the quantum yield of the donor
in the absence of acceptor. In our experimemts estimated
whereo; are the pre-exponential factors,are the excited  to be 1.40 (Fairclough & Cantor, 19789 is assumed to be
state decay times, and is the number of exponential 2, which assumes that donor and acceptor chromophores
components required to describe the decay. The intensityundergo rapid isotropic rotational motion relative to the
decay law is obtained from the frequency-response of the|ifetime of the donor (see below)py is determined by
amplitude-modulated light and is characterized by the numerical integration of the fluorescence emission spectrum
frequency ) dependent values of the phase-shift(and  of PM-CaM, using quinine sulfate as a standard, which has
the extent of demodulatiom,). The parameters describing a quantum yield of 0.70 in 0.1 N430, (Scott et al., 1970);
the decay law are compared with the calculated vald®gs ( and J is calculated by numerical integration from the
andm,) from an assumed decay law, and the parametersfluyorescence emission spectrum of PM-CaM and the absorp-
chosen are those that minimize the squared deviation.tion spectrum of nitrotyrosine CaM, as described previously
Explicit expressions have been provided that permit the ready(yao et al., 1994). Color effects relating to the wavelength
calculation ofo; andz; (Weber, 1981). The parameter values dependent properties of the photomultiplier were corrected
are determined by minimizing thg? (theF statistic) which  ysing an algorithm provided by ISS Inc. (Urbana-Champaign,
serves as a goodness-of-fit parameter that provides ajL). In the presence of saturating calcium (pH 7.5), the
quantitative comparison of the adequacy of different assumedquantum yield ¢g) for PM-CaM is 0.175, and the overlap
models (Lakowicz & Gryczynski, 1991). Data are fitted integral,J, for PM-nitrotyrosine-CaM is 2.8 10715 M1
using the method of nonlinear least-squares to a sum ofcm3, These constants were remeasured under the different
exponential decays (Bevington, 1969). Subsequent to theexperimental conditions used in this study and are reflected
measurement of the intensity decay, one typically calculatesin the measured values &, (Table 4).
the average Ii_fetimef, which is weighted by.the amplitudes The above analysis assumes a unique democeptor
associated with each of the pre-exponential terms, where geparation in the calculation of molecular distances, and

ignores any conformational heterogeneity associated with the
T= Ziaifi (7) molecular dynamics of CaM. However, the intensity decay
o . associated with the donor in the presence of an acceptor
and is directly related to the average time the fluorophore e mjts one to recover the conformational heterogenesity (or
is in the excited state, and the amplitude weighing implies a ;s yihytion of distances) associated with CaM [Haas et al.,
direct relationship betweenand the quantum yield of the 1 97g- Beechem & Haas, 1989; Buckler et al., 1995: reviewed

fluorophore (Luedtke et al., 1981). Alternatively, for the | Cheung (1991)]. To minimize the number of parameters,
case of fluorescence resonance energy transfer measuremen uniform Gaussian distribution of donor to acceptor

more realistic physical models were used involving a jisiances is often assumed
distribution of distances (see below), as previously described
(Haas et al., 1978; Lakowicz et al., 1988; Yao et al., 1994). 1fr — R,\?
Calculation of Molecular Distances using FREUtilizing P(r) = ex;{——( ") ] (10)
FRET to measure the distance between any fluorophore 2\ o

(donor; D) and a suitable acceptor (A) chromophore, one

can measure distances in the-100 A range, and directly ~ Whereé R is the average distance amdis the standard
recover structural information concerning biological mac- deviation of the distribution. The width of the distribution

romolecules (Stryer, 1978). The efficiency of energy is reported as the full-width at half-maximum (half-width,

transfer,E, and the apparent donor-acceptor distamgg, HW), which is given by HW= 2.354;. The adequacy of
are calculated from the “Fster equations (Fairclough & the Gaussian model is assessed through a comparison of the

Cantor, 1978), where gopdness of the fit (i.eyr? see'below) rglative to the fij[
using the more general multiexponential model which
= 7 R06 assumes no physical model.
E=1--2=1- " gnd E=—2 — (8) Evaluation of Probable Errors in the Measurement of
Fa g R06 + rappe Molecular Distances using Fluorescence Resonance Energy

Transfer In the interpretation of the fluorescence resonance
and Fq4, and Fq4 are the steady-state fluorescence intensities energy transfer data in terms of molecular distances it is
in the presence and absence of the acceptor (nitrotyrosine)typical to assume that the orientation between the donor and
T4a @NdTy4 are the average fluorescence lifetime (see eq 7) of acceptor chromophores is motionally averaged during the
the donor in the presence and absence of the acceptoexcited state lifetime of the chromophore (i.€.= %), and
(nitrotyrosine), andR, is the Faster critical distance that the influence of restrictions in the motional freedom of both
defines the distance for a given dor@cceptor pair where  donor and acceptor chromophores is typically the major
the efficiency of resonance energy transfer is 5084.and concern associated with the interpretation of the experimental
74 are determined from frequency-domain measurementsdata. Direct measurements relating to the mobility of the
relating to the fluorescence intensity decay of PM-CaM in chromophores through the measurements of either the steady-
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state or time-resolved anisotropy (or polarization) provides The observed correlation times are predicted to be

a conservative estimate regarding the uncertainty in the 1

apparent distance and suggests that, for chromophores in = 6D

which the steady-state polarization is less than 0.2, the typical O

errors in the distance between chromophores is on the order 1

of 5%—10% (Hass et al., 1978; Hahn & Hammes, 1978). %=55 1D

This above estimate of the errors associated with FRET are - !

consistent with previous measurements involving CaM, in _ 1

which the use of two different FRET donors (covalently b= 2D, + 4D, (15)
attached to Cys) with varying physical properties reveal

similar average distances between and nitrotyrasiieat N the case of CaM complexed to CaMKIl (Meador et al.,
differ by less than 3 A (Yao et al., 1994). 1993), the volume of hydrated CaM (using two shells of

