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ABSTRACT GIn3, a transcription activator mediating nitrogen-responsive gene expression in Saccharomyces cerevisiae, is sequestered
in the cytoplasm, thereby minimizing nitrogen catabolite repression (NCR)-sensitive transcription when cells are grown in nitrogen-rich
environments. In the face of adverse nitrogen supplies, GIn3 relocates to the nucleus and activates transcription of the NCR-sensitive
regulon whose products transport and degrade a variety of poorly used nitrogen sources, thus expanding the cell’s nitrogen-acquisition
capability. Rapamycin also elicits nuclear GIn3 localization, implicating Target-of-rapamycin Complex 1 (TorC1) in nitrogen-responsive
GIn3 regulation. However, we long ago established that TorC1 was not the sole regulatory system through which nitrogen-responsive
regulation is achieved. Here we demonstrate two different ways in which intracellular GIn3 localization is regulated. Nuclear GIn3 entry
is regulated by the cell’s overall nitrogen supply, i.e., by NCR, as long accepted. However, once within the nucleus, GIn3 can follow one
of two courses depending on the glutamine levels themselves or a metabolite directly related to glutamine. When glutamine levels are
high, e.g., glutamine or ammonia as the sole nitrogen source or addition of glutamine analogues, GIn3 can exit from the nucleus
without binding to DNA. In contrast, when glutamine levels are lowered, e.g., adding additional nitrogen sources to glutamine-grown
cells or providing repressive nonglutamine nitrogen sources, GIn3 export does not occur in the absence of DNA binding. We also

demonstrate that GIn3 residues 64-73 are required for nuclear GIn3 export.
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In3 is one of two GATA-family transcription activators

that mediate nitrogen-responsive gene expression in
Saccharomyces cerevisiae (Mitchell and Magasanik 1984a,b;
Cooper et al. 1990; Stanbrough et al. 1995). One highly stud-
ied aspect of nitrogen-responsive regulation has centered on
the regulated entry of GIn3 into the nucleus (Cooper 1982,
2004; Hofman-Bang 1999; Magasanik and Kaiser 2002;
Broach 2012; Conrad et al. 2014). In nitrogen-rich repressive
medium, GIn3 is effectively sequestered in the cytoplasm,
thus ensuring that nitrogen catabolite repression (NCR)-
sensitive transcription is restricted to low basal levels. This
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sequestration correlates with the existence of a GIn3-Ure2
complex (Drillien and Lacroute 1972; Drillien et al. 1973;
Courchesne and Magasanik 1988; Blinder et al. 1GIn3996;
Bertram et al. 2000; Kulkarni et al. 2001; Carvalho and Zheng
2003). When environmental supplies of readily usable nitro-
gen sources dwindle or only poorly used nitrogen sources are
available or in times of short- or long-term nitrogen starva-
tion, GIn3 dissociates from Ure2, enters the nucleus, and
activates NCR-sensitive transcription. In addition to these
three naturally occurring situations that trigger nuclear
GIn3 localization, two additional methods of aberrantly
achieving it in nitrogen-replete conditions exist: treating
cells with the Target-of-rapamycin Complex 1 (TorC1) in-
hibitor rapamycin (Beck and Hall 1999; Cardenas et al.
1999; Hardwick et al. 1999; Bertram et al. 2000) or treat-
ing them with the glutamine synthetase inhibitor methio-
nine sulfoximine (Msx) (Crespo et al. 2002; Tate et al.
2005; Kulkarni et al. 2006; Georis et al. 2011a).
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The requirements of TorC1 pathway-associated phospha-
tases for nuclear GIn3 localization and its response to rapa-
mycin treatment established TorC1 as an important participant
in GIn3 regulation (Di Como and Arndt 1996; Beck and Hall
1999; Cardenas et al. 1999; Hardwick et al. 1999; Jiang and
Broach 1999; Bertram et al. 2000; Shamji et al. 2000; Jacinto
et al. 2001; Crespo et al. 2002; Duvel et al. 2003; Wang et al.
2003; Yan et al. 2006). However, GIn3 control now appears to
be more complex than the TorCl-mediated regulation origi-
nally envisioned. Intracellular GIn3 localization does not re-
spond to leucine starvation or inhibitors of leucyl-transfer
RNA (tRNA) synthetase, which downregulate TorCl, as
reflected in hypophosphorylation of the TorC1 activity reporter
Sch9 (Binda et al. 2009; Bonfils et al. 2012; Panchaud et al.
2013; Tate and Cooper 2013). Sch9 is a protein kinase that
regulates protein synthesis and other cellular processes
(Powers 2007; Urban et al. 2007). Further, cytoplasmic seques-
tration of GIn3 in a nitrogen-rich repressive medium, a condi-
tion that activates TorC1 kinase, does not require any of the
components of the Gtr-Ego complexes required to activate
TorC1 (Tate et al. 2015).

In addition to the dispensability of Gtr-Ego components
required for TorC1 regulation, multiple previous observations
support the conclusion that more than TorC1 activity is re-
quired for nitrogen-responsive GIn3 regulation (Cox et al.
2002, 2004a,b; Tate et al. 2006, 2009, 2010; Tate and
Cooper, 2007; Georis et al. 2008, 2011a,b). In fact, five
distinct physiological conditions that elicit nuclear GIn3 local-
ization each possess unique protein phosphatase requirements
(Tate and Cooper 2013). A response to rapamycin in excess
nitrogen requires both Sit4 and PP2A. Nuclear GIn3 localiza-
tion elicited by nitrogen limitation, i.e., growth with a poorly
used nitrogen source or short-term nitrogen starvation
(~4-6 hr in the strains we analyzed), requires only Sit4,
whereas responses to long-term nitrogen starvation (~6-10 hr
in the strains we analyzed) or Msx treatment do not possess
any known phosphatase requirements (Tate and Cooper 2013).

Specific alterations of the GIn3 molecule itself also support
the existence of multiple regulatory pathways functioning in
concert to affect nitrogen-responsive GIn3 control. First, sub-
stitution of serine residues in a putative GIn3 «-helix,
GIn3gs6_666, Which disrupts the association of GIn3 with
TorC1, only partially abolishes cytoplasmic GIn3 sequestration
in nitrogen-replete medium (Rai et al. 2013), an expected
characteristic when multiple regulatory pathways function in
concert. Second, substitution of serine residues in another pu-
tative GIn3 a-helix, GIn3sg3_591, abolished nuclear GIn3 local-
ization in rapamycin-treated cells but did not affect GIn3
localization in repressed glutamine-grown nor derepressed
proline-grown cells (Rai et al. 2014). These and most other
previous studies have focused exclusively on regulated nuclear
GIn3 entry. Only a single study addressed nuclear GIn3 export
and reported the nuclear export signal to be GIn3 nuclear
export sequence 336-345 (NES33¢_345) based on the following
observations: (1) elimination of GIn3 residues 336-345 in
a truncated construct (GIn314;_731) resulted in constitutively
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nuclear GIn3 in cells provided with a rich nitrogen supply, and
(2) GIn34141_737 interacted with Crm1 in a two-hybrid assay,
but the interaction was lost on eliminating residues 336-345
(Carvalho and Zheng 2003). Finally, GIn3 residues 102-150
alone were shown to be necessary and sufficient to interact
with Ure2 in a two-hybrid assay (Kulkarni et al. 2001;
Carvalho and Zheng 2003). Wild-type GIn3 and a Gln3;_599
peptide co-immunoprecipitated with Ure2, whereas co-
immunoprecipitation of GIn3 lacking residues 1-101 was
reduced (Carvalho and Zheng 2003).

In this work, we introduced amino acid substitutions into
the previously identified GIn3 NES33¢_345. During validation
of that gIn3 mutant, we discovered that it failed to exhibit the
phenotype expected from loss of the NES. GIn3 was nuclear
when cells were grown in a variety of nitrogen-rich repressive
media but not when glutamine itself was the sole nitrogen
source or when cells were treated with glutamine analogues.
We subsequently found that elimination of GIn3 residues
336-345 destroys the DNA-binding portion of the GIn3 zinc
finger motif. This led us to search for and find a second se-
quence required for nuclear GIn3 export, residues 64-73.
When these residues were abolished or altered, GIn3 was
securely sequestered in the nucleus irrespective of the nitro-
gen source provided, including glutamine. These alterations
did not, however, affect GIn3-Ure2 complex formation or
Ure2 function. We further demonstrated that nuclear GIn3
export occurred in the absence of a functional GIn3 DNA
binding domain when glutamine levels were high or cells
were treated with glutamine analogues. In contrast, nuclear
GIn3 export failed to occur in the absence of DNA binding
when glutamine levels were lowered by adding additional
nitrogen sources to glutamine-grown cells or providing non-
glutamine repressive nitrogen sources. We conclude that the
cell’s overall nitrogen supply, i.e., NCR, regulates GIn3 nu-
clear entry. In addition, glutamine levels themselves or a me-
tabolite directly related to glutamine specifically determines
whether DNA binding must occur before GIn3 can exit from
the nucleus.

Materials and Methods
Strains and culture conditions

The S. cerevisiae strains we used are listed in Table 1. JK9-3da
was the transformation recipient for gln3 mutant plasmids
except where otherwise indicated. A wild type rather than
gIn3A mutant was used as the transformation recipient to
avoid pronounced secondary effects on multiple cellular pro-
cesses known to occur in gin3 loss-of-function mutants. Trans-
formants, prepared by the lithium acetate method, were used
as soon as possible after transformation (=<5 days).

Cultures (50 ml) were grown to mid-log phase (Asoonm
= 0.5) in Difco Yeast Nitrogen Base (YNB, without amino
acids or ammonia) minimal medium containing the indicated
nitrogen source (final concentration 0.1%). Leucine
(120 pg/mb), histidine (20 wg/ml), tryptophan (20 ng/ml),
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Table 1 Strains used in this work

Strain Pertinent genotype Complete genotype

JK9-3da? Wild type MATa, leu2-3,112, ura3-52,
tro1, his4, rmel, HMLa

TB50° Wild type MATa, leu2-3, 112, ura3-52,
tro1, his3, rmel, HMLa

TB123° Wild-type GIn3-Myc'3 MATa, leu2-3, 112, ura3-52,
trp1, his4, rmel, HMlLa,
GLN3-MYC'3[KanMX]

FV007 gln3A, gat1A (MATa, gat1A::natMX,
gln3A::kanMX, leu2-3,
112, ura3-52, trp1,
his4, rme1, HMLa)

RR215 ure2A MATa, leu2-3,112, ura3-52,

trp1, his4, rmel,
HMLa,ure2A::kanMX

@ JK9-3d was constructed by Jeanette Kunz (Michael Hall’s laboratory). Joseph Heit-
man isolated MATa and MATe strains isogenic to JK9-3d by mating-type switch-
ing. JK9-3da is a hybrid strain containing contributions from the following strains:
S288c, a strain from the Oshima Laboratory, and an unidentified strain from the
Herskowitz Laboratory. It was chosen because of its robust growth, sporulation
efficiency, and good growth on galactose (GAL*). It may have a SUP mutation that
allows translation through premature STOP codons and therefore produces func-
tional alleles with many point mutations.

b JK9-3da is the parent of TB50, and TB50 is the parent of TB123.

and uracil (20 ng/ml) were added as needed to cover auxo-
trophic requirements. SC medium was prepared according to
Tables 4 and 5 in Guthrie and Fink (1991). Casamino acids
(CAA) medium consisted of YNB supplemented with the in-
dicated nitrogen source(s) (final individual concentrations
0.1%) and 5 g/liter Difco Casamino Acids. Except in the case
of rapamycin sensitivity, where indicated, cells were treated
for 20 min with 200 ng/ml rapamycin or 30 min with 2 mM
methionine sulfoximine (Msx), as described by Georis et al.
(2011a). Glutamate-y-hydroxamate (GAGM), diazo-oxo-
norleucine (DON), azaserine (AZA), B-aspartate hydroxamate
(BAsp), 1-ethionine (LEth), methyl aspartate (MAsp), methyl-
glutamate (MGIt), and Msx were added to cultures where in-
dicated (final concentration 2 mM); cell samples then were
collected after 30 min of treatment unless otherwise indicated.

