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Systems-level effects of allosteric 
perturbations to a model molecular switch

Tina Perica1,2,3,12, Christopher J. P. Mathy1,2,4,12, Jiewei Xu2,5,6, Gwendolyn Μ. Jang2,5,6, 
Yang Zhang1,2, Robyn Kaake2,5,6, Noah Ollikainen1,2,7, Hannes Braberg2,5,6, 
Danielle L. Swaney2,5,6, David G. Lambright8,9, Mark J. S. Kelly10, Nevan J. Krogan2,5,6 ✉ & 
Tanja Kortemme1,2,4,7,11 ✉

Molecular switch proteins whose cycling between states is controlled by opposing 
regulators1,2 are central to biological signal transduction. As switch proteins function 
within highly connected interaction networks3, the fundamental question arises of 
how functional specificity is achieved when different processes share common 
regulators. Here we show that functional specificity of the small GTPase switch 
protein Gsp1 in Saccharomyces cerevisiae (the homologue of the human protein RAN)4 
is linked to differential sensitivity of biological processes to different kinetics of the 
Gsp1 (RAN) switch cycle. We make 55 targeted point mutations to individual protein 
interaction interfaces of Gsp1 (RAN) and show through quantitative genetic5 and 
physical interaction mapping that Gsp1 (RAN) interface perturbations have 
widespread cellular consequences. Contrary to expectation, the cellular effects  
of the interface mutations group by their biophysical effects on kinetic parameters of 
the GTPase switch cycle and not by the targeted interfaces. Instead, we show that 
interface mutations allosterically tune the GTPase cycle kinetics. These results 
suggest a model in which protein partner binding, or post-translational modifications 
at distal sites, could act as allosteric regulators of GTPase switching. Similar 
mechanisms may underlie regulation by other GTPases, and other biological 
switches. Furthermore, our integrative platform to determine the quantitative 
consequences of molecular perturbations may help to explain the effects of disease 
mutations that target central molecular switches.

Proteins perform their cellular functions within networks of interac-
tions with many partners3. The interconnectivity of these networks 
raises the fundamental question of how different individual functions 
can be controlled with the required specificity, especially when distinct 
cellular processes share common regulators. Moreover, in highly inter-
connected networks even small perturbations could have widespread 
cellular effects6,7.

To determine the mechanism and extent by which molecular per-
turbations affect interconnected biological processes, we targeted a 
central molecular switch—a GTPase. GTPases are two-state switches 
controlled by regulators with opposing functions2. The two states 
of GTPase switches are defined by the conformation of their GTP- or 
GDP-bound forms, and the interconversion between states is catalysed 
by guanine nucleotide exchange factors (GEFs) and GTPase-activating 
proteins (GAPs) (Fig. 1a). Other, similar biological switch motifs involve 
covalent modifications controlled by opposing kinase–phosphatase or 
acetylase–deacetylase regulators. One notable feature of such motifs is 

their potential for ultrasensitive response to regulation, whereby small 
changes in the activity of the regulators can lead to sharp changes in the 
state of the switch1,2. Moreover, switch motifs such as GTPases are often 
multi-specific, defined here as regulating several distinct processes8.

Here we focus on the multi-specific small GTPase Gsp1 (the S. cer-
evisiae homologue of human RAN) as a model system. Gsp1 (RAN) is a 
highly conserved molecular switch with one main GEF and one main 
GAP9 that regulates the nucleocytoplasmic transport of proteins10 and 
RNA11, cell cycle progression12 and RNA processing13. Crystal structures 
of Gsp1 (RAN) in complex with 16 different binding partners are known 
(Extended Data Fig. 1, Supplementary Fig. 1, Supplementary Table 1). 
We reasoned that by placing point mutations in Gsp1 interfaces with 
these partners, we would differentially perturb subsets of biological 
processes regulated by Gsp1. We then determined the functional con-
sequences of these Gsp1 interface mutations on cellular processes in 
S. cerevisiae using quantitative genetic interaction mapping (Fig. 1a), 
measured changes to the physical interaction network using affinity 
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purification mass spectrometry (AP-MS) and quantified molecular 
effects on the Gsp1 switch using biophysical studies in vitro.

Genetic interactions of Gsp1 mutants
We designed 55 genomically integrated point mutant alleles of S. cerevi-
siae GSP1 to target each of its 16 known interactions (Fig. 1b, Extended 
Data Fig. 1, Supplementary Tables 2, 3), avoiding mutations in the Gsp1 
nucleotide-binding site and the switch I and II regions. We confirmed 
by western blot that the mutant Gsp1 protein levels were close to the 
endogenous wild-type levels (Extended Data Fig. 2).

To determine the cellular effects of the GSP1 interface mutations, we 
performed a genetic interaction (GI) screen in S. cerevisiae using the epi-
static mini-array profile (E-MAP) approach5,7. We measured the growth 
of each GSP1 point mutant in the context of an array of 1,444 single-gene 
knockouts, resulting in a quantitative functional profile of up to 1,444 
GI values for each GSP1 point mutant (Supplementary Data 1). The 55 
GSP1 point mutants fell into two clusters: 23 ‘strong’ mutants with rich 
GI profiles containing 9–373 significant interactions (Fig. 1c); and 32 
‘weak’ mutants with 0–8 significant interactions (Extended Data Fig. 3, 
Methods, Supplementary Fig. 2). The strong mutants covered 11 Gsp1 

sequence positions and all 16 structurally characterized Gsp1 protein 
interaction interfaces (Extended Data Fig. 4a). Twelve of the GSP1 inter-
face point mutants had a greater number of significant GIs than an 
average deletion of a non-essential S. cerevisiae gene, and six GSP1 point 
mutants had more GIs than an average temperature-sensitive mutant 
of an essential gene in a published S. cerevisiae GI map14 (Fig. 1d). Hier-
archical clustering of S. cerevisiae genes on the basis of their GIs with 
the GSP1 interface mutations grouped genes by their cellular functions, 
including mRNA transport, tRNA modification and spindle assembly 
regulation (Fig. 1c, Extended Data Fig. 4b). Together, the GI analysis 
reveals extensive functional consequences of GSP1 interface point 
mutations—similar in magnitude to effects that are typically observed 
for deleting entire genes—and helps to uncover many of the biological 
functions of GSP1.

In contrast to their clustering of biological processes, the GI profiles 
of the GSP1 point mutants did not group on the basis of their location in 
the Gsp1 partner interfaces. For example, strains with GSP1 mutations 
at residues T34 (T34E/Q) and D79 (D79S/A) have similar GI profiles 
(Fig. 1c), but these mutations are in different interfaces (Extended Data 
Fig. 4a) on opposite sides of the Gsp1 structure (Fig. 1b). This obser-
vation was contrary to our initial expectation that Gsp1 achieves its 
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Fig. 1 | GI profiles of Gsp1 interface point mutants cluster by biological 
processes but not by targeted interfaces. a, Interface point mutations enable 
the probing of biological functions of the multi-specific GTPase switch Gsp1.  
b, Mutated residue positions shown as Cα atom spheres on the structure of 
GTP-bound Gsp1. Bold font indicates the positions of mutations with strong  
GI profiles; italic font indicates the positions not conserved in the sequence 
between S. cerevisiae and human. Coloured dots, interaction partners for 
which the residue is in the interface core; blue and pink: switch I and switch II 
regions, respectively. c, GI profiles of 23 GSP1 mutants with nine or more 

significant GIs, hierarchically clustered by Pearson correlation. A negative 
S-score (blue) indicates synthetic sick or synthetic lethal GIs; a positive S-score 
(yellow) indicates suppressive or epistatic GIs. d, Distributions of significant 
GIs of GSP1 point mutants compared to GIs of mutant alleles of essential and 
non-essential genes. e, Distributions of Pearson correlations between the GI 
profiles of Gsp1 interaction partners and GSP1 mutants if mutation is (right, 
black) or is not (left, grey) in the interface with that partner. Point size 
corresponds to the false discovery rate (FDR)-adjusted one-sided (positive) 
P value of the Pearson correlation. Pink bars (d, e), mean.
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functional specificity by interacting with different partners. To analyse 
this finding further, we compared the GSP1 mutant GI profiles to profiles 
from 3,370 S. cerevisiae alleles14 using Pearson correlations. Significant 
positive correlations of GI profiles indicate functional relationships5 
(Supplementary Data 2, Supplementary Table 4, Extended Data Fig. 4c). 
Notably, GI profiles of GSP1 mutants and of Gsp1 physical interaction 
partners were on average no more similar to each other in instances in 
which the Gsp1 mutation was located in the partner interface than in 
instances in which the mutation was not (Fig. 1e, Extended Data Fig. 4d). 
This result suggests that the rich functional profiles of GSP1 mutants 
cannot simply be explained by considering only the partner interaction 
targeted by the interface point mutation.

