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The 'H NMR spectra of carp parvalbumin saturated with Ca®*, Cd**, La** and
Lu** were compared, using 2D 'H NMR techniques as well as conventional 'H
NMR spectra. The Ca** and Cd** saturated parvalbumin (with both high affinity
Ca’*-binding sites occupied) gave rise to very similar spectra. This shows that
these two species have almost identical protein conformations. The 'H NMR
spectrum from the Ln** saturated parvalbumins deviated from the other two and
it was therefore concluded that Cd** is a better probe for Ca®* than Ln** in parval-
bumin and probably also for related calcium binding proteins. The addition of ex-
cess of divalent metal ions, such as Mg** or Ca?*, causes small changes in the
chemical shift of some methyl resonances. This is presumably caused by binding
of these metal ions to a third site close to the CD site which is made up of the car-
boxylic groups from Glu 60 and Asp 61.

Parvalbumins are a class of small (M = 11500),
acidic (p/ = 4-5) and very heat-stable calcium
binding proteins.'? They appear in abundance in
fast skeletal muscle, especially in fish. The crystal
structures of the calcium and terbium saturated
carp parvalbumin P3 have been determined and
refined to a resolution of 1.9 A.>* It has been
found that the protein contains 6 helices, labelled
A to F starting from the N terminus. The calcium
binding loops are flanked by helices C,D and
E,F, respectively and are named the CD and EF
sites.

The physiological function of the parvalbumins
is presently not fully understood. However, evi-
dence has been presented which suggests that
they are involved in the relaxation of the fast
muscle, probably by functioning as a calcium car-
rier.’”’

The calcium ion has a nobel gas-like electronic
configuration and it is therefore spectroscopically
inert except for X-ray absorption’ and “Ca
NMR.#® Because of the unattractive spectro-
scopic properties of calcium, various other metal
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ions have been used as probes for the calcium-
binding sites. The lanthanides substitute very
well for calcium. In fact they bind even more
strongly than the calcium ion.'*" The lanthanides
have therefore been used extensively as probes
for metal ion binding to parvalbumins.*!*"'* An-
other probe which has also been used is the Cd**
ion in '*Cd NMR studies.'"*® In all these studies it
has been assumed that the used probe ion will in-
duce similar, if not identical, conformational
changes in the protein as the native ion calcium
does.

It has been shown with X-ray crystallography
that the terbium ion first replaces the calcium ion
bound to the EF site in the crystal.* Based on this
observation it has been assumed that all lantha-
nides will replace calcium in the same order. We
have shown in a preceding article, however, that
this is not always the case.” Furthermore, we
have also presented evidence for the existence of
a third metal ion binding site close to the CD site.

The proton NMR spectra of metal saturated
parvalbumins show several well resolved reso-
nances.” We therefore performed a 2D proton
NMR study of parvalbumin P3 from carp sat-



urated with various metal ions in order to verify
whether or not it is justified to assume that the
protein conformation is the same for parvalbu-
min saturated with Ca**, Cd**, La** or Luv**.

Experimental

All proton NMR experiments were performed on
a Nicolet 360 WB spectrometer operating at
361.79 MHz for protons. Standard '"H NMR spec-
tra were recorded using a modified WEFT se-
quence.”! The 180° pulse was a soft 5 ms pulse
centered at the HDO resonance. In the 2D
COSY experiment® the HDO resonance was sat-
urated using the proton decoupler, which was
gated off during acquisition.

Material. The calcium saturated protein (PaCa,)
was prepared as previously reported'®. The lan-
thanide saturated protein (PaLa,) was obtained
by addition of La** to PaCa,. The cadmium-
loaded protein (PaCd,) was prepared by first ad-
ding an excess of Cd(ClO,), to PaCa,, which was
then dialysed against water. This was repeated
twice before the protein was lyophilized. The ti-
tration experiments were performed by adding
small aliquots of stock solutions of the actual
metal ion directly into the NMR tube. All experi-
ments were performed at 40°C and at pH 6.5 if
not stated otherwise.
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Results and discussion

Replacement of Ca’* by Cd’*. The proton NMR
spectrum of the Cd saturated parvalbumin of
carp 4.25 (PaCd,) is not very different from that
of the native protein which is in the Ca?* form
(PaCa,). The chemical shifts of the most charac-
teristic resonances in the aromatic and aliphatic
regions are given in Tables 1 and 2, respectively.
The main difference in the aromatic region be-
tween the two species is a 0.04 ppm variation for
the resonance labelled P, (para proton triplet of a
phenylalanine labelled number 4) at 6.45 ppm in

Table 2. The 'H NMR chemical shifts (ppm) of the
high field shifted methyl resonances and the protons
to which they are spin-coupled.

