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ABSTRACT. GRP94 is an abundant, resident glycoprotein of the mammalian endoplasmic reticulum lumen

and member of the hsp90 family of molecular chaperones. To identify the structure/function relationships
which define the molecular basis of GRP94 activity, we have performed a structural analysis of native

GRP94 and identified a discrete domain, representing amino acids/@B6 which regulates dimerization

and displays autonomous oligomerization activity. Velocity sedimentation and gel filtration chromatography

were used to identify native GRP94 as a dimer with an extended, rod-like shape. Limited proteolysis

resulted in the loss of approximately 16 kDa from the C-terminus and disassembly into monomers,

implicating the C-terminus as the site of assembly. An assembly function for the C-terminal domain was

established by analysis of the quaternary structure of C-terminal constructs synthesized either in vitro or
through recombinant expression. In vitro translation was used to demonstrate that a C-terminal 20 kDa
domain was both necessary and sufficient for dimerization. Structural studies of recombinant fusion protein
constructs yielded identification of a 44 amino acid domain that displayed autonomous dimerization activity

and conferred a highly elongated structure, characteristic of native GRP94, to the fusion protein. These
data, combined with molecular dimensions obtained from rotary shadowing electron microscopy, provide

a structural model of GRP94 and identify the molecular basis of GRP94 self-assembly.

The lumen of the endoplasmic reticulum (ERy highly a direct role in protein translocation (Vogel et al., 1990;
enriched for proteins whose functions identify the ER as an Nguyen et al., 1991; Sanders et al., 1992; Brodsky et al.,
organelle specializing in protein biosynthesis. Included are 1995). The finding that BiP binds to peptides, and in
enzymes, such as protein disulfide isomerase (PDI), which particular those which are hydrophobic in nature (Flynn et
catalyzes the formation of disulfide bonds, and molecular al., 1989, 1991; Blond-Elguindi et al., 1993a), has lead to
chaperones, such as BiP, which function in protein folding the hypothesis that BiP regulates protein folding through
and assembly (Freedman et al., 1988; Flynn et al., 1989;suppression of aggregation and nonproductive interactions
Gething & Sambrook, 1992; Peterson et al., 1995). In of exposed hydrophobic side chains (Pelham, 1986; Roth-
addition to their role in protein folding and assembly, recent man, 1989; Gething & Sambrook, 1992). PDI, also essential
evidence indicates that ER chaperones function in protein for viability in yeast, is a member of the thioredoxin
translocation, particularly at late stages when the nascentsyperfamily and catalyzes oxidation/reduction of disulfide
chain has gained access to the ER lumen (Vogel et al., 1990j50nds (Farquhar et al., 1991; Creighton et al., 1980). ERp72
Nguyen et al., 1991; Sanders et al., 1992; Nicchitta & Blobel, 5 3 member of the thioredoxin superfamily and functions
1993; Brodsky et al., 1995). Chaperones are also thoughtj, gisuifide bond exchange (Mazzarella et al., 1990; Gunther
to play a central role in the ER quality control mechanism ¢ 51 1993). Calreticulin was identified as the major calcium
yvh|ch functions to prevent the export_qf malfolded protelns binding protein of the endoplasmic reticulum (Macer &
into the secretory pathway (Fra & Sitia, 1993; Knittler et -, 1 988). Recent experimental evidence indicates that
al., 1995). . . . calreticulin is a molecular chaperone and functions in a

The protein composition .Of the ma”Tm.a"a” ER Iu_menal manner similar to calnexin, its ER transmembrane homolog,
compartment is relatively simple, consisting predominately in the regulation of glycoprotein folding (Peterson et al.,

of five proteins: GRP94, BiP, ERp72, PDI, and calreticulin. ; - .
. .. 1995; Helenius, 1994). GRP94 is a member of the hsp90
BiP (GRP78), the hsp70 homolog of the ER, was first family of molecular chaperones (Sorger & Pelham, 1987,

discovered through its association with immunoglobulin :
heavy chains (Munro & Pelham, 1986; Haas & Wabl, 1983). Mazzarella & Green, 19_87) and has been dgscrlbed as the
most abundant mammalian ER lumenal protein (Koch et al.,

In yeast, BiP (Kar2p) is essential for viability (Rose et al., e . .
) : 1986; Wearsch & Nicchitta, 1996). With regard to function,
1 N l,1 h h I
989; Normington et al.,, 1989) and has been shown to play however, GRP94 is the least understood of the ER chaper-
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1991). Second, GRP94 has been found to associate with §DU-32) generated against a domain corresponding to the
limited number of substrates including immunoglobulins, C-terminal 44 amino acids of the canine GRP94 sequence
MHC class Il molecules, HSV-1 glycoprotein B, thyro- was prepared according to the protocol of Harlowe and Lane
globulin, and collagen (Melnick et al., 1992; Schaiff et al., (1988). The sequence encoding the C-terminal 44 amino
1992; Navarro et al., 1991; Kuznetsov et al., 1994; Ferreira acids from the canine GRP94 cDNA (94C) was cloned as a
et al., 1994). Studies of the kinetics of chaperonascent  fusion with GST (glutathion&transferase) in the pGEX-
chain interactions indicate that GRP94 can associate with2T vector (Pharmacia Biotech Inc., Piscataway, NJ). GST-
substrates subsequent to BiP, indicating that GRP94 may94C fusion protein was expressedBrcherichia colistrain
recognize relatively mature structural elements of newly BL21 and purified by affinity chromatography according to
assembling proteins (Melnick et al., 1994). the manufacturer’s instructions. Primary injections (0.5 mg)

