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ABSTRACT. GRP94, the endoplasmic reticulum Hsp90 paralog, binds a diverse array of peptides, a subset
of which are suitable for assembly onto nascent MHC class | molecules. At present, the mechanism, site,
and regulation of peptide binding to GRP94 are unknown. Using VSV8, the immunodominant peptide
epitope of the vesicular stomatitis virus, and native, purified GRP94, we have investigated -GRP94
peptide complex formation. The formation of stable GRP9%V8 complexes was slow; competition
studies demonstrated that peptide binding to GRP94 was specific. VSV8 binding to GRP94 was stimulated
2-fold or 4-fold, respectively, following chemical denaturation/renaturation or transient heat shock. The
activation of GRP94 peptide binding occurred coincident with a stable, tertiary conformational change,
as identified by tryptophan fluorescence and proteolysis studies. Analysis of GRP94 secondary structure
by circular dichroism spectroscopy indicated an identizdielical content for the native, chemically
denatured/renatured, and heat-shocked forms of GRP94. Through use of the environment-sensitive
fluorophores acrylodan and Nile Red, it was observed that the activation of peptide binding was
accompanied by enhanced peptide and solvent accessibility to a hydrophobic binding site(s). Peptide
binding to native or activated GRP94 was identical in the presence or absence of ATP or ADP. These
results are discussed with respect to a model in which peptide binding to GRP94 occurs within a
hydrophobic binding pocket whose accessibility is conformationally regulated in an adenine nucleotide-
independent manner.

GRP94 (gp96), the endoplasmic reticulum (ER) paralog sarcomas. In these studies, mice vaccinated with murine
of Hsp90! participates in the protein folding and assembly MethA sarcoma-derived GRP94 displayed protective im-
reactions that accompany protein translocation in the ER. A munity to challenges with cells derived from the parent tumor
chaperone function for GRP94 has been inferred from (10, 11). The observations that MethA sarcoma-derived
observations that GRP94 expression is up-regulated byGRP94 was identical in sequence to tissue-derived GRP94
conditions that stimulate the accumulation of unfolded (12), and that tissue-derived GRP94 did not confer protective
proteins in the ER —5). In addition, GRP94 has been immunity, indicated that immunity was conferred not by
identified in association with a number of structurally GRP94 per se but rather through a pool of stably bound
immature protein folding intermediate6-9). Studies on peptides. This observation has been confirmed and extended
immunoglobulin light chain assembly indicate that GRP94 in more recent immunological studies demonstrating that
may function at a relatively late stage of protein folding. GRP94 from a wide array of cells copurifies with host cell-
When the kinetics of BiP and GRP94 interaction with folding specific peptides(l, 13—16).
light chains were investigated, GRP94 was found to associate GRP94 can elicit an MHC class | response to peptide

with lights chains after BiP&). At present, the sequence antigens originating in the cells from which it was derived
and/or structural motifs recognized by GRP94 are unknown. (13, 14, 17). As it is well established that peptide antigens
In addition to its role in protein folding and assembly, destined for assembly onto MHC class | molecules are
recent experimental evidence indicates that GRP94 functionspredominantly generated in the cytosol, and subsequently
as a peptide binding protein and, in this context, contributes transported into the ER via the TAP transporte8)( these
to the peptide trafficking pathways that provide peptide observations suggest that the GRP94-derived peptides are
ligands to nascent MHC class | molecules. That GRP94 transported from the extracellular space to the ER, presum-
functions as a peptide binding protein was first noted in ably while in complex with GRP94, at which point the
tumor immunology studies of MethA chemically induced peptides become available for selection as class | ligands.
At present, the trafficking pathway(s) that mediate(s) trans-
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peptide/MHC class | assembl2@-23). In this scenario, membrane permeabilization was performed with 4 mM
GRP94-derived peptides destined for assembly onto class ICHAPS. Protein concentrations were determined using the
molecules would necessarily traffic to the ER via the TAP- BCA protein assay (Pierce, Rockford, IL) for BiP or the
dependent pathway. However, it has also been reported thatbsorbance at 280 nm for GRP94 (1.18 mg/mll Aggg).
several class | alleles acquire peptides in the absence of stabl@he molar concentrations of GRP94 and BiP were deter-
interactions with TAP, or in the absence of TAP its@f{ mined using the subunit molecular masses of 92 500 and
26). Should peptide loading onto class | molecules not be 72 000 Da, respectively.

directly coupled to TAP-mediated transport, a scenario in  Pretreatment of GRP94 by Heat Shock and Chemical
which transfer of GRP94-derived peptides to class | mol- Denaturation For the temperature activation of peptide
ecules, by an as of yet unknown mechanism, becomesbinding, GRP94 at 0.5 mg/mL in buffer A[110 mM KOAc,
possible. In this regard, it is important to note that GRP94 20 mM NacCl, 25 mM K-Hepes, pH 7.2, 2 mM Mg(OAg)
binds peptides whose appearance in the ER is either TAP-0.1 mM CacC}] was heated at 50C for 15 min and cooled
dependent or TAP-independen27¢31). Although the for 10 min at RT. For activation by chemical denaturation/
relative contribution and physiological regulation of GRP94- renaturation, GRP94 at a concentration of 0.75 mg/mL was
mediated peptide transfer to class | molecules remain to beincubated m 3 M GdmCI for 12 h at 4°C. GRP94 was
established, it appears likely that peptide binding to GRP94 then dialyzed in 8000 MWCO dialysis tubing (Spectrapor,
and other ER chaperones functions to maintain a repertoireHouston, TX) agairtsl L of buffer A for 6 h, with buffer

of peptides within the ER, a subset of which can be selectedexchange at 3 h.

for assembly onto class | molecules. [*29]C-VSV8 Binding Assay The peptides C-VSV8

