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Synthesis and Cellular Labeling of Multifunctional
Phosphatidylinositol Bis- and Trisphosphate Derivatives
Rainer Miiller', Ana Kojic', Mevlut Citir, and Carsten Schultz*

Abstract: We synthesized the first multifunctionalized phos-
phoinositide polyphosphate derivatives featuring a photo-
removable protecting group (“cage”), a photo-crosslinkable
diazirine group, and a terminal alkyne group useful for click
chemistry. We demonstrate that the lipid derivatives readily
enter cells. After photo-crosslinking, cell fixation and fluores-
cent tagging via click chemistry, we determined the intracellular
location of the lipid derivatives before and after uncaging of the
lipids. We find that there is rapid trafficking of PI1(3,4)P, and
PI(3,4,5)P; derivatives to the plasma membrane, opening the
intriguing possibility that there is active transport of these lipids
involved. We employed the photo-crosslinking and click
chemistry functions to analyze the proteome of PI(3,4,5)P;
binding proteins. From the latter, we validated by RNAI that the
putative lipid binding proteins ATPI1A and MPP6 are
involved in the transport of PI(3,45)P; to the plasma
membrane.

Introduction

Phosphoinositides are important signaling lipids that
contribute to the regulation of many cellular processes
including survival, migration, secretion, and growth.'! The
quite abundant phosphatidylinositol 4,5-bisphosphate [PI-
(4,5)P,] (ca. 0.1 % of all lipids) was the first phosphoinositide
to be recognized as a signaling lipid.”! The concomitant
discovery of phosphatidylinositol 3-kinases (PI3Ks) and
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phosphatidylinositol 3,4,5-trisphosphate [PI(3,4,5)P;] in the
late 1980ies opened a new field in lipid signaling.””! Phospha-
tidylinositol 3,4-bisphosphate [P1(3,4)P,] was discovered to be
a metabolite of PI1(3,4,5)P; that, however, is now known to
trigger its own set of responses.! Because it attracts pleckstrin
homology (PH) domain-bearing lipid binding proteins to the
plasma membrane similar to PI(3,4,5)P;, the signaling pattern
is difficult to distinguish. For instance, both lipids are
a sufficient signal for internalization of growth factor
receptors, although PI(3,4)P, was much less potent than
P1(3,4,5)P:.! However, unlike PI(3,4,5)P;, PI(34)P, was
shown to be involved in the regulation of endosomal
trafficking[*°!

3-O-phosphorylated phosphoinositide concentrations are
only about 0.1 % of that of PI(4,5)P, at resting level and are
recognized by specific protein domains. Due to the low
abundance, it is difficult to determine concentrations of 3-O-
phosphorylated PIPs such as PI(3,4,5)P;, PI(3,4)P,, and
PI(3)P. Typically, fluorescent domain fusion proteins are used
to estimate the phosphoinositide levels in intact cells.”! In cell
batches, mass spectrometry is now sensitive enough to detect
low levels of these highly charged lipids. However, these
techniques come with caveats. For instance, pleckstrin
homology (PH) domains do not distinguish well between
PI(3.4,5)P; and PI(3,4)P,*) and mass spectrometry can
distinguish between the isomers P1(4,5)P, and P1(3,4)P, only
with difficulties.”? Even more challenging is the discovery of
specific binding proteins of phosphoinositides. We therefore
looked for tools that will 1) help to locate the phosphoinosi-
tide of interest with high specificity in cells and 2) will at the
same time permit finding binding proteins.

We decided to expand our panel of multi-functionalized
lipid derivatives to the highly phosphorylated phosphoinosi-
tides. In the past, we and others equipped lipids such as
cholesterol, sphingosine and diacylglycerol (DAG) with
a photo-crosslinking diazirines as well as a terminal alkyne
group for click chemistry."! Very recently, we equipped
phosphatidylinositol with all of the named functional
groups."! In a typical experiment, cells were incubated with
the lipid and illuminated with 350 nm light for crosslinking."”
Next, cells were fixed and subsequently a fluorophore was
attached via click chemistry.'"*¢! Due to the protein-cross-
linking, the lipid derivative stayed in place providing a precise
location map at the time of crosslinking by fluorescence
imaging. Alternatively, we attached biotin to the lipid and
lipid-protein conjugates were isolated with streptavidine
beads, washed and subjected to proteomic analysis.'""!