Physical interactions of Gsp1 mutants
To investigate further why the GI profiles of GSP1 mutations did not 
group based on targeted physical interactions of Gsp1, we sought to 
determine how interface point mutations affected the physical protein 
interaction network of Gsp1. We tagged wild-type Gsp1 and 28 mutants 
covering all interface residues shown in Extended Data Fig. 4a with an 
amino- or carboxy-terminal 3×Flag tag and quantified the abundance 
of 316 high-confidence ‘prey’ partner proteins in complex with Gsp1 by 
AP-MS (Fig. 2, Extended Data Fig. 5, Supplementary Data 3). We refer 
to the prey partner protein abundance in the pulled-down Gsp1 com-
plexes simply as ‘abundance’ below. Six of the 16 Gsp1 binding partners 
for which we had structural information were robustly observable in 
the AP-MS data for both wild-type Gsp1 and Gsp1 mutants: the two 
core regulators Rna1 (GAP) and Srm1 (GEF), as well as four effectors 
Yrb1, Kap95, Pse1 and Srp1. As expected, the abundance of the prey 
partner was decreased on average (although not always) when the 
Gsp1 mutation was in the interface core with the prey partner (Fig. 2a, 
left distribution). However, instead of expected minimal effects, we 
also found notable changes in prey abundance in cases in which the 
mutation was not directly in the interface (Fig. 2a, right distribution). 
A wide spread of abundance changes was apparent for the two main 

GTPase regulators, GAP (Rna1) and GEF (Srm1), even for mutations at 
positions that are outside either of the interfaces such as T34 (Fig. 2b, 
Extended Data Fig. 6, Supplementary Table 5). In summary, the AP-MS 
experiments show that the point mutations, in addition to affecting the 
targeted interactions, also introduce extensive changes to the physical 
interaction network of Gsp1 that cannot simply be explained by the 
interface location of the mutations.

Effect of mutants on Gsp1 switch kinetics
The AP-MS experiments showed that most Gsp1 interface mutations 
significantly altered physical interactions with the two principal GTPase 
regulators, GAP and GEF. This observation prompted us to ask whether 
the mutations, rather than acting indirectly in the cellular context (that 
is, by altering the competition between physical interaction partners 
in the cell), affected the molecular function of the switch directly. 
To assess the molecular effects of mutations on switch function, we 
recombinantly expressed and purified wild-type Gsp1 and 24 Gsp1 
mutants and measured their effects on GAP-mediated GTP hydrolysis 
and GEF-mediated nucleotide exchange in vitro (Fig. 3a, b, Extended 
Data Fig. 7, Supplementary Figs. 3, 4, Supplementary Tables 6, 7). Of 
the 24 Gsp1 point mutants, 17 (of which all except K132H had strong GI 
profiles) showed a change of 3-fold to more than 200-fold in catalytic 
efficiency (kcat/Km) on either or both of the GAP- or GEF-mediated reac-
tions (Extended Data Fig. 7e). These results show that Gsp1 interface 
mutations can modulate the GTPase cycle by affecting GTP hydrolysis 
and nucleotide exchange catalysed by the GAP and GEF. Moreover, as 
9 out of the 17 mutations with larger than 3-fold effects are located 
outside of the interface cores with either the GAP (Fig. 3a) or the GEF 
(Fig. 3b) as well as outside the known switch regions, our data suggest 
considerable, previously unappreciated, allostery in the GTPase switch.

Allosteric effects of mutations
To probe the mechanism of these allosteric effects, we examined the 
effect of Gsp1 point mutations on the conformational distribution in 
the active site of GTP-bound Gsp1 using 1D 31P nuclear magnetic reso-
nance (NMR) spectroscopy. Previous 31P NMR data on human RAN15 
showed two distinct peaks for the γ-phosphate of bound GTP arising 
from differences in the local chemical environment of the γ-phosphate 
in each of two distinct conformations (termed γ1 and γ2). Our 31P NMR 
spectra of S. cerevisiae wild-type Gsp1–GTP showed two distinct peaks 
for the γ-phosphate of bound GTP, with 87% of wild-type Gsp1–GTP 
in the γ2 state conformation (Fig. 3c, Extended Data Fig. 8a). Of note, 
the relative populations of the γ1 and γ2 states were modulated by our 
Gsp1 interface mutations and ranged from close to 0% in the γ2 state for 
T34E and T34Q, to close to 100% for H141R, Y157A and K132H (Fig. 3c).

Furthermore, we observed a linear relationship between the effect 
of the mutation on the equilibrium between the γ1 and γ2 conforma-
tions (plotted as the natural log-transformed ratio of the equilibrium 
constant) and the natural log-transformed ratio of the relative catalytic 
efficiencies of GAP-mediated GTP hydrolysis (Fig. 3d) and intrinsic GTP 
hydrolysis (Extended Data Fig. 8b, c, Supplementary Table 8). This 
relationship suggests that the γ2 state represents the active site confor-
mation of Gsp1–GTP competent for GTP hydrolysis. Exceptions to the 
linear relationship are K132H, which is in the core of the GAP interface 
and hence expected to directly affect the interaction with the GAP; and 
D79S and R78K, which are adjacent to the GTPase switch II region and 
could lead to different perturbations of the nucleotide-binding site.

The mutated residues that tune the population of the γ2 state (posi-
tions T34, H141, Q147 and Y157) are all distal, affecting the chemical 
environment of the Gsp1-bound GTP γ-phosphate from at least 18 Å 
away (Extended Data Fig. 8d, e). Together, our in vitro data support 
an allosteric mechanism in which distal mutations at different surface 
interaction sites of Gsp1 modulate the GTPase switch by differentially 
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affecting GEF-catalysed nucleotide exchange and GAP-catalysed GTP 
hydrolysis. Moreover, comparison between the in vitro kinetic and our 
AP-MS data showed that the direction of the GTPase cycle perturbation 
is a good predictor of altered physical interactions with the two main 
cycle regulators (Extended Data Fig. 9), even in the context of other 
potentially competing partner proteins.

Encoding of Gsp1 multi-specificity
Finally, we asked whether the allosteric effects of the mutations on the 
GTPase cycle kinetics explained the functional effects observed in the 

cellular GI profiles. This analysis also provided insights into the ability 
of Gsp1 to distinctly regulate different biological processes (functional 
multi-specificity). We clustered the GI profiles of the GSP1 mutants 
on the basis of correlation with the GI profiles of 3,358 S. cerevisiae 
alleles;14 276 alleles had significant correlations with GSP1 mutants 
(Fig. 4a). We then compared the clustering of these GI profile correla-
tions with the biophysical effects of the Gsp1 mutations. Notably, the 
GSP1 mutant GI profile clustering mirrored an approximate ordering by 
the in vitro mutant effects on the GTPase cycle: relative GAP efficiency 
systematically increased with increasing column number and relative 
GEF efficiency decreased (Fig. 4a). (The clear outlier, K101R, could be 
explained by acetylation of this residue16. The K101R mutation could 
affect a critical mechanism by which the cell reduces GEF activity17, 
phenocopying mutants with reduced GTP hydrolysis activity.) Overall, 
genes in Fig. 4a fall into one of three categories: (i) genes in cluster 1, but 
also cluster 2, that correlate with mutants primarily perturbed in GTP 
hydrolysis (Fig. 4a, orange bars); (ii) genes in cluster 7 that correlate 
with mutants primarily perturbed in nucleotide exchange (teal bars); 
and (iii) genes that correlate strongly with all or most of the GSP1 point 
mutants (cluster 5, but also clusters 3, 4, and 6).

