Downloaded at Helmholtz Zentrum Muenchen - Zentralbibliothek on April 17, 2020

Check for
updates

Conformational control of small GTPases

by AMPylation

Katja Barthelmes®"", Evelyn Ramcke®', Hyun-Seo Kang®®, Michael Sattler®>*2@®, and Aymelt Itzen®“?

2Center for Integrated Protein Science Munich, Department Chemistry, Technical University of Munich, 85747 Garching, Germany; PInstitute of Structural
Biology, Helmholtz Zentrum Miinchen, 85764 Neuherberg, Germany; and CInstitute of Biochemistry and Signal Transduction, University Medical Center

Hamburg-Eppendorf, 20246 Hamburg, Germany

Edited by Helen Mott, Department of Chemistry, University of Cambridge, Cambridge, United Kingdom, and accepted by Editorial Board Member

Axel T. Brunger February 5, 2020 (received for review October 10, 2019)

Posttranslational modifications (PTMs) are important physiological
means to regulate the activities and structures of central regula-
tory proteins in health and disease. Small GTPases have been
recognized as important molecules that are targeted by PTMs
during infections of mammalian cells by bacterial pathogens. The
enzymes DrrA/SidM and AnkX from Legionella pneumophila
AMPylate and phosphocholinate Rab1b during infection, respec-
tively. Cdc42 is AMPylated by IbpA from Histophilus somni at
tyrosine 32 or by VopS from Vibrio parahaemolyticus at threo-
nine 35. These modifications take place in the important regula-
tory switch | or switch Il regions of the GTPases. Since Rab1b and
Cdc42 are central regulators of intracellular vesicular trafficking
and of the actin cytoskeleton, their modifications by bacterial
pathogens have a profound impact on the course of infection.
Here, we addressed the biochemical and structural consequences
of GTPase AMPylation and phosphocholination. By combining
biochemical experiments and NMR analysis, we demonstrate
that AMPylation can overrule the activity state of Rab1b that is
commonly dictated by binding to guanosine diphosphate or gua-
nosine triphosphate. Thus, PTMs may exert conformational con-
trol over small GTPases and may add another previously
unrecognized layer of activity control to this important regula-
tory protein family.

posttranslational modifications | NMR | protein dynamics | small GTPases

mall GTPases (GTP hydrolases, also referred to as G pro-
teins) are essential regulators of intracellular signaling and
are involved in the control of diverse signal transduction path-
ways. Small GTPases act as molecular switches since they can
exist in two fundamental activity states: They are inactive when
bound to guanosine diphosphate (GDP) and active when bound
to guanosine triphosphate (GTP). The transition between these
states is regulated by dedicated enzymes such as guanine nu-
cleotide exchange factors (GEFs) and GTPase activating pro-
teins (GAPs) that stimulate activation or deactivation of small
GTPases, respectively. GEFs activate G proteins by catalyzing
the release of GDP and the rebinding of GTP that is in excess
over GDP under physiological conditions (1). GAPs deactivate
small GTPases by stimulating their intrinsic GTP-hydrolyzing
activity and thereby return the G protein to the inactive GDP-
bound state with the concomitant release of inorganic phosphate
(Pi) (for a review on small GTPases, see ref. 2). In the active
state, small GTPases propagate signaling via effector proteins
that bind effectively to GTP- but not GDP-bound G proteins.
The central role of small GTPases in the coordination and
regulation of intracellular signaling pathways requires a faithful
and reliable communication of their activity state to upstream or
downstream binding partners. To this purpose, small GTPases
contain two highly important loop regions: switch I (i.e., al—p2
loop) and switch II (i.e., p3—p4 loop) change their conformations
according to the bound nucleotide. The switch regions are mainly
conformational flexible and structurally disordered in the inac-
tive GDP-bound state, but they become highly conformationally
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restrained and structurally ordered when being bound to GTP.
Thus, binding partners of G proteins can discriminate activity
states through differentially binding to the different structures of
the switch regions in the GDP and GTP states.

Due to the exclusive significance of the switch loops for the
binding of regulators and effectors, it is conceivable that these
regions may also be subject to other layers of regulation such as
posttranslational modifications (PTMs). A particularly intriguing
example of manipulation of small GTPases is Rab1. This protein
belongs to the Rab subfamily of small Ras-like GTPases and is
involved in the regulation of vesicular trafficking between the
endoplasmic reticulum and the Golgi apparatus. Furthermore,
Rab1 plays a significant role in the formation of autophagosomes
(3-5). Since Rab proteins are generally involved in regulating
intracellular vesicular trafficking and therefore are frequently
involved in the elimination of bacterial pathogens that have been
taken up, it is not surprising that several bacteria have evolved
with mechanisms to manipulate the activity of Rabs. For exam-
ple, the causative agent of Legionnaires’ disease Legionella
pneumophila releases various bacterial proteins into the cytosol
of the host cell that are dedicated to manipulate the activity of
Rab1b during the infectious cycle directly. One of these is the
bacterial protein DrrA (defect in Rab recruitment A, also referred
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to as SidM) that contains a central GEF domain (amino acids [aa]
340-533) that activates Rablb and recruits it to the Legionella
containing vacuole (LCV) (6-8). In addition, Legionella provides
GAP activity through the secreted protein LepB and therefore is
capable of deactivating Rablb at later stages of infection (9).
Furthermore, Legionella releases the Rab-effector protein LidA
that can bind with high affinity to inactive and active Rablb (7,
10). However, the activity of Rablb is not only regulated at the
level of protein—protein interactions, but also on the level of re-
versible PTMs (Fig. 14). The N-terminal domain of DrrA (aa 1-
339) is an AMP-transferase (ATase) and catalyzes the site-specific
transfer of adenosine monophosphate (AMP) from adenosine
triphosphate (ATP) to the switch II tyrosine 77 (Tyr77rapi) Of
Rablb in a process referred to as AMPylation or adenylylation
(11). This modification can be hydrolytically reversed by the action
of the Legionella enzyme SidD (12-14). Intriguingly, another PTM
occurs at serine 76 of Rablb: The Legionella protein AnkX is a
phosphocholine transferase that attaches a phosphocholine moiety
to S76Rrap1b using cytidine diphosphate choline (CDP-choline) as a
cosubstrate (15). This modification can be hydrolytically reversed
by the Legionella enzyme Lem3 (16, 17).

