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ABSTRACT. The LA repeats that comprise the ligand-binding domain of the LDL receptor are among the
most common autonomously structured extracellular modules found in the nonredundant protein sequence
database. Here, we investigate the information content of the amino acid sequence of a typical LA module
by constructing sequences with alanine residues at nonconserved positions in the module. Starting with
the sequence of the fifth ligand-binding repeat of the LDL receptor (LA5), we created generic LA modules
with alanine substitutions of nonconserved residues in only the N-terminal lobe, only the C-terminal lobe,
and throughout both lobes of the module. LA variants with alanine residues at as many as 18 of 37
positions fold to a preferred disulfide isomer in the presence of calcium. Indeed, the six cysteines, the
C-terminal calcium coordinating residues, two hydrophobic residues involved in packing, two glycines,
and five other residues that form side chaintramodule hydrogen bonds are alone sufficient to specify

the fold of an LA module when alanine residues are present at all other positions. The LA variants with
multiple alanines in either the N- or C-terminal lobe were then exploited to identify residues of LAS5 that
contribute to the binding of apoE-containing ligands in LDL receptor-derived “minireceptors”, implicating
nonconserved residues of the N-terminal lobe of LAS in recognition of afi@¥PC. Our library of LA
modules with multiple alanine substitutions should be generally useful for probing the roles of nonconserved
side chains in ligand recognition by proteins of the LDL receptor family.

The LA repeats that comprise the ligand-binding domain ceptors as a model syster),(we then substitute folding-
of the LDL! receptor are among the most common autono- competent mutants in place of LA5 in domain swap ex-
mously structured extracellular modules found in the non- periments to evaluate the functional consequences of reduc-
redundant protein sequence databa%p {Though first ing the information content at those nonconserved residues
identified in the LDL receptor, receptors that contain LA tolerant of alanine substitution.
modules are now known to participate in a diverse array of  Structures of various LA modules, determined by both
biological processes ranging from viral infection to Wnt NMR spectroscopy and X-ray crystallography, are largely
signal transduction and to brain developme2jt ( devoid of secondary structure elements, but all exhibit a well-

Because LA modules are so ubiquitous, we sought to defined tertiary fold specified primarily by three disulfide
understand fundamental interrelationships among their se-ponds and the coordination of a calcium idh-(6). In the
quence, structure, and function. In the work reported here, structure of LA5 (Figure 1A), a prototypical module, the six
we first identify side chains that participate in specifying conserved cysteine residues form disulfide bonds organized
the native LA module fold by examining the folding behavior in a I-1ll (Cys 176—Cys 188), IV (Cys 183-Cys 201),
of designed modules in which the information content of a and IV—VI (Cys 195-Cys 210) arrangement and form two
prototype module, the fifth ligand-binding repeat of the LDL  |oops which define the N-terminal and C-terminal “lobes”
receptor (LA5), is systematically reduced by alanine-satura- of the module 9). The N-terminal lobe consists of residues
tion mutagenesis at nonconserved positi@ss). Using the 175-192 and contains the disulfide bond linking the first
binding of apoE-DMPC by LDL receptor-derived minire-  and third cysteine residues as well as a very short antiparallel
[-sheet. Within the C-terminal lobe (residues $231), the
"Supported by NIH Grant No. RO1 HL-61001. S.C.B. is a Pew four carboxylate groups on the side chains of conserved
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fluoroacetic acid. We hypothesized that (i) the most highly conserved residues
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A

Human LAS5 (174-211) SPCS-AFEFHCLSGE-CIHSSWRCDGGPDCKDKSDE--ENCA
Rat LDLR (196-234) SPCS-SLEFHCGSSE-CIHRSWVCDGAADCKDKSDE--ENCA
Rabbit LDLR (261-302) TLCEGPDKFKCHSGE-CISLDKVCNSARDCQDWSDEPIKECA
Mouse LDLR (146-186) TTCG-PAHFRCKSSI-CIPSLWACDGDVDCVDGSHEWPQNCQ
Rabbit VLDLR(191-231) PTCG-AHEFQCSTSS-CIPISWVCDDDADCSDQSDESLEQCG
Human C9 (95-136) DDCG--NDFQCSTGR-CIKMRLRCNGDNDCGDFSDE--DDCE
Chicken LRP1 (72-112) SRCQ-PNEHNCLGTELC ITHMSKLCNGLHDCFDGSDE-GPHCR
Consensus Segquence --C--=--F-C--G--CI----- CDG—-DC-D-SDE----C-
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LAS DSSPCSAFEFHCLSGECIHSSWRCDGGPDCKDKSDEENCA
LAS5 195-211; PCSAFEFHCLSGECIHSSWRCDGGPDCKDKSDEENCA
Ntl2a ACAAAAFACAAGACIAAAWRCDGGPDCKDKSDEENCA
Ntl1l0A ACAAAAFACASGECIAAAWRCDGGPDCKDKSDEENCA
NtoA ACAARAEFACASGECIAAAWRCDGGPDCKDKSDEENCA
Ctl0a DSSPCSAFEFHCLSGECIHSSAACDGAADCADAADEAACA
Ctoa DSSPCSAFEFHCLSGECIHSSAACDGAADCADASDEAACA
Ct8a DSSPCSAFEFHCLSGECIHSSWACDGAADCADASDEAACA
Ntl1l0A/Ct8A ACAAAAFACASGECIAAAWACDGAADCADASDEAACA
Nt9A/CtoA ACAAREFACASGECIAAAAACDGAADCADASDEAACA
Nt9A/Ct8A ACAAAEFACASGECIAAAWACDGAADCADASDEAACA