Peptide binding is an inherent property of many molecular of GST-94C were performed in Freund's complete adjuvant,
chaperones and has been well characterized for BiP andand secondary injections (0.2 mg) were in Freund’s incom-
members of the hsp70 family (Flynn, 1991; Blond-Elguindi plete adjuvant.
et al., 1993a; Fourie et al., 1994; Gragerov & Gottesman, Purification of Porcine GRP94GRP94 was purified from
1994). Evidence that GRP94 is also a peptide binding porcine pancreatic rough microsomes as described in
protein has recently been obtained through identification of Wearsch and Nicchitta (1996). Rough microsomes were
GRP94 as a tumor-rejection antigen of methylcholanthrene- made following the protocol of Walter and Blobel (1983).
induced murine sarcomas (Srivastava et al., 1986). Srivas- Gel Filtration Chromatography.A TSK-GEL G3000 SW
tava et al. (1986) demonstrated that vaccination of mice with analytical gel filtration column (Tosohaus, Montgomeryville,
sarcoma-derived GRP94 results in a substantial immunePA) was equilibrated in either PBS (phosphate buffered
response to subsequent challenges with the parent tumosaline) or buffer A (110 mM KOAc, 25 mM K-Hepes, pH
cells. This activity was attributed to a tightly bound, tumor- 7.2, 20 mM NaCl, 1 mM Mg(OAg) 0.1 mM CaCj}).
derived, peptide fraction (Li & Srivastava, 1993). Further Samples in a volume of 12aL were injected onto the
experimental evidence for a peptide binding function for column at a flow rate of 0.6 mL/min. Fractions of 0.5 mL
GRP94 has been provided in studies demonstrating thatwere collected and analyzed by SBBAGE. The Stokes
immunization of mice with GRP94 purified frof-galac- ~ radius ) for each sample was determined by comparison
tosidase overexpressing cell lines indugedalactosidase- ~ With standards (thyroglobulinRs = 8.5 nm, 660 kDa;
specific cytotoxic T-lymphocytes (CTL's) (Arnold et al., apoferritin,Rs = 6.1 nm, 440 kDa; aldolas&®s = 4.8 nm,
1995). In a related study, macrophages pulsed with GRP94160 kDa; BSA,Rs = 3.5 nm, 66 kDa; ovalbumirRs = 3.1
purified from vesicular stomatitus virus (VSV) infected cells nm, 43 kDa). Where indicated, GRP94 was incubated with
were targets for lysis by VSV-specific CTL's (Suto & 4 mM Zwittergent 3-12 for 45 min at RT in 128 of buffer
Srivastava, 1995). The induction of a CTL response requiresA Or 1x PBS prior to analysis.
the transfer of GRP94-derived peptides onto MHC class |  Velocity SedimentationFor the determination of sedi-
molecules, and thus GRP94 is capable of binding peptidesmentation coefficientssf, samples were analyzed on sucrose
of as yet undetermined size and sequence characteristics. T@radients in parallel with known standards. Native GRP94,
date, the functional relationship between the peptide binding €lastase-digested GRP94, and in vitro synthesized GRP94-
and chaperone activity of GRP94 is unclear. AC (see Construct Preparation) were analyzed on gradients

In light of the abundance and ubiquitous distribution of ©f 15-30% sucrose supplemented with buffer A. In vitro
GRP94 in mammalian cells, as well as the paucity of insight Synthesized GRP94-Cexp translation products and GRP94
concerning its cellular function, we have initiated a series MBP fusion proteins were analyzed on-126% sucrose
of studies on the structure/function relationships which define 9radients supplemented with PBS. Gradients of 11.5 mL
the molecular mechanism of GRP94 action. In this paper, Were prepared and harvested with an Auto De_n5|-FIow lic
we present a structural analysis of native GRP94, identified (Buchler Instruments, Lenexa, KS). Samples in a volume
as an obligatory dimer with an extended, rod-like structure. ©f 200 uL were loaded onto gradients and centrifuged in
A discrete domain, corresponding to amino acid residues e Béckman SW41 rotor at 40 000 rpm for 20 h at RT.
676-719, has been identified which regulates dimeric Catalase (11.3 S), yeast alcohol dehydrogenase (7.4 S), BSA
assembly and displays autonomous and transferable oligo{4-3 S), ovalbumin (3.5 S), and chymotrypsinogen A (2.6
merization activity. These findings have been incorporated S) Were employed as standards. Fractions of 0.5 mL were

into a structural model of GRP94 and provide a framework Collected from the gradients and analyzed by SPRGE
for future studies on its chaperone activity. (GRP94 samples) or by the absorbance at 280 nm (protein

standards).
EXPERIMENTAL PROCEDURES Determination of Molecular Weight and Quaternary
Structure. Based on the experimentally determined param-

Reagents.Zwittergent 3-12 was purchased from Calbio- eters for thes value andRs, the native molecular weighM)
chem (La Jolla, CA). The pMAL-c2 vector, amylose resin, of proteins was calculated using the following equation
and factor Xa protease were obtained from New England (Siegel & Monty, 1966):

Biolabs (Beverly, MA). Nucleotides as well as protein
standards for gel filtration and velocity sedimentation were M (Da) = N(6znR)F(1 — v,p) = 4054(R)
obtained from Pharmacia Biotech Inc. (Piscataway, NJ).

