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ABSTRACT: Removal of cholesterol-containing particles from the circulation is mediated by the low-density
lipoprotein (LDL) receptor. Upon ligand binding, the recepttigand complex is endocytosed, and the
ligand is released. The important biological role of the LDL receptor (LDLR) has been highlighted by the
identification of more than 400 LDLR mutations that are associated with familial hypercholesterolemia.
The extracellular region of the LDLR is modular in nature and principally comprises multiple copies of
ligand binding, epidermal growth factor-like (EGF), and YWTD-type domains. This report describes
characterization of the calcium binding properties of the tandem pair of EGF domains. While only the
C-terminal EGF module contains the consensus sequence associated with calcium binding, a noncanonical
calcium binding site in the N-terminal domain has been revealed using solution NMR spectroscopy. The
calcium dissociation constants for the N- and C-terminal sites have been measured under physiologically
relevant pH and ionic strength conditions using a combination of solution NMR, intrinsic protein
fluorescence, and chromophoric chelator methods to~5® uM and ~10-20 uM, respectively.
Identification of the novel calcium binding motif in LDLR sequences from other species suggests that it
may confer specificity within the LDLR gene family. Comparison of #gfor the C-terminal site with

the calcium concentration in late vesicles indicates that the binding properties of this module may be
tuned to titrate upon endocytosis of the LDL receptiigand complex, and thus calcium binding may

play a role in the ligand dissociation process.

The low-density lipoprotein receptor (LDLRjs a trans- dissociation is mediated by a pH-dependent change upon
membrane cell surface glycoprotein involved in removal of endocytosis from the extracellular space7(4) to the
cholesterol esters from the circulation (reviewed inIefit endosomal compartment-6.0—5.5) (2). Dissociated lipo-
binds to two types of lipoprotein, LDL an@-VLDL, via protein is delivered to lysosomes where its cholesterol esters

two ligand molecules, apolipoprotein B and apolipoprotein are hydrolyzed, and the LDLR is recycled to the cell surface.

E. Upon ligand binding, the receptor is endocytosed and the  pore than 400 LDLR mutations have been identified
ligand is discharged. It has been proposed that ligand which are associated with familial hypercholesterolemia
(FH), a heritable disease of the cardiovascular system which
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NOESY, nuclear Overhauser enhancement spectroscopy; PCR, poly- 7 . .
merase chain reaction; TFA, trifluoroacetic acid; TOCSY, total cor- LDLR function has been provided by structural studies and

relation spectroscopy. measurements of the calcium binding properties of an
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A. EGF Precursor Homology Region between the two domains. We discuss the implications of
' j these results for the functional properties of the intact LDL
@fg- receptor.

=

EXPERIMENTAL PROCEDURES

clustered O-linked

ofigosaccharides Expression of the EGF-AB Domain PaEGF domains

A and B (corresponding to exons 7 and 8) of the LDLR
were amplified by the polymerase chain reaction (PCR) from
a human cDNA clone (kindly provided by Drs. Brian Knight
and Anne Soutar). Forward and reverse primers wére 5
TAG TAG GGT ACC ATA GAA GGA CGA TCA GCA
GGG ACC AAC GAA TGC TTG GAC AAC-3 and B-
TAG TAG AAG CTT CTA TTA CTT GCA GGC CTT
CGT GTG GGG-3 respectively. The primers were designed
to amplify nucleotides corresponding to amino acids G293
K372 of the intact LDLR. In addition to the partial nucleotide
sequences included in both primers, restriction sikgsn(

in the forward primer andHindlll in the reverse) were
included to facilitate cloning into the polylinker site of the
pQE30 (Qiagen) vector which is downstream of & 6
histidine tag sequence. A factor Xa cleavage site was also
included in the forward primer to enable removal of the His
tag.

