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ABSTRACT: The EF-hand calcium-binding protein, calbindin D9k, exists in solution in the calcium-loaded 
state, as a 1 :3 equilibrium mixture of two isoforms, the result of cis-trans isomerism at  the Gly42-Pro43 
peptide bond [Chazin et al. (1989) Proc. Nutl. Acad. Sci.  U.S .A.  86, 2195-21981. Nuclear magnetic 
resonance (NMR)  studies of the minor (cis-Pro43) isoform and the Pro43 - Gly mutant are reported here. 
The rate of cis - trans isomerization at  the Pro43 peptide bond in the wild-type protein was determined 
by line-shape analysis a t  elevated temperatures, using a sample in which all amino acids, except Ser and 
Val, were deuterated. The cis - trans rate is calculated to be 0.2 s-l at 25 OC, corresponding to a free 
energy of activation, AG*, of 77 kJ/mol. The complete sequence-specific 'H N M R  assignments of the 
cis-Pro43 isoform and the Pro43 - Gly mutant in the calcium-loaded state have been obtained by using 
standard methods combined with comparisons to the previously assigned major (trans-Pro43) isoform. This 
has permitted detailed comparative analysis of 'H N M R  chemical shifts, backbone scalar coupling constants, 
and nuclear Overhauser effects. The minor isoform has a global fold that is identical with that of the major 
isoform. Structural changes imposed by cis-trans isomerization at  Pro43 are highly localized to the linker 
loop (containing Pro43) that joins the two EF hands. The Pro43 - Gly mutant has a global fold that is 
identical with the wild-type protein, but does not exhibit conformational heterogeneity. Only very limited 
structural differences are observed between mutant and wild-type protein, and these are also highly localized 
to the linker loop. The ion-binding properties of the mutant, as determined by 43Ca and lI3Cd NMR,  are 
found to be very similar to the wild-type protein. These results provide crucial evidence that justifies the 
calculation of high-resolution three-dimensional structures of the Pro43Gly mutant, rather than of the 
conformationally heterogeneous wild-type protein. 

C a 2 +  ions play an important role in the regulation of a 
variety of cellular functions. This role is mediated by a class 
of highly homologous Ca2+-binding proteins, the calmodulin 
superfamily (Kretsinger, 1987), that respond rapidly to 
transient increases in intracellular Ca2+ concentration. The 
mechanism of action for these proteins is believed to be based 
on marked conformational changes that are induced by Ca2+ 
binding. While knowledge about the details of the molecular 
structure has been obtained from the highly refined X-ray 
diffraction studies of parvalbumin (Moews & Kretsinger, 
1975), calbindin Dgkl (Szebenyi & Moffat, 1986), calmodulin 
(Babu et a]., 1988), and troponin C (Herzberg & James, 1988; 
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Satyshur et al., 1988), in no case have crystals suitable for 
X-ray structure determination been obtained for both calci- 
um-free and calcium-bound states of one of these proteins. 
Solution structure determination utilizing two-dimensional 'H 
NMR2 [reviewed in Wuthrich (1989)l is uniquely suited to 
overcome this problem. 

Formerly the 9-kDa intestinal calcium binding protein (ICaBP). 
Abbreviations: 1 D, one-dimensional; 2D, two-dimensional; COSY, 

correlated spectroscopy; 2QF-COSY, two quantum filtered COSY; DR- 
COSY, double relayed COSY; FID, free induction decay; NMR, nuclear 
magnetic resonance; NOE, nuclear Overhauser effect; NOESY, 2D 
NOE spectroscopy; Quin2, 2- [ [2-[bis(carboxymethyI)amino]-5-methyl- 
phenoxy] methyl]-6-methoxy-8- [bis(carboxymethyl)amino]quinoline; r- 
calbindin, the minor A form of bovine calbindin Dgk with an additional 
methionine at the N-terminus, produced by recombinant DNA metho- 
dology; P43G, mutant of r-calbindin with Pro43 substituted by glycine; 
P20G, mutant with Pro20 substituted by glycine; N21 A, mutant with 
Am21 deleted. 
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NMR Studies of cis-Pro43 and P43G Calbindin Dgk 

As a first step toward understanding the structural basis 
for the function of the calmodulin superfamily, we are carrying 
out solution structure determinations for calcium-free and 
calcium-bound calbindin D9k. The small size (M, 8500), high 
solubility, and stability of this protein make it very suitable 
for study by high-resolution 'H NMR. Native calbindin Dgk 
and a variety of mutants produced by recombinant DNA 
techniques have been the focus of a series of biophysical studies 
(Brodin et al., 1986; Linse et al., 1987, 1988; ForsCn et al., 
1988; Wendt et al., 1988). During initial 2D NMR studies 
of the Ca2+-saturated protein, an equilibrium between two 
forms in a 1:3 ratio was detected. Sequence-specific 'H NMR 
assignments determined simultaneously for the two forms 
provided unambiguous evidence that the conformational 
heterogeneity was the result of cis-trans isomerism of Pro43 
(Chazin et al., 1989a). This conformational heterogeneity is 
not specific to the recombinantly expressed bovine calbindin 
Dgk; proline isomerism is observed in sohtions of native protein 
purified from bovine as well as porcine intestines. Proline 
cis-trans isomerism appears to play a central role in the folding 
and function of certain proteins [reviewed in Brandts and Lin 
(1986)], yet little is known about the structural consequences 
in proteins. Our 'H NMR studies provide a unique oppor- 
tunity to measure the rate of proline isomerization in the folded 
protein and to analyze the structural differences between the 
cis-Pro43 and trans-Pro43 isoforms of calbindin Dgk. The 
complete 'H NMR assignments, secondary structure analyses, 
and global folding patterns of the major (trans-Pro43) form 
of bovine and porcine calbindin D,, in the Ca2+-bound state 
have been reported [Kordel et al. (1989) and Drakenberg et 
al. (l989), respectively]. Here, we present the corresponding 
analysis for the minor (cis-Pro43) form of the bovine protein, 
and compare the two isoforms. 

The presence of two isoforms in solutions of calbindin Dgk 
presents serious problems for obtaining distance constraints 
from NOESY spectra for the determination of accurate 
three-dimensional solution structures. The principal difficulty 
is the inability to distinguish the relative contribution to 
cross-peak intensity, if corresponding cross peaks of the major 
and minor forms are degenerate. For example, it is conceivable 
that the distance between two protons could be significantly 
shorter in the minor form than that in the major form, yet 
corresponding chemical shifts are the same. Thus, a weak 
contribution from the major form cannot be distinguished from 
a strong contribution from the less abundant minor form. This 
problem has been circumvented by producing a mutant protein 
with Pro43 substituted by glycine (P43G). In this paper, the 
complete sequence-specific assignment of the 'H NMR 
spectrum of the P43G mutant and a comparative analysis of 
this mutant with the wild-type protein is presented. On the 
basis of these results, we are able to assess differences in the 
structure and dynamics of the mutant, relative to native 
calbindin D,,, and establish the suitability of replacing the 
wild-type protein with this mutant for determination of 
three-dimensional structures. 