Genes with shared biological functions (gene sets; Supplementary 
Data 4) all predominantly fall into one of the three categories defined 
above. For example, genes involved in spindle assembly regulation have 
significant GI profile correlations primarily with GSP1 mutant group 
I (Fig. 4b, red points), genes involved in tRNA modification correlate 
primarily with GSP1 mutant group III (blue points) and genes important 
for nucleocytoplasmic transport correlate with GSP1 mutants from all 
three groups (green points). The three groups of Gsp1 mutants show 
distinct kinetic characteristics: group I has decreased efficiency of GTP 
hydrolysis; group III has decreased efficiency of nucleotide exchange; 
and group II shows intermediate behaviour (Fig. 4c). Therefore, our 
analysis suggests that distinct cellular processes regulated by Gsp1, 
such as spindle assembly regulation, tRNA modification and nuclear 
transport (Fig. 4b, d), as well as 5′ mRNA capping, transcriptional regula-
tion, cytoplasm-to-vacuole targeting and actin, tubulin and cell polarity 
(Extended Data Fig. 10), are differentially sensitive to perturbations of 
GTPase cycle kinetics. Together, our findings lead to a model in which 
Gsp1 acts by three different modes defined by the sensitivity of differ-
ent biological processes to perturbations of different characteristics 
of the Gsp1 GTPase cycle, that is, the ability to (i) cycle; (ii) turn off by 
hydrolysing to Gsp1–GDP; and (iii) turn on by producing Gsp1–GTP 
(Fig. 4d). Although other effects such as changes in interaction affini-
ties or expression levels undoubtedly also have a role in modulating 
the functional effects of our Gsp1 mutations, our model explains to 
a considerable extent how a single molecular switch motif can dif-
ferentially control subsets of biological processes by using one of the 
three functional modes.

Discussion
The discovery of several new allosteric sites (positions 34, 141, 147, and 
157) in Gsp1 has implications for GTPase regulation. Our finding that 
mutations in Gsp1 interfaces allosterically modulate the switch cycle 
identifies thermodynamic coupling between distal interfaces and the 
active site; partner binding or post-translational modifications at these 
distal sites could also regulate the switch.

Our observation of widespread functional effects of point mutations 
inducing relatively small perturbations in the GTPase switch kinet-
ics is reminiscent of the zero-order ultrasensitivity that is achievable 
in biological motifs with opposing regulators2. Although switch-like 
ultrasensitivity is typically described for systems that are controlled 
by covalent modifications (such as phosphorylation), our results—as 
well as the observations that cellular levels of small GTPase regulators 
require tight control18,19—corroborate a model of ultrasensitivity for 
GTPase conformational switches20.
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Given the prevalence of biological two-state switch motifs with 
opposing regulators (kinase–phosphatase, acetylase–deacetylase), 
we envision that our approach to engineer defined molecular pertur-
bations and characterize them with systems-level functional genetics 
integrated with molecular biophysics will be informative for other 
studies of cellular regulation. The approach could be extended to mam-
malian systems using CRISPR-based approaches to yield mechanistic 
insights into the consequences of disease mutations targeting central 
molecular switches.
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Methods

Additional Methods
Detailed Methods are provided in the Supplementary Methods and 
additional analysis can be found in the Supplementary Discussion.

Point mutations in the genomic Gsp1 sequence
We identified all residues in Gsp1 that comprised the interfaces with 
Gsp1 binding partners for which co-complex crystal structures with 
Gsp1 were available (Supplementary Fig. 1, Extended Data Fig. 1, Supple-
mentary Table 1). Residues comprising the interface ‘core’, the surface 
exposed ‘rim’ around the core, and more buried ‘support’ residues were 
defined on the basis of per-residue relative solvent accessible surface 
area (rASA), as previously described21. Avoiding positions in the canoni-
cal P-loop or in the switch I or II regions22, we mutated residues that 
are located in interface cores (Supplementary Table 2, Extended Data 
Fig. 1g) into amino acid residues with a range of properties (differ-
ing in size, charge and polarity) and attempted to make stable and 
viable S. cerevisiae strains carrying a genomic GSP1 point mutation 
(Supplementary Fig. 5). The list of attempted mutants is provided in 
Supplementary Table 3.

Saccharomyces cerevisiae genetics and GI mapping
E-MAP of Gsp1 point mutants. GIs of all viable GSP1 point mutant 
(PM-GSP1-clonNAT) strains were identified by E-MAP screens23,24 using a 
previously constructed array library of 1,536 KAN-marked (kanamycin) 
mutant strains assembled from the S. cerevisiae deletion collection25 
and the DAmP (decreased abundance by mRNA perturbation) strain 
collection26, covering genes involved in a wide variety of cellular pro-
cesses7. The E-MAP screen was conducted as previously described23. 
GI scores represent the average of 3–5 independent replicate screens. 
Reproducibility was assessed as previously described5 by comparing 
individual scores to the average score for each mutant–gene pair, with 
the two values showing strong correlation across the dataset (Pearson 
correlation coefficient = 0.83, Supplementary Fig. 6).

Hierarchical clustering of E-MAP GI data. All E-MAP library DAmP 
strains as well as library strains showing poor reproducibility were 
discarded, leaving 1,444 out of the original 1,536 library genes. Averaged 
S-scores of GIs between wild-type and point mutant GSP1 and the 1,444 
S. cerevisiae genes are provided in Supplementary Data 1. Hierarchical 
clustering on the GI profiles was performed using the average linkage 
method and the pairwise Pearson correlation coefficient as a distance 
metric. To identify clusters of functionally related library genes, the 
hierarchical clustering tree was cut to produce 1,200 clusters, which 
resulted in 43 clusters with 3 or more members. Biological function 
descriptions for genes in these clusters were extracted from the Sac-
charomyces Genome Database (SGD)27. Clusters of genes representing 
common functions (complexes, pathways or biological functions) were 
selected by manual inspection and represented in Fig. 1c, Extended 
Data Fig. 4b.

GI profile correlation measurements. Of the 1,444 library genes in the 
GSP1 point mutant GI profile map, 1,129 were present in the synthetic 
genetic array (SGA) dataset14. Pairwise Pearson correlation coefficients 
were computed between all GSP1 point mutants and SGA gene pro-
files, and all profiles were trimmed to include only GI measurements 
with the 1,129 shared library genes. Owing to the relative sparsity of 
GI profiles, pairwise comparisons are dominated by high numbers of 
non-significant interactions. Accordingly, we did not consider cor-
relations with GSP1 point mutants or SGA gene profiles that did not 
have significant GIs (absolute scaled S-score greater than 3; see Sup-
plementary Methods) with at least 10 of the 1,129 library genes. This 
requirement removed all weak GSP1 point mutants and one strong 
mutant (R108A) from the correlation analysis (as they had at most 9 GIs 

with an absolute score greater than 3), leaving 22 strong mutants and 
3,370 S. cerevisiae SGA alleles to be included in the correlation analysis. 
All Pearson correlations and their P values between GSP1 mutants and 
S. cerevisiae genes, including all correlations that did not pass our sig-
nificance filtering procedures, are provided in Supplementary Data 2. 
The subset of Pearson correlations between GSP1 point mutants and 
Gsp1 partners with available co-complex X-ray crystal structures, used 
to make the point plots in Fig. 1e, Extended Data Fig. 4c, d, are also 
available in Supplementary Table 4.