Antibodies. A polyclonal antibody generated against a whereN = Avogadro’s numbery is the viscosity of the
peptide corresponding to the N-terminal 14 amino acids of solvent (0.01 g/crfhfor water at 20°C), andv,p (0.73 cn¥/
canine GRP94 was a generous gift of Dr. Steve Cala (Wayneg) is the partial specific volume. The frictional ratftfmin,
State University, Detroit, MI). Rabbit polyclonal antisera was calculated from the relationsHifmin = SnadS. TheSmax
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for a protein of a given molecular weight was calculated fragment of GRP94 lacking the signal sequence (nucleotides

using the equation:
Smax= M(L = v,0)/N(6a7R ;) = (3.75x 107" YM*°

Proteolytic Digestion of GRP94Purified GRP94 (3.xg)

67—187 of the coding region). In a second PCR reaction,
the same 5sense primer and thé &ntisense primer (TGT
GTC GAC AGT TGA GCA GAG GCT C 3 were used to
generate a product corresponding to the coding region
encompassed by nucleotides-6IP60. This PCR reaction

was digested with a final concentration of 0%, 0.25%, 1.0%, also introduced &al site at position 1960 of the product,

or 5% (w/w) elastase for 30 min at 3C in 25uL of buffer
A. Triplicate samples were run on 12.5% SBISAGE gels.

yielding a substitution of the tryptophan codon with that of
cysteine. Digestion of this PCR product wilsil and Sal

One set was stained with Coomassie Blue to visualize thegenerated a fragment corresponding to the remaining 3
digestion products, and the others were transferred tosequence of GRP94, but lacking the region coding for the

nitrocellulose for immunoblotting. Immunoblotting was

C-terminal 183 amino acids. Tkdcd —Nsil andNsil—Sal

performed as described (Wearsch & Nicchitta, 1996) using PCR products were ligated intdcd/Sal digested pTBU.
polyclonal anti-GRP94 antibodies directed against either the GRP94-Cexp encodes the C-terminal 200 amino acids of

N-terminus (Cala & Jones, 1994) or the C-terminus (DU-
For structural analyses of the N-terminal digestion reaction using the'Ssense primer (835AG TCC ATG GAG

32).

GRP94 (584-783) and was prepared as follows. A PCR

product, 12ug of GRP94 was digested with 7.5% elastase AGT CGT GAA GCG 3) and the 3antisense primer (5

(w/w) for 30 min at 30°C in 75uL of buffer A. Following

GGC GAA TTC CCT CTC CAC ACA GG 3 was

the incubation, PMSF (phenylmethanesulfonyl fluoride) was performed, yielding a product in which the sequence encod-
added to a final concentration of 5 mM. The resulting 84 ing a lysine at amino acid 584 was changed to a methionine
kDa digestion product was analyzed by gel filtration and via incorporation of arNcd site. The PCR product was

velocity sedimentation as described above.
Construct Preparation.A plasmid containing the canine
GRP94 cDNA cloned into thEcaRl restriction site of pBS-

digested with Ncd/EcoRl and cloned intoNcd/EcaRI
digested pTBU.
The construct MBP-94C is a fusion of the C-terminal 108

SK* was a generous gift of Dr. Steve Cala (Wayne State amino acids (676783) of GRP94 at the C-terminus of MBP

University, Detroit, MI). For in vitro expression, GRP94

(maltose binding protein) and was prepared by PCR using

inserts were placed into pTBU, an expression vector createdthe 3 sense primer (5GCG GAT CCA TGC TGC GAC

by replacing thedindlll —EccaRlI polylinker region of pGEM-
3Z (Promega, Madison, WI) with thidindlll —EcoRlI frag-

GAG T 3) and the 3antisense primer (82GC TGC AGC
CCT CTC CAC ACA GG 3. In this construct, 8anH]|

ment of the polylinker region of pPSPUTK (Stratagene, La and aPst site are present at thé &nd 3 ends of the clone,

Jolla, CA).
For in vitro expression studies, the full length coding
region of GRP94 (amino acid residue21 to 783) was

respectively. Thd&anHI/Pst digested PCR fragment was
cloned into the polylinker region of the pMAL-c2 vector
(New England Biolabs, Beverly, MA) in frame with the MBP

cloned into pTBU as two fragments generated by PCR. sequence and transformed into BL21 competent cells.
Canine GRP94 cDNA was used as a template for all PCR  To further map the region of the C-terminus that contained

reactions. In the first reaction, thé &ense primer (5SGAT
CCC ATG GGA AAA GCC CTG TGG GTG CTG'3and
the 3 antisense primer (5AAT TGT TGT TCC CCG 3)

the assembly domain, the constuct MBP 6789 was made
to express the GRP94 C-terminal hydrophobic domain as a
fusion with MBP. PCR using the' Sense primer (5GCG

were used to prepare a PCR product corresponding td the 5GAT CCA TGC TGC GAC GAG T 3 and the 3antisense

750 bp of the GRP94 coding region, but with a noleld

primer (8 GCC TGC AGT TAT TCT ATT CGA TCT CC

site at the start codon. In doing so, the arginine residue at3’) generated a fragment encoding amino acids-&76 with
amino acid position 2 was replaced with glycine-lysine. This a novelBarnHI site at the 5end as well as a stop codon and

PCR product was digested witdcd/Nsil to generate a
fragment corresponding to nucleotides87 of the coding
region. Inthe second PCR reaction, the safsefse primer
and the 3antisense primer (35GC GAA TTC CCT CTC
CAC ACA GG 3) were used to generate a product
corresponding to the entire coding region-@415), with a
novel Ecarl site introduced 18 bp after the termination
codon. Digestion of the PCR product wildsil and EcoRl

novel Pst site at the 3end. BanHI—Pst digested PCR
product was ligated int@®@anH|—Pst digested pMAL-c2
vector. MBP 713-783 is an MBP fusion encoding the
C-terminal sequence subsequent to the hydrophobic domain.
PCR with the 5sense primer (85CG AAT TCG CAT ATG
GAG ATC GA 3) and the 3antisense primer (£GC TGC
AGC CCT CTC CAC ACA GG 3 yielded a product that
was digested withEcoRl and Pst and cloned into the

generated a fragment corresponding to the remaining se-appropriate sites in the pMAL-c2 vector.

guence of the GRP94 coding region. TNed—Nsil and

Nsil—EcadRl PCR products were ligated witicd/EcoRlI-

digested pTBU vector to yield the full length clone.
GRP94AC, a construct encoding amino acids@00, was

