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ABSTRACT: The Pho84 high-affinity phosphate permease is the primary phosphate transporter in the yeast
Saccharomyces cereVisiaeunder phosphate-limiting conditions. The soluble G protein, Gtr1, has previously
been suggested to be involved in the derepressible Pho84 phosphate uptake function. This idea was based
on a displayed deletion phenotype of∆gtr1 similar to the∆pho84phenotype. As of yet, the mode of
interaction has not been described. The consequences of a deletion ofgtr1 on in ViVo Pho84 expression,
trafficking and activity, and extracellular phosphatase activity were analyzed in strains synthesizing either
Pho84-green fluorescent protein or Pho84-myc chimeras. The studies revealed a delayed response in
Pho84-mediated phosphate uptake and extracellular phosphatase activity under phosphate-limiting
conditions. EPR spectroscopic studies verified that the N-terminal G binding domain (residues 1-185)
harbors the nucleotide responsive elements. In contrast, the spectra obtained for the C-terminal part (residues
186-310) displayed no evidence of conformational changes upon GTP addition.

Inorganic phosphate is an essential nutrient for cell
survival. In the yeastSaccharomyces cereVisiae, several
protein components have been shown to be directly or
indirectly involved in the active uptake of this molecule
across the plasma membrane (reviewed in ref1). Among
these are the gene products ofPHO84 (2) and GTR1 (3).
The Pho84 protein is the major high-affinity phosphate
transporter inS. cereVisiae, which consists of 12 putative
transmembrane segments and belongs to the major facilitator
superfamily (MFS)1 (4). Under phosphate-limiting conditions,
the PHO84 gene is derepressed (5) and the synthesized
Pho84 protein is routed to the plasma membrane (6), a
location at which the Pho84 is active in proton-coupled high-
affinity phosphate transport. Although several studies have
shown that the Pho84 solely is competent in phosphate
transport in reconstitutedin Vitro systems (7-9), other results
have demonstrated that the absence of theGTR1 gene
diminishes the high-affinity phosphate uptake capacity of the
yeast cells and also makes the growth of the cells temper-

ature-sensitive (3). The soluble Gtr1 protein belongs to the
Ras family of small GTP-binding proteins. One characteristic
of G proteins is their function as molecular switches, active
in the GTP-bound state and inactive in the GDP-bound state
(10). They all contain highly conserved guanine nucleotide
binding motifs (11), which are also present in the Gtr1 protein
(12, 13). Gtr1 has been reported to bind both GDP and GTP,
with a preference for the latter, as demonstrated in competi-
tion experiments by use of radioactive nucleotides (13).
Interestingly, in guanine nucleotide binding motif G4 (con-
sensus NKxD), the asparagine is replaced with a histidine
(residue H126). Furthermore, Gtr1 has an additional C-
terminal domain of unknown function. These special proper-
ties of the Gtr1 protein have led to the introduction of a novel
subclass of the Ras family of small G proteins in addition
to the existing Ras, Ran, Rho, Rab, and ARF branches (12,
13). This new subclass is shared with anotherS. cereVisiae
protein, Gtr1 homologue Gtr2, and also with a number of
mammalian proteins, the RagA and RagB proteins (12). Both
RagA and RagB are capable of restoring the temperature
sensitivity of∆gtr1 cells (14).

Gtr1-HA induced by the galactose promoter has, by
immunofluorescence microscopy analysis, been shown to be
localized within the cytoplasm and, to a lesser extent, in the
nucleus (15).

In Vitro pull-down assays have demonstrated that the Gtr1
protein is required for self-interaction in the Gtr2 protein. It
has been suggested that, through this interaction, Gtr1
regulates the GTP/GDP state of the Gsp1 protein (13), a yeast
Ran protein. Recently, a yeast two-hybrid analysis showed
that Gtr1 interacts with Nop8 (16), an essential nucleolar
protein involved in ribosome biogenesis (17). Clearly, Gtr1
serves a number of functions in the yeast cell.
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The aim of this study was to investigate the involvement
of Gtr1 in Pho84-mediated high-affinity phosphate uptake
and also to study structural and functional properties of the
Gtr1 protein. Constructed∆gtr1 yeast strains were cultivated
under phosphate-limiting conditions and compared with
similarly grownGTR1+ strains for phosphate uptake capabil-
ity, extracellular phosphatase activity, and Pho84-green
fluorescent protein (Pho84-GFP) localization. We employed
electron paramagnetic resonance (EPR) spectroscopy on the
spin-labeled protein to further analyze the conformational
response of sites accessible to nucleotide binding.

