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ABSTRACT. Calnexin is a membrane-bound chaperone of the endoplasmic reticulum (ER) that participates
in the folding and quality control of newly synthesized glycoproteins. Binding to glycoproteins occurs
through a lectin site with specificity for GIMansGIcNAc; oligosaccharides as well as through a polypeptide
binding site that recognizes non-native protein conformations. The latter interaction is somewhat
controversial because it is based on observations that calnexin can suppress the aggregation of non-
glycosylated substrates at elevated temperature or at low calcium concentrations, conditions that may
affect the structural integrity of calnexin. Here, we examine the ability of calnexin to interact with a
non-glycosylated substrate under physiological conditions of the ER lumen. We show that the soluble ER
luminal domain of calnexin can indeed suppress the aggregation of non-glycosylated firefly luciferase at
37 °C and at the normal resting ER calcium concentration of 0.4 mM. However, gradual reduction of
calcium below the resting level was accompanied by a progressive loss of native calnexin structure as
assessed by thermal stability, protease sensitivity, intrinsic fluorescence, and bis-ANS binding. These
assays permitted the characterization of a single calcium binding site on calnexin Kdgth-20.15 +

0.05 mM. We also show that the suppression of firefly luciferase aggregation by calnexin is strongly
enhanced in the presence of millimolar concentrations of ATP and th&ttloe ATP binding to calnexin

in the presence of 0.4 mM calcium is 0.7 mM. ATP did not alter the overall stability of calnexin but
instead triggered the localized exposure of a hydrophobic site on the chaperone. These findings demonstrate
that calnexin is a potent molecular chaperone that is capable of suppressing the aggregation of substrates
through polypeptide-based interactions under conditions that exist within the ER lumen.

The endoplasmic reticulum (ER)membrane protein (9, 10). Both chaperones also bind calcium, which is required
calnexin (Cnx) and its soluble homologue calreticulin (Crt) for their lectin function L0).

are components of a chaperone system that assists in the ag 5 nascent glycoprotein enters the ER lumen, it is co-

foldi_ng of Asn—link_ed glycoproteir)s.. These chgperones also translationally glycosylated with a preassembleds@lkr,-
participate in quality control, retaining non-native glycopro- GIcNAc, oligosaccharide, which is rapidly processed by

teiﬂs wi(tjhin thet'IEtE either gm" % n datliavetﬁonécgmation_ if dglucosidases I and Il to the GManyGIcNAC;, species that
achieved or untit tn€y are degraded by the -assoclatedg recognized by Cnx and Crt. Cycles of chaperone binding

degradation (ERAD) machineryl{3). The ER luminal and release are then thought to be controlled by the

portion of Cnx consists of two domains, a globular lectin availability of the terminal glucose on the QUtansGIcNAG,

domain and an extended hairpin-like arm domaip The oligosaccharidel(1, 12). Release occurs in conjunction with

lectin domain recf;olgnizeslan early oligosacchalride processing[he removal of the terminal glucose by glucosidase Il, at
i i i ins, @ida NA . . . !
intermediate on folding glycoproteins, MEGICNAC (5, which point the glycoprotein may fold and be exported from

6), whereas the tip of the arm domain provides a binding he ER. H £ tolding d v th
site for ERp57, a thiol oxidoreductase of the protein disulfide the - Mowever, 1T folding does not occur promptly, the
isomerase familyg, 7). Crt possesses an ERp57-binding arm glyco.proteln becomes a substrate for UDP-glucose/glyco-
domain @) and is presumed to contain a Cnx-like globular Protein glucosyltransferase (UGGT), an enzyme that re-
domain because it shares identical lectin specificity with Cnx attaches the glucose residue only on non-native glycoprotein
conformers {3—15). In this model, Cnx and Crt do not

* This work was supported by a grant from the Canadian Institutes function as classical chaperones that prevent aggregation by

of i-iTealtthesearCh (to %B-W-)-h 4 be add 4. Tel: (416) 978 binding to hydrophobic segments on glycoprotein folding
© whom correspondence should be addressed. 1el: “intermediates. Rather they promote oxidative folding by

2546. Fax: (416) 978-8548. E-mail: david.williams@utoronto.ca. .. ) ? .
1 Abbreviations: bis-ANS, 1!1bis(4-anilino)naphthalene-3;8is- recruiting ERp57 and possibly other folding enzymes to the

ulfonic acid; CD, circular dichroism; Cnx, calnexin; Crt, calreticulin;  vicinity of the folding glycoprotein 16). In the case of

ER, endoplasmic reticulum; ERAD, ER-associated degradation; FL, misfol r mutant al rotein xten [ f
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domain of calnexin; UGGT, UDP-glucose/glycoprotein glucosyltrans- Pinding and release contribute to retention within the ER
ferase. and ultimately to ERAD 17—20).
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In addition to their lectin and ERp57 binding sites, Cnx a glutathione-agarose column (Sigma) to remove GST. The
and Crt have been shown to be capable of suppressing thes-Cnx-containing flow-through fraction was dialyzed against
aggregation in vitro of either non-glycosylated protein 20 mM Tris at pH 8, 50 mM NaCl, and 3 mM CagChnd
substrates1, 22) or glycoproteins that lack monoglucosy- S-Cnx was further purified by Mono Q anion exchange FPLC
lated oligosaccharide®38, 24), suggesting the presence of (8 mL column) (Pharmacia Biotech) using a linear, 200 mL
a polypeptide binding site similar to that of classical 0.05-1 M NacCl gradient in 20 mM Tris at pH 8 and 3 mM
molecular chaperones. Furthermore, Cnx and Crt bind CaC}. S-Cnx eluted typically at 0.43 M NaCl. Aro2 L of
preferentially to non-native conformers of non-glycosylated bacterial culture, about 7 mg of S-Cnx could be obtained
proteins and exhibit enhanced capacity to suppress aggregawith a purity in excess of 95%. Purified S-Cnx was dialyzed
tion in the presence of ATR2(, 22). These studies have led against 20 mM Hepes at pH 7.4, 150 mM NaCl, and 1 mM
to the suggestion that Cnx and Crt utilize both lectin- and CaChk and frozen in aliquots at-20 °C. Aliquots were
polypeptide-based modes of binding in their interactions with thawed only once, immediately prior to use.

