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A nuclear receptor-like pathway
regulating multidrug resistance in fungi
Jitendra K. Thakur1,2*, Haribabu Arthanari3*, Fajun Yang1,2*, Shih-Jung Pan4, Xiaochun Fan3, Julia Breger5,
Dominique P. Frueh3, Kailash Gulshan6, Darrick K. Li1, Eleftherios Mylonakis5, Kevin Struhl3, W. Scott Moye-Rowley6,
Brendan P. Cormack4, Gerhard Wagner3 & Anders M. Näär1,2

Multidrug resistance (MDR) is a serious complication during treatment of opportunistic fungal infections that frequently
afflict immunocompromised individuals, such as transplant recipients and cancer patients undergoing cytotoxic
chemotherapy. Improved knowledge of the molecular pathways controlling MDR in pathogenic fungi should facilitate the
development of novel therapies to combat these intransigent infections. MDR is often caused by upregulation of drug efflux
pumps by members of the fungal zinc-cluster transcription-factor family (for example Pdr1p orthologues). However, the
molecular mechanisms are poorly understood. Here we show that Pdr1p family members in Saccharomyces cerevisiae and the
human pathogen Candida glabrata directly bind to structurally diverse drugs and xenobiotics, resulting in stimulated
expression of drug efflux pumps and induction of MDR. Notably, this is mechanistically similar to regulation of MDR in
vertebrates by the PXR nuclear receptor, revealing an unexpected functional analogy of fungal and metazoan regulators of
MDR. We have also uncovered a critical and specific role of the Gal11p/MED15 subunit of the Mediator co-activator and its
activator-targeted KIX domain in antifungal/xenobiotic-dependent regulation of MDR. This detailed mechanistic
understanding of a fungal nuclear receptor-like gene regulatory pathway provides novel therapeutic targets for the
treatment of multidrug-resistant fungal infections.

Pathogenic fungi, especially Candida species, have emerged as
important and prevalent opportunistic infections in individuals with
compromised immunity, including those suffering from AIDS,
cancer patients treated with chemotherapy, transplant recipients
on immunosuppressive drugs and patients with advanced diabetes1,2.
Candida species now account for 8–9% of all blood stream infections,
with crude mortality rates of 40%3,4. Significantly, both intrinsic and
acquired MDR is an important complication of fungal infections5. C.
glabrata, which exhibits strong MDR, is emerging as a clinically
important fungal pathogen, accounting, for example, for 20–24%
of Candida blood stream infections in the USA1,3. There is thus an
urgent need to elucidate the mechanisms underpinning MDR in
pathogenic fungi to develop novel antifungal treatments. MDR in
fungi is caused by the overexpression of membrane-spanning efflux
pumps (for example the ATP-binding cassette (ABC) family of trans-
porters), resulting in the expulsion of various structurally unrelated
molecules6. Studies in S. cerevisiae have shown that the zinc-cluster
transcription factor Pdr1p and the paralogue Pdr3p together confer
resistance to several drugs and toxins through transcriptional activa-
tion of ABC transporter genes and members of the major facilitator
superfamily of drug efflux pumps, including Pdr5p, Snq2p and
Yor1p, as well as phospholipid-transfer proteins such as Pdr16p7–15.
Several studies recently reported increased expression of drug efflux
pumps in yeast in response to different xenobiotics, and demon-
strated a requirement for Pdr1p/Pdr3p in this response16–20, although
the xenobiotic signalling pathway has not been elucidated. C. glab-
rata is evolutionarily closely related to S. cerevisiae, and recent studies
have identified a Pdr1p orthologue (CgPdr1p) in C. glabrata that

regulates drug efflux pumps and controls MDR in this pathogen21–23.
Increased knowledge of the mechanistic basis of CgPdr1p function in
regulating multidrug resistance in C. glabrata could allow the iden-
tification of new classes of drugs to combat MDR in these clinically
challenging infections.

Interestingly, the mammalian nuclear receptor pregnane X
receptor (PXR) upregulates transcription of ABC transporters as well
as cytochrome P450 detoxification enzymes in response to direct
binding to structurally diverse xenobiotics24,25. However, similar
direct transcription signalling mechanisms to regulate MDR have
not been documented in non-vertebrate eukaryotes.

Transcription activators recruit co-activators that facilitate gene
activation26. The Mediator co-activator, first characterized in yeast,
interacts with RNA polymerase II and is involved in many transcrip-
tional regulatory pathways27. The co-activator requirements, includ-
ing a possible role of the Mediator, for xenobiotic-dependent
transactivation of the MDR programme by Pdr1p orthologues have
not been determined. Identification of co-activator targets for Pdr1p
orthologues could facilitate the development of novel anti-MDR
agents that target the activator/co-activator interface.

We show here that the Pdr1p orthologues in S. cerevisiae and C.
glabrata directly bind xenobiotics to activate genes encoding drug
efflux pumps, and exhibit functional characteristics that are mechan-
istically similar to the vertebrate xenobiotic receptor PXR. Moreover,
our results demonstrate an essential and specific role for the
Mediator co-activator subunit Gal11p (also known as MED15) in
xenobiotic-dependent gene activation and MDR in S. cerevisiae
and C. glabrata. The activation domains of Pdr1p orthologues bind
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directly to a domain present in Gal11p that is structurally conserved
with the activator-binding KIX domain found in the human
ARC105/MED15 Mediator subunit and in vertebrate CBP/p300
acetyltransferases. Our results demonstrate that fungi harbour a
nuclear receptor-like pathway controlling MDR, which could
represent a novel therapeutic target for the treatment of MDR in
pathogenic fungi such as C. glabrata.