The statistical significance of correlations was computed using both 
two-sided and one-sided (positive) t-tests adjusted for multiple hypoth-
esis testing using both the Bonferroni method and the FDR method, 
which controls the false discovery rate28. All P values reported in the 
text and figures are one-sided (positive) and corrected by the FDR 
method, unless otherwise stated. The FDR method of P value correc-
tion has been shown to account for the positive dependency between 
test statistics29, such as those arising from the underlying functional 
similarities between S. cerevisiae alleles.

Significance testing was used to filter out S. cerevisiae gene SGA pro-
files that did not show a significant correlation (one-sided positive, 
Bonferroni-adjusted) with the GI profiles of at least two GSP1 point 
mutants. In total, 276 S. cerevisiae alleles from the SGA had a signifi-
cant GI profile correlation (one-sided positive, Bonferroni-adjusted) 
with at least two GSP1 point mutants and were therefore included in 
the correlation analysis shown in Fig. 4a. We required alleles to cor-
relate with at least two mutants because the goal of this analysis was 
to group mutants by similarity, and an allele that only significantly 
correlated with one mutant is uninformative for this task. After this 
filtering step, the one-sided P values were used to populate a matrix 
of 22 mutants versus 276 alleles, and hierarchical clustering was per-
formed using Ward’s method. We used Ward’s method rather than 
the average linkage criterion as we found that the latter resulted in a 
wide variety of group sizes owing to a few sparsely populated outli-
ers. Using Ward’s method resulted in rounder clusters, allowing us to 
identify meaningful functional groups of mutants and alleles. Pearson 
correlation between correlation vectors was used as a distance metric 
for the mutant (row) clustering, and Euclidean distance was selected 
for the gene (column) clustering, owing to the column vectors being 
relatively short (22 mutants per column versus 276 alleles per row) and 
thus sensitive to outliers when clustered using Pearson correlations 
as the distance metric (for additional analysis of E-MAP statistics and 
clustering, see Supplementary Discussion).

For the gene set analysis, we decreased the stringency of inclusion of 
S. cerevisiae SGA genes to include all alleles with a significant GI profile 
correlation (one-sided positive, Bonferroni-adjusted) with one or more 
GSP1 mutants, which added another 201 alleles, resulting in 477 alleles. 
We made the gene sets larger to increase our confidence in connect-
ing the patterns of correlations between S. cerevisiae genes and GSP1 
mutants, and GTPase cycle parameters represented in Fig. 4b, d. Indeed, 
although S. cerevisiae genes that only correlate significantly with one 
mutant are not informative for grouping mutants, they are informative 
for annotating the functional effects of individual mutants. Manually 
curated gene sets of S. cerevisiae genes with significant correlations 
with GSP1 mutants are provided in Supplementary Data 4.

Physical interaction mapping using AP-MS
S. cerevisiae cell lysate preparation. S. cerevisiae strains for AP-MS 
were grown in YAPD medium (120 mg adenine hemisulfate salt (A9126, 
Sigma), 10 g Bacto yeast extract (BD 212720), 20 g Bacto peptone (BD 
211820) and 20 g dextrose (d-glucose D16-3, Fisher Chemicals) per 1 l 
of medium). Each strain was grown at 30 °C for 12 to 24 h to an optical 
density at 600 nm (OD600) of 1–1.5. The cells were collected by centrifu-
gation at 3,000g for 3 min and the pellet was washed in 50 ml of ice-cold 
ddH2O, followed by a wash in 50 ml of 2× lysis buffer (200 mM HEPES pH 
7.5, 200 mM KCl, 2 mM MgCl2, 30 μM GTP (guanosine 5′-triphosphate 



sodium salt hydrate, G8877, Sigma-Aldrich), 1 mM dithiothreitol (Pro-
mega V3151), 0.1% IGEPAL CA-630 (I8896, Sigma-Aldrich), and 10% 
glycerol). Each pellet of approximately 500 μl was then resuspended 
in 500 μl of 2× lysis buffer supplemented with protease inhibitors 
without EDTA (cOmplete, Mini, EDTA-free Protease Inhibitor Cocktail, 
11836170001, Roche) and dripped through a syringe into liquid nitro-
gen. The frozen S. cerevisiae cell pellets were lysed in liquid nitrogen 
with a SPEX SamplePrep 6870 Freezer/Mill.

Flag immunoprecipitations were performed as previously 
described30,31.

Liquid chromatography with tandem mass spectrometry analysis. 
To prepare samples for liquid chromatography with tandem mass spec-
trometry (LC–MS/MS) analysis, immunoprecipitated protein (10 μl) 
was denatured and reduced in 2 M urea, 10 mM NH4HCO3, and 2 mM 
dithiothreitol for 30 min at 60 °C with constant shaking, alkylated in 
the dark with 2 mM iodoacetamide for 45 min at room temperature 
and digested overnight at 37 °C with 80 ng trypsin (Promega). After 
digestion, peptides were acidified with formic acid and desalted using 
C18 ZipTips (Millipore) according to the manufacturer’s specifications. 
Samples were resuspended in 4% formic acid, 2% acetonitrile solution, 
and separated by a 75-min reversed-phase gradient over a nanoflow C18 
column (Dr. Maisch). Peptides were directly injected into a Q-Exactive 
Plus mass spectrometer (Thermo Fisher Scientific), with all MS1 and 
MS2 spectra collected in the orbitrap. Raw MS data were searched 
against the S. cerevisiae proteome (SGD sequences downloaded on 13 
January 2015) using the default settings in MaxQuant (v.1.5.7.4), with a 
match-between-runs enabled32,33. Peptides and proteins were filtered 
to 1% FDR in MaxQuant, and identified proteins were then subjected 
to protein–protein interaction scoring using SAINTexpress34. Proteins 
were filtered to only those representing high confidence protein–pro-
tein interactions (Bayesian FDR from SAINT (SAINT BFDR) < 0.05). 
Protein abundance values for this filtered list were then subjected to 
equalized median normalization, and label-free quantification and 
statistical analysis were performed using MSstats35, separately for data 
from amino- or carboxy-terminally tagged baits. The fold change in 
abundance of prey proteins for 3×Flag-tagged Gsp1 point mutants 
was always calculated compared to the wild-type Gsp1 with the corre-
sponding tag. All AP-MS data are available from the PRIDE repository 
under the PXD016338 identifier. Fold change values between prey 
abundance between the mutant and wild-type Gsp1 and the correspond-
ing FDR-adjusted P values are provided in Supplementary Data 3. The 
intersection of all prey proteins identified at least once with both the 
amino- or carboxy-terminal 3×Flag tag, and their interquartile ranges 
of log2-transformed fold change values across all the Gsp1 mutants, are 
provided in Supplementary Table 5. The quality of data and reproduc-
ibility between replicates was assessed on the basis of correlations of 
protein abundance between replicates (Supplementary Figs. 7, 8).

Biochemical and biophysical assays
Protein purifications. All proteins were expressed from a pET-28 a (+) 
vector with an N-terminal 6×His tag in Escherichia coli strain BL21 (DE3) in 
the presence of 50 mg l−1 of kanamycin for 2xYT medium, and 100 mg l−1 
of kanamycin for autoinduction EZ medium. GEF (Srm1 from S. cerevi-
siae; Uniprot P21827) was purified as Srm1(Δ1–27) and GAP (Rna1 from S. 
pombe; Uniprot P41391) as a full-length protein (for use of S. pombe Rna1 
see Supplementary Discussion). ScSrm1(Δ1–27) and SpRna1 were ex-
pressed in 2xYT medium (10 g NaCl, 10 g yeast extract (BD Bacto Yeast Ex-
tract 212720), 16 g tryptone (Fisher, BP1421) per 1 l of medium) overnight 
at 25 °C upon addition of 300 μmol l−1 isopropyl-β-d-thiogalactoside 
(IPTG). Gsp1 variants were expressed by autoinduction for 60 h at 20 °C 
in autoinduction medium, as described before36.

