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ABSTRACT: The cellular functions of several S100 proteins involve specific interactions with phospholipids
and the cell membrane. The interactions between calbindin D9k (S100D) and the detergent dodecyl
phosphocholine (DPC) were studied using NMR spectroscopy. In the absence of Ca2+, the protein associates
with DPC micelles. The micelle-associated state has intact helical secondary structures but no apparent
tertiary fold. At neutral pH, Ca2+-loaded calbindin D9k does not associate with DPC micelles. However,
a specific interaction is observed with individual DPC molecules at a site close to the linker between the
two EF-hands. Binding to this site occurs only when Ca2+ is bound to the protein. A reduction in pH in
the absence of Ca2+ increases the stability of the micelle-associated state. This along with the corresponding
reduction in Ca2+ affinity causes a transition to the micelle-associated state also in the presence of Ca2+

when the pH is lowered. Site-specific analysis of the data indicates that calbindin D9k has a core of three
tightly packed helices (A, B, and D), with a dynamic fourth helix (C) more loosely associated. Evidence
is presented that the Ca2+-binding characteristics of the two EF-hands are distinctly different in a micelle
environment. The role of calbindin D9k in the cell is discussed, along with the broader implications for
the function of the S100 protein family.

A number of well-characterized proteins have been shown
to exist in dynamic exchange between cytosolic and mem-
brane-associated states, regulated by specific cellular signals.
Understanding the function and interactions of these proteins
in a cellular environment requires consideration of the laws
governing these interactions and the structural characteristics
of membrane and micelle-bound proteins.

This study concerns calbindin D9k (S100D), a small EF-
hand Ca2+-binding protein from the S100 subfamily, that
binds two Ca2+ with micromolar affinity and high cooper-
ativity. It is found in epithelial cells of the small intestine
and placenta, where it is believed to take part in uptake and
transcellular transport of Ca2+ (2-5), and in mineral
nucleation in matrix vesicles of epiphyseal cartilage and bone
(6). An interaction of calbindin D9k with lyso-phosphatidyl-
choline (lyso-PC),1 which is abundant in the intestinal brush-
border membrane has been reported (7). Although the
transport mechanism of Ca2+ bound by calbindin D9k is not
known, it is conceivable that it is modulated by direct

interactions with phospholipid monomers and aggregates,
including the cell membrane.

Calbindin D9k consists of two helix-loop-helix EF-hand
motifs connected by a linker segment and aâ-type interaction
between the Ca2+-binding sites (Figures 1A and 1B). The
C-terminal Ca2+-binding loop conforms to the regular 12-
residue EF-hand Ca2+-binding loop (II) that uses mainly side-
chain oxygen atoms for coordination (8, 9). The N-terminal
loop (I) on the other hand has the so-calledpseudoEF-hand
sequence unique to the N-terminal EF-hands of the S100
proteins, with a 14-residue Ca2+-binding loop that uses
primarily main-chain oxygen atoms for ion coordination (10,
11). Its structure, dynamics, and other biophysical properties
have been examined in great detail (e.g.,12-23).

Recentin Vitro studies of proteins using detergents such
as dodecyl phosphocholine (DPC) or sodium dodecyl sulfate
(SDS) have revealed that interactions of detergents with
water-soluble helical proteins may involve two phases. The
detergent is found to interact locally with a specific set of
hydrophobic residues in some proteins at low detergent
concentrations and then transforms the protein to a “molten-
globule-like” micelle bound form above the critical micelle
concentration (cmc) (e.g.,24, 25).

To obtain insights into the interaction of calbindin D9k with
phospholipid monomer, micelle, or membrane substrates and
to further probe the biophysical properties of the protein,

† This work was supported by an operating grant from the National
Institutes of Health (GM40120), the Vanderbilt Center in Molecular
Toxicology (NIH P30 ES00267), the Danish Natural Science Research
Foundation (SNF), and the Danish Biotechnological Instrument Centre
(DABIC), and fellowships to A.M. from the Swedish Foundation for
International Cooperation in Research and Higher Education (STINT)
and from Carlsbergfondet.

* To whom correspondence should be addressed. Telephone:
+45-8942-3866. Fax:+45-8619-6199. E-mail: anders@chem.au.dk
(A.M.); Telephone: 615-936-2209. Fax: 615-936-2211. E-mail:
walter.chazin@vanderbilt.edu (W.J.C.).

‡ Vanderbilt University.
§ University of Aarhus.

1 Abbreviations: CHAPS, 3-[(3-cholamidopropyl-dimethylammo-
nio)]-1-propane-sulfonate; cmc, critical micelle concentration; DNS,
1-(dimethylamino)naphthalene-5-sulphonate; DPC, dodecyl phospho-
choline; lyso-PC, lyso-phosphatidylcholine; SDS, sodium dodecyl
sulfate.

6502 Biochemistry2005,44, 6502-6512

10.1021/bi050088z CCC: $30.25 © 2005 American Chemical Society
Published on Web 04/09/2005



we have used NMR to explore the interaction between
calbindin D9k and DPC below and above the cmc, the
influence of pH, and the presence of Ca2+ (Figure 2).

MATERIALS AND METHODS

Sample Preparation. Uniformly 15N-labeled P43G2 cal-
bindin D9k was expressed inEscherichia coliand purified
as reported previously (26, 27). DPC was purchased from
Avanti (Avanti Polar Lipids, Alabaster, AL).

