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ABSTRACT:. A calmodulin (CaM) mutant (T34,110C-CaM) doubly labeled with fluorescence probes
AlexaFluor 488 and Texas Red in opposing domains (CaM-DA) has been used to examine conformational
heterogeneity in CaM by single-pair fluorescence resonance energy transfer (SpFRET). Burst-integrated
FRET efficiencies of freely diffusing CaM-DA single molecules yielded distributions of distance between
domains of CaM-DA. We recently reported distinct conformational substates ©f@CaM-DA and
apoCaM-DA, with peaks in the distance distributions centered2® A, 34-38 A, and 55 A [Slaughter

et al. (2004)J. Phys. Chem. B 108.0388-10397]. In the present study, shifts in the amplitudes and
center distances of the conformational substates were detected with variation in solution conditions. The
amplitude of an extended conformation was observed to change as a functiofi"af@a a free C&

range that is consistent with binding to the high affinity, C-terminad*Gainding sites, suggesting the
existence of communication between lobes of CaM. Lowering pH shifted the relative amplitudes of the
conformations, with a marked increase in the presence of the compact conformations and an almost complete
absence of the extended conformation. In addition, the single-molecule distance distribution of apoCaM-
DA at reduced ionic strength was shifted to longer distance and showed evidence of an increase in
conformational heterogeneity relative to apoCaM-DA at physiological ionic strength. Oxidation of
methionine residues in CaM-DA produced a substantial increase in the amplitude of the extended
conformation relative to the more compact conformation. The results are considered in light of a hypothesis
that suggests that electrostatic interactions between charged amino acid side chains play an important
role in determining the most stable CaM conformation under varying solution conditions.

Calmodulin (CaM) is a small (148 residues), &a affinity than the N-domain (sites | and 115{7). A structure
signaling protein that is involved in intricate and interrelated of Ca&*-CaM (pdb 1cll) @) is shown in Figure 1A, with
cellular processes, including smooth muscle contraction andcalcium binding sites | through IV labeled, as well as the
C&" homeostasis1( 2). Increases in cellular Ca levels sites of attachment of fluorescent probes Alexa Fluor 488
lead to C&" activation of CaM, which induces structural (AF488) and Texas Red (TR). A recent single-pair fluores-
changes that expose hydrophobic patches that enable CaMence resonance energy transfer (SpFRET) study in our
to recognize a wide variety of target3, @). There are four laboratory revealed the existence of multiple, distinct con-
C&" binding sites, two in each globular domain. It is well formations of CaM-DA that persist out to the millisecond
established that the C-terminal domain of CaM (sites Il and time scale 9). In the current study, distributions of CaM-
IV) binds Ca&*" with about an order of magnitude higher DA were obtained under a variety of solution conditions to
investigate the nature of CaM conformations in solution.
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conformations of C&-CaM and apoCaM are present in
solution (L0, 12, 18, 22, 25, 26).

Single-molecule spectroscopy provides a method for
uncovering conformational substates and heterogeneity that
may be hidden by the ensemble averaging of conventional
methods 27—29). Single-molecule FRET is particularly
useful because it reports the distance between two probes
and can be used to monitor target binding, motions between
opposing protein domains or DNA subunits, and heterogene-
ity of structure 80—33). Moerner and co-workers demon-
strated the ability to observe Eadependent conformational
changes and dynamics of target binding of CaM by spFRET
with a CaM-chameleon, a construct consisting of cyan and
yellow mutants of green fluorescent protein separated by
CaM and the CaM-binding domain of myosin light chain
kinase B84). Recently, single-molecule studies in the labora-
tory of Lu and co-workers examined nanosecond domain
motions in CaM 85), and Hochstrasser and co-workers
studied interactions between CaM and an amphiphilic peptide
Acceptor (Texas Red) (36). In our laboratory, we generated a doubly labeled CaM
—— Donor (AF488) mutant with cysteines substituted at residues 34 and 110
conjugated with the single-molecule FRET pair AlexaFluor
488 and Texas Re®7, 38). We used this construct to obtain
single-molecule distributions of freely diffusing, doubly
labeled CaM molecules in solution by measuring relative
donor and acceptor fluorescence intensty These relative
intensities were used to obtain the FRET efficiency and
corresponding distance between residues 34 and 110 and,
thus, between the N- and C-terminal domains of single CaM-
DA molecules. Multiple conformations were observed for
both C&"-CaM-DA and apoCaM-DA, including one with a

Fluorescence Counts

20 distance between residues 34 and 110 of around 38 A and
Y v r . y ’ . another centered around 55 A. A third conformational

1550 1575 16.00 1625 substate was observed at a shorter distance, around 29 A.

Time (seconds) In-depth understanding of the dependence of conforma-

FiIGURE 1. (A) Structure of C&-CaM (pdb 1cll §)). Red and green  tional substates upon biologically relevant solution conditions
,SA?:Z%SGS gﬁr‘?se”tk}.h%.s'tes Ft’f attlaﬂ]‘me”:](’wmbesl Tgﬁaz Reg an@ needed for increased understanding of the participation
Examp.les %?'gumrsts'nc(;ﬂgctse'de?n Smé-otl:i?]s, sho?/\r/iengacgu?né i(n ) pf CaM in diverse signaling pathways. Thg re§ults presented
donor and acceptor channels. in the current study show population shifts in the confor-
mational substates of CaM as a function ofCanotably, a
flexible, permitting the N-terminal and C-terminal domains decreased amplitude of an extended structure with increasing
to adopt a wide distribution of relative conformations to Cé&*. In addition, changes in the conformational substates
accommodate different targetd4( 15), allowing for the of CaM-DA were observed at low pH, in helix-inducing
promiscuous binding interactions of CaM. solvent, and at low ionic strength. The changes in conforma-
The structure adopted by CaM in solution, and the possible tion of CaM-DA at low pH are particularly interesting, given
heterogeneity of CaM conformations, have been the subjectthat a number of CaM-dependent enzymes show changes in
of extensive debate. Early crystal structures of'GaaM activity at varying pH values, including myosin light chain
predicted an extended, helical linker separating the opposingkinase (MLCK) @9), phosphorylase kinase(), and cal-
domains 8, 16). However, multiple studies of CaM revealed cineurin @1). We propose that multiple conformations of
a different picture, including NMR studies that observed CaM may play a role in CaM’s ability to interact with diverse
significant flexibility of the central linker4, 17—19), and targets, and hypothesize that electrostatic interactions be-
computationalZ0, 21) and fluorescence studiea 23) that tween acidic residues in CaM contribute to determine the
predicted a more compact structure due to a bend in thenature of the lowest energy conformation in solution.
central linker. Recently, a much different crystal structure Electrostatic interactions between these residues are depend-
of Ca&*-CaM has been published, this one very compact with ent on pH, therefore we hypothesize that the influence of
opposing domains in close proximityll). A solution pH on CaM conformation may play a role in the pH-
structure of CaM in the absence of €4apoCaM) has also  dependent CaM recognition of some enzymes.
been published 1) and predicts less ordered domains  CaM isolated from aged rat and CaM oxidized byCH
separated by-30—40 A, which agrees well with computa- has been shown to possess a decreased ability to activate
tional (24) and fluorescence studie®2 23). NMR, X-ray the plasma membrane €aATPase 42, 43), and the
crystallography, and fluorescence studies suggest a highreversible oxidation of methionines was suggested to have
degree of disorder, leading to speculation that multiple implications in C&" homeostasis for cells undergoing
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oxidative stress44—46). Therefore, it is important to fully =~ TE2000). The beam was reflected with a dichroic mirror
understand the structural changes of CaM upon methionine(Q505LP, Chroma Technologies) onto a 1.3 NA, 100X oil-
oxidation. We found that continued oxidation of methionine immersion objective (SuperFluor). The excitation power at
residues in CaM-DA led to an increase in an extended the entrance of the objective was a3V. The objective
population of CaM-DA, with opposing globular domains collected the emission, which passed through the same
separated by over 50 A. dichroic mirror and out the side port of the microscope. A
dichroic filter (565DCLP, Chroma Technologies) was used

