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ABSTRACT. The possibility of selectively substituting one or more lanthanides into the four canonical
calcium binding sites of calcium-loaded vertebrate calmodulin (CaM) was investigated by monitoring
changes in théH-15N HSQC NMR spectra of thé®N-enriched protein upon titration with ¥b. The

affinity of lanthanides for both N-terminal sites | and Il is only moderately higher than that of calcium,
and comparable with that of calcium for the two C-terminal sites. This situation induces binding of
lanthanides to other noncanonical sites located at the interdomain linker, the N- and C-terminal ends, and
at the inter-EF-hand linkers. Therefore, mutants were designed to alter the metal binding properties of
calcium sites | (D22N, D24E), Il (D58N, N60D, D58NN60D), 11l (N97D), I1-I11l (N60D—N97D), and

IV (D129N), as well as of the inter-EF-hand linker of the N-terminal domain (N42K, T44K). The most
striking effects were obtained for the N60D mutant at site Il, as selective lanthanide binding is achieved
even in the presence of excess calcium, and little or no population of the noncanonical sites occurs.
Similar although less pronounced effects were observed for the N97D mutant. These findings allow us to
better define some of the determinants of the relative affinities of calcium and lanthanides in CaM and,
by extension, in other calcium binding proteins. Finally, by using CaM samples containing only three of
the four calcium ions, it was possible to prepare well-defineg. @& aM derivatives (Ln= Th, Dy, Tm,

and Yb), with interesting properties as NMR probes.

Calcium binding proteins constitute the most abundant been tuned and optimized, during evolution, to the presence
class of metalloproteinsl( 2). This fact is related to the  of micromolar concentrations of calcium in the resting state
abundance of calcium as a metallic element on the earth crusif cells. Similarly, the calcium proteins in the extracellular
and to its ability to interact with biomolecules. Nature matrix have adapted to millimolar calcium concentrations,
exploits these properties by utilizing calcium(ll) ions in many and processes such as cell adhesion and recognition are
biological processes, from regulation of electric potentials governed by calcium binding proteins that are sensitive to
to signal transduction3( 4). Calcium(ll) concentration is  variations in calcium concentrations within the millimolar
high in the extracellular environment (around 1 mM) and range (6). A variety of new processes and functions
much lower in the cells (arounddM) (5, 6). This difference involving calcium binding proteins, both intra- and extra-
is maintained by active transport processes across the celkellular, are continuously discovereti7( 18), and it is likely
membranes, and is exploited in signal transduction throughthat the present knowledge of the role of calcium in
sudden openings of passive transport channels that causeiological processes represents but a small fraction of the
calcium concentrations spikes (up to 10-fold increases) in whole picture.
the cytqplasmK—Q). n W”zthese spikes cause the tfa”Sie”t Lanthanides are known to be spectroscopic probes for
:ge;%[[?\t/g’tg 0; (\:;Iﬁ:;m (l))flnf?;r?gtig:]ostle(l)is]é\;\lh'll?f?ea;? tr:IaglgieSred calcium-binding proteins. They are widely employed as

y : 9 luminescent probedlg, 20) as well as NMR probes. In the

quenche(_j by.caIC|um buffer_mg proteiri3( 14), which then latter case, their paramagnetism is exploited to generate new
feed calcium ions to the active transport processes that pump

excess calcium out of the cell). Both the thermodynamics constraints in solution structure determinatio%-27). In

and kinetics of calcium binding to cytoplasmic proteins have view of these favorable properties, it would be desirable to
9 P P have stoichiometrically definite and selectively substituted
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in an attempt to provide Ghan-derivatives with one lan-
thanide selectively substituted in any of the four calcium
binding sites. With this aim we have added3Yko WT
(wild type) and 10 mutants of calcium-loaded CaM and we
have followed the Y®&" binding through'H-**N HSQC.

MATERIALS AND METHODS

Gene Cloning.The mammalian calmodulin gene was
amplified by PCR from pRCB1 plasmi@38) and cloned into
the commercial pET16B plasmid (NOVAGEN34). The
latter plasmid carries a (His)10-tag before the MCS, followed
by a Factor Xa restriction site. The ligation product was
transformed in DH& cells. The constructed plasmid pET16b-
CaM was extracted from several clones and sequenced
Correctly sequenced clones were present.

Preparation of MutantspET16b-CaM was singly and
doubly mutated at several positions as follows: D22N, D24E,
N42K, T44K, D58N, N60D, D58N-N60D, N97D, N60D-
N97D, D129N. The QuickChange site-directed mutagenesis
kit (Stratagene) was used to mutate pET16b-CaM. The
company protocol was followed. Several clones coming from
each mutation reaction were sequenced.