EXPERIMENTAL PROCEDURES

Materials and Strains.A thio-specific nitroxide spin-label
[MTS-SL, (1-oxyl-2,2,5,5-tetramethylpyrroline-3-methyl)-
methanethiosulfonate] was purchased from Reanal Finechem-
ical (Budapest, Hungary). [32P]Orthophosphate (carrier-free),
horseradish peroxidase-conjugated anti-mouse Ig antibody
(from sheep), and the enhanced chemiluminescence detection
kit were obtained from Amersham Bioscience. Anti-Xpress
antibody, plasmid pTrcHisB, andEscherichia coliTOP10F′
cells were obtained from Invitrogen. Expand High Fidelity
polymerase was from Roche. Zymolyase 100T was obtained
from Seikagaku America, Inc. All mutagenic primers were
purchased from TAG (Copenhagen A/S, Denmark). Cyber-
gene AB and Davis Sequencing performed DNA sequence
determination.

Plasmids. The GTR1 gene was PCR amplified from
genomic S. cereVisiae DNA and cloned into expression
plasmid pTrcHisB by use ofBamHI and EcoRI restriction
sites. The resulting plasmid, pTrcHisB/GTR1WT, expressing
Gtr1 with an N-terminal tag of six consecutive histidines
and the Xpress antibody epitope, was used as template for
subsequentGTR1mutant constructions (Table 1).

GFP Tagging of PHO84 and Deletion of GTR1.Chro-
mosomalPHO84 was tagged with theGFP gene in the
haploid, prototrophicS. cereVisiae CEN.PK113-5D (MATa
MAL2-8c SUC2 ura3-52) strain as described previously (6).
TheGTR1gene was subsequently deleted in the constructed
strain, CEN.PK113-5D/Pho84WT-GFP, and also in CEN-
.PK113-5D/Pho84WT-MYC cells (18) using PCR technology

(19). TheURA3cassette used forGTR1gene deletion was
PCR amplified from pRS406 with oligonucleotide primers
5′-GAAACTGCTTCTGATGGGCCGGTCCGGCTCCGG-
TAAATCGTCAATGTATCACGAGGCCCTTTCGTC and
5′-CTTTTTTGATGTTTTCCAATACTAATTCTTGTGG-
AATATTCATATACGTTTACAATTTCCTGATGCGG and
subsequently transformed (20) into cells wherein homologous
recombination occurred. The constructed strains were se-
lected either on YPD-Geneticin (200µg/mL) or on synthetic
complete (-Ura) plates, after which colonies were restreaked
on fresh plates and positives were verified using qualitative
PCR, Western blot, and/or GFP fluorescence.

Growth and Expression. S. cereVisiae cells expressing
Pho84-MYC or Pho84-GFP in eitherGTR1+ or ∆gtr1
background were precultivated aerobically for 12 h in YPD
medium at 30°C, washed twice with water, and inoculated
in high-phosphate (HPi) or low-phosphate (LPi) medium (21).
Cells were grown aerobically at 30°C. Samples for
phosphate assays, Western blotting, phosphatase activity
analysis, and fluorescence microscopy analyses were with-
drawn at the indicated time points.

