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ABSTRACT: The chlorosulfolipids are amphiphilic natural products
with stereochemically complex patterns of chlorination and sulfation.
Despite their role in toxic shellfish poisoning, potential pharmaco-
logical activities, and unknown biological roles, they remain
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understudied due to the difficulties in purifying them from natural (+)-Danicalipin A ¢ disordering Q\ ~
sources. The structure of these molecules, with a charged sulfate 0===0
group in the middle of the hydrophobic chain, appears incompatible l Enantioselective O=2==0
with the conventional lipid bilayer structure. Questions about chlorination o==-0
chlorosulfolipids remain unanswered partly due to the unavailability =~ __ o= —~0
of structural analogues with which to conduct structure—function = oso *’ Cg/\\///{/ /}//O
studies. We approach this problem by combining enantioselective (+)-Deschlorodanicalipin A Weak 6—/*;//
total synthesis and membrane biophysics. Using a combination of interaction :

Langmuir pressure—area isotherms of lipid monolayers, fluorescence

imaging of vesicles, mass spectrometry imaging, natural product

isolation, small-angle X-ray scattering, and cryogenic electron microscopy, we show that danicalipin A (1) likely inserts into lipid
bilayers in the headgroup region and alters their structure and phase behavior. Specifically, danicalipin A (1) thins the bilayer and
fluidizes it, allowing even saturated lipid to form fluid bilayers. Lipid monolayers show similar fluidizing upon insertion of danicalipin
A (1). Furthermore, we show that the halogenation of the molecule is critical for its membrane activity, likely due to sterically
controlled conformational changes. Synthetic unchlorinated and monochlorinated analogues do not thin and fluidize lipid bilayers to
the same extent as the natural product. Overall, this study sheds light on how amphiphilic small molecules interact with lipid bilayers
and the importance of stereochemistry and halogenation for this interaction.

he stereochemically complex chlorosulfolipids of the of the flagellar membrane, suggesting a functional role."> While

freshwater microalga Ochromonas danica were first their toxic effects are well documented, it remains unclear how
described by Haines et al. and Elovson and Vagelos in O. danica avoids self-toxicity from the chlorosulfolipids they
1969."* These amphiphilic molecules are characterized by an produce and whether chlorosulfolipids form an integral part of
unusually high level of chlorination and sulfation. The their membranes. Biophysicists have puzzled over how this
chlorosulfolipids danicalipin A, malhamensilipin A, and unconventional structure, with a charged sulfate moiety in the
mytilipin A are all cytotoxic and include some of the causative middle of the hydrophobic region, could form part of
agents of toxic shellfish poisoning.* Malhamensilipin A is also biological membranes or otherwise interact with membranes."
a protein tyrosine kinase inhibitor.” The major chlorosulfolipid While hypothetical structures of bilayers composed of
in O. danica is danicalipin A, which has six chlorines and two chlorosulfolipids have been proposed, there have been no

sulfates, all with defined stereochemistry on a linear 22-carbon
chain (see Figure 1).”" Danicalipin A’s biological function in
O. danica, the mechanism of human toxicity, and potential
pharmacological utility remain poorly studied due to the
difficulty of purifying it from natural sources. Danicalipin A has
remained a popular synthetic target for chemists due to its
complexity and the need for pure material for biological
studies.””"" Danicalipin A was initially assumed to be a purely
defensive molecule, but subsequent studies indicated that it
may also have functions in O. danica. O. danica produces few
other identified lipids besides danicalipin A and its precursors,
and they may make up the majority of the polar lipid content

experiments probing the structure or physical properties of
membranes composed partly or entirely of chlorosulfolipids.
Understanding how this molecule forms and interacts with
membranes would broaden our understanding of how
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Figure 1. Structures of danicalipin A (1), its presumed biosynthetic precursors 1A, (+)-1B, (—)-1B, as well as POPC (2) and DPTS (3). Note the
charged sulfate group in the middle of the hydrophobic chain of danicalipin A (1), making it incompatible with the conventional lipid bilayer
structure. O. danica cells are shown in the upper right. Scale bar, 10 ym.

amphiphilic small molecules, like sterols and many small-
molecule drugs, interact with membranes.

It is not well understood what the effects of the chlorination
pattern and stereochemistry are on the toxicity or potential
biological functions of danicalipin A (1). To answer these
questions, we have combined enantioselective chemical
synthesis and membrane biophysics. We show that danicalipin
A (1) does not form lipid bilayers on its own but readily
incorporates into bilayers composed of conventional mamma-
lian and algal lipids. We have produced (+)-danicalipin A (1)
by modifying our previous synthetic route to (—)-danicalipin
A, along with three analogues to enlarge structure—function
relationships. Langmuir monolayer analysis, small-angle X-ray
scattering (SAXS), and fluorescence microscopy of lipid
mixtures containing danicalipin A (1) reveal that danicalipin
A (1) fluidizes lipid bilayers when it inserts into them, likely
due to its position at the membrane—water interface.
Furthermore, we use the synthetic unchlorinated analogue
and a monochlorinated analogue (Figure 1) to show that the
halogenation pattern affects danicalipin A (1)’s membrane
activity. We also directly show that chlorosulfolipids and other
halosulfolipids are located in O. danica’s cellular membranes
with imaging mass spectrometry and mass spectrometry-based
lipidomics.
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B METHODS

Detailed synthetic and experimental methods are available in the
Supporting Information.

B RESULTS AND DISCUSSION

Halogen Incorporation and Distribution of Halosul-
folipids. Although the chlorosulfolipids were first described
over 50 years ago, much is unexplored about the subcellular
distribution of danicalipin A (1) in O. danica, its biosynthesis,
and its functions. We first examined the halogen selectivity of
the biosynthesis of halosulfolipids and their distribution in O.
danica cells to determine the chemical diversity of
halosulfolipids that the biosynthetic enzymes make and their
localization. Additionally, the halosulfolipids produced under
different growth conditions may provide information about
their function. Previously, Haines et al. briefly reported that O.
danica will grow in synthetically defined media with either
bromide or iodide as the sole halide source and that bromo-
and possibly iodosulfolipids are produced under these
conditions.'* Recently, Vanderwal et al. reported that O.
danica does indeed produce bromosulfolipids, including the
fully brominated analogue of danicalipin A with the
corresponding stereo- and regiochemistry.'” However, no
data have been presented to support the claim that O. danica
may also be able to produce iodosulfolipids, which may be
unstable due to the weak C—I bonds. We attempted to grow O.
danica in a rich medium and synthetically defined media with
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Figure 2. Ion ratio images and secondary electron images of cells grown in different media. Images are corrected for isotopic abundance of halides.
The same threshold values were applied to each image to make quantitative comparisons. All images have the halide signal from the substrate

subtracted for clarity. Scale bar, S ym.

the ammonium salts of chloride, bromide, and iodide as the
sole halide sources. Additionally, we attempted to grow the
alga in a synthetically defined medium with no added halide
source. We note that chloride contamination is pervasive, and
despite using components with high chemical purity and low
halide contamination, some halide contamination, particularly
chloride, is inevitable. The algae grew in all of the media but at
a slower rate and to lower cell densities in the synthetically
defined media, and they grew especially slowly in the
synthetically defined medium with iodide and the medium
without added halides (see Figure S2e). This result indicates
that chloride, and possibly the chlorosulfolipids, is important to
the normal growth and function of O. danica."

We next used nanoscale secondary ion mass spectrometry
(NanoSIMS) imaging and LC-MS to determine whether cells
can utilize each halide and what halosulfolipids are produced
under each condition.'®"” Cells from each medium were fixed,
rinsed with water, and dried on oxidized silicon substrates for
NanoSIMS analysis. The cells were rinsed so that any free
halides in the cells and media would be washed away, leaving
only halogenated molecules that are embedded in membranes
or tightly bound to proteins. The cells grown in iodide minimal
media support this assumption as no iodide remains in the cells
after fixation (Figure 2). Since the primary ion beam fragments
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the sample to monatomic and small polyatomic ions, it is not
possible to know from which molecules the halide secondary
ions arise, but we presume that halosulfolipids are the only
halogenated natural products of O. danica.

With NanoSIMS, we quantified the amount of CI~, Br™, and
I" in the cells grown in each medium and normalized each
quantity to CN™ to account for differences in ion yield and
topography. As expected, the cells grown in rich medium and
chloride-defined medium contained mainly chloride in their
halogenated molecules, with only a small amount of bromide
and virtually no iodide (Figure 2 and Table S1). After
extensively washing the cells with water, they still contain a
large amount of chloride, indicating that the chlorinated
molecules are likely stably inserted into the membranes of the
fixed cells. Interestingly, we see no evidence for chlorosulfo-
lipid enrichment in the flagellum relative to the cell body, as
was previously reported.'” The previous study suggesting
flagellar enrichment was performed with lipid extraction and
2D TLC analysis, which may have not identified some of the
lipid species, particularly the exotic lipids found in O. danica.
NanoSIMS is a direct method for quantification of lipid
concentration in situ in membranes and does not involve lipid
extraction, so danicalipin A (1) is likely not enriched in the
flagellar membrane. Organelle purification and lipidomic

https://dx.doi.org/10.1021/acschembio.0c00624
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analysis, as well as NanoSIMS analysis of thin sections of cells,
may reveal enrichment of danicalipin A (1) in some cellular
compartments (see Section S6 for further discussion of
subcellular distribution of chlorosulfolipids). When the
medium contains bromide as the only added halide, the
bromide content of the cells increases by 350-fold relative to
the chloride-defined medium, consistent with the biosynthesis
of bromosulfolipids. Despite our best efforts to exclude
chloride from this medium, there is still significant chloride
contamination with CI™/Br~ equal to 0.3 (see Table S1 for
quantitative analysis). However, when the cells were grown in
medium with iodide as the only added halide, only a small
increase in iodide incorporation into the cells was observed (2-
fold increase relative to the chloride-defined medium). This
observation implies that, unlike bromide, iodide cannot
substitute for chloride in halosulfolipid biosynthesis. It is not
clear from this experiment whether the as yet unknown
halogenase in O. danica does not accept iodide as a halogen
source or whether iodosulfolipids are formed but rapidly
dehalogenate. Finally, in the halide-defined medium with no
added halide, the halide content of the cells was decreased to
13% of the halide content of cells grown in the chloride-
defined medium. This represents the amount of halide
contamination in the salts used to make the media. It is
notable that the cells still grow in this medium, but it is not
clear whether they make a smaller amount of halosulfolipids or
the same quantity of less halogenated halosulfolipids. To
answer these questions, we extracted the halosulfolipids from
O. danica grown in each medium and analyzed them with LC-
MS.

