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ABSTRACT: The intracellular pathogen Legionella pneumophila
infects lung macrophages and injects numerous effector proteins
into the host cell to establish a vacuole for proliferation. The
necessary interference with vesicular trafficking of the host is
achieved by modulation of the function of Rab GTPases. The
effector protein AnkX chemically modifies Rablb and Rab35 by N
covalent phosphocholination of serine or threonine residues using
CDP-choline as a donor. So far, the phosphoryl transfer mechanism
and the relevance of observed autophosphocholination of AnkX
remained disputable. We designed tailored caged compounds to

caged compounds ping-pong mechanism
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Rab1b Ser,,

make this type of enzymatic reaction accessible for time-resolved Fourier transform infrared difference spectroscopy. By
combining spectroscopic and biochemical methods, we determined that full length AnkX is autophosphocholinated at Ser521,
Thr620, and Thr943. However, autophosphocholination loses specificity for these sites in shortened constructs and does not
appear to be relevant for the catalysis of the phosphoryl transfer. In contrast, transient phosphocholination of His229 in the
conserved catalytic motif might exist as a short-lived reaction intermediate. Upon substrate binding, His229 is deprotonated and
locked in this state, being rendered capable of a nucleophilic attack on the pyrophosphate moiety of the substrate. The proton
that originated from His229 is transferred to a nearby carboxylic acid residue. Thus, our combined findings support a ping-pong
mechanism involving phosphocholination of His229 and subsequent transfer of phosphocholine to the Rab GTPase. Our
approach can be extended to the investigation of further nucleotidyl transfer reactions, which are currently of reemerging interest

in regulatory pathways of host—pathogen interactions.

he bacterium Legionella pneumophila hijacks human lung

macrophages by manipulation of cellular processes such as
vesicle transport.' ™ Via the use of a type IV secretion system
(TFSS), a large number of effector proteins are inserted into
the host cell creating a Legionella-containing vacuole (LCV).
The gathogen proliferates in the LCV, finally leading to cell
lysis.”” Redirection of vesicular transport requires interference
with the function of small GTPases of the Rab and Arf families,
major regulators of vesicular trafficking. The ankyrin repeat-
containing protein AnkX is one of the Legionella effectors,
functioning as a phosphocholine transferase that manipulates
Rab proteins in the host cell.”

Covalent modification of GTPases by bacterial pathogens is a
common principle involving FIC domain (filamentation
induced by cAMP)-containing proteins in most cases.” The
FIC domain of AnkX catalyzes the transfer of a phosphocholine
moiety, but FIC domains generally can introduce a variety of
modifications, such as adenylylation, uridylylation, guanylyla-
tion, and phosphorylation.”'” Notably, the adenylylase domain
of DrrA, also a Legionella effector that modifies Rab1b, is not a
FIC domain despite performing an analogous reaction.“’12
Well-studied examples of FIC domain proteins are, for instance,
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VopS and IbpA, which catalyze adenylylation of Rho GTPases
disrupting the actin cytoskeleton of the host cell.">'* In all
cases, a phosphorus anhydride is cleaved by the conserved FIC
motif [HXFX(D/E)(A/G)N(G/K)R] and a phosphodiester
linkage to an OH group of the modified protein is formed.
To establish the LCV, L. pneumophila specifically targets the
Rab GTPases Rab1b and Rab35, which regulate endoplasmatic
reticulum to Golgi trafficking and cargo recycling at endosomes,
respectively.”'>'® Rab GTPases are molecular switches cycling
between the active GTP-bound “on” and the inactive GDP-
bound “off” states. Interaction with various effectors via the so-
called switch regions takes place in only the GTP-bound form.
Nucleotide exchange is catalyzed by GEFs (guanine nucleotide
exchange factors), and hydrolysis of GTP is catalyzed by GAPs
(GTPase-activating proteins), thereby inactivating the switch.'”
Membrane tethering of Rab GTPases is mediated by C-
terminal geranylgeranylation,18’19 and membrane extraction is
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performed by GDI (GDP dissociation inhibitor) to recycle the
GDP-bound Rab as a soluble cytosolic complex.”” Rab35 is
phosphocholinated by AnkX at Thr76 in the switch II region
and Rablb at the corresponding residue Ser76 with a slight
preference for the GDP state of the GTPase.”*" For additional
regulation, the pathogen provides the dephosphocholinase
Lem3.”' Most importantly, phosphocholination prevents the
interaction with GDI and thus traps Rab at the membrane
preferably in the GDP state.”"** Phosphocholination impairs
the interaction with GEFs but does not greatly affect the
interaction with GAPs or the Legionella supereffector LidA,
although the implications of the latter are not clear yet.”' Rab3$
has also been shown to be involved in cancer development by
mislocalization of PDGFR (platelet-derived growth factor
receptor) to endosomes by Rab35Q67L, which is less sensitive
to inactivation by GAPs (GTPase-activating proteins), without
altering vesicle morphology.”® Therefore, interfering with
Rab35 function by Legionella might not directly impact vesicle
transport but rather involve relocalization of yet unidentified
factors in pathways that influence early endosome maturation
and thus promote LCV formation.

Recently, the reversible phosphocholination catalyzed by
AnkX/Lem3 has been harnessed in a universal fluorescence
labeling/delabeling approach, which requires only the intro-
duction of a Rablb-derived peptide into the target protein.”*
This novel application is made possible by the fact that AnkX
accepts not only CDP-choline as the cofactor but also CDP and
its derivatives with large substituents at the S-phosphate.
Recently, progress has been made in understanding the catalytic
mechanism of AnkX by resolving the crystal structure of the
AnkX FIC domain, which explains the ability of FIC domains
to utilize different substrates such as ATP, UDP-glucose, or
CDP-choline.”® The nucleotide can be bound in different
orientations allowing the transfer of either the sugar-containing
moiety or the terminal phosphoryl group. In either case, a
conserved histidine residue in the FIC motif is indispensable for
breakage of the phosphorus anhydride and transfer of
phosphocholine to the hydroxyl group of Rab35 or Rablb.
Previously, a ping-pong mechanism for this enzymatic reaction
was suggested by steady-state kinetic analysis,”' but a concerted
transfer was proposed on the basis of the crystal structure.”
The ping-pong mechanism would involve transient transfer of
phosphocholine to His229 of AnkX prior to phosphocholina-
tion of Ser76/Thr76 of the substrate. The concerted
mechanism suggests an in-line nucleophilic attack of Ser76/
Thr76 on the p-phosphate of CDP-choline. An important
consideration for the reaction mechanism is the observation of
autophosphocholination of AnkX in both studies. However,
different sites for autophosphocholination have been proposed
leading to contradictory implications for the activity of AnkX
and possible transient phosphocholination of the catalytic
histidine residue.