In Vitro Transcription and Translation.The plasmids
containing the full length GRP94 cDNA and GRP94-Cexp
inserts in pTBU were digested withcoRI. Transcription
reactions were performed with 1@ of linearized DNA, in

made to remove the region encoding the N-terminal signal a buffer consisting of 40 mM Tris-HCI, pH 8.0, 8 mM
sequence and the C-terminal 183 amino acid residues. AMg(OAc),, 25 mM NaCl, 2 mM spermidine, 10 mM DTT,
PCR reaction was performed in which a new start ATG and 2.5 mM ATP, CTP, GTP, and UTP, 5 U/mL yeast inorganic

Ncd site were introduced in frame with the first codon of
the mature GRP94 sequence using thedhse primer (5
CGT GCC ATG GAC GAT GAA GTC GAT G 3 and the
3 antisense primer (AAT TGT TGT TCC CCG 3). This
PCR product was digested witlicd/Nsil to generate a's

phosphatase, and 141/ T7 RNA polymerase for 3 h at 37
°C. Translation reactions, in a final volume of 20,
contained 0.51.0ug of the appropriate mMRNA, 20 units of
RNasin, 8L of nuclease-treated reticulocyte lysate, and 25
uCi of 3°S Pro-Mix (methionine plus cysteine) in a buffer
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adjusted to a final concentration of 1 mM DTT, 100 mM A

KCI, and 1 mM MgC}. Translation reactions were per- 00107 Vo Rs(nm)85 48
formed at 3C°C for 1 h. Where indicated, canine pancreatic # H
microsomes (1 equiv) were included in the translation and,
following the incubation, were recovered by centrifugation
of the translation reaction over a sucrose cushion (0.5 M
sucrose, 25 mM K-Hepes, pH 7.2, 1 mM DTT) at a ratio of
3:1 (supernatant:cushion) for 10 min at 60 000 rpniC4
using the Beckman TLA100 rotor. Microsomes were
detergent permeabilized with 0.25% Nikkol for 20 min on T g e

ice. GRP94 translation products were recovered in the 0 5 10 15 20 25
supernatant after a second centrifugation step. Fraction #

Recombinant Expression and Purification of MBP Fusion
Proteins. BL21 transformants carrying the pMAL-c2 plas- B
mid with the indicated GRP94 inserts were grown at'@7

to a density ofAggo = 0.5, in a culture volume of 0.5 L.
Expression (1.5 h at 380C) was induced by the addition of

IPTG to a final concentration of 0.1 mM. The cells were
collected by centrifugation at 40§@or 20 min at 4°C, and

the cell pellet was resuspended in 50 mL of 10 mM sodium Oligomer. Native
phosphate, pH 7.2, 50 mM NaCl, and 1 mM DTT. Lysozyme Rs (nm) Sed. Coeff. gtate " MW (kDa) f/fmin
was added to a final concentration of 0.2 mg/mL, and 74 W dimer 200 1.9
following a 20 min incubation on ice, deoxycholate was
added to a final concentration of 0.4 mg/ml. After a brief Ficure1: Structural analysis of native GRP94. The hydrodynamic
sonication, the cell lysate was recovered following centrifu- properties of native GRP94 were characterized by gel filtration

; ; ; . chromatography and velocity sedimentation. (A) Analytical gel
_gatkl)orf]f at :300_@ Tgr 1?. mlln. The (iellt_lysat? \;:_V(? S dl\l/llutecé_l.IB filtration chromatography. The elution profile of native GRP94 was
in buiter 1o yield a final concentration o miisodium — onitored by the absorbance at 280 nm. Arrows indicate the elution

phosphate, pH 7.5, 500 mM NacCl, 0.25% Tween-20, and 1 position and Stokes radiuR{) of the protein standards (thyro-
mM DTT, and incubated with 2.5 mL of a 50% slurry of globulin, 8.5 nm, 660 kDa; apoferritin, 6.1 nm, 440 kDa; aldolase,

amylose resin for 16 h at4C. The resin was washed twice 4.8 nm, 160 kDa; BSA, 3.5 nm, 66 kDa). (B) Velocity sedimenta-

with 5 mL of 10 mM sodium phosphate, pH 7.2, 500 mM tion. Native GRP94 was analyzed by centrifugation on-36%
' o sucrose gradients. Fractions of 0.5 mL were collected and analyzed

NaCl, and 1 mM DTT, and the fusion protein was eluted 1, Sps-PAGE. Fraction #1 represents the top of the gradient and
with 0.5 mL of buffer B (10 mM maltose, 10 mM sodium  fraction #21 represents the bottom. Arrows indicate the position

phosphate, pH 7.2, 500 mM NaCl, 1 mM DTT). Factor Xa ands values of the protein standards (BSA, 4.3 S; yeast alcohol

cleavage of the fusion protein was performed using 2% (w/ dehydrogenase, 7.4 S; catalase, 11.3 S). The predicted molecular
w) protease in buffer B at 4C for 24 h. weight and frictional ratiof(fin) were calculated as described in

} -~ the Experimental Procedures.
Electron Microscopy. Purified GRP94 (150ug) was

incubated in the presence or absence of 1% elastase (w/w)'€/ded ans value of 6.7 S (Figure 1B). The native
for 15 min at 30°C. Full length GRP94 and the 84 kDa molecular weight of GRP94 was calculated according to

digestion product were subsequently purified by centrifuga- Si€9€! and Monty (1966) (see Experimental Procedures) and
tion on 15-40% glycerol gradients supplemented with 0.1 WaS determined to be 200 kDa. This indicated that GRP94

M ammonium bicarbonate in the Beckman SW50 rotor at €XiSts as a dimer of 100 kDa subunits, in agreement with
45 000 rpm for 15 h at RT. Fractions were collected from Prévious reports (Koyasu etal., 1986; Wearsch & Nicchitta,

the gradients and analyzed by SPBAGE to confirm the 1996)' T_he frictional ratio f(fmr), calculated fr.or_n the
purity of the sample. The protein containing fractions (10 "€lationshipSnay/s = f/fmin, was used to make predictions on

uL) were prepared for rotary shadowing electron microscopy (€ shape of the molecule. GRP94 was found to have a
as described in Fowler and Erickson (1979). frictional ratio of 1.9, indicating that the protein has a
distinctly nonglobular shape. This finding readily explains

