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ABSTRACT. Haptoglobin (Hp) is an acidic glycoprotein present in most body fluids of humans and other
mammals. Although the functions of Hp are not yet fully understood, the available evidence indicates
that it is likely to play an important role in suppressing inflammatory responses. Some earlier work suggested
that Hp might be a newly identified member of a small group of extracellular chaperones found at significant
levels in human body fluids. Previously, the only well-characterized member of this group was clusterin,
which shares functional similarities with the small heat-shock proteins. We report here that Hp specifically
inhibited the precipitation of a variety of proteins induced by either heat or oxidation, including proteins
in unfractionated human serum. We also show that, like clusterin, Hp (i) inhibits the precipitation of
stressed proteins by forming solubilized high molecular weight complexes with them, (ii) cannot protect
enzymes from heat-induced loss of function, and (iii) lacks ATPase activity and the ability to independently
refold proteins following stresses. Furthermore, we show that Hp has maximum chaperone activity at
mildly alkaline pH and, unlike clusterin, does not undergo significant changes in oligomerization state
coincident with pH-induced changes in chaperone activity. Our results raise the possibility that Hp may
exert an anti-inflammatory actioim vizo by inhibiting the inappropriate self-association of “damaged”
(misfolded) extracellular proteins.

Haptoglobin (Hp) is an acidic glycoprotein present in most protein” (1, 2). It has been reported that some animals (e.g.,
body fluids of humans and other mammals. Individual cattle) do not constitutively synthesize Hp but only do so in
humans (but not other mammals) express one of three majorresponse to stresses such as inflammat®n (
phenotypic forms of Hp, designated Hp1-1, Hp2-1, and Hp2-  The pest known ligand of Hp is hemoglobin (Hb), which
2. These phenotypes occur as a consequence of two alleleg pinds to with extremely high affinityfp ~ 10-5 M (1)].

(HP 1 and HP 2); a crossing-over event is thought to have preyiously, it was widely believed that a primary biological
generated the variant alleles by transposing a large part ofnction of Hp was to clear the body of vascular Hb released
the sequence encoding thechain (). In its simplest form, ¢, gamaged red blood cells. However, recent work has
Hpl-1is a tetramer comprised of two (light)f and two ghq1n in a mouse model that the absence of Hp expression
(heayy)ﬁ gha||js linked by dls_ulflde bonds; sz'l and Hp2-2 had no significant effect on the clearance of Hb following
are disulfide-linked polymerized forms of higher molecular experimentally induced severe hemolysis; the Hp knock-out

- 1 1 i i - . . .
n;]ags. sz Zd{ack:]ka chains but cohntams hlgnerz Tae% . _mice showed substantially higher mortality under these
chains instead; the most common phenotype, Hp2- 'Conta'nsconditions, which appeared to result from greater oxidative
both a! anda? chains and is thought to be comprised of a

series of polymeric forms of the formulact)-(a®f) stress 4). Formation of the Hp-Hb complex inhibits Hb-
N 2. ¢ ny 1 1 1 1 i i
wheren = 0, 1, 2, 3, ... 2). The levels of Hp in human mediated generation of lipid peroxides and hydroxyl radical,

lasma are increased to 8-fold during inflammation, various which is thought to occur in areas of inflammatia. (Thus,
P . ) g Intie o .~ the available evidence indicates that Hp is likely to exert an
infections, trauma, tissue damage, and in association with

neoplasia. leading to Ho beina desianated as an “acute hasimportant anti-inflammatory actioin »izo by inhibiting
P ' 9 P 9 9 PRaSGyidative damage mediated by free Hi). (A variety of other

tParts of this work were supported by project grants from the Putative biological functions have also been ascribed to Hp.
Australian Research Council to S.B.E. (DP0208572) and M.R.W. It has been implicated in immune regulatid),(shown to
(DP0211310). inhibit cathepsin B activity ), and to have pro-angiogenic
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buffered saline. to a variety of pro-inflammatory stimuli [e.g., yeast, T&F
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or the chemotactic peptide fMLALQ, 11)]. Thus, although
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facturer. Streptavidin-agarose was purchased from Oncogene

the functions of Hp are not yet fully understood, the available (Merck, Sydney, Australia). Rabbit polyclonal anti-hemo-
evidence indicates that it is likely to play an important role globin antibody (IgG fraction) was obtained from Dako

in suppressing inflammatory responses.

(Sydney, Australia). The 3A8 murine hybridoma, which

We have described and characterized the chaperone actio§ecretes a monoclonal antibody reactive with human hap-

of clusterin, a widely distributed and highly conserved
glycoprotein found at high levels in human blod®{15).

toglobin, was obtained as a kind gift from Dr. Ludwig
Wagner (University of Vienna, Austria). A plasmid-encoding

Some recent work suggested that Hp might also have mutant (chaperone inactive) A3G# synuclein was a gift

chaperone activity, which, if true, would make it one of a

from Dr. Robert Cappai (Department of Pathology, Univer-

very few known mammalian chaperones present in humanSity of Melbourne, Melbourne, Australia). A3@Rsynuclein
body fluids at substantial levels. Both Hp and clusterin are Protein was expressed Hscherichia coliand purified by

(i) comprised of disulfide-linked. andg chains, (ii) heavily

acid precipitation as described in r2f. 4,4-Bis(1-anili-

glycosylated [Hp and clusterin are 20 and 30% sugar by nonaphthalene-8-sulfonate) (bisANS) was obtained from

mass, respectivelyi( 16)], (iii) constitutively present at high
levels in human plasma [Hp at 0:3.9 mg/mL () and
clusterin at 66-140ug/mL (17)], and (iv) expressed at higher
levels during a variety of stresses and disease statéds)

Molecular Probes (Eugene, OR). Human clusterin was
purified by immunoaffinity chromatography from human
serum as previously describe2l3}.