Fourier transform infrared (FTIR) difference spectroscopy
(static or time-resolved) fully resolves protein mechanisms in
atomic detail in real time without any label.”® Infrared spectra
possess a very high information content because every single
chemical group makes a distinct contribution to the overall
spectrum. The functional residues are selectively resolved from
the background absorbance by computing the difference
between the ground state and reaction intermediates.”’
Pioneering work applied this technique to light-inducible
chromo-protein reactions, such as in photosystems >’

or
rhodopsins.”>*' Over the past decades, noncyclic protein
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reactions were addressed by us and others employing caged
compounds.®>**

Still, the studied targets were mainly limited to GTPases and
ATPases. We seek to establish time-resolved FTIR spectrosco-
py as a general tool that can be applied to diverse biological
questions. Thus, a crucial prerequisite is the design of caged
compounds tailored to the targeted enzyme class. Recently, we
already expanded this approach to adenylyltransferases and
unraveled the molecular mechanism of the Legionella effector
DrrA."" To resolve the unclear details of AnkX-catalyzed
phosphocholine transfer as outlined above, we designed five
novel photocleavable CDP derivatives, including isotopically
labeled compounds. Our combined biochemical and spectro-
scopic data provide insights into the molecular mechanism of
the phosphocholine transfer reaction catalyzed by AnkX. With
these data, we propose a ping-pong mechanism based on the
catalytic His229 as a key residue for the enzymatic modification
of Rab GTPases.

B EXPERIMENTAL PROCEDURES

All chemicals and organic solvents were purchased from Sigma-
Aldrich. Chemical structures of the synthesized compounds are
presented in Supplementary Figure 1.

Synthesis of 1-(2-Nitro)phenylethyl-cytidinediphos-
phate Choline (npe-CDP choline). The synthesis was
conducted as described previously.'** CDP-choline (350
mg, 0.72 mmol) was dissolved in 3 mL of water, and an
excess of 1-(2-nitrophenyl)diazoethane was added every 12 h
(1 g total). The pH was adjusted to 3—4 and kept constant by
adding HCI if necessary. The reaction mixture was stirred
vigorously in the dark and controlled by analytical high-
performance liquid chromatography (HPLC). After S days, the
chloroform phase was removed and the water phase was
washed three times (10 mL of chloroform). Subsequently, npe-
CDP-choline was purified over an anion exchange column
(diethylaminoethyl resin, DEAE) with a gradient (0 to 250
mM) of triethylaminobutyl buffer (TEAB, pH 8). The product
fractions were pooled, concentrated, and analyzed by HPLC
and fast atom bombardment mass spectrometry (FAB-MS): M
=638.1 gmol™' [M + H]", M = 660.1 g mol™" [M + Na]*. The
yield was 100 mg (22%).

Synthesis of 1-(2-Nitro)phenylethyl-cytidinediphos-
phate (npe-CDP). Briefly, 100 mg (0.25 mmol) of npe-CDP
was dissolved in 5 mL of water, and an excess of 1-(2-
nitrophenyl)diazoethane was added. The reaction was finished
after 48 h. The purification was conducted as described for npe-
CDP-choline with a 0 to 240 mM TEAB gradient. FAB-MS: M
=553.0 gmol™! [M + H]", M = 575.0 g mol™" [M + Na]*. The
yield was 52 mg (38%).

Synthesis of $-'80,-1-(2-Nitro)phenylethyl-cytidinedi-
phosphate (-'0,-npe-CDP). In the first step, '*O-labeled P,
was synthesized (Supplementary Figure 2).>° Phosphorus
pentachloride (2.5 g) was cooled in a round-bottom flask
under an argon atmosphere. Very slowly, 1 g of H,'®O was
added and the mixture stirred for 20 min. After the addition of
900 pL of tributylamine, the mixture was stirred for a further 10
min. The obtained product was concentrated in vacuum and
subsequently co-evaporated with dry pyridine (2 X 900 uL).
The white product was dried under reduced pressure and
characterized via FAB-MS: M (tributylamine phosphate) =
4774 g mol™' [M + HJ". In the second step, 200 mg (0.62
mmol) of CMP was dissolved in 1 mL of water and purified
over a Dowex SOW resin to remove the sodium ions.’® The
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activation of CMP was achieved on the basis of the work of
Park and Givens.”® To the activated CMP was added 1.2 g
(2.52 mM) of the '®O-labeled phosphate in 15 mL of DMF.
The mixture was stirred under an argon atmosphere for 48 h.
The reaction was monitored by analytical HPLC. The
purification was conducted as described for npe-CDP-choline
with a 0 to 170 mM TEAB gradient. FAB-MS: M = 4339 g
mol™' [M + Na]". The yield was 40 mg (16%). The second
synthesis step was repeated to obtain sufficient amounts of the
product. Finally, 55 mg (0.13 mmol) of '*0,-CDP was
dissolved in 6 mL of water, and 4 mL of 1-(2-nitrophenyl)-
diazoethane in chloroform (600 mg) was added. The pH was
adjusted to 3—4, and the mixture was stirred in the dark for 24
h. The progress of the reaction was controlled via analytical
HPLC. The purification was done as described above with a 0
to 240 mM TEAB gradient. ESI-MS: M = 560.5 g mol™"' [M +
H]". The yield was 19 mg (26%).

Synthesis of 4-Hydroxyphenacyl-cytidinediphos-
phate (php-CDP). The synthesis was conducted as described
by Park and Givens.*® Briefly, S0 mg (0.15 mmol) of CMP was
purified over a Dowex 50w resin, activated with carbon-
yldiimidazole, and mixed with 105 mg (0.46 mmol) of php-
phosphate in dry DMF for 80 h in the dark. The progress of the
reaction was monitored via analytical HPLC. The purification
was conducted as described for the npe compounds with a 0 to
260 mM TEAB gradient. ESI-MS: M = 5362 g mol™! [M +
H]". The yield was 20 mg (25%).

Synthesis of a-'80,-4-Hydroxyphenacyl-cytidinedi-
phosphate (a-'0,-php-CDP). In the first synthesis step,
O-CMP was generated as described by Goody (Supple-
mentary Figure 3).” Briefly, 178 mg (0.8 mmol) of
pentachlorophosphane was reacted with H,"®O (68 uL, 3.8
mmol), yielding '®O-labeled phosphorous acid, which was
further reacted with 200 mg of cytidine (0.8 mmol). The crude
product was purified with a 0 to 180 mM TEAB gradient on a
DEAE column. The yield was 68 mg (25%). The product *O-
CMP was prepared as described for php-CDP to covalently
attach a parahydroxyphenacyl group.”® For purification, a
TEAB gradient (0 to 220 mM) was employed that yielded 7 mg
of a-"*0,-php-CDP (6%). ESI-MS: M = 561.89 g mol™" [M +
Na]*.

Protein Expression and Purification. Rablb,_,,, and
diverse AnkX constructs were expressed in Escherichia coli BL21
DE3 RIL and purified via Ni-NTA and gel filtration
chromatography as described elsewhere.”*® The final gel
filtration buffer consisted of SO mM Hepes (pH 7.5), 200 mM
NaCl, and 2 mM DTT (with 2 mM MgCl, and 20 uM GDP for
Rablb). For isotopic labeling of AnkX; ., bacteria were
grown in 15 L of synthetic M9 medium™ with histidine
replaced by the labeled variant. For FTIR measurements, AnkX
was concentrated to 60—85 mg/mL to minimize salt
concentrations in the final samples. Usually, one would achieve
this by exchanging the buffer with a low-ionic strength variant,
but AnkX is very sensitive to salt concentration.

