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ABSTRACT: The calcium binding protein-lactalbumin folds via a molten globule intermediate. Calcium
does not bind strongly to the unfolded protein or the molten globule, but does bind to the transition state
between the molten globule and the native protein. Of interest are the structures formed in the transition
state that promote calcium binding. To study the importance of local secondary structure on calcium
binding, we have synthesized two peptides corresponding to the calcium binding site that include the
flanking C-helix and gr-helix. The first peptide, elbow-A, consists of residues-1R0 from bovine
o-lactalbumin, but with Cys 73, Cys 77, and Cys 91 replaced by alanines. In the second peptide, denoted
elbow, the cysteines at position 73 and 91 are included and the nativelike disulfide bond is formed. Both
peptides are monomeric and unstructured in aqueous solution and bind calcium weakly with apparent
K4's on the order of 12 M. In 50% trifluoroethanol (v/v), the peptides are 45% helical as judged by
CD. NMR studies performed on elbow and elbow-A in TFE indicate that the helical structure is confined
to the C-helix. In this solvent system elbow binds calcium one-to-one with @&f 50 «M. Removing

the disulfide bond reduces, but does not eliminate calcium bindag=(170uM in 50% TFE). These
results suggest that formation of the C-helix promotes calcium binding and may be a key determinant of

calcium binding in the transition state.

The equilibrium molten globule state has characteristics Dolgikh et al., 1981; Kuwajima et al., 1996). A molten
similar to those of kinetic intermediates observed in protein globule is also induced by removing three of the four
folding experiments. For this reason it has been considereddisulfide bonds via site-directed mutagenesis. This variant
by many to be a good model for these intermediates which contains the 28111 disulfide bond forms a molten
(Kuwajima, 1989; Christensen & Pain, 1991; Jennings and globule at pH 8.5 (Peng et al., 1995).

Wright, 1993; Dobson, 1994; Baldwin, 1994; Ptitsyn, 1995),
but one should also see the work of Privalov (1996). Like

o-LA can be divided into two subdomains: ansubdo-
main containing the foun-helices A-D, and g5 subdomain

native proteins, molten globules contain significant secondary composed of a smafl sheet and several loops (Acharya et
structure, and in some cases they have been shown to haval., 1989; Acharya et al.,, 1991; Pike et al., 1996). The

nativelike backbone topology. Unlike native proteins, molten

structure contains four disulfide bonds. Two,~2BL1 and

globules do not contain all the fixed side-chain interactions 6—120, are in thex subdomain, and one, 6177, is in the
needed for the formation of a unique structure. Of interest § subdomain. The fourth, 7391, connects the C-helix of
are the events accompanying the transition from the moltenthe a subdomain with a 3-helix in the subdomain. These

globule state to the native state.
The calcium binding protein-lactalbumin ¢-LA)* forms

a molten globule under a variety of conditions. The best

two helices are a part of the helitoop—helix structure
responsible for calcium binding (Figure 1).
Hydrogen-deuterium exchange studies, proline scanning

studied is the acid-denatured state (A-state); however, amutagenesis, and disulfide exchange experiments have all

molten globule is also formed at neutral pH by removing
bound calcium or adding denaturant (Kuwajima, 1976;
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been used to probe the structure of theA molten globule
(Baum et al., 1989; Chyan et al., 1993; Ewbank & Creighton,
1991; Creighton & Ewbank, 1994; Peng et al, 1995;
Schulman et al., 1995; Wu et al., 1995; Schulman & Kim,
1996). The picture that emerges is that there is nativelike
backbone topology and significant secondary structure in the

1 Abbreviations: a-LA, a-lactalbumin; CD, circular dichroism; CSl,
chemical shift index ; DQF-COSY, double quantum filtered correlated
spectroscopy; EDTA, ethylenediaminetetraacetic acid; Fmoc, [[(9-
flourenylmethyl)oxy]carbonyl]; NMR, nuclear magnetic resonance;
HPLC, high-pressure liquid chromatography; NOE, nuclear Overhauser
effect; NOESY, nuclear Overhauser effect spectroscopy; PAL,-5-(4
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A) C-helix may increase calcium binding by bringing these two
important residues into place, and calcium binding may in
340 Helix turn stabilize the C-helix.

