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ORIGINAL ARTICLE
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Hans J. Vogel

Lead-207 NMR: a novel probe for the study

of calcium-binding proteins

Abstract The high-affinity Ca2c–binding sites of carp
(pI 4.25) and pike (pI 5.0) parvalbumins, as well as
those of mammalian calmodulin (CaM) and its C-termi-
nal tryptic half-molecule (TR2C), were analyzed by
207Pb NMR spectroscopy. For the parvalbumins, two
207Pb signals were observed ranging in chemical shift
from ;750 to ;1260 ppm downfield of aqueous
Pb(NO3)2, corresponding to 207Pb2c bound to the two
high-affinity helix-loop-helix Ca2c–binding sites in
each of these proteins. Four 207Pb signals, which fall in
the same chemical shift window, could be discerned for
CaM. Experiments on TR2C permitted the assignment
of each signal as due to 207Pb2c occupying a helix-loop-
helix site in either the N- or the C-lobe of the intact
protein. 207Pb and 1H NMR titration studies on CaM
provided evidence that Pb2c binding to all four sites
occurs simultaneously, in contrast to the behavior of
this protein in the presence of Ca2c. Titrations of the
207Pb2c–forms of CaM and TR2C with the antipsychot-
ic drug trifluoperazine demonstrated that drug binding
to the exposed hydrophobic surfaces in CaM causes

substantial conformational changes and proceeds in a
sequential manner – first the C-lobe and subsequently
the N-lobe. Finally, the field dependence of CaM-
bound 207Pb signals was examined. The 207Pb signal li-
newidths exhibited a sharp dependence on the square
of the external magnetic field, a trend characteristic of
relaxation via chemical shift anisotropy. Relaxation
studies on TR2C demonstrated that chemical exchange
also contributes to the observed linewidths. The large
chemical shift dispersion observed for the 207Pb signals
of the three proteins studied here illustrates the re-
markable sensitivity of this parameter to subtle differ-
ences in the chemical environment of the protein-
bound 207Pb nucleus. To our knowledge, the data pre-
sented in this article comprise the first ever published
example of the application of 207Pb NMR spectroscopy
to metalloproteins.

Key words 207Pb NMR 7 Calmodulin 7 Parvalbumin 7
Helix-loop-helix

Introduction

Because few metals rival calcium in terms of the wide
variety of physiological processes on which it exerts
some influence, considerable attention has been fo-
cused on elucidating the structures and functions of
proteins which bind Ca2c. This research constitutes a
major tenet in the field of biological inorganic chemis-
try [1, 2]. Ca2c–binding proteins can be categorized on
the basis of their biological functions and the manner in
which they sequester calcium ions [3, 4]. The best
known are the intracellular helix-loop-helix
Ca2c–binding proteins, which include calmodulin
(CaM), parvalbumin (Pa), troponin C, and calbindin
D9K. These proteins share a common Ca2c–binding
motif – termed “helix-loop-helix” or “EF-hand” – char-
acterized by two a-helices flanking a loop of 12 resi-
dues; such sites almost invariably occur in tandem, with
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1 An unpublished 1.65-Å resolution X-ray crystal structure of the
Ca2c form of pike (pI 5.0) Pa by J.P. DeClercq, B. Tinant, F.
Roquet, J. Rambauld, and J. Parello has recently appeared in the
Protein Data Bank (Brookhaven National Laboratories, Upton,
N.Y.). There appears to be a high degree of homology between
the helix-loop-helix Ca2c–binding sites in this protein and carp
(pI 4.25) Pa.

Table 1 Partial amino acid sequences for the Ca2c-binding loops
in carp (pI 4.25) Pa, pike (pI 5.0) Pa, and mammalian CaM.
Source of sequences: carp (pI 4.25) Pa [7, 8]; pike (pI 5.0) Pa [9];
CaM [13, 14]

Protein Site Position in loopa

X Y Z PY PX PZ

Carp (pI 4.25) Pa CD D51 D S F E E
EF D90 D D K H2O E

Pike (pI 5.0) Pa CD D51 D S F E E
EF D90 D D K H2O E

Mammalian CaM I D20 D D T H2O E
II D56 D N T H2O E
III D93 D N Y H2O E
IV D129 D D Q H2O E

a Modes of ligand binding to the metal ion: normal letters mono-
dentate binding via side-chain carboxylate, carbonyl, or hydroxyl
moieties, italic letters binding via main-chain carbonyl, bold letters
bidentate binding via side-chain carboxylate. The superscripts de-
note the sequence positions of the first residue in each of the
sites

the metal ions separated by a short anti-parallel b-sheet
[5, 6]. The residues that participate in coordinating the
calcium ion originate from highly conserved positions
in the Ca2c–binding loop: residues 1, 3, 5, 7, 9, and 12
(denoted as coordination positions X, Y, Z, -Y, -X, and
-Z). The primary sequences for the loops in the pro-
teins relevant to this study, carp (pI 4.25) and pike (pI
5.0) Pa and mammalian CaM, are given in Table 1.