glycoprotein folding intermediates in the ER. In this dual- Adjustment of C& ConcentrationAll experiments were
binding model, these chaperones promote folding by sup- performed using buffer consisting of 20 mM Hepes at pH
pressing nonproductive aggregation reactions as well as7 4,150 mM NaCl, and 1 mM Caglwith various protein
through the recruitment of ERpS7 to glycoprotein folding o nycleotide additives being prepared in the same buffer.
intermediates J). For experiments involving a fixed 1 mM €aconcentration

Because most of the in vitro aggregation SUPPression (gjq res 4 and 5), all assay components were simply mixed
assays with Cnx and Crt were performed at elevated y,gather. For final CH concentrations other than 1 mM,

temperature (4247 °C) to induce aggregation of the 4 stments were made using two methods. In the first
substrateZ1-24) or involved the removal of Ca (23, 24), method (Figures3), samples were prepared by first adding
the possibility exists that polypeptide-based interactions are buffer, followed by EDTA to a final concentration of 1 mM

a consequence of an altered chaperone conformation that may, 4 then sufficient CaGlto achieve the desired final free
not be prevalent under physiological conditions of the ER .zt ¢oncentration. S-Cnx, firefly luciferase (FL), or other

lumen. Consistent with such a possibility is the finding that components were added last. The calcium contributed by

bCr:cfhas a remgrk?blyl\l/lowﬁmczlting temperaturle of 484n o these final additions was taken into account when calculating
uffer containing 1 mM C# (25). Consequently, we sought 4 fina| c&*+ concentration. In the second method (Figure

to determine whether aggregation suppression by theseG)’ S-Cnx and nucleotide (in 20 mM Hepes at pH 7.4, 150

chaperones could be demonstrated at °&€ and what mM NaCl, and 1 mM CaG) were mixed with the appropri-

ir?fluence Fr)]hysiological L(:Joncentrations ofCand A:;P may ate amounts of Cagtnd calcium-free buffer (20 mM Hepes
ave on the process. Using an assay system that monitor,,y 150 mm NaCl at pH 7.4) to achieve the desired final

aggregation of the non-glycosylated protein firefly Iucifera_se Ca&" concentration. Final free €a concentrations were
(FL) at 37°C, we show that the soluble_ ER luminal do”_‘a'” confirmed by direct measurement using the*Cspecific

of Cnx (S-Cnx) is capable of suppressing FL aggregation at oo oo4e in a Radiometer ABL700 Blood Gas Analyzer
Ca* concentrations that are prevalent in the restmg.E.R{O.S (Radiometer, Copenhagen, Denmark). S-Cnx was typically
0.5 mM) @6). Furthermore, the presence of millimolar equilibrated fo 1 h in thefinal buffer prior to experiment,

concentrations of ATP profoundly enhance the aggregation although preincubations as short as 10 min were sufficient.
suppression capability of S-Cnx. Biophysical characterization

of the effects of ATP on the conformation of S-Cnx suggests  11YPSin Digestion of S-Cn)§-Cnx (48ug) was preincu-
the existence of an ATP-regulated hydrophobic binding site Pated in 20 TM Hepes, 150 mM NaCl at pH 7.4, and the
through which potent aggregation suppression is accom-indicated C&" concentrations fiol h at RT. Alldigestions

plished. were performed in a final volume of 3G at 37 °C with
0.48 ug of bovine pancreatic trypsin (type llI-S, Sigma).
EXPERIMENTAL PROCEDURES Aliquots containing 4ug of S-Cnx were removed at each

Purification of Soluble Cnx (S-CjiThe bacterial expres- ~ ime point, mixed with SDSPAGE sample buffer, and
sion vector pGEX-3X (GE Healthcare), encoding glutathione N€atéd at 93C for 5 min. Digestion products were analyzed
S-transferase fused to the N-terminus of the ER Iuminal PY SDS-PAGE using 10% polyacrylamide gels with visu-
domain of canine Cnx followed by a Hisequence (GST-  &lization by Coomassie Blue staining.

Cnx; ref 21 1)), was transformed into théscherichia coli Aggregation AssayRecombinant firefly luciferase (FL,
strain FA113, which possesses an oxidizing cyto&d).( Promega) was dialyzed against 20 mM Hepes at pH 7.4,
Expression of the GST-Cnx fusion protein was induced with 150 mM NaCl, 1 mM CaGl and 0.5% glycerol and rapidly