Since the switch II region is important for the interaction with
most upstream and downstream binding partners, AMPylation at
Tyr77rap1p and phosphocholination at S76g.p1p of Rablb have
been assumed to interfere sterically with binding of Rablb in-
teraction partners. Indeed, AMPylation and phosphocholination
significantly impaired the deactivation of Rablb:GTP by the
Legionella GAP LepB or the mammalian GAP TBC1D20 (11,
16, 18). It was therefore concluded that these PTMs contribute
to maintaining Rablb in the active, GTP-bound state by interfer-
ing with GAP-stimulated GTP hydrolysis. The molecular mecha-
nism for the interference with protein—protein interactions and
the consequences of PTMs for the conformations of the switch
regions, however, have not been investigated in the original

publications. Our recent molecular dynamics simulation, how-
ever, indicated that AMPylation of Rab1b at Tyr77 may stabilize
the conformation of both switch regions in an active form (19).

Interestingly, other small GTPases have also been observed to
be modified with AMP in the course of infections. The mamma-
lian Rho-family protein Cdc42 is targeted by the ATase IbpA of
Histophilus somni or by VopS from Vibrio parahaemolyticus
resulting in AMP modification in the switch I region at Tyr32cgc4n
or Thr35¢4c4, respectively (20, 21). These AMP modifications
inhibited the interaction of active Cdc42 with mammalian down-
stream effectors and therefore inhibited signaling from that G
protein (20-22). It is interesting to note that the AMP mod-
ifications are established on crucial amino acid side chains
that are directly involved in binding the nucleotide: Tyr32¢4c42
interacts with the y-phosphate of GTP, and Thr35¢4.4, coordi-
nates the essential magnesium ion (23-25). Therefore, the presence
of the AMP modification at these sites may affect nucleotide
binding or the formation of the nucleotide-dependent inactive
or active conformations.

Here, we systematically addressed the molecular consequences
of AMPylation and phosphocholination of Cdc42 and Rablb,
using a combination of heteronuclear solution NMR experiments
and biochemical characterization. We were surprised to observe
that AMPylation, but not phosphocholination, overrides the
nucleotide-dictated activity state of Rab1b by promoting the active
conformation of the GTPase even in the GDP-bound form. In
contrast to AMPylation of Rab1b within switch II, AMPylation of
Cdc42 within switch I neither promotes the accumulation of the
inactive nor the active conformation of the GTPase. Instead it
results in intermediate states that presumably result from impaired
nucleotide binding. Thus, PTMs such as AMPylation have the
potential to contribute a second layer of regulation to small
GTPases and may cause activity- and conformation-altering effects
independent of the bound nucleotide.
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Fig. 1. PTMs of Rab1b and Cdc42 by bacterial pathogens. (A) AMP transferases (ATase) DrrA, VopS, and IbpA utilize ATP to transfer AMP covalently to Tyr77
of Rab1b, Thr35 of Cdc42, and Tyr32 of Cdc42, respectively. The deAMPylase SidD can hydrolytically cleave the AMP group from AMPy;,-Rab1b. The
phosphocholinase AnkX utilizes CDP—choline to transfer a phosphocholine group (PC) to Ser76 of Rab1b. The dephosphocholinase Lem3 hydrolytically cleaves
the PC group. PP;: pyrophosphate, CMP: cytidine monophosphate. (B) AMPylation (Rab1b or Cdc42) and phosphocholination (Rab1b) occur in the switch | and
switch Il regions of GTPases. In the inactive GDP state (Left), the switch regions are conformationally flexible, but they become highly structurally ordered in
the active GTP state (Right). Green spheres: positions of amino acids with indicated PTMs, sticks: GDP (Left) and nonhydrolyzable GTP-analog GpNHp (Right).
The position of posttranslationally modified amino acids in Rab1b and Cdc42 are indicated based on the Rab1-structures only, since these positions are

homologous among the proteins (PDB code 3NKV, Right; 4LHV, Left) (11).
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Results

AMPylation and phosphocholination are relatively new PTMs in
the context of eukaryotic cells in general and in the area of small
GTPases in particular (11, 20, 21) (Fig. 14). Their molecular
consequences on the structural and biochemical level are therefore
only superficially understood. It is interesting to note that
AMPylation and phosphocholination of small GTPases occur in
the switch I and switch II regions that are important for commu-
nicating the activity state to physiological binding partners (Fig.
1B). We therefore experimentally addressed the biochemical and
structural consequences of AMPylations occurring on Tyr77 of
Rablb (AMPy;7—Rablb), Tyr32 of Cdc42 (AMPy;,-Cdc42),
Thr35 of Cdc42 (AMPr35—Cdc42), and phosphocholination on
Ser76 of Rablb (PCg76—Rablb).

AMPylation of Small GTPases Does Not Significantly Alter Nucleotide
Binding. The switch regions intimately coordinate GDP and GTP.
Consequently, any conformational alterations or covalent mod-
ifications in these sections may affect nucleotide binding. It has
previously been demonstrated that AMPylation of Rablb at
Tyr77 does not alter the GDP/GTP binding to the switch regions
and the rate of intrinsic GTP hydrolysis (12). The conservation of
nucleotide binding properties in AMPy7;7—Rablb and PCgy6—
Rab1b was, however, expected since these switch II residues are
not directly involved in GDP/GTP interactions. In contrast, the
switch I modifications of Cdc42, AMPy3,, and AMPr35 occur
at the binding interfaces to the y-phosphate or the essential
magnesium ion, respectively (24, 25), potentially suggesting
their roles in nucleotide binding and hydrolysis.