Although little is known regarding the regulation of peptide (sequence CRGYVYQGL) and C-H5 (sequence CLGYE-
binding to GRP94, recent structural studies of the cytosolic DAWS) were synthesized by Research Genetics Inc. (Hunts-
Hsp90’s suggest important regulatory functions for a highly Ville, AL) using standard F-moc chemistry and desalted on
conserved structural domain located in the N-terminal region @ Sephadex G-10 column equilibrated in 30% acetonitrile.
of the protein 82—34). The functional significance of this C-VSV8 was iodinated using the lodobeads procedure
domain is indicated by both mutational analy€5+38) and (Pierce, Rockford, IL). Typically, 20@g of C-VSV8 was
crystal structure studies, which identify a binding pocket incubated with 0.5 mCi of N&X in 250 uL of 25 mM Tris-
serving as the site of interaction for the antitumor drug HCI, pH 7.0, for 15 min at RT. The iodinating reagent was
geldanamycin34) and ATP/ADP 83). Stebbins et al.34) removed from the reaction mixture, and the free radioisotope
have identified two, atomically resolved alternate conforma- was removed by thee 1 h incubations with 15 mg of
tions of this domain, which they refer to as the “open” and DOWEX 1x8-50 beads (Sigma, St. Louis, MO)#J]C-
“closed” conformations. It is only in the “open” conforma- VSV8 specific activity varied between 0.25 and 0/35i/
tion that the binding pocket is solvent, and thus geldana- #49-
mycin, accessible, leading the authors to suggest that To analyze peptide binding to GRP94,.M each of
conformational conversions between the two forms are likely native, temperature-treated, and GdmCl-treated GRP94 was
to serve a role in the regulation of Hsp90 function. Crystal incubated with 1M [**4]C-VSV8 in 100uL of buffer A
structure studies of the equivalent domain isolated from yeastfor 90 min at 377C. Where indicated, a 50-fold molar excess
Hsp90 indicate that the N-terminal domain functions as a Of unlabeled C-VSV8 or C-H5 was included. Bound versus
dimer and the highly conserved pocket serves as an ATP/free peptide were resolved by gel filtration chromatography
ADP binding site 83). From these structural data, it has ©on @ 5 mLS-200 column equilibrated in buffer A.  The
been proposed that cycles of ATP binding and hydrolysis guantity of bound peptide in the GRP94-containing fractions
function to recruit accessory proteins, which themselves Was determined byy-counting of the eluted fractions.
modulate structural interactions between the two Hsp90 Reactions were performed in triplicate, and background
subunits 83). values (peptide minus GRP94) were subtracted.

In this communication, we present data demonstrating that reparation of Peptide Acrylodan Conjugate The acry-
peptide binding to GRP94 is markedly activated following '0da@n—peptide conjugate (VSVBAR) was prepared in a 1
transient heat shock or chemical denaturation/renaturation.ML reaction containing 50QM acrylodan (Molecular
The activation of peptide binding is accompanied by a Probes, Eugene, OR), 2301 C-VSV8, 10 mM K-Hepes,
conformational change that substantially increases solventP™ 7-2, @nd 30% acetonitrile. Incubations were performed
and peptide accessibility to a hydrophobic domain. Peptide for 2 h on ice andquenched by the addition of 5 mM
binding to both native and activated GRP94 is specific and, S-mercaptoethanol. VSV8AR was desalted by chroma-

under the assay conditions defined in this study, independent9raphy on a 15 mL Sephadex G-10 column equilibrated
of ATP or ADP. The implications of these findings on the " 30% acetonitrile. The VSV8AR-containing fractions

mechanism and regulation of GRP94 chaperone activity are'Ve€re pooled and concentrated to 1 mL by vacuum centrifu-
discussed. gation. Final conjugate concentrations were determined by

guantitative amino acid analysis (Duke University Medical
EXPERIMENTAL PROCEDURES Center, Protein Sequencing Facility) and spectrophotometri-

cally using an extinction coefficient of 12 900 Mcm™* at

Purification of GRP94 and BiP GRP94 and BiP were 360 nm @0). The chemical identity of VSVBAR was

purified from porcine pancreas rough microsomes as de-confirmed by plasma desorption mass spectrometry (Duke
scribed previously 39), with the following modifications. University Medical Center, Protein Sequencing Facility) and
Rough microsomes were washed in 0.25 M sucrose, 20 mM C,g analytical HPLC with fluorescence detection at 510 nm.
KOAc, 25 mM K-Hepes, pH 7.2, 5 mM Mg(OAg) and The acrylodan:peptide ratio was 1:1.



Activation of Peptide Binding to GRP94

Fluorescence MeasurementBluorescence measurements
were conducted in a Fluoromax spectrofluorometer (Spex
Industries, Inc., Edison, NJ) in 250 quartz cuvettes using
a custom-thermostated cuvette chamber &5 Slit widths
were set at 1 nm for both excitation and emission. Emission
spectra were corrected by background subtraction of buffer
samples.

To analyze for peptideacrylodan binding, native, GdmCI-
treated, and temperature-treated GRP94:¥1 final con-
centration) were incubated with 20 nM VS¥&R for 30
min at 37°C in 250uL of buffer A. Binding reactions were
performed in siliconized microtubes (PGC Scientifics, Fre-
derick, MD) to reduce nonspecific adsorption of the VSV8
AR conjugate. Where indicated, 1QM ATP or ADP
(Boehringer Mannheim, Indianapolis, IN) was included in
the binding reaction. Samples were transferred to quartz
cuvettes, and emission scans were collected with excitation
at 360 nm. For investigations into the temperature depen-
dence of peptide binding, native GRP94 (M) was
incubated with 50 nM VSV8AR for 30 min in buffer A at
temperatures ranging from 25 to 85. The relative binding
was determined by the fluorescence intensity at 460 nm, the
emission maximum for GRP94-bound VSV8R.