RESULTS the unexpectedly large apparent molecular weight determined
by gel filtration and suggests that the protein has an elongated
Hydrodynamic Properties of Na& GRP94. Previously structure.
we reported that, by native gel electrophoresis, GRP94 Detergent-Induced Monomerization of GRP94lydro-
behaves as a dimer of noncovalently associated subunitgphobic interactions commonly provide the primary energetic
(Wearsch and Nicchitta, 1996). On preparative gel filtration, contribution to subunit assembly in oligomeric proteins, and
however, GRP94 eluted with an apparent molecular weight thus, for many oligomeric proteins, subunit dissociation can
of 600 kDa (Wearsch & Nicchitta, unpublished observations). be induced upon addition of detergent (Janin & Chothia,
These two observations can be reconciled should the proteinl990; Mignery et al., 1990; Shen et al., 1993). To examine
be distinctly nonglobular in shape. To gain insight into the the role of hydrophobic interactions in the oligomeric
relative shape and hydrodynamic properties of GRP94, theassembly of GRP94, the native protein was incubated in the
Stokes radiusRs) and sedimentation coefficiens)(were presence of Zwittergent 3-12 for 45 min at RT and then
determined for the native protein (Figure 1). The elution analyzed by gel filtration chromatography (Table 1). This
volume of GRP94 by analytical gel filtration corresponded treatment resulted in a shift of the dimeric species to a
to anRs of 7.4 nm (Figure 1A), and velocity sedimentation fraction eluting with arRs of 5.8 nm. Velocity sedimentation

Abs 280 nm

|

43S 748 138

97 — ki
135 7 ¢ 11 1315 17 19 2
Fraction #
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Table 1: Hydrodynamic Properties of Zwittergent 3-12-Treated A 0.010 7 Vo Rs(nm) 8,5 48
GRP94 Constructs ¢ ‘ 6.1 ‘3.5
GRP94 GRP94-Cexp  MBP-94C £ ‘ i
Rs (nm) 5.8 34 4.9 £
sedimentation coeff (S) 4.2 ND ND2 S
mol wt (kDa) 100 23 52 o
oligomerization state monomer monomer monomer 2
aND = not determined. <
A B C 0 ™ T T T T 1
- 0 5 10 15 20 25 30
Coomassie | N-term Ab | C-term Ab Fraction #
[% Elastase [Mr 00251 5 | 002515 | 002515 B a.i s 4fs 745 11.35
97| e ot r——
66-| =~ - “W | g;: e
45~ e " - ————
a1 ™ 1 3 5§ 7 9 11 13 15 17 19
- ‘ .
L Fraction #
21-| =
. . Oligomer.
Ficure 2: Protease mapping of GRP94. Purified GRP94 (&b M: Rs(nm) Sed. Coeff. State f/fmin
was digested with the indicated concentrations of elastase for 30 84 5.2 40S monomer 1.6
min at 30°C and analyzed by SDSPAGE. (A) Coomassie Blue ) ) :

stain of the GRP94 digestion products. (B) Immunoblot of the
digestion products using an anti-peptide antibody generated againsg
the N-terminal 14 amino acids of GRP94. (C) Immunoblot of the
digestion products using an anti-peptide antibody generated agains
the C-terminal 44 amino acids of GRP94.

IGURE 3: Structural analysis of the GRP94 84 kDa digestion
roduct. GRP94 (12q9) was digested with 7.5% elastase (w/w)
igr 30 min at 30°C and analyzed for its oligomerization state. (A)
nalytical gel filtration chromatography. The elution profile of the
84 kDa digestion product was monitored by #go and analyzed

; ; _ ; : : as described in the legend to Figure 1. (B) Velocity sedimentation.
analysis of the Zwittergent 3-12 shifted fraction yielded an The 84 kDa digestion product was analyzed by centrifugation on