Cells were lysed in 50 mM Tris pH 7.5, 500 mM NaCl, 10 mM imidazole 
and 2 mM β-mercaptoethanol using a microfluidizer from Microflu-
idics. For Gsp1 purifications, the lysis buffer was also supplemented 

with 10 mM MgCl2. The His-tagged proteins were purified on Ni-NTA 
resin (Thermo Fisher Scientific, 88222) and washed into a buffer 
containing 50 mM Tris (pH 7.5) and 100 mM NaCl, with 5 mM MgCl2 
for Gsp1 proteins. The N-terminal His-tag was digested at room tem-
perature overnight using up to 12 NIH units per ml of bovine throm-
bin (Sigma-Aldrich T4648-10KU). Proteins were then purified using 
size-exclusion chromatography (HiLoad 26/600 Superdex 200 pg 
column from GE Healthcare), and purity was confirmed to be at least 
90% by SDS–PAGE. Samples were concentrated on 10-kDa spin filter 
columns (Amicon, UFC901024) into storage buffer (50 mM Tris pH 7.5, 
150 mM NaCl, 1 mM dithiothreitol). Storage buffer for Gsp1 proteins 
was supplemented with 5 mM MgCl2.

GTP loading of Gsp1. Gsp1 variants for GTPase assays as well as for 
31P NMR spectroscopy were first loaded with GTP by incubation in the 
presence of 20-fold excess GTP (guanosine 5′-triphosphate, disodium 
salt, 371701, Calbiochem) in 50 mM Tris HCl pH 7.5, 100 mM NaCl, 5 mM 
MgCl2. Exchange of GDP for GTP was initiated by the addition of 10 mM 
EDTA. Reactions were incubated for 3 h at 4 °C and stopped by the ad-
dition of 1 M MgCl2 to a final concentration of 20 mM MgCl2 to quench 
the EDTA. GTP-loaded protein was buffer-exchanged into either NMR 
buffer or the GTPase assay buffer using NAP-5 Sephadex G-25 DNA 
Grade columns (GE Healthcare, 17085301).

NMR spectroscopy. Gsp1 samples for 31P NMR spectroscopy were first 
loaded with GTP as described above, and buffer-exchanged into NMR 
buffer (D2O with 50 mM Tris-HCl pH 7.4, 5 mM MgCl2, 2 mM dithiothrei-
tol). Final sample concentrations were between 250 μM and 2 mM, and 
400 μl of samples were loaded into 5-mm Shigemi advanced microtubes 
matched to D2O (BMS-005TB; Shigemi). 31P NMR experiments were 
performed on a Bruker Avance III 600 MHz NMR spectrometer with a 
5-mm BBFO Z-gradient probe. Spectra were acquired and processed with 
the Bruker TopSpin software (v.4.0.3). Indirect chemical shift referenc-
ing for 31P to DSS (2 mM Sucrose, 0.5 mM DSS, 2 mM NaN3 in 90% H2O + 
10% D2O; water-suppression standard) was done using the IUPAC-IUB 
recommended ratios37. Spectra were recorded at 25 °C using the pulse 
and acquire program zg (TopSpin 3.6.0), with an acquisition time of 
280 ms, a recycle delay of 3.84 s and a 65° hard pulse. A total of 4,096 
complex points were acquired over the course of 4,096 scans and a total 
acquisition time of 4.75 h. Spectra were zero-filled once and multiplied 
with an exponential window function (EM) with a line-broadening of 6 Hz 
(LB = 6) before Fourier transformation. Peaks were integrated using the 
auto-integrate function in TopSpin 4.0.7, and peak areas were referenced 
to the bound GTP-β peak of each spectrum. The peak at approximately 
−7 ppm is defined as γ1 and the peak at approximately −8 ppm is defined 
as γ2. The percentage of γ phosphate in γ2 is defined as a ratio of areas 
under the curve between the γ2 and the sum of the γ1 and γ2 peaks.

Kinetic measurements of GTP hydrolysis. Kinetic parameters of the 
GTP hydrolysis reaction were determined using a protocol similar to 
one previously described38. Gsp1 samples for GTP hydrolysis kinetic as-
says were first loaded with GTP as described above. GTP hydrolysis was 
monitored by measuring fluorescence of the E. coli phosphate-binding 
protein labelled with 7-diethylamino-3-[N-(2-maleimidoethyl)carba-
moyl]coumarin (MDCC) (phosphate sensor; PV4406, Thermo Fisher 
Scientific) upon binding of the free phosphate GTP hydrolysis product 
(excitation at 425 nm, emission at 457 nm). All experiments were per-
formed in GTPase assay buffer (40 mM HEPES pH 7.5, 100 mM NaCl, 
4 mM MgCl2, 1 mM dithiothreitol) at 30 °C in a 100-μl reaction volume 
on a Synergy H1 plate reader from BioTek, using Corning 3881 96-well 
half-area clear-bottom non-binding surface plates. For each individual 
GAP-mediated GTP hydrolysis experiment, a control experiment with 
the same concentration of GTP-loaded Gsp1 and the same concentra-
tion of sensor, but without added GAP, was run in parallel. The first 
100 s of these data were used to determine the baseline fluorescence, 
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and the rest of the data were linearly fitted to estimate the intrinsic GTP 
hydrolysis rate (Supplementary Table 1).

Estimating the kcat and Km parameters of GAP-mediated hydrolysis. 
We used an analytical solution of the integrated Michaelis–Menten 
equation based on the Lambert ω function, as described before39, to 
estimate the kcat and Km of GAP-mediated GTP hydrolysis. The curves 
were fit with the custom-made software DELA40. Examples of full reac-
tion progress curves and their integrated Michaelis–Menten fits are 
shown in Supplementary Fig. 3.

For most mutants a concentration of 1 nM GAP (SpRna1, Rna1 from S. 
pombe) was used. To run the time courses to completion, for mutants 
with low kcat/Km enzyme concentrations of 2–5 nM were used. Initially 
we collected time-course data for all Gsp1 variants at an approximately 
8 μM concentration of loaded Gsp1–GTP with 1 nM GAP and 20 μM 
phosphate sensor. If the estimated Km was higher than 1 μM, we repeated 
the time-course kinetic experiments with a higher concentration of 
Gsp1–GTP of approximately 10-fold above the Km.

The Michaelis–Menten kcat and Km parameters and their standard 
deviations were calculated from at least three technical replicates from 
two or more independently GTP-loaded Gsp1 samples (Supplementary 
Table 6). For more details on the kinetic analysis, see Supplementary 
Discussion, Supplementary Methods.

Kinetic measurements of Srm1-mediated nucleotide exchange. 
Kinetic parameters of GEF-mediated nucleotide exchange were deter-
mined using a fluorescence resonance energy transfer (FRET)-based 
protocol41. Nucleotide exchange from GDP to mant-GTP (2′-(or-3′)-O-
(N-methylanthraniloyl) guanosine 5′-triphosphate, NU-206L, Jena 
Biosciences) was monitored by measuring a decrease in intrinsic Gsp1 
tryptophan fluorescence (295 nm excitation, 335 nm detection) due to 
FRET upon binding of the mant group. Each time course was measured 
in GEF assay buffer (40 mM HEPES pH 7.5, 100 mM NaCl, 4 mM MgCl2, 
1 mM dithiothreitol) with an excess of mant-GTP.