Intrinsic GRP94 tryptophan fluorescence was determined
at an excitation wavelength of 295 nm. To monitor the
unfolding transitions of GRP94 in GdmCI, native GRP94 at
75 ug/mL in buffer A was incubated with increasing
concentrations of GAMCI fd h at RT. Adenaturation curve

was generated by measuring the fluorescence intensity at 335

nm, the tryptophan emission wavelength maximum for native
GRP94. To compare the intrinsic tryptophan fluorescence
between the native, activated, and denatured GRP94g/75
mL of each pool in 25@L of buffer A was analyzed at RT.

The denatured GRP94 sample for this experiment representec{:

GRP94 analyzed in the presende3oM GdmcCl.

Nile Red (Molecular Probes) binding studies were per-
formed at a Nile Red concentration ofgdM with 0.5 uM
native, GdmCl-treated, and temperature-treated GRP94 for
15 min at 37°C. Emission spectra (57700 nm) were
collected at an excitation wavelength of 550 nm. For the
analysis of the temperature dependence of Nile Red binding,
1 uM Nile Red was added to 0.8M native GRP94 in 250
uL of buffer A, and incubations were performed for 15 min
at temperatures ranging from 25 to 6. The change in
fluorescence intensity at 615 nm (the emission maximum of

GRP94-bound Nile Red) was used as the measure of binding.

Circular Dichroism MeasurementsFar-UV CD spec-
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far-UV CD spectrum of a 1.2xM GRP94 solution was
recorded from 260 to 190 nm. The mean residue ellipticity
was calculated from the data using a mean residue molecular
weight of 118.

Analytical Gel Filtration Chromatography The quater-
nary structure of GRP94 was analyzed by analytical gel
filtration chromatography on a TSK-GEL G3000 SW column
(Tosohaus, Montgomeryville, PA) equilibrated in buffer A.
Detection was by the absorbance at 280 nm. The column
was calibrated with proteins of known Stokes ra€ii)( as
previously described4@). To determine the concentration
dependence of temperature-dependent oligomer formation,
GRP94 (12.54g per sample) was treated at 80 for 15
min, at concentrations ranging from 0.5 toAM, in buffer
A. After cooling for 10 min at RT, samples were brought
up to a final volume of 12kl and analyzed. The molecular
weight and oligomerization state of the temperature-treated
and GdmCl-treated GRP94 were calculated as previously
described 42) using the averagd?, determined by gel
filtration, and the sedimentation coefficient, determined by
velocity sedimentation (data not shown).

Proteolytic Digestion of GRP94 Native, temperature-
treated, and GdmCl-treated GRP94, at a concentration of 0.15
mg/mL, were digested by the addition of chymotrypsin
(0.25-10% wi/w) or elastase (0-5L0% wi/w) for 20 min at
30°C in 25uL of buffer A. Reactions were terminated by
the addition of 10% TCA, and samples were processed for
SDS-PAGE as described4p).

ATP Binding Assay ATP binding assays were performed
as previously described39). In brief, 0.35uM each of
GRP94, BiP, and BSA were incubated with 0@ [ o-32P]-
ATP for 1 h at 30°C in 100uL of 110 mM KOAc, 20 mM
NacCl, 25 mM K-Hepes, pH 7.2, 5 mM Mg(OA£)0.1 mM
aCb. The reactions were performed in the absence or
presence of a 50-fold molar excess of unlabeled ATP or
ADP. The bound nucleotide was separated from free by
vacuum filtration on BAS8S5 filters (Schleicher & Schuell,
Keene, NH) using a manifold vacuum filtration device
(Pharmacia, Piscataway, NJ). The specific activity of the
[0-*2P]ATP was 80uCi/umol. Binding reactions were
performed in triplicate, ancbf3?P]JATP bound in the absence
of protein was subtracted as background from all points.

RESULTS

Activation of GRP94 Peptide Binding Aditly. VSV8, the
immunodominant peptide epitope of the vesicular stomatitis

trometry was used to analyze GRP94 secondary structurevirus (VSV), has been identified as a native GRP94 ligand

following the GdmCIl and temperature treatments. All
measurements were obtained with the AVIV Associates
(Lakewood, NJ) circular dichroism spectrometer, Model

in VSV-infected cells, and has been demonstrated to bind
to GRP94 in vitro 14, 15, 39, 43). On the basis of the
unusual kinetic stability of GRP94peptide complexes, and

62DS. Samples were analyzed in 0.1 cm path length quartzan unexpectedly high apparent dissociation constant for
cuvettes at RT. For GdmCI denaturation studiesyM VSV8 binding, it was proposed that there exists a kinetic
GRP94 was incubated in 5 mM K-Hepes, pH 7.2, with® barrier to VSV8 binding 39). Studies were thus initiated

M GdmCl for 20 h at RT prior to analysis. Samples (1 mL) to determine if peptide binding to GRP94 was rate-limiting
were then renatured by dialysis agdirls L of 5 mM with respect to the dissociation of bound peptides, GRP94
K-Hepes, pH 7.2, fo4 h at 4°C, with buffer exchange at 2  conformational state, or both. Two experimental conditions
h. Thea-helical content of native GRP94 was calculated were identified that stimulated GRP94 peptide binding
from the molar ellipticity at 222 nm, as described in Chen activity: a single cycle of denaturation/renaturation in
et al. @1). For the comparison of native and temperature- guanidinium chloride (GdmCl-treated) or transient heat shock
treated GRP94, samples were dialyzed into a buffer consist-(temperature-treated). Data depicting these observations are
ing of 50 mM KOAc, 10 mM K-Hepes, pH 7.2, and the detailed in Figure 1. In this experimentuM GRP94 was
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Ficure 1: Binding of [?9]C-VSV8 to native and activated GRP94
pools. Native, GdmCl-treated, and temperature-treated forms of
GRP94, at a concentration of.aM, were incubated with 1GM o 08 AR
[*29]C-VSV8 for 90 min at 37°C. Where indicated, a 50-fold molar 2 &
excess (0.5 mM) of unlabeled C-VSV8 or C-H5 was included in 3 VSV8-AR + GdmCl
the binding reaction. The bound versus free peptide was resolved 8 06 treated GRP94
by Sephacryl S-200 gel filtration chromatography. Reactions were 5
performed in triplicate. 3 VSVE-AR +
o native GRP94
. . . 0.4
incubated with 1Q«M [*?3]C-VSV8 for 90 min at 37°C, _"2’ VSVB-AR
and the bound vs free peptide was resolved by gel filtration =
chromatography. C-VSV8 represents the VSV8 sequence & o2-
synthesized with an additional cysteine residue at the
N-terminus. Binding of VSV8 to native GRP94 was slow

