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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($100D) and the detergent dodecyl
phosphocholine (DPC) were studied using NMR spectroscopy. In the absence ah€arotein associates

with DPC micelles. The micelle-associated state has intact helical secondary structures but no apparent
tertiary fold. At neutral pH, C&-loaded calbindin bk 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 wher?Cia bound to the protein. A reduction in pH in

the absence of Caincreases the stability of the micelle-associated state. This along with the corresponding
reduction in C&" affinity causes a transition to the micelle-associated state also in the presence of Ca
when the pH is lowered. Site-specific analysis of the data indicates that calbiadia®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 €abinding characteristics of the two EF-hands are distinctly different in a micelle
environment. The role of calbindinddin 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 interactions with phospholipid monomers and aggregates,
to exist in dynamic exchange between cytosolic and mem- including the cell membrane.
brane-associated states, regulated by specific cellular signals. Calbindin Dy consists of two helixloop—helix EF-hand
Understanding the function and interactions of these proteinsmotifs connected by a linker segment ang-gpe interaction
in a cellular environment requires consideration of the laws between the Ca-binding sites (Figures 1A and 1B). The
governing these interactions and the structural characteristicsSC-terminal C&*-binding loop conforms to the regular 12-
of membrane and micelle-bound proteins. residue EF-hand Ca-binding loop (II) that uses mainly side-

This study concerns calbindingd(S100D), a small EF- chain oxygen atoms for coordinatio8, ©). The N-terminal
hand Ca*-binding protein from the S100 subfamily, that 00P () onthe other hand has the so-calestudcEF-hand
binds two C&" with micromolar affinity and high cooper- ~ S€duénce unique to the N-terminal EF-hands of the S100
ativity. It is found in epithelial cells of the small intestine pr_otemls, with ?1 14-residue %b"]ld"!g loop that uses
and placenta, where it is believed to take part in uptake and primarily main-chain oxygen atoms for lon coordmaﬂd:ﬁ),( .
transcellular transport of @a (2—5), and in mineral 11). Its structure, _dynar_mcs, and oth_er biophysical properties
nucleation in matrix vesicles of epiphyseal cartilage and bone have been examined in great detail (eX+-23).

. ; - : : Recentin vitro studies of proteins using detergents such
6). An interaction of calbindin b with lyso-phosphatidyl- . :
E:h)oline (lyso-PCY,which is abundant in the intestinal brush- as dodecyl phosphocholine (DPC) or sodium dodecy! sulfate

border membrane has been reportdd. (Although the (SDS) have revealed that interactions of detergents with
transport mechanism of Gabound by cal'bindin B is not water-soluble helical proteins may involve two phases. The

known, it is conceivable that it is modulated by direct detergent IS foun_d to Interact locally W'th a specific set of
hydrophobic residues in some proteins at low detergent

concentrations and then transforms the protein to a “molten-

' This wofrk Wc':IlShSl(,IGpporE)edzggl ar? operaéingb _?rzént from the rxllatiolnal globule-like” micelle bound form above the critical micelle
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Ficure 1: Amino acid sequence and structures of P43G calbindin
Dgx and DPC micelles. (A) (Ga), calbindin Dy secondary structure
(23) is indicated witha-helical residues in boldface anglsheet
residues underlined. Residues coordinating"Gae marked with

an asterisk. (B) Ribbon diagram of €doaded calbindin kg (70).

(C) Chemical structure of dodecyl phosphocholine (DPC). (D)
Space filling models of calbindin § (left) and an MD-simulated
structure of a DPC micelle consisting of 54 monom@& (right).
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Oxygen, phosphorus, nitrogen, and carbon atoms are colored blackFigure 2:  Schematic overview of the titration experiments
dark gray, gray, and light gray, respectively. The molecular graphics monitored by NMR and CD. Titration of apo calbindin,Dwith

in this paper were prepared using MOLMOTZj.

we have used NMR to explore the interaction between
calbindin Dy and DPC below and above the cmc, the
influence of pH, and the presence of?C4Figure 2).

MATERIALS AND METHODS

Sample PreparationUniformly °N-labeled P43& cal-
bindin Dgx was expressed ischerichia coliand purified
as reported previously26, 27). DPC was purchased from
Avanti (Avanti Polar Lipids, Alabaster, AL).

NMR SpectroscopyThe NMR experiments were con-

increasing amounts of DPC (AfA2) and subsequent lowering of
pH (A2—A3). Titration of C&*-loaded calbindin Iy with increas-
ing amounts of DPC (B6B2) and subsequent lowering of pH (B2
B3). The shadowed plane marks the cmc.

32) (16 scans, 1024« 16 x 80 complex points) of apo
calbindin Dy in 40 mM DPC at pH 4.0 were collectetH
chemical shifts were referenced to tHe,0 resonance at
4.736 ppm at 300 K33, 34), and*>N chemical shifts were
referenced indirectly via théH frequency using the fre-
guency ratio ¥N/*H) of 0.101 329 11835).