Therefore, we first tested whether the AMP modifications of
Cdc42 at Tyr32 or Thr35 in the switch I region affect the rate of
intrinsic nucleotide release (ko). Since the nucleotide affinity is
largely determined by the k., a change therein may be used as
an indicator for the consequences of AMPylation on GDP and
GTP affinities. To this purpose, unmodified and modified Cdc42
were preparatively loaded with the fluorescent N-methylanthraniloyl
(mant) derivatives of GDP and GTP, i.e., mantGDP and mantGTP.
The release of the labeled nucleotides was monitored in the pres-
ence of excess GDP or GTP by the decrease of mant-fluorescence
and their rates determined by fitting to single exponentials (Fig. 24
and SI Appendix, Fig. S1). The rate of mantGDP release was ca.
30% decreased, whereas the rate of mantGTP release was in-
creased by ca. 43% for both modification states relative to the
unmodified Cdc42 protein. The faster rate of mantGTP release
may be attributed to the known relevance of the Tyr32 and Thr35
moieties in blndlng the y-phosphate and Mg?*, respectively (23,
24). However, since the rates of nucleotide release are still slow on
a physiologically relevant time scale (half-lives of 3,000 to 8,000 s),
these alterations may be biologically insignificant.

Additionally, we determined the rate of intrinsic GTP hydro-
lysis. Unmodified and modified Cdc42 was loaded preparatively
with GTP and the rate of GTP-to-GDP conversion was moni-
tored by quantifying the GTP levels via nucleotide separation on
reversed-phase chromatography (Fig. 2B and SI Appendix, Fig.
S2). The rate of GTP hydrol?ms was decreased by 40% for
AMPr35-Cdc42 (2.0 - 10 ) and 75% for AMPy3,—Cdc42
(8.3 - 107> s7") in comparison to the wild type (3.3 - 107* s71).
Consequently, the AMP modifications of Cdc42 appear to stabilize
and prolong the existence of the active state considerably. Nev-
ertheless, since the slow rate of intrinsic GTP hydrolysis for the
wild-type protein (half-life of 2,100 s) appears to be biologically
negligible for returning the protein into the active state, the de-
crease of intrinsic Cdc42 deactivation is probably of low relevance.

In summary, the AMP modifications of Cdc42 in the switch
region [ alter its nucleotide-binding properties in a manner
predictable from earlier structural and biochemical knowledge
on the significance of Tyr32 and Thr35 for nucleotide interaction.
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Fig. 2. AMPylation or phosphocholination stabilize small GTPases. (A) The
rate of intrinsic nucleotide release of Cdc42 is affected moderately by
AMPylation. The rates of intrinsic GDP and GTP release have been de-
termined by monitoring the decrease in fluorescence of nucleotide mant-
derivatives (progress curves are shown in S/ Appendix, Fig. S1). (B) The rate of
intrinsic GTP hydrolysis of Cdc42 is affected significantly by AMPylation. GTP-
hydrolysis rates of indicated Cdc42 variants loaded preparatively with GTP
have been determined from quantification of GTP contents using reversed-
phase HPLC (progress curves are shown in S/ Appendix, Fig. S2). (C) AMPylation
or phosphocholination of Rab1b or AMPylation of Cdc42 stabilize the GTPases.
The melting temperatures of indicated GTPase (GDP and GTP states, modified and
nonmodified) have been determined from thermal unfolding by using circular
dichroism signal changes as an indicator for thermal denaturation. (D) Circular
dichroism signal changes in dependence of temperature (with respect to Fig. 2C)
indicate thermal unfolding of modified and nonmodified Rab1b (Left) and Cdc42
(Right). The melting temperature is determined from the point of inflection of the
data traces (the original spectra are shown in S/ Appendix, Fig. S3).

However, the absolute changes in these properties are likely to be
irrelevant for the biological functions of Cdc42.

Stability of Cdc42 and Rab1b in Response to PTMs. Because
AMPylation of small GTPases does not change nucleotide-
binding properties, we wondered whether PTMs could alter the
protein stability of Rablb and Cdc42. We therefore subjected
wild-type and preparatively AMPylated Rab1b and Cdc42 and
phosphocholinated Rablb in both activity states to stability mea-
surements and compared the unfolding behavior of these proteins.
We have monitored thermal unfolding of Rab1lb and Cdc42 in
different GDP/GTP and modification states using the change in
circular dichroism (CD) at A = 222 nm and determined the melting
points (7y,) at the point of inflection in the helical ellipticity (Fig. 2
C and D and SI Appendix, Fig. S3). Generally, GTPases were more
stable in the GTP state as expected due to the ordered conforma-
tion of the switch regions and the interactions with the y-phosphate.
In addition, AMPylation of Rablb and Cdc42 and phosphocholi-
nation of Rablb significantly increased the stabilities of all proteins
in both nucleotide-bound states. This effect was particularly pro-
nounced for the AMPylation of Rablb: AMPylation greatly stabi-
lized the fold of Rablb indicated by a shift in Ty, by 20 °C (T,
Rab1b:6DP = 56 °C, T, AMP-v77-Rabib:gDP = 76 °C).

In conclusion, Rablb/Cdc42 AMPylation and Rablb phos-
phocholination generally stabilize the GTPases. AMPylation at
Tyr77 of Rablb in particular appears to stabilize the fold and
suggests that the AMP modification may have profound conse-
quences on the GTPase structure.

Tyr77-AMPylation Forces Rab1b into the Active Conformation. The
stabilization of Rablb by PTMs (AMPylation and phosphocho-
lination) in unfolding experiments suggests that the modifications

Barthelmes et al.


https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1917549117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1917549117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1917549117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1917549117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1917549117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1917549117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1917549117/-/DCSupplemental
https://www.pnas.org/cgi/doi/10.1073/pnas.1917549117

Downloaded at Helmholtz Zentrum Muenchen - Zentralbibliothek on April 17, 2020

may alter the conformation of the GTPases directly. We there-
fore employed heteronuclear NMR methods to investigate
conformational changes of modified proteins. To this purpose,
we have produced N-labeled Rablb in the respective post-
translationally modified states and in the active (GTP bound) or
inactive (GDP bound) forms. These proteins were maintained in
the GTP state by mutation of the conserved Q67 into alanine
that inhibits the intrinsic GTPase activity (26). Maintaining the
GTPases in the GTP state is crucial for the extensive duration in
NMR experiments.