i i 0.0 ——————————T——T——
(data not shown)., and was stimulated approxmately_ 2-fold 400 420 440 460 480 500 520 540 560 580 600
and 4-fold following chemical denaturation/renaturation or
transient heat shock, respectively (Figure 1). Under all

iti 12610 indi FiGURe 2: Spectral properties of acrylodan and binding of peptide
.Cohr.lg.lrodns. a?ﬁayed’ rIC VS\f/8 binding Wla?) rlnlejrkedl);_d AR conjugates to GRP94. (A) Spectral properties of acrylodan. The
Inhibrited In thé presence Of excess, unlabeled Peplde. gyiggjon spectra ofME—acrylodan were determined in the

FUI"[.h_emeYG, H]C-vsv8 binding was blocked b_y the following solvents at the following concentrations: water, 500 nM;
addition of a 50-fold excess of the peptide C-H5 (Figure 1), methanol, 100 nM; acetonitrile, 40 nM; chloroform, 45 nM; toluene,
consistent with observations that GRP94 binds a diverse array50 nM. (B) Binding of VSV8-AR to native and activated GRP94
of peptides 28, 29, 31). species. GRP94 (iM) was incubated with 20 nM VSV8AR for

- s . - 30 min at 37°C. issi

Pepiide Binding to & Hydrophobic Binding PockeTo 200" & $7°C. The emision specta were fecorded rom 400 o
characterize the physical characteristics of the GRP94 peptideemission slit widths were 1 nm. The VS¥@R spectrum was
binding site, VSV8 was conjugated to an environment- determined at a concentration of 20 nM.
sensitive fluorophore, acrylodan. Acrylodapeptide con-
jugates have proven to be valuable probes for the study of mass spectrometry and quantitative amino acid analysis.
peptide-chaperone interactions and can be used to resolveSimilar to SME—acrylodan, free VSV8AR displayed an
the kinetics of such interactions and to gain insight into the emission maximum of 525 nm in aqueous buffers (Figure
relative polarity of the peptide binding sitdQ, 44, 45). 2B). To determine the spectral properties of GRP94-bound

Acrylodan is a dimethylaminonaphthalene derivative whose VSV8—AR, 1 uM each of native and activated GRP94 was
spectral properties vary with solvent polaritg0f. This incubated with 20 nM VSV8AR for 30 min at 37°C, and
behavior is shown in Figure 2A, which depicts the emission the emission spectra were determined (Figure 2B). The
spectra of thgg-mercaptoethanol adduct of acrylod@WE— emission spectra of VSV8AR incubated in the presence
acrylodan) in solvents of decreasing polarity. As illustrated, of GRP94 were blue-shifted with an emission maxima of
BME—acrylodan displayed a fluorescence emission maxi- 465 nm and accompanied by a substantial increase in
mum at 525 nm in water, whereas in solvents of decreasingfluorescence yield (Figure 2B). These spectral changes
polarity the emission maxima undergo a characteristic blue- indicated that bound peptide resides in a substantially apolar
shift and the fluorophore displays an increased quantum yieldenvironment. Consistent with the results from tA&I]C-

(40). VSV8 binding assay (Figure 1), native GRP94 displayed the
It is by the same principle shown in Figure 2A that the lowest VSV8-AR binding activity, whereas GdmCl-treated
physical characteristics of the GRP94 peptide binding site and temperature-treated GRP94 displayed 2-fold and 4-fold
can be assessed. Acrylodan was conjugated to the cysteinéncreases in binding, respectively (Figure 2B). It is note-

residue of C-VSV8, and the purity and identity of the worthy that the emission maximum of bound VSVAR
conjugate (referred to as VSV&R) were confirmed by  was identical for native, GAmClI-treated, and temperature-

Wavelength (nm)
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treated GRP94, indicating that the physical environment of 1.0
the GRP94-bound VSV8AR ligand was similar, if not A Temperature treated GRP94
identical, for all forms of GRP94. 8 s
Exposure of a Hydrophobic Pocket Correlates with the S
Activation of GRP94 Peptide Binding Actly. In context § 056 |
of the data describing the existence of a relatively hydro- 5
phobic peptide binding site(s), as indicated by the spectral 2 Native GRP94
characteristics of GRP94-bound peptigeerylodan conju- o 0.4 4 \ .
gates, additional experiments were performed to determine £ Nile Red
if the activation of peptide binding was associated with g 0.2
changes in solvent accessibility to the hydrophobic binding
site(s). These studies were performed with Nile Red, an o _ =
environment-sensitive probe for hydrophobic protein surfaces 580 600 620 640 660 680 700
(46). Nile Red displays an emission wavelength maximum Wavelength (nm)
at 645 nm and, similar to acrylodan, exhibits a blue-shift
and increased fluorescence yield in apolar environmd@s ( B 67
Native and temperature-treated GRP94 at a concentration of