NMR Spectroscopy.The NMR experiments were con-
ducted at 300 K using Bruker Avance spectrometers operat-
ing at proton frequencies of 500.13 and 600.21 MHz.
Titrations of calbindin D9k with DPC in the absence and
presence of Ca2+ were followed by 2D 15N-1H HSQC
spectroscopy (28). All samples contained 0.04-0.15 mM
calbindin D9k, 20 mM KCl, 20 mM Tris, and 100µM NaN3.
DPC and pH titrations were made on apo (1 mM EDTA;
0-40 mM DPC at pH 7.4; pH 7.4-4.0 at 40 mM DPC) and
Ca2+-loaded calbindin D9k samples (4 mM CaCl2; 0-40 mM
DPC at pH 7.4 and 4.0; pH 7.4-1.7 at 40 mM DPC). DPC
was added in aliquots of 0.05, 0.2, and 1 M DPC in 20 mM
KCl, 20 mM Tris, and 100µM NaN3, and pH was adjusted
with aliquots of 1 M HCl and NaOH, respectively. The DPC
solutions were prepared by mixing dry DPC powder with
buffer. Exchange spectroscopy was carried out in the
presence of Ca2+ at 10 mM DPC at pH 4.7 using a 2D HSQC
experiment with a ZZ-exchange delay of 200 ms inserted
between the evolution and acquisition periods (1024 scans,
2048× 256 complex points) (29, 30). 3D TOCSY-HSQC
(68 ms) and 3D NOESY-HSQC (100 ms) experiments (31,

32) (16 scans, 1024× 16 × 80 complex points) of apo
calbindin D9k in 40 mM DPC at pH 4.0 were collected.1H
chemical shifts were referenced to the1H2O resonance at
4.736 ppm at 300 K (33, 34), and15N chemical shifts were
referenced indirectly via the1H frequency using the fre-
quency ratio (15N/1H) of 0.101 329 118 (35).

NMR Data Processing and Analysis. NMR data were
processed usingNMRPipe(36), with pure cosine window
functions and zero-filling to double size in both dimensions.
Assignments of HN and NH resonances at the various stages
of the titration were made usingNMRVIEW(37).

Hydrophobic Moment Calculations.The average per
residue hydrophobic momentµjH for ideal R helices was
calculated as (38, 39)

whereHi is the transfer free energy of theith residue in an
R helix from the membrane interior to water (40) and r i is
the normalized vector through the CR and perpendicular to
the helical axis.

CD Experiments. CD measurements were conducted in
10 mm quartz cuvettes using a Jasco J-720 spectropolarimeter
(Jasco Inc., Easton, MD). CD spectra were recorded as a
function of added DPC in the absence of Ca2+ at pH 7.4
and in the presence of Ca2+ at pH 4.0 and 7.4. Spectra were
collected in three scans from 170 to 300 nm with a step size
of 1 nm, an average time of 2 s for each point, and
background correction against a buffer blank.

2 To avoid cis-trans isomerism around the P43-S44 bond, the P43G
mutant was used (1).

FIGURE 1: Amino acid sequence and structures of P43G calbindin
D9k and DPC micelles. (A) (Ca2+)2 calbindin D9k secondary structure
(23) is indicated withr-helical residues in boldface andâ-sheet
residues underlined. Residues coordinating Ca2+ are marked with
an asterisk. (B) Ribbon diagram of Ca2+-loaded calbindin D9k (70).
(C) Chemical structure of dodecyl phosphocholine (DPC). (D)
Space filling models of calbindin D9k (left) and an MD-simulated
structure of a DPC micelle consisting of 54 monomers (71) (right).
Oxygen, phosphorus, nitrogen, and carbon atoms are colored black,
dark gray, gray, and light gray, respectively. The molecular graphics
in this paper were prepared using MOLMOL (72).

FIGURE 2: Schematic overview of the titration experiments
monitored by NMR and CD. Titration of apo calbindin D9k with
increasing amounts of DPC (A0-A2) and subsequent lowering of
pH (A2-A3). Titration of Ca2+-loaded calbindin D9k with increas-
ing amounts of DPC (B0-B2) and subsequent lowering of pH (B2-
B3). The shadowed plane marks the cmc.
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RESULTS

OVerView of the DPC Titrations.The impact of increasing
concentrations of DPC on calbindin D9k in the absence and
presence of Ca2+ and at different pH is manifested in changes
in the appearance of15N-1H HSQC spectra.

Addition of DPC in the Absence of Ca2+. When DPC is
added to apo calbindin D9k at neutral pH (7.4), only very
subtle spectral changes occur below the cmc (cf. Figure 2,
A0-A1). There is thus no sign of interactions with individual
DPC molecules. However, when DPC micelles start forming
as the DPC concentration is raised above the cmc (1 mM),
an interaction manifests itself by significant broadening of
most protein signals, some of which disappear (cf. Figure 2,
A1). At a DPC concentration of 10 mM, roughly corre-
sponding to 70 DPC molecules per protein molecule, most
signals have reappeared at a new position, indicating that a
significant population of the protein has shifted to a new
micelle-associated state. Many of the signals are broad and
remain broad also at a 4 times higher DPC concentration
(corresponding to almost 300 DPC molecules per protein
molecule; cf. Figure 2, A2). However, if the pH is decreased
(Figure 2, A2-A3), the signals sharpen up with significant
changes already apparent at pH 7. This behavior may either
be caused by changes in the equilibrium populations and/or
exchange rates between different micelle-associated states
or between micelle-associated and micelle-free states (Vide
infra). Figure 3 shows spectra of apo and micelle-associated
calbindin D9k.

Addition of DPC in the Presence of Ca2+. The scenario is
quite different when DPC is added to a solution of Ca2+-
saturated protein at neutral pH (7.4). Here, the specific
binding of individual DPC molecules results in changes in
the chemical shifts of a specific set of mainly hydrophobic
residues in the protein core below the cmc (Figure 4, cf.
Figure 2, B0-B1). The apparent midpoint is 0.9 mM DPC,
and the process saturates at∼10 mM DPC (Figure 5). Unlike
the apo state, no other changes are observed: there is no
trace of an interaction between the protein and the DPC
micelles even at 40 mM DPC (cf. Figure 2, B2). However,
if the pH of the Ca2+- and DPC-saturated sample is lowered
(Figure 2, B2-B3), micelle binding can better compete with
Ca2+ binding and a transition to a micelle-associated state

occurs with a midpoint around pH 5. At this pH, binding of
Ca2+ to site II causes the signals corresponding to the residues
around this site in the micelle-associated state to disappear
or significantly broaden. When the pH is lowered further,
Ca2+ leaves the site and the broadened signals appear and
sharpen. Around pH 4, the spectrum is virtually identical to
that obtained at similar pH in the absence of Ca2+ and it is
assumed that no Ca2+ is bound to the protein (cf. Figure 2,
B3 and A3; data not shown). No further spectral changes
occur when the pH is lowered to 1.7.