NMR Data Processing and AnalysisSIMR data were
processed usin§lMRPipe(36), with pure cosine window

ducted at 300 K using Bruker Avance spectrometers operat-functions and zero-filling to double size in both dimensions.

ing at proton frequencies of 500.13 and 600.21 MHz.
Titrations of calbindin @k with DPC in the absence and
presence of Ca were followed by 2DN-'H HSQC
spectroscopy28). All samples contained 0.640.15 mM
calbindin Dy, 20 mM KCI, 20 mM Tris, and 10@M NaNs.
DPC and pH titrations were made on apo (1 mM EDTA,
0—40 mM DPC at pH 7.4; pH 744.0 at 40 mM DPC) and
Cé&*-loaded calbindin B samples (4 mM Cagl0—40 mM
DPC at pH 7.4 and 4.0; pH 7-4L.7 at 40 mM DPC). DPC
was added in aliquots of 0.05, 0.2,cah M DPC in 20 mM
KCI, 20 mM Tris, and 10«M NaNs;, and pH was adjusted
with aliquots d 1 M HCI and NaOH, respectively. The DPC
solutions were prepared by mixing dry DPC powder with

Assignments of M and N resonances at the various stages
of the titration were made usingMRVIEW(37).

Hydrophobic Moment CalculationsThe average per
residue hydrophobic momenmnt; for ideal o helices was
calculated as38, 39)

1)

whereH; is the transfer free energy of tligh residue in an
o helix from the membrane interior to watetQ) andr; is
the normalized vector through the* @nd perpendicular to

buffer. Exchange spectroscopy was carried out in the the helical axis.

presence of Gd at 10 mM DPC at pH 4.7 using a 2D HSQC

CD ExperimentsCD measurements were conducted in

experiment with a ZZ-exchange delay of 200 ms inserted 10 mm quartz cuvettes using a Jasco J-720 spectropolarimeter
between the evolution and acquisition periods (1024 scans,(Jasco Inc., Easton, MD). CD spectra were recorded as a

2048 x 256 complex points)29, 30). 3D TOCSY-HSQC
(68 ms) and 3D NOESY¥HSQC (100 ms) experiment81,

2To avoid cis-trans isomerism around the P4344 bond, the P43G
mutant was usedj.

function of added DPC in the absence of°Cat pH 7.4
and in the presence of €aat 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 timefa@ s for each point, and
background correction against a buffer blank.
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Ficure 4: Binding of individual DPC molecules to €aloaded
10 9 8 7 ry calbindin Dy. Absolute changes in (A) Hand (B) N' chemical
HN chemical shift (ppm) shifts when DPC molecules bind to €doaded calbindin B. The

o helices are represented by dark rectanglesftsieands, by open

Ficure 3: Spectral changes in apo calbindigg@re induced by arrows; and the Ca-binding loops, by arcs.

association with DPC micelles®N-1H HSQC spectra of apo
calbindin Dy in the absence (gray; pH 7.4) and presence (black;
pH 4.0; 40 mM) of DPC micelles (cf. Figure 2, AO and A3).

-

©
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RESULTS

Overview of the DPC TitrationsThe impact of increasing
concentrations of DPC on calbindinBin the absence and
presence of Cd and at different pH is manifested in changes
in the appearance dfN-'H HSQC spectra.

Addition of DPC in the Absence of &aWhen DPC is
added to apo calbindin d2 at neutral pH (7.4), only very
subtle spectral changes occur below the cmc (cf. Figure 2,
A0—AL). There is thus no sign of interactions with individual
DPC molecules. However, when DPC micelles start forming . : - .

L . Ficure 5: Normalized DPC molecule-binding curves for residues
as the DPC concentration is raised above the cmc (1 mM), i, (cz2+), calbindin Dy. Data are shown for F36N(®), Q67HY
an interaction manifests itself by significant broadening of (m), Q67H?2! (#), K71H" (a), and 173N (¥). Theoretical curves
most protein signals, some of which disappear (cf. Figure 2, for one site binding with &5 of 0.5 mM (- - -) and two site binding
Al). At a DPC concentration of 10 mM, roughly corre- with infinite cooperativity and a meafy of 0.63 mM (=) are shown
sponding to 70 DPC molecules per protein molecule, most o comparison.

signals have reappeared at a new position, indicating that a , S . .
significant population of the protein has shifted to a new occurs with a midpoint around pH 5. At this pH, binding of

micelle-associated state. Many of the signals are broad andCaz+ to Sit? I causes the sjgnals corregponding to the 'residues
remain broad alsotaa 4 times higher DPC concentration around this site in the micelle-associated state to disappear

[ i ignificantly broaden. When the pH is lowered further,
(corresponding to almost 300 DPC molecules per protein 0" 319N : _
molecule; cf. Figure 2, A2). However, if the pH is decreased Ce" leaves the site and the broadened signals appear and

(Figure 2, A2-A3), the signals sharpen up with significant sharpen..Around PH.4' the :_spectrum is virtually |deqt|9al to
changes already apparent at pH 7. This behavior may eitherthat obtained at S|m|liar pH in the absence_ oFCanq Itis

be caused by changes in the equilibrium populations and/or""SSumed that no ais bound to the protein (cf. Figure 2,
exchange rates between different micelle-associated state?e’ and A3; data not shown). No further spectral changes
or between micelle-associated and micelle-free stafée ( oceur When the. pH is Ipwered to1.7. )

infra). Figure 3 shows spectra of apo and micelle-associated At various points during these experiments, CD spectros-
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N

