Hsp70/Hsp90 chaperone machinery is involved in the
assembly of the purinosome
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The de novo biosynthesis of purines is carried out by a highly
conserved metabolic pathway that includes several validated targets
for anticancer, immunosuppressant, and anti-inflammatory chemo-
therapeutics. The six enzymes in humans that catalyze the 10 chemical
steps from phosphoribosylpyrophosphate to inosine monophosphate
were recently shown to associate into a dynamic multiprotein com-
plex called the purinosome. Here, we demonstrate that heat shock
protein 90 (Hsp90), heat shock protein 70 (Hsp70), and several co-
chaperones functionally colocalize with this protein complex. Knock-
down of expression levels of the identified cochaperones leads to
disruption of purinosomes. In addition, small molecule inhibitors of
Hsp90 and Hsp70 reversibly disrupt purinosomes and are shown to
have a synergistic effect with methotrexate, an anticancer agent that
targets purine biosynthesis. These data implicate the Hsp90/Hsp70
chaperone machinery in the assembly of the purinosome and provide
a strategy for the development of improved anticancer therapies that
disrupt purine biosynthesis.
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urines are essential molecules for all life, serving not only as the
building blocks of DNA and RNA, but also playing roles in
energy storage and in signaling pathways. The de novo biosynthesis
of these molecules from S5-phospho-a-p-ribose 1-diphosphate
(PRPP) through to inosine monophosphate (IMP) requires 10
highly conserved chemical steps (Fig. 1). Although the reactions of
this pathway are catalyzed by 10 separate enzymes in most prokar-
yotes, humans use only six gene products, including one trifunctional
and two bifunctional enzymes. Because of the essential nature of
purines, particularly in rapidly dividing cells, the de novo purine
biosynthetic pathway has long been considered an ideal target for
anticancer, antiviral, and antimicrobial chemotherapeutics.
Although it has been postulated that enzymes of biosynthetic
pathways may complex in response to cellular signals (1, 2) and
recent reports have provided strong indications that physiologi-
cally significant transient complexes occur (3, 4), little direct
evidence for such metabolic machines has been reported. For
purine biosynthesis, several indications that a macromolecular
protein complex forms have been observed (5), including the
copurification of proteins from native source tissues (6), the in-
stability of a key chemical intermediate, and the kinetic argu-
ments against free diffusion of this intermediate (7). Despite
repeated attempts at in vitro and in vivo reconstitution of such
a complex, however, it was not until recently that live-cell fluo-
rescence microscopy revealed that all six of the enzymes in the
pathway colocalize into protein clusters, especially under con-
ditions of purine starvation (8). These structures, called puri-
nosomes, were demonstrated to be dynamically regulated by
changing purine levels in the media or by adding exogenous
small molecules, such as kinase inhibitors or G-protein coupled
receptor (GPCR) ligands (9, 10).
Although the conditions that promote purinosome formation
are well characterized and we are beginning to understand the
organization of purinosomes (11), little is known about the
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assembly of this complex or the involvement of any accessory
factors. In this work, we provide evidence that the heat shock
protein 90 (Hsp90)/heat shock protein 70 (Hsp70) chaperone
machinery is involved in stabilization or assembly of the purino-
some. We demonstrate that these chaperones and several
cochaperones associate with purinosome proteins under con-
ditions that promote complex assembly. In addition, we provide
evidence that inhibitors of Hsp90 or Hsp70 disrupt purinosomes
and are synergistic with methotrexate, a molecule known to block
de novo purine biosynthesis. These results implicate the chaper-
one machinery in purinosome assembly and provide an alternative
mechanism to disrupt purine biosynthesis to generate improved
cancer chemotherapeutics.