At various points during these experiments, CD spectros-
copy was used to establish that the overall helical content in
the protein was not significantly perturbed (data not shown).

Chemical-Shift Assignments: Ca2+-Loaded Calbindin D9k

Interacting with IndiVidual DPC Molecules.The association
of individual DPC molecules to Ca2+-loaded calbindin D9k

is fast on the NMR chemical-shift time scale (Vide infra),
and all resonances of the state with a DPC-molecule bound
could be assigned using the chemical-shift assignment of the
Ca2+-loaded state (41, 42) by following the signals as they
move as a function of added DPC.

Micelle-Associated Apo Calbindin D9k. In the transition
from the apo to the micelle-associated state, many of the
resonances undergo slow-to-intermediate exchange and can-
not be followed from one state to the other (Vide infra).
Consequently, chemical-shift assignment for the micelle-

FIGURE 3: Spectral changes in apo calbindin D9k are induced by
association with DPC micelles.15N-1H HSQC spectra of apo
calbindin D9k in the absence (gray; pH 7.4) and presence (black;
pH 4.0; 40 mM) of DPC micelles (cf. Figure 2, A0 and A3).

FIGURE 4: Binding of individual DPC molecules to Ca2+-loaded
calbindin D9k. Absolute changes in (A) HN and (B) NH chemical
shifts when DPC molecules bind to Ca2+-loaded calbindin D9k. The
R helices are represented by dark rectangles; theâ strands, by open
arrows; and the Ca2+-binding loops, by arcs.

FIGURE 5: Normalized DPC molecule-binding curves for residues
in (Ca2+)2 calbindin D9k. Data are shown for F36NH (b), Q67HN

(9), Q67Hε21 ([), K71HN (2), and I73NH (1). Theoretical curves
for one site binding with aKD of 0.5 mM (- - -) and two site binding
with infinite cooperativity and a meanKd of 0.63 mM (s) are shown
for comparison.
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associated state had to be obtained. A majority, 77 of 86
(65 of 74 backbone and all 12 side chain)15N-1H correlations
and 71 of 76 HR could be assigned. Many resonances were
assigned using the chemical-shift assignment of the apo state
(42, 43) by following the signals as they move as a function
of added DPC. Others were assigned by exchange experi-
ments (Vide infra). The assignments were verified, and most
of those not yet assigned were assigned using the 3D
TOCSY-HSQC and 3D NOESY-HSQC spectra of calbi-
ndin D9k acquired in 40 mM DPC at pH 4.0 in the absence
of Ca2+ (cf. Figure 2, A3).

Analysis of Chemical-Shift Perturbations.To provide
information about how calbindin D9k interacts with individual
DPC molecules as well as with DPC micelles, we have
analyzed the chemical-shift changes for the amide protons
(HN) and nitrogens (NH) induced by these interactions.

Interactions between Ca2+-Loaded Calbindin D9k and
IndiVidual DPC Molecules. The chemical-shift changes that
occur upon DPC association in the presence of Ca2+ are
relatively moderate (Figure 4, cf. Figure 2, B0-B2). The
largest chemical-shift changes [0.07< δ(HN) < 0.1 or 0.28
< δ(NH) < 0.6 ppm] occur for L32, F36, L39, F66, Q67,
K71, and I73 (Figure 4). These residues map to a hydro-
phobic cluster around the linker, pointing to a specific
binding site (Vide infra).

Interactions between Apo Calbindin D9k and DPC Mi-
celles.The chemical-shift changes that occur upon DPC-
micelle association of apo calbindin D9k are much more
significant than those for binding of individual DPC mol-
ecules to the Ca2+-loaded state (Figures 3 and 6, cf. Figure
2, A0-A2) and include a significant reduction in the
chemical-shift dispersion.

The chemical-shift changes between free and micelle-
associated calbindin D9k are as large as 1.2 and 5.3 ppm for
HN and NH, respectively (Figure 6). The largest chemical-
shift changes [|∆δ(HN)| > 1 ppm or|∆δ(NH)| > 4 ppm] are
measured for D19, L23, S24, and Q33 in EF-hand I and for
V61 and S62 in EF-hand II. Four of these (L23, S24, V61,
and S62) participate in theâ-type interaction between the
Ca2+-binding loops. Outside of theâ-type interactions, the
most important HN chemical-shift changes occur in helix A,
B, and D and loop I, while helix C and loop II are largely
unaffected. For NH, the largest changes occur in helix A and

loop I. The average changes in chemical shift for the
individual secondary structure elements are shown in Table
1.

Figure 6 shows an analysis of changes in NMR chemical
shifts of apo calbindin D9k upon association with a micelle.
The HN and NH chemical shift are normalized to the random-
coil values calculated using the SIMPRED web server at
redpoll.pharmacy.ualberta.ca (44). The data show that the
apo protein deviations from random-coil chemical shifts have
a far larger spread than the micelle-associated protein,
suggesting a lower level of tertiary interactions for the latter.

HR and side-chain proton chemical shifts typically exhibit
a smaller degree of scatter than HN chemical shifts because
of their lower sensitivity to differences in local parameters
such as pH and ionic strength. On the other hand, HR

chemical shifts have a well-explored relation to the backbone
conformation of the protein (45). L31 displays the largest
HR chemical-shift (+1.2 ppm) difference upon association
with a micelle. This residue has a uniquely low chemical
shift in the absence of DPC (2.3 and 2.9 ppm with and
without Ca2+, respectively) because of ring-current effects
from the closely packed aromatic ring of Y13. The return
of this chemical shift back to a value much closer to the
random coil is consistent with a loss of tertiary structure upon
association with micelles. Residues N21, Q22, L23, E60, and
S62, which are part of the cross-strandâ-type interaction in
the native folded protein (Figure 1) also show important
changes toward random-coil values, indicating the loss of
theâ interaction. The average HR chemical shifts of all non-
â-strand residues are 4.11( 0.05 and 4.14( 0.04 ppm, in
the apo and micelle-associated states, respectively, which
shows that the helical secondary structure is not significantly
different, consistent with the results from CD spectroscopy.