1 mM isopropylthiog-p-galactopyranoside for 16 h atroom frozen in 2.5uL aliquots at a concentration of 238M.
temperature (RT). Cells were harvested, resuspended in 50Aliquots were thawed only once, immediately prior to use.
mM Tris at pH 8, 300 mM NacCl, and 3 mM Cagind lysed S-Cnx was equilibrated at a final concentration QiM in

by French Press at”C. The fusion protein was then purified 20 mM Hepes at pH 7.4, 150 mM NaCl, and the indicated
by nickel-agarose chromatography (Qiagen) according to theCa* and/or ATP concentrationsifd h at RT. FL waghen
manufacturer’s protocol (final elution with 250 mM imida- diluted into the respective samples to a final concentration
zole). The eluate was dialyzed against 50 mM Tris at pH 8, of 3 uM in a total volume of 150uL. Aggregation was
150 mM NacCl, and 1 mM Caglbefore the addition of (1 ~ monitored immediately by measuring light scattering at 360
unit/mL) Factor Xa (GE Healthcare) to release S-Cnx from nm and 37°C in a Shimadzu 1601 spectrophotometer
GST. After a 16 h digestion at RT, the Ca€bncentration equipped with a temperature-controlled sample compartment.
was increased to 3 mM, and the digest was passed throughAbsorbance readings were taken every 6 s.
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Fluorescence ExperimentS-Cnx (0.6uM) was equili- or filled state or following C&" mobilization (empty state).
brated in 15Q:L of 20 mM Hepes at pH 7.4 and 150 mM Reducing the Cd concentration resulted in a marked
NaCl at the indicated Ca concentrations fol h at RT. enhancement of the ability of S-Cnx to suppress FL ag-
Intrinsic fluorescence of S-Cnx was measured with an gregation (Figure 1A). Specifically, when €awas reduced
excitation wavelength of 280 nm. For measurements of the to the 0.4 mM level reflective of the resting ER luminalPCa
interaction between the hydrophobic fluorescent probe 1,1 concentrationZ6, 30, 31), S-Cnx inhibited the aggregation
bis(4-anilino)naphthalene-5:8isulfonic acid (bis-ANS, Sigma)  of FL by 55%. Furthermore, reduction of €ato the 50
and S-Cnx, uM S-Cnx was preincubated in 20 mM Hepes uM level typically observed following mobilization of the
at pH 7.4 and 150 mM NaCl at the indicated*Car ATP ER C&" store 81, 32) completely suppressed FL aggrega-
concentrations fiol h at RT.Subsequently bis-ANS was tion. This aggregation suppression by S-Cnx was specific
added to each sample to a final concentration @6 Bis- because the addition of a control protein, glutathione
ANS fluorescence was monitored with an excitation wave- S-transferase (GST), in the absence of addet Gad no
length of 395 nm. All fluorescence measurements were effect on FL aggregation (Figure 1A).
recorded at 37C using a Photon Technology International Conformation of S-Cnx Is Influenced byZ&oncentra-
QM-1 fluorescence spectrofluorometer (excitation slit tion. To understand the basis for the enhanced aggregation
width: 2 nm; emission slit width: 5 nm). suppression function exhibited by S-Cnx as the?Ca

Circular Dichroism MeasurementsUnless otherwise  concentration is reduced, the conformational consequences
indicated, S-Cnx (0.4 mg/mL) was preincubated in 150 of altering the C& concentration were assessed using several
of 20 mM Hepes at pH 7.4 and 150 mM NaCl at the approaches. Initially, we examined the far-UV circular
indicated C&" or ATP concentrations fol h at RT.Far- dichroism (CD) spectrum of S-Cnx in the presence or
ultraviolet CD spectra were monitored using a Jasco J-810absence of Cd. As shown in Figure 1B, the CD spectrum
spectropolarimeter from 200 to 260 nma 1 mmpath length of S-Cnx in the presence of 1 mM &awas characterized
cuvette at 37C. The results are expressed as mean residueby a negative CD band at 228 nm but lacked secondary

ellipticitiy [®] (1) in units of degcm?-dmol™?, given by: structure spectral features typical of proteins with a substan-
tial content of3-sheets om-helices. Rather, the spectrum
[O](2) = 100[9](/1) appeared to be dominated by short wavelength aromatic CD
c-nel transitions, which reflects the relatively high content of
] o . aromatic residues in the ER luminal domain of Cnx (9.5%
where® (4) is the recorded ellipticity at wavelengthin of total residues). Similar observations have been made