The DNA was initially used to transforfascherichia coli
strain NM554 (8) containing alac repressor plasmid
(PREP4, Qiagen). Protein was produced and purified ac-
cording to the methods described by Knott et 49)( In
brief, protein was harvested from inclusion bodies and
applied to a column containing Nior Cc** resin for initial
purification. The column was washed, and the protein was
eluted using a series 6 M guanidine hydrochloride buffers
Ficure 1: Domain organization of the extracellular region of the with varying EDTA concentrations and/or pH. Protein was
low-density lipoprotein receptor (A) and schematic illustration of reduced using 0.1 M DTT in 0.1 M TrBICI, pH 8.3, and

t(g‘)* tsﬁggigictieoggdofsteﬁg%dgzy psrtgéﬁtr:roer %gmilggﬁgg%oﬂagn(ﬂhén then directly refolded by dialysis against a solution containing
EGF-AB pair are indicated. In (B) partial and complete calcium 3 mM L-cysteine and 0.3 mN-cystine in 50 mM TrisHC,

binding consensus sequences are shaded in dark gray for the A°H 8.3, in the presence of 50 mM €aThe protein was
and B domains, respectively. Cysteine residues which engage inreverse-phase HPLC purified using a C8 semipreparative

disulfide bonds are shaded in light gray and are connected by jaggedcolumn (Dynamax) and a gradient running from 20% to 80%
lines. Mutations which affect the calcium binding consensus ¢ 5 puffer containing 80% acetonitrile/0.1% TFA over a

sequence of the B domain are mapped onto the sequence. Thg. £ 40 min. The His t dvia cl
calcium binding consensus sequence comprises a single aromati¢/Me Course or4Umin. The Histag was removed via cleavage

residue which has been used previously to monitor calcium binding With bovine factor Xa (Denzyme), at a ratio of 1:1000
by cbEGF domainsl(1—13, 19, 34, 39—42). enzyme to protein, in 50 mM TrBICI, pH 7.5, 0.1 M NaCl,

and 1 mM Cadl for 16 h. The protein was then subjected
LDLR-A domain (10, 14). The role of calcium binding to  to two further rounds of chromatography, anion-exchange
the EGF module(s) is not well understood, and a number of FPLC using a Mono-Q column (Pharmacia), and reverse-
FH-associated mutations have been reported which arephase HPLC as described abo¥ isotopically enriched
predicted to change residues in the calcium binding consen-samples were produced analogously uskhgcoli strains
sus sequencd) (Figure 1B). In addition, studies of patients BL21[pREP4] and JM109, which were grown in minimal
lacking the EGF precursor homology region (see Figure 1) media with *®NH,Cl as the sole nitrogen source. Typical
or the EGF-AB pair suggest that these domains are involvedyields of purified protein were 25 mg/L of culture. Low-
in binding LDL and mediating acid-dependent dissociation resolution electrospray mass spectrometry was used to
of 5-VLDL (16, 17). confirm the molecular weight of the produced protein (data

In this study we have characterized the calcium binding nNot shown).
properties of the EGF-AB pair from the LDL receptor using NMR Analysis of Protein Folding and Calcium Binding
solution nuclear magnetic resonance (NMR), intrinsic protein All NMR data were acquired using GE/home-built instru-
fluoresence, and chromophoric chelator methods. We havements. The properties of the LDLR EGF-AB construct were
identified a noncanonical calcium binding site in the EGF-A initially assayed using a sample containirg mM protein
domain which binds with higher affinity than any isolated in 95% H0/5% ?H,O at pH 6.5. One-dimensional spectra
or N-terminal calcium binding (cb) EGF domain which has were acquired with 2048 complex points and a spectral width
been characterized to date. We have also determined theof 8000 Hz at 500 MHz with solvent presaturation at
calcium dissociation constant for the EGF-B site localized temperatures of 25, 30, and 3&. All spectra showed

LDLR type A @ LDLR type B (YWTD) ’% EGF-like e ¢bEGF-like NENE
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Table 1: NMR Data Acquisition Parameters

spectral

frequency complex points acquisition time (ms)
sample experiment tempQ) (MHz) D, D, Ds Fs F F1
(A) Proton-Specific Assignments, pH 6.5
EGF-AB, 95% HO/5%2H,0 H—'H COSY, TOCSY {n = 45 ms 25, 30 750 2048 350 164 28.0
EGF-AB, 95% HO/5%2H,0 *H—'H NOESY,t, = 150 ms 25,30 750 2048 400 164 32.0
15N EGF-AB IH-1N HSQC 30 600 1024 16 102 11.6
15N EGF-AB IH—15N TOCSY-HSQC{n= 40 ms 30 600 1024 16 64 102 11.6 6.4
15N EGF-AB IH—1N NOESY-HSQC{,=150ms 30 600 1024 16 150 102 11.6 15.0
EGF-AB, 99.9%H,0 IH—1H COSY, TOCSY tm =40 ms 25,30 750 2048 375 164 30.0
EGF-AB, 99.9%7H,0 IH—1H NOESY,tn = 150 ms 25, 30 750 2048 450 164 36.0
(B) Calcium Titrations, pH 7.4