Protein Expression and PurificationThe procedure to
obtain the wild-type calmodulin is described below and the
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mM NacCl, 150 mM imidazole, pH 8.0 (buffer C) until no
280 nm absorption was detectable. This protein fraction was
concentrated to 1.5 mL with Centriplus cutoff 10000 Da
(Millipore) and then buffer exchanged in 200 mM NacCl, 50
mM Tris-HCI, 1 mM CaC} (pH 8.0) by a HiTrap 5 mL
desalting column (Amersham pharmacia biotech). Restriction
protease Factor Xa (Roche diagnostic) was added to the
solution (30ug of enzyme for 30 mg of recombinant protein)
to cut the (His)10-tag. After incubation of the sample for 18
h at room temperature, the solution was incubated with 5%
of Xarrest agarose resin (NOVAGEN)rfa h to eliminate
Factor Xa, and then loaded again onto the affinity column
containing Ni=NTA resin (Qiagen) previously charged with

Ni2* and equilibrated with buffer A. The minor contaminant

proteins were retained into the column and the recombinant
protein without the (His)10-tag was eluted in buffer A. The
purity was checked by SDSPAGE in 15% polyacrylamide
gels after staining of protein bands with Coomassie Blue
R-250. Protein yield is about 25 mg/L for both wild type
and mutant calmodulins. The recombinant WT and mutant
proteins carry two extra amino acids compared to the native
one, i.e., a His and a Met respectively at position$
and 0.

Sample PreparationAfter protein purification, NMR

same procedure was used for all mutants. pET16b-CaM wasSamples were prepared by buffer exchange in Centricon

transformed in BL21(DE3)gold (NOVAGEN), and cells were
grown at 37°C and 130 rpm in 250 mL of LB medium
containing 100 mg/mL ampicillin to an absorption of 0.8 at
600 nm. Cultures were centrifuged at@ and 6009 for

10 minutes and the cell pellet was washed in 100 mL of M9
minimal medium 85). Cultures were centrifuged again at 4
°C and 600@ for 10 min and the cell pellet was resuspended
in 250 mL of M9 minimal medium containing’N source,
shaken at 37C and 130 rpm. Aftel h IPTG was added to

a final concentration of 0.5 mM, and the cells were further
incubated at 37°C overnight 86). Cultures were then
centrifuged at £C and 600 for 15 min and the cell pellet
was resuspended in 20 mM MOPS, 300 mM NacCl, pH 8.0
(buffer A) and stored at-20 °C overnight. After the sample

cutoff 10000 Da (MILLIPORE). Samples were washed
consecutively three times with a 20 mM EDTA solution pH
6.5 (to obtain the apo form and to remove any traces &f Ni
ions), three times with a 20 mM MES, 400 mM KCI, 5 mM
CaCb pH 6.5 buffer (to reconstitute the fully €aloaded
form), and finally three times with a 20 mM MES, 400 mM
KCI, pH 6.5 (loaded protein without Caexcess). For most
NMR experiments excess CaGlas again added to each
sample up to a final concentration of 10 mM. NMR samples
(10% D,O) were concentrated to about 1 mM protein
solutions. Protein concentration was estimated by using a
€276 = 3300 M1 cm™! (38). Native and mutant calmodulin
samples were titrated with 50 mM solutions of analytical
grade LnC} (Sigma, Aldrich). Titrations were followed by

was thawed, the suspension was sonicated and centrifugedP "H-""N HSQC spectroscopy. The samples were kept at

at 4°C and 40 000 rpm in a Beckman Ultracentrifuge Ti70
rotor for 30 min. The soluble fraction containing the (His)-
10-tagged recombinant protein was loaded onto an affinity
column containing N+NTA resin (Qiagen) previously
charged with Ni* and equilibrated with buffer AQ7). The
column was consecutively washed with buffer A until no
280 nm signal absorption was detectable and then with 20
mM MOPS, 300 mM NacCl, 10 mM imidazole, pH 8.0
(buffer B), again until no 280 nm absorption was detectable.
Proteins attached to the column, including (His)10-tagged
recombinant protein, were eluted with 20 mM MOPS, 300

! Abbreviations: CaM, calmodulin; HSQC, heteronuclear single-

guantum coherence experiment; NMR, nuclear magnetic resonance;

WT, wild type; (His)10-tag, 10 histidine tag; PCR, polymerase chain
reaction; MCS, multicloning site; LB, Luria Bertani; IPTG, isopropyl-
betap-thiogalactopyranoside; MOPS, BHmorpholino]propanesulfonic
acid; Ni—NTA, nickel nitrilotriacetic acid; SDSPAGE, sodium
dodecyl sulfate-polyacrylamide gel electrophoresis; EDTA, ethylene-
diaminetetraacetic acid; MES, R{morpholino]ethanesulfonic acid,;
LnCls, lanthanide chloride; CBCACONH,&Ca-carbonyl carbon-NH
connectivity experiment; CBCANH, £Ca-NH connectivity experi-
ment; NOESY, nuclear Overhauser effect spectroscopy; CaBP, calcium
binding protein.