Ficure 1: (A) Ribbon diagram of the LAS crystal structure (PDB entry 1AJJ). The structure shows the arrangement of the three disulfide
bonds, the calcium coordination site, and important hydrophobic contacts. (B) Sample of the amino acid sequences taken from the seed
alignment of related LA modules (PFAM database) comparing human, rat, rabbit, and mouse LDL receptor, rabbit VLDL receptor, the C9
component of complement, and chicken LDL receptor-related protein 1 (LRP1). The consensus sequence is shown at the bottom, based on
residues conserved in greater than 60% of the interspecies LA modules analyzed. (C) Hidden Markov model logo of the LA module family
schematically illustrating the degree of information content at each position. The frequency of a residue at a particular position is proportional
to its height in the model2@). (D) Amino acid sequences of the wild-type and mutant LA5 modules purified for these studies. The LA5
variants contain alanine substitutions for nonconserved residues in the N-terminal lobe (Nt12A, Nt10A, Nt9A), in the C-terminal lobe
(Ct10A, Ct9A, Ct8A), and throughout both lobes of the module (Nt10A/Ct8A, Nt9A/Ct9A, Nt9A/Ct8A). Alanine residues are highlighted

in orange.

among LA modules are required to specify the fold and that swapping of LA5 with an N-terminal alanine-rich variant

(i) the most highly variable positions, identified in a prevents binding, while a domain swap with a C-terminal

sequence alignment of multiple LA modules, do not con- alanine-rich module does not disrupt binding. Together, these

tribute to proper folding and would thus tolerate substitution results provide important insights into the specific determi-

with the generic amino acid alanine. nants of both the folding and binding properties of LA
To test this hypothesis, nonconserved residues that exhibitmodules.

the highest sequence entropy among aligned LA modules

were replaced with alanines. We find that LA modules with EXPERIMENTAL PROCEDURES

as many as 18 alanines exhibit calcium-dependent folding Protein Expression and PurificationThe pMM-LA5

to a single disulfide-bonded isomer and bind calcium with vector contains the LA5 gene fragment of the LDLR

nativelike affinity. When used to probe the contribution of (encoding residues 17211) flanked byHindlll and BanH1

nonconserved residues of LA5 to ligand binding, domain restriction sites and a TrpLE sequence that directs the fusion
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protein to inclusion bodiesl{). The N-terminal Asp-Ser- Expression constructs for synthesis of an AB“mini-

Ser sequence was deleted from pMM-LA5 by PCR mu- receptor” with or without a C-terminal myc epitope tag have
tagenesis to make the LA% »11) module used in these  been described previousIg)( These constructs express the
studies (encoding residues 17811), since these three LA3—6 minireceptor as a glutathione S-transferase (GST)
residues are disordered in the LA5 crystal structure and dofusion, with a tobacco etch virus (TEV) protease cleavage
not influence folding. A series of alanine-substituted variants site (EEN—L—T—F—Q—G) between GST and the LAZ

of either LA5 or LAJi75-219) (See Figure 1D) were then sequence. Substitution of the Nt9A and Ct8A sequences in
constructed using a synthetic gene approach and inserted intglace of the LA5 module of these minireceptors was achieved
the expression vector in place of the LA5 sequence on aby two cycles of PCR-directed mutagenesis. The identities
Hindlll —BanH1 fragment. Each construct was named ac- of the resulting constructs were confirmed by DNA sequenc-
cording to whether alanines were introduced into the ing.

N-terminal lobe (Nt), C-terminal lobe (Ct), or both lobes The native and mutant minireceptors were expressed in
(Nt/Ct). Nt12A, Nt10A, and Nt9A have 12, 10, and 9 alanine E. coli BL21(DE3) cells during log phase growth by
residues, respectively, in the N-terminal lobe of LAS 2115, induction with IPTG. Cells were harvested by centrifugation
Ct10A, Ct9A, and Ct8A have 10, 9, and 8 alanines, and lysed by sonication as describé}l {The soluble fusion
respectively, in the C-terminal lobe of LA5. Nt10A/Ct8A, proteins were captured on Glutathione Sepharose beads
NtOA/Ct9A, and NtOA/Ct8A represent chimeras with 17 or (Pharmacia) and cleaved with TEV protease in Tris-buffered
18 alanines substituted in both lobes of LAS 21y as saline (TBS) supplemented with 0.5 mM EDTA and 1 mM
indicated. The identity of each DNA construct was confirmed DTT to release the desired minireceptor from the beads. The

by DNA sequencing. supernatant was separated from the beads by centrifugation,
LAS5, LA5p175 2113, and their variants were expressed in and TEV protease was then removed from solution by
Escherichia colistrain BL21(DE3) as a (His)-{ TrpLE} — capture onto Nit—NTA agarose beads (Qiagen) via its