Fluorescence Measurements. The phosphocholination of
Rablb;_;;, catalyzed by AnkX was monitored by tryptophan
fluorescence.”’ In a cuvette (1 mL), 10 zM Rablb and 400 uM
CDP-choline were stirred in a buffer containing 50 mM Hepes,
200 mM NaCl, 2 mM MgCl,, 2 mM DTT, and 20 uM GDP.
The temperature was adjusted to 25 °C, and the desired AnkX
construct (200 nM) was added to start the reaction. The
sample was excited at 297 nm, and the emission was detected at
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340 nm, recording data points every 2 s. All errors are given as
the standard deviation (SD).

HPLC/MS Analysis. For the investigation of substrate
autohydrolysis by AnkX, 2 uM AnkX was incubated with 1 mM
substrate at 25 °C in 50 mM Hepes, 200 mM NaCl, 2 mM
MgCl,, and 2 mM DTT. Samples were taken every 20 min and
analyzed by reverse phase HPLC (C18 Prontosil, Bischoff
GmbH) in S0 mM KP; (pH 6.6), S mM TBAB, and 14%
acetonitrile. Calibration of the analytical column allowed us to
determine the amount and/or concentration of hydrolyzed
substrate. For MS, the sample composition was similar, except
that 50 M AnkX was used and the samples were incubated for
1 h at 25 °C prior to analysis by LC—ESI-MS. For shotgun
LC—MS analysis, approximately 10 pmol of AnkX in S50
ammonium bicarbonate was first reduced with 10 mM DTT for
30 min at 56 °C, followed by alkylation of free sulfthydryl
groups with 30 mM iodoacetamide at room temperature in the
dark. Trypsin (Promega, sequencing grade) was added (1:30),
and the sample was digested for 8 h at 37 °C. Next, 200 fmol of
proteolytic digest was analyzed by shotgun nano LC—MS using
a U3000 RSLC nano-LC instrument coupled to an Orbitrap
Velos ETD mass spectrometer (both from Thermo Scientific).
Peptides were preconcentrated on a 75 ym X 2 cm CI8
trapping column using 0.1% trifluoroacetic acid at a flow rate of
20 uL/min, followed by separation on a 75 ym X 50 cm C18
main column (both Pepmap Viper, Thermo Scientific) with a
60 min LC gradient ranging from 2 to 38% acetonitrile in 0.1%
formic acid, at a flow rate of 250 nL/min. MS survey scans were
acquired from m/z 300 to 2000 in the Orbitrap at a resolution
of 60000 using the polysiloxane m/z 445.1200 as the lock mass.
The five most intense ions were selected for data-dependent
electron transfer dissociation (ETD) with an isolation width of
m/z 2.0 and an activation time of 200 ms. Raw files were
processed with Proteome Discoverer 1.4 (Thermo Scientific)
using Mascot 2.4 (Matrix Science) as a search engine, ptmRS,
an advanced version of the widely used phosphoRS algorithm,*”
for determining localization probabilities for identified
phosphocholination sites, and the target/decoy PSM Validator.
MS/MS spectra were searched against a Uniprot fasta database
(July 2012) with taxonomy set to Proteobacteria (196376
target sequences) and the following settings: (i) trypsin as the
enzyme with a maximum of two allowed missed cleavages, (ii)
carbamidomethylation of Cys (+57.0214 Da) as fixed and
phosphocholination of His, Ser, and Thr (+165.0554 Da) as
well as oxidation of Met (+15.9949 Da) as variable
modifications, (iii) MS and MS/MS tolerances of 10 ppm
and 0.5 Da, respectively, and (iv) the instrument set to ETD
trap. Obtained peptide-spectrum matches were filtered for a
false discovery rate of <1% (high degree of confidence). Only
three phosphocholinated peptides passed the 1% FDR filter, all
of them belonging to AnkX. All three corresponding
phosphocholination sites, namely, Ser521, Thr620, and
Thr943, were highly confident and had ptmRS probabilities
of >99% as well as Mascot delta scores of >13.

FTIR Measurements and Data Analysis. For FTIR
measurements, Rablb;_,,,-GDP was subjected to buffer
exchange with 1 mM Hepes (pH 7.5), 2 mM NaCl, 0.05
mM MgCl,, and 0.05 mM DTT via a NAP-S column (GE Life
Sciences). AnkX proteins were concentrated as described
above. Incubation of AnkX with caged substrates and
subsequent removal of excess compound by desalting would
yield apoprotein only, showing that AnkX does not bind the
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caged substrates. Therefore, an equivalent amount of caged
substrate needed to be added to the FTIR sample directly.
The FTIR sample was prepared between two BaF, windows
as described previously"” except that no mylar spacer was used
because BaF, windows with a 10 ym deep cavity (S-Optics)
allowed us to prepare vacuum stable cuvettes. The final sample
composition was 4 mM Rablb (where applicable), 4.8 mM
AnkX, 20 mM MgCl,, 20 mM DTT, 200 mM Hepes (pH 7.5),
600—800 mM NaCl, and 4 mM caged compound. Exceptional
care needs to be taken during gentle drying of the sample with a
nitrogen stream not to damage the proteins. Therefore, AnkX
was usually the last component added and concentrated very
quickly before addition of the final volume (0.6 uL) of 0.2%
ethylene glycol or 18% ethylene glycol in water for the low-
temperature measurements. Experiments for the analysis of
Rablb modification by AnkX were performed at 288 K,
whereas the precatalytic conformational change of AnkX was
measured at 257 K. At least 10 individual measurements were
averaged to obtain the difference spectra with a good signal-to-
noise ratio. Photolysis of the caged compounds was performed
using an LPX 240 XeCl-excimer laser (308 nm; Lambda
Physics/Coherent Laser Systems) by 40 flashes within 80 ms
for npe-caged compounds, and 12 flashes within 24 ms for php-
caged compounds. This leads to decaging of more than 90% of
the respective compound. Unreacted caged compounds do not
contribute to our difference spectra. A modified Bruker IFS
66v/s or Vertex 80v spectrometer in fast-scan mode was used
for the measurement.”’ The data were analyzed between 1800
and 900 cm™ with a global fit method.”” In this analysis, the
absorbance changes (AA) are analyzed with a sum of
exponentials with apparent rate constants k; and amplitudes a;.

nr

AA(D, t) = Z al(ﬂ)e_klt + a (D)

I=1

For each rate constant, an amplitude spectrum is obtained by
global fit analysis. It corresponds to the difference spectrum of
the states before and after the reaction in the case of well-
separated reaction steps. In this work, one exponential was
sufficient to describe the data, or in the case of reactions that
were too fast, the photolysis spectra were examined instead. In
the figures, negative-amplitude spectra [—a)(Z)] are shown, so
that negative bands belong to the disappearing state and
positive bands to the appearing state. An amplitude spectrum of
the photolysis ao(¥) is calculated by

nl’

ay(D) = a () = Y, a(D)

I=1

B RESULTS

Loss of More Than One Ankyrin Repeat Impairs the
Phosphocholine Transferase Activity of AnkX. We
examined the phosphocholination (PCylation) of Rablb by
different AnkX constructs with time-resolved fluorescence
measurements and ESI-MS. Shortened AnkX constructs were
created on the basis of the prediction of the location of ankyrin
repeats as described previously.”> Full length AnkX contains 12
ankyrin repeats, while slightly shortened AnkX; gy, still
contains 12 repeats and can be considered as the full length
equivalent in this regard. All used constructs are listed in
Supplementary Table 1. The PCylation assay based on
tryptophan fluorescence of Rab1b was established previously.*

4378

The apparent monoexponential fluorescence increase during
PCylation of Rablb with catalytic amounts of AnkX is a
measure of the catalytic activity and was used to compare
different AnkX constructs (Figure 1). While full length AnkX,

1.06 4
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Figure 1. Phosphocholination of Rablb-GDP monitored by
tryptophan fluorescence (10 yM Rablb, 400 uM CDP-choline, and
200 nM AnkX at 25 °C). Apparent reaction lifetimes from
monoexponential fits are 39 + 0.5 s for AnkXg, 35 + 04 s for
AnkX, g9, and 37 * 0.7 s for AnkX;_-,,. AnkX constructs lacking
more than two ankyrin repeats, such as AnkX, g, or shorter, have
strongly reduced phosphocholinetransferase activity.