MATERIALS AND METHODS to separate the donor and acceptor fluorescence emission.

Sample PreparationCaM T34/110C was expressed, Band-pass filters were placed in front of the donor (HQ525/
purified, fluorescently labeled, and separated following 50M, Chroma Technologies) and acceptor (HQ620/75M,
methods described previousl§a 38, 47). Briefly, threonine Chroma Technologies) detectors. Single-photon counting
residues 34 and 110 of chicken CaM (CaM T34/110C) were avalanche photodiodes (SPCM-ARQ-14, Perkin-Elmer) were
mutated to cysteines by a PCR method previously describedused to count the fluorescence photons.
(48, 49). The expression vector for CaM T34/110C was  Analysis of FRET DistributionsA drop of CaM-DA at a
inoculated inEscherichia coliand grown in a standard M9  concentration of approximately 100 pM was placed on a
medium. The culture was harvested and the CaM mutant microscope slide above the objective. The beam was focused
was purified using a Phenyl Sepharose CL-4B resin. The at a minimum of 2Q:M above the surface. At this distance
purified CaM T34/110C was labeled simultaneously with above the surface, fluorescence from molecules that may
Alexa Fluor 488 maleimide (AF488) and Texas Red male- have adhered to the glass surface was rejected. As single
imide (TR) (Molecular Probes, Eugene, OR), and the double- molecules traversed the focal region, fluorescence was
labeled construct CaM-DA was separated by reverse phaseobtained in donor and acceptor channels separately in 300-
HPLC with a C5 Bio Wide Pore column and a standard us bins. Relative donor and acceptor counts in a SpFRET
acetonitrile, water gradient. For anisotropy studies, the CaM- system can be used to determine the spatial separation
T34C and CaM-T110C constructs were labeled with AF488 between the probes averaged over the time bin of the data
or TR, and free dye was removed by gel filtration or collection 62, 53). Using this method with dilute, freely
extensive dialysis. Purity of singly and doubly labeled CaM diffusing CaM-DA, the vast majority of the time there was
constructs was verified via mass spectrometry. Control no molecule in the focal region, and very few counts were
experiments in our laboratory have shown little or no effect obtained. A cutoff method was used similar to those
of dye conjugation to CaM in regard to interaction with or described previously to determine the presence of a molecule
activation of target enzymes (re38 and50 and unpublished  in the focal volume g, 54). For inclusion of a bin, it was
results). required that the donor or acceptor counts be larger than 8

Experimental SetupBuffer conditions for the C#d- times the standard deviation of the background signal in each
dependent experiments consisted of 10 mM HEPES, pH 7.4,channel separately, or that the sum of donor and acceptor
0.1 M KCI, 1 mM MgCl, 0.1 mM CacC} (buffer K). To set counts be 6 times above the sum of the donor and acceptor
C&* concentrations, buffers of varying concentrations of background level. The distributions differ slightly from those
EGTA were made with dilutions from a stock buffer previously published9) because the excitation power was
consisting of buffer K plus 3.0 mM EGTA. From this stock, lower and the bin size was larger, decreasing the apparent
dilutions with buffer were made for a range of final EGTA noise and allowing for cleaner comparison and observation
concentrations of approximately 300, 150, 130, 120, 110, of multiple conformations. In addition, donor bleed-through
105, 100, 95, and @M EGTA. The free C&" concentrations  into the acceptor channel (roughly 10%) was subtracted from
of the buffer solutions were verified by titration using the the acceptor. It was required that acceptor counts be above
C&" indicators calcium green-1 and 5dibromo-BABTA background after subtraction of donor bleed-through (roughly
and standard Ca buffers at identical Mg", pH, and ionic 10%) in an attempt to avoid inclusion of bins that may be
strength (Molecular Probes, Eugene, OR). The correspondingbiased toward low FRET efficiency due to acceptor photo-
experimental free Ga concentrations were found to be bleaching. This cutoff method requires a high signal-to-
0.150, 0.590, 1.0, 2.1, 5.5, 8.2, 12.9, 17.6, and Ai0Q background ratio, decreasing the contribution of Poisson
respectively. For studies at low ionic strength, CaM-DA was counting noise to the uncertainty in calculated FRET
dialyzed against 10 mM HEPES, pH 7.4, and 0.1 mM GaCl efficiency.
in the presence of and absence of RMEGTA. For studies The determination of cutoffs is necessarily somewhat
of oxidative modification, CaM mutants were oxidized after arbitrary in nature, but allows for direct comparison between
fluorescence labeling according to published protocé®s ( distributions collected with identical cutoff parameters. That
51). Briefly, CaM-DA was incubated in approximately 100 is, differences in distributions obtained with identical ex-
mM H,O, under saturating Ca for a period of 14 h or 24  perimental setups that implement identical cutoff parameters
h. After incubation, excessJ 9, was removed by extensive can be quantitatively analyzed. Use of these cutoffs also
dialysis, and oxidized samples were diluted with appropriate resulted in distributions whose average matched the average
buffers to vary the free CGa concentration. For studies at FRET efficiencies obtained form bulk data. Slight adjustment
reduced pH, the pH of buffer K was adjustediwit M HCI of cutoff parameters did not significantly alter the distribu-
and measurements were taken immediately. For studies intions. The day-to-day drift in the relative detection efficiency
50% ethanol, a stock buffer was diluted with ethanol and of the two channels was minimal and led to shifts in the
the pH adjusted if necessary. peaks of the distributions on the order of2 A, adding to

The 488 nm line of an AKr* laser (Lexel) was directed  the widths of the measured distributions. Increased bin size
into the back of an inverted fluorescence microscope (Nikon up to 1 ms did not significantly alter the distributions.
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FIGURE 2: (A, B) FRET efficiency distribution of bursts that meet the signal-to-noise selection criteria taken @10&* (A) and 150

nM Ca* (B). (C, D) Corresponding distance distributions with bin size& & and 0.5 A (inset) at 10@M Ca?* (C), and 150 nM C#

(D). Gaussian fits to the distributions are shown to demonstrate the multiple substates of CaM. (E) Average FRET efficiency (normalized,
see eq 4) of bursts as a function of free2Cuith the fit to a two-site, cooperative model (eq 3) (solid line). A fit to a noncooperative,
two-site model with equal Ca binding affinities is shown with a dotted line. (F) Percentage of bursts below FRET efficiency®).4dd

above 0.95M) as a function of free Ca.