1
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o

calbindin Dy copy was used to establish that the overall helical content in
Addition of DPC in the Presence of €aThe scenariois  the protein was not significantly perturbed (data not shown).
quite different when DPC is added to a solution ofGa Chemical-Shift Assignments: €al.oaded Calbindin

saturated protein at neutral pH (7.4). Here, the specific Interacting with Individual DPC MoleculesThe association
binding of individual DPC molecules results in changes in of individual DPC molecules to Cé&loaded calbindin kg

the chemical shifts of a specific set of mainly hydrophobic is fast on the NMR chemical-shift time scaleide infra),
residues in the protein core below the cmc (Figure 4, cf. and all resonances of the state with a DPC-molecule bound
Figure 2, BG-B1). The apparent midpoint is 0.9 mM DPC, could be assigned using the chemical-shift assignment of the
and the process saturates-d0 mM DPC (Figure 5). Unlike ~ Cé&*-loaded state41, 42) by following the signals as they
the apo state, no other changes are observed: there is nghove as a function of added DPC.

trace of an interaction between the protein and the DPC Micelle-Associated Apo CalbindingR In the transition
micelles even at 40 mM DPC (cf. Figure 2, B2). However, from the apo to the micelle-associated state, many of the
if the pH of the Ca"- and DPC-saturated sample is lowered resonances undergo slow-to-intermediate exchange and can-
(Figure 2, B2-B3), micelle binding can better compete with not be followed from one state to the otheidg infra).

C&" binding and a transition to a micelle-associated state Consequently, chemical-shift assignment for the micelle-
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Ficure 6: Backbone amide chemical-shift changes in apo calbindin
Dok induced by association with DPC micelles. The changes in (A)
HN and (B) N* 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.dd)(

associated state had to be obtained. A majority, 77 of 86
(65 of 74 backbone and all 12 side chaify-'H correlations
and 71 of 76 M could be assigned. Many resonances were
assigned using the chemical-shift assignment of the apo stat
(42, 43) by following the signals as they move as a function
of added DPC. Others were assigned by exchange exper
ments ¢ide 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 Dgx acquired in 40 mM DPC at pH 4.0 in the absence
of Cat (cf. Figure 2, A3).

Analysis of Chemical-Shift Perturbation3.o provide
information about how calbindin dpinteracts with individual
DPC molecules as well as with DPC micelles, we have
analyzed the chemical-shift changes for the amide protons
(HY) and nitrogens (N) induced by these interactions.

Interactions between C&Loaded Calbindin [ and
Individual DPC MoleculesThe chemical-shift changes that
occur upon DPC association in the presence ofGae
relatively moderate (Figure 4, cf. Figure 2, BB2). The
largest chemical-shift changes [0.876(HN) < 0.1 or 0.28
< 0(N") < 0.6 ppm] occur for L32, F36, L39, F66, Q67,
K71, and 173 (Figure 4). These residues map to a hydro-
phobic cluster around the linker, pointing to a specific
binding site ¢ide infra).

Interactions between Apo CalbindingDand DPC Mi-
celles.The chemical-shift changes that occur upon BPC
micelle association of apo calbindingDare much more
significant than those for binding of individual DPC mol-
ecules to the Ca-loaded state (Figures 3 and 6, cf. Figure
2, A0O—A2) and include a significant reduction in the
chemical-shift dispersion.

The chemical-shift changes between free and micelle-
associated calbindindpare as large as 1.2 and 5.3 ppm for
HN and N, respectively (Figure 6). The largest chemical-
shift changes|AS(HY)| > 1 ppm or|Ad(NH)| > 4 ppm] are
measured for D19, L23, S24, and Q33 in EF-hand | and for
V61 and S62 in EF-hand Il. Four of these (L23, S24, V61,
and S62) participate in thg-type interaction between the
Cé&'-binding loops. Outside of thg-type interactions, the
most important M chemical-shift changes occur in helix A,

B, and D and loop I, while helix C and loop Il are largely
unaffected. For N, the largest changes occur in helix A and

Biochemistry, Vol. 44, No. 17, 200%505

Table 1: Average Chemical-Shift Changes upon Interaction of Apo
Calbindin Dy with DPC Micelles, Calculated Using Absolute
Values for HY, NH, and H and with a Sign for {4

structural  |[ASO(HN)) |AS(NM)| |AS(HY)| AS(H®)
element (ppm) (ppm) (ppm) (ppm)

all 0.27+0.03 1.23+0.16 0.17£0.03  0.02+0.03
helix A 0.232+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  0.1640.03 0.37£0.18 0.04+0.01  0.15+0.13
helixD  0.21+0.07 0.97+0.22 0.22+0.08  0.01+ 0.02
Bsheet 0.78:0.21 1.82+0.87 0.47+0.14  0.21+0.08
loopl  0.43+0.06 2.27+1.09 0.24+0.08 —0.45+0.15
loopll  0.04+0.02 0.47+0.20 0.04+0.01 —0.04+0.14
linker ~ 0.1740.04 0.90+ 0.22 0.08+0.02 —0.02+ 0.02

aThe limits are standard deviations of the meaHelices: A, 3-15;
B, 25-35; C, 46-53; and D, 63-74. 3 sheet: 22-24 and 66-62.
Loops: 1, 16-21; and Il, 54-59. Linker: 36-45.