Pdr1p and Pdr3p are xenobiotic receptors

The expression of ATP-dependent drug efflux pumps (for example
PDR5) and other Pdr1p/Pdr3p target genes (for example PDR16) in
S. cerevisiae can be induced by chemically distinct drugs and xeno-
biotics, including the antifungal ketoconazole, the translation
inhibitor cycloheximide and the classic PXR agonist rifampicin, in
a Pdr1p/Pdr3p-dependent manner (Fig. 1a and data not shown). In
contrast, the glucocorticoid receptor agonist dexamethasone was
consistently a poor inducer of Pdr1p/Pdr3p-regulated genes
(Fig. 1a). Because the mammalian nuclear receptor PXR controls
MDR gene expression by direct binding to xenobiotics24,25, and based
on the intriguing functional similarities of Pdr1p/Pdr3p to PXR,
we tested whether Pdr1p and Pdr3p could also directly interact
with xenobiotics to stimulate expression of their target genes.
Importantly, immunopurified Pdr1p binds ketoconazole with a
dissociation constant (KD) of about 39 mM, similar to the range of
binding affinities (mid-nanomolar to high micromolar) of ligands
for mammalian PXR (Fig. 1b)24. Binding of radiolabelled ketocona-
zole to Pdr1p was effectively competed by unlabelled xenobiotics that
activate Pdr1p/Pdr3p target genes in vivo, including rifampicin,

cycloheximide and ketoconazole itself (Fig. 1b, c). Similar results
were obtained with the Pdr1p paralogue Pdr3p, consistent with its
functional redundancy in gene expression assays with these xenobio-
tics (Supplementary Fig. 2a, b and data not shown). Deletion analysis
revealed that a small region in Pdr1p (amino acids 352–543) carboxy
(C)-terminal to the DNA-binding domain is sufficient for binding to
ketoconazole (Fig. 1d and Supplementary Fig. 2c, d). A similar region
in Pdr3p also mediates ketoconazole binding, supporting the notion
of a discrete xenobiotic-binding domain (XBD) in this family of zinc-
cluster transcription factors (Supplementary Fig. 2e, f). Nuclear
receptors harbour autonomous ligand-binding domains and
ligand-responsive activation domains located C-terminal to the zinc
finger DNA-binding domain that can be transferred to heterologous
DNA-binding domains. Fusion experiments to the yeast Gal4p DNA-
binding domain (Gal4pDBD) identified a large C-terminal domain
in Pdr1p (amino acids 352–1063), encompassing both the XBD
and the C-terminal activation domain, as the minimal transferable
xenobiotic-responsive transactivation domain (Fig. 1d and Supple-
mentary Fig. 3a, b). These results demonstrate that yeast Pdr1p/
Pdr3p activate transcription of target genes in response to direct
binding to specific xenobiotics by a discrete transferable ligand-
binding domain, which suggests that these critical transcription
regulators of MDR in yeast function in a manner analogous to the
vertebrate nuclear receptor PXR.

Requirement for Gal11p in xenobiotic response and MDR

Next, we studied the transcriptional co-activator requirements for
ligand-dependent gene activation by Pdr1p/Pdr3p. The Mediator
co-activator plays critical roles in transcriptional activation, from
yeast to human27. We therefore examined whether the Mediator is
involved in Pdr1p/Pdr3p-dependent and xenobiotic-stimulated
gene activation and MDR. Although deletion of most Mediator sub-
units caused few or modest effects on MDR, deletion of the gene
encoding the Gal11p subunit resulted in striking sensitivity to several
toxins/xenobiotics, including ketoconazole, cycloheximide and 4-
nitroquinoline oxide (Fig. 2a and data not shown). Consistent with
these findings, xenobiotic-dependent expression of the PDR5 and
PDR16 genes was specifically and strongly decreased in the GAL11
deletion strain, similar to that observed with the PDR1/3 deletion
strain (Fig. 2b and data not shown). Moreover, deletion of the
GAL11 gene caused strongly decreased activation of the Pdr1p/
Pdr3p-responsive promoters from the PDR5 and SNQ2 genes by con-
stitutively active Pdr1p and Pdr3p mutants isolated from multidrug-
resistant yeast (Supplementary Fig. 4)9,28,29. Co-immunoprecipitation
experiments showed that Myc6–Pdr1p interacts with Gal11p–Flag2 in
a xenobiotic-stimulated manner in vivo (Fig. 2c), and chromatin
immunoprecipitation data indicate that Gal11p is specifically
recruited to Pdr1p/Pdr3p target genes in a Pdr1p/Pdr3p-dependent
fashion (Supplementary Fig. 5 and data not shown). These studies
demonstrate that Gal11p is essential for xenobiotic-dependent gene
activation and MDR mediated by Pdr1p/Pdr3p.

Gal11p harbours an activator-binding KIX domain

Gal11p orthologues contain sequences in their amino termini
that exhibit significant homology to the activator-binding KIX
domain of the metazoan Mediator subunit ARC105/MED15
(Supplementary Fig. 6a)30,31. The KIX domain was first identified
as an activator target in the histone acetyltransferases CBP/p300,
mediating interactions with many metazoan transcription factors32.
Based on the documented functional importance of the KIX domains
in ARC105/MED15 and CBP/p300 in specific gene-activation path-
ways31,33–35, we attempted to identify activators in yeast that interact
with the predicted Gal11p KIX domain. Remarkably, affinity chro-
matography of yeast whole-cell extract over the putative Gal11p KIX
domain yielded a single specific band that was identified by mass
spectrometry as Pdr1p (Supplementary Fig. 6b, c), demonstrating
that Pdr1p interacts strongly with the putative Gal11p KIX domain.
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Figure 1 | Pdr1p is a xenobiotic receptor. a, Xenobiotic-induced
transcription of the PDR5 gene is dependent on Pdr1p/Pdr3p. Quantitative
real-time RT–PCR reactions were performed in triplicate. Mean values from
three independent experiments are shown; error bars, s.d. EtOH, ethanol,
vehicle; CHX, cycloheximide; RIF, rifampicin; KET, ketoconazole; DEX,
dexamethasone. b, Pdr1p directly binds to the antifungal ketoconazole. Cold
ligand competition was used to determine the binding affinity of [3H]KET to
Myc6–Pdr1p. [3H]KET (0.1 mM) was used for this experiment. Logarithmic
concentration of unlabelled KET is displayed on the x axis. Mean values from
triplicate samples are shown. The graph was generated using GraphPad
Prism4. c, Cold competition assay reveals binding of various xenobiotics to
Myc6–Pdr1p. Unlabelled xenobiotics were used for competition (x axis). The
experiment was performed in triplicate. Mean values are shown; error bars,
s.d. d, The xenobiotic-binding domain of Pdr1p. Glutathione–Sepharose
beads with GST–Pdr1p protein fragments were used for direct binding assay
using 0.1 mM of [3H]KET. Symbols: 1, binding; 2, no binding. Lower
cartoon shows positions of the DNA-binding domain (DBD), the
xenobiotic-binding domain (XBD), the transactivation domain (TAD) and
the xenobiotic-responsive transactivation domain (X-TAD).
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We have also found that the putative Gal11p KIX binds to purified
Pdr1p and that this interaction is further enhanced by xenobiotics
(Fig. 2d).