Once it was determined that donor and/or acceptor countspicosecond pulsed diode laser (LDH 440, Picoquant GmbH)
were high enough to ensure that a molecule was present inrwas operated at 10 MHz for excitation of AF488. A
the focal region, the FRET efficiency for a single bin was monochromator band-pass of 10 nm was used for all time-

found from the equation resolved experiments. Emission was collected at 612 nm for
TR. The emission of AF488 was collected slightly off peak,

. c(l, — bly) 1 at 525 nm, to reduce the contribution from Raman scattering.
o o(l,— bly) + Iy (1) All intensity decays were collected with a polarization at

54.7 from vertical. A correction factor for normalization
wherec is a factor to correct for relative detection efficiency of the collection intensity of parallel and perpendicular
of the donor and acceptor ambds a correction for average  anisotropy decays was obtained by comparison of integrated
bleed-through from the donor to acceptor channel. The decay intensities with the steady-state anisotropy values.
determination ofc has been discussed in detail elsewhere Globals Unlimited decay analysis software (Laboratory for

(37). Fluorescence Dynamics, University of lllinois at Urbana
From the FRET efficiency, distanceR)(were obtained Champaign) was used for data analysis. The fit to the decays
according to was convoluted with an instrument response function col-
lected using scatter from a solution of nondairy creamer. The
R= (ﬁ)llsRo ) support-plane method was used to obtain estimates of error
E limits at one standard deviatio®q, 58).

whereR, is the Faster distance, or distance of 50% energy ResuLTS
transfer between donor and acceptor. For AF488 and TR,
anR of 46.5 A was calculated from the spectral overlap of ~ Conformational Substates of CaM. typical data set is
the donor fluorescence and acceptor absorptif). (In shown in Figure 1B. Bins with high counts in donor and/or
conversion of the FRET efficiency distributions to distance acceptor channels correspond to occurrences when a single
distributions, some bins were obtained wih= 1.0 due to CaM-DA molecule traversed the focal region. After data
zero donor counts. According to eq 2, these occurrences ofcollection, the cutoff methods discussed above were imple-
high FRET correspond to an unrealistic distance of 0 A, and mented to obtain single-molecule FRET efficiency distribu-
thus were not included in the distance distributions. tions. Each occurrence in the distribution coincides with the
Time-Resaled Fluorescencelime-resolved fluorescence  FRET efficiency of a 30Q¢s bin that surpassed the cutoff
spectroscopy was carried out by time-correlated single photoncriteria. Multiple conformational substates are evident in the
counting (TCSPC) with an instrument that has been describedFRET efficiency distributions (Figure 2A,B) as peaks
previously 66). A mode-locked, frequency-doubled Nd:YAG centered aroun& = 0.85 in C&"-saturated CaM-DA, and
laser (Coherent Antares) synchronously pumped a home-E = 0.80 in apo-CaM-DA, along with a much smaller
built Rhodamine 6G dye laser operated at 590 nm and cavity-distribution centered arourtel= 0.20. The FRET efficiency
dumped at 3.8 MHz for excitation of Texas Red. A 440-nm peaks correspond to peaks in the distance distributions
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(Figure 2C,D) around 34 A (Ga-CaM-DA) or 38 A likelihood of acceptor photobleaching during the transit time,
(apoCaM-DA) and 55 A. The use of a smaller binning size lowering the amplitude of occurrences of low FRET ef-
(insets to Figure 2C,D) revealed the presence of an additionalficiency relative to our earlier studyd) and revealing a
component in the data centered-&8 A, with a much higher ~ decreased amplitude of the extended conformation at in-
amplitude in the presence of €a The larger bin size in  creasing C& concentration. This is illustrated in Figure 2F
Figure 2C,D averaged over this additional component, but as the fraction of molecules having FRET efficiency below
still allowed for clear identification of two main conforma- 0.40 as a function of free €a This fraction gradually
tions. As the goal of the current paper was to examine large decreased as the €aconcentration was increased from 150
scale conformational changes at varying conditions, rathernM C&* to 1.0uM C&", followed by an abrupt drop at 2.1
than to resolve the difference between the two distributions uM Cat. Another difference in the distributions is repre-
at 29 and 3438 A, a bin size 62 A was used for the  sented by a shift in the percentage of bursts ati®we0.95,
distance distributions to reduce uncertainty and facilitate shown in the black in Figure 2F. This effect is more gradual
comparison of distributions. over the free CH range. Although examination of bulk
C&** Dependence of Conformational Distributiofsgure emission spectra could reproduce the results of Figure 2E
2E plots the average FRET efficiency of all bursts meeting (average FRET efficiency as a function of free?Qathe
the selection criteria as a function of free?Carhe majority results presented here show that the change in average
of the change in FRET efficiency occurred over the range distance is due to a shift in a high FRET efficiency
of 500 nM to~3 uM free C&". This is a range consistent conformational substate toward a higher FRET efficiency
with Ca* binding to the C-terminal domair,(59), and there upon an increase in €aconcentration, along with a decrease
was little change in FRET efficiency over the range of free in amplitude of a distribution centered Bt= 0.20.
C&" necessary for binding to the lower affinity, N-terminal Effect of Solution Conditions on CaM Conformations.
domain ~10uM) (7, 60, 61). Thus, the change in distance Figure 3A-D shows the distance distributions of individual
between residues 34 and 110 was responsive 10 fading bursts for CaM-DA at low pH, Ca-CaM-DA in 50%
to the C-terminal domain of CaM-DA but not the N-terminal ethanol, and apoCaM-DA at low ionic strength. Figure 3A,B
domain. The observed changes in FRET efficiency over this demonstrates the change in conformation of CaM-DA at pH
C&* range were therefore analyzed in terms of'Gzinding 5.0. The distributions in Figure 3A (pH 5.0, 100 Ca")
to two cooperative sites in the C-terminal domain. Following and 3B (pH 5.0, 150 nM Ca&) were shifted to shorter
Shea and co-worker3 (59, 62), we fit the FRET efficiency  distance (high FRET efficiency), with fewer than 10% of

curve to a two site binding function, the bursts yielding a distance longer than 38 A. There was
no observed C4d effect on the distributions at low pH. This
K,[Ca"] + 2K, [Ca’*]? is in contrast to all other conditions tested, which showed

) an increase in average FRET efficiency in the presence of
C&". The change in FRET efficiency at low pH can be

] ) . interpreted in terms of the change in stability of the central

where [C&"] is the free C&" concentrationK; is the sum  phejix upon disruption of interactions that favor helix forma-

of the equilibrium constantk; andk, for Ca&* binding to tion (see Discussion).