Plasmid construction

All GIn3-Myc!3 plasmids were constructed in CEN-based vec-
tors using the primer sets in Table 2. Mutant constructs were
produced using standard PCR-based methods (Rai et al.
2013, 2014). Plasmid pRR536 or one of its derivatives was
used as template for PCR-based constructions. All plasmids
contained full-length GLN3 genes whose transcription was
driven by its native wild-type promoter. The structures of
all constructs were verified by restriction mapping and DNA
sequence analyses.

GIn3-Myc'? localization

Cell collection and GIn3-Myc!3 visualization by immunoflu-
orescence staining were performed as described previously
(Coxetal. 2002, 20044a,b; Tate et al. 2006, 2009; Georis et al.
2008). All cell images were collected as described previously
(Tate et al. 2010; Rai et al. 2013, 2014).

Image processing

Microscopic image processing for presentation was achieved
using Adobe Photoshop and Illustrator programs. Level set-
tings (shadow and highlight only) were altered where nec-
essary to avoid any change in or loss of cellular detail relative
to that observed in the microscope; changes were applied
uniformly to the image presented and were similar from one
image to another. Midtone gamma settings were never al-
tered. These processed images were used for illustrative
presentation only, not for scoring Gln3-Myc!? intracellular
distributions.

Determination of intracellular GIn3-Myc'3? distributions

GIn3-Myc!? intracellular localizations were manually scored
in 200 or more cells for each data point. Unaltered primary
zvi image files viewed with Zeiss AxioVision 3.0 and 4.8.1
software were used exclusively for scoring purposes. Cells
containing GIn3-Myc!® were classified into one of three cat-
egories: those in which GIn3-Myc!3 was cytoplasmic (cyto-
plasmic fluorescent material only; red histogram bars),
nuclear-cytoplasmic (fluorescent material appearing in both
the cytoplasm and colocalizing with DAPI-positive material,
DNA; yellow bars), or nuclear (fluorescent material colocal-
izing only with DAPI-positive material; green bars). Repre-
sentative standard images of these categories appear in Figure
2 of Tate et al. (2009), along with descriptions of how the
criteria were applied. The precision of our scoring has been
documented repeatedly with a SD of under 10% for N = 7-10
experiments performed over 9 months in some cases and up to
3years in others (Tate et al. 2006, 2010; Raiet al. 2013, 2014).
Experiment-to-experiment variation can be assessed in this
work by comparing data obtained with wild-type pRR536
transformants cultured in glutamine, glutamine + rapamycin,
proline, ammonia, and ammonia + Msx because a separate
wild-type culture accompanied each of the mutants.

Images for the accompanying histograms were chosen on
the basis that they exhibited intracellular GIn3-Myc!? distri-
butions as close as possible to those observed by quantitative
scoring. However, identifying a field that precisely reflected
the more quantitative scoring data was sometimes difficult
unless GIn3 was situated in a single cellular compartment.

Co-immunoprecipitation of GIn3-Myc'? and NLS-LexA-
Ure2 proteins

Cultures (50 ml) were grown to mid-log phase (Agoonm = 0.5)
and harvested by flash freezing as described previously (Tate
etal. 2005). Cells were resuspended in 300 pl of cold cell lysis
buffer [50 mM Tris, pH 8, 150 mM NaCl, 5 mM EDTA, pH 8,
0.05% NP-40, 2 mM phenylmethylsulfonyl fluoride, and pro-
tease inhibitors (Complete Mini Protease Inhibitor Tablets,
Roche)] and lysed with glass beads by vortexing, and the
supernatant was clarified as described previously (Cox et al.
2004a), with the exception that the cells were vortexed eight
times for 20- to 30-sec intervals with 30-sec cooling intervals
on ice. A sample of the extract was removed for analysis prior
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Table 2 Plasmids, primers, and oligonucleotides used in this work

Plasmid? Residue alterations

Primer sets

pRR536 Wild-type GIn3;_730-Myc'3

5'-CGCGGATCCTATACCAAATTTTAACCAATCCAATTCGTCAGCAATTGCT-3'

5'-ATCCCCGCGGGACGTCAACTCCATAGAAGTGACTTTTCCG-3'

pRR658b GlngNES mam.

5'-CAATCGGCCGCTGGAAAAGACCGCAGGCATTGCAAAGAGT-3

5'-ATCCCCGCGGGACGTCAACTCCATAGAAGTGACTTTTCCG-3'
5'-CAATCGGCCGTCGGACGTTATCAAAAAGAGGATTTCAAAG-3
5'-CGCGGATCCTATACCAAATTTTAACCAATCCAATTCGTCAGCAATTGCT- 37
5'-GGCCGAATGAATTAGCCTTGAAATTAGCAGGTCTTGATATCAACAAGACAC-3’
5'-GGCCGTGTCTTGTTGATATCAAGACCTGCTAATTTCAAGGCTAATTCATTC-3'

pRR702b G|n310720A

5"-CAATCGGCCGCTTCGAATTTTCGGGGTCGTCTTGCATTTG-3'

5'-CGCGGATCCTATACCAAATTTTAACCAATCCAATTCGTCAGCAATTGCT-3'
5'-CAATCGGCCGCATGGTCGAAGTAATGAAGAGCCGAG-3'
5'-ATCCCCGCGGGACGTCAACTCCATAGAAGTGACTTTTCCG-3'

pRR714b G|n36L73A

5'-CAATCGGCCGACGGACTTCGTGTCTCCTTTTACAGCAGC-3’

5'-CGCGGATCCTATACCAAATTTTAACCAATCCAATTCGTCAGCAATTGCT-3'
5'-CAATCGGCCGCATTGAGTCGAATGTGCCGCCGTTTAATCC-3’
5'-ATCCCCGCGGGACGTCAACTCCATAGAAGTGACTTTTCCG-3'

pRR752¢

G|n3L64DIL67R’L71 D'|:73[)-'\/|yc1 3 5’-CAATC GGCCGGATGATgaCTATgaCACGGACTTCGTG—3’

5'-CGCGGATCCTATACCAAATTTTAACCAATCCAATTCGTCAGCAATTGCT-3'
5'-CAATCGGecgTGCCTCgtcCATTGAGTCGAATGTGCCGCC-3!
5'-ATCCCCGCGGGACGTCAACTCCATAGAAGTGACTTTTCCG-3'

pRR787 GIn3,3320,1336D,m340D,13430-MycC"3

5'-CAATCGGCCGatcGGTACCATGtcTTTCTGGAAatcACCGCAGGCATTGCAAAGAG-3’

5"-CGCGGATCCTATACCAAATTTTAACCAATCCAATTCGTCAGCAATTGCT-3'
5'-CAATCGGCCGQacTCCTTAAAATCGGACGTTATCAAAAAG-3’
5'-ATCCCCGCGGGACGTCAACTCCATAGAAGTGACTTTTCCG-3'

pRR1090¢

G|n3L64AIL67RIL71A’F73A-Myc1 3 5’-CAATC GGCCGGATGATgCaTATgCtACGGACTTCGTGTCTCC-3,

5'-CGCGGATCCTATACCAAATTTTAACCAATCCAATTCGTCAGCAATTGCT-3'
5'-CAATCGGeecgTGCCTCtgcCATTGAGTCGAATGTGCCGCCG-3!
5’-ATCCCCGCGGGACGTCAACTCCATAGAAGTGACTTTTCCG-3'

PRR1215 GIN3wm340D, 13430, 13450-MyC'3

5'-TTACATGGTACCgacAGGCCAgacTCCgacAAATCGGACGTTATCAAAAAG-3’

5'-CGGAACAACAGATCTGGATGAAGATTTACTGGAACTTG-3’

PRR1217  GIn3wm340a 13434 13454 -MyC'3

5'-TTACATGGTACCgcgAGGCCAgGeaTCCgcaAAATCGGACGTTATCAAAAAG-3’

5"-CGGAACAACAGATCTGGATGAAGATTTACTGGAACTTG-3'

DAL3-5 DAL3 promoter oligonucleotide

5'-tcgacTGGATTGGCAAATAAATGGGGAAAGATAAGCGAGATAAGACTGATAAGAAG

CATATGCGGTCTATTCATGg-3'
5-cCATGAATAGACCGCATATGCTTCTTATCAGTCTTATCTCGCTTATCTTTCCCCATT
TATTTGCCAATCCAgtcga-3’

pAA15
PRS316

NLS-LexA-URE2
Vector

Structure in Kulkarni et al. (2001)
Structure in http://genome-www.stanford.edu/vectordb/vector_descrip/COMPLETE/PRS316.SEQ.html

2 All plasmids contain full-length g/in3 genes driven by the native GLN3 promoter.
b An Eagl site, encoding arginine and proline, replaced the deleted amino acids.
€ The L67R substitution was required for the cloning strategy we employed.

to immunoprecipitation. Immunoprecipitaion of Myc- and/or
LexA-tagged proteins was performed using the Immunopre-
cipitation Kit Dynabeads Protein G (Novex, Life Technologies).
The remaining extract (200 wl) and 250 pl of cold cell lysis
buffer were added to 50 pl of prewashed Dynabeads Pro-
tein G to which 5 pg of anti-Myc (9E10 Purified Anti-c-Myc,
BioLegend) or anti-LexA (2-12) monoclonal mouse antibody
(Santa Cruz Biotechnology) had been prebound (15 min at
room temperature in the kit binding solution). After 15, 30,
or 120 min of incubation at 4° with constant rotation, the
immune-complex bead solution was divided in half, and the
postbound supernatant was removed and frozen at —80°.
The immune-complex beads were then washed three times
with Dynabeads Kit washing buffer, resuspended in washing
buffer, and transferred to a fresh microfuge tube, where the
remaining wash solution was removed. The immunocom-
plexed beads were resuspended in SDS loading buffer, and
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the proteins were eluted by boiling and loaded onto a 6%
SDS-PAGE gel for Western blot analysis. Western blot analyses
were performed as described previously (Cox et al. 2004a);
anti-Myc and anti-LexA antibodies were used at dilutions of
1:1000 and 1:200-400, respectively.

Electrophoretic mobility shift assays

Electrophoretic mobility shift assays (EMSAs) were per-
formed as described previously (Kovari and Cooper 1991).
32p-polynucleotide kinase-labeled oligonucleotide DAL3-5
was used as the probe for DNA binding (Cunningham et al.
1996).

Quantitative RT-PCR analysis

Cultures (50 ml) were grown to mid-log phase (Agoonm =
0.45-0.5) in either 0.1% YNB-glutamine or proline medium
and harvested by flash freezing (Tate et al. 2005). Total RNA


http://genome-www.stanford.edu/vectordb/vector_descrip/COMPLETE/PRS316.SEQ.html

was extracted using the RNeasy Mini Kit (Qiagen), following
the manufactures instructions for purification of total RNA
from yeast—mechanical disruption of cells. Two modifica-
tions were made to this protocol: cells were broken with glass
beads by vortexing, and on-column RNase-free DNase I treat-
ment was performed for 40 min. Quality of the total RNA was
analyzed on an Agilent 2100 Bioanalyzer using the Agilent
RNA 6000 Nanochip by the University of Tennessee Health
Science Center (UTHSC) Molecular Resource Center. Com-
plementary DNAs (cDNAs) were generated using the Tran-
scriptor First Strand cDNA Synthesis Kit (Roche) following
the manufacturer’s recommended protocol using both Oligo
(dT)15 and Random Hexamer primers for synthesis. Samples
were prepared for quantification with LightCycler 480 SYBR
Green I Master Mix (Roche) using the manufacturer’s pro-
tocol. Quantification and subsequent analysis of cDNAs were
performed on a Roche LightCycler 480 Real Time PCR System
using LightCycler 480 software version 1.5. GDH2 and TBP1
primer sequences were as described previously (Georis et al.
2008, 2011a,b) .

Data availability

Strains and plasmids will be provided upon request, but only
for non-commercial purposes. Commercial and commercial-
development uses are prohibited. Materials provided may not
be transferred to a third party without written consent.