Decays of Fluorescence Anisotropys previously de- ~ Water; Cantor & Schimmel, 1980) is 33.75 Anmplying
scribed (Lakowicz & Grycznski, 1991; Johnson & Faunt, thatDr=2.3x 10" s™ at 25°C in water. Assuming an
1992), the time-resolved anisotropies were measured using?xial ratio ) of 2.3 (which is consistent with the crystal
the differential phaseX, = ¢u — ) and modulated struqtur'e.of Cam b_ound to a peptide homologous to the
anisotropy (, = [A, — 1J/[A, + 2]), whereA = m/m. aqto_mhlt_ntory domain of CaMKH; Meador et al., 1993),
The parameters describing the anisotropy decay were ob-this implies thaD, = 1.45x 10’ s™* andDy = 1.83 x 10/

tained from a least-squares fit to a multiexponential model, S » and the associated correlation times ére= 9.1 ns ¢y
where = 9.4 ns, andp. = 10.6 ns. However, one is generally

unable to resolve the three rotational correlation times

AR o associated with the diffusion of a protein about the two

r(t) = roz e (11) principal axis due to both geometrical considerations involv-

! ing the selective excitation of the transition dipole of the

ro is the limiting anisotropy in the absence of rotational chromophore and due to the lack of experimental resolution

diffusion, ¢: are the rotational correlation timesg; are the ~ (omall & Anderson, 1988).

amplitudes of the total anisotropy loss associated with eaChRESULTS

rotational correlation time, and is the total number of

components associated with the exponential decay. The Synthetic peptides that are homologous to sequences

goodness of fit was determined through a comparison of thewithin the autoinhibitory domains of CaM-activatable pro-

deviations between the measured and calculated valuesteins bind to CaM in a calcium-dependent manner with a

Errors in A, and A,, were assumed to be 0.2 and 0.005, similar stoichiometry and high affinity as observed for native

respectively. proteins (Kemp et al., 1987; Blumenthal & Krebs, 1988;
Calculation of Expected Rotational Correlation Times Payne etal., 1988) and are frequently used as a model system

The expected rotational correlation times for proteins of to obtain mechanistic information relating to CaM’s ability

variable shape have been discussed in detail [Garcia de I&o bind and to activate many different target proteins that

Torre & Bloomfield, 1981; reviewed by Steiner (1991)]. In possess little sequence homology [reviewed by Crivici and

the case of spherical proteins Ikura (1995); James et al., 1995]. In order to assess general
features of the binding mechanism between CaM and target

D. = KT (12) proteins that are regulated by CaM association, our strategy

" 6Vp is to use frequency-resolved FRET to measure the spatial

separation between the opposing globular domains of CaM
bound to a range of target peptides that are homologous to
the CaM binding sequences of CaM-regulated proteins. In
addition, we have assessed the structure of CaM in associa-
tion with melittin, an amphipathic peptide that binds CaM.
These target peptides have little sequence similarity with
respect to one another (Table 1), and therefore a comparison
of the structure of CaM complexed to these various target
peptides will provide valuable information relating to the
Wy —p) mechanisms that allow CaM to bind and activate structurally
=———D diverse target proteins. These measurements take advantage
20" 1) of the single cysteine and tyrosine present in wheat germ
CaM (Figure 1), which can be modified to provide fluores-
cence signals that serve to monitor structural changes
2 _1p2 2 1 associated with peptide binding to CaM, as discussed
== 1"y + " - 1" (13) previously (Yao et al., 1994). Wheat germ CaM has 90%
sequence identity with bovine CaM (Klee et al., 1980; Toda
and et al., 1985) and previously has been shown to fully activate
a range of proteins from human and animal sources (Stras-
37/(2)/2 — 18—y burg et aI'., 1_988; Yao e_t al., 1994).
= 2 D, 14 CaM Binding to Peptides That Are Homologous to the
200" - 1) Autoinhibitory Domains of CaM-Regulated Protein¥he

whereD; is the rotational diffusion coefficienk is Boltz-
mann’s constantT is the absolute temperature in K, is

the hydrated volume of the protein of interest assuming two
shells of bound water, angl is the solvent viscosity (0.89
cP at 25°C). In the case of proteins that can be ap-
proximated as prolate ellipses, the rate of rotational diffusion
about the two principal axis (i.eD, andDyp) is related to
the axial ratio ¢) of the protein of interest, such that

where

Dy
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Table 1: Primary Sequences of Target Peptides and Associated Binding Energies for CaM

target sequences AG' (kcal mol?)P
RS20 ARRKWOQKTGHAVRAIGRLSS -9.2 * 0.1
CAMKII2O0 KKFNARRKLKGAILTTMLA -11.4 + 0.7
C25W QILWFRGLNRIQTQIRVVNAFRSSZC -9.2 * 0.1
F52 KKKKKFSFKKPFKLSGLSFEKRNRK -9.2 *+ 0.2
PHK5 LRRLIDAYAFRIYGHWVEKEKGOQQQNRG -9.2 * 0.1
Melittin GIGAVLKVLTTGLPALISWIIKREKROQQ -9.5 £ 0.1

a Peptide alignment emphasizes conserved hydrophobic amino acids (underlined) of the peptide, as suggested previously (Meador et al., 1993;
Crivic & Ikura, 1995).° Binding energies were calculated as described in Experimental Procedures Adhere-RTIn(K,). Kais the association
constant,T is the absolute temperature in K, aRds the gas constant.

300 lifetime of PM-CaM complexed to all six target peptides
using frequency-domain fluorescence spectroscopy. PM is
located at Cyg in calcium binding loop | in CaM. The

- 2507 lifetime and solvent accessibility of PM-CaM have previously
s been shown to be very sensitive to the structural changes

£ 2004q associated with calcium activation of CaM (Yao et al., 1994).
- ] The phase lag and demodulation of intensity-modulated light
5 was measured at 20 frequencies between 0.4 and 90 MHz
8 1501 for both calcium-activated CaM and subsequent to peptide
3 binding (Figure 3). In all cases the peptide concentrations
S 100- were chosen so as to fully saturate the CaM binding sites

g but were sufficiently low to avoid nonspecific interactions
— between CaM and target peptides (Table 2). Upon peptide
501 binding we observe that the frequency-response of PM-CaM
shifts toward higher frequencies (compare open symbols in

Figure 3A,B), indicating that the average lifetime of PM

decreases upon peptide binding (Table 2).