4 °C between measurements.

NMR SpectroscopNMR spectra were acquired on Bruker
AVANCE 700 and 600 spectrometers operating at 700.13
and 600.13 MHz, respectively, equipped with TXI gradient
probes. The residual water signal was suppressed by either
presaturation during both the relaxation delay and mixing
time or gradient-tailored excitation (WATERGATE). The
spectra were calibrated at different temperatures according
to the empirical relationshipyzo = (—0.012T + 5.11) ppm,
with T being the temperature (ffC). *H-15N HSQC spectra
were recorded for all lanthanide derivatives at 300 K using
a spectral width of 16 and 32 ppm in thél and 5N
dimensions, respectively. A total of 256 increments each with
1024 complex data points and 16 transients were collected.
The recycle delays were in the range between 0.7 (paramag-
netic) and 1.5 s (diamagnetic derivatives). Raw data were
multiplied in both dimensions by a squared cosine window
function and Fourier transformed to obtain a final matrix of
2048x 2048, or of 512x 512 real data points for the HSQC
spectra. A polynomial baseline correction was applied in the
f2 dimension. All NMR data were processed with the Bruker
XWINNMR software packages. The program SPARK39Y
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was used for analysis of the 2D spectra. Peak intensities wereshift of the neighboring nuclei in the bound and free form,
measured used the integration routine of SPARKY)( but short compared to the transverse relaxation time of the
signals in the free form, line broadening occurs also from
RESULTS these noncanonical sites, to an extent that can be even larger
The present strategy to investigate the relative affinity of than the line broadening occurring in the fully bound form
lanthanides for CaM and its mutants is based‘dr*>N due to paramagnetic exchange broadeni® 45). As a
HSQC titrations of ca. 1 mM solutions of calcium-loaded consequence of exchange, it is possible that a peak from an
CaM (400 mM KCI, 20 mM MES, pH 6.5) with Y& NH group that is close to a noncanonical site becomes
solutionsin the presence of 10 mM excess?CaThis broadened even upon substoichiometric addition of the
experimental setup was arrived at as the safest in terms oflanthanide.
lanthanide-binding properties and reproducibility. High ionic ~ For WT-CaM and for each of its mutants the lanthanide
strength is known to decrease the relative affinity of titrations described below showed both kinds of phenomena,
lanthanides for noncanonical sites (see below) and to prevent.e., (i) disappearance (without broadening) and reappearance
precipitation (9, 40). The relatively low pH value ensures of shifted (and broadened) peaks from NH groups in the
that even transient formation of insoluble water-hydroxo Vvicinity of the canonical sites and (ii) early broadening and
lanthanide species is minimal at the concentrations used.disappearance of peaks from NH groups in the vicinity of
Finally, the 10-fold calcium excess guarantees well-defined noncanonical sites. The titrations were extended beyond the
Ln/Ca competition conditions from one preparation to first equivalent until possible, i.e., until excessive and
another. No excess calcium would require preparation of apo-generalized broadening occurred.
CaM each time, and careful titration with €aup to exactly Titration of WT-CaM with Y®. The H-1N HSQC
4 equivalents. While this is feasible for WT CaM, some spectrum of WT CaM (Figure 1A) is that of a single species
mutants could (and indeed have been found to) bintf Ca with the full complement of four calcium ions. The assign-
less well, so that at 4 equivalents some ill-controlled free ment of the HSQC spectrum of CaM has been taken from
C&* could be present. The presence of Cim each of the literature @6) and independently checked under the present
four sites is easily checked by monitoring the signals of experimental conditions. Addition of ¥b to WT-CaM
glycines 25, 61, 98, and 134. These glycines belong to eachresults in immediate strong perturbation of the HSQC
of the four EF-hand loops and théid and**N downfield spectrum. Already at 0.3 equivalents= 0.3) several NH
shift in the calcium-bound form is characteristic of a calcium- signals belonging to the interdomain linker (781) are lost.
loaded site 41—43). Other signals coming from the ends of N- and C-termini
The binding of lanthanides was investigated by monitoring (1—5 and 145-148) are broadened (Figure 2A). Some other
the paramagnetic effects on the prot#ii!>N HSQC peaks  signals decrease in intensity faster than expected from the
upon addition of increasing amounts of ¥Isolutions. The  stoichiometry of the titration. These signals (e.g., 42, 117)
interactions with the time-averaged magnetic moment of the belong to residues located in the inter-EF-hand loops in both
paramagnetic lanthanide ion drastically affect the properties the N- and C-terminal domains. At the same time, the signals
of the nuclear spins in its neighborhood. Specifically, in these arising from the calcium binding sites | and Il of the
experiments the nitrogen and proton nuclei of the peptide N-terminal domain begin decreasing in intensity, and new
NH and side chain Nkgroups experience (i) pseudocontact signals appear. At = 1 the appearance of the HSQC
shift, which depends on the reciprocal third power of the spectrum is that of Figure 1B.
metal-nucleus distance and on the polar coordinates of the Several new peaks appear very early along the titration
nucleus within the frame of the metal magnetic susceptibility (e.g., A57 in Figure 2A). They reach a maximum slightly
tensor, and (ii) line broadening, which depends on the abover = 1 and clearly belong to site Il (some others reach
reciprocal sixth power of the metahucleus distance (and a maximum beyond = 1.5, are of low intensity and suffer
is particularly strong for protons). These effects cause NH soon from broadening (not shown)). They may be tentatively
peaks within a certain distance from the metal center to be assigned to N-terminal domain signals arising from a species
broadened beyond detection and, outside this shell, to becontaining lanthanides at both sites | and II). Beyorwe
observable but shifted with respect to their position in the 1.5, peaks from the C-terminal domain start decreasing in
HSQC spectrum of the calcium derivative. Within the intensity, but no new peaks appear. Rather, a generalized
lanthanide series, these paramagnetic effects are smallest fobroadening takes place beyond= 2, which prevents the
Ce* and Ed" and largest for TH" and Dy ions. YB** analysis of the last part of the titration.
was chosen in this work as it has intermediate properties A few observations can be made immediately: (i) there
within the series: it causes signal disappearance within ais little lanthanide selectivity for the canonical sites under
shell of abot1 9 A and measurable shifts up to 25 A from the present experimental conditions; (ii) as noted previously
the metal 44). Under such conditions, when ¥bis bound (32), there is a preference for the N-terminal site I; (iii) the
to a relatively strong EF-hand binding site some NH peaks apparent lanthanide/calcium affinity ratio is larger than 1,
are lost in the immediate neighborhood of the binding site but not high enough to prevent lanthanide binding to
itself, but several of the NH peaks from the neighboring site noncanonical sites. There are many such sites, located at the
are still observable and shifted. Shifted peaks can be detectednterdomain linker, at the N- and C-terminal ends, and at
even relatively far from the binding site. On the other hand, both inter-EF-hand loops. As discussed at the beginning of
lanthanides are known to bind more weakly to noncanonical the results section, these sites apparently have shorter
sites (9, 40), and their lifetime in those sites is expected to lifetimes than the canonical sites, so that the disappearance
be sizably shorter than when bound to canonical sites. If the of the NH peaks is faster and more dramatic because of
lifetime is still long compared to the difference in chemical exchange broadening. As a consequence, it is not an easy
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FiGUrRE 1: 1H-15N HSQC spectrum of calcium-loaded WT calmodulin in the absence (A) and in the presence of 1 equivaléerit(@&)Yb