Ca, La, Cd, LuCa Lu,
Me Me Me Me Me
-0.41 154 -0.23 158 -0.43 -0.36 —0.36
0.12 0.78 0.08 0.77 0.12 0.12 0.10
0.14 1.37 0.10 1.42 017 0.16 0.11

0.26 1.36 0.29 1.37 024 028 0.30
0.26 1.78 0.29 1.81 0.26 028 0.30
0.31 1.55 0.32 1.41 031 031 0.30
0.31 1.63 0.32 1.61 031 031 030
0.40 1.13 0.48 1.19 038 043 042
0.44 1.54 0.50 1.54 044 044 044
0.52 1.79 0.52 1.83 052 0.53 0.52

Table 1. The 'H chemical shift (ppm) for the aromatic protons in the calcium, cadmium and lanthanum

saturated parvalbumin.

ortho mela para

Ca Cd La Ca Cd La Ca Cd La
1 694 694 6.99 6.53 653 6.54 558 558 5.62
2 722 - 7.23 6.25 6.27 6.27 592 592 592
3 704 - 7.07 6.16 6.16 6.13 6.69 - 6.67
4 693 - 6.95 6.41 641  6.41 6.45 649 6.50
5 684 684 6.85 6.53 652 6.54 6.65 - 6.70
6 6.56 6.65 6.70 6.92 - 6.92 - - -
7 707 - 7.21 6.95 - 6.94 - - -
8 737 - 7.38 698 - 6.99 - - -
9 7.45 - 7.44 717 - 714 - - -

10 7.45 7.45 7.49 7.32 - 7.35 - - -
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Fig. 1. The aromatic part of
Cc the 'H NMR spectrum from
metal saturated
ey parvalbumin. A, PaCd,; B,
mixture of PaCd,, PaCa,
and PaCaCd; C, PaCa,. B
and C have been obtained
by adding Ca?*-ions to A.
B
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PaCa, and at 6.49 ppm in PaCd,. The main differ-
ences observable in the methyl region of the two
species are 0.02 ppm variations for the methyl
resonances at —0.41 ppm and at 0.40 ppm, which
are shifted to —0.43 ppm and 0.38 ppm in the Cd
form. The chemical shift variations of resonances
at 0.14 ppm and 0.26 ppm in the PaCa, species
observed at 0.17 ppm and 0.24 ppm in the PaCd,
species may partly arise from the binding of ca-
tions at the secondary site of the protein, as will
be described below.

The small amplitude of the chemical shift vari-
ations which occur in the proton NMR spectra
when going from Cd-loaded to Ca-loaded parval-
bumin are well evidenced in the titration of the
PaCd, species by Ca’* ions, as shown in Figs. 1
and 2. As the Cd** ions that are bound in the two
high affinity sites of parvalbumin are progres-
sively replaced by Ca** ions several resonances in
the aliphatic as well as in the aromatic regions are
affected. For instance the two doublets at about
—0.4 ppm and +0.4 ppm appear transiently as