0 200 400 600 800 1000 1200 _ _
. The intensity decay of PM-CaM can be adequately
[ Peptide ] (nM) described as a sum of three exponentials, as indicated by
FiGuRe 2: Binding affinities of target peptides to CaM. The the random distribution of the weighted residues about the
binding affinity between CaM and peptides that are homologous origin (Figure 3). In all cases there was a greater than 10-
to the CaM binding sequences of a range of CaM-regulated proteins.fold improvement in the goodness of fit (i.gr?) for a model

These peptides include CaMKID}, PHK5 @), F52 (), RS20 involving thr xponentials relative to the two-exponential
(m), and C25W A) was measured using the associated decreas oving three exponentials refative to the two-exponentia

in the steady-state fluorescence of pyrene maleimide labeled Ca,\imoc_i(_al (Table 2)','”0“03“”9. _that th|§ model is statistically
upon peptide binding. The respective decreases in steady-statdustifiable. Inclusion of additional fitting parameters results
fluorescence were 25% 2% (CaMKIl), 29%-=+ 1% (PHK5), 30;1’/0 in no further improvement ofg?
+ 2% (F52), 29%+t 2% (RS2 nd 28% 1% (C25W). Int e . .
case o(f %e)lyittig there v&assaoglzaﬁ 01|%8decreas(ce: ir? st{aady-sgte Th.e. fluorescence Ilfetlr_ne of pyrene malelmlde IS very
fluorescence upon peptide binding (data not shown). Lines sensitive to the SUrrOUnd|ng protein environment, and the
represent nonlinear least-squares fits to the data using eq 3 inobserved decrease in the lifetime of PM-CaM upon peptide
Experimental Procedures. Titrations were carried out in 0.1 M pjinding is related to alterations in the tertiary structure of
|2_|5|'E°PCEST(g;|7(':5g|’\/|Oi:10r'\n/lcé(nct::étlio?'\\//lvg/«lsg(?%d 0.1 mM CaGlat CaM (Royer, 1993). We observe that there is a large
' A decrease in the average lifetime of PM-CaM upon peptide
affinity of CaM for six different target peptides was measured binding, which in the case CaMKII20 changes from 12.5
using the decrease in the fluorescence of pyrene maleimide0.6 ns to 3.8+ 0.2 ns. The lifetime of PM-CaM upon
(PM) labeled CaM upon peptide binding (Figure 2). We CaMKII20 peptide binding is similar to that of both free
observe a 25%32% decrease in the steady-state fluores- probe and for PM-CaM after denaturation with GNHER
cence of PM-labeled CaM depending on the target peptide,3.8 ns; Table 3), suggesting that upon peptide binding the
indicating that there are analogous structural changes asdocal environment around Cysbecomes more solvent
sociated with the environment around PM located at,€ys accessible. This suggestion is consistent with the exposed
on CaM irrespective of the peptide target. The majority of position of the analogous amino acid (i.e., Zhobserved
target peptides have very similar binding affinities for CaM in the crystal structure of vertebrate CaM bound to this target
(i.e., AG' ~ —9 kcal mol?; Table 1); however, CaMKII20  peptide (Meador et al., 1993). However, while the average
has a substantially higher affinity (i.eAG' ~ —11 kcal lifetime of PM-CaM bound to the five other target peptides
mol~%; Table 1). used in this study is similar to that observed for CaMKII120,
Measurements of the Fluorescence Lifetime of PM-CaM there is significant variation in the average lifetime ranging
In order to assess possible differences in the conformationfrom 5.6+ 0.2 ns for F52 to 2.8& 0.1 ns for melittin (Table
of CaM bound to target peptides we have measured the2). The variable lifetimes observed for these pepti@aM



Structure of Calmodulin Bound to Target Peptides Biochemistry, Vol. 35, No. 21, 1996821

m41.0 6
m log £ Q-
] g @
N’ =5 £ 54
=40 J06 § 0
) =5 £ F—g@
é 0.4 3 g
) 1 © = 4
g C 5 —o-e
A {02~ s
0 . >
- < 35
8 ¥ L4 8 o0 © L . a a
Q{: OF= o | — .u'ioooaz-c.o.o ‘\-I,H.o T 1 T T T
Z ol e 0 0 " Pac 04 05 06 07 08
- Solvent Accessibility [ kq / kq (free) ]
60 - Z Ficure 4: Relationship between solvent accessibility and average
) 3 lifetime of PM-CaM complexed with target peptides. The average
g =K lifetime and the associated solvent accessibility of PM-CaM
=0 2 complexed with each of the six target peptid€y or PM-CaM
K S denatured in 6.0 M GnHCI®) are directly compared. The line
% 20l ~ represents a fit to the data assuming a linear function, where the
2] -(.) slope is—6.7 + 1.5, the intercept is 8.& 0.8, and the correlation
= ~ coefficient is—0.91. The experimental conditions and the correc-
0 tions necessary to calculate the solvent accessibility of PM-CaM
g 2{ o ogoo . of in 6.0 M GnHCI are described in Table 3.
) . ‘ ¥ i §3 LS B : g ey . allowing us to access the solvent accessibility of PM without
Z " . e significantly altering the ionic strength. A comparison of
1 10 100 the solvent accessibility of PM-CaM bound to the respective
target peptides provides a very sensitive measurement of
Frequency (MHz) get pep P y

differences in the local tertiary structure of CaM near PM
Ficure 3: Lifetime data relating to fluorescence resonance energy (Schimeich et al., 1995) and permits a quantitative assessment
transfer between PM located at Gyand nitrotyrosingsyin CaM. of the variable average lifetimes associated with PM-CaM

The frequency response of the phase shi and demodulation . . . .
©, ®) (;freqalenc;)-modulated I?ght for P,\f,'f():aM (i.e., donor only; bound to target peptides (see above), since static quenching

0, 0) and for PM-CaM in the presence of nitrotyrosine (i.e., denor  interactions that may involve local changes in the proximity
acceptorM, @) in the presence of saturating calcium (panel a) and of specific functional groups in the vicinity of PM can be
subsequent to the addition of 1M CaMKIl (panel b). Solid distinguished from large scale changes in the overall
lines represent the best fit to the data, as described in Experimenta onformation of the amino-terminal domain of CaM.