Met—{ LA} fusion protein, with an N-terminal (Hig}ag and hexahistidine tag followed by removal of the beads by
the methionine residue separating the TrpLE sequence fromfiltration through fritted glass. Each minireceptor was then
the LA module. Each fusion protein was recovered from refolded under conditions permitting disulfide exchange by
inclusion bodies after sonication in detergent as describedexhaustive dialysis against buffer A. The extent of disulfide
(17). Briefly, inclusion bodies were dissolved overnight in  bond formation was monitored by analytical reversed-phase
10 mM Tris buffer (pH 8.0) containgpp 6 M guanidine HPLC using a Vydac C-18 column. For each minireceptor,
hydrochloride and 10 mM oxidized 2-mercaptoethanol, and the predominant disulfide isomer was purified to apparent
the fusion protein was precipitated by 10-fold dilution with  homogeneity by reversed-phase HPLC using a shallow
water. The precipitated fusion protein was resuspended inacetonitrile gradient, and protein concentration measurements
formic acid and cleaved with cyanogen bromide to release based on tryptophan and tyrosine absorbance were deter-
the LA fragment. This cleaved product was dialyzed mined as above.
exhaustively against 5% of acetic acid and lyophilized. After ~ N—apoE (residues-1191 of human apolipoprotein E with
the lyophilized sample was redissolved in 10 mM Tris buffer an N-terminal hexahistidine tag) was purified as described
(pH 8.0) containig 6 M guanidine hydrochloride and 5mM  previously ). Discoidal complexes of NapoE were
DTT, the N-terminal tag was removed from solution by prepared by bath sonication with dimyristoylphosphatidyl-
batch-binding of the sample to Ni-NTA agarose (Qiagen).  choline (DMPC) as described); Some disc preparations
For most preparations, the purified protein was refolded were further purified away from uncomplexed-dpoE by
under conditions permitting disulfide exchange before final gel filtration over a Superdex 300 column (Pharmacia) and
purification by HPLC. Exhaustive dialysis was performed were then concentrated by ultrafiltration (Vivascience). An
at 4°C for 72 h against 50 mM Tris buffer, pH 8, containing amount of 95% or more of the NapoE was incorporated
10 mM CaC}, 2 mM L-cysteine, and 0.5 mM.-cystine into discs as judged by native gel electrophoresis (Phast gel,
(buffer A), with daily buffer changes6}. Each protein was  Pharmacia), which was also used to estimate the size of
then purified to homogeneity by reversed-phase HPLC on adiscoidal complexes by comparison with molecular weight
Vydac C-18 column using a linear wateaicetonitrile gradi- standards.
ent established by two solvents: water and 0.1% of TFA  Disulfide Exchange Experimeni&he calcium dependence
(solvent A) and 90% of acetonitrile, 10% of water, and 0.1% of folding was investigated for each LA module by incuba-
of TFA (solvent B). The masses of all purified proteins were tion under conditions that allow for disulfide exchange.
confirmed by MALDI-TOF mass spectrometry, and each Purified wild-type or mutant LA5 proteins (20M) were
protein was stored in lyophilized form at80 °C. equilibrated under anaerobic conditions at room temperature
For constructs containing the native tryptophan residue, in a redox buffer consisting of 50 mM Tris (pH 8.5), reduced
protein concentration was measured by protein absorbanceglutathione (50Q«M), oxidized glutathione (25@&M), and
(calculated as the difference between absorbance at 280 anéither calcium chloride (1 mM), EDTA (10@M), or
320 nm) in 20 mM sodium phosphate buffer, pH 6.5, guanidine hydrochloride (6 M). After 48 h, the samples were
containirg 6 M guanidine hydrochloride. Molar extinction acidified by addition of TFA (to a final concentration of
coefficients were calculated using the Protparam program 0.1%) to arrest disulfide exchange (except for the Nt12A
based on tryptophan absorbande,(19. For the other  variant which was acidified by addition of acetic acid to 5%
proteins, concentration was estimated using the Bradfordv/v). The distribution of disulfide isomers was analyzed by
protein assay in which the absorbance measurement (at 59%eversed-phase HPLC on an analytical Vydac C-18 column
nm) of the protein in detergent was correlated with concen- using a linear acetonitrile gradient (0.1% of solvent B per
tration according to a set of BSA standards (BioRad). minute) starting from approximately 23% of solvent B. The
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distribution of isomers was indistinguishable for Li¥s-211j, We divided the LA module into N- and C-terminal lobes,
Nt9A, or Ct8A, regardless of whether the rearrangements initially restricting alanine substitutions to only one lobe or
were initiated with reduced or oxidized protein, indicating the other. Then, the alanine substitutions from folding-
that the isomer distribution was likely to be at equilibrium competent sequences in each class of mutants (Nt or Ct) were

for each protein tested.

NMR Spectroscopy**N-Labeled LA;75 211, Nt10A,
Ct9A, or Nt9ACt9A proteins were prepared by inducing
expression irkE. coligrown in M9 minimal medium supple-

combined to create sequences with alanine residues distrib-
uted throughout the whole module (Figure 1D).