All kinetic measurements were done at 30 °C in a 100 μl reaction 
volume using 5 nM GEF (Srm1 Δ1–27)), except for higher concentra-
tions of the mutants with high Km values that were measured at 20 nM 
GEF. Data were collected in a Synergy H1 plate reader from BioTek, 
using Corning 3686 96-well half-area non-binding surface plates. For 
low concentrations of Gsp1–GDP, the time-course data were fit to a 
combination of two exponential decays. The kinetic parameters of the 
nucleotide exchange were determined by fitting a Michaelis–Menten 
equation to an average of 38 data points (ranging from 17 to 91) per 
Gsp1 point mutant for a range of substrate concentrations from [Gsp1–
GDP] = 0.25 μM to [Gsp1–GDP] >> Km. Michaelis–Menten fits are shown 
in Supplementary Fig. 4. Michaelis-Menten kcat and Km parameters for 
GEF-mediated nucleotide exchange are provided in Supplementary 
Table 7. For more details on the kinetic analysis, see Supplementary 
Discussion, Supplementary Methods.

Reporting summary
Further information on research design is available in the Nature 
Research Reporting Summary linked to this paper.

Data availability
The mass spectrometry proteomics data have been deposited to 
the PRIDE proteomics data repository with the dataset identifier 
PXD016338 and are available as Supplementary Tables. Raw biophys-
ics data (cycle kinetics, circular dichroism spectroscopy and NMR), and 
E-MAP S-scores, scaled SGA scores and their correlations are available 
from https://github.com/tinaperica/Gsp1_manuscript/tree/master/
Data. All other data that support the findings of this study are available 
within the paper and its supplementary files. Source data are provided 
with this paper.

Code availability
Custom written R and Python scripts are available without restrictions 
at https://github.com/tinaperica/Gsp1_manuscript.
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Extended Data Fig. 1 | See next page for caption.
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Extended Data Fig. 1 | Design of interface point mutations in S. cerevisiae 
Gsp1. Interface residues are categorized as interface core, rim, and support 
positions (see Supplementary Methods) and provided in Supplementary 
Table 2. a–f, Structures of RAN (Gsp1) in partner-bound conformations with 
interface residues coloured by partner protein. All mutated Gsp1 residues are 
shown as spheres.: a, Srm1 (GEF) interface core (dark teal) and interface rim and 
support (light teal) PDB 1I2M; b, Rna1 (GAP) interface core (dark orange) and 
interface rim and support (light orange) PDB 1K5D; c, Ntf2 interface core (dark 
purple) and interface rim and support (light purple) PDB 1A2K; d, Residues that 
are in both the core of the Yrb1 and Yrb2 interfaces (dark yellow), and in only one 

of the two interfaces (light yellow) PDB 1K5D; e, Srp1 interface core (dark pink) 
and interface rim and support (light pink) PDB 1WA5; f, Residues that are in the 
core of four or more (dark green), two to three (green) and one (light green) 
karyopherin interface. Karyopherins are: Kap95, Crm1, Los1, Kap104, Msn5, 
Cse1, Mtr10. PDB 2BKU. g, Location of Gsp1 residues in partner interfaces. 
Residues within 5 Å of the nucleotide, in the canonical P-loop, or in the switch I 
or II regions22 were not mutated. Residues belonging to the switch I, switch II, 
and C-terminal α helix are indicated by dark navy bars. Chosen Gsp1 point 
mutation substitutions are provided in Supplementary Table 3.



Extended Data Fig. 2 | Endogenous expression levels of Gsp1 in S. cerevisiae 
strains with genomically integrated GSP1 point mutations profiled by 
western blot. a, Expression data for strong mutants, defined as mutants with 
nine or more significant GIs. b, Expression data for weak mutants, defined as 
mutants with fewer than nine significant GIs. In a, and b, bar heights indicate 
averages over two or more biological replicates (n) grown on separate days 
(except for T34D which has only one biological replicate), with error bars 
indicating one standard deviation for n >= 3. Overlaid points indicate individual 
biological replicates (each an average over at least 12 technical replicates per 

biological replicate for wild-type and MAT:α strains, and between one and six 
technical replicates per biological replicate for mutant strains). Expression 
levels are relative to the expression levels of wild-type Gsp1 protein with 
clonNAT resistance marker (WT) shown as red dashed lines (relative expression 
of 1). MAT:α is the starting S. cerevisiae strain (see Supplementary Methods).  
c, Distributions of average relative expression levels for strong and weak 
mutants. Each point is as in a and b. Horizontal pink bars indicate the mean of 
the point distributions.
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Extended Data Fig. 3 | GI profiles of the 56 GSP1 strains (wild-type GSP1 with 
clonNAT cassette and 55 point mutants). Negative S-score (blue) represents 
synthetic sick or synthetic lethal GIs, positive S-score (yellow) represents 
suppressive or epistatic GIs; neutral S-scores (no significant GI) are shown in 

black. Gsp1 point mutants and S. cerevisiae genes are hierarchically clustered 
by Pearson correlation. GSP1 mutants fall into two clusters: a cluster of 23 
strong mutants with nine or more significant GIs and 32 weak mutants with 
fewer than nine significant GIs.



Extended Data Fig. 4 | Functional profiles of GSP1 mutants cannot be 
explained solely by the positions of mutations in interfaces. a, Locations of 
mutated residues in structurally characterized interfaces. ΔrASA is the 
difference in accessible surface area of a residue upon binding, relative to an 
empirical maximum for the solvent accessible surface area of each amino acid 
residue type (see Supplementary Methods). b, GI profiles of GSP1 mutants 
group S. cerevisiae genes by biological processes and complexes, such as the 
dynein/dynactin pathway, SWR1 complex, the Hog1 signalling pathway, mRNA 
splicing, mitochondrial proteins, and the Rpd3L histone deacetylase complex. 
c, Distributions of Pearson correlations between the GI profiles of strong GSP1 
mutants and alleles of Gsp1 direct interaction partners with available 

co-complex crystal structures (left) and strong GSP1 mutants and alleles of all 
other S. cerevisiae genes (right).d, Distributions of Pearson correlations 
between the GI profiles of Gsp1 interaction partners and strong and weak GSP1 
mutants if mutation is (black and light purple) or is not (grey and dark purple) in 
the interface with that partner. Teal violin plot on the right represents the 
distribution of all other Pearson correlations between GSP1 mutants and  
S. cerevisiae genes. In c and d, point size indicates the false discovery rate 
adjusted one-sided (positive) p-value of Pearson correlation, and pink bars 
indicate the mean of the point distributions; n denotes the number of GSP1 
point mutant-gene GI profile correlations in each category. Data for strong 
mutants are also shown in Fig. 1e and included here for comparison.
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Extended Data Fig. 5 | Interface point mutations in Gsp1 rewire its physical 
interaction network. a, Schematic representation of the affinity purification 
mass spectrometry (AP-MS) experiment to determine the abundance of 
pulled-down protein interaction partners of wild type and mutant Gsp1. The 
change in abundance of partner proteins pulled down with Gsp1 mutants in b, c, 
and d is represented as log2-transformed fold change (FC) between abundance 
of a partner pulled-down with a Gsp1 mutant versus pulled-down with wild-type 
Gsp1 (log2(abundance(PREY)MUT/abundance(PREY)WT). To account for possible 
tag effects, the fold change in prey abundance was always computed relative to 
the wild-type protein with the corresponding tag. Decreased abundance 
compared to pull-down with wild-type Gsp1 is annotated in red and increased 
abundance in blue. The log2-transformed fold change values are capped at +/− 
4. b, Amino- and c, -carboxy terminally 3xFLAG-tagged Gsp1 point mutants 
(rows) and prey proteins identified by AP-MS (columns) hierarchically 

clustered by the log2-transformed fold change in prey abundance. d, Prey 
proteins pulled down by both amino- and carboxy-terminal tagged constructs. 
Left semi-circle represents an amino-terminal 3xFLAG-tagged Gsp1 point 
mutant, and right semi-circle represents carboxy-terminal 3xFLAG-tagged 
Gsp1 point mutant. Semi-circle size is proportional to the significance of the 
log2-transformed fold change (false discovery rate adjusted p-value) of the prey 
abundance in pulled-down complexes with a Gsp1 mutant compared to 
complexes with the wild-type Gsp1. Overall we identified 316 high-confidence 
prey partner proteins, with the amino- and carboxy-terminally tagged Gsp1 
mutants pulling down 264 and 103 preys, respectively, including 51 overlapping 
preys. The difference in preys identified by experiments with N- or C-terminal 
tags illustrates the sensitivity of the interaction network to perturbation of 
Gsp1.