MATERIALS A N D  METHODS 
The methods for gene synthesis, modification, and expression 

are published (Brodin et al., 1986; Linse et al., 1987). Protein 
purification followed the modified procedure described in 
Chazin et al. (1989b). 

Sample preparation and acquisition of 2D 'H NMR spectra 
for the wild-type protein are as described in Kordel et al. 
(1 989). The sample of P43G mutant was dissolved in 0.42 
mL of 'H20,  containing 5% (v/v) 2H20  for the lock, to a 
concentration of 5 mM. The pH was adjusted to 6.0 by ad- 
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dition of microliter amounts of 0.01 M NaOH and HCI. To 
prepare the 2H20 sample, the same solution was lyophilized 
and then redissolved under argon in 0.42 mL of ZHzO. The 
pH* (no corrections for isotopic effects) was adjusted to 6.0 
with 0.01 M NaOZH and 2HC1. The ['H-(Ser, Val)-2H]- 
calbindin (Brodin et al., 1989) used for the measurement of 
the rate of cis-trans isomerization was dissolved in 0.45 mL 
of 2Hz0 to a concentration of 1 mM. The pH* was adjusted 
to 6.0 with Na02H and 2HCl as above. 

The 1D 'H NMR temperature study of the deuterated 
wild-type protein was made using a GE fl 500 spectrometer. 
All 'H NMR experiments on P43G were performed at  300 
K using Bruker AM-500 spectrometers equipped with Aspect 
3000 computers and digital phase-shifting hardware. COSY 
(Marion & Wiithrich, 1983) and DR-COSY (Wagner, 1983) 
spectra were recorded by utilizing standard-phase cycling and 
pulse sequences in the phase-sensitive mode. Pure absorption 
NOESY spectra were acquired by using the standard pulse 
sequence (Macura & Ernst, 1980) followed by a short 
Hahn-echo period to improve the quality of the base line [Dr. 
M. Rance, unpublished; Davis (1989)l. Time-proportional 
phase incrementation (Marion & Wiithrich, 1983) was used 
to achieve quadrature detection in the w1 dimension and the 
carrier was placed on the solvent resonance. 

Three spectra were acquired from the 'HzO solution of 
P43G: COSY with 48 scans/tl value and a tlmax of 79 ms; 
DR-COSY (7' = 22 ms, rz = 40 ms) with 192 scans and t l ,  
= 51 ms: Hahn-echo NOESY (7, = 200 ms) with 160 scans 
and tlmax = 43 ms. In addition, a 2QF-COSY spectrum with 
32 scans and tlmax = 94 ms and a Hahn-echo NOESY spec- 
trum (7, = 200 ms) with 112 scans and tlmax = 61 ms were 
acquired from the 2H20  solution. The data were processed 
as described in Chazin et al. (1988) by use of an Aspect 3000 
data station with Bruker software or a SUN 3/160C computer 
with the F"MR software (kindly provided by Dr. D. Hare and 
modified for use on the SUN by Dr. J. Sayre). Vicinal 
backbone coupling constants (3JHN,) were measured as de- 
scribed by Marion and Wuthrich (1983). 

43Ca and Il3Cd NMR experiments were performed as de- 
scribed in detail in Linse et al. (1987), except that the pH* 
of the 43Ca NMR sample was adjusted to 7.5 instead of 8.0. 
The Quin2 method was used to determine the Ca2+-binding 
constants (Linse et al., 1987). The latter measurements were 
repeated three times and the averaged result is reported. 

RESULTS AND DISCUSSION 
The results reported here follow closely upon the detailed 

analysis of the major (trans-Pro43) isoform of calbindin D9k 
We specifically note that supporting documentation presented 
in Chazin et al. (1989a) and Kordel et al. (1989) is integral 
to the interpretation of some of the data presented below. 

Determination of the Rate of Proline Cis-Trans Isomeri- 
zation. The rate of proline isomerization in the Ca2+-loaded 
form of calbindin D9, is sufficiently slow at room temperature 
to result in well-resolved signals from the cis and trans iso- 
forms. The rate can be measured by observation of the coa- 
lescence of corresponding resonances from the two isoforms 
in the 1D 'H NMR spectrum as a function of temperature. 
Fortunately, calbindin Dgk is a very heat stable protein; the 
Caz+-saturated form of the protein cannot be heat denatured 
below 100 "C (Wendt et al., 1988) and the 'H NMR spectrum 
is identical before and after the high-temperature NMR ex- 
periments. These observations provide important evidence that 
during the high-temperature studies the protein remains intact 
and that the coalescence phenomenon is not the result of 
irreversible denaturation. 
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by chain elongation and/or cyclization consistently increased 
the rate for proline cis-trans interconversion. On the basis 
of these latter observations, Grathwohl and Wuthrich proposed 
that appreciably faster rates might be found for globular 
proteins. Alternatively, the constraints imposed by the protein 
fold could reduce the rate of cis-trans isomerization in a 
globular protein relative to that in a small peptide. The fast 
rate in calbindin Dgk is consistent with the first hypothesis, 
apparently demonstrating that specific orientational effects 
in the folded protein can facilitate proline isomerization relative 
to a peptide (which samples a much wider range of confor- 
mational space). We hope to gain further insight into this issue 
from our detailed analysis of the three-dimensional solution 
structure and internal dynamics of r-calbindin. 

Sequence-Specific Assignments of cis-Pro43 Calbindin Dgk. 
The fundamental step in any detailed 'H NMR study is the 
assignment of resonances to specific hydrogen atoms in the 
molecule (sequence-specific assignments). To accomplish this, 
first the IH spin systems of each amino acid residue are 
identified according to amino acid type via scalar (through- 
bond) coupling, then each spin system is assigned to the ap- 
propriate location in the sequence based on the characteristic 
NOES (through-space couplings) between backbone amide, 
C", and C@ protons of residues adjacent in the sequence 
(Billeter et al., 1982). 

The identification of spin systems starts with examination 
of the backbone fingerprint region of a COSY spectrum re- 
corded in IH,O. For bovine calbindin D9h this region should 
contain cross peaks for 71 residues (76 amino acids, minus 4 
prolines and the rapidly exchanging primary amine of MetO). 
However, it was apparent upon initial inspection of the 
spectrum that this (and all other) region(s) contained far more 
than the expected number of cross peaks. Thorough analysis 
by analytical biochemical techniques and 2D 'H NMR sug- 
gested that all cross peaks arise from two isoforms of a single 
chemical species. This hypothesis was confirmed by obser- 
vation of chemical-exchange cross peaks [see Figure 2 of 
Chazin et al. (1989a)I. 