Results

GIn3 sequence 336-345 is not demonstrably required for
nuclear GIn3 export

This investigation began with the objective of constructing
a mutant with constitutively nuclear GIn3-Myc!3. To achieve
this, we introduced amino acid substitutions in the previously
identified NES situated between GIn3 residues 336 and 345
(Carvalho and Zheng 2003) (Figure 1A). Deleting this se-
quence was previously shown to elicit constitutively nuclear
GIn3-Myc® localization, the expected phenotype of a NES
mutant. Therefore, we substituted aspartate for four hydro-
phobic residues in and adjacent to the 336-345 sequence:
GIn31332p 1.336D,M340D,1.343p-Myc!® (designated 332dddd
GIn3, pRR787). These substitutions were made in a full-
length wild-type GLN3-MYC’3 gene controlled by its native
promoter (pRR536) (Rai et al. 2013). Normal regulation
of wild-type GIn3-Myc!3 expressed from pRR536 has been
well documented (Rai et al. 2013, 2014).

During validation of the newly constructed 332dddd GIn3-
Myc!3 mutant (pRR787), we made a surprising observation.
332dddd GIn3-Myc!'® was not constitutively nuclear, as
expected, when repressive glutamine or ammonia was pro-
vided as the sole nitrogen source (Figure 1, C and E,
pRR787); 332dddd GIn3-Myc!® appeared to efficiently exit
from the nucleus. In fact, with the exception of a slightly more
nuclear response to rapamycin treatment, the substitution
mutant strain exhibited more of a wild-type than mutant

phenotype (Figure 1, C-E). Also noteworthy, 332dddd
GIn3-Myc!® became highly nuclear in cells treated with
Msx (Figure 1E).

Concerned that the L332D substitution adjacent to the
putative NES had adversely affected its function, we made
two additional mutants, substituting aspartate or alanine for
three critical hydrophobic residues in the putative NES itself:
GIn3pm340p,1343D,134sp-Myc?® (designated 340ddd Gln3-
Myc!3, pRR1215) and Gln3p340a 1.3434,1345a-Myc'® (desig-
nated 340aaa GIn3-Myc!3, pRR1217). Neither mutant
exhibited constitutive nuclear GIn3-Myc!? localization in glu-
tamine or ammonia medium (Figure 2, A and C). There was
a slight cytoplasmic shift in glutamine-grown 340aaa GIn3-
Myc!3—containing cells treated with rapamycin (Figure 2A),
but otherwise both mutants were virtually wild type in glu-
tamine-, proline- or ammonia-grown cells irrespective of
whether or not they were treated with Msx (Figure 2, A-C).

These data suggested one of two possibilities: (1) GIn3
sequence 336-345 was not responsible for nuclear GIn3 ex-
port, reopening the question of where the functioning NES
for GIn3 was located, or (2) there was more than one func-
tional GIn3 NES that could account for the wild-type pheno-
type of the gIn3 amino acid substitutions in pRR1215
(340ddd GIn3-Myc!3) and pRR1217 (340aaa GIn3-Myc!3).
Our task was to distinguish between these possibilities.

To avoid being misled during a search for potential GIn3
NESs, we determined baseline GIn3-Myc!2 export supported
by a well-characterized NES by replacing GIn3 residues 336
345 with the mammalian protein kinase inhibitor (PKI) NES
(designated NES mam. GIn3, pRR658) (Wen et al. 1994;
Gorner et al. 2002). This heterologous NES resulted in com-
plete cytoplasmic localization of GIn3 irrespective of the ni-
trogen source provided, TorCl status of the cell, or Msx
inhibition of glutamine synthetase (Figure 2, pRR658). One
interpretation of these results was that if nuclear GIn3 export
were sufficiently active, it could overcome nuclear GIn3 entry
that occurred during growth in derepressive conditions, i.e.,
with proline as the nitrogen source, or in cells treated with
rapamycin or Msx (Figure 2, pRR1215 or pRR1217). It alter-
natively suggested that nuclear GIn3 export mediated by the
native GIn3 NES differed from that mediated by the PKI NES.
The pertinent observation here was that replacing the GIn3
NES with the PKI NES was the first among many GIn3 alter-
ations, other than destruction of nuclear localization sequen-
ces, where GIn3 failed to relocate to the nucleus after treating
cells with Msx. By inductive reasoning, this result also sug-
gested that nuclear export of wild-type GIn3 was regulated
and that this regulation was lost when residues 336-345
were replaced.

Identification of a GIn3 sequence with the
characteristics of a NES

To identify additional candidate sequences potentially participat-
ing in nuclear GIn3 export, we analyzed the GIn3 sequence using
several NES prediction programs, including the NetNES 1.1
Server (http://www.cbs.dtu.dk/services/NetNES/) (la Cour
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Figure 1 (A) Amino acid sequences of wild-type GIn3 that are homologous with the canonical NES in the sequence used by Carvalho and Zheng (2003).
(B) Wild-type (pRR536) and substitution mutant plasmid sequences of GIn3 regions homologous with NESs. GIn3 amino acid coordinates appear above
the sequences. (C-E) GIn3-Myc'3 export is not demonstrably affected by amino acid substitutions in and adjacent to the previously reported GIn3 NES.
Wild-type (pRR536) and GIn3|332p,1336p,m340D,13430-Myc'3 (pPRR787) mutant cells were grown in YNB-glutamine (C and D, Gln), YNB-proline (D, Pro), or
YNB-ammonia (E, Am) medium to mid-log phase (Asponm = 0.5). Samples were removed for assay of GIn3-Myc'3 localization. Rapamycin (C, +Rap) or
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Figure 2 (A-C) GIn3-Myc'3 export was not demonstrably affected by amino acid substitutions in the previously reported GIn3 NESs (pRR1215 and
pRR1517) but became constitutive when GIn3 residues 336-345 were replaced with the unregulated mammalian protein kinase inhibitor (PKI) NES (NES
mam. GIn3, pRR658). The format of the experiment and data presentation are similar to those described in Figure 1, C-E.

et al. 2004). Three candidate sequences were identified, two
with significant confidence as potential NES motifs and
a third, the originally reported GIn333¢ 345 sequence. Consis-
tent with our experimental results, the 336-345 sequence
rated below the confidence threshold as being a putative
NES (Figure 3A). The two newly identified candidates were
situated between GIn3 residues 10-20 and 64-73 (Figure
3A). Comparison of these candidate sequences with the ca-
nonical NES sequence reported by Carvalho and Zheng
(2003) indicated that both were reasonably similar to resi-
dues 336-345 (Figure 1A). At the critical four hydrophobic

residues, each candidate deviated by the substitution of
a bulky hydrophobic amino acid, valine or phenylalanine
substituting for the final 1.345 (Figure 1A, purple letters). It
is important to note that in the original analysis demonstrat-
ing that GIn3 lacking residues 336-345 failed to interact with
Crm1 in a two-hybrid interaction assay, the GIn3 constructs
were not full length but rather lacked the N-terminal 141
GIn3 residues and hence GIn3g4 73 (Carvalho and Zheng
2003).

To evaluate the potential involvement of the new candidate
sequences in nuclear GIn3-Myc!3 export, we individually

methionine sulfoximine (E, +Msx) was added where indicated. After incubation (20 and 30 min, respectively), the cultures were again sampled for assay.
The intracellular distributions of GIn3-Myc'3 were determined as described in Materials and Methods. The precision of GIn3-Myc'3 scoring in the three
categories we used is described in Materials and Methods. Representative microscopic images of fields from which the histograms were obtained are

shown to the left of each set of histograms.

Two Modes of Regulating GIn3 Localization 995


http://www.yeastgenome.org/locus/S000000842/overview
http://www.yeastgenome.org/locus/S000000842/overview
http://www.yeastgenome.org/locus/S000000842/overview
http://www.yeastgenome.org/locus/S000003450/overview
http://www.yeastgenome.org/locus/S000000842/overview
http://www.yeastgenome.org/locus/S000000842/overview
http://www.yeastgenome.org/locus/S000000842/overview
http://www.yeastgenome.org/locus/S000000842/overview

10-20

336-345
Previously Reported NES

Figure 3 Three GIn3 sequences yielded threshold pre-

NES Threshold Score >
(=]
B
~
w

diction scores indicating their likelihood of functioning
as NES motifs. The computer programs used to gener-
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JL\ ate these outputs are described in the text. (A) The
i 1 prediction server calculated the overall NES score (red
350 400 trace) from the hidden Markov model (HMM, blue

trace) and artificial neural network (ANN, green trace)
scores. If the NES scores of individual residues exceed
the threshold value (pink horizontal line), they are pre-
dicted to potentially function as a nuclear export sig-
nal. (B and C) The predicted most likely structure of
GIn3 residues 57-86 (sequence appears above the
graphics). Positions of the a-carbon atoms of the res-
idues (white lettering) are indicated in the left image as
small maroon boxes with white centers (B). The side-
chain atoms of the critical hydrophobic residues in
a canonical NES sequence (indicated in red in the se-
quence above the images) are indicated as small ma-
roon boxes with white centers (C).

hydrophobic side chains shown

deleted them, gln3;9_20a-MYC'3 (designated 10-20A GIn3,
pRR702) and gin3ess 73a-MYC'3 (designated 64-73A GIn3,
pRR714). Even though GIn3 residues 10-20 were predicted
with greatest confidence to be homologous to known NESs,
deleting them had no demonstrable effect on Gln3-Myc!3
localization; they behaved the same as wild-type residues
(Figure 4). In contrast, 64-73A GIn3-Myc!3 was constitu-
tively nuclear in repressive glutamine- and ammonia-grown
cells and derepressive proline-grown cells irrespective of
whether or not they were treated with rapamycin or Msx
(Figure 5, pRR714).

Sequences participating in nuclear export often begin
within an amphipathic a-helix and terminate with an un-
structured end so that the terminal hydrophobic LXL residues
can interact with other proteins in the export machinery (la
Cour et al. 2004). Therefore, we modeled the secondary
structure of GIn3 residues 57-86 using PEP-FOLD and
PHYRE2 and visualized the most likely three-dimensional
(3D) structure with PyMOL legacy version 0.99 (Figure 3, B
and C). GIn3 residues 63-67 began in the center of a pre-
dicted a-helix and extended to an unstructured region begin-
ning with GIn3 proline 68; the locations of the «-carbon
atoms of these residues are indicated as small maroon
squares with white centers (Figure 3B). Further, the hydro-
phobic residues in many NESs are situated on one face of the
associated a-helix, with the charged residues located on
the opposite face. Therefore, we rotated the molecule 90°
to the right such that we were looking down the axis of the
helix and visualized all side-chain atoms of the hydrophobic
residues (red lettering above Figure 3, B and C; in Figure 3C,
side-chain atoms are depicted as small maroon boxes with
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white centers). The hydrophobic residues are clearly situated
on one side of the putative a-helix, with neutral and charged
residues located on the other side.

Deleting 10 amino acids, four or five of which are hydro-
phobic, from a protein has the potential of adversely affecting
its gross tertiary structure, as well as abolishing the function
of the putative motif being investigated. This and the fact
that the mutant leading to the original identification of the
GIn3 NES was a deletion prompted us to test the preceding
results by constructing two additional gln3 mutants. We
substituted aspartate for three of the four critical hydrophobic
residues of the putative NES: Gln3jeap;67r1710,r730-Myc!®
(designated 64drdd GIn3-Myc'3, pRR752). The L67R sub-
stitution was necessitated by our cloning strategy. The re-
sponse to these substitutions was the same as occurred
when GIn3 residues 64-73 were eliminated by deletion,
i.e., constitutively nuclear Gln3-Myc!® localization (Figure 6,
PRR752).