Procedures. Below each data set are the weighted residuals, which | - fth id b 3 5-fold
correspond to the difference between the experimental data and rrespective of the target peptide, we observe a 3- to 5-fo

the experimental fit normalized by the experimental error associated increase in the solvent accessibility of PM-CaM upon binding
with the phase (i.e.9phase= 0.2°) and modulation (i.€.dmod = target peptides relative to calcium-saturated CaM (Table 3).
0.005), which were assumed to be frequency-independent. In all The enhanced solvent accessibility of PM located atCys
&fg‘?slmn‘fslsﬂgrgg“: n‘g’eé_elmrﬁ&e g]a(c)élla’thgE"EFST(c?t; 7(':?M0'1 in CaM is consistent with the decreased lifetime of PM upon
concentration is 1.LM. binding target peptides (see above), and is in agreement with
the greater exposure of the equivalent amino acid (i.eggll hr
complexes relative to that observed for CaMKII20 indicate in vertebrate CaM upon binding the target peptides RS20 or
differences in the conformation of the environment surround- CaMKII (Meador et al., 1992, 1993; Ikura et al., 1992). One
ing PM that is dependent on the target peptide, and may beobserves a good correlation between the lifetimes of PM-
related to the interaction between the amino-terminal domain CaM bound to each of the six target peptides and their
of CaM and the length of the carboxyl-terminus of these associated solvent accessibilities (Figure 4). Thus the
peptides, which have the potential to decrease the solventobserved variation in the lifetime of PM-CaM bound to each
exposure of PM at Cyg(see below). The average lifetime of the various target peptides is a reflection of differences
of CaM complexed with melittin is 2.& 0.1 ns, which is in solvent accessibility, and is not the result of alterations in
substantially less than that observed for the free probe in specific quenching interactions with neighboring amino acids.
solution. The very short lifetime of PM-CaM complexed Therefore, the observed variation in both the average lifetime
with melittin may be related to the large charge density near and solvent accessibility of PM-CaM upon binding different
the carboxyl-terminus of melittin, which may both alter the target peptides arises as a result of differences in the
conformation of the peptide relative to CaM and modify the conformation around Cysupon binding the six different
excited-state characteristics of pyrene (Lakowicz, 1983). target peptides. This result is consistent with previous
Peptide Binding Induces Changes in Probe Accessibility evidence relating to the plasticity of the globular domains
The underlying reasons for the differences in the averagein CaM with respect to their ability to bind the variable target
lifetime of PM-CaM associated with binding the six target sequences associated with peptides that are homologous to
peptides was further investigated using the water soluble the CaM binding sequences of both myosin light-chain kinase
quencher TEMPAMINE to assess the exposure of bound PM (RS20) and calmodulin-dependent protein kinas€GaMKII;
relative to that of free PM in solvent. TEMPAMINE has Meador et al., 1992, 1993).
the advantage of greater quenching efficiency relative to other Spatial Separation between Globular Domairis order
commonly used quenchers (i.e., Kl and acrylamide), thereby to quantitatively assess the conformation of CaM bound to
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Table 2: Lifetime Data Associated with Peptide Binding to GaM

conditions

2c

sample o 71 (nS) oo 72 (ns) o3 3(ns) zP(ns) IR
A. CaM +Cat D 0.79+0.02 3.75+0.10 0.1374 0.005 18.6+ 0.4 0.076+ 0.003 106+5 13.6+0.6 0.7 (7.9)
DA 0.76+ 0.02 2.26+0.08 0.174+0.006 11.3+ 0.3 0.066+ 0.002 74+4 8.6+0.3 1.3(22.1)
+6 M GnHCI D 0.47+£0.03 1.36+0.07 0.5040.014 4.7+0.1 0.019+0.001 43+2 3.8+0.1 0.51(11.6)
DA 0.54+0.02 1.27+0.07 0.438+-0.011 4.740.1 0.018+0.001 372 3.4+0.1 0.60(9.9)
B. CaM + peptide RS20 D 0.680.01 1.70+0.08 0.304t 0.011 6.8+-0.3 0.013+0.001 104+4 4.6+0.2 1.3(14.3)
DA 0.70+0.02 1.03+0.05 0.2914+0.010 6.5+0.2 0.010+0.001 94+3 3.5+0.1 0.82(11.2)
CaMKII20 D 0.71+0.02 1.64+0.07 0.284+ 0.010 7.4+ 0.2 0.006+0.001 98+4 3.8+0.2 1.0(13.4)
DA 0.78+0.02 1.32+0.05 0.223+0.008 7.7+0.2 0.003+0.001 87+3 3.0+0.1 0.75(10.2)
+C25W D 0.78+:0.01 2.144+-0.08 0.200+ 0.008 9.8+ 0.4 0.016+ 0.001 104+4 5.3+0.2 1.5(7.9)
DA 0.78+0.02 1.54+ 0.06 0.200+ 0.007 7.3+:0.3 0.016+£0.001 76+3 3.9+0.2 1.3(11.9)
+F52 D 0.78+:0.02 2.23+0.02 0.203+0.008 10.2£ 0.4 0.017+0.001 10744 5.6+0.2 1.6 (15.6)
DA 0.78+0.02 1.25+0.05 0.205+ 0.007 6.2+0.2 0.015+0.001 66+3 3.2+0.1 2.3(19.3)
+PHK5 D 0.73£0.02 1.27+£0.05 0.252-0.008 8.9+-0.3 0.015+-0.001 89+3 4.5+0.2 0.43(1.3)
DA 0.72+0.01 1.14+0.04 0.270+0.010 7.6+0.3 0.012+0.001 86+4 3.9+0.1 0.81(3.6)
+melittin D 0.80+0.02 1.21+0.04 0.193+0.006 7.8+0.2 0.006+0.001 59+2 2.8+0.1 1.1(12.2)
DA 0.74+0.02 0.59+0.02 0.246+ 0.007 4.7+0.1 0.011+0.001 321 2.0+0.1 0.86(9.3)

a Average amplitudeso() and lifetimes ¢;) obtained from three-exponential fits to frequency-domain data collected for donor only (D or PM-
CaM)- and donotacceptor (DA or PM-nitrotyrosine-CaM)-labeled calmodulin, where uncertainties represent the maximal variance associated
with a rigorous analysis of the correlated errors between the five fitting parameters relative toi the parameter of interest, as previously described
(Beechem et al., 1991; Yao et al., 1998Yhe amplitude weighted average lifetim® {s calculated ag = Yo7 and is proportional to the
guantum yield of PM-CaM (Leudtke et al., 1981). The associated errors were propagated as described in Begington (1969), where

ol= Z%Z ando,,” = (0, ”10%) + (0, 177)(47;)?
[

¢ Theyr? for a two-exponential fit to the data is shown in brackets for comparison purposes. The medium buffer contained 0.1 M HEPES (pH 7.5),
0.1 M KCI, 1 mM MgCh, and 0.1 mM CaGl The temperature was Z&. The concentration of CaM was 1M, and when applicable the
concentration of CaMKII20 was 14M. The concentration of other peptides was 8M in all cases.