One approach used to study the role of local interactions
in protein folding or in metal ion binding is to study the
conformational preferences of protein fragments (Brown &
Klee, 1971; Reid et al., 1981; Bierzynski et al., 1982; Rico

N etal., 1983, 1984; Kim & Baldwin, 1984, 1990; Oas & Kim,
1988; Blanco & Serrano, 1989; Fontana & Jaenicke, 1989;
Montelione & Scheraga, 1989; Marsden et al., 1990; Shaw
et al., 1990, 1991; Dyson & Wright, 1991; Shaw et al., 1991;
Dyson et al., 1992a,b; Raleigh et al., 1992; Tasayco & Carey,
1992; Cox et al., 1993; Kemmink & Creighton, 1993; Shin

B) etal., 1993a,b; Alexandrescu et al., 1994; Procyshyn & Reid,
2 80 90 100 1994; Itzhaki et al., 1995; Baldwin, 1995; Yang et al., 1995;
ICNISADKFLDDDLTDDIMCVKKILDKY G-NHp Akerfeldt et al., 1996; Bolin et al., 1996; Smith et al., 1996;

Ficure 1: (A) Ribbon diagram ofx-LA. (Drawing made using Viguera et al., 1_996). In this paper we _report. thg resglts_of
the program MOLSCRIPT (Kraulis, 1991).) Residues-120 are a study of peptide models of the calcium binding site in
shaded. Calcium is shown in CPK format. The-Belix extends o-LA. To study the interplay between helix formation and

through residues 7682, and the C-helix is through residues-86 calcium binding, we have prepared two peptides Correspond-

99. The disulfide between Cys 73 and Cys 91 is labeled. (B) Amino ing to residues 72100 from bovinex-LA (Figure 1). One
acid sequence for the peptide elbow. Sequence and residue numbers 2 . - .
taken from bovinex-LA with the exception that an alanine, A+,  Peptide, denoted as elbow, contains the C-helix, the calcium

replaces Cys 77. Residues shown in bold chelate calciurrliA. binding loop, and the ig-helix as well as the Cys 7Cys
Elbow-A has the same sequence except the cysteines are change@ll disulfide bridge which connects the two helices. In the
to alanines. The loop peptide consists of residues8® second peptide, elbow-A, Cys 73 and Cys 91 were changed

] . . to alanines. A control peptide, corresponding to only the
o subdomain of the molten globule, while tesubdomain ten residues (K-F-L-D-D-D-L-T-D-D) of the calcium binding
is more disordered. It has been shown that a peptide modeljgop, the loop peptide, was also prepared.

containing only thex subdomain forms a molten globule-
like state (Peng & Kim, 1994). Within the subdomain, MATERIALS AND METHODS
the A-, B-, and D-helices appear to be at least partially
formed, while the C-helix is less stable. Studies have also Peptide Synthesis and PurificatiorPeptides were syn-
been performed on the structurally homologous protein, thesized on a 0.16 mmol scale by solid phase methods using
equine lysozyme, which is known to form a molten globule Fmoc-protected amino acids and TBTU-mediated amide
state, and similar conclusions were reached (Dael et al., 1993coupling on a Millipore 9050 plus automated peptide
Griko et al., 1995; Morozova et al., 1995). synthesizer with standard reaction cycles. Adbranched
The interface between the two subdomains does not show@Mino acids and all residues which were coupled to
nativelike properties in the molten globule. In contact with A-branched residues were double coupled. Amino acid side
both subdomains is the calcium binding loop and the C-helix. chains were protected as follows: Asn and Cys, trityl group;
The molten globule ofi-LA does not bind calcium strongly ~ Asp,tert-butyl ester; Lystert-butoxycarbonyl group; Ser and
(Kuwajima et al., 1989), and the C-helix is not intact Thr, tert-butyl ether. Use of a resin with a PAL linker
(Morozova et al., 1995; Schulman et al., 1995; Schulman & generated carboxyl terminal primary amides following cleav-
Kim, 1996). When calcium is added to the molten globule, age from the resin with 91% TFA/3% anisole/3% thioanisole/
it induces formation of the native state (Dolgikh et al., 1981; 3% ethanedithiol. Disulfide bonds were formed by air
Ikeguchi et al., 1986; Rao & Brew, 1989; Kuwajima et al., Oxidation at pH 8.0 for 12 h. An Elman’s test (Stewart &
1990; Ewbank & Creighton, 1993a; Ewbank & Creighton, Young, 1984) confirmed the absence of free thiols. The
1993b; Wu et al., 1996). Kinetic folding studies have also Peptides were purified using reverse phase HPLC (C18). An
shown that calcium stabilizes the transition state betweenAB gradient was used where the A eluent was 0.1% aqueous
the molten globule state and the native state (Kuwajima et TFA and the B eluent was 0.1% TFA/90% GEN/10%
al., 1989). The transition state between the molten globule H20. Fast atomic bombardment (FAB) mass spectrometry
and the native protein binds calcium with an estimatgd and amino acid analysis confirmed the identity of the pure

of 3 uM, and the molten globule binds calcium withka products. Quantitative amino acid analysis (Commonwealth
on the order of 1 mM (Kuwajima et al., 1989). For Biolabs, Richmond, VA) was used in triplicate to determine
comparison, native-LA binds calcium with aKgy of 2—10 peptide concentrations.