The HSQC spectra under identical conditions of the calcium-loaded N60D mutant in the absence (C) and in the presence of 1 equivalent
of Yb3* (D) are also shown. The insets show enlargements of the region containing the peaks from the glycines 25, 61, 98, and 134 located
at each of the four canonical sites. Note the disappearance in (A) but not in (C) of several peaks (in boxes) belonging to NH groups in the

proximity of the noncanonical sites. Circles represent new pseudocontact-shifted peaks.

Scheme 1 D—N—-N, D—N-D or D—D-D in site Il, D—D—N to
1 2 3 4 5 6 7 8 9 0 11 12 D—D-D in site lll, D—D—N to D—D—D in both sites Il
D x ONx ®Nx x x x x x E and lll, and B-D—D to N—D—D in site IV. Two additional
+X +Y +Z v X z mutants were prepared carrying mutations on the loop

between EF-hands | and Il to eliminate one of the nonca-

task to mutate vertebrate CaM in such a way as to permit "onical sites.
selective substitution of a lanthanide in any of the canonical The mutant HSQC spectra were assigned on the basis of
sites while retaining the full complement of calcium in the the assignment of the WT. Most signals were superimposable
other sites. to the WT signals, several other signals could be assigned
Choice of Mutants and krestigation StrategyThe con- unambiguously even if slightly shifted with respect to the
sensus sequence for the canonical EF-hand sites is reportedVT, and only a few peaks were left unassigned in some
in Scheme 1. The calcium ligands are arranged in a roughly mutants. For the N60D mutant an independent assignment
octahedral geometry, with donor atoms provided by the side based ort*C-*N 3D spectra was performed (CBCACONH,
chains of residues in the so-calleeX, +Y, +Z, and—Z CBCANH, and"®N—-NOESY-HSQC, data not shown).
positions. Mutations at the-Z position were previously As the present approach relies on lanthanide titration
reported to strongly destabilize the metal binding sit®, ( performed in the presence of a ca. 10-fold excess free calcium
47). Therefore, we concentrated on the other three positions,ions with respect to the protein, the apparent lanthanide/
aiming at either changing the overall charge or the charge calcium affinity ratio is decreased by—2 orders of
distribution of the site. One of these mutations was also magnitude with respect to the true one. This has the important
planned with a residue having different side-chain length. consequence that non-negligible amounts of free lanthanide
In calmodulin, residues at théX, +Y, and +Z positions are present in solution along the titration, in turn favoring
are D-D—D, D—D—N, D—D—N and D-D—D in sites |, the binding of the lanthanide to noncanonical surface sites.
I, I, and IV, respectively. The planned mutations were The titration of the WT has shown that these surface sites
D—D—D to D—N—D or D—D—E in site I, D-D—N to are characterized by a much shorter lifetime than the
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canonical sites, although not as fast as to provide signalsite I, is even slightly higher than that of the WT as judged
averaging between free and lanthanide-bound species. Undefrom the rate of decrease of the signals in the inter-EF-hand
these conditions, even small fractions of bound lanthanidesloop (Figure 2G).
can cause extensive line broadening due to exchade ( At variance with the previous mutant, as well as with the
and the latter can be taken as a sensitive indicator of theWT and indeed with all other mutants described so far, upon
concentration of free lanthanide at any point of the titration. Yb3* addition to the N60D mutant (Figure 2H) a steady and
The free lanthanide concentration is inversely proportional linear decrease of the N-terminal peaks was observed, arising
to the apparent lanthanide/calcium affinity ratio for the from both site | and site Il. The same profile was followed
canonical sites, so that this property can be exploited to rankby all the residues, including the residues coming from the
the selected mutants in terms of their relative ability to bind inter-EF-hand loop of the N-terminal domain. This resulted
lanthanides with respect to the WT. in their disappearance around = 1. No evidence of
Titration of CaM Mutants with Y4. The behavior of the  exchange broadening was seen for the N- and C-terminal
10 CaM mutants upon addition of ¥bis summarized in  ends, while residues arising from the interdomain linker
Figure 2B-K, where for each mutant the intensity of selected decrease much more slowly than in WT, although still
1H-15N HSQC cross-peaks is followed along the titration. slightly faster than the N-domain residues. The HSQC spectra
As discussed above, in each titration two features are of the calcium-loaded N60D mutant and at the= 1 point
important to assess the changes in the apparent lanthanidedlong the YB* titration are shown in Figure 1C,D. Up to
calcium affinity ratio for each canonical site. One is the = 1 the C-domain residues remained essentially unaffected,
behavior of the peaks arising from noncanonical sites. The while they start decreasing above= 1 and disappear around
