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Abstract

Calbindin Doy is a small, well-studied calcium-binding protein consisting of two helix-loop-helix motifs called EF-
hands. The P43MG? mutant is one of a series of mutants designed to sequentially lengthen the largely unstructured tether
region between the two EF-hands (F36-S44). A lower calcium affinity for P43MG was expected on the basis of simple
entropic arguments. However, this is not the case and P43MG (—97 kJ-mol'™!) has a stronger calcium affinity than
P43M (-93 kJ.-mol~"), P43G (—95 kJ.-mol ') and even wild-type protein (—96 kJ-mol~'). An NMR study was
initiated to probe the structural basis for these calcium-binding results. The '"H NMR assignments and 331Nt values of
the calcium-free and calcium-bound forms of P43MG calbindin Dg, mutant are compared with those of P43G. These
comparisons reveal that little structure is formed in the tether regions of P43MG(apo), P43G(apo) and P43G(Ca) but a
helical turn (S38-K41) appears to stabilize this part of the protein structure for PA3MG(Ca). Several characteristic NOEs
obtained from 2D and 3D NMR experiments support this novel helix. A similar, short helix exists in the crystal structure
of calcium-bound wild-type calbindin Dg,—but this is the first observation in solution for wild-type calbindin Dg, or
any of its mutants.

Keywords: calbindin Dg,; calcium-binding constants; calcium-binding protein; induced structure; NMR assignment

Calbindin Dy, (Fig. 1) is a small calcium-binding protein belong-
ing to the EF-hand family that includes calmodulin, troponin C,
and parvalbumin (Ikura, 1996; Schifer & Heizmann, 1996). Its
small size and readily accessed expression system (Brodin et al.,
1986; Linse et al., 1987) provides an excellent model for the study
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2pP43 of wild-type calbindin is replaced by G in the P43G mutant and by
the two amino acid sequence MG (M43G43a) in P43MG. This nomencla-
ture (for P43MG) is utilized to aid the comparison of the chemically
homologous parts of the proteins (residues M0-G42 and S44-Q75). Ca-
bound forms of calbindin Dy indicated as (Ca) after the mutant name are
defined as complexed with two calcium ions in this paper.
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of structure and function in other EF-hand proteins, including the
role of intra-cellular calcium and protein stability. The EF-hand
family contains helix-loop-helix motifs (the loop generally con-
tains 12 or 14 residues with a calcium-binding site) known as
EF-hands (Kretsinger & Nockolds, 1973). Paired EF-hands con-
tain two calcium-binding loops adjacent to each other with a short
region of B-sheet between; this structure plays an important role in
the cooperativity reported for calcium-binding (Linse et al., 1991).
The two EF-hands form a four a-helix module that binds two
calcium ions. Several such modules with sites of varying calcium
affinity may be present in an EF-hand protein—calmodulin con-
tains two such modules with four high affinity calcium sites con-
nected through a long, predominantly helical, linker (Babu et al.,
1988). Recombinant wild-type calbindin Dgy consists of 75 amino
acid residues in a single four a-helix module (Fig. 1).

In one class of EF-hand proteins, called calcium sensors, calcium-
binding results in a large structural change with partial exposure of
the hydrophobic core of the four helices (Ikura, 1996). This plays
an important role in the regulatory function of proteins such as
calmodulin. The second class, called calcium buffers (or transport-
ers) (Tkura, 1996), undergoes much smaller structural changes in-
volving repacking of the hydrophobic core upon calcium-binding.
Calbindin Dy is the best characterized EF-hand protein of this
second class (Chazin et al., 1989; Kordel et al., 1989; Kordel et al.,
1990; Kordel et al., 1992; Kordel et al., 1993; Skelton et al., 1995).
The two calcium-binding sites of calbindin Dy act co-operatively,
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Fig. 1. NMR-derived structures of (A) calcium-free (apo) calbindin mutant P43G (PDB file: lclb.pdb) (Skelton et al., 1995) and (B)
calcium-bound (Ca) calbindin mutant P43G (PDB file: 2bca.pdb) (Kérdel et al., 1993). Helices are colored red and a short stretch of
B-sheet between the two calcium-binding loops is shown in green. The tether region is shown at the base of the protein structures and
is predominantly blue (random/turn structure). A short helical turn in the tether region of the apo-form structure is defined as irregular
in the PDB file. This helical turn is the result of molecular modelling and is not strongly supported by primary NMR data, as discussed

in the text.

as do the sites in the majority of EF-hand proteins, and sequential
calcium-binding is only observed for mutants that perturb the af-
finity of one of the calcium-binding loops (Carlstrom & Chazin,
1993; Wimberly et al., 1995).