the two binding sites in the C-terminal domain, aglis Alcohols are known to induce helix formation in CaB3(

the equilibrium constant for Ca binding to both sitesk, 64). To examine the effect of alcohol on the distance between

represents the FRET efficiency normalized from 0 t0 1 10 regjques 34 and 110, the distribution of CaM-DA at saturating

n

N 2(1+ K [Ca™] + K, [Ca®™]?)

form the curve in Figure 2E: Ca* levels in the presence of 50% ethanol was obtained
E_E (Figure 3C). The distribution is very broad but shows no
E = min () clear indication of multiple conformations. The average

" Enax— Emin FRET efficiency was lower = 0.56) relative to CaM-DA

in the absence of ethanol. The distribution of CaM-DA at
Emax is the FRET efficiency at 10aM Ca?* (0.793), and 150 nM C&" and low ionic strength (in the absence of KCI
Emin is the FRET efficiency at 150 nM €a(0.654). The fit and MgC#, ionic strength~ 0.0001) is shown in Figure 3D.
to eq 3 (Figure 2E) yieldel; = 5.98 x 1® M~ andK; = While two distributions are still evident, the distribution
4.64 x 10" M2, corresponding to free energies of“€a  changed significantly from that found at low €ahigh ionic
binding AG, = —15.6 4+ 0.1 kcal mof?!, AG; = —7.7 + strength (150 nM Cd, 100 mM KCI, 1 mM MgC}) in
0.1 kcal mot?) that are consistent with values reported by Figure 2D. There appears to still be a conformation centered

Shea and co-workers for the free energy of'Qainding to at~38 A, but with the decrease in ionic strength it decreased
the C-terminal domain of CaM, yet are distinct from values in amplitude relative to the long distance distribution. The
reported for C&" binding to the N-terminal domairv( 59, two distributions are less well resolved in Figure 3D,

61). A fit to a Hill plot (not shown) yielded a Hill coefficient ~ suggesting a change in the structure of CaM at low ionic
of 1.3, suggesting some cooperativity in?Cainding to the strength that may be related to interactions between residues
C-terminal domain sites. Also shown in Figure 2E is the fit in the central linker (see Discussion). In addition, while the
assumingk; = k, and no cooperativity between €abinding average distance was longer at low ionic strength, the
sites Ko = k;?) (dotted line). percentage of bursts at distane82 A was increased at low

An interesting feature of the distributions is the?Ca ionic strength (Figure 3D) relative to apoCaM-DA at high
dependence of the amplitude of the state with lower FRET ionic strength (Figure 2D) (27% vs 11%), representative of
efficiency. The decreased excitation intensity and larger an increase in conformational heterogeneity at low ionic
integration time used in the current study led to a decreasedstrength. A distribution with the same low ionic strength
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Ficure 3: (A, B) Distance distributions of CaM-DA at pH 5.0 at 1@ Ca*" (A) and 150 nM Cé&" (B). (C) Distance distribution of
CaM-DA in the presence of 50% ethanol. (D) Distance distribution of CaM-DA at low ionic strength (in the absence of KCI anyl MgCl
at 150 nM free C#&". (E—H) Distance distributions of CaM-DA after oxidation for 14 h (E, F) and after 24 h (G, H) in the presence of 100
uM free C&* (E, G) and 150 nM free Ca (F, H).

conditions except at 0.1 mM free &a(ionic strength~ residues with longer peroxide exposure. Alternatively, oxida-

0.0003) was also obtained (not shown) but showed no tion of one or two residues may be responsible for formation

significant change from the high &adistribution at high of the extended conformation, with a larger percentage of

ionic strength (0.1 M KCI, 1.0 mM MgG). these being oxidized as the exposure time is extended (see
Conformations of Oxidized-CaNrigure 3E-H shows the Discussion).

distance distributions of individual bursts for oxidized CaM- Dye Reorientational Dynamicén SpFRET studies, it is

DA. Oxidation of CaM-DA was carried out at a saturating important to take into consideration dye behavior and its

C&* concentration, and the sample was then dialyzed andpossible influence on result85). In particular, the possibility

diluted with appropriate buffers to obtain the desired'Ca  of coupling of dye motion to protein domains was examined

level. The sample was not oxidized separately under low to ensure that the relative orientations of the donor and

and high C&" conditions, and thus the results in Figure 3 acceptor dipoles were adequately averaged over the time

do not address the possible difference in exposure of scale of the measuremel®g 67). The extent of reorienta-

methionines to oxidation at high and low Taconcentra- tional freedom of dyes can be assessed by measurement of

tions. Figure 3E,F shows the distributions at 100 Ca?* the steady-state anisotropnsd:

and 150 nM C#& for CaM-DA that had been oxidized for

14 h under the conditions outlined above, while Figures 3G,H =g

shows the distributions obtained after oxidation of CaM- Fss™= I, + 21, ®)

DA for 24 h. The distributions of oxidized CaM-DA display

a similar C&" dependence as unoxidized CaM-DA in that \yhere |, and I are vertically and horizontally polarized

the average FRET efficiency was higher in the presence of gmjssion intensities following vertically polarized excitation.
saturating C& than in the absence (confirmed by ensemble | jye\yise, time-resolved collection of vertically and hori-

measurements; not shown). There "i‘&re still two main con- ;qn¢ally polarized emission can be used to obtain the time-
formations, one centered arouRd= 38 A, and one centered | oqojved anisotropyr (1)),

aroundR = 60 A. The long distance (low FRET efficiency)

peak was shifted a few angstroms toward longer separation 1 1

in oxidized CaM-DA relative to unoxidized CaM-DA. The  hi(t) = 3I(O[1 + 2r(1)] lg® =3O —r©O]  (6)
most pronounced change upon oxidation was in the ampli-

tudes of the two main conformations. A trend toward The time-resolved anisotropy is often described by the sum
increased probability of an extended conformation upon of multiple processes,

prolonged oxidation is apparent. In CaM-DA that has been

oxidized for 14 h (Figure 3E,F) the peak at long distance r(t) = zro exp(t/6) (7)

has an amplitude of around 50%. Upon oxidation for 24 h T :

