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’ INTRODUCTION

The Hsp70 family of molecular chaperones represents one of
the most evolutionarily conserved groups of chaperone proteins
involved in protein folding.1,2 Hsp70 proteins have an N-term-
inal ATPase and a C-terminal substrate binding domain (SBD)
connected via a linker.3 The binding and release of peptide
substrates in the SBD are coupled to ATP hydrolysis, which
causes conformational changes in the protein.4 The ATP-bound
state has low substrate affinity, and the ADP-bound state has high
substrate affinity. Cochaperone proteins such as J domains stimu-
late ATP hydrolysis,5 while nucleotide exchange factors such as
Bag-16 enhance ATPase activity by facilitating ADP release.

Glucose regulated protein 78 (Grp78), also known as BiP or
HSP5A, is the Hsp70 isoform located predominantly in the
endoplasmic reticulum (ER),7 while Hsp70 and Hsc70 isoforms
are located in the cytosol. As a key component of the ER chaperon-
ing function, Grp78 ensures proper protein folding, preventing
aggregation and targeting misfolded proteins for degradation
within the ER as well as binding calcium and regulating ER stress
signaling.8

Grp78 has been shown to play a role in tumor proliferation,
survival, and angiogenesis.9,10 Grp78 overexpression in tumor
cells appears necessary to survive oncogenic stress. Elevated
glucose metabolism leads to glucose starvation, low pH, and
severe hypoxia, which are conditions under which cancer cells
must survive, and are all factors that induce ER stress and activation
of the Grp78 promoter. Grp78 has also been found on the cell
membrane of cancer cells,11,12 where it has been shown to interact
with proteins involved in oncogenic signaling.13,14 Grp78 over-
expression also provides resistance to chemotherapeutic agents
in multiple tumor cell lines.15,16 Therefore, inhibiting Grp78

expression or its pharmacological activity could have important
therapeutic benefits in the fight against cancer.

Known inhibitors targeting Grp78 activity or its induction are
derived from natural products. Genistein and (�)-epigallocatechin
gallate (EGCG) inhibit the pharmacological activity of Grp78,
while the bacterial AB5 subtilase cytotoxin specifically cleaves
Grp78 at a single amino acid.17 These agents were able to
selectively inhibit the growth of cancer cells or sensitize them
to cytotoxic chemotherapy. Genistein and EGCG act on many
cellular pathways and components in addition to Grp78. The
macrocycle versipelostatin (VST) inhibits the transcriptional
activation of the unfolded protein response (UPR) target genes
Grp78 and Grp94 and inhibited MNK047 tumor xenograft
growth.18 Grp78 can also be found in the cell membranes of
cancer cells, and recent therapeutic approaches have targeted the
membrane-bound SBD. A prodrug that contains a cyclic 13-mer
peptide (Pep42) was shown to bind to Grp78 and was inter-
nalized into the cell.19,20 Antibodies that bind to the SBD
inhibited cell proliferation and induced apoptosis in prostate
cancer cells and melanoma cells.21

Interest in Grp78 as an oncology target, the lack of structural
data on inhibitors binding to the ATPase domain, and the
unexplored questions of isomer selectivity prompted the current
study. In-house studies comparing the effect of siRNA knock-
down ofHsp70, Hsc70, andGrp78 corroborate the role of Grp78
in cell proliferation. We recently reported potent and novel
nucleoside inhibitors for the ATPase domain of the Hsp70/
Hsc70 isoforms. Compounds from our Hsp70 program22,23
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enabled us to study Grp78 inhibition and isomer selectivity.
Inhibitor binding was studied by surface plasmon resonance
(SPR) and isothermal titration calorimetry (ITC). We report the
first X-ray crystallographic structures of the ATPase domain of
apo Grp78 and in complex with adenosine 50-triphosphate
(ATP), 50-adenylyl β,γ-imidodiphosphate (ADPnP), and a
nucleoside inhibitor. The modest selectivity seen in the binding
data for Grp78 andHsp70 is discussed in the context of structure.

’RESULTS

Inhibitor Synthesis. The syntheses of 2,24 3,25 8, 9, and
11�1422 have been previously reported. Compounds 4�7 were

synthesized as shown in Scheme 1. Treatment of 8-bromo-20-30-
O-(1-methylethylidine)adenosine 1526 with methylamine affor-
ded the 8-methylamino derivative 16.27 Reaction of compound
16 with a range of primary alkyl chlorides in the presence of
cesium carbonate afforded intermediates 17a�d and 18a�d as
inseparable mixtures. Further treatment of this mixture with trifluoro-
acetic acid resulted in removal of the acetonide protecting group
and decomposition of the undesired regioisomers 18a�d, enabling
isolation of 4�7 in 18�25% yield. Compound 10 was synthesized
using existing methodology22,28 by treatment of 8-bromoadenosine
19 with 1-(isoquinolin-3-yl)methanamine (Scheme 2).