To determine whether the different LA modules fold
properly, we examined whether calcium was required to

mented with*SN ammonium chloride and purified as above. guide formation of a preferred disulfide isomer. We took
Each NMR sample contained about 0.7 mM protein in 90% this approach to assess the folding competence of our
H,0/10% DO, 2.5 mM bis-Tris buffer, pH 6.9, and 10 mM  designed LA modules because the calcium dependence of
CaCl. This calcium ion concentration, which exceeds the folding is a hallmark of LA modules: wild-type LA modules
calcium dissociation constant by several orders of magnitude,(like LA5) form native disulfide bonds when calcium is
is sufficient to ensure saturation of all €abinding sites. present in the redox buffer, but a distribution of isomers is
IN-HSQC NMR spectra were acquired at 298 K on a Bruker formed when calcium is removed from the folding buffer
600 MHz spectrometer equipped with a triple resonance by addition of EDTA or when folding is carried out in
cryoprobe. Spectra were processed and analyzed with GIFAdenaturant13, 15, 17, 24-26). As expected, the identical
v4.3 (20). Resonance assignments for LAB 211 were calcium dependence of folding is also observed for kA%11
transferred from prior assignments for the LABA6 pair (Figure 2A).
by analyzing HNCA, HNCOCA, and HNCACB dat21). In the first variant module tested, all 12 nonconserved
Calcium Affinity MeasurementBor LASp175-211;, Nt10A, residues in the N-terminal lobe of LA% »11were replaced
Nt9A, Ct8A, and Nt9A/Ct8A, the calcium affinity of the by alanines to create the Nt12A protein (Figure 1D). In
folded module was measured by isothermal titration calo- contrast to wild-type LAR7s 211, however, the Nt12A
rimetry (ITC). Calcium was removed from the folded LA polypeptide did not fold to a preferred disulfide isomer under
modules prior to titration by reversed-phase HPLC purifica- conditions permitting disulfide rearrangement, regardless of
tion under acidic conditions (the affinity of the LA modules whether calcium was present (Figure 2B). The distribution
for calcium is negligible at pH 2). Calcium titrations were of Nt12A isomers at equilibrium is similar in the presence
performed at pH 5.6 in Chelex-treated MES buffer a25 or absence of calcium, as judged by the similarity in the
using a MicroCal VP-ITC calorimeter in a 1.3 mL reaction HPLC chromatograms after folding in calcium (50 mM) or
vessel. A CaGlstock solution (0.52 mM) was added in  EDTA (0.1 mM; Figure 2B, top two traces). Refolding of
3—5uL increments to various refolded LA5 variants present an equivalent quantity of protein in a redox buffer containing
at concentrations from 80 to 120. Calorimetry data were  both calcium ions in molar excess (50 mM) and denaturant
analyzed with the program Origin 5.0 (OriginLab Corp.). (4 M guanidine hydrochloride) also yields a similar distribu-
Co-Immunoprecipitation Binding Assa@o-immunopre- tion of multiple isomers (bottom trace), but more protein is
cipitation of complexes between different LA8 minire- recovered, suggesting that Ntl2A aggregates when the
ceptors (wild-type LA3-6, LA3—6 with LA5 replaced by denaturant is not present.
Nt9A, or LA3—6 with LAS replaced by Ct8A) and apet Because Nt12A did not fold to a unique disulfide isomer
DMPC was performed as previously described). (In in the presence of calcium, we designed two more conserva-
competition binding experiments, immunoprecipitations were tive variants, Nt10A and Nt9A, with 10 and 9 alanines in
carried out with the myc-tagged, wild-type LA® minire- the N-terminal lobe, respectively. The Nt10A mutant retains
ceptor in the presence of 1, 5, or 20 molar equiv of untagged both Ser 185 and Glu 187 from the native LA5 sequence
competitor (either wild-type LA36, LA3—6 with LA5 because the X-ray crystal structu identifies a hydrogen
replaced by Nt9A, or LA3-6 with LA5 replaced by Ct8A). bond between Glu 187 and the hydroxyl side chain group
of Ser 185 (Figure 1D) and because an LA5 module bearing
RESULTS the Glu 187 to Lys mutation found in familial hypercholes-
Design of LA5 VariantsFor the purpose of designing terolemia patients fails to fold to a unique disulfide isomer
alanine-saturated variants of LA5, we used the seed align-in the presence of calcium in vitrd 7). Finally, the Nt9A
ment of 53 LA modules in the PFAM database (Figure construct also retains the glutamic acid residue at position
1B,C). We considered a residue to be conserved if it appearedl80 because it exhibits 42% conservation among the aligned
in more than 60% of the sequences at a given position. LA modules.
According to this definition, the conserved residues (Figure  Remarkably, both Nt10A and Nt9A exhibit calcium
1B, bottom line) include the six cysteines essential for dependent folding under conditions permitting disulfide
defining the fold of the module2@), four acidic residues  exchange, with the preferred isomer exhibiting an HPLC
(Asp 196, Asp 200, Asp 206, and Glu 207) that coordinate retention time similar to that of LASs-211) (Figure 2C,D).
a calcium ion needed to maintain the structural integrity The existence of a small nonnative isomer peak for Nt10A
of the module 9, 17), two hydrophobic residues (Phe 181 when refolded in 1 mM calcium buffer reveals that calcium
and lle 189) implicated in packing of the N-terminal lobe, concentrations higher than 1 mM are required to drive folding
two glycine residues (Gly 186 and Gly 197), and two non- to completion (Figure 2C, top trace). In comparison, the
calcium coordinating polar residues in the C-terminal lobe Nt9A mutant exhibits complete folding to a single isomer
(Asp 203 and Ser 205). A sequence logo pfB3)(of the at 1 mM calcium concentration (Figure 2D, top trace).
alignment highlights the residues that are most highly Next, we created C-terminal alanine substitutions using
conserved (Figure 1C). similar criteria. The Ct9A construct has all nine nonconserved
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Ficure 2: HPLC chromatograms of products formed after oxidative folding of kA%11; (A), Nt12A (B), Nt10A (C), and Nt9A (D).
The proteins were incubated in a redox buffer containing calcium, EDTA, or denaturant as described in Experimental Procedures.