earlier their broadening and disappearance, the lower ther = 2.3 (inter-EF-hand loop) or 3.5 (sites Ill and IV, not
apparent lanthanide/calcium affinity ratio for one canonical shown). This mutant is the first among the mutants described
site. The titration of the N42K and T44K mutants (Figure so far that succeeds in markedly enhancing the apparent
2B,C) clearly showed the existence of one of these nonca-lanthanide/calcium affinity ratio for one of the canonical sites,
nonical site, i.e., the titration behavior was the same as thati.e., the N-terminal site Il. This enhancement is strong enough
of the WT except for the disappearing rate of the peaks in that none of the noncanonical sites but the interdomain linker
the inter-EF-hand loop of the N-terminal domain that is the is appreciably populated until= 1, and even the fraction
same as in the canonical first site. The other feature is the of lanthanide bound to the interdomain linker is smaller than
order of disappearance of the signals from the canonical sitesjn WT, in such a way that the signals disappear only around
which shows the effect of a mutation on that particular site r = 0.6. Another interesting feature of this mutant is that
and the possible consequences on the neighboring sites. the increase in affinity for site Il does not enhance ap-
All mutations except D129N result in a fully calcium preciably the affinity for site I, so that site Il is selectively
loaded protein, with changes in the HSQC spectra with filled.
respect to the WT that are in most cases (D22N, N42K, The N97D mutation plays the same role of the N60D
T44K, D58N, N60D, N97D, N60B-N97D) limited to the mutation but in site Ill. The titration (Figure 21) shows that
immediate vicinity of the mutation. In the case of D24E and the broadening of peaks from the noncanonical sites is not
D58N—N60D, the alterations are more substantial and abolished as in the N60D mutant but slightly decreased,
involve a large number of peaks from the N-terminal domain. indicating that one of the canonical sites has slightly higher
In the D129N mutant, site IV does not contain calcium and lanthanide affinity than in the WT. This site is now site IIl,
the whole C-terminal domain is strongly affected and which becomes the first of the canonical sites to be populated,
probably partially unfolded. followed by the N-terminal sites in the same order as the
Upon addition of YB' to both D22N and D24E mutants WT. The selectivity, however, is not as high as for the N60D
at the canonical site | the broadening and disappearance ofmutant. The double mutant N6GEIN97D confirms that the
peaks from all noncanonical sites increases, more dramati-effects are additive (Figure 2J). No evidence of exchange
cally for the latter (Figure 2D,E). Apparently, these mutations broadening from the noncanonical sites was present, and
have decreased the apparent lanthanide/calcium affinity ratiocanonical site Il was filled first, followed by site 11l and site
of this site with respect to WT CaM. From the decrease in I. Finally, the D129N mutant showed a behavior similar to
intensity of the peaks from the N-terminal site, it can be the WT at the beginning of the titration, with exchange
concluded that in D22N only the affinity for site | has broadening from the noncanonical sites and filling of the
decreased. On the other hand, in the D24E mutant aN-terminal sites (Figure 2K). Before the complete filling of
generalized broadening occurs at the N-terminal domain, the N-terminal sites, all signals form the C-terminal domain
indicating that the affinity for site | has decreased to the point start broadening and disappear soon after2. This mutant
that exchange broadening occurs also for this canonical sitethus behaves as an isolated N-terminal domain due to the
A more pronounced broadening of peaks from noncanoni- impaired ability of the C-terminal domain to bind calcium
cal sites is also seen for the D58N mutant (site 1l) (Figure both at the canonical and noncanonical sites.
2F). As site | is still filled first in this derivative, we conclude Preparation of CgLnCaM Derwatives of the N60D
that the mutation decreases the apparent lanthanide/calciunMutant. As discussed at the beginning, all the conclusions
affinity ratio not only of site Il but also of site I, so that the drawn from the present mutants about the apparent lan-
overall filling of the N-terminal domain sites is reduced. This thanide/calcium affinity ratio for the various sites refer to a
situation is reverted in the double mutant D58N60D, situation in which the protein has the full complement of
which changes the consensus residue3-15 in site Il from four calcium ions (with the exception of the D129N mutant)
D—D—N to D—N-D. In this mutant, the relative apparent and the solution contains 10 mM excessCmns. Under
affinity of the lanthanide for site 1l, and possibly also for these conditions, after the addition of 1 equivalent of'Yb
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Ficure 2: Changes in intensity of selectéld-1>N HSQC peaks upon titration with ¥b of WT CaM (A) and of its 10 mutants (BK).