C
B
Fig. 2. The upfield shifted region of the A
'H NMR spectrum from metal saturated
parvalbumin, 2 mM protein at pH 6.5. A,
PaCd,; B, mixture of PaCd,, PaCa, and JUL~
PaCaCd; C, PaCa,. B and C have been — ———r s e
obtained by adding Ca?*-ions to A. 0.8 0.4 0.2 0.0 -0.2 -0.4 PPM
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Fig. 3. Contour plot for the
COSY 'H 2D NMR data
from Pala,, showing the
aromatic part of the 'H NMR
spectrum. The protein
concentration was 2 mM at
pH 6.5 and 40°C. The data
was treated with a double
exponential multiplication in
both dimensions to improve
resolution.
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well-resolved triplets and then reappear again at
higher concentrations of Ca®* ions as well-re-
solved doublets. Note also the triplet at 6.3 ppm,
which appears transiently as a quartet. The shift
of the triplet of the para proton of Phe4 at about
6.5 ppm is also well evidenced in this titration. A
few resonances like the one at 0.55 ppm broaden
transiently. However, most of the aliphatic and
aromatic resonances remain completely unper-
turbed by the Ca/Cd exchange. It can be inferred
from these results that the Cd** ion constitutes an
excellent probe for the study of parvalbumins
and probably also for other related calcium bind-
ing proteins with “EF hand” calcium binding
sites.* A shift of only 0.04 ppm is small in com-
parison with the variations induced by temper-
ature changes® in these resonances and they are

5.5 PPN

also small in comparison to the ring current
shifts. These originate from proximal aromatic
rings of Phe residues, which are responsible for
shifting many resonances of methyl groups and of
aromatic protons more than 1 ppm to high field.
These ring current shift effects are very sensitive
to distance as well as to angular variations.?
Structural changes involving the repositioning of
the perturbing aromatic rings would therefore
have been observed directly with proton NMR.
Since the aromatic rings are essentially localized
to the hydrophobic core of the protein it can be
assumed that the core of the protein is not af-
fected by the exchange of Ca** ions by Cd** ions.
This is probably also true for the surface of the
protein. However, the proton NMR results can-
not be considered conclusive in this respect.
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Fig. 4. Stacked plot for the
COSY 'H 2D NMR data
from Pala,, showing the
high field half of the
spectrum. Same conditions
as for Fig. 3.

Replacement of Ca** by La’* or Lu’*. The lan-
thanides have been very popular as Ca probes
due to their various optical and magnetic prop-
erties. However, they differ from the Ca’* ion
by an additional ionic charge and by the ionic
size, which decreases through the lanthanide se-
ries from La** (1.15A) to Lu** (0.93A). For com-
parison the ionic size of Ca?* and Cd** is 0.99A
and 0.97A respectively. It is therefore of interest
to check by proton NMR if the substitution of
Ca* ions bound in the high affinity sites of par-
valbumin by the lanthanides is isomorphous.
Many changes occur in the proton NMR spec-
trum of parvalbumin when La** ions are added to
the sample. These changes are, however, not
very extensive as can be seen from data in Tables
1 and 2. The 2D COSY spectra of PaLa, (Figs. 3
and 4) were compared to those of PaCa, and
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PaCd, (not shown). The contour plot of the aro-
matic region of the PaLa, sample is shown in Fig.
3. The high-field resonances have nearly the
same off-diagonal correlation peaks as in PaCa,
and PaCd, and the resonances have not been
shifted by more than 0.05 ppm. Only a few reson-
ances have been assigned to the low field region
of the aromatic part due to severe overlap of res-
onances. However, the 2D NMR spectra allowed
us to observe that several of these low field
resonances were shifted by as much as 0.1 ppm
for PaLa, as compared to PaCa,. If the aromatic
protons shifted to high field are more representa-
tive of the hydrophobic core than the low field,
resonances may be assigned to the aromatic resi-
dues that are located on the surface of the protein
as is the case for Phe 57, whose aromatic ring is
located between the primary sites CD and EF.




This would thus indicate that the lanthanum ion
perturbs the structure of the surface more exten-
sively than the interior of the protein.