AnkX, gy, and AnkX; ,,, exhibited essentially the same
kinetics, virtually no fluorescence increase was observed for
AnkX, ¢, and all shorter variants, including the published
version, AnkX;_,q4. AnkX,_-,o lacks two ankyrin repeats, while
AnkX,_4; already lacks three. However, AnkX; ,5, was
previously shown to be able to PCylate Rab1b™ and also to
induce in vivo effects similar to those of the full length
protein."> Indeed, we were able to confirm PCylation of Rablb
for all AnkX variants by ESI-MS (see Experimental Procedures
for details and Supplementary Figure 4). Because a 1:1
AnkX:Rablb ratio and an incubation time of 1 h were
employed for ESI-MS measurements, while fluorescence
measurements were finished after 5 min with 2 mol % AnkX,
the apparent discrepancy between mass and fluorescence
analyses can be explained. Thus, AnkX constructs lacking
more than two ankyrin repeats suffer a drastic decrease in their
ability to PCylate Rablb. Nevertheless, the activity is not
completely lost, as shown by ESI-MS (Supplementary Figure
4). The exact kinetics could not be determined, but the less
active constructs can be estimated to be slowed by at least 2
orders of magnitude.

In addition to its transferase activity, AnkX is able to
hydrolyze CDP-choline in a multiturnover reaction in the
absence of Rablb.*’ We investigated this reaction in a HPLC
assay monitoring conversion of CDP-choline to CMP, which
revealed that hydrolysis occurs in a manner independent of the
number of ankyrin repeats (Supplementary Figure S3).
Obviously, the catalytic center of AnkX is able to transfer the
phosphocholine moiety to a water molecule, but a certain
number of ankyrin repeats are required for the transfer to
Rab1b. It is not clear how the ankyrin repeats contribute to the
phosphocholine transferase activity of the FIC domain. Because
the published AnkX structure includes only four ankyrin
repeats,”” we performed a structural alignment of AnkX;_g,
with AnkyrinR (Figure 2).** The alignment reveals that the
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Figure 2. Structural alignment of AnkX,_,, (PDB entry 4BES) with
AnkyrinR (PDB entry 1N11), showing the probable shape of the
complete ankyrin repeat region of AnkX; gy: blue, FIC domain;
orange, CMP-binding domain; red, insert domain; purple, ankyrin
repeats. The overlaid ankyrin repeats are colored light purple, while
the last two repeats colored brown were found to be critical for the
enzymatic activity of AnkX. Bound CDP-choline is colored green.
Approximate locations of autophosphocholination sites of AnkX
(Ser521 and Thr620) based on the sequence alignment of AnkX and
AnkyrinR are shown as yellow spheres.

ankyrin repeats most probably adopt a clamplike conformation
around the FIC domain. The manner in which AnkX interacts
with its substrate Rab1b is not known, but the repeats might
enhance the binding of Rablb in the correct orientation for
efficient catalysis. Surprisingly, the loss of two ankyrin repeats
does not seem to be a drastic shortening of the clamp (brown
in Figure 2), but obviously, a crucial interaction interface must
be located in this region of AnkX. It is unlikely that the last two
ankyrin repeats directly contribute any residues for catalysis
because they are not located in the proximity of the active site.

Autophosphocholination within the Ankyrin Repeats
Does Not Influence the Catalytic Activity. Previous studies
suggested different locations of autoPCylation of AnkX as
outlined in the introductory section.””** Different conclusions
have been drawn concerning, i.e., phosphocholination of the
catalytic His229. Therefore, we examined in detail which AnkX
constructs are able to undergo autoPCylation, which residues
are modified, and if multiple modification occurs. AnkX
constructs were incubated with a large excess of CDP-choline
and analyzed by ESI-MS. All examined constructs that are
longer than residues 1—527 were found to be doubly PCylated;
AnkX,_s,, was found to be PCylated five times, and shorter
constructs were not PCylated (Supplementary Table 1). The
found threshold is in agreement with the results of Campanacci
et al, who observed PCylation of full length AnkX but not of
AnkX,_4s, with Western blotting.”> Therefore, the accumulat-
ing PCylated species does not represent PCylation of the active
site histidine. However, one should not expect the accumu-
lation of this state because phosphohistidine derivatives are
generally unstable™ and also because AnkX efficiently hydro-
lyzes CDP-choline under multiple-turnover conditions in the
absence of a GTPase substrate.

The fact that, in the case of fully active AnkX constructs, the
accumulating species was doubly PCylated led us to further
investigate which residues are modified, if the modification
occurs intra- or intermolecularly, and if it influences the
enzymatic activity of AnkX. Shotgun nano LC—MS analyses
revealed that Ser521, Thr620, and Thr943 are PCylated in full
length AnkX (Supplementary Figure 6). Interestingly, the MS
data with different AnkX constructs (Supplementary Table 1)
did not support strict localization of PCylated residues to this
region of the protein. The shotgun analyses were performed
with full length AnkX, while shorter constructs appear to have a
different specificity for autoPCylation due to varying conforma-
tional flexibility and accessibility.

Because we mainly employed AnkX, _go, which has the same
catalytic activity as the full length protein, we investigated the
impact of mutation of the identified autophosphocholination
sites Ser521 and Thr620, but not Thr943. Mutation of Ser521
and Thr620 to alanine did not affect the catalytic activity of
AnkX in the fluorescence assay (Supplementary Figure 7),
indicating that autoPCylation is not relevant in this respect.
Moreover, this is in line with the finding that constructs shorter
than AnkX, .,, are significantly impaired despite having the

Scheme 1. Photochemical Reaction of Caged Compounds (A) npeCDP and (B) phpCDP
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autoPCylation sites Ser521 and Thr620. Furthermore,
incubation of AnkX;_ g oH229A with catalytic amounts of
wild-type AnkX did not result in PCylation (Supplementary
Table 1). This means that the AnkX protein is able to perform
only an intramolecular modification but does not recognize
other AnkX molecules as substrates. Also, according to
sequence alignment of AnkX with AnkyrinR, SerS21 and
Thr620 can be mapped on the AnkyrinR structure facing the
solvent and not the active site of the FIC domain, consistent
with this observation. Unless autoPCylation is involved in an
unknown protein interaction, it appears to be a byproduct of
AnkX-mediated hydrolysis of CDP-choline, and thus, it is less
surprising that autoPCylation of shorter constructs such as
AnkX,_s, is less specific.