Figure 1 illustrates the general structure of calbindin Dgy in its
calcium-free (apo) (Skelton et al., 1995) and calcium-bound (Ca)
forms (Kordel et al., 1993). In the course of our studies with
calbindin Dg,, we discovered a mutation and amino acid insertion
(P43MG) that lead to an increase in calcium affinity. This paper is
a preliminary exploration of the structural basis for the higher
calcium affinity of this mutant. The tether region between the two
EF-hands—some 15 to 20 A from residues in the calcium-binding
loops that are anchored into the hydrophobic core (L23 and V61)—
contains the mutation/insertion. The tether is a flexible linker with
little or no strong structural characteristics reported to date. Wild-
type calbindin Dgy provides evidence for this to be the case in
solution. A proline residue (P43) in the middle of the tether region
undergoes cis-trans isomerization at a rate (0.2 s~') that is com-
parable to that found in small, randomly structured peptides (Chazin
et al., 1989; Kordel et al., 1990). However, this cis-trans isomer-
ization appears to also occur in the crystal state (Svensson et al.,
1992) in which a well-defined helical turn occurs between S38 and
K41 (Szebenyi & Moffat, 1986). NMR dynamic studies of the
P43G mutant show the tether region to be more mobile than the
well-defined helices of the protein with similar dynamic charac-
teristics for both the apo- and calcium-bound forms (Kordel et al.,
1992; Akke et al., 1993). By contrast, Kordel et al. (1993) report
a hydrogen bond between K41HN and S380 in the NMR structure
of P43G(Ca) (21/33 structures); this is consistent with the helical
region found in the calcium-bound wild-type crystal structure (Sze-
benyi & Moffat, 1986). Most calbindin studies by NMR include
the mutation P43G or P43M to alleviate the complexity of NMR
spectra caused by the two conformations of P43 in native protein.

There has been no rational explanation why a mutation at po-
sition 43 leads to such a variation in calcium-binding properties for

wild-type P43G and P43M mutants if this is truly a region of little
structural importance (Table 1, Fig. 2). The changes in calcium-
binding affinity due to the DION (+4 kJ.mol~!) (Linse et al.,
1988) and V61G (+6 kJ-mol ') (S. Linse, unpubl. work) muta-
tions of the calcium-binding loops (and hydrophobic core for V61G)
are of similar magnitude as the change due to the P43M mutation
(although many other mutations result in much smaller effects). To
summarize, there may be some ill-defined or transitional helical
content present in the first few residues of the tether of solvated
calbindin Dy and its mutants—similar to that seen in the wild-type
crystal structure. However, there is little evidence to suggest a
stable structural element in the tether region of wild-type calbindin
Dgy or any of its mutants studied so far in solution.

We have used NMR spectroscopy to identify and characterize a
novel, well-formed structural element found only for P43MG(Ca)
in solution. Backbone '"H NMR assignments indicate that the main

Table 1. Calcium-binding constants of wild-type calbindin
Dy, and several mutants illustrating the improved
calcium affinity of P43MG

AGror™®
Mutant (kJ-mol 1) log K;° log K,°
Wild-type -96 8.2 8.6
P43G —95 8.0 8.7
P43M =03 7.7 8.6
P43MG -97 8.2 8.8
P43MGG —-93 7.8 8.4
P43M + V61G —87 6.8 8.5
DI9N -89 7.6 8.0

aAGrgr = —RTIn K] K.
®The error limits for AGror are 0.5 kJ-mol or less, and for log K
and log K, 0.05 to 0.1.
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Fig. 2. Determination of calcium binding constants from calcium titrations
of 25 uM quin 2 (a chromophoric calcium chelator) in the presence of
25 uM wild-type or mutant calbindin Dgy. The UV-absorbance at 263 nm
was monitored as a function of total calcium concentration. Experimental
data points for wild-type (open diamonds), P43M (open circles), P43MG
(filled circles), and P43MGG (filled diamonds). The curves shown with
solid lines were obtained by least squares fitting to the data points using
two macroscopic calcium-binding constants (K, and K;) for the protein and
one pre-determined calcium-binding constant for the chelator (Ko =
1.92 x 108 M™"). In the graph, the total calcium concentration is normal-
ized so that 1.0 corresponds to one times the chelator concentration plus
two times the protein concentration, and the absorbance is normalized so
that 1.0 corresponds the absorbance for the solution in complete absence of
calcium and 0.0 to the fully calcium-saturated case.

region of structural change is between S38 and K41. Both AHa
chemical shifts and *Jynne values reveal that residues S38-K41
have helical characteristics for P43MG(Ca)—but not in the ab-
sence of calcium. To extract the clearest results from our data, and
to show this new structural element to be well-defined, we com-
pare the NMR data for P43MG with the published NMR data of
P43G (Kordel et al., 1992; Akke et al., 1993; Kordel et al., 1993;
Skelton et al., 1995) that is structurally homologous to wild-type
calbindin Dy, (Kordel et al., 1993) and to their published structures
(Szebenyi & Moffat, 1986; Kordel et al., 1993; Skelton et al.,
1995).