The stacked plot of the 2D NMR spectrum for
the aliphatic region of PaLa, is shown in Fig. 4. It
contains the resonances for the 63 methyl groups
that are present in the carp 4.25 parvalbumin.
The methyl resonances of Leu, Ile and Val resi-
dues are readily distinguished from those of the
Ala and Thr residues, the correlation peaks of
which appear in quite distinct parts of the plot,
around 2 ppm and 4 ppm, respectively. It is not
possible to find all the 25 methyl correlation
peaks from the 20 Ala and 5 Thr residues, how-
ever, among the correlation peaks of these resi-
dues one signal appear to be shifted to higher
field than the other ones. A previous calculation®
has established that the methyl group of Ala 14
should be shifted to higher field and the present
signal could therefore be assigned to that residue.
Similarily it is not possible to find all the correla-
tion peaks belonging to the 5 Val, 9 Leu and 5 Ile
residues. The chemical shift of the most upfield
shifted resonance and of their connected reso-
nances are reported in Table 2 for comparison
with the corresponding resonances of PaCa, and
PaCd,. The resonance at —0.4 ppm is predicted
to correspond to one of the methyl groups of Val
106 and the triplet resonance at 0.1-0.12 ppm
probably correspond to the methyl group of ei-
ther Ile 97 or Ile 58.%

The comparison of the stacked plot for the al-
iphatic region of PalLa, with the one of PaCa,
does not reveal any important changes. This con-
firms, as previously indicated from the study of
the aromatic region, that the tertiary structure of
the protein has been conserved, not as well how-
ever, as with Cd** ions. The variations remain
small in comparison with the thermal dependen-
cies of many of these resonances and, as previ-
ously discussed, they are also small compared to
the shifts induced by the rings from nearby phe-
nylalanines, exemplified with the resonance at
—0.4 ppm which has been shifted by as much as
1.5 ppm. The variation of 0.1 ppm observed for
this high field resonance attributed to Val 106
corresponds to a change in the distance of ca 3 %
between this proton and the aromatic ring that is
causing the shift, assuming no change in the an-
gles. We can thus conclude that for parvalbumin
also lanthanum functions as a reasonable isomor-
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phous replacement for calcium, (For a discussion
of ring current shifts see Ref. 25).

The Lu** ion is an interesting probe ion for the
study of parvalbumins since it has been shown
that one calcium can be selectively replaced by
one luthetium on. * Similarly for PaCd, this se-
lectivity has also been observed” and it is as-
sumed by analogy with the X-ray data** that the

D.

C.

B.

A.

— T T T T T T
0.5 ppM 0.0

Fig. 5. 'H NMR spectrum of parvalbumin showing the
high field shifted region as a function of added Lu®*-
ions. Protein concentration 2 mM at pH 6.5. A, no
added Lu®**; B, 0.7 mM Lu**; C, 1.3 mM Lu**; D, 4
mM Lu®*.
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EF site is selectively filled with the smaller lan-
thanides such as Yb**, Tb** and Lu**. The se-
quential substitution of the Ca?* ions bound in
the primary sites of the carp 4.25 parvalbumin
has therefore been followed by proton NMR
spectroscopy. Fig. 5 shows the '"H NMR spectra
of the carp 4.25 parvalbumin corresponding to
the titration of the Ca-loaded protein by Lu**
ions. With 1 equivalent of Lu’* the intermediate

0.5 0.0 PPM

Fig. 6. '"H NMR spectrum of parvalbumin showing the
high field shifted region as a function of added Mg?*-
ions. 2 mM PaCa, at pH 6.5. A, no added mg?*; B, 2
mM Mg?*; C, 4 mM Mg?*; D, 20 mM Mg?*.
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species PaLuCa is produced and the correspond-
ing spectrum is shown in Fig. 5. A distinct high
field methyl resonance appears at about 0.05
ppm downfield from the corresponding one in
the PaCa, species. Similarly the well-resolved
doublet at about 0.4 ppm is slightly shifted to low
field by about 0.04 ppm. When an excess of Lu**
ions are added to produce the PaLu, species the
high-field resonance at —0.4 ppm remains un-
changed whereas the resonance at about 0.4 ppm
is again shifted to higher field as in the PaLa, spe-
cies. The highfield resonance at —0.4 ppm may
therefore be considered as representative for the
EF primary site (Val 106), whereas the resonance
at about 0.4 ppm is representative for the CD
site. This is discussed in detail by Corson er al.®
The replacement of Ca®* ions by Lu** is also iso-
morphous as for cadmium and lanthanum ions.
The selective binding of one Lu** ion offers a
possibility to gain information regarding the lo-
calization of protons with respect to EF and CD
site.