Heterologous Production and Purification.TOP10F′ E.
coli cells were used as the host for the production of
described Gtr1 variants (Table 1). Cells were induced for 6
h in Terrific Broth medium in the presence of 1 mM
isopropyl 1-thio-â-D-galactopyranoside (IPTG) (full-length
GTR1 constructs) or 0.2 mM IPTG (N- and C-terminal
constructs ofGTR1), harvested, and stored at-80 °C. Cell
pellets were thawed and resuspended in ice-cold buffer A
[50 mM Tris buffer (pH 7.6), supplemented with 0.2 mM
NaCl, 10 mM MgCl2, 30 mM imidazole, 10% glycerol, and
0.1% (v/v) Triton X-100]. Tris(2-carboxyethyl)phosphine
(TCEP, 100µM) and 200µM GDP were included in the
buffers for purifications to ensure a high efficiency in binding
the MTS spin-label by reducing the number of putative
disulfide bridges and to obtain Gtr1-GDP proteins, respec-
tively. The suspension was incubated with lysozyme and 1
mM phenylmethanesulfonyl fluoride (PMSF) for 40 min at
4 °C. The resulting viscous suspension was sonicated for 4
× 10 s using a micro-tip sonicator, after which the Triton
X-100 concentration was increased to 0.4% and additional
1 mM PMSF was added. After a second incubation at 4°C
for 30 min followed by sonication for 4× 10 s, the lysate
was cleared by centrifugation at 100000g for 30 min,
followed by 0.45µm filtration. The protein extract was
applied to a FPLC-connected HiTrap Chelating column
(Amersham Bioscience) charged with Ni2+ ions. After
removal of unspecifically bound proteins with an applied
imidazole concentration of 150 mM in the buffer described
above, His-tagged Gtr1 proteins were eluted with 500 mM
imidazole. For EPR analysis, the various Gtr1 proteins at
concentrations of 20µM for the full-length mutants and 32
and 44µM for the N- and C-terminal parts, respectively,
were incubated with 200µM MTS at 4 °C for 30 min to
generate spin-labeled protein. Excess label was removed by
dialysis at 4°C (10K MWCO Slide-A-Lyzer dialysis cassette,
Pierce) against buffer A, modified to contain no imidazole,
TCEP, or GDP.

EPR Spectroscopy.EPR measurements were carried out
in a JEOL X-band spectrometer fitted with a loop-gap
resonator (22, 23). An aliquot (5µL) of purified, spin-labeled
protein was placed in a sealed quartz capillary contained in

Table 1

constructa
amino
acids mutations

FL-Gtr1WT 1-310 none
NT-Gtr1WT 1-185 stop after amino acid 185
CT-Gtr1WT 186-310 start at amino acid 186
FL-Gtr1single C62 1-310 C180S, C217S, C257S, C284S
FL-Gtr1single C180 1-310 C62S, C217S, C257S, C284S
FL-Gtr1cysteine-free 1-310 C62S, C180S, C217S, C257S,

C284S
FL-Gtr1single V37C 1-310 C62S, C180S, C217S, C257S,

C284S, V37C
FL-Gtr1single R67C 1-310 C62S, C180S, C217S, C257S,

C284S, R67C
NT-Gtr1single C180 1-185 C62S, stop after amino acid 185
FL-Gtr1single C62, H126N 1-310 H126N, C180S, C217S, C257S,

C284S
FL-Gtr1single C62, H126K 1-310 H126K, C180S, C217S, C257S,

C284S
a Abbreviations: FL, full-length; NT, N-terminal domain; CT,

C-terminal domain.
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the resonator. For Gtr1 samples, spectra were acquired at
room temperature (20-22 °C) or alternatively, where
indicated, at 4°C from a single 60 s scan over a field of
100 G at a microwave power of 2 mW and a modulation
amplitude optimized to the natural line width of the
individual spectrum (0.5-1.5 G).

Electrophoresis and Western Blot Analysis.Samples of
the purified protein were mixed with sample buffer prior to
separation by SDS-polyacrylamide gel electrophoresis using
a 10% Laemmli system (24). Immunoblotting was carried
out on poly(vinylidene difluoride) membranes (Immobilon-
P, Millipore) according to the Western Blotting Protocol
(Amersham Bioscience). Use of anti-Xpress monoclonal
mouse antibody (Invitrogen) and horseradish peroxidase-
conjugated anti-mouse Ig antibody (Amersham Bioscience)
allowed for immunological detection of the Gtr1 proteins.
After a short incubation with chemiluminescent substrates,
the blot was exposed to film for 1 min.

Determinations of Phosphate Amounts.Phosphate uptake
in intact S. cereVisiae cells expressing Pho84WT-MYC in
either GTR1+ or ∆gtr1 background grown in LPi medium
was assayed by the addition of 1µL of [ 32P]orthophosphate
(carrier-free, 0.18 Ci/µmol, 1 mCi) 37 MBq) and phosphate
to a final concentration of 0.11 mM in 30µL aliquots of
cells essentially as described previously (5). The extracellular
phosphate concentration was determined spectrophotometri-
cally at 850 nm essentially as described previously (25).
Extracellular phosphatase activity was determined by mea-
suring the amount ofp-nitrophenol produced as described
previously (5).

Microscopy Analyses.Samples fromS. cereVisiae cells
expressing the Pho84-GFP chimera in a∆gtr1 background
grown in LPi-defined medium were analyzed by fluorescence
microscopy as described previously (6).