Scheme 1a

aReagents and conditions: (a) MeNH2, EtOH, 130 �C, microwave,
91%; (b) Cs2CO3, RCH2Cl, DMF, 40�50%; (c) CF3CO3H, 18�25%.

Scheme 2a

aReagents and conditions: (a) 1-(isoquinolin-3-yl)methanamine,
EtOH, 170 �C, microwave, PS-benzaldehyde, 25%.

Table 1. Binding Data for Inhibitors with Grp78 and Hsp70

aAll IC50, KD, and GI50 are the mean of at least two determinations.
bValue at the detection limit in the FP assay.
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Inhibitor Binding Studies. Binding of compounds to Grp78
(Table 1) was assessed using SPR to measure the dissociation
constant (KD) and off-rates (kd). Adenosine 50-diphosphate
(ADP, 1) had the slowest off rate (kd = 0.005 s�1) but not the
smallest KD (2.17 μM). Compounds 2 and 3 contain an 8-amino
and 8-methylamino substituent on the adenine core and have
similar KD of 6.80 and 7.46 μM, indicating that the additional
methyl has little effect on binding affinity. When binding to the
Hsp70 isoform, the 8-amino group in 2 resulted in 60-fold
improvement over the hydrogen in adenosine, likely due to an
internal hydrogen bond.22

Compounds 4�7 explore the effect of substituents at the R2

position when R1 is 8-methylamino. Changing the phenyl in 4
(KD = 0.99 μM) to an amide in 7 (KD = 12.36 μM) resulted in a
12-fold loss of binding affinity in Grp78. Compounds 8�10
explore aromatics substituents in R1, keeping R2 as hydrogen.
The quinoline in 9 provided affinity gains of 4-fold and 10-fold
compared to aromatics in 8 and 10. Aromatic substituents at R1

in 8�10 result in slower off-rates (kd = 0.2�0.5 s�1) than those
observed for compounds 4�7 (kd > 1 s

�1), even for compounds
with similar KD. Changing the hydrogen in 8 to a methyl (11)
improved affinity by 4-fold. Compounds 12�14 have aryl
substituents in R1 and R2. Comparing 12 and 13 reveals that
the addition of a nitrile increases affinity by 10-fold.
To allow relative comparisons between Grp78 and Hsp70

affinities, Ki values for Hsp70 were calculated from the FP IC50

using equations assuming a tight inhibitor and free concentra-
tions.29,30 For the more potent inhibitors, SPR was used to
measure KD, since the Hsp70 FP assay used a protein concentra-
tion of 400 nM, which means that the assay response is limited to
compounds with affinities greater than 300 nM. The values and

rank ordering for compounds 2�5 are similar in Grp78 and
Hsp70. However, changing the phenyl in 4 to more polar
substituents (pyridyl 6, primary carboxamide 7) lowers binding
in Grp78 but has little effect on Hsp70 binding. Binding of 7 is
12-fold lower than binding of 4 in Grp78 but only change by
2-fold in Hsp70. The addition of aromatic subsituents in R1

(8�11), compared to 2 and 3, increases potency more signifi-
cantly in Grp78 than Hsp70.
Binding was confirmed for several compounds by ITC from

which the dissociation constant and enthalpic and entropic
contributions were obtained (KD, ΔH, ΔS) as reported in
Table 2. KD values obtained with ITC were usually within 2-fold
of those obtained with SPR. The quinoline (9 and 14) provides
an enthalpic gain over the dichloro substituent (8 and 13), which
is balanced by a decrease in entropy loss resulting in only small
improvements in overall KD. Despite the quinoline's higher
affinity for the protein shown by quinolines 9 and 14, they did
not inhibit cell growth like the less potent dichloro compounds.
Structure of Grp78 Bound to ADPnP and ATP. Structures of

the crystallized Grp78 ATPase domain (residues 24�407) in the
apo form and with soaked ligands were solved by X-ray crystal-
lography. Figure 1 illustrates that there are no large conforma-
tional changes upon binding of ADPnP and ATP, which caused
the CR backbone RMSDs to change by only 0.67 and 0.54 Å,
respectively. The main change is the shift observed in domain
IIB. Comparison with the cocrystal of Grp78/ADP solved by
Wisniewska and co-workers (3IUC), which crystallized with a
different space group and packing,31 shows a very similar binding