The third metal ion binding site. **Cd NMR' and
“Mg NMR? studies have shown that an addi-
tional cationic site different from the two primary
sites is located in the vicinity of one of these two
high affinity sites. It is now apparent that the vici-
nal primary site should be the CD site as was pro-
posed by Rhee et al.” Proton relaxation enhance-
ment studies using Mn** have also shown the
presence of this additional cationic site, which
binds Ca’* and Mg** ions with the same affinity,
whereas the two primary sites bind Ca’* ions
preferentially over Mg?* ions." The third site is
highly hydrated and is therefore located at the
surface of the protein.”® When Mg?* ions are
added to PaCa, no changes are observed in the
aromatic part of the proton NMR spectrum and
the Mg?* ions are obviously not able to compete
with Ca?* ions for the occupation of the two high
affinity sites. However, some significant changes
do take place in the methyl region of the NMR
spectrum: the two resonance at 0.14 and 0.26
ppm, are shifted by about 0.04 ppm to 0.18 and
0.22 ppm, respectively. The binding constant cal-
culated from these chemical shift changes with
variations in Mg?** concentration are in agree-
ment with the one previously calculated for the
binding of Mg?* ions to the secondary site, K =
10 M™!. Thus, in contrast to what was observed
for the primary sites, the binding of a divalent ca-



tion to the secondary site of the protein does not
lead to the appearance of any new resonances,
but causes small gradual shifts of some of the res-
onances. This is related to the shorter life time of
the cations bound to this site, which can be esti-
mated to 2 10~* s for Mg?*.

If, as suggested by Rhee et al.”, the binding of
cations in the secondary site involves Asp 53, Glu
59, Asp 61 and Glu 62 then the two methyl reson-
ances at 0.14 and 0.26 ppm, which are both
coupled to a proton at 1.36 ppm, are likely to be-
long to the two methyl groups of Leu 63. These
two resonances are predicted to be high field
shifted by the ring current effects of Phe resi-
dues.?. This secondary site is present in PaCa, as
well as in PaCd, and the same chemical shift vari-
ations of the resonances at 0.14 and 0.26 ppm can
be observed upon addition of Mg?* ions or Ca**
ions to the latter (Fig. 6). However, for the La or
Lu-saturated parvalbumins this site is not de-
tected in similar proton NMR experiments (data
not shown). This is probably related to the addi-
tional ionic charge of the lanthanides and to the
fact that in the hypothesis of Rhee et al. the pri-
mary CD site and the secondary site share three
carboxylic groups, which could be more attracted
by the trivalent cation bound to the CD site than
by a divalent cation bound to the secondary site.
However, as has been observed by fluorescence,
a trivalent cation bound to the secondary site can
compete with a trivalent ion bound to the CD site
for the bridging carboxylic groups.” ** According
to the hypothesis of Ree et al."” the difference be-
tween the parvalbumins of the B-phylogenetic
lineage and the parvalbumins belonging to the o-
lineage could be related to the exchange of
Asp 61 in the B-lineage by a Glu 61 in the a-lin-
eage. It is not immediately obvious that the pres-
ence of an extra CH, group in the Glu residue
would change the binding of cations to the sec-
ondary site of parvalbumins as it is presently ob-
served.'® However, as we observed in our '*Cd
NMR study" of the pike parvalbumin (one of the
o-lineage proteins) there is also a secondary site
in this protein, although it is much weaker. Con-
sequently only trivalent cations do bind to this
site in the a-lineage parvalbumins and not diva-
lent cations such as Mg®* or Ca®*.

PROTON NMR STUDIES ON PARVALBUMIN

Conclusion

It has been shown that the structure of parval-
bumin (Carp pl 4.25) is very similar, whether it is
in the PaCa, or PaCd, form. Substitution with
La** and Lu** causes larger perturbations in the
spectra. However, the deviations from the struc-
ture with Ca** are expected to be quite small.

Binding of magnesium to the third site on par-
valbumin, which is probably composed of the
amino acid side-chains of Glu 60 and Asp 61,
causes changes in the chemical shifts of two
methyl group resonances, which have been tenta-
tively assigned to Leu 63. Proton NMR spec-
troscopy appears to be a very sensitive method
for detecting small structural changes in parval-
bumins.
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