nM, depending on conditions (Permyakov et al., 1981; Sedimentation EquilibriumSamples were dialyzed against
Segewa & Sugai, 1983; Eberhard & Erne, 1991). Presum-20 mM Tris, 100 mM KCI at pH 7.4 with and without CaCl
ably, calcium binding helps lock the two subdomains together present. Sedimentation equilibrium experiments were per-
and therefore promotes the folding of thsubdomain. The  formed for two different concentrations of the peptides at
details of this step are not known. Certainly crucial to the 25°C with a Beckman XL-A analytical ultracentrifuge, using
process are the formation of the specific structures that rotor speeds of 30 000, 40 000, and 50 000 rpm. Experi-
promote calcium binding. In the crystal structureost.A, ments were carried out using 12 mm pathlength, six-channel,
two of the aspartic acids that chelate calcium come from charcoal-filled Epon cells with quartz windows. Data was
the first turn in the C-helix. Therefore, formation of the collected using continuous radial scanning with wavelengths
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between 227 and 249 nm. Ten scans were averaged. Partidhy EDTA (0.099 mM, Fisher Scientific) titration using

specific volumes were calculated from the weighted average murexide as an indicator. For experiments in 50% TFE (v/

of the partial specific volumes of the individual amino acids v), the concentration of elbow was 38/ for CD and 970

(Cohn & Edsall, 1943). The data were fit globally using «M for NMR. The concentration of the loop peptide was

either a single species model allowing the molecular weight 200uM for CD and 93(uM for NMR. Elbow-A aggregates

to vary or monomernmer equilibrium models holding the  at high concentrations in TFE/Catfhnd it could only be

molecular weight of the monomer fixed. The HID program examined by CD at a concentration of 381. For NMR

from the Analytical Ultracentrifugation Facility at the experimentsin agueous solution the concentrations of peptide

University of Connecticut was used. were 104uM for elbow, 1.1 mM for elbow-A, and 2.2 mM
Circular Dichroism (CD) SpectroscopyCD spectroscopy  for the loop peptide.

was performed using an Aviv 62A DS spectrometer at 25  pjots of mean residue ellipticity or chemical shift versus
°C. Wavelength spectra are the average of five scans withCacC}, concentration were fit to determine apparigs. The
an averaging timefd3 s per data point and a bandwidth of data were fit with a nonlinear least squares fitting routine

1 nm. Solutions contained 20 mM Tris, 100 mM KCI, pH  (KaleidaGraph, Abelbeck Software) assuming one binding
7.4 with either 100 mM CagGlor 1 mM EDTA. Spectra  site.

were also takemi 8 M urea, 20 mM Tris, 100 mM KClI, 1
mM EDTA, pH 7.4, and in the presence of 20 mM DyClI
pH 7.4. For spectra in 50% TFE (v/v), TFE was combined

1:1 by volume with an aqueous solution containing the ) .
peptide in 40 mM Tris, 200 mM KCI, pH 7.4, with either 2 1hree peptides, elbow, elbow-A, and the loop peptide,

mM EDTA or 6 mM CaC} (30 mM CaC} for the loop were synthesized. Elbow consists of residues 720 from

peptide). Peptide concentrations were 180for elbow in bovine a-LA, including the disulfide between residues 73

aqueous solution, 3@M for elbow in TFE, 160uM for and 91 (Figure 1). The cysteine at position 77, which
elbow-A in aqueous solution, 3@M for elbow-A in TFE normally forms a disulfide with residue 61, is replaced with
and 670uM for the loop peptide in TFE. ' an alanine. In the native protein the C-helix extends from

residue 86 to 99, and the groups chelating calcium are the
ticity at 222 nm was measured for different concentrations Carooxyls of Asp 82, Asp 87, and Asp 88 and the carbonyls

of peptide in aqueous solution (20 mM Tris, 100 mM Kcl, ©f Lys 79 and Asp 84. Residues #82 form a small -
pH 7.4 with either 100 mM CaGlor 1 mM EDTA) and in helix in the native protein. Elbow-A has the same sequence

50% (v/v) TFE. TFE was combined 1:1 by volume with an 2S €lbow, except that the two cysteines are replaced with
aqueous solution containing the peptide in 40 mM Tris, 200 alanlnes, and the loop peptide contains the calcium binding
mM KCI, pH 7.4, with either 2 mM EDTA or 10 mM Cagl  residues, 7988.