residues replaced by alanines. Ct8A has eight alanineattempted in the absence of calcium (or is perhaps proteo-
residues, retaining Trp 193 because it is conserved in 47%lyzed by trace amounts of proteases active under these
of the aligned sequences and because its backbone oxygefolding conditions).
atom participates in calcium coordination. Finally, Ct10A  Finally, mutants possessing substitutions throughout the
has a 10th alanine residue in place of Ser 205 in addition to entire module were constructed based on the folding ability
the nine alanines from Ct9A, probing its role in contributing of the single-lobe-substituted mutants above. To create LA
to proper folding. The reason for the conservation of Ser modules with alanines distributed throughout both lobes of
205 is not immediately apparent, though its side chain the module, N-terminal and C-terminal mutants folding to a
appears to form two hydrogen bonds, as a hydrogen bondpredominant disulfide isomer were combined to create the
acceptor from the backbone amide of residue 184 and as a\Nt10A/Ct8A, Nt9A/Ct9A, and Nt9A/Ct8A modules. Each
hydrogen bond donor to the side chain of Asp 208 ( of these variants, which contain either 17 or 18 alanine
Each of the three C-terminal alanine variants was purified residues, forms a single, homogeneous species when folded
to homogeneity and examined to determine whether theyin the presence of 1 mM calcium (Figure 4&, top traces),
were capable of forming a preferred disulfide isomer in the whereas a minimal amount of protein is recovered when
presence of calcium. Both Ct8A and Ct9A fold to a pre- folding is attempted in EDTA or denaturant (Figure 48,
ferred disulfide isomer in the presence of 1 mM calcium middle and bottom traces). The difference in elution times
(Figure 3A,B), the concentration typically used to screen among the folded polypeptides is likely a consequence of
for the calcium-dependence of folding of the different their varying hydrophobicities, which is influenced in a large
alanine-substituted variants. In contrast, the isomer distri- part by the presence or absence of Trp 193.
bution of Ct10A does not strongly favor a single isomer  NMR Spectroscopy of Na&é and Mutant LA5 Modules
until 20 mM calcium is present in the folding buffer (Fig- To determine unambiguously whether the predominant peak
ure 3C). When incubated in a redox buffer containing in the HPLC chromatogram indeed corresponds to a single-
either EDTA or denaturant, the bulk of the Ct8A protein (as folded species (i.e., a unique, well-folded disulfide isomer),
well as the Nt10A/Ct8A, Nt9A/Ct9A, and Nt9A/Ct8A  we analyzed mutant LA5 modules by NMR spectroscopy.
proteins; see below) does not elute from the HPLC col- Each of three mutants tested, Nt10A, Ct9A, and Nt9A/Ct9A,
umn, and a broad distribution of small-intensity peaks is exhibits an HSQC spectrum as well-dispersed as that of
seen instead. This observation suggests that most of thenative LAS:175-2113, indicating that the mutants are as well-
Ct8A forms disulfide-bonded aggregates when folding is folded as the wild-type protein (Figure 5AC). The number
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folding of Ct8A (A), Ct9A (B), and Ct10A (C). The proteins were
incubated in a redox buffer containing calcium, EDTA, or denatur- Figure 4: HPLC chromatograms of products formed after oxidative
ant as described in Experimental Procedures. folding of Nt1OA/Ct8A (A), Nt9A/Ct9A (B), and Nt9A/Ct8A (C).
The proteins were incubated in a redox buffer containing calcium,
of peaks observed for each mutant corresponds to thatEDTA, or denaturant as described in Experimental Procedures.
expected for a single homogeneous species with no evidence
for molecular heterogeneity. the alanine substitutions in the N-terminal lobe of Nt10A
To evaluate the effect of the alanine substitutions more perturb residues in the C-terminal lobe involved either in
precisely, the backbone amide peak of each unmutated resicalcium coordination or in van der Waals contact with the
due in the spectrum of the mutant was mapped to the closeshairpin of the N-terminal lobe (Figure 5D). In contrast, the
peak in the spectrum of the wild-type protein, and the change alanine substitutions in the C-terminal lobe of Ct9A affect

in chemical shift was calculated according to eq 1: the N-terminal lobe more broadly, with intermediate effects
on chemical shift manifested at residues throughout the
{(AéH)2+ (0.154A6N)2}1’2 (1) N-terminal lobe (Figure 5E). Finally, in the Nt9A/Ct9A

mutant, which has alanine substitutions distributed across

whereASH and ASN are the chemical shift differences in  Poth lobes, the chemical shift perturbations observed are
proton and nitrogen dimensionS, respectively’ and the remarkably similar to those predicted by Simp|e addition of
weighting factor of 0.154 was used to scale the chemical the perturbations seen for the N-terminal and C-terminal
shift differences of thé®N nuclei and thetH nuclei Q7). mutants alone (Figure 5F).