Resolving the AnkX-Catalyzed Modification of Rab1b
with FTIR Spectroscopy. Because biochemical data did not
provide a clear picture of the catalytic mechanism, especially
regarding a possible transient phosphocholination of the
catalytic His229, we employed time-resolved FTIR difference
spectroscopy. To trigger the fast enzymatic reaction of AnkX
with a laser pulse, we synthesized novel caged compounds
based on the AnkX substrates CDP-choline and CDP (see
Experimental Procedures and Supplementary Figures 1-3).
The quantum yield of phpATP is 0.37 with a rate constant of
5.5 X 10° s according to Givens and Lee.” In the case of
npeATP, a quantum yield of 0.63 and a rate constant of 86 s™*
have been described in the literature.”* Because the employed
CDP analogues have the same photochemical mechanism,
similar quantum yields and rate constants can be assumed. The
release time of the nucleotides is significantly faster than the
time resolution of our measurements and can therefore be
neglected. Typical absorbance spectra of 1-(2-nitro)-
phenylethyl-CDP-choline (npeCDP-choline) and phpCDP
are shown in Supplementary Figure 8. Furthermore, the
photochemical reaction of npeCDP and phpCDP is presented
in Scheme 1. npeCDP-choline was prepared but found to be a
substrate for AnkX despite bearing the caging group. Although
the compound could be photolyzed, degradation of npeCDP-
choline prior to photolysis was observed in the presence of
AnkX (Supplementary Figure 9). FTIR samples require
sufficient stabilization times before the measurement can be
started to eliminate baseline drifts, and therefore, npeCDP-
choline could not be utilized to obtain meaningful results. Thus,
we synthesized caged CDP derivatives bearing either npe or 4-
hydroxyphenacyl (php) groups: npeCDP provides good
thermal stability for use at physiological temperatures, while
phpCDP has a faster photolysis reaction, allowing a higher
temporal resolution to be achieved at lower temperatures.
CDP, similar to CDP-choline, is also a suitable substrate for
modification of Rablb at Ser76 by AnkX,* and the conversion
of the phosphoanhydride group into the phosphorylester can
be expected to follow the same chemical mechanism as for
CDP-choline. However, modification of Rablb was found to
proceed with CDP slower than with CDP-choline, which could
be due to different charges at the S-phosphate, possibly limiting
the comparability to the natural substrate. Neither npeCDP nor
phpCDP was degraded by AnkX unlike npeCDP-choline,
permitting their use for time-resolved studies. Moreover, we
found that CDP is not hydrolyzed by AnkX in the absence of
Rablb (Supplementary Figure S). Therefore, this reaction
would not interfere with the actual modification of Rablb in
FTIR measurements, eliminating the need to separate parallel
reactions during analysis.
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Because FTIR difference spectroscopy requires millimolar
protein concentrations, suitable AnkX constructs had to be
chosen to ensure that the investigated protein is stable and
active under such conditions. Therefore, only AnkX;_g,, and
AnkX,_,g, could be employed for FTIR measurements,
intermediate constructs being surprisingly less stable under
FTIR conditions. We were able to resolve two distinct reaction
steps using these constructs. AnkX;_g,, modified Rab1b as was
expected from previous data. Also, low-temperature measure-
ments with AnkX, gy, revealed an additional reaction rate
preceding the phosphoryl transfer reaction. AnkX; 4, was not
able to modify Rablb on the investigated time scale but still
performed the first reaction step. The lower molecular mass of
AnkX,_,q, allowed spectra with intensity greater than that of
the spectra of AnkX; g, to be recorded, revealing additional
details, as will be discussed later.

The k. value for the phosphocholination reaction was
previously determined to be 27 + 2.3 s at 25 °C,”" and rapid-
scan FTIR does not have sufficient time resolution for such
kinetics. Therefore, we obtained difference spectra of the
modification of Rab1b by AnkX,_g,, and CDP and, but not its
kinetics. The difference spectra of the phosphoryl transfer
reaction were calculated by subtraction of the photolysis spectra
in the presence and absence of Rablb (Supplementary Figure
10). Band assignments were performed with isotopically labeled
caged CDP derivatives by calculating double-difference spectra.
Figure 3 shows that CMP is formed in the reaction of AnkX

< unlabeled
< | «-"0,-phpCDP

double diff

ouble difference /_\1039 m932

1104 o78
a-"0,-CMP A CX\ N
N\ = e < s S
—
1300 1200 1100 1000

wavenumber / cm’

Figure 3. Assignment of the a-phosphate bands in the infrared spectra
of the phosphorylation reaction using unlabeled (blue) and @-'*0,-
labeled phpCDP (red). Negative bands belong to free Rablb and CDP
bound to AnkX, and positive bands belong to Rab1b-P; and CMP. The
double difference spectrum (labeled — unlabeled) is colored in green.
The a-phosphate vibrations of emerging CMP are detected at 1104
and 978 cm™". For comparison, the spectra of CMP and a-'%0,-CMP
are shown below. Note that the a-phosphate vibrations of disappearing
CDP overlap with the CMP bands around 1100 cm™ and cannot be
clearly resolved as indicated by numerous gray shaded bands in the
double-difference spectrum.

and Rablb with CDP. a-'®0, labeling induced shifts of the
positive bands at 978 and 1104 cm™". These bands belong to
the v,(PO;*") and v, (PO,*") vibrations of CMP, respec-
tively,"” which is best illustrated by the direct comparison of
absorbance spectra of CMP and a-'*0,-CMP (Figure 3).
Furthermore, the difference spectrum of the reaction confirms
the phosphorylation of Rablb, as seen with $-'%0, labeling
(Figure 4). The phosphorylated side chain of Ser76 is
chemically identical to the phosphate group of CMP, and
therefore, the same bands can be found. The symmetric
vibration of phosphorylated Ser76 is clearly detected at 978
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Figure 4. Assignment of the p-phosphate bands in the infrared
amplitude spectra of the phosphorylation reaction using unlabeled
(blue) and B-'80,-labeled npeCDP (red). Negative bands belong to
free Rablb and CDP bound to AnkX, and positive bands belong to
Rablb-P; and CMP. The double-difference spectrum (labeled —
unlabeled) is colored green. The phosphoserine vibration is detected
at 978 cm™". Like CMP, the phosphoserine is expected to have bands
in the region around 1100 cm™', which overlap with f-CDP bands.
This is indicated by numerous gray shaded bands in the double-
difference spectrum.

cm™'; the asymmetric vibration band overlaps with disappear-
ing bands of the B-phosphate of CDP, and both bands cannot
be clearly assigned in the double-difference spectrum (Figure
4). The difference bands associated with the phosphates
dominate the spectrum, but protein bands in the amide region
can be detected, as well (Supplementary Figure 10). Because
this difference spectrum represents the changes only between
the initial and final states of the reaction, the bands may reflect
subtle conformational changes in Rab1b as previously detected
for adenylylation.'" No intermediate states involving AnkX are
resolved here, as described in the case of the previously
measured difference spectra of Rab1b adenylylation by DrrA."
The data confirm that AnkX catalyzes the phosphoryl transfer
reaction under FTIR conditions, but moreover, we were able to
identify an important precatalytic step at lower temperatures as
discussed below.