Purification of Hp.Hp was purified from human serum

Given these similarities, the recent suggestion that Hp might Using a well-established hemoglobin-affinity chromatography
be a chaperone appeared worthy of a closer examination.method; this method yields native Hp, which retains the
Previous studies of the putative chaperone action of Hp wereability to bind to hemoglobin with high affinity24). Briefly,
restricted to only two stressed proteins and did not demon- human serum (80 mL) was diluted 3:1 with 10 mM Tris-
strate that, under the conditions tested, the effects measured!Cl at pH 7 (TB) containig 5 M NaCl and then mixed

were specific to HpX9, 20). The primary aims of this study

with Hb-Sepharose (5 mL, containing about 50 mg of bound

were to establish whether Hp is a genuine extracellular Hb) on an end-over-end stirrerrfd h at 4°C. Human Hb
chaperone and, if so, to compare its mechanisms of actionwas bound to CNBr-activated Sepharose using standard
with those of clusterin. To determine whether Hp had a methods. The Hb-Sepharose was then washed with TB and
genuine Chaperone activity, we assayed the aggregation Opnwanted Hb-blndlng proteins eluted with TB containing 1.6
a variety of proteins subjected to stresses, including unfrac-M guanidine-HCI. Hp was eluted using 10 mM sodium
tionated proteins in human serum, and tested the effects ofacetate at pH 5 containing 3.5 M guanidine-HCI. The eluate
Hp and control proteins in these systems. We also investi-Was dialyzed extensively against TB and any -Htb
gated whether Hp, like clusterin and the small heat-shock complexes subsequently removed by immunoaffinity chro-
proteins (sHSPs), binds preferentially to stressed proteins tomatography using anti-Hb antibody-Sepharose. The Hp

form solubilized high molecular weight complexes. In
addition, we tested whether Hp had any ability to inhibit

concentration was determined by absorbance at 280 nm using
the molar extinction coefficient 5.% 10* (corresponding

the heat-induced loss of enzyme activity or to refold to @ 50-kDaog dimer) @5).

denatured enzymes and whether ATP might be required for

Protein Precipitation Assays: Heat Stre&€&S (3uM) with

either of these processes. Last, because it is known thator without Hp2-1 in CS buffer (14 mM N&PO,, 3.2 mM

clusterin is activated by mildly acidic pHL), we tested

Tris, 26 mM NacCl, and 0.6 mM EDTA at pH 7.4) was heated

the effects of pH on the structure and chaperone action ofin the wells of a 96-well microplate (1Qa/well) at 43°C,
Hp. This report establishes that Hp exerts a genuine @and protein precipitation was measured as turbidify,
chaperone action, provides insights into the mechanism ofquantified using a Spectramax 250 plate reader (Molecular
this action, and identifies similarities and differences between Devices, CA). GST (7.8M), with or without Hp2-1, in

it and that of clusterin and the sHSPs.

MATERIALS AND METHODS

Materials.Human serum was obtained from Wollongong

phosphate buffer (50 mM NEHPO, at pH 7.4), was heated
at 55°C for 20 min in an automated seven-chambered diode
array spectrophotometer (Hewtettackard GMBH, Ger-
many) andA3%®-measured as a function of time. Similarly,
ovo (13uM), with or without Hp2-1, in phosphate buffer,

Hospital (Wollongong, NSW, Australia) and stored frozen was heated to 60C for 35 min, and protein precipitation
at —20 °C until use. CNBr-activated Sepharose, human was measured as above. In other e)(periments7 OVQA(\E,B

hemoglobin, ovotransferrin (ovo), lysozyme (lys, from

0.25 mg/mL) with or without Hp1-1, Hp2-1, or Hp2-2 (all

chicken egg white), catalase (from bovine liver), citrate at 404g/mL), also in phosphate buffer, was heated t660
synthase (CS, from porcine heart), alcohol dehydrogenasefor 30 min andA3%° measured as a function of time; in all
(from bakers’ yeast), and superoxide dismutase (SOD, from sybsequent experiments, the Hp2-1 phenotype was used.

bovine erythrocytes) were purchased from Sigma (MO).

Oxidative Stresslys (70uM), with or without Hp2-1, was

Complete protease inhibitor cocktail was obtained from jncubated in the wells of a 96-well microplate (1@0/well)

Roche (Sydney, Australia).
GlutathioneStransferase (GST) froi§chistosoma japoni-

for 18 h at room temperature in oxidative stress buffer (1
mM H.0,, 2 mM EDTA, 2 mM Na ascorbate, and 2 mM

cumwas prepared by thrombin cleavage of recombinant Jun FeCk), which produces hydroxyl radical2®); changes in

leucine zipper-GST fusion protein and purified by GSH-
agarose-affinity chromatography as described irRfefovo

and GST were biotinylated using NHS-LC-biotin (Pierce,
Sydney, Australia) following the instructions of the manu-