Results and Discussion

To investigate the composition of the purinosome and the factors
that drive its assembly and disassembly, we carried out an immu-
noprecipitation (IP) of myc-tagged formylglycinamidine synthetase
(FGAMS) from transiently transfected cells that had been treated
with a chemical cross-linking reagent. FGAMS, the enzyme that
catalyzes the fourth step in purine biosynthesis, is an established
marker for purinosomes. This protein is an ideal marker for puri-
nosomes because it has been shown to colocalize with all other
members of the pathway and has been speculated to act as a scaf-
fold for the formation of purinosomes (8, 11). The purified samples,
confirmed by Western blot to be enriched in FGAMS (Fig. S1)
were analyzed by MS to identify coprecipitated proteins (Table S1).
Among the proteins pulled down with FGAMS, of particular in-
terest was a group of cochaperone proteins including Bcl-2-associ-
ated anthogene (BAG) domain proteins, J-domain proteins (Dnal
or Hsp40), and a heat shock organizing protein (HOP) (Stipl) that
led us to investigate the possible role of the Hsp70/Hsp90 chaperone
machinery in purinosome formation.

Hsp70 and Hsp90 belong to a family of ubiquitously expressed
proteins that are up-regulated in response to stress and serve many
functions, including assisting in protein folding and the transport,
degradation, and prevention of unspecific aggregation of proteins
(12-15). In addition, these chaperones have been demonstrated to
participate in the formation and stabilization of protein complexes
(16, 17) and have recently emerged as important targets for cancer
chemotherapeutics (18, 19). To investigate whether the Hsp70/
Hsp90 machinery plays a role in the assembly of the purinosome,
we first determined whether these proteins colocalize with
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Fig. 1. De novo purine biosynthetic pathway in humans. In eukaryotes, purines are synthesized in 10 chemical steps that are catalyzed by six enzymes (shown

in bold). The six enzymes are phosphoribosylpyrophosphate amidotransferase (PPAT), a trifunctional enzyme (TGART) that is composed of glycinamide ri-
bonucleotide synthetase (GARS), GAR formyltransferase (GART) and aminoimidazole ribonucleotide synthetase (AIRS), formylglycinamidine ribonucleotide synthase
(FGAMS), a bifunctional enzyme (PAICS) that is composed of carboxyaminoimidazole ribonucleotide synthase (CAIRS) and succinoaminoimidazolecarboxamide ri-
bonucleotide synthetase (SAICARS), adenylosuccinate lyase (ASL), and a bifunctional enzyme (ATIC) that is composed of aminoimidazolecarboxamide ribonucleotide

transformylase (AICART) and inosine monophosphate cyclohydrolase (IMPCH).

FGAMS under conditions of purine starvation. Live cell imaging
of fluorescently labeled constructs of Hsp70 or Hsp90 confirmed
that these proteins colocalize with this protein in HeLa cells (Fig.
2 A-F), as well as in skin and liver cancer cell lines (Fig. S2). In
addition, both Hsp70 and Hsp90 were shown to colocalize with
other members of the pathway (Fig. S3 A-L). Cells transfected
with Hsp90 or Hsp70 alone yielded a diffuse staining pattern (Fig.
S3 M-P). This colocalization was not observed for control pro-
teins Cl-tetrahydrofolate synthase (C1-THF) or serinehydrox-
ymethyl transferase 1 (SHMT1) (Fig. 2 J-M). In addition, both
Hsp70 and Hsp90 were shown to be dynamically associated with
the purinosomes as purine levels changed in the media (Fig. 2 G-
I). As a further validation that Hsp70 and Hsp90 associate with
purinosome proteins, we used an in vivo protein proximity re-
porter assay to measure the interaction of Hsp70 or Hsp90 with
FGAMS (11). These results indicate that both Hsp70 and Hsp90
strongly interact with FGAMS in vivo and that the level of in-
teraction is increased in conditions that favor purinosome for-
mation (Fig. S4). Note that a lower level of interaction was also
observed in purine rich media, in agreement with the hypothesis
that the purinosome is present under normal conditions and up-
regulated in response to purine starvation (11).