Precatalytic Conformational Change of AnkX. An
additional reaction rate was revealed in low-temperature
measurements (600 + 40 ms, —16 °C) with AnkX using
phpCDP (Figure S). This rate did not depend on the presence
of Rab1b, indicating that it involves an interaction of AnkX with
CDP that precedes the phosphoryl transfer reaction. Supple-
mentary Figure 11 shows the corresponding amplitude
spectrum in the phosphate region. The overall amplitude is
similar to the spectrum of the phosphoryl transfer reaction
(Supplementary Figure 10). Therefore, the rate is unlikely to
represent a minor rearrangement but rather may reflect the
binding of CDP to AnkX, considering that AnkX does not bind
the caged compounds (see Experimental Procedures). The
largest bands in the phosphate region are a negative band at
1129 cm™" and a positive band at 1109 cm™. The asymmetric
vibration of the pf-phosphate of nucleotide diphosphates is
found at ~1123 cm™!, and its position in the binding pocket
will shift depending on the nature of the interactions with the
protein.** However, fB-phosphate-labeled phpCDP was not
available to us for direct band assignment. Therefore, we can
only tentatively assign the band at 1129 cm™ to the fp-
phosphate of CDP undergoing an environmental change.
a-'%0, labeling revealed only small band shifts (Supplementary

Figure 11), meaning that the corresponding vibrations are not
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Figure S. Kinetics of the precatalytic conformational change of AnkX
bound to CDP. Time-dependent absorbance changes of a marker band
in the phosphate region at 1109 cm™. Time traces after photolysis of
phpCDP for AnkX;_,5, at —16 °C are shown as black squares, and
those for AnkX_g in the presence of Rablb at 15 °C are shown as
circles. The red line represents a monoexponential fit that yields a
lifetime of 600 + 40 ms. The phosphorylation reaction with Rab1b had
to be performed at 15 °C, where this early reaction could not be
resolved. In principle, this reaction rate could also be resolved with
AnkX, g4 at —16 °C, but with a much worse signal-to-noise ratio.

strongly affected. Small shifts are detected in the region of the
aforementioned negative band at 1129 cm™' and the positive
band at 1109 cm™. This reflects the combinational nature of
this vibration, but the contribution of the a-phosphate appears
to be small. Therefore, we can conclude that the conforma-
tional change does not strongly influence the a-phosphate.
Also, it is clear that CDP is still present in this state because no
CMP band is detected, which would appear at 979 cm™.

His229 Is Locked in a Deprotonated State for
Nucleophilic Attack. Next, we studied the influence of
mutations on the precatalytic rate and uncovered the molecular
details of the changes in the CDP-binding site. In particular, we
were interested in the role of His229 and the relevance of the
precatalytic change for the overall reaction. The spectral region
between 1700 and 1800 cm™" caught our attention because of
the presence of several clear difference bands (Supplementary
Figures 11 and 12 and Figure 6). Such bands indicate
protonation or environmental changes of carboxylic acids®
and, to the best of our knowledge, have been observed only
recently once in a phosphoryl transfer reaction, though not in
the active site of the protein.”® Three carboxylic acids can be
found in the close proximity of CDP-choline/CDP and the
catalytic histidine™ (Figure 7): Asp233, Asp265, and Glu226.
Of these, Asp233 is thought to coordinate the magnesium ion,
and the other two residues are located in the vicinity of the
choline moiety. To confirm proton transfer, we performed
measurements in deuterium oxide (Figure 6B). The data
indicate changes of two carboxylic acid residues, of which one is
solvent-exposed and undergoes protonation, as shown by a
clear shift of the positive band from 1726 to 1721 cm™" and the
lack of the corresponding shifting negative COOH band
(Figure 6B). Another protonated carboxylic acid appears to be
water inaccessible and undergoes an environmental change
(bands at 1761 and 1745 cm™ that are not influenced by D,0).
Thus, the latter carboxylic acid is located farther from the active
site and is water inaccessible but interacts with Glu226 and
might therefore be Asp265.

Further assignment of residues involved in proton transfer is
performed by using mutagenesis-induced changes in the
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Figure 6. Assignment of protonation changes in the precatalytic
conformational change of AnkX. (A) Assignment of histidine bands
using unlabeled (blue) and Nj- and "3Cglabeled (red) AnkX.
Negative bands belong to the state directly after photolysis of caged
CDP, and positive bands belong to the precatalytic state. The double-
difference spectrum is colored green, and the double-difference
spectrum with @-'®0,-phpCDP is colored light green as an example in
which virtually no changes are detected. The band pattern in the
double-difference spectrum shows deprotonation of histidine [e.g,,
positive bands at 1194 and 1160 cm™" and negative band at 1112 cm™
(cf. Supplementary Figure 14 for all histidine bands at different pH
values)]. (B) Isotopic shift of carboxylic acids bands induced by D,0.
A carboxylate residue undergoes protonation (band shift from 1726 to
1721 ecm™"). A protonated carboxylic acid, which is water inaccessible,
undergoes an environmental change (1761 and 1745 cm™).

carboxyl band pattern. Therefore, we investigated the activity
and spectral changes of the D233N, D265N, and E226Q
mutants with fluorescence, HPLC, and FTIR. The activity of
D233N was completely lost as seen in the tryptophan
fluorescence PCylation assay (Supplementary Figure 7). Also,
no spectra of the precatalytic conformational change could be
obtained with FTIR. This is in line with the expected role of
Asp233 in the coordination of the magnesium ion and its strict
requirement for catalysis. A carboxylate side chain interacting
with a cation is unlikely to undergo a protonation.”’ D265N
and E226Q were impaired in their PCylation activity, indicating
a role in catalysis (Supplementary Figure 7). While E226Q
showed a 10-fold decrease in activity as compared to that of
wild-type AnkX, D265N was so heavily impaired that it was
impossible to obtain fluorescence data for a reliable fit
(Supplementary Figure 7). Although both mutants retained
PCylation activity to a certain degree, none of them were able
to autohydrolyze CDP-choline as determined by the HPLC
assay (Supplementary Figure S). The rate constant of the
precatalytic conformational change observed in FTIR correlates
with the PCylation activity and was similarly diminished in both
mutants and not visible in D233N. Supplementary Figure 12

4382

compares the difference spectra of the precatalytic conforma-
tional change in wild-type AnkX and AnkX E226Q. The
mutation leads to the almost complete disappearance of
difference bands in the carboxylic acid region between 1700
and 1800 cm™'. This band, as discussed above, suggests that
one carboxylate residue undergoes protonation. Glu226 and
Asp26S are clearly involved in this proton transfer, although the
data do not allow us to determine which of the two residues is
protonated.