The parvalbumins are small (MW ;11.5 kDa) acidic
proteins found in vertebrate muscle tissues. Although
their function remains somewhat obscure [3], they pos-
sess two high-affinity (KD;10–9 M) EF-hand
Ca2c–binding sites. Recently refined X-ray crystal
structures of carp (pI 4.25) Pa revealed that the Ca2c

ions in both the CD and EF sites of the protein are che-
lated by seven oxygen atoms, although the sites are
geometrically distinct (pentagonal bipyramid vs mono-
capped trigonal prism) [7, 8]. In addition, all seven
Ca2c ligands in the CD site are furnished by the pro-
tein, whereas the -X position in the other site is occu-
pied by a water molecule (a common occurrence in oth-
er helix-loop-helix sites [6]). The primary structures of
the Ca2c–loops in carp (pI 4.25) and pike (pI 5.0) Pa
are highly conserved; hence, in the absence of a highly
refined three-dimensional structure for this protein [9],
we assume that the CD and EF sites in the two parval-
bumins are homologous.1

Table 2 Relevant NMR parameters of 43Ca, 113Cd, and 207Pb.
NMR parameters obtained from [15, 17, 20, 21]. I Nuclear spin, n0

nuclear resonance frequency, R(/13C) receptivity with respect to
13C, d chemical shift

Nucleus r (Å)b

M2c
I Natural

abundance
n0 (11.7 T)
(MHz)

R(/13C) d range
(ppm)

43Ca 1.00 7⁄2 0.145 33.6 0.053 ;60
113Cd 0.95 1⁄2 12.3 110.9 7.6 ;900
207Pb 1.19 1⁄2 22.6 104.4 11.7 ;16000

a Six-coordinate ionic radii (r) obtained from [19]

Calmodulin is a small (MW;16.8 kDa) ubiquitous
eukaryotic protein which, in response to minute
changes in Ca2c levels within the cell, can bind to a
variety of intracellular target proteins and enzymes,
thereby mediating a multitude of biological events [10,
11]. X-ray structures of CaM have demonstrated that
the protein is bilobal, with each lobe containing a juxta-
posed pair of high-affinity (KD;10–5–10–6 M)
Ca2c–binding sites. The two lobes are separated by a
short a-helical linker [12–14].The four EF-hand sites in
the protein are each comprised of four side-chain car-
boxylates (X, Y, Z, -Z), one of which binds in a biden-
tate fashion (-Z), a main-chain carbonyl (-Y), and a wa-
ter molecule (-X). The seven oxygen ligands in each
site are arranged in a distorted pentagonal bipyramidal
geometry around the metal ion.

Along with X-ray crystallographic studies, nuclear
magnetic resonance (NMR) spectroscopy has proven to
a be powerful tool for gaining insight into the structures
and dynamics of helix-loop-helix Ca2c–binding pro-
teins. Both 43Ca [15, 16] and 113Cd [16–18] have been
successfully employed as high-affinity probes for the
helix-loop-helix sites in this class of proteins. In this pa-
per, we introduce the study of another surrogate metal
ion, Pb2c, in place of Ca2c, and examine its binding to
parvalbumins and calmodulin by 207Pb NMR spectros-
copy, an approach that has never been applied to me-
talloproteins. Although the ionic radius of Pb2c is
somewhat larger than those of Ca2c and Cd2c, which
are quite similar in size [19], 207Pb exhibits several ap-
pealing traits, including a moderate resonance frequen-
cy, a vast chemical shift range and potentially large
spin-spin couplings to neighboring nuclei, in compari-
son to the traditional probes (Table 2) [20, 21]. The tox-
icological properties of lead have spurred a number of
investigations into the interactions of this metal ion
with various proteins (for a recent review, see [22]). For
example, it has been demonstrated that Pb2c can bind
very tightly to, and even displace Ca2c from, CaM, cal-
bindin, and troponin C [23]. Moreover, Pb2c can sub-
stitute for Ca2c in the activation of several enzymes,
including protein kinase C [24], phosphodiesterase [25],
and myosin light chain kinase [26], the latter two in a
calmodulin-dependent manner. These traits of lead
make the biological application of 207Pb NMR all the
more relevant.
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2 The 207Pb chemical shift reference used in this work resonates
19.8 ppm downfield from the secondary reference 1.0 M
Pb(NO3)2 in H2O whose chemical shift is –2961.2 ppm with re-
spect to the accepted reference for this nucleus, 80% Pb(CH3)4 in
toluene [see 20].