(Figure 3G,H) the extended conformation dominates the

distributions, and the peak around 38 A is much lower in where ro is the anisotropy in the absence of rotational
amplitude, and nearly absent in apoCaM-DA. This could be diffusion andéj is the rotational correlation time for théh

a result of oxidation of a larger fraction of methionine component. A lower steady-state anisotropy, or a faster
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Table 1. Lifetimes and Steady-State and Time-Resolved Anisotropies for Singly Labeled CaM Species

sample 7t (ns) Fss a 711 (NS) a 712 (NS)
CaM-T34C-AF488
high calcium 4.19% 0.02 0.12 0.49 0.06 0.7+ 0.2 0.51+ 0.06 72
apo 4.20+ 0.02 0.12 0.5@: 0.07 0.8+ 0.2 0.50+ 0.07 Sfi
apo-low ionic strength 4.1% 0.02 0.11 0.56t 0.06 0.7+ 0.1 0.44+ 0.06 7in
oxidized 4.23+ 0.02 0.11 0.64t 0.07 0.9+ 0.2 0.36+ 0.07 10f§
low pH 4174+ 0.02 0.14 0.5H 0.05 0.7+ 0.1 0.49+ 0.05 sfi
50% ethanol 3.9% 0.02 0.16 0.6Qt 0.05 1.0£0.1 0.40+ 0.05 16:71
CaM-T34C-Texas Red

high calcium 4.74+ 0.03 0.23 0.4+ 0.2 2+1 0.6+ 0.2 141%0
apo 4.67+ 0.03 0.20 0.4:0.1 1.5+ 0.6 0.6+ 0.1 123
apo-low ionic strength 4.78 0.02 0.20 0.4-0.1 1.7+ 05 0.6+ 0.1 12"
oxidized 4.70+ 0.03 0.18 0.3% 0.06 0.7+ 0.3 0.69+ 0.06 8&
low pH 4.744+ 0.03 0.20 0.24+ 0.09 1.0+£05 0.76+ 0.09 9ij
50% ethanol 4.44-0.02 0.14 0.6 0.04 0.9+ 0.1 0.39+ 0.04 :|_4f‘31

anisotropy decay, represents increased reorientation of theanisotropies of CaM-T34C-AF488 and CaM-T34C-TR did
fluorophore on the time scale of the fluorescence lifetime. not appreciably change upon oxidation. Amplitudes of the
We measured steady-state and time-resolved anisotropieiast and slow rotational correlation times of oxidized CaM-
for the singly labeled CaM-T34C mutants (Table 1). In most T34C-TR were within error margins of the values for
cases, anisotropy decays were measured for the donor otnoxidized CaM-TR, although the rotational correlation times
acceptor fluorophore attached to the 34-site mutant only. We themselves were faster. The faster valueefor oxidized
found for a range of solution conditions that the anisotropies CaM-T34C-TR and CaM-T34C-AF488 probably represents
did not differ significantly for labeling at the 34 or 110 site, @ global change in motion of the protein upon oxidation.
i.e., fluorescence lifetimes, steady-state anisotropies, andThe faster time of the fast rotational correlation timeof
time-resolved anisotropies were very similar between CaM- CaM-T34C-TR upon oxidation (0.7 ns compared to 2 ns for
T34C-AF488 and CaM-T110C-AF488, or between CaM- unoxidized CaM) was likely representative of decreased
T34C-TR and CaM-T110C-TR (ré&and unpublished data).  coupling between Texas Red and the protein. More important
The time-resolved anisotropy of CaM-T34C-AF488 differs for comparison are the fluorescence lifetimes, as oxidation
slightly from our previous result9] due to an improved  was carried out after fluorescent labeling and could possibly
deconvolution of the instrument response function for the have affected the fluorescence properties of AF488 and Texas
440-nm diode laser. Red. However, fluorescence lifetimes of both donor and

The likelihood of AF488 and Texas Red orientation @cceptor were unchanged after prolonged exposure@g.H
affecting the observation of multiple conformations is small Combined with the fact that count levels for single-molecule
and has been discussed at lengh Relative orientation of bursts also were unchanged, it is unlikely that the oxidation
donor and acceptor dipoles contributed little uncertainty to Process altered dye photophysics. _
the FRET efficiency of CaM-DA due to rapid reorientation Fluorescence lifetimes of donor and acceptor remain the
of the donor dipole. Furthermore, fluorescence decays of Same within uncertainty at reduced pH. Steady-state anisotro-
singly labeled, single-mutant CaM-T34C and CaM-T110C pies also did not differ by a substantial amount. The rotational
dye environment. The anisotropies of CaM-AF488 were the at low pH relative to pH 7.4, with a slightly increased
same within uncertainty regardless of2Caoncentration, ~ amplitude of global motion. Very little change was observed
as were the anisotropies of CaM-TR. The significant in the anisotropies of CaM-T34C-TR and CaM-T34C-AF488
amplitude of fast rotational motion of AF488 ensured random N @poCaM at low ionic strength relative to high ionic
orientation of the donor dye relative to the acceptor dye, and Strength. The time-resolved anisotropy of CaM-T34C-TR in
maximum uncertainties in the distance measurements due>0% ethanol displayed a larger amplitude of segmental dye
to the averaging of2 were small, on the order of 5% motion relative to native conditions, representative of
(67), corresponding to uncertaintiesRwvalues on the order ~ decreased coupling between the dye and CaM. Importantly,
of 3 to 8 A. The motion of AF488 on its C5 linker arm was there was no evidence from the lifetime and anisotropy data
likely on a time scale much faster than our integration time t0 suggest that proteirdye interactions influenced the
and therefore did not affect the observance of multiple distributions. The segmental motion of AF488 was sufficient
conformations, though the measured distance may have beef® €nsure low uncertainty i, and the single-fluorescence
offset from the actual distance between residues 34 and 11difetimes of CaM-T34C-AF488 and CaM-T34C-TR at all
by 5-10 A due to the length of the AF488 linker arm. Texas Solution conditions suggest homogeneous pretelye in-

Red was strongly coupled to the protein and had only a C2 téractions.
linker; therefore its motion or location affected the distribu-
tions only minimally. DISCUSSION

Reference to Table 1 shows that it is unlikely that any ~ Conformational Substates of CaMeterogeneity of
changes in proteindye interactions upon oxidation contrib-  structure of CaM has been inferred by multiple methods,
uted to the observed distribution changes. Steady-stateincluding X-ray crystallography and NMRLQ, 18). Crystal
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structures of C&-CaM were reported showing an extended,
helical central linker § 10, 16) with a distance between

Biochemistry, Vol. 44, No. 10, 2008701

studies of Shea and co-workers that revealed a change in
conformation in the N-terminal domain upon Tainding

residues 34 and 110 of over 50 A. In contrast, a recently to the C-terminal domairsQ), and a change in interactions
reported structure reveals a compact structure, with the twobetween domains at intermediate?Clevels 0). The results

domains of CaM in close proximity as a result of a bend in
the central linker 11). Another indication of conformational

reported here are consistent with these studies in th&t Ca
binding to the C-terminal domain of CaM induces a global

substates of CaM surfaced in ensemble FRET measurementsstructural change, possibly including reorientation in the

Torok and co-workers found that two lifetimes were required
to fit the fluorescence decay of the donor IAEDANS in the
presence of G4 and the acceptoN-[4-(dimethylamino)-
3,5-dinitrophenyl] maleimide (DDPRQ), with an amplitude

central linker, that increases the average FRET efficiency
between residues 34 and 110.