To further ensure that the association of Hsp70 and Hsp90
with purinosomes was not simply a result of cellular stress, we
examined the colocalization of these proteins with stress granules
(20) or aggresomes (21). We first examined the colocalization of
orange fluorescent protein tagged FGAMS (FGAMS-OFP) with a
known marker of stress granules, the RasGAP-associated endor-
ibonuclease G3BP (22, 23). After cotransfection with GFP-G3BP,
some cells do show stress granules, presumably due to stress
caused by the transfection protocol. However, the percentage of
cells with granules and the number of granules per cell did not vary
between purine-rich and purine-depleted conditions. In addition,
the stress granule morphology was distinctly different from that of
purinosomes, and dual color imaging revealed that the two
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structures do not colocalize (Fig. 3. 4-C). Similarly, known markers
for aggresomes, gp170* (24) and gp250 (25), did not colocalize
with purinosomes (Fig. 3 D-G). To provide further evidence that
the purinosomes do not represent misfolded or aggregated pro-
tein, we quantified the effect of Hsp70, Hsp90, and inactive mutant
forms of these proteins on the purinosome content in cells. The
percentage of cells with purinosomes increased by 120% or 40% in
the presence of Hsp70 or Hsp90, respectively, whereas cotrans-
fection with the inactive Hsp70-K71E (26) or Hsp90-G97D (27)
mutants led to lower numbers of cells with purinosomes (Fig. 3H).
Western blots were used to confirm that the Hsp70 and Hsp90
mutants were expressed at detectable levels in the cells (Fig. S5). If
the purinosomes were clusters of misfolded or aggregated protein,
we would expect the numbers of these clusters to decrease in the
presence of higher concentrations of Hsp70 and Hsp90. In addition
to these observations, our IP results did not show a difference in the
level of ubiquitin or polyubiquitin between samples with overex-
pressed FGAMS or untransfected controls. We conclude from
these data that purinosomes are not stress granules or aggresomes
and that the function of Hsp70 and Hsp90 in these structures is the
trafficking of protein members to, or the assembly or stabilization
of, this protein complex.

The functions of Hsp90 and Hsp70 are facilitated and regu-
lated in vivo by a large number of cochaperones. Accessory pro-
teins such as J-domain proteins, BAG domain proteins, HOP, and
p23 assist in client binding and nucleotide exchange (28-32). In-
vestigation of our IP results revealed that several of these cocha-
perone proteins were precipitated with FGAMS. We identified
two J-domain proteins (DnaJ-Al and DnaJ-C7), two BAG pro-
teins (BAG2 and BAGS5), and a HOP (Stip1) in our IP data (Table
S1). Colocalization experiments revealed that these proteins as-
sociate with FGAMS in purinosomes (Fig. 4 A-L; Fig. S6 A-F). As
controls, two additional J-domain proteins (DnaJ-B1 and -C14,
not identified in our IP experiment) were examined and did not
colocalize with FGAMS (Fig. S6 G-J). To confirm the requirement
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purinosomes play in increasing flux through the pathway (38), we
speculated that drugs that target Hsp70 or Hsp90 may work co-
operatively with current cancer treatments that disrupt purine
biosynthesis. To test this hypothesis, we investigated the effect of
combining Hsp70 or Hsp90 inhibitors with the known cancer drug
methotrexate. This compound, which is currently used to treat
several forms of cancer, inhibits purine biosynthesis by preventing
the production of a cofactor that is essential at two separate steps
of the pathway (39). The combination of methotrexate and either
of the Hsp90 inhibitors NVP-AUY922 or 17-AAG led to an in-
creased cytotoxic effect on cervical cancer cells with a greater
than twofold decrease in the ECsy (Fig. 5 D and E). Analysis of
the results using the Chou-Talalay method (40) verified that the
drug combinations were synergistic (Fig. 5 F and G). A similar
synergistic effect was observed for the Hsp70 inhibitor Pifithrin-p
(Fig. S8 D and E). Conversely, when the Hsp70 activator ger-
anylgeranylacetone (41) was combined with methotrexate, it had

Fig. 2. Hsp90 and Hsp70 colocalize with purinosomes. Hsp90-GFP (A) and
Hsp70-GFP (D) colocalize with the purinosome marker FGAMS-OFP (B and E,
Pearson’s coefficient of 0.92 and overlap coefficient of 0.93 for Hsp90,
Pearson'’s coefficient of 0.90 and overlap coefficient of 0.91 for Hsp70) in
Hela cells. C and F show the merged images. The merged images of Hsp90-
GFP and FGAMS-OFP serve to demonstrate that purinosomes appear under
purine depleted conditions (G), disappear when conditions are changed to
purine rich (H, 120 min), and reappear when purine-depleted conditions are
restored (I, additional 90 min after media change). Hsp90-OFP (K and M)
does not cocluster with control proteins C1-THF-GFP (J) or SHMT1-GFP (L).
(Scale bar, 10 pm.)