Materials and methods

Materials

Carp (pI 4.25) and pike (pI 5.0) parvalbumins were purified from
their respective sources according to published methods with a
minor modification [27, 28]. These proteins were decalcified by
precipitation with trichloroacetic acid, followed by dialysis in the
presence of b-mercaptoethanol (;1 mM), and ultimately lyophil-
ization [28, 29]. CaM was isolated from bovine testis (Pel-Freez
Biologicals) and an Escherichia coli expression system following
standard literature procedures [30]. The proteins from these
sources are identical in every respect except that bacterial CaM
lacks N-acetylation and a trimethyllysine at position 115. The C-
terminal half-molecule of CaM (TR2C; 78–148) was obtained by
mild digestion with l-1-tosylamido-2-phenylethyl chloromethyl
ketone (TPCK)-treated pancreatic trypsin (Sigma) and purified
as previously described [31, 32]. The apo-forms of CaM and TR2C
were generated by passing the proteins down a small Chelex-100
column, equilibrated in 50 mM NH4HCO3 pH 8.5, followed by
lyophilization. For each apoprotein, the amount of residual Ca2c

present was less than 0.05 mol equiv, as judged by 1H NMR. All
proteins were stored in a lyophilized form at –20 7C prior to use.

Potassium chloride was obtained from Aldrich, piperazine-
N–Nb-bis[ethanesulfonic acid] (PIPES) and trifluoperazine from
Sigma. Isotopically enriched 207Pb(NO3)2 (91.6%) and 113CdO
(94.8%) were purchased from Oak Ridge National Laboratories
and MSD Isotopes, respectively. Stock solutions of 207Pb(NO3)2

and 113Cd(ClO4)2 [33], each 0.1 M in D2O (Cambridge Isotope
Laboratories), were used as titrants as well as chemical shift refer-
ences in 207Pb and 113Cd NMR experiments.

Sample preparation

Samples for NMR analysis were prepared by dissolving each pro-
tein in ;2.0 ml of 25% v/v D2O containing 0.1 M KCl (unless
otherwise specified). For the Pa work, the solutions were also
buffered (20 mM PIPES). All sample manipulations were per-
formed using acid-washed glassware and plasticware to minimize
recalcification. The concentrations of all protein solutions were
determined spectrophotometrically using the following extinction
coefficients: carp Pa (pI 4.25), 259 p 2020 M–1cm–1 [34]; pike Pa
(pI 5.0), 258–e268 p 918 M–1cm–1 [35]; CaM, 276(1%) p 1.8 cm–1

[36]; TR2C, 276 p 3006 M–1cm–1 [37]. The pH of each sample was
adjusted to the desired value as detailed in our earlier studies
[38].

NMR spectroscopy

All NMR data presented in this paper were recorded locked and
at 25 7C.

207Pb NMR spectra were acquired at a resonance frequency of
104.435 MHz on a Bruker AMX 500 instrument equipped with a
10-mm broadband probe. The following acquisition parameters
were employed: 60–807 pulses, a sweep width of 100 kHz,
0.40–0.55 s between pulses, and 16 K data points. Data were left
shifted to give an effective dead time of 50–70 ms, zero-filled once,
and processed with an exponential line broadening of
150–250 Hz. For the field-dependent studies, 207Pb NMR spectra
were also obtained on Bruker AM 400, AC 300 (Bruker Canada,
Milton, Ont.), and WP 100 (Simon Fraser University, Burnaby,
B.C.) instruments at resonance frequencies of 83.55, 62.66, and
20.89 MHz, respectively, using conditions similar to those out-
lined above. Protein-bound T1 measurements were performed on
the AM 400 spectrometer, using the progressive saturation ap-
proach [21], and analyzed with standard Bruker software. All

207Pb NMR spectra are referenced to external 0.10 M
207Pb(NO3)2 in D2O.2

1H NMR spectra were obtained at a resonance frequency of
500.139 MHz on a Bruker AMX 500 instrument equipped with a
5-mm 1H probe, using 907 pulses, a 6000-Hz sweep width, a 2.7-s
repetition time, 8 K data points, and presaturation of the residual
HDO signal. The data were zero-filled once and processed with a
2-Hz line broadening. 1H NMR spectra are referenced to internal
sodium 2,2-dimethyl-2-silapentane-5-sulfonate (DSS; MSD Iso-
topes).