0.5uM were incubated with Nile Red (@M) for 15 min at

37 °C, and the emission spectra were determined (Figure
3A). No shiftin Nile Red emission maximum was observed
in the presence of native GRP94; however, a shoulder was
apparent in the emission spectrum, with a maximum at 615
nm (Figure 3A). Control experiments indicated that the
observed higher relative fluorescence was due to both a
decrease in nonspecific adsorption of the probe to the cuvette
in the presence of added protein and the enhanced fluores-
cence yield accompanying the relatively low-level binding 0
of the probe to the native protein (46; data not shown). In

the presence of temperature-treated GRP94, a blue-shift in

the Nile Red emission maximum to 615 nm and a corre- C 8

Relative Nile Red Binding
w

25 30 35 40 45 50 55 60 65
Temperature (°C)

sponding increase in fluorescence intensity were observed
(Figure 3A). A similar shift in the Nile Red emission
maximum for GdmCl-treated GRP94 was also observed (data
not shown). It can be concluded from these spectral
differences that the Nile Red binding site(s) on the activated
GRP94 molecules possess(es) a significant, and similar,
hydrophobic character. Itis also apparent that the Nile Red
binding site(s) on native GRP94 is (are) relatively inacces-
sible.

To further explore the relationship between peptide binding
and the exposure of the hydrophobic pocket, VSR 0 e
binding and Nile Red binding to native GRP94 were 25 30 35 40 45 50 55 60 65
compared over a temperature range from 25 td6@H-igure Temperature (°C)

3.B’C.:)' Itis C.Iear from thes_e experiments that_ the enhanced Ficure 3: Binding of the environment-sensitive fluorophore Nile
binding of Nile Red that is observed upon incubation at Red to GRP94: Comparison with peptide binding. (A) Native and
increasing temperatures is closely paralleled by an increaseemperature-treated GRP94 were incubated at a concentration of

in VSV8—AR binding. These data suggest that the tem- 0.5xM with 1 uM Nile Red for 15 min at 37°C. The emission

perature-sensitive appearance of enhanced Nile Red bindianvg‘icélr é"ng‘;‘;ﬁrgf rgggrg;dafrzgr‘;”fzv? d%ﬁ;c%ol“n%."‘?g; 1?2;{;‘;‘;3?2

may_be re_zlat_ed to the temp_er_a_lture-d_epef\ndent gctlvatlo_n 0fdependence of Nile Red binding. GRP94 (@M) was incubated
peptide binding. One possibility which is consistent with  with Nile Red (14M) for 15 min at the temperatures indicated.
the data is that Nile Red binds to the peptide binding site, The fluoresence intensity at 615 nm, with excitation at 550 nm,
which is relatively inaccessible in the native state, yet is was used to determine Nile Red binding. The data are representative

; of two separate experiments. (C) Temperature dependence of
exposed as a result of the conformational changes thatpeptide binding, GRP94 (1.0M) was incubated with 20 nM

accompany GdmCl and temperature treatments. VSV8—AR for 30 min at the temperatures indicated. The fluores-
GdmcCl and Temperature Treatments Do Not Alter GRP94 ence intensity at 460 nm, with excitation at 360 nm, was taken as
Secondary StructureTo investigate the structural basis for a measure of the binding of VS¥8\R to GRP94. The data are
the activation of GRP94 peptide binding activity by heat representative of two separate experiments.
shock or chemical denaturation/renaturation, far-UV circular a-helical content was observed following exposure to 5 M
dichroism (CD) studies were performed. First, the GAmCI GdmCI (data not shown and Figure 4A). When the GdmCI-
denaturation/renaturation profile of GRP94 was performed. denatured samples were renatured following dialysis, the
Analysis of the CD spectra of native GRP94 indicated an recovery of secondary structure was always greater than 90%
o-helical content of 41%; a nearly complete loss of the (Figure 4A). The far-UV CD spectra of native and temper-

Relative CVSV8-AR Binding
w
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Ficure 4: Far-UV CD analysis of the secondary structure of Ficure 5: Detection of changes in GRP94 tertiary structure by
GRP94 after temperature and GdmClI treatments. (A) Denaturationtryptophan fluorescence. (A) The changes in the intrinsic fluores-
and renaturation of GRP94 in GAmCI. The molar ellipticity at 222 cence of GRP94 (7%ug/mL) were monitored in increasing

nm was monitored as a measure of ¢thbelical content of GRP94 concentrations of GdmCI. Excitation was set at 295 nm to
at increasing concentrations of Gdm@)( Samples were then  exclusively monitor changes in the tryptophan fluorescence, and
dialyzed to remove the denaturant and reanalyzed to determine theemission was monitored at 335 nm. The data are representative of
refolding efficiency ©). The percent native structure is expressed two separate experiments. (B) The tryptophan emission spectra for
relative to the control sample of GRP94 with no GdmCI added. native, GAmCI-treated, temperature-treated, and denatured GRP94
(B) The far-UV CD spectra for 1.2aM native and temperature-  were determined. The GRP94 concentration was set aghaL.
treated GRP94 were analyzed at RT in 50 mM KOAc, 10 mM GRP94 was denatured by additioh3oM GdmCI which is present
K-Hepes, pH 7.2. The mean residue ellipticity was calculated using in the sample during analysis.