A3 were measured in a Spectramax 250 microplate reader.
To confirm that the effects of Hp were specific, in some
experiments, SOD or the chaperone-inactive A30P mutant
of o synuclein R2) were used as control proteins. These
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were added to the following final concentrations for each of  Detection of High Molecular Weight Complexes Formed
the indicated substrates: 6uM (CS), 17uM (GST), 8.3 Between Hp and Stressed Proteins: HPIStze-exclusion
uM (ovo), and 3:M (lys), with other conditions as specified chromatography (SEC) was used as a first step to investigate
above. the formation of high molecular weight complexes between
The Effects of pH on the Ability of Hp To Inhibit Heat- Hp and stressed proteins. ovo (0.5 mg/mL), Hp2-1 (0.25 mg/
Induced Precipitation of Protein€S (0.3 mg/mL) with or mL), and mixtures of both Hp2-1 and ovo (at the same final
without Hp2-1 (0.15 mg/mL) in CS buffer (adjusted to pH concentrations) in phosphate buffer, were incubated for 1 h
6.0-7.5) was heated at 43C, and precipitation was at either 37 or 60C. Using the same buffer, GST (0.2 mg/
measured using a Spectramax 250 microplate reader. In othemL), Hp2-1 (0.5 mg/mL), and mixtures of GST and Hp2-1
experiments, ovo (1 mg/mL) with or without Hp2-1 (0.25 (at the same final concentrations) were incubated at 37 or
mg/mL) in phosphate buffer (adjusted to pH 6&80) was 57 °C for 40 min. All samples were centrifuged at 10§00
heated to 60°C in either quartz cuvettes or a 384-well for 5 min immediately before analysis. A Biosep-SEC-S4000
microplate, and precipitation was measured using a diodecolumn (Phenomenex, CA) was equilibrated with 50 mM
array spectrophotometer (as described above) and a FluoStaNa,HPO, at pH 7.4 and a 10@L sample volume loaded
microplate reader (BMG Labtech, Melbourne, Australia), onto the column using a Shimadzu VP series HPLC system
respectively. (Shimadzu, Kyoto, Japan). Chromatography was performed
Precipitation of Proteins in Whole Human Seruifo at room temperature with a flow rate of 0.5 mL/min.
selectively deplete human serum of Hp, an immunoaffinity  Affinity Adsorption. Purified Hp2-1 (0.5 mg/mL) or
column bearing the monoclonal anti-Hp antibody 3A8 was mixtures of Hp2-1 (0.5 mg/mL) and either biotinylated ovo
used. 3A8 was purified from tissue culture supernatant using (1 mg/mL) or GST (0.2 mg/mL) (in a total volume of 60
protein G chromatography and then coupled to CNBr- uL of PBS) were heated at 6@ for 1 h (Hp, Hp+ GST)
activated Sepharose using standard methods. Unfractionate@r 2 h (Hp+ ovo), or incubated at room temperature for the
normal human serum (NHS; Hp2-1 phenotype, 5 mL, same periods of time (controls). All samples were then
supplemented with Complete protease inhibitor cocktail) was centrifuged (5 min at 100@) to remove insoluble material
passed repeatedly ava 3 mL packed volume column of  and shaken fol h atroom temperature with streptavidin-
Sepharose CL 4B (control) or 3A8-Sepharose (to remove agarose (5L packed volume). The streptavidin-agarose
Hp). To minimize dilution, on the first pass, in each case, was washed by centrifugation 3 times with PBS and then
the first 1.5 mL eluted was discarded; this procedure resultedboiled in SDS-PAGE sample buffer for several minutes to
in negligible dilution of the total protein concentration in elute bound protein, which was subsequently analyzed by
the serum fractions collected. The yield of Hp from this SDS-PAGE under nonreducing conditions.
procedure was about 2.0 mg/mL of serum processed. The Testing the Effects of Hp on Heat-Induced Loss and
3A8 column was subsequently washed with phosphate- Subsequent Regery of Enzyme Actity. Catalase and GST
buffered saline (PBS; 137 mM NaCl, 2.7 mM KCI, 1.5 mM were heated in the presence or absence of Hp2-1, and the
KH,PQ,, and 8 mM NaHPQ, at pH 7.4) and bound Hp  remaining enzyme activity was assayed. Catalase (10
eluted wit 2 M guanidine hydrochloride in PBS. Eluted Hp mL in 44 mM NaHPO,, 21 mM NacCl, 50 mM KCI, and 5
was dialyzed extensively against PBS. There was no differ- mM MgCl; at pH 7.4) was incubated for 15 min at either
ence in chaperone activity between Hp purified by Hb- 37 °C (unstressed control) or 5% (heat stressed), in the
Sepharose versus 3A8-Sepharose chromatography (data ngiresence or absence of 30§/mL Hp2-1 (which is sufficient
shown). To confirm depletion of Hp from serum, 14 to inhibit most precipitation of catalase under these condi-
aliquots of sera were separated under nonreducing conditiondions). Immediately after incubation, samples were diluted
on a 7.5% sodium dodecyl sulfate polyacrylamide gel and 1:1 in refolding buffer (50 mM NgHPQ,, 50 mM KCI, and
electrophoretically transferred to nitrocellulose membrane 5 mM MgCl, at pH 7.4). To assay catalase activity, &0
(Sartorius, Melbourne, Australia), which was subsequently samples of the above solutions were taken at intervals and
blocked using 1% (w/v) heat-denatured casein in PBS (HDC/ added to 0.12% (v/v) pD, in 50 mM NaHPO, buffer at
PBS). The blocked membrane was probed using tissue-pH 7.4; the consumption of ¥, was measured as a decrease
culture supernatant containing 3A8 antibody followed by a in absorbance at 210 nm. Similarly, GST (20§mL in 40
1:2000 dilution of sheep-anti-mouse Ig-horseradish peroxi- mM NgHPQO,, 35 mM NaCl, 50 mM KCI, and 5 mM MgGl
dase conjugate (Silenus, Melbourne, Australia) in HDC/PBS. at pH 7.4) was incubated for 5 min at either 37 or°&7in
Bound secondary antibody was detected using an enhancedhe presence or absence of 506/mL Hp2-1 (which is
chemiluminescence kit (Pierce, IL). Aliquots () of sufficient to inhibit most GST precipitation under these
control NHS or haptoglobin-depleted serum (HDS), prepared conditions). The samples were then immediately diluted 1:1
from the same batch of serum, were diluted 1:2 with PBS, in refolding buffer. To assay GST activity, 20 samples
supplemented with a final concentration of 7.5 mM sodium were taken at intervals and added to 8@0 of 2 mM
azide and incubated in Eppendorf tubes at’@3for 48 h. glutathione, 2 mM 1-chloro-2,4-dinitrobenzene, and 50 mM
The precipitate was recovered from the samples by filtering Na;HPO; at pH 7.4 and the production of &glutathionyl-
them using 0.4&m ULTRAFREE centrifugal filtration units ~ 2,4-dinitrobenzene was measured as an increase in absor-
(Millipore, Sydney, Australia). Each filter was washed with bance at 340 nm. For both catalase and GST, in some
3 x 500uL aliquots of PBS before solubilizing the filtered experiments, 2 mM ATP was included in the buffer during
and washed precipitate wit4 M guanidine hydrochloride the initial incubation and also in the refolding buffer.
in PBS (heated at 60C for 2 h). Protein content was ATPase AssaysProduction of ADP from ATP was
determined using a bicinchoninic acid microprotein assay measured using an enzyme-coupled assay in which ADP
(27). production is linked to oxidation of NADH. The ATPase
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reaction buffer contained 2 mM Hepes at pH 8.0, 10 mM induce proteins to unfold and subsequently aggregate. For a
MgCl,, 100 mM KCI, 10uM EDTA, 170 uM ATP, 840 given heat stress, different proteins will unfold at different
uM phosphoenol pyruvate, 108V NADH, 37.4 units/mL rates, depending on their individual structural stability. The
of lactate dehydrogenase, and 31.5 units/mL of pyruvate available evidence indicates that, although different proteins
kinase 28). The reaction buffer (0.8 mL) was held in a quartz may require a greater or lesser heat stress to unfold at
cuvette, maintained at 37C, and NADH oxidation was  comparable (experimentally convenient) rates, the pathways
monitored as a decrease in absorbance at 340 nm, measureaf unfolding remain the same regardless of the temperature
as a function of time after (i) no additions or (ii) the addition (32). We tested the ability of Hp to inhibit the aggregation
of a final concentration of 20g/mL Hp2-1. The validity of of several different proteins induced by heating to-48
this assay was confirmed by showing that (i) addition of °C and also one protein induced to aggregate by oxidative
exogenous ADP (21 nmol) or (ii) generation of ADP from stress. Like clusterinlf), Hp is very structurally stable; it
ATP through phosphorylation of creatine (kfnol added) does not precipitate when heated for extended periods at 60
catalyzed by creatine phosphokinase (0.87 units added) botl*C (data not shown). Furthermore, even after prolonged
led to NADH oxidation (data not shown). To test the heating at 70°C, there is only a small change in its CD
possibility that Hp might exhibit ATPase activity only when spectrum and it actually has a slightly enhanced ability to
complexing with stressed proteins, a 2Q aliquot of a inhibit protein precipitation 33).
mixture of Hp2-1 (0.8 mg/mL) and ovo (1.0 mg/mL) that Heating CS at 43C resulted in a gradual precipitation of
had been heated at 6@ for 30 min was added to the protein, shown by an increase in absorbance at 36043¢),(
ATPase reaction buffer above and the assay was performedeaching a maximum after about 120 min [Figure 1A (i)].
as described. GST at 55°C produced extensive protein precipitation within
Dynamic Light Scattering (DLS)Samples of Hp2-1 in ~ 5—10 min [Figure 1A (ii)]. In the absence of Hp (trace
phosphate buffer (adjusted to pH 6:0.5) were analyzed represented b), the reduction inA3° after about 5 min
by DLS using a Zetasizer Nano ZS and Dispersion Technol- corresponded to the formation of large macroscopically
ogy software version 3.00 (Malvern Instruments Ltd., U.K.). visible aggregates, with a concomitant “clearing” of finer
Solutions were passed through a (& pore-size filter microaggregates from suspension. Heating ovo at®0
immediately before analysis. For the purpose of these resulted in extensive protein precipitation within 30 min
analyses, Hp was assigned a typical protein refractive index[Figure 1A (iii)]. Oxidative stress produced a slow precipita-
of 1.45 Q9). tion of lys, which approached a maximum over a period of
Circular Dichroism (CD) SpectroscopyA Jasco J-720  10—20 h [Figure 1A (iv)]; when Hp2-1 was incubated alone,
spectropolarimeter, linked to a Neslab RTE-111 cooling a low level of turbidity (less than 15% of that detected for
system, was used to acquire CD data. Far-UV (12680 nm) lys alone) was detected after 20 h of oxidative stress (data
CD studies were performed ugira 1 mmcell with Hp2-1 not shown). Hp2-1 gave dose-dependent inhibition of heat-
at 200ug/mL in 5 mM sodium phosphate at pH 7.5 or 5 induced precipitation of GST, ovo, and CS [Figure 1A
mM MES at pH 6.0 and 20C. Spectra were acquired at 20 (i—iii)] and oxidative stress-induced precipitation of lys
millidegree sensitivity with a step resolution of 0.5 nm and [Figure 1A (iv)]. In each case, further increases in the ratio
a bandwidth of 1 nm. Estimates of the percentages.of of Hp to substrate protein further reduced the extent of
helical, 8 sheet,s turn, and unordered secondary structure substrate protein precipitation (data not shown). These effects
were made by deconvolution of CD spectral data using were specific to Hp2-1 because SOD and the A30P mutant
CDSSTR 80) and CONTIN-LL @1). of a. synuclein did not prevent precipitation of any of the
Fluorescence Measuremerit$e fluorescence of biSANS  target proteins under these conditions (data for SOD repre-
bound to Hp was measured using an Cary Eclipse fluores-sented in Figure 1A (i, iii, and iv) a&; data for SOD/GST
cence spectrophotometer (Varian, Mulgrave, Victoria, Aus- and for the effects of A30P on all proteins tested are not
tralia). Samples of Hp2-1 (1Q@g/mL in either 50 mM MES shown).
and 50 mM NaCl at pH 6.0 or 50 mM phosphate and 50  Because many chaperones exist in solution as aggregates
mM NacCl at pH 7.5) were maintained at 2C. bisSANS of an ill-defined number of monomers, a convention that
was added to give various concentrations up te¥6 and has been adopted when dealing with the interactions between
after each addition, the fluorescence of the samples at 500chaperones and other proteins is to define stoichiometry in
nm was measured with an excitation wavelength of 385 nm. relation to the individual subunits of the chaperone and the
The data shown have been corrected for the fluorescence obrotein with which it interacts [the subunit molar ratio (SMR)
control samples containing bisANS only. Equation 1, which (12)]. In the case of human Hp, this is complicated because
describes the binding of bisANS to a single class of binding it occurs in three different phenotypes comprised of different
sites on Hp, was fitted to the data by nonlinear regression and variable assemblies of and 8 chains (, 2). Most
analysis using SigmaPlot version 8.02 (SPSS, Chicago, IL) experiments were done with Hp2-1; in these cases, for
_ ; ; simplicity, when molar ratios were required for calculations
F = FrnalDISANSY(Ky + [DISANS]) @) of SMR, we based our calculations on the assumption that
In this equationF, Fma, andKy are the observed fluores-  each Hp “subunit” is comprised of?3 [with a mass of about
cence, the fluorescence at saturating concentrations of50 kDa, inclusive of glycosylationlf]. The potency of the
bisANS, and the apparent dissociation constant, respectively.inhibition of target protein precipitation by Hp2-1 varied,
depending on the target protein. This is shown in Figure 1B,
RESULTS in which the percent inhibition of turbidityA®9 by Hp2-1
Hp Protects Proteins from Stress-Induced Precipitation. at the end of each of the time courses shown in Figure 1A
Supraphysiological temperatures (and other stresses) willis plotted as a function of the SMR of the target protein to
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Ficure 1: Inhibition of stress-induced protein precipitation by Hp. (A) Turbidity (measure®®sas a function of time for (i) CS (8M)