113Cd NMR measurements were conducted on Bruker AMX
500 and AM 400 NMR instruments (using 10-mm broadband
probes) at resonance frequencies of 110.92 and 88.75 MHz, re-
spectively. Typical acquisition parameters were as follows: 50–707

pulses, a 30-kHz sweep width, 0.5–0.6 s between pulses, and 4–8 K
data points. Data were zero-filled to 16 K prior to Fourier trans-
formation with an exponential line broadening of 30–40 Hz. All
113Cd spectra are referenced to external 0.10 M 113Cd(ClO4)2 in
D2O.

Linewidths of protein-bound 207Pb and 113Cd NMR signals
were calculated by the “ldcon” routine (UXNMR); for overlap-
ping resonances, the LINESIM program (DISNMR; P. Barron,
Bruker, Australia) was used.

Results and discussion

207Pb NMR studies of parvalbumins

207Pb NMR spectra of 207Pb2c saturated pike (pI 5.0)
and carp (pI 4.25) parvalbumins are shown in Fig. 1.
For both proteins, one observes two 207Pb signals which
correspond to the metal ion bound to the two high-
affinity EF-hand Ca2c–binding sites (CD and EF) of
these molecules. Note that in both cases the protein-
bound 207Pb signals for the highly homologous sites are
very well separated (i.e., by ;350–450 ppm) (Table 3).
This observation illustrates the extremely high sensitiv-
ity of the 207Pb chemical shift to subtle differences in
the chemical environment of the nucleus, in stark con-
trast to the 113Cd NMR data for these proteins, where
the protein-bound 113Cd peaks are separated by merely
a few ppm (carp Pa: CD d p –93.8 ppm, EF
d p –97.5 ppm; pike Pa: CD d p –87.5 ppm, EF
d p –90.2 ppm) [35, 39].

To confirm that the signals observed above for the
two parvalbumins are indeed due to 207Pb2c occupying
the CD and EF sites of these proteins, we performed a
Ca2c back titration of pike Pa (Fig. 2). Addition of
Ca2c results in the attenuation and eventual disappear-
ance of the 207Pb signals, although the latter can only
be accomplished with a significant excess of Ca2c. This
suggests that the relative affinities of these metal ions
for pike Pa are quite comparable. Furthermore, over
the course of the titration, the protein-bound 207Pb re-
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Fig. 1 207Pb (104.435 MHz) NMR spectra of the 207Pb2c forms of
pike (pI 5.0) and carp (pI 4.25) Pa (pike Pa 1.67 mM, 2.0 equiv
207Pb2c, 20 mM PIPES, 100 mM KCl, pH 6.8, 39000 scans; carp
Pa 1.96 mM Pa, 2.0 equiv 207Pb2c, 20 mM PIPES, 100 mM KCl,
pH 6.9, 100000 scans). Note that the incorrect relative areas ob-
tained in the carp Pa spectrum are due to the spectrometer offset;
the correct intensity ratios are found when the carrier is posi-
tioned between the resonances (data not shown)

Fig. 2 207Pb (104.435 MHz) NMR spectra of the back titration of
1.67 mM (207Pb)2.0 pike Pa with Ca2c (equiv Ca2c: 0 pH 6.8,
39000 scans, 2.0 pH 7.1, 40000 scans, 5.0 pH 7.0, 20000 scans)

Table 3 207Pb NMR data (B0p11.7 T) for pike Pa (pI 4.25) and
carp Pa (pI 5.0), mammalian CaM, and TR2C

Protein d
(ppm)

