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Abstract: The molecular chaperone Hsp90 facilitates the folding and modulates activation of
diverse substrate proteins. Unlike other heat shock proteins such as Hsp60 and Hsp70, Hsp90
plays critical regulatory roles by maintaining active states of kinases, many of which are overactive
in cancer cells. Four Hsp90 paralogs are expressed in eukaryotic cells: Hsp90as/p (in the cytosol),
Grp94 (in the endoplasmic reticulum), Trap1 (in mitochondria). Although numerous Hsp90 inhibitors
are being tested in cancer clinical trials, little is known about why different Hsp90 inhibitors show
specificity among Hsp90 paralogs. The paralog specificity of Hsp90 inhibitors is likely fundamental
to inhibitor efficacy and side effects. In hopes of gaining insight into this issue we examined NECA

(5'-N-ethylcarboxamidoadenosine), which has been claimed to be an example of a highly specific
ligand that binds to one paralog, Grp94, but not cytosolic Hsp90. To our surprise we find that
NECA inhibits many different Hsp90 proteins (Grp94, Hsp90a, Trap1, yeast Hsp82, bacterial HtpG).
NMR experiments demonstrate that NECA can bind to the N-terminal domains of Grp94 and

Hsp82. We use ATPase competition experiments to quantify the inhibitory power of NECA for dif-
ferent Hsp90 proteins. This scale: Hsp82 > Hsp90a > HtpG ~ Grp94 > Trap1, ranks Grp94 as less sen-
sitive to NECA inhibition. Because NECA is primarily used as an adenosine receptor agonist, our
results also suggest that cell biological experiments utilizing NECA may have confounding effects

from cytosolic Hsp90 inhibition.
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Introduction

The highly conserved family of Hsp90 molecular
chaperones plays a critical role in cellular homeosta-
sis. Similar to other well-studied heat shock proteins
such as Hsp60 and Hsp70, Hsp90 function requires
ATP binding and hydrolysis." However, in contrast
to these other classic chaperone systems, Hsp90
plays a crucial role in normal cellular functioning by
maintaining the activities of numerous signaling
proteins, such as kinases.? The strong dependence of
oncogenic kinases on the function of Hsp90 has
spurred numerous ongoing clinical trials testing
Hsp90 inhibitors as potential cancer therapies.?

Additional Supporting Information may be found in the online
version of this article.
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Four distinct Hsp90 proteins are expressed in
metazoans: Hsp90B (constitutively expressed in the
cytosol); Hsp90a (heat-shock inducible in the cytosol);
Trapl (mitochondria specific); Grp94 (endoplasmic
reticulum specific). These Hsp90 “paralogs” share a
common domain structure (N-terminal domain, NTD;
middle domain, MD; C-terminal domain, CTD) and a
common set of ATP-driven conformational changes.*
All Hsp90 paralogs require ATP binding and hydroly-
sis to perform their biological functions of maintain-
ing the folding and activity of their target
proteins.®% Chemical inhibitors that block ATP bind-
ing at the Hsp90 NTD cause rapid degradation of
these “client protein” targets.

Hsp90 paralogs have high sequence and structur-
al homology in the ATP binding site, and as a conse-
quence none of the commonly used chemical
inhibitors bind specifically to just one paralog. There-
fore, the individual effects of inhibiting Hsp90«,
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Hsp90B, Trapl, and Grp94 are unavoidably inter-
mixed. A paralog-specific inhibitor would be valuable
for dissecting the individual biological roles of Hsp90
paralogs. This goal has brought recent attention to
the possibility of developing a Grp94-specific
inhibitor.”

Grp94 is arguably the least well-understood
Hsp90 family member. The relatively short list of
identified Grp94-dependent client proteins® is con-
founded with potential overlap with cytosolic Hsp90
clients. A prominent example is HER2, with differ-
ing reports arguing that the inhibitor-driven degra-
dation of HER2 is a result of either Grp94 or
cytosolic Hsp90.°7'® A paralog-specific inhibitor
could address this important question.