Table 2. Thermodynamic Binding Data and Cell Assay
Results

aAll ITC and GI50 are the mean of at least two determinations unless
otherwise stated. b ITCKD = 1/KA.

cReference 22. d n = 1 e LowGI50 due
to predominantly non-HSP70 mechanism. Figure 1. X-ray crystallography structures of Grp78/Apo (cyan,

3LDN), Grp78/ADPnP (green, 3LDO), and Grp78/ATP (3LDL) are
shown superimposed with Grp78/ADP31 (blue, 3IUC). Detail of the
binding site shows residue positions near ligands.
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site. The CR backbone rmsd values of 0.74 and 0.95 Å between
Grp78/ADP and our Grp78 and Grp78/ATP structures are
mostly due to surface residues.
Comparison of Grp78, Hsp70, and Hsc70 Structures.

Grp78 is the least conserved isoform within the Hsp70 family
members. The closest homologue of Grp78 based on ATPase
sequence is Hsc70 with 70% residue identity as analyzed with
BLAST,32 while the residue identity between Hsc70 and Hsp70
is 89%. Sequence alignments can be found in Supporting Infor-
mation. Figure 2A highlights the residues that differ between
Grp78 ATPase and other Hsp70 isoforms. The ATPase struc-
tures31 of these isoforms showed that they have the same
secondary fold and a highly conserved binding site, with most
differences in residues located at the protein surface.
Comparison of the X-ray crystallographic structures of Grp78

and Hsp70 (Figure 2B) showed that there is one residue that is
different within a radius of 4.5 Å around ADPnP. Grp78 has an
isoleucine (Ile61) where Hsp70 has a threonine (Thr37). The
remaining binding site residues are conserved and have similar
conformations except for the solvent exposed Arg297, Arg367,
and Glu293 which occupy slightly different positions in some of
the structures.
Structures of Inhibitors Bound toGrp78 andHsc70/Bag-1.

Superimposition of the X-ray crystallography structures of 10
bound to Grp78 and Hsc70/Bag-1 in Figure 2C shows a similar
binding mode in Grp78 andHsc70/Bag-1. While 10 is not one of
the more potent compounds, it was one for which we had
obtained crystals in both proteins. Crystals of Hsc70 were used

as a surrogate for Hsp70, since they were more amenable to
crystallography and there is high homology between Hsp70 and
Hsc70. Hsc70 was crystallized in complex with its cochaperone
Bag-1, which opens up the ATPase domain by separating
domains IB and IIB. The presence of Bag-1 results in a larger
binding cavity reflected in the increased distance between the
residues in domain IB (Tyr and Ile) and residues in domain IIB
which bind the adenine. Several attempts to soak in the potent
diaryl inhibitors into the closed forms of Hsp70 andGrp78 failed.
A homology model of an open conformation of Grp78, built
using the Hsc70/Bag-1/14 structure (3fzm)22 as template,
suggests that 14 could bind in a similar mode as it does in
Hsc70/Bag-1 (Figure S3 in Supporting Information).
Figure 2D illustrates the location of the amide substituent of 7

bound toHsc70/Bag-1. In Hsc70, the amideπ-stacks with Tyr15
and interacts with Thr37 via bridging water molecules. Super-
imposing the complex of Hsc70/Bag-1/7 with a structure of
Grp78 shows that the polar amide in 7 would be in proximity to
the hydrophobic residue Ile61, which should be detrimental to
potency.

’DISCUSSION AND CONCLUSIONS

We have studied the inhibition of Grp78 due to its potential
interest as an oncology target. In-house studies comparing the
effect of siRNA knockdown of Hsp70, Hsc70, and Grp78
corroborate the role of Grp78 in cell proliferation. siRNA
knockdown of Grp78 had a greater effect on tumor cell growth
than knockdown of the cytosolic Hsp70 or Hsc70 in a panel of 10