mdeg.c is the concentration in mMyis the number of amino  previously for Crt 83). No difference in the CD spectrum
acid residues in S-Cnx, ards the path length of the cuvette a5 observed upon reduction of the2Caoncentration to
in cm. Thermal denaturation was measured by recording thep 4 mM, and only a minor decrease in mean residue ellipticity
change in ellipticity at 228 nm in thg temperature range 20 \as associated with the complete absence &f Gtowever,
80 °C using a scan rate of 2C/min. To determine the  the CD spectrum of S-Cnx denatured by heating af®0
particular T values (transition midpoint temperature of as sufficiently distinct to permit an examination of the
thermal unfolding), the measured thermal denaturation curvesihermal stability of S-Cnx at various €aconcentrations.
were fit to a standard equation describing a two-state The thermal denaturation curve of S-Cnx in 1 mM2€Ca
transition process by nonlinear Ieas_t-squares regression usingecorded at 228 nm shows that the protein denatures via a
the software SigmaPlot 2004 version 9.0. well-defined cooperative transition havingTa of 49.5°C
RESULTS (Figure 1C). This was unaltered when theeCeoncentration
was reduced to the resting ER level-00.4 mM. However,
Effect of C&" Concentration on the Aggregation Sup- further reduction led to a progressive loss of thermal stability
pression Function of S-CnxTo evaluate the lectin- such that at a Ga concentration of 5@«M, typical of the
independent aggregation function of S-Cnx at physiological empty ER, theT, was reduced to 42.4C. These values
temperature, we sought a substrate that would aggregate atesemble those reported for Crt at 1 mM2C4T,,, = 46.4
37 °C. Firefly luciferase (FL) is a thermolabile protein that °C) and at 5uM C&" (T, = 44.3°C) (25). Thus, C&"
is frequently used in vitro as a substrate in chaperone-ions have a stabilizing effect on both S-Cnx and Crt. We
mediated refolding or aggregation suppression assays, usuallalso made use of these €alependent changes in thermal
at temperatures greater than°& or following dilution from stability to estimate the affinity of Ga binding to S-Cnx,
a denaturant2g, 29). It is also a non-glycosylated protein, which has not been reported previously. As shown in Figure
and thus, any interaction with S-Cnx cannot be lectin- 1D, a plot of T, versus Ca" concentration could be fit to
mediated. As shown in Figure 1A, FL in 20 mM Hepes an equation describing single site binding witkKa= 125
buffer at pH 7.4 containing 150 mM NaCl aggregated at 37 u«M.
°C following a lag period of 78 min. This behavior was We next examined the accessibility of S-Cnx to proteolytic
unchanged in the presence of 1 mM?Carhe addition of digestion over a range of €aconcentrations. Figure 2 shows
S-Cnx (3-fold molar excess) at the 1 mM#Ca&oncentration that at 1 mM C&" and at 37°C, S-Cnx is relatively resistant
previously used in aggregation suppression assays involvingto trypsin digestion with only slight shifts in electrophoretic
S-Cnx or Crt 21, 22) had only a small inhibitory effect on  mobility observed between 5 and 60 min of digestion. This
FL aggregation. has been observed previously and reflects clipping at both
The C&' concentration was then reduced to assess thethe N- and C-termini of~68 kDa S-Cnx to give rise to a
potency of S-Cnx’s aggregation suppression function under ~60 kDa protease-resistant coB). No significant change
conditions that reflect the free ER &astore in its resting ~ was observed in the digestion pattern or kinetics when the
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FiIGURE 1: C&*" concentration influences the aggregation suppression function and the conformation of S-Cnx. (A) Efféct af @ee
aggregation suppression function of S-Cnx. S-Cnx (or GSTIM9 was equilibrated in 20 mM Hepes at pH 7.4, 150 mM NaCl, and the
indicated [C&'] for 1 h at RT. FL wagdiluted into the various S-Cnx samples to a final concentration @f13 and its aggregation was
monitored by measuring light scattering at 360 nm and@7Data points were measured evérs and plotted every 5 min. (B) Far-UV
CD spectra of S-Cnx. S-Cnx (0.1 mg/mL) was equilibrated in 5 mM Hepes at pH 7.4 and 150 mM NaCl with various concentrations of
Ca&* for 1 h at RTbefore recording the CD spectra (26860 nm) at 37 or 80C. (C) Thermal stability of S-Cnx. S-Cnx (0.4 mg/mL) was
equilibrated in 20 mM Hepes at pH 7.4, 150 mM NaCl, and the indicatéd Gancentrations fol h at RT.Thermal denaturation curves
(20—80 °C) were obtained by measuring the mean residue ellipticity by CD at 228 nm. Data points were acquired &vdmyt 2for
clarity, are shown every 5C. (D) CalculatedT, values of the thermal denaturation curves from panel C were plotted agaifs} f@a

fit to an equation describing single site binding using SigmaPlot.
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FIGURE 2: Protease sensitivity of S-Cnx. S-Cnx was preincubated in 20 mM Hepes at pH 7.4, 150 mM NaCl, and the indicated Ca
concentrations fol h at RT. Alldigestions were carried out at 3C with a S-Cnx/trypsin ratio of 100:1 (w/w). Aliquots containing:g
of S-Cnx were removed at each time point and analyzed by-SE$5E using 10% polyacrylamide gels followed by Coomassie Blue

staining. The arrow indicates the S-Cnx band migrating at 68 kDa.

C&" concentration was reduced to the resting ER level of led to a progressive increase in sensitivity to trypsin digestion,
0.4 mM. However, further reduction in €aconcentration

closely reflecting the loss of stability observed by CD
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Ficure 3: Influence of C&" on intrinsic fluorescence and bis-ANS binding by S-Cnx. (A) Intrinsic fluorescence spectra of S-Cnx. S-Cnx
(0.6 uM) was equilibrated in 20 mM Hepes at pH 7.4, 150 mM NacCl, and either 1 mM or O mi f8a 1 h at RT. Theemission spectra
(290-390 nm) were monitored at 3T with an excitation wavelength of 280 nm:-@—) 1 mM C&"; (—a—) 0 mM C&*. Data points

were measured every 1 nm and shown every 5 nm. (B) Intrinsic fluoresecence changes as a function@fceatration. S-Cnx (0 6M)

was preincubated in 20 mM Hepes at pH 7.4, 150 mM NaCl, and the indicat&dd@acentrations fol h at RT, and théntrinsic
fluorescence was measured at ¥7 (excitation wavelength: 280 nm; emission wavelength: 333 nm). The results were plotted as the
change in fluorescencéF) divided by the maximum change in fluorescence between 1 and 0 n#¥(@&nay). The titration curve was

fit to an equation describing single site binding using SigmaPlot. (C) Bis-ANS binding by S-Cnx. S-GM) (#as equilibrated in 20 mM
Hepes at pH 7.4, 150 mM NaCl in the presence or absence of 1 miivf@alh at RT and mixed with GM bis-ANS. Bis-ANS fluorescence
spectra were recorded between 420 and 580 nm &C3With an excitation wavelength of 395 nm:-M—) bis-ANS in 1 mM C&;