Calmodulin contains relatively short tethers between its EF-
hand pairs, analogous to calbindin Dg,. Three calmodulin-target
peptide complexes involving predominantly hydrophobic inter-
actions have been solved to date (Ikura et al. 1992, Meador et al.,
1992, 1993). Interactions are observed between calmodulin’s tether
region and its target peptides (residues 39, 41, 114, and 116; Mea-
dor et al., 1993). Residues 112, 114, and 115 may play a role in the
binding of neuromodulin “IQ-motif™ through their side-chains and
the proposed “semi-open” apo calmodulin structure (Swindells &
Ikura, 1996). Other EF-hand proteins, such as calbindin D5gy (Full-
mer & Wasserman, 1987), calretinin (Cheung et al., 1993), recov-
erin (Flaherty et al., 1993; Tanaka et al., 1995), sarcoplasmic
calcium-binding protein (Vijay-Kumar et al., 1992; Cook et al.,
1993), and S100 (Isobe & Okuyama, 1978; Drohat et al., 1996),
have long putative tether regions between their EF-hands. The
structures of most of these proteins are unknown, but recoverin
contains a helix between its third and fourth EF-hands (Flaherty
et al., 1993; Tanaka et al., 1995). The site of myristoyl binding and
potential interaction sites for acidic phospholipid membranes have
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been reported for recoverin (Tanaka et al., 1995), yet no role has
been assigned to the helix between the EF-hands. The present work
provides an insight into the possible roles of long tethers and their
potential structures.

Results and discussion

General characteristics of P43MG

The smooth preparation and purification of P43MG, one of many
calbindin mutants prepared in the lab, suggests similar general
characteristics to those of wild-type calbindin and other mutants.
The UV spectra of P43MG in its apo- and calcium-bound states
(not shown) are typical for calbindin mutants (Brodin et al., 1986).
The calcium affinity of P43MG, higher than expected, made the
apo-form of the protein difficult to prepare. This difficulty supports
the figures given in Table 1 that were measured several times by a
competitive UV titration method (Fig. 2) to confirm the additional
calcium affinity of P43MG over wild-type calbindin and other
similar mutants. The P43MG mutation does not appear to cause
any change in the positive cooperativity of calcium binding.

Backbone 'H NMR assignments

Figure 3 compares the backbone (HN and Ha) assignments of both
apo- and calcium- forms of P43G and P43MG. The most striking
feature of these plots is the relative amplitude of the A8 values
(ppm) between apo- (Fig. 3A) and calcium-forms (Fig. 3B) for the
HN data. The Ad values for apo-form are small, with only a few
residues showing changes greater than 0.2 ppm (and all are less
than 0.32 ppm). These small values are typical for a mutation or
insertion made in a structurally insensitive region of the protein,
i.e., as in a region of no structure. Much of the scatter for the
apo-forms arise from their structural or chemical instability under
the conditions of study—some resonances drift by up to 0.05 ppm
over a two-week period at NMR conditions. The A8 values for the
calcium-bound forms are more dramatic (Fig. 3B). Only moderate
Ad values are observed for the residues flanking the mutation but
large AS values of about 1 ppm are seen close to the mutation site
(L40 and K41, Fig. 3B), suggesting that the insertion is made in
a conformationally stable/structured region of the protein. The
calcium-bound form of calbindin Dg, is chemically stable and
there is a good agreement in the amide chemical shifts of the two
mutants with little variation for the first 30 residues. Smal} scatter
is seen for the C-terminal end of helix II (residues 24-35, partic-
ularly Q33), helix III (residues 46-54) and the C-terminal end of
helix IV (residues 62-74). These residues form the base of the
hydrophobic core, structurally close to the mutation site. In con-
trast, the P43G and trans-P43 wild-type amide assignments agree
well with much less scatter and maximum differences of about
0.3 ppm in a plot similar to Figure 3B (Kérdel et al., 1990). Little
structure is reported for the tether of P43G(Ca) (Kordel et al.,
1993) and we conclude that P43MG(Ca) contains a “new” struc-
tural element, close to the glycine insertion.

The comparison of Ha chemical shifts for the apo-forms of
P43G and P43MG (Fig. 3C) shows little difference in the tether
region of the mutants (L31 is close to an aromatic ring and sen-
sitive to small changes in local conformation that may or may not
be important). The upfield shifts observed for the Ha resonances
of S$38, L40, and K41 of P43MG(Ca) (Fig. 3D) show a more
helical nature than the identical residues of P43G(Ca). A more
general chemical shift correlation, made with random-coil values
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Fig. 3. Comparison of 'H NMR backbone assignments (HN, Ha) for P43G (Kordel et al., 1990; Skelton et al., 1990) and P43MG as
a function of residue: (A) Difference (A8, ppm) in HN chemical shifts for apo-forms, (B) difference in HN chemical shift (A8, ppm)
for calcium-bound forms. Direct comparison of Ha chemical shifts drawn as P43HG versus PY3G for (C) apo-forms and (D) calcium

bound forms.

of chemical shifts, indicates upfield shifts from random-coil values
(AHa > 0.38 ppm) as helical (Wishart et al., 1991; Wishart et al.,
1995). On this basis, both P43G(apo) and P43MG(apo) contain
little helical character; P43G(Ca) has helical character for residue
L39 only and P43MG(Ca) has helical character for the region
S38-K41.