TFE Titrations. TFE titrations of elbow and elbow-A were Analytical ultracentrifugation shows elbow-A to be mon-
followed by monitoring the CD signal at 222 nm at 26. omeric at 5uM in 20 mM Tris, 100 mM KCI, pH 7.4, in
Solutions contained 20 mM Tris, 100 mM KCI, pH 7.4, with  the presence and absence of 100 mM Ga@lbow is also
5mM EDTA or 100 mM CaGl. No corrections were made monomeric at the same concentration but shows a small

for nonideal volume effects, but they are known to be small @amount of aggregation~10%) in the presence of 10 and
(Rochester & Symonds, 1974). 100 mM CaC}. Concentration dependent CD experiments

pH Titrations. Samp|e3 were prepared in 2 mM phos- also indicate that elbow and elbow-A are monomeric. The

phate, 2 mM citrate, 2 mM borate, 10 mM NaCl, and 1 mM CD signal for elbow-A shows no concentration dependence
EDTA, and the pH was adjusted by the addition of small in the presence and absence of Ga@hd for elbow the CD
amounts of concentrated HCI. signal is independent of concentration up to 200 peptide

Nuclear Magnetic Resonance (NMR) SpectroscdpylR in the presence and absence of GaGkbove 200uM the
experiments were performed on a Bruker Instruments AMX mean residue ellipticity of elbow is concentration dependent
600 spectrometer and Varian Instruments Inova 500 and 600With and without CaGlpresent. All further studies on elbow
MHz spectrometers. Spectra were internally referenced toin aqueous solution were done with concentrations below
TSP at 0.0 ppm. 2D spectra were taken of 2.5 mM elbow in 200 uM. The peptides are also monomeric, as judged by
50% HO0/50% TFEe; (v/iv), 100 mM KCI at pH 5.2 CD, in 50% TFE (v/v). The CD signal at 222 nm recorded
(uncorrected), 27C, with either 10 mM CaGlor 400uM in 50% TFE (v/v) is independent of peptide concentration
EDTA. 2D spectra were also taken of elbow-A in 50%A in the presence and absence of GaCConcentration
50% TFEd; (v/v), 100 mM KCI, 500uM EDTA at pH 7.3 dependent behavior is observed for the elbow-A peptide at
(uncorrected), 27C. Assignments were made using stan- Peptide concentrations above 500 in the presence of
dard methods (Wuthrich, 1986). CacCb.

Calcium Titrations. Calcium titrations were performed The far-UV CD spectra of the three peptides show them
using two different methods. For low peptide concentrations, to be largely unstructured in agueous solution at@5pH
the CD signal at 222 nm was monitored, and for high peptide 7.4 (Figure 2). Similar results have been reported for the
concentrations, 1D NMR was used to monitor the chemical isolated C-helix from bovine.-lactalbumin (Shimizu et al.,
shifts of resolved proton peaks. Titrations were done both 1996) and hen lysozyme (Bolin et al., 1996). The mean
in aqueous solution and in 50% TFE (v/v). All solutions residue ellipticity at 222 nm is-4200 for elbow and-4600
contained 20 mM Tris and 100 mM KCI. Before analysis, for elbow-A. This indicates that formation of the interhelical
10 mg of the chelating agent Chelex-100 (Bio-Rad) was disulfide bond does not induce additional helical structure.
mixed with the sample for 15 min and then removed by The mean residue ellipticity expected for a 29-residue peptide
filtration. CaCl was added from stock solutions calibrated in a 100% helical conformation is-34 000 (Chen et al.,

RESULTS

Concentration Dependent CDThe mean residue ellip-
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Ficure 2: Far-UV CD spectra of the peptides in the presence and
absence of Caghnd 50% TFE (v/v) at 28C. Solutions contained

20 mM Tris, 100 mM KCl at pH 7.4. Aqueous solutions contained
100 mM CaCj} or 1 mM EDTA. In TFE, solutions contained 3
mM CaCl (15 mM CacC} for the loop peptide) or 1 mM EDTA.