When comparing the HR chemical shifts of micelle-
associated and apo calbindin D9k with the random-coil values
(44), the profiles shown in Figure 8 are obtained. The patterns
are very similar except that all residues in theâ strands do
not display the chemical shifts typical of aâ interaction in
the micelle-associated state, except for S62. The helices are
essentially unaltered, with small changes in length (e.g., helix
A appears to stop already at A14). Many of the residues in
helix A and D show higher HR chemical shifts in the micelle-
associated state, although they are still in theR-helical range.
Many residues in loop I are affected, whereas almost no
changes are observed between L40 in the middle of the linker

FIGURE 6: Backbone amide chemical-shift changes in apo calbindin
D9k induced by association with DPC micelles. The changes in (A)
HN and (B) NH chemical shifts are shown relative to calculated
random-coil values. The chemical-shift changes occurring upon
micelle association are indicated with arrows, starting at the apo-
state shifts and ending at the shifts of the micelle-associated state.
The random-coil shifts were calculated using the SIMPRED web
server at redpoll.pharmacy.ualberta.ca (44).

Table 1: Average Chemical-Shift Changes upon Interaction of Apo
Calbindin D9k with DPC Micellesa, Calculated Using Absolute
Values for HN, NH, and HR and with a Sign for HR

structural
elementb

|∆δ(HN)|
(ppm)

|∆δ(NH)|
(ppm)

|∆δ(HR)|
(ppm)

∆δ(HR)
(ppm)

all 0.27( 0.03 1.23( 0.16 0.17( 0.03 0.02( 0.03
helix A 0.23( 0.04 1.61( 0.34 0.17( 0.05 0.04( 0.03
helix B 0.30( 0.07 1.41( 0.55 0.21( 0.12 0.09( 0.07
helix C 0.16( 0.03 0.37( 0.18 0.04( 0.01 0.15( 0.13
helix D 0.21( 0.07 0.97( 0.22 0.22( 0.08 0.01( 0.02
â sheet 0.78( 0.21 1.82( 0.87 0.47( 0.14 0.21( 0.08
loop I 0.43( 0.06 2.27( 1.09 0.24( 0.08 -0.45( 0.15
loop II 0.04( 0.02 0.47( 0.20 0.04( 0.01 -0.04( 0.14
linker 0.17( 0.04 0.90( 0.22 0.08( 0.02 -0.02( 0.02

a The limits are standard deviations of the mean.b Helices: A, 3-15;
B, 25-35; C, 46-53; and D, 63-74. â sheet: 22-24 and 60-62.
Loops: I, 16-21; and II, 54-59. Linker: 36-45.
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and secondâ strand (i.e., the C-terminal half of the linker,
helix C, and most of loop II).

NOE Contacts.Because of a combination of severe overlap
and relatively low resolution in the indirect dimension of
the NOESY-HSQC spectrum, few sequential NOE contacts
could be unambiguously assigned. A total of 47 HN

(i)-HN
(i+1),

36 HR
(i)-HN

(i+1), 12 HR
(i)-HN

(i+2), 6 HR
(i)-HN

(i+3), and no
HR

(i)-HN
(i+4) were identified. Many of thei-i+2 contacts

were located in loop I and the linker region, while thei-i+3
contacts were scattered through the protein except for three
contacts between E65-V68 and V68-K71 in the middle of
helix D (data not shown).

Many of the HN resonances show NOEs to water and to
the strong signal from the aliphatic protons on carbon 3-10
of DPC (H3-10) (Figures 1C and 9). The strongest water
NOEs appear at the termini and at the beginning of helix B.
Helices C and D show water NOEs with a periodicity that
might suggest a location on the micelle surface. Helix A and
loop I and II show almost no contacts with water, suggesting
that they are buried deeper down in the micelle. Most of the

HN resonances, with the exception of the N-terminal part of
loop II, show NOEs to the H3-10 of DPC. Here, the NOEs
for helix A show a periodicity that might suggest a location
on the micelle surface.

Equilibria and Exchange Rates.During the NMR experi-
ments, the protein is undergoing a number of chemical-
exchange processes between different states, some of which
involve interactions with Ca2+, individual DPC molecules,
and DPC micelles. Many of these processes occur with an
exchange rate that is comparable to the NMR chemical-shift
difference between the exchanging states. For exchange
between two states,

wherekex ()k1 + k-1) is the exchange rate between the two
states;∆ω, the angular frequency difference between the
resonances corresponding to the two isolated states;γ, the
gyromagnetic ratio;B0, the external magnetic field; and∆δ,
the chemical-shift difference between the two states. Ex-
change processes on this time scale influence the positions
and line widths of the resonance, and dynamic information
can be extracted from these.

When the rate of exchange is slow, two discrete peaks
appear at the positions corresponding to the NMR chemical
shifts of the two states. The broadening of resonances is
kex(1 - p), wherep is the relative population of that state.
When the rate of exchange is fast, one signal appears at a
position that is the population-weighted average of the two
states and with line broadening ofp(1 - p)(∆ω)2/kex.
Between these two regimes, the full Bloch-McConnel
equations (46) can be used to evaluate the data (47).

Interactions between Ca2+-Loaded Calbindin D9k and
IndiVidual DPC Molecules. When single DPC molecules
associate with Ca2+-loaded calbindin D9k at neutral pH (7.4)
(Figure 2, B0-B2), the exchange process occurs with a rate
that is fast compared to∆ω. Thus, only one set of signals is
observed with no excess line broadening. Because no
detectable line broadening is observed for Q67Hε21, which
undergoes the largest chemical-shift change (80 Hz), the off-
rate of DPC from Ca2+-loaded calbindin D9k must be faster
than 105 s-1.