3Jtnta assignments

Coupling constants (*Jynpu,) characterize secondary structure ele-
ments (Wiithrich, 1986). Protein dihedral angles result in small
3 Jinna values (<5.5 Hz) for helices and larger values (>8 Hz) for
[B-sheet residues. For technical reasons, it is difficult to accurately
measure the absolute value of *Jynu, and we only consider dif-
ferences >1 Hz between P43G and P43MG to be significant
(Fig. 4) (Neuhaus et al., 1985). Only three such differences are
observed in the comparison of apo-forms (Fig. 4A). Two of these
residues (S62 and E27) reside in the two calcium-binding loops
and the insertion at P43MG should not affect them directly. Sev-
eral residues are observed within the 1 Hz boundaries that belong
to different classes (helical, random, and beta-like) for the two
mutants. Figure 4A suggests few, if any, large conformational dif-
ferences between P43G(apo) and P43MG(apo).

More residues fall outside the boundaries or belong to different
classes for the comparison of P43G(Ca) with P43MG(Ca)
(Fig. 4B). Several helical residues (A14, Q33, D47, and others)
retain their class but fall outside the 1 Hz boundaries—this is

probably an artefact in measuring small 3Jyny, values. Residues
$24 and K29 are outside the boundaries but within the same class.
Residues S38, L40, and K41 stand out as the only residues in
Figure 4B that both change class and fall far outside the 1 Hz
boundaries. The sequence S38—K41 is classed as largely randomly
structured for P43G(Ca) while the same residues are helical
(3Junna < 5.5 Hz) for P43MG(Ca). Thus, the *Jynp, data supports
the Ha chemical shift data presented above that there is new helical
character in the tether region of calcium-bound P34MG calbindin.

Characteristic NOEs for P43MG(Ca)

It is well established that proton pairs of <5 A distance reveal
structural elements through characteristic NOEs (Wiithrich, 1986).
Unfortunately, many NOEs characteristic of helical structures that
are observed in the 2D NOESY and ROESY spectra are rendered
ambiguous either through alternative possible assignments or through
being buried under overlapping peaks (assessed using unpublished
scripts developed by J. Evenis). A 3D NOESY-HSQC experiment
with '’N-labeled protein was obtained at 600 MHz to solve this
problem. This spectrum benefited from the increased sensitivity of
our 600 MHz instrument, the use of mild water-suppression tech-
niques that do not affect peak intensities so greatly, and the filter-
ing out of overlapping aromatic resonances in addition to the use
of the '>N-filtered third dimension to aid dispersion. Many of the
characteristic NOEs shown in Figure 5 were obtained from this
spectrum.
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Fig. 4. Comparison of the backbone *Junua coupling constants of P43G
and P43MG for (A) apo-forms and (B) calcium-bound forms. The graph is
split into three regions for each axis corresponding to helical region
(<.5.5 Hz), random region (5.5-8.0 Hz), and B region (>8.0 Hz). Two
dashed lines extend diagonally and represent a *1 Hz error range.

The NOE evidence {Fig. S) supports the data obtained from
values of coupling constants, *Jynha. and chemical shift differ-
ences relative to random coil, AHa; the region from S38 to K41
clearly forms a helix with many medium to strong sequential con-
nectivities and several medium-range interactions. For the rest of
the tether we observe weak to medium strength sequential NOEs
and fewer medium-range NOEs. How long is the new helix? The
evidence for the continuation of the helix through residues G42 to
G43a is weak. A number of changes in amide chemical shift occur
at the C-terminal end of helix II (S24-E35) for P43MG(Ca) but
this helix appears to be left intact. The (i, i + 3) connectivities
between F36 and L39 with the turn-like attributes of 3Jyyua and
AHa for F36 suggest the same kinked relationship of helix Il and
the new helix as is observed in the wild-type crystal structure
(Szebenyi & Moffat, 1986). The S38~K41 region is described as
an irregular helix for the crystal structure of wild-type calbindin
and as a single turn of 3¢ helix for the P43G(Ca) NMR structure.
It is difficult to differentiate between regular and 3,y helix for
P43MG(Ca) for such a small sequence due to the few unambigu-
ous, characteristic medium-range NOEs available. However, we
can conclude that a helical turn structure is formed.

Several unambiguous NOEs (2D homonuclear NOESY) involv-
ing the side chains of L.39 and L40 show that these residues are
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F36 P37 S38 139 140 K41 G42 M43 G43a S44
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Structure T H

Fig. 5. Summary of unambiguous NOEs involving residues F36-S45 ob-
tained from 2D NOESY, 2D ROESY, and 3D NOESY-HSQC experiments
that define the novel helix of calcium-bound P43MG calbindin. The H8
protons of P37 are used in place of the missing amide proton of this residue
(Wiithrich et al., 1984). The height of the bars indicates the strength of the
sequential (i, i + 1) NOEs with circles denoting observed but ambiguous
crosspeaks. Horizontal lines link residues involved in unambiguous me-
dium range NOEs (i, i + 2 and i, { + 3). No (i, i + 4) aN connectivities
were observed in this part of the protein. For Y une and AHa the “up
arrows” denote B-sheet or turn-like structure and the “down arrows” denote
helix.