Alanine and arginine substitutions of the hydrophobic
residues, Gln3pe4a167r.1714F73a-Myc!® (designated 64araa
GIn3-Myc!3, pRR1090), did not generate nearly as strong
a phenotype as the aspartate substitutions, perhaps because
alanine is also a hydrophobic amino acid. There was a modest
nuclear-cytoplasmic shift of GIn3-Myc!2 in glutamine-grown
rapamycin-treated cells (Figure 6A, pRR1090) and decreased
cytoplasmic localization in ammonia-grown cells (Figure 6C,
PRR1090). Together these data supported the contention
that GIn3 residues 64-73 were required for nuclear Gln3
export when cells were cultivated in repressive nitrogen-rich
medium. Further, the fact that 64drdd GIn3-Myc!3 (pRR752)
was constitutively nuclear was consistent with the idea that
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Figure 4 (A-C) Deletion of GIn3 residues 10-20 (pRR702) with the highest probability of being a NES signal does not demonstrably affect GIn3-Myc'3
intracellular localization. The format of the experiment and data presentation are similar to those described in Figure 1, C-E.
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Figure 6 (A—C) GIn3-Myc'3 localization in mutants containing substitutions of the hydrophobic residues in GIn3g4_73. The mutants assayed were
GIN364p,167r,171D,F730-MyC'3 (DRR752) and GIn3\gaa 1678 1714 F73a-MyC'3 (DRR1090). The format of the experiment and data presentation are similar to

those described in Figure 1, C-E.

residues 64-73 were the only demonstrably functioning GIn3
NES under the culture conditions we assayed.

Did alteration of GIn3g4_73 or GIn3335_345 abolish nuclear
GIn3-Myc'3? export or GIn3-Myc'3-Ure2 interaction?

There was, however, an alternative interpretation of the pre-
ceding data that merited equal consideration. The phenotype
of a NES mutant is constitutively nuclear GIn3, which is also
the phenotype of ure2A mutants. Ure2 is required to seques-
ter GIn3 in the cytoplasm and restrict NCR-sensitive tran-
scription to basal levels in nitrogen-replete repressive

conditions (Drillien and Lacroute 1972; Drillien et al. 1973;
Courchesne and Magasanik 1988; Blinder et al. 1996;
Bertram et al. 2000; Kulkarni et al. 2001; Carvalho and Zheng
2003; Feller et al. 2013). Since the Ure2 binding domain
in GIn3 is situated between GIn3 residues 102 and 150
(Kulkarni et al. 2001; Carvalho and Zheng 2003), we were
concerned that alterations in the GIn3g4 73 (pPRR752) or
GIn3335_345 (pPRR787 and pRR1215) regions might have ad-
versely affected GIn3-Ure2 complex formation. An earlier
observation that GIn3 lacking its 101 N-terminal residues
yielded reduced co-immunoprecipitation of Ure2 was consistent
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with this concern (Carvalho and Zheng 2003). However,
Carvalho and Zheng (2003) also demonstrated that Gln3
residues 102—-150 were alone sufficient to yield a wild-type
GIn3-Ure2 interaction.

Therefore, it was necessary to address two questions: (1)
did GIn3 containing alterations of residues in GIn3g4_73
(64drdd GIn3-Myc!3, pRR752) or in GIn3335_345 (332dddd
GIn3-Myc!3, pRR787, and 340ddd GIn3-Myc!3, pRR1215)
continue to interact with Ure2, or (2) if 64drdd GIn3-Myc!3
did interact with Ure2, could we explain why reduced GIn3-Ure2
co-immunoprecipitation was observed when the N-terminal
GIn3 residues 1-101 were abolished? Our first approach to
these questions was to compare the phenotypes exhibited by
wild-type (pRR536) and mutant (pRR787, pRR1215, and
pRR752) plasmids when asparagine- or glutamine-grown
wild-type and ure2A strains were used as the transformation
recipients. In short, was Ure2 functioning to maintain Gln3-
Myc!3 in the cytoplasm of cells cultured in nitrogen-replete
conditions? GIn3-Myc!3 was almost completely cytoplasmic
in glutamine-grown wild-type cells containing pRR536,
pRR787, and pRR1215, whereas in the ure2A mutant it
became nuclear (Figure 7A). The same results were observed
when pRR536 and pRR1215 were transformed into asparagine-
grown cells. However, because GIn3-Myc!3 was already nuclear
in asparagine-grown wild-type cells containing pRR787, delet-
ing URE2 had little effect (this observation will be explained
later). In the case of pRR752, 64drdd GIn3-Myc! was nuclear
in about two-thirds of the asparagine-grown wild-type cells and
nuclear-cytoplasmic or cytoplasmic in about a third (Figure
7A). If Ure2 were able to function with 64drdd GIn3-Myc!3,
then deleting URE2 should result in 64drdd GIn3-Myc!?® be-
coming more nuclear. This was observed experimentally:
64drdd Gln3-Myc!3 became completely nuclear in both
asparagine- and glutamine-grown ure2A cells (Figure 7A).
Together these results indicated that Ure2 functioned nor-
mally when residues in the GIn3335_345 and GIn3g4_73 regions
were altered, although the demonstration could not be as dra-
matic with pRR752 because 64drdd GIn3-Myc!2 was already
significantly nuclear in the wild-type transformation recipient.

Given the modest ure2A effect with 64drdd GIn3-Myc!3
(pRR752) localization, we asked whether Ure2 could be co-
immunoprecipitated with wild-type (pRR536) and mutant
(pRR787 and pRR752) forms of GIn3-Myc!3. This was a con-
ceptually more complex challenge because Ure2 is cytoplas-
mic, whereas GIn3-Myc!2 is largely nuclear in pRR787 and
pRR752 transformants. To circumvent this problem, we
transformed asparagine-grown wild-type cells (TB50) with
two plasmids, the GIn3-Myc!® plasmid to be analyzed
(PRR536, pRR752, or pRR787) and pAA15, which carried
a NLS-LexA-Ure2 fusion (Kulkarni et al. 2001). The NLS-
LexA-Ure2 fusion protein was shown previously to bind
GIn3, which retained its ability to mediate NCR-sensitive
transcription even though bound to NLS-LexA-Ure2
(Kulkarni et al. 2001). Before employing this new approach,
we assessed the effectiveness and specificity of the individual
antibodies against Myc and LexA in immunoprecipitating
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these proteins from crude extracts. Western blot analyses of
cultures containing only GIn3-Myc!3 (pRR536) or NLS-LexA-
Ure2 (pAA15) demonstrated that the two individual antibod-
ies were very specific and did not exhibit any cross-reaction
(Figure 7D). In the case of GIn3-Myc!3, 30 min of incubation
with the immunobeads was not as effective as 2 hr (Figure 7B,
lanes 1 and 3 vs. lanes 4 and 6). For NLS-LexA-Ure2, there was
no great difference between the two incubation times (Figure
7C, lanes 1 and 3 vs. lanes 4 and 6). However, in both cases,
substantially more and more extensive degradation of the
ligands occurred following binding to the immunobeads than
in crude extracts. Note the most rapidly migrating GIn3-Myc!3
species and a second more rapidly migrating NLS-LexA-Ure2
species (arrow) in Figure 7, B and C (lanes 3 and 4). These
data indicated that the co-immunoprecipitation assays were
functioning properly but that degradation, especially of
GIn3-Myc!3, could be anticipated.

To co-immunoprecipitate NLS-LexA-Ure2 with GIn3-
Myc!3, we prepared extracts from asparagine-grown trans-
formants containing NLS-LexA-Ure2 (pAA15) along with
wild-type GIn3 (pRR536) or GIn3 mutants (pRR752 or
PRR787) (Figure 7F, lanes 1-3). These extracts were incu-
bated with anti-Myc immunobeads, and the bound proteins
were recovered and subjected to parallel Western blot anal-
yses probed with either anti-Myc or anti-LexA antibodies
(Figure 7D, top, middle, and bottom blots, respectively, lanes
4-6). There were clear though substantially reduced immu-
noprecipitated full-length GIn3-Myc!® species in the wild-
type, pRR536, and pRR787 lanes (Figure 7F, top blot, lanes
4 and 5) but not in the pRR752 lane (lane 6). The GIn3-Myc!3
degradation product, however, was present in lanes 4-6.
Gross overexposure of the upper blot in Figure 7F clearly
showed the lack of signal in lane 6, diminished signals in
lanes 4 and 5, and the crude extract in lane 1 derived from
the fact that heavy degradation had occurred during the anal-
ysis (Figure 7F, overexposed bottom blot). Rather remark-
ably, however, despite GIn3-Myc!3 degradation, there were
strong NLS-LexA-Ure2 signals with all three plasmids when
a parallel blot was probed with anti-LexA antibody (Figure
7F, middle blot, lanes 4-6). A faster migrating Ure2 degra-
dation product also was present (fastest migrating species in
lanes 4-6). These data indicated that Ure2 was able to bind to
all three GIn3 proteins and further suggested that the GIn3-
Myc!3-NLS-LexA-Ure2 complex was more stable than GIn3-
Myc!3 alone, an observation reported previously (Bertram
et al.,, 2000; Carvalho and Zheng 2003). We next repeated
the transformation, but this time using glutamine-grown cells
so that the effects of both nitrogen sources were analyzed.
Extracts of these cultures were incubated with anti-LexA immu-
nobeads, and bound proteins were recovered and subjected to
parallel Western blots, as described earlier. As we predicted
from the preceding experiments, the GIn3-Myc!3-NLS-LexA-
Ure2 complex was much more stable than GIn3-Myc!® alone.
As a result, our recoveries of full-length GIn3-Myc!3 bound to
the anti-LexA immunobeads were much better and had less
GIn3 degradation (Figure 7G, top blot). These results clearly
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Figure 7 Ure2 binds to and functions with mutant forms of GIn3-Myc'3. (A) The effects of deleting URE2 on glutamine- or asparagine-grown wild-type
and mutant G|n3L332D,L336D,M340D,L343D'Myc13 (pRR787), Glﬂ3|\/\340D'L343D,L345D'MyC13 (pRR1 21 5), or G|n3L64D,L67R,L71D,F73D-Myc13 (pRR752) localization.
Wild-type (pRR536) or mutant (pRR787, pRR1215, and pRR752) plasmids were transformed into wild-type (JK9-3da) or ure2A (RR215) strains. These
transformants were assayed and the data presented as described in Figure 1, C-E. (B and C) Time-dependent binding of wild-type (pRR536) GIn3-Myc'3
and NLS-LexA-Ure2 to anti-Myc and anti-LexA immunobeads. An extract of TB50 transformed with both pRR536 and pAA15 was bound to anti-Myc or
anti-LexA immunobeads, respectively, for either 30 min or 2 hr at 4°. Supernatants (Supr) remaining after proteins in the extracts were bound to the
immunobeads and proteins eluted from the immunobeads (Bound) and extracts from wild-type (pRR536) or NLS-LexA-Ure2 (pAA15) cultures were
subjected to Western blot analyses. The blots were probed with either anti-Myc (B) or anti-LexA (C) antibodies. (D) Anti-Myc and anti-LexA antibodies
are highly specific, exhibiting no cross-reaction. Extracts were prepared from glutamine-grown transformants containing either wild-type GIn3-Myc'3
(pR536) or NLS-LexA-Ure2 (pAA15), as described in Materials and Methods. These extracts were then loaded into parallel gels, and the blots emanating
from them were probed with anti-Myc (top blot) or anti-LexA antibodies (bottom blot). (E) Wild-type GIn3-Myc'3 (pRR536), GIn364p,167r 171D,F730-MyC'3
(PRR752), and GIn3\332p,1336D,m340D,13430-Myc'3 (pRR787) proteins are present in similar amounts in vivo. Extracts from either wild-type (pbRR536) or
mutant (pbRR752 and pRR787) GIn3-Myc'3 YNB-asparagine-grown cultures were precipitated with trichloroacetic acid and subjected to SDS-PAGE, and
the blots were simultaneously probed with anti-Myc and anti-Pgk1 antibodies. Pgk1 was used to assess gel loading and transfer. Compare them with the
behavior of extracts analyzed in B, F, and G. (F) NLS-LexA-Ure2 immunoprecipitates with GIn3-Myc'3. Extracts were prepared from an asparagine-grown wild-
type recipient TB50 transformed with pAA15 (NLS-LexA-Ure2) and either pRR536 (wild-type GIn3-Myc'3), pRR787 (GIn3\332p,13360,m3400,13430-Myc'3), or
PRR752 (GIN3.64p,167r 1710,F730-Myc'3). The extracts were bound to anti-Myc immunobeads for 30 min at 4° to immunoprecipitate GIn3-Myc'3 and proteins
potentially bound to it. Extracts and proteins eluted from the anti-Myc immunobeads then were subjected to two parallel Western blot analyses. One of the
blots was probed with anti-Myc antibodies (top and bottom blots) and the other with anti-LexA antibodies (middle blot). The blot probed with anti-Myc
antibodies (top blot) was vastly overexposed (bottom blot) to visualize the degraded GIn3-Myc'3 proteins it contained. (G) GIn3-Myc'3 immunoprecipitates
with NLS-LexA-Ure2. Extracts were prepared from a glutamine-grown wild-type recipient TB50 transformed with pAA15 (NLS-LexA-Ure2) and pRR536 (wild-
type G|n3'MyC13>, pRR787 (Gln3L332D’L336D1M340D'L343D'Myc13), or pRR752 (G|n3L64D,L67R,L71D‘;73D-l\/|yc13). The extracts were bound to anti-LexA immunobeads
for 15 min at 4° to immunoprecipitate NLS-LexA-Ure2 and proteins potentially bound to it. Extracts and proteins eluted from the anti-LexA immunobeads then
were subjected to two parallel Western blot analyses. One of the blots then was probed with anti-Myc antibodies (top blot) and the other with anti-LexA
antibodies (bottom blot).