svalue of 4.2 S (Table 1). These values are in agreement;s_3094 sucrose gradients. Fractions of 0.5 mL were collected and
with the Zwittergent 3-12 dependent generation of 100 kDa analyzed by 12.5% SDSPAGE. Arrows above indicate the peaks
monomers. Removal of the detergent, by addition of the andsvalues of the protein standards (ovalbumin, 3.5 S; BSA, 4.3
detergent binding resin Calbiosorb, resulted in reassemblyS; yeast alcohol dehydrogenase, 7.4 S; catalase, 11.3 S).
of the monomers into dimers, as assayed by gel filtration . )
(data not shown). These results suggest that hydrophobic'S Nypersensitive to proteolysis and thus may represent a
interactions likely contribute to GRP945RP94 subunit  Structural domain junction (data not shown).
interactions. To determine whether proteolytic removal of the C-
Identification of Subunit Assembly Domaiembers of terminal 16 kDa of GRP94 affected the oligomerization state,
the hsp90 family of molecular chaperones, including GRP94, the N-terminal digestion product was analyzed by gel
exhibit a high degree of sequence conservation (Gupta, 1995iltration chromatography and velocity sedimentation. The
and have been found to exist predominantly as dimers N-terminal digestion product was identified as a single
(Koyasu et al., 1986; Spence & Georgopoulos, 1989; Minami Species possessing &3 of 5.2 nm (Figure 3A) and as
etal., 1991). In view of the well conserved aspects of both value of 4.0 S (Figure 3B). This dramatic change in the
amino acid sequence and quaternary structure, it would behydrodynamic behavior relative to native GRP94 is consistent
expected that the dimeric state is intimately related to cellular With the disassembly of the protein into monomers of 84
function. To identify potential oligomerization domains, we kDa. However, from these data it is not certain whether the
employed a protease mapping approach. GRP94 waspProtease-induced monomerization reflected the loss of an
incubated with increasing amounts of elastase for 30 min atassembly domain, or alternatively, whether it is an epi-
30 °C, and the digestion pattern was analyzed by SDS phenomenon reflecting denaturation or structural disruption
PAGE (Figure 2). Coomassie Blue staining of the digestion 0f an assembly domain from a distant site.
products revealed a single predominant limit digestion In Vitro Assembly of GRP94To study the role of the
product with a relative mobility of 84 kDa on SBFAGE C-terminal domain of GRP94 in oligomeric assembly, an
(Figure 2A). To map the proteolysis site(s), the digestion experimental system was developed to analyze assembly in
products were transferred to nitrocellulose and probed with vitro. Full length GRP94 mRNA was translated in rabbit
antibodies directed against either the N-terminal 14 amino reticulocyte lysate supplemented witft§]methionine and
acids or the C-terminal 44 amino acids of GRP94. Immuno- pancreatic rough microsomes for 1 h at® Translation
reactivity of the 84 kDa digestion product with the N-terminal reactions were supplemented with rough microsomes to allow
(Figure 2B) but not the C-terminal antibody (Figure 2C) assembly of GRP94 in its native environment. Microsomes
indicated that approximately 16 kDa was removed from the were recovered from the translation mixture by centrifugation
C-terminus. No limit digestion products corresponding to through a sucrose cushion and permeabilized with detergent
the proteolyzed C-terminal domain were identified. Similar to release the lumenal protein fraction. A doublet of GRP94
digestion patterns of GRP94 were observed using trypsin, translation products was observed by SEFAGE (Figure
chymotrypsin, and thermolysin, suggesting that this region 4). Treatment of the translation products with endoglycosi-
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Ficure 4. In vitro assembly of full length GRP94. mRNA encoding 6.0 19S dimer 46 25
the full length GRP94 sequence (amino acid®l to 783) was i . -

translated in reticulocyte lysate in the presence®@8]methionine

and canine pancreatic microsomes for 1 h at'G0 Microsomes
were recovered by centrifugation of the translation reaction over a
0.5 M sucrose cushion and then detergent permeabilized with 0.25%.
Nikkol. The released lumenal protein pool was analyzed by gel
filtration chromatography (A) and velocity sedimentation (B), in
parallel with native GRP94. Fractions of 0.5 mL were collected
and analyzed by SDSPAGE. The upper gels in each panel show
the Coomassie stain for the native GRP94 fractions, and the lower
gels show the phosphorimage of the in vitro synthesized GRP94
fractions. Arrows indicate th&s ands values of the gel filtration
and sucrose gradient standards, respectively.

FiIGUrRe 5: Analysis of the assembly activity of the C-terminal 200
amino acids in vitro. GRP94-Cexp (corresponding to amino acids
584—783) was expressed in reticulocyte lysate wiis[methionine
for 1 h at 30°C and analyzed for its oligomerization state. (A)
Analytical gel filtration chromatography. Fractions of 0.5 mL were
collected, and the elution profile GRP94-Cexp translation products
were determined by SDSPAGE. The graph represents the
phosphorimager-based quantitation of the bands in each fraction.
(B) Velocity sedimentation. GRP94-Cexp translation products were
analyzed by centrifugation on 3@25% sucrose gradients. Fractions
of 0.5 mL were collected from the gradient, analyzed by SDS
PAGE, and detected using the phosphorimager. Arrows indicate
the peaks for the protein standards with theivalues (chymo-
dase H vyielded a single band, indicating that in vitro trypsinogen A, 2.6 S; BSA, 4.3 S; catalase, 11.3 S). The oligo-
synthesized GRP94 was comprised of differentially glyco- merization state was determined based on a molecular weight of
sylated species (data not shown). To analyze the assembly?3 kDa per subunit.
state of the translation products, the lumenal protein fraction dimerization, a construct (GRP2¥E) was made lacking
was subsequently analyzed by gel filtration chromatography both the N-terminal signal sequence and the C-terminal 20
and velocity sedimentation in parallel with native GRP94 kDa, approximately the region removed by proteolysis of
(Figure 4). The GRP94 translation products exhibited an the native protein. GRP9AC mRNA was expressed in
identical profile with that of native GRP94 by gel filtration reticulocyte lysate, and the translation products were deter-
(Rs = 7.4 nm, Figure 4A) as well as velocity sedimentation mined to be monomeric, with aRs of 5.2 nm ands value
(s= 6.7 S, Figure 4B). Within the experimental limits of of 3.7 S (data not shown). The hydrodynamic properties
these analyses, we conclude that in vitro synthesized GRP94or the GRP94AC translation products were nearly identical
assembles into a state that is structurally identical to the to those of 84 kDa digestion product (Figure 3). These
native dimer. results demonstrate that the C-terminal domain is essential
To determine if oligomeric assembly of GRP94 required for dimerization of de novo synthesized GRP94 and are
the physical/chemical environment of the ER lumen, the consistent with the localization of the assembly domain to
assembly of a GRP94 construct lacking the N-terminal ER this region of the protein.
signal sequence was analyzed. In the absence of transloca- GRP94-Cexp, a construct encoding the C-terminal 200
tion, approximately 65% of the GRP94 translation products amino acids of GRP94, was used to determine if the
were able to assemble into dimers, suggesting that modifica-C-terminal domain alone was sufficient for oligomerization.
tions characteristic of the ER lumen, such as N-linked Following translation in reticulocyte lysate, GRP94-Cexp
glycosylation, are not essential for assembly (data not translation products were analyzed by gel filtration chroma-
shown). Thus, an in vitro translation system lacking ER tography and velocity sedimentation (Figure 5). Although
membranes can be used to further analyze the assemblyhe predicted molecular weight based on the amino acid
reaction. sequence of GRP94-Cexp is 23 kDa, the gel filtration profile
Requirement of the C-Terminal Domain for Assembly in indicated a peak for the translation products at a particularly
Vitro. Having established an in vitro system that supports largeRs of 6.0 nm (Figure 5A) and eluting near apoferritin
translation and oligomerization of GRP94, the role of the (Rs= 6.0 nm, MW= 440 kDa). This observation initially
C-terminal domain in cotranslational subunit assembly was suggested that GRP94-Cexp may exist as large oligomers.
analyzed. To determine if this domain was necessary for However, based on the value of 1.9 S (Figure 5B), the
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native molecular weight of GRP94-Cexp was calculated to
be approximately 46 kDa, indicating that the translation
products were, in fact, assembled into dimers. The large
frictional ratio of 2.5 reflects the highly elongated shape of
the GRP94-Cexp dimers. Similar to native GRP94, treatment
of GRP94-Cexp dimers with 4 mM Zwittergent 3-12 resulted
in dissociation into monomers, with d& of 3.4 nm (Table