Figure 2. (A) Conserved residues amongHsp70 isoforms (Grp78, Hsp70, Hsc70, Hsp70B0, Hsp701-Hom, Hsp70-2) are shown in green on the ribbon
representation of the Grp78/ADPnP structure; nonconserved residues are in red. (B) Within 4.5 Å around ADPnP, only one residue differs between
Grp78 and Hsp70 in the binding site. (C) Overlay of X-ray crystal structures of 10 bound to Grp78 and Hsc70/Bag reveals similar binding mode for
inhibitor. (D) Crystal structure of Hsc70/Bag-1 with 7 reveals that the amide π-stacks with Tyr15 and interacts with Thr37 through a water mediated
H-bond. Overlay with apo Grp78 shows that the polar amide would be too close to the hydrophobic Ile61 in Grp78.
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human cancer cells (Figure S2 in Supporting Information). Bind-
ing of compounds to Grp78 was investigated by SPR, ITC, and
X-ray crystallography. SPR and ITC produced highly correlated
KD, providing additional information on the off-rates and ther-
modynamic energy terms. The slow off-rate of ADP (1) (kd =
0.005 s�1) is consistent with the need for nuclear exchange
cofactor proteins to help release ADP from the binding site of
Hsp70 proteins. The nucleoside inhibitors tested in ITC showed
a high enthalpic contribution which was counterbalanced by
disfavorable entropic contribution. The quinoline containing
ligands 9 and 14 were slightly more potent, had better enthalpic
contributions, and slower off-rates than the dichlorophenyl
inhibitors 8 and 13. However, previously published data obtained
for HCT116 cells indicated that only the dichloro compounds
were able to stop cell growth in cell-based assays,22 likely due
to physicochemical properties affecting the ability of the com-
pounds to reach the target protein.

The most potent compound with cellular activity, VER-
155008 (13, HCT116 GI50 = 5 μM), has similar potencies in
both Grp78 and Hsp70, thus this compound is likely a non-
selective pan-inhibitor for similar protein isoforms of the Hsp70
family. Crystal structures of Hsp70 and Grp78 reveal that while
most residues are conserved within the binding site, one residue
differs between Grp78 and Hsp70 and has the potential to be
used for designing in selectivity between Grp78 and the other
Hsp70 isoforms. Selectivity between Hsp70 and Grp78 was
observed for two compounds (6, 7) that contained polar subs-
tituents in R2. The change from a polar Thr37 in Hsp70 to
nonpolar Ile61 in Grp78 creates a more hydrophobic binding site
in Grp78 which could explain why polar substitutents at the R2

position were more detrimental to affinity in Grp78 than Hsp70.
The increased hydrophobicity in Grp78 could be exploited in
ligand design to achieve further potency; our library of nucleo-
side inhibitors was initially designed for Hsp70 and contained
few hydrophobic and saturated substituents in R2. Nevertheless,
the polarity, size and flexibility of the overall ATP binding pocket
still pose a challenge to achieve high affinity binding by small
druglike molecules.

Using a combination of surface plasmon resonance and
isothermal titration calorimetry, we have identified submicromo-
lar inhibitors of Grp78 that bind to the ATPase domain of this
molecular chaperone. X-ray crystallographic studies of a nucleo-
side inhibitor bound to Grp78 revealed key structural differences
between Grp78 and the closely homologous proteins Hsc70 and
Hsp70. This has allowed us to rationalize the modest selectivity
for Grp78 observed in certain nucleoside analogues. These
molecules, which to our knowledge are the first inhibitors known
to bind to the ATPase domain of Grp78, may serve as useful
chemical tools to further probe the biology of Grp78.

’EXPERIMENTAL SECTION

General Methods. All commercial reagents were used without
further purification. Anhydrous solvents were obtained from commer-
cial sources and used without further drying. Flash chromatography was
performed with prepacked silica gel cartridges (IST Flash II, 54 Å,
Biotage Ltd., Hengoed, U.K.). Thin layer chromatography was con-
ducted with 5 cm� 10 cm plates coated with Merck Type 60 F254 silica
gel. Microwave heating was performed with a Biotage Initiator 2.0
instrument.

Compound purity was assigned by liquid chromatography�mass
spectrometry (LC�MS) at pH 4; all compounds had g95% purity.