Mapping studies revealed that C-terminal Pdr1p sequences con-
taining the activation domain (Pdr1pAD) bind to the Gal11p KIX
domain (Supplementary Fig. 6d and data not shown). Interestingly,
Pdr1pAD also bound to the CBP and ARC105/MED15 KIX domains
(Supplementary Fig. 6d). Consistent with its ability to engage mam-
malian co-activators, Pdr1pAD fused to Gal4pDBD mediated potent
gene activation in human cells (Supplementary Fig. 6e). The Gal11p
KIX domain can also interact with the human SREBP-1a activator
that we previously showed associates with the ARC105/MED15 and
CBP KIX domains (Supplementary Fig. 6b, d)31,36. In contrast, the
CBP/p300 KIX-binding activators CREB and c-Myb cannot interact
with the Gal11p KIX domain, nor with the human ARC105/MED15
KIX domain (Supplementary Fig. 4d)31,37,38. These results indicate
that the putative Gal11p KIX domain is a specific target only for
certain activators, and functionally behaves more like the human
ARC105/MED15 KIX domain than the CBP KIX domain, in keeping
with the fact that both ARC105/MED15 and Gal11p are components
of the Mediator family of co-activators. Our studies also revealed
the functional importance of the Gal11p KIX domain for Pdr1p/
Pdr3p gene activation and MDR in vivo. Deletion of the Gal11p
KIX domain strongly decreased interaction of Gal11p with Pdr1p
in co-immunoprecipitation experiments (Fig. 2e). Moreover, exo-
genous expression of wild-type Gal11p, but not KIX-deleted Gal11p,
can rescue both xenobiotic-dependent activation of Pdr1p/Pdr3p
target genes and resistance to ketoconazole in yeast deleted for
GAL11 (Fig. 2f, g and data not shown).

To provide molecular details that could yield further insights into
the gene activation mechanism by Pdr1p, we have determined the
solution structure of the Gal11p Pdr1p-binding domain by NMR.
The high-resolution structure reveals a three-helix bundle fold with
marked similarity to the human ARC105/MED15 and mouse CBP
KIX domains (Fig. 3a, b)31,35. Like the mammalian KIX domains, the
three helices in the Gal11p KIX domain pack an extensively hydro-
phobic core (Supplementary Fig. 7c). In the ARC105/MED15 and
CBP KIX structures, hydrophobic patches on the surface of the KIX
domains mediate interactions with several activators (Supplemen-
tary Fig. 9)31,35,38. We show here by chemical shift analysis that
peptides containing the C-terminal 12 and 34 amino acids of the
Pdr1pAD also interact with amino acids within a large hydrophobic
groove contributed by all three helices, including L25, Q26, M29, I31,
L34, A42, I47, N51, F52 A55, V74, A75 and V76 (Fig. 3c and
Supplementary Figs 7–10). Binding studies of Pdr1p with point-
mutated Gal11p KIX proteins in the presence of ketoconazole also
revealed several KIX amino acids as being important for Pdr1p
binding, consistent with the NMR data (Fig. 3c–e). NMR showed
that yeast Pdr1pAD-34 can also interact with the human ARC105/
MED15 KIX domain, consistent with the binding of a larger
Pdr1pAD fragment (Supplementary Figs 6d and 10a). Analysis by
chemical shift perturbation revealed that the Pdr1p activation
domain interaction surface on the Gal11p KIX domain substantially
overlaps with that of the human SREBP-1a activation domain
(Supplementary Fig. 10d). These results suggest similarities in the
way activators target orthologous KIX domains. However, there are
also significant differences in the way Pdr1p and SREBP-1a engage
their cognate KIX domains (Supplementary Fig. 9). These results
agree with earlier observations that different activation domains
(for example CREB pKID, c-Myb and MLL) bind both overlapping
and distinct epitopes on the human ARC105/MED15 and mouse
CBP KIX domains (Supplementary Fig. 9)31,35,38–43. Thus, although
the structure of the KIX domain is conserved between mammals and
yeast, a variety of interfaces on KIX domains are used to accommo-
date various activation domains. Taken together, our findings reveal
that the activator-binding domain in Gal11p indeed folds into a
functionally conserved KIX domain; they also pinpoint key residues
in the Gal11p KIX domain involved in binding to the Pdr1p activa-
tion domain.