As many lipids experience rapid metabolism inside cells,
we equipped each lipid derivative with a photo-activatable
protecting group, namely a 7-diethylamino-4-methylene cou-
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1a: R' = Coum, R? = Bt

1b; R' = Coum, R? = P(O)(OAM),
1¢:R' = AV, R? = Bt

1d: R" = AM, R? = P(0)(OAM),

Figure 1. Structures of multifunctionalized PI(3,4)P, (1a, 1c) and PI(3,4,5)P; (1b, 1d) derivatives
featuring both a diazirine and an alkyne group on the sn1 fatty acid as well as a photo-activatable
coumarin group (cage) on the 3-O-phosphate (1a, 1b). AM = acetoxymethyl, Bt=butyrate.

marin, which is readily removable with 405 nm light.!"® This
functional modification gives us excellent access to rapidly
elevating the concentration of the lipid species of interest as
was shown for many other lipids while preventing premature
metabolism.!"! In the past, our group prepared numerous
caged phosphoinositides."!** In this work, we will combine
photoactivation with photo-crosslinking and fluorescent tag-
ging. We previously demonstrated that 405 nm light is unable
to induce significant crosslinking of a diazirine, making the
two photochemical reactions subsequently applicable.’! Un-
like many other lipids, most phosphoinositides carry numer-
ous phosphates with negative charges which make cell entry
impossible. We therefore needed to apply bioactivatable
protecting groups such as acetoxymethyl esters that are easily
and rapidly removable by endogenous esterases inside cells.!

In this work, we present the synthesis of truly multifunc-
tional phosphoinositide derivatives with all the above named
features combined in one molecular tool (Figure 1). We show
that the derivatives are biologically fully functional, for
instance by inducing growth factor receptor endocytosis after
photoactivation. We demonstrate not only spatial lipid
distribution but also perform pulse-chase experiments by
using rapid photoactivation.

Results and Discussion

The synthetic strategy for preparing multifunctionalized
phosphoinositide derivatives was exemplified in our recent
synthesis of trifunctional phosphatidylinositol."" In brief, the
photo-crosslinking diazirine and the alkyne group are both
located in one of the two fatty acids. In order to be close to
a natural fatty acid composition, we placed the functional
groups on the saturated snl fatty acid and kept the
arachidonic acid in the sn2 position unaltered. The resulting
diacylglycerol (DAG) derivative is coupled to an already
caged head group. In the case of P1(3,4,5)P;, this head group
featured a 7-diethylamino-4-methylene coumarin photoacti-
vatable group at the functionally crucial 3-O-phosphate of the
inositol moiety and was previously used for caging phosphoi-
nositides."""! In this work, we used a slightly improved
synthetic procedure for the synthesis of the phosphoinositide
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head group that included the

Coum:
Et,N o. .o use of fluorenylmethyl (Fm)
groups for protecting the phos-
= phates. Detailed synthetic pro-
N=N cedures (Scheme S1) are de-
sf\ scribed in the supplement.
Head group and DAG moiety

were coupled to form the fully
protected lipid derivative by
using an Fm-bearing phosphor-
amidite that was first reacted
with the DAG and subsequent-
ly with the inositol head group.
After oxidation to the phos-
phate triester, all phosphate
protecting groups were gently
removed and alkylation with
acetoxymethyl bromide afforded the membrane-permeant
bioactivatable lipid derivative.