anchored to the base of the hydrophobic core of P43MG(Ca)
(Table 2). These NOE assignments would be expected if the he-
lical turn of the crystal structure of wild-type calbindin was main-
tained in solution. These hydrophobic interactions could play an
important driving force for structure formation by providing a
framework for the helix and in the differentiation of 3,9 from
regular helix. Interestingly, the residues mentioned in Table 2 are
found in the C-terminal end of helix I1, Helix 111, and the C-terminal
end of helix IV—areas that have small Ad values in Figure 3B
(discussed above). This suggests that the small scatter observed in
Figure 3B is caused by the same structural reasons as the much
larger changes close to the site of mutation. We cannot make a
structural comparison of apo- and calcium-bound forms at this
time due to the incomplete NOESY assignment of P43MG(apo)
and the need to assess peak ambiguity against initial structures.
The near-degeneracy of the methyl groups of L39 and L40 for

Table 2. Long range (i, j > 4) NOE contacts involving
the methyl groups of L39 and 140

NOE from to

L39H6 L32H$é, F36HB
M43HN, M43Hy, G43aHN
K72HN, 173Ha

L40HS L32HB, Q33HN, F36HN
S44HN

T45HN, T45Ha, L46HN, L46Ha
D47HN, E48HN, L49HN, L49HB, FS0HN
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P43MGf(apo) suggests that they are not as well anchored as for
P43MG(Ca) and could be part of the predominantly random struc-
tured tether that has been previously described (Skelton et al.,
1995).

Comparison of other mutants

The general NMR data for P43M(Ca) (T. Drakenberg, unpubl.
work) is similar to that for P43G(Ca) with only a few moderate
chemical shift differences around the site of mutation. P43M(Ca)
shows little helical structure in its tether region on the basis of
*Jynna and AHa values. Neither PA3M(Ca) nor P43G(Ca) appear
to contain the helical region found in P43MG{Ca). Glycine is
known to be a poor building block for helix formation (O’Neil &
DeGrado, 1990) and the data available for P43M(Ca) suggests that
this mutant does not contain any more structure than P43G(Ca).
This implies that the calcium-induced structure of P43MG is a
function of the additional residue (M or G) rather than a function
of the type of residue to which P43 is mutated.

The mutant P43MGG has a low calcium-binding affinity similar
to P43M (Table 1). One structural explanation for this is that the
double extension prevents the formation of helix in the calcium-
bound form of the protein. Another is that the double extension
now allows the helix formation in both apo and calcium-bound
forms, effectively neutralizing the calcium-induced benefit ob-
served with P43MG. A NMR study similar to this one is currently
underway with P43MGG to try and answer these questions.

Concluding remarks

This study illustrates the formation of a structured helical element
in a region previously described as unstructured in both wild-type
calbindin and its mutants. The helical element appears to be an-
chored to the base of the hydrophobic core, possibly resuiting in
small structural changes to the protein additional to the small
calcium-induced changes in relative helix angles and hydrophobic
core packing that are observed for other mutants. No dramatic
differences in chemical shift between P43G(Ca) and P43MG(Ca)
are observed for residues in the calcium-binding loops. This sug-
gests that the increased calcium-binding affinity of the P43MG
mutant arises from an increased protein stability brought about by
the calcium induced helix formation. The mutation of P43MG was
not expected to result in a higher calcium-binding affinity than
native calbindin. Further insights are expected from the compari-
son of detailed NMR-derived structures of the apo-, the cadmium-
bound, and the calcium-bound forms of P43MG, and from NMR
dynamic studies to illustrate changes in mobility of the tether upon
calcium-binding. These future studies should shed further light on
some of the more subtle structural nuances of P43MG(Ca) hinted
by the data presented above. In particular, we expect to discover
the full relationship between the new structure and the enhanced
calcium-binding affinity of P43MG.

The structural changes that occur upon calcium-binding to cal-
bindin Dg are small compared to calcium sensors such as calmod-
ulin. The allosteric effect of calcium-binding to P43MG calbindin
induces new structure about 25 A from the calcium-binding sites.
Most EF-hand protein structures solved to date do not include
structure in their tether regions. This may be because calbindin Dy
and calmodulin contain relatively short tether regions compared to
the extended tether of P43MG calbindin and the helix containing
tether of recoverin. Calbindin Dag, (Fullmer & Wasserman, 1987)
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calretinin (Cheung et al., 1993) and S-100 (Isobe & Okuyama,
1978) are structurally unsolved EF-hand proteins that contain lon-
ger putative tether regions whose role and function are unknown.

The combination of a longer structure containing tether with a
calmodulin-like activity could be advantageous: the induced struc-
ture could help to stabilize the calcium-bound state and help to
define a surface that can be used to bind target peptides/proteins.
Calmodulin is a ubiquitous protein known to interact with more
than 30 other proteins predominantly through its calcium-induced
exposed hydrophobic core. The short, flexible tether regions of
calmodulin make hydrophobic contacts with the three target pep-
tides whose complexes have been characterized to date, illustrating
that the tether region has an important role in target protein rec-
ognition. Most members of the EF-hand family are localized within
certain tissue-types and appear to have a more specific role than
calmodulin. EF-hand proteins would benefit from a more rigid
target protein-binding site afforded by structure {calcium-induced
or not) in the tether region to obtain specificity.