The results of the LC-MS analysis of the sulfolipid
composition of O. danica cells grown under various conditions
are shown in Figure S2. As expected, the major sulfolipid in
cells grown in rich YPD medium is danicalipin A (1), the fully
hexachlorinated natural product. When the cells are grown in
chloride-defined medium containing 9.4 mM chloride (lower
than the chloride concentration in YPD), danicalipin A (1) is
still a major sulfolipid, but the penta-, tetra-, and trichlor-
osulfolipid precursors of danicalipin A are also abundant.
When the cells are grown in bromide-defined medium, the
fully brominated danicalipin A analogue is observed. Addi-
tionally, mixed bromo-/chlorosulfolipids and a wide variety of
bromosulfolipids bearing fewer than six bromides are present.
This is consistent with the results of the NanoSIMS
experiments, which showed that bromide was incorporated
into O. danica cells when they were grown in bromide-defined
medium, but that they also incorporated chloride from trace
contamination. Finally, when the cells are grown in iodide-
defined medium, no iodosulfolipids are observed. Instead,
chlorosulfolipids with zero to six chlorides are present. This
observation is also consistent with the NanoSIMS data, which
showed that cells did not incorporate iodide when grown in
iodide-defined medium, but that they did incorporate trace
chloride contamination. It appears that O. danica cells
synthesize sulfolipids bearing fewer chlorine atoms as the
chloride concentration in the medium decreases. However,
even at the very low levels of chloride that result from trace
contaminants in the salts used to make the media, they still
make highly chlorinated molecules. We never observed the
fully unchlorinated analogue of danicalipin A (deschlorodani-
calipin A, (+)-1B) as a major natural product. These results,
along with the slow growth rates and lower final cell densities
of O. danica in the media without added chloride, further
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reinforce the hypothesis that danicalipin A (1) biosynthesis is
vital to the growth of the cells and serves a biological purpose
other than solely as a defensive secondary metabolite for O.
danica. However, we cannot currently separate chlorosulfolipid
biosynthesis from other biological functions of chloride
because there are no genetic tools for O. danica, and
biosynthetic enzymes have not been identified.

Biophysical Analysis of Lipid Monolayers. With
evidence that chlorosulfolipids are indeed part of the
membranes of O. danica cells, we next performed a battery
of biophysical experiments to determine how chlorosulfolipids
interact with membranes, how they change the physical
properties of membranes, and how they alter the structure of
membranes. We utilized the model membrane systems of lipid
bilayers and lipid monolayers composed of the common
phospholipid  1-palmitoyl-2-oleoyl-glycero-3-phosphocholine
(POPC, 2) and 1,2-dipalmitoyl-sn-glycero-3-O-4'-(N,N,N-
trimethyl)-homoserine (DPTS, 3), a representative of a
relatively rare class of glycerolipid that is found in O. danica
and is thought to be a substitute for phosphatidylcholine lipids
in some algae.'*™*°

In order to examine the importance of halogenation for the
membrane activity of halosulfolipids, we completed an
enantioselective synthesis of an analogue of danicalipin A
with no chlorines, which we refer to as deschlorodanicalipin A
((=)-1B) (see Figure 1). We examined the effect of the
stereochemistry of the sulfate at C14 by synthesizing the other
enantiomer of (—)-1B, (+)-1B. Both analogues interacted with
lipid monolayers and lipid bilayers in the same manner (see
Section S13), so we performed further experiments with only
(—)-1B. We also synthesized a monochlorinated danicalipin A
analogue, referred to as monochlorodanicalipin A (1A), with a
single chlorine on C13, one of the positions that may be key to
controlling the solution conformation of danicalipin A (1) (see
Figure 1).”' Both of these molecules are thought to be
biosynthetic precursors to danicalipin A (1), and small
amounts of them are found in O. danica cells; however, they
cannot be isolated from algae in sufficient quantities or purity
for biophysical analysis. It was previously shown by Carreira et
al. that changing the stereochemistry and number of chlorines
on danicalipin A (1) changes its solution conformation and
biological activity.”*"** We reasoned that analogues with fewer
chlorines would also have altered solution conformations and
that these conformational changes might alter the interactions
of the molecules with membranes.

We first determined whether danicalipin A (1), mono-
chlorodanicalipin A (1A), and deschlorodanicalipin A
((=)-1B) would spontaneously insert into lipid monolayers
at the air—water interface. Insertion into monolayers can be
monitored with a Langmuir trough because the mean
molecular area (MMA), which is recorded with a Wilhelmy
plate, will increase if molecules insert into the monolayer.”* We
recorded the pressure—area isotherms for DPTS (3), 1:1
DPTS (3):danicalipin A (1), 1:1 DPTS (3):monochlorodani-
calipin A (1A), and 1:1 DPTS (3):deschlorodanicalipin A
((=)-1B) (see Figure 3). We attempted to form a monolayer
of pure danicalipin A (1), but all attempts resulted in no
increase in surface pressure, suggesting that it disperses into
the water subphase rather than staying at the air—water
interface. The isotherm for DPTS (3) appears similar to the
isotherm for DPPC (1,2-dipalmitoyl-sn-glycero-3-phosphocho-
line), except that it is shifted to higher MMAs. It displays a
phase transition at approximately 5 mN/m like DPPC,

https://dx.doi.org/10.1021/acschembio.0c00624
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Figure 3. Incorporation of danicalipin A (1), monochlorodanicalipin
A (1A), and deschlorodanicalipin A ((—)-1B) into monolayers of
DPTS (3). Pressure—area isotherms of DPTS (3) (red), 1:1 DPTS
(3):danicalipin A (1) (green), 1:1 DPTS (3):monochlorodanicalipin
A (1A) (purple), and 1:1 DPTS (3):deschlorodanicalipin A ((—)-1B)
(blue). Danicalipin A (1) perturbs the DPTS (3) isotherm to a
greater extent than monochlorodanicalipin A (1A) or deschloroda-
nicalipin A ((—)-1B). MMAs are calculated from the amount of
DPTS (3) added.

consistent with its transition temperature being close to that of
DPPC. The transition temperatures for the palmitoyl and
stearoyl analogues of DPTS have been reported to be 53 and
59 °C, very close to the transition temperatures of PSPC and
DSPC.** These data indicate that the unique trimethylhomo-
serine headgroup of DPTS (3) increases its MMA in
monolayers versus DPPC, but the dipalmitoyl chains result
in similar phase behavior. Interestingly, when danicalipin A (1)
is included in the lipid mixture used to form the monolayer,
the isotherm shifts to significantly higher MMAs, and the shape
of the isotherm changes. This shows that danicalipin A (1)
forms part of the monolayer rather than being dispersed in the
subphase. The phase transition also shifts to higher surface
pressure. This effect is usually observed when increasing the
temperature of the monolayer, not adding another component.
On the other hand, when monochlorodanicalipin A (1A) and
deschlorodanicalipin A ((—)-1B) are included in the lipid
mixture used to form the monolayer, the resulting isotherm is
only slightly shifted to higher MMAs. For (—)-1B, the phase
transition does not shift to higher surface pressure, and for 1A,
the phase transition shifts to only slightly higher surface
pressure. This result implies that the deschloro- and
monochloro-analogues, which only differ from danicalipin A
(1) in their halogenation, do not interact with DPTS (3)
monolayers as strongly as danicalipin A (1).

We further explored the interaction of danicalipin A and its
descholoro- and monochloro-analogues with DPTS (3) by
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3% DanA 5% DanA 10% DanA 20% DanA 60% DanA
97% DPTS 95% DPTS 90% DPTS 80% DPTS 40% DPTS

b 3% Desclpana 5% DesClDanA 10% DesClDanA 20% DesClDanA 60% DesClDanA
97% DPTS 95% DPTS 90% DPTS 80% DPTS 40% DPTS

0% MonoClDanA 5% MonoClDanA 10% MonoClDanA 20% MonoClDanA 60% MonoClDanA
97% DPTS 95% DPTS 90% DPTS 80% DPTS 40% DPTS

Figure S. Micrographs of GUVs containing sulfolipids. Incorporation of (a) danicalipin A (1), (b) deschlorodanicalipin A ((—)-1B), and (c)
monochlorodanicalipin A (1A) into GUVs of DPTS (3) and their influence on DPTS (3) phase behavior. DanA = danicalipin A (1), DesClDanA =
deschlorodanicalipin A ((—)-1B), MonoClDanA = monochlorodanicalipin A (1A). Scale bar, 25 um.

varying the ratio of DPTS (3) to sulfolipid. We kept the total percentage of danicalipin A (1) in the mixture increases,
number of moles of lipid constant and changed the molar ratio indicating that the danicalipin A (1) is fluidizing and
of DPTS (3) to sulfolipid. The resulting pressure—area disordering the DPTS (3). This stands in contrast to
isotherms are shown in Figure 4. The phase transition in the cholesterol, which causes an increase and then a decrease in
isotherms with danicalipin A shifts to higher surface pressure the compressibility of monolayers of DPPC as it undergoes
until the mol % of danicalipin A (1) reaches approximately phase changes (see Section S10 and Figure S9).