a

0

1

2

3

4

5

6

7

8

Wild
type

pdr1/3∆ gal11∆ med1∆

–
nut1∆
ssn2∆
srb8∆
srb2∆
cse2∆
ssn8∆
pgd1∆
med1∆
soh1∆
sin4∆
srb5∆

gal11∆
pdr1/3∆

Wild type

KET EtOH
CHX
RIF
KET

R
el

at
iv

e 
ex

p
re

ss
io

n

PDR5
b

c d e

PDR5

0
2
4
6
8

10
12
14

Vector Gal11p Gal11p
∆KIX

Wild
type

EtOH
CHX
RIF
KET

KET
Vector
Gal11p
Gal11p∆KIX

WT
YPD YPD + KET

f g

In
p

ut
E

tO
H

C
H

X
R

IF
K

E
T

GST–Gal11pKIX

Gal11p
∆KIX

Gal11p
wild
type

D
E

X– 10
 n

M

0.
5 

µM

20
 µ

M

10
 n

M

0.
3 

µM

Myc6–
Pdr1p

Gal11p–
Flag2

KET CHX

Myc6–
Pdr1p

Myc6–
Pdr1p

Gal11p–
Flag2

R
el

at
iv

e 
ex

p
re

ss
io

n

Figure 2 | Requirement for the Gal11p Mediator subunit and its KIX domain
in Pdr1p/Pdr3p-dependent transcription of target genes and MDR.
a, Growth of yeast cells on 1% yeast extract, 2% peptone and 2% dextrose
(YPD) with increasing concentrations of ketoconazole reveals a specific
requirement for Gal11p for ketoconazole resistance; 2, yeasts growing on
YPD without ketoconazole. b, Gal11p is required for Pdr1p/Pdr3p-mediated
and xenobiotic-dependent transcription of the PDR5 gene. Deletion of
PDR1/3 was used as positive control. Real-time quantitative RT–PCR
reactions were performed in triplicate. Mean values are shown; error bars,
s.d. c, Co-immunoprecipitation shows the interaction between Myc6–Pdr1p
and Gal11p–Flag2 in the absence and presence of different concentrations of
ketoconazole and cycloheximide. Anti-Flag antibodies were used for
immunoprecipitation, with IgG as negative control (no significant binding:
data not shown). Anti-Myc (upper panel) and anti-Flag (lower panel)
antibodies were used for immunodetection. There is no significant
difference in the input material (not shown). d, GST-pulldown analysis
demonstrates increased interaction between the GST–Gal11pKIX domain
and Myc6–Pdr1p in the presence of activating xenobiotics. Bound
Myc6–Pdr1p was detected by anti-Myc immunoblotting. e, Co-
immunoprecipitation shows the importance of the Gal11p KIX domain for
in vivo interaction between Gal11p and Pdr1p. Yeast extracts from cells
cultured in the presence of ketoconazole expressing Myc6–Pdr1p and either
Gal11p–Flag2 or Gal11pDKIX–Flag2 were used for co-immunoprecipitation.
Immunoprecipitation used anti-Flag antibodies; immunodetection used
anti-Myc (upper panel) or anti-Flag (lower panel) antibodies. f, The Gal11p
KIX domain is required for xenobiotic-induced transcription of PDR5. The
gal11D yeast strain was reconstituted with plasmids expressing full-length
Gal11p, or Gal11p lacking the KIX domain (amino acids 1–100), or with
vector control. Wild-type yeast was used as positive control. Real-time
quantitative RT–PCR reactions were performed in triplicate. Mean values
are shown; error bars, s.d. g, Growth of yeast cells on YPD with increasing
concentrations of ketoconazole shows the requirement of the Gal11p KIX
domain for ketoconazole resistance. The gal11D yeast strain was
transformed with plasmids harbouring either full-length Gal11p, Gal11p
lacking the KIX domain (amino acids 1–100) or vector control. Wild-type
yeast was used as positive control. Left panel shows yeast cells grown on YPD
without ketoconazole.
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Conservation of xenobiotic gene regulation in C. glabrata

Having dissected the molecular mechanisms underpinning the
xenobiotic gene regulatory network controlling MDR in the non-
pathogenic yeast S. cerevisiae, we next determined the potential
clinical relevance of our findings for pathogenic fungi. C. glabrata
is the second most common cause of invasive candidiasis, and has
been reported to exhibit intrinsic MDR, in particular to azoles3,44,45.
C. glabrata harbours a highly conserved Pdr1p orthologue that also
regulates drug efflux pumps in response to xenobiotics22,23. Based on
our results with Pdr1p/Pdr3p in S. cerevisiae, we hypothesized that
CgPdr1p might also directly bind to azoles and other xenobiotics to
promote gene expression and MDR in C. glabrata.

Expression of the C. glabrata drug efflux pump gene CDR2 is
stimulated by xenobiotics in a CgPdr1p-dependent manner, and
CgPdr1p is required for the intrinsically high azole resistance of C.
glabrata (Fig. 4a, b and Supplementary Fig. 11a)22,23. We performed
complementation experiments in PDR1/3-deleted S. cerevisiae to test
whether expression of CgPdr1p in this strain could functionally sub-
stitute for S. cerevisiae Pdr1p/Pdr3p. Indeed, CgPdr1p expression
rescued both xenobiotic-dependent gene activation and MDR to a
similar extent as the expression of ScPdr1p, establishing the func-
tional similarity of these transcription factors (Fig. 4c and data not
shown). Importantly, like its S. cerevisiae orthologues, CgPdr1p binds
directly to radiolabelled ketoconazole, indicating that CgPdr1p also
acts by a direct effector mechanism akin to nuclear receptor signalling
(Fig. 4d).

Next, we examined the co-activator requirements for xenobiotic-
dependent gene activation and MDR in C. glabrata. Interestingly,
C. glabrata harbours two distinct genes with significant sequence

similarity to the S. cerevisiae GAL11 gene (termed CgGAL11A and
CgGAL11B here; Supplementary Fig. 11b). Deletion of the
CgGAL11A gene strongly decreased xenobiotic-dependent activation
of CgCDR2, similar to the effects of deleting CgPDR1, whereas dele-
tion of the CgGAL11B gene had no effect on CgCDR2 expression
(Fig. 4a). CgGAL11A deletion also abrogated MDR, causing mark-
edly increased sensitivity to azoles such as ketoconazole and fluco-
nazole, as well as to cycloheximide, as revealed by growth assays
(Fig. 4b and data not shown). The CgGAL11A/B double-deletion
strain also performed like the CgGAL11A deletion strain (Fig. 4a,
b); these data suggest that CgGal11Ap is functionally more important
in CgPdr1p xenobiotic-dependent gene activation than CgGal11Bp.
Consistent with this notion, a CgPdr1p activation domain fragment
interacts better with the CgGal11Ap KIX domain than with the
CgGal11Bp KIX domain (Supplementary Fig. 11c).

Non-mammalian hosts, such as the nematode Caenorhabditis ele-
gans, have recently been shown to provide powerful and facile model
systems to investigate fungal pathogenicity, MDR mechanisms, host
response pathways and to identify novel antifungals46,47. Infection of
C. elegans with C. glabrata and other Candida species results in the
death of most nematodes within six days, even in the presence of
the antifungal fluconazole (Fig. 4e)46. The deletion of CgPDR1,
CgGAL11A, CgGAL11B or CgMED1 had little effect on the patho-
genicity of C. glabrata in this model organism in the absence of
antifungals (data not shown). By contrast, in the presence of fluco-
nazole, we observed that nematodes infected with the Cgpdr1 and
Cggal11A deletion strains exhibited significantly increased survival
(Fig. 4e). C. elegans infected with the Cggal11B or Cgmed1 deletion
strains showed little difference in survival rates in the presence of
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Figure 3 | Structure of the Gal11p KIX domain and structural/mutational
analysis of the Pdr1pAD-Gal11p KIX interface. a, Representation showing
the ten lowest energy solution structures of the Gal11p KIX domain.
b, Ribbon diagram of the mean solution structures of yeast Gal11p, human
ARC105/MED15 and mouse CBP KIX domains. c, Surface representation of
Gal11p KIX with the Pdr1pAD-12 interaction surface (molar ratio 5:1
Gal11p KIX:Pdr1pAD-12) coloured red. The residues shown in red
correspond to a chemical shift change of more than 0.02 p.p.m. d, Binding of
Myc6–Pdr1p to point-mutated GST–Gal11p KIX domain fusion proteins in