a mean residue molecular weight of 118. Nati®; temperature-

treated Q). further changes were observed at GdmCI concentrations up
ature-treated GRP94 are shown in Figure 4B and wereto 1 M (Figure 5A). Note that under identical conditions,
essentially identical. These data indicate that GRP94 no significant decrease in secondary structure could be
displays a very high degree of native secondary structurediscerned by far-UV CD (Figure 4A), suggesting that at low
following chemical denaturation/renaturation or transient heat GdmCI concentrations GRP94 undergoes a limited tertiary
shock. structural change. The temperature dependence of the
Tertiary Structural Changes Accompany the Aation of GRP94 tryptophan fluorescence was also determined and
Peptide Binding to GRP94Analysis of GRP94 secondary indicated a structural transition near 3D (data not shown).
structure for the native, GdmCl-treated, and temperature- To determine whether the observed tertiary structural
treated forms of GRP94 indicated that the activation of transitions, as identified through tryptophan fluorescence,
peptide binding was not accompanied by significant changeswere reversible, the tryptophan emission spectra of native,
in protein secondary structure. To determine whether temperature-treated, and GdmCl-treated GRP94 were deter-
changes in tertiary structure accompanied denaturation/mined (Figure 5B). Following excitation at 295 nm, the
renaturation or transient heat shock, tryptophan fluorescencetryptophan fluorescence of native GRP94 displayed an
and proteolysis studies were performed. When the changesmission maximum of 335 nm. A red-shift in the emission
in tryptophan fluorescence were monitored upon unfolding maxima to 343 nm and slight decrease in fluorescence were
of GRP94 in increasing concentrations of GdmCI, a biphasic observed for GAmCI-treated and temperature-treated GRP94
curve was observed (Figure 5A). At low GdmCI concentra- (Figure 5B). When compared to the spectrum of GRP94
tions (<0.25 M), a decrease in fluorescence occurred; no denaturedn 3 M GdmCI (Figure 5B), these changes are
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Activity. Members of the Hsp90 molecular chaperone family

- share a high degree of sequence homology and in the native
| % protease | 0 0.25 1.0 50 10 |05 20 50 10 state are dimeric4@, 48—51). It has previously been
97 — . reported that heat shock promotes the formation of higher
66 — molecular weight oligomers of Hsp90, and, coincident with
. i —3 . . such changes in protein quaternary structure, a stimulation
A. Native  a3- | . ' of chaperone activity 52). To investigate the effect of

GRP94 . temperature and GdmCI treatments on GRP94 quaternary
structure, native and activated GRP94 were analyzed by gel
filtration chromatography. Native GRP94 eluted with a
Stokes radiusRs) of 7.4 nm (Figure 7A). In contrast, the
elution volumes of GdmCl-treated and temperature-treated
GRP94 were somewhat broader and significantly smaller,
indicating an increase in the oligomeric state of the protein.
The approximate molecular weights for these species were
calculated from théR; and sedimentation coefficient (data
not shown) and indicated that a fraction of GRP94 molecules
remained as dimers, while the shifted peaks represented
tetramers and, to a lesser extent, higher order oligomers. This
conclusion was confirmed by analytical ultracentrifugation
(data not shown).

The formation of tetramers and higher order oligomers
following temperature treatment was found to be highly
dependent on GRP94 concentration. Thus, incubation of
GRP94 at 50C at low concentrations did not significantly
alter the average elution volume relative to native GRP94,
FiGURe 6: Protease digestion patterns provide evidence for a yyhereas incubation at higher concentrations produced oli-

conformational change upon temperature and GdmcClI treatments. ; ; ; ;
Native (A), GAmCl-treated (B), or temperature-treated GRP94 (C) gomers which eluted beyond the linear calibration range of

were incubated at a concentration of 0.15 mg/mL with the indicated the column (Figure 7B). To determine if the temperature-
concentrations (w/w) of chymotrypsin or elastase for 20 min at 30 dependent increase in GRP94 oligomerization state was
°C. The digestion reaction was stopped by the addition of 10% responsible for the activation of peptide binding activity,
TCA, and samples were analyzed by 10% SIPAGE. GRP94 was preincubated at 30 for 15 min at concentra-
significant, but relatively small. Such spectral changes are tions ranging from 0.5 to 18M, and peptide binding activity
commonly observed upon increased solvent exposure ofwas assayed at a concentration of M GRP94. As shown
tryptophan side chains, and are indicative of tertiary structure in Figure 7B, a small, statistically insignificant increase in
differences 47). It is important to note that the structural the peptide binding activity was observed with increasing
differences appear to be irreversible and thus appear tooligomeric state, indicating that the formation of higher order
represent at least two discrete structural states of the proteinoligomers is not responsible for the increase in peptide
The conformational changes occurring upon temperaturebinding activity. Similar results were obtained using the
and GdmCl treatments were also investigated by proteasefluorescence-based peptide binding assay (data not shown).
mapping. Inthese experiments, native, temperature-treated, Peptide Binding to Actiated GRP94 Is Independent of
and GdmCl-treated GRP94 were incubated with increasing ATP and ADP Recent crystal structure studies of the
concentrations of chymotrypsin or elastase for 20 min at 30 N-terminal domain of Hsp9®@) identify low-affinity ATP/
°C. Limited digestion of native GRP94 with either enzyme ADP binding to the binding pocket structurally identical to
generated a stable fragment of approximately 80 kDa (Figurethe geldanamycin binding site reported by Stebbins et al.
6A, lanes 2-3, 7-9) that has been previously identified as (34). Although previous studies have indicated that peptide
an N-terminal domain 42). The protease patterns for binding to native GRP94 is independent of ATBO), the
temperature-treated and GdmCl-treated GRP94 were notablyhypothesis that a regulatory role for ATP or ADP in peptide
different from native GRP94, but strikingly similar to one binding to GRP94 would be apparent in the activated protein
another. As with native GRP94, the N-terminal 80 kDa was evaluated. As the reported dissociation constants for
fragment was generated at low concentrations of chymo- ATP and ADP binding to the Hsp90 N-terminal domain are
trypsin or elastase for both activated forms of the protein. high (132 and 2%M, respectively) 83), equilibrium ATP
However, this fragment displayed enhanced sensitivity to binding studies were performed with 1M [a-32P]ATP
digestion at higher protease concentrations (Figure 6B,C,and a rapid, vacuum filtration method. A 50-fold excess of
lanes 3, 7, and 8) and was markedly degraded at#10% unlabeled ATP or ADP was included in the binding reactions
weight fraction of chymotrypsin (Figure 6B, lanes 4 and 5). to determine the binding specificity. As a positive control,
These data, in context of the results depicted in Figure 5, ATP binding to BiP, a known ATPase, was analyzed in
are consistent with the interpretation that a tertiary confor- parallel 63). As shown in Figure 8A, 0.77 pmol of ATP
mational change accompanies the activation of GRP94was bound per picomole of BiP, and binding was inhibited
peptide binding activity. by 95% and 46% by excess ATP and ADP, respectively.
Temperature-Induced Formation of Higher Order Oligo- Similar to previous reports3@), very low, but detectable
mers Is Independent of the Increase in Peptide Binding levels of ATP binding were observed for native GRP94 (0.08