EGF-AB, 99.99%H,0 1-D, HDO solvent presaturation 30 600 4096 512.0
5N EGF-AB 1H—'N HSQC,+2 mM EDTA 30 600 1024 16 102 11.6
EGF-AB, 95% HO/5%2%H,0 *H—!H NOESY,t, = 150 ms 30 500 2048 256 256 32.0

narrow, Lorentzian line shapes, good HN chemical shift monitor calcium binding; see Figure 1B) sharpened but did
dispersion, and upfield-shifted methyl signals, characteristic not change position (Figure 2A). However, other peaks in
of monomeric, folded protein. Optimal spectra were obtained the vicinity of the N-terminal region of the domain pair, e.g.,
at 30°C, and this was selected as the temperature for furtherthe Hy2* resonance of Thr 294, shifted significantly (Figure
experiments. Spectra recorded at calcium concentrations of2B). These observations led to two conclusions: (i) that the
0, 10, and 12 mM demonstrated calcium-dependent displace-EGF-B site was saturated with a paramagnetic contaminant
ment of cross-peaks, which is associated with correct folding (e.g., Mrt*) following HPLC protein purification which

of chEGF domains, and saturation of both sites at a calciumcould be competed out by €aand (ii) that the EGF-A

concentration of 10 mM (data not shown). domain contains a noncanonical calcium binding site.
Sequence-Specific Assignment of EGE-AB additional Conclusion ii rested on the observations that residue Thr 294
NMR sample was prepared containing2.6 mM 15N- is at the N-terminus of the construct, and far removed from

enriched EGF-AB, 5 mM Tri¢dCIl, 12 mM CaC}, and the calcium binding site in domain B, and that the interdo-
0.02% NaN in 95% HO0/5% 2H,0, pH 6.5, for the main linker is not long enough to accommodate juxtaposition
acquisition of'>N-edited data. The following spectra were of the two sites (see Figure 1B). To test the first hypothesis,
acquired for the purpose of obtaining sequence-spettific  two-dimensional HSQC spectra were acquired in 950H
assignments: two-dimensiondH—'H COSY @0, 21), 5% 2H,0, 150 mM NacCl, and 5 mM Tri$iCl, pH 7.4, at
TOCSY 2, 23), and NOESY 24, 25), *H—N HSQC @6, 30 °C in the presence and absence of 2 mM EDTA, on
27), and three-dimensiona’N-edited TOCSY-HSQC and samples containing-300 and~385uM LDLR EGF-AB,
NOESY-HSQC 28). In these experiments solvent suppres- respectively. Comparison of these data revealed a large
sion was normally achieved using pulsed-field gradie?@. ( change in the spectrum associated with the addition of
Two-dimensional'H—H COSY, TOCSY, and NOESY EDTA, corresponding to removal of calcium from the EGF-B
spectra were also acquired after exchange of the unlabeledcsite (Figure 2C). To test the possibility that the peak
sample into 99.9%H,0. Acquisition parameters for these broadening in Figure 2A might have arisen from intermediate
experiments are given in Table 1. All spectra were processedtime scale exchange, two-dimensional spectra were acquired,
using Felix 2.3 (MSI, Inc., San Diego, CA) typically using using the parameters for the calcium titration described
a 70 shifted squared sine-bell window function in the below, in the presence of EDTA or saturating calcium. A
acquisition dimension and a Gaussian line-broadening comparison of these spectra demonstrated that removal of
window function, with —15 and 0.15 line broadening calcium from the B-site led to migration of the Tyr 354
and Gaussian parameters, respectively, in the indirectHo* —He* cross-peak as a single peak, which is not
dimension(s). A 0 shifted sine-bell window function was consistent with exchange (data not shown).
used in processing COSY spectra to resolve line splittings. To measure calcium dissociation constants for the EGF-A
Spectra were zero-filled as necessary to improve resolution,site, a sample was prepared containing 1.125 mg of EGF-
and linear prediction30) was used to double the number of  AB in 1 mL of 99.9%?H,0. The sample was passed through
complex points in thé, (**N) dimension of the HSQC and  a column containing Chelex 100 resin (Bio-Rad), which had
three-dimensional data sets. Sequence-speltifiand 1°N been previously washed and equilibrated withO at pH
chemical shift assignments were made using conventional7.4, to remove metal ions. The sample was then concentrated,
methods 81, 32) with the program NMRView v.3.1.23Q). and 150 mM NaCl (to approximate physiological ionic
NMR Measurement of EGF-A4KAnN initial calcium strength) and 5 mM Tri$iCl (both dissolved ifH,0) were
titration was monitored by one-dimensional NMR using a added to achieve a final sample volume of 540 This
293uM sample of EGF-AB dissolved in 99.9%,0, 5 mM sample was used in a calcium titration monitored by two-
Tris-HCI, and 150 mM NacCl, pH 7.4. This pH was chosen dimensional NMR, performed according to previously de-
to more closely approximate physiological conditions. On scribed methodsl@). NMR data acquisition parameters are
the basis of the data from this titration, it became apparent given in Table 1. Calcium additions were made from stock
that, upon calcium addition, the resonance corresponding tosolutions assayed by atomic absorption spectroscopy corre-
the Ho* protons of the aromatic residue in the calcium sponding to concentrations of 1821, 455 uM, 1.36 mM,
binding site of EGF-B (which would normally be used to 5.0 mM, 15.9 mM, and 38.6 mM. The pH of the sample
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Ficure 2: Selected regions of one-dimensional spectra of the LDLR EGF-AB pair acquired with increasing calcium concentration (A, B)
and HSQC spectra acquired in the absence or presence of 2 mM EDTA, with no added calcium (C). In (A) the signal corresponding to the
Ho* protons of Tyr 354 becomes sharper but does not change position, suggesting saturation of the EGF-B site by a paramagnetic contaminant
at the start of the titration. In (B) chemical shift perturbation of the Thr 294 methyl signal reveals the presence of a calcium binding site