40%. As danicalipin A (1) occupies a smaller molecular volume Biophysical Analysis of Lipid Bilayers. With the
than DPTS (3), the isotherms also shift to progressively lower knowledge that danicalipin A (1) and deschlorodanicalipin A
MMAs as more danicalipin A (1) is added. In contrast, as the ((=)-1B) insert into monolayers, we next evaluated whether
mol % of deschlorodanicalipin A ((—)-1B) increases, the these molecules would insert into lipid bilayers. We attempted
isotherms simply shift to lower MMAs, and the slope of the to form giant unilamellar vesicles (GUVs) via gentle hydration
phase transition increases without shifting to higher surface of lipid films containing 20:80 mol % sulfolipid:POPC (2) and
pressure. This is consistent with the isotherms in Figure 3 that a wide range of sulfolipid:DPTS (3) ratios (40 uM total lipid,
suggested that deschlorodanicalipin A ((—)-1B) does not 1.2—24 uM sulfolipid). POPC (2) GUVs were observed when
interact with DPTS (3) monolayers in the same manner as 1. 20 mol % danicalipin A (1) was added to the lipid mixture,
Monochlorodanicalipin A (1A) displays a behavior inter- indicating that danicalipin does not simply destroy lipid
mediate between danicalipin A (1) and deschlorodanicalipin A bilayers but has more subtle effects on their structure (Figure
((=)-1B) as it shifts the phase transition to somewhat higher Sa, also see Section S8). GUVs made from a mixture of 20 mol
surface pressures (Figure 4c). However, the phase transition % danicalipin A (1) in POPC (2) appeared uniform when
also seems to disappear as it did with deschlorodanicalipin A visualized with Texas Red DHPE (TR). DPTS (3) GUVs
((=)-1B). This result indicates that the chlorine in the C13 cooled to room temperature (RT) appeared as nonspherical
position can partially rescue the ability of danicalipin A (1) to gel-phase aggregates, as expected for a lipid with a transition
insert into lipid bilayers. The behavior of the sulfolipids and temperature above RT. Strikingly, when just 4—5 mol % of

DPTS (3) stands in stark contrast of that of mixtures of danicalipin A (1) is included in the lipid mixture with DPTS
phospholipids with single chain amphiphiles like cholesterol (3), the resulting GUVs appeared round and fluid at RT (see

and fatty acids (see Section S10). Section S8 for a further discussion of GUV morphology and
Finally, we measured the compressibility of the danicalipin A phase behavior). GUVs were observed for up to 50—60 mol %
(1) and DPTS (3) mixtures from the pressure—area isotherms danicalipin A (1). This observation demonstrates that
at 32 mN/m, which approximates the lipid packing in a bilayer. danicalipin A (1) interacts with and changes the phase

The compressibility of the monolayer increases as the behavior of lipid bilayers.
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We repeated GUV formation experiments with DPTS (3)
and deschlorodanicalipin A ((—)-1B) to evaluate how it
interacts with lipid bilayers. Consistent with the monolayer
experiments, deschlorodanicalipin A ((—)-1B) did not induce
the formation of fluid GUVs until a significantly higher mol %
(10—15%) (Figure Sb). Unlike with danicalipin A (1), at 60
mol % deschlorodanicalipin A ((—)-1B), it was possible to
form many large GUVs. Finally, monochlorodanicalipin A
(1A) displayed similar behavior, with an onset of GUV
formation between 10—15 mol % and an upper limit of 60 mol
% (Figure 5¢).

Next, we attempted to determine how danicalipin A (1)
interacts with lipid bilayers by performing SAXS on small
unilamellar vesicles (SUVs) composed of POPC (2) and
danicalipin A (1).>* We chose POPC (2) because it is fluid at
RT, so the scattering behavior of mixtures of POPC (2) and
danicalipin A (1) or deschlorodanicalipin A ((—)-1B) could be
directly compared to pure POPC (2). The scattering data were
used to build a model of the excess electron density of the lipid
bilayer of an SUV by fitting the SAXS scattering curve. We
then observed changes in the excess electron density profiles
between POPC (2) and POPC (2)/danicalipin A (1) and
POPC (2)/deschlorodanicalipin A ((—)-1B) SUVs in order to
see how danicalipin A (1) and deschlorodanicalipin A
((=)-1B) alter the structure of the bilayer and where in the
bilayer they reside.””>> We performed SAXS on 50 nm POPC
(2) SUVs with 0, 10, and 30 mol % of both danicalipin A (1)
and deschlorodanicalipin A ((—)-1B) (4 mM total lipid, 0.4—
1.2 mM sulfolipid) (Figure 6a). It is clear from the electron
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Figure 6. Structure of bilayers containing danicalipin A (1). (a)
Electron density profiles from fitting of small-angle X-ray scattering of
POPC (2) SUVs containing 30% of either danicalipin A (1) or
deschlorodanicalipin A ((—)-1B) show that danicalipin A (1) thins
POPC (2) bilayers. (b) Cryo-EM image of SUVs composed of POPC
(2) and 30% danicalipin A (1) and 2D class average of bilayer
segments (inset) demonstrate unilamellarity of SUVs. Scale bar, SO
nm. Scale bar inset, 5 nm.

density curves in Figure 6a that both danicalipin A (1) and
deschlorodanicalipin A ((—)-1B) alter the POPC (2) bilayer
structure. Comparing the electron density curves for SUVs
with danicalipin A (1) or deschlorodanicalipin A ((—)-1B),
both molecules thin the bilayer, with 30 mol % danicalipin A
(1) thinning the POPC (2) bilayer by almost 20% (see Section
S12). At both 10 and 30 mol %, danicalipin A (1) thins the
bilayer more than the unchlorinated analogue. The outer
leaflet of the bilayer (to the right of the hydrophobic trough) is
preferentially thinned. This observation is consistent with
insertion of sulfolipids at the bilayer interface, which would be
stabilized by positive curvature. Additionally, both sulfolipids
widen the distributions of electron density at the headgroup
regions. This widening of electron density likely results from
the sulfolipids inserting at the surface of the bilayer and
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reducing lipid order. This observation is consistent with the
previous GUV formation experiments showing that danicalipin
A (1) induces DPTS (3) to form fluid bilayers at RT.
Consistent with the monolayer experiments, danicalipin A (1)
appears to have a greater effect on the bilayer structure than
deschlorodanicalipin A ((—)-1B) does. The SAXS data clearly
show that both halosulfolipids insert into POPC (2) bilayers
and alter their structure, but the two sulfolipids alter the POPC
(2) structure to different extents and/or have different
membrane affinities.

As fitting of SAXS data is inherently dependent on the
model used, we also sought to directly confirm these results of
bilayer thinning with cryogenic electron microscopy (cryo-
EM). Cryo-EM images of SUVs composed of POPC (2) and
danicalipin A (1) confirmed that they had a bilayer structure
(Figure 6b and Figures S8 and S9). Furthermore, 2D
classification and averaging of bilayer segments confirmed
membrane thinning upon incorporation of danicalipin A (1)
(Section S9). This membrane thinning, which stands in
contrast to the membrane thickening observed when
cholesterol is added to POPC (2),”**” strongly suggests that
danicalipin A (1) inserts into the bilayer at the hydrophilic
interface and does not fully insert into the hydrocarbon region.

Model for Interaction of Danicalipin A with Lipid
Bilayers. As depicted in our working model in Figure 7,

. Lipid headgroup

Figure 7. Model for the interaction of danicalipin A (1) with lipid
bilayers. Danicalipin A (1) inserts at the hydrophobic/hydrophilic
interface so that the sulfates are hydrated while the hydrophobic
moieties are buried in the hydrophobic region of the bilayer. The
gauche interactions between vicinal chlorines, which are determined
by the stereochemistry of the carbon—chlorine bonds, favor this
conformation. The lipid tails distort to fill the space under the
danicalipin A (1), disordering and thinning the bilayer.

Chlorine

insertion at the bilayer interface causes the surface area of the
bilayer to increase, leaving a packing defect beneath the
danicalipin A (1) molecule. The bilayer stress created by this
void is relieved by disordering of acyl chains from neighboring
lipids, causing the membrane to thin to conserve molecular
volumes. The same membrane thinning effect has been
observed for melatonin, which also inserts at the surface of
the bilayer.”** Full insertion into the bilayer, as in the case of
sterols, generally causes the membrane to thicken as no void is
created by the sterol, and acyl chains tend to become more
ordered. This model is consistent with the GUV formation and
Langmuir trough experiments that both show a disordering of
lipids upon addition of danicalipin A (1).

