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Ran is a small GTP-binding protein of the Ras superfamily regulating
fundamental cellular processes: nucleo-cytoplasmic transport, nuclear
envelope formation and mitotic spindle assembly. An intracellular
RaneGTP/RaneGDP gradient created by the distinct subcellular local-
ization of its regulators RCC1 and RanGAP mediates many of its
cellular effects. Recent proteomic screens identified five Ran lysine
acetylation sites in human and eleven sites in mouse/rat tissues. Some
of these sites are located in functionally highly important regions
such as switch | and switch Il. Here, we show that lysine acetylation
interferes with essential aspects of Ran function: nucleotide exchange
and hydrolysis, subcellular Ran localization, GTP hydrolysis, and the
interaction with import and export receptors. Deacetylation activity
of certain sirtuins was detected for two Ran acetylation sites in vitro.
Moreover, Ran was acetylated by CBP/p300 and Tip60 in vitro and
on transferase overexpression in vivo. Overall, this study addresses
many important challenges of the acetylome field, which will
be discussed.

Ran | lysine acetylation | genetic code expansion concept | nucleus |
nuclear cytosolic transport

he small GTP-binding protein Ran (Ras-related nuclear) is

involved in nucleo-cytoplasmic transport processes, nuclear
envelope formation, and the formation of the mitotic spindle (1).
Ran, furthermore, has a variety of cytosolic functions and is in-
volved in the cross-talk with the actin cytoskeleton. As a member
of the Ras superfamily, Ran is structurally composed of a fold
known as the G-domain (GTP-binding domain), a central six-
stranded p-sheet that is surrounded by o-helices. Ras-family
members bind to GTP and GDP nucleotides with high picomolar
affinity. However, only in the GTP-bound form and the switch I-
and switch II-loops adopt a stable conformation. Ran has been
structurally characterized in great detail, including different
nucleotide states and various protein complexes (2-4).

In interphase cells, about 90% of cellular Ran is nuclear, and
only a minor proportion is cytosolic (5). The localization of the
guanine-nucleotide exchange factor (GEF) RCC1 (Regulator of
chromosome condensation 1) at the nuclear chromatin and the
RanGAP (RanGTPase-activating protein) at the cytosolic site of
the nuclear pore creates a gradient of RaneGTP in the nucleus
and RaneGDP in the cytosol (6-8).

In the nucleus, RaneGTP binds to exportins such as CRM1
(Chromosome region maintenance 1) to transport cargo proteins
containing a nuclear export signal (NES) into the cytosol (3, 9,
10). RaneGTP, furthermore, binds to Importin-pecargo com-
plexes to release the cargo in the nucleus (11-15). In the cy-
tosol, the ImportineRaneGTP complexes, as well as the ternary
exportineRaneGTP-cargo complexes, dissociate on binding of
RanBP1 and subsequent GTP hydrolysis catalyzed by RanGAP
(16, 17). The Ran transport cycle closes by translocation of
RaneGDP to the nucleus by the nuclear transport factor 2 (NTF2)
(4, 17-20). Many of these Ran interactions also play important
roles in mitotic spindle assembly and nuclear envelope formation.

www.pnas.org/cgi/doi/10.1073/pnas.1505995112

Several subfamilies of the Ras superfamily are posttranslationally
modified by phosphorylation, ubiquitylation, and/or lipidation. Re-
cently, Ras was found to be lysine acetylated at K104, regulating its
oncogenicity by affecting the conformational stability of switch II
(21). By contrast, Ran is neither targeted to cellular membranes by
lipid modifications nor regulated by phosphorylation. However,
Ran has recently been shown to be lysine acetylated at five distinct
sites in human (K37, K60, K71, K99, and K159) (22). The lysine
acetylation sites were found independently by several studies in
different species using highly sensitive quantitative MS (22-26). K37
is located within switch I, K60 in the f3-strand preceding switch
I, K71 in switch II, K99 in a-helix three (a3), and K159 in a5
C-terminal to the 150-SAK-152 motif interacting with the nucleo-
tide base (Fig. 14). Due to the localization of these lysine acety-
lation sites, it appears reasonable that they might interfere with
essential Ran functions.

Here, we present the first, to our knowledge, comprehensive
study on the impact of posttranslational lysine acetylation on Ran
function using a combined synthetic biological, biochemical, and
biophysical approach. We analyzed Ran activation and inactivation
by RCC1 and RanGAP, intrinsic GTP exchange and hydrolysis,
Ran localization, and cargo import and export complex formation.
Finally, we provide evidence for Ran being a target of certain lysine
acetyltransferases and deacetylases in vitro. Our data reveal general
mechanisms how lysine acetylation regulates protein functions
taking Ran as a model system. Finally, we discuss the implications
of recent high-throughput proteomic studies discovering thousands
of acetylation sites in a variety of different organisms.

Significance

The small GTPase Ran plays fundamental roles in cellular processes
such as nucleo-cytoplasmic transport, mitotic spindle formation,
and nuclear envelope assembly. Recently, Ran was found to be
lysine acetylated, among others, in functionally important regions
such as switch | and switch Il. Using the genetic code expansion
concept we show that lysine acetylation affects many important
aspects of Ran function such as RCC1-catalyzed nucleotide ex-
change, intrinsic nucleotide hydrolysis, import/export complex
formation, and Ran subcellular localization. Finally, we present
evidence for a regulation of Ran acetylation by sirtuin deacety-
lases and lysine acetyltransferases.
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Fig. 1. Incorporation of N-(¢)-acetyl-L-lysine into Ran using the genetic code expansion concept. (A) Ribbon representation of Ran (yellow) and position of
the five lysine acetylation sites (red) studied here (PDB ID code 1K5D). K37R in switch | (light green), K60R in B3, K71R in switch Il (dark green), K99R in o3 and
K159% in a5. (B) Final purity of the recombinantly expressed WT Ran and lysine acetylated proteins shown by SDS/PAGE (Top). Immunoblotting (IB) of Ran
proteins using a specific anti-acetyl-lysine (ab21623) antibody (Middle). The antibody differentially recognizes the different acetylation sites in Ran and does
not detect Rany. The immunoblotting using an anti-Ran-antibody shows equal loading. (C) Acetyl-lysine is quantitatively incorporated at position 37 in Ran.
The corresponding theoretical molecular mass of the nonacetylated Hisg-Ran protein is 26,001 Da; the acetyl group has a molecular weight of 42 Da.