indicated that GIn3-Myc!'® and NLS-LexA-Ure2 coprecipitated  labile in vivo as in vitro, even though the intracellular local-
irrespective of the immunoabsorbent used. ization data observed with these plasmids did not favor this

The observed in vitro lability of GIn3-Myc!2 derived from  possibility. Therefore, we posed the question more directly
pRR787 and pRR752 raised the possibility that it might be as by breaking cells in trichloroacetic acid, which minimizes
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proteolysis, rather than in the co-immunoprecipitated lysis
buffer designed to maintain in vivo binding functions.
We compared Western blots of wild-type GIn3-Myc!3
(pRR536), 332dddd GIn3-Myc!® (pRR787), and 64drdd
GIn3-Myc!'® (pRR752) in asparagine-grown transformants.
The wild-type and mutant levels of GIn3-Myc!3 were similar
(Figure 7E). These data indicated that the gross degradation
of both wild-type and mutant proteins observed in the
co-immunoprecipitated blots derived from in vitro GIn3-Myc!3
lability in the co-immunoprecipitated conditions employed
rather than in vivo instability.

Together these approaches demonstrated that Ure2
retained its ability to bind to both 64drdd GIn3-Myc!3
(pRR752) and 332dddd GIn3-Myc!'3 (pRR787). Further,
Ure2 functioned normally to sequester 332dddd GIn3-
Myc!3 and 340ddd GIn3-Myc!® (pRR1215) in the cytoplasm
of cells provided with a repressive nitrogen source. Ure2 also
appeared to function normally with 64drdd GIn3-Myc!3 in
that its cytoplasmic sequestration decreased in the ure2A
mutants; the effect was modest, however, because 64drdd
GIn3-Myc!?® was already so nuclear in the wild-type GIn3-
Myc!3. Therefore, it was unlikely that the nuclear localization
of these mutant GIn3s derived from altered secondary
structures that adversely affected Ure2 binding or function.
The data also explained why the previously analyzed 1-101
N-terminal GIn3 truncation yielded reduced Ure2-GIn3-Myc?
co-immunoprecipitation. While the previously reported extracts
possessed similar amounts of protein (Carvalho and Zheng
2003), once bound to the immunobeads, the truncated GIn3-
Myc®, being more labile than wild-type GIn3-Myc® in vitro,
yielded a reduced signal.

Previously reported GIn3 NES deletion abolishes the
DNA binding site

Our next objective was to rectify the paradoxical phenotypes
of the gin3A that Carvalho and Zheng (2003) originally char-
acterized and the mutant we isolated, pRR787. Why did GIn3
constitutively localize to the nucleus when residues 336-345
were abolished but did not behave similarly in the three sub-
stitution mutants we constructed, in particular, 332dddd
GIn3-Myc!® (pRR787)? To address this question, we looked
in detail at the amino acid sequence around GIn3 residues
336-345 and discovered that they were immediately adja-
cent to the GIn3 zinc finger motif responsible for GIn3 bind-
ing to its target GATA elements in NCR-sensitive gene
promoters (Cooper et al. 1989; Rai et al. 1989; Bysani et al.
1991; Blinder and Magasanik 1995; Cunningham et al. 1996;
Stanbrough and Magasanik 1996). This entire region of
GIn3, residues 306-357, is highly conserved in both closely
and more distantly related yeasts (Figure 8A). Equally impor-
tant, high sequence identity exists between the S. cerevisiae
GIn3 and Aspergillus nidulans AREA DNA binding domains
(Figure 8A). Sequence identity is also observed to a more
limited extent with the human hGATA-1 and hGATA-2 and
chicken cGATA-1 proteins (Figure 8A). Like GIn3, the AREA
and cGATA-1 proteins are GATA-binding proteins (Orkin 1992;
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Merika and Orkin 1993; Ko and Engel 1993; Ravagnani et al.
1997; Scazzocchio 2000). To our advantage, 3D structures of
AREA and cGATA-1 in complexes with their GATA DNA target
sites have been determined using NMR methods (Merika
and Orkin 1993; Omichinski et al. 1993a,b; Stahl and
Gronenborn 1993; Starich et al. 1998; Kotaka et al. 2008;
Scazzocchio 2000).

ARFA and cGATA-1 zinc fingers consist of two 3-sheets that
form a coordination complex with a zinc ion followed by an
a-helix and an unstructured loop (Figure 8C, image A). The
a-helix contacts nucleotides in the major groove of the DNA
while the unstructured loop folds around to interact with
nucleotides in the adjacent minor groove. AREA residues
contacting the DNA are indicated by small black boxes at
the top of the homology series (Figure 8A) and as yellow
portions of the AREA 3D ribbon structure (Figure 8C, image
A). Bases of the DNA-contacting AREA amino acids are also
indicated as yellow portions of the blue and maroon DNA
strands in Figure 8C (images A-D).

The near identity of the GIn3 and AREA DNA-contacting
residues and the fact that the 3D structure of the AREA-DNA
complex was available permitted us to assess the relation
between the GIn3 DNA binding domain and the 336-345
deletion that generated nuclear GIn3 localization. This de-
letion eliminated four amino acids predicted to contact the
DNA GATA sequence (Figure 8, A and B, long red box). The
abolished amino acids, 336-345, are indicated as the yellow
portion of the GIn3 3D ribbon structure in Figure 8C (image
B). Equally important, loss of residues 336-345 drastically
alters the alignment of the unstructured loop that would
normally lie in the adjacent minor groove by advancing it
to the end of the a-helix (Figure 8C, image B, dashed white
arrow). As a result, nine rather than four GIn3 DNA contacts
are lost in the deletion. The GIn3 DNA binding domain is
virtually destroyed by the 336-345 deletion. The DNA bind-
ing domain in 332dddd GIn3 (pRR787) also was likely to be
heavily damaged because of the locations where we substituted
charged amino acids for hydrophobic ones (Figure 8C, image C,
yellow portions of the 3D ribbon structure). In contrast, substi-
tutions in 340ddd GIn3 (pRR1215) occurred in the loop situ-
ated between the major and minor grooves that do not contact
the DNA (Figure 8C, image D, yellow portions of the 3D ribbon
structure).

These observations and reasoning generated a testable series
of predictions extending from Gln3-dependent growth to GIn3-
mediated transcription and DNA binding. Loss of GIn3 NES
function would be expected to adversely affect regulated
GIn3 localization but not its ability to activate transcription
and hence support Gln3-dependent growth. In contrast, loss
or significant damage of the GIn3 DNA binding domain would
be expected to adversely affect GIn3-dependent transcription
and with it GIn3-dependent growth. These expectations were
based on the phenotypes of a broad array of amino acid sub-
stitutions in the A. nidulans AREA GATA-binding domain that
result in loss of ability to grow on nitrogen sources that require
NCR-sensitive gene products (Arst and Cove 1973; Hynes
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Orthologs

Previously Reported NES Deletion

A Sequence Homology Among GIn3, ...

Residues contacting ONA| {22 mm mm R Em mEm = = mm Emm
S. cerevisiae........... CFNCKTFKT LWRRS E NTLCNAC LFOKL TMR LSLKSDVIKKRISKK
S. paradoxus............ CFNCKTFKT LWRRS E NTLCNAC LFOKL TMR LSLKSDVIKKRISKK
S. mikatae.............. CENCKTFKT LWRRS E NTLCNAC LFQKL TMR LSLKSDVIKKRISKK
S. byanus............... CFINCKTFKT LWRRS E NTLCNAC LFOKL| TMR LSLKSDVIKKRISKK
S. pastorianus.......... CFNCKTFKT LWRRS E NTLCNAC LFOKL TMR LSLKSDVIKKRISKK
S. castellii............ CFNCKTFKT LWRRD 'LCNAC LFOKL TMR LSLKSDVIKKRNTRK
vanderwaltozyma......... CFNCKTSKT LWRRD O NVLCNAC LFOKL TMR LSLKSDVIKRRNAKK
K. waltii............... CFNCKTFKT LWRRDAQ) NTLCNAC LFQOKL MR - LSLKSDVIRKRHTKK
K. thermotolerams....... CENCKTFKT LWRRDAQ NTLCNAC LFOKL TMR LSLKSDVIRKRNTKK
S. kluyveri............. CFNCKTFKT LWRRD O NTLCNAC LFOKL TMR LSLKSDVIKKRNTKK
A. shbyagossyppi........ CFNCKTFKT LWRRDLO NTLCNAC LFOKL TMR LSLKSDVIKKRNTKK
K. lactis............... CYNCKTLKT LWRRD D NTLCNAC LFOKL TMR LSLKSDVIKKRNTKK
Zygosaccharomycesrouxii. CYNCK!KT LWRRDAD NTLCNVAC LFOKL MR LSLKSDVIKKRNTKK
Candidaglabrata......... CDNCKTYKT LWRRS E KVLCNAC LFOKL TMR LSLKSDVIKKRNSKK
Debaryomyceshansenii.... CENC ALKT LWRKD O KILCNAC LFLKL TTR LSLKSDVIKKRSSRR
Pichia quilliermondii... CFNCNTSNT LWRKD D NTLCNAC LFLKL STR LSLKSDVIKKRSSRK
Pichia stipitis......... CYNCTLNT LWRKD T NTLCNAC LFLKL- TTR LSLKSDVIKKRSSRK
Clavispora lusitaniae... CFNC TLKT LWRKDRV NTLCNAC LFLKL TTR LSLKSDVIKKRSSRR
Candida albicans........ CYNCNTTAT LWRRDAE NTLCNAC LFLKL TCR LSLKSDVIKKRNSRK
Candida tropicalis...... CYNCKTTAT LWRRDAL NTLCNAC LFLKL TSR LSLKSDVIKKRNSRK
Candida parapsilo....... CFNCKTEKT LWRKDTD NTLCNAC LFLKL TTR LSLKSDVIKKRNSRK
A. nidulans AREA........ CTNCFTQTT LWRRN E Q LCNAC LFLKL  VVR LSLKTDVIKKRNRN!
BGATA-I............co... CINC LWRRNAS D VCNAC LYYKL QVNR LTMRKD IQTRNRKA
BGATA-2....ovrnnnennnnns CANC LWRRN N D VCNAC LYYKL NVNR LIMKKE IQTRNRKM
CEATA-1.........ccourenn. CSNCQTSTTTLWRRS M D VCNAC LYYKL QVNR LTMRKD IQTRNRKV

o-helix I

B Previously Reported NES Deletion
|

CFNCKTFKTPLWRRSPEGNTLCNACGLEQ GTMRPLSLKSDVIKK KK-pRR536
CFNCKTFKTPLWRRSPEGNTLCNACGAFQKAHGTJdRPASLKSDVIKKRISKK-pRR787
CFNCKTFKTPLWRRSPEGNTLCNACGLFQKLHGTdRPASAKSDVIKKRISKK-pRR1215

CFNCKTFKTPLWRRSPEGNTLCNACGLFQKLHGTaRPaSaKSDVIKKRISKK-pRR1217
| |
306 357

pRR1215

Figure 8 (A) Sequence homologies among GIn3306_357 orthologs. Black boxes above the homologous sequences indicate residues of the cGATA-1 and
AREA GATA factor binding proteins that contact their target DNA sequences. Red bars above the homologous sequences indicate the residues
eliminated in the deletion described by Carvalho and Zheng (2003). Black and blue bars beneath the homologous sequences indicate the positions
of the a-helix portion of the zinc finger motif and GATA factor DNA binding site, respectively. (B) Amino acid substitutions in the GIn3 wild-type
sequence (pRR536) and the plasmids that contain them. Residues that contact the AREA/GIn3 DNA binding site are indicated in blue letters (pRR536).
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1975; Kudla et al. 1990; Langdon et al. 1995; Platt et al.
1996a,b). We compared growth of wild-type (pRR536),
340ddd GIn3-Myc!3 (pRR1215), 64araa GIn3-Myc!3
(pRR1090), 64drdd GIn3-Myc!'3 (pRR752), and 332dddd
GIn3-Myc!2® (pRR787) transformants in both repressive (glu-
tamine) and derepressive (proline or allantoin) media (Fig-
ure 9A). Proline and allantoin are poor nitrogen sources
whose degradation is GIn3 dependent. Since GIn3 and Gat1
partially share transcriptional activation functions, a gln3-
Agat1A mutant was used as the transformation recipient so
that growth would be solely dependent on active Gln3.
Growth of 340ddd GIn3-Myc!® (pRR1215), 64araa GIn3-
Myc!3 (pRR1090), and 64drdd GIn3-Myc!'3® (pRR752) trans-
formants was the same as wild type (pRR536) when glutamine,
proline, or allantoin was provided as the sole nitrogen source
(Figure 9A, images A-L). In contrast, the 332dddd GIn3-Myc!3
(pRR787) and vector (pRS316) transformants grew normally
in glutamine medium but only minimally in proline or allantoin
medium (Figure 9A, images M-0), thus fulfilling the expected
growth characteristics of mutants with defects in a GIn3 NES
and zinc finger DNA binding motif, respectively.