Next, we asked what is the source of the appearing proton.
We hypothesized that the catalytic His229 could be involved in
the observed proton transfer because the occurrence of the
precatalytic proton transfer directly correlated with the
phosphocholine transferase activity of AnkX. Furthermore,
the precatalytic conformational change could not be observed
with the H229A mutant, underlining the role of this residue.
We isolated [**N,"*C,]His-labeled AnkX,_,g,, confirmed >98%
incorporation of the labeled amino acid in the protein by MS/
MS spectrometry (Supplementary Figure 13), and analyzed the
band shifts in the difference spectrum of the proton transfer
(Figure 6A). Numerous band shifts were observed in the
double-difference spectrum, as expected for histidine. The
assignment was made on the basis of on the literature®” and
additional reference measurements of histidine at different pH
values (Supplementary Figure 14). The band pattern in the
double-difference spectrum is consistent with deprotonation of
histidine, which is exemplified by the most prominent positive
bands at 1194 and 1160 cm™' and the negative band at 1112
cm™". Considering that the previously discussed changes in the
precatalytic rate could be assigned to moieties in and around
the catalytic site, we conclude that the observed histidine
deprotonation most likely belongs to the catalytic His229. The
deprotonation creates an uncharged state of the imidazole side
chain necessary for the execution of a nucleophilic attack. While
the initial protonated state of His229, which the catalytic site is
able to adopt, may be induced by our experimental conditions
such as the use of a php-caged compound, AnkX needs to
maintain His229 in the deprotonated state to ensure enzymatic
activity. In the CDP-bound form, stabilization of this state of
His229 appears to be ensured by the network comprising
Glu226 and Asp265, explaining the impact of E226Q and
D265N on catalytic efficiency. One of these two carboxylate
residues accepts the proton originating from His229 (Supple-
mentary Figure 12 and Figure 7), but the protonation pattern
in the CDP-choline-bound form may be different from the
present charge of the choline group.”

B DISCUSSION

Our combined biochemical and spectroscopic data give detailed
information about the molecular mechanism of the phosphoryl
transfer reaction catalyzed by AnkX. Previous studies suggested
differing mechanisms of phosphoryl transfer and roles of
His229: a ping-pong mechanism or a concerted mechanism.
These conclusions were drawn from steady-state kinetics** and
structural studies combined with biochemical data,™ respec-
tively. The important question is whether the catalytic histidine
is transiently phosphocholinated and if automodification of
AnkX is relevant with respect to enzymatic activity. We find
that it is crucial to distinguish between autophosphocholination
in the ankyrin repeats and within the FIC domain and to
correlate this with catalytic activity.

Combination of time-resolved fluorescence measurements,
HPLC, and ESI-MS analytics allowed us to precisely determine
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Figure 7. Proposed reaction mechanism of AnkX. (A) Structural view
of the active site based on the crystal structures of AnkX,_,q,.>> The
blue sphere marked as “R” at the f-phosphate represents the group
that will be transferred to the Rab GTPase. The protonation states of
His229, Glu226, and Asp26S are depicted as determined by FTIR.
While it is possible that both acids are in the protonated form, the
possibility that the proton is further transferred to an unidentified
residue outside of the active site cannot be excluded. In both scenarios,
His229 is stabilized in this specific protonation state by the hydrogen
bond network. Thus, the nucleophilic attack on the #-phosphate of the
nucleotide can occur (dashed arrow). (B) Scheme for the ping-pong
mechanism illustrating the reaction steps. First, His229 is deproto-
nated by a carboxylate. Second, a nucleophilic attack on the p-
phosphate takes place.

the activity of AnkX variants with different numbers of ankyrin
repeats. AnkX constructs shorter than residues 1—720 are
heavily impaired in their catalytic activity, which, however, is
not related to the autophosphocholination sites present in the
ankyrin repeats (Figure 1 and Supplementary Table 1).
Previously, AnkX; ,, was described as having full catalytic
activity based on Western blot data.>® Such experiments involve
long incubation times, and we also observed modification of
Rablb by AnkX,_,s, under similar conditions with ESI-MS.
However, care should be taken because long incubation times
prior to blot analysis mask the real activity that we revealed
with the sensitive fluorescence assay. Thus, a minimum of 10
ankyrin repeats is required for full enzymatic activity. It is not
yet clear what the exact role of the ankyrin repeats is because no
structural data of AnkX in complex with a substrate are
available. It is conceivable that the repeats contribute to the
recognition of the substrate or stabilize the FIC domain.
Furthermore, autophosphocholination of serine and threonine
residues within the ankyrin repeats appears to be an unspecific
intramolecular modification and is not relevant for enzymatic
activity (Supplementary Figure 7 and Supplementary Table 1).

To investigate the molecular mechanism in detail, we
synthesized novel CDP-based caged compounds with specific
isotopic labels to address a class of enzymes that has been
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previously not been accessible by time-resolved spectroscopy.
With this technique, we were able to resolve a precatalytic
deprotonation of histidine that is likely His229 in the active site.
A hydrogen bond network around the active site is present to
lock the histidine in this state. Hence, the deprotonated
histidine is primed for nucleophilic attack on the transferred
phosphate.

We propose the following reaction mechanism of AnkX
based on the combined data (Figure 7). AnkX with His229
stabilized in the deprotonated form binds CMP bearing the
transferred group. His229 performs a nucleophilic attack on the
P-phosphate, resulting in a reactive transient phosphohistidine
species. After dissociation of CMP, the transferred group is
coupled to the substrate, which can be a Rab GTPase or a water
molecule in the case of autohydrolysis. While our measure-
ments cannot directly capture the possible transient phospho-
histidine species, our results are compatible with this type of
mechanism, and previous observations in the literature tend to
rule out a concerted mechanism. The crystal structure of AnkX
with various ligands supports a ping-pong mechanism because
no water molecules were present between the transferred
phosphate moiety and His229, which would be required for a
concerted mechanism. Also, a water molecule would be
sterically hindered in the space between these residues.”
Additionally, one needs to consider if the substrate, such as
Rab1b, would be able to bind in an orientation allowing an
attack on the phosphohistidine. While the crystal structure of
product-bound IpbA'* clearly excludes a ping-pong mechanism
for the adenylylation of Cdc42 for sterical reasons, the presence
of an insert domain in AnkX implies a different binding
modality for Rablb, which could be compatible with a ping-
pong mechanism. Furthermore, the possibility that phospho-
histidine derivatives are high-energy compounds and therefore
unlikely to accumulate and be detected by ESI-MS or Western
blotting needs to be considered. Therefore, the absence of a
detectable stable phosphocholination of AnkX;_ ., does not
imply that a phosphocholinated histidine intermediate does not
occur, as previously interpreted,” especially given the low
enzymatic activity of this construct. In contrast, double-
reciprocal plots of steady-state kinetics clearly indicated a
ping-pong mechanism.”’ Ultimately, deeper insights could be
obtained from a structure of AnkX in complex with a GTPase,
which remains unresolved so far.