The measured chemical shifts are the population-weighted
mean values of the chemical shifts of the free and associated
states. Thus, the relative populations can be estimated from
the normalized chemical-shift changes [i.e., (δ - δ0)/(δ∞ -
δ0), whereδ, δ0, andδ∞ are the chemical shifts at a particular
titration point and at the start and end of the titration,
respectively] determined by following the binding curve to
saturation. Using this approach, Ca2+-loaded calbindin D9k

appears to bind more than one DPC molecule coopera-
tively: the slope of the binding curve in Figure 5 exceeds
that possible for binding of a single molecule. A mean
dissociation constant (Kd) of 0.5 mM is derived from Figure

FIGURE 7: Structural mapping of HN and NH chemical-shift changes
in calbindin D9k (70) upon association with DPC micelles. Residues
are colored from red to blue according to the highest magnitude of
the experienced HN and NH chemical-shift change (after dividing
the NH changes by 4). Red indicates a large change [∆δ(HN) > 0.8
and ∆δ(NH) > 3.6 ppm], and blue indicates a small change
[∆δ(HN) < 0.2 and∆δ(NH) < 0.8 ppm], while gray indicates that
the chemical-shift change was not determined.

FIGURE 8: HR chemical-shift changes in apo calbindin D9k induced
by association with DPC micelles. The chemical shifts are normal-
ized relative to the calculated random-coil values. The chemical-
shift changes occurring upon micelle association are indicated with
arrows, starting at the apo-state shifts and ending at the shifts of
the micelle-associated state. Calculated chemical shifts forR helices
are indicated with gray bars. The random coil andR-helical
chemical shifts were calculated using the SIMPRED web server at
redpoll.pharmacy.ualberta.ca (44).

FIGURE 9: NOEs between HN and water and DPC protons.
Symbols: +, present;-, absent.

kex ≈ ∆ω ) γB0∆δ (2)
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5. Above the cmc (∼1 mM), DPC-micelle formation
competes with DPC molecule association, so the later part
of the binding curve is probably shallower than it would be
in the absence of micelle formation. It is also conceivable
that the saturation point of the curve in Figure 5 does not
represent a fully saturated binding site. However, regardless
of the details of the later stages of the binding curve, the
shape of the curve below cmc clearly shows that more than
one DPC molecule is involved. Data collected at pH 4
indicate that the interaction between calbindin D9k and DPC
is the same at acidic pH.

Interactions between Apo Calbindin D9k and DPC Mi-
celles.When apo calbindin D9k interacts with DPC micelles
at pH 7.4 (Figure 2, A1-A2), the protein exhibits intermedi-
ate exchange between the free and DPC micelle-associated
states. The exchange rates are similar to∆ω, i.e., on the
order of 1000 s-1. However, the individual signals do not
move linearly with an increasing DPC concentration, indica-
tive of contributions from more than two states. Therefore,
more than one micelle state must be considered. The excess
line broadening observed in the range 10-40 mM DPC is
caused by residual exchange processes occurring throughout
this range. Sharper signals at lower pH can be attributed to
a shift in the equilibrium toward one dominating state or to
a faster exchange between the different states.

Interactions between Ca2+-Loaded Calbindin D9k and DPC
Micelles. When the pH of Ca2+-saturated calbindin D9k in
the presence of a large excess of DPC micelles is decreased
from neutral (Figure 2, B2-B3), a transition to a micelle-
associated state occurs and gives rise to a second set of peaks.
Under the conditions used here, the transition has a midpoint
around pH 5 and occurs at a time scale that allows recording
of exchange cross-peaks (29, 30) (Figure 10A). The exchange
cross-peaks (200 ms exchange delay) provide partial assign-
ment of the membrane-associated state. Interestingly, these
are all located in EF-hand I and the linker with the exception
of the C-terminal residues K71-Q75 (Figure 10B). The time
scale of the exchange process can be evaluated from the
relative intensities of the exchange and autocorrelation cross-
peaks

whereICaCais the intensity of the N-H autocorrelation cross-
peak for the calcium-loaded DPC-free state,ICaDPC is the
intensity of the N-H exchange cross-peaks between the
calcium-loaded DPC-free state and the DPC-associated state,
pCa andpDPC are the populations of the two states, andτ is
the exchange delay (47). At pH 5, a population of about 60%
in the DPC-micelle-associated state is estimated from peak
intensities in the HSQC spectrum. The exchange peaks in
the 200 ms exchange spectrum show exchange peaks of
approximately 40% of the intensity of the peaks correspond-
ing to the DPC-micelle-associated state. An exchange rate
kex of 6 ( 3 s-1 can be estimated using eq 3.

The absence of exchange peaks for some of the residues
that show two sets of peaks at pH 5 suggests that they
exchange too slowly to be characterized in the exchange
experiment. This would imply an exchange rate of less than
about 0.5 s-1 (for <5% intensity). However, many of the
residues in and around loop II, where relatively large

chemical-shift changes are measured or expected, do not
yield detectable signals for the micelle-associated state at
this pH with Ca2+ present but appear when pH is further
decreased. The site thus appears to be subject to a more
complicated exchange process than the slowpseudotwo-
state process experienced by the residues in EF-hand I. The
location around EF-hand site II suggests that the exchange
process is related to residual Ca2+ association at this site.