The chemical shift differences were then plotted onto the Calcium Affinity of Natre and Mutant LA5 Modules.
structure of LA5 (Figure 5B-F). This analysis reveals that Examination of the calcium dependence of folding (data not
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Ficure 5: 15N- and H-HSQC NMR spectra (AC) and chemical shift difference mapping-PB) of Nt10A, Ct9A, and Nt9A/Ct9A in
comparison to LAR7s 2111 (A) Superposition of the HSQC spectrum of Nt10OA (green) onto that of nativepkAbs (black). (B)
Superposition of the HSQC spectrum of Ct9A (red) onto that of nativgzkA11; (black). (C) Superposition of the HSQC spectrum of
Nt9A/CtOA (blue) onto that of native LA%s »11) (black). In each panel, residue numbers denote backbone resonance assignments of
native LAS175-211, and amino acid residues changed to Ala in the mutant are underlinedr)(Normalized chemical shift differences for

Nt10A (D), Ct9A (E), and Nt9A/Ct9A (F) mapped onto a ribbon diagram of the LA5 structure. Normalized differences were calculated as
described in Experimental Procedures, using the spectrum ofi4sAh,; as a reference. Individual residues of the ribbon are colored
according to a sliding scale with gray (0), orange (0.5), and red (1.0) indicating negligible, intermediate, and maximal changes in chemical
shift, respectively. Residues mutated to alanine were assigned a value of zero and are also colored gray. The disulfide bonds and calcium
ion are depicted in green and blue, respectively.

shown) suggested that most of the mutants had a calciumnant isomer in the presence of calcium under conditions that
affinity similar to that of LAJi75-211. For LASui7s5-211) permit disulfide exchange, as judged by reversed-phase
Nt10A, Nt9A, Ct8A, and Nt9A/Ct8A, we measured the HPLC (Figure 7B-G, top traces). In contrast, refolding in
calcium affinity directly by isothermal titration calorimetry EDTA gives a broad distribution of isomers (Figure-78,
at pH 5.6 (Figure 6). For LA%rs-2113, the measured affinity ~ middle traces). By comparison, each minireceptor migrates
was 990+ 30 nM, an affinity consistent with other published as a single peak with a longer retention time after reduction
values for LA5 obtained under a variety of different with DTT (Figure 7B-G, bottom traces). The dominant
experimental conditions. Thiy values for the other mu-  disulfide-bonded isomer obtained upon folding in the pres-
tants are within about an order of magnitude (Figure 6), ence of calcium was thus purified and used in apoE binding
showing that replacement of most of the nonconserved experiments (Figure 7BG, top traces).
residues does not dramatically affect calcium binding. The Binding to DMPC-Complexed -NApoE. Binding of the
Nt10A mutant has a measuréd of 2.4 uM, a little more different LA3—6 minireceptors to lipid-complexed apoE-
than double that of LA%7s-»11) at the experimental pH. Nt9A,  (1-191) was compared in an immunoprecipitation assay
Ct8A, and Nt9A/Ct8A exhibit a higher calcium affinity than using purified recombinant LA36 variants bearing a
LA5175-2113, With the affinity of Nt9A/Ct8A equal to 88t C-terminal myc epitope tag. Complexes were captured onto
11 nM. protein G beads loaded with an anti-myc antibody. Bound
Folding of Natve and Variant LA3-6 MinireceptorsThe N—apoE-DMPC was then liberated by boiling in de-
existence of folding-competent LA5-derived domains with naturing SDS loading buffer and detected by Western blot
alanine-rich N-terminal and C-terminal lobes afforded the using an HRP-conjugated anti-apoE polyclonal antibody.
opportunity to dissect the importance of the nonconserved The immunoprecipitation data (Figure 8A,B) confirm that
residues in each lobe with regard to apoE binding. Therefore,the WT LA3—6 minireceptor binds NapoE-DMPC in a
we made domain swaps in which LA5 was replaced by either specific, calcium-dependent manner, consistent with previous
Nt9A or Ct8A in the context of an LDLR minireceptor results 6). While Ct8A—LA3—6 also binds N-apoE-
spanning LA3 through LA6 (LA3-6, see Figure 7A). These DMPC when calcium is present, NtSALA3—6 does not
native and mutant minireceptors are denoted WT £A3 (Figure 8A).
Nt9A—LA3—-6, and Ct8A-LA3—6, respectively. Myc- The specificity of these binding interactions was confirmed
tagged and untagged minireceptors all refold to a predomi- in a competition assay (Figure 8B). Both WT LAB and
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Ficure 6: Calcium affinities of different LA modules determined
by isothermal titration calorimetry. The calcium affinities of
LA5[175-211] (A), Nt10A (B), Nt9A (C), Ct8A (D), and Nt9A/Ct8A

Abdul-Aziz et al.

findings from alanine saturation mutagenesis of BPTI, which
retains a nativelike fold when at least 27 of its 58 residues
(48%) are alaninessy.