The spFRET distributions provide additional information
about the nature of the conformational changes upon addition

of 75% corresponding to a distance of 40 A between probesof C&* (Figure 2C,D). The distributions show that the
at sites 34 and 110 and an amplitude of 25% correspondingchange in the average distance upon addition &f Gadue

to a distance of 25 A.
Conformational distributions determined by spFRET pro-
vide clear evidence of conformational substa®s Resolu-

tion of conformational substates by SpFRET permits exami-

nation of the response of the populations of individual
conformational states to solution conditions. Multiple, dis-
tinct, subconformations are populated in both?*C&aM-

in large part to a change in amplitude of an extended
conformation that does not shift in distance. Shea and co-
workers observed an increase in the Stokes radius of CaM
and CaM mutants upon removal of €471, 72). The results
reported here are in agreement and suggest that the reduced
likelihood of the extended conformation and the slight shift

in the more compact distribution both contribute to the

DA and apoCaM-DA at room temperature and persist for at observed changes in the ensemble measurements.
least hundreds of microseconds. Figure 2C,D illustrates the Structural Changes in 50% Ethanolhe distribution

distinct subconformations of CaM-DA at 1M Ca?* and
150 nM C&". At least three stable conformations of?Ca
CaM-DA can clearly be observed in solution (insets to Figure

obtained in 50% ethanol at 0.1 mM €4ds shown in Figure
3C and can be compared to the distribution at 0.1 m¥tCa
in the absence of ethanol in Figure 2C. The distribution in

2C,D). The most compact conformation corroborates the 50% ethanol is broad, but provides no evidence for the

short lifetime component reported by b and co-workers
(22). Distributions obtained with a larger bin size of 2 A

demonstrate clearly the changes in the two main conforma-

presence of multiple substates. Ethanol is known to decrease
hydrogen bonding to solvent, increasing the stability of
intramolecular hydrogen bonds and thus favoring helical

tions upon changes in solution conditions, but the most structures relative to nonhelical. A CD study by Bayley and

compact conformation was not resolved with bins this large.

Effect of C&". Figure 2E reports the average FRET
efficiency as a function of free Gafor all bins above the
cutoff criteria. The average FRET efficiency increases with
the increase in G4, partially due to decreased occurrences
of low FRET efficiency (long distance) states (Figure 2E,F).
The results in Figure 2E can be understood in light of
previous work on C& binding to CaM. Forse and
co-workers observed a 6-fold higher Tainding affinity
for the C-terminal fragment of CaM relative to the N-terminal
fragment 68). Shea and co-workers examined intrinsic
tyrosine and phenylalanine fluorescence in CaM, taking
advantage of their sensitivity to €abinding to determine
Cat affinity of the N- and C-terminal domains of CaM. They
observed Cd-dependent fluorescence changes of Tyr138
in the C-terminal domain of vertebrate-CaM draramecium
CaM at C&" concentrations on theM range {7, 60, 69). In
studies of the N-domain of CaM6Q, 61), phenylalanine
fluorescence was most responsive over & Gange nearly
an order of magnitude higher, around 4MI.

The majority of the change detected in the FRET efficiency
occurred over the range of 500 nM te3 uM free C&"
(Figure 2E), a range consistent with Zbinding to the
C-terminal domain 7, 59). Ca&"-dependent shifts in the

co-workers showed that alcohol led to an increase in helical
content in CaM T73). Similarly, Vogel and co-workers
examined the backbone dynamics of?G&aM in 35%
trifluoroethanol 63) and observed increased rigidity in the
central helix, leading them to suggest that the alcoholic
conditions used for crystallization unnaturally stabilized the
central linker. It is interesting to note that the distribution of
Ca*-CaM-DA in ethanol is centered at 44 A, which does
not correspond to any of the subconformations cf'ézaM-
DA in the absence of alcohol (Figure 2C). Thus, it appears
that the substates of €aCaM-DA under native conditions
are distinct from the conformation induced in?C&aM-
DA by the presence of ethanol.

CaM-DA at Low pH and Low lonic Strengt@omparison
of Figure 3A with Figure 2C shows a shift in the population
to a compact structure at low pH, with few bursts present
that correspond t& values larger than 40 A. The distribu-
tions also are more narrow at reduced pH, signifying a
reduction in conformational heterogeneity, consistent with
an ensemble study of Squier and co-workerd).( It is
interesting to note in Figure 3A,B the absence of &'Ca
effect on the distributions at pH 5. A possible explanation
could be a reduced €aaffinity for CaM at reduced pH,
reported previouslya3), and that the Ca concentration of

relative populations of the compact and extended conforma-0.1 mM used in the current experiments does not saturate

tions of CaM-DA (Figure 2C,D) indicate global structural

the C&" sites at low pH. To investigate this possibility, data

changes in CaM, suggesting that it is not just the C-terminal were taken at 10 mM Ca, a 100-fold increase over that

domain of CaM that is involved in Ca-dependent confor-
mational changes over this range. Therefore’ Ganding
to the C-terminal domain does not simply induce structural

used for previous saturating €adistributions (not shown).
The distribution was the same within uncertainty as those
in Figure 3A,B. Thus, it can be concluded thafChinding

changes in that domain, but also induces structural changesas a minimal effect on the distance between residues 34
that affect the distance between domains, consistent withand 110 at reduced pH. Changes in pH also may change the
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interaction between CaM and Migand K', and it is possible The distribution at low ionic strength still shows evidence
that these changes contribute to the observed changes in thef multiple conformations; however, they are less well
distribution at reduced pH. resolved, and contain additional amplitude on the extreme

Structural changes at low pH cannot simply be due to a ends of the distribution relative to the high ionic strength
reduction in the C-terminal binding affinity for €5 if this conditions. Thus, while the increase in average distance
were the case, the low pH distribution should resemble the between domains at low ionic strength is consistent with the
distribution for apoCaM-DA at pH 7.4 (Figure 2D). Instead, hypo_the5|s that electrostatic interactions pl.ay an important
at low pH the distribution shifts toward a more compact 'ole in the structure of CaM, the increase in amplitude on
structure, in the opposite direction as the shift in distance €ach end of the distribution signifies an increase in confor-
between residues 34 and 110 in apoCaM-DA relative to mational heterogeneity of apoCaM at low ionic strength, in
Ca+-CaM-DA. The results are consistent with studies of agreement with an ensemble FRET study between residues
Shea and co-workers who found a decrease in Stokes radiu$9 and 99 conducted by Squier and co-workefs).(A
of CaM at reduced pH7(l), and suggest that the reduction S|gn|f|cant charlge_ at. Iovy ionic strength was not observed
in amplitude of the extended conformation of CaM at reduced for the high C&" distribution (not shown) compared to the
pH contributes to the change in the ensemble average.  distribution at high ionic strength and highT4Figure 2C).