The presence of two species in solution meant that it was 
necessary to take great care in attributing cross peaks in the 
2D spectra. Since cross-peak intensity has a strong dependence 
on either the magnitude of the active spin coupling or the 
dipolar coupling (distance to the nearest proton), it cannot be 
used as a reliable indicator of relative concentration. This is 
particularly evident in the backbone fingerprint region of 
COSY spectra, where some cross peaks from the minor form 
are stronger than their counterparts in the major form, even 
though the trans isoform is more abundant by a factor of 3. 
This complicating factor made it essential to obtain the com- 
plete sequence-specific assignments for both forms in parallel, 
separately characterizing each form as completely as possible. 
In order to achieve this, it was imperative to acquire the 2D 
spectra with high digital resolution and sufficient sensitivity 
to detect all of the weak cross peaks arising from the minor 
isoform and then to identify all resolved cross peaks. Separate 
pathways of sequential connectivities can be identified, which 
provides an unambiguous means for differentiating major and 
minor spin systems and for assigning them to the rrans-Pro43 
and cis-Pro43 isoforms, respectively (Chazin et al., 1989a). 

The IH spin systems of the major (trans-Pro43) isoform of 
bovine calbindin Dgk have been identified (Kordel et al., 1989) 
by using the general assignment strategy described in Chazin 
et al. (1988). To assign the resonances of the minor (cis- 
Pr043) isoform, we have taken advantage of the fact that most 
of the chemical shifts of the two isoforms are very similar. A 
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1 

FIGURE 1 : Determination of the Pro43 cis-trans exchange rate in 
calbindin Dgk. Depicted at different temperatures in (A) are the 
500-MHz 1 D signals of one of the Val61 Cv methyl groups from the 
trans-Pro43 (t-Y61) and cis-Pro43 (c-V61) isoforms of a special 
preparation of r-calbindin in which all amino acids except serines and 
valines are deuterated (Brodin et al., 1989). In (B) band shapes fitted 
to the experimental data are shown. These band shapes were calculated 
by use of a simple model of two exchanging AX spin systems taking 
the J coupling into account (McConnell, 1958). The theoretical band 
shapes are labeled with the corresponding calculated lifetimes for the 
trans form. 

The drawback with 1 D NMR spectroscopy is the poor peak 
resolution for larger molecules. To circumvent this problem, 
a special preparation of r-calbindin in which all amino acids 
except valine (and serine3) are deuterated was used (Brodin 
et al., 1989). In this sample, the minor and major Val61 CYH, 
doublets are fully resolved from all other peaks, thus permitting 
study of their temperature dependence in 1D spectra. Figure 
1 shows that the major and minor forms of the protein are in 
chemical exchange and reach coalescence near 90 OC. The 
temperature dependence and line shape of these two doublets 
have been fitted by a standard model of two exchanging AX 
spin systems (McConnell, 1958). T2 and the population ratio 
were adjusted by using a trans-form lifetime ( 7 )  of 100 s to 
reproduce the experimental line shape at  room temperature 
(24 "C). The best fit was obtained with the equilibrium 
population of the major (trans) isoform set to 75% and T2 to 
0.06 s for both resonances. A spin-spin coupling of 7.5 Hz 
was used, and to fully characterize the wild-type calbindin D9k, 
calculated line shapes were matched with the experimental 
results by varying the lifetime of the trans form. The lifetimes 
for the trans form determined at 70, 80, and 90 OC were - 1, 
0.3, and 0.1 5 s, respectively. Estimation of the trans lifetime 
at 25 OC by extrapolation from the measurements at  80 and 
90 OC (the data point at 70 "C is not sufficiently accurate) 
gives a value of 15 s. This corresponds to a cis - trans 
exchange rate of 0.2 s-I, from which a free energy of activation 
(AG*) of 77 kJ/mol is calculated. 

Proline cis - trans interconversion rates have been mea- 
sured for a large number of model peptides by Grathwohl and 
Wiithrich ( 1  98 1 ). For example, exchange rates of 0.0022 and 
0.03 s-' are found at 25 OC for H-Gly-Pro-OH and H-Gly- 
Gly-Pro- Ala-OH, respectively. Interestingly, steric restriction 

The incorporation of ['HISer in this preparation played no role in 
these measurements, but enhanced the utility of the sample for use in 
other experiments. 
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FIGURE 2: Comparison of side-chain proton connectivities observed 
at the backbone amide proton resonance of Val61 in wild-type (A) 
and P43G (B) r-calbindin. The DR COSY spectra were acquired 
at 500 MHz on 4-5 mM samples in unbuffered solution at pH 6.0 
and 300 K. See text for further details. 

typical example is shown in Figure 2A, where the direct and 
relayed cross peaks to the amide proton resonance of Val61 
in the minor form appear as shadows to the high-field side of 
the corresponding connectivities in the major form. This 
degree of similarity permitted assignment of a large number 
of resonances of the minor isoform by direct comparison with 
the major isoform. These tentative assignments were verified 
by checking for the expected sequential NOE connectivities. 
This left only a subset of residues, Ser38-Leu53, for which 
assignments had to be made ab initio, identifying spin systems 
and applying the sequence resonance assignment procedure. 
For this polypeptide segment, a series of d”(i, i + 1) con- 
nectivities link the sequence from Ser38 to Gly42. Between 
Gly42 and Pro43, one observes the characteristic daa(i, i + 
1) NOE for a X-Pro cis peptide bond in the minor form, [and 
the typical dab(i, i + 1) NOE for a X-Pro trans peptide bond 
in the major form]. Both daN and dbN connectivities are ob- 
served between Pro43 and Ser44. At pH 6.0 and 300 K, the 
daN between Ser44 and Thr45 cannot be observed due to 
saturation of the CaH resonance of Ser44 from the suppression 
of the water signal; however, a strong dDN connectivity is 
present. A daN NOE from Thr45 to Leu46 followed by 
successive d” connectivities from Leu46 to Asp54 (all resolved 
from the major form) completes the sequential assignment of 
the Ser38-Asp54 spin systems of the minor form. The as- 
signments for the minor isoform that have at least one chemical 
shift significantly different from that in the major isoform 
[Table I of Kordel et al. (1989)l are identified in Figure 3 
(backbone protons) and Table I (side-chain protons). 