Posttranslational modifications such as nucleotidylation and
phosphocholination are emerging modifications for regulation
of protein functions, especially utilized by bacterial pathogens.
Currently, the spectrum of substrates mainly encompasses
GTPases, but many additional targets are likely to be identified
by MS-based screens employing chemically modified substrates
and PTM-specific antibodies.”> Furthermore, FIC domain-
containing proteins are present in many genomes, including the
HYPE protein in humans,®'> which possesses adenylylation
activity. Therefore, previously uncharacterized enzymes are
likely to emerge in all kingdoms of life. Because FIC domains
can catalyze a variety of reactions using different nucleotide
substrates, and these reactions can in some cases be catalyzed
by structurally unrelated proteins, such as adenylylation by
DrrA, we can expect a variety of intriguing reactions to be
discovered. Here, we shed light on the molecular processes
underlying phosphocholination, and recently, we elucidated the
reaction mechanism of DrrA'" using a similar methodology
with different caged nucleotides. Our approach, including
development of new caged compounds, will be useful for future
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investigations of diverse reactions of regulatory or pathologi-
cally relevant proteins involving nucleotides such as ATP, GTP,
CDP-choline, or UDP-glucose.
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of Rab1b. The red spectrum has a worse S/N ration due to the presence of equimolar AnkX ions in the measurement.
Likewise, PCylation of Rab1b was observed with all investigated AnkX constructs.
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Supplementary Table 1: ESI-MS analysis of AnkX autoPCylation. The data were taken from the same measurements
that showed PCylation of Rablb with all constructs, except when indicated that no Rab1lb was included during
incubation with CDP-choline. Control measurements without CDP-choline were performed separately but also
included Rab1b for better comparability of the S/N ratio in the data. All constructs longer than 1-484 are PCylated.
The experiment with AnkXH229A using catalytic amount of AnkX wild-type shows that the automodification occurs

intramolecularly.

Construet Theor. mass / D | Exp. mass/Da double PCuation | PCyiation
full length 107085 107125 107417 107431
1-800 (12 ank repeats) | 90449 90453 90781 90634/90786
1-720 (10 repeats) 81180 81183 81512 81511

1-687 (9 repeats) no MS data

1-652(8 repeats) 73615 73626 73947 73784/73954
1-554 (5 repeats) 62856 62861 63188 63020/63191
1-527 (4 repeats) 59751 59755 60083 60583

1-484 (2.5 repeats) 55105 55108 55437 55113

1-350 (no ank repeats) | 40492 40499 40824 40504
1-800H229A catalyzed

with 1% WT (no | 90383 90410 90715 90388
Rabl1b)
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z=3, 699.34058 m/z, A-1.37 ppm
Mascot Score 81(MD 13), ptmRS Score T4(Pc): 100 %

ETD fragment ion spectrum and ion table.

A = mass deviation from thereotical percursor mass
MD = Mascot Delta Score
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T943 ETD fragment ion spectrum and ion table.
93BG |QEAVGESLKS46 A = mass deviation from thereotical percursor mass

z=3, 433.22986 m/z, A -1.03 ppm,
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Supplementary Figure 6. Shotgun nano LC-MS data for the fdentification of autophosphocholination sites in AnkX.
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rel. fluorescence

Supplementary Figure 7. PCylation of Rablb-GDP monitored by tryptophan fluorescence (10 pM Rablb, 400 pM
CDP-choline, 200 nM AnkX at 25 °C). Lifetimes from monoexponential fits are: AnkX fl (39 £ 0.5 s), AnkX;.gy0 35 £
0.4 s), AnkX; 75 (37 £ 0.7 s), AnkX gg9 S521AT620A (57 + 0.5 s). The autoPCylation deficient mutant S521AT620A
behaves similarly to the wild-type. AnkX D233N is inactive, while D265N retains little activity, and E226Q has
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strongly diminished activity (234 £ 3 s).
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Supplementary Figure 8. Absorbance spectra of the caged compounds npeCDP-choline (A) and phpCDP (B).
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Supplementary Figure 9. Photolysis and degradation of npeCDP-choline. Synthesized npeCDP-choline could be
photolyzed (magenta spectrum), but AnkX constantly degraded npeCDP-choline already prior to photolysis as shown
by the cyan spectrum. While bands were not isotopically assigned, CMP seems to appear after degradation at 979

em™. Also, no further reaction or difference bands in the photolysis could be obtained in the presence of Rab1b, which
is consistent with the degradation of the caged compound.
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Supplementary Figure 10. Calculation of the difference spectrum of the Rab1b phosphorylation by AnkX. Since the
phosphorylation reaction could not be Kinetically resolved, we calculated the difference spectrum of the reaction
(blue) from the photolysis spectra of AnkX + phpCDP without and with Rab1b (orange and red, respectively). This
approach has some uncertainties, as demonstrated by the calculation using photolysis of npeCDP (result in black)
instead of phpCDP because some bands belonging to the caged compounds cannot be subtracted completely (i.e. 924
em™ or 1260 — 1250 cm™). However, most of the bands can be reliably reproduced.
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Supplementary Figure 11. Assignment of the a-phosphate bands in the infrared spectra of the precatalytic

conformational change of AnkX using unlabeled (blue) and o-'30,-labeled phpCDP (red). Negative bands belong to
the state with caged CDP, positive bands belong to the precatalytic state. The double difference (labeled - unlabeled) is
shown in green. Small shifts are detected in the region of the negative band at 1129 cm™ and the positive band at 1109
cm™. The bands most likely reflect a combination vibration of the two phosphates of CDP, but the contribution of the
a-phosphate appears to be small and B-labeled phpCDP was not available. Therefore, it can be concluded that the
conformational change does not strongly influence the a-phosphate. Also, it is clear that CDP is still present in this
state because no CMP band is detected, which would appear at 979 em™.
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Supplementary Figure 12. Comparison of the amplitude spectra of the precatalytic conformational change in wild-

type AnkX (blue) and AnkX E226Q (orange). Negative bands belong to the state directly after photolysis of caged
CDP, positive bands belong to the precatalytic state. The bands in the phosphate region are similar to wild-type,
although not the same. Importantly, the pattern in the carboxylic acid region (1762 — 1727 cm™) vanishes. This
indicates that E226 is involved in the protonation change of the active site. The introduced amide group of the
glutamine may be responsible for the negative band at 1693 cm™. The ten times slower kinetiics of the conformational
change indicate that the proton takes an alternative pathway. Overall, E226Q has a slightly different conformation as
indicated by the altered spectrum, being consistent with its lower phosphocholinetransferase activity.
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Supplementary Figure 13. MS/MS spectra of an AnkX, 434 peptide (TPITLYGYhSSLEEQTK) show a 9 Da/z mass
shift , confirming the successful incorporation of *C¢'*N;-His in the protein (efficiency > 98 %). Figure courtesy of Dr.
C. Lindemann.



Absorbance Units
0.003 0.004 0.005 0.006

0.002

S
(=)
=]
(=]
j=]
S |
=
T T T T T T T T
1300 1250 1200 1150 1100 1050 1000 950 900 850
Wavenumber / cm’
8
o

0.005 0.006 0.007

0.004

Absorbance Units
0.003

0.002

0.001

0.000

1300 1250 1200 1150 1100 1050 1000 950 900
Wavenumber / cm’

Supplementary Figure 14. ATR-FTIR spectra of histidine (red) and *N;—>C¢-labeled histidine (blue) at pH 4 (A) and
7.7 (B). The imidazole group is protonated and positively charged at pH 4, while it is uncharged at pH 7.7. For
example, this results in lower absorbance at 1192 and 1151 cm™, and thus in negative bands in the difference
spectrum of the precatalytic conformational change. With isotopic labeling, the bands appear positive in the double
difference labeled-unlabeled, as seen in Figure 6. In another example, the band at 1106 cm™ appears in the
deprotonated state, so it would be positive in the difference spectrum of the reaction and negative in the double
difference. Data of the isolated compounds and this figure are courtesy of Dr. D. Onidas.
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