We next assessed the substitution mutants’ predicted
rapamycin sensitivities, which also depend on GIn3-mediated
transcription. First, gIn3 substitution mutants lacking NES
function accumulate GIn3 in the nucleus and hence should
exhibit rapamycin hypersensitivity. This phenotype should
a priori be similar to the one reported for a ure2A mutation,
which also results in constitutively nuclear Gln3 and Gatl
localization (Bertram et al. 2000; Carvalho and Zheng
2003; Feller et al. 2013, Tate et al. 2015). Second, in contrast,
g[n3 substitution mutants with a damaged DNA binding do-
main should be unable to effectively activate NCR-sensitive
transcription and hence should exhibit rapamycin resistance,
a phenotype similar to that of a gln3A mutant (Beck and Hall
1999; Bertram et al. 2000; Carvalho and Zheng 2003). Trans-
formants (gIn3A, gat1A recipient) containing plasmid-borne
gln3 alleles with substitutions in the putative NES [64drdd
GIn3-Myc!® (pRR752) and 64araa GIn3-Myc!3 (pRR1090)]
were just barely more sensitive than wild-type GIn3
(pRR536) (Figure 9B). This was less rapamycin sensitivity
than expected or would be observed if a ure2A but otherwise
wild-type strain were assayed. The less than expected hyper-
sensitivity occurred because two functional GATA transcrip-
tion activators (GIn3 and Gatl) cumulatively contribute to
the ure2A mutant phenotype, whereas transformants of
pRR752 and pRR1090 contained only one activator (Gln3-
Myc!3). In sharp contrast, substitutions in residues contacting
the DNA [332dddd GIn3-Myc!® (pRR787) and 340ddd GIn3-

Myc!3 (pRR1215)] resulted in transformants that were highly
rapamycin resistant, as predicted (Figure 9B).

These results cumulatively suggested that 332dddd GIn3-
Myc!3-mediated transcription was significantly damaged.
Therefore, we directly determined whether or not this was
the case by measuring expression of the NCR-sensitive GDH2
gene using qualitative RT-PCR. As predicted, 332dddd GIn3-
Myc!3 supported only about one-quarter of the NCR-sensitive
GDH2 (NAD-glutamic dehydrogenase) transcription as wild-
type GIn3-Myc!? (Figure 9D). Finally, we determined
whether the inability of 332dddd GIn3-Myc!3 (pRR787) to
mediate NCR-sensitive transcription correlated directly with
loss of its ability to bind GATA DNA in an EMSA. We
employed the highly characterized oligonucleotide from the
NCR-sensitive DAL3 (allantoate permease) promoter, origi-
nally used to establish GIn3 binding to GATA sequences, as
the probe (Cunningham et al. 1996). An extract derived from
a wild-type pRR536 transformant yielded a high-molecular-
weight complex with this target DNA, indicative of DNA bind-
ing (Figure 9C, right panel, lanes 1, 3, and 6), whereas
extracts from transformants of pRR787 or control vector
(pRS316), as well as the minus protein control, did not (Fig-
ure 9C, right panel, lanes 2, 4, and 5, respectively). Given the
sensitivity of GIn3 to proteolysis in vitro, Western blots were
used to verify that the amounts of protein extract loaded into
lanes of the EMSA gel were similar and similarly intact (Figure 9C,
left panel). Although there was slightly more in vitro proteolysis of
the 332dddd GIn3-Myc!® compared to wild type, both proteins
were largely intact and present in similar amounts in the EMSAs.
These data were cumulatively consistent with the contention that
deletion of residues 336-345 or alterations in DNA-contacting
residues [332dddd GIn3-Myc!® (pRR787) and 340ddd GIn3-
Myc!® (pRR1215)] severely damaged GIn3-Myc!® binding to its
GATA target sites in NCR-sensitive promoters.

Intracellular localization of 332dddd GIn3-Myc'3 is
strongly influenced by the medium complexity

Although the preceding reasoning and experiments supported
the conclusions that the GIn3 NES consisted of residues 64—
73 rather than 336-345 and that alteration of residues 332—
345 severely impaired GIn3-Myc!3 DNA binding, they failed
to explain why their elimination resulted in constitutive
nuclear localization of GIn3-Myc®, as reported previously
(Carvalho and Zheng 2003). Revisiting that earlier work,
we noticed that the experiments were performed in complex
SC medium containing both ammonia and amino acids,
whereas minimal YNB medium containing single nitrogen
sources was used in our experiments.

Blue bar beneath the sequences indicates the overall DNA binding site. (C) Three-dimensional renderings of the AREA and, by analogy, GIn3 zinc finger
DNA complex. DNA strands appear as blue and maroon lines, with the bases that contact AREA/GIn3 protein indicated in yellow. The AREA/GIn3 protein
residues appear in brown. (Image A) Contact residues and bases of AREA/GIn3 protein and DNA are indicated in yellow. (Image B) Bases of the DNA in
contact with AREA/GIn3 are indicated in yellow. AREA/GIn3 residues eliminated in the Carvalho and Zheng (2003) deletion are also indicated in yellow.
A white arrow indicates the shift in the zinc finger motif's coiled coil as a result of eliminating the intervening residues, thereby abolishing their
interactions with normal DNA contacts. (Images C and D) Residues substituted in pRR787 and pRR1215 are indicated in yellow.
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Therefore, we assayed GIln3-Myc!® localization in cells
growing in complex SC or minimal YNB-ammonia medium.
Note that NCR-sensitive gene expression is repressed in
both of these nitrogen-replete media, especially SC me-
dium in the strains we used. As expected, wild-type GIn3-
Myc!3 (pRR536) was highly cytoplasmic in the first medium and
substantially so in the second (Figure 10A). Unexpectedly,
especially given the response in YNB-glutamine medium,
332dddd GIn3-Myc!® (pRR787) responded as the originally
reported 336-345 gin3 deletion (Carvalho and Zheng 2003);
it was largely nuclear in SC medium. In YNB-ammonia me-
dium, however, nuclear localization was not nearly as complete
(Figure 10A). 64drdd GIn3-Myc!3 (pRR752) also was nuclear-
cytoplasmic or nuclear in SC medium and highly nuclear in
YNB-ammonia medium (Figure 10A). Comparing these data
with those in Figures 1 and 2, we concluded that medium
composition was in fact a critical variable with respect to
332dddd GIn3-Myc!? localization.

Figure 9 DNA binding is severely damaged or
abolished in pRR787. (A) Growth of wild-type
(pRR536) and g/n3 substitution mutant plas-
mids in nitrogen-rich glutamine and nitrogen-
poor proline or allantoin media. The indicated
plasmids were used to transform gin3Agat7A
strain FV007. (B) Rapamycin sensitivity of wild-
type (pRR536) and gln3 substitution mutant
plasmids. The indicated plasmids were used to
transform g/in3Agat1A strain FV007. Equivalent
amounts of the transformant cultures were se-
rially diluted and spotted onto YNB-glutamine
medium containing 50 ng/ml rapamycin and
grown at 30° for 5.75 days. (C) DNA binding
of wild-type (pRR536) and substitution mutant
(pRR787) proteins. Protein extracts from YNB-
glutamine-grown transformants were used to
measure binding between wild-type GIn3-Myc'3,
332dddd GIn3-Myc'3, and the NCR-sensitive
DAL3 promoter, as described in Materials and
Methods. DAL3 promoter oligonudeotide (DAL3-5)
radiolabeled using the polynucleotide kinase
reaction and y-32P-ATP was used as the probe.
Minus protein (-protein) and vector pRS316 (Vector)
were used as negative controls. (D) NCR-sensitive
GDH?2 transcription is significantly decreased in
cells containing GIn3-Myc'3 that is defective in

-
=

¥

-

DNA binding. RNAs from wild-type GIn3-Myc'3
(pPRR536) and GIn3,332p,13360,M340D,L3430-MyC "3
(PRR787) transformants (FVO07 gin3A, gat1A
recipient) grown in YNB-glutamine vs. YNB-proline
medium were prepared as described in Mate-
rials and Methods. GDHZ2 transcription was
assayed by qualitative RT-PCR.

We further investigated the influence of growth medium
composition on GIn3-Myc!? localization by comparing its dis-
tribution in YNB-glutamine medium, YNB-ammonia medium
+ casamino acids, and YNB-glutamine medium to which both
ammonia and casamino acids were added (Figure 10B). As
expected, wild-type GIn3-Myc!® (pRR536) was securely
sequestered in the cytoplasm of all three of these highly re-
pressive media (Figure 10B). In contrast, 64drdd GIn3-Myc!3
(pRR752) was constitutively nuclear irrespective of the me-
dium in which the cells were grown. However, 332dddd
GIn3-Myc!® (pRR787) was largely cytoplasmic in YNB-
glutamine medium but highly nuclear in the two other media,
both of which were more nitrogen-rich than YNB-glutamine
medium alone (Figure 10B). Note that both repressive YNB-
casamino acid medium and YNB-glutamine + casamino
acid + ammonia medium effectively sequestered wild-type
GIn3 in the cytoplasm. Together these data indicated that
nuclear GIn3 localization was highly dependent on the

Two Modes of Regulating GIn3 Localization 1005


http://www.yeastgenome.org/locus/S000000842/overview
http://www.yeastgenome.org/locus/S000000842/overview
http://www.yeastgenome.org/locus/S000000842/overview
http://www.yeastgenome.org/locus/S000000842/overview
http://www.yeastgenome.org/locus/S000000842/overview
http://www.yeastgenome.org/locus/S000000842/overview
http://www.yeastgenome.org/locus/S000000842/overview
http://www.yeastgenome.org/locus/S000000842/overview
http://www.yeastgenome.org/locus/S000000842/overview
http://www.yeastgenome.org/locus/S000000842/overview
http://www.yeastgenome.org/locus/S000000842/overview
http://www.yeastgenome.org/locus/S000000842/overview

W.T. GIn3 64drdd GIn3 332dddd GIn3
A (PRR536) (PRR752) {pRR?S?)
1 ]
' sc Am. | sC Am.
3
5
: . . . . . .
<
a
[l cytoplasmic []Nucl.-Cyto. [ Nuclear
100 .|
E o
(..‘3 80 - o
(o]
)
o) 60 —
8
c
§ 40 —
{ 20 —
E
SC Am. SC Am. SC Am.
L | 1 | ] 1 | ]
W.T. GIn3 64drdd GIn3 332dddd GIn3
(PRR536) (PRR752) (PRR787)
B W.T. GIn3 64drdd GIn3 332dddd GIn3
(pRR536) (pRR752) (pRR?ST)
r cin ' Gin Gin
+CAA +CAA +Am. +CAA +CAA +Am. +CAA +CAA +Am.