Results

Site-Specific Incorporation of N-(c)-Acetyl-Lysine Using the Genetic Code
Expansion Concept. To site-specifically incorporate N-(g)-acetyl-
L-lysine (AcK) into Ran, we used a synthetically evolved aminoacyl-
tRNA synthetase/tRNAcya (aa-syn/tRNAcya) pair from Meth-
anosarcina barkeri expressed in Escherichia coli [genetic code
expansion concept (GCEC)] (27, 28). Using this system, we pro-
duced full-length recombinant Ran proteins, monoacetylated at
five distinct sites (K37, K60, K71, K99, and K159) in high purity
and yields suitable for biophysical studies (Fig. 1 A and B). As
confirmed by electrospray ionization (ESI) MS and immunoblot-
ting (Fig. 1 B and C and Fig. S1 4 and B), the obtained material is
homogenously and quantitatively acetylated, i.e., in contrast to ma-
terial prepared by purified acetyltransferases, it allows a site-specific
study. Differences in the detection sensitivity of the AcK-specific
antibody (anti-AcK) can most likely be attributed to the structural
context and amino acid residues adjacent to each Ran-AcK site
(Fig. 1B).

Ran Acetylation Impairs the RCC1-Catalyzed Nucleotide Exchange
Reaction. First, we performed single turnover stopped-flow experi-
ments to assess the impact of Ran acetylation on RCCl1-catalyzed
nucleotide exchange rates. The Ran proteins were loaded with
fluorescently labeled mantGDP (500 nM) and mixed with in-
creasing concentrations of RCC1 (0.0195-40 pM) in the presence
of an excess of unlabeled GTP (25 pM). The primary data were
fitted to a single exponential function to result in the observed rate
constants kops. These kqps values were plotted against the RCC1
concentration following a hyperbolic function (29). The hyperbolic
fit resulted in the rate of dissociation of the nucleotide from the
ternary RCCleRanemantGDP complex, k_, (Fig. 2 B and C and
Fig. S24). Ran acetylation on K37 moderately and K71 and K99
strongly reduce the RCCl-catalyzed nucleotide dissociation rate,
with Ran AcK99 showing a nearly 10-fold reduction (k_»: Ranyrt
12857, AcK37 9.3 57!, AcK71 5.9 s, AcK99 1.3 s™"). By contrast,
Ran AcK60 (k_y: 16.5 s) and AcK159 (k_»: 14.7 s") slightly in-
crease the dissociation rates compared with nonacetylated Ran.

Ran Acetylation Interferes with RCC1 Binding. To assess the impact
of Ran acetylation on RCC1 affinity and interaction thermody-
namics, we performed equilibrium isothermal titration calorimetry
(ITC) experiments with GDP- and GppNHp-loaded Ran (Table
S1). All reactions (except for Ran AcK99) are driven by both fa-
vorable reaction enthalpy and entropy of comparable magnitudes at
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25 °C. Consistent with our nucleotide exchange data shown above,
acetylation on K71® and K99® (superscript R: Ran) had the
strongest impact on RCC1 binding. Acetylation on K71 increases
the binding affinity toward both GDP- (6-fold) and GppNHp- (20-
fold) loaded Ran. Measurements with Ran AcK99 had to be
performed at 30 °C because of a weak heat signal at 25 °C, in-
dicating an altered binding mechanism. Under these conditions,
the affinity in the GDP-bound state was reduced threefold from
560 to 1,400 nM (Table S1). Taken together, we conclude that Ran
acetylation at lysines 71 and 99 severely disturbs RCCl-catalyzed
nucleotide exchange.

These findings can be related to available structural data [Protein
Data Bank (PDB) ID code 112M] (9). RCC1 forms a seven-bladed
B-propeller structure (Fig. 24) and mediates the nucleotide ex-
change reaction by targeting helix o3, switch II, and the P-loop in
Ran (9, 30). On binding to RCC1, K99® on «3 becomes relocalized
and interacts with D128 and N181€ (superscript G: RCC1-GEF).
K71® interacts with N268° and H304° and is also in interaction
distance to the P-loop K18® (Fig. 24). Moreover, it was reported
carlier that K718 and F72R are most important for the interaction
with RCCI, whereas mutations of D182A® and H304A® signifi-
cantly affect the RCC1 k¢ (9). Our findings suggest that acetylation
of lysines 71 or 99 affects major interaction sites of Ran and RCC1
(switch II and «3) and ultimately impacts on RCC1 interaction
and catalysis.

Impact of Ran Acetylation on Nucleotide Hydrolysis and the Interaction
with RanGAP and RanBP1.

Ran acetylation only marginally affects the intrinsic nucleotide hydrolysis
rate. The intrinsic GTP hydrolysis rate of Ran is very slow (5.4 x
107 s™" at 37 °C) and would not be of biological significance if not
10°-fold (2.1 s at 25 °C) accelerated by RanGAP (31). We spec-
ulated that acetylation of lysines in the switch regions (K37® and
K71%) modulates intrinsic and/or RanGAP-mediated GTP hydro-
lysis. However, we found that lysine acetylation on Ran only mar-
ginally affects the intrinsic and GAP-catalyzed GTP hydrolysis rates
(Fig. 2 D and E). Only for AcK71 did we observe a 1.5-fold increase
of the intrinsic hydrolysis rate from 5.8 to 8.9 s~ at 37 °C (Fig. 2E).
K71 in Ran is in close proximity to Q69%, which is needed for
positioning of the water molecule for GAP-catalyzed GTP hydro-
lysis. This Q69" might become reoriented on acetylation of K71 to
accelerate the intrinsic GTP hydrolysis rate.