Chymotrypsin Elastase

B. GdmCI
Treated

C. Temp.
treated
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Ficure 7: Analysis of GRP94 quaternary structure following temperature and GdmCI treatments. (A) The elution profilegdoof25

native, GdmCl-treated, and temperature-treated GRP94 were determined by analytical gel filtration chromategrapigid volume.

The numbers and arrows above the profiles indicate the elution volumBsdadknown molecular mass standards: thyroglobulin, 8.5 nm,

660 kDa; apoferritin, 6.1 nm, 440 kDa. (B) Concentration dependence of the formation of higher order GRP94 oligomers. GRP94 at
concentrations from 0.5 to 18M was heated at 50C for 15 min, and the average elution volume was determined by analytical gel
filtration. To determine the relationship between the oligomerization state and peptide binding activity, GRP94 was temperature-pretreated
at concentrations ranging from 0.5 to &M, adjusted to 0.5:M, and incubated with 1M [*23] C-VSV8 for 90 min at 37°C. The

amount of [29]C-VSV8 bound to GRP94@) was determined by gel filtration chromatography and plotted in parallel with the elution
volume ©). For comparison, native, untreated GRP94 eluted at 10.4 mL and bound 840 cp|GfYSV8.

pmol of ATP/pmol of GRP94); however, even lower levels can occur following immunization of mice with GRP94
of ATP binding (0.03 pmol of ATP/pmol of GRP94) were peptide complexes identifies a significant functional char-
observed for temperature-treated GRP94 (Figure 8A). It is acteristic of the GRP94peptide binding reaction. That is,
important to note that BSA displayed similar low levels of purified GRP94-peptide complexes are kinetically stable,
ATP binding, which, as observed for GRP94, could be yet, upon internalization into professional antigen presenting
reduced with excess ATP or ADP (see legend to Figure 8). cells, peptide release and exchange onto class | molecules
The effects of ATP and ADP on peptide binding were occurs, thereby yielding cell surface expression of class |
also assayed under pseudo-first-order reaction conditionsmolecules in association with GRP94-derived peptides.
using the VSV8-AR binding assay. For these experiments, These observations imply that peptide binding to GRP94 is
1 uM temperature-treated GRP94 was incubated with 20 nM a regulated process, and that accelerated peptide exchange
VSV8—AR in the absence or presence of 10@ ATP or may occur in a cell- and/or compartment-specific manner.
ADP. The emission spectra revealed that there were noThis conclusion is further supported by observations that
differences in the amount of VSWV8AR bound in the peptide dissociation from isolated GRP9deptide com-
presence of ATP or ADP (Figure 8B). Furthermore, there plexes is extremely slow (data not shown).

was also no change in the kinetics of VSV8R association To gain insight into the regulation of GRP94 peptide
with native or activated GRP94 in the presence of adenine inging activity, we have initiated studies into the structural
nucleotides (data not shown). basis of the peptide binding reaction. In the studies described
herein, a number of structural correlates to the peptide
DISCUSSION binding reaction have been identified. Foremost, two condi-

Investigations into the immunological basis by which tions have been identified which yield a stable activation of
vaccination with GRP94 elicits CO8T cell responses to  specific peptide binding: transient heat shock and a cycle
GRP94-host cell antigens, as well as recent studies of the of chemical denaturation/renaturation. Analysis of protein
peptide binding activity of lumenal ER proteins, have secondary structure by far-UV circular dichroism spectros-
unequivocally identified GRP94 as a peptide binding protein copy indicated that the activated state was not accompanied
(14, 28, 29, 31, 39). Coincident with these observations, by discernible alterations in GRP94-helical content.
both in vivo and in vitro studies have indicated that GRP94 Rather, activation was associated with differences in protein
binds a diverse array of peptides, a subset of which displaytertiary structure, as displayed through GRP94 tryptophan
structural features appropriate for assembly onto nascentfluorescence and mild proteolysis. Of particular interest, the
MHC class | moleculesld, 28, 29, 31, 39). That the transfer  activation of peptide binding directly correlated with the
of GRP94-associated peptides onto MHC class | moleculesappearance of a hydrophobic pocket(s). Comparisons of the
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35 “closed” conformation and would be unable to bind peptide,
A or would bind slowly, whereas in the “open” conformation
30 peptide binding is accelerated. Conversion from the “closed”
to the “open” conformation would require a conformational
5 % change that can be mimicked, in vitro, by either transient
£ 2 heat shock or chemical denaturation/renaturation. With
= regard to heat shock, it is likely that conversion from the
5 5 “closed” to the “open” conformation reflects a direct,
8 thermally activated conformational change. The appearance
& 10 of activated peptide binding following chemical denaturation/
< renaturation may reflect a differential recovery of two similar,
5 but obviously distinct, structural states. Whether recovery
of the “open” conformation upon renaturation is driven by
0 simple stochastic processes or reflects a preferred conforma-
50XATP = 4 = = *+ = = + - tion remains to be determined. In studying the purified
S50xADP - - + - - + = - + protein in vitro, the majority of the native protein appears
BiP Native  Temperature to reside in the “closed” conformation, and, on the basis of