The folding studies reported here define a set of “scaffold”
residues sufficient to specify the LA fold. Among the key
scaffolding residues are the conserved cysteines involved in
disulfide bonding, the acidic residues patrticipating in calcium
coordination, two hydrophobic residues that pack against
each other, two glycine residues that potentially confer
flexibility, and other residues that form side chain intramo-
lecular hydrogen bonds. Indeed, one of the glycines, Gly
197, lies in a position of the Ramachandran plot that is only
favorable for glycine.

The increased calcium affinity of certain mutants (e.g.,
Nt9A/Ct8A) when compared with LADs 214 implies that
the nonconserved residues of wild-type LA5 are not opti-
mized for calcium binding affinity or domain stability.
Replacement of two nonconserved lysine residues (Lys 202
and Lys 204) in the C-terminal lobe with alanines, for
example, probably contributes to the increase in calcium
affinity by rendering the electrostatic potential of the nearby
calcium-coordinating site more negative.

Though most of the nonconserved residues can be replaced
by alanine without disruption of the LA fold, consideration
of sequence conservation alone does not completely predict
which residues are required for folding, even for such a
simple 40-residue module. Ser 185 and Glu 187, a pair of

(E) were measured in 20 mM MES buffer, pH 5.6. To calculate resjdues that form a hydrogen bond in the X-ray structure

the calcium dissociation constant, data were fitted to a one-site

binding model with the program Origin 5.0.

Ct8BA—LA3—6 effectively compete with the binding of
N—apoE-DMPC to WT LA3—6-myc, but Nt9A-LA3—6

does not, even when present in 20-fold molar excess. Thes

results provide compelling evidence that Ct8BA3—6
maintains the capacity for high affinity binding to-MpoE—
DMPC, while Nt9A—LA3—6 does not.

DISCUSSION

of LA5 (9), are not generally conserved among LA modules
(Figure 1B,C). Nevertheless, replacement of Ser 185 and Glu
187 with alanines in the Nt12A mutant (in comparison to
Nt10A) converts a folding-competent variant (Nt10A) into

%a folding-defective one (Nt12A). It may be the case that a
a

rger sampling of LA modules sufficient to uncover cova-
riation of the Ser 185Glu 187 pair would have revealed
the importance of these two residues in proper folding of
the module.

Similarly, the significance of Glu 180 is not evident from
analysis of consensus sequence alone. Nt10A differs from

Previous investigations using alanine saturation mutagen-Nt9A solely by the additional replacement of Glu 180 with

esis have probed sequenadructure relationships in a DNA-

alanine, yet Nt10A binds calcium about 8-fold more weakly

binding homeodomain, the Arc repressor, and the disulfide- than Nt9A does (Figure 6). The reduction in calcium affinity

bonded model protein BPTI3{5), proteins in which

resulting from the E180A substitution is qualitatively similar

secondary structure elements contribute significantly to to that observed in an LA5 mutant lacking the N-terminal

directing the tertiary fold. In contrast, the relative paucity

disulfide bond 22). The C176A/C188A LA5 variant has an

of secondary structure elements in LA modules offers a novel unfolded N-terminal lobe but forms a nativelike C-terminal

model for addressing folding determinants in disulfide-

lobe that binds calcium with an affinity-500-fold lower

bonded structures that are not constrained by packing of theirthan wild-type LA5. As in the C176A/C188A case, the

secondary structure elements.
Our “library” of alanine-rich LA5 variants identifies

replacement of Glu 180 by alanine in Nt10A may destabilize
or partially unlock the packing between the N- and C-ter-

positions where the native side chains are not required tominal lobes, thereby indirectly reducing the calcium-binding

maintain the structural integrity of LA5 from the LDL

receptor. Evidence that 7 of 8 mutants tested (Nt10A, Nt9A,

Ct9A, Ct8A, Nt10A/Ct8A, NtOA/Ct8A, and NtOA/Ct9A) are

affinity.
Comparison of the Ct9A and Ct10A mutants also reveals
that Ser 205, which is highly conserved (89%) across the

natively folded comes from HPLC-based folding assays and seed alignment, influences calcium affinity without directly

solution NMR spectroscopy (Figures-8) showing calcium-
dependent formation of a single well-folded isomer. ITC
measurements of four mutants (Nt10A, Nt9A, Ct8A, and
Nt9A/Ct8A) also demonstrate high-affinity binding of cal-
cium in 1:1 stoichiometry, further confirming acquisition of
the native fold (Figure 6). The proper folding of two mutants

participating in calcium coordination. Ct9A, which possesses
Ser 205, has a calcium affinity approximately 6 times greater
than that of wild-type LA5, yet Ct10A, which is identical to
Ct9A except for the additional substitution of Ser 205 by
alanine, only forms a preferred isomer when driven by the
presence of calcium at higher concentration in the folding

in which 18 of 37 residues (49%) are alanines echoes prior buffer (Figure 3C). Remarkably, the D203G mutation found
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Ficure 7: Purification of wild-type and mutant LA36 minireceptors for binding studies. (A) Modular organization of the LDLR. The
truncated LA3-6 “minireceptor” used in this study is illustrated (EG, epidermal growth factor-like module; Y, repeat containing a YWTD
motif). (B—G) HPLC chromatograms of purified minireceptors after (i) folding in a redox buffer with 10 mM @ap traces), (ii) folding