DAPI

Gin Gin

Percentage of Cells

[l Cytoplasmic [] Nucl.-Cyto.

[ Nuclear

iK:

I |

———
L1

al

Gin  Am, Gin GiIn  Am. Gin Gin  Am. Gin
+CAA +CAA +CAA +CAA +CAA +CAA
1 +Am. 1 +Am, 1 +Am.)
T T T
W.T. GIn3 64drdd GIn3 332dddd GiIn3
(PRR536) (pPRR752) (pPRR787)

1006 R. Rai et al.

Figure 10 (A) 64drdd GIn3-Myc'3
(PRR752) and 332dddd GIn3-Myc'3
(PRR787) nuclear export in cells cul-
tured in repressive complex SC or
YNB-ammonia medium. (B) Casamino
acids (CAA) and ammonia (Am) inhibit
nuclear GIn3g4_73-dependent ex-
port in YNB-glutamine-grown (GlIn)
cells. All cultures were grown to
mid-log phase in medium con-
taining the indicated nitrogen
sources before being assayed for in-
tracellular GIn3-Myc'3 localization, as
described in Figure 1, C-E.
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Figure 11 Nuclear GIn3-Myc'3 export of wild-type GIn3-Myc'3 (pRR536, panel A), 64drdd GIn3-Myc'3 (pRR536, Panel B), and 332dddd GIn3-Myc'3
(pRR787, Panel C) in cells provided with a range of repressive to moderately repressive nitrogen sources. Cells were grown to mid-log phase in YNB
medium containing the indicated nitrogen sources (asparagine, Asn; glutamine, GIn; glutamate + ammonia, Glt + Am; ammonia, Am; glutamate, Glt; or
serine, Ser) before being sampled for assay of intracellular GIn3-Myc'3 localization as in Figure 1, C-E.

particular nitrogen source in which the mutant cells were
growing. Otherwise, 332dddd GIn3-Myc!'® (pRR787) would
have been highly cytoplasmic in all the media tested.

Nuclear export of 332dddd GIn3-Myc'3 is specific to
glutamine; other repressive nitrogen sources do not
support it

The preceding data suggested that the nature of the repres-
sive nitrogen source employed was more important than
whether or not it was nitrogen-rich and hence repressive.
There was indeed nitrogen-source-dependent specificity to

the export of GIn3-Myc!'2 from the nucleus in the 332dddd
GIn3-Myc!® (pRR787) mutant. To establish this specificity
in greater detail, we grew cells containing wild-type GIn3-
Myc!® (pRR536), 332dddd GIn3-Myc!3® (pRR787), or
64drdd GIn3-Myc!'® (pRR752) in YNB medium containing
single nitrogen sources ranging from highly to moderately
repressive: asparagine, glutamine, ammonia + glutamate,
ammonia, glutamate, and serine.

As expected, the first three equally repressive nitrogen
sources securely sequestered wild-type Gln3 (pRR536) in
the cytoplasm; it was also substantially cytoplasmic with
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the remaining three (Figure 11A). Importantly, in all
known previous transcriptional studies, glutamate + am-
monia has yielded the same results as glutamine alone, not
surprisingly, because they are the immediate precursors of
glutamine biosynthesis. Positively correlating with previ-
ous experiments, 64drdd GIn3-Myc!® (pRR752) was con-
stitutively nuclear or largely so irrespective of the nitrogen
source provided (Figure 11B). In contrast, 332dddd GIn3-
Myc!3 (pRR787) was highly cytoplasmic when glutamine
was provided (Figure 11C). With ammonia, there also was
substantial cytoplasmic 332dddd GIn3-Myc!? localization,
but with the remainder of the nitrogen sources, even those
that are highly repressive, e.g., asparagine or glutamate +
ammonia, it was substantially nuclear.

Glutamine analogues elicit GIn3 export from the nucleus

These data argued that two distinct sequences influence
nuclear localization and export of GIn3-Myc!3. GIn3 residues
64-73 (wild type in the 332dddd GIn3-Myc!® mutant) appeared
to function in a glutamine-dependent manner rather than in re-
sponse to gross NCR when the GIn3 DNA binding domain was
damaged or destroyed, as with 332dddd GIn3-Myc!3 (pRR787).
If the presence of glutamine was indeed specifically responsible
for 332dddd GIn3-Myc!® export, we predicted that similar
export should be observed if glutamine analogues rather than
glutamine itself were added to proline-grown cells, where
GIn3-Myc!? is largely nuclear.

Therefore, we tested a series of amino acid analogues. The
first four were well-established glutamine analogues that
either substitute for glutamine and/or are effective inhib-
itors of reactions in which glutamine is a substrate: GAGM
substitutes for glutamine in the asparagine synthetase B and
v-glutamylcysteine synthetase reactions (Boehlein et al.
1996; Katoh et al. 1998). It is also an effective inhibitor,
along with other glutamine analogues, of glutamine trans-
port (Jayakumar et al. 1987; Low et al. 1991; Molina et al.
1995) and in the regulation of nitrate reductase (McCarty
and Bremner 1992). DON substitutes for glutamine in X-ray
crystallographic studies of glutaminase (Thangavelu et al.
2014) and is an effective inhibitor of y-glutamyl transferase,
transamidase, and asparagine synthetase activities (Ghosh
et al. 1960; Milman and Cooney 1979; Payne and Payne
1984). AZA blocks transfer of nitrogen from glutamine to
purine precursors (Aaronson 1959). It is also an effective
inhibitor of glutamate synthase (GOGAT), a principal reac-
tion along with glutamine synthetase in ammonia assimila-
tion (Kusnan et al. 1987; Baron et al. 1994; Cogoni et al.
1995). DON and AZA both react, forming covalent
bonds, with glutamine-dependent enzymes involved in
purine and pyrimidine biosynthesis and hence nucleotide
synthesis. BAsp is a competitive inhibitor of glutamine in
the asparagine synthetase reaction and also competes with
asparagine for binding to asparaginyl-tRNA synthetase
(Gantt et al. 1980). In addition to these glutamine ana-
logues, LEth, MAsp, MGlt, and Msx were included as nega-
tive controls.
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We grew wild-type (TB123) cells (the strain used in most of
our previous work) in proline medium and treated them with
each of the inhibitors just mentioned. GAGM, DON, AZA, and
BAsp treatment efficiently relocated GIn3-Myc!® from the
nucleus to the cytoplasm, whereas LEth, MAsp, MGlIt, and
Msx were without effect or, in the case of LEth, with only
a modest effect (Figure 12A). These results were consistent
with the idea that high glutamine strongly promoted GIn3-
Myc!3 export from the nucleus.

There was, however, an alternative way that glutamine
analogues might have elicited cytoplasmic GIn3-Myc!3. Some
amino acid analogues inhibit protein synthesis. Such inhibi-
tion would result in accumulation of intracellular amino
acids, thereby preventing nuclear GIn3-Myc!® import. Al-
though a viable possibility, earlier data suggested that the
effects of protein synthesis inhibition on GIn3 localization
were more drawn out (Tate and Cooper 2013). To directly
evaluate this possibility, we compared the time courses of
GIn3-Myc!3 localization in cells treated with either GAGM
or high concentrations (200 pg/ml) of cycloheximide. At this
concentration, cycloheximide almost instantly inhibits pro-
tein synthesis elongation in yeast (Bossinger and Cooper
1976; Cooper and Bossinger 1976). Treating wild-type
TB123 or JK9-3da cells containing wild-type GIn3-Myc!3
(pRR536) with GAGM almost completely relocated GIn3-
Myc!® from the nucleus to the cytoplasm in 15 min. When
the experiment was repeated with cycloheximide, GIn3-
Myc!® was cytoplasmic in only about 40% of the cells even
after 1 hr of treatment (Figure 12B). These results argued
that glutamine analogues were unlikely to be eliciting cyto-
plasmic accumulation of GIn3-Myc!3 primarily by inhibiting
protein synthesis.

Next, we analyzed the effects of the glutamine analogues
on the nuclear export of 64drdd GIn3-Myc!® (pRR752) and
332dddd GIn3-Myc!3 (pRR787) in proline-grown cells treated
with GAGM or DON (Figure 12C). Neither GAGM nor DON
treatment had any effect on nuclear 64drdd GIn3-Myc!3
(pPRR752) localization. This was the expected result because
of loss of the NES function. In contrast, the addition of GAGM
or DON to cells containing 332dddd GIn3-Myc!3 (pRR787)
resulted in highly cytoplasmic 332dddd GIn3-Myc!3 localiza-
tion (Figure 12C).

Addition of additional amino acids to glutamine-grown
cells diminishes the ability of glutamine to elicit nuclear
GIn3 export

The preceding data raised two paradoxical questions. First,
why was glutamine able to elicit GIn3 NES-dependent nuclear
GIn3-Myc!3 export, whereas all the other well-established
repressive nitrogen sources (i.e., asparagine, glutamate +
ammonia, and SC media) were not? Second, why was am-
monia alone, but not ammonia + glutamate, able to elicit
moderate 332dddd GIn3-Myc!3 export? Because ammonia
and glutamate are the immediate precursors of glutamine
synthesis and enter the cell via different transport systems,
the presence of the two of them would a priori be expected to
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facilitate glutamine synthesis. We reasoned that the answers
to both questions were associated with the intracellular flux
of glutamine. There are three potential sources of intracellu-
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Figure 12 (A) Glutamine analogues
elicit the export of wild-type GIn3-
Myc'3 from the nuclei of proline-grown
cells, a growth condition in which nor-
mally GIn3-Myc'3 is highly nuclear.
Wild-type TB123 cells were grown to
mid-log phase in YNB-proline medium
and sampled for GIn3-Myc'3 localiza-
tion. GAGM, DON, AZA, BAsp, LEth,
MAsp, MGlIt, or Msx was added and
the cells incubated for 30 min before
being sampled again for the assay of
GIn3-Myc'3 localization. (B) GAGM elic-
its nuclear GIn3-Myc'3 export much
more rapidly than cycloheximide. Wild-
type TB123 and transformants (JK9-
3da, containing wild-type GLN3 plas-
mid pRR536) were grown as described
in A. The cultures were sampled and
then either 2 mM GAGM or 200 p.g/ml
cycloheximide was added. Thereafter,
the cultures were sampled as indicated
for 60 min, and the intracellular distri-
bution of GIn3-Myc'3 was determined
as described in Figure 1, C-E. (C) Glu-
tamine analogues GAGM and DON
elicit nuclear export of wild-type GIn3-
Myc'3 (pRR536), 332dddd GIn3-Myc'3
(pRR787), but not 64drdd GIn3-Myc'3
(pRR752). The experimental format and
assay of GIn3-Myc'? localization were
the same as in Figure 12A except that
transformants (JK9-3da) containing the
wild-type and mutant plasmids were
used in place of wild-type strain TB123.

mobilization from the vacuolar stores into the cytoplasm, or
in vivo synthesis from a-ketoglutarate and ammonia via the
intermediate formation of glutamate (Figure 13A). When
glutamine is provided as the sole nitrogen source, all other
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(pRR536) and mutant transformants (pRR752
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then assayed for GIn3-Myc'3 localization
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nitrogenous compounds, e.g., amino acids, nucleotides, and
so on, must be synthesized from glutamine. Hence, it is not
surprising that cytoplasmic glutamine levels are relatively
high in glutamine-grown cells (Figure 13A). The rate of syn-
thesis of protein and other macromolecules will be limited by
the amounts of one or more of the other 19 amino acids or
nitrogenous precursors being synthesized from glutamine
rather than a limitation of glutamine itself. The argument is
similar when ammonia is provided as the nitrogen source.
The cytoplasmic ammonia level is high, driving the NADPH
glutamate dehydrogenase and glutamine synthetase reac-
tions toward the synthesis of glutamine.