(—®@—) bis-ANS + S-Cnx+ 1 mM C&"; (—a—) bis-ANS+ S-Cnx+ 0 mM C&*". Data points were measured every 1 nm and shown
every 10 nm. (D) Bis-ANS fluoresecence changes as a function 3f @mcentration. S-Cnx (M) was preincubated in 20 mM Hepes

at pH 7.4, 150 mM NaCl, and the indicated®C&oncentrations fol h at RThefore the addition of @M bis-ANS. Bis-ANS fluorescence

was measured at 3T (excitation wavelength: 395 nm; emission wavelength: 490 nm). The results were plotted as the change in fluorescence
(AF) divided by the maximum change in fluorescence between 0 and 1 W (B#&ay). The data were fit to an equation describing
single site binding using SigmaPIlot.

spectroscopy (compare Figure 2 with Figure 1D). These model resulted in &y for C&" binding to S-Cnx of 115
findings are consistent with the loss of a tightly folded uM, quite similar to theKy determined by measuring thermal
conformation of S-Cnx at Ga concentrations below that  stability as a function of Ca concentration (Figure 1D).
of the resting ER. Finally, binding of the hydrophobic fluorescent probe'1,1
Changes in the intrinsic (predominantly tryptophan) fluo- bis(4-anilino)naphthalene-3;8isulfonic acid (bis-ANS) was
rescent emission spectrum of S-Cnx were also measured asnonitored as a measure of the surface hydrophobicity of
a means to assess the nature of conformational changes i5-Cnx. As shown in Figure 3C, when the emission spectra
response to reductions in €aconcentration. As illustrated  of bis-ANS alone or in the presence of S-Cnx (1 mMQa
in Figure 3A, the complete removal of €dons from S-Cnx were compared, bis-ANS exhibited the increase in fluores-
resulted in a major reduction in fluorescence emission cence and the shift to shorter wavelength expected for its
intensity along with a shift of the spectrum to longer transfer from water to a hydrophobic environment. This
wavelengths. This is indicative of the transfer of one or more confirms previous observations that S-Cnx at 1 mMCa
of the 13 tryptophan residues of S-Cnx from a hydrophobic possesses significant surface hydrophobi@ti).(Upon the
environment to one that is more polar, probably exposed to complete removal of G4, a further increase in bis-ANS
solvent. Upon repeating this experiment at a variety 6fCa fluorescence was observed, indicative of the increased
concentrations, it was observed that little change in the exposure of hydrophobic sites (Figure 3C). Again, only a
fluorescence emission intensity occurred upon lowerirgg Ca  small portion of this C&-dependent hydrophobic exposure
to the level of the resting ER (0.4 mM), but progressive occurred when Ca was reduced to the level of the resting
quenching of fluorescence occurred at lowet'Gaoncentra- ER (0.4 mM) with progressively more exposure resulting
tions (Figure 3B). Fitting these data to a single site-binding from further decreases in €aconcentration (Figure 3D).
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These data could be fit to a single site equation fof'Ca A
binding with aKq = 195uM, in good agreement with the 1.0k
values obtained by CD and intrinsic fluorescence changes
(Figure 3D).

Collectively, these assessments of S-Cnx conformation are
consistent with a minor structural change associated with
increased surface hydrophobicity when thé'Caoncentra-
tion is reduced to the resting ER level. Further reductions in
Ca&* concentration are associated with a loss of stability and |
a less tightly packed conformation with likely exposure of 0.0 -
the hydrophobic core. 0 10 20 30 40 50 60

Effect of Nucleotides on the Structure and Aggregation Time (min)
Suppression Function of S-Cn#e showed previously that
1 mM ATP has a modest enhancing effect on the ability of
S-Cnx to suppress the aggregation of citrate synthase at 45
°C (21). Figure 4A shows that this is also true for the
suppression of FL aggregation at 37 in the presence of 1
mM C&*. Furthermore, 2 mM ATP enhanced aggregation
suppression by S-CNX even more, and in the presence of 3
mM ATP, the aggregation of FL was completely suppressed.
We considered the possibility that these effects might be
indirect because of a substantial drop in freé"Gancentra-
tion through chelation to the added nucleotide. However,
direct measurement of free €a(see Experimental Proce-
dures) revealed that the addition of 1 and 3 mM ATP reduced
the free C&" concentration from 1 to 0.9 and 0.7 mM, C
respectively. As shown in Figure 1A, such reductions if"Ca
concentration are associated with only slight enhancements N R
in the aggregation suppression function of S-Cnx (relative (. | _ _ _ _ _ i kiR el - ™
to 1 mM C&"). We also considered that the reduced ~~ ~| 7 - 46
aggregation observed upon addition of ATP might be due B
to its binding to and stabilization of FL. However, 3 mM
ATP had only minimal effects on FL aggregation when Fgure 4: Effect of ATP on the structure and aggregation
added in the absence of S-CNX (not shown) or in the suppression function of S-Cnx. (A) ATP enhances the aggregation
presence of GST (Figure 4A). The addition of 1 mM Mg zg%psfisséovufg?tiloﬂ gtf gﬁrr]l);o':r?]u'\(/)"\i‘“en% sglil”iaf?ﬁimlggs;ﬁfﬂnx
did not mfluence_the effect of ATP. on the aggregation NacCl, 1(mﬂM %:ao,!, and the indicated A1PP congentrét}ons,u
suppression function of S-CNX nor did it alter the outcome g| \yas added, and aggregation was monitored at@by light
of subsequent conformational studies (data not shown).  scattering at 360 nm. Data points were measuredyeerbut, for

To determine the structural basis for the enhanced ag-clarity, are shown every 5 min. (B) Effect of ATP on the thermal
gregation suppression by S-CNX in the presence of ATP stability of S-Cnx. S-Cnx (0.4 mg/mL) was equilibrated in 20 mM