to a millimolar protein solution, the lanthanide/calcium com- DISCUSSION

petition is on une_qual grou.nds, as the con centrat?o_n ratio The titration data described above can be easily analyzed
between the two is about 1:10. A 10-fold higher affinity of -, yarms of (i) order of filling of canonical sites, (ii) changes

the Ianthanid_e with respect t_o calcium for a particular site i, the free lanthanide concentration (monitored from ex-
would result in only a 50% displacement of drom the  change broadening at noncanonical sites), from which the
site. The same reasoning applies to the noncanonical sitesyweakening or strengthening of the mutated site can be
whose occupation by the lanthanide depends both on thededuced, and (iii) changes in the lanthanide affinity for the
relative affinity with respect to calcium but also on how much other sites (cooperativity).

lanthanide is sequestered by one (or more) of the canonical The analysis of the WT titration constitutes the reference
sites. It is clear that, while the presence of excess calciumpoint. Besides the early broadening of the signals from the
has allowed a meaningful and detailed analysis of the appar-noncanonical sites, which indicates that none of the canonical
ent lanthanide affinity for all CaM sites, a different strategy Sites has a high apparent lanthanide/calcium affinity ratio,
should be followed when aiming at preparing a derivative the reporter signals from the two N-terminal sites decrease
selectively substituted with lanthanide at only one site. For first. Their pairwise behavior is not necessarily due to
this purpose, N60D CaM, which already shows appreciable p03|t|ye cooperativity, bepause even if only one site becomes
selectivity for lanthanides at site 1l even in the presence of occupled by t_he Ianthamo_le, th_e S|gnals_fro_m the other site
10 mM excess calcium, was depleted of calcium and care- are sizably shifted, so or|g|_nal diamagnetic signals from both
fully titrated with t v 3 ivalents of @a A sites a.tlways.decre_ase with the same rate. H_oweyer, new
ully fitrated With up to only S equivaients o s hyperfine shifted signals appear during the titration, and
expected48, 49), the C-terminal sites were fully occupied, nyp . ghas app 9 '