For the synthesis of a trifunctional PI(3,4)P, derivative,
the head group synthesis (Scheme 1) required a different
synthetic path than for previously non-caged PI(3,4)P,
derivatives,””! in order to regioselectively introducing the
photoactivatable coumarin moiety to the 3-phosphate. We
started from the commercially available enantiopure 2,3:5,6-
diisopropylidene-myo-inositol 2. Protection of the sterically
less restricted 1-hydroxyl group by the bulky TBDPS group
afforded alcohol 3. The single alcohol was protected to give
the p-methoxybenzyl ether 4. The more labile ketal was
removed and the two hydroxyl groups of § were esterified
with butyric anhydride to give dibutyrate 6. The PMB group
was removed and alcohol 7 was phosphorylated using the
known di(fluorenylmethyl)phosphoramidite 8 to afford 9.
Removal of the ketal liberated the 2- and 3-hydroxyl groups
(compound 10). The thermodynamically less stable 2-OH
group was regioselectively esterified using a butyrate or-
thoester and selective acid-catalyzed ring-opening using
Dowex in its protonated form. The resulting tributyrate 11
was subsequently phosphitylated with the known coumarin-
bearing P™ reagent 12 and oxidized to the bisphosphate
triester 13. Finally, the TBDPS group was removed using
3HF*NEt;. This latter reaction was tricky because the
coumarin group on the phosphate is an excellent leaving
group. Accordingly, we isolated the head group 14 in only
23% yield (total yield from 2: 8.3%). The synthesis of the
corresponding head group for PI(3,4,5)P; derivatives was
performed similar to our previously described path.['>
Improvements and additional details we describe in the
supplement (Scheme S1).

Diacylglycerol 16 was reacted to the Fm-protected
phosphoramidite 17, as described previously (Scheme 2B).[!!
Subsequently the inositol headgroups 14 and 15 were coupled
to the lipid reagent 17, to give the fully protected PI1(3,4)P,
(18a) and P1(3,4,5)P; (18b) derivatives, respectively. Depro-
tection of the Fmoc and Fm groups in one step afforded the
desired caged lipids 19a and 19b. Both were alkylated with
acetoxymethyl bromide to give the bioactivatable caged lipid
derivatives 1a and 1b, respectively. In the case of P1(3,4)P,
deprotection, a fraction of the molecules lost the coumarin
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Scheme 1. Synthesis of the caged PI(3,4)P, head group. Reagents and conditions: a) TBDPS-CI,
imidazole, pyridine, —10°C (25); b) PMB-O(C=NH)CCl;, EtNiPr,, N,N-dimethylformamide, 22°C, 18 h;
c) CH,Cl,:HCOOH 4:1, 22°C, 2 h, 70% (plus 30% recovery of starting material); d) Bt,O, diisopropylcar-
bodiimide, 4-dimethylaminopyridine, CH,Cl,, 22°C, 3 h, 87 %,; e) 2,3-dichloro-5,6-dicyano-1,4-benzoqui-
none; f) 1 iPr,NP(OFm), (8), 1H-tetrazole, CH,Cl,, 22°C, 8 h, 2 AcO,H/AcOH, —78-22°C, 1 h, 90% yield
over two steps; g) CH,Cl,:HCOOH 5:95, 22°C, 2 h, 100%; h) 1. n-C;H,C(OMe)s, poly(4-vinylpyridinium)
trifluoroacetate, CH,Cl,, 22°C, 18 h; 2. DOWEX H", MeCN, H,0, 100% yield over two steps; i) 1.
iPr,NP(OFm) (OCoum) (12), 1H-tetrazole, CH,Cl,, 22°C, 8 h, 2. AcO,H/AcOH, —78-22°C, 1 h, 90% yield
over two steps; j) 3 HF-NEt;, MeCN, 18 h, 55%. Bt=C;H,CO-; PMB =pMeOC¢H,CH,-; TBDPS =-
SiPh,Bu.
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A 1b: R" = AM, R? = P(0)(0OAM),
O _16:R=H \\j

a L 47 R= iPr,NP(OFm)