Comparison of cis-Pro43 and trans-Pro43 Calbindin Dgk. 
In this section, the structural consequences of cis-trans isom- 
erization of Pro43 are examined by comparing chemical shifts, 
backbone scalar coupling constants, and sequential NOES of 
the two isoforms. Although chemical shifts in themselves yield 
very limited information about protein conformation, they are 
very sensitive probes of structural differences between proteins 
[e.g., Pardi et a1 (1983)l. From inspection of the chemical 
shift differences (A6s) in Figure 3 and chemical shifts in Table 
I ,  it appears that the conformational changes upon cis-trans 
interconversion are localized to the region in close spatial 
proximity to Pro43 while the global structure remains intact. 
Differences in chemical shift are found mostly in the linker 
loop between the two calcium-binding domains (Phe36- 
[Pro43]-Ser44), and in the immediately adjacent helix I11 of 
domain I1 (Thr45-Asp54). The largest differences in chemical 
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FIGURE 3: Backbone chemical shift differences (A6 > 0.02 ppm) versus 
residue number for the two isoforms of wild-type calbindin D9k, at 
pH 6.0 and 300 K. Positive values represent downfield shifts and 
negative values upfield shifts for the minor cis-Pro43 isoform, relative 
to the major trans-Pro43 isoform. The experimental uncertainty in 
these numbers is fO.O1 ppm. The sequence location of structural 
elements is indicated schematically above. Helices are identified by 
cylinders with crosshatching for frayed or irregular segments. The 
two large circles represent calcium ions and the loops above them 
identify the approximate locations of the calcium-binding loops. 

N 

.Pro43 

FIGURE 4: Schematic diagram of calbindin D9k. Helices are indicated 
by cylinders and the Ca2+ ions as shaded spheres. 

shift along the backbone are observed for the Gly42 and Thr45 
spin systems. Interestingly, it is the CBH/CTH, cross peak 
of Thr45, two residues distant from the site of isomerization, 
that exhibits the largest difference in side-chain chemical shift. 
In the following, we provide a rationale for the observed effects 
on chemical shifts for those protons that are not immediately 
adjacent to Pro43, by reference to the information available 
about the structure of the major (trans-Pro43) isoform of 
r-calbindin in solution (Kordel et al., 1989) and in crystals 
(Szebenyi & Moffat, 1986). A schematic diagram of the 
three-dimensional structure of the protein is shown in Figure 
4. 

A majority of the residues in helix I11 (Thr45-Asp54) show 
at least one backbone or side-chain proton with A6 > 0.02 ppm 
(Figure 3). These widespread differences are the result of 
either perturbation of the helix itself or a change in the in- 
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Table I: 'H NMR Chemical Shifts of the Side Chains of the Minor (cis-Pro43) Isoform of Bovine Calbindin D9k That Differ from the Major 
(trans-Pro43) Isoform at pH 6.0 and 300 K" 

chemical shifts (DDm) 
residue C@ C' C6 other 

Y13 2.43, 2.82 7&,6.74 (C'H, CW) 
T34 - 4.14 1.24 
F36 2.75, 3.32 7.14, 7.01, 7.12 (C6H, C'H, C*) 
P37 2.42, 1.21 1.96, (1 .96)b 3.09, 3.53 
S38 3.92, 3.98 
L40 1.66, 1.85 1 .55  0.81, 0.94 
K4 I 
P43 
s 4 4  
T45 
D47 
L49 
F50 
E5 I 
L53 
D54 
V6 I 
F6 3 
V68 
L69 
173 
4 7  5 

2.99, 2.99 (C'H2) 1.90, 1.99 1.41, 1.48 1.64, 1.70 
3.50, 3.67 2.18, 2.32 

3.75, 3.91 
- 4.70 
2.49, 2.69 
1.60, 1.75 1.64 0.79, 0.83 
- 2.96, 3.22 
2.08, 2.1 I 
1 . 1 1 ,  1.66 2.03 0.74, 0.82 
1.61, 2.53 
2.33 0.46, 1.24 
- 2.44, 2.66 
1.95 0.84, 1.02 
1.21, 1.31 1.25 0.57, 0.70 

1.96, 2.12 

_.- 

-- 1.85, 1.94 

1.32 

-- - 
- 

- - - 
_. 

-- 
- 7.11, 7.12, 7.15 (C'H, C'H, CM) 

2.35, 2.46 -- - 

6.49, 7.13, 7.35 (C*H, C'H, CN) 
- 

1.74 0.71, 1.20 - 0.19 0.60 (C7Hj) 
2.32, (2.32)b 6.80, 7.50 (N'H,) - 

"Chemical shifts are referenced to the H 2 0  signal at 4.75 ppm and are generally accurate to i 0 . 0 2  ppm (k0.03 ppm for geminal protons separated 
by <0.1 ppm). Chemical shifts that are not identical in the two isoforms are underlined, and those for which A6 > 0.05 ppm are doubly underlined. 
*Degeneracy is assumed. 

terface between the helix and the rest of the protein. The 
differences in chemical shifts for Val61 in Ca2+-binding loop 
I1 are attributed to close contact with the perturbed helix 111, 
as evidenced by NOES between both Leu53 C*H3 groups and 
one of the Val61 O H 3  groups. The differences observed in 
the chemical shifts of protons in Ca2+-binding loop I are most 
likely caused by transmission of the changes in loop I1 through 
the hydrogen bonds between Leu23 and Va161. The NOE 
connectivity between the C' protons of Lys25 and the two 
degenerate C* methyl groups of Leu46 indicates that helix 111 
is also in contact with helix I1 and provides a rationale for 
changes in the chemical shifts of Lys25. 

In helix IV (Ser62-Ser74), A6 > 0.02 ppm is observed for 
the backbone as well as the side-chain protons of the C-ter- 
minal residues Ile73-Gln75, apparently the result of contacts 
between Ile73 and the N-terminal portion of the linker loop. 
Since NOEs are observed between Ile73 and both the Phe36 
and the Phe66 aromatic rings, the differences in chemical shift 
for residues at the C-terminus may be associated with subtle 
changes in the packing of the hydrophobic core of the protein. 
A similar explanation is possible for the only other chemical 
shift differences observed in helix IV, involving the side chain 
of Leu69, since this residue has close contacts with the aro- 
matic ring of Phe66 (Leu69 CdH3/Phe66 CbH NOE). In helix 
I (SeR-Lysl6), only the CaH shift of Lys7 and the shifts of 
the CB and Cd protons of the Tyrl3 side chain are distinctively 
perturbed. Since the aromatic ring of Phe63 is in contact with 
the backbone protons of Lys7 (NOE between Lys7 NH and 
Phe63 C'H), small changes in the packing of the hydrophic 
core could explain the difference in the chemical shift of the 
CaH of Lys7. NOES from Tyrl3 CdH to one of the Leu30 
C* methyl groups and the Gln33 C@ protons, and observation 
of a hydrogen bond between the hydroxyl proton of Tyr 13 and 
the carboxylate of Glu35 (Szebenyi & Moffat, 1986), indicate 
that the tyrosine ring is in contact with the C-terminal half 

of helix I1 (Ser24-Glu35) and the N-terminus of the linker 
loop. This provides a rationale for chemical shift differences 
of protons of Tyr 13. 