a GST-pulldown assay. Top panel, Myc6–Pdr1p binding as detected by anti-
Myc immunoblotting. Bottom panel, GST–Gal11p KIX fusion proteins as
detected by Coomassie blue staining. e, Ribbon representation of Gal11p
KIX where the residues shown in red correspond to a chemical shift change
of more than 0.02 p.p.m. upon addition of Pdr1pAD-12 (molar ratio of 5:1
Gal11p KIX:Pdr1pAD-12). Residues whose mutation disrupts binding to
Myc6–Pdr1p are shown in green; those in blue represent the residues
implicated in Pdr1p binding by NMR and mutational studies.
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fluconazole, similar to wild-type C. glabrata (data not shown). These
results are consistent with the in vitro findings and demonstrate
a critical role for the functional interaction of CgPdr1p and
CgGal11Ap in C. glabrata MDR in vivo in a fungal pathogenesis
model.

Discussion

We have found that fungi harbour sensor/effector regulatory
mechanisms governing detoxification response that exhibit intri-
guing functional similarities to vertebrate nuclear xenobiotic recep-
tors. Pdr1p orthologues and PXR both bind directly to structurally
unrelated xenobiotics and drugs. As a result, they activate the
expression of genes encoding ATP-dependent drug efflux pumps
(for example P-glycoprotein/MDR1 orthologues) (Supplementary
Fig. 1)24. Bioinformatics studies based on the conservation of the zinc
finger DNA-binding domain and the ligand-binding domain have
shown that nuclear receptors first arose during metazoan evolution48.
Our results revealing functional similarities of fungal Pdr1p ortho-
logues and vertebrate PXR do not constitute proof of evolutionary
orthology. However, taken together with a recent study showing that

the yeast zinc-cluster family member Oaf1p may function similarly to
the vertebrate PPARa nuclear receptor49, they suggest that further
studies of mechanistic analogies (and possible evolutionary relation-
ships) between fungal zinc-cluster transcription factors and meta-
zoan nuclear receptors are warranted.

We have shown here that fungal Pdr1p orthologues interact
physically and functionally with the Gal11p/MED15 subunit of the
Mediator. Our data revealing that Gal11p harbours an activator-
binding domain with marked structural similarity to KIX domains
present in metazoan co-activators, indicate strong evolutionary con-
servation, which implies critical functionality. Interestingly, a recent
study showed that the C. elegans nuclear receptor NHR-49 interacts
with the KIX-containing Gal11p orthologue MDT-15 and requires
MDT-15 for activation of fatty-acid metabolism genes50. This raises
the question of whether other metazoan nuclear receptors also use
the ARC105/MED15 subunit as a transducer of gene-activating
signals. The targeting of ARC105/MED15 orthologues in fungi and
metazoans might thus represent an ancient mechanism of activation
by ligand-dependent transcription factors.

The elucidation of the molecular mechanism of xenobiotic-
dependent regulation of MDR by CgPdr1p in C. glabrata should
provide novel targets for the development of ‘co-therapeutics’ that
augment standard antifungal therapies by directly interfering with
the mechanistic underpinnings of antifungal-induced MDR
(Supplementary Fig. 1). For example, small-molecule antagonists
might be identified that lock Pdr1p orthologues in an inactive con-
formation, thereby preventing activation of the efflux pump genes
and resulting in sensitization to standard antifungal therapy.
Alternatively, the highly hydrophobic groove in the Gal11p KIX
domain that provides the Pdr1p AD docking site might serve as a
promising therapeutic target. Our findings should also provide the
foundation for studies investigating whether similar regulatory
mechanisms govern MDR in other clinically significant pathogenic
fungi, such as Candida albicans.

METHODS SUMMARY

Details of plasmids, primers, fungal strains, xenobiotic treatment, quantitative

real-time polymerase chain reaction with reverse transcription (qRT–PCR),

b-galactosidase assay, drug sensitivity assays, immunoprecipitation and

immunoblotting, chromatin immunoprecipitation, drug binding and cold com-

petition assays, glutathione S-transferase (GST) fusion-protein generation and

pulldown assays, C. elegans fungal killing assays and structural analysis by NMR

are given in Supplementary Information.

Full Methods and any associated references are available in the online version of
the paper at www.nature.com/nature.
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METHODS
Media and chemicals. All bacteria were routinely grown in Luria-Bertani broth

medium with required antibiotics. S. cerevisiae cells were grown either in YPD or

in synthetic defined medium as required. For culturing C. glabrata, we used

synthetic complete medium51. Unless specified, all chemicals and drugs were

purchased from Sigma. Anti-HA (F-7) and anti-c-Myc (9E10) antibodies were

obtained from Santa Cruz Biotechnology, whereas anti-Flag M2 antibody was

purchased from Sigma. Glutathione–, Protein A– and Protein G–Sepharose

beads were obtained from Amersham Pharmacia Biotech.

Strains and plasmids. Escherichia coli strains DH5a and DH10 were used for all

plasmid maintenance and construction. Yeast strains used in this study are listed

in Supplementary Table 1. Yeast transformation was performed using a standard

LiCl method52. All C. glabrata deletion strains were derived from our wild-type

laboratory strain BG2 or from a ura3 derivative of BG2, BG1453. Gal4pDBD–

Pdr1p or GST–Pdr1p fusion constructs were generated by cloning PCR frag-

ments of PDR1 of specified size and region, into pGBKT7 (Clontech) or pGEX2–

TKN in frame with Gal4pDBD or GST, respectively, using NcoI and NotI restric-

tion sites. Yeast constructs expressing C-terminal Flag-tagged full-length Gal11p

(Gal11p–Flag2) or Gal11p with deletion of the KIX domain (amino acids 1–100)

(Gal11pDKIX–Flag2), and N-terminal Myc-tagged full-length wild-type Pdr1p

(Myc6–Pdr1pwt), were generated by subcloning the PCR products into the

plasmids pCU416 and pCU315, respectively. DNA fragments encoding

CgGal11p KIX domains (CgGal11Ap (amino acids 1–86) and CgGal11Bp

(amino acids 1–82)) were amplified by PCR from genomic DNA and subcloned

into pGEX–2TKN. Point-mutated pGEX–2TKN–Gal11pKIX (amino acids

1–100) plasmids were produced using the Quickchange XL site-directed muta-

genesis kit (Stratagene). The mammalian constructs expressing HA–Gal4DBD

activation domains of ScPdr1p, ScPdr3p, ScGal4p and CgPdr1p were generated

by subcloning the PCR products into pcDNA3–HA–Gal4DBD using BamHI and

EcoRI sites. All plasmids were confirmed by DNA sequencing.