Table 3: Solvent Accessibility of PM-CaM

kq d
sample conditions Key (M) 7 (ng° kg (M~1s72)e kq(free probe)
A. free probé 385+ 22 3.9+ 0.2 (99+ 5) x 1@ 1.0+ 0.05
B. Cavr + Ca&* 182+ 11 13.6+ 0.5 13+ 1) x 10° 0.13+0.01
+ 6 M GnHCI 163+ 10 3.8+0.1 (43+2) x 10° 0.43+0.02
C. CaM+ peptide + RS20 210+ 12 4.64+0.2 (46+ 3) x 10° 0.464 0.03
+ CaMKII20 267+ 16 3.9+ 0.2 (684 5) x 10° 0.68+ 0.05
+ C25W 207+ 13 5.3+ 0.3 (39+ 3) x 1C° 0.39+ 0.03
+ F52 228+ 14 5.6+ 0.2 (454 3) x 10° 0.45+ 0.03
+ PHK5 205+ 13 454+ 0.2 (464 3) x 10° 0.46+ 0.03
+ melittin 201+ 11 28+0.1 (724 4) x 10° 0.72+ 0.04

a Protein conformational changes are revealed by changes in solvent accessibility of the water soluble quencher TEMPAMINE to pyrene maleimide
associated with Cysin CaM. ? K, is obtained from the SterrVolmer relationshig-o/F = 1 + KsJ[TEMPAMINE], whereF is the initial fluorescence
intensities in the absence of added quenchdis= Ks/7, where? = Y o;7i (See Table 2)¢ The quenching efficiency of the chromophore bound
to CaM was normalized to that of the free probe in bufféralues taken from Yao et al. (1994), where free probe is PM-CaM in medium buffer
(see below)! ky/kq(free probe) corrected for the viscosity of 6 M GnH@I< 1.624 cP) relative to pure watey & 0.89 cP) is 0.70. Experimental
conditions: The concentration of CaM and target peptides were 1.2 and\MB.@espectively, except for the target peptide CaMKII20 whose
concentration was 1,4M. The medium buffer contained 0.1 M HEPES (pH 7.5), 0.1 M KCI, 1 mM Mg@hd 0.1 mM CaGl The temperature
was 25°C.

target peptides we have used FRET between PM located athere is essentially no nonspecific binding between CaM
Cysy and nitrotyrosingsg to measure the spatial separation polypeptide chains in solution. However, our measurements
between the opposing globular domains in CaM upon emphasize the use of fluorescence lifetime measurements due
association with target peptides (Figure 1). A comparison to the enhanced information content contained in the time-
of either the steady-state fluorescence intensity (data notdependent decays of fluorescence intensity (see below).
shown) or average lifetime of the FRET donor PM in the  Upon nitration of Tyiss the frequency response of PM-
presence and absence of the FRET acceptor nitrotyrosineCaM is shifted to higher frequencies for both calcium-
(Table 2) and a knowledge of the'ister critical distance  saturated CaM (Figure 3A) and for CaM bound to target
(Ro) under the conditions of interest permit a measurement peptides (e.g., Figure 3B), indicating a shorter average
of the apparent doneracceptor separatiorrafs €q 8 in lifetime (7) of PM-CaM in the presence of the FRET acceptor
Experimental Procedures), which neglects any conforma- nitrotyrosine. There is a relatively small (i.e., 5:50.9 A)
tional heterogeneity in CaM by assuming a single denor variation in the apparent spatial separation between these
acceptor distance. In all cases the observed changes in thelonor—acceptor pairs bound to all six peptides, which varies
steady-state emission spectrum and average fluorescencbetween 17.% 0.4 A for melittin to 23.4+ 0.8 A for PHKS5.
lifetime () of PM-CaM upon nitration of Tyigg are virtually The observed variation in the spatial separation between the
identical, indicating that the sample is homogeneous and thatopposing globular domains in CaM upon binding target
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Table 4: DonotAcceptor Separation between Chromophores on Opposing Globular Domains of Calfodulin

sample conditions E (%)° Ro (A)¢ Fapp (A)¢ Rav (A)e HW (A)e AR

A. CaM fcat 36.8+1.7 20.6+0.1 225+05  22.4(21.823.4)  11.8(10.814.0) 35
+6 M GnHCf 11.4+0.2 17.6+ 0.1 24.5+ 0.3 26.0 (25.6-26.3) 22.5(17.926.8) 2.2

B. CaM + peptide + RS20 22411 17.2+ 0.1 21.2+ 0.6 19.9 (19.3-20.7) 7.7 (6.5-8.9) 2.2
+ CaMKII20 21.8+ 1.7 16.7£ 0.1 20.7£ 0.7 19.5 (19.120.0) 8.1(6.49.7) 2.9