B CONCLUSIONS

We have shown that, despite its exotic structure, danicalipin A
(1) inserts into and forms part of the structure of lipid bilayers.
Furthermore, it fluidizes the fully saturated algal lipid DPTS
(3) and causes it to form fluid GUVs at RT. We hypothesize
that danicalipin A (1) partially inserts at the surface of
monolayers and bilayers so that its sulfate groups remain
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hydrated, while the hydrophobic regions of danicalipin A (1)
dip into the hydrocarbon region of the bilayer. This partial
insertion causes the lipid tails to reorganize to fill the space left
unoccupied by the danicalipin A (1) and prevents tight
packing of DPTS (3) into the gel phase.

Halogenation of the alkyl chain had a large effect on the
membrane activity of sulfolipids tested. Removing the
chlorines from danicalipin A (1) to form deschlorodanicalipin
A ((—)-1B and (+)-1B) greatly reduces its membrane activity.
It has been hypothesized that the bulky, electronegative
chlorines cause the molecule to adopt certain preferred
conformations due to gauche interactions. Inverting stereo-
chemistry of the chlorinated carbons and reducing the degree
of chlorination on danicalipin A (1) change its preferred
solution configuration in various solvents and hydrophobic
cages.””””** We hypothesize that a similar mechanism occurs
in aqueous solutions and lipid bilayers. The chlorination
pattern might alter the conformational landscape to favor
conformations that interact with membranes more strongly
and cause danicalipin A (1) to partition more strongly into
bilayers. When the chlorines are not present, membrane-
interacting conformations are higher energy and not
significantly populated, and the unhalogenated molecules
have lower affinities for lipid bilayers. This in vitro result is
consistent with in vivo data showing that deschlorodanicalipin
A ((+)-1B) is an order of magnitude less toxic to brine shrimp
than danicalipin A (1).”

We also investigated whether there are any functional
differences for substitutionally distinct sulfolipids in vivo in O.
danica by growing cells in synthetically defined media with the
various halides or no added halide. O. danica grew very slowly
in medium with low chloride concentration and did not
achieve the same cell densities as in the higher chloride media.
We then confirmed that iodosulfolipids are not produced in
the medium with only iodide added. However, bromine
appears to be able to functionally substitute for chlorine in
halosulfolipids. The slower growth rates in media with lower
halide concentrations suggest that halosulfolipids do in fact
play a functional role in O. danica, and they are not solely toxic
defensive molecules. Alternatively, chloride may be required
for other functions in O. danica. As the danicalipin A
biosynthetic enzymes have not been identified, we cannot
specifically inhibit chlorosulfolipid biosynthesis to rule out this
possibility.

Single-chain amphiphiles, such as cholesterol and hopanoids,
play a critical role in the structure and function of biological
membranes.”*” It has been hypothesized that single-chain
amphiphiles may have formed the membranes of early life
forms rather than the more complex double-chain lipids found
in modern membranes.”~*® While specific conditions under
which fatty acids will assemble into vesicles have been found,
there remain many questions about how single chain
amphiphiles could form functional membranes. In this work,
we have shown that the single chain amphiphile danicalipin A
(1) can integrate into lipid bilayers when mixed with bilayer-
forming lipids and that it may have an important structural role
in the membranes of O. danica. Relatively simple modifications
like halogenation and stereochemical scrambling have large
effects on this role. Early chemical modification of single chain
amphiphiles by primordial organisms might have created an
array of molecules for forming membranes with different
properties. Additionally, bioactive amphiphilic small molecules
like melatonin, serotonin, long-chain alcohols, anesthetics, and
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benzodiaze7pines have been shown to interact with mem-
branes.”®*” These interactions control bioavailability, off-target
effects, and membrane protein activities via changes in
membrane structure. This study has revealed halogenation as
an important determining factor in controlling the mode of
membrane interaction of danicalipin A (1), and this
mechanism may be useful for designing membranes with
beneficial properties and membrane-altering molecules. Future
studies will further elucidate the biological functions of
danicalipin A (1) by exploration of subcellular localization
via organelle purification and genetic studies to find the
enzymes responsible for halogenation.
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1. General Information

All reactions were conducted in oven- or flame-dried glassware under an atmosphere of nitrogen or argon
unless otherwise noted. Commercial reagents and solvents were used as received unless otherwise noted
with the exception of the following: hexanes (ACS grade, 4.2% various methylpentanes), toluene,
tetrahydrofuran, acetonitrile, methanol, benzene, and dichloromethane were dried by passing through a
bed of activated alumina in a JC Meyer Solvent System. Flash column chromatography was performed
using F60 silica gel (40-63 um, 230- 400 mesh, 60A) purchased from Silicycle. Analytical thin-layer
chromatography (TLC) was carried out on 250 um 60-F254 silica gel plates purchased from EMD Millipore,
and visualization was effected by observation of fluorescence-quenching with ultraviolet light and staining

with either p-anisaldehyde or phosphomolybdic acid (PMA) with cerium sulfate as a developing agent.

Proton nuclear magnetic resonance (1 H NMR) and carbon nuclear magnetic resonance (1 3¢ NMR) spectra

were recorded on Varian Inova 600, Varian Inova 500, Varian Mercury 400, or Varian Inova 300
spectrometers operating respectively at 600, 500, 400, and 300 MHz for TH and at 150, 125, 100, and 75
MHz for 13C. Chemical shifts are reported in parts per million (ppm) with respect to residual protonated
solvent for TH (CDCI3 = 5 7.26, CD30OD = & 3.31, DMSO-d6 = = & 2.50) and with respect to carbon
resonances of the solvent for 13C (CDCI3 = 6 77.0, CD30OD = 5 49.0, DMSO-d6 = & 39.5). Peak

multiplicities are annotated as follows: app = apparent, br = broad, s = singlet, d = doublet, t = triplet, q =
quartet, m = multiplet. Spectra were processed with exponential line broadening with a factor of 0.2. Infrared
(IR) spectra were recorded on a Nicolet 6700 FT-IR spectrometer. LC-MS (ESI) data were collected on a
Waters Micromass ZQ or a Waters Micromass LCT Premier mass spectrometer. GC-MS (Cl) data were
collected on a Waters Micromass GCT Premier mass spectrometer. Isotopic abundance patterns observed
alongside each major ion reported matched calculated ratios. Optical rotations were measured using a
JASCO P-2000 polarimeter. Chiral high-performance liquid chromatography (HPLC) analysis was
performed using an Agilent 1260 with commercial ChiralPak 4.6 x 250 mm columns or a SpectraSystem
P1000 with a SpectraSeries UV100 detector. HPLC trace integration was performed by the Agilent
OpenLab processing suite. Uncorrected melting point data were collected using a Thomas Hoover Uni-Melt
apparatus.

For biophysical experiments, phospholipids and algal lipids were from Avanti Polar Lipids. Texas Red 1,2-
dihexadecanoyl-sn-glycero-3-phosphoethanolamine (Texas Red DHPE) was from Thermo Fisher
Scientific. Solvents were from Thermo Fisher Scientific and were ACS grade and used as used as received.
Four-inch (100) p-type silicon wafers were from Silicon Quest International. Other reagents were from
Thermo Fisher Scientific unless otherwise noted. All water used was from a Millipore MilliQ system with a
resistivity of ~18.2 MQ-cm.
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2. Synthesis of Sulfolipids

Scheme S1. Enantioselective Chemical Synthesis of Monochloro- and Deschloro-danicalipin A2

a. NH,
N

o) H o o OH
o b. 2
HJW/\/OTBS aomobs) WOTBS 7 MgBr N oTBS
9 NCS 9 (1:1 dr) o
4 Ci 5 (39% over 2 steps) Cl 6
(82% ee)
¢. HG-II (5 mol%)
Me\(v)/\ 40 °C
5 (46%)
&) d. Hp, Pd(OH),
0S0,4 e. AcCl, MeOH OH
© f. SOg-Pyr
Me\AAWWNOS03 - Me X OTBS
(20% overall, 5 9
Cl isolated at 4:1 dr) Cl
1A: (+)-monochlorodanicalipin A 7
g. [Ir(cod)Cl],
(2.5 mol%)
O Cl ligand (5 mol%) OH
Cs,CO4
Me NS —_— MEW A OTBS
PhaP OMe OH  NO,BzOH s N YT
allyl acetate
Ph,P. O OMe 8 Ao 9 10
- (68%, 96% ee) h. HG-1I (5 mol%)
) 40°C
(S)-ligand (47%)
o i. Hy, Pd(OH),
0S0; o j- AcCl, MeOH OH
k. SO3+P»
Me\/\/\/\/'\/\/\/\/\/\/\/osoa 43—yr Me\M/\/k/W,OTBS
(20% overall) 5 9
(+)-1B: (+)-deschlorodanicalipin A 1"

a2 Reagents and conditions: (a) 4 (1.0 equiv.), (S)-prolinamide (0.1 equiv.), NCS (1.3 equiv.), DCM, 0 °C; (b) 5 (1.0
equiv.), vinylmagnesium bromide (1.0 equiv.), THF, =78 °C, 39% yield over two steps, 82% ee; (c) 6 (1.0 equiv.), 1-
octene (1.0 equiv.), Hoveyda-Grubbs Il (0.05 equiv.), DCM, 40 °C, 46%; (d) 7 (1.0 equiv), Pd(OH)2 on carbon (0.1
equiv.), Hz (1 atm), DCM/MeOH (1:1), rt; (e) AcCl (50 equiv.), MeOH, 0 °C, 74% over two steps; (f) SOzePyr (5.0
equiv.), DMF, rt, 31%; (g) 8 (1.0 equiv.), [Ir(cod)Cl]z (0.025 equiv.), (S)-ligand (0.05 equiv.), Cs2COs (0.2 equiv.), m-
nitrobenzoic acid (0.1 equiv.), allyl acetate (10 equiv.), THF, 100 °C, 68%, 92% ee; (h) 9 (1.0 equiv), 10 (1.0 equiv.),
Hoveyda-Grubbs Il (0.05 equiv.), DCM, 40 °C, 47%; (i) 11 (1.0 equiv), Pd(OH)2 on carbon (0.1 equiv.), Hz (1 atm),
DCM/MeOH (1:1), rt; (j) AcClI (50 equiv.), MeOH, 0 °C, 82% over two steps; (k) SOsePyr (10 equiv.), THF, rt, 24%. (-
)-1B was prepared by the same route employing (R)-ligand.