Acetylation of Ran on K159 reduces its affinity toward RanBP1. RanBP1
increases the affinity of RanGAP toward RaneGTP from 7 to 2 pyM
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and toward RaneGDP from 100 to 2 pM by inducing a GTP-like
conformation in RaneGDP (32, 33). We determined thermody-
namic profiles of the Ran-RanBP1 interaction in both nucleotide
states, GDP and GppNHp, by ITC (Table S1). RanBP1 binds to
RaneGDP with 7.1 pM and to RaneGppNHp with 3 nM. Acety-
lation of Ran only marginally affects the interaction to both active
and inactive Ran except for Ran AcK159. RaneGppNHp AcK159
shows a more than 10-fold reduced affinity toward RanBP1 com-
pared with nonacetylated RaneGppNHp (3 to 33 nM). K159® is
not directly contacting RanBP1, suggesting an indirect mechanism
leading to the decrease in RanBP1 affinity (PDB ID code 1RRP).
Also, the nucleotide-dependent difference observed for the Ran
AcK159eRanBP1 interaction needs further investigation.

Interaction of Ran with RanGAP in the presence of RanBP1. When
RaneGTP is bound to transport receptors, it is protected from
RanGAP activity. Only on binding of RanBP1 is Ran released
from transport complexes, allowing for RanGAP to induce GTP
hydrolysis (16, 34). We thus analyzed by ITC whether Ran acety-
lation affects the RaneGppNHpeRanGAP interaction in the
presence of RanBP1 (Table S1). In fact, we did not observe a heat
signal for the interaction of RanGAP and RaneGppNHp alone but
only in the presence of RanBP1. In these assays, RanGAP bound

to a preformed complex of RaneGppNHpeRanBP1 with 0.5 pM.
Surprisingly, we observed an N value of 0.5 when RanGAP was used
as a titrant for RaneRanBP1 and of 1.5 when titration was per-
formed vice versa (Table S1). This stoichiometry suggests that, at the
concentrations used for ITC, one binding site of the RaneRanBP1
complex is not available or, less likely, that RanGAP can bind
two complexes.

Interestingly, acetylatlon of K99® lowers the affinity to 17 pM
(34 -fold reduction). K99® is positioned toward an acidic patch
in RanGAP (sugerscrlpt GAP: RanGAP) comprising residues
E336°4P-E34594F (PDB ID code 1K5D). Acetylation of K99®
might electrostatically and sterically interfere with this interac-
tion, possibly explaining the loss in affinity. Because acetylation
of K99® did not affect the GAP-mediated hydrolysis directly
(Fig. 2D), we tested whether this would be different in the pres-
ence of RanBP1. However, we could not detect any effect of Ran
acetylation on RanGAP-mediated nucleotide hydrolysis in the
presence of RanBP1 (Fig. S2B).

Acetylation of lysine 71 in Ran abolishes binding to NTF2. RaneGDP
binds to NTF2 in the cytosol and is transported back into the
nucleus, which closes the Ran transport cycle (35). As visible
in the NTF2eRaneGDP structure, K71® forms a salt bridge to
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Fig. 2. Acetylation of Ran interferes with RCC1 catalyzed nucleotide exchange and RanGAP-catalyzed and intrinsic nucleotide hydrolysis. (A) Structure of the
RaneRCC1-complex and close up of the binding interface, showing interactions of Ran K71/K99 as described in the text (PDB ID code 112M). RCC1 (blue), Ran
(yellow), acetylation sites (red). (B) Pseudo-first-order kinetics of nucleotide exchange rates of 500 nM Ran (final concentration) titrated with increasing RCC1
concentrations (0.0195-20 uM). The scheme shows that RaneGDP with tightly bound nucleotide (GXP: GTP or GDP; subscript: T) binds RCC1 first loosely in a
ternary RaneGXPeRCC1-complex (subscript: L), and in the second step, the nucleotide is released with a dissociation rate k_, to result in a tight RaneRCC1
complex. (C) The hyperbolic fit resulted in the rate of nucleotide dissociation from the ternary RaneGDPeRCC1 complex, k_,. (D) RanGAP-stimulated nu-
cleotide hydrolysis on Ran. GTP hydrolysis rates were examined by HPLC determining the GTP/(GTP + GDP) ratio as a function of time. The acetylation does not
alter GAP-catalyzed nucleotide hydrolysis on Ran. (E) Intrinsic nucleotide hydrolysis on Ran and acetylated Ran. The rates were determined as described in D.
Ran AcK71 leads to a 1.5-fold increase in the intrinsic GTP hydrolysis rate, whereas the other Ran AcKs are similar to WT Ran.
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D92/D94N (superscript N: NTF2) in NTF2 (PDB ID code 1A2K; Fig.
3A4) (4). The analysis of the NTF2eRaneGDP interaction by ITC
revealed that nonacetylated and acetylated Ran binds NTF2 with
affinities in the middle nanomolar range (Ranwr 260 nM; Fig.
3D and Table S1). Ran acetylation on K71, however, abolishes
this interaction. This effect was also confirmed by analytical size
exclusion chromatography (SEC). To test the impact of K71}
acetylation on the cellular Ran localization, we constructed the
Ran K71Q and K71R mutants to mimic acetylation and to
conserve the charge at K71%, respectively. Before cell culture
experiments, the validity of the acetylation mimetics was con-
firmed by ITC and analytical SEC (Fig. S2C). Analogous to Ran
AcK71, K71Q did not bind NTF2 as judged by ITC (Fig. 3D). In
the case of K71R, the NTF2 binding was 15-fold reduced compared
with WT Ran (Fig. 3D and Table S1), reflecting the charge con-
servation in combination with steric restrictions.