+C25W 26.9+1.8 17.6+ 0.1 20.8+ 0.6 20.9 (20.6-21.2) 8.5 (7.49.8) 1.6

+F52 42.9+ 2.2 17.8+£0.1 18.7+ 0.6 18.5(18.3-18.7) 6.2 (5.6-7.7) 1.7

+ PHK5 13.5+ 0.6 17.2+ 0.1 23.4+ 0.8 21.9 (21.6-22.5) 8.9 (7.5-10.4) 2.0

+ melittin 31.0+1.1 15.7£0.1 17.9+ 0.4 19.5(19.3-20.1) 7.2 (5.6-8.6) 2.5

a Distance measurements obtained from fluorescence resonance energy transfer (FRET) measurements between donor chromophores covalently
associated with Cys and nitrotyrosine 139 in wheat germ CaMObserved energy-transfer efficiency is obtained from changes in the average
fluorescence lifetimed) of PM-CaM upon nitration of Tyiss, WwhereE = (1 — 74dTq) and is multiplied by 100. Errors are the standard deviation
of the mean® The Faster critical distance represents the distance between a given-ciowaptor pair under a given set of experimental conditions
where the energy-transfer efficiency is 50%. Indicated errors represent the standard deviation of tHeTtreapparent donor-acceptor separation
was calculated using eq 8 in Methods, and assumes that the protein exists in a unique conformation. The indicated errors are propaged (Bevington,
1969).¢ The average donefacceptor separatiofRf,) and associated half-width at half-height (HW) assume that the distribution of distances between
donor and acceptor chromophores can be approximated using a Gaussian distribution of distances and are calculated using eq 10 in Experimental
Procedures. Indicated errors (in brackets) were obtained from a rigorous analysis of the error surfaces associated with each experimental parameter
(Beechem et al., 1991; Yao et al., 1994). Experimental conditions: the CaM concentration 4. 1\®hen applicable, the concentration of
CaMKII20 was 1.7uM. All other peptides were added at a concentration ofid6 The medium buffer contained 0.1 M HEPES (pH 7.5), 0.1
M KCI, 1 mM MgCl,, and 0.1 mM CaGl The temperature was 2&. f From Yao et al. (1994).

peptides is consistent with the proposed role of the flexible 0.12
central helix in allowing CaM to bind to a range of target
peptides with variable binding sequences (Ikura et al., 1992). 0.10+
The average doneracceptor separation decreases from
23 A'in calcium-saturated CaM to about 21 A in the case of = 0.08¢
CaM bound to either CaMKIl or RS20 (Table 4). The ~ 006k
observed decrease in dor@cceptor separation associated A
with peptide binding is consistent with the 3 A decrease in 0.04}
the distance between the analogous amino acid residues in
vertebrate CaM (i.e., Thyand Tyrsg) observed in the crystal 0.02f
structures of calcium-saturated CaM relative to CaM bound v e
to these two target peptides [Babu et al., 1985; 1988; 0009 10 20 30 40
Chattopadhyaya et al., 1992; Meador et al., 1992; 1993; Distance (A)

reviewed by Crivici and lkura (1995)]. Ficure 5: Distance distribution between donor and acceptor
Conformational Heterogeneity of CaM Bound to Target chromophores located in opposing globular domains in CaM.

Peptides The time-dependent decay of FRET contains pepiction of distribution of distances calculated between donor (i.e.,
information relating to the conformational heterogeneity of pyrene maleimide located at Cys27 in calcium binding site I) and

macromolecules [Hass et al., 1978; Beechem & Haas, 1989;acceptor (i.e., nitrotyrosing, located in calcium binding site V)
reviewed by Cheung (1991)]. We have therefore used the assuming a uniform Gaussian distance distribution for calcium-

s : . saturated CaM (dotted line) and subsequent to the association of
frequency domain intensity decays of PM-CaM in the =\ with the target peptides (solid line). In the latter case the

presence and absence of nitrotyrosine to recover the time-indicated distribution represent the average separation and half-
dependent terms relating to the distribution of distances width observed for all six peptides (Table 4). The distance

between the two opposing globular domains of CaM bound distribution associated with calcium-saturated CaM have been

; ; previously discussed (Yao et al.,, 1994) and are shown for
to all six target peptides (Table 4). We observe that the comparison purposes. Sample conditions: LMBPM-CaM in

average doneracceptor distanceR(,) recovered from the 51 M HEPES (pH 7.5), 0.1 M KCI, 1 mM MgGJ and 0.1 mM
distance distribution model (eq 10 in Experimental Proce- caC}, (dotted line). The sample temperature was’25

dures) is analogous to the results obtained using average

lifetimes to calculate apparent distances between PM aCys peptides is consistent with previous results that suggest that
and nitrotyrosingess (eq 8 in Experimental Procedures; Table all six of these target peptides adephelical structures upon

4). The average donefacceptor separation between these association with target peptides (Blackshear et al., 1982;
chromophores for all six peptides is close to 20 A and rangesMaulet & Cox, 1983; Seeholzer et al., 1986; Dasgupta et
from 18.6 A (F52) to 21.9 A (PHKS5). While there is ai3 al., 1989; Kataoka et al., 1991; Meador et al., 1992, 1993),
1 A variation in the average doneacceptor distances{,) since the secondary structure of the bound peptides should
upon binding target peptides (compare PHK5 and melittin; alter both the time-dependent spatial separation between the
Table 4), in all cases we observe that the half-width of the CaM binding sites and the associated dynamics of the
distance distribution is very similar for all target peptides complex between CaM and target peptides (see below).
(i.e., 7-8 A) and is much narrower than the half-width of From the above discussion, it is evident that the apparent
the distance distribution for calcium-saturated CaM (6.2 and average distances between PM at,gwhd nitro-

A: Figure 5), indicating less conformational heterogeneity tyrosingssare substantially less than the minimum distances
between the opposing globular domains of CaM. The similar between these analogous amino acid side chains in the crystal
degree of conformational heterogeneity between the opposingstructures of both calcium-saturated CaM and CaM associ-
globular domains of CaM bound to each of the six target ated with target peptides. However, from an assessment of
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the conformational heterogeneity obtained from an analysis
of the time-dependent FRET observed in this study in which
the separation between Gysand nitrotyrosingsg is fit
assuming a Gaussian distance distribution, we find that the
maximum separation between these chromophores is in good
agreement with the separation between thec@rbons in

the analogous amino acid side chains observed in the crystal
structure (i.e., 38 A for calcium-saturated CaM; 33 A for
CaM bound to the peptides RS20 and CaMKIll). Therefore,
the decrease in the average separation between these chro-
mophores observed using FRET is consistent with the
presence of conformational heterogeneity in solution. In this
respect it should be remembered that the crystal structures
were obtained at low pH in the presence of helicogenic
solvents that may predispose CaM to adopt a more fully
extended average structure. Furthermore, the high-field
NMR and crystal structures of CaM are only sensitive to
conformations of CaM that are both heavily populated and
very long-lived (Bajzer & Prendergast, 1993).