Determination of Protein Amounts.Protein was assayed
by use of the commercially available Bio-Rad Dc protein
assay kit (Bio-Rad), and bovine serum albumin was used as
a standard.

RESULTS

Gtr1 and High-Affinity Phosphate Uptake. The Gtr1 is a
soluble protein belonging to the Ras family of small
G-binding proteins. Knowledge of its cellular role is emerg-
ing; Gtr1 appears to be a multifunctional protein that has
been reported to be involved in nuclear trafficking (26),
ribosome biogenesis (16), and high-affinity phosphate ac-
quisition (3). In this study, we address the latter aspect. For
this, a CEN.PK113-5D/Pho84WT-MYC (18) strain devoid of
the GTR1 gene was constructed and compared with the
GTR1+ strain for high-affinity phosphate uptake capacity
(Figure 1A) and extracellular acidic phosphatase activity
(Figure 1B). Cells batch-cultivated in LPi medium were
collected at the indicated time points and analyzed for their
32P uptake activity. A previous study has shown that the lack
of theGTR1gene reduced the level of high-affinity phosphate
uptake to∼20% for yeast cells grown in phosphate-limited
media (3). In that study, however, the phosphate uptake
analysis was limited to cells grown to a specific optical
density (A600 ) 1.0). Under our experimental conditions,
disruption of theGTR1gene influenced the growth rate of
the strain to a minor extent with a moderate but significant

time-dependent delay in phosphate uptake response with
maximal uptake activity of theGTR1+ and the∆gtr1 cells
seen atA600 values of 4.8 and 5.3, respectively (Figure 1A).
However, both strains catalyze phosphate uptake to the same
extent, with an activity in agreement with that previously
reported for the Pho84 high-affinity transporter (5, 27). Cells
grown under phosphate-limiting conditions not only mobilize
the derepressible Pho84 transporter to efficiently acquire
phosphate from the environment but also enhance the
expression and secretion of the Pho5 acidic phosphatase. This
phosphatase activity allows for the scavenging of phosphate
from phospho-moieties in the periplasmic compartment,
which can then be translocated across the plasma membrane
via the Pho84 transporter. Accordingly,GTR1+ and∆gtr1
cells were cultivated in either HPi or LPi medium (Figure
1B). Both strains show a decreased phosphatase activity when
grown in HPi medium. However, the Pho5 activity is
derepressed when the same cells are grown under phosphate-
limiting conditions. Similar to what is seen for the high-
affinity phosphate uptake response, a significant and even
more pronounced time-dependent delay in upregulation of
phosphatase activity was observed for∆gtr1 cells as
compared toGTR1+ cells grown under identical conditions.
To further analyze the effects of the Gtr1 on the phosphate
acquisition process, we investigated thein ViVo consequences
on Pho84 in a∆gtr1 background. For this, a functional
Pho84-GFP chromosomal construct in the CEN.PK113-5D
strain was created for the study of expression andin ViVo

FIGURE 1: High-affinity phosphate uptake and phosphatase activity
in ∆gtr1 cells. The Pho84-MYC wild-type strain (GTR1+) and
the ∆gtr1 mutant strain were grown aerobically under phosphate-
limiting or phosphate-sufficient conditions. Cultures were sampled
periodically for measurement of uptake of32P into GTR1+ and
∆gtr1 cells grown under phosphate-limiting conditions (A) and for
measurements of the periplasmic acidic phosphatase (rAPase)
activity of GTR1+ and∆gtr1 cells grown under phosphate-limiting
or phosphate-sufficient conditions (B) (see Experimental Proce-
dures).

Gtr1 and Phosphate Metabolism Biochemistry, Vol. 44, No. 2, 2005513



trafficking of the Pho84 protein under phosphate-limiting
conditions (6, 18) and under conditions of external phosphate
supplementation. Analogous to wild-type cells expressing the
Pho84-GFP chimera (6), ∆gtr1 cells allow for a qualitatively
comparable synthesis of the Pho84-GFP protein, where a
maximum peripheral fluorescence is achieved after growth
for 9 h in LPi medium by transport-active cells (Figure 2).
Upon exhaustion of available phosphate, the Pho84-GFP
chimera expressed in wild-typeGTR1+ (6) and in ∆gtr1
(Figure 2A) cells is endocytosed and transported to the
vacuole for degradation. The analysis of∆gtr1 cells express-
ing the Pho84-GFP chimera reveals a wild-type-like re-
sponse to exposure of repressible concentrations of phos-
phate, resulting in a fully depleted peripheral fluorescence
within 30 min (Figure 2B).