We expressed the K to Q and K to R mutants of all five Ran
acetylation sites in HeLa cells. Ranwt and the majority of mu-
tants predominantly localize to the nucleus (Fig. 3 B and C). By
contrast, Ran K71Q is almost depleted from the nucleus, in
accordance with our biophysical data, demonstrating the failure
of complex formation between Ran and NTF2. Notably, K99R®
also shows significant cytosolic distribution, although the muta-
tion does not affect NTF2 binding (Table S1). Taken together,
our data suggest that acetylation at K71® and K99® would affect
Ran localization most drastically. Although mislocalization of Ran
K71Q seems linked to loss of NTF2 binding, a different mecha-
nism has to be considered for the mislocalization of Ran K99R.

Ran Acetylation in Import and Export Processes.

Ran acetylation increases the affinity toward Importin-f by altering the
interaction dynamics. We characterized the effect of Ran acetylation
on the interaction with the major import receptor Importin-p.

None of the Ran acetylation sites negatively interfered with
Importin p-binding. Ran AcK37, AcK99, and AcK159 lead to a 9-
to 15-fold increase in Importin-p binding affinity as judged by ITC
(Kp: Ranwt 160 nM; AcK37 11 nM; AcK99 18 nM; AcK159
16 nM; Fig. 4D).

To interpret the affinity differences in the context of interaction
dynamics, we analyzed the impact of Ran-lysine acetylation on the
association kinetics to Importin-f by stopped-flow experiments (Fig.
4 A-C and Fig. S34). The association rates obtained for WT Ran
and Importin-p gkon: 15.8 mM"'s™") agree with reported values
(Kon: 12 mM™"s7") (13). The acetylation of Ran at K37® leads to a
nearly fivefold increase in the Importin-p association rate (Kop:
50 mM‘l-s‘l), whereas it is only marginally increased for AcK159
(Kon: 22 mM~"s71). All of the other Ran acetylation sites AcK60/71/
99 lead to a slight reduction in the association rates to Importin-f
(Kon: AcK60 5 mM ™57 AcK71 11 mM~s™'; AcK99 6 mM~".s71).
Taken together, the presented interaction studies demonstrate that
Ran acetylation at different lysine residues alters the interaction
dynamics with Importin-f by influencing both association and dis-
sociation rates. In the case of acetylated Ran on lysine 37, 99, and
159, this results in noticeably increased binding affinities as de-
termined by ITC. The acetylation might induce a Ran conformation
more potent to bind Importin-p or alternatively impact on Impor-
tin-f binding by influencing the interaction kinetics. However, to
finally judge this, we would need further structural information.
Ran acetylation interferes with export complex formation. Next, we
tested whether Ran acetylation would interfere with export com-
plex formation using the export receptor CRM1 and the CRM1
substrate snurportin 1 (Spnl) as a model system. In accordance
with previous studies, CRM1 and Spnl interact with an apparent
affinity of 1.2 pM, whereas direct titration of RaneGppNHp and
CRM1 did not produce a heat signal in ITC (Fig. S3B, Upper Left)
(36). However, titration of RaneGppNHp onto a preformed

B Ran K37 Ran K60 Ran K71 Ran K99 Ran K159
" -.
o --
C D Time (min) Time (min) Time (min)
2 0 10 20 30 0 10 20 30 0 10 20 30
1}
_ 30.0 o T[""" 0.0 s, 0.0 AT
81_5 < -0.1 ” -0.1 -0.1
\ . 2 §-0.2 0.2 -0.2
X o -0.3 -0.3 -0.3
_— (7] -
D92N 3 g ?8 ?8 Sssss®aggungans ?8 LT L L P
K71R :.'3_3 . 20.5 = -%8 %8 -%8 ]
2.8y 20 30 "2 0]RanK71Q-NTF2]
P ~ D94N 0 Ra'n wt'-NT'F2 ' RanAcKj1-!\lTF2 NK71R-NTF:
//" \ O&S\/\O,\Qbogqs\o\qqoqqsqogq 0.0051.01520 0005101520 0.00.51.01.52.0
@Q&o@@@@@ @ @@ {:\63{:\6 Ran/NTF2 Ran/NTF2 Ran/NTF2

Fig. 3. Ran AcK71 abolishes nuclear localization of Ran by blocking NTF2 binding. (A) Ribbon representation of the NTF2-RaneGDP complex (PDB ID code
1A2K). K71 of Ran forms a salt bridge to D92/D94 in NTF2. Shown are the distances in Angstroms. (B) EGFP fluorescence of the Ran-EGFP K to Q and K to R
mutants in Hela cells. Ran localizes mainly to the nucleus for WT and all mutants except for Ran K71Q and K99R, which are primarily cytosolic. (C) Quan-
tification of subcellular Ran by measurement of the EGFP fluorescence in the nucleus and the cytosol. As shown in B, Ran K71Q and K99R localize to the
cytosol, whereas the others are predominantly nuclear. (D) Thermodynamic characterization of the interaction of NTF2 and Ran, Ran AcK71, Ran K71Q
(acetylation mimic), and Ran K71R (charge conserving) by ITC. K71Q and AcK71 abolish binding toward NTF2.
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Fig. 4. Acetylation of Ran in import and export complex formation. (A) Association kinetics of RanemantGppNHp WT (100 nM final) and increasing con-
centrations of Importin-p (final: 0.5-4 uM) as determined by stopped-flow. The kinetics were fitted single exponentially to result in the observed rate con-
stants, Kops. (B) Determination of the RanemantGppNHp-Importin-§ association rate constant. The obtained ko values were plotted against the Importin-g
concentration. The linear fit resulted in the association rate constant, kon. (C) Comparison of the association rates for Importin-g-Ranyr and the acetylated
Ran proteins. Ran AcK37 increases the association rate fivefold. (D) Thermodynamics of the Importin-p (268 pM) and RaneGppNHp (40 pM) interaction as
determined by ITC. Ran AcK37, AcK99, and AcK159 increase the affinity toward Importin-g. (E) Thermodynamics of the interaction of RaneGppNHp (200 uM)
titrated onto a Crm1eSpn1-complex (20/40 M) determined by ITC. Ran AcK71 decreases the RaneGppNHp affinity to the complex fivefold. (F) Thermody-
namic profile of the interaction of 200 uM Spn1 titrated onto a preformed Crm1eRaneGppNHp-complex (20/40 uM) as determined by ITC. Ran AcK37, AcK99,

and AcK159 increase the binding affinity of Spn1 to the preformed complex.