. " Hepes at pH 7.4, 150 mM NaCl, 1 mM CaCand the indicated
far-UV CD spectra for S-CNX were collected at various ATP ATP concentrations fol h at RT.Thermal denaturation curves

concentrations. As was the case for*Caonly minimal were recorded by measuring mean residue ellipticity by CD at 228
changes in the spectra were observed (data not shown)nm as the temperature was increased from 20 tG8Mata points

Consequently, CD was used to monitor the thermal stability were measured every’Z and shown every 5C. (C) Influence of
of S-CNX as a function of ATP concentration. As shown in ATP on the trypsin susceptibility of S-Cnx. S-Cnx was incubated

. " . in 20 mM Hepes at pH 7.4, 150 mM NacCl, and 1 mM Cai@lthe
Figure 4B, the addition of up to 3 mM ATP had little effect presence or absence of 5 mM ATR foh at RT.Digestions were

on S-CNX stability. The melting temperature decreased only performed at 37C using a S-Cnx/trypsin ratio of 100:1 (w/w),

1 °C over the range of 0:53 mM ATP. Similarly, no and aliquots containing 4g of S-Cnx were taken at the indicated
alteration in S-CNX conformation in response to ATP could time Pf(i)f;}S- DligeSti?n P&Oduclts W'er:e _Sepfli_ratefd bg SCBSGE _
be detected by proteolytic digesiion. Figure 4C shows that =10 10% poljecyanide ges uih vialzation by Coomassi
S-CNX remained largely resistant to digestion by trypsin at

37 °C (1 mM C&") either in the absence or presence of 5

mM ATP. However, a substantial increase in bis-ANS  An examination of nucleotide specificity revealed that ATP
fluorescence was observed upon addition of ATP (Figure was substantially more potent than either ADP or AMP in
5A). This was detectable at 0.5 mM ATP and reached a enhancing the aggregation suppression function of S-CNX
maximum near 5 mM ATP (Figure 5B). These data could (Figure 5C). In contrast, GTP was almost as potent as ATP,
be fit to a single site-binding model with &4 for ATP although this is unlikely to be physiologically relevant
binding to S-CNX of 2.9 mM. The marked increase in bis- because there is no detectable GTP transporter activity within
ANS fluorescence coupled with the minimal changes in ER membranes36). The ability of S-CNX to bind all of
thermal stability and protease sensitivity are consistent with these nucleotides has been documented previo®ly (
ATP inducing the exposure of a localized hydrophobic site Consistent with their effects on aggregation suppression, the
on S-CNX. addition of GTP to S-CNX increased bis-ANS fluorescence
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Ficure 5: Influence of nucleotides on aggregation suppression and FIGURE 6: Synergistic effects of C& and ATP on the structure

bis-ANS binding by S-Cnx. (A) Bis-ANS fluorescence. S-Cnx (1
uM) was equilibrated in 20 mM Hepes at pH 7.4, 150 mM NacCl,
1 mM CaC}, and 5 mM of the indicated nucleotides fbh at RT

and then mixed with @M bis-ANS. Bis-ANS fluorescence spectra
(420-580 nm) were monitored with an excitation wavelength of
395 nm at 37C. Data points were measured every 1 nm and shown
every 10 nm. (B) Bis-ANS fluorescence as a function of ATP
concentration. S-Cnx (&M) was preincubated in 20 mM Hepes
at pH 7.4, 150 mM NaCl, and 1 mM CaClith various
concentrations of ATP fol h at RTbefore the addition of @M
bis-ANS. Bis-ANS fluorescence was measured at °€7 with
excitation and emission wavelengths of 395 and 490 nm, respec
tively. The results were plotted as the change in fluorescehEg (
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and aggregation suppression function of S-Cnx. (A) Suppression
of FL aggregation. S-Cnx (M) was equilibrated in 20 mM Hepes

at pH 7.4, 150 mM NaCl, and the indicated Z€aand ATP
concentrations fol h at RT. FL wasadded to the various S-Chx
samples at a final concentration of:81, and its aggregation at 37
°C was monitored by measuring light scattering at 360 nm. Data
points were measured eye8 s and shown every 5 min. (B) Far-
UV CD spectra of S-Cnx. S-Cnx (0.1 mg/mL) was equilibrated in
5 mM Hepes at pH 7.4, 150 mM NacCl, and various concentrations
of Ca&" and ATP for 1 h at RT. CBspectra were recorded from
200 to 260 nm at 37C. (C) Bis-ANS binding to S-Cnx. S-Cnx (1
_uM) was preincubated in 20 mM Hepes at pH 7.4, 150 mM NacCl,
0.4 mM C&F, and the indicated ATP concentrations foh at RT

divided by the maximum change in fluorescence between 0 and 58nd mixed with 64M bis-ANS. Bis-ANS fluorescence was

mM ATP (AFmay. The titration curve was fit to an equation
describing single site binding using SigmaPlot. (C) Effect of ATP
on the aggregation suppression function of S-Cnx. S-CrxMY
was equilibrated in 20 mM Hepes at pH 7.4, 150 mM NaCl, 1 mM
CaCl, and 3 mM of the indicated nucleotideg fbh at RT. FL (3
uM) was pipetted into the various S-Cnx samples, and light
scattering measurements were recorded at 360 nm aC3For
clarity, data points were measured avérs but are plotted at 5
min intervals.

measured at 37C with excitation and emission wavelengths of
395 and 490 nm, respectively. The results were plotted as the change
in fluorescence AF) divided by the maximum change in fluores-
cence between 0 and 5 mM ATRRnay). The data were fit to an
equation describing single site binding using SigmaPlot.