Molecular Modeling of Gtr1.Gtr1 has been reported to
be a member of a new, sixth subfamily of the Ras
superfamily of small GTPases (12, 13). Representative small
G proteins from this superfamily were compared in a
multiple-sequence alignment. The alignment shows the
expected high level of conservation in the consensus motifs
responsible for the specific interaction with guanine nucle-
otides, whereas the overall level of sequence identity of the
G proteins is low (only∼20-30%). On the basis of this
analysis (kindly provided by K. Stengel and I. Sinning, data
not shown), SRâ and Sar1 are identified as the closest
relatives of Gtr1. Interestingly, Gtr1 seems to have a low
GTPase activity as the purified protein is stable in the GTP-
bound state (K. Stengel and I. Sinning, personal communica-
tion).

The cysteine mutations used in this study (EPR experi-
ment; see below) were mapped onto a structural model of
the Gtr1 G binding domain (Figure 3; the model was kindly
provided by K. Stengel, I. Tews, and I. Sinning). The model
shows that C62 is close to the G3 element, buried in the
protein. C180 is located in the last helix of the G binding
domain.

EPR Spectroscopy of Gtr1 Structure and Dynamics. The
primary structure of Gtr1 contains the typical consensus
motifs of G proteins (12, 13). These conserved sequences
are in the N-terminal part of Gtr1 (G domain, residues
1-185) (Figure 4A). To observe structure-function relation-
ships in full-length and truncated Gtr1 mutants, a bacterial
production system combined with a single purification step
based on affinity chromatography was utilized. This yielded
several milligrams of purified protein per liter culture with
a protein purity of>90% (Figure 4B). Since nucleotide load
analysis revealed a preference for GTP loading, GDP (200

µM) was included in the purification buffers, to increase the
GDP-Gtr1 population for EPR analysis. We examined the
EPR spectral changes upon addition of GTP to Gtr1
constructs spin labeled at one or more of the five native
cysteines contained in the Gtr1 primary structure and also
at two chosen locations (R37 and V67) that were mutated
to cysteines in a cysteine-free Gtr1 background (Table 1 and
Figure 4C-F). Sequence analysis of Gtr1 suggests two
distinct domains, with the N-terminal half (residues 1-185)
being homologous to the ras-like family of G proteins. We
therefore examined the effects of GTP on spin-labels located
in both halves of the protein (Figure 4C). The EPR spectra
of spin-labels located in the Gtr1 N-terminal half (Figure
4C) report a conformational change in the presence of 1 mM
nucleotide, whereas no change is observed from labels
located in the C-terminal half (Figure 4C). This spectral
change is specific for GTP, with ATP and also UTP and
CTP producing spectra identical to that of Gtr1 alone. The
line shape from each sample contains a mixture of weakly
and strongly immobilized spin-labeled side chains (arrows,
Figure 4), depending on the location of the label(s). In the
presence of GTP, there is an increased side chain mobility
seen in the N-terminal half, reflected by a sharper EPR line
shape (Figure 4C). The spectral change suggests an increase
in the population of weakly immobilized side chains when
GTP is bound. Nearly all of this change is due to a
mobilization at position C62, since spin-labeled single C180
does not report a significant change with GTP (Figure 4D).

As is evident in Figure 4D, the spectrum of residue C180
in the N-terminal portion of Gtr1 displays a broadening
indicative of dipolar interaction between labels (28). The
level of broadening indicates a self-association of the protein
arranged such that the C180 sites are close to one another
(within ∼15 Å). This association is consistent with the
proposed oligomeric organization of Gtr1 (13).

To further probe the conformational dynamics associated
with GTP binding, we selected two additional sites, R37 and
V67, for nitroxide spin-label attachment. These sites were
chosen because of their predicted proximity to the nucleotide-
binding region within the N-terminal region. Thus, the single-
Cys substitution R37C or V67C was introduced into the
cysteine-free Gtr1 mutant, and the overexpressed proteins
were spin-labeled and examined by EPR spectroscopy. As
shown in Figure 4E, the nitroxide located at position 37 does
not report a GTP-dependent change in conformational
dynamics; however, position 67 reveals a significant broad-
ening of the line shape when the protein is incubated with
GTP in contrast to GDP. Thus, the side chain at position 67
becomes more restricted upon GTP binding.