Extended Data Fig. 6 | Gsp1 interface mutations rewire interactions with 
the core regulators Srm1 and Rna1. a, b, Protein-protein interactions 
between interface mutants of Gsp1 and Gsp1 partners for which there are 
co-complex X-ray crystal structures (core regulators Srm1 and Rna1, and 
effectors Yrb1, Kap95, Pse1, and Srp1). Change in pulled-down prey partner 
abundance is expressed as log2(PREY abundanceMUT/PREY abundanceWT)). 
N-3xFL and C-3xFL labelled mutants are tagged with an amino- or 
carboxy-terminal triple FLAG tag, respectively, and partners are coloured as 
indicated. a, Bar plot depicting changes in pulled-down prey partner 
abundance when the point mutation is in the core of the Gsp1 interface with the 
prey partner. b, Bar plot depicting all changes in pulled-down prey partner 
abundance for core regulators Srm1 and Rna1, and effectors Yrb1, Kap95, Pse1, 
and Srp1, regardless whether the mutation is directly in the interface core with 
the partner or not. c, Distribution showing the variation in log2-transformed 
fold change in abundance of all prey proteins pulled down with the Gsp1 

mutants, as defined by interquartile range (IQR) across mutants. Values for 
core partners shown as arrows (Rna1 orange, Srm1 teal, Yrb1 yellow, Kap95 
green, Pse1 light green, Srp1 pink). Mean and +1 standard deviation of IQR 
values are highlighted with a dark grey and a light grey arrow, respectively. The 
extent to which the abundance of the two cycle regulators Rna1 and Srm1 
changed across the Gsp1 point mutants is larger than the change for an average 
prey protein. All IQR values are provided in Supplementary Table 5. d, Position 
of T34 with respect to the interfaces with Rna1 (GAP, orange surface, PDB 
1K5D), Srm1 (GEF, teal surface, PDB 2I1M), and Yrb1 (yellow surface, PDB 1K5D). 
As the coordinates for T34 are not resolved in the 2I1M structure, in all three 
structures the pink spheres show the residue location in the aligned 1K5D 
structure. Gsp1: navy cartoon; GTP nucleotide: stick representation. Residues 
that were mutated in the Rna1 and Srm1 interfaces are shown in sphere 
representation and are coloured in orange (Rna1, left) or teal (Srm1, middle).
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Extended Data Fig. 7 | Effect of Gsp1 point mutations on the in vitro 
efficiency of GAP-mediated GTP hydrolysis and GEF-mediated nucleotide 
exchange. a, kcat and b, Km values of GAP-mediated GTP hydrolysis of wild-type 
and point mutant Gsp1. Error bars represent the standard deviation of the kcat 
and the Km parameters from the integrated Michaelis-Menten fit for n ≥ 3 
replicates. c, kcat and d, Km of GEF-mediated nucleotide exchange of wild-type 
and point mutant Gsp1. Inset shows the Km bar plot for all but the four mutants 
with the highest Km (K101R, R108L, R108I, and R108Y). Error bars represent the 
value plus/minus the standard error of the Michaelis-Menten fit to data from n 
≥ 17 measurements at different substrate concentrations. a, b, c, d, Dotted lines 
indicate the wild-type values. Dark blue bar denotes the wild-type Gsp1, and 
orange and teal bars highlight the residues that are in the core of the interface 
with the GAP and GEF, respectively. e, Comparison of relative change in 
catalytic efficiencies of GAP-mediated GTP hydrolysis (orange bars) and 

GEF-mediated nucleotide exchange (teal bars) defined as kcat
MUT/Km

MUT / 
kcat

WT/Km
WT. Grey line indicates a three-fold increase compared to wild type and 

black line indicates a three-fold decrease compared to wild type. Error bars 
represent the added standard error of the mean (for GAP) or standard error of 
the fit (for GEF) values of the mutant and the wild-type efficiency (kcat/Km) 
values. Mutations not in the interface core with the GAP both increased (3-fold, 
R108G mutant) and decreased (3 to 10-fold, T34E/Q/A/G, R78K, D79S/A, R108I, 
and R112S mutants) the catalytic efficiency kcat/Km of GAP-mediated GTP 
hydrolysis, compared to wild-type Gsp1. As expected, mutations in the 
interface core with the GEF (K101, and R108) decreased the catalytic efficiency 
of GEF-mediated nucleotide exchange >40-fold. However, other mutations not 
in the GEF interface core (R78K, R112S, Y157A) also decreased the efficiency 
notably (3- to 10-fold).



Extended Data Fig. 8 | Gsp1 interface mutations act allosterically to 
modulate the rate of GTP hydrolysis. a, Annotated 1D 31P NMR spectrum of 
wild-type Gsp1 loaded with GTP. Peak areas are computed over intervals shown 
and normalized to the GTPβ bound peak. The peaks from left to right 
correspond to: free phosphate (Pi), β phosphate of GDP bound to Gsp1 
(GDPβbound), β phosphate of free (unbound) GDP (GDPβfree), γ phosphate of 
GTP bound to Gsp1 in conformation 1 (γ1), γ phosphate of GTP bound to Gsp1 in 
conformation 2 (γ2), α phosphate of bound or unbound GDP or GTP, β 
phosphate of GTP bound to Gsp1 (GTPβbound), β phosphate of free (unbound) 
GTP (GTPβfree). b, Rate of intrinsic GTP hydrolysis of wild-type Gsp1 and 
mutants. Dotted line indicates wild-type value. Error bars represent the 

standard deviations from n ≥ 3 replicates (dots). c, Natural log-transformed 
exchange equilibrium constant between the γ2 and γ1 conformations plotted 
against the relative rate of intrinsic GTP hydrolysis represented as a natural 
logarithm of the ratio of the rate for the mutant over the rate of the wild type. 
The pink line is a linear fit. Error bars represent the standard deviation from n ≥ 
3 replicates of intrinsic GTP hydrolysis measurements. d, Location of Y157, 
H141, and Q147 (pink spheres) in the Crm1 interface (grey surface, PDB 3M1I). 
Gsp1: navy cartoon; GTP nucleotide: yellow stick representation. e, Location of 
T34 (pink spheres) in the interface with Yrb1 (grey surface, PDB 1K5D). 
Distances from the γ phosphate of GTP to the residue α-carbon are indicated 
below the residue numbers in d and e.
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Extended Data Fig. 9 | Relative prey protein abundance overlaid onto the 
effects of each mutation on relative in vitro efficiencies of GAP-mediated 
GTP hydrolysis and GEF-mediated nucleotide exchange. Relative 
GAP-mediated hydrolysis and GEF-mediated exchange efficiencies are plotted 
as ln(kcat