LC�MSwas performed using aHewlett-Packard 1100 series instrument
linked to a quadrupole detector. The column was a Phenomenex Luna
3 μmC18(2), 30 mm� 4.6 mm i.d. Buffer A was prepared by dissolving
1.93 g of ammonium acetate in 2.5 L of HPLC grade water and adding
2 mL of formic acid. Buffer B was prepared by adding 132 mL of buffer A
to 2.5 L of HPLC grade acetonitrile and adding 2 mL of formic acid. The
elution gradient was buffer A�buffer B (95:5 to 5:95) over 3.75 min.
Flow rate was 2.0 mL min�1. Retention times (tR) are reported in
minutes. Ionization is positive, unless otherwise stated. Nuclear mag-
netic resonance (NMR) analysis was performed with a Bruker DPX400
spectrometer, and proton NMR spectra were measured at 400 MHz.
The spectral reference was the known chemical shift of the solvent.
Proton NMR data are reported as follows: chemical shift (δ) in ppm,
followed by the integration, the multiplicity (s = singlet, d = doublet, t =
triplet, q = quartet, p = pentet, m = multiplet, dd = doublet of doublets,
and br = broad), and the coupling constant rounded to the nearest
0.1 Hz.

Compound 4 was purified by preparative HPLC at pH 4, performed
on a Waters FractionLynx MS autopurification system, with a Gemini
5 μm C18(2), 100 mm � 20 mm i.d. column from Phenomenex,
running at a flow rate of 20 mL min�1 with UV diode array detection
(210�400 nm) and mass-directed collection. Solvent A was 10 mM
ammonium acetate in HPLC grade water þ 0.08% v/v formic acid.
Solvent B was 95% v/v HPLC grade acetonitrile þ 5% v/v solvent Aþ
0.08% v/v formic acid. The gradient was (time, % solvent B) 0 min, 5%;
1 min, 8%; 7 min, 28%; 7.5 min, 95%; 9.5 min, 95%; 10 min, 5%. The
mass spectrometer was a Waters Micromass ZQ2000 instrument,
operating in positive or negative ion electrospray ionization modes,
with a molecular weight scan range of 150�1000. IUPAC chemical
names were generated using AutoNom Standard.

Compounds 1 (Sigma-Aldrich Ltd.) and 2 (Toronto Research Chem-
icals) are commercially available, and 3,25 8, 9, and 11�14,22 and 1526

have been previously described. Compounds 4�7 were prepared as
shown in Scheme 1; 10 was prepared as shown in Scheme 2.
(2R,3R,4S,5R)-2-(6-Amino-8-methylaminopurin-9-yl)-5-

benzyloxymethyltetrahydrofuran-3,4-diol (4). A solution of
17a and 18a (0.044 g, 0.10 mmol) in trifluoroacetic acid (2 mL) was
stirred at room temperature overnight. The solvent was then removed in
vacuo followed by repeat coevaporation with methanol. The resulting
crude product was purified by preparative LC�MS at pH 4, which
afforded a clear glass, identified as 4 (0.007 g, 0.019 mmol, 18%).
LC�MS:m/z 387 [MþH]þ; tR = 1.64min; total run time 3.75min. 1H
NMR: δH (DMSO-d6) 7.89 (1H, s, Ar-H), 7.35 (5H, m, Ph), 6.50 (2H,
s, NH2), 6.41 (1H, q, J 4.6Hz,MeNH), 5.81 (1H, d, J 6.2Hz, 2-H), 5.35
(1 H, br s, 3-OH), 5.25 (1 H, br s, 4-OH), 4.76 (1 H, t, J 5.9 Hz, 3-H),
4.57 (2 H, s, CH2Ph), 4.23 (1 H, dd, J 5.4 and 4.0 Hz, 4-H), 4.01 (1 H, q,
J 3.5 Hz, 5-H), 3.75 (1 H, dd, J 10.6 and 3.0 Hz, 5-CHH), 3.63 (1 H, dd,
J 10.7 and 4.0 Hz, 5-CHH), 2.66 (3 H, d, J 4.6 Hz, MeNH).
(2R,3R,4S,5R)-2-(6-Amino-8-methylaminopurin-9-yl)-5-