and Hp2-1 heated at 4L, (ii) GST (7.8uM) and Hp2-1 heated at 5%, (iii) ovo (13 M) and Hp2-1 heated at 6TC, and (iv) lys (70

uM) and Hp2-1 exposed to oxidative stress as described in the Materials and Methods. The key indicates the molar concentrations of the
Hp2-1 “subunit” (assumed to be comprisedodfs with a mass of 50 kDa) used. In all pane#srepresents the result in the absence of Hp

or other additions. On panels i, iii, and i, represents the result in the presence of SOD added to the following final concentrations for
each of the indicated substrates: @M (CS), 8.3uM (ovo), and 33uM (lys). (B) Percentage inhibition by Hp2-1 of the turbidity of
solutions of (i) CS and ovo induced by heat and (ii) lys induced by oxidative stress, plotted as a function of the SMR of the target protein/
Hp 28 “subunit”. The lines drawn simply indicate the trends in the data and have no theoretical significance. (C) Turbidity (measured as
A9 as a function of time for ovo (0.25 mg/mL, 3:31) and 40ug/mL of either Hp1-1, Hp2-1, or Hp2-2 (see the legend), heated at 60

°C. Owing to the variable structures of Hp2-1 and HpZ2R it is not possible to meaningfully compare their respective molar concentrations.
The data points shown are individual measurements and in each case are representative of at least three independent experiments.