The plausibility of developing a Grp94-specific
inhibitor has been motivated by a report that a
small-molecule agonist of the adenosine receptor,
NECA (5-N-ethylcarboxamidoadenosine), could bind
to Grp94 but not cytosolic Hsp90.'* However, the
cytosolic Hsp90 used in that study showed minimal
binding of ATP and no ATPase measurements were
performed to test whether the protein was active. A
subsequent crystallographic study identified a
unique binding mode of NECA to the Grp94 NTD,
which led to a structural model to explain the pre-
sumed NECA specificity.'®

Building on this structural model, large-scale
efforts are now underway to develop Grp94-specific
inhibitors,'®!” in part motivated by the idea that
NECA is a proof in principle that a totally paralog-
specific ligand could be achieved. Because of its
assumed specificity, NECA has been used in cell
biology experiments attempting to separate the
effects of Grp94 inhibition from cytosolic Hsp90 inhi-
bition.!® None of the previous studies reproduced
the initial measurement that suggested NECA spe-
cificity towards Grp94.

In performing control experiments we discov-
ered that NECA inhibits a wide variety of Hsp90
proteins. In this paper, we show that NECA is not a
paralog-specific inhibitor.

Results

Reverse-phase chromatography demonstrates that
our NECA stock suffers no contamination by ATP,
ADP, AMP [Fig. 1(B)]. In contrast, our ADP stocks
contain trace contamination of ATP and AMP [Fig.
1(B), inset].

To confirm that NECA binds to the NTD of
Grp94, we utilized NMR to assign the Grp94 NTD
in both the apo and NECA-bound states (151/228
residues, 66% and 186/228 residues, 82%, respective-
ly). The 43 residues that could be assigned in the
NECA-bound state but not in the apo state cluster
to a region containing previously established flexible
regions of the N-terminal domain (Supporting
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Figure 1. Structure and purity of NECA and adenosine
nucleotides. (A) Chemical structures of NECA, adenosine,
and ADP. (B) Reverse-phase chromatographic analysis of
ligands used in this study. NECA has a unique retention time
and no measurable contamination of ATP, ADP, AMP, or
adenosine. The inset shows trace contamination of AMP and
ATP in ADP stock solutions.

Information Fig. S1), suggesting that NECA reduces
conformational heterogeneity.

The NMR results show that NECA interacts in
a unique manner, as expected from a previous crys-
tal structure of NECA bound to the Grp94 NTD.!®
Specifically, we observe a large number of chemical
shift changes located at a NECA binding site
observed crystallographically (Supporting Informa-
tion Fig. S1). Some of the chemical shift changes we
observe are unique to NECA relative to other
nucleotides. For example, Figure 2(B) shows an
HSQC region in which certain peaks are observed in
the presence of NECA, but not in the presence of
ADP. Figure 2(C) illustrates that these NECA-
specific peaks correspond to residues in NECA-
specific conformations observed crystallographically.
We conclude that our NMR measurements are con-
sistent with the previously described crystal struc-
ture of NECA bound to the NTD.

Similar NMR measurements on the NTD of
Hsp82 demonstrate that NECA can bind to a non-
Grp94 paralog (Fig. 3). Since this result was not ini-
tially anticipated we sought further methods to test
whether NECA is behaving as expected for a
nucleotide-competitive inhibitor. To determine wheth-
er NECA can prevent nucleotide-driven closure of
Hsp82, we utilized small angle X-ray scattering
(SAXS). Hsp82 undergoes a large open/closed confor-
mational change in the presence of nonhydrolyzable
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Figure 2. NECA has a unique mode of binding to the Grp94 NTD. (A) Numerous chemical shift perturbations of the NTD are
observed from NECA binding. Buffer conditions: 25 mM KH,PO,4 pH 7.0, 50 mM KCI, 2 mM BME, 293 K. (B) Example of resi-
dues with NECA-specific chemical shift changes. (C) Grp94 NTD structures bound to ADP (dark gray, 1TC6) and NECA (red,
1U20) are consistent with the unique structural consequences of NECA binding observed by NMR.