Scheme 2. Coupling of building blocks 14/15 and 17 by P"' chemistry, followed by deprotection and
alkylation of the phosphates with acetoxymethyl bromide. Reagents and conditions: A for Ta and 1c:
a) 14, 17, 1H-tetrazole, CH,Cl,, 23°C, 5 h; 2. AcO,H/AcOH, —78-23°C, 1 h, 86 % over two steps;

b) Me,NEt, MeCN, 23°C, 0.5 h; c) AcOCH,Br, iPr,NEt, MeCN, 23°C, 21 h, 50% for 1a and 24 % for 1¢
over two steps. A for 1b: a) 15, 17, 1H-tetrazole, CH,Cl,, 23°C, 22 h; 2. AcO,H/AcOH, —78-22°C, 1 h,
50% over two steps; b) Me,NEt, MeCN, 21°C, 10 min; c¢) AcOCH,Br, iPr,NEt, MeCN, 22°C, 22 h, 23%
over two steps. B a) (iPr,N),POFm, 1H-tetrazole, CH,Cl,, NEt;, 22°C, 2 h, 89%. Bt=C;H,CO-; AM =-
CH,OAC.

group. The following alkylation with acetoxymethyl bromide
produced the PI(3,4)P, derivative 1¢ without caging group
but membrane-permeant and with the diazirine and the
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alkyne in the sn1 fatty acid. The
synthesis of the respective unc-
aged PI(3,4,5)P; derivative 1d
is described in the supplemen-
tary material (Scheme S1).

The caged phosphoinositide
derivatives were tested for cell
entry and removal of the photo-
activatable protecting group
(“uncaging”). The latter was
achieved by  illuminating
a 10mM sample (1nmol in
total) of 1a or 1b (Figure 2),
for 2min in a test tube by
a 1000 W lamp (Newport)
equipped with a 400 nm long-
pass filter.

Cell entry and fluorescence
levels of the caged compounds
1a and 1b were quite similar.
The compounds entered cells
within a couple of minutes.
Maximal fluorescence levels
were already reached after
about 1 min and stayed steady
for at least 30 min (Figure 3).
The optimal extracellular con-
centration for observing cell
entry of 1a was at 2 pM, the
one for the PI(3,4,5)P; deriva-
tive 1b was 5 uM. Lower con-
centrations led to slower entry
while higher ones did not im-
prove loading. Illumination
with 375 nm laser light, as is
commonly used for the uncag-
ing reaction, lead to a strong
but transient increase of the
coumarin fluorescence, due to
the known phenomenon that
the released dye is brighter
than its phosphate ester."!! As
was observed before for caged
PI and is shown in Figure 3, the
caged phosphoinositides accu-
mulated predominantly in the
ER and Golgi membrane net-
work. We attribute this local-
ization to an unexplained
mechanism that draws lipids
bearing aromatic groups into
these endomembranes."**! For
cell biology experiments, un-
caging will provide the 3-phos-
phorylated phosphoinositides
initially at endomembranes.

However, the lipids transfer rapidly to the plasma membrane
where most of the known biological binding partners and
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Figure 2. TLC of the non-illuminated and illuminated caged PI deriva-
tives Ta and 1b on HPTLC silica 60, eluent chloroform:methanol:wa-
ter:acetic acid (65:25:4:1) for 6 cm, then cyclohexane:ethyl acetate
(1:1) for 9 cm. Prior to TLC lipids were labeled with fluorogenic 3-
azido-7-diethylamino coumarin. Middle: 7-diethylamino 4-hydroxymeth-
yl coumarin, the photolyzed “cage group”. The lower spots are likely
the labeled phosphoinositides after uncaging.

metabolic enzymes such as the phosphatases PTEN and SHIP
have been identified.

Our group had previously shown that light-induced
release of PI(3,4,5)P; from membrane-permeant caged PI-
(3,4,5)P; derivatives induced clathrin-coated pit-mediated
endocytosis of receptor tyrosine kinases such as the epidermal

A
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growth factor receptor (EGFR).'> We therefore incubated
HelLa cells with the fluorescent EGFR-GFP fusion, incubated
with the trifunctional PI(3,4,5)P; derivative 1b and illumi-
nated a subfraction of cells in the field of view with 375 nm
blue light to uncage the PI(3,4,5)P; derivative. Within 30 min,
all illuminated cells showed the formation of dotted struc-
tures, likely endosomes, while in non-illuminated cells, the
fluorescence remained at the plasma membrane (Figure 4).
This control experiment demonstrated that the addition of the
diazirine and the alkyne did not significantly alter the
functionality of the caged PI(3,4,5)Ps.