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 B upon association with a micelle.

®he HY and N chemical shift are normalized to the random-

coil values calculated using the SIMPRED web server at
redpoll.pharmacy.ualberta.cd4). 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.
H® and side-chain proton chemical shifts typically exhibit
a smaller degree of scatter thaf hemical shifts because
of their lower sensitivity to differences in local parameters
such as pH and ionic strength. On the other hané, H
chemical shifts have a well-explored relation to the backbone
conformation of the proteindf). L31 displays the largest
H® 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 C&*, 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-strghwtlype interaction in
the native folded protein (Figure 1) also show important
changes toward random-coil values, indicating the loss of
thef interaction. The average*themical shifts of all non-
p-strand residues are 4.1 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 H chemical shifts of micelle-
associated and apo calbindiggvith the random-coil values
(44), the profiles shown in Figure 8 are obtained. The patterns
are very similar except that all residues in fhstrands do
not display the chemical shifts typical offainteraction 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 Hchemical shifts in the micelle-
associated state, although they are still indHeelical range.
Many residues in loop | are affected, whereas almost no
changes are observed between L40 in the middle of the linker
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FicUrRe 9: NOEs between M and water and DPC protons.
Symbols: +, present;—, absent.

HN resonances, with the exception of the N-terminal part of
loop 11, show NOEs to the £1° of DPC. Here, the NOEs
for helix A show a periodicity that might suggest a location
on the micelle surface.

Equilibria and Exchange RateBuring the NMR experi-
ments, the protein is undergoing a number of chemical-
exchange processes between different states, some of which
involve interactions with Cd, individual DPC molecules,
Ficure 7: Structural mapping of Mand N chemical-shift changes and DPC mlcelles..Many of these processes occur with gn
in calbindin Dy (70) upon association with DPC micelles. Residues €Xchange rate that is comparable to the NMR chemical-shift

are colored from red to blue according to the highest magnitude of difference between the exchanging states. For exchange
the experienced Mand N*' chemical-shift change (after dividing  petween two states,

the N changes by 4). Red indicates a large chadg®IHN) > 0.8

and Ao(N") > 3.6 ppm], and blue indicates a small change ~ —

[AO(HN) < 0.2 andAd(N) < 0.8 ppm], while gray indicates that Kex ™ Aw = yBoAd (2)

the chemical-shift change was not determined.

wherekex (=k; + k_1) is the exchange rate between the two
states;Aw, the angular frequency difference between the
resonances corresponding to the two isolated statetsie
gyromagnetic ratioBy, the external magnetic field; ansb,
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
0 10 20 30 40 50 60 70 appear at the positions corresponding to the NMR chemical
_ residue number o shifts of the two states. The broadening of resonances is
Ficure 8: H* chemical-shift changes in apo calbindigdihduced ke(1 — p), wherep is the relative population of that state.

by association with DPC micelles. The chemical shifts are normal- . .
ized relative to the calculated random-coil values. The chemical- WWhen the rate of exchange is fast, one signal appears at a

shift changes occurring upon micelle association are indicated with position that is the population-weighted average of the two
arrows, starting at the apo-state shifts and ending at the shifts ofstates and with line broadening @{1 — p)(Aw)%Kex.
the micelle-associated state. Calculated chemical shifts falices Between these two regimes, the full BleekicConnel

are indicated with gray bars. The random coil aachelical .
chemical shifts weregcal)(/:ulated using the SIMPRED web server at equatlons_46) can be used to evaluate the_ d?ﬁ)(
redpoll.pharmacy.ualberta.ca4j. Interactions between C&Loaded Calbindin [ and
Individual DPC Molecules When single DPC molecules
and secong? strand (i.e., the C-terminal half of the linker, associate with Cd-loaded calbindin b at neutral pH (7.4)
helix C, and most of loop II). (Figure 2, BO-B2), the exchange process occurs with a rate
NOE ContactsBecause of a combination of severe overlap that is fast compared taw. Thus, only one set of signals is
and relatively low resolution in the indirect dimension of observed with no excess line broadening. Because no
the NOESY-HSQC spectrum, few sequential NOE contacts detectable line broadening is observed for Q6%Hvhich
could be unambiguously assigned. A total of 4%HHN 1), undergoes the largest chemical-shift change (80 Hz), the off-
36 H*n—HNi41), 12 H—HNii2), 6 H*—HNi13, and no rate of DPC from C#&-loaded calbindin b must be faster
H%;—HNi14y were identified. Many of the—i+2 contacts  than 10 s™%
were located in loop | and the linker region, while thé+3 The measured chemical shifts are the population-weighted
contacts were scattered through the protein except for threemean values of the chemical shifts of the free and associated
contacts between E65/68 and V68-K71 in the middle of states. Thus, the relative populations can be estimated from
helix D (data not shown). the normalized chemical-shift changes [i.@., d)/(0 —
Many of the H resonances show NOEs to water and to dg), whered, do, andd.. are the chemical shifts at a particular
the strong signal from the aliphatic protons on carbeii@ titration point and at the start and end of the titration,
of DPC (H19 (Figures 1C and 9). The strongest water respectively] determined by following the binding curve to
NOEs appear at the termini and at the beginning of helix B. saturation. Using this approach, €doaded calbindin b
Helices C and D show water NOEs with a periodicity that appears to bind more than one DPC molecule coopera-
might suggest a location on the micelle surface. Helix A and tively: the slope of the binding curve in Figure 5 exceeds
loop I and Il show almost no contacts with water, suggesting that possible for binding of a single molecule. A mean
that they are buried deeper down in the micelle. Most of the dissociation constankg) of 0.5 mM is derived from Figure