CRMleSpnl complex revealed an entropically driven reaction
with an affinity of 2 pM, indicating that Spnl influences the
thermodynamics of Ran-CRMI1 binding (Fig. S3B, Upper Right).
Interestingly, the interaction of Spnl with CRM1 is also influ-
enced by the presence of RaneGppNHp, leading to an increased
affinity of 280 nM (Fig. 4F and Fig. S3B, Lower Right). These
observations fit to the current understanding of export complex
formation, in which cargo proteins and RaneGTP cooperatively
bind to CRM1 (see model in Fig. S3B) (18).

The binding of RaneGppNHp to CRM1eSpnl was largely un-
affected by acetylation. Only acetylation at K71® reduces the af-
finity toward the CRM1eSpnl complex fivefold (Fig. 4E). We
reasoned that acetylation of Ran might influence the ability of Ran
to promote binding of Spnl to CRM1. To test this hypothesis, we
titrated Spnl onto preformed complexes of CRM1 and acetylated
Ran. In this scenario, acetylation at K37, K99, and K159 led to a four-
to sevenfold increased affinity of Spnl to CRM1 (Kp: 40-80 nM;
Fig. 4F). Because the affinities and the relative cellular concentra-
tions of proteins determine how RaneGTPeCRMI export cargo in-
teractions occur within the cell, acetylation of Ran might impact on
the order of consecutive steps involved in export complex formation.

de Boor et al.

Ran is deacetylated at AcK37 by Sirt1, -2, and -3 and by Sirt2 at AcK71 in
vitro. To identify possible deacetylases for Ran, we performed an in
vitro dot-blot screen of all 11 mammalian classical (HDAC1-11)
and 7 sirtuin deacetylases (Sirtl-7) using the acetylated Ran pro-
teins as substrates (Fig. S4 A and B). To normalize the enzymatic
activities used in the assay, all enzymes were tested in a fluor-de-lys
assay beforehand (Fig. S4C). None of the classical deacetylases
showed a striking deacetylase activity against any of the Ran acet-
ylation sites (Fig. S44). However, we identified a strong Ran
deacetylation at AcK37 by Sirtl, -2, and -3 and at AcK71 only by
Sirt2. An immunoblot assay confirmed that Sirtl, -2, and -3
deacetylate Ran AcK37 and Ran AcK71 is exclusively deacetylated
by Sirt2 (Fig. 5 4 and B). The reaction is dependent on the presence
of the sirtuin-cofactor NAD™, and it can be inhibited by the addi-
tion of the sirtuin-specific inhibitor nicotinamide (NAM) (Fig. 54).

Following the deacetylation by Sirt1-3 over a time course of
90 min revealed that Sirt2 shows highest activity toward Ran
AcK37, leading to complete deacetylation after 5 min while
taking at least 30 min for Sirtl and Sirt3 under the conditions
used. Deacetylation at AcK71 did again occur only with Sirt2 but
at a slower rate compared with AcK37 as substrate (Fig. 5B).
Next, we wondered whether the nucleotide state or the presence
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controls of the time courses, please refer to Fig. S4D.

of interaction partners such as NTF2 and RCC1 influence Sirt2-
catalyzed deacetylation (Fig. 5C). We observed that the deacetylation
of Ran AcK37 by Sirt2 is independent of its nucleotide state, whereas
Ran AcK71 deacetylation is considerably accelerated when GppNHp
loaded. For Ran AcK37, the presence of NTF2 decelerates the
deacetylation by Sirt2, whereas the presence of RCC1 accelerates it.
AcK37 is not directly in the interface of the RaneNTF2 (PDB
ID code 1A2K) or the RaneRCC1 (PDB ID code 112M) complex.
The presence of NTF2 might sterically restrict access of Sirt2 to its
substrate Ran AcK37. By contrast, RCC1 might increase the Sirt2
deacetylation rate by bringing switch I in a conformation more potent
for deacetylation. As expected, RanAcK71 deacetylation is unaf-
fected by the presence of NTF2 because AcK71 blocks the in-
teraction with NTF2. RCC1 completely blocks Sirt2 deacetylation
as AcK71 is within the RCC1-Ran interface and therefore pro-
tected from deacetylation.

Ran is acetylated by the KATs CBP, p300, Tip60, and a-TAT. To identify
lysine acetyltransferases (KATs) that could potentially acetylate
Ran, we performed an in vitro assay using commercially available
(recombinantly expressed) KATs. Rany protein was incubated
with active full-length Tip60, GenS, CBP, and active p300 (aa
965-1810) and pCAF (KAT domain), and the reaction was an-
alyzed by immunoblotting. The enzymatic activity of the used
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KATs was verified using histones H3/H4 as substrates (Fig. S54).
We obtained a Ran-specific acetylation signal for CBP and p300
(Fig. 64). The reaction products were also analyzed by tryptic
digest and MS to identify the acetylation sites. Several acetyla-
tion sites were found, which were predominantly identical for
CBP and Tip60 (Fig. 6B). The volcano plot of three independent
in vitro KAT assays with Ranyr and CBP points out three
acetylation sites with P < 0.05 (Fig. 6C). Thus, lysines 37, 134,
and 142 of Ran appear to be the major acetyl acceptor residues
for the two acetyl transferases CBP and Tip60 under the assay
conditions in vitro.