cyclohexylmethoxymethyltetrahydrofuran-3,4-diol (5).
Synthesis was as described for 4. LC�MS: m/z 393 [M þ H]þ; tR =
1.84 min; total run time 3.75 min. 1H NMR: δH (DMSO-d6) 7.91 (1 H,
s, ArH), 6.48 (2 H, s, NH2), 6.43 (1 H, q, J 4.4 Hz, MeNH), 5.79 (1 H, d,
J 6.0 Hz, 2-H), 5.30 (1 H, br s, 3-OH), 5.15 (1 H, br s, 4-OH), 4.76 (1 H,
t, J 5.7 Hz, 3-H), 4.19 (1 H, t, J 4.4 Hz, 4-H), 3.96 (1 H, q, J 3.7 Hz, 5-H),
3.66 (1H, dd, J 10.8 and 2.9Hz, 5-CHHO), 3.51 (1H, dd, J 10.8 and 4.13
Hz, 5-CHHO), 3.31 (1 H, dd, J 9.6 and 6.3 Hz, OCHHcycloalkyl), 3.20
(1 H, dd, J 9.5 and 7.2 Hz, OCHHcycloalkyl), 2.92 (3 H, d, J 4.6 Hz,
MeNH), 1.50�1.71 (6 H, m, cycloalkyl), 1.10�1.20 (3 H, m, cycloal-
kyl), 0.82�0.92 (2 H, m, cycloalkyl).
(2R,3R,4S,5R)-2-(6-Amino-8-methylaminopurin-9-yl)-5-

(pyridin-3-ylmethoxymethyl)tetrahydrofuran-3,4-diol (6).
Synthesis was as described for 4. LC�MS:m/z 388 [MþH]þ; tR = 1.19
min; total run time 3.75 min. 1H NMR: δH (DMSO-d6) 8.56 (1 H, d,
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J 1.7 Hz, pyridyl 2-H), 8.52 (1 H, dd, J 4.8 and 1.6 Hz, pyridyl 6-H), 7.90
(1 H, s, ArH), 7.70 (1 H, dt, J 7.9, 1.7, and 1.7 Hz, pyridyl 5-H), 7.38 (1
H, dd, 7.9 and 4.8 Hz, pyridyl 4-H), 6.47 (2 H, s, NH2), 6.45 (1 H, q,
J 4.6 Hz, MeNH), 5.79 (1 H, d, J 5.9 Hz, 2-H), 5.34 (1 H, br s, 3-OH),
5.19 (1 H, br s, 4-OH), 4.81 (1 H, t, J 5.6 Hz, 3-H), 4.60 (2 H, s,
OCH2Ar), 4.26 (1 H, t, J 4.5 Hz, 4-H), 4.01 (1 H, q, 4.1 Hz, 5-H), 3.78
(1 H, dd, J 10.7 and 3.1 Hz, 5-CHH), 3.65 (1 H, dd, J 10.7 and 4.3 Hz,
5-CHH), 2.69 (3 H, d, J 4.6 Hz, MeNH),
2-[(2R,3S,4R,5R)-5-(6-Amino-8-methylaminopurin-9-yl)-

3,4-dihydroxytetrahydrofuran-2-ylmethoxy]acetamide (7).
Synthesis was as described for 4. LC�MS: m/z 354 [M þ H]þ; tR =
0.86 min; total run time 3.75 min. 1H NMR: δH (DMSO-d6) 7.90 (1 H,
s, ArH), 7.28 (1H, br s, CONHH) 7.22 (1H, br s, CONHH), 6.58 (1 H,
q, J 4.7Hz,MeNH), 6.46 (2H, s, NH2), 5.75 (1H, d, J 6.2Hz, 2-H), 5.28
(2 H, br s, 3- and 4-OH), 4.90 (1 H, t, J 5.9 Hz, 3-H), 4.27 (1 H, dd, J 5.6
and 3.9 Hz, 4-H), 3.99 (1 H, q, J 3.9 Hz, 5-H), 3.87 [2 H, d, J 1.5 Hz,
CH2C(O)NH2], 3.78 (1 H, dd, J 10.7 and 3.0 Hz, 5-CHH), 3.63 (1 H,
dd, J 10.7 and 4.4 Hz, 5-CHH), 2.89 (3 H, d, J 4.5 Hz, MeNH).
(2R,3R,4S,5R)-2-{6-Amino-8-[(quinolin-2-ylmethyl)amino]-