Synthesis of monochlorodanicalipin A

The synthesis of monochlorodanicalipin A (1A) commenced from aldehyde 4 (available in 3 steps from
commercially available materials). (L)-Prolinamide-catalyzed enantioselective chlorination of the aldehyde
yielded the desired a-chloroaldehyde 5 in 82% ee.! Aldehyde 5 was carried directly into an organometallic
addition with vinylmagnesium bromide, resulting in a 1:1 dr mixture of allylic alcohol 6. Cross metathesis
with 1-octene in the presence of catalytic Hoveyda-Grubbs Il generated chlorohydrin 7 containing the full
carbon framework of the natural product in 46% yield. Palladium-catalyzed hydrogenation and

deprotection proceeded in 74% yield over two steps. Sulfation with sulfur trioxide pyridine complex
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yielded monochlorodanicalipin A (1A) as a mixture of diastereomers in 34% vyield. The diastereomeric

mixture of lipids could be enriched to 4:1 dr via reverse phase preparative HPLC.

Synthesis of (+)- and (-)-deschlorodanicalipin A

The synthesis of deschlorodanicalipin A ((+)-1B and (-)-1B) commenced with the enantioselective
allylation of nonanol 8 using a procedure developed by Krische.? The subsequent enantioenriched
homoallylic alcohol 9 was isolated in 68% yield and 96% ee and was subjected to cross metathesis
conditions with terminal alkene 10, which was prepared in three steps from commercially available 1-
bromodecanol allowing access to the fully elaborated chain 11 in 47% yield. Hydrogenation of 11 with
catalytic palladium hydroxide and hydrogen gas proceeded quantitatively, followed by silyl deprotection
under acidic conditions to yield the desired diol in 82% yield.® The product deschlorodanicalipin A ((+)-1B
and (-)-1B) was isolated quantitatively following sulfation of the alcohols with sulfur trioxide pyridine
complex, which proceeded in 24% yield.
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(0]
Jj\/\/\/\/\/\/\/OTBS
H

14-((tert-butyldimethylsilyl)oxy)tetradecanal (4)

Lithium aluminum hydride (1.54 g, 40.64 mmol, 2.1 equiv) was added portionwise to a mixture of 1,14-
tetradecanedioic acid (5 g, 19.35 mmol, 1.0 equiv) in THF (200 mL) and stirred for 18 hours. The reaction
was quenched with Rochelle salt (1.0 M solution, 100 mL) and stirred for 50 minutes. The reaction was
extracted with EtOAc (100 mL), then the organic layer was washed with water (200 mL) and brine (200 mL)
and dried with MgSOa4. The solution was concentrated in vacuo, and the diol crude product was used without
further purification.

Sodium hydride (330 mg, 8.68 mmol, 1 equiv.) was added to diol (1.9 g, 8.68 mmol, 1.0 equiv.) in THF (64
mL) at room temperature. After 5 minutes, the reaction was heated briefly with a heat gun. TBS-CI (1.24 g,
8.68 mmol, 1.0 equiv.) was added in one portion and the reaction was stirred for 12 hours. The reaction
was quenched with NH4ClI (saturated aq., 50 mL) and extracted with water and DCM. The solution was
dried, concentrated, and purified by column chromatography (silica gel, 0 to 30% ethyl acetate in hexanes
gradient) yielding the silyl protected product in 42% yield (1.62 g).

Sodium bicarbonate (177 mg, 2.1 mmol, 3.0 equiv.) and the alcohol substrate (242 mg, 0.70 mmol, 1.0
equiv.) were added to DCM (4 mL) under an atmosphere of air and cooled to 0°C. Dess-Martin’s reagent
(387 mg, 0.91 mmol, 1.3 equiv.) was added portion-wise and the reaction is allowed to stir for 10 minutes,
then warmed to room temperature and stirred for another 30 minutes. While stirring, the solution is then
diluted with hexanes and washed with saturated NaHCO3 (5 mL). The organic layer is dried with MgSOa4,
concentrated, and purified by column chromatography (silica gel, 0 to 15% ethyl acetate in hexanes
gradient) to provide 4 in 40% yield over 3 steps (240 mg). The product was spectroscopically in agreement
with that previously reported.*

Physical properties: Clear, colorless oil;

Rs = 0.30 (silica gel, 10% ethyl acetate in hexanes, visualized with anisaldehyde stain);

"H NMR (400 MHz, CDCl3) 5 9.76 (t, J = 1.9 Hz, 1H), 3.59 (t, J = 6.7 Hz, 2H), 2.42 (td, J = 7.4, 2.0 Hz,
2H), 1.57 — 1.45 (m, 2H), 1.27 (m, 18H), 0.89 (s, 9H), 0.05 (s, 6H).
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OH

WV\/\/\/\/\/OTBS

cl
(13R,14R)-1-((tert-butyldimethylsilyl)oxy)-13-chloro-15-hexadecen-14-ol (6)
Based on a preparation developed by Jgrgenson and coworkers,5 a solution of 4 (297 mg, 0.87 mmol, 1.0
equiv.) in DCM (3.4 mL) was cooled to 0°C. (S)-Prolinamide (9.9 mg, 0.09 mmol, 0.1 equiv.) and NCS (150
mg, 1.13 mmol, 1.3 equiv.) were added and the solution was stirred for 1 hour at 0°C. the reaction was
warmed slowly to room temperature over 3 hours and stirred to completion. The solution was diluted with
hexanes and filtered. The filtrate was concentrated, dissolved in hexanes, filtered, and concentrated again.
An aliquot of the reaction was treated with NaBH4, and the resulting alcohol was trapped as the benzoate
ester for analysis of enantiomeric enrichment via chiral HPLC. The crude a-chloroaldehyde (5) was used
without further purification.
A solution of crude a-chloroaldehyde (5) in THF (6 mL) was cooled to -78°C. Vinylmagnesium bromide (1M
in Et2O0, 0.87 mL, 0.87 mmol, 1.0 equiv.) was slowly added and the solution was warmed to room
temperature and stirred for 20 hours. The solution was quenched with NH4CI (25 mL), diluted with Et.O (25
mL), and the layers separated. The aqueous layer was extracted with Et20 (2 x 25 mL) and the combined
organics were washed with brine (50 mL). The organic layer was dried over MgSQO,, filtered, and
concentrated in vacuo. The crude was purified by flash column chromatography (silica gel, 40 to 100%
DCM in hexanes gradient) to provide 6 in 39% yield over two steps at a 1:1 mixture of diastereomers (137
mg, 82% ee).
Physical properties: Clear, colorless oil;
Rs = 0.40 (silica gel, 60% dichloromethane in hexanes, visualized with anisaldehyde stain);
IR (film) vmax 2924, 2854, 2177, 2023, 1463, 1254, 1099, 835, 775 cm™;
"H NMR (600 MHz, CDCl3) 5 5.97 — 5.84 (m, 1H), 5.41 — 5.21 (m, 2H), 4.17 (t, J = 5.5 Hz, 1H), 3.90 (dt, J
=9.3, 4.5 Hz, 1H), 3.59 (t, J = 6.7 Hz, 2H), 1.88 — 1.80 (m, 1H), 1.74 (dtt, J = 15.5, 10.2, 5.1 Hz, 2H), 1.50
(g, J = 6.8 Hz, 2H), 1.27 (m, J = 9.8 Hz, 18H), 0.89 (s, 9H), 0.05 (s, 6H);
3C NMR (126 MHz, CDCls) 5 136.97, 117.57, 75.31, 68.28, 63.25, 34.26, 32.79,29.60, 29.52, 29.48,
29.42,29.34, 29.34, 28.96, 26.40, 25.89, 25.70, 18.28, -5.35;
LC-MS (ESI) calcd. for C22H453°CINaO:2Si*: 427.28, found 427.30;
[a]o?® = 18.08 (c = 0.31, CHCI3) (at 82% ee).
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OH