. e . information on cooperativity can be obtained from th&®) (
while a het_erogeneous_d|str|b_ut|on of calcium over_t_he In the case of infinite positive cooperativity, the diamagnetic
N-terminal sﬁesw_as obtained (Flgure.3A). Howeve_r, addition signals should decrease along the titration from O to 2
of gbout 0.9 equivalents of Iar_1than|de resu_lted in a well- equivalents, while a single set of new signals (from the
defined HSQC spectrum essentially representing a single Ca. doubly occupied N-terminal domain) should appear and reach
LnCaM derivative with the lanthanide SE|eCtiV9|y bound at their maximum intensity at 2 equiva|ents‘ In the case of
site 1. Selectively substituted derivatives could also be infinite negative cooperativity, all diamagnetic signals should
similarly prepared using P, Dy*", and Tn#" (Figure disappear at = 1 (because binding of the lanthanide at either
3B—D). site causes shifts of signals labth sites), two sets of new
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Ficure 3. H-1N HSQC spectra of the G&60D CaM mutant (A) and of its Gan derivatives with TB" (B), Dy3* (C), and Tni* (D)
in the absence of excess calcium. Circles represent new pseudocontact-shifted peaks.

signals (of different intensities related to the different decreases of affinities of the mutated sites mainly comes from
affinities of the two sites) should appear and reach a the extent of line broadening from noncanonical sites
maximum atr = 1, and a third set of signals from the double occurring along the titration. The decrease in affinity for the
lanthanide derivative should start appearing a 1 and N-terminal sites observed for the D22N and D24E mutants
reach its maximum at = 2. If one of the two sites has (Figure 4D,E) is indicated by the increase in noncanonical
sizably higher affinity than the other one, then one set of line broadening in the early stages of the titration, while the
intermediate signals has negligible intensity, and positive vs reduced distance between the affinities of sites | and Il comes
negative cooperativity cannot be easily discriminated. This from the different pattern of appearance and intensities of
is closest to the experimental situation, with the new set of the new, paramagnetically shifted N-terminal peaks. The
signals reaching its maximum slightly above= 1 and mutants at the inter-EF-hand loop of the N-terminal domain
arising from site Il, therefore pointing to site | as that (N42K and T44K, Figure 4B,C) do not induce appreciable
preferentially occupied. The generalized broadening due to changes in the affinities of the canonical sites, as expected.
the noncanonical sites becomes more dramatic after bothThe D58N mutation (Figure 4F) reduces the affinity for site
N-terminal sites are occupied, indicating that the affinity for 1l and, in doing so, also reduces the affinity for site I,
the C-terminal sites is sizably smaller. The lack of new peaks apparently due to cooperativity, although the order is
from the C-terminal sites prevents the estimate of their preserved. Conversely, the striking increase in lanthanide
relative affinity. Literature data suggest that site 1V has the affinity for site Il in the N60D mutant (Figure 4H) does not
lowest lanthanide/calcium affinity ratio. seem to alter the affinity for site I, as if the mutation
Figure 4A shows a log diagram of the apparent lanthanide/ abolished or at least reduced cooperativity in the N-terminal
calcium affinity ratios for the four canonical sites of WT domain. The compensating effects of the double mutant
CaM. The vertical dashed line is a visual reference for the D58N—N60D (Figure 4G) slightly increases the affinities
threshold to the left of which the apparent lanthanide/calcium for both N-terminal sites. N97D (Figure 4l) strongly increases
affinity ratio for a canonical site is high enough to avoid the affinity of site Il without increasing appreciably that of
broadening from noncanonical sites. This diagram is not site IV (no cooperativity), and brings it slightly above that
intended to provide a quantitative information, but is useful for site I. The effects of the double mutant N66N97D
to visualize the changes occurring in the various mutants are essentially additive (Figure 4J), as expected from the lack
and their meaning. The relative order of affinities for the of important cross talk between the two domains. Finally,
various sites is estimated on the grounds of the filling order the D129N mutation abolishes (cooperatively) the binding
of the canonical sites, while the absolute increases or of lanthanides to the C-terminal site (Figure 4K).
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Ficure 4: Order of the apparent lanthanide/calcium affinity (log) ratio for WT CaM and its 10 mutants described in the present work. The
dashed vertical line indicates the threshold to the left of which the apparent lanthanide/calcium affinity ratio for a canonical site is high

enough to avoid broadening from noncanonical sites.