The structural changes of the active (GTP) and inactive
(GDP) states of Rablb were investigated by comparing 'H,"" N
heteronuclear single quantum coherence (HSQC) NMR spectra
and analyzing in "H and "°N chemical shift perturbations (CSP) (Fig.
3 A and B). CSPs plotted onto the crystal structure of AMPy,—
Rab1b:GppNHp reveal differences in the conformations of the
active and inactive state of Rablb (Fig. 3C). In particular, resi-
dues in helix al close to the nucleotide binding site and the
switch I and II regions are affected, potentially by the confor-
mational rearrangement. Residues of switch II could not be
assigned due to line broadening of the NMR signals indicating
conformational dynamics on micro- to millisecond timescales.
These residues are therefore missing in the CSP analysis. How-
ever, residues preceding switch II (I61-D63) show significant
CSPs (>0.5 ppm) similar to residues in switch I. Additionally,
helix a1 (which is located right above switch II) is influenced by
the conformational switch from the active to inactive state (Fig. 3
A and C).

The effect of AMPylation on the activity state of Rab1b was
investigated by an overlay of the respective 'H,">’N-HSQC NMR
spectra of AMPy7;7,—Rab1b:GTP and AMPy7;-Rab1b:GDP. The
inactive AMPylated state AMPy7;—Rablb:GDP was obtained
either by enzymatic hydrolysis of AMPy7;7—Rab1b:GTP by the
GAP TBC1D20 or by direct AMPylation of Rablb:GDP. Re-
gardless of the preparation procedure, the chemical shifts of
amides in AMPy7;-Rab1b:GTP and AMPy77,—Rab1b:GDP are
in both cases identical (Fig. 3 B and C). Thus, AMPylation keeps
Rablb in the active state regardless of the type of nucleotide
bound. In the case of Rablb:GTP, AMPylation has no struc-
tural consequences and thus does not interfere with the active
conformation (Fig. 3D). CSPs calculated for Rab1b:GTP vs.
AMPy77-Rab1b:GTP and mapped onto the crystal structure of
AMPv;7-Rablb:GppNHp (PDB code: 3KNV) reveal that only
residues structurally adjacent to the AMP show small chemical
shift changes with CSP values <0.2 ppm (Fig. 3D) (11). In com-
parison, CSPs calculated for Rab1b:GDP vs. AMPy;7—Rab1b:GDP
are large >0.7 ppm, affecting mainly the switch regions and helix o1,
similar to the differences seen between the active and inactive states
(SI Appendix, Fig. S4 A and B). These CSPs are very similar to those
representing the conformational switch from the active to the in-
active state or vice versa supporting the statement that
AMPy77—Rab1b:GDP adopts the active conformation.

Further insight into the conformational switch between the
active and inactive states of Rablb was expected from an in-
vestigation of protein backbone motions, especially for the switch
regions in the AMPylated states. An overlay of the ’N-T}, T
relaxation times and the {'H}-"’N-heteronuclear NOE mea-
sured at 600 MHz reveals no significant difference in the global
protein backbone motions (SI Appendix, Fig. S5). However, in-
formation on the dynamic behavior of the switch regions in the
AMPylated-GTP- or GDP-bound state could not be obtained
due to a lack of data points.

In order to confirm the observed conformational effects of the
PTMs independently, we analyzed *'P NMR signals of the bound
nucleotides. The *'P signals of GDP and GTP can be used as an
indicator of conformational changes occurring in vicinity of the
phosphates (in analogy to similar experiments conducted on
the GTPase H-Ras; ref. 27). We compared one-dimensional *'P
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NMR spectra of Rab1b:GDP, Rab1b:GTP, AMPy7,~Rab1b:GDP,
and AMPy77-Rablb:GTP. Due to the expected strong chemical
influence of the y-phosphate group on the chemical shift of the
B-phosphorus in the GTP-bound proteins, the p-phosphorus
cannot be used as an indicator for conformational changes (S/
Appendix, Fig. S6). However, the a-phosphorus is located far-
ther from the y-position and thus its chemical shift has been used
for analysis. Notably, the a->'P chemical shift is identical for
active state conformation previously observed for Rab1b:GTP,
AMPy77—Rab1b:GDP, and AMpy77—Rab1b:GTP, but different
for the inactive Rab1b:GDP (SI Appendix, Fig. S6). Consequently,
3P_NMR spectroscopy supports the previously observed activating
effect of Tyr77 AMPylation in Rablb. In summary, AMPylation of
Tyr77 unexpectedly results in the conformational stabilization of
the active Rabl1b state regardless of binding to GTP or GDP.

Ser76-Phosphocholination of Rab1b Does Not Interfere with
Conformational Switching. The structural impact of phosphocholi-
nation on Rab1b was investigated in analogy to the experiments for
Rablb AMPylation. First, we produced active PCg76~Rab1b:GTP
isotopically labeled with '*N. We then recorded 'H,'N-HSQC
experiments for PCs7-Rab1b:GTP in defined GTP and GDP
states to investigate conformational changes due to PC modifica-
tions. (Fig. 44 and SI Appendix, Fig. STA). The conversion of dif-
ferent nucleotide and modification states are changed by using either
the GAP TBC1D20 (GTP to GDP) or the dephosphocholinase
Lem3, respectively.

Significant NMR spectral changes of unmodified Rablb are
observed between the GTP to the GDP states (SI Appendix, Fig.
S7 A and B). The presence of the PC group in Rablb does not
influence the conformational transitions of the switches in the
different nucleotide forms since the 'H,'N-HSQC spectra ap-
pear to be virtually identical (Fig. 4 A and B). When plotted onto
the crystal structure of AMPy;7—Rab1b:GppNHp (11), only small
chemical shift perturbations are visible close to the PC modi-
fication site, which reflect the covalent attachment of the
phosphocholine moiety. Consequently, the conformations of Rab1b
are independent of the presence of PC at Ser76 and identical CSPs
are observed in the transitions of Rablb:GTP to Rab1b:GDP and
PCs76-Rablb:GTP to PCs7—Rablb:GDP (SI Appendix, Fig. S7).
Thus, phosphocholination of Rablb at Ser76 does not affect the
nucleotide-determined conformational distribution of Rabl.