Me\/WW\/WVWOTBS

Cl
(13R,14R)-1-((tert-butyldimethylsilyl)oxy)13-chloro-15-docosen-14-ol (7)
Hoveyda-Grubbs Il catalyst (2.4 mg, 0.0038 mmol, 0.05 equiv.) was added to a solution of 6 (31 mg, 0.076
mmol, 1.0 equiv.) and 1-octene (0.012 mL, 0.076 mmol, 1.0 equiv.) in degassed DCM. The solution was
stirred at 40°C for 24 hours. The solvent was concentrated in vacuo and the crude residue purified by flash
column chromatography (silica gel, 20 to 70% DCM in hexanes gradient) to provide 7 in 46% yield (17 mg).
Physical properties: Clear, colorless oil;
Rs = 0.60 (silica gel, 50% dichloromethane in hexanes, visualized with anisaldehyde stain);
IR (film) vmax 3403, 2923, 2853, 1462, 1386, 1252, 1097, 1005, 968, 938, 833, 773, 721, 661 cm';
"H NMR (600 MHz, CDCl3) 5 5.78 (dt, J = 14.4, 6.8 Hz, 1H), 5.52 — 5.42 (m, 1H), 4.08 (t, J = 6.4 Hz, 1H),
3.86 (ddd, J = 9.5, 5.6, 3.9 Hz, 1H), 3.59 (t, J = 6.6 Hz, 2H), 2.06 (q, J = 7.3 Hz, 2H), 1.69 (dtd, J = 14.3,
9.7, 4.6 Hz, 3H), 1.50 (m, J = 6.8 Hz, 3H), 1.35 - 1.25 (m, 28H), 0.89 (s, 9H), 0.05 (s, 6H);
3C NMR (126 MHz, CDCls) 5 135.53, 128.66, 75.84, 69.25, 63.50, 34.53, 33.44, 33.04, 32.44, 31.82,
29.78, 29.74, 29.69, 29.59, 29.25, 29.07, 28.96, 26.76, 26.57, 26.14, 25.95, 22.76, 18.53, 14.22, -5.11;
LC-MS (ESI) calcd. for C2sHs%°CINaO2Si*: 511.37, found 511.4;
[a]o?® = 11.53 (c = 0.34, CHCI3) (at 82% ee).
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(13R,14R)-13-chlorodocosane-1,14-diyl bis(sulfate) (1A)

7 (17 mg, 0.035 mmol, 1.0 equiv) and palladium(ll) hydroxide on carbon (0.5 mg, 0.0035 mmol, 0.1 equiv)
were added to a 1:1 mixture of anhydrous CH2Cl2 (0.35 mL) and MeOH (0.35 mL). The resulting solution
was degassed with N2 for 10 minutes, followed by H2 for another 10 minutes. The reaction was stirred for
30 minutes under an atmosphere or H2. The mixture was filtered through Celite and the residue is washed
with CH2Cl2 and MeOH and the filtrate was concentrated.

The crude product is dissolved in MeOH (1.27 mL) and cooled to 0°C. Acetyl chloride (0.13 mL, 1.75 mmol,
50 equiv) was added dropwise and the solution was stirred at room temperature for 12 hours and quenched
with NaHCOs (10%, 1ml) and washed with water (2 mL). The organic layer was dried with MgSO4 and
concentrated, and the crude residue was purified via column chromatography (silica gel, 10 to 50% EtOAc
in hexanes gradient) to provide the desired diol in 74% yield over two steps (10 mg).

Sulfur trioxide-pyridine complex (42 mg, 0.13 mmol, 5.0 equiv) was added to a stirring solution of the chloro-
diol (10 mg, 0.027 mmol, 1.0 equiv) in DMF (2 mL). After 14 hours the solution was concentrated and filtered
through a plug of silica, washing with 20% MeOH in CH2Clz. The crude residue was purified via column
chromatography (silica gel, 0 to 20% MeOH in DCM gradient) to provide 1A in 31% yield as a 1:1 mix of
diastereomers (4.5 mg). This mixture could be enriched to a 4:1 mix of diastereomers via reverse phase
preparative HPLC (C18 column, 0-100% H20:CHsCN, 60 minutes, 5 mL/min). The product was
spectroscopically in agreement with that previously reported.®

Physical properties: Clear, colorless oil;

R = 0.15 (silica gel, 10% MeOH in DCM, visualized with Seebach’s stain);

"H NMR (600 MHz, CD30D) 5 4.42 (dt, J = 8.2, 3.8 Hz, 1H), 4.29 (dt, J = 10.4, 3.1 Hz, 1H), 3.99 (t, J = 6.7
Hz, 2H), 1.98 — 1.92 (m, 1H), 1.86 — 1.78 (m, 1H), 1.70 — 1.57 (m, 6H), 1.44 —1.25 (m, 28H), 0.90 (t, J =
7.0 Hz, 3H).

[a]p? = 13.26 (c = 0.14, MeOH) (at 82% ee).

S8



NN OTES
1-((tert-butyldimethylsilyl)oxy)-11-dodecene (10)
Hydrobromic acid (12 mL, 68.8 mmol, 1.2 equiv.) was added to a solution of 1,10-decanediol (10 g, 57.4
mmol, 1.0 equiv.) in toluene (150 mL) and heated at reflux for 14 hours. The solution was cooled to room
temperature, then diluted with Et2O (50 mL), and quenched with 1M NaOH (10 mL). The layers were
separated, and the organic layer was washed with brine (100 mL) and dried with MgSQOa. The mixture was
filtered, concentrated in vacuo and purified by flash chromatography (silica gel, 20 to 70% Et20 in hexanes
gradient) providing 1-bromo-10-decanol in 74% yield (10.1 g).
TBSCl was added to a solution of bromoalcohol (7.67 g, 50.9 mmol, 1.2 equiv.) in DCM (216 mL). Imidazole
(4.33 g, 63.6 mmol, 1.5 equiv.) and DMAP (518 mg, 4.2 mmol, 0.1 equiv.) were added and the solution was
stirred for 12 hours. The reaction was quenched with absolute ethanol (3 mL), then washed with saturated
NH4ClI (200 mL). The aqueous layer was washed with EtOAc (2 x 150 mL), then the organic layers were
combined, washed with brine (300 mL), and dried with Na2SO4. The organic layer was concentrated and
redissolved in acetone (86.5 mL). Nal (32.38 g, 216 mmol, 5.0 equiv) was added and the solution was
stirred for 12 hours. The solution was then diluted with hexanes (30 mL) and washed with water (2 x 100
mL). The aqueous layer was extracted with hexanes (2 x 100 mL) and the combined organic layers were
concentrated. The residue was diluted with hexanes (50 mL), filtered with a short pad of Celite, and
concentrated under reduced pressure to yield the silyl protected product in 78% yield (13.1 g).
Copper () iodide (476 mg, 2.5 mmol, 1.0 equiv.) and THF (5 mL) were added to a flame dried flask. A
solution of vinylmagnesium bromide (1 M, 5.36 mL, 7.5 mmol, 3 equiv.) was added and the solution was
stirred at -40° for 15 minutes. A solution of alkyl bromide (1 g, 2.5 mmol, 1.0 equiv.) in THF (5 mL), HMPA
(0.87 mL, 5.0 mmol, 2.0 equiv.), and triethyl phosphite (0.86 mL, 5 mmol, 2 equiv.) were added and the
mixture was stirred for 1 hour. The reaction was warmed to room temperature and stirred for an additional
2 hours, then quenched with NH4Cl (10 mL). The aqueous layer was separated and extracted with EtOAc
(10 mL), washed with brine (7 mL), and dried over MgSO4. The mixture was filtered, concentrated under
reduced pressure, and purified by flash column chromatography (silica gel, 0 to 20% Et20 in hexanes
gradient) providing 10 in 77% yield (577 mg). The product was spectroscopically in agreement with that
previously reported.”
Physical properties: Clear, colorless oil;
R = 0.60 (silica gel, 10% diethyl ether in hexanes, visualized with Seebach’s stain);
"H NMR (400 MHz, CDCls) 5 5.81 (ddt, J = 16.9, 10.2, 6.7 Hz, 1H), 5.04 — 4.89 (m, 2H), 3.60 (t, J=6.6
Hz, 2H), 2.04 (tdd, J = 8.1, 6.0, 1.4 Hz, 2H), 1.54 — 1.48 (m, 2H), 1.36 — 1.25 (m, 14H), 0.89 (s, 9H), 0.04
(s, 6H).
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(4R)-1-Dodecen-4-ol ((+)-9)

Following a procedure disclosed by Krische and coworkers,? 1-nonanol (1.29 mL, 7.4 mmol, 1 equiv.) and
THF (18 mL) were added to an oven-dried sealed tube. [Ir(cod)Cl]2 (124 mg, 0.19 mmol, 0.025 equiv.), (S)-
Cl,MeO-BIPHEP (241 mg, 0.37 mmol, 0.05 equiv.), Cs2CO3 (481 mg, 1.48 mmol, 0.2 equiv.), and m-
nitrobenzoic acid (123 mg, 0.74 mmol, 0.1 equiv.) are added followed by allyl acetate (7.97 mL, 73.8 mmol,
10 equiv.). The reaction mixture was allowed to stir at 100°C for 20 hours. The reaction was cooled to room
temperature, concentrated onto silica gel, and purified by flash column chromatography (silica gel, 5 to 40%
Et20 in hexanes gradient) to provide 9 in 68% yield (916 mg, 96% ee). The product was spectroscopically
in agreement with that previously reported.? Enantioenrichment was quantified by chiral HPLC of the 4-
nitrobenzoate ester (see below).
Physical properties: Clear, colorless oil;
Rs = 0.20 (silica gel, 10% diethyl ether in hexanes, visualized with Seebach’s stain);
"H NMR (600 MHz, CDCl3) 5 5.88 — 5.78 (m, 1H), 5.17 —5.10 (m, 2H), 3.64 (m, 1H), 2.34 — 2.26 (m, 1H),
2.14 (dtt, J=14.0, 7.9, 1.1 Hz, 1H), 1.54 (br s, 1H), 1.50 — 1.41 (m, 3H), 1.36 — 1.23 (m, 11H), 0.88 (t, J =
7.0 Hz, 3H);
[a]o® =7.75 (c = 0.46, CHCI3) (at 96% ee).
OH