As a second strategy, we also coexpressed 6xHis-Ran with the
KATs in HEK-293T cells to find additional acetylation sites not
found by the in vitro approach and to identify sites that could
represent false positives. After coexpression, Ran acetylation was
examined by Ni-NTA pulldown of 6xHis-Ran and subsequent MS
analysis (Fig. S5B). Unexpectedly, although the a-tubulin acetyl-
transferase (a-TAT) has thus far been described as an exclusive
KAT for a-tubulin, we found K152® acetylation on its over-
expression. Moreover, overexpression of Tip60, CBP, and p300 re-
sulted in an increased acetylation of K134® and CBP to an increase
in K142® acetylation compared with the control (Fig. 6D), which is
largely consistent with our in vitro data.

de Boor et al.
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(E) Working model of the regulation of Ran by posttranslational lysine acetylation. (Left) Ran acetylation at K71 abolishes NTF2 binding, thereby preventing
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Taken together, our results with selected KATs suggest that
CBP, p300, Tip60, and o-TAT can act as KATs for Ran, with K378,
K134%, K141%, and K152F as the major acetyl acceptors. K134 has
been implicated to be essential for the interaction with Mogl, a
nuclear nucleotide release factor affecting nuclear protein import.
In fact, acetylation of K134® abolishes binding toward Mog1 under
the assay conditions used, whereas nonacetylated Ran binds with
7.5 pM affinity and a stoichiometry of 0.5 (Fig. 6) (37, 38).

Discussion

Here, we present an extensive study on the impact of lysine
acetylation of the small GTPase Ran on protein function. We used
site-specifically lysine-acetylated recombinant proteins to gain a
comprehensive understanding of the impact of this modification

de Boor et al.

for each site. Based on the whole proteome acetylation screen
performed by Choudhary et al., we investigated five acetylation
sites of Ran (K37, K60, K71, K99, and K159), some of which
seemed very likely to alter Ran function, as judged by solved
crystal structures (22). The presented in vitro characterization,
combined with cell culture experiments, indicates a broad regu-
latory spectrum of Ran acetylation, influencing the RaneGDP/
GTP cycle, Ran localization, and import/export complex forma-
tion (see model in Fig. 6F).

Modification of lysine 71 abolishes NTF2 binding by disruption
of two salt bridges to D92N and D94" of NTF2, consequently
preventing nuclear Ran localization. Ran AcK71, furthermore, ex-
hibits a dominant negative effect comparable to the T24N® muta-
tion, increasing the RCCl-affinity while decreasing RCC1-catalyzed
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nucleotide dissociation (39, 40). Moreover, it slightly increases the
intrinsic nucleotide hydrolysis rate. Acetylation of Ran at K99 might
also affect nuclear localization of Ran as shown by the K99RR
mutant, independent from NTF2 binding via an unknown mecha-
nism. The acetylation of lysine 99 results in a drastic reduction of
the RCCl-catalyzed nucleotide exchange rate and it impairs RCC1
affinity (loss of function). This effect is accompanied by a different
thermodynamic binding profile (less exothermic, more entropically
favored) indicating an altered binding mechanism. Additionally, Ran
AcK99 shows a nearly 34-fold reduced binding affinity to RanGAP if
present in a complex with RanBP1 (see model in Fig. 6E).

Other acetylation sites (K378, K99%, and K159%) have the po-
tential to influence binding affinities to import/export receptors or
RanGAP. Acetylation of Ran at K37, K99, and K159 increases
binding toward Importin-p predominantly due to a strong decrease
in the complex dissociation rates. Moreover, acetylation of Ran at
K37, K99, and K159 also increases the binding of Spnl to a pre-
formed CRM1eRaneGppNHp complex. Having characterized the
impact of Ran acetylation on the Crm1eSpnl export complex and
on the Importin-p interaction, we speculate that Ran acetylation
could support import substrate release in the nucleus and enhance
subsequent nuclear export cargo binding (see model in Fig. 6F).

The observed increasing/decreasing effects on binding affinities
or interaction dynamics could be a means of fine regulation of
cellular processes. However, the evaluation of the impact of these
effects would need further studies in the physiological context. We
conclude that an accumulation of acetylation would have drastic
consequences for Ran localization, the formation of the cellular
RaneGTP/GDP gradient, and Ran-mediated import and export
processes (Fig. 6F). Considering Ran as a representative, this also
illustrates the broad regulatory spectrum and the strong possible
impact of lysine acetylation in general.

Ran has been found to be ubiquitylated by MS. In fact, all sites
that we studied here and the additional sites we found in our in
vitro/in vivo KAT assays are targeted by ubiquitylation (41, 42).
Moreover, succinylation of Ran has been detected in HeLa cells
(lysines 23, 37, 99, 127, and 152) and mouse embryonic fibroblasts
(lysines 23, 134, 142, and 159) (43, 44). Therefore, acetylation
might directly cross-talk with ubiquitylation and lysine succi-
nylation. Notably, further lysine acylation modifications, such as
butyrylation, propionylation, malonylation, crotonylation, gluta-
rylation, and myristoylation were discovered, many on histones
(45, 46). If and to which extent Ran is modified by additional
acylations remains to be elucidated. Future studies will show how
the different acylations are regulated and how they differ mech-
anistically in regulating protein function.

Enzymatic regulation of lysine acetylation by KATs and KDACs
is an indicator for physiological relevance. Therefore, we tested all
human KDAGC:s (classical and sirtuins) regarding their deacetylase
activity toward the five Ran acetylation sites. Only Ran AcK37
and Ran AcK71 were identified as deacetylase substrates in vitro.
Ran AcK71 is specifically deacetylated by Sirt2, whereas Ran
AcK37 is a substrate for Sirtl, -2, and -3. Interestingly, in a recent
peptide microarray assay, screening sirtuins 1-7 for activity toward
all acetylated peptides derived from the Choudhary screen, Rauh
et al. (47) did not detect any of the described activities. This failure
might reflect that structural features could be important for sub-
strate recognition by sirtuins. Moreover, we did observe that the
five Ran acetylation sites give rise to considerably different signal
intensities when detected with a pan-anti-acetyl-lysine (AcK) an-
tibody, which is in line with observations by Rauh et al. and other
groups (47, 48). This primary sequence dependence appears to
be a common feature of pan-anti-AcK antibodies and thus has to
be taken into account for the evaluation of proteomic screens with
affinity-enriched material and quantitative immunoblots of complex
protein samples.

