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ABSTRACT: Clusterin is a heterodimeric glycoprotein found in many tissues of the body and is the most
abundant protein secreted by cultured rat Sertoli cells. The function of clusterin is unknown, but it has
been associated with cellular injury, lipid transport, apoptosis, and it may be involved in the clearance of
cellular debris caused by cell injury or death. Consistent with this last idea, clusterin has been shown to
bind to a variety of molecules with high affinity including lipids, peptides, and proteins and the hydrophobic
probe l-anilino-8-naphthalenesulfonate (ANS). Given this variety of ligands, clusterin must have specific
structural features that provide the protein with its promiscuous binding activity. Using sequence analyses,
we show that clusterin likely contains three long regions of natively disordered or molten globule-like
structures containing putative amphipathidelices. These disordered regions were highly sensitive to
trypsin digestion, indicating a flexible nature. The effects of denaturation on the fluorescence of the
clusterir-ANS complex were compared between proteins with structured binding pockets and molten
globular forms of proteins. Clusterin bound ANS in a manner that was very similar to that of molten
globular proteins. Furthermore, we found that, when bound to ANS, at least one cleavage site within the
protease-sensitive disordered regions of clusterin was protected from trypsin digestion. In addition, we
show that clusterin can function as a biological detergent that can solubilize bacteriorhodopsin. We propose
that natively disordered regions with amphipathic helices form a dynamic, molten globule-like binding
site and provide clusterin the ability to bind to a variety of molecules.

Clusterin, also known as sulfated glycoprotein-2, was first components, peptides such as amylg8id—40, and lipids
described as a heterodimeric glycoprotein and a componentsuch as those found in high-density lipoproteitd, (15).
of the secreted proteins of cultured rat Sertoli cel)s The The mechanism by which clusterin interacts with different
translated product is a single-chain precursor protein thatligands is unknown, but it is likely that the promiscuous
undergoes intracellular cleavage into a disulfide-linked 34 binding ability of clusterin is an important feature of its
kDa o-subunit and 47 kD#-subunit ¢, 2). biological function.

Clusterin has been found in many tissues including \ye recently described a model in which clusterin acts as
prostate, brain, kidney, liver and in plasma in many species g “pjo|ogical detergent”, binding to hydrophobic complexes
including rat, human, ram, and bovine. Clusterin is known anq denatured proteins to aid in their clearance from ducts
by many names including TRPM-2, GP-80, SP 40,40, and o |ymen during tissue remodeling such as happens in the
ApoJ (). Because of the wide tissue distribution, many testis during spermatogenesis or under conditions of stress
functions have been proposed for clusterin including<eell  (16) Tq clear cellular debris, clusterin would need to bind
cell interactions 4), sperm maturation), complement 4 g variety of macromolecules of different shapes and sizes.
inhibition (6), and lipid transport ). Despite the research  cjysterin has been predicted to have several amphipathic
done in the testis and other tissues, the function of clusterin ;_nalices that could allow binding to ligands with multiple
remains poorly defined. properties {7, 18). We speculated that clusterin also has a

A common theme found in several tissues is that clusterin fiayinie or dynamic binding site or sites to allow numerous
mMRNA and protein levels increase in response to cellular jogociations to take place.

damage and injury such as seen in regressing testosterone-
deprived prostate 8], apoptosis §), and a variety of
pathological stated (). The exact role of clusterin in stresse
or injured tissue is unknown, but several studies provide ; ) . o
evidence that clusterin is expressed by the surviving cells protease digestion. We re_ce_ntly _shqwed this comb|_nat_|on of
(11 12). Clusterin has been described as having chaperone-methc’ds to be useful for distinguishing between intrinsically

like activity and also prevented the precipitation of denatured Orde_red” agq in(tjrinsidc”ally disorderhed phroteirfls))_( By _“in—
proteins in vitro (3). Another characteristic of clusterin js ~ 'insically disordered” we mean that the protein exists as a
its ability to bind with high affinity to a wide array of structural ensemble at either the secondary or the tertiary

biological ligands including proteins such as complement Ievell. Thus, both fully extendgd (randqm c0|I7I|ke) and
partially folded (molten globule-like) domains having poorly
* This work was supported by NIH Grant RO1 HD 30692 packed secondary structure units are included in our proposed
* Author to whom correspondence should be addressed. Phone: 509-Category of intrinsically disordered proteins, recently re-
335-6281. Fax: 509-335-9688. E-mail: griswold@mail.wsu.edu. viewed in more detail elsewher@Q). Overall, the data
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The hypothesis that clusterin contains a highly flexible
d binding site was tested by several methods, including
prediction of disorder from amino acid sequence and limited
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supports a binding domain for the clusterin molecule with saturating ANS. Since the protein concentrations were

molten globule-like characteristics. known, the limiting values oF could be used to estimake
for saturating ANS/mol of protein. From intermediafe
MATERIALS AND METHODS values, the fraction of saturation and the amount of free

protein were estimated. Plots of bound/free versus bound then
yielded an estimate of the dissociation const&nas minus

the slope of the plotKy values determined in this way are
only apparent values since an uncertain number of ANS
molecules can bind with possibly differing quantum yields.
Operationally, binding to pockets in ordered proteins and
binding to molten globules give appardétvalues that differ

by more than a factor of 5, so, despite the uncertainties, these
apparentKy values serve as a diagnostic procedure to
distinguish ordered protein from molten globular protein.