1974; Gans et al., 1991).nI8 M urea the mean residue
ellipticity is —2500 for both peptides. Assuming2500
corresponds to 0% helix ane34 000 to 100% helix, we
calculate that elbow is 5% helical and elbow-A 7% helical.
The CD signal of both elbow and elbow-A at 222 nm shows

Kuhlman et al.
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FicurRe 3: Mean residue ellipticity of elbow and elbow-A measured
at 222 nm as a function of pH. The buffer contained 2 mM
phosphate, 2 mM citrate, 2 mM borate, 10 mM NaCl, and 1 mM
EDTA. The data were collected at 26 with a peptide concentra-
tion of 20 uM.

they do, calcium binding does not induce any additional
structure.

Lanthanide ions have often been used to study calcium-
binding proteins and peptides partly because the increased
charge on the lanthanide should result in stronger binding.
Addition of DyCl; to aqueous solutions of elbow and
elbow-A at pH 7.4 resulted in only small changes to the CD
spectra. The addition of 20 mM Dygthanged the signal
at 222 nm from—4200 to—5000 for elbow and from-4600
to —5500 for elbow-A.

CaCl titrations followed with 1D NMR show that calcium
binds weakly to the peptides in aqueous solution. For all
three peptides there are small but reproducible chemical shift
changes (0.010.05 ppm) associated with the addition of
millimolar amounts of CaGl For some peaks a plot of
chemical shift versus Cagtoncentration could be fit to yield
an apparenky assuming a single calcium binding site in
the peptide. It is important to emphasize that for all three
peptides differenKy's ranging between 5 and 80 mM are
obtained depending on which peak is followed. This
indicates that all three peptides most likely contain multiple
weak binding sites for calcium. It is not surprising that these
peptides have multiple binding sites given that they are
largely unstructured, with five aspartic acids in the loop
peptide and seven in elbow and elbow-A. Short peptides
derived from the loop region of EF-hand proteins have also
been shown to bind calcium nonspecifically with multiple
binding sites (Marsden et al., 1988).

Both elbow and elbow-A become more helical with the
addition of TFE, and their CD spectra are sensitive to the
presence of calcium while in TFE (Figure 2). Peptides with
an intrinsic tendency to form helical conformations often
show a dramatic increase in helical content upon the addition
of TFE, and TFE is widely used to induce and stabilize

a small dependence on pH (Figure 3). The strongest signalpgjical structures in peptides (Nelson & Kellenbach, 1986:
is seen at lower pHs. At pH 2.8 the mean residue ellipticity cammers-Goodwin et al., 1996). Previously TFE was
for both peptides is-6000 corresponding to an estimation  thought to only induce significant helical structure in peptides
of 11% helix. Concentration dependent studies at pH 2.5 wjth an intrinsic propensity to adopt a helical conformation.

indicate that the increase in signal at lower pHs is not due This has led to the description of the effect of TFE as helix-
to peptide association. Lowering the temperature has noenhancing rather than helix-inducing. There are, however,
significant effect on the spectra. Also, the addition of GaCl a number of examples of peptides that form helices in TFE
up to 100 mM does not change the spectra. These resultsbut adopt a different conformation in the native state (Zhong
indicate that either the peptides do not bind calcium or, if & Johnson, 1992; Fan et al., 1993; Waterhous et al., 1994,
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Ficure 4: Mean residue ellipticity of elbow at 222 nm as a function
of TFE concentration (M) in the presence and absence of calcium.
Solutions contained 16M elbow in 20 mM Tris, 100 mM KCI at

pH 7.4 in 100 mM CaGl (squares) or 5 mM EDTA (circles). 0.4

Hamada et al., 1995). The exact mechanism by which TFE 0.37
stabilizes the helical conformation is still controversial. Early |
work on the S-peptide argues against simple dielectric effects,
at least in this system (Nelson & Kallenbach 1986). Several
studies support the notion that TFE acts by weakening
hydrogen bonds between backbone amides and the solvent,
thus destabilizing the unfolded state (Conio et al., 1970; 0.1
Llinas & Klein, 1975; Storrs et al., 1992; Cammers-Goodwin :
et al., 1996), while other work suggests a model in which -0.2
TFE promotes helix formation by preferentially interacting ]
with the helical state (Jasanoff & Fersht, 1994; Rajan and i O 00 O o N 10O R o O D S e e B D
Balaram, 1996). CEGRRERIRBRIRRR02 322223888
As TFE is added to elbow and elbow-A the mean residue Ficure 5: Differences in chemical shifts for the calcium bound
ellipticity at 222 nm becomes more negative until the signal and the calcium free form of the peptide elbow in 50% TFE. A
levels off at 20%-30% TFE. The midpoint of the transition positive bar indicates that the chemical shift of the holo-form is

; . - larger. (A) Values are shown for the NH-protons and for the
occurs at lower concentrations of TFE with calcium present, f-protons on aspartic acids. For each aspartic acid3¢peoton

and the endeint of the titration Corresponds to a more helical which has the largest chemical shift difference was graphed. (B)
state (Figure 4). CD spectra of elbow in 30%, 50%, and Values are shown for the-protons.