in EGF-A. The dramatic change in chemical shift dispersion observed in (C) upon metal ion removal from the B-site indicates a large
conformational change associated with this transition.

was measured before and after each addition and maintained [Ca e = [C& ], — (AA;Yprotein] 2
at 7.4+ 0.1. The concentration of the NMR sample was

measured by amino acid analysis at titration points 0, 2, 4, whereAAgl is the fractional change in chemical shift.
and 6 to be 291, 291, 261, and 233/, respectively.

Standard regression analysis was used to curve fit the data hFIuores_ce_ncée_ Measutre_meﬂnt Of Measurerlnent of dt
using the equation changes in intrinsic protein fluorescence was also used to

probe the calcium binding properties of the EGF-AB pair.

A *[CaZ" While the sequence for the pair does not contain any Trp

_ O[a]free id h i ingle Tyr i hd i dch

A=————— -lee 1) residues, there is a single Tyr in each domain, and changes
Kyt [CaZJ’]free in Tyr fluorescence have been used previously to characterize

the calcium dissociation constant for a cbEGF domain from
to obtain aK, for the EGF-A site. In this equatioA is the human fibrillin-1 34). Two milliliter samples were prepared
change in chemical shift at poinf [Ca& e is the free containing 4.8 £0.2) uM EGF-AB (determined by amino
calcium concentration at pointandA, is the total chemical  acid analysis), 2 mM Tri$iCl, and 150 mM NacCl at pH
shift change. The concentration of free’Cavas calculated  7.5. Blanks contained 2 mM TriHCI and 150 mM NaCl at
as described previoushyl9) using the equation pH 7.5. Lower concentration samples were assayed contain-
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Ficure 3: Selected region of sequentially assigned strips extracted from the three-dimeffbisadited NOESY-HSQC spectrum acquired
at 30°C and pH 6.5f, = 150 ms. Sequential ®&1—NH and NH-NH connectivities are joined by solid lines.

ing ~3 uM protein, but these did not yield adequate signal- protein (~3 mg) was dissolved in the calcium-free buffer,
to-noise ratios. and the solution was incubated with Chelex 100 resin for 3