AMPylation of Cdc42 Perturbs the Inactive and Active Conformations.
In analogy to the experiments of AMPylated Rablb, we char-
acterized conformational effects of Cdc42-AMPylation at Tyr32
and Thr35. The hypothesis emerged from our biochemical
experiments that the prolonged duration of the active state of
AMP-modified Cdc42 might be caused by direct conforma-
tional rearrangements (Fig. 2B). In a first experiment, the
expected transition from the active GTP-bound to the inactive
GDP-bound state of unmodified Cdc42 could be observed on a
5N-labeled protein sample through large shifts of the peak positions
in the 'H,">N-HSQC-NMR spectra (SI Appendix, Fig. S84). CSPs
plotted onto the crystal structure of Cdc42:GDP (PDB code: 1NF3;
ref. 28) revealed changes in the helix al close to the nucleotide
binding site and for the residues of switch II (ST Appendix, Fig.
S8B). Residues of switch I could not be assigned due to line
broadening of the signals in the NMR spectra as result of the
dynamic behavior of the switch regions and are therefore missing
in the CSP analysis.

The presence of the AMP group in AMPy3,-Cdc42 and
AMP13,—-Cdc42 does not influence the conformational transi-
tions to the same extent as for AMPylated AMPy7,—Rabl1b. The
'H,'>’N-HSQC-NMR spectra of AMPr35v3,—Cdc42:GTP and
AMPr35/y3,-Cdc42:GDP are not identical (Fig. 54), indicating
that Cdc42-AMPylation does not result in a defined redistribu-
tion of the conformational states. Based on a comparison of
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Fig. 3. AMPylation-induced conformational activation of Rab1b:GTP and Rab1b:GDP characterized by NMR spectroscopy. (A) Overlay of the "H,"N-HSQC
NMR spectra of the active GTP-bound (black) and the inactive GDP-bound state of Rab1b (blue). Changes in the structural environment are characterized
by CSP and plotted onto the crystal structure of AMPy77-Rab1b:GppNHp (PDB code: 3NKV). (B and C) Effect of AMPylation on the activity state of Rab1b:GTP
and Rab1b:GDP. Overlay of the "H,"N-HSQC NMR spectra of AMPy;7~Rab1b:GTP (black) and AMPy,,—Rab1b:GDP (red). (C) CSP calculated for Rab1b:GTP vs.
Rab1b:GDP (blue) and AMPylated AMPy7,—Rab1b:GTP vs. AMPy,,-Rab1b:GDP (red). (D) Overlay of H,">N-HSQC NMR spectra of Rab1b:GTP (red) and AMPy7,—
Rab1b:GTP (black). Changes in the structural environment are characterized by CSP and plotted onto the crystal structure of AMPy,,-Rab1b:GppNHp (PDB
code: 3NKV; ref. 11). Spectra were recorded at 25 °C in 20 mM Hepes, pH 7.5 in 50 mM NacCl, 1 mM MgCl,, 2 mM DTE, 10 pM GDP, 100 pM DSS. The total
protein concentration was 300 pM.

CSPs, the conformation of AMPylated Cdc42 also differ between
the nonmodified active (GTP) and inactive (GDP) states in
comparison to AMPr35/y3,—Cdc42:GTP (Fig. 5B). AMPylation of
Cdc42:GTP results in a conformational change in the switch II
region and helix al close to the nucleotide binding site consistent
with the CSPs plotted on to the crystal structure of Cdc42:GppNHp

5776 | www.pnas.org/cgi/doi/10.1073/pnas.1917549117

(PDB code: 1NF3) (Fig. 5B). In contrast, the CSPs deviate much
less in the GDP states than in the GTP states, since AMPrr3s/y30—
Cdc42:GDP shows only small CSP differences in comparison to
Cdc42:GDP (Fig. 5 C and D). The conformation of AMPr3s/y3—
Cdc42:GTP presumably reflects a dynamic average of active and
inactive conformational states as suggested by very similar CSPs for
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10 pM GDP, 100 pM DSS. The total protein concentration was 300 pM.

the transition from Cdc42:GTP to AMPr3s/v3>-Cdc42:GTP (Fig.
5D) and the subsequent transition to AMPr3s/v3-Cdc42:GDP (S
Appendix, Fig. S8B).

In conclusion, the observed prolonged duration of the active
state of AMP-modified Cdc42:GTP (Fig. 2B) can therefore be
explained by the NMR data: AMPylation of Cdc42 may switch
the GTPase to an intermediate conformational state in AMP3s/y3—
Cdc42:GTP that is less competent in hydrolyzing GTP. After GTP
hydrolysis, AMPr35/y3,-Cdc42:GDP switches back to a conforma-
tional state reminiscent of, but not equal to, inactive Cdc42:GDP.
Thus, in contrast to Tyr77-AMPylation of Rablb, the AMPylation
of Cdc42 at Tyr32 or Thr35 conformationally affects both
nucleotide states.

Discussion

It is challenging to predict the biochemical, functional, and
structural consequences of posttranslational modifications re-
liably. The consequences typically depend on the protein, the
type of modification, and the specific position in the protein.
The site-specific and preparative introduction of the modifi-
cation into a particular protein is technically demanding, ren-
dering biochemical and structural studies difficult.

Here, we have established an enzymatic approach to pre-
paratively introduce AMP modifications into Rablb and Cdc42
and a PC group into Rablb in a site-specific manner. We have
also produced these GTPases in their active and inactive forms in
order to study the functional, biochemical, and structural conse-
quences on the different activation states. Using NMR spectros-
copy, we were able to monitor very distinct site- and modification-
dependent conformational consequences of AMPylation and
phosphocholination.