C. glabrata strain construction. The DNA sequences of the C. glabrata

genes PDR1 (CAGL0A00451g), GAL11A (CAGL0H06215g), GAL11B

(CAGL0F00803g) and MED1 (CAGL0D01386g) were taken from the

Génolevures website (http://cbi.labri.fr/Genolevures/blast.php) and used to

design primers for construction of disruption constructs and restoration con-

structs. Disruption constructs for C. glabrata genes are derived from pAP599 in

which an hph expression cassette (from 59 to 39, a 500 base pair (bp) S. cerevisiae

PGK1 promoter followed by Klebsiella pneumoniae hph coding sequences (CDSs)

and a 400 bp S. cerevisiae HIS3 39 untranslated region (UTR)) that confers

hygromycin B resistance (HygR) is immediately flanked by S. cerevisiae FRT sites

and then by multiple cloning sites (MCSs). A 0.5–1 kilobase (kb) 59 UTR and a

0.5–1 kb 39 UTR fragment of the target C. glabrata gene were amplified from BG2

genomic DNA by PCR and individually subcloned into pAP599. The accuracy of

the cloned fragments was verified by DNA sequencing. The disruption construct

containing the target gene 59 and 39 UTRs flanking the hph expression cassette

was released from the gene disruption plasmid by restriction digest and used to

transform BG14 to HygR. The correct gene disruption was confirmed by PCR

amplification. The hph expression cassette was then removed by transformation

of the strains with a self-replicating plasmid, pRD16, that carries an expression

cassette for S. cerevisiae FLP1 (a 2.5 kb C. glabrata EPA1 promoter followed by

the S. cerevisiae FLP1 coding region). The Flp1 recombinase recognizes the FRT

sites immediately flanking the integrated hph expression cassette and releases the

cassette. pRD16 was subsequently lost by streaking cells on plates containing

5-FOA, which selects against URA3. The resulting strains (BG1710–1713) were

then restored to Ura1 by transforming yeast cells with PstI-digested pBC34.1,

which carries an intact C. glabrata URA3 on a 4.1 kb Pst1 fragment to generate

strains 1718–1721. gal11A gal11B double mutant was generated by disruption of

GAL11B in strain BG1710.

Treatment of yeast cultures with different xenobiotics. Yeast cultures were

grown overnight with agitation in YPD at 30 uC. The next day, cells were pelleted

and washed twice with sterilized MilliQ purified (Millipore) water. Cells were

then resuspended in 1% yeast extract and 2% peptone (YP) to an optical density

(OD600) of 0.8, grown for another 16 h at 30 uC, then treated with different drugs

for 20 min for quantitative RT–PCR, or 5 h for b-galactosidase assay.

Quantitative real-time RT–PCR. Total RNA was extracted from 5 ml of yeast

culture using the Qiagen RNeasy MiniKit. Two micrograms of total RNA

was used to generate cDNA using the First-Strand cDNA Synthesis Kit (GE

Healthcare). The cDNA mix was diluted tenfold, and 2 ml was used for real-time

quantitative PCR with SYBR Green (Applied Biosystems) on an ABI Prism

7900HT Sequence Detection System (Applied Biosystems).

b-Galactosidase assay. Yeast culture (1.5 ml) was harvested by brief spinning.

The pellet was resuspended in 300ml of Z buffer (10 mM Na2HPO4.7H2O,

10 mM NaH2PO4.H2O, 10 mM KCl, 1 mM MgSO4.7H2O, pH 7.0). One hundred

microlitres of this suspension was transferred to a fresh tube and subjected to

three cycles of freeze (30 s in liquid N2) and thaw (1 min at 37 uC). After this,

0.7 ml of Z buffer with b-mercaptoethanol (0.27 ml b-mercaptoethanol in

100 ml of Z buffer) was added, immediately followed by addition of 160ml of

ONPG solution (4 mg ml21 in Z buffer). The tube was kept at 30 uC until yellow

colour developed, when 0.4 ml of 1 M Na2CO3 was added to stop the reaction.

The cell debris was pelleted by centrifugation, and the supernatant was used to

measure OD420. All the readings were normalized to the concentration of protein

(as determined by Bradford). All experiments were performed with three inde-

pendent replicates.

Drug sensitivity assays. Fresh S. cerevisiae colonies were inoculated in 5 ml of

YPD or SD selection medium, and grown overnight at 30 uC. The cells were

diluted to an OD600 of 0.2, and 2 ml was spotted on solid medium containing

an increasing gradient of drugs (ketoconazole, cycloheximide or 4-NQO) in the

agar. The plates were incubated at 30 uC for 2–3 days. Susceptibility of the C.

glabrata mutants was tested by spotting serial dilutions of cells onto YPD agar

plates supplemented with fluconazole or ketoconazole. The yeast strains were

grown overnight at 30 uC in YPD liquid medium. Cells were diluted to an OD600

of 2.0 in PBS, and 4ml of the cell suspension and tenfold serial dilutions of the

cells were spotted onto plates. Growth was assessed after 1 day of incubation at

30 uC.

Immunoprecipitation and immunoblotting. For co-immunoprecipitation,

yeast cells were transformed with Myc6–Pdr1pwt and Gal11p–Flag2 (or

Gal11pDKIX–Flag2). Cells were washed with 1 3 PBS after overnight culture

in YPD medium, and then cultured in YP for another 24 h. Cells were then

treated with different concentrations of ketoconazole and cycloheximide (or

ethanol for vehicle controls) for 1 h. Yeast cell lysates were extracted in immuno-

precipitation buffer (50 mM Tris-HCl, pH 8.0, 140 mM NaCl, 0.1 mM EDTA,

10% glycerol, 0.02% NP-40, 1 mM DTT, 0.25 mM PMSF, 1 mM benzamidine,

0.5 mg ml21 aprotinin and Protease Inhibitor Cocktail (Complete, Roche)), with

or without xenobiotics by vortexing in the presence of glass beads. The Flag-

tagged proteins were then immunoprecipitated by adding anti-Flag M2 anti-

body-beads (Sigma) and incubating for 3 h with nutating at 4 uC. After washing

five times with 1 ml of 0.25 M KCl IP buffer, bound proteins were eluted with

0.1 mg ml21 Flag peptide (Sigma). Xenobiotics at the indicated concentrations

were present at all steps of the co-immunoprecipitation, including washing.