The large effect of pH on the distance distributions of The fact that a decrease in ionic strength does not signifi-

. : . . cantly change the single-molecule?G#&CaM-DA distribution
CaM-DA is not readily explained by a change in the charge . : o . o
of the only histidine residue (residue 107Kp~6), as is more likely an indication that Ca binding stabilizes the

changes in amplitude of conformations separated by nearl structure of the linker, rather than a result of the small
9 amp P v Yincrease in ionic strength at the elevated freé"Qavels of
20 A are likely the result of large scale conformational

changes. However, glutamic acid{p~ 4) and aspartic acid Ca"-CaM relative to apoCaM.
ges. 9 P Oxidized CaM-DAThe oxidation of CaM has a dramatic
(pKa ~ 4) make up a large component of CaM (21 and 17

residues, respectively). There are a particularly lar enumberimloact on its interaction and activation of targets, and
, espe Y)- ; aparti ylarg therefore has implications in aging and loss of Claomeo-
of glutamic acid and aspartic acid residues in the central

linker reaion. including aspartic acid residues 50. 58. 64 stasis 46). It has been shown that oxidized CaM is able to
78, 80 9% 95,3 and glut%lmicpacid residues 54, 67 8,2 823 84'1 bind the plasma membrane TaATPase (PMCA) with high
87. Therefore, a possible explanation for the large pH effect affinity (43), yet demonstrates a reduced ability to activate

is a change in charge of these residues at pH 5 due to a shifn{he PMCA and functions as an inhibitor of PMCA activity
. lange 9 P> 42,43, 79, 80). Figure 3E-H reveals a dramatic change in
in their pK; in the presence of clusters of negative charges.

Perturbation of the K.’s of amino acid side chains is a the conformations of oxidized CaM-DA relative to unoxi-
ma. . dized CaM-DA (Figure 2C and Figure 2B). Comparison of
common occurrence in protein§gg 76), and has been

X . : Figure 2C with Figure 3E and Figure 3G and of Figure 2D
suggested to occur to negatively charged residues in CaMWith Figure 3F and Figure 3H shows an increase in the

(23, 74). amplitude of the extended conformation with a longer
Previous workers have speculated that electrostatic interacoxidation period. There also appears to be a shift in the
tions between glutamic acid and aspartic acid may serve agxtended conformation to slightly longer distance upon
role in determining the conformation of the central linker oxidation. It is quite possible that structural changes of CaM
region of CaM ¢4, 77). A number of these residues reside ypon oxidation are related to changes in activity of CaM
adjacent to the flexible hinge (roughly residue®3 to 83)  toward its targets. One possibility is that the structural
(78), and electrostatic interactions at neutral pH may increasechanges that lead to the increased population of the extended
the relative energy of a structure that places these residuesonformation of CaM could be related to a decreased
in close prOlelty ThUS, while these residues are known to propensity to form a Compact b|nd|ng Comp|ex with atarget_
interact electrostatically with target$)( the results reported Squier and co-workers showed that the most accessible
here suggest that these residues may also serve as electrostatigethionines, and thus the first to be oxidized, are C-terminal
“spacers” in the central linker at physiological pH in the methionines 146 and 147 in wheat-germ Cad8)( while
absence of a target. If the charge of one or more side chainsmore recent work demonstrated that oxidation for 24 h results
in the region is neutralized at pH 5, their ability to act as iy complete oxidation of all methionines in CaNg1). In
electrostatic spacers would be curtailed, leading to a morethe current study, oxidation occurred for either 14 h (Figure
favorable energy of a compact conformation of CaM. 3E,F) or 24 h (Figure 3G,H). On the basis of the study by
The role of electrostatic interactions can be examined by Squier and co-workers4), oxidation of methionines 144
changing the ionic strength of the solution. We observed an and 145 (analogous to methionines 146 and 147 in wheat-
overall increase in average distance for apoCaM-DA at low germ CaM) is likely to occur rapidly, and the fact that we
ionic strength relative to high ionic strength (0.1 M KCI, see a significant change in structure with longer oxidation
1.0 mM MgCh) (Figure 3D vs 2D). This result is consistent times suggests that it is the oxidation of less exposed
with the idea that electrostatic interactions in the central methionines, possibly methionines 71, 72, or 76 in or near
linker or the globular domains help to define CaM confor- the central linker, that leads to the observed conformational
mation. At low ionic strength and physiological pH, interac- changes.
tions between negatively charged glutamic acid and aspartic While oxidized methionine residues in the C-terminus of
acid residues are less shielded than in a buffer at high ionicCaM lead to the decrease in activity of the PMCA,
strength, possibly leading to additional repulsion and an methionine residues in the central portion of CaM are
extended interdomain region, and thus a lower average FRETimportant for determining elasticity and structugz 10, 78).
efficiency. Met 76 is in the middle of a central region of CaM that has
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Ficure 4. Electrostatic surfaces for selected glutamic acid and aspartic acid residues for extefid€dkzgtop row, pdb 1cll §)) and

compact C&™-CaM (bottom row, pdb 1prwi)) (ViewerPro-4.2, Accelrys, Inc). For the left column, surfaces are shown for residues
Asp78, Asp80, Glu82, Glu83, Glu84, and Glu87 in or near the hinge region of the central linker. In the right column, surfaces are shown
for Glu residues 7, 11, 14, 114, 120, and 127 near the N-and C-terminal ends of CaM. The remaining glutamic acid (green) and aspartic
acid (red) residues are also highlighted.