(ppm)

H
©
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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 calbindig Bnd DPC
is the same at acidic pH.

Interactions between Apo CalbindingDand DPC Mi-
celles.When apo calbindin B interacts with DPC micelles
at pH 7.4 (Figure 2, AXA2), the protein exhibits intermedi-
ate exchange between the free and DPC micelle-associated
states. The exchange rates are similar\to, i.e., on the
order of 1000 s 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-4® 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 G&Loaded Calbindin and DPC
Micelles When the pH of C#&-saturated calbindin § in
the presence of a large excess of DPC micelles is decreased
from neutral (Figure 2, B2B3), 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-peak&9( 30) (Figure 10A). The exchange
cross-peaks (200 ms exchang.e delay) provide partlal aSSIgn'spectra at pH 5 in the presence ofCand DPC micelles (cf. Figure
ment of the membrane-associated state. Interestingly, these B2-B3). Some of the protons that are most downfield-shifted
are all located in EF-hand | and the linker with the exception in the C&*-loaded state are labeled with the residue name, and

A 105

(PPm)

=

NH chemical shift
=

[+
o

Ficure 10: Exchange between (&3,-loaded and micelle-associ-
ated calbindin L. (A) HSQC (black) and exchange HSQC (red)

of the C-terminal residues K#Q75 (Figure 10B). The time
scale of the exchange process can be evaluated from th
relative intensities of the exchange and autocorrelation cross

some of the residues showing exchange peaks are labeled with
doxes. Note that the downfield-shifted residues in loop | show
exchange peaks, while those in loop Il do not. (B) Structural
"mapping of the exchange behavior at pH 5 in the presence®f Ca

peaks and DPC micelles. Blue represents residues with exchange peaks

corresponding to an exchange rate~@ s ! between C#&-loaded

and micelle-associated calbindinDviolet, 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.

ICaDPC= Popd 1 — exp(—k.,1)}
I CaCa Pca + Popc exp(— kexT)

®3)

wherelcacais the intensity of the N‘H autocorrelation cross-
peak for the calcium-loaded DPC-free stdigpec is the ) )
intensity of the N-H exchange cross-peaks between the chemical-shift changes are measured or expected, do not
calcium-loaded DPC-free state and the DPC-associated state¥'3|d detectable signals for the micelle-associated state at
pca and popc are the populations of the two states, anig this pH with C&" present but appear when p_H is further
the exchange delayt(). At pH 5, a population of about 60% decreased. The site thus appears to be subject to a more
in the DPG-micelle-associated state is estimated from peak cOmplicated exchange process than the ssgudotwo-
intensities in the HSQC spectrum. The exchange peaks inState process experienced _by the residues in EF-hand I. The
the 200 ms exchange spectrum show exchange peaks ofocation ground EF-hand_sne I sugges_ts_that the _exc_hange
approximately 40% of the intensity of the peaks correspond- Process is related to residual €association at this site.
ing to the DPC-micelle-associated state. An exchange rate
kex Of 6 &= 3 s can be estimated using eq 3. DISCUSSION
The absence of exchange peaks for some of the residues Interaction with Isolated DPC Moleculessolated DPC
that show two sets of peaks at pH 5 suggests that theymolecules associate with a hydrophobic cluster iff€a
exchange too slowly to be characterized in the exchangeloaded calbindin Bk The interaction involves two or more
experiment. This would imply an exchange rate of less than DPC molecules. At neutral pH (7.4), the dissociation constant
about 0.5 s* (for <5% intensity). However, many of the (Kg) is 0.5 mM or weaker and the off rate is faster thah(®
residues in and around loop I, where relatively large s The induced chemical-shift differences at the apparent
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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
AssociationCalbindin Dy associates with DPC micelles in
the absence of G4 The evidence of proteinmicelle
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
Ficure 11: Structural mapping of the site of interaction with actuaII_y 'S. a stabilization qf one s't.ate, because of the
individual DPC molecules in Ga-loaded calbindin §. Residues  'eduction in charge and folding stability at lower pkde
experiencing the largest chemical-shift changes are shown in redinfra). An additional factor leading to increasing homogeneity
[AO(HN) > 0.06 andAd(NH) > 0.24 ppm], and smaller changes among the micelle-associated states might be the lower

i[r?'OGierA?r(rt::)e:(f)eﬁ e&lnﬁ %-%4?h%gi(g‘”r)ez igﬁlei p\m‘r]] atrﬁeShhci)Wr?est number of charges that simultaneously need to find a suitable
pink. ydrop 9 polar environment.