Hp o023 dimers; data for GST are not plotted because the proteins in serum. This was found to be the case. Under the
formation of macroscopic aggregates in the control makes conditions tested, from 5@L aliquots of sera, about 0.1 mg
the calculation of percent inhibition problematic. It is of protein precipitated from NHS but about 0.25 mg of
apparent that the inhibition was most potent for lys, with protein precipitated from HDS under the same conditions
50% inhibition being achieved at a ly8f3 ratio of ~12:1. (Figure 2B). Thus, the selective depletion of Hp more than
To achieve comparable inhibition of heat-induced turbidity doubled the amount of protein precipitated in human serum
for CS and ovo, the data suggest that target pratéiatios incubated at 43C for 48 h. This difference was reproducible
of ~6:1 and~2:1, respectively, are required. Although all and statistically significantp( = 0.02, Student’st test).
of the phenotypic forms of Hp were capable of inhibiting Collectively, the results indicate that the chaperone action
stress-induced protein precipitation, they differed in their of Hp can protect both purified proteins and unfractionated
potency. When tested at equal mass ratios (0.25 mg/mL ovoproteins in whole human serum from stress-induced precipi-
and 40ug/mL of Hp1-1, Hp2-1, or Hp2-2), Hp1-1 inhibited  tation.
heat-induced turbidity for ovo at 30 min by about 50%, while ~ Hp Interacts with Stressed Proteins to Form High Mo-
the corresponding inhibition by both Hp2-1 and Hp2-2 was lecular Weight (HMW) Complexe€haperones such as
about 20% (Figure 1C). clusterin and the sHSPs are known to form HMW complexes
Immunoaffinity chromatography successfully depleted with partly unfolded proteins under stress conditiofg, (
nearly all Hp from human serum (Figure 2A). If Hp acts as 34). We used SEC as a first step to investigate whether Hp
a chaperoné vivo, then its selective depletion from whole  forms complexes with stressed proteins; ovo and GST were
human serum should enhance stress-induced precipitation ofised as “target” proteins in these assays. The variably sized
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A NHS HDS proteins migrating independently of one another (Figure 3A).
kDa However, when stressed mixtures were analyzed, in each

(' BB case, a HMW fraction eluted either at or near the exclusion

(@) (P), . : v limit of the column (Figure 3A, indicated by the horizontal

bars). When analyzed by SEC, in comparison to heated
(@!f)(c’) | _—- mixtures of Hp and GST, there appeared to be more species
migrating at 306-350 s in heated mixtures of Hp and ovo,

suggesting that the average size of complexes formed
between Hp and ovo was less than those formed between

e e Hp and GST. SDSPAGE analysis of HMW fractions
obtained by SEC of mixtures of Hp and ovo or GST indicated
B 030 that they only contained both Hp and the respective target
. poB | protein following heat stress (data not shown). Similar results
%ﬂ §5. were obtained from analyses of heat-stressed CS and
sl i oxidatively stressed lys (data not shown). This suggested that
5 0.15 Hp was forming soluble, HMW complexes with stressed
S o104 proteins. This interpretation was confirmed by using strepta-
& vidin-agarose to affinity adsorb proteins from unheated and
0.051 heated solutions of Hp and mixtures of Hp and biotinylated
0.00 ovo/GST. The adsorbed material was subsequently analyzed
NHS HDS by SDS-PAGE. In fractions prepared from unstressed

Ficure 2: Endogeneous Hp inhibits heat-induced precipitation of Mixtures, only the biotinylated target protein was detected
proteins in human serum. (A) Immunoblot showing the depletion (Figure 3B). Furthermore, after being heated when in solution

Xf“HS;-Sl(flrgmL)hgm\m sgﬁyHngivafgfenggginizt()a/dcng?maé%gzp?y- alone, Hp did not bind to the streptavidin-agarose beads
nti- i i
Hpqantibodyﬂ(see the Materials and Methodg for moregdetails). The (F_lgure 3B). However, fractlon S prepared from. stressed
position of molecular mass standards are indicated by arrowheadsm')_(tures of Hp and target protein contained Hp (Flgure 3B).
at the right of the image. (B) Histogram showing the amount of This demonstrates that Hp formed complexes with the target
protein precipitated from 5@L aliquots of NHS and HDS heated  proteins only after heating. Similar results were obtained for
Erﬁegglj’r(ér;g;t‘swazd eDr?é?bpointS ShOW? ?redm(;ans of tfritﬂlicate affinity adsorption analyses of mixtures of Hp and CS
y ars represent standara errors or the mea H H
The results shown are represer?tative of two independent experir&‘ xposed 1o heat stress) or lys (exposed to oxidative strgss)
ments. (data not shown). Collectively, the above results establish
that, during experimental stresses but not otherwise, Hp
absorbance peaks migrating at a position corresponding to abound to stressed proteins to form soluble HMW complexes.
species of molecular weight less than 15 kDa (indicated by Hp Does Not Protect Enzymes from Heat-Induced Loss
the dashed arrows in Figure 3A) represent azide present inof Activity or Independently Promote Protein Refolding and
some of the samples analyzed or minor “buffer fronts” in Lacks ATPase Aclity. To investigate whether Hp is capable
other samples. The range of the molecular mass standardef protecting enzymes from stress-induced loss of function
available limit what can be deduced from the SEC profiles and whether ATP has an effect on any such ability, we tested
for Hp alone; however, it is clear that Hp migrated under the enzyme activity of catalase and GST before and after
these conditions as a broad, asymmetric peak maximal at arexposure to heat stress in the presence or absence of Hp and
elution time of about 380 s, with more than half the material ATP. The presence of Hp2-1 (at sufficient concentrations
eluting before this time and a small fraction eluting at or to provide protection against precipitation) had no effect on
near the exclusion limit of the column (indicated by the arrow the loss of catalase or GST activity in either case, regardless
labeled 2000 kDa). Thus, most of the Hp2-1 species migratedof the presence of ATP (parts A and B of Figure 4, time 0).
at a rate consistent with a mass in the range of-22100 Furthermore, when acting alone and regardless of the
kDa, with a small fraction migrating as species with a mass presence of ATP, Hp2-1 was unable to promote the recovery
of 2000 kDa or greater; this is consistent with it being of catalase or GST activity following heat stress (parts A
comprised of a series of variably glycosylated disulfide- and B of Figure 4, times 2 and 5 h). Last, purified Hp2-1
linked polymers spanning a wide range of masses. Thehad no detectable ATPase activity either when tested alone
elution profiles of untreated versus heat-treated Hp were veryor following heat-induced association with ovo (data not
similar (Figure 3A), indicating that there was no major shown).
change in the aggregation state of Hp in solution in response Effects of pH on the Chaperone Action and Structure of
to heat. In the case of ovo, when the protein was heated inHp. We previously showed that mildly acidic pH (i) increased
the absence of Hp, most but not all of it precipitated and the efficiency with which clusterin inhibited the precipitation
was removed by centrifugation before loading onto the of stressed proteind ), (ii) induced dissociation of clusterin
column; the remaining ovo migrated with the same mobility oligomers in solution into the heterodimeric foritg}, and
as unheated ovo [Figure 3A (i)]. (i) increased the exposure of regions of hydrophobicity on
When GST was heated in the absence of Hp, essentiallythe molecule 35). Given the functional parallels between
all of it precipitated and it was therefore not detected by clusterin and Hp, we investigated the effects of pH on the
SEC [trace 4 in Figure 3A (ii)]. When unheated mixtures of chaperone action and structure of Hp. In assays of heat-
Hp and either ovo or GST were analyzed by SEC, the induced protein precipitation, in the absence of Hp, changes
resulting absorbance profiles were consistent with the in pH between 6.0 and 7.5 had little effect on the time course
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(A) 2000 2206015 kDa
v AR
(1)
1 Hp + ovo 37°C
2 ovo 37°C
%6 3 Hp + ovo 60 2C
A- 4 ovo 60°C
g il "o i
6 Hp 60 °C
0 100 200 300 400 500 800 time (s)
(i1)
1Hp + GST 37°C
T 2GST37°C
R 3 Hp + GST 57°C
i oy~
| ,/\-—-v& y Hp s
6 Hp 57°C
0 100 200 300 400 500 600 time (s)
(B) ovo + Hp I Hp : GST +Hp
T T
RT 60°C 60°C RT 60°C
= =|cpep-
— — | (!B (o?
Hp2-1 i
- . (a'),
ovo
GST -