Materials and methods

Sample preparation

Previously published methods for the expression and purification
of protein (Brodin et al., 1986; Linse et al., 1987) and the prepa-
ration of apo-form protein (Skelton et al., 1990) were employed.
For this study two oligonucleotides in the synthetic wild-type gene
(Brodin et al., 1986) were changed/lengthened to produce the
P43MG calbindin Dy, mutant. These changes (underlined) are sum-
marized below:

Amino acid sequence LEU LYS GLY MET GLY SER THR LEU ASP

Oligo 17 5'-GGT CCG ATG TCT ACT CTG GAT G-3’

Oligo 14 3'-AC GAC TTT CCA TAC CCA AGA-5’

The preparation of '*N labeled protein closely followed the prep-
aration of TR,C, a tryptic fragment of calmodulin (Finn et al.,
1995), except for the use of the modified plasmid for calbindin
Dy, described above, rather than that of TR,C.

Calcium-binding constants

The method for the measurement of calcium-binding by compet-
itive UV-spectrophotometry can be found in the references from
which several of the calcium-binding results are taken (Linse et al.,
1991; Linse et al., 1993). The results presented here and quoted
from other studies are the average of several separate determina-
tions. The precision in the total free energy of binding two calcium
ions, AGrpr = —In K, Ky, is generally high whereas the division
into separate binding steps, K| and K>, is less precise, especially
when there is strong positive cooperativity.

2D 'H NMR spectroscopy of P43MG(apo) and P43MG(Ca)

A 5 mM solution of protein was prepared in 90:10 H,0:D,0 (or
99.996% D,0) and adjusted to pH 6 (ignoring isotope effects).
NMR experiments were performed at 27 °C and 500.13 MHz on a
GE-500 NMR spectrometer fitted with a triple resonance Bruker
probe. Several optimised spectral widths were employed of be-
tween 6211 and 8000 Hz with 2k or 4k of data collected in ¢; and
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solvent suppression used for H,O samples. In the t, dimension,
between 400 and 722 fids were collected using the States-TPPI
procedure (States et al., 1982). Standard 2D NMR experiments
were run and included (mixing times in parenthesis): COSY (Marion
& Wiithrich, 1983), DQF-COSY, R-COSY (30 ms) (Wagner, 1983),
PE-COSY (35 ms) (Mueller, 1987), TOCSY {10-80 ms) (Braun-
schweiler & Ernst, 1983), 2Q (30 ms) (Braunschweiler et al.,
1983), ROESY (38-150 ms) {Bothner-By et al., 1984), and NOESY
(20-200 ms) experiments. All spectra were processed and assigned
using FELIX (Molecular Simulations Inc., San Diego). Assign-
ment was assisted by the assignments of the P43M(Ca) (T. Drak-
enberg, unpubl. work) and P43G (apo and Ca) mutants (Kordel
et al., 1990; Skelton et al., 1995). This extensive set of NMR
experiments allows us to verify backbone assignments, for exam-
ple through sequential NOE assignments (Wiithrich, 1986), and
will facilitate high resolution NMR structure determinations in the
future.

NMR spectroscopy of '°N labelled P43MG(Ca)

A 3.5 mM sample of 'SN labelled calbindin P34MG(Ca) was pre-
pared and investigated at pH 6.0 and 27 °C. NMR experiments
were run on a Varian Unity-plus 600 at 599.891 MHz ('H fre-
quency) and 60.793 MHz ('°N frequency). A HSQC experiment
(Zhang et al., 1994) was rapidly interpreted from the amide chem-
ical shifts determined from 2D spectroscopy and the >N chemical
shifts published for P43G(Ca) (Skelton et al., 1992). A 3D NOESY-
HSQC (Zhang et al., 1994) was obtained. The 256 X 128 X 2048
complex data set was collected with 8 scans per fid; the f; and ¢,
dimensions were linear-predicted to give 256 X 128 real data
points and zero-filled to give a final spectrum of 512 X 256 X 512
points. Shifted (60°-75°) squared-sine window functions were ap-
plied before transformation and the right hand portion of the 73
dimension was discarded to reduce memory requirements.

Supplementary material in electronic index

Full '"H NMR assignments of P43MG(apo) and P43MG(Ca).

Acknowledgments

This work is financially supported by Swedish Natural Science Foundation
grant numbers K 02545-300 and K 10178-300 and the Wallenberg Foun-
dation is thanked for the purchase of both NMR spectrometers used in this
study. The authors thank Hanna Nilsson for her assistance with protein
expression and purification; Dr. Nick Skelton and Dr. Johan Kordel for
providing the Jynn. values of P43G(apo) and P43G(Ca) used in Fig-
ures 3C and 3D, respectively; Prof. Torbjorn Drakenberg for the assign-
ment of P43M(Ca); Hans Lilja, Prof. Torbjorn Drakenberg, Dr. Goran
Carlstrom, and Dr. Bryan Finn for NMR spectrometer and computer net-
work maintenance and advice; and Dr. Bryan Finn for making Figure 1.
The members of Physical Chemistry 2 are thanked for useful discussions.