ATP analogs such as AMPPNP, a change that is readi-
ly detectable by SAXS.1%2! Closure is evident from a
general reduction in interatomic scattering distances
within the dimer. Supporting Information Figure S2
illustrates that NECA prevents AMPPNP-driven clo-
sure of Hsp82, as expected for an inhibitor.

Quantifying NECA inhibitory power for Hsp90
family members

To gauge the level of NECA specificity for a wide
spectrum of Hsp90 family members we tested the
power of NECA to inhibit the ATPase of Grp94,
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Hsp82, Hsp90«a, HtpG, and Trapl. We employed tra-
ditional competitive inhibition experiments in which
Hsp90 ATPase activity was measured by an enzyme
linked assay and increasing NECA concentrations
were used to inhibit Hsp90. These experiments were
performed at variable concentrations of ATP (yellow,
red, green, and blue symbols indicate low to high
ATP concentrations in Fig. 4). As expected, ATPase
activity of Grp94 is sharply inhibited by NECA, and
as ATP increases more NECA is required to achieve
full inhibition [Fig. 4(A)]. The solid lines in Figure
4(A,C) show that this data can be fit well with a
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Figure 3. NECA binds to the Hsp82 NTD. Numerous chemi-
cal shift perturbations of the Hsp82 NTD are observed from
NECA binding. Buffer conditions: 25 mM KH,PO, pH 7.0,
50 mM KClI, 293 K.
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simple competitive inhibition model [Eq. (2)(3) in
“Methods”]. We find that the same concentration
range of NECA results in a more pronounced inhibi-
tion of Hsp82 [Fig. 4(C)] indicating that Hsp82 is
more sensitive than Grp94 to NECA inhibition. Sim-
ilar competitive inhibition experiments were per-
formed on Hsp90a, HtpG, and Trapl (Supporting
Information Fig. S3).

A simple competitive inhibition model predicts a
linear relationship between the NECA concentration
at which activity is reduced by half, [NECAlicso,
and the ATP concentration [Eq. (4) in “Methods”].
We indeed observe this type of linear relationship
for Grp94, Hsp82, Hsp90«, HtpG, and Trapl [Fig.
4(B,D); Supporting Information Figs. S3(B), S3(D),
S3(F)]. We conclude that multiple Hsp90 family
members can be inhibited by NECA and this inhibi-
tion is consistent with a simple competitive binding
model.
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Figure 4. NECA has stronger inhibitory power for Hsp82 than Grp94. ATPase inhibition curves for Grp94 (A) and Hsp82 (C)
were measured with variable background ATP concentrations. The solid lines are fits to Eq. (2). Error bars are the SEM for at
least three measurements. ATP/MgCl, concentrations for Grp94: 250, 500, 1000, and 1500 pM. ATP/MgCl, concentrations for
Hsp82: 500, 1000, 3000, and 5000 pM. (B and D) The NECA concentration at the inhibition midpoint, [NECA] cso, is linearly

related to the background ATP concentration. Buffer conditions:
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25 mM Tris pH 7.5, 150 mM KClI, 310 K.
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Figure 5. Ranking of inhibitory power of NECA for different
Hsp90 family members.

The inhibitory power of NECA can be quantified
by the degree to which NECA outcompetes ATP
(KNECA /KATP) ' where the readout of this competition
is the reduction of ATPase activity. A simple compet-
itive inhibition model directly equates KNECA/KATP
to the slope on plots of [NECAlics0 at different back-
ground concentrations of competing ATP [(Eq. (4) in
“Methods”]. The large range of ATP concentrations
in the competition experiments enables an accurate
measurement of the slopes in Figure 4(B,D). It is
visibly evident that NECA is a far stronger inhibitor
of Hsp82 (KNECA/KATP=129+6) than Grp94
(KNECA /KATP — 7+ 9),

We performed similar competition experiments
on Hsp90a, HtpG, and Trapl (Supporting Information
Fig. S3). As shown in Figure 5, the resulting ranking
of NECA inhibitory power (Hsp82 > Hsp90a > HtpG
~ Grp94 > Trapl), places Grp94 as the second least
sensitive to NECA inhibition. This ranking shows
that NECA is not a Grp94-specific inhibitor.