chemical-shift changes (F36, L39, and 173) form a cluster at the . e .
surface. The other two (L32 and F66) are not surface-exposed. A DPC micelle association can also better compete wittt Ca

CHAPS molecule from the structure of SI00AB) was modeled binding at lower pH (cf. Figure 2, B2B3). This is in part
onto the structure of calbindindd(70) by aligning helices B, C,  pecause the Gaaffinity decreases at acidic conditiort).

and D of the two proteins. At pH 5 (0.04 mM protein, 1 mM C4, and 10 mM DPC),

we can measure roughly equal populations of the micelle-
associated and €abound states. We can estimate an
apparent average €adissociation constant for the two €a
sites of around 1 mM. The values of the?Calissociation
constants are highly dependent on solution conditions such
as pH @9) and ionic strengthl(©). For example, Ca binding

saturation point are small, indicating that DPC molecules
bind without any significant alteration of the structure. The
fact that only binding to the Ca-loaded state is detected
suggests that a hydrophobic “patch” suitable for DPC binding
is formed upon C& binding. The involvement of more than

one DPC molecule may reflect that one molecule is not i he affected by electrostatic screening from charges on
sufficiently large to saturate this “patch”. the micelles. On the basis of previously reported da (
The C&" dependence agrees well with significanfGa  49), the C&* dissociation constants can be estimated to be
induced reorganization of the packing of some of the residuesof the order of 5uM at these conditions.
involved @2). Furthermore, the Céa-dependent formation The aggregation number of DPC micelles is approximately
of a small hydrophobic patch on calbindirydprovides an 56 (50), resulting in 19-kD micelles (Figure 1D), although
explanation for the 25-fold increase in ;Eeafflnlty when the aggregation number of a proteimicelle system may
one of the phenylalanines involved in the DPC interaction, deviate significantly from that of the protein-free micelle
F66, is changed to a tryptophah7j. The larger tryptophan  (51). with the concentrations in the titration made in the
side chain presumably stabilizes the*Gtoaded state by  apsence of G4, there are about 7 DPC molecules per protein
filing part of the proposed Ca-induced hydrophobic  molecule at the cmc (1 mM), roughly corresponding to 1
surface, thus increasing theCaffinity relative to the wild-  micelle per 8 protein molecules. Hypothetically, a ratio of 1
type protein. micelle per protein molecule is obtained at 8.25 mM DPC.
Interestingly, a recent X-ray structure of the’Géoaded This explains why most of the protein resonances are
homodimeric form of the protein S100A9 (MRP14) shows exchanging between different states at DPC levels just above
a molecule of the detergent CHAPS bound to a hydrophobic cmc and agrees well with the saturation of many signals at
patch at a similar position in the linked). Two of the 10 mM DPC in the absence of &a
residues experiencing the largest chemical-shift changes in To estimate the strength of the micellgrotein interaction,
the present study (L39 and 173) are homologous to residuesan approximate “micelleprotein dissociation constant” can
in direct contact with the CHAPS molecule. As shown in be determined at conditions (pH 5, 0.04 mM protein, 1 mM
Figure 11, where a CHAPS molecule from the S100 A9 C&", and 10 mM DPC) where the population of both the
structure 48) has been positioned relative to the calbindin micelle-associated and &abound states (60 and 40%,
Do structure by overlaying helices B, C, and D of the two respectively) can be measured. Two assumptions are made:
proteins, the interaction surface suggested by the changegi) each micelle contains 56 DPC molecules, which corre-
in chemical shifts does not cover the entire surface that would sponds to 0.18 mM micelle in the sample, and (ii) only one
be exposed to CHAPS. L49 and other residues in helix C of the two C&" ions needs to be released from the protein
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to allow micelle association. Under these conditions, the helix (data not shown). Although helices A, B, and D all
dissociation constant for the miceligrotein complexis 0.16 =~ show amphiphatic tendencies, their average per residue
times that of the dissociation constant of the firsé Cian. hydrophobic moments are much smaller and less well-
A C&* dissociation constant on the order ofu (vide defined.
suprg yields a micelle-protein dissociation constant around Many studies have indicated that helix C is more loosely
0.8 uM. It is important to note that, in fact, the micette associated with the protein core than the other helices. In
protein affinity is expected to be stronger than this value the structure of the apo protein, the orientation of helix C
because it is likely that the second®#n also needs to be  relative to the other helices is more uncerta®?)( it has
released from the protein to reach full micelle affinity. faster H' exchange rate2(, 56), and it has lower average
One central question is how general the behavior describedH—N order parametersl8). Furthermore, in the apo state
here is, and what the determinants for association with a of the F36G mutant of calbindin J3 the deletion of an
micelle, vesicle, or membrane are. Micelle, vesicle, or aromatic side chain at the end of helix B leaves EF-hand |
liposome association as a one-step cooperative process hasiostly intact while entirely shifting the orientation of helix
been documented for a number of proteins including: C (57). In the present study, the changes it NH, and H:
cytochromec, bovine serum albumin, and lysozyn&2(53). chemical shifts (Table 1) are all lower in helix C than in the