References

Akke M, Skelton N, Kordel J, Palmer A, Chazin W. [993. Effects of ion binding
on the backbone dynamics of calbindin Dy, determined by N NMR re-
laxation. Biochemistry 32:9832-9844.

Babu YS, Bugg CE, Cook WJ. 1988. Structure of calmodulin refined at 2.2 A
resolution. J Mol Biol 204:191-204.

Bothner-By A, Stephens R, Lee J-M, Warren C, Jeanloz R. 1984. Structure
determination of a tetrasaccharide: Transient nuclear Overhauser effects in
the rotating frame. J Am Chem Soc 106:811-813.

Braunschweiler L, Bodenhausen G, Ernst R. 1983, Analysis of networks of
coupled spins by multiple quantum NMR. Mol Phy 48:535-560.

329

Braunschweiler L, Ernst R. 1983. Coherence transfer by isotropic mixing: Ap-
plication to proton correlation spectroscopy. J Magn Reson 53:521-528.

Brodin P, Grundstrom T, Hofmann T, Drakenberg T, Thulin E, Forsén S. 1986.
Expression of bovine intestinal CaBP from a synthetic gene in Escherichia
coli and characterization of the product. Biochemistry 25:5371-5371.

Carlstrom G, Chazin W. 1993. Two-dimensional 'H nuclear magnetic resonance
studies of the half-saturated (Ca®*), state of calbindin Dg,: Further impii-
cations for the molecular basis of cooperative Ca?* binding. / Mol Biol
231:415-430.

Chazin W, Kordel J, Thulin E, Hofmann T, Drakenberg T, Forsén S. 1989.
Identification of an isoaspartyl linkage formed upon deamidation of bovine
calbindin Dy and structural characterization by 2D'H NMR. Biochemistry
28:8646-8653.

Cheung WT, Richards DE, Rogers JH. 1993. Calcium binding by chick calretinin
and rat calbindin D,g, synthesised in bacteria. Eur J Biochem 215:401-410.

Cook W1J, Jeffrey LC, Cox JA, Vijay-Kumar S. 1993. Structure of a sarcoplas-
mic calcium-binding protein from amphioxus refined at 2.4 A resolution. J
Mol Biol 229:461-471.

Drohat AC, Amburgey JC, Abildgaard F, Starlich MR, Baldisseri D, Weber DJ.
1996. Solution structure of rat apo-S100B (88) as determined by NMR
spectroscopy. Biochemistry 35:11577-11588.

Finn BE, Evenis J, Drakenberg T, Waltho JP, Thulin E, Forsén S. 1993. Calcium-
induced structural changes and domain autonomy in calmodulin. Nature
Strucr Biol 2:777-783.

Flaherty KM, Zozulya S, Stryer L, McKay DB. 1993. Three-dimensional struc-
ture of recoverin, a calcium sensor in vision. Cell 75:709-716.

Fullmer C, Wasserman R. 1987. Chicken intestinal 28-kilodalton calbindin-D:
Complete amino acid sequence and structural considerations. Proc Natl
Acad Sci USA 84:4772-4776.

Ikura M, Clore GM, Gronenborn AM, Zhu G, Klee CB, Bax A. 1992. Solution
structure of a calmodulin-target peptide complex by multidimensional NMR.
Science 256:632-638.

Tkura M. 1996. Calcium binding and conformational response in EF-hand pro-
teins. TIBS 21:14-17.

Isobe T, Okuyama T. 1978. The amino acid sequence of S-100 protein (PAP I-b
protein) and its relation to the calcium-binding proteins. Eur J Biochem
89:379-388.

Kordel J, Forsén S, Chazin W. 1989. 'H NMR sequential resonance assign-
ments, secondary structure, and global fold in solution of the major (trans-
Pro 43) form of bovine calbindin Dey. Biochemistry 28:7065-7074.

Kordel J, Forsén S, Drakenberg T, Chazin W. 1990. The rate and structural
consequences of proline cis-trans isomerization in calbindin Dg,: NMR
studies of the minor (cis-Pro 43) isoform and the Pro 43 Gly mutant.
Biochemistry 29:4400-4409.

Kordel J, Forsén S, Drakenberg T, Chazin WJ. 1993. High-resolution solution
structure of calcium-loaded calbindin Dgy. J Mol Biol 231:711-734.

Kordel J, Skelton N, Akke M, Palmer A, Chazin W. 1992. Backbone dynamics
of calcium-loaded calbindin Dy, studied by two-dimensional proton-detected
5N NMR spectroscopy. Biochemistry 31:4856-4866.

Kretsinger R, Nockolds C. 1973. Carp muscle calcium-binding protein: Struc-
ture determination and general description. J Biol Chem 248:3313-3326.

Linse S, Brodin P, Drakenberg T, Thulin E, Sellers P, Elmden K, Grundstrom T,
Forsén S. 1987. Structure-function relationships in EF-hand calcium-
binding proteins: Protein engineering and biophysical studies of calbindin
Doy Biochemistry 26:6723-6735.

Linse S, Brodin P, Johansson C, Thulin E, Grundstrom T, Forsén S. 1988. The
role of protein surface charges in ion binding. Narure 335:651-652.