Discussion

In this paper we show that NECA inhibits a wide varie-
ty of Hsp90 family members (Hsp82, Hsp90«a, HtpG,
Grp94, Trapl). The broad inhibition from NECA is not
due to contaminating nucleotides or other compounds
(Fig. 1). By measuring the capacity of NECA to outcom-
pete the biologically relevant interactions with ATP
we define an experimental scale of NECA’s inhibitory
power: Hsp82 >Hsp90a > HtpG ~ Grp94 > Trapl.
This scale ranks Grp94 as less sensitive to NECA inhi-
bition (Fig. 5). Previous work suggested that cytosolic
Hsp90 does not bind to NECA.' The cytosolic Hsp90
used in those experiments was derived from a native
purification with minimal detected ATP binding and no
measured ATPase activity. One explanation for the
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lack of NECA binding is that the Hsp90 structure and/
or oligomeric state was compromised.

Our NMR assignment of the Grp94 NTD shows
that NECA binding induces conformational changes
that differ from ADP, consistent with a previously
determined NECA-bound crystal structure (Fig. 2).
The apo state of the Grp94 NTD appears to have
high levels of conformational heterogeneity. We sug-
gest that NECA binding reduces NTD conformation-
al heterogeneity. Grp94 dynamics may be an
important feature that could enable ligand-binding
selectivity, as has been recently described for kinase
inhibitors.??

Hsp82 shows the highest NECA sensitivity
among the Hsp90s tested. We show direct binding to
the Hsp82 NTD by NMR (Fig. 3). As expected for a
nucleotide competitive inhibitor, NECA prevents clo-
sure of Hsp82 (Supporting Information Fig. S2). The
structural origin for NECA’s higher inhibitory power
for Hsp82 is not clear. Our method for measuring
NECA inhibitory power could be used to identify
mutations on any Hsp90 as a way to test structural
models of NECA specificity.

Our NECA inhibitory power measurements
invoke a simple linkage model in which ATP and
NECA compete for a single binding site. Because
Hsp90 is a dimer, alternative cooperative models can
be envisioned in which heterodimers with ATP and
NECA bound on opposite arms have altered ATPase
activities. Therefore, while our inhibitory power
scale can appropriately rank Hsp90 proteins for
their sensitivity to NECA, the KNECA/KATP values
themselves could change if a more complex linkage
model is invoked.

NECA is an established adenosine receptor ago-
nist.22 Adenosine receptors are a family of G-coupled
proteins that, upon stimulation from adenosine, acti-
vates adenylyl cyclase resulting in a cascade of bio-
logical outcomes.?* Our results suggest that cell
biological experiments utilizing NECA may have
confounding effects from cytosolic Hsp90 inhibition.

Methods

The purifications of HtpG, mouse Grp94, human
Hsp90a, human Trapl and yeast Hsp82 have been
described previously.*1%21 All full-length Hsp90 con-
centrations are reported per dimer. The Grp94 NTD
(residues 72-287:GGGG:327-337) has the charged
linker replaced by four glycine residues. The Grp94
NTD and the Hsp82 NTD (residues 1-210) were puri-
fied by immobilized Ni-affinity chromatography
(Histrap HP, GE healthcare), TEV cleavage of the pol-
yhistidine tag, subsequent Histrap removal of
uncleaved material, followed by gel filtration (Super-
dex S-200, GE Healthcare). °N-labelled samples were
expressed in an M9-medium containing °NH,CIl
(Cambridge Isotope Laboratories). 2H/*3C/**N-labeled
samples were expressed in an M9 medium containing
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5NH,CI, 3C-glucose and 70% DO (Cambridge Iso-
tope Laboratories).