For urea titration curves, preparations of proteins at 1 and
50 uM ANS were titrated with a urea (J. T. Baker,
Phillipsburg, NJ) stock solution made 8 M in either PBS,
pH 7.0, or 0.1% NacCl, pH 2.0. The ANS fluorescence was
measured at an excitation wavelength of 370 nm and
emission recorded at 480 nm. Urea titration curves were
repeated three times and averaged. The data are presented
as the percentage of ANS fluorescende) (per total
fluorescence with the absence of uré&g)(

Proteins for fluorometric experiments were prepared as
follows. Hexokinase, horse heart myoglobin, fatty acid free
bovine serum albumin, angtHlactalbumin were all obtained
from Sigma Chemical Corp. (St. Louis, MO). The hexokinase
and BSA were prepared in PBS, pH 7d8lactalbumin was
prepared in 0.1 M NaCl, pH 2.0 for the molten globular form
and pH 7.0 for the native form of the proteir26).

' e Apomyoglobin was prepared by a modification of the method
A_F 20_2 software version 2.52 was use_d to obtain circular ¢ Hapner et al.27). A 1% solution (10 mL) of myoglobin
dichroism (CDj} data. Clusterin protein (4.5M) was a5 adjusted to pH 1.5 with concentrated HCI, an equal
prepared in PBS, pH 7.0, and the CD spectra of clusterin,q\yme of 2-butanone, cooled on ice, was added, and the
were acquired using a 0.2 cm path length af@5Spectra 5 phases mixed for 10 min with a stir bar. The organic
in the far-UV, 195-260 nm, were recorded at wavelength |ver containing the extracted heme was allowed to separate
steps of 1 nm with an averaging timé4s and bandwidth 54 \vas removed and discarded. The extraction was repeated
of 1 nm. The percentages of secondary structure Were, ee more times until the protein mixture was a milky white
calculated on the basis of CD data from three independent.qor and no brown coloring was seen. The aqueous layer

preparations of clusterin using the neural network CDNN a5 dialyzed exhaustively against sodium bicarbonate (50
program version 2.12¢4) and k2D neural network predictor mg/L) and then water followed by PBS, pH 7.0, for folded

(29). Circular dichroic data are presented as molar ellipticity. 455myoglobin or 2 mM sodium citrate, pH 4.0, for the
Spectrofluorometric AnalyseBluorometric analysis was  molten globular form. Concentrations of the proteins were
performed using a Shimadzu RF 5000U spectrofluorometer determined by OD 280 using molar extinction coefficients
and._0.5 cm fluorometric c_eII at 28C. A solution of for hexokinase (43 480), BSA (45 990), and apomyoglobin
1-anilino-8-naphthalenesulfonic acid (ANS) (Molecular Probes, (13 940) calculated using the method of Gill and von Hippel
Eugene, OR) was prepared in PBS, pH 7.0, or 0.1 M NaCl, (2g).
pH 2.0. ANS binding curves were generated by titrating  computational Analyse€omputational sequence analysis
increasing amounts of ANS into a fixed amount of protein for rat, human, and bovine clusterin was made using the GCG
(1 uM) in appropriate buffer. An excitation wavelength of \yisconsin package. The prediction methods used were
370 nm was used, and fluorescence emission was recordeqbroteinPredict:{9), NNpredict 30), GOR @1), and the Chou
at a wavelength of 480 nm for all proteins. ANS binding and Fasman metho®%). Amphipathic sequence segments
curves were repeated three times for each protein andyere predicted using Amph88). Segments showing strong
averaged. helical and amphipathic predictions were further analyzed
The dissociation constantd) were calculated using  using Helicalwheel4). The resulting helices were compared
Scatchard analysis following the methods described previ- for similarity among clusterins.
ously 26). Briefly, fluorescence intensities) at constant Clusterin was further analyzed for regions of putatively
protein and increasing ANS concentrations ([ANS]) were disordered structure using neural network-based predictions
determined. Double reciprocal plots El¥ersus 1/[ANS])  as described previousl@%). The algorithm used here, called
were extrapolated to 1/[ANS} O to estimateF values at  predictor of natural protein disorder (PONDR), was formed
by merging three predictors: one each for the carboxy and

1 Abbreviations: ANS, 1-anilino-8-naphthalenesulfonate; BSA, bo- @mino termini 86) and a third one for the internal regions.
vine serum albumin; CD, circular dichroism. An improved predictor for internal regions and its merger

Cell Culture and Preparation of ClusterirSertoli cells
were isolated from 1921-day-old rats and maintained in
culture @1). Clusterin was purified using reverse-phase
HPLC as previously describe@2) with the exception that
purified fractions were reapplied to a C4 analytical column
(4 x 250 mm; Vydac) and eluted with a shallow gradient
(24—41% and then 4150% acetonitrile in 0.1% trifluoro-
acetic acid). The clusterin fractions were neutralized with 1
M Tris, pH 7.0. SDS-PAGE followed by silver stain was
used to assess protein purity. The protein was identified by
Western blots using a polyclonal rabbit antibody to rat
clusterin @3). Clusterin was renatured into phosphate-
buffered saline (PBS) at pH 7.@3). Non-native clusterin
was prepared by removing most of the acetonitrile from
purified clusterin followed by dialysis of the clusterin into
0.1% TFA in deionized water. Clusterin concentration was
determined by OD 280 using a molar extinction coefficient
of 46890. The rat clusterin molar extinction coefficient was
calculated by UV spectroscopic analysis in a Perkin-Elmer
Lambda 2 UVl/vis spectrophotometer using three separate
clusterin preparations of known concentration determined
independently by amino acid analysis using a Beckman
System 6300 amino acid analyzer at the Laboratory for
Biotechnology and Bioanalysis at Washington State Uni-
versity.