AMPylation of Rab1b at Tyr77 by the Legionella enzyme DrrA
drastically influences the GTPases’ folding stability and distri-
bution of conformational states: First, the presence of the AMP
group increases the stability toward thermal unfolding by ~20 °C
in both activation states, but does not impair the general nu-
cleotide binding properties. Second, NMR experiments demon-
strate that AMPylation stabilizes the active conformation in the
GTP state and additionally forces the proteins into the active
conformation in the GDP state. Thus, a PTM of small GTPases
has been demonstrated to influence the conformations directly.
The AMP modification dominates GDP and GTP binding and
permanently forces Rab1b into the active conformation. Interestingly,

Barthelmes et al.

this active-state promoting effect of Tyr77-AMPylation has been
predicted by molecular dynamics simulations recently (19). The
negative phosphodiester of the modified amino acid is charged
complementarily to a positive surface patch on the GTPase,
thereby providing a molecular basis for the switch II stabiliza-
tion in the active conformation. It is therefore tempting to spec-
ulate that other modifications introducing negative charges at
Tyr77 may also have a similar impact on the conformations of
Rab1b. Recent proteomics analyses on protein phosphorylation
have detected a specific modification of Rablb at Tyr77 (see
PhosphoSitePlus for a spectrum of phosphorylation on Rab1b; ref.
29). Consequently, Tyr77 phosphorylation of Rablb and on ho-
mologous positions of related proteins may conformationally ac-
tivate these GTPases in a similar manner and therefore introduce
another level of Rab-activity control that is uncoupling the active
state from GDP/GTP loading. It will therefore be interesting to
see whether other GTPases may be regulated in a similar manner
with phosphorylation inside or outside the switch regions. Re-
cently, phosphorylations of Rab1b at Ser111 and Rab8a/Rab10 at
Thr72/Thr73 by PINK1 or LRRK2 have been reported, re-
spectively (30, 31). Since these phosphorylated residues are within
or close to the switch II region, similar effects on conformation
and dynamics may be induced as seen for Tyr77-AMPylation in the
case of Rablb. Permanent conformational activation of Rablb by
AMPylation may have a functional relevance in the course of
Legionella infections. The pathogen is recruiting and activating
Rab1b at the Legionella containing vacuole and likely is dependent
on prolonged activation of the Rab protein. Tyr77-AMPylation
may thus suit this purpose by inhibiting interaction with GAPs
but also by keeping the protein in the active conformation even
if Rablb returns to the GDP form via spontaneous GTP hy-
drolysis (11, 32). This is also in line with previous reports dem-
onstrating that AMPylation is necessary for Rab1 localization to
the LCV (32).

Interestingly, the conformational activation of Rab1b by Tyr77
AMPylation may point at another level of small GTPase regu-
lation that is independent of the GDP and GTP states. In ad-
dition, it is tempting to speculate that AMPylation may also
modulate cellular protein—protein interaction networks in gen-
eral by blocking access to specific GTPase sites (e.g., switch II)
but still permitting access to other sites (e.g., switch I). It has
for example been reported recently that small GTPases can
interact with 2 GTP-state specific effectors simultaneously by
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exploiting separate interaction sites: Rab11 interacts with Rabin8 or
PI4KIII via switch I exclusively, whereas a different switch I-switch
II patch binds to FIP3 (33, 34). It is thus conceivable that
modifications such as Tyr77 AMPylation of Rab1b could cause a
block of the switch I-switch II binding patch while keeping the
GTPase in the active state and thereby permitting binding with

5778 | www.pnas.org/cgi/doi/10.1073/pnas.1917549117

GTP-state specific effectors via the switch I patch, even though
such an effect has not been observed, yet. Instead, AMPylation
appears to affect the binding GTPase effectors exclusively neg-
atively. For example, Cdc42 AMPylation at Thr35 disrupts the
interaction with the effector protein PAK (21). IbpA-mediated
AMPylation of the Cdc42 relatives RhoA and Rac at Tyr34 and
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Tyr32, respectively, block binding to the effector rhotekin (20).
Furthermore, Rabl AMPylation not only impaired binding to
the effector protein MICAL-3, but also obstructed interaction
with the human GAP TBC1D20, the Legionella GAP LepB, and
the GDP-state specific protein GDI (11, 35). It is unclear whether
AMPylation at Tyr77 is going to affect binding to the numerous
reported Rabl effectors (summarized in ref. 36) similarly as for
MICAL-3 or whether some of these may bind to AMPylated Rab1
in both activation states. However, the available complex struc-
tures suggest that effectors require binding to the switch II region
so that AMPylation likely interferes with complex formation.
Nevertheless, it will be interesting to see if a large-scale com-
parison of effector binding to AMPylated Rabl and related
GTPases may reveal unconventional interaction modes. At least
one protein was demonstrated to retain the ability for Rab1-AMP
binding: The Legionella protein LidA is secreted during infection
and can bind to AMPylated and non-AMPylated Rabl in the
GDP and GTP states (10); even so this may be due to an ex-
ceptional affinity for the GTPase that may overcome the steric
hindrance by the AMP group. Nevertheless, it demonstrates that,
in principle, AMPylation is compatible with binding to Rab-
specific interactors.

In contrast to Rablb, enzymatic AMPylation of Cdc42 by
VopS at Thr35 or by IbpA at Tyr32 has an intermediate effect on
the conformational distribution between the active and inactive
states. Neither AMPy3,—Cdc42:GTP or AMP135—Cdc42:GTP re-
semble the active (Cdc42:GTP) or the inactive (Cdc42:GDP) states.
In contrast, AMPy3,—Cdc42:GDP and AMP135—Cdc42:GDP show
conformational resemblance to the inactive (Cdc42:GDP) state as
indicated by 'H,"”N-HSQC and *'P NMR experiments. Therefore,
a direct activating or inactivating effect of Cdc42 AMPylation
cannot be concluded. Rather, the AMP group appears to function
as large steric inhibitor of protein—protein interactions and thereby
exert their physiological function during infections by blocking
Cdc42-dependent protein recruitment (20-22). However, the
AMP group unambiguously influences the structure of Cdc42 and
therefore impairs interactions with binding partners. It is inter-
esting to note that the steric demand of the AMP group is likely
not the only factor contributing to structural changes in Cdc42.
Introducing a tryptophan substitution at the Tyr32 site apparently
does not change the Cdc42 structure despite of the large increase
in bulkiness as claimed previously (37). Consequently, the negative
charge of the phosphodiester is likely to contribute to the observed
conformational changes, too.

active
conformation

Here, we have shown that AMPylation and phosphocholina-
tion of Rab1b or Cdc42 affect the biochemistry and structures of
these GTPases very differently. For example, Tyr77-AMPylation
forces Rablb into the active state even if GDP is bound (see
Fig. 6 for a schematic summary of the results). In contrast,
Ser76 phosphocholination does not interfere with the normal
activity states of Rab1b: Conformationally, PCs7c—Rab1b:GTP
and Rab1b:GTP are equivalent, as are PCs7,—Rab1b:GDP and
Rab1b:GDP. In the case of Cdc42 AMPylation, the situation is
more complicated in comparison to Rablb AMPylation. Modifi-
cation at Tyr32 or Thr35 results in two further conformational
states that are not identical to the active GTP or the inactive GDP
states. It would be interesting to investigate whether these con-
formational switching activities of PTMs are only relevant in the
context of infections with bacterial pathogens or whether eukary-
otes exploit such conformational control mechanism during ho-
meostasis as a regular GTPase control mechanism.