GRP94  treated GRP94 the tumor immunology and related studies, likely contains

bound peptide. This assumption is currently under investiga-
1.0 tion. In this state, the transition to the active or “open”
B GRP94 + VSVS-AR + ATP conformation occurs infrequently, thereby accounting for the
kinetic stability of the GRP94peptide complexes. We

g GRP94 + VSVS-AR + ADP

08 postulate that interconversion between the two forms is
T subject to regulation, possibly through physical interaction
0.6 . with other resident ER proteins, and/or through covalent

33\7:3\3 modification. It is noteworthy that the structural behavior
of GRP94, with respect to peptide binding, closely mirrors
that proposed by Stebbins et a4 regarding the Hsp90

N-terminal domain. That is, this domain can be identified

VSVB'A\F'A in two forms, “open” and “closed”, and in the “closed” form
accessibility to a hydrophobic pocket is blocked by a loop
/\ structure (L2) which serves an apparent gating function.
The described characteristics of the GRP@éptide

binding reaction, in particular the slow binding of peptide
and the correlations between a stable structural transition and
Ficure 8: Binding of peptide to native and activated GRP94 is

independent of adenine nucleotides. (A) The ATP binding properties the activation qf peptld_e blndlng, bear distinct S|m|Iar|t|_es
of native and activated GRP94 were evaluated in parallel with Bip t0 another peptide binding protein, MHC class II. In studies
and BSA. Protein samples at 0.381 were incubated with 100  of peptide binding to insect cell-expressed HLA-DR1
#M [a-32P]ATP for 30 min at RT in the absence or presence of 5 molecules, Sagdeh-Nasseri et &4)observed that kineti-

mM ATP or ADP. The bound nucleotide was separated from free cally stable peptide binding to soluble HLA-DR1 molecules

by vacuum filtration on nitrocellulose filters. Reactions were . | " h v inf |
performed in triplicate. For comparison, BSA bound 1.85 pmol of required a structural transition that was only infrequently

[a-32P]ATP in the absence of excess adenine nucleotides, 0.27 pmo|e_ncquntered, thereby vyielding remarkably slow pep’_[ide
in the presence of excess ATP, and 0.53 pmol in the presence ofbinding. In the absence of such a structural transition,

excess ADP. (B) Effect of adenine nucleotides on the binding of peptide binding occurred rapidly, but was accompanied by

peptides to activated GRP94. Temperature-treated GRPNIY1 i A ot ; ;
was incubated with 20 nM VSV8AR in the absence or presence equally rapid dissociation, and did not yield a stable BR1

of 1004M ATP or ADP for 30 min at 37C. The emission spectra  P€Ptide complex34). In a manner also similar to GRP94,
were recorded from 400 to 600 nm with an excitation wavelength peptide binding to MHC class Il molecules requires the
of 360 nm. enhanced solvent exposure of a hydrophobic po&&etE).

That the loading of peptide binding into MHC class I
emission spectra of the probes used to identify the pocket-molecules is aided by the chaperone-like activity of DM-A
(s) (Nile Red and acrylodan) indicated that the physical and DM-B G7—59) suggests, by analogy, that there may
properties of the binding sites in the temperature-treated andexist proteins in the ER that perform an analogous function
GdmCl-treated GRP94 were identical, or reflected the for GRP94. Thus, the kinetics of peptide binding to peptide
appearance of more than one binding domain of very similar binding proteins can be quite complex and often reflect both
physical characteristics. In this regard, it should also be a conformation-driven binding site accessibility component
noted that the binding pocket was identified in binding and the rather extensive network of binding interactions that
studies of a peptide reporter conjugate as well as throughoccur between the residues of the binding site and the
direct solvent access of an environment-sensitive probe.  different peptide atoms50—62).

The data reported in this study are consistent with a two-  Crystal structure studies of the highly conserved N-
stage model for peptide binding to GRP94. In this model, terminal structural domain of Hsp90 have yielded potentially
GRP94 can exist in either of two conformations, “open” or significant insights into the regulation of Hsp98ubstrate
“closed”. Native GRP94 would preferentially exist in the interactions. Structure studies of the yeast Hsp90 N-terminal

0.4
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0.0 Y v T T T T T T T
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domain indicate the presence of a domain-swapped dimer, 10.

with a potential peptide binding pocket residing within the
central domain interface regior33). Furthermore, the
N-terminal domain has been cocrystallized with bound ADP
and ATP in the conserved binding pocket identified by
Stebbins et al.34) as the geldanamycin binding site, and
postulated by these authors to also serve as a potential peptide
binding pocket. In direct functional assays, we have been
unable to identify a role for ADP or ATP in the regulation
of peptide binding to GRP94, nor have we been able to
identify substantial ATP binding activity (Figure 89). In
addition, in preliminary experiments, we have observed no
binding of GRP94 to geldanamycin beads coupled through
the R3 position, although binding of Hsp90 was observed,
and no substantial effects of geldanamycin on peptide binding
to GRP94 (P. A. Wearsch, and C. V. Nicchitta, unpublished
observations). The precise mechanistic basis for these
apparent differences between the behavior of GRP94 and
cytosolic Hsp90 is under investigation.

On a related note, it deserves mention that studies into
the oligomeric structure of Hsp90 and GRP94 indicate that
the C-terminal dimerization domain assembles the two
subunits in an antiparallel configuration that maintains the
N-termini in structural appositiom, 51). In view of these
data, it would appear unlikely that an N-terminal dimer-
interface is a structural feature of the native molecule. Firm
conclusions regarding the site(s) of peptide binding must,

however, await direct mapping studies and structural studies 25.

of stable peptide/domain complexes. It should also be

mentioned that although the geldanamycin binding pocket 26.
27.

has been proposed to serve as a potential site of peptide
binding, recent studies of VSV8 binding to cytosolic Hsp90

identify the C-terminal assembly domain, for which detailed »g.

structure is not yet available, as the peptide VSV8 binding
site ©3).
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