Circular Dichroism AnalysisAn Aviv spectropolarimeter
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with the two termini-specific predictors into a single 16
algorithm is described elsewhere in more deta)( B-subunit N 222
To develop the PONDR algorithm described briefly above,
databases of proteins with structurally characterized regions [/
of order and disorder had to be developed as inputs for e-subunit CI IN
predictor training. For the ordered protein databases, we 447 egggs 3207 50 227

primarily used segments from proteins characterized by X-ray
diffraction as reported in the Protein Data Bank (PDES)( ,
For these databases of ordered protein, the unobservedS N-@iveosyition

(disordered) residues were first removed. | -5 Linked Cysteines

Dls.ordered regions were |dgnt|f|ed in at least one of four Ficure 1: Schematic structure of rat clusterin. The mature secreted
ways: (1) as X-ray-characterized segments, typically from protein is illustrated; the 21 amino acid signal peptide has been
PDB, of lengthL > 30 consecutive residues that were omitted. Theo- andS-subunits are shown with the position of the
unobserved, (2) as NMR-characterized segments of lengthN- and C-termini labeled. The subunits are linked by five disulfide

L = 30 consecutive residues characterized as disordered by?onds, and six N-linked glycosylation sites are distributed unevenly
H : H : H etween the two subunits and are numbered with their respectlve
the aL_Jthors in the primary publlcqtlons, (3) as circular positions in the amino acid sequence. Cleavage of the single chain
dichroism (CD)-characterized proteins of lendth> 30 precursor into thexr- and 8-subunits occurs after amino acid 226
residues with random-coil type spectra, and (4) as segmentsof the precursor protein to form the disulfide-linked heterodimer.
that align with a structurally characterized region of disorder

for at least one member of a family of homologous Table 1: Secondary Structure for Clustérin

sequences. , o-helix (%) pB-sheet (%) turn (%) random (%)
Several ordered and disordered sets were used here. Thcrediction
ordered dataset Globular_3D was extracted from NRL_3D P ProteinPredict 49 5 23 23
by removing the fibrous (collagens, silks, coiled coils) protein NN Predict 39 6 no pred 55
sequences3(). Globular_3D was used to define the typical ~ Chou-Fasman 26 15 10 52
amino acid compositions of ordered protein. O_PDB_Se- .,ic4 flfom cD 36 12 19 33
lect_25 was constructed from a set of 1111 ordered segments CDNN 31 20 18 31
from nonredundant proteins and contains more than 220 000 K2d 28 15 no pred 57

residues37, 39). A randomly selected set of segments from 2 Rat clusterin secondary structure percentages were predicted from
the database was used to determine the statistical fluctuationghe amino acid sequence by computational analyses using the prediction
associated with small samples. One set of disordered Pferar?“S mee('j“gf%d'cﬁ (NGh(‘)FE’)fe%']Ct' Chdeasman a”((’j Garnier, J

H . sgut orpe, an opson . ese were compare to secon ary
Segme.nts was the one used to train PONDR’ these. are tructure percentages calculated using CDNN and K2d programs from
collection of both NMR- and X-ray characterized regions gjrcylar dichroism spectra of rat clusterin.
of disorder. The putative disordered regions in the clusterin
family were identified by prediction and sequence alignment. . . e . .
The putative order and disorder in the calcineurin family were _ Bacteriorhodopsin Solubilizatioacteriorhodopsin (BR)

; I ; : hased from Sigma, reconstituted in Triton X-100
identified by homology as described above. Finally, more was purc Do . N
than 150 disordered segments characterized by X-ray dif- and delipidated40). Delipidation of BR was monitored using

fraction, by NMR, or by CD and containing more than thin-layer chromatography with solvent (65:43:3:1 chloro-

18 000 residues were collected into a single database Ca”edorm:methanql:yvater:acetic acid) and visuali_zed by iodine
g gas. The delipidated BR was iodinated using lodobeads

dis_ALL (37, 39). (Pierce, Rockford, IL) as per the manufacturer’s instructions
Limited ProteolysisA TPCK—trypsin stock solution was and excesd? was removed using a Bio-Gel P-6DG gel

prepared (20@g/mL.in 100 mM CaGland 10 mM alanine), filtration column equilibrated with 16 mM CHAPSQG%3-

aliquoted, and frozen at-20 °C until used. Proteolysis S .
: ; : Labeled BR was added to clusterin in molar ratios 1:0.5,
experiments contained renatured or partially denatured clus 1:1, and 1:24M, and the volume of the reaction was raised

terin (40uQ) with 10uL of 1 M Tris, pH 7.3, 4ug of trypsin : ;

stock solution, and deionized water to a final volume of 200 YS9 acetate buffer so that the concentration of CHAPSO

uL. They were allowed to react for 5, 10, 30, and 60 min at was 50 times below the critical micelle concentration. The
B ; ) the A reaction was incubated at 3T for 18 h with gentle rocking.