Dn1/2

(Hz)
Site

(207Pb2c)2.0Pa (pike) 1262 870 CDa

822 700 EFa

(207Pb2c)2.0Pa (carp) 1081 1200 CDa

747 390 EFa

(207Pb2c)4.0CaM 1082 1150 III/IV
1000 1550 I/II
980 1050 III/IV
899 2000 I/II

(207Pb2c)2.0TR2C 1084 1000 III/IV
980 840 III/IV

(207Pb2c)4.0CaM(TFP)2.0 1174 2100 III/IV
983 1200 III/IV
965 820 I/II
854 2100 I/II

(207Pb2c)2.0TR2C(TFP)1.0 1187 970 III/IV
981 720 III/IV

a Tentative assignments (see text)

sonances undergo appreciable shifts (upto 10 ppm) and
a third resonance is discernable. This behavior is most
likely due to the transient formation of hybrid species
[Pa(Ca)CD(Pb)EF and Pa(Pb)CD(Ca)EF] and to the sen-
sitivity of each site to the nature of the metal ion oc-
cupying the adjacent site, owing to their close proximity

and the presence of a hydrogen-bonded antiparallel b-
sheet between them. Analogous intersite interactions
have been observed with 113Cd NMR in lanthanide
competition experiments on the 113Cd forms of carp
and pike Pa [34, 40], and in studies of other EF-hand
Ca2c–binding proteins (i.e., calbindin D9K [41]; CaM,
see below). In order to assign the 207Pb signals ob-
served for both parvalbumins, one can exploit the dif-
ferences in the relative affinities of the CD and EF sites
in these proteins for various lanthanides and the nu-
merous factors which perturb the CD sites due to the
presence of a weak secondary metal ion binding site in
its vicinity [34, 35, 40, 42]. For example, we found that
back titration of (207Pb2c)2–pike Pa with Lu3c, which
is known to bind preferentially to the EF site of parval-
bumins, displaced the high-field 207Pb signal (data not
shown). Thus, we assigned the low- and high-field 207Pb
signals for pike Pa, and, by inference, for carp Pa, to
207Pb2c bound to the CD and EF sites, respectively.

Pb2c binding to bovine CaM and TR2C

Figure 3 shows the titration of mammalian apo-CaM
with 207Pb-enriched lead nitrate followed by 207Pb
NMR. Four signals are observed in the same spectral
window as that employed for the studies of the parval-
bumins. Moreover, these signals increase in intensity up
to 4.0 equiv of metal ion, indicating that all four EF-
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Fig. 3 207Pb (104.435 MHz) NMR spectra of the titration of
1.47 mM bacterially expressed mammalian apo-CaM (100 mM
KCl, pH 7.1) with 207Pb2c; 85000 scans each. Note that the effec-
tive dead time used in data processing attenuates the broader re-
sonances in the spectrum, altering the observed relative intensi-
ties

Fig. 4 207Pb (104.435 MHz) NMR spectra of the 207Pb2c forms of
bacterially expressed mammalian CaM (1.47 mM, 4.0 equiv
207Pb2c, 100 mM KCl, pH 7.1, 85000 scans) and its C-terminal
domain fragment, TR2C (1.11 mM, 2.0 equiv 207Pb2c, 100 mM
KCl, pH 7.0, 80000 scans)

hand binding sites of CaM are saturated in a concerted
fashion by 207Pb2c. The four signals can be assigned to
the respective domains of the protein by analysis of
proteolytic fragments of CaM, a strategy that has been
routinely used in 1H and 113Cd NMR studies of this
protein [31, 32, 43, 44]. Such investigations, as well as
circular dichroism [45] and Fourier transform infrared
studies [46], have shown the preservation of structure
in the isolated N- and C-terminal tryptic fragments of
CaM. As shown in Fig. 4, the 207Pb signals at d p 1082
and 980 ppm in the intact protein line up almost per-
fectly with the two resonances observed for the 207Pb2c

form of the C-terminal tryptic half-molecule of CaM
(TR2C; residues 78–148). Thus, by inference, the two
broader signals in Fig. 3 (d p 1000 and 899 ppm) can
be assigned to sites I and II in the protein. The 207Pb
NMR data for CaM and TR2C are given in Table 3.