Backbone scalar coupling constants (3&Na) could be mea- 
sured for only 15 residues of the minor isoform, due to 
cross-peak degeneracy. Significant differences (> 1 Hz) in 
3JHNa were observed for Lys25, Ser38, Thr45, Leu49, and 
Asp54; however, none of these differences are greater than 2 
Hz. The differences in the conformation of the peptide 
backbone of the two isoforms are therefore very small. 

At the Gly42-Pro43 peptide bond, &(i, i + 1) connectivities 
are observed for the major'isoform, whereas daa(i, i + 1) 
connectivities are observed for the minor isoform. These NOES 
identify the presence of trans and cis peptide bonds, respec- 
tively (Billeter et al., 1982). A detailed comparison of se- 
quential NOEs shows no other distinctive differences for 
corresponding residues of the two isoforms; thus, there are no 
other substantial structural differences in the peptide backbone 
of the two isoforms. 

Characterization of Ion-Binding Properties of P43G. '13Cd 
and 43Ca NMR have been used as probes of the calcium- 
binding loops, monitoring structural changes during titration 
with calcium or cadmium [reviewed in Vogel & ForsBn 
( 1987)]. Macroscopic calcium-binding constants have been 
determined by titrating the protein with Ca2+ in presence of 
a fluorescent Ca2+ chelator (Quin2). Ca"-exchange rates have 
been measured by using 43Ca NMR line widths (Drakenberg 
et al., 1983; Tsai et al., 1987). Characterization of Ca2+ and 
Cd2+ binding for the wild type have been reported (Linse et 
al., 1987). The results for P43G are very similar to those for 
the wild-type protein (Table 11). However, whereas the free 
energies of Ca2+ binding are identical within experimental 
error, the dissociation rate constant (k,ff)  for the Ca2+ ions 
bound to P43G is approximately 6 times higher than for the 
wild-type protein. We do not, as yet, have an explanation for 
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Table I I :  Characterization of Binding Properties of Pro43 - Gly and Wild-Type r-CalbindinO 
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43Ca NMR 13Cd NMR calcium binding 
protein site kOll (s-l) 6 (ppm) 6Cdl (ppm) 6Cd2 (ppm) K1 (lo8 M-I) K2 (lo8 M-l) AG (kJ/mol) 

wild type I 510 -9 --I50 1.6 f 0.4 4.0 * 0.4 -96 

Pro43 - Gly I 60 -9 --I 50 0.9 f 0.4 5.0 f 0.4 -95 
11 510 I -105 -1 10 

I1 60 7 -105 -1 10 
Experimental values have been reported (Linse et al., 1987) for samples that later have been found to contain deamidation products (Chazin et 

al., 1989b). Unpublished experiments by C. Johansson confirm that the results from 43Ca and Il3Cd NMR are identical for intact and deamidated 
wild-type r-calbindin. Ca2+-binding constants do, however, differ slightly. Redetermined values for intact wild-type r-calbindin are therefore reported 
here (S. Linse, unpublished experiments). 
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FIGURE 5 :  Backbone fingerprint region of a 500-MHz COSY spectrum of 5 mM P43G r-calbindin a t  300 K and pH 6.0. The w ,  = CaH, 
w2 = N H  cross peaks are labeled with the sequence-specific assignments. Circles indicate the position of the corresponding cross peaks of 
native r-calbindin that differ by more than 0.03 ppm in either CaH or N H  chemical shift. The few cross peaks that appear outside the region 
shown are indicated with arrows. Boxes show the location of cross peaks not observed in this spectrum, but which could be identified in other 
2D spectra. Hexagons are drawn around cross peaks that can only be observed at  very low contour levels. 

this slightly larger kor rate for P43G, although it is important 
to note that it is 1-2 orders of magnitude lower than the effects 
induced by mutation in one of the calcium-binding sites; the 
kofl values for mutants P20G, P20G + N21 A, and P20A are 
43, 500, and 500 times larger than that for the wild-type 
protein (Linse et al., 1987). 

Sequence-Specific Assignments of Pro43 - Gly Calbindin 
Dgk. From a quick comparison of the COSY backbone fin- 
gerprint regions of the wild-type and P43G proteins, it is clear 
that the chemical shift differences (and by inference, structural 
differences) are small enough to make assignments by com- 
parison. We have therefore followed the protocol used for 
obtaining sequence-specific assignments of the minor isoform 
of wild-type r-calbindin. Initially, the NH/CaH cross peaks 
in the COSY spectrum of P43G were tentatively assigned to 
the closest cross peak in the corresponding spectrum of the 
wild-type protein. The backbone fingerprint of P43G is shown 
in Figure 5 ,  along with the position of the corresponding cross 
peaks that differ by more than 0.03 ppm (circles) in the major 

(trans-Pro43) isomer of the wild-type protein. While 7 1 
CaH/NH cross peaks are expected, only 68 are found. The 
three missing peaks are bleached out by the irradiation of the 
water signal. The chemical shifts of the protons of the side- 
chain methyl groups, the aromatic rings, the side-chain amides, 
and the single observable hydroxyl proton (of Ser62) could 
also be identified in the COSY spectrum. The DR-COSY 
spectrum yielded 109 out of the 130 Cfl proton resonances and 
10 C y  proton resonances, bringing the total number of assigned 
resonances to approximately 70%. 

The sequential resonance assignments were then traced in 
the NOESY spectrum, as documented previously for trans- 
Pro43 calbindin Dgk (Kordel et al., 1989). The crucial NOES 
necessary to establish the sequential assignments for the 
Ser38-Leu53 segment are shown in Figure 6. Strong dNN(i, 
i + 1) connectivities are observed for the polypeptide segment 
Ser38-Lys41. A strong daN(i, i + i) and a weak dNN(i, i + 
1) bridge the sequence to Gly42, followed by daN(i, i + 1) 
connectivities from Gly42 to Gly43 and from Gly43 to Ser44. 
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Table Ill: 'H N M R  Chemical Shifts of P43G Calbindin D,, (pH 6.0, 300 K)" 
chemical shifts I m m )  

residue N H  C" C@ C' C6 other 
MO 
KI  
s 2  
P3 
E4 
E5 
L6 
K7 
G8 
19 
FIO 
El  1 
K12 
Y13 
A14 
A15 
K16 
El7 
GI8 
D19 
P20 
N21 