37°C. The reaction was quenched by the addition g3 The reactions were removed and centrifuged at 45 000 rpm

of 20% TFA, and the digests were frozen-at0 °C for for 60 min to pellet insoluble BR. The supernatants were
further analysis. The digests were applied to a C18 analytical analyzed by SDSPAGE and autoradiography for soluble

RP-HPLC column (4x 250 mm Vydac), and the peptides BR. The soluble BR bands were quantitated using a

were separated using a linear gradient ef7/8% acetoni- Molecular D . Y densit ; d]
trile—0.1% TFA over 65 min and identified by sequencing olecular ynamics personal laser densitometer and image-
Quant software version 1.0.

using an Applied Biosystems 475A amino acid sequencer.
Limited proteolysis of clusterin in the presence of ANS was RESULTS

done by the same procedure except ANS was added to the

reaction vial to a final concentration of 150 (50 times Analysis of Clusterin Secondary Structure and Amphi-
the molar amount of clusterin). Clusterin was allowed to react pathico-Helices.Secreted rat clusterin is an N-glycosylated
with ANS for 10 min at room temperature prior to the heterodimer consisting of a 34 kasubunit and a 47 kDa
addition of the trypsin. The clusterfANS solution was B-subunit that are linked by five closely spaced disulfide
digested for 10 min, and the peptides were purified and bonds (Figure 1). Structural predictions have shown that
sequenced by the method described above. clusterin from rats and humans contains amphipadiaiee-
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Bovine

Ficure 2: Predicted amphipathig-helices. Amino acid sequences from rat, human, and bovine clusterin were analyzed using the programs
Amphi and Helicalwheel for the presence of amphipathic helical segments that were highly conserved among clusterins. lllustrated are
Helicalwheel diagrams of five highly conserved amphipathic helices for rat, human, and bovine clusterin. The hydrophobic face of the
helices are represented by unboxed nonpolar amino acids, and the hydrophilic face of the helices are represented by boxed polar and
charged amino acids.

lices that provide hydrophobic and hydrophilic character to the CD calculated structure of 280% was compared to
the protein 17, 18). The position and length of these helices the predicted structure (Table 1). The amount of secondary
varied depending on the method and sequence used. Thetructure calculated by CD was most closely predicted by
secondary structure predictions between rat, human, andthe Chou-Fasman and GOR methods. The CD spectra and
bovine clusterin were in good agreement (data not shown). calculated secondary structure were similar to those previ-
From these analyses, rat clusterin was predicted to haveously reported for human clusteriag, 41, 42).
between 26% and 49%-helix content (Table 1). The program Amphi was used to look for conserved
Circular dichroism (CD) spectra were collected in the far- regions in the clusterin sequences that could form amphip-
UV region to assess rat clusterin secondary structure, andathic a-helices. Of the amphipathie-helices predicted by
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Ficure 3: Predictions of disorder for clusterin. Rat (A), human (B), and bovine (C) clusterin sequences were analyzed by the predictor of
disorder PONDR for regions predicted to be natively disordered. The sequence of individual subunits from each species was analyzed
separately and is illustrated in the figure. The amino acid sequence from the subunits is represented axisthend the prediction of

disorder is on theY axis. Peaks above 0.5 are strongly predicted to be disordered.