HPLC-grade nucleotide samples were obtained
from Sigma (ATP, AMP) and Acros (ADP, adenosine)
and were all reported to be at least 98% pure by
HPLC. NECA was purchased from Sigma and was
reported to be at least 98% pure by TLC. Nucleotide
samples were separated on a C18-AR reverse phase
column (ACE) running at 0.3 mL/min at room tem-
perature. ATP, ADP, and AMP were separated by a
9-min isocratic elution in 0.1M KH,PO,, pH 7.0.
Adenosine and NECA were separated by a subse-
quent 21-min isocratic elution in 0.1M KHy,PO,, pH
7.0, 20% methanol.

NMR experiments

NMR experiments (‘H-'"N TROSY-HSQC, HNCACB,
HN(CO)CACB, N-edited HSQC-NOESY) were per-
formed on a Bruker Avance 800 MHz spectrometer.
Backbone assignments of the Grp94-NTD were deter-
mined separately under apo conditions (600 M NTD)
and saturating NECA (600 uM NTD and 1.2 mM
NECA). All experiments were processed in TopSpin
(Bruker) and analyzed in ccpn (http://www.ccpn.ac.
uk). NMR buffer conditions were 25 mM KH,PO,, pH
7.0, 50 mM KCl, 2 mM BME, 293 K.

Chemical shift perturbations of the Grp94 NTD
were measured at saturating NECA concentration
(150 M NTD and 300 uM NECA) and saturating
ADP (230 uM NTD and 345 uM ADP) with MgCl; con-
centration matching the ADP concentration. Chemi-
cal shift perturbations, A3, were calculated via

1
As=[(0.125 x A5N)2+A6%I]2 1)

where A8y and A3y are the chemical shift changes
in the nitrogen and proton dimensions, respectively.

ATPase measurements
ATPase activity of HtpG, Hsp82, Hsp90«, Trapl, and
Grp94 was measured on a Microplate reader (BioTek)
using a previously established enzyme linked assay.?®
Background absorption changes were measured prior
to adding chaperone (Grp94/Hsp90«a/Trapl: 0.75 uM,
HtpG/Hsp82:1.5 uM). NECA had no influence on
background measurements and no influence on the
activity of the enzymes utilized in the assay. All meas-
urements were performed at 310 K in 25 mM Tris, pH
7.5, 150 mM KCl with MgCl, concentration matched
to the ATP concentration.

NECA inhibition curves were fit by nonlinear
least squares (KaleidaGraph) to a simple competitive
inhibition equation

KATP[ATP) 1

ATPase=c 1+KATP[ATP] * 1+K,s[NECA]

(2)
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KNECA

=_ ~a
Kos 1+KATP[ATP]

3

where KEECA and KfTP are effective association
constants, and the constant ¢ scales the fraction of
ATP bound to the ATPase activity. The observed
equilibrium constant, K,s, is the reciprocal of the
inhibition curve midpoint, [NECAlicso. Therefore
[NECAlics0 and the concentration of competing ATP
are linearly related:

NECA

aTP= % < NECA] ™

1
KATP KATP 4)

Standard error for [NECAlicso values were deter-
mined for at least three separately-measured inhibi-
tion curves. Error bars for KYECA/KATP values were
determined by exhaustive enumeration of measured
[NECA]Jics0 values that were then each fit to eq. (4).
The standard error of the mean was determined
from the resulting distribution of KNECA/KATP
values.

SAXS measurements

SAXS data was collected at the SIBYLS beamline.?®
Hsp82 (10 uM) was incubated with AMPPNP and
varying conditions of NECA. Samples were incuba-
tion in 25 mM Tris, pH 7.5, 150 mM KCIl, 1 mM
MgCly, 5 mM BME. SAXS data were analyzed with
PRIMUS.*"
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