Emission spectra were recorded at8hbetween 285 and ~ Weeks to remove trace metal ion contaminants.
450 nm. The excitation wavelength was 277 nm, and the Absorbance scans and Latitrations were performed
excitation and emission bandwidths were 5 and 10 nm, USing a dual-beam Lambda-20 U¥Vis spectrophotometer

respectively. Fluorescence changes were observed at aierkin-Elmer, Norwalk, CT). Samples were prepa}red using
emission wavelength corresponding to the maximum inten- the calcium-free buffer solution containing 281 5,5-Br.-

sity measured in the absence of calcuim (308 nm). Initial BAPTA and 15 {2) uM protein with a total volume of 0.9
titrations were performed using EDTA in order to estimate mL. The chelator concentration was determined on the basis

the concentration of metal ion contaminant. which was found ©f the extinction coefficient of the calcium-loaded form of
il —_— 71
to be 22 (1) uM (data not shown). Therefore, 4l of a 5,3-BrzBAPTA (6?39-5 = 1.4 x 10° M) (36)’ and the .
10 mM EDTA stock was added to each sample to establish protein concentration was measure_d by amino acid ana_ly3|s.
the O point. Qualitative comparison of the blank data Blank sqmples were prepared equivalently without addition
indicated no significant fluorescence change associated WithOf protein, e measurements were referenced to a _ceII
EDTA addition. In the first titration additions were made containing buffer alone. The residual calcium concentration
up to 10 mM C&", which demonstrated no change in of the samples was measured to be M8 on the basis of .
fluorescence beyon'd a calcium concentration of 350 AmaxandAgin measurements for samples containing saturating
" .

Therefore, for the four final titrations, additions were made EDTA or Ca?, respectively. . . .
corresponding to total calcium concentrations of 5, 7.5, 10 Protein and blank samples were titrated sequentially using
125 15 20 25 35 55 75 95 105 170. 245 and,pB\'ZIiO, " 1.5 or 2uL additions of a 2.18 mM calcium stock (assayed
Ca{Icium,stoE:k sblut}ons' als’o céntair;ed 2’ mM ’TIHG?I and by atomic absorption spectroscopy). After each addition the
150 mM NaCl at pH 7.5, and the volume of each addition solution was mixed well and the absorbance at 263 nm read

. . when a stable reading was obtained. This was repeated until
was <4 ul. Standard regression analysis was used to curve

fit the dat ) 1 to obtai di it no significant change occurred Mgs A final addition of 2
It the data using eq ~ to obtain an average dissocia 'OnuL of 1 M CaCk was then made to complete saturation.
constant for the two sites as described previougs).(

The dissociation constant of the chelator was determined on

; oA —1
[Ca?"Trree Was calculated using eq 2, withA, " equal to the e pasis of the three blank titrations via least-squares fitting
fractional change in fluorescence intensity. In this analysis {he gata using the equation

A is the change in fluorescence intensity at poif€a ]sree

is the free calcium concentration at poink, is the average A= VeV Anax— Arnax— Al YI(Y + Ky (3)
dissociation constanK,,) for the two sites, and\, is the ’

total fluorescence change. Variable parameters in the fit werej, \vhich Y is the free calcium concentration at PoINKq.o

Kq and Ao, is the dissociation constant of the chelat@za* complex,
Chromophoric Chelator Measurement of Binding Con- andAmaxandAni, are the absorbances of Cdree and Ca'-

stants Calcium binding properties of the EGF-AB pair were saturated chelator in the absence of dilution, respectively.

assayed using spectrophotometric analysis of competitiveV, is the total volume at the start of the titration, avidhe

binding by 5,5-Br,-BAPTA (Molecular Probes) according total volume at titration poini, with dilution effects on the

to methods described by Linse et 5. These measure- absorbance taken into accouktwas taken as the positive

ments were performed to confirm and refine dissociation root of the equation

constants measured by NMR and fluorescence methods. A

calcium-free buffer solution was prepared containing 2 mM Cag = Y+ [YC/(Y + Ky o) (4)

Tris-HCl and 150 mM NacCl, pH 7.5, and stored in a plastic

container with dialysis tubing filled with Chelex 100 resin where the total calcium concentration at paoiriCaet;) is

which had been previously equilibrated at pH 7.5. Purified expressed as a sum of free and bouné@tGad Cq; is the
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Ficure 4: Curve fits to titration data acquired using (A) solution
NMR, (B) intrinsic protein fluorescence, and (C) 5Br,-BAPTA
chromophoric chelator methods. In (A) the change in chemical shift
as a function of free calcium is plotted for Thr 2942+ —Hg (O),

and the Tyr 315 K4*—Hfj2 (O) cross-peak is plotted. In (B) the
normalized fluorescence intensity as a function of free calcium is
plotted for each of the four titrations using different symbats (

O, A, +). In (C) a representative calcium titration of 5Br,-
BAPTA in the absencel) and presence) of the LDLR cbEGF-

AB pair is plotted for a titration performed using 1ub additions.

chelator concentration at pointVariable parameters in the
fits were Ky o, Amax andAnmin.
Three titrations of EGF-AB were performed, although one

Malby et al.

measured absorbance as a function of total calcium concen-
tration using eq 3 as described previous$,(37). Variable
parameters in the fits were the binding constakis K»),

Amax andAmin. The number of sites (1 or 2) sensitive to the
limit of detection of the assay was determined by evaluating
the improvement in the ESS (error squared sum) as a function
of adding the second site. An improvement of greater than
10-fold was considered significang).