The simultaneous binding of Pb2c to the four EF-
hand Ca2c–binding sites of bovine CaM can be con-
firmed by monitoring the conformational changes asso-
ciated with metal ion binding to these sites by 1H
NMR. Figure 5 shows the aromatic region of the 1H
NMR spectrum of apo-CaM during a Pb2c up-titration.
In general, the signals corresponding to residues in the
C-terminal lobe undergo changes that are indicative of
slow exchange binding to sites III and IV of the pro-
tein. For example, the  and d aromatic protons of Y138
(d p 6.70 and 6.66 ppm) in the apoprotein decrease in
intensity over the course of the titration, with the con-
current appearance of a new pair of signals (d p 6.54
and 6.33 ppm), whose intensities increase up to 4.0
equiv of metal ion. Resonances due to the N-lobe dis-
play a somewhat different behavior which is character-
istic of intermediate/fast exchange binding to sites I and
II. The aH protons of D64 and T26 best illustrate this
effect; the positions of these signals in apo-CaM
(d p 5.57 and 5.53 ppm) steadily move upon addition
of Pb2c without loss of intensity until the endpoint of
the titration (d p 5.64 and 5.51 ppm). Hence, the re-
sults shown in Fig. 5 prove the coincident occupation of
all four EF-hand sites of CaM by Pb2c, although the
kinetics of Pb2c binding to the N- and C-terminal sites
are different on the 1H time scale; this may account for
the somewhat broader 207Pb resonances observed for
sites I and II (Fig. 3).

We also examined the relative binding affinities of
Pb2c and Cd2c for CaM. Figure 6 shows the back titra-
tion of (113Cd2c)4.0 CaM with Pb2c monitored by
113Cd NMR. In the absence of Pb2c, one can detect
only two 113Cd signals (d p –88.1, Dn1/2 p 75 Hz;
d p –114.5, Dn1/2 p 100 Hz) in the cadmium-loaded
protein, corresponding to 113Cd2c bound to sites IV
and III, respectively [31, 47]. Addition of a saturating
amount of Pb2c to the protein leads to the complete
disappearance of the 113Cd signals, meaning that the
larger metal ion quantitatively expels cadmium ion
from the protein. The appearance of additional peaks
in the 113Cd spectrum during the titration is most likely
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Fig. 5 1H (500.139 MHz) NMR spectra of the titration of
1.37 mM bovine testis apo-CaM (150 mM KCl, D2O, pH* 7.5)
with Pb2c; 1000 scans each. The assignments shown for apo-CaM,
as well as tentative assignments for the Pb2c–loaded protein,
were based on analogous 1H NMR studies of Ca2c and Cd2c

binding to bovine CaM (see, for example, [47]).

Fig. 6 113Cd (110.92 MHz) NMR spectra of the back titration of
1.57 mM bovine testis (113Cd)4.0 CaM (150 mM KCl, pH 7.5) with
Pb2c; 25000 scans each

due to intersite interactions in the C-terminal lobe of
the protein (see above).

The 207Pb, 1H, and 113Cd NMR results presented in
this section illuminate some significant differences be-
tween 207Pb and the traditional probe for this class of
metalloproteins, 113Cd. As observed for the parvalbu-
mins, CaM-bound 207Pb signals are spread out over a
much larger chemical shift range (;200 ppm) than that
reported in 113Cd NMR studies of this protein (;30
ppm) [47]. However, the linewidths of the 207Pb signals
reported here are substantially larger than those for
CaM-bound 113Cd2c at a magnetic field of 11.7 T (see
below). Our data also indicate that there are major dif-
ferences between Pb2c and other metal ions regarding
the manner in which metal ion binding to CaM occurs.
While Pb2c appears to show little site preference, 1H,
43Ca and 113Cd NMR evidence has established that
Ca2c and Cd2c clearly bind to the protein in two dis-
tinct stages: stage I, high-affinity binding to sites III and
IV; stage II, low-affinity binding to sites I and II [31, 32,
47–50]. In fact, the affinities of the two N-terminal sites
of CaM for Cd2c are low enough to preclude detection
of 113Cd signals corresponding to sites I and II, due to
exchange broadening [47], in contrast to the 207Pb
NMR results presented here.