Amphi, five were highly conserved among mammalian results showed that clusterin was predicted to contain several
clusterin species. The amphipathichelices predicted for  regions of disorder, with the tendencies for disorder mostly
clusterin in three different species showed differences in the conserved for the rat, human, and bovine molecules (Figure
amino acid sequences, but the pattern of the hydrophobic3). PONDR assigns disorder to both random coil-like and
and hydrophilic residues remained conserved (Figure 2). Themolten globule-like regions, and so such predictions do not
amphipathiax-helices in clusterin reported in this study are preclude the existence of secondary structure.
16—20 amino acids long. The predicted lengths of the helices The N- and C-termini of thex- and S-subunits, respec-
varied somewhat, but their positions in the protein were tively, contained the significant stretches of predicted
highly conserved. disorder, the longest being60 amino acids at the C-
Natively Disordered Regions of Clusterifihe ability of terminus of the rati-subunit (Figure 3). The N-terminus of
clusterin to bind to a variety of molecules suggested that the 3-subunit contained two regions of 20 and 30 residues
the binding site of clusterin must be dynamic and possibly predicted to be disordered separated by a stretch of predicted
lacks a rigid tertiary structure. We applied a recently order approximately 20 residues long. Clusterin sequences
developed disorder prediction algorithm called PONDR to from all mammalian species examined contained predicted
different clusterin species to determine the potential of ordered regions around the five conserved cysteines where
clusterin to form these dynamic flexible structur8g)( Our the disulfide bonds are located, a short disordered region
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where the posttranslational cleavage site is located, and aamino acid composition, combinations that include depletions
disordered region of 2025 amino acids predicted in the or enrichments of W, C, F, Y, R, Q, S, P, E, and K show
region of amino acids 320345. Interestingly, of the five  the best capacity for distinguishing order and disorder, while
amphipathico-helices predicted in this study, two of the enrichments and depletions of the other amino acids are less
helices fell within putative disordered regions at the C- effective 36, 43). For all of these except |, the putatively
terminus of the3-subunit, and one amphipathiechelix was disordered segments in the clusterin family and the other
located between the two disordered regions at the N-terminusthree disordered datasets all show similar enrichments and
of the a-subunit. Such a result is consistent with our recent depletions for these amino acids. The putative disordered
analysis of more than 150 proteins with regions structurally region of the clusterin family shows atypical enrichments
characterized as being disordered; many of these disordereaf V and L, a smaller than usual enrichment in P, and a
regions exhibited strong propensity for helical structure, larger than usual depletion in G. So, overall, the putatively
whereas almost none exhibited high propensityatrand disordered region of clusterin has an amino acid composition
formation @3). very similar to that of a large number of structurally
To better understand the predictions of order and disorder,characterized regions of disorder, but with a few interesting
the amino acid compositions of several ordered and disor- differences.
dered proteins or datasets were compared with those for Limited Digestion of ClusterinlTo experimentally test the
clusterin (Figure 4). From left to right in this figure, the predicted disordered regions of clusterin, we utilized limited
amino acids are arranged from those with smaller crystal- proteolysis to determine digestion-sensitive sites. As de-
lographic B-factor values on average to those with larger scribed in Materials and Methods, both native and denatured
B-factor values44). This scale correlates with the tendency clusterins were digested with trypsin for various times (5,
of an amino acid side chain to be more buried (to the left) 10, 15, 30, and 60 min) with the resulting fragments separated
or to be more exposed (to the right). For each amino acid by HPLC. For the native clusterin, several peaks were
the data are expressed as (AAXAA0)/(AA0), where AAX observed early in the digestion but disappeared at later times
is the given amino acid composition for the protein data set with the concomitant appearance of many additional peaks
of interest and where AAo is the composition of that same corresponding to small fragments. The 10 min digestion time
amino acid for Globular_3D as described in Materials and was selected for further analysis because this sample
Methods. Thus, a positive peak means that the given proteincontained the earliest appearing peaks with very little
data set is enriched in the indicated amino acid as comparedcontribution from the peaks that appeared later. For the
to Globular_3D, while a negative peak means that the given denatured clusterin, peak appearance with time could not be
protein dataset is depleted. Families of aligned sequenceseasily divided to early and late appearing.
or other groups of sequences rather than individual sequences We detected 14 different tryptic cut sites in the native
were used; this was to increase the number of residues in gorotein and 16 cut sites in the partially denatured protein
given set and thereby reduce statistical fluctuations. from the samples digested for 10 min (Table 2). In the native
With regard to ordered protein, four data sets were protein, 11 out of 14 cut sites occurred within or immediately
compared: the clusterin family, the calcineurin family, a proximal to a predicted region of disorder with only 3 cut
randomly chosen set of ordered segments, and the calmodulirsites in a region of predicted order. The partially denatured
family (Figure 4A). The randomly chosen set was made protein produced some of the same cut sites in the disordered
similar in size to the calcineurin and clusterin families in regions but had 5 cut sites in the regions of predicted order.
order to illustrate expected statistical fluctuations. The The 14 sensitive sites should be compared to a total of 46
randomly chosen set of ordered protein segments matchegotential trypsin cleavage sites in the mature clusterin protein,
the baseline closely as expected but with statistical fluctua- 22 of which fall within the putative disordered regions. Thus,
tions as expected; calmodulin, which was chosen as anthe results showed that 11 of 22 possible sites in the predicted
example of a structured, but highly flexible protein, also regions of disorder were rapidly digested, while only 3 of
matched the baseline, showing that the basis of its flexibility 24 possible sites in the predicted regions of order were
is too subtle to be picked up as a compositional difference. rapidly cleaved. Thus, overall, the predicted regions of
The ordered regions of both calcineurin and clusterin disorder exhibited substantially greater sensitivity to trypsin
exhibit idiosyncratic deviations from the large ordered digestion.
dataset, with several amino acids showing deviations of 3 ~ANS Binding to ClusterinWe tested the hypothesis that
or more standard deviations from the midline. The putatively clusterin binds ligands through its disordered regions by
ordered segments of clusterin are almost 50% depleted instudying the effects of denaturation on the fluorescence of
the hydrophobic amino acids I, Y, and V, all of which are the clusterin-ANS complex. These results were compared
branched at thg-carbon, and also in A and G, while being to protein-ANS complexes of proteins with rigid-structured
50% enriched in F and 100% or almost 100% enriched in binding sites, such as binding pockets or clefts, and molten
C, M, and Q. The high levels of C correlate with the large globular forms of proteins. This comparison is useful because
number of disulfide bonds, while the other enrichments and urea denaturation is cooperative for native prote# but
depletions suggest that this ordered protein is somewhatis honcooperative for molten globular proteid,(47).
atypical. Protein-ANS complexes were titrated with increasing urea
With regard to disorder, four sets of proteins were concentration, and the ANS fluorescence profile§¢) were
compared: the putative disorder from the clusterin family, compared. The results showed that rigid proteins, represented
the disordered set used to train the predictor, dis_ALL, and by apomyoglobin and BSA, ha8/F, profiles that were
the disordered region of the calcineurin family (Figure 4B). sigmoidal as expected and consistent with cooperative
In our studies of the relationship between order/disorder and unfolding of the ANS binding site. Hexokinase, exhibited a
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Ficure 4: Amino acid compositions of ordered and disordered proteins. Amino acid enrichments and depletions as compared to the
Globular_3D dataset are shown for four ordered datasets in (A) and for four disordered datasets in (B). From left to right, the four ordered
datasets are (1) the putatively ordered regions of the sequences of the clusterin family having 2653 residues, (2) the ordered regions of the
sequences of the A chain of the calcineurin family having 8750 residues, (3) a randomly selected set of segments from O_PDB_Select_25
having 1366 residues, and (4) the ordered regions of the sequences of the calmodulin family (6230 residues). From left to right the four
disordered datasets are (1) the putatively disordered regions of the sequences of the clusterin family (1003 residues), (2) the disordered
regions of the sequences of the calcineurin family (3715), (3) the disordered segments used to train PONDR having 1366 residues, (4) the
disordered regions of more than 150 proteins that comprise the dis_ALL dataset having more than 18 000 residues.

more gradual decline (Figure 5A). THe/F, profiles of second feature is that molten globular proteins are typically
molten globular proteins were nonsigmoidal as expected andmore fragile than structured proteins; consistent with this
consistent with noncooperative unfolding (Figure 5B). A tendency, the ordered proteins (Figure 5A) required higher
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Table 2: Limited Digestion of Clusterin by Trypsin

cleavage amino-terminal
site sequence

order/disorder

Native Clusterin Trypsin Cleavage Sites

Biochemistry, Vol. 40, No. 39, 200111835

urea concentrations to induce fluorescence loss than did the
known molten globules (Figure 5B).