RESULTS

NMR Characterization of the EGF-AB Pairow-resolu-
tion mass spectrometry and assessment of one-dimensional
spectra acquired in the presence and absence of added
calcium suggested that the LDLR EGF-AB sample was
homogeneous, monomeric, and folded in solution. Virtually
complete 'H and ™N sequence-specific chemical shift
assignments for the pair were made on the basis of a
combination of two- and three-dimensional NMR spectra
acquired on unlabeled ant¥N-enriched samples. These
assignments are given in Supporting Information, and
representative strips from the three-dimensidfistedited
NOESY-HSQC spectrum are shown in Figure 3. Assignment
data were subsequently used in the analysis of the effects of
calcium on one-dimensional spectra for the pair as shown
in Figure 2. Surprisingly, while only the second EGF domain
of the LDLR contains the consensus sequence associated with
calcium binding {1—13), the data indicated the presence
of an additional site in the EGF-A domain. In addition,
comparison of spectra acquired with no added calcium versus
in the presence of 2 mM EDTA suggested high affinity for
the EGF-B site.

Two-dimensional homonuclear spectroscopy was utilized
to characterize the binding properties of the pair according
to previously described method49j. Measurement of
dissociation constants for cbEGF domains has typically relied
on analysis of calcium-dependent chemical shift changes for
0 ring protons of the conserved aromatic residue in the
calcium binding consensus sequent8, 34, 39—42) (see
Figure 1B). On the basis of the chemical shift of thé*H
protons for Tyr 354 in EGF-B, the attempt to remove calcium
from the EGF-B site prior to the start of the titration was
only partially successful. Some line broadening indicative
of slow exchange between the calcium-loaded and calcium-
free forms was observed, which is consistent with high-
affinity binding at this site. Since NMR is best suited to
measurement of dissociation constants00 uM (34, 43),
only the dissociation constant for the noncanonical EGF-A
site was characterized using this method.

It was not possible to use the calcium-dependent chemical
shift changes of the & protons of the tyrosine in the EGF-A
calcium binding site (Y315) for determination of tKg for
this domain, due to near chemical shift degeneracy of the
aromatic H* and He* protons in both the apo and holo
forms. Therefore, two other cross-peaks with more significant
chemical shift changes were assigned in the two-dimensional
titration data and used in the analysis. These were Thr 294

data set was subsequently discarded due to anomalous resultdy2*—Hpg and Tyr 315 K* —H}S2; chemical shift changes

which may have been the result of pipeting errors or

for these peaks were analyzed in theandF; dimensions

inadequate sample mixing or temperature calibration. Proteinof the spectra, respectively. Curve fits to the change in
binding constants and the number of binding sites were thenchemical shift for each of these peaks as a function of free
determined on the basis of least-squares fitting to the calcium concentration are shown in Figure 4A. Analysis of
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Ficure 5: Schematic illustration of LDLR ligand binding and the receptor recycling pathway. Upon ligand binding, the-tlighRd

complex is endocytosed. Under endosomal pH and calcium concentration conditions, the ligand is released. This process is proposed, on
the basis of this study, to involve conformational change of the EGF-AB region of the receptor. The free receptor is then recycled to the
cell surface to undergo another round of ligand binding.