Immunoblotting was performed according to standard protocols. To immuno-

purify Myc6–Pdr1pwt or HA–Pdr1pwt, yeast whole-cell extract (in immuno-

precipitation buffer) was incubated with anti-Myc (9E10) antibody or anti-HA

(F-7) antibody, and 50% mix of Protein A– and G–Sepharose beads (Amersham)

at 4 uC for 3 h. Beads were washed with IP buffer five times, and used for drug-

binding experiments as outlined below.

Chromatin immunoprecipitation. Chromatin immunoprecipitation was per-

formed according to standard procedures54. Briefly, yeast cells were grown to an

OD600 of 0.8 before fixing with 1% formaldehyde for 20 min. The cells were

washed with Tris-buffered saline (20 mM Tris-HCl, pH 7.5, and 150 mM

NaCl), and resuspended in 1 ml of FA lysis buffer (50 mM HEPES, pH 7.5,

150 mM NaCl, 1 mM EDTA, 1% Triton X-100, 0.1% sodium deoxycholate

and 0.1% SDS). Cells were lysed using soda lime 0.5 mm glass beads and

Beadbeater (BioSpec Products). The glass beads were then removed and the cell

debris with chromatin was subjected to sonication (550 sonic dismembrater,

Fisher) two times for 30 s each, separated by incubation for 2 min on ice. The

soluble chromatin was collected in a fresh tube. Chromatin (300ml) was used

for immunoprecipitation with anti-HA Ab and Protein A–Sepharose beads

(Amersham), and the immunoprecipitated chromatin was eluted with 200ml

of 0.5 mg ml21 HA peptide (Sigma) in Tris-buffered saline. Input and immuno-

precipitated chromatin were de-crosslinked at 65 uC overnight, and then passed

through a Qiagen PCR purification column. The purified DNA was analysed by

quantitative PCR in real-time using the ABI Prism 7900HT Sequence Detection

System (Applied Biosystems). Relative occupancy values were calculated by

determining the apparent immunoprecipitation efficiency and normalized to

the level observed at an open reading frame (ORF)-free region from chromo-

some V.

Drug-binding and cold competition assay. Xenobiotic-binding experiments

were performed essentially as described55 with some modifications as explained

below. Radiolabelled ketoconazole (KET: [3H]G), specific radioactivity

10 Ci mmol21, was purchased from American Radiolabelled Chemicals. Beads

with either immunopurified proteins or GST recombinant proteins were

incubated with KET ([3H]G) in drug-binding buffer (10 mM K2HPO4, 10 mM

KH2PO4, pH 7.0, 2 mM EDTA, 50 mM NaCl, 1 mM DTT, 0.5 mM CHAPS, 10%

glycerol and protease inhibitors) at 4 uC for 3 h with mixing in a volume of 500ml.

For cold competition, unlabelled xenobiotics were added to a concentration of

1,000-fold excess of KET. The beads were then washed thrice briefly in 900ml of

ice cold drug-binding buffer, carefully removing as much of each wash as
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possible. The washed beads were resuspended in 100ml of drug-binding buffer,
added to 5 ml of scintillation fluid Aquasol-2 (Perkin Elmer) and mixed briefly

by shaking. After 10 min, scintillation counting was performed in an LS6500

Multi-Purpose Scintillation Counter (Beckman Coulter). All experiments were

performed with at least three replicates.

GST pull-down assays. Recombinant GST–fusion proteins were expressed in E.

coli (BL21, DE3) and purified using glutathione–Sepharose beads according to

standard protocol (Pharmacia). Beads with GST proteins were incubated with

either whole-cell lysate or in vitro translated protein mix in binding buffer

(20 mM Tris-HCl, pH 8.0, 150 mM NaCl, 0.1 mM EDTA, 10% glycerol, 0.05%

NP-40, 1 mM DTT, 0.25 mM PMSF, 1 mM benzamidine and Protease Inhibitor

Cocktail for yeast extracts (Sigma)), for 3 h at 4 uC. The beads were washed five

times with wash buffer (20 mM Tris-HCl, pH 8.0, 250 mM KCl, 0.1 mM EDTA,

10% Glycerol, 0.1% NP-40, 1 mM DTT, 0.25 mM PMSF, 1 mM benzamidine

and Protease Inhibitor Cocktail). The beads were finally washed once with bind-

ing buffer. The bound proteins were then eluted with 50 ml of 0.3% sarkosyl in

binding buffer for 1 h at 4 uC. The eluted proteins were resolved on 10% poly-

acrylamide gel and detected either by immunoblotting or by autoradiography.

Large-scale purification and identification of GST–Gal11p KIX-associated
proteins in yeast. Yeast (6 l) cultured in YPD medium overnight was harvested

by centrifugation and washing once with distilled water. The cell pellet was then

resuspended in 0.25 volumes of lysis buffer (50 mM Tris-HCl (pH 8.0), 400 mM

NaCl, 5 mM MgCl2, 1 mM EGTA, 1 mM EDTA, 0.1% NP40, 1 mM DTT,

0.25 mM PMSF, 1 mM benzamidine, 0.5 mg ml21 aprotinin and Protease

Inhibitor Cocktail (Complete, Roche)), and the suspension was quick-frozen

in liquid nitrogen. Frozen cells were lysed by grinding with a mortar and pestle

together with dry ice. One volume of lysis buffer was added after evaporation

with dry ice, and the extract was spun at 4,000g for 10 min. The supernatant was

pre-incubated with 200ml glutathione–Sepharose-bound GST for 2 h at 4 uC
with rotation, then it was incubated for another 3 h at 4 uC with 200ml

glutathione–Sepharose-bound GST–Gal11p KIX (amino acids 1–100). The

beads were washed seven times with wash buffer (20 mM Tris-HCl, pH 8.0,

250 mM KCl, 0.1 mM EDTA, 10% glycerol, 0.1% NP-40, 5 mM MgCl2, 1 mM

EGTA, 1 mM EDTA, 1 mM DTT, 0.25 mM PMSF, 1 mM benzamidine and

Protease Inhibitor Cocktail). The beads were finally washed once with low salt

(150 mM NaCl) wash buffer. The bound proteins were then eluted with 500mL of

0.3% sarkosyl in binding buffer for 1 h at 4 uC and dialysed overnight in 1 l of
dialysis buffer (1% SDS, 1 mM b-mercaptoethanol and 1 mM Tris-HCl, pH 8.0).