Trifluoperazine binding to CaM and TR2C

Over a decade ago, Forsén and coworkers demon-
strated the usefulness of 113Cd NMR as a probe for the
interaction of various drugs, including the antipsychotic
drug trifluoperazine (TFP), with 113Cd2c–substituted
CaM [51, 52]. Recent X-ray structures of TFP com-
plexes with the Ca2c form of this protein showed that
the drug binds to two hydrophobic patches, one in each
lobe [53, 54]. Moreover, TFP binding also imparts gross
conformational changes to the protein, analogous to
those found for CaM bound to, for instance, skeletal
and smooth myosin light chain kinase [55, 56], thereby
preventing CaM from interacting with its many target
enzymes. Figure 7 shows the titration of (207Pb)4.0CaM
with TFP followed by 207Pb NMR. Upon addition of
1.0 equiv of the drug, the intensity of one of the 207Pb
signals (d p 1082 ppm) due to the C-lobe is markedly
reduced, and a new signal (d p 1182 ppm) emerges.
The other resonance from this lobe remains largely un-
changed, and the signals due to sites I and II are slight-
ly perturbed. When a further 1.0 equiv of TFP is added
new resonances (d p 965 and 854 ppm) assigned to the
N-lobe of the protein emerge. Figure 7 shows that one
of the C-terminal signals moved slightly upfield (to
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Fig. 7 207Pb (104.435 MHz) NMR spectra of the titration of
1.47 mM bacterially expressed mammalian (207Pb)4.0 CaM
(100 mM KCl, pH 7.1) with TFP; 85000 scans each

Fig. 8 207Pb (104.435 MHz) NMR spectra of the titration of
1.11 mM bacterially expressed mammalian (207Pb)2.0 TR2C
(100 mM KCl, pH 7.2) with TFP; 60000–80000 scans each

d p 1174 ppm) and broadened at this stage of the titra-
tion. The above interpretations were confirmed by the
analogous titration of TR2C (Fig. 8). Again, one ob-
serves slow exchange binding of 1.0 equiv of the drug to
the half-molecule, and only the lower-field signal is al-
tered during the experiment. The 207Pb NMR data for
the 207Pb2c forms of CaM and TR2C in the presence of
a saturating amount of TFP are also listed in Table 3.

Some parallels and differences with analogous 113Cd
NMR studies of TFP binding to CaM can be drawn [32,
47]. As was observed by 113Cd NMR, the interaction of
TFP to (207Pb)4.0CaM proceeds primarily in a sequen-
tial manner, with binding first to the C-lobe and subse-
quently the N-lobe. In addition, one observes chemical
shift differences for practically all of the signals, mean-
ing that conformational changes imparted by binding of
the drug to both lobes of the protein are sensed by all
four binding sites. This effect has also been docu-
mented for the 113Cd2c–form of CaM. However, our
results indicate that binding of TFP produces no appre-
ciable reductions in the linewidths of the CaM-bound
207Pb signals. In contrast, the binding of this and other
drugs in general significantly reduce the exchange rates
of bound 113Cd2c, especially in sites I and II, which fa-
cilitates the detection of bound cadmium in these sites
[47, 51, 52].

Field dependence of CaM-bound 207Pb and 113Cd
NMR signals

The linewidths of the 207Pb and 113Cd NMR signals for
(207Pb)4.0CaM (TFP)2.0 and (113Cd)4.0CaM were ob-
tained at a number of magnetic fields. At each field, the
CaM-bound 207Pb resonances were substantially broad-
er than the analogous 113Cd peaks, and the linewidths
of the former exhibited a marked dependence on the
square of the magnetic field (Fig. 9). This B0

2 depend-
ence is quite diagnostic of nuclear relaxation via the
chemical shift anisotropy mechanism [57], which is
quite common in 207Pb NMR particularly at high fields,
due to the vast chemical shift range of this nucleus [20].
The detrimental effect of CSA on signal resolution and
detectability is in fact a general concern in protein
NMR studies involving other third-row (“heavy”)
I p 1/2 metal nuclei, such as 199Hg and 205Tl, where
very broad resonances have been reported [58, 59].
However, as has been demonstrated in 113Cd NMR
studies of calbindin D9K and a-lactalbumins, one can-
not neglect the contribution of exchange processes,
which are also characterized by a B0

2 dependence, to
the T2 relaxation (inversely proportional to linewidth)
of protein-bound metal nuclei [33, 60]. In the absence
of a chemical shift anisotropy (s) value for a compara-
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Fig. 9 Dependence of the CaM-bound 207Pb and 113Cd signal li-
newidths on the square of the magnetic field strength. [ Bovine
testis (207Pb)4.0CaM(TFP)2.0, signal at d p 983 ppm (site III or
IV); l bovine testis (207Pb)4.0CaM(TFP)2.0, signal at d p 965 ppm
(site I or II); } bovine testis (113Cd)4.0CaM, d p –114.5 ppm (site
III). The approximate linewidth for the C-terminal sites (III and
IV) of CaM at 6.0 T was obtained from [46]

Table 4 T1 and T2 relaxation data for TR2C-bound 207Pb signals
at 9.4 T (all data obtained using the TFP complex of 207Pb2-
TR2C)

d
(ppm)