Since changes in the side chain dynamics at C62 can report
the binding of nucleotide, we used a spin-label at this position
to explore the consequences of substituting residues within
the conserved G4 motif (NKxD) (Figure 4A). In this motif,
Gtr1 has a histidine in place of the conserved asparagine
(H126, vs the consensus N126). Figure 5F shows the EPR
signal given by the spin-label attached to C62 in the H126N
(left panel) or H126K (right panel) mutant proteins. In the
H126N mutant, GTP produces a similar but smaller line
shape change, suggesting that H126 is not required for GTP
binding. In contrast, the H126K substitution appears to have
a significant effect on Gtr1 stability, as this mutation greatly
increases the side chain motion of C62. Consistent with the

FIGURE 2: Cellular trafficking of the Pho84-GFP chimera in∆gtr1
cells. In ViVo localization of the fluorescent Pho84-GFP chimera
was analyzed in∆gtr1 cells collected during growth under
phosphate-limiting conditions (A). Panel B shows the rapid
internalization of the Pho84-GFP chimera in∆gtr1 cells to which
phosphate at 10 mM, a repressible concentration, was added.
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H126K mutation resulting in a structural alteration of this
domain, the C62-labeled EPR spectrum of this mutant is
unchanged when GTP is added in place of CTP.

DISCUSSION

The primary objectives of this work were to study the
involvement of the soluble G protein, Gtr1, in high-affinity
phosphate uptake inS. cereVisiae and to explore structural
and functional aspects of this protein. The polytopic Pho84
protein is the major high-affinity phosphate transporter in
S. cereVisiae and is responsible for a high-capacity uptake
of inorganic phosphate in situations when the external
phosphate supply is limited. In a previous study, the deletion
of the GTR1gene was shown to severely impair the high-
affinity phosphate uptake (3) with a resulting 80% activity
reduction. That particular study was carried out on cells
grown to anA600 of 1.0. In our comparative studies ofGTR1+

and ∆gtr1 cells, with an intact and deletedGTR1 gene,
respectively, the phosphate uptake activity, localization of
the Pho84 protein, and extracellular phosphatase activity were
assayed at several time points during growth of cells in batch
culture. Our qualitative analysis of localization and phosphate-
mediated endocytosis of the Pho84-GFP chimera in a∆gtr1
background revealed no obvious changes as compared to
GTR1+ cells. Neither could the previously reported drastic
impact of the absence of theGTR1on high-affinity phosphate
uptake be seen, although a significant delay in the response
was observed. This delay was also seen in the measurements
of extracellular phosphatase activity levels. The reasons for
the unexpected difference between the two independent
studies are not fully understood, but differences such as yeast
strain, growth medium, and growth conditions may contrib-
ute. The deletion of anotherpho gene, PHO86, with a
phenotype similar to that of∆gtr1 (29), was shown to be
important in the packaging of Pho84 molecules in COPII
vesicles in the transport of the synthesized phosphate
transporter from the ER to the Golgi (30). A similar function
for Gtr1 cannot be excluded, although other modes of
regulation are feasible as well.Τhe apparent nonessential
influence of Gtr1 in high-affinity phosphate uptake under

the conditions that were studied implies that the absence of
Gtr1 in ∆gtr1 cells is counterbalanced by other factors such
as proteins similar to Gtr1, by changes in transporter
expression and/or turnover, or by an alternative regulatory
pathway (see ref31).

The primary structure of the Gtr1 protein contains
recognized guanine nucleotide binding motifs located in the
N-terminal half of the protein (amino acids 1-185). Gtr1,
together with its closest homologues, clusters apart from
other known subclasses of the Ras superfamily of small G
proteins, and is therefore considered to constitute a novel
subclass. The obvious features of this subclass are an
extended C-terminal domain and a histidine in the first
position of the NKxD motif, which is associated with
specificity for guanine nucleotides. Using EPR spectroscopy,
we show that indeed the postulated G domain is sufficient
for guanine nucleotide binding, implying that the C-terminal
domain may have a regulatory function. The dipolar interac-
tion observed with singly labeled C180 must arise from self-
association of the protein. This interaction is seen also for
the N-terminal domain only, thus showing that this part is
sufficient for oligomerization of the Gtr1 molecule. More-
over, this observation is consistent with the structural model,
which places the C180 side chain near the protein surface.