purin-9-yl}-5-hydroxymethyltetrahydrofuran-3,4-diol (10).
A suspension of (2R,3R,4S,5R)-2-(6-amino-8-bromopurin-9-yl)-5-hydro-
xymethyltetrahydrofuran-3,4-diol (8-bromoadenine-9-β-D-ribofuranoside)
(19) (0.50 g, 1.45 mmol) and 3,4-dichlorobenzylamine (1.93 mL, 14.4
mmol) in ethanol (15 mL) was heated with microwaves in a sealed tube at
170 �C for 30 min.28 The solvent was removed in vacuo. The resultant
residue was dissolved in methanol�dichloromethane (1:4, 75 mL), and
then PS-benzaldehyde (13.0 g, 13.0mmol) was added. The suspensionwas
stirred at room temperature overnight. The PS-benzaldehyde was removed
by filtration and the solvent removed in vacuo from the filtrate. The
resultant crude product was purified by silica gel (25 g) flash column
chromatography [methanol�dichloromethane (5�10% gradient)] to
afford the desired product 10 as a white solid (0.116 g, 0.26 mmol,
25%). LC�MS: m/z 424 [M þ H]þ; tR = 1.44 min; total run time 3.75
min. 1H NMR: δH (DMSO-d6) 8.32 (1 H, d, J 8.5 Hz, Ar-H), 7.93�7.99
(2 H, m, 2� Ar-H), 7.91 (1 H, s, Ar-H), 7.75�7.77 (2 H, m, 2� Ar-H ),
7.54�7.59 (2 H, m, NHMe and Ar-H), 6.53 (2 H, s, NH2), 6.00 (1 H, d,
J 7.4 Hz, 2-H), 5.87 (1 H, dd, J 6.2 and 4.1 Hz, 5-CH2OH), 5.36 (1 H, d,
J 6.7 Hz, 3-OH), 5.19 (1 H, d, J 4.0 Hz, 4-OH), 4.80�4.81 (3 H, m, 3-H
and CH2Ar), 4.14�4.17 (1 H, m, 4-H), 4.02 (1 H, m, 5-H), 3.62�3.70
(2 H, m, 5-CH2OH).
(3aR,4R,6R,6aR)-[6-(6-Amino-8-methylaminopurin-9-yl)-2,2-

dimethyltetrahydrofuro[3,4-d][1,3]dioxol-4-yl]methanol
(16). A suspension of 1526,33 (0.50 g, 1.3 mmol) in methylamine (33%
in ethanol, 5 mL) was heated in a sealed tube with microwaves at 130 �C
for 45 min. The solvent was then removed in vacuo. The residual crude
product was purified by silica gel (50 g) flash chromatography, eluting
with dichloromethane�methanol (95:5 to 90:10 gradient) to afford the
desired product 16 as a white foam (0.40 g, 1.19 mmol, 91%). LC�MS:
m/z 337 [M þ H]þ; tR = 1.46 min; total run time 3.75 min. 1H NMR:
δH (DMSO-d6) 7.91 (1 H, s, Ar-H), 6.96 (1H, q, J 4.4 Hz, MeNH), 6.59
(2 H, s, NH2), 5.99 (1 H, d, J 3.6 Hz, 2-H), 5.49 (1 H, t, J 5.3 Hz,
CH2OH), 5.42 (1 H, m, 3-H), 4.97 (1 H, dd, J 2.8 and 3.5 Hz, 4-H), 4.15
(1 H, m, 5-H), 3.55 (2 H, m, CH2OH), 2.88 (3 H, d, J 4.6 Hz,MeNH),
1.54 (3 H, S, MeMeC), 1.30 (3 H, s, MeMeC).
9-{(3aR,4R,6R,6aR)-6-Benzyloxymethyl-2,2-dimethyltetra-

hydrofuro[3,4-d][1,3]dioxol-4-yl}-N8-methyl-9H-purine-
6,8-diamine (17a) and (3aR,4R,6R,6aR)-{6-[6-Amino-8-
(benzylmethylamino)purin-9-yl]-2,2-dimethyltetrahydrofuro-
[3,4-d][1,3]dioxol-4-yl}methanol (18a). Cesium carbonate
(0.156 g, 0.48 mmol) and benzyl chloride (0.033 mL, 0.28 mmol) were
added sequentially to a solution of 1627 (0.080 g, 0.24 mmol) in DMF
(5 mL). The mixture was stirred at room temperature for ∼72 h. The
solvent was removed in vacuo. Then the resulting residue was parti-
tioned between ethyl acetate (20 mL) and water (10 mL). The organic

extract was dried (MgSO4) and the solvent removed in vacuo. The
resultant crude product was purified by silica gel (10 g) flash chroma-
tography, eluting with dichloromethane�methanol (98:2 to 95:55
gradient) to afford the desired products 17a and 18b as a cream glass
(0.044 g, 0.10 mmol, 42%). LC�MS:m/z 427 [MþH]þ; tR = 2.04 and
2.13 min; total run time 3.75 min.
Protein Expression and Purification. Expression trials of the