Methods

Protein Expression and Purification. DrrAz,o 533, DrrAg s33, SidD1_s07, TBC1D204 36,
AnkXq_goo, Lem34_570, and Rab1bs_474 were purified as described previously
(8, 11, 16, 38).

In brief, genes encoding for DrrA, SidD, TBC1D20, AnkX, and Lem3 were
cloned in a pET19 vector with N-terminal hexa-histidine-tag (Hise-tag) and a
tobacco etch virus (TEV) cleavage site. Genes encoding for IbpAzags 3797,
VopS31-3g7, and Dock91g0s5-2032 Were cloned in a pMAL vector including a
Hisg-maltose-binding-protein (MBP)-tag and a TEV cleavage site. Protein
production in Escherichia coli BL21 Codon Plus (DE3) RIL cells was induced by
addition of 0.5 mM isopropyl f-p-1-thiogalactopyranoside (IPTG) over night
at 20 °C. Purification was achieved by nickel affinity chromatography, TEV
cleavage of the Hise-tag or His-MBP-tag, and final gel filtration in 20 mM
Hepes pH 7.5; 100 mM NacCl; 2 mM dithioerythritol (DTE); 1 mM MgCl,. For
Lem31_s70 5% glycerol was added to all buffers.

Rab1bs 474 Q67A and Cdc42,_1gg Q61L were produced as fusions with the
maltose binding protein in E. coli BL21 (DE3) cells using the pMAL (Rab1b) or
POPINM (Cdc42) vector. Genes encoding for Cdc42,_179 Q61A/L were cloned
in a pGEX4T1 vector and purified as fusions with a glutathione S-transferase
tag. Rab1b and Cdc42 mutant proteins were generated by site-directed
mutagenesis.

Isotopically labeled proteins were produced by overexpression in E. coli
BL21 (DE3) cells in M9 minimal medium supplemented with '°N, '3C, and/or
2H. Production of >N and ">C'>N labeled proteins was performed using
T5NH4Cl (1 g/L) and *C-D-glucose (2 g/L) as sole nitrogen and carbon sources.
For partial random deuteration, H,O in M9 medium was substituted sub-
sequently with increasing concentrations of D,0. After adaptation of E. coli
cells, protein expression was carried out in 90% D,O M9 medium.
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Fig. 6. PTMs affect GTPase conformations differently (conformationally identical or nonidentical states are indicated by an equal sign or unequal sign,
respectively). Classically, GTPases such as Rab1b differ strongly in their active, GTP-bound and inactive, GDP-bound conformations. Tyr77-AMPylation of
Rab1b results in a redistribution of conformational states in favor of the active form. That is, AMPy;,-Rab1b:GDP is conformationally identical to active
Rab1b:GTP but not inactive Rab1b:GDP. Ser76 phosphocholination of Rab1b, instead, retains the normal distribution of conformational states (i.e.,, GDP
bound is inactive, GTP state is active). In contrast, Tyr32 and Thr35 AMPylation of Cdc42:GDP and Cdc42:GTP results in the formation of two additional
conformational states. Here, the AMP-modified states do not resemble either the active or the inactive states (green, yellow, gray: active, inactive, and in-
termediate states, respectively; blue and red: equal and nonidentical conformations, respectively).
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Unlabeled and isotopically labeled Rab proteins were produced at 25 °C
overnight after induction with 0.5 mM IPTG at OD 0.6 to 0.8. Proteins were
purified by nickel affinity chromatography, followed by TEV cleavage of the
Hiss—MBP tag and final gel filtration in 20 mM Hepes pH 8.0; 50 mM NaCl;
2 mM DTE; 1 mM MgCly; 10 uM GDP. For protein yields see S/ Appendix,
Table S1.

Preparative Nucleotide Exchange. Nucleotide exchange of Rab1b proteins was
performed as described earlier (11). Rab proteins were incubated with 5 mM
ethylenediaminetetraacetic acid (EDTA) and a 20 times molar excess of nu-
cleotide at 25 °C for at least 2 h in exchange buffer (20 mM Hepes pH 8.0;
50 mM NacCl, 2 mM DTE). Excess nucleotide was removed by using a PD-10
column (GE Healthcare) equilibrated in 20 mM Hepes pH 8.0; 50 mM Nacl;
2 mM DTE; 1 mM MgCl,; 10 pM nucleotide). Completeness of the exchange
was verified by reversed-phase high-performance liquid chromatography
(HPLC) analysis.

Preparative AMPylation/Phosphocholination. Preparative modification of
Rab1b was performed as described earlier (11). The protein was incubated
with a 2.5 molar excess of nucleotide (ATP; CDP-choline) and a 0.01 molar
ratio of the respective enzyme (DrrA; AnkX) at room temperature until
100% modification was achieved. Completeness of the reaction was verified
by mass spectrometry. The modified protein was purified by size exclusion
chromatography (20 mM Hepes pH 8.0; 50 mM NacCl, 2 mM DTE; 1 mM
MgCl,; 10 pM GDP).