of these cochaperones for purinosome assembly, we examined the
effect of siRNA knockdown on the identified J-domain proteins.
Depletion of DnaJ-Al or DnaJ-C7 levels significantly reduced the
number of cells harboring purinosomes compared with the control
reaction or knockdown of a J-domain protein not identified in
our pulldown (Fig. 4 M and N). The presence of these proteins
establishes that a complete complement of chaperones and
cochaperones are associated with purinosomes and implicates the
Hsp90/Hsp70-based chaperone machinery in the assembly of the
purinosome.

To further examine the role of Hsp70 and Hsp90 in the assembly
of purinosomes, we tested known inhibitors of the chaperones
for their ability to disrupt these protein complexes. Cells that were
treated with the Hsp90 inhibitors 17-AAG (33) or NVP-AUY922
(34) lost the punctate staining pattern that is characteristic of puri-
nosomes (Fig. 5; Fig. S7 G and H). The effect was observed to be
concentration and time dependent. In addition, a media change to
remove the presence of the inhibitors reversed the effect and resulted
in a reappearance of purinosomes (Fig. 5 A-C). Similarly, treatment
of cells with the Hsp70 inhibitors 2-phenylethynesulfonamide (Pifi-
thrin-p) (35), MKT-077 (36), or methylene blue (37) produced a
similar reversible disruption of the purinosomes (Fig. S7 A-F). Note
that, although the Hsp70 inhibitors tested are expected to be less
specific than those used against Hsp90, the data are suggestive of
a role for both proteins. These results are consistent with the
hypothesis that the chaperone machinery is necessary to assemble
or stabilize the purinosome and indicate that these proteins may
represent a novel target for the inhibition of purinosome forma-
tion and function.

Considering the importance of the purine biosynthetic pathway
as a target for cancer chemotherapeutics and the role that
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OFP Hsp70 K71E Hsp90 G97D

Fig. 3. Purinosomes are not stress bodies or aggresomes and are dependent
on functional Hsp70 and Hsp90. The stress body marker GFP-G3BP (A) does
not colocalize with FGAMS-OFP (B). C shows the merge of A in green and Bin
red (Pearson’s coefficient of 0.08 and overlap coefficient of 0.12). Similarly,
FGAMS-OFP (E) does not colocalize with markers for aggresomes, gp250 (D).
F shows the merge of D in green and E in red (Pearson’s coefficient of 0.4 and
overlap coefficient of 0.41) or gp170* (G, merge of gp170* and FGAMS-OFP,
Pearson’s coefficient of 0.08 and overlap coefficient of 0.09). (H) The over-
expression of both Hsp70-OFP and Hsp90-OFP increased the level of purino-
some formation over that of the empty OFP vector control, whereas the
nonactive mutant forms of these proteins decreased the purinosome level.
The data represent the amount of purinosome formation when cells coex-
pressed the proteins listed with FGAMS-GFP. The y axis reports the number of
cells with purinosomes normalized to the result of FGAMS-GFP cotransfected
with the OFP empty vector. (Scale bar, 10 pm.)
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Fig. 4. Several cochaperones are associated with purinosomes and promote
their formation. BAG5-GFP (A), Stip1-GFP (D), DnaJ-C7-GFP (G), and p23-GFP
(J) colocalize with FGAMS-OFP (B, E, H, and K). Merged images are shown in
C, F, I, and L, respectively. Overlap coefficients with FGAMS-OFP for BAGS5,
Stip1, DnaJ-C7, and p23 are 0.89, 0.86, 0.90, and 0.84, respectively. (Scale bar,
10 pm.) (M) Knockdown of the expression of cochaperones identified in the
pulldown (DnaJ-C7 and Dnal-A1) leads to a decrease in purinosome for-
mation, whereas knockdown of an unrelated cochaperone (DnalJ-C14) has
no effect on purinosome formation (these data represent the mean of four
replicates, P = 0.0018). DnaJ-C7, DnaJ-A1, and DnaJ-C14 are knocked down
by 51%, 67%, and 98%, respectively (N).

an antagonistic effect, increasing the ECsy and stimulating the
production of purinosomes (Fig. S8 A-C). These data confirm
a role for the chaperone machinery in the assembly of the purine
biosynthetic protein complex and validate the purinosome as a
viable target for improved cancer chemotherapeutics.