Due to the localization to endomembranes, it is important
to show that the lipids are rapidly redistributed after
uncaging. While redistribution is suspected because the
derivatives are losing their only aromatic moiety, transport
proteins are only known for phosphatidylinositol (PI) and
PI(4)P but not for higher phosphorylated phosphoinositi-
des.[")

We therefore made use of the photo-crosslinking proper-
ties of the new tools and followed redistribution after
uncaging. We first demonstrated that cross-linking led to
a much higher retention of the phosphoinositide derivatives

Figure 3. Loading of trifunctional PI(3,4)P, (2 uM) and PI(3,4,5)P; (5 uM) derivatives into Hela cells at 37°C, respectively (concentrations of 1, 2,
5 and 10 uM were tested, with lower concentrations showing slower compound loading and no further improvement of cell entry with higher
concentrations). lllumination of cells with 405 nm laser light after 61 min led to a rapid increase of emission intensity due to the higher quantum
yield of the released 7-diethylamino-4-hydroxymethyl-coumarin. Mean values of three replicates were normalized to the maximally observed
fluorescence intensity. Error bars are standard deviation. B: selected images following the loading procedure as well as the release of the caging

coumarin. Scale bar=10 pm.
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30min

TE-PI(3,4,5)P; (1b)

Figure 4. PI(3,4,5)P; derivative activity after uncaging. The trifunctional PI(3,4,5)P; derivative 1b fully
induced EGFR-GFP internalization in Hela cells after removal of the photoactivatable protecting group
by a 6 s 375 nm light flash shortly after the image on the left was taken. Only illuminated cells (white
box) showed EGFR-GFP internalization. These images are representative of three independent experi-

ments. Scale bar=10 um.

in HeLa cells compared to when crosslinking was omitted. In
this case, most of the lipid was removed in the fixation process
(Figure 5 A). To look at lipid transport, we uncaged the lipid
derivatives prior to photo-crosslinking. We observed a quite
rapid appearance of the fluorescence at the plasma mem-
brane (Figure 5B, see the arrows, Figure S1). As this effect
was observed after only 30s, we speculated that active
transport might contribute to the change in location. We
further showed that crosslinking was specific and can be out-
competed by incubating the cells with a higher dose of
a membrane-permeant caged PI(3,4)P, or PI1(3,4,5)P; deriv-
ative, respectively, that lack the cross-linking diazirine (Fig-
ure S2). We therefore employed the possibility of attaching
the cross-linked lipid-protein conjugates to azide beads for
subsequent proteomic analysis.

5min cross- B

No light linking

Research Articles

TF-P1(3,4,5)P; (1b)

Uncaging (400nm) for different times
+5min cross-linking (350nm)

All proteomic data were
acquired in triplicate with or
without exposure to UV light
or without addition of a lipid
derivative. Cells were fractio-
nated into membrane and cyto-
solic fractions. Each fraction
was investigated independently.
Hits were selected if a protein
showed an increase in spectral
counts larger than 1.2-fold
(log2 of 0.36) between UV
and —UV conditions (—-UV
means no uncaging and cross-
linking) or between + UV and
control (no compound added
but cells exposed to UV light).
We chose spectral counts as
a readout to permit the com-
parison to other proteomic analyses from our lab using
multifunctional lipids."®*!? Hit proteins were only found in
the membrane fraction. They had to appear in at least two of
the three experimental repeats and had to feature a lipid-
binding domain (Figure 6). Following these very strict cri-
teria, we identified six proteins. Three of them (MPP6,
SDCBP and ATP11A (Table 1, Table S1)) were known to be
involved in lipid transport® or are involved in protein
trafficking or membrane organization,* respectively. They
were selected as putative PI(3,4,5)P; derivate transporters
and were investigated by RNAi knock down experiments. By
testing the hypothesis that active transport is involved in
trafficking of 3-phosphorylated phosphoinositides from en-
domembranes to the plasma membrane, we found that an
RNAI against MPP6 and ATP11A but not SDCBP signifi-
cantly delayed appearance of multifunctional PI(3,4,5)P; at
the plasma membrane (Fig-
ure 7, Figure S5).