80% TFE are nearly identical. In 50% TFE (v/v) the mean

residue ellipticity of elbow measured at 222 nm-i$6 800 NOEs between these residues, but there aretod + 2 or
without calcium and—19 500 with calcium. These values itoi + 3 connectivities. Also, there are no NOEs indicative
correspond to 45% helix without calcium and 54% helix with of tertiary structure. In the crystal structure, Phe 80 packs
calcium. In the native protein 45% of the sequence is in an between the @-helix and the C-helix, placing the ring
a-helix and 20% is in a #-helix. For elbow-A the mean  protons within 3.2 A of thg8-protons on Asp 87, Asp 88,
residue ellipticity at 222 nm is-16 700 without calcium and  and Cys 91 and the methyl protons of lle 75. No NOEs are
—19 800 with calcium, corresponding to 45% and 55% helix, seen between these protons in elbow.

respectively. Itis important to point out that structures other  \When CaCl is added to elbow, there are large changes in
than helices can contribute to the ellipticity at 222 nm and chemical shifts for most of the residues which form the
that the rotational strength of the transitions that give rise to pinding loop in the native protein, 788 (Figure 5). The
the helix signal at 222 nm depends upon the local backboneonly exception is Lys 79, which shows very small changes
conformation (Manning et al., 1988; Manning & Woody, in the chemical shift of its.- and NH-protons. In the crystal

0.2

0.1

Ad (ppm)

-0.3-

1991). structure Lys 79 chelates calcium with its carbonyl and is in
2D NMR of elbow shows that the C-helix is intact in 50% the 3¢-helix. There are seven aspartic acids in elbow, and
TFE (v/v) in the absence of calcium. For residues-86, only the ones in the binding loop show significant changes

which make up the C-helix in the native protein, there are in their S-proton chemical shifts. These results provide
numerous to i + 3 NOEs from thea-protons to the NH strong evidence that calcium binds to the same region of
and g-protons. This is strong evidence that these residuesthe peptide as in the native state. Also noticeable is that the
are helical in elbow (Wuthrich, 1986). In addition, as chemical shifts for thex-protons on Thr 86, Asp 87, and
expected for a helix, there are strongN&INH,; crosspeaks  Asp 88 all shift upfield by over 0.1 ppm with the addition
for these residues. The chemical shift indices (CSI) also of CaCL. A shift to this direction often correlates with a
indicate a helix between residues 86 and 99 (Wishart et al., more helical conformation (Wishart et al., 1992). NOE data
1992). In the native protein there is agdelix between from both apo- and holo-elbow indicate that these residues
residues 76 and 82. There is no definitive evidence that this comprise the first turn of the C-helix. With calcium though,
helix exists in elbow. There are some strong;X&INH;; 1 thei toi + 3 NOEs from then-protons to the3-protons in
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FiGUure 6: (A) Sequential NOEs for elbow in 50% TFE (v/v), 10
mM CaCl show that the C-helix is formed. Similar results are seen
without calcium. The sample was at 2€, pH 5.2 (uncorrected).
Foritoi + 1 NOEs, the thickness of the line indicates strong (1.8
A—2.7 A) or medium-weak (1.8 A-5.0 A) NOEs. # indicates

that a possible peak is under the diagonal. CSI refers to chemical

shift index and is based om-CH chemical shifts (Wishart et al.,
1992). Below the horizontal indicates a CSl-el and above the
horizontal indicates-1. Random coil chemical shifts in 50% TFE
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FiGure 7: (A) Calcium titrations of elbow (filled circle) and
elbow-A (open circle) in 50% TFE (v/v), monitored by the CD

are assumed to be the same as those in water (Merutka et al., 1995%ignal at 222 nm. The change in ellipticity is normalized from 0 to

3June couplings are shown as a filled circle if they are below 6 Hz,
and as an open circle if they are above 8 Hz. (B) The-N\H
region of a NOESY of elbow in 50% TFE, 10 mM CaCPeaks
are labeled by residue number.

the first turn of the helix are over twice as strong as thos
without calcium. One possibility is that the addition of
calcium reduces fraying at the start of the helix by binding