DISCUSSION

Interaction with Isolated DPC Molecules.Isolated DPC
molecules associate with a hydrophobic cluster in Ca2+-
loaded calbindin D9k. The interaction involves two or more
DPC molecules. At neutral pH (7.4), the dissociation constant
(Kd) is 0.5 mM or weaker and the off rate is faster than∼105

s-1. The induced chemical-shift differences at the apparent

ICaDPC

ICaCa
)

pDPC{1 - exp(-kexτ)}
pCa + pDPC exp(-kexτ)

(3)

FIGURE 10: Exchange between (Ca2+)2-loaded and micelle-associ-
ated calbindin D9k. (A) HSQC (black) and exchange HSQC (red)
spectra at pH 5 in the presence of Ca2+ and DPC micelles (cf. Figure
2, B2-B3). Some of the protons that are most downfield-shifted
in the Ca2+-loaded state are labeled with the residue name, and
some of the residues showing exchange peaks are labeled with
boxes. Note that the downfield-shifted residues in loop I show
exchange peaks, while those in loop II do not. (B) Structural
mapping of the exchange behavior at pH 5 in the presence of Ca2+

and DPC micelles. Blue represents residues with exchange peaks
corresponding to an exchange rate of∼6 s-1 between Ca2+-loaded
and micelle-associated calbindin D9k; violet, residues for which no
exchange peaks were identified; pink, residues for which there are
clearly no exchange peaks; and red, residues for which signals
corresponding to the micelle-bound state are broadened beyond
detection.
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saturation point are small, indicating that DPC molecules
bind without any significant alteration of the structure. The
fact that only binding to the Ca2+-loaded state is detected
suggests that a hydrophobic “patch” suitable for DPC binding
is formed upon Ca2+ binding. The involvement of more than
one DPC molecule may reflect that one molecule is not
sufficiently large to saturate this “patch”.

The Ca2+ dependence agrees well with significant Ca2+-
induced reorganization of the packing of some of the residues
involved (22). Furthermore, the Ca2+-dependent formation
of a small hydrophobic patch on calbindin D9k provides an
explanation for the 25-fold increase in Ca2+ affinity when
one of the phenylalanines involved in the DPC interaction,
F66, is changed to a tryptophan (17). The larger tryptophan
side chain presumably stabilizes the Ca2+-loaded state by
filling part of the proposed Ca2+-induced hydrophobic
surface, thus increasing the Ca2+ affinity relative to the wild-
type protein.

Interestingly, a recent X-ray structure of the Ca2+-loaded
homodimeric form of the protein S100A9 (MRP14) shows
a molecule of the detergent CHAPS bound to a hydrophobic
patch at a similar position in the linker (48). Two of the
residues experiencing the largest chemical-shift changes in
the present study (L39 and I73) are homologous to residues
in direct contact with the CHAPS molecule. As shown in
Figure 11, where a CHAPS molecule from the S100 A9
structure (48) has been positioned relative to the calbindin
D9k structure by overlaying helices B, C, and D of the two
proteins, the interaction surface suggested by the changes
in chemical shifts does not cover the entire surface that would
be exposed to CHAPS. L49 and other residues in helix C

that cover this surface at the lower end in Figure 11 show
smaller chemical-shift changes. The interaction with DPC
is thus limited to the cleft between helix B and D, but because
a DPC molecule is about half the size of CHAPS (351
relative to 615 Da), the surface should be large enough to
interact with DPC molecules.

Interaction with DPC Micelles: Determinants of Micelle
Association.Calbindin D9k associates with DPC micelles in
the absence of Ca2+. The evidence of protein-micelle
complex formation is overwhelming: the transition only
occurs above the cmc for DPC; a new equilibrium state is
reached when there in theory should be a little bit more
micelles than proteins; NOE contacts to DPC occur through-
out the complexed protein; and the NMR spectrum changes
in the same way as in previous studies of micelle-association.

The interaction is pH-dependent: the structural heteroge-
neity at neutral pH, illustrated by the many broad resonances
seems to disappear when pH is decreased. Although the
narrower signals could also be explained by a faster exchange
between similarly populated states, it is more likely that there
actually is a stabilization of one state, because of the
reduction in charge and folding stability at lower pH (Vide
infra). An additional factor leading to increasing homogeneity
among the micelle-associated states might be the lower
number of charges that simultaneously need to find a suitable
polar environment.

DPC micelle association can also better compete with Ca2+

binding at lower pH (cf. Figure 2, B2-B3). This is in part
because the Ca2+ affinity decreases at acidic conditions (49).
At pH 5 (0.04 mM protein, 1 mM Ca2+, and 10 mM DPC),
we can measure roughly equal populations of the micelle-
associated and Ca2+-bound states. We can estimate an
apparent average Ca2+ dissociation constant for the two Ca2+

sites of around 1 mM. The values of the Ca2+ dissociation
constants are highly dependent on solution conditions such
as pH (49) and ionic strength (19). For example, Ca2+ binding
will be affected by electrostatic screening from charges on
the micelles. On the basis of previously reported data (19,
49), the Ca2+ dissociation constants can be estimated to be
of the order of 5µM at these conditions.

The aggregation number of DPC micelles is approximately
56 (50), resulting in 19-kD micelles (Figure 1D), although
the aggregation number of a protein-micelle system may
deviate significantly from that of the protein-free micelle
(51). With the concentrations in the titration made in the
absence of Ca2+, there are about 7 DPC molecules per protein
molecule at the cmc (1 mM), roughly corresponding to 1
micelle per 8 protein molecules. Hypothetically, a ratio of 1
micelle per protein molecule is obtained at 8.25 mM DPC.
This explains why most of the protein resonances are
exchanging between different states at DPC levels just above
cmc and agrees well with the saturation of many signals at
10 mM DPC in the absence of Ca2+.

To estimate the strength of the micelle-protein interaction,
an approximate “micelle-protein dissociation constant” can
be determined at conditions (pH 5, 0.04 mM protein, 1 mM
Ca2+, and 10 mM DPC) where the population of both the
micelle-associated and Ca2+-bound states (60 and 40%,
respectively) can be measured. Two assumptions are made:
(i) each micelle contains 56 DPC molecules, which corre-
sponds to 0.18 mM micelle in the sample, and (ii) only one
of the two Ca2+ ions needs to be released from the protein

FIGURE 11: Structural mapping of the site of interaction with
individual DPC molecules in Ca2+-loaded calbindin D9k. Residues
experiencing the largest chemical-shift changes are shown in red
[∆δ(HN) > 0.06 and∆δ(NH) > 0.24 ppm], and smaller changes
[0.06> ∆δ(HN) > 0.04 and 0.24> ∆δ(NH) > 0.16 ppm] are shown
in pink. Three of the hydrophobic residues with the highest
chemical-shift changes (F36, L39, and I73) form a cluster at the
surface. The other two (L32 and F66) are not surface-exposed. A
CHAPS molecule from the structure of S100A9 (48) was modeled
onto the structure of calbindin D9k (70) by aligning helices B, C,
and D of the two proteins.
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to allow micelle association. Under these conditions, the
dissociation constant for the micelle-protein complex is 0.16
times that of the dissociation constant of the first Ca2+ ion.
A Ca2+ dissociation constant on the order of 5µM (Vide
supra) yields a micelle-protein dissociation constant around
0.8 µM. It is important to note that, in fact, the micelle-
protein affinity is expected to be stronger than this value
because it is likely that the second Ca2+ ion also needs to be
released from the protein to reach full micelle affinity.