The F/F, profile of clusterin was more similar to that of
the molten globular proteins (Figure 5B), although a hint of
cooperativity might be indicated. The concentrations at which

40 YVNKE disordered

44 EIQNA ordered* the F/Fo was less than 0.5 wal M for molten globular

57 TLIEK ordered proteins, 3-6 M for rigid structured proteins, and2 M for

68 SSLNS disordered clusterin. These data suggested that the ANS binding sites
81 EGALD disordered were more stable in the rigid structured proteins than the
96 AFPEV disordered . 9 . P

123 FYARV ordered molten globular proteins and clusterin.

138 QLEEF ordered Further analysis of the proteirANS complex was per-
gég fTPHF';# d(?rdeéed*d formed to determine association constants of ANS for the
04 VS?ST e different proteins. A comparison showed that molten globular
400 VTEWVW disordered proteins had dissociation constanitsg) approximately 10
428 FMDTV disordered times higher than rigid structured proteins with binding
436 ALQEY disordered

pockets or clefts (Figure 6). Consistent with the denaturation

Non-native Clusterin Trypsin Cleavage Sites

profiles, clusterinr-rANS binding did not behave as the rigid
Not Seen in the Native Clusterin

structured proteins witKys of 10uM or less, but rather has
. 2esel ordered a lower binding affinity with &g ~ 75xM, similar to those
ordered . o
of the molten globular proteins. The ANS binding charac-

a Clusterin was digested for 10 min with trypsin, and the peptides foti ; P
were separated by RP-HPLC and sequenced. The cleavage site Ioositionter|st|cs of clusterin suggested that clusterin binds molecules

and the amino-terminal sequence are listed for native and non-nativeﬁﬁ"’o_UQh the action of flexible dynamic molten globular-like
clusterin. Each cleavage site is designated ordered or disordered€gions.
depending on position. The asterisk (*) indicates an ordered cleavage \We also performed trypsin digestion analysis on clusterin

site immediately next to a predicted disordered region. A pound sign 55 described above in the presence of ANS. Under these
gz})(tl)r'ldlcates a site protected by digestion in the presence of ANS (seeconditions, one peptide, corresponding to a cleavage site at

amino acid 336 in ther-chain that lies within the first long
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Ficure 5: Urea titration curves of proteirANS complexes. Rigid structured proteins (A) and molten globule proteins and clusterin (B)
at a concentration of AM were incubated with 5@M ANS and titrated with urea to observe the change in the fluorescé&iteg) of ANS
versus increasing urea. As the concentration of the denaturant increases, the proteins unfold with a concomitant decr&ésg oh the
ANS that reflects differences in proteins with rigid structured binding sites versus molten globular sites for ANS binding.
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Clusterin:BR ratio

FicurRe 7: Bacteriorhodopsin (BR) solubilization by clusterin.
Clusterin was added t83-labeled BR in detergent and buffer. The
mixture was diluted with aqueous buffer so that the detergent was
50 times below the CMC. The mixture was centrifuged, and the
supernatant fraction was removed and analyzed for soluble BR using
SDS-PAGE and autoradiography. Soluble BR bands were quan-
titated using a laser densitometer. The figure shows the percent of
BR solubilization versus clusterin:BR molar ratio. The percent
FiGURe 6: Binding affinities of proteins for ANS. Association ~ Solubilization was calculated by subtracting the soluble BR in
constants of ANS for rigid structured proteins with binding pockets aqueOLcjis IE)uffer frorr}.qlusterlnHBIE and nonyl gluc|03|de detergent:
and clefts and molten globular proteins were compared to clusterin. BR and then normalizing to the detergent control.
Rigid structured proteins hexokinase [appargat~ (4.0 + 0.3) _ ) _ ) _ _
x 1076 M], apomyoglobin [apparer{y ~ (4.6 £+ 0.3) x 1076 M], (23). Direct interaction of the amphipathia-helices of
and BSA [apparenKq ~ (7.6 + 0.5) x 10° M] had a smaller  clusterin with different ligands is supported by the observa-
appareniy with ANS than apomyoglobin molten globule (MG)  j5, that both thex- and-subunits of clusterin are capable
[apparenty ~ (154 + 9) x 10°% M] and a-lactalbumin molten . A . .
globule (MG) [apparenKq ~ (183+ 12) x 10-5 M. of independently inhibiting complement-mediated hemolysis
and inhibiting interaction of the holoprotein with C9 of the
disordered region of that chain (see Table 2), was completelytérminal attack complex4f). The presence of a number of
absent, indicating protection of this site by ANS binding. amphipathico-helices would be beneficial to a protein that
N . . . binds to numerous types of molecules. Since most of the
Solubilization of Bacteriorhodopsin by ClusteriPeptides . . : . ! .
canable of forming amphi athiuz-F;\eliceys into anti grallel ligands for clusterin are hydrophobic, the amphipathic helices
foupr-helix bundlesghavepbgen shown to have detgrgent-likewowd allow for relatively nonspecific high-affinity binding.
properties and were able to solubilize the membrane protein The amino acid composition analysis provides add.ltlonal
bacteriorhodopsin (BR)4@). The ability of clusterin to ewdenpe m_support of the helical F‘a‘“re of thesg regions of
solubilize BR was analyzed. Delipidatééfi-labeled BR was clust'erm. Flgure 4B shows the dlsordered.regmn to have
added to clusterin purified from rat Sertoli cells, incubated, atypical enrlghme_nts of_V a_”d L. Such reS|dues_ are com-
and centrifuged, and the soluble fraction was examined by monly found in 90|Ied-c0|l hellc_es such as the leucine zipper.
SDS-PAGE follbwed by autoradiography and laser densi- Also, these regions of clusterin show a smaller than usual
tometry (Figure 7). Clusterin maintained the solubility of BR enrﬁgrgenrt Irt]hp ?vr\]/d at;nirkecil)r/] l?ii(gs: dek%letmnzoftr(]; - Since
in a dose-dependent manner compared to the aqueous buffe|F.’ a  are tne two strongest ne ea > (5.)’ ese
However, clusterin did not solubilize BR to the extent of a compositions again support the formation of helical bundles