Because the lowering of €aconcentration to the normal
ER luminal level and the addition of 43 mM ATP

independently enhanced the aggregation suppression function
of S-Cnx, it was of interest to examine the combined effects

emission to almost the same extent as ATP, whereas ADPof these treatments. As shown in Figure 6A, the addition of

and AMP had only modest effects (Figure 5A). Thus, there

S-Cnx in the presence of 1 mM &acaused a modest

is a direct correlation between nucleotide-regulated increasessuppression of FL aggregation. This was only slightly

in surface hydrophobicity and the capacity of S-CNX to
suppress FL aggregation.
Resting ER C&# Concentration Potentiates the Effect of

ATP on the Aggregation Suppression Function of S-Cnx.

enhanced by the addition of 0.5 mM ATP (compar&-Cnx

+ 1 mM C&" and+ S-Cnx+ 1 mM C&" + 0.5 mM ATP
traces). Lowering the Ca concentration to 0.4 mM in the
absence of ATP substantially increased the potency of
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aggregation suppression, as was observed previously (Figurdinding to S-Cnx such that potent aggregation suppression
1A). However, in contrast to the situation at 1 mM2Ca can be effected under conditions likely to prevail within the
the addition of 0.5 mM ATP strongly potentiated aggregation lumen of the resting ER.
suppression such that only a small degree of FL aggregation The importance of Cd in maintaining the structural
occurred (Figure 6A; compar¢ S-Cnx+ 0.4 mM C&" integrity of both S-Cnx and Crt has been well documented.
and+ S-Cnx+ 0.4 mM C&" + 0.5 mM ATP traces). It Crt possesses a single high affinity?Cdinding site Kq =
appears that the reduction in Taconcentration and the 11 uM) and as many as 17 low affinity site&{= 2 mM)
addition of ATP act synergistically to enhance the aggrega- (37). In the case of S-Cnx, the crystal structure revealed a
tion suppression function of S-Cnx. Again, this was not an single binding site for Cd (4). Presumably, it is this site
indirect effect of ATP chelating CGa because the direct that we show in the present study that bindg'Gaith a K4
measurement of free €arevealed that its concentration was = 0.1—0.2 mM. For both chaperones, complete chelation
reduced only slightly from 0.4 to 0.36 mM in the presence of C&" results in a marked increase in protease susceptibility
of 0.5 mM ATP. Furthermore, the effects were not due to ((25, 34, 38) and Figure 2) and a loss of lectin functiat0j.
altered FL stability because the addition of GST in the Furthermore, the removal of €aresults in destabilization
presence of 0.4 mM Gaand 0.5 mM ATP did not alter the  of Crt with a decrease in melting temperature from 46.4 to
extent or kinetics of FL aggregation (Figure 6A). 40.2°C (25). We show a similar destabilization for S-Cnx

Far-UV CD spectra revealed no significant differences in the absence of Ca, with a decrease in melting temper-
between S-Cnx in the presence of either 1 mMM'C&.4 ature from 49.5 to 39.5C (Figure 1D). This was ac-
mM C&*, or 1 mM C&t+ 0.5 mM ATP (Figure 6B). companied by a quenching of tryptophan fluorescence and
However, in the presence of 0.4 mM & 0.5 mM ATP, an increase in hydrophobic exposure as measured by bis-
a significant decrease in mean residue ellipticity was ANS binding (Figure 3). Collectively, these findings are
observed, consistent with conformational changes in theindicative of a loss of native structure for both S-Cnx and
chaperone. These changes were not associated with &rt upon C&" removal, with an increase in conformational
decrease in thermal stability or an increase in proteaseflexibility and likely exposure of the hydrophobic core. In
susceptibility (data not shown). Rather, an increase in the contrast, the reduction of €ato the 0.4 mM level typical
affinity of ATP binding to S-Cnx was observed. Whereas of the resting ER had barely detectable conformational
the Kq for ATP binding was 2.9 mM in the presence of 1 consequences on S-Cnx. Compared to 1 m¥fQhere was
mM C&* (Figure 5B), it decreased to 0.7 mM in the presence no discernible change in thermal stability or susceptibility
of 0.4 mM C&*(Figure 6C), both assessed by monitoring to protease digestion. Only a slight quenching of intrinsic
ATP-associated changes in bis-ANS fluorescence emission fluorescence and increase in surface hydrophobicity could
Thus, the resting ER luminal €aconcentration of 0.4 mM  be detected (Figure 3). Nevertheless, a substantial enhance-
exerts a significant impact on the ATP binding site of S-Cnx, ment of the ability of S-Cnx to suppress the aggregation of
lowering the ATP concentration required to trigger exposure FL was observed as the €aconcentration was reduced from
of a hydrophobic site that appears to be involved in 1.0 to 0.4 mM (Figure 1A). These findings support the view
suppressing the aggregation of non-glycosylated polypeptidethat the aggregation suppression function of S-Cnx is
substrates. associated with the native conformations it is likely to assume

within the lumen of the resting ER.

DISCUSSION The relevance of lower G& concentrations to Cnx

In an effort to test the capacity of S-Cnx to suppress the function is less clear. Although the ability of S-Chx to
aggregation of a non-glycosylated protein under physiological suppress FL aggregation increases continuously &5 i€a
conditions of the ER lumen, several novel insights were reduced from 0.4 mM down to the 5M level typical of
obtained. First, S-Cnx is fully capable of suppressing the the empty ER (Figure 1A), the associated loss of native
aggregation of thermally denatured FL through lectin- structure and likely exposure of the hydrophobic interior
independent interactions at 3. Therefore, this is an  suggest that the increased aggregation suppression may
intrinsic property of S-Cnx and not merely a consequence merely be a consequence of interactions arising from such