MUT/Km
MUT/kcat

WT/Km
WT). Mutants that affect the efficiency (kcat/Km) of 

GEF-catalysed nucleotide exchange more than the efficiency of GAP-catalysed 
GTP hydrolysis are above the diagonal, and the mutants that affect the 
GAP-catalysed hydrolysis are below the diagonal. Left semi-circle represents an 
amino-terminal 3xFLAG-tagged Gsp1 point mutant, and right semi-circle 
represents a carboxy-terminal 3xFLAG-tagged Gsp1 point mutant, relative to 
wild-type Gsp1 with the corresponding tag. a, Colour represents 
log2-transformed ratio of GAP and GEF abundance fold change for each Gsp1 

point mutant compared to wild type defined as log2((abundance(Rna1)MUT/
abundance(Rna1)WT)/(abundance(Srm1)MUT/abundance(Srm1)WT)). Orange 
coloured mutants pull-down relatively less Rna1 (GAP) and teal mutants less 
Srm1 (GEF). b-f, Colour represents the log-transformed ratio of mutant and wild 
type pulled-down prey protein represented as log2(PREY abundanceMUT/PREY 
abundanceWT). Log-transformed relative abundance values are capped at +/− 4. 
Decreased prey abundance from AP-MS in pulled-down complexes with a 
mutant Gsp1 compared to complexes with the wild-type Gsp1 is represented in 
red and increased abundance in blue. Prey proteins: b, Rna1 (GAP); c, Srm1 
(GEF); d, Yrb1; e, Kap95, and f, Vps71. Yrb1 follows a pattern similar to that of 
Rna1 (GAP), whereas Kap95 and Vps71 are similar to Srm1 (GEF).



Extended Data Fig. 10 | Sets of S. cerevisiae genes grouped by biological 
functions. Heat maps of the false discovery rate adjusted one-sided (positive) 
p-values of the Pearson correlations between the GI profiles of 22 strong GSP1 
point mutants and GI profiles of knock-outs or knock-downs of S. cerevisiae 
genes from Ref. 14. The p-value is represented as a white to grey range as in 
Fig. 4a. Genes are organized in gene sets based on their biological function 
(Methods). The line plots above the heat maps are the same as in Fig. 4c. a, GSP1 

point mutants and alleles of Gsp1 binding partners with available co-complex 
X-ray crystal structures, and S. cerevisiae genes involved in nuclear transport of 
RNA and proteins. b, GSP1 point mutants and S. cerevisiae genes involved in 
transcription regulation or 5′ mRNA capping. c, GSP1 point mutants and S. 
cerevisiae genes involved in the cytoplasm-to-vacuole targeting (CVT) 
pathway, and actin, tubulin, and cell polarity.
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Data collection Western blots were scanned and analyzed using Image Lab software on a ChemiDoc MP (BioRad). Mass Spectrometry was performed on 
a Q-Exactive Plus mass spectrometer (Thermo). In vitro kinetics data were collected on a H1 Synergy plate reader from BioTek, using 
Gen5 (v. 3.03) software.  Circular dichroism data were collected on a JASCO J-710 CD-spectrometer using Spectra Manager software (v. 
1.53.01). High pressure liquid chromatography was done on an Agilent Technologies 1200 series, using Agilent ChemStation (Rev B 
04.03 ) software. NMR experiments were performed on a Bruker Avance III 600 MHz NMR spectrometer using the Bruker TopSpin 
software (version 4.0.3). 

Data analysis Structural analysis of Gsp1 interfaces was done using the bio3d R package and custom code provided at https://github.com/tinaperica/
Gsp1_manuscript/tree/master/Scripts/complex_structure_analyses. E-MAP analysis was done using open source HT Colony Grid Analyzer 
Java program (http://sourceforge.net/project/showfiles.php?group_id=163953) and a MATLAB custom toolbox (http://sourceforge.net/
project/showfiles.php?group_id=164376). All other custom written code for downstream E-MAP analysis is provided in the 
accompanying GitHub repository (https://github.com/tinaperica/Gsp1_manuscript/tree/master/Scripts/E-MAP).  
Mass spectrometry data were analyzed using MaxQuant (version 1.5.7.4), SAINTexpress and R package MSstats, and custom code is 
available from https://github.com/tinaperica/Gsp1_manuscript/tree/master/Scripts/APMS. GAP kinetics data were fit using DELA, a 
freeware software (v 1.0) from Prof. David Lambright, from University of Massachusetts Medical School. GEF kinetics data were fit using 
custom code. All custom code for fitting and analysing kinetics data is available from https://github.com/tinaperica/Gsp1_manuscript/
tree/master/Scripts/kinetics.
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- Accession codes, unique identifiers, or web links for publicly available datasets 
- A list of figures that have associated raw data 
- A description of any restrictions on data availability

The mass spectrometry proteomics data have been deposited to the PRIDE proteomics data repository with the dataset identifier PXD016338 and are available as 
supplementary tables. All other data that support the findings of this study are available within the paper and its Supplementary Files. Additional raw biophysics 
data (kinetics, CD, and NMR), and E-MAP S-scores, scaled CellMap scores, and their correlations are available from https://github.com/tinaperica/Gsp1_manuscript/
tree/master/Data.

Field-specific reporting
Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

Life sciences Behavioural & social sciences  Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design
All studies must disclose on these points even when the disclosure is negative.

Sample size E-MAP S-scores were determined from 3 to 5 replicates done in independent screens of approximately 25 mutants at the time. Mass 
spectrometry data were calculated from at least three independent biological replicates (three replicates for each mutant and four, five, and 
nine replicates for amino-FLAG tagged WT, carboxy-FLAG-tagged WT, and untagged WT, respectively). Each replicate sample culture was 
grown on a separate day and each sample was injected to a mass spectrometer twice. Western blot expression values represent at least 2 
biological replicates, with at least 12 technical replicates per biological replicate for wild type and MAT:α strains, and between one and six 
technical replicates per biological replicate for mutant strains. GEF-mediated nucleotide exchange kinetics parameters were determined by 
fitting 17 to 91 data points ranging from 0.25 μM Gsp1 to concentrations approximately 10-fold over the Km value. GAP-mediated GTP 
hydrolysis kinetic parameters and their standard deviations were calculated from three or more kinetic curves, from two or more 
independently GTP-loaded protein samples (loaded and run on separate days).

Data exclusions No data were excluded.

Replication All experiments yielded consistent results. Precise numbers of repeats for each experiment are provided in figure legends and methods. 

Randomization The combinations of the approximately 25-30 mutants that were screened together in an E-MAP screen were randomised. For all other 
experiments the samples were not randomized, but appropriate controls were included.

Blinding No blinding was performed.

Reporting for specific materials, systems and methods
We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material, 
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response. 

Materials & experimental systems
n/a Involved in the study

Antibodies

Eukaryotic cell lines

Palaeontology

Animals and other organisms

Human research participants

Clinical data

Methods
n/a Involved in the study

ChIP-seq

Flow cytometry

MRI-based neuroimaging

Antibodies
Antibodies used Rabbit anti-RAN (CAT # PA 1-5783, ThermoFisher Scientific) primary antibody for anti-Gsp1 staining 1:1000 

Goat anti-Rabbit-IgG(H+L)-HRP (CAT #31460, Thermo Fisher) secondary antibodies
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Validation Validated by the manufacturer to detect S. cerevisiae Gsp1 in Western blot 
Validated by the manufacturer for a range of Rabbit IgG

Eukaryotic cell lines
Policy information about cell lines

Cell line source(s) The starting S. cerevisiae strain used was: MAT:α his3D1; leu2D0; ura3D0; LYS2þ; can1::STE2pr-SpHIS5 (SpHIS5 is the S. 
pombe HIS5 gene); lyp1D::STE3pr-LEU2  (as described in Collins et al, 2010, Meth Enzymol.)

Authentication The point mutations, as well as clonNAT and 3xFLAG insertions into the Gsp1 genomic region were confirmed by PCR and 
standard sequencing.

Mycoplasma contamination Cells were not tested for mycoplasma contamination.

Commonly misidentified lines
(See ICLAC register)

 No commonly misidentified cell lines were used.
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