GST tagged, ATPase plasmid pRT860 was initiated in the E. coli BL21
DE3 strain. Expression was achieved overnight after induction with
0.6 mM IPTG and temperature reduction to 18 �C. The cells were
subsequently harvested after 18 h of growth and yielded approximately
6 mg/mL protein. The cell paste was frozen immediately for later use or
lysed using an Emulsiflex cell disrupter. Lysed cells were clarified for 1 h
at 30 000 rpm. Cleared lysates were loaded onto a 5 mL glutathione S-
transferase column. Pooled peak fractions were eluted with 50 mMTris-
HCl, pH 8, 100 mM NaCl, 1 mM DTT, and 10 mM glutathione. To
achieve crystallizable material, the tagged protein was cleaved. A final
polishing step using a HiLoad 16-60 SD200pg column eluted with
20mMTris-HCl, pH 7.5, 200mMNaCl, and 1mMDTT gave very pure
material. The Grp78 protein included the residues 24�407. The Hsc70
protein included residues 5�381. Hsc70 and Bag-1 were prepared as
previously described.22

Crystallization and Structure Determination. Very thin
plates of apo Grp78 crystals were obtained from purified protein mixed
with 0.1MTris buffer, pH 8.4�8.6, 20�25%Peg3350, 0.1�0.2MNa, K
tartrate, in hanging drop vapor diffusion experiments, carried out at 293
K. Because of merohedral twinning, single crystals had to be selected by
initial X-ray diffraction examination. Crystallization of Hsc70/Bag-1 has
been described in Sondermann et al.6 Diffraction data were acquired on
Rigaku RUH3 rotating anode X-ray source equipped with Raxis IVþþ
image plate detector (Hsc70/Bag-1/7) or at ESRF synchrotron beam-
line ID29 (Grp78 apo and complexes and ID23-1 (Hsc70/Bag-1/10).
Data were processed with Rigaku/MSC's CrystalClear or HKL200034

software. Structures were solved by molecular replacement using the
Hsc70 3fzf22 structure as the startingmodel for Grp78 and different and/
or missing fragments/side chains built in, and the structure was refined.

Grp78 ATPase domain (residues 24-407) crystallized in the mono-
clinic P21 space group with two independent molecules in the unit cell.
Apo crystals of Grp78 were soaked in a DMSO solution of the ligands or
in an aqueous solution of ATP or ADPnP at pH 7.5. Ligands were fitted
into difference Fourier electron density maps and subsequently included
in refinement. Model corrections and structure refinement were itera-
tively carried out with COOT35 and Refmac36 (as implemented in the
CCP4i suite37). Structures of Hsc70/Bag-1 were solved as previously
described.22

Surface Plasmon Resonance (SPR). SPR measurements were
performed on BIAcore T100 instrument (BIAcore GE Healthcare), at
25 �C on series S NTA chips (certified) according to provider's proto-
cols with 10 mMHEPES, pH 7.4, 150 mMNaCl, 500 μMEDTA, 0.05%
Tween-20, and 1% DMSO as a running buffer. Histidine-tagged Grp78
was immobilized on the sensor surface; reference surfaces without
immobilized Ni2þ served as controls for nonspecific binding and refrac-
tive index changes. Concentrations of inhibitors (0�200 μM) were
typically injected over the sensor chip at 35 μL/min. Zero concentration
samples were used as blanks. The sensor surface was regenerated between
experiments by injections of 0.1 mg/mL trypsin and 50% DMSO. Data
processing was performed using BIAevaluation 2.1 software (BIAcore GE
Healthcare Bio-Sciences Corp.) by globally fitting the entire inhibitor
concentration series data set to the steady state affinity model.
Isothermal Titration Calorimetry. ITC measurements were

performed using an iTC200 instrument (Microcal, GE Healthcare),
with 11 μM protein at 25 �C, 10 mM HEPES, pH7.4, 150 mM NaCl,
500 μM EDTA, 5 mM monothioglycerol, 0.05% Tween-20, and 1%
DMSO.All data were fitted to a one sitemodel using the provided software.
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bS Supporting Information. Crystallographic and refine-
ment data, sample ITC data, siRNA data and methods, model of
Grp78/14, and sequence alignment of protein isoforms. This
material is available free of charge via the Internet at http://
pubs.acs.org.
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†Crystal structures of Grp78 (3ldn), Grp78/ATP (3ldl), Grp78/
ADPnP (3ldo), Grp78/10 (3ldp), Hsc70/Bag-1/10 (3ldq), and
Hsc70/Bag-1/7 (3m3z) have been deposited in the RCSB Protein
Data Bank.
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