We identified K378, K134R, K142%, and K152 as possible targets
of p300, CBP, Tip60, and a-TAT in in vitro and/or overexpression
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studies. An analysis of available structural data shows that K142F is
positioned toward the Importin-p and Crm1 Huntington, elongation
factor 3, PR65/A, TOR (HEAT) repeat region (Table S2; PDB ID
codes 1IBR, 2HB2, 3GJX, 3NC1, and 3NBY) (3, 12, 49, 50).
Acetylation at this position might therefore interfere with import/
export receptor binding. K152® is within the SAK/G5 motif known to
be important for nucleotide binding by contacting the guanine base
(51). Thus, AcK152®R might affect the nucleotide binding on Ran.
Moreover, K152® and K37® form direct salt bridges toward the
Crm1 D436, located in the Crm1 intra-HEAT?Y loop known to af-
fect export substrate release (3, 49, 52). K152% and K37 also both
intramolecularly contact the acidic Ran C-terminal ,;;DEDDDL,;¢
motif in the ternary complexes of Ran and RanGAP, as well as
Ran, Crm1, and RanBP1 (Table S2; PDB ID codes 1K5D, 1K5G,
and 4HAT) (50, 53). Therefore, acetylation might play a role in
RanGAP-catalyzed nucleotide hydrolysis and export substrate re-
lease in the presence of RanBP1. K134® forms electrostatic in-
teractions toward D364 and S464 in Crm1 but only in the complex
of RanBP1 with RaneGppNHpeCrm1, which would be abolished
on acetylation (PDB ID code 4HB2) (50). Furthermore, K134%
(K136 in yeast) was found to play an essential role for the in-
teraction of yeast Ran and the nucleotide release factor Mogl (37,
38). ITC measurements show that Ran K134 acetylation abolishes
Mogl binding under the conditions tested (Fig. S5C), which could
indicate a regulatory function of this acetyl acceptor lysine.

Based on the in vitro activities of KATs and KDACs toward
Ran we observed in this study, it is tempting to speculate about
their possible roles in regulating Ran function. However, it is
reported that KATs and classical KDACs are active in large
multiprotein complexes, in which their activities are tightly reg-
ulated. Neither in vitro assays nor overexpression experiments
can completely reproduce in vivo conditions, which makes it
difficult to draw definite conclusions about the regulation of Ran
acetylation in a physiological context. The limitations of these
assays are to some extent also reflected by the fact that several
additional Ran acetylation sites than those presented in this study
can be found in available high-throughput MS data (23, 54). How-
ever, further studies are required to gain insight into the regulation
of Ran function by lysine acetylation in vivo. These studies include
the determination of the Ran acetylation stoichiometry under dif-
ferent physiological conditions, cell cycle states, and tissues.

Ran plays important roles in diverse cellular processes such as
nucleo-cytoplasmic transport, mitotic spindle formation, and
nuclear envelope assembly. These cellular functions are con-
trolled by overlapping but also distinct pools of proteins. Lysine
acetylation might represent a system to precisely regulate Ran
function depending on the cellular process. The activity of ace-
tyltransferases, deacetylases, the extent of nonenzymatic acetyla-
tion, and the availability of NAD™ and acetyl-CoA may eventually
determine the stoichiometry of intracellular Ran acetylation at a
given time. This hypothesis would fit to the finding of a recent
high-throughput MS screen showing that acetylation sites of Ran
are often found in a tissue-specific manner (23). Notably, a high
stoichiometry is not per se a prerequisite to be of physiological
importance if acetylation creates a gain of function or if acetyla-
tion happens in a pathway of consecutive steps.

In summary, lysine acetylation affects many essential aspects
of Ran protein function: Ran activation, inactivation, subcellular
localization, and its interaction with import and export receptors.
Although many publications deal with the pure identification
and (semi)quantification of lysine acetylation, this study presents
detailed mechanistic data of how acetylation affects protein
function. Based on our results, we think of lysine acetylation as a
potent system to regulate protein function. However, to un-
derstand the functions of acetylation in the physiological context,
many open questions have to be resolved and challenges need
to be overcome. A major challenge in the field of lysine acety-
lation and more general protein acylation will be to define the
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physiological conditions under which these modifications exert their
regulatory functions. Future studies are needed to understand the
in vivo dynamics of acetylation, particularly under which cellular
conditions specific sites are regulated and how the regulation
of acetylation is coupled to the expression/activation of specific
acetylation-regulating enzymes. Technological progress in pro-
teomics enabling the absolute quantification of acetylation events
in cells or tissues will be essential to address these questions. This
study once more illustrates that combining the GCEC with in vitro
characterization is a powerful strategy to investigate site-specific
molecular effects of protein acetylation and might be a step further
toward the development of more specific and more potent thera-
peutics targeting the acetylation/deacetylation machinery.