One central question is how general the behavior described
here is, and what the determinants for association with a
micelle, vesicle, or membrane are. Micelle, vesicle, or
liposome association as a one-step cooperative process has
been documented for a number of proteins including:
cytochromec, bovine serum albumin, and lysozyme (52, 53).
There are many examples in the literature of proteins that
associate with micelles at acidic pH. The reason for the pH
dependence was addressed by de Alba et al. (54) in a study
of the lysosomal protein saponin C, which activates lipid
degradation in a reversible pH-controlled manner (midpoint
pH 5.3). Using negative and neutral vesicles and charge
mutants, they concluded that the pH dependence is not a
result of unfavorable interactions with charged headgroups
but a result of a lack of favorable interactions with protein
charges in the apolar fatty acid tail environment (54). Thus,
two glutamate to glutamine mutations, eliminating two
negatively charged groups result in a higher pH for the
midpoint of the vesicle association. However, the stability
to unfolding of the protein is also important (55). This
probably explains why the Ca2+-loaded state resists micelle
association better despite the fact that it has a lower overall
charge: the melting point increases as much as 35°C upon
Ca2+ binding.

Structure. The HR chemical shifts show that the helices
are largely preserved, in agreement with CD measurements,
but that theâ-type interactions are lost (Figure 7 and Table
1). The loss ofâ-type interactions suggests a general loss of
native tertiary interactions and so does the negligible ring-
current contribution from the aromatic ring of Y13 to the
HR chemical shift of L31 in the micelle-associated state. This
contribution is conserved in the apo and Ca2+-loaded states
and shows how little the tertiary interactions vary with Ca2+

loading in EF-hand I. It is worth noting that in contrast to
the study of Bcl xL (24), the length of the helices in calbindin
D9k does not seem to change significantly upon micelle
association.

The fact that most backbone HN show NOEs to the DPC
protons suggests that the entire protein is dissolved in the
micelle (Figure 9). This observation is supported by the much
lower number of NOEs to water. Large stretches including
helix A and loop I and most of loop II appear to be without
contact to water. This is a very interesting situation consider-
ing that the micelle is only twice the size of the protein (19
compared to 9 kD; Figure 1D), assuming the number of DPC
molecules in the micelle does not change in the presence of
the protein. It should be noted that the observed NOEs
represent an average over many milliseconds and that all of
these NOEs do not have to be fulfilled simultaneously.
Interestingly, the NOEs between water and helix C agree
well with its surface orientation (Figure 9) suggested from
the hydrophobic moment. Helix C is clearly amphiphatic with
a strong hydrophobic moment that is well-defined along the

helix (data not shown). Although helices A, B, and D all
show amphiphatic tendencies, their average per residue
hydrophobic moments are much smaller and less well-
defined.

Many studies have indicated that helix C is more loosely
associated with the protein core than the other helices. In
the structure of the apo protein, the orientation of helix C
relative to the other helices is more uncertain (22); it has
faster HN exchange rates (21, 56), and it has lower average
H-N order parameters (13). Furthermore, in the apo state
of the F36G mutant of calbindin D9k, the deletion of an
aromatic side chain at the end of helix B leaves EF-hand I
mostly intact while entirely shifting the orientation of helix
C (57). In the present study, the changes in HN, NH, and HR

chemical shifts (Table 1) are all lower in helix C than in the
rest of the helices. An attractive explanation for the difference
in chemical-shift changes is that when apo calbindin D9k

comes into contact with DPC micelles, helices A, B, and D
are more perturbed by merging into the micelle, possibly
because they form a more rigidly packed unit than helix C
in the native state, while the clearly amphiphatic helix C is
more independent of the specific environment. The resulting
picture of the native protein includes helix A, B, and D and
loop I as one unit, with helix C and loop II floating on top.
This picture is in very good agreement with observations
for many other S100 proteins, where the reorientation of helix
C is by far the most significant structural change upon Ca2+

binding (58).
Dynamics. The transition between the micelle-free and

micelle-associated states requires large conformational rear-
rangements. When apo calbindin D9k associates with mi-
celles, the exchange rate is of the order of∼1000 s-1, but
the exchange rate with the Ca2+-loaded state is∼6 s-1.
Although the absence of exchange peaks for the residues in
EF-hand II (Figure 10) seems to indicate an exchange rate
that is too slow to produce exchange peaks, i.e.,< 0.5 s-1,
it is more likely that the exchange peaks are absent because
of an additional Ca2+ exchange phenomenon around loop II
(Figure 10). The fact that micelle association occurs more
readily and more than 100-fold faster with the apo protein
shows that the bound Ca2+ ions have to dissociate before
micelle association can occur and that Ca2+ dissociation is
the rate-limiting step in micelle association from the Ca2+-
loaded state. In fact, the observed exchange rate for micelle
association for the Ca2+-saturated protein agrees well with
Ca2+ off rates of 8.6( 1.5 and 48.0( 7.0 s-1, obtained
using stopped-flow measurements [100 mM KCl at 20°C
and pH 7.0 (59)].

The different exchange processes occurring in the two sites
suggests that there is a difference in terms of the ability to
bind Ca2+ when associated with the micelle, where micelle
association seems to be intimately coupled to the loss of Ca2+

binding to EF-hand I, while EF-hand II may retain part of
its Ca2+ affinity in the micelle-associated state. This suggests
that loop I needs tertiary interactions to be able to form a
Ca2+-binding site, while loop II does not. The suggested
localization of helix C on the surface might also be important
in allowing Ca2+ binding to loop II.