T1

(ms)
s
(ppm)

TCSA
2

(ms)a
Teff

2

(ms)b

1187 14 1910 1.66 0.38
981 27 1380 3.20 0.54

a Calculated using Eqs. 1 and 2 assuming a tc of 6.3 ns [61]
b Calculated from the observed linewidths according to the rela-

tion: Teff
2 p

1
pDn1/2

ble coordination complex of Pb2c, one must have
knowledge of the longitudinal relaxation (T1) times for
the protein-bound 207Pb signals in order to establish
the relative contributions of these two effects to the ob-
served linewidths. Consequently, we obtained T1 values
for the signals due to 207Pb2c bound to the two helix-
loop-helix sites in TR2C at a field strength of 9.4 T. As-
suming that no other magnetic relaxation processes
contribute to the observed longitudinal relaxation
times, one can use Eq. 1 to calculate s, and subsequent-
ly insert these values into Eq. 2 to obtain the T2

CSA for
both signals. The results are given in Table 4. For both
signals, CSA failed to entirely account for the observed
linewidth, meaning that other effects are present. In-
deed, we found that the linewidths of both signals for
TR2C, particularly the downfield peak, increased with
increasing temperature, indicative of the presence of
exchange (data not shown).

1/T1
CSA p 2/15 v0

2Ds2 {tc/(1cv0
2tc

2)} (1)

1/T2
CSA p 1/15 v0

2Ds2 {4/3 tc c tc/(1cv0
2tc

2)} (2)

Conclusions

The results presented in this article constitute, to our
knowledge, the first 207Pb NMR studies of metallopro-
teins. Two key intrinsic properties of 207Pb make this
nucleus an attractive novel probe for the study of metal
ion binding sites in proteins. First, on a number of occa-
sions in this paper we have alluded to the huge chemi-
cal shift range exhibited by 207Pb and the sensitivity of
this parameter to variations in the chemical environ-
ment of the metal nucleus. 207Pb chemical shift data ac-
cumulated for complexes to date indicate that increas-
ing the polarizability of the coordinating ligand tends to
decrease the nuclear shielding (i.e., S~N~O); an ef-
fect analogous to that known for 113Cd, albeit on a
much larger scale [20]. For example, the introduction of
two nitrogen ligands into the coordination sphere of
the metal ion in [Pb(EDTA)]2– produces an extraordi-
nary downfield shift in the 207Pb signal (d;2350 ppm)
[62]. Hence, one can easily envisage applying 207Pb
NMR to the study of metal ion binding sites in proteins
which contain softer ligands (e.g., His, Cys) analogous
to the large body of 113Cd NMR studies on a variety of
proteins [16–18]. Second, like other heavy I p 1/2 metal
nuclei, 207Pb can exhibit quite large through-bond cou-
plings to nearby I p 1/2 nuclei [20]. This opens the pos-
sibility of using inverse (1H, 207Pb) and isotope filtering
techniques to detect the residues directly involved in
coordinating the metal ion. Such approaches have been
applied to proteins in which three-bond 1H, X cou-
plings are primarily involved, where X p 113Cd
[63–66], 109Ag [67], even 199Hg [58], in spite of broad
protein-bound signals (i.e., up to 103 Hz). However, the
lack of spin-spin coupling between, for example, 113Cd
and protons four bonds away on carbons adjacent to
ligating carboxylates have thus far precluded the appli-
cation of these techniques to Ca2c–binding proteins.
Hence, it would be particularly appealing to perform
such experiments on 207Pb-substituted Ca2c–binding
proteins; projects to this end are currently under way in
our laboratory.

The results presented in this article should also alert
the reader to some important experimental considera-
tions that should be kept in mind in biomolecular 207Pb
NMR studies. For example, the large chemical shift
range for this nucleus requires one to employ quite
large sweep widths during data acquisition, which may
lead to unequal excitation of widely spaced signals in
the same spectrum. Moreover, the larger signal line-
widths typically observed for this heavy nucleus make it
intrinsically less sensitive than other probes (e.g.,
113Cd); however, this is to some extent off-set by the
short protein-bound T1 values (i.e., decreased repeti-
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tion times). In spite of such difficulties, we feel that the
importance of Pb2c in toxicology, particularly its pro-
pensity for mimicking the many physiological functions
of Ca2c [22], make 207Pb NMR a potentially valuable
means of studying biologically relevant macromole-
cules.
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