The dialysed eluate was concentrated by dry-ice/ethanol SpeedVac to approxi-

mately 80 ml. The eluted proteins were resolved on 10% polyacrylamide gel and

stained with Coomassie colloidal blue. The specific band at about 120 kDa was

excised and subjected to trypsin digestion, followed by liquid chromatography

MS/MS (LC-MS/MS) at the Taplin Biological Mass Spectrometry Facility at

Harvard Medical School.

C. elegans liquid killing assays. The C. glabrata strains and lawns were grown

and prepared as described previously56. The liquid medium killing assays were

conducted as detailed in ref. 56, with a few changes. After the glp-4;sek-1 worms

were incubated at 25 uC for two days, they were washed off the nematode growth

medium plates with M9 and transferred to C. glabrata lawns formed on Brain–

Heart Infusion broth (Difco) agar plates. The worms were incubated on the

lawns for 4 h at 25 uC, then washed off the plates with M9 buffer and allowed

to crawl on unseeded Brain–Heart Infusion broth plates to remove yeast cells

from their cuticles. Approximately 70–80 worms were then picked to wells in a

six-well microtitre dish that contained 2 ml of liquid medium of 79% M9 buffer,

20% Brain–Heart Infusion broth, 10 mg ml21 cholesterol in ethanol, and
90 mg ml21 kanamycin, with the addition of 0.25% DMSO or 8mg ml21 fluco-

nazole. The plates were incubated at 25 uC overnight and then examined at 24 h

intervals for survival. Worms were considered dead and removed when they did

not respond to being touched by a platinum wire pick. P values were calculated

based on the entire six-day experiment with the log-rank and Wilcoxon tests

performed by STATA 6 statistical software (Stata).

Structural analysis by NMR. A pET24b plasmid containing the Gal11p KIX

sequence with an N-terminal His6-tag followed by a cleavage site for the tobacco

etch virus protease was transformed into E. coli BL21 (DE3) cells. The cells were

grown to an OD600 of 0.7 at 37 uC and induced for 12–16 h at 25 uC with 1 mM

isopropyl b-D-1-thiogalactopyranoside. The cells were lysed by sonication, cen-

trifuged and the supernatant was purified by Ni-NTA resin (Qiagen). The His tag

was cleaved off by Tev protease overnight at 4 uC. This sample was further

purified by fast protein liquid chromatography using a size exclusion column

(Sephadex 75, Pharmacia). All NMR samples were in PBS buffer (10 mM

Na2HPO4, 2 mM K2HPO4, 137 mM NaCl, 2.7 mM KC1, 1 mM EDTA and

0.01% NaN3), pH 6.5, unless otherwise stated. Pdr1pAD-34 was expressed as a

GST-fusion tag in E. coli BL21 (DE3) cells. The protein was purified as described

above with the fusion tag cleaved after Nickel resin purification. 15N/13C-labelled

samples of Gal11p KIX and Pdr1pAD-34 were obtained by overexpression of the

respective proteins in M9 minimal media enriched with 15NH4Cl and/or

[13C]glucose. Perdeuterated samples of Gal11p KIX were generated in similar

fashion with the protein expressed in M9 minimal media in 2H2O using
[13C–2H]glucose. Pdr1pAD-12 (H4N–EDLYSILWSDVY–COOH) and SREBP-

1a-26 (H4N–EPCDLDAALLTDIEDMLQLINNQDSD–COOH) were purchased

as synthetic peptides from Tufts New England Medical Center peptide synthesis

facility. Titrations with the peptide were performed in a ‘high phosphate buffer’

(50 mM Na2HPO4, 50 mM NaH2PO4, 2 mM K2HPO4, 2.7 mM KCl ,1 mM

EDTA and 0.01% NaN3) to maintain the pH during the course of the titration.

For NMR spectroscopy, backbone assignments were mostly obtained by the

standard set of triple resonance experiments (HNCA/HNCOCA, HNCACB/

CBCACONH, HNCO/HNCACO)57. Because the Gal11p KIX exhibited stretches

that were difficult to assign, we used a time-shared (HA)CANH/(HN)NCAHA

to verify and complete the backbone assignment58. The side-chain residues

were assigned using HCCONH and CCONH experiments of Gal11p KIX in
H2O and HCCH-TOSY in 2H2O. 15N-dispersed heteronuclear single-quantum

coherence–nuclear overhauser enhancement spectroscopy (HSQC–NOESY)

with a mixing time of 90 ms was recorded to provide distance constraints. All

backbone experiments were performed on a Bruker 600 MHz spectrometer

equipped with a cryoprobe. The side-chain and NOESY experiments were

performed on Bruker 500 MHz and 900MHz spectrometers, respectively.

Cross-saturation experiments were performed using perdeuterated samples of
15N-enriched Gal11p KIX and unlabelled Pdr1pAD-12. The methyl region

(1 p.p.m.) was excited with a wideband uniform rate smooth truncation pulse

for 2 s, and this was followed by a standard HSQC experiment. The experiment

was performed in an interleaved fashion with irradiation and no irradiation in

successive scans. The ratio of intensities between the irradiated HSQC and the

non-irradiated HSQC was later analysed59. ARC105 KIX was expressed as a GST

fusion protein and purified over a glutathione–Sepharose column. ARC105 KIX

was cleaved from GST using tobacco etch virus protease. The cleaved protein was

further purified by fast protein liquid chromatography using a size exclusion

column (Sephadex 75, Pharmacia) in a buffer containing 30 mM NaCl, 5 mM

Na2HPO4 and 5 mM KH2PO4 at pH 6.8. For titration experiments, unlabelled
Pdr1pAD-34 was purified in the same buffer as mentioned above and added to

ARC105 KIX.

For NMR Structure calculations, NMR structure refinement was performed

using the program CYANA60. Torsion angle constrains (146 constrains) were

calculated using the program TALOS61. Assignment of the backbone and side-

chain resonances was performed using the program CARA. One thousand three

hundred and fifty-nine distance restrains were calculated from the 15N-dispersed

NOESY experiments. NOESY cross peaks were integrated using the program

PeakInt.
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