Ficure 3: Hp forms HMW complexes with stressed proteins. (A) Results of SEC analyses of (i) Hp2-1 and ovo or (ii) Hp2-1 and GST
following incubation alone or as mixtures at either 37 or 57/6(Q(indicated in the legend to the right of the traces; see the Materials and
Methods for other details). The positions of molecular mass standards are indicated by arrows at the top of the figure. (B) Image of sections
of a Coomassie blue stained SBBAGE gel (electrophoresed under nonreducing conditions), showing proteins affinity adsorbed by
streptavidin-agarose from mixtures that had been heated ‘@ 60 incubated at room temperature (RT), containing Hp2-1 alone or Hp2-1

and either biotinylated ovo or biotinylated GST. In each case, the results shown are representative of at least two independent experiments.
The identity of the bands labeled at the right of the figure was established by comparison with molecular mass standards (not shown) and
the known masses of Hp2-1 molecular spec#s).(

or extent of precipitation of CS [Figure 5A (i)]. In the case
of ovo, the extent of precipitation was similar at all pH values
but proceeded at a slightly faster rate at pH-6860® than at

pH 7.0-7.5 [Figure 5A (ii)]; this may indicate that changes
in the ionization of ovo side chains induced by mildly acidic

stressed proteins from solution. Using ovo as a substrate we
also examined the relative efficiency of the chaperone actions
of Hp and clusterin over the pH range of 6:8.0. The ability

of Hp to inhibit heat-induced turbidity in solutions of ovo
increased nearly linearly over the pH range of-6706 and

pH promote more rapid intermolecular interactions when the remained at a similar level over the pH range of-7830

protein partly unfolds in response to heat. In contrast, in the (Figure 5B). In contrast, the ability of clusterin to inhibit
presence of Hp, the extent of protein precipitation was heat-induced turbidity of solutions of ovo was greatest at
significantly greater at lower pH. Under the conditions tested, pH 6.0 and decreased with increasing pH, particularly
the ability of Hp to inhibit heat-induced turbidity in solutions between pH 7.67.5. Surprisingly, under these conditions,
of CS and ovo was greatest at pH 7.5 (approximately 70 the chaperone efficiency of clusterin increased again at pH
and 64% inhibition, respectively) and was significantly less 8.0 to approach near maximum levels (Figure 5B).

at pH 6.0 (approximately 40 and 26% inhibition, respec-  The results indicated that the efficiency of the chaperone
tively) (Figure 5A). In the case of ovo, the rate of precipita- action of Hp was strongly affected by changes in pH over
tion in the presence of Hp (like those in its absence) was the range of 6.67.5. We then examined the effects of pH
faster at pH 6.6-6.5 than at pH 7.67.5. Collectively, the over this range on the solution size of Hp (probed by DLS),
results show that, in comparison to pH 7.5, at mildly acidic its secondary structure (probed by far-UV CD), and the extent
pH, Hp is less efficient at inhibiting the precipitation of to which it exposed hydrophobicity to solution (probed by
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solution size of Hp2-1 at pH 6.0 versus 7.5. At both pH
o BGST BGST+Hp values, about 98% of Hp2-1 species in solution had a
80 1Gstsmpsate diameter in the range of-25 nm with a mean of 15.1 nm

60 -
40
20 A

(Figure 6A). At pH 7.5 (but not at pH 6.0), a minor additional
population of much larger particles (representing about 1%
of all particles in solution) was present; these particles had
a diameter in the range of 25@00 nm with a mean diameter
of about 317 nm (indicated by the arrow in Figure 6A). The

% original activity -

dose-dependent increases in the fluorescence of bisSANS
bound to Hp2-1 were observed at both pH 6 and 7.5, but
the fluorescence at saturating levels of biSANS was about
. 2-fold higher at pH 6 than at 7.5 (Figure 6C). It was assumed
Time (h) . - . S .
that there is a single class of noncooperative bindings sites
Ficure 4: Hp does not protect enzymes from heat-induced loss of tq, phisANS on Hp, and the data were fitted to eq 1 (see the

activity or enhance their subsequent recovery of activity. Bar graphs . : -
showing the level of (A) GST and (B) catalase activity as a function Materials and Methods) by nonlinear regression; these

of time after heat stress. Additions present during and after heatanalyses gave values féfax of 527 + 5 and 275+ 8 at
stress are indicated in the respective keys. The data shown are mearpH 6.0 and 7.5, respectively, with corresponding values for
of triplicate measurements, and the error bars represent standark; of 7.3 + 1.6 and 3.5+ 0.3 uM.

errors of the means. The data shown are representative of three

independent experiments. DISCUSSION

0 Timz (h) . far-UV CD spectra of Hp2-1 at pH 6.0 and 7.5 were virtually
superimposable (Figure 6B); deconvolution of the spectra

B o into their a-helical, 5-sheet,s-turn, and unordered compo-
Z . nents showed that there was no significant differences
F 80 1 _ between these at pH 6 compared to pH 7.5 (data not shown).
& 60 Wi Eatalnce -+ Sn In contrast, there were pH-dependent differences in the
E 20 4 [Catalase + Hp + ATP binding of the fluorescent hydrophobic probe bisANS to Hp;
=11} $ o L |
5
=

bisANS fluorescence). Dynamic light-scattering measure- Previous work showed that human Hp inhibited the
ments indicated that there was no significant change in theaggregation of two proteins induced byvitro stresses:y

(A) 4 ol
0.08
o .
S 006
<
0.04 1
‘ 0.02
[t
0 30 60 90 120
Time (min) >
(B) 100
75
g
é 50 -
=
25 4
0 T T
5.5 6.5 7.5 8.5
pH

Ficure 5: Effects of pH on the chaperone action of Hp. (A) (i) Turbidity of solutions of CS alone (0.3 mginlgn@dO) or CS (0.3

mg/mL) and Hp2-1 (0.15 mg/mL)% and ®) at pH 6.0 ¢ and ®) and 7.5 © and ®), as a function of time of heating at 4&. (ii)