Reversed-Phase HPLC Analysis. Analysis of the nucleotide state of Rab proteins
was performed by reversed-phase HPLC analysis on a C18 Prontosil column
(Bischoff). A sample (1 nmol) of the GTPase was denatured at 95 °C for 5 min
to release bound nucleotide, protein was separated by centrifugation, and
nucleotide supernatant applied to the C18 column. Separation of nucleo-
tides was conducted in 50 mM potassium phosphate pH 6.6, 10 mM tetra-
butyl-ammonium-bromide, and 12% acetonitrile at 1 mL/min for 20 min.

Electrospray lonization Mass Spectrometry (ESI-MS). To test for successful
modification of protein, ESI-MS was used. The respective protein solution
(50 pM) was desalted by using C4-zip-tips (Millipore). C4 material was
equilibrated with 10 pl of 50% acetonitrile and 2 times 10 pl of 0.1% formic
acid, then 10 pl of protein solution was loaded. The bound proteins were
washed 2 times with 0.1% formic acid and eluted with 50% acetonitrile; 5 pl
of the protein solution was applied to the LCQ fleet mass spectrometer
(Thermo Scientific). lon spectra were generated with Xcalibur (Thermo Sci-
entific) and deconvoluted using MagTran (39).

Determination of Intrinsic Nucleotide Exchange Rates. Intrinsic nucleotide
exchange rates of small GTPases were determined by measuring release of
mant-nucleotides in a fluorescence spectrophotometer (Fluoromax 4; Horiba
Scientific) with excitation at 360 nm and emission at 440 nm at 25 °Cin 20 mM
Hepes, pH 7,5; 50 mM NacCl; 5 mM MgCl,, and 2 mM DTE. Release of mant-
nucleotide was triggered by addition of 100 x GDP or GTP. Excitation and
emission slits were set to 1 and 5 nm, respectively.

Determination of Intrinsic Hydrolysis Rates. Preparatively GTP loaded GTPases
were incubated at 25 °C in 20 mM Hepes, 50 mM NacCl, 1 mM MgCl,, 2 mM
DTE. Samples were taken at indicated time points and subjected to reversed-
phase HPLC analysis.

Circular Dichroism Spectroscopy. Thermal stability of unmodified/modified
GTPases was investigated by CD Spectroscopy. Measurements of CD spectra
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were carried out in a JASCO 715 CD Spectrometer equipped with a Peltier-
temperature controller. Spectra were measured at 15 pM protein concen-
tration in a quartz cuvette with 1 mm path length (Hellma) in 2 mM Hepes
pH 7.5; 20 mM NacCl; 1 mM MgCly; 10 pM GDP. Temperature was increased
by 20 °C/h and molar ellipticity was measured at 222 nm.

NMR Spectroscopy. All NMR spectra were recorded at 25 °C in 20 mM Hepes,
pH 7.5 in 50 mM Nacl, 1 mM MgCl,, 2 mM DTE, 10 pM GDP or GTP, 100 pM
sodium trimethylsilylpropanesulfonate (DSS). The total protein concentra-
tion was 300 pM; 'H,">N-HSQC NMR correlation spectra were recorded on
a Bruker Avance Ill 600 MHz spectrometer equipped with a 5 mm TCI
CryoProbe with a Z-gradient using 2048 x 256 data points in t, and t; and 4
scans, respectively.

The backbone resonances of the unmodified Rab1b (bound to GTP or GDP)
were assigned using conventional 3D-HNCACB, HNCO, HNCA, HN(CA)CO, and
HN(CO)CA experiments, recorded on Bruker AV IIl 600, 800, or 900 MHz NMR
spectrometers equipped with 5 mm TCl CryoProbes with Z-gradients. The
amide resonances of the unmodified Cdc42 (bound to GTP or GDP) were
assigned based on the BMRB database (code: 15424) and further confirmed
using 3D 'H,"*N-NOESY-HSQC spectra recorded at 600 or 900 MHz proton
Larmor frequency using a mixing time of 120 ms. All amide resonances of
the modified (AMPylation or phosphocholination) Rab1b and Cdc42 were
assigned based on the assignments of the unmodified proteins and con-
firmed by 3D "H,">N-NOESY-HSQC spectra, as described above.

Changes in "H and ">N chemical shifts (parts per million) were calculated
12

2
as Adcsp = | AS%y + (MN> } , Where the chemical shift scaling factor, Rycae,

Rscale

is given by the ratio of the average variances, (6s)yn/{cs)n Of amide proton
and nitrogen chemical shifts as described (40). Chemical shift perturbations
were plotted onto the crystal structure of AMPy,7—Rab1b:GppNHp (PDB code:
3NKV) and Cdc42:GppNHp (PDB code: 1NF3) using the program PyMol.

5N T, relaxation times were obtained using relaxation delays of 750; 500;
10; 500; 1,000; 300; 1,250; 1,800; 100; and 1,250 ms. For measurement of >N
T, relaxation times, delays of 0; 130; 16,3; 65,3; 114,2; 49,0; 65,3; 16,3; 81,6;
and 97,9 ms were used. The spectra were recorded at 298 K using 1,800 x
256 data points, a spectral widths of 18 x 35 ppm in t, and t;, respectively,
and eight scans per t; increment on Bruker AV Ill 600 MHz spectrometer
equipped with a 5 mm TCl Cryoprobe with a Z-gradient. {"H}-">N hetero-
nuclear nuclear Overhauser effect values were measured interleaved, using
1,800 x (2 x 230) data points, spectral widths of 18 x 35 ppm, and 100 scans
per t; increment.

Data Availability Statement. NMR chemical shift assignments are deposited in
the BMRB database; Rab1b:GTP (BMRB 50172) (41), Rab1b:GDP (BMRB 50173)
(42), AMPY77-Rab1b:GTP (BMRB 50174) (43), AMPY77-Rab1b:GDP (BMRB
50175) (44), PCS76-Rab1b:GTP (BMRB 50176) (45), PCS76-Rab1b:GDP (BMRB
50177) (46), Cdc42:GTP (BMRB 50178) (47), Cdc42:GDP (BMRB 50179) (48),
AMPT35-Cdc42:GTP (BMRB 50180) (49), AMPT35-Cdc42:GDP (BMRB 50181)
(50), AMPY32-Cdc42:GTP (BMRB 50182) (51), AMPY32-Cdc42:GDP (BMRB
50183) (52).
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