in a redox buffer with 0.5 mM EDTA (middle traces), or (iii) reduction with 50 mM DTT (bottom traces): (B) wild-typet8sgyc, (C)
Nt9A—LA3—6-myc, (D) Ct8A—LA3—6-myc, (E) wild-type LA3-6, (F) Nt9A—LA3—6, (G) Ct8A—LA3—6. The “x” marked at an elution

time of approximately 37 min denotes a column-derived impurity. The folded+t&\@ariants, which were analyzed in the chromatograms
of the top traces, were used in the immunoprecipitation assays.

in FH patients, which alters the side chain hydrogen-bonding interface between the LA4 and LA5 modules of the ligand-
partner of Ser 205, also requires a roughklyO-fold greater binding domain with theg-propeller, seen in the closed, low

calcium concentration to fold to a preferred isom&r)( pH conformation of the LDLR, shows that both LA4 and
suggesting that this hydrogen-bonding network also stabilizesLA5 have tryptophan residues at that position in the interface
the calcium binding site. with the propeller 28).

In contrast to Glu 180 and Ser 205, Trp 193 does not ApoE Binding Studiefrevious studies have shown that
appear to exhibit conservation (47%) primarily as a result LA5, the fifth ligand-binding repeat of the LDLR, is essential
of structural constraints. It may be that the conservation of for binding of LDL, 5-VLDL, and apoE-DMPC particles
tryptophan at this position reflects a functional rather than a (29, 30. However, identification of specific residues at the
structural constraint. Consistent with this possibility, the contact interface has been elusive because almost all previous
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Among the residues replaced by alanine in the Nt9A
mutant, His 190 and Ser 191 are most likely to participate
directly in ligand binding. The importance of these two
residues in binding was first suggested by the phenotype of
a familial hypercholesterolemia mutation of the LDL receptor
in which residues His 190 and Ser 191 are replaced by a
single proline residue, because receptors with this mutation
appear to be processed normally in transiently transfected
cells but exhibit reduced LDL binding8@). These residues
are also the only two residues of the N-terminal lobe in the
intramolecular interface between LAS5 and theropeller
domain in the low-pH crystal structurgg), consistent with
partial overlap of intermolecular (ligand-binding) and in-
tramolecular interfaces and thus with the proposed intramo-
lecular displacement model for low-pH-induced ligand
release 28). The role of these residues, as well as other
nonconserved residues in the N-terminal lobe, can now be
directly addressed in future studies in which the side chains
of native LA5 are reintroduced into the generic backbone
of Nt9A. Among other residues seen in the intramolecular
interface between LAS5 and th&propeller, Trp 193, Asp
196, and Asp 200 are conserved residues in the C-terminal
lobe that are present in all domain-swapped minireceptors
that were tested. These residues thus constitute an additional
group of candidates that may potentially be part of an

presence and absence of calcium. Complexes were immunopreintermolecular, ligand-binding interface.

cipitated with anti-myc polyclonal antibody in the presence of either
2 mM EDTA or 2 mM CaC} to recover complexes of wild-type
and mutant myc-tagged minireceptors with-BpoE-DMPC. (A)
Upper panel, Western blot was analyzed with an anti-apoE
polyclonal antibody; bottom panel, after acidic stripping of the
membrane, the same blot was analyzed by probing with an anti-
myc monoclonal antibody. (B) Competition binding assay: immu-
noprecipitation with anti-myc antibody was carried out with the
wild-type, myc-tagged LA36 in the presence of 1, 5, or 20 molar
equiv of untagged competitor (wild-type LA®D, Nt9A—LA3 -6,

or Ct8A—LA3—6). Upper panel, Western blot analyzed with an
anti-apoE polyclonal antibody; bottom panel, after acidic stripping
of the membrane, the same blot was probed with an anti-myc
monoclonal antibody.

mutational studies altered conserved residues essential for
module folding. As a consequence, any observed change in

binding resulting from one of these mutations is likely to

have resulted as an indirect consequence of module mis-

folding rather than from disruption of a site directly in contact
with ligand (13, 17, 22, 3}

In these studies, we created chimeric LABminireceptors
with multiple alanine substitutions in either the N- or
C-terminal lobe of LA5 to investigate whether the replaced
residues participate in binding of apeBMPC. The LA5
domain swaps were performed with Nt9A and Ct8A because
these two variants fold cleanly to a unique disulfide isomer
in the isolated module (Figures 2D, 3A), have a calcium
affinity greater than native LA5 based on calorimetric
measurements (Figure 6C,D), and permit folding of the
LA3—6 chimeric minireceptors (Figure 7C,D,F,G). Though
the immunoprecipitation assay is admittedly qualitative, the
domain swap with Nt9A clearly disrupts apeBMPC
binding, whereas the swap with Ct8A has little effect (Figure
8A,B). The domain swap experiment thus implicates non-
conserved residues of the N-terminal lobe of LA5 in binding
of apoE-DMPC and argues that nonconserved residues of
the C-terminal lobe are unimportant in binding.
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