Mo N NN
(4S)-1-Dodecen-4-ol ((—)-9)
[a]o® =-8.93 (c = 0.32, CHCI3) (at 96% ee).
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E-(14R)-1-((tert-butyldimethylsilyl)oxy)-11-docosen-14-ol ((+)-11)
Hoveyda-Grubbs Il catalyst (18 mg, 0.029 mmol, 0.05 equiv.) was added to a solution of 9 (301 mg, 1.64
mmol, 1.0 equiv.) and 10 (488 mg, 1.64 mmol, 1.0 equiv.) in degassed DCM. The solution was stirred at
40°C for 24 hours. The solvent was concentrated in vacuo and purified by flash column chromatography
(silica gel, 0 to 20% EtOAc in hexanes gradient) to provide 11 in 47% yield (350 mg).
Physical properties: Clear, colorless oil;
R¢ = 0.50 (silica gel, 10% ethyl acetate in hexanes, visualized with Seebach’s stain);
IR (film) vmax 3363, 2919, 2850, 1463, 1388, 1359, 1253, 1097, 1005, 959, 833, 723, 720, 663 cm-*;
"H NMR (600 MHz, CDCl;) 6 5.53 (dt, J = 15.2, 6.6 Hz, 1H), 5.43 — 5.35 (m, 1H), 3.59 (t, J = 6.7 Hz, 2H),
3.57 (s, 1H), 2.26 — 2.18 (m, 1H), 2.03 (dq, J = 27.1, 7.5 Hz, 3H), 1.63 (br s, 1H), 1.52 — 1.43 (m, 2H), 1.46
-1.39 (m, 3H), 1.37 — 1.32 (m, 2H), 1.27 (d, J = 10.2 Hz, 24H), 0.88 (d, J = 9.0 Hz, 11H), 0.04 (s, 6H).
3C NMR (101 MHz, CDCls) 5 134.89, 125.95, 71.04, 63.45, 40.87, 36.87, 33.03, 32.82, 32.03, 29.85,
29.78, 29.73, 29.71, 29.67, 29.62, 29.58, 29.47, 29.43, 29.33, 26.13, 25.95, 25.84, 22.82, 18.52, 14.25, -
5.12.
LC-MS (ESI) calcd. for CsH1435Cl2O[NH4]*:455.43, found 455.48;
[a]p® = 1.02 (c = 0.47, CHCI3) (at 96% ee).
OH

NG N N NN S N L
E-(14S)-1-((tert-butyldimethylsilyl)oxy)-11-docosen-14-ol ((-)-11)
[a]p? =-1.30 (c = 0.41, CHCIz) (at 96% ee).
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(R)-docosane-1,14-diyl bis(sulfate) ((+)-1B)
Based on analogous work by Carreira and coworkers,® 11 (292 mg, 0.642 mmol, 1.0 equiv.) and
palladium(ll) hydroxide on carbon (9.01 mg, .064 mmol, 0.1 equiv.) were added to a 1:1 mixture of
anhydrous CH2Clz (7 mL) and MeOH (7 mL). The resulting solution was degassed with N2 for 10 minutes,
followed by H2 for another 10 minutes. The reaction was stirred for 30 minutes under an atmosphere or Ha.
The mixture was filtered through Celite and the residue is washed with CH2Cl> and MeOH and the filtrate
was concentrated.
The crude product is dissolved in MeOH (26 mL) and cooled to 0°C. Acetyl chloride (0.91 ml, 12.8 mmol,
20 equiv.) was added dropwise and the solution was stirred at room temperature for 12 hours and quenched
with NaHCOs3 (10 wt%, 8 mL) and washed with water (15 mL). The organic layer was dried with MgSO4 and
concentrated, and the crude residue was purified via column chromatography (silica gel, 10 to 50% EtOAc
in hexanes gradient) to provide the diol product in 82% yield (180 mg).
Sulfur trioxide-pyridine complex (404 mg, 2.54 mmol, 10.0 equiv.) was added to a stirring solution of the
diol (174 mg, 0.51 mmol, 1.0 equiv.) in THF. After 14 hours the solution was concentrated and filtered
through a plug of silica, washing with 20% MeOH in CH2Clz. The crude residue was purified via column
chromatography (silica gel, 0 to 20% MeOH in DCM gradient) to provide 1B in 24% yield (61 mg). The
product was spectroscopically in agreement with that previously reported.3
Physical properties: Clear, colorless oil;
R¢=0.11 (silica gel, 10% MeOH in DCM, visualized with Seebach’s stain);
"H NMR (600 MHz, CD30D) 5 4.34 (p, J = 6.0 Hz, 1H), 4.00 (t, J = 6.5 Hz, 2H), 1.70 — 1.57 (m, 7H), 1.41-
1.24 (m, 31H), 0.90 (d, J = 13.9 Hz, 3H).
[a]o?® = 2.25 (c = 0.39, CHCI3) (at 96% ee).

(S)-docosane-1,14-diyl bis(sulfate) ((-)-1B)
[a]p?® = -0.36 (c = 0.34, MeOH) (at 96% ee).
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3. Synthesis of (+)-danicalipin A
Scheme S2. Enantioselective Chemical Synthesis of Danicalipin A

Y otes ¢y gy

Cy, O Gy, O s5 CI ClI >_\
a. ICl, 2,6-ut. T\ c. LICHCI,, \ d. t-BuLi; 4

0
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> — —_— —_—
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(pin)B N ci c’
s1 HO g2 OH s3 s4 S6
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ph“rflav\(:/) Ny #Bu Cy
Ph 15 mol % (S,A)-L cl cl o Cy.
£BUOCI, CITi(O/-Pr)s e. Dess-Martin Y\?
R
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Cl  0SO, o .o o i. CISO4H Cl OH Br Me4N(Cl,Br) cl  OH cl ¢l
S 0o - -~ {__OTBS
CGHmW 3 (48%) /k/H/k/ (44%) CGH13/k:/H/\/\(V)%\/
cl c ¢l cl c ¢ ¢l ¢
(+)-danicalipin A (1) S10 S9

[single isomer, >1 gram prepared]

We synthesized (+)-dancalipin A by modifying a previously published route to (—)-danicalipin A.° The natural
enantiomer (+)-danicalipin A (1) was synthesized via the same route employing ent-S2 and (S,R)-L. The
synthesis of (+)-danicalipin A was performed by first accessing the desired (Z)-chlorovinylboron reagent via
a sequence inspired by the preparation of a related (Z)-(2-bromovinyl)-MIDA developed by Burke.Ero"
Bookmark not defined., 10 Tregtment of commercially available $1 with iodine monochloride and 2,6-lutidine yielded
(2)-(2-chlorovinyl)-MIDA, which could undergo facile ligand exchange with commercially available
enantiopure chiral diol S2 to yield the desired (Z)-chlorovinylboronic ester. Preparation of the fully
elaborated chiral allylboron reagent was achieved via a two-step homologation sequence. Using conditions
originally developed by Matteson, S3 was treated with dichloromethyllithum followed by zinc chloride to
yield a 1,3-dichloroallylboronic ester which was chromatographically unstable. 1213 Subsequent treatment
of this crude compound with the in situ generated Grignard reagent of alkyl iodide S5 to yield the fully
functionalized chiral allylbornic ester $6, which was deteremined to be >99% ee via Mosher ester analysis
of the corresponding alcohol. With access to the chloroallyl boronic ester $6, allylation of the enriched
dichloroaldehyde S8 was attempted. It was found that using an activation procedure of the boronic ester
developed by Aggarwal to the borinate via the addition of n-butyllithium and trifluoroacetic acid the fully
elaborated chlorohydrin 89 was accessible in 75% yield.'*'5 Further analysis showed that a kinetic
resolution occurs during this chloroallylation reaction, and thus 89 was isolated as a single enantio- and
diastereomer. A formal hydrochlorination of the alkene was affected by a two-step sequence, with initial
bromochlorination of the O-deuterated S9 with MesN(CI2Br) in 44% yield.'®'7 Subsequent radical
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debromination with tributyltin hydride proceeded in 74% yield based on recovered starting material.

Sulfation yielded (+)-danicalipin A (1) in 8 linear steps.
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5. HPLC Traces

(0]
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Cl

Racemic Sample: Chiralpak OD-H column, 0.25% i-PrOH in Hexanes, 30 minutes

13.158
)
£’
%

min

Peak RetTime Type Width Area Height Area
#  [min] [min] [mAU*s ] [mAU] %
e R P s |-nmmmeee |+mmmmmeees |-ommneee |
1 11.608 MM 0.4352 7216.07910 276.33786 49.8973
2 13.158 MM 0.5007 7245.79053 241.20280 50.1027

Scalemic Sample: Chiralpak OD-H column, 0.25% i-PrOH in Hexanes, 30 minutes

-
“f . B
20- L
100—i
10 11]I 5 1|1 11I 5 1|2 11;.5 1‘3 1:;5 1|4 145 min
Peak RetTime Type Width Area Height Area
#  [min] [min] [mAU*s] [mAU] %

S P P |+ |+ | =mmmees |
1 11.596 MM 0.4131 1773.04919 71.54176 8.0344

2 13.114 MM 0.5358 2.02952e4 631.31335 91.9656
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Racemic Sample: Chiralpak OD-H column, 0.05% i-PrOH in Hexanes, 120 minutes

maL -

-

i
0.139)

o
[
o

i & \\\\ //43{1\\\
\
Y “

500—

100= /
0- . !