Empirical Rules for a Successful Lanthanide Substitution.

i.e., the same as the high affinity lanthanide site as calbindin

Some general observations can be made from the aboveD¢k. However, the effect in this case is to reduce the apparent

results when viewed in the light of the known features of

lanthanide/calcium affinity ratio for site I. On the other hand,

EF-hand sites. Calmodulin contains four canonical EF-hands,a slight increase in affinity with respect to the WT is observed
where the calcium binding loop is constituted by 12 amino for the double mutant D58NN60D, which transforms site

acids (as opposed to the so-called pseudo EF-hands, wherd from D—D—N to D—N—D. The lanthanide affinity of site

the loop is 14 residues long). The consensus sequence ofl is however boosted in the N60D mutant, which transforms
canonical EF-hands is reported in Scheme 1. Residues 1, 3jt from D—D—N to D—D—D. The same mutation in site Il

5, and 12 bind through one side chain oxygen, while residue (N97D) also increases the affinity for lanthanides, although
7 coordinates through the backbone carbonyl and residue 9not enough to make them bind selectively to this site under
is hydrogen bonded to a metal-coordinated water molecule.the experimental conditions chosen in this work. It is apparent
The six donors are roughly located at the vertexes of an that predictions of the relative lanthanide vs calcium affinities
octahedron, i.e., along the directions of the three Cartesianof different sites cannot be made solely on the ground of

axes, as shown in Scheme 1.
The only significant variability in terms of donor groups

the sequence of residues 3—5 for each site, and that other
factors must play important roles. Indeed, in the N60D

within the consensus sequence occurs at positions 3 and N97D mutant all sites have the same-D—D sequence for

(+Y and+2), where either a neutral Asn or a negative Asp
can be found (Scheme 1). In CaM, residues3t5 are
D—D-D, D—D—N, D—D—N and D-D-D in sites I, Il,

[ll, and 1V, respectively. The BN—D sequence does not
occur in this protein but is found, for instance, in site Il of
calbindin Dy (site | is a pseudo EF-hand) and in sites | and
IV of other CaM-like proteins such as CaBP fr&ntamoeba
histolytica(28, 50). In calbindin Dk, site Il (D—N—D) has

a much higher affinity for lanthanides than for calcium, while
in E. histolyticaCaBP lanthanides strongly prefer site Ill
(D—D—D) despite the presence of two sites (I and 1V) of
the D—N-D type. In WT calmodulin, the present data

residues +3—5; yet, the apparent lanthanide/calcium affinity
ratio is vastly different, being > 11l > | > |V,

In any case, an important conclusion that can be drawn
from this work is that,within a given site, the apparent
lanthanide/calcium affinity ratio increases in the order
D—N—N < D—D—N < D—N-D < D—D-D. Itis also clear
that any mutation that produces a “nonnatura-3t-5
sequence like, for instance, D24B2f (transforming a
D—D—D into a D—D—E sequence) or D129N (transforming
a D—D-D into an N-D—D sequence), decreases dramati-
cally the apparent lanthanide/calcium affinity ratio. Calcium
affinity was also found to be reduced in a—ID—D to

indicate just a slight preference of lanthanides over calcium D—D—E mutation of site IV of calmodulin54). For the

for site | (D—D—D), while site IV (also D-D—D) seems to

present N-D—D mutated sequence, the calcium affinity is

be the least preferred. Actually, site IV is reported to have reduced so much that the C-terminal domain is even partially

the highest affinity for calcium1, 52). Obviously, the extra

negative charge by itself is not always a sufficient determi-

unfolded.
It is worth noting that invertebrate calmodulin from

nant to increase the apparent lanthanide/calcium affinity ratio. octopus differs from the vertebrate in only a few residues,
The location of the negative charges around the metal (acidtwo of which are however relevant to the present analysis,

pair hypothesis) plays also a rolB3j. The D22N mutant
transforms the site | sequence from-D—D to D—N—D,

i.e., N6OD and N97D. Calcium and lanthanide binding
studies on invertebrate calmodulin did not reveal any major
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difference with respect to vertebrate calmodubs)( while

our N60D-N97D mutant clearly shows an increase in the
apparent lanthanide/calcium affinity ratio for sites Il and Ill.
The different results may be due to the different experimental
conditions but may also depend on the much higher sensitiv-
ity achieved with the present NMR strategy, which is based
on monitoring even modest changes in relative affinities by
following the line broadening effects on the noncanonical
sites.
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