The recent discovery of the purinosome has led to a paradigm
shift regarding how metabolic enzymes associate intracellularly
and has raised questions about the advantage of such multiprotein
structures to the cell. Our findings reveal that together Hsp90,
Hsp70, and several cochaperones play a role in the assembly or
stabilization of the purinosome. The involvement of this chaper-
one machinery begins to explain why the in vitro reconstitution of
a purine biosynthetic complex has eluded researchers for so long.
Although these findings add another level of complexity, they help
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to elucidate the dynamic nature of the purinosome and may be
the key to understanding the signals that drive the assembly and
disassembly of this protein complex. The recent enthusiasm
over the development of inhibitors to chaperones as anticancer
drugs provides a rich resource that can be used to further our
understanding of purinosome structure and function. In addition,
the role of these proteins in assembling the purinosome can be
exploited in the development of novel pharmaceuticals that target
the purinosome alone or that combine disruption of the purino-
some with some other complementary effect such as inhibition of
purine biosynthesis.

Methods

Construction of Plasmids. Plasmids were constructed by standard molecular
biology techniques as previously described (8) or were generously provided
as gifts in the case of G3BP-GFP (Jamal Tazi, Institut de Genetique Molecu-
laire de Montpellier, Montpellier, France), GFP170* and GFP250 (Elizabeth
Sztul, University of Alabama at Birmingham, Birmingham, AL), and SHMT1
(Patrick Stover, Cornell University, Ithaca, New York). Template DNA was
obtained from the Arizona State University Biodesign Institute Plasmid Re-
pository (DNASU) or ATCC. Details of the cloning are provided in S/ Methods.

Coimmunoprecipitation and MS. Hela cells were transiently transfected with
FGAMS-9xcMyc and treated with the chemical cross-linking reagent dithiobis
(succinimidyl propionate) (DSP) before harvesting the cells. The FGAMS-9xcMyc
and associated proteins were purified from the lysates using immobilized anti-
myc monoclonal antibodies (Clontech). The presence of FGAMS-9xcMyc (~162
kDa) in the final IP eluate samples was confirmed by Western blot using anti-
cMyc antibody (Abcam ab9132) (Fig. S1). Protein was precipitated with tri-
chloroacetic acid (TCA) and resuspended in 8 M urea in 50 mM Tris, pH 8.0. Each
sample was reduced with 10 mM tris(2-carboxyethyl)phosphine (TCEP) and
alkylated with 12.5 mM iodoacetamide. Samples were diluted to 2 M urea with
50 mM Tris, pH 8.0, and digested overnight in the presence of 1 mM CaCl, and
trypsin (1 pL of 0.5 pg/uL). Digested samples were acidified to 5% (vol/vol) final
formic acid and centrifuged. Peptides were loaded onto a biphasic column
with strong cation exchange and C18 for analysis on a LTQ XL ion trap mass
spectrometer (Thermo Scientific) using a five-step standard procedure (42). The
mass spectrometer was set in a data-dependent acquisition mode, with dy-
namic exclusion enabled with a repeat count of 1, a repeat duration of 20 s,
exclusion duration of 60 s, and an exclusion list size of 300. All tandem mass
spectra were collected using normalized collision energy of 35% and an iso-
lation window of 2 Da. One microscan was applied for all experiments in the
LTQ. Spray voltage was set to 2.50 kV. Each full MS survey scan was followed by
seven MS/MS scans.