of thermally induced unfolding of S-Cnx at the 485 °C exposure. Are low Ca-induced structural changes in S-Cnx
temperatures used in previous studies with citrate synthaseand enhanced interactions with folding glycoproteins likely
or malate dehydrogenase as substrafie®1, 36). In fact, to occur under physiological conditions? Most studies

in the present study, no evidence for thermally induced examining stimulus-induced changes in intracellulaf'Ca
conformational changes in S-Cnx could be detected by CD utilize Ca*-free medium or SERCA pump blockers to
at temperatures from 2 up to 45°C (Figure 1C; 1 mM facilitate the detection of changes in ER?Cdevels @6).
Ca&"). Second, the aggregation suppression function of S-CnxUnder such conditions, reductions in free ERClaom 0.3

at 37°C is influenced by C& concentration. Whereas most to 0.5 mM to 50 to 10uM are commonly observed with
previous studies employed €aconcentrations in the range  ~30 s required to empty or refill ER stores. This suggests
of 1-2 mM (21, 24), it was observed that aggregation that there is ample opportunity for Cnx to undergo low#'Ga
suppression is significantly enhanced at the 0.4 mM con- induced structural changes because we have observed in vitro
centration typical of the resting ER lumen and further that only a few seconds are required to completely dissociate
enhanced at lower concentrations. Third, millimolar con- C&" from this chaperone (data not shown). However, recent
centrations of ATP strongly potentiate aggregation suppres-experiments examining sarcoplasmic reticuluni'Giynam-

sion by S-Cnx, apparently through regulating the exposure ics during muscle contraction in living mice have shown that
of a hydrophobic binding site. Finally, lowering the a  C&" levels fall by only 50uM following nerve stimulation
concentration to resting levels increases the affinity of ATP or by ~100uM following combined nerve and-adrenergic
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stimulation. Also, cycles of Ca release and recovery are unaffected in the case of other glycoproteins (for a detailed
extremely fast, on the order of 0.1 39. It is unlikely that list see ref 4848)). Presumably, various glycoproteins differ
such transient and modest fluctuations would have substantiain the extent to which they associate with Cnx/Crt through
impact on Cnx structure. However, until more in vivo lectin-based interactions alone or through combined lectin-
experiments are performed on a variety of cell types under and polypeptide-based interactions. Furthermore, we dem-
normal and pathological situations, the potential regulatory onstrated that a lectin-deficient point mutant of Cnx remained
impacts of ER C& on Cnx structure remains an open fully capable of associating with class | histocompatibility
question. molecules and delaying their unfolding/degradation when
The ability of both S-Cnx and Crt to bind ATP is well coexpressed in cellglf). Conversely, lectin-competent Cnx
established, although neither chaperone possesses ATPase&ssociates perfectly well with completely non-glycosylated
activity (21, 22, 34, 38). Using photo cross-linking, Ou et  class | histocompatibility moleculegl®). Also, the recent
al. demonstrated the binding of ATP, ADP, AMP, and GTP demonstration that Cnx remains bound to the misfolded VSV
to S-Cnx and the fact that these interactions requiré'™g G glycoprotein for as long as 60 min in the absence of a
(34). They also reported an increased sensitivity to proteasereglucosylation cycle raises the question of how this might
digestion in the presence of ATP, although we were unable occur if mediated solely through a demonstrably weak
to reproduce this finding previousl{@). In the present study, lectin—oligosaccharide interactiorb@, 51).
we found that ATP is capable of binding to S-Cnx in the ~ How can polypeptide-based interactions be integrated into
presence of 1 mM Ca with a Ky = 2.9 mM and that this  a functional chaperone cycle for Cnx, especially in light of
interaction does not require Mgions. It is not clear what  an apparent ATP-regulated binding site? Regulation of
form of ATP is binding to S-CNX in our experiments, but substrate binding by ATP is a common feature of chaperones
given the dissociation constants for metal binding to ATP of the Hsp60, Hsp70, and Hsp90 class&® ,(although only
(40, 41) and the composition of the buffers used, Ca-ATP, Hsp90 shares with S-Cnx the property of increased substrate
Na-ATP, and free ATP are all candidates. Whatever the form interaction in the presence of ATB3). Furthermore, these
of ATP that binds, it had no significant impact on the thermal classical chaperones all possess varying degrees of ATPase
stability of S-Cnx or in its maintenance of a tightly folded activity that is essential for a functional binding-release cycle.
conformation. Rather, it was associated with a substantial Cnx, however, lacks ATPase activit), and thus, it is
increase in surface hydrophobicity, an effect that correlated likely that the weak affinity of this chaperone for ATP
with a strong potentiation in the ability of S-Cnx to suppress coupled with a high ER luminal ATP concentration ensures
FL aggregation. These findings suggest that ATP binding that Cnx is in equilibrium between ATP-occupied and ATP-
regulates the exposure of a localized hydrophobic polypeptideunoccupied states. Therefore, in conjunction with cyclic lectin
binding site on S-Cnx. Remarkably, ATP binding affinity interactions, Cnx could cycle between an ATP-bound state
was increased 4-fold to K4 of 0.7 mM when C&" was with high affinity for unfolded polypeptides and a lower
reduced to the luminal ER concentration of 0.4 mM. This affinity ATP-unbound state. It will be of interest to test this
reduced the concentration of ATP required to obtain the concept by reconstituting functional Cnx cycles in the
suppression of FL aggregation such that near maximal refolding of non-glycosylated or monoglucosylated substrates
suppression could be achieved at 0.5 mM rather than 2 mM and assessing the regulatory effects of various ATP concen-
ATP. Although this appears to be a very high effective trations.
concentration of ATP, it is likely that the ER lumen contains
ATP in the millimolar range similar to that of the cytosol. ACKNOWLEDGMENT
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