Although the presented ex-
periments are incomplete with

& EGFR-GFP

e =

i

exposure (350nm) 5s uncaging

5uM TF-PI(3,4)P, (1a)

5uM TF-PI(3,4,5)P; (1b)

Figure 5. PI(3,4)P, and PI(3,4,5)P; location. Hela cells were incubated with 5 uM 1a or 1b, respectively,
for 5 min and uncaged with >400 nm light for various time period. Subsequently, cells were photo-
crosslinked with 350 nm UV light for 5 min and then fixed with 100% cold methanol. Non-crosslinked
lipids and cleaved coumarin were extracted with methanol:chloroform:acetic acid (55:10:0.75). Lipid
location was determined after click chemistry of Alexa 568—picolyl azide (green). A) Without exposure to
350 nm light, most of the lipid was washed away during fixation. B) Increased uncaging time led to more
lipid detectable at the plasma membrane (arrows). The images are representative of two independent

sets of experiments. Scale bar=20 um.

30s uncaging

UL respect to all hits from the

proteomic screen, the results
strongly support active trans-
port of PI1(3,4,5)P; from endo-
membranes to the plasma
membrane. This phenomenon
might explain how cells are able
to maintain a steep P1(3,4,5)P;
gradient over its quite closely
connected membrane systems.
The results also support the
observation that PH domains
predominantly recognize PI-
(3,4,5P; at the plasma mem-
brane.” A broader study in-
vestigating other protein hits of
the screen as well as the trans-
port of other 3-phosphorylated
phosphoinositides will be per-
formed in the future.
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Figure 6. Visualization of protein hits. A) Scatter blot of all proteins with increased spectral counts in UV over -UV conditions vs. UV over control
(no lipid, but UV exposure) conditions (black dots). Those with a lipid-binding domain are colored; the ones in orange were investigated as
putative transport proteins by RNAi. B) Heat map of the 60 proteins that we identified as hits with most confidence (for more details, see Suppl.

Figures S3 and S4). Values in the heat map are scaled by row for easier visualization.

Table 1: Putative lipid transport proteins detected by proteomic analysis after photo-crosslinking of TF-
P1(3,4,5)P; and subsequent attachment to azide beads via click chemistry. Ratio increase and standard
error were determined from three independent repeats.

Average spec- Average Average Fold change Fold
tral count spectral spectral +UV/con-  change
control count —UV  count +UV  trol +UuUv/-Uv
MAGUK p55 subfamily 4.333333 2.333333 6 1.384615 2.571429
member 6 (MPP6)
Probable phospholipid- 3 5 8.5 2.833333 1.7
transporting ATPase IH
(ATP11A)
Syntenin-1 (SDCBP) 3 2.333333 5 1.666667 2.142857

5uM PI(3,4,5)P; (1b)
2min uncaging (400nm)
+5min cross-linking (350nm)

Figure 7. Location of uncaged, photo-crosslinked and fluorescently tagged PI(3,4,5)P; in fixed cells
previously transfected with an RNAi against putative lipid transport proteins listed in Table 1. Neg9 =ran-
dom siRNA control. The knock-down of ATPT1A and MPP6, respectively, but not SDCBP, led to persisting
residence times of PI(3,4,5)P; in endomembranes. This suggests that these proteins are actively involved
in phosphoinositide transport to the plasma membrane. The images are representative of three
independent experiments. Red arrows points to plasma membrane staining through the fluorescently
tagged lipid. Scale bar=10 pm.

phoinositide derivatives are
binding to putative lipid trans-
port proteins opens new views
on how phosphoinositides dis-
tribute in cells. Phosphoinosi-
tide transport by proteins is well
established for phosphatidylino-
sitol 4-phosphate.”® However,
trafficking of 3-O-phosphorylat-
ed phosphoinositides represents
a novel aspect in lipid signaling.
The results demonstrate the dis-
covery tool character of the
multifunctional lipid deriva-
tives.
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