The distinctive EF-hand I of calbindin D9k is considerably
more selective for Ca2+ than EF-hand II, the canonical EF-
hand (Vide supra) (14, 60). The conformational changes to
accommodate Ca2+ are also smaller in EF-hand I (12, 22,
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61). Also, Ca2+ induced the changes in the pico- to
nanosecond dynamics of EF-hand I that are much smaller
than those for EF-hand II (13, 16). This feature appears to
be a characteristic of the entire EF-hand (I) rather than of
its Ca2+-binding loop alone (20). The adaptivity of the regular
EF-hand (II) is demonstrated by the X-ray structure of the
(Mg2+)1 state of calbindin D9k, which shows that the smaller
Mg2+ is accommodated in site II by translating helix C about
2 Å toward loop II compared to the apo and Ca2+-loaded
states (14). Remarkably, if indeed there is residual Ca2+ in
EF-hand site (II) in the micelle-associated state, our notion
of the adaptability of this site is extended significantly.

Biological Function.In this study, we have found clear
evidence that the cytosolic protein calbindin D9k interacts
with DPC molecules and micelles. These results suggest the
potential involvement of interactions with phospholipids and
membranous material in the function of this protein in the
cell.

A study of Chiba and Mohri (7) shows interesting
resemblance with the present results. They found that a
number of lysophospholipids had an enhancing effect on the
fluorescence of DNS-labeled calbindin D9k, suggesting a
greater accessibility to the solvent for the DNS probe. The
effect was only present in the absence of Ca2+ and only with
lysophospholipids, which is interesting because DPC and
lysophospholipids have the same headgroup. The lysophos-
pholipids also protect calbindin D9k from proteolytic digestion
in the absence of Ca2+. The authors suggested that the
interaction was not dependent on micelle formation because
effects were observed below the cmc. However, in the light
of the uncertainty in the aggregation number in a protein-
containing micelle (Vide supra), we find it likely that this
interaction indeed is analogous to the interaction with DPC
micelles studied here. Most interestingly, one of the lyso-
phospholipids, lyso-phosphatidylcholine (lyso-PC), consti-
tutes 8.7% of the total phospholipid content in rat intestinal
brush border membrane. Calbindin D9k is also known to be
present at very high levels in the lining of enterocytes (Vide
infra) (62).

Calbindin D9k has a relatively high affinity for Ca2+ [Kd,mean

) 400 nM at 150 mM KCl, pH 7.5; (19)]. This is a critical
property in its role in Ca2+ uptake, where it is essential to
chelate Ca2+ at a level allowing for effective transport while
at the same time maintaining Ca2+ homeostasis. The experi-
ments reported here show that the interaction with phospho-
lipids or phospholipid aggregates, such as the cell membrane,
may have an impact on the Ca2+-transport dynamics by
calbindin D9k. The interaction with DPC monomers in the
Ca2+-loaded state suggests that the Ca2+ affinity may be
tuned by the concentration of small amphiphilic lipids and
vice versa.

The low pH required for DPC micelle interactions to
compete with Ca2+ binding to calbindin D9k in our experi-
ments is far below physiological pH, although significant
variation in pH is well-known in certain cell compartments.
Calbindin D9k is strictly found inside epithelial cells of the
small intestine and placenta and not exported to the rather
acidic extracellular compartments of these organs. When it
is exported into matrix vesicles in epiphyseal cartilage and
bone (6), the pH of the surrounding cartilage fluids is around
7.6 (63). Micelle association competes with Ca2+ binding,
which is strongest between pH 7 and 9 (49). At pH 5, where

our measurements show about equal populations of the Ca2+-
loaded and the micelle-associated states, there is only a 30-
fold attenuation of the Ca2+ affinity (low salt, 25°C) (49).
However, the equilibrium point depends on the numbers of
Ca2+ and DPC-micelles available, and calbindin D9k binding
to DPC-micelle-like structures may well be competitive
under a number of conditions. Furthermore, the interactions
with DPC micelles presumably differ significantly from those
with, e.g., the phospholipid membrane in a cell, which has
a large surface area and where negatively charged headgroups
give rise to a surface potential that lowers the local pH at
the membrane surface significantly compared to the bulk pH
(64, 65).

In the enterocytes lining the brush border membrane, high
levels of self-diffusing calbindin D9k allow a highertrans-
cellular Ca2+ flux while allowing the free Ca2+ levels in the
cytoplasm to stay relatively low (2, 66, 67). One may
speculate that if the apo state would have an affinity for the
membranes in the cell it could, for example, make it easier
for calbindin D9k to give up the Ca2+ at the outlet. However,
binding to the membrane at the outlet would impair diffusion
of apo calbindin D9k back to the inlet at the brush border
membrane. On the other hand, if the affinity is significant
only at the presumably more acidic brush border membrane,
it would be expected to lead to higher local concentrations
of both apo calbindin D9k and Ca2+ at the inlet, which might
have a positive impact on the Ca2+ dynamics. To judge the
implications of calbindin D9k-phospholipid interactions on
trans-cellular Ca2+ flux, a new set of computer simulations
such as those of Feher et al. (67) need to be made.

Our observations may also have implications for the
function of the ancestral full-length S100 proteins. As
discussed earlier, it is likely that many of the highly
homologous S100 proteins interact with fatty acids and
detergents in a manner similar to DPC and calbindin D9k.
Furthermore, they have a lower affinity for Ca2+ and a lower
charge, making interactions with phospholipid aggregates
more favorable and more competitive relative to Ca2+

binding.
Finally, the present data may also suggest a rather

speculative mechanism for how S100B (68) and other S100
proteins could be secreted without a signal peptide. The
potential association with the cell membrane may be a first
step toward membrane passage in a way similar to antimi-
crobial peptides (69). The alternating affect of Ca2+ binding
would then provide a means to regulate this function. The
low (∼100µm) Ca2+ affinities of most of the S100 proteins
would enable export from an intracellular compartment with
less than 10µM Ca2+ but not import from the extracellular
milieu with 1 mM Ca2+.
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