Of the native cysteines in both the C- and N-terminal
domains, only C62 displays sensitivity to the nucleotide
loading state. The spectral change is not seen with ATP
and therefore appears to be specific for guanine nucleotides.
C62 in Gtr1 is located within the G3 motif, and in our model,
it is not facing toward the nucleotide-binding pocket.
However, our data show that GTP-induced conformational
changes can be monitored by EPR by introducing a spin-
label at C62.

As mentioned above, Gtr1 is distinguished in part by its
histidine residue at the first position of the NKxD guanine
nucleotide-binding motif. The asparagine is highly conserved
in other classes of the Ras G protein superfamily. Using the
GTP binding sensitivity of the C62, we were able to conclude
that the Gtr1 subgroup-specific histidine (H126) in the
position of the asparagine in the G4 motif is not essential

FIGURE 3: Structural modeling of the Gtr1. (A) A model of the G binding domain of Gtr1 is shown as a ribbon diagram (the model was
kindly provided by K. Stengel, I. Tews, and I. Sinning). The consensus elements for nucleotide binding are marked with roman numerals
(I-IV). The nucleotide (GTP) and the Mg2+ ion are shown in a ball-and-stick representation. Unstructured loop regions have been omitted.
The two cysteine residues used in the EPR studies are shown with their side chains. The color code for the atoms is yellow for sulfur, blue
for nitrogen, purple for phosphorus, and red for the Mg2+ ion. (B) Same as panel A but rotated by∼90°.
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for GTP binding. This was seen with an amino acid exchange
for asparagine. A lysine at the same position results in a
significant increase in the population of C62 side chains with
high mobility, suggesting the H126K mutation has a desta-
bilizing effect on the Gtr1 structure.

To date, no GTPase activity has been demonstrated for
Gtr1 (see, for example, ref13). However, the possibility of
enhanced GTP hydrolysis in the yeast cells activated by
different factors, for example, GTPase-activating proteins,
cannot be excluded.

FIGURE 4: EPR spectroscopy of Gtr1 mutants. (A) Schematic presentation of the Gtr1 primary structure with phosphate/magnesium binding
motifs (orange), guanine binding motifs (yellow), and native cysteines (blue). The dashed line in panel A indicates the site of separation
between the N-terminal and C-terminal portions. The Coomassie Blue-stained SDS-polyacrylamide gel (B) shows theE. coli-produced
and -purified full-length Gtr1 protein (FL, amino acids 1-310), the N-terminal portion of Gtr1 (NT, amino acids 1-185), and the C-terminal
portion of Gtr1 (CT, amino acids 186-310). Site-directed mutants of the full-length and truncated forms of the Gtr1 protein were subjected
to nitroxide spin labeling of cysteine residues and analyzed by EPR spectroscopy in the absence (dashed blue line) or presence (red line)
of 1 mM GTP (C-F). The low-field line resolves two distinct populations in each sample, a broad line indicating strongly immobilized side
chains (s in panel D) and a weakly immobilized population with greater motional freedom (w in panel D). GTP increases the motion of
nitroxides attached to C62. In panel C, the spectra from spin-labels attached to the native cysteines in the N-terminal (C62 and C180, left)
and C-terminal (C217, C257, and C284, right) halves of Gtr1. The individual cysteines C62 (full-length, left panel) and C180 (full-length
form in the middle panel and N-terminal portion in the right panel) are analyzed in panel D. In panel E, the labels at C62 (left panel) and
also at R67C (middle panel) and V37C (right panel) are analyzed at a low temperature (4°C). The role of the histidine in the HKmD motif
was analyzed in panel F, in a C62-labeled protein. The left panel shows the spectra of the H126N mutant, and the right panel shows the
corresponding spectra for the H126K mutant. For all pairs, the CTP and GTP spectra were acquired on identical sample amounts and
instrument settings. The protein concentrations were 16µM (i.e., 62-fold excess of nucleotides) for all full-length Gtr1 mutants and 26µM
(i.e., 39-fold excess of nucleotides) and 35µM (i.e., 28-fold excess of nucleotides) for the N- and C-terminal portions, respectively. Spectra
are normalized to the amplitude of the unfolded protein (1% SDS; see the green line in panel D).
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