1). These findings further map the assembly domain within
the C-terminal 200 amino acids of GRP94 and demonstrate
that this region is both necessary and sufficient for assembly
in vitro.

Demonstration of Autonomous Assembly Agtiin Vivo.
Having determined that the C-terminal 200 amino acids of
GRP94 were capable of autonomous assembly in vitro, it
was of interest to analyze assembly in vivo and map to a
higher resolution the C-terminal region possessing dimer-
ization activity. As noted previously, dissociation of both
native and GRP94-Cexp dimers by Zwittergent 3-12 suggests
that hydrophobic interactions contribute to the assembly
process. Within the C-terminal 200 amino acid domain, the
only substantially hydrophobic region is located at amino
acids 692-709. Using recombinant expressionkn coli,
amino acids 676783 of GRP94 were thus tested for the
ability to direct the dimerization of maltose binding protein
(MBP), a 42 kDa monomer.

MBP-94C was created by placing the sequence encoding
the C-terminal 108 amino acids of GRP94 in frame and at
the C-terminus of MBP. The fusion protein was expressed
in E. colihost strain BL21 and purified using amylose affinity
chromatography. Gel filtration was used to compare the
oligomerization states of MBP and MBP-94C. MBP is a
globular monomer with & of approximately 3.0 nm (Figure
6A). The elution profile of MBP-94C (54 kDa) showed a
dramatic shift in theRs to 8.3 nm, an elution position
approximating that of thyroglobulin (8.5 nm, 660 kDa; Figure
6B). Velocity sedimentation experiments yieldedsaralue
of 3.3 S (data not shown), indicating that MBP-94C exists
as a dimer with a native molecular weight of 108 kDa. The
unusually largeR; for a protein of this size is reflected in
thef/fmin Of 2.5, indicating that the GRP94 C-terminal domain
conferred an elongated shape to the fusion protein. To
determine whether the apparent dimerization activity was
strictly limited to the GRP94-derived C-terminal domain, the
fusion protein was digested with factor Xa protease to cleave
the linker domain, and the hydrodynamic properties were
re-evaluated. Gel filtration analysis of the factor Xa released
MBP yielded an elution profile identical to that of MBP
(Figure 6A,C), confirming that dimerization is taking place
through the GRP94 domain. In addition, treatment with
Zwittergent 3-12 completely dissociated MBP-94C dimers
into monomers, consistent with previous observations (Table
1).

To further map the assembly domain within the C-terminal
108 amino acids, the role of the hydrophobic sequence,
located at amino acids 69209, in the regulation of
assembly was determined. Two additional GRPR¥BP
fusions were made: MBP 67&19 (47 kDa), which includes
the hydrophobic domain and the immediate flanking regions,
and MBP 713-783 (50 kDa), which corresponds to the
domain extending from hydrophobic region to the C-
terminus. MBP 713783, eluting near MBP by gel filtration,
behaved as a monomer with & of 3.4 nm (Figure 6D),
indicating that the domain C-terminal to the hydrophobic
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MBP-94C 8.3 338 dimer 108 25
MBP 676-719 7.1 34S dimer 94 2.3
MBP 713-783 3.4 ND monomer 50 ND

Ficure 6: Fusion of GRP94 to MBP and assembly in vivo. GRP94
C-terminal sequences were expressed as fusions with MBP, purified
by amylose affinity chromatography, and analyzed by gel filtration
chromatography. Fractions of 0.5 mL were collected and analyzed
by SDS-PAGE and Coomassie Blue staining. (A) MBP standard.
(B) MBP-94C (amino acids 676783 of GRP94). (C) MBP-94C
treated with 2% factor Xa protease (w/w) for 24 h at@. (D)

MBP 713-783. (E) MBP 676-719. The native molecular weight
for MBP fusions was calculated from thi& determined from the
elution volume (above) and the value obtained from velocity
sedimentation (data not shown). Oligomerization states were
determined based on the molecular weight predicted by the amino
acid sequence: MBP-94C, 54 kDa; MBP 67819, 47 kDa; MBP
713-783, 50 kDa.