There are many examples in the literature of proteins that rest of the helices. An attractive explanation for the difference
associate with micelles at acidic pH. The reason for the pH in chemical-shift changes is that when apo calbindig D
dependence was addressed by de Alba eb4).i( a study comes into contact with DPC micelles, helices A, B, and D
of the lysosomal protein saponin C, which activates lipid are more perturbed by merging into the micelle, possibly
degradation in a reversible pH-controlled manner (midpoint because they form a more rigidly packed unit than helix C
pH 5.3). Using negative and neutral vesicles and chargein the native state, while the clearly amphiphatic helix C is
mutants, they concluded that the pH dependence is not amore independent of the specific environment. The resulting
result of unfavorable interactions with charged headgroups picture of the native protein includes helix A, B, and D and
but a result of a lack of favorable interactions with protein loop | as one unit, with helix C and loop Il floating on top.
charges in the apolar fatty acid tail environmes)( Thus, This picture is in very good agreement with observations
two glutamate to glutamine mutations, eliminating two for many other S100 proteins, where the reorientation of helix
negatively charged groups result in a higher pH for the C is by far the most significant structural change upoA'Ca
midpoint of the vesicle association. However, the stability binding 68).
to unfolding of the protein is also importan%). This Dynamics The transition between the micelle-free and
probably explains why the C&loaded state resists micelle micelle-associated states requires large conformational rear-
association better despite the fact that it has a lower overallrangements. When apo calbindinassociates with mi-
charge: the melting point increases as much a%3&pon celles, the exchange rate is of the orderdf000 s*, but
C&" binding. the exchange rate with the €aoaded state is~6 s
Structure The H* chemical shifts show that the helices Although the absence of exchange peaks for the residues in
are largely preserved, in agreement with CD measurements EF-hand Il (Figure 10) seems to indicate an exchange rate
but that the3-type interactions are lost (Figure 7 and Table that is too slow to produce exchange peaks, ke0.5 s,
1). The loss ofs-type interactions suggests a general loss of it is more likely that the exchange peaks are absent because
native tertiary interactions and so does the negligible ring- of an additional C& exchange phenomenon around loop I
current contribution from the aromatic ring of Y13 to the (Figure 10). The fact that micelle association occurs more
H* chemical shift of L31 in the micelle-associated state. This readily and more than 100-fold faster with the apo protein
contribution is conserved in the apo anc?Glbaded states  shows that the bound €aions have to dissociate before
and shows how little the tertiary interactions vary wit?Ca  micelle association can occur and thafCédissociation is
loading in EF-hand I. It is worth noting that in contrast to the rate-limiting step in micelle association from the?Ga
the study of Bcl x (24), the length of the helices in calbindin  loaded state. In fact, the observed exchange rate for micelle
Do« does not seem to change significantly upon micelle association for the Ca-saturated protein agrees well with
association. Ca*" off rates of 8.6+ 1.5 and 48.0+ 7.0 s%, obtained
The fact that most backboneVt$how NOEs to the DPC  using stopped-flow measurements [100 mM KCI at°Z0
protons suggests that the entire protein is dissolved in theand pH 7.0 §9)].
micelle (Figure 9). This observation is supported by the much  The different exchange processes occurring in the two sites
lower number of NOEs to water. Large stretches including suggests that there is a difference in terms of the ability to
helix A and loop | and most of loop Il appear to be without bind C&" when associated with the micelle, where micelle
contact to water. This is a very interesting situation consider- association seems to be intimately coupled to the loss 8f Ca
ing that the micelle is only twice the size of the protein (19 binding to EF-hand I, while EF-hand Il may retain part of
compared to 9 kD; Figure 1D), assuming the number of DPC its C&* affinity in the micelle-associated state. This suggests
molecules in the micelle does not change in the presence ofthat loop | needs tertiary interactions to be able to form a
the protein. It should be noted that the observed NOEs C&*-binding site, while loop Il does not. The suggested
represent an average over many milliseconds and that all oflocalization of helix C on the surface might also be important
these NOEs do not have to be fulfilled simultaneously. in allowing C&" binding to loop .
Interestingly, the NOEs between water and helix C agree The distinctive EF-hand | of calbindindois considerably
well with its surface orientation (Figure 9) suggested from more selective for Ca than EF-hand I, the canonical EF-
the hydrophobic moment. Helix C is clearly amphiphatic with hand ¢ide supra (14, 60). The conformational changes to
a strong hydrophobic moment that is well-defined along the accommodate Ca are also smaller in EF-hand 12, 22,
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61). Also, C&" induced the changes in the pico- to our measurements show about equal populations of thie Ca
nanosecond dynamics of EF-hand | that are much smallerloaded and the micelle-associated states, there is only a 30-
than those for EF-hand I3, 16). This feature appears to  fold attenuation of the Ca affinity (low salt, 25°C) (49).