1. For elbow the mean residue ellipticity increased frett6 700
to —19 800, and for elbow-A it increased froril6 800 to—19 500.
The peptide concentrations were @V for elbow and 34uM for
elbow-A. The curve fits give &y of 50 uM for elbow and 170
uM for elbow-A. (B) Calcium titration of elbow in 50% TFE (v/v)

e athigh peptide concentration demonstrates one-to-one binding. 1D

NMR was used to follow chemical shifts as a function of [CACI
Changes in chemical shifts are plotted for three protghgila 77
(filled circles), a. Cys 91 (filled diamonds), and Asp 84 (filled

to Asp 87 and Asp 88, and therefore enhances the helicalsquares). The peptide concentration was 8ND

character of Thr 86, Asp 87, and Asp 88. Such behavior

would at least partly explain the additional helicity seen in
the CD spectra with the addition of calcium.

The NOE pattern for calcium-bound elbow is similar to
that of the apo-peptide (Figure 6). The C-helix is formed,
but there is no conclusive evidence that thg-t®lix is

Almost all the N-terminal residues, 785, have indices
equal to 0 (indicative of random coil). The exceptions, Asp
83, Asp 78, and lle 72 have indices equatHtt. There are
only two weak NOEs indicative of any regular secondary
structure in residues #285. There ard toi + 3 NOEs

formed. Eight of the residues in the C-helix have measured between thex-proton on Lys 79 and thg-protons on Asp

3June coupling constants<6 Hz. This is indicative of a

82, and between the-proton on Asp 78 and thg-protons

helical structure (Bystrov, 1976). The only other residue OnLeu8l. These are weak NOEs indicating that there may

with a coupling constant below 6 Hz is Ala 77. There is a

be a partially stable helix between residues 78 and 82. These

weak tertiary NOE between the ring protons of Phe 80 and residues comprise the last turn of the-Belix in the native

the a-proton on Asp 88 which was not observed in the apo-

protein.

peptide. In the native protein the distance between these Elbow and elbow-A bind calcium more strongly in TFE

two protons is 3.2 A.

2D NMR on elbow-A shows that the C-helix is intact in
50% TFE in the absence of calcium. There atei + 3
NOEs from thea-protons to the NH angbB-protons for
residues 8599. The chemical shift indices for residues-86
99 are all—1 (indicative of a helix) except for Lys 98.

than in aqueous solution. In 50% TFE (v/v) elbow binds
calcium with akq of 50 uM (Figure 7a). A calcium titration
with a high concentration of elbow showed that binding is
one to one (Figure 7b). Elbow-A binds calcium withKa

of 170 uM in 50% TFE (Figure 7a). Interpreting these
results is complicated because TFE may be enhancing
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binding in more than one way. One possibility is that performed on elbow and elbow-A indicate that the C-helix
forming the C-helix enhances binding. Another possibility is the most significant structure formed in 50% TFE (v/v).
is that the tighter binding is simply due to solvent effects

separate from changes in peptide structure. The dielectricDISCUSSION

constant of TFE (26.7) is lower than that of water (78.5),
and thus, unfavorable electrostatic repulsion between the
negatively charged side chains in the apo-peptide may be
enhanced in TFE-containing solutions. Alternatively, hydra-
tion of the calcium ion may be different in the mixed solvent
systems.

In aqueous solution, the peptides elbow and elbow-A are
largely unstructured and bind calcium only weakly. Metal
binding (C&" or Dy*") does not induce secondary structure
formation in elbow and elbow-A, indicating that interactions
with the rest of the protein are required to stabilize the
C-helix and the g-helix. Also, formation of the 7391

Kq's for calcium binding by elbow vary between @M . : e S o T
at 32% TFE (v/v) and 1@M at 85% TFE (v/v). From CD !nterhehcal d|sulf|de_> is not gufﬂme_nt to stabilize the C heI|>_<
in the absence of interactions with the rest of the protein.

spectra it appears that there is no change in structure of the'™ ™. ; . .
peptide over this range of TFE concentrations. Also, the Similar studies have been done with EF-hand peptides but
NOE pattern in 80% TFE (v/v) is similar to the one in 50% with different results. Peptides corresponding to sequences

TFE (v/v). Increasing the percentage of TFE from 32% (v/ from the helix-loop—helix structure of EF-hands bind

V) to 85% (v/v) increases calcium affinity by a factor of 8 calcium and calcium binding induces helix formatiqn (Reid
with no apparent changes in peptide structure. However, €t @l 1981; Marsden et al., 1990; Procyshyn & Reid, 1994;