the Thr 294 and Tyr 315 data yield&d values of 46 £16) containing the chelator alone yieldedaof 1.4 (£0.4) uM
uM and 41 @11) uM, respectively, which are in good for 5,5-Br-BAPTA in 150 mM NaCl and 2 mM TridHCl
agreement. at pH 7.5, which agrees with the previously obtained value
Characterization of EGF-AB Calcium Binding by Intrinsic  of 1.4 (£0.2) uM obtained under the same buffer conditions
Protein FluorescenceMeasurement of changes in intrinsic  (38). This value was subsequently used in analysis of the
protein fluorescence, which may be used to characterizetitration data for samples containing both 'Sg5,-BAPTA
higher affinity binding sites than NMR34, 43), was utilized and EGF-AB. Best fits to the data, as illustrated in Figure
to determine an averagg value for the EGF-A and EGF-B  4C, were obtained when fitting only one of the calcium
sites. Samples were initially titrated with EDTA until no binding sites of the pair. The analysis yielde&avalue of
further fluorescence change was observed to effectively 22 (+16) uM for the high-affinity site, which is in good
remove divalent metal ions from the EGF-B site. Since the agreement with the fluorescence results.
EGF-AB pair does not contain any Trp residues, changes in
Tyr fluorescence were analyzed as a function of total calcium DISCUSSION
concentration. As shown in Figure 4B, the data for the four  Using a combination of biophysical methods, we have
separate titrations are in good agreement, and analysis viecharacterized two calcium binding sites in the EGF-AB pair
curve fitting yielded an averagéy of 7.2 (#1.6) uM. As of the low-density lipoprotein receptor. NMR, intrinsic
noted above, this estimate for tKg represents an average protein fluorescence, and chemical chelator measurements
for the two sites. However, qualitative comparison of the are in good agreement and indicate that the dissociation
one- and two-dimensional NMR spectra acquired in the constants for the sites are50 uM (A-site) and ~10—20
presence of 2 mM EDTA and at varying calcium concentra- uM (B-site) at physiological ionic strength & 0.15) and
tions suggests that this value is weighted towardkhef pH (7.4-7.5). Intriguingly, the EGF-A domain contains a
the high affinity EGF-B site. This conclusion rests on the noncanonical calcium binding sequence which binds with
observation that while large conformational changes of the higher affinity than any N-terminal or isolated cbEGF domain
EGF-AB pair are associated with removal of calcium from that has been studied to dat#3). A comparison of the
the EGF-B site, only minor structural changes in the domain sequences for the two EGF domains (Figure 1B)
immediate vicinity of the EGF-A site are associated with highlights that only the first ligand residue of the calcium
the transition from the Gato Ca form of the pair. binding consensus sequence is not conserved. On the basis
Chromophoric Chelator Analysis of EGF-AB Calcium of large NMR chemical shift changes of the Thr 2944
Binding Using 5,5Br,-BAPTA Spectrophotometric analyses resonance upon calcium addition, it seems likely that this
of changes in absorbance were utilized to evalute theligand is substituted by the Thr hydroxyl group in EGF-A.
dissociation constants of 3;Br,-BAPTA and EGF-AB. A search of the SWISS-PROT database (Release 324p) (
Analysis of the data for three titrations conducted on samplesusing a PROSITE patterrd%) revealed that this novel
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calcium binding motif is conserved in LDL receptor se-
quences from other species, but it was not identified in any
other proteins. This observation suggests that the EGF-A site
may play a role in determining the specific biological
properties of the LDL receptor with respect to other members
of the LDLR gene family 1).

Qualitative analyses of changes in one- and two-
dimensional NMR data indicate that while calcium binding
to the higher affinity EGF-B site induces a large conforma-
tional adjustment of the pair, calcium occupancy of the A-site

results in more localized structural changes. These observa- 12.

tions are consistent with a recent report indicating that
calcium plays a major role in defining the relative orientation
of cbEGF domains in a pair from human fibrillin-26).

The EGF precursor region of the LDL receptor is known
to play a critical role in lipoprotein ligand dissociation from
the receptor, a process that is strongly pH dependent. Since
the effective calcium dissociation constant varies as a
function of pH, the question arises whether the cbEGF
domains undergo a calcium-dependent conformational change,
which may be important in the ligand dissociation process
(Figure 5). At present this hypothesis may only be evaluated
in terms of calcium dissociation from the EGF-B site, since
pairwise domain interactions can significantly affect the
calcium binding properties of cbEGF domain34,( 42).
Recently, Rizzuto and co-workers measured the concentration
of calcium in late vesicles using a calcium-sensitive photo-
reactive chimeric protein targeted to this cellular compart-
ment as<10uM (R. Rizzuto, University of Padova, personal
communication). This result, taken together with this report,
suggests that thi§, of the EGF-B site is tuned to the calcium
concentration in vesicles and that calcium plays an important
role in the mechanism of the LDLRigand dissociation.
Further experiments will be required to validate or disprove
this hypothesis.
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