Linse S, Johansson C, Brodin P, Grundstrdm T, Drakenberg T, Forsén S. 1991.
Electrostatic contribution to the binding of calcium in calbindin Dy,. Bio-
chemistry 30:154-162.

Linse S, Thulin E, Sellers P. 1993, Disulfide bonds in homo- and heterodimers
of EF-hand subdomains of calbindin Dg,: Stability, calcium binding and
NMR studies. Protein Sci 2:985-1000.

Marion D, Wiithrich K. 1983. Application of phase sensitive two-dimensional
correlated spectroscopy (COSY) for measurement of 'H-'H spin-spin cou-
pling constants in proteins. Biochem Biophys Res Commun 113:967-974.

Meador WE, Means AR, Quiocho FA. 1992. Target enzyme recognition by
calmodulin: 2.4 A structure of a calmodulin-peptide complex. Science
257:1251-1255.

Meador WE, Means AR, Quiocho FA. 1993. Modulation of calmodulin plas-
ticity in molecular recognition on the basis of X-ray structures. Science
262:1718-1721.

Mueller L. 1987. PECOSY, a simple alternative to ECOSY. J Magn Reson
72:191-196.

Neuhaus D, Wagner G, Vasek M, Kagi J, Wiithrich K. 1985. Systematic appli-
cation of high-resolution, phase-sensitive two-dimensional 'H-NMR tech-
niques for the identification of the amino-acid-proton spin systems in proteins
(Rabbit metallothionein-2). Eur J Biochem 151:257-273.



330

O’Neil K, DeGrado W. 1990. A thermodynamic scale for the helix-forming
tendencies of the commonly occurring amino acids. Science 250:646—
651.

Schifer BW, Heizmann CW. 1996. The S100 family of EF-hand calcium-
binding proteins: Functions and pathology. TIBS 21:134-140.

Skelton N, Akke M, Kordel J, Thulin E, Forsén S, Chazin W. 1992, >N NMR
assignments and chemical shift analysis of uniformly labeled '*N calbindin
Dgy in the apo, (Cd?*), and (Ca?*), states. FEBS Letters 303:136-140.

Skelton N, Kordel J, Forsén S, Chazin W. 1990. Comparative structural analysis
of the calcium free and bound states of the calcium regulatory protein
calbindin Dgy. J Mo! Biol 213:593-598.

Skelton NJ, Kordel J, Chazin WI. 1995. Three-dimensional solution structure of
apo calbindin Dy, determined by NMR spectroscopy. J Mol Biol 249:441—
462.

States D, Haberkorn R, Ruben D. 1982. A two-dimensional nuclear Overhauser
experiment with pure absorption phase in four quadrants. J Magn Reson
48:286-292.

Svensson A, Thulin E, Forsén S. 1992, Proline cis-trans isomers in calbindin Doy
observed by X-ray crystallography. J Mol Biol 223:601-606.

Swindells MB, Ikura M. 1996. Pre-formation of the semi-open conformation by
the apo-calmodulin C-terminal domain and implications for binding IQ-
motifs. Nature Struct Biol 2:501-504.

Szebenyi D, Moffat K. 1986. The refined structure of vitamin D-dependent
CaBP from bovine intestine. J Biol Chem 261:8761-8777.

Tanaka T, Ames JB, Harvey TS, Stryer L, Ikura M. 1995. Sequestration of the

P. Groves et al.

membrane-targeting myristoyl group of recoverin in the calcium-free state.
Nature 376:444—-447.

Vijay-Kumar S, Cook WJ. 1992, Structure of a sarcoplasmic calcium-binding
protein from Nereisdiversicolor refined at 2.0 A resolution. J Mol Biol
224:413-426.

Wagner G. 1983. Two-dimensional relayed coherence transfer spectroscopy of
a protein. J Magn Reson 55:151-156.

Wimberly B, Thulin E, Chazin WJ. 1995. Characterization of the N-terminal
half-saturated state of calbindin D9k: NMR studies of the N56A mutant.
Protein Sci 4:1045-1055.

Wishart D, Bigam C, Holm A, Hodges R, Sykes B. 1995. 1H, 13C and 15N
random coil NMR chemical shifts of the common amino acids. I. Investi-
gations of nearest-neighbor effects. J Biomol NMR 5:67-81.

Wishart D, Sykes B, Richards F. 1991. Relationship between NMR chemical
shift and protein structure. J Mol Biol 222:311-333.

Wiithrich K, Billeter M, Braun W. 1984. Pseudostructures for the 20 common
amino acids for use in studies of protein conformations by measurements of
intramolecular proton—proton distance constraints with nuclear magnetic
resonance. J Mol Biol 169:949-961.

Wiithrich K. 1986. NMR of proteins and nucleic acids. John Wiley & Sons, New
York.

Zhang O, Kay L, Oliver J, Forman-Kay J. 1994. Backbone 'H and '°N reso-
nance assignments of the N-terminal SH3 domain of drk in folded and
unfolded states using enhanced-sensitivity pulsed field gradient NMR tech-
niques. J Biomol NMR 4:845-858.