Transient Transfection and Live-Cell Imaging. Three human cancer cell lines,
Hela, C3A, and A431, were obtained from the American Type Culture Col-
lection. Cell lines were maintained in purine-rich or purine-depleted media as
previously described (8). Cells were transiently transfected with plasmid DNA
using either Lipofectamine 2000 (Invitrogen) (for Hela) or X-tremeGENE HP
(Roche) (for A431 and C3A) following the manufacturer’s protocol. For
siRNA (Santa Cruz Biotechnology and Abcam), transfections were carried out
using Lipofectamine 2000 following the manufacturer’s protocol. Note that
in all cases, transfection efficiency was between 25% and 35%. Quantifica-
tion of protein expression levels from Western blots was carried out using
a Bio-Rad ChemiDoc XRS+ system. Before imaging, all samples were washed
three times for 5 min with BSS [20 mM Hepes (pH 7.4), 135 mM NaCl, 5 mM
KCl, 1 mM MgCl,, 1.8 mM CaCl,, and 5.6 mM glucose]. Cells were imaged at
ambient temperature (~25 °C) using an S484/15x excitation filter and an
S517/30m emission filter for GFP and an S555/25x excitation filter and an
S$605/40m emission filter for OFP. All images were created using the Image)
program and were in some cases cropped, inverted, or shown in color for
clarity, but were otherwise unmodified.

Luciferase Reporter Assay. The assay was carried out as previously described
(11) to measure interactions between FGAMS and either Hsp70 or Hsp90. For
these experiments, the tTa reporter was fused to the C terminus of FGAMS
(FGAMS-tTa), whereas the modified tobacco etch virus (TEV) protease was
fused to the C terminus Hsp70 or Hsp90 (Hsp70-TEV and Hsp90-TEV).

Cell Death Assay. A standard 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetra-

zolium bromide (MTT) assay was used to monitor cytotoxic effect of the various
inhibitors. HelLa cells were plated in 96-well plates and grown at 37 °Cin 5% CO,
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Hsp90 inhibitors disrupt purinosomes and are synergistic with methotrexate. A shows Hela cells transfected with the purinosome marker FGAMS-GFP.

Treatment of cells with 1.5 nM of the Hsp90 inhibitor NVP-AUY922 for 35 min disrupts purinosomes (B). After washing the cells three times with BSS and
a return to purine-depleted media, purinosomes begin to reform after 45 min (C). Treatment of HelLa cells for 72 h with the Hsp90 inhibitor 17-AAG alone (D,
filled squares and dotted line) kills cells with an ECso of 0.14 + 0.4 uM, whereas treatment with methotrexate alone (D, filled diamonds and dashed line) gives
an ECso of 10.1 + 0.4 nM. The combination of 17-AAG and methotrexate (D, filled circles and solid line) leads to a decrease in the ECs5o to 4.7 + 0.3 nM. A Chou
plot of the results (F) verifies that the combination is synergistic (Cl < 1). Similarly, the combination of the Hsp90 inhibitor NVP-AUY922 and methotrexate (E,
filled circles and solid line) gives a decrease in ECsg (4.4 + 0.07 nM) over either NVP-AUY922 alone (E, filled diamonds and solid line, ECso of 9.1 + 0.8 uM) or
methotrexate alone (E, filled squares and dotted line, ECso of 10.1 + 0.4 nM) alone. A Chou plot of the results (G) verifies that the combination is synergistic

(Cl < 1). (Scale bar, 10 pm.)

for 16 h. Varying concentrations of the drug or vehicle control were added, and
the cells were grown for an additional 72 h. The media were removed, and 5 mg/
mL MTT was added to the wells and incubated for 3 h. The media were removed,
and DMSO was added to solubilize the formazan product. After a 1-h in-
cubation, the plate was read at 550 nm. The data were plotted as factor af-
fected vs. dose and fit with the median-effect equation 7, = 1/[1 + (D/D)™],
where f, is the factor affected, D, is the median-effect dose (ECsp), m is the
slope of the curve, and D is the dose (40). For combinations of drugs with
methotrexate, the drugs were combined at a 1:1 ratio, and the assay was car-
ried out as detailed above. To determine whether the drug combination had
asynergistic effect, a Chou plot of factor affected vs. combination index (Cl) was
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constructed, where Cl = (D)+/(D,); + (D)>/(D,),. The curves shown on the Chou
plots are smooth curves connecting 100 simulated data points for values of 0-1
fraction affected using the equation D, = D[f./(1 — £.)]"™. All samples were
carried out in triplicate and are reported as mean + SE.
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