Turbidity of solutions of ovo alone (1 mg/mL¥X, O, A, andO) or ovo (1 mg/mL) and Hp2-1 (0.25 mg/mL¥( W, o, and®) at pH 6.0

(© and®), 6.5 (O andm), 7.0 (A anda), or 7.5 © and®), as a function of time of heating (in water-jacketed quartz cuvettes) &€60

Data points shown are individual measurements and in each case are representative of at least three independent experiments. (B) Plot
showing the percent inhibition of the heat-induced turbidity of solutions of ovo (1 mg/mL) by Hp2-1 (0.25 m#@)dnd clusterin (40

«g/mL; m), as a function of pH over the range 6.8.0 (these experiments were done using 384-well microplates; see the Materials and
Methods). The percentages are calculated from the differenc&%irat the end of a 2 time course. Data points are means of three
replicates, and the error bars represent standard errors of the means. The results shown are representative of three independent experiments
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(A) g 35 heat-induced precipitation of ovo, although at equivalent
g 30 . —pH7S5 mass concentrations, Hpl-1 was the most efficient (Figure
2 25+ PR 6o 1C). Furthermore, although we have not identified which
5‘:1 20 specific protein(s) in human serum precipitate in response
S 151 to mild heating, we showed that immunoaffinity depletion
£ 10+ of Hp from serum more than doubled the amount of protein
g 54 l that precipitated in response to the treatment (Figure 2B).
A0+t A Collectively, the results indicate that Hp has the ability to
1 10 100 1000 10000 protect many different proteins from stress-induced precipita-
Diameter (nm) tion, and its effects in whole human serum suggest that this
(B) activity may be relevanin vivo.
@ The SMRs of the interaction between the four proteins
g 0 tested and Hp2-1 (calculated on the basis of a 50-&Ef
= Hp “subunit”) sufficient to inhibit most stress-induced
g 5000 | precipitation were 2.0:1 (CS), 0.73:1 (GST), 1.3:1 (ovo), and
;’D 7.0:1 (lys). This indicates that Hp is a more efficient
§ chaperone than the intracellular sHSPs; the available data
-10000 - suggest that SHSPs bind stressed proteins at a SMR of one
g or more subunits of SHSP to one partially folded protein
=3 subunit [i.e., at best, SMR 1:1 (36, 37)]. However, SMR-
-15000 ' ' ' ' based comparisons indicate that Hp is a less efficient
200 220 240 260 . i S e
Wavelength (nm) chaperone Fhan clusterin, which, under S|_m|lar conditions to
those used in the current study, only required SMRs of target
(C) 400 protein/clusterin of 12.5:11@) and 21:1 {3) to inhibit most

of the heat-induced precipitation of GST and ovo, respec-
tively (these ratios are calculated assuming a clusterin
300 1 “subunit” is comprised of the 80-kDaj heterodimer). The
different SMRs required for Hp to give equivalent levels of
inhibition of aggregation for the various proteins tested may
reflect individual differences in the extent of exposure of

Fluorescence
N
[=]
(=]

100 1 ® pH6.0 regions of hydrophobicity by the proteins. Those requiring
OPpH7.5 greater amounts of Hp to inhibit aggregation may, under the
conditions tested, expose a greater area of hydrophobicity
0 to solution.
0 5 10 15 20