L23 
S24 
K25 
E26 
E27 
L28 
K29 
L30 
L3 I 
L32 

T34 
E35 
F36 
P3 7 
S38 
L39 
L40 
K4 1 
G42 
G43 
s44 
T45 
L46 
D47 
E48 
L49 
F5O 
E5 I 
E52 
L53 
D54 
K55 
N56 
G57 
D58 
G59 
E60 
V6 1 
S62 
F63 
E64 
E65 
F66 
467 
V68 
L69 
V70 
K7 1 
K72 
173 

422 

433 

(8.76)c 
9.07 

8.80 
8.08 
8.54 
8.26 
7.89 
8.06 
8.45 
8.56 
7.72 
7.27 
8.33 
6.89 
7.16 
9.7 I 
9.00 
8.33 

9.01 
7.23 
9.56 

10.08 
8.73 
8.01 
7.75 
8.78 
8.42 
7.62 
8.15 
8.85 
8.57 
7.58 
8.40 
7.81 

8.41 
7.95 
7.75 
7.40 
8.14 
8.37 
8.03 
8.35 
8.71 
8.09 
7.75 
8.37 
8.98 
7.83 
7.70 
7.89 
8.01 
8.05 
7.93 
7.60 
8.23 

10.50 
7.77 

10.33 
9.55 
9.60 
8.45 
7.99 
8.89 
7.58 
7.08 
7.12 
6.99 
7.40 
7.44 
7.39 

[4.27 
4.60 
4.78 
4.32 
4.08 
4.16 
4.26 
3.97 
3.92, 3.92 
3.87 
3.53 
3.75 
3.85 
4.00 
3.80 
4.30 
3.85 
4.72 
3.64, 3.95 
4.69 
4.80 
4.95 
5.12 
5.49 
4.84 
3.46 
3.97 
3.97 
4.07 
3.64 
4.03 
2.34 
3.85 
3.84 
4.06 
4.21 
5.24 
4.18 
4.22 
4.17 
4.43 
4.46 
3.95, 4.10 
3.85, 4.12 
4.76 
4.43 
3.98 
4.19 
4.03 
4.18 
3.64 
3.97 
3.89 
4.15 
4.55 
4.05 
4.82 
3.84, 3.84 
4.64 
3.71, 4.27 
5.13 
5.10 
4.88 
3.28 
3.87 
4.07 
3.96 
3.48 
3.57 
3.78 
3.10 
3.97 
4.12 
4.01 

1.88, 1.96 
1.78, 1.80 
4.06, 4.44 
2.00, 2.48 
I .98, 2.09 
2.07, 2.43 
1.70, 2.19 
1.78, 1.90 

2.21 
2.67, 3.31 
1.95, 2.10 
1.74, 1.79 
2.44, 2.80 
0.43 
1.43 
1.97, 2.14 
I .89, 2.00 

2.63, 2.86 
2.01, 2.22 
2.69, 3.00 
1.83, 2.12 
1.60, 2.02 
4.18, 4.37 
0.44, 1.30 
1.88, 1.96 
1.86, 2.36 
1.56, 2.32 
1.91, 2.10 
1.75, 1.86 
1.19, 1.74 
I .35, 1.95 
1.96, 2.17 
4.16 
1.28, 1.44 
2.75, 3.34 
2.43, (l.21)c 
3.91, 3.98 
1.59, 1.85 
1.69, 1.72 
1.73, 1.97 

- 3.78, 3.88 

1.62, 1.84 
- 2.54, 2.70 
2.00, 2.19 
1.58, 1.76 
2.98, 3.21 
1.88, 2.10 
2.07, 2.12 
1.12, 1.64 
1.58, 2.51 
1.87, ( 1  .94)c 
2.85, 3.30 

2.45, 3.14 

1.44, 1.90 
2.35 
4.20, 4.51 
2.45, 2.65 
1.89, 2.05 
1.65, (1  .84)c 
3.11, 3.27 
1.89, 1.94 
1.95 
1.19, 1.30 
1.96 
1.74, 1.82 
1.83, 1.86 
1.74 

4.54 - 

2.19, (2.19)7' 
1.62, (1.62)b 

2.05, 2.23 
2.27, 2.46 
2.25, 2.44 
1.88 
0.80, 1.16 

1.20, 1.99 

2.32, 2.68 
0.54, 1.08 

1.48, 1.56 
1.95, 2.22 

I .89, 2.07 

2.02, 2.25 
1.31 

0.65, 1.05 
2.22, 2.32 

(2.27, 2.45)c 
1.73 
1.20, 1.33 
I .87 
1.23 
2.02 
2.37, 2.53 
1.22 
2.18, 2.67 

1.96, ( 1  .96)b 

I .69 
1.54 
1.38, I .46 

1.29 - - 
1.55 

2.31, 2.37 
1.59 

2.1 5, 2.34 
2.00, 2.25 
2.02 

1.50, 1.60 

2.01, 2.17 
0.48, 1.25 

2.24, (2.24)b 
2.35, 2.57 

2.15, 2.34 
0.83, 1.03 
1.27 
0.62, 0.76 

(1.40): 1.46 
1.48, (1 .54)c 
0.70, 1.19 

1.73, 1.73 

3.98, 3.98 

0.95, 1.03 
1.36, 1.36 

0.98 

1.42, 1.50 

1.64, 1.72 

4.01, 4.01 

0.38, 0.72 

1.39, 1.40 

1.06, 1.12 
1.63, (1.63)b 
0.99, 0.99 
0.79, 0.93 
0.79, 0.92 

3.08, 3.53 

0.75, 0.75 
0.79, 0.93 
1.64, 1.70 

0.94, 0.94 

0.80, 0.84 

0.73, 0.82 

1.74, 1.74 

0.57, 0.71 

1.60, 1.60 
1.45, 1.60 
0.18 

2.09 (C'H,) 
2.95, 2.95 (C'H2) 

2.61, 2.67 (C'H,) 

1.17 (C'H,) 
6.32, 7.11, 7.62 (C6H, C'H, C q )  

2.71, 2.71 (C'H2) 
7.44, 6.75 (C6H, C'H) 

2.74, 2.95 (C'H?) 