be a characteristic of the entire EF-hand (l) rather than of However, the equilibrium point depends on the numbers of
its C&"-binding loop aloneZ0). The adaptivity of the regular ~ Ca&* and DPCG-micelles available, and calbindinEbinding
EF-hand (Il) is demonstrated by the X-ray structure of the to DPC—micelle-like structures may well be competitive
(Mg?"), state of calbindin Bk, which shows that the smaller  under a number of conditions. Furthermore, the interactions
Mg?* is accommodated in site Il by translating helix C about with DPC micelles presumably differ significantly from those

2 A toward loop Il compared to the apo and2Géoaded with, e.g., the phospholipid membrane in a cell, which has
states {4). Remarkably, if indeed there is residual®Cén a large surface area and where negatively charged headgroups
EF-hand site (ll) in the micelle-associated state, our notion give rise to a surface potential that lowers the local pH at

of the adaptability of this site is extended significantly.
Biological Function.In this study, we have found clear
evidence that the cytosolic protein calbindiRiDnteracts

the membrane surface significantly compared to the bulk pH
(64, 65).
In the enterocytes lining the brush border membrane, high

with DPC molecules and micelles. These results suggest thelevels of self-diffusing calbindin B allow a highertrans-
potential involvement of interactions with phospholipids and cellular C&* flux while allowing the free C# levels in the
membranous material in the function of this protein in the cytoplasm to stay relatively low2( 66, 67). One may
cell. speculate that if the apo state would have an affinity for the
A study of Chiba and Mohri 9) shows interesting  membranes in the cell it could, for example, make it easier
resemblance with the present results. They found that afor calbindin Dy to give up the C& at the outlet. However,
number of lysophospholipids had an enhancing effect on the binding to the membrane at the outlet would impair diffusion
fluorescence of DNS-labeled calbindingd suggesting a  of apo calbindin [ back to the inlet at the brush border
greater accessibility to the solvent for the DNS probe. The membrane. On the other hand, if the affinity is significant
effect was only present in the absence ot'Gand only with only at the presumably more acidic brush border membrane,
lysophospholipids, which is interesting because DPC and it would be expected to lead to higher local concentrations
lysophospholipids have the same headgroup. The lysophosof both apo calbindin & and C&" at the inlet, which might
pholipids also protect calbindingdfrom proteolytic digestion have a positive impact on the €adynamics. To judge the
in the absence of C& The authors suggested that the implications of calbindin —phospholipid interactions on
interaction was not dependent on micelle formation becausetrans-cellular C&" flux, a new set of computer simulations
effects were observed below the cmc. However, in the light such as those of Feher et &7 need to be made.

of the uncertainty in the aggregation number in a protein-  Qur observations may also have implications for the
containing micelle ide suprg, we find it likely that this  function of the ancestral full-length S100 proteins. As
interaction indeed is analogous to the interaction with DPC (iscussed earlier, it is likely that many of the highly
micelles studied here. Most interestingly, one of the lyso- homologous S100 proteins interact with fatty acids and
phospholipids, lyso-phosphatidylcholine (lyso-PC), consti- detergents in a manner similar to DPC and calbindip D
tutes 8.7% of the total phospholipid content in rat intestinal Fyrthermore, they have a lower affinity for &aand a lower
brush border membrane. CalbindigDs also known to be charge, making interactions with phospholipid aggregates
present at very high levels in the lining of enterocyteide more favorable and more competitive relative to2Ca
infra) (62). binding.

Calbindin Dy has a relatively high affinity for Ca [Kqmean Finally, the present data may also suggest a rather
= 400 nM at 150 mM KCl, pH 7.5;X9)]. This is a critical  gpecylative mechanism for how S10088) and other S100

property in its role in C&# uptake, where it is essential o roteins could be secreted without a signal peptide. The
chelate C&" at a level allowing for effective transport while potential association with the cell membrane may be a first

at the same time maintaining €ahomeostasis. The experi-  gten toward membrane passage in a way similar to antimi-
ments reported here show that the interaction with phospho-qgpial peptidesd9). The alternating affect of Ga binding
lipids or phospholipid aggregates, such as the cell membrane,yqy|d then provide a means to regulate this function. The
may have an impact on the €atransport dynamics by |y (~100.m) C&" affinities of most of the S100 proteins
calbindin Dy. The interaction with DPC monomers in the \yoy|d enable export from an intracellular compartment with

Cé'-loaded state suggests that the*Caffinity may be less than 1:M Ca2* but not import from the extracellular
tuned by the concentration of small amphiphilic lipids and yijieu with 1 mM Ca&+.

vice versa.

The low pH required for DPC micelle interactions to
compete with C& binding to calbindin [ in our experi-
ments is far below physiological pH, although significant
variation in pH is well-known in certain cell compartments. tion and Mikael Akke, Maria Hakansson, Sara Linse (Lund
Calbindin Dy is strictly found inside epithelial cells of the ~ University), Charles Sanders (Vanderbilt University), and
small intestine and placenta and not exported to the ratherHoward Hsu (Kansas Medical Center) for helpful discus-
acidic extracellular compartments of these organs. When it SIONS.
is exported into matrix vesicles in epiphyseal cartilage and
bone @), the pH of the surrounding cartilage fluids is around REFERENCES
7.6 (63). Micelle association competes with €abinding,
which is strongest between pH 7 and4®). At pH 5, where
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