; o (i ; Akerfeldt et al., 1996). There is, however, a crucial
going from an unfolded peptide (in,B) to a folded peptide : ' - ' ;
(in 32% TFE (v/v)) increases calcium affinity by a factor of différence between the EF-hand peptides and the peptides

125. We interpret these results to mean that although partd€rived fromo-LA.  EF-hands are usually found paired in
of the increased binding observed in TFE may be due to proteins with significant packing between the hel!ces and
solvent effects, the major cause of enhanced binding is due!C0PS (Strynadka & James, 1989; Ikura, 1996), whiteA

to the formation of the C-helix. Additional evidence for this ONly has one calcium binding site. EF-hand peptides
conclusion comes from TFE titrations in the presence and dimerize and form a nativelike domain upon the addition of

absence of calcium and from control experiments with the C&!Cium (Shaw et al., 1990, 1992). Elbow and elbow-A do
loop peptide. not dimerize and are not expected to dimerize.
If formation of the C-helix results in increased calcium  Stabilization of the C-helix by the addition of TFE leads

binding, then calcium should stabilize the C-helix and alter t0 moderate to strong calcium binding. The binding site is
the helix-coil transition induced by TFE. With calcium formed from the same region which binds calcium in the
present, the helixcoil transition for elbow occurs at lower ~ intact protein. Presumably, formation of the C-helix pro-
concentrations of TFE, indicating that calcium is stabilizing Motes binding by bringing Asp 88 and Asp 89 into place
the C-helix (Figure 4). The TFE titration curves have been relative to thg rest of the binding reS|dues._ R_emoval of the
fit using the formalism developed by Jasanoff and Fersht 73—91 disulfide reduces but does not eliminate calcium
(1994). In 100 mM calcium the midpoint of the titration is  Pinding, indicating that formation of the C-helix rather than
at 1.1 M TFE (8% v/v) and without calcium present the the disulfide is the major determinant of calcium binding in
midpoint is at 1.6 M TFE (12% v/v). The calculatddh\G elbow and elbow-A.
(with Ca&* — without C&™) for helix formation is—2.0 kcal/ Work on disulfide variants ofi-LA has shown that full
mol at 50% TFE (v/v). Also noticable is that the hefix lengtha-LA without the disulfides, 7391 and 6177, does
coil transition is steeper in the presence of calcium. The not bind calcium (Wu et al., 1996). It is likely though, that
constant of proportionality, thexvalue, is 1.6 kcal/M with ~ the C-helix is not formed in this variant af-LA since it
calcium and 1.3 kcal/M without calcium. has been shown that the C-helix is not formed in a variant
Studies with the loop peptide provide further evidence that of a-LA containing only the 28111 disulfide (Schulman
a stable C-helix is important for calcium binding. The loop & Kim, 1996). Thus, in the full length protein, the 731
peptide does not contain the C-helix, but includes all the disulfide may be important for C-helix stability and therefore
calcium binding residues. The CD spectra of the loop needed for calcium binding. In the peptides studied here,
peptide in 50% TFE (v/v) show small changes in mean stabilization of the C-helix by changing solvent conditions
residue ellipticity (on the order of 1000 deg ¢omol*) at ~ leads to moderately strong calcium binding.
220 nm with the addition of Caglbut a plot of ellipticity An important step in the folding ofi-LA from molten
versus CaGlconcentration can not be fit to a single binding globule to native protein is the formation of nativelike
site model. A titration followed by 1D NMR gives results contacts between the partly nativelikesubdomain and the
similar to those observed for the loop peptide in water. less structureg3-domain. The C-helix and the calcium
Depending on which peaks are followed, different apparent binding loop contact both subdomains and do not have
Kg's are obtained. In this case though, the low€ss are nativelike characteristics in the molten globule. This implies
on the order of 1 mM. Thex- and 3-protons of Asp 84 that stabilization of the C-helix and calcium binding are
give apparenKy's of 1.2 and 1.6 mM, respectively. The important events in the transition from the molten globule
a-proton of Leu 85 and the methyl protons of Thr 86 give to the native protein. We have provided evidence that a
an apparenky of 0.9 mM. In 50% TFE (v/v) the loop  stable C-helix is important for calcium binding and that
peptide binds calcium approximately 20 times more weakly formation of the 73-91 disulfide is not sufficient to induce
than elbow and 6 times more weakly than elbow-A. This strong calcium binding in the absence of a structured C-helix.
indicates that the extra structure in elbow and elbow-A is The formation of the C-helix coupled with calcium binding
important for stronger binding and is important for forming is likely a crucial step which allows for nativelike contacts
a unique calcium binding site. The 2D NMR experiments between thex- and f-subdomains.
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