; in these regions of clusterin.
true detergent such as nony! glucoside. Not all clusterin-ligand interactions may be hydrophobic.
DISCUSSION All of the predicted amphipathic helices contain a large
percentage of charged groups on their hydrophilic face that

The function of clusterin is not well defined, but it is may form electrostatic interactions with different ligands.
known to bind to a number of diverse ligands including The C-terminal amphipathic helix of tisubunit contains
proteins, peptides, and lipid$4). The putative amphipathic ~ many charged groups and is predicted to contain one of
o-helices of clusterin have been suggested to mediateseveral heparin binding domains which are thought to bind
hydrophobic interactions between clusterin and its numerousheparin through electrostatic interactiords,(54).
ligands @, 17). Several studies provide experimental evi- The association of amphipathic helices to sequester
dence to support this hypothesis. First, clusterin associateshydrophobic groups from solvent is a feature of helical coiled
tightly with the lipid bilayer of sperm and can only be coils and four-helix bundles5f). Synthetic amphipathic
released by the disruption of the plasma membrane usinga-helical peptides were shown to maintain the solubility of
detergents, a property characteristic of amphipathelices the membrane protein bacteriorhodopsin (BR) in aqueous

Hexokinase
Apomyoglobin
Clusterin
Apomyoglobin (MG)
a-lactalbumin (MG)
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02 144 more easily bind trypsin, and digestion occurs orders of
-subuni N Q Q - e magnitude faster than in the folded fori( 62).
MALA AT TR L) There are several examples of proteins that have intrinsi-
v vy ¢ // cally disordered regions that are sensitive to protease
o-subunit C N digestion 63—65). For example, calcineurin binds calm-
447 3 55s 350 250 227 odulin through a target helix located within a 95 amino acid
disordered segment that is unobserved in crystal structures
O N-alycosylation (66). This disordered region of calcineurin was discovered
prior to the crystal structure due to its hypersensitivity to
protease digestion6f). The XPA protein contains large

| S-S Linked Cysteines

4 Trypsin Cleavage Site of Native Clusterin regions that are indicated to be disordered by NMR. These
B Putative Amphipathic Helix regions contain sites of protease hypersensitivity and are
[ Predicted Disordered Region indicated to be disordered by PONDRY. There are

FIGURE 8: Model of clusterin showing two chains linked by five ~€xamples of proteins where proteolysis within a disordered
disulfide bonds. Shaded squares represent predicted disorderediegion is necessary for function. Trypsinogen and the
regions, and hatched squares represent predicted amphipathiapoptosis inhibitory protein Bcl-2 each have a proteolytic
helices. The arrows indicate trypsin cleavage sites with the ANS cleavage site within a disordered region responsible for

protected site indicated by a circle with arthrough it. The polarity P . . . -
of disorder in the secreted heterodimer can be seen by the location°CNVerting inactive protein to active prote®&( 69). These

of the disordered regions at the N- and C-termini of fheand ~ are interesting examples considering that clusterin is pro-
a-subunits, respectively. teolytically processed prior to secretion and also considering

that the cleavage site is located within a short region

solution, and the helices crystallized into antiparallel four- predicted to be disordered.
helix bundles 48). We showed that clusterin was also The proteolytic cut sites within the predicted regions of
capable of maintaining the solubility of BR in aqueous order probably indicate regions of local flexibility that are
solution (Figure 8). Other studies of clusterin have shown simply missed by PONDR. Local regions of disorder long
this same detergent-like property. Clusterin has been de-enough to be cut by trypsin could be too short for reliable
scribed as an extracellular chaperone because of its abilitypredictions of disorder. Note that the putatively ordered
to prevent precipitation of several proteins under denaturing region of clusterin contains significant depletions in I, Y,
conditions (3, 14, 56) and it slows the formation of higher and V and significant enrichments in M and Q (Figure 4A).
molecular weight aggregates ofAL—42 (57). Such depletions of side chains with branclfecarbons and

Another structural feature of clusterin presented in this such enrichments of the unbranched M and hydrophilic Q
study is the presence of large regions of natively disordered provide the basis for high flexibility within regions of
structure (Figure 3). The dogma that a well-ordered protein putative order. Such flexibility would be consistent with the
3D structure is a necessary prerequisite for protein function observed proteolysis and would facilitate shape changes to
is based largely on early studies of enzyme function and hasenable binding to a wide variety of molecules, even for the
been enforced over the years by the number of crystal putatively ordered part of this protein.
structures solved. Clusterin was predicted to contain three In our view, intrinsically disordered protein can be either
long regions of disorder that were highly conserved among molten globule-like or random coil-like2Q). Both random
clusterin sequences of different mammalian species. Thecoils and molten globules exhibit protease sensitivity, so an
longest region was located at the N-terminus ofgfmibunit alternative approach is needed to distinguish between these
while another long region was located at the C-terminus of two types of disordered structure.
the a-subunit (Figure 3). When one considers the symmetry ~ ANS binds to molten globules but not to random coils
of these disordered regions in the context of the mature (26), so ANS binding can distinguish one type of disorder
secreted protein, the disordered regions were symmetricallyfrom the other. However, complications arise because ANS
opposed to one another and all located at one end of thecan also associate with ligand binding clefts or pockets within
clusterin molecule. This provides the protein with a polarity ordered protein domains. Binding to clefts or pockets within
of disorder and order. ordered regions can be distinguished from binding to molten