) Size-exclusion and affinity adsorption analyses indicated
[bisANS] (uM) that Hp2-1 formed soluble, HMW complexes with stressed
FIGURE 6: Effects of pH on the structure of Hp. (A) Histogram proteins (Figure 3 and data not shown). Clusterin and the
plot showing the results of dynamic light-scattering analyses of sHSPs form similar HMW complexes with stressed proteins
g e e cmn o 12 3 Many ofhr chaperones butnot luseri(have
further details). (B) CDpspectra of Hp2-1 at pH 6@)(and 7.5 an ATP-dependent ability to refo_ld unfolded proteins fol-
(O). The data shown are means of three scans; mean residudOWing stresses. A BLAST analysis of the NCBI nonredun-
ellipticity is plotted, calculated for Hp2-1, assuming a molar dant protein sequence database showed that there is no
extinction coefficient of 5.2 10* M~tcm™* (25). (C) Dependence  sequence similarity between Hp and any known ATPases
of the fluorescence (in arbitrary units) of Hp2-1/bisSANS complexes o gther proteins with nucleotide-binding domains. However,
on the bisANS concentration at pH 6 @)(and 7.5 O) (measured . . : .
as described in the Materials and Methods). Data shown are0 _el|_m|nate _t_h_e possibility that I_-|p_m|ght ex_ert refolding
representative of two independent experiments. activity by UtlllZlng a novel ATP-blndlng domain, we tested
whether Hp could protect enzymes from heat-induced loss
crystallin exposed to heat or oxidative strek9) @nd catalase  of activity or promote poststress recovery of enzyme activity,
exposed to heaR(). It was also shown that, in comparison in either the presence or absence of ATP. Using GST and
to its effects on aggregation induced by heat or oxidative catalase as targets, our results demonstrate that, when acting
stress, Hp less efficiently inhibited the aggregationyof  alone, Hp has no effect on the heat-induced loss of enzyme
crystallin following its rapid dilution fron 8 M urea 20). activity or on their ability to recover activity after heat stress,
These earlier studies (i) were restricted to two substrate regardless of the presence or absence of ATP (Figure 4).
proteins, (ii) did not demonstrate that the effects of Hp were We also demonstrated that Hp lacks detectable ATPase
specific, and (iii) did not establish a mechanism for the activity (data not shown). These results indicate that Hp lacks
putative chaperone action of Hp. Results presented here shovihe ability to independently refold heat-stressed enzymes and
that Hp inhibited the stress-induced precipitation of a variety that ATP does not play a direct role in its chaperone action.
of purified proteins. This included the heat-induced precipita- We have not excluded the possibility that, like the sHSPs,
tion of CS, GST, and ovo and oxidative stress-induced Hp may hold stressed proteins in a refolding-competent state,
precipitation of lys; the use of control proteins demonstrated from which the native conformations may be recovered by
that the protective effects of Hp were specific (Figure 1A interaction with ATP-dependent chaperoriesivo. How-
and data not shown). All three Hp phenotypes inhibited the ever, the only known chaperones with established refolding
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activity present in human body fluids (e.g., Hsp70) occur at undergoes a pH-dependent structural change (not detected
very low (ng/mL) levels 88). Thus, even if Hp could by far-UV CD analyses). As a consequence of these changes,
stabilize stressed proteins in a refolding-competent state, thebisANS fluoresced more intensely when bound to Hp at pH
physiological relevance of this in extracellular body fluids 6 compared to pH 7.5; however, Hp had a higher affinity
would be questionable. for bisANS at pH 7.5 than at pH 6 (Figure 6C). This latter
Clusterin is the first identified chaperone activated by observation may provide an explanation for our finding that
mildly acidic pH; it exists in solution as heterogeneous Hp is more efficient at inhibiting protein precipitation at pH
aggregates and is induced to deoligomerize at mildly acidic 7.5 compared to pH 6.0; the higher affinity hydrophobic
pH, which may expose more chaperone-binding sites to binding sites exposed at pH 7.5 may be important in the
solution (L5). Results presented here indicate that, comparedinteractions of Hp with stressed proteins (which presumably
to pH 7.5, clusterin also has increased chaperone activityinvolves its binding to exposed hydrophobic surfaces on these
under mildly alkaline conditions (Figure 5B). The reasons proteins). The pH-induced changes in bisANS binding
for this are unknown but may reflect pH-induced changes detected appear unrelated to the isoelectric point of the
in the tertiary or quaternary structure of clusterin. In solution, protein, which is 3.94.2 (1).
both Hp2-1 and Hp2-2 are known to consist of variably sized  Although we have not measured the dissociation constants,
oligomers made up of different numbers of disulfide-linked the demonstration of stable complexes formed between Hp
of units ); the quaternary structure of Hp in aqueous and stressed proteins (Figure 3) suggests that Hp binds to
solution is unknown. In contrast with clusterin but like the stressed proteins with high affinity. Therefore, collectively,
sHSPa crystallin (L5), the efficiency of the chaperone action the available data suggests thatyitro, Hp potently inhibits
of Hp2-1 rapidly decreases as the pH is reduced from 7.5 to stress-induced protein aggregation by binding (via an ATP-
6.0 (Figure 5). Furthermore, at least when acting on heat- independent mechanism) to partly unfolded proteins to form
stressed ovo, the chaperone action of Hp2-1 is near maximumstable HMW-solubilized complexes but does not itself effect
efficiency at pH 7.5 and remains high at pH 8.0 (Figure 5B); protein refolding. In these respects, the chaperone action of
even at pH 9.0, Hp2-1 maintains this high level of chaperone Hp is like that of clusterin and the sHSPs. However, these
efficiency (data not shown). three types of chaperones clearly differ with respect to the
The difference between clusterin and Hp with respect to molar efficiences with which they inhibit protein aggregation
the effects of pH on their chaperone actions suggests that(see above) and the effects of pH and temperature on their
their mechanisms may be quite distinct. We examined the actions. Current understanding indicates that increased tem-
mass of Hp2-1 in solution using SEC and DLS. HPLC SEC peratures induce deoligomerization of sHSPs (which like
analyses of Hp2-1 at pH 7.4 indicated that it migrated as a clusterin aggregate in solution) to yield a chaperone-active
broad asymmetrical peak, consistent with species in the rangespecies in which the hydrophobic surfaces previously located
of 220-2000 kDa (Figure 3A). DLS measurements indicated at the interfaces between the subunits of the aggregate are
that over the pH range of 6:07.5, pH had little effect on  now available to bind to target protein8%-41). An
the solution size of Hp2-1; at either pH, the vast majority of activation mechanism analogous to that proposed for the
Hp species was distributed normally about a mean diametersHSPs has been suggested for clusterin, in which reduced
of approximately 15 nm (Figure 6A). At pH 7.5 only, about pH (rather than increased temperature) induces enhanced
1% of particles had an estimated diameter of more than 300chaperone actionlg). Mildly acidic pH has no effect on
nm (which would correspond to oligomers containing up to the size of most Hp species in solution and decreases the
hundreds ofy3 units). These very large oligomers were not chaperone efficiency of both the sH8Rrystallin (15) and
detected at pH 6.0, suggesting that they were not stabilizedHp (Figure 4B). Therefore, at least over the pH range of
by disulfide bonds and resulted from pH-sensitive non- 6.0—7.5, the chaperone action of Hp shows a similar pattern
covalent interactions. However, given that they comprise of dependence on pH as the sH&Rrystallin. The effects
such a small proportion of the Hp2-1 species in solution, it of temperature on the solution size and chaperone efficiency
appears very unlikely that the effects of pH on their formation of Hp have yet to be examined in detail.
is an important mechanism affecting the chaperone action In healthy individuals, the proportion of Hp in circulation
of Hp. Thus, although changes in the oligomerization state complexed with Hb is very low because Hplb complexes
have been implicated in the effects of pH on the chaperoneare rapidly cleared and degraded by liver-resident macro-
activity of clusterin (5), there is no evidence that a similar phages 42). Hp probably has discrete chaperone and Hb-
mechanism operates in the case of Hp. Therefore, it follows binding sites because complexation with Hb has only a
that pH primarily affects the chaperone action of Hp by limited effect on the ability of Hp to inhibit the heat-induced
altering some aspect(s) of its secondary and/or tertiary aggregation of catalase [when compared with uncomplexed
structure. Hp, the Hp-Hb complex is about 25% less effectiva3]].
Far-UV CD analyses of Hp2-1 indicated that varying pH Hp inhibits the pro-inflammatory oxidative effects of free
over the range 6:067.5 had no significant effect on the Hb by binding to it with very high affinity and mediates its
predicted contents ai-helical, 3-sheet, angs-turn regions uptake via the CD163 macrophage cell-surface recep8r (
(Figure 6B), suggesting that the secondary structure of Hp Our results raise the possibility that another, complementary,
does not undergo any gross changes over this pH rangemechanism by which Hp may exert an anti-inflammatory
However, an inherent limitation of CD measurements is that action in »ivo is via it inhibiting the inappropriate self-
they do not identify specific locations of structural changes association of “damaged” (misfolded) extracellular proteins.
in a molecule; they only provide overall structural informa- Misfolded proteins have been implicated as underlying
tion. The results of experiments measuring the fluorescenceinflammatory events in atherosclerosilY and Alzheimer’'s
of bisANS bound to Hp2-1 indicate that the protein disease45). It is interesting to speculate that, like its role
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in directing the uptake of Hb via CD163, Hp may also
facilitate the cellular uptake and degradation of misfolded
proteins to which it complexes.

Last, we propose that Hp and clusterin are the first clearly
identified members of a small family of known extracellular

mammalian chaperones, present in human plasma at levels

of about 100ug/mL or greater, which comprise a critical

defense mechanism against the clinically dangerous conse-
quences of inappropriate protein aggregation in extracellular 16
body spaces. Other chaperones normally found inside cells,
such as Hsp70, are also found in human plasma, but their

low concentrations in this fluid (in the ng/mL range) mean
that they are unlikely to substantively inhibit precipitation
of plasma proteins; their release from damaged cells is likely
to at least partly explain their occurrence in extracellular
fluids (38).
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