Rotational Dynamics of CaM upon Binding Target Pep-
tides We have used frequency-domain measurements of , ,
fluorescence anisotropy of PM-CaM to assess dynamic 1 10 100
conformational changes of CaM upon binding target peptides. Frequency (MHz)

These measurements allow us to assess both (i) segmental . _ o
FIGURE 6: Rotational dynamics of pyrene maleimide labeled CaM.

motion associated with PM at Gysand (ii) the overall AN .
. . N . Frequency-domain anisotropy data and the respective least-squared

rotational motion of CaM upon association with target s 1 the data are shown for calcium-saturated CaM dotted

peptides. Segmental motion provides information relating Jine) and subsequent to the association with CaMKI1120 pep@de (

to the local environment around the chromophore and solid line) for both the differential phase (a) and modulated

provides Complementary information to the lifetime and aniSOtrOpy (b) The Welghted reSidUa_.lS (W Residuals) are ShOWn
above each plot and represent the difference between the experi-

quen'c'hlng measurements,.whlle'global rotational motlop 'S mental and calculated values for the differential phase (a) and
sensitive to the overall dimensions of the CaM-peptide moduylated anisotropy (b), normalized by the assumed errors for
complex. these respective measurements. The assumed errors for the phase

In our measurements we collected differential phase andand m(t)gltjilggwa :rlem(\)/‘le(iagd 1%08/5r’n|_r)eisnp‘(a)cfvl\il)l/—'|EFTE§ (gal\/l

i i oncen ; e, 19u .
T e s s 9, O KEL 1 i iy 0.1 i el i
e N appropriate 1.7«M CaMKIl was present in the solution. Tem-

substantial differences in the frequency response of both theperature was 25C.
differential phase (Figure 6A) and modulated anisotropy
(Figure 6B) for calcium-saturated CaM relative to CaM and the modulated anisotropy are dependent on the lifetime
bound to target peptides. The increased modulated aniso-of chromophore of interest (Weber, 1981).
tropy observed for CaM associated with CaMKII20 at low  Segmental Rotational Dynamic3 he amplitudedro) and
frequencies (which corresponds to the remaining polarization rate (14;) of rotational motion associated with the segmental
at long times relative to the excited state lifetime of PM) is motion of PM-CaM bound to the target peptides RS20,
consistent with the substantial increase in the steady-stateCaMKII20, C25W, and F52 are virtually unchanged relative
polarization of PM-CaM upon association with CaMKII20, to calcium-activated CaMgfro ~ 0.17 £+ 0.02;¢; ~ 0.8 +
which increases from 0.078 0.002 to 0.156t+ 0.002 (Table 0.1 ns; see Table 5), consistent with earlier crystallographic
5). evidence that the tertiary structure of the opposing globular

In all cases, a sum of two exponentials adequately domains in calcium-activated CaM is virtually unchanged
describes the anisotropy data associated with both calcium-upon binding the target peptides RS20 and CaMKII20
saturated CaM and for CaM bound to target peptides, as(Meador et al., 1992, 1993). However, upon association of
judged by both the more than 20-fold reduction in the PM-CaM with either PHK5¢; = 0.5+ 0.1 ns) or melittin
goodness of the fityz? Table 5) and the evenly distributed (¢ = 1.4 &+ 0.1 ns) we observe significant differences in
weighted residuals (Figure 6). Inclusions of additional fitting the rotational correlation times associated with segmental
parameters results in no significant improvement in the motion relative to the other target peptides. The altered
calculated fit to the data. Therefore, we are able to resolve segmental motion of PM-CaM bound to these target peptides
two correlation times (i.e.¢; and ¢,) associated with the indicates that the tertiary conformation of the amino-terminal
rotational dynamics of PM-CaM. For both calcium-activated domain of PM-CaM is different relative to the other four
CaM and CaM bound to target peptides we observe target peptides. This is consistent with the altered spatial
analogous correlation times associated with segmegipl ( separation between the two opposing globular domains of
and global ¢,) rotational motion (Table 5). The observed PM-CaM bound to these latter two target peptideg, =
differences in differential phase and modulated anisotropy 23.4 + 0.8 for PHK5 andra,, = 17.9 + 0.4 for melittin),
(Figure 6) are largely a reflection of the 3.5-fold reduction relative to the average doneacceptor separation for CaM
in the excited-state lifetime of PM associated with peptide bound to the other four target peptideg,{= 20.2+ 2.0;
binding, since the frequency response of the differential phaseTable 4).

Diff. Phase (Deg) W. Residuals

W. Residuals
NV o vo
o

Mod. Anisotropy

sl " PR 11

L o
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Table 5: Rotational Dynamics of Calmodulin Complexed with Target Peptides

sample conditions PP Oire® ¢1 (nsy Qo o° ¢2 (nsy e
A.CaM +Ccatf 0.078+ 0.002 0.16+ 0.01 0.8+ 0.1 0.11+0.01 10.9+- 0.7 0.50 (20.4)
B. CaM+ peptide + RS20 0.132t 0.002 0.17£0.01 0.8+ 0.1 0.11+0.01 10.2+ 0.7 0.63 (14.7)

+ CaMKII20 0.1564+ 0.002 0.19£ 0.01 0.7+ 0.1 0.11+0.01 10.6+ 0.7 0.37 (8.6)

+ C25W 0.138+ 0.002 0.14 0.01 0.9+ 0.1 0.10+ 0.01 10.3£ 0.5 0.78 (10.4)
+ F52 0.159+ 0.003 0.17+ 0.01 0.9+ 0.1 0.10+ 0.01 10.6+ 0.6 0.65 (13.8)
+ PHK5 0.127+ 0.002 0.14 0.01 0.5+ 0.1 0.10+ 0.01 11.2+£ 0.9 0.60 (11.5)
+ melittin 0.1444 0.001 0.17+ 0.02 1.4+ 0.1 0.11+0.01 104+ 1.1 0.84 (15.6)