Materials and Methods

Incorporation of N-(c)-Acetyl-Lysine. Acetyl-lysine-Ran (RanAcK) was expressed
from a pRSF-Duet vector containing the coding regions for the synthetically
evolved Methanosarcina barkeri MS tRNAcya (MbBtRNAcya), the acetyl-lysyl-
tRNA-sythetase, and the Ran containing an amber stop codon at the respective
position of acetyl-lysine incorporation. The incorporation of acetyl-lysine in
E. coli is directed by the acetyl-lysyl-tRNA synthetase (MbPyIRS) and its cognate
amber suppressor, MbtRNAy,, as response to an amber codon. The site-specific
incorporation of N-(¢)-acetyl-lysine was done by supplementing the E. coli BL21
(DE3) cells with 10 mM N-(g)-acetyl-lysine (Bachem) and 20 mM nicotinamide to
inhibit the E. coli CobB deacetylase at an ODggo of 0.6 (37 °C). Cells were grown
for another 30 min, and protein expression was induced by addition of 100-300
uM IPTG. After induction, the culture was grown 16 h at a reduced temperature
of 20 °C and pelleted at 3,993 x g for 20 min. After resuspension in buffer D
(25 mM Tris-HCl pH 8.0, 500 mM Nacl, 5 mM MgCl,, 2 mM p-mercaptoethanol,
10 mM imidazole, 1:1,000 PMSF), sonication, and centrifugation (48,384 x g,
45 min), the lysate was applied to an equilibrated Ni-affinity column. The col-
umn-bound protein was washed extensively with high salt buffer (buffer D with
1 M Nacl). The protein was eluted, applying a gradient from 10 to 500 mM
imidazole (25 mM Tris-HCl, pH 8.0, 300 mM NaCl, 5 mM MgCl,, and 2 mM
B-mercaptoethanol) over 10 column volumes. Fractions containing the target
protein were pooled, concentrated, and applied to SEC (buffer C). Finally, the
highly pure protein was concentrated, flash frozen, and stored at —80 °C.

Stopped Flow Kinetics. Stopped-flow experiments were done at 25 °C using a
SX20 Applied Photophysics spectrometer. All stopped-flow measurements
were done in buffer E (KP;, pH 7.4, 5 mM MgCl,, 2 mM B-mercaptoethanol).
To determine RCC1-catalyzed nucleotide exchange rates, mant [2//3'-O-
(N-methylanthraniloyl)]-labeled Ran was excited at 295 nm, and the emission
was recorded as a FRET-signal using a 420-nm cutoff filter. A constant con-
centration of 1 pM (final, 500 nM) RanemantGDP was titrated with increasing
concentrations of RCC1 (0.039-80 pM; final: 0.0195-40 uM) in the presence of
excess GTP (50 uM; final: 25 pM). The fluorescence signal was plotted over time
and fitted to a single-exponential function to give the observed rates (kops) for
each RCC1 concentration. The plot of the keps values over the RCC1 concen-
tration resulted in a hyperbolic curve, which on fitting to a hyperbolic function
resulted in the maximal rate of nucleotide dissociation, k_, (29). The association
of RanemantGppNHp and Importin-f was monitored by using an excitation of
350 nm and an emission cutoff filter of 420 nm; 200 nM (final 100 nM) of
RanemantGppNHp was titrated with increasing concentrations of Importin-
(1-8 pM; final 0.5-4 pM). The increase in fluorescence was monitored over time
and fitted to a single-exponential function to give the observed rates (Kops).
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The plot of the keps values over the Importin-f concentration resulted in a
linear curve with the slope kon,. GraFit 7.0 was used for data analysis.

KDAC Assays. Deacetylase assays were done in HDAC buffer (25 mM Tris, pH
8.0, 137 mM NadCl, 2.7 mM KCl, 1 mM MgCl,, 0.1 mg/mL BSA, and 0.5 mM
NAD™). Acetylated Ran was incubated with catalytic amounts of KDACs for
the indicated time at 25 °C. The reaction was stopped by adding sample
buffer and heating the samples for 5 min at 95 °C. Acetylation was detected
by immunoblotting with the anti-AcK antibody in 3% (wt/vol) milk.

KAT Assay. Ran (120 pmol) was incubated with 1 pL recombinant acetyltransferase
(full-length: CBP, Gen5, TIP60; p300, aa 965-1810, pCAF, 165 aa from HAT do-
main, activities as purchased from Biomol) in transferase buffer [50 mM Tris-HCl,
50 mM Kdl, 5% (volivol) glycerol, 1 mM DTT, 0.1 mM EDTA, pH 7.3] supple-
mented with 100 1M acetyl-CoA for 4 h at 25 °C. The reaction was stopped by
adding sample buffer and heating the samples for 5 min at 95 °C. Acetylation
was detected by immunoblotting. Enzyme activities were tested using histone
substrates (0.75 pg H3, 7.5 pg H4). For analysis by MS, 10 ug Ranysr (10 uM in
40 pl) was incubated with 1 L transferase in KAT buffer for 4 h at 25 °C.

Nucleotide Exchange. Nucleotide exchange on the small GTPase Ran was done
in buffer C; 3-10 mg protein was incubated with a 5-fold (GppNHp and
mant-labeled nucleotides) or 80-fold (GDP, GTP) molar excess of nucleotide
in the presence of catalytic amounts of GST-RCC1. If a nonhydrolyzable
nucleotide was to be loaded, 1 L calf intestinal phosphatase (CIP; NEB) was
added to the reaction to hydrolyze GDP/GTP. GST-RCC1 was removed with
glutathione-Sepharose beads, and Ran was separated from excess nucleo-
tide by SEC. Loading of Ran was verified by HPLC. All nucleotides were
purchased from Jena Biosciences.

ITC Measurements. The interactions of Ran and acetylated Ran proteins and
effectors/regulators (RCC1, Importin-p, CRM1, RanBP1, Mog1) were analyzed
thermodynamically by ITC on an ITC,q0 instrument (GE Healthcare) based on
Wiseman et al. (55). All measurements were done in buffer C or E. For a
typical experiment, 2-3 uL of protein/peptide A in the syringe (0.1-700 uM)
was injected into the cell containing protein B in concentrations of 10-140 pM
depending on the interaction analyzed. The heating power per injection
was plotted as a function of time until binding saturation was obtained.
The binding isotherms were fitted to a one-site-binding model using the
MicroCal software. This analysis yielded the stoichiometry of binding (N),
the enthalpy change (AH), and the equilibrium-association constant (K,) as
direct readout from the experiments. AG, AS, and the equilibrium-dissocia-
tion constant (Kp) are derived. We used the standard EDTA-CaCl, sample
tests as described by MicroCal to assess the statistical significance of in-
dividual observations. These measurements gave values within the manu-
facturer’s tolerances of +20% for K values and +10% in AH. The data were
analyzed using the software provided by the manufacturer.
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