However, if alternative routes of acquiring the other 19
amino acids and nitrogenous precursors are provided, as
occurs in complex SC medium or the addition of glutamate
to YNB-ammonia-grown cells, limitations imposed on the
rates of macromolecule synthesis by insufficient supplies of
precursors other than glutamine itself are decreased. The
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332dddd GIn3

(pRR787)

increased rates of glutamine incorporation that occur as a re-
sult of lifting these limitations concomitantly lowers cytoplas-
mic glutamine levels relative to what they would be if
glutamine or ammonia alone were provided (Figure 13A).
An extreme example of this glutamine limitation occurs fol-
lowing the inhibition of glutamine synthetase with Msx.
This reasoning predicted that adding increasing amounts
of glutamate to YNB-glutamine medium would decrease
332dddd GIn3-Myc!'® (pRR787) export. We tested this pre-
diction by growing cells in 0.1% glutamine medium contain-
ing increasing amounts of glutamate. There was a slight but
noticeable decrease in cytoplasmic wild-type GIn3-Myc!'3
(pPRR536) localization as glutamate additions were increased
(Figure 13B). When similar glutamate additions were made
to cells containing 64drdd GIn3-Myc!3 (pRR752), nuclear
GIn3 localization also increased slightly. Adding increasing
concentrations of glutamate to cells containing 332dddd
GIn3-Myc!'® (pRR787) at first modestly shifted GIn3-Myc!®


http://www.yeastgenome.org/locus/S000000842/overview
http://www.yeastgenome.org/locus/S000000842/overview
http://www.yeastgenome.org/locus/S000000842/overview
http://www.yeastgenome.org/locus/S000000842/overview
http://www.yeastgenome.org/locus/S000000842/overview
http://www.yeastgenome.org/locus/S000000842/overview

» (GIn3

NCR\ Regulated o

@ Nuclear

G
—

(Pro, § Allantoin)

Cin3Qred —H>

(Asn, Gin, § Glt, Am., Ser)
(Am. +Glt, § GIn +Glt)

Cytoplasm

Nucleus

Nuclear | Export >
é
High Glutamine Abolishedf in pRR752

Required

(GIn, or Am. alone)

Figure 14 Summary of GIn3 responses to alteration of residues 64-73 (pRR752) or DNA binding site residues 332-345 (pRR787). GIn3g4_73 is required for
nuclear GIn3-Myc'3 export under all growth conditions (pRR752). When intracellular glutamine levels are high, GIn3-Myc'3 can exit the nucleus without
binding to its promoter target DNA sequence, i.e., in the absence of a functional GIn3 DNA binding site (obRR787). When glutamine levels are low, GIn3-Myc'3
can exit the nucleus only if the residues required for DNA binding are intact and DNA binding can occur. Repressive nitrogen sources that prevent nuclear GIn3
entry, e.g., asparagine and glutamate + ammonia, are not sufficient to permit nuclear GIn3 export in the absence of a functional DNA binding site.

localization out of the cytoplasm. However, when we in-
creased the glutamate concentration to 0.1%, 332dddd
GIn3-Myc!2® (pRR787) export decreased precipitously, with
GIn3-Myc!® remaining largely nuclear (Figure 13B).

Discussion

Data presented in this work indicate that nuclear GIn3 export
requires Gln3 residues 64-73, which are homologous in pri-
mary sequence and predicted secondary structure to canon-
ical eukaryotic NESs. Rectifying our results with those
reporting that GIn3 residues 336-345 function as the GIn3
NES (Carvalho and Zheng 2003), we discovered that dele-
tion of the latter residues destroys both a NES-homologous
sequence and the GIn3 zinc finger DNA binding domain. This
finding led to the discovery that the level of glutamine itself
or a metabolite unique to glutamine and for which glutamine
analogues can substitute determines whether GIn3 DNA
binding is required for GIn3 to be exported from the nucleus
(Figure 14). When GIn3 DNA binding is severely damaged or
abolished by altering residues contacting the DNA, export is
not observed with a variety of highly repressive nitrogen
sources that prevent nuclear GIn3 entry, e.g., asparagine or
glutamate + ammonia. Most significantly, and in contrast
with other repressive nitrogen sources, Gln3 was effectively
exported from the nuclei of glutamine- and, to a limited

extent, ammonia-grown cells. Therefore, when cytoplasmic
glutamine levels are relatively high, as occurs when glu-
tamine is the sole nitrogen source or glutamine analogues are
added to the culture, GIn3-Myc!? exits from the nucleus in
the absence of Gln3 DNA binding (Figure 14). Conversely,
when relative cytoplasmic glutamine levels are lowered, as
occurs when additionally providing the cells with other
equally or less repressive nonglutamine sources (e.g., aspar-
agine and glutamate + ammonia) that are useful nitrogen
donors for nitrogenous compound biosynthesis in their own
right, GIn3 DNA binding must occur for GIn3 to effectively
exit from the nucleus. This reasoning also offers an explana-
tion for why the effects of Msx treatement have been so im-
mune to alterations in GIn3 that affect its localization in
response to other perturbations, e.g., rapamycin treatment
or NCR. That the observations in this work derive from the
regulated operation of nuclear GIn3 export is further sup-
ported by the fact that DNA binding is not required for nu-
clear GIn3 export if an unregulated NES, such as that derived
from PK], is ectopically added to the GIn3 molecule.

Two-tiered regulation of intracellular GIn3 localization

We conclude from these data that overall GIn3 localization is
subject to a two-tiered system of regulation. Overall nitrogen
availability in the cell, i.e., NCR, regulates nuclear GIn3 entry.
In this first tier, when nitrogen sources (e.g., glutamine,
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asparagine, ammonia, and casamino acids) that can be readily
transported and assimilated are available in sufficient quantity,
nuclear GIn3 entry is repressed (Figure 14). As these sources
decrease or only poorly transported and/or used sources are
available, nuclear GIn3 entry becomes increasingly dere-
pressed. However, we additionally envision, as did Carvalho
et al. (2001), that GIn3 continuously cycles in and out of the
nucleus. Therefore, the intranuclear concentration of GIn3
available to activate NCR-sensitive transcription is determined
by the relative rates of its entry and exit. We speculate that in
all but the most glutamine-rich environments, it is advanta-
geous for nuclear GIn3 to bind to NCR-sensitive promoters
before cycling out of the nucleus (Figure 14).

In addition to NCR, we posit a second tier of GIn3 regula-
tion. When the relative cytoplasmic levels of glutamine or
a glutamine-specific metabolite increase sufficiently, e.g.,
when glutamine or ammonia is provided as the sole nitrogen
source or glutamine analogues are added to the cell, this
second tier of GIn3 regulation comes into play (Figure 14).
Not only is GIn3 entry into the nucleus decreased by NCR,
but GIn3 entering the nucleus is also able to exit in the ab-
sence of a functional DNA binding domain, i.e., without bind-
ing to NCR-sensitive promoters (Figure 14). Even the most
repressive nonglutamine nitrogen sources, e.g., asparagine or
glutamate + ammonia, are unable to signal imposition of the
second tier of regulation, which is the strongest experimental
support for its existence. This second tier of glutamine-
specific regulation makes sense physiologically because un-
der conditions in which the relative cytoplasmic glutamine
levels are sufficiently high, there is little need for nuclear
GIn3 to bind to NCR-sensitive promoters prior to cycling
out of the nucleus. The operation of a two-tiered regulatory
system buffers the intracellular movement of GIn3 and
increases the potential of its binding to NCR-sensitive pro-
moters in all but the best of nutritional times. This view of
GIn3 regulation also offers an explanation for why treating
cells with Msx failed to respond to any of the preceding ge-
netic manipulations of GIn3 or physiological manipulations
of the cells. Msx vs. rapamycin and repressive nitrogen sources
other than glutamine were affecting distinctly different reg-
ulatory processes. It also offers an explanation of why Msx
treatment effectively elicits nuclear GIn3 localization in cells
provided with glutamate + ammonia but not those provided
with glutamine (J. J. Tate and T. G. Cooper, unpublished
observations).

Two-tiered regulation of GIn3 localization accrues
advantages during environmental transitions

Itisreasonable to ask what specific advantage is gained by the cell
from a twofold fail-safe mechanism that permits GIn3 to exit the
nucleus without binding to the DNA. We speculate that the
advantages accrue during transitions from repressive to dere-
pressive and derepressive to repressive nitrogen environments.
As the nitrogen environment becomes more adverse, NCR-
sensitive transcription begins to ramp up. At the same time,
however, so too will the transcription and production of the
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GATA repressors Dal80 and Gzf3/Deh1/Nil2 because their tran-
scription is also activated by GIn3 and Gat1 (Cunningham and
Cooper 1991; Daugherty et al. 1993; Coffman et al. 1995, 1996,
1997; Stanbrough and Magasanik 1996; Rowen et al. 1997,
Soussi-Boudekou et al. 1997; Cunningham et al. 2000a,b;
Georis et al. 2009). These repressors compete with GIn3 and
Gat1 for DNA binding (Cunningham et al. 1994, 2000a,b; André
et al. 1995; Stanbrough and Magasanik 1996). Therefore, as the
transition to poor nitrogen conditions occurs, the imperative
DNA binding of GIn3 before it can exit from the nucleus tilts
the balance toward increased Gln3 DNA binding and GIn3-
dependent transcription even as GATA repressor (Dal80) pro-
duction increases (Cunningham et al. 2000b). Conversely, when
cells encounter the best of nitrogen-rich environments, the abil-
ity of GIn3 to exit the nucleus without binding to the NCR-
sensitive promoters enhances the repressive effects of the GATA
repressors and more effectively and rapidly turns down unnec-
essary and hence wasteful NCR-sensitive transcription.

The fact that GIn3 can bypass DNA binding and directly
exit from the nucleus in glutamine-rich environments implies
that its mechanism of exit depends on a change in GIn3 struc-
ture, which, in turn, depends on GIn3 DNA binding or its
participation in transcriptional activation. Supporting this
conclusion is the fact that if one inserts an unregulated NES
into the GIn3 sequence, e.g., the mammalian PKI NES de-
scribed in Figure 2, GIn3 can exit the nucleus in the absence
of its DNA binding domain. Recall that GIn3 DNA binding
domain residues were replaced by the PKI NES. Correlative
circumstantial evidence suggests that the change in GIn3-
structure involves its becoming phosphorylated. In conditions
in which GIn3 is most nuclear and GIn3-mediated transcrip-
tional activation is greatest, ie., after treating ammonia-grown
cells with Msx, during nitrogen starvation, and in some pro-
line-grown cells, GIn3 is hyperphosphorylated (Figures 1
and 2A in Tate et al. 2005; Cox et al. 2004a). This, in turn,
argues that GIn3 hyperphosphorylation likely occurs in the
nucleus prior to its export rather than in the cytoplasm, as
previously envisioned. However, much more information
about the potential structures of nuclear and cytoplasmic
forms of GIn3 is required before these correlations can be sub-
stantively considered to reflect cause-effect relationships.

Two caveats to our interpretations merit comment. First,
although the data presented in this work provide convincing
evidence that GIn3 residues 64-73 are required for its exit
from the nucleus, they do not totally eliminate the possibility
that the other two candidates, GIn3 residues 10-20 and GIn3
residues 336-345, may function under conditions other than
those we employed. One cannot ignore the evidence pre-
sented earlier supporting residues 336-345 as being required
for this function. The strongest evidence in support of
that conclusion was the observation that deleting residues
336-345 abolished the ability of GIn3-Myc? to interact with
nuclear exportin Crm1 (Carvalho and Zheng 2003). In this
regard, it is important to recall, however, that the construct
employed in that earlier experiment was an N-terminal GIn3
truncation consisting of GIn3 residues 141-731. Therefore, the
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mutant construct lacked both residues 64-73 and residues
336-345 (Carvalho and Zheng 2003). Second is an unavoid-
able caveat that accompanies the use of glutamine analogues
to elicit nuclear GIn3 export. It is the same caveat that applies
to all metabolic inhibitors, including rapamycin and Msx.
While the inhibitors we used are widely accepted as legitimate
glutamine analogues, they affect many enzyme reactions—in
fact, any in which glutamine serves as a substrate. Therefore,
while they are useful compounds with which to investigate
nitrogen regulation in yeast, we attach a prudent level of
skepticism to their use and our interpretation of data obtained
with them.
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