7.94, 6.96 (NdH2) 
6.56, 7.48 (N'H2) 

2.53, 2.58 (C'H,) 

2.81, 2.86 (C'H2) 

7.33, 6.77 (N'H2) 

7.14, 7.01, 7.12 (C6H, C'H, CQ) 

3.00, 3.00 (C'H2) 

7.13, 7.12, 7.15 (C6H, C'H, CQ) 

3.09, 3.13 (C'H2) 
6.63, 8.03 (NdH2) 

5.98 (O'H) 
6.49, 7.13, 7.35 (C6H, C'H, C m )  

6.91, 7.16, 7.09 (C*H, C'H, CQ) 
5.74, 6.15 (N'H2) 

2.90, 2.90 (C'H2) 
2.72, 2.84 (C'H2) 
0.59 (C'H3) 
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Table 111 (Continued) 
chemical shifts (ppm) 

residue N H  C" CB CY C6 other 
s74 7.76 4.50 3.86, 3.86 
475 7.64 4.15 1.94, 2.10 2.30, (2.30)b 6.78, 7.50 (N'H2) 

OChemical shifts are referenced to the H 2 0  signal at 4.75 ppm and are generally accurate to 10.01 ppm (10.03 ppm for germinal protons 
separated by <0.1 ppm). Chemical shifts in P43G that differ by more than 0.05 ppm with respect to the major (trans-Pro43) isoform of the 
wild-type protein are underlined. Those that differ by more than 0.10 ppm are doubly underlined. bDegeneracy assumed. eNo experimental 
evidence found in the limited subset of spectra acquired for P43G, but the assignment is assumed to be the same as for the major (trans-Pro43) 
isoform of wild-type r-calbindin because all other 'H resonances of the side chain were found to be identical within experimental error. The un- 
certainty for these values is 10.04 ppm. Due to severe spectral crowding, only the Cf methyl of Met0 has been specifically identified. 
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FIGURE 6: Sequential resonance assignments for the polypeptide 
segment Ser38-Leu53. Region of a 500-MHz Hahn-echo NOESY 
spectrum (7, = 200 ms) of a 5 mM 'H20 solution of P43G r-calbindin 
at  300 K and pH 6.0 showing sequential daN connectivities (upper 
panel) for the residues in extended conformation and dNN connectivities 
(lower panel) for the helical segments. (Upper panel) NOE tracings 
of Gly42-Thr45. Cross peaks corresponding to daN(i, i + 1) NOE 
connectivities are boxed. Circles indicate the position of the COSY 
cross peaks found under identical conditions. A vertical line is drawn 
between the COSY cross peak and the sequential NOE cross peak 
for each amide proton and a horizontal line connects the NOE and 
COSY cross peaks for each C" proton. (Lower panel) NOE tracings 
from Ser38 to Lys41 and from Leu46 to Leu53. Lines are drawn 
between pairs of d"(i, i - 1) and d"(i, i + 1) cross peaks (boxed) 
and are labeled with the sequence-specific assignments. 

It is not possible to observe the Ser44 CaH/NH COSY cross 
peak at pH 6.0, 300 K, due to the irradiation of the water 
signal, but the daN(i, i + 1) connectivity between Ser44 and 
Thr45 is clearly present. A daN connectivity from Thr45 to 
Leu46 is followed by consecutive dNN(i, i + 1) connectivities 
for the polypeptide segment Leu46-Leu53. A summary of 
the sequential NOE connectivities for residues Lys29-Val6 1 
is given in Figure 7, which also includes a comparison to those 
observed for the major isoform of the wild-type protein [cf., 
Figure 4 of Kordel et al. (1 989)]. 

Once the backbone amide resonances were sequentially 
assigned, the remainder of each spin system was identified in 
the COSY, 2QF-COSY, and NOESY spectra, using the as- 
signments from the major isoform of the wild-type protein as 
a guide. An essentially direct transfer of the side-chain as- 

30 40 G 50 
L L L Q T E F P  S L L K G P S T L D E L F E E L D K N G D G  

FIGURE 7: Comparison of the characteristic sequential NOE con- 
nectivities, d"(i, i + l), daN(i, i + l) ,  and dbN(i, i + l), observed 
at 300 K, pH 6.0, in trans-Pro43 r-calbindin (filled bars) and P43G 
r-calbindin (hatched bars). The sequence is given at  the top using 
the one-letter amino acid code. The height of the bars gives a 
qualitative measure of the relative strength of the NOE in the 200-ms 
NOESY spectrum. Connectivities to proline C*H2 resonances are 
listed in the location for the corresponding backbone amide proton. 
Connectivities that could not be identified at  this temperature and 
pH due to degeneracy of resonances or as a byproduct of solvent 
saturation are labeled with an asterisk (*). 
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Residue Number 
FIGURE 8: Backbone chemical shift differences (A6 > 0.04 ppm for 
NH, A6 > 0.02 ppm for C"H) plotted versus residue number for the 
major (trans-Pro43) isoform of calbindin Dgk and the P43G mutant, 
at  pH 6.0 and 300 K. Positive values represent downfield shifts and 
negative values upfield shifts of the mutant, relative to the wild-type 
protein. The experimental uncertainty in these numbers is h0.02 ppm. 
The sequence location of structural elements is indicated schematically 
above. See the caption to Figure 2 for further details. 

signments, even in the polypeptide segment Glu33-Leu53, is 
possible due to the high degree of similarity between the 
mutant and wild-type protein (Figure 2B). The complete set 
of assignments is given in Table 111. 
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Comparison of Pro43 - Gly and Wild- Type r-Calbindin. 
The backbone chemical shift differences between trans-Pro43 
and P43G r-calbindin are shown in Figure 8. The uncertainty 
in the A6 values is k0.02 ppm, since these chemical shift 
differences are determined in  two different experiments. 
Overall, the values are smaller than the differences between 
the trans- and cis-Pro43 forms (cf. Figure 2). Outside the 
polypeptide segment Ser38-Leu53, only the backbone N H  and 
CaH resonances of residues 33 and 36 are significantly dif- 
ferent in the two proteins. The differences in chemical shift 
within the segment Thr45-Leu53 are similar in size and sign 
to those between the major and minor isoforms of the wild-type 
protein. Interestingly, the backbone chemical shifts of residues 
Thr45-Leu53 are closer to the cis-Pro43 form of r-calbindin. 
However, for the backbone N H  resonances of Gly42 and 
Ser44, and for the CaH resonances of Gln33 and Lys41, the 
signs of the A6s for P43G are the opposite of those of the minor 
(cis-Pro43) isoform. This effect may be due to the substitution 
for the conformationally restricted proline by a residue with 
a higher degree of conformational freedom along the backbone. 
This substitution could result in an increase in the flexibility 
of the linker loop and an average structure that differs from 
those of the wild-type isoforms. The similarities of the 
chemical shifts of helix I l l  in P43G to those in cis-Pro43 
r-calbindin suggest that helix 111 or the interface between this 
helix and the rest of the protein in P43G is perturbed (relative 
to the major isoform) in a manner similar to the minor isoform 
(see above). 