sequence is incapable of autonomous oligomerization. In
contrast, the profile of MBP 676719, which includes the
hydrophobic domain, eluted similarly to MBP-94C in a
somewhat broad peak centered atRyrof 7.1 nm (Figure
6E). In combination with thevalue of 3.4 S obtained from
velocity sedimentation studies (data not shown), it was
determined that MBP 676719 was predominantly as-
sembled into dimers. The second peak for MBP-6769,
eluting near MBP, represents proteolyzed and unassembled
monomers. Similar to native GRP94 and MBP-94C, MBP
676—719 dimers possess a larfjii, of 2.3, indicating that
the dimerization event, although in the context of a fusion
protein, produces a highly extended structure. These results
identify a functional, autonomous assembly domain located
within the C-terminal amino acids 67§19 of GRP94 which
is necessary and sufficient for dimerization in vivo.
Electron Microscopy of Nate and Protease-Digested
GRP94. To further develop a structural model, rotary
shadowing electron microscopy was used to visualize the
shape and determine the molecular dimensions of GRP94.
As shown in Figure 7A, native GRP94 is composed of three
distinct, nodular domains and is found in both rod-like and
“wing” conformations. The rod-like structures were deter-
mined to have molecular dimensions of an average length
of 27.8 nm and width of 6.8 nm, dimensions consistent with
the hydrodynamic data and the calculaféfgi,. Having
identified the GRP94 assembly domain near the C-terminus,
the shape and dimensions of the monomeric N-terminal
protease digestion product were also determined (Figure 7B).
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FIGURE 7: Electron microscopy of GRP94. Samples were purified C'tem:"nm

on 10-40% glycerol gradients supplemented with 0.1 M am- Domain

monium bicarbonate and prepared for electron microscopy by rotary

shadowing. (A) Native full length GRP94. Bar50 nm. Molecules

were identified as rods (left panel) and wings (right panel). (B)

N-Terminal 84 kDa digestion product generated by treatment of

150ug of GRP94 with 1% elastase for 15 min at 0. Bar= 25

nm. The diagrams below illustrate the structures observed by

electron microscopy and their average molecular dimensions. HvdVOPhObli;i‘"Y ‘
o

These molecules, lacking the C-terminal 16 kDa, had a MEP-84C | — :
slightly irregular shape and were composed of one complete  yep'e76.710 ———S———

nodular domain with a small, tail-like structure. The average ygp713-783 I |
length of the monomeric molecules was 11.5 nm, slightly L
less than half of the length of native GRP94. These data 676 685 695 705 715 725 735 745 755 765 775 783
support a tail-to-tail orientation of the subunits, placing the
C-terminal assembly domains interacting within the central
domain of a trinodular dimer. LP N-linked Oligosaccharide

Il Hydrophobic Domain

Ficure 8: Structural model of GRP94. In its native state, GRP94

Hydrodynamic studies of recombinant fusion protein 'S @n €longated, opposed dimer consisting of three structural
domains. Subunit interaction occurs in the central of the three

fragments of GRP94 have allowed the identification of & gomains. GRP94 is hypersensitive to proteolysis in the central
discrete domain, defined by residues 6789, which domain, which removes the assembly domain from the remaining
mediates the obligatory dimeric assembly of GRP94 in vivo N-terminal digestion product. A hydrophobicity plot of the C-

and in Vltro Th|S doma|n d|Sp|ayS autonomous assembly terminal 108 amino acids indicates the presence of a Single

i ot _like hydrophobic domain (represented by the black box) between amino
activity and confers the characteristic extended, rod-like acids 692-709 of GRP94 followed by a highly charged acidic

conformation of the native protein to fusion protein €on- gomain. The hydrophobic region was required and sufficient for
structs. On the basis of these findings, and the observationdimerization of MBP-GRP94 fusions, indicated below. Hydro-

that native GRP94 and GRP94 C-terminal domain constructsphobicity was calculated using the method of Kyte and Doolittle.
can be dissociated into monomers upon treatment with the
detergent Zwittergent 3-12, we propose that the hydrophobicthe monomeric, protease-derived 84 kDa fragment as a
region corresponding to amino acids 69209 is the primary ~ molecule of 1312 nm, roughly one-half the length of the
subunit-subunit interface. This assignment is consistent intact dimer (Figure 7B). These data provide a compelling
with the observation that subunit interfaces in oligomeric structural argument for an opposed orientation of the two
proteins tend to be of relatively high hydrophobicity (Janin subunits.
& Chothia, 1990). It should be noted that the elution profile  The data reported herein indicate that GRP94 is similar
of MBP 616-719 on gel filtration is somewhat broader than to its cytosolic homolog hsp90 in both oligomerization state
that observed for MBP-94C, suggesting that although the (dimer) and site of assembly (C-terminus) (Koyasu et al.,
hydrophobic domain is necessary and sufficient for dimer- 1986; lanotti et al., 1988; Minami et al., 1991; Nemoto et
ization, the efficiency of assembly may be influenced by al., 1995). Given the relatively high degree of sequence
flanking regions. conservation between members of this family, it is not
A structural model was compiled from the results of this unexpected that the oligomerization domain may be con-
study and is depicted in Figure 8. GRP94 is illustrated as a served between hsp90 family members. There are, however,
trinodular rod composed of three domains. The interaction fundamental differences in the regulation of assembly
of the subunits at their respective C-termini yields the central between the cytosolic and ER hsp90’s that belie the high
domain and provides for an opposed orientation of the two degree of sequence conservation. Perhaps most significantly,
subunits. This tail-to-tail orientation is consistent with the although the C-terminal 15 kDa regions of th@ndg forms
localization of the assembly domain to the C-terminus by of hsp90 are highly homologous>85% identity), thes
protease mapping and the dramatic alterations in the hydro-isoform has been shown to exist in both monomer and dimer
dynamic behavior of MBP which accompany its expression forms (Minami et al., 1991). The C-terminal 12 kDa region
as a GRP94 assembly domain fusion. Direct evidence for aof GRP94 diverges substantially from hsp90, (<40%
tail-to-tail orientation is provided by the rotary shadowing identity) yet, like hsp9@, is an obligatory dimer. Further-
electron micrographs (Figure 7). By rotary shadowing EM, more, although a hydrophobic domain similar to that
the native GRP94 dimer was identified as a trinodular observed for GRP94 is also present in hgp%hd 3, the
molecule of approximately 28 nm in length (Figure 7A) and minimal assembly domain described in this study does not

Legend:

DISCUSSION
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