Limited protease degradation of proteins is useful in globule-like regions by differences in the apparent binding
determining the compactness or flexibility of regions of constants and by differences in protein stability.
folded proteins by observing their resistance to digest8h ( Previous work showed ANS to bind to apomyoglobin with
Furthermore, unstructured or partially structured proteins cana trueKq of 3.4 x 10 M (70), which is close to the 4.&
be characterized by their sensitivity to protease digesi®n (1076 M found herein using a much simpler method. On the
Trypsin sensitivity of clusterin was clearly focused within other hand, ANS binding to several different molten globules
the predicted disordered regions. Less than half of theis much weaker, withy values that ranged from about 20
possible trypsin cleavage sites in clusterin fall within the x 107®to 90 x 10°% M (calculated from data in refl). As
disordered regions, yet80% of the observed digestion reported in Figure 6, we find values ranging fronx410-®
occurs within these regions, making a strong case that theyto 7 x 107® M for the apparentKy values for ANS
are molten globule-like. Studies of other proteins show that, dissociation from pockets of 3 mostly ordered proteins, and
during proteolysis, only 6 residues form a close association also with appareriy values of 150x 10°¢ and 180x 10°®
with trypsin but a minimum of 13 residues have to be M for dissociation of ANS from two molten globules. The
unstructured for trypsin to bind with high affinity6(). apparenK, for ANS dissociation from clusterin, 7% 1076
Therefore, unfolded regions of sequence within a protein M, is within the range observed for known molten globules.
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Molten globules typically unfold at low concentrations of the clearance of clusterifigand complexes from biological
denaturant with the absence of a sigmoidal unfolding curve, fluids (81).
thus indicating lack of cooperativity6, 72, 73), although While the biological function of clusterin is not well
a slight degree of cooperativity is sometimes observed ( defined, there are multiple lines of evidence that suggest
75). We previously showed that urea titration curves for loss clusterin plays a role in tissue remodeling and has a protective
of ANS fluorescence change from sigmoidal to nonsigmoidal, effect against cellular stresselsl( 16). The mRNA expres-
and the amount of urea required for unfolding became sion of clusterin also increases in regressing tiss8e89).
substantially less when ordergtilactoglobulin was con-  Clusterin overexpression protects cultured cells from the
verted to its molten globular forn7¢). Thus, we used urea  cytotoxic effect of TNFe. (83, 84). Also anti-sense oligo-
titration of ANS fluorescence to further characterize the ANS nucleotides used to block clusterin biosynthesis cause an
binding region of clusterin (Figure 5); the absence of a increase in apoptosis in several cell lin€8,(85, 86).
sigmoidal curve and the relatively low urea concentrations  The biological action of clusterin in these events is
both provide additional evidence that the ANS binding region unknown, but we have previously described a model whereby
of ANS resembles a molten globule. clusterin acts as a biological detergent to maintain the

For proteins having mixtures of ordered and molten solubility of hydrophobic molecules during tissue remodeling
globular regions, the situation becomes somewhat compli- (16). Indeed, ligand binding by clusterin’s disordered struc-
cated because the ordered part would be expected to unfoldure appears to be different from the previous examples of
cooperatively at higher denaturant concentrations, while the conformational adaptability and extreme induced fit in the
molten globular part would unfold with little or no cooper-  extraordinarily large size range of the ligands, from ANS at
ativity at lower denaturant concentrations. Thus, global one end to bacteriorhodopsin at the other. Such a large size
measures such as intrinsic tryptophan fluorescence or CDrange has not been reported for other proteins as a hallmark
spectra would yield confusing data. However, as shown here,0f detergents. The detergent-like properties of clusterin may
characterization of ANS binding provides a means for be attributed to its structural features. The glycoprotein is

identifying molten globular domains that exist in the presence acidic with a p of approximately 4.0 and has charge
of ordered regions. heterogeneity attributable to the carbohydrate moieties that

are sulfated and contain sialic acid. Most of the N-
glycosylation sites are found within or close to the disulfide
bonds and may form a scaffold region in clusterin with
negatively charged carbohydrates localized to this scaffold.
The arms containing ordered and disordered regions with
amphipathic helices may extend outward from the scaffold
and interact with potential ligands. In this model clusterin
has detergent-like features with the charged headgroup being
the carbohydrate covered scaffold of clusterin and a hydro-
phobic tail being the amphipathic helical regions of the arms.
Furthermore, the amphipathic helices on the four arms may
potentially interact to form an antiparallel four-helix bundle.
We believe that clusterin functions as a biological deter-
gent and that the promiscuous binding activity of clusterin
is primarily a function of its flexible disordered regions
combined with amphipathie-helical structures. The model
we propose in this study may improve our understanding of

On the basis of the data presented here and previouslyc|ysterin function through a better understanding of clusterin
we derived an integrated model of clusterin to aid in better g ,ctural and binding features.

defining a biological function. A scaled model of rat clusterin
is depicted in Figure 8 in which the putative amphipathic ACKNOWLEDGMENT
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