Only IO P43G side-chain proton shifts differ by 0.05 ppm 
or more from the corresponding shifts of trans-Pro43 r-cal- 
bindin, discounting of course, the mutated residue 43. All of 
these 10 protons belong to amino acid residues in the poly- 
peptide segment Leu40-Leu49. The CSH and O H 3  shifts of 
Thr45 are the only shifts differing by more than 0.1 ppm 
(doubly underlined in Table 111, while the other eight shifts 
are singly underlined). The side-chain perturbations relative 
to trans-Pro43 are thus spatially confined to the same region 
but are smaller in magnitude for P43G than for cis-Pro43 
r-cal bindin. 

A comparison of the sequential NOES found for P43G and 
wild-type r-calbindin over the Lys29-Val61 segment is given 
in Figure 7. The intensity of NOES in P43G can be compared 
quantitatively only if the corresponding cross peaks for the two 
forms of the wild-type protein are resolved. With this in mind, 
the only distinctive differences in the sequential NOE patterns 
of P43G and trans-Pro43 r-calbindin, excluding those involving 
the mutated residue, are the lower intensities of the Thr45- 
Leu46 dNN and dBN connectivities in the mutant. In other 
words, structural perturbation, if any, is highly localized to 
the residues flanking the site of mutation. All key tertiary 
NOES, such as those defining the @-sheet and permitting the 
definition of the global fold of wild-type r-calbindin (Kordel 
et al., 1989), are virtually identical in the P43G and wild-type 
 protein^.^ 

The values for the backbone spin-spin coupling constants 
3 J ~ ~ a  in trans-Pro43 and P43G r-calbindin are plotted versus 
the amino acid sequence in Figure 9. Any differences in 3 J ~ ~ a  
values observed between the two proteins are within the ex- 

A reviewer has raised an important concern over the interpretation 
of data from NOESY experiments acquired with a 200-111s mixing time. 
Based on our extensive studies of NOE buildup in wild-type and P43G 
r-calbindin (Kordel and Chazin, unpublished results), cross peaks in 
200-ms spectra are observed for interproton distances up to approxi- 
mately 5 A, either directly or through a limited amount of spin diffusion. 
There is no adverse effect on the comparative, qualitative analyses 
presented here. 

Kordel et al. 
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Residue Number 
FIGURE 9: Comparison of backbone NH/C"H spin-spin coupling 
constants (3JHNu)  of the major (trans-Pro43) isoform of calbindin 
Dgk (0) and the P43G mutant (A).  Data points for consecutive 
residues are connected with straight lines. The experimental un- 
certainty in these numbers is *1Hz. 

perimental error of the measurements. These results indicate 
that there are no significant differences in the backbone 
conformation of the two proteins. 

In summary, the 'H NMR results for P43G show that the 
global structure of the Ca2+-saturated state in solution is 
identical with the wild-type protein, and that there are sig- 
nificant, but highly localized structural perturbations near the 
site of mutation. The 43Ca and '13Cd results indicate that the 
kinetics of Ca2+ binding and the nature of the ligands coincide 
for the two proteins. Such minimal effects could be predicted 
on the basis of the location of Pro43 in the linker loop (Sze- 
benyi & Moffat, 1986), and on the large number of reports 
of highly localized effects observed for a variety of amino acid 
substitutions [e.g., Markley et al. (1986), Pielak et al. (1988), 
Madison et al. (1 989), Ringe (1 989)] or chemical modifica- 
tions [e&, Wagner et al. (1979), Stassinopoulou et al. (1984), 
Chazin et al. (1985)l in other proteins. 

CONCLUSIONS 
The 2D IH NMR studies described in this work show that 

it is possible to completely assign the 'H resonances of two 
different, but homologous, isoforms of a small protein, although 
the two forms are in equilibrium and unfavorably populated 
(3:l). The greatest difficulty involved in 'H NMR studies of 
two inseparable and very similar molecules (or isoforms of the 
same molecule) is to account for cross peaks that are not 
resolved in the spectrum. The inability to locate a specific cross 
peak may be due to coincidence of the corresponding peaks 
of the two species or degeneracy with other cross peaks, or the 
cross peak may be simply not present. To complete the 
analysis of both the trans-Pro43 and the cis-Pro43 r-calbindin 
isoforms, we assigned every resolved peak observed in the 2D 
'H NMR spectra. In the light of the great similarity in the 
chemical shifts of most protons of the two isoforms, and of 
the assignment of all resolved peaks, we feel confident in 
assuming that for the residues not showing resolved peaks the 
resonances from the major and minor forms are degenerate. 

Cis-trans isomerism represents one extreme of the general 
notion that a protein can exist in conformational substates. 
Two alternative conformations for the backbone of a hexa- 
peptide segment (Thr45-Ile50) have been observed in crystals 
of the protein erabutoxin (Smith et al., 1986). These authors 
state that conformational heterogeneity is widespread in 
proteins and that it should be detectable in X-ray analyses at, 
or below, 2-A resolution. Structural heterogeneity has also 
been observed for proteins in solution. For example, two 
alternatively folded states for the protein staphylococcal nu- 
clease have been observed with 'H NMR methods (Fox et al., 
1986), and strong evidence has been presented which indicates 
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that the origin of this heterogeneity is proline cis-trans isom- 
erism (Evans et al., 1987). Two conformations for the un- 
folded form of this protein have also been found (Evans et al., 
1989). Our 'H NMR studies have provided a direct char- 
acterization of the structural consequences of proline cis-trans 
isomerization in calbindin Dgk. It appears likely that multiple 
conformations of proteins are more common than reported so 
far. Our results show that the structural effect can be quite 
subtle and, therefore, suggest that great care may be needed 
to detect this phenomenon. 

Due to the presence of two isoforms of r-calbindin in solu- 
tion, evaluation of NOES for structure calculations presents 
a serious problem. The main difficulty is the inability to 
distinguish the relative contributions from the two forms to 
the intensity of cross peaks, for those cases where corre- 
sponding cross peaks of the two forms are degenerate. Pro43 - Gly calbindin Dgk has been expressed and purified to cir- 
cumvent this problem. This mutant has an identical distri- 
bution of secondary structure and global folding pattern, with 
minor and highly localized structural differences near the site 
of mutation. The differences in NMR parameters between 
the mutant and the major isoform of wild-type r-calbindin are 
smaller than those between the two isoforms of the wild-type 
protein. Characterization of the binding affinities and binding 
kinetics of the mutant protein by 43Ca and Il3Cd NMR shows 
that the nature of the Ca2+ ligands is also highly similar to 
native calbindin Dgk. These results provide confidence in 
proceeding with the experiments and calculations necessary 
to produce high-resolution three-dimensional solution struc- 
tures of Ca2+-bound and Caz+-free P43G r-calbindin, toward 
our goal of characterizing the structural basis for the regu- 
latory mechanism in the calmodulin family of calcium-binding 
proteins. 
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