been shown to be dynami8,(14, 78). The ability of this determining which is energetically favorable under various
region to act as a flexible joint and bend upon target binding biological conditions. Squier and co-workers have suggested
has been suggested to be important in allowing the opposingthat ionizable groups in the central linker are important in
domains of CaM to come into close proximity upon target determining its structurer@). We similarly hypothesize that
binding (79). The significant change in the distributions upon electrostatic interactions between negatively charged residues
oxidation of methionine residues near the hinge region is have an important role in determining the relative energy
consistent with the pH and ionic strength data that suggestand population of multiple conformational substates of CaM.
the importance of key residues in the linker region in Figure 4 depicts electrostatic surfaces for selected glutamic
determining overall CaM structure. A study by Means and acid residues and aspartic acid residues in extendétt Ca
co-workers examined the effect of methionine to glutamine CaM from pdb 1cll 8) (top row), and in compact C&
mutations in CaM binding and activation of smooth muscle CaM from pdb 1prw {1) (bottom row). In the left column,
MLCK and two forms of CaM-dependent protein kinase (lla electrostatic surfaces for aspartic acid residues 78 and 80
and 1IV) 81). Interestingly, different mutations affected and glutamic acid residues 884 and 87 are shown. These
CaM—enzyme interaction differently for the three targets. residues are either in or adjacent to the flexible hinge region,
Mutation of Met 71 and Met 72 lowered the activity of CaM  which must be flexible to allow for motion between domains
toward MLCK but not toward CaM-dependent protein (78). The negatively charged residues in this region are
kinase. Apparently, small changes in structure or hydropho- spaced in the extended structure, with all distances between
bicity due to changes of individual residues at sites 71 and side chain oxygen molecules greater than 7 A. In contrast,
72 can have drastically different effects on interactions in the compact structure, negatively charged side chain
between CaM and different targets. oxygen atoms are much closer, around 4 to 5 A, due to a
The present study shows that oxidation of protected bend in this region.
methionine residues in CaM due to prolonged exposure to Many charged residues in CaM are involved in forming a
H,0, affects the positioning of the opposing domains even negatively charged pocket to stabilize?Cainding. Inspec-
in the absence of a target, possibly by reducing flexibility tion of the crystal structures shows little change in the
in the joint region in a manner that constrains the central environment of these residues between the compact and
linker in a more extended conformation. This finding extended CaM structures. However, a number of negatively
underscores the importance of key methionine residues incharged residues are not involved in coordination of'Ca
determining CaM structure. However, the present study (glutamic acid residues 7, 11, 14, 114, 120, 123, and 127).
cannot identify which residues are most responsible for the These are shown as electrostatic surfaces in the right column
conformation change. Future studies involving the mutation of Figure 4. The negative charges are spaced in the extended
of selected methionine residues will be required to determine structure (top row). In order for the compact structure to
exactly which ones are responsible for the gross change inform, these residues must come into close proximity as a
structure upon oxidation. result of a bend in the central linker. The crystal structure
Electrostatic Interactions in CaMThe results presented of compact C&-CaM (11) predicts that the oxygen mol-
here demonstrate that biologically relevant changes in ecules of the side chains of a number of these glutamate
solution conditions such as pH and ionic strength affect the residues are within 4 or 5 A. Positively charged arginine
relative populations of the conformational substates of CaM, and lysine residues (not shown) surround the negatively
raising the question of which residues determine the relative charged surface, but are not placed inside of the region, and
energies of the conformations and thus have a role inthus cannot stabilize the close negative charges.
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These observations suggest an importance for electrostation the time scale of hundreds of microseconds. CaM,
interactions in determining CaM conformatiofd), and such therefore, fits into a class of proteins where multiple, stable
interactions may be partially responsible for the presence of conformations exist to facilitate diverse functiod8]. The
multiple substates, a hypothesis that is supported by thedetection of conformational substates demonstrates the ability
marked increase in the relative amplitude of the more of single-molecule methods to characterize heterogeneity,
compact conformations at low pH. This hypothesis suggestsrevealing important structural features that are not readily
that if multiple conformations of CaM are necessary for its characterized or detected by ensemble methods. In the
function, electrostatic interactions may govern the relative dominant conformation, the distance between residues 34
populations of CaM’s conformational substates. This idea and 110 was about 35 A for CaM-DA and 38 A for apoCaM-
could also relate to the pH-dependent activation of a numberDA. An extended conformation was present around 55 A.
of CaM-dependent enzymes, including MLCRZj, cyclic The distributions suggested the existence of a third confor-
nucleotide phosphodiesteras@3), and they-subunit of mation centered around 29 A. A decrease in ionic strength
phosphorylase kinaséd@). Cheung and co-workers showed increased the average distance between residues 34 and 110
that the interaction between CaM and calcineurin at less thanin apoCaM-DA while increasing heterogeneity, but had little
saturating C& was stimulated by decreasing pB4, and effect on C&"-CaM-DA. The distribution in 50% ethanol
suggested that pH plays a role in conformational changes inshowed only one broad conformation of Z&CaM-DA,
both the enzyme and CaM that contribute to activatit).( while the change in conformation of CaM-DA upon pro-
Many of the pH effects of enzyme activation are due to |onged exposure to 4D, was due to an increase in amplitude
structural changes in the target, but the present results suggesf an extended conformation. The distribution of CaM-DA
that the pH-dependent activity of some enzymes may be in changed significantly toward a more compact conformation

part due to electrostatic selection of a distinct CaM confor- at reduced pH. The extended conformation was almost
mation that may be more or less suitable for activation. The entirely absent.

idea of a crucial role for acidic residues in determining the
CaM conformation has previously been noted by Squier and

co-workers {4). The single-molecule results show that it is states result from changes in electrostatic interactions in the

the amplitudes of distinct subconformations, and not simply. central linker. For example, the shift in favor of the more

a change in an average structure, that vary upon changes in .
solution conditions. compact conformation at reduced pH may result from the

Nature of Multiple SubstatesThere are a number of loss of electrostatic interactions that serve as electrostatic

possibilities for the character of the extended structure. The SPacers at neutral pl-!- .Th's hypothes!s IS corrobor.ated. by
nspection of the proximity of side chains of glutamic acid

distance between residues 34 and 110 in the extendEdresidues and aspartic acid residues surrounding the hinge
structure corresponds closely to the predicted distance P 9 9

between residues 34 and 110 in the extende#ti-CaM region in the compact GaCaM crystal structure 1()
crystal structures8 10, 85). Therefore, one possibility, _(Flgure_4). The_ pH effect on C_:aM structure may play a role
consistent with the crystal structures, is that the extended'" the mteract!on .Of CaM with targets that show a pH-
structure has a helical linker separating the two opposing dependent activation.
domains. However, this does not seem to be consistent with The presence of multiple conformations is a physical
the increase in amplitude of the extended conformation of property of CaM, and it is likely that the heterogeneity of
apoCaM-DA relative to C4-CaM-DA, as decreased helicity ~ structure is at least partially responsible for the promiscuous
of apoCaM relative to Ga-CaM has been observed via CD. ability of CaM to recognize diverse targets. Squier and co-
Although it is still possible that there exists a subpopulation Workers have suggested that association of the C-terminal
of apoCaM with a helical linker, a more likely possibility is domain of CaM with a target may disrupt a structurally
that the extended conformation in apoCaM-DA is due to a important hydrogen bond involving the central linker,
partially denatured subconformation. A thermal denaturation facilitating formation of a compact binding conformation of
study conducted by Privalov and co-workers observed CaM CaM (74). The present results suggest similarly that shielding
structures at different temperatures and reported a continuedelectrostatic interactions of CaM by a target may serve as a
unfolding of the central linker at increasing temperat&@).( trigger for conformational changes of CaM that occur upon
On the basis of a CD study of the denaturation of CaM, target recognition. In contrast, it may be that the extended
Bayley and co-workers proposed that apoCaM is constantly conformation of CaM is necessary for the recognition of
in equilibrium between a folded and unfolded structure, with targets such as the small conductance potassium ch&dhel (
the partially unfolded conformation being more extended or adenylate-cyclase9(Q), where CaM is in a relatively
(87). Thus, it is possible that the extended conformations of extended conformation even after target recognition and thus
apoCaM and Ca-CaM have different structural properties. does not adopt the well-known compact binding conforma-
A subpopulation of apoCaM may exist with a partially tion, while the compact structure of CaM may be more
unfolded central linker or C-terminal domain that leads to amenable to recognition of targets where a compact final
an increase in distance between residues 34 and 110, whilestructure is formed, such as CaM-dependent protein kinase
the extended conformation of &aCaM may be due to a 1l (91). While less diverse in its binding interactions than
helical linker, as predicted by the extended crystal structures.Ca*-CaM, apoCaM has been shown to bind to a number of
enzymes, including the tetrameric ryanodine recep®@r (
CONCLUSIONS 93) and the L-type CH channels 94), and thus the
Single-molecule FRET has revealed the presence ofpromiscuity of apoCaM binding interactions may also be
multiple conformations of CaM-DA in solution that are stable aided by its structural diversity.

We hypothesize that pH-dependent and ionic strength
dependent shifts in the populations of conformational sub-
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