a Steady-state and time-resolved measurements of the rotational dynamics of pyrene maleimide were used to assess ligand-dependent changes in
either the segmentay() or overall @) rotational dynamics of CaM. The reported correlation times and their associated amplitudes are obtained
from a multiexponential fit to the experimental data using frequency-independent errors as described in Experimental Procedures. The indicated
errors were obtained from a rigorous consideration of the errors and accounts for all correlations between the measured parameters (Beechem et al.,
1991; Yao et al., 1994). This involved the systematic variation of the parameter of interest, allowing all other parameters to vary so as to minimize
the yr? as described in Experimental Procedures. The reported uncertainty is obtained udistdkistic and represents the maximal variance
associated with one standard deviation relative to the reported valBés the steady-state polarizatioR)( whereP = (I; — glg)/(ly + glo). I and
I refer to the steady-state fluorescence intensity obtained using vertically polarized light as an excitation source when the emission polarizer is in
the vertical and horizontal directions, respectively. gfeactor corrects for imperfections in the polarizers, where upon exictation with horizontally
polarized lightg = I)/1o. ¢ gro is the amplitude of the total anisotropy associated with each rotational correlationgi)né¢, and ¢, are the
rotational correlation times associated with segmental and overall protein rotational nigtiddescribes the deviations between the model and
experimental data (see Experimental Procedures). The numbr in parentheses repregeftshifaéned from a one-component fit to the data.
fData taken from Yao et al. (1994). Experimental conditions: CaM concentrations werbl¥d@ PM-CaM and in the case of all target peptides,
except CaMKII20, the peptide concentration was @\6. The concentration of CaMKII20 was 1. The medium contained 0.1 M HEPES
(pH 7.5), 0.1 M KCI, 1 mM MgC}, and 0.1 mM CaGl The temperature was 2%.

Overall Rotational Dynamics of CaMThe FRET mea-  tion times observed for CaM bound to all six peptides
surements already discussed (see above) suggest that the twindicate that the overall dimensions of CaM complexed to
opposing globular domains in PM-CaM move into closer each of the six target peptides are virtually identical,
juxtaposition upon binding target peptides with a corre- consistent with a similar binding mechanism in which the
sponding reduction in their associated conformational het- two opposing globular domains of CaM bind to the amphi-
erogeneity (Table 4). However, variations in the lifetime, pathic target peptides in an analogous manner.
solvent accessibility, and rotational dynamics associated with  The similar rotational correlation times (i.@s) associated
PM-CaM bound to the six target peptides used in these yjth the hydrodynamic properties of the complex between
experiments suggest that there are differences in the tertiarycan and each of the six target peptides (see Table 5) indicate
structure of CaM bound to each of the six different target that the two globular domains of CaM bind each of the six
peptides. In order to further assess possible differences inarget peptides in a similar manner so as to maintain the
the conformation of CaM bound to target peptides we have gyerall dimensions of the complex between CaM and target
measured the global rotational motion of PM-CaM associated peptides. An upper limit can be calculated with respect to
with target peptides, which provides information relating to the possible spatial heterogeneity between the opposing
the hydrodynamic properties of CaM when bound to target gjohular domains in CaM that are consistent with the
peptides. Using this information we are able to assess thegpserved uncertainties in the measured rotational correlation
overall dimensions of CaM, as described in Experimental times relating to the hydrodynamic properties of CaM:peptide
Procedures. As discussed previously, calcium-saturated CaMcomplex. If it is assumed that all CaM:peptide complexes
is a nonspherical molecule with a correlation tinge) (of can be modeled as prolate ellipses (see Experimental
10.9+ 0.7 ns that is sensitive to rotational motion along the procedures), then it can be calculated that a 4 A relative
long axis of CaM (Yao et al., 1994). Upon association with gjisplacement of one of the globular domains of CaM along
each of the six target peptides, we observe no significantthe |ength of the target peptide (assuming no change in
change in the rate of overall rotational motion of the CaM- hyqrated volume) would result in an increase in the rotational
peptide complex relative to calcium-saturated CaM.  Since correlation time of about 0.5 ns. The observed correlation
the CaM-peptide complex has a larger hydrated volume than times are therefore consistent with the observed spatial
calcium-saturated CaM, the similar rotational correlation peterogeneity between the opposing globular domains in
times observed for CaM subsequent to peptide binding cam bound to the six target peptides used in this study that
indicate that the overall dimensions along the long axis of e gpserve using FRET as well as the 5 A variation observed
PM-CaM become smaller. The observed average correlationj, the maximal dimension of CaM bound to analogous target

time for CaM bound to each of the six target peptid@s<  peptides observed using small-angle X-ray scattering [re-
10.6 £ 0.4 ns) is consistent with an prolate ellipsoid with  yiewed by Trewhella (1992)].

an axial ratio of 2.3 (see egs 425 in Experimental

Procedures). The latter result is consistent with both the pjscussiON

FRET data (which indicates that the two globular domains

of CaM become spatially closer subsequent to peptide In order to assess mechanistic features relating to the
binding; see above) and the crystal structures of CaM boundability of CaM to productively associate with the autoin-

to either RS20 or CaMKII20 which suggest that the overall hibitory domains of a range of different target proteins which
dimensions of CaM bound to these target peptides can bepossess little sequence homology to one another, we have
approximated as an ellipsoid with an axial ratio of about 2 used frequency-domain fluorescence spectroscopy to measure
(Meador et al., 1992, 1993). The similar rotational correla- the structural properties of CaM bound to six target peptides
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with variable primary sequences. We observe similar associated with the two opposing globular domains in CaM
decreases in the average fluorescence lifetitnar(d similar bound to target peptides. These results are consistent with
increases in the solvent accessibility of PM bound at,£ys a role for the central helix in permitting the two opposing
in calcium binding loop | in the amino terminal domain of globular domains of CaM to associate with variable target
CaM upon association with each of the six target peptides, sequences in a conformation that maximizes both electrostatic
which approach values associated with the free probe inand van der Waals interactions, and emphasizes the plasticity
solution (Table 3). Likewise, we observe an analogous of CaM'’s structure in permitting a maximal binding interac-
spatial separation between PM located at£ys calcium tion between variable target sequences. Future studies will
binding loop | and nitrotyrosingy located in calcium binding ~ emphasize (i) the possible regulation of CaM’s functional
loop IV for CaM bound to all six peptides (Table 4, Figure properties by cellular signaling mechanisms involving both
5). This indicates that CaM undergoes comparable structuralphosphorylation and oxidative modification at defined sites
changes upon association with each of the six target proteinson CaM and (ii) the need to assess the structure of CaM-
However, there are significant differences in the observed binding domains of target proteins and how their structure
lifetime, solvent accessibility, correlation time associated the is modified upon CaM association.

segmental rotational motion of PM-CaM, and in the spatial
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