Peak RetTime Type Width Area Height Area
# [min] [min] [mAU*s] [mAU] %

1 27.158 MM 1.2338 4.55414e4  615.19806 49.9476
2 30.139 MM 1.3941 4.56370e4  545.58795 50.0524

Scalemic Sample: Chiralpak OD-H column, 0.05% i-PrOH in Hexanes, 120 minutes

Peak RetTime Type Width Area Height Area
# [min] [min] [mAU*s] [mAU] %

Seefeneee R . = RS |
1 29.996 MM 1.1188 548.08099 8.16486 1.9931

2 32.139 MM 1.6620 2.69510e4 270.26782 98.0069
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Scalemic Sample: Chiralpak OD-H column, 0.05% i-PrOH in Hexanes, 120 minutes

800—

800

200__ % ..’:‘E}“ﬁ\
g : R’
Peak RetTime Type Width Area Height Area
# [min] [min] [mAU*s ] [mAU] %

1 25.869 MM 1.2326 7.87235e4 1064.48047 98.3818
2 29.593 MM 0.9841 1294.83826  21.92855 1.6182
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6. Cell culture and halide quantification from NanoSIMS imaging

Ochromonas danica (CCMP3279 from the National Center for Marine Algae and Microbiota at
Bigelow Laboratory) was cultured in YPD medium (10 g yeast extract, 20 g of peptone, and 20 g of
glucose in 1 L of water). Cells were grown in 5 mL of YPD in an 8 mL sterile culture tube with a loose cap
in a sunny window. We modified the media described by Bruckstein and Scher in order to grow O. danica
in halide-defined media.'®1° Cells typically reached stationary phase in 5-20 days under these conditions.
For halide-defined media, the following were added to 1 L of water: 0.3 g KH2PO4, 1.4 g MgSO4+7H20,
0.4 g MgCOs, 0.1 g nitrilotriacetic acid, 0.05 g CaCOs, 1.0 g thiamine mononitrate, 10.0 g glucose, 3.0 g
L-glutamate, 0.4 g L-histidine, 0.4 g L-arginine. The pH was adjusted to 5.0 with nitric acid. 1 mL of an
essential metal solution consisting of 2 g Fe(NH4)2(S04)2:6H20, 1 g ZnSO4+7H20, 0.5 g MnSO4+H20, 0.1
g CoS04+7H20, 0.1 g H3BO3, 20 mg CuS0O4+5H20, 50 mg (NH4)sM07024°4H20, 10 mg NasVOs4, 10 mg
biotin in 1 L of water was also added to the media. Finally, 0.5 g NH4ClI, 1.0 g NH4Br, 1.5 g NHa4l, and 1.3
g NH4SO4 were added to separate 1 L portions of media for the chloride-defined, bromide-defined, iodide-
defined, and no-halide-added media, respectively. The resulting halide concentration from added halides
in each of the halide-defined media was 9.4 mM. The media were sterile filtered, and 10 uL of a
suspension of O. danica grown in YPD were added to 5 mL aliquots of each medium and left to grow in a
sunny window. Cultures were maintained in each of these media by adding a small amount of saturated
culture to fresh sterile media when the cultures reached stationary phase.

Cells were fixed with glutaraldehyde and washed with water prior to NanoSIMS analysis in a
manner similar to that described for other types of cells.2° A 1 mL portion of a suspension of cells grown
in YPD and each halide-defined medium was added to Eppendorf centrifuge tubes. Cells were gently
spun down at 400 g, and the supernatant was removed. The cells were then resuspended in 1 mL of 4%
glutaraldehyde (electron microscopy grade from Electron Microscopy Sciences, Hatfield, PA) and fixed for
15 min. The fixed cells were then spun down at 400 g, and the supernatant was removed. The fixed cells
were resuspended in 1 mL of water, spun down at 400 g, and the supernatant was again removed. In
order to ensure that no salts remained in the cells, they were rinsed twice more with deionized water.
After the last centrifugation, the pellet was resuspended in 100 yL of water. 20 pL of each cell suspension
was added to a NanoSIMS substrate and allowed to dry overnight in a vacuum desiccator. The substrates
were 5 mm x 5 mm pieces diced from a silicon water with a native oxide layer on the surface. The
substrates were cleaned in detergent and plasma cleaned immediately before use as described
previously.?! In order to prevent charge buildup during NanoSIMS analysis, we adapted a procedure from
the literature for metal coating cells.?? Substrates with dry cells on the surface were coated with 1.5 nm of
a gold/palladium alloy with a Denton Desk sputter coater.

The samples were then introduced into ultra-high vacuum and analyzed with the NanoSIMS 50L
at Stanford University. The primary ion beam was a ~2 pA Cs* beam focused to an approximately 100 nm
diameter spot. The ion detectors were set to '2C-, 12C'*N-, 32S-, 35C|-, 8'Br-, 127|-, and '%’Au-, and

secondary electrons were additionally collected. The secondary ion peaks for the halides and Au were

S23



identified with NH4CI, NH4Br, NH4l, and Au/Pd standards. Cells were imaged in a 20 ym x 20 ym window
at 256 px x 256 px for 50 frames. NanoSIMS images were analyzed with Imaged 4.18 (National Institutes
of Health, USA) using the OpenMIMS plugin (Brigham and Women’s Hospital Center for Nanolmaging,
Brigham and Women's Hospital, USA). The first 5 frames were deleted in order to remove contamination
from the Au/Pd coating. The remaining 45 frames were summed in OpenMIMS. The halide images were
normalized to the 2C'*N- image in order to correct for topographical artifacts that change ion yield.
Regions of interest were manually drawn over each cell, and the mean halide/'2C'*N- ratios within each
region were calculated. Note that for Cl and Br, the ratios were adjusted in order to account for the other
major stable isotopes (i.e. 3Cl and 7°Br). The halide secondary ion intensities were not corrected for their
different ionization efficiencies because Cl, Br, and | have similar electron affinities and therefore,
negative ionization efficiencies.?3

In order to quantify the changes in halide abundance among the different growth conditions, the
ion counts were summed from a region within the cell body. To correct for differences in ionization
efficiency and topography between cells, the total halide counts were normalized to the total '?C'“N-
counts. Finally, the ratios were corrected to account for the abundances of the stable isotopes of Cl and
Br. The final X-/'>C'*N- ratios, shown in Supplementary Table 1, show a dramatic increase in brominated
molecules when the cells are grown in medium with bromide as the sole halide source. Notably, there are
no detectable iodinated molecules in the cells grown in minimal-iodide medium. Furthermore, as very little
iodide is detected in cells from the iodide-defined medium, we are confident that our sample preparation
method removed virtually all salts from the cells and that chloride and bromide ions are indeed from

halogenated molecules associated with cell membranes.

Halide Quantification From NanoSIMS Imaging

Rich medium SD Chloride SD Bromide SD lodide SD No halide

CI/CN- 0.201 +0.009 0.141£0.009 0.02437 + 0.018 £ 0.0034 + 0.002
0.00003 0.003
Br/CN- 0.00006 + 0.00013 = 0.0452 + 0.00010 0.00006 *
0.00002 0.00007 0.00006
0.0006 0.00004
I'/ICN- 0.00002 + 0.00003 0.00002 + 0.00006 * 0.00004 +
0.00001 0.00001 0.00001 0.00004
0.00002
Halide/CN- | 0.201 + 0.009 0.142+£0.009 0.0695 + 0.018 £ 0.034 + 0.002
0.0006 0.003
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Supplementary Table 1. Halide compositions of cells grown in different media as measured by
NanoSIMS. Uncertainties are reported as the standard deviations of different cells. Note that halide/CN-
ratios have not been corrected for the different ion yield of '>)C!“N- vs. halides. Therefore, the halide ratios
can be compared to each other but do not actually provide the ratio of halide to carbon in the samples.

Quantities have been corrected for the isotopic abundances of halides.

Thin sections of O. danica cells were also imaged with nanoSIMS to investigate the subcellular
distribution of chlorosulfolipids. After rinsing the cells with water, the pellet was resuspended in 10%
gelatin at 37°C and centrifuged at 3000g for 5 min. The congealed gelatin was removed from the
Eppendorf tube, and the cell pellet at the bottom was removed from the rest of the gelatin. The cell pellet
in gelatin was embedded in OCT (optimal cutting temperature) compound as the OCT was freezing over
dry ice. The frozen block was cryosection with a cryo-microtome, and the 5 um sections were placed on 5
mm x 5 mm pieces of silicon wafers. The wafers were rinsed with water to remove OCT and then imaged
with nanoSIMS as previously described.

Supplementary Figure 1 shows a representative nanoSIMS ratio image of a section of O. danica
cells. Green circles identify cells that appear to be sectioned through the middle of the cell. There appears
to be chloride, and therefore chlorosulfolipid, enrichment at the edges of the cell and within some
intracellular regions of the cell. This data suggests that chlorosulfolipids are primarily localized in the
plasma membrane and some organelle membranes, but we cannot identify which organelles from the

nanoSIMS images. Future studies could purify organelles from cells and identify chlorosulfolipid

enrichment by nanoSIMS imaging or mass spectrometry-based lipidomics.

Secondary e 35Cl-/22C

Supplementary Figure 1. NanoSIMS images of thin sections of O. danica cells. Green circles identify

sectioned cells. Scale bars, 10 um.
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7. Mass spectrometry-based lipidomics

Halosulfolipids were purified from cells according to published protocols.?* To grow enough cells
to isolate halosulfolipids, the 5 mL starter cultures were added to 1 L of each of the halide-defined media.
Cells were harvested from 1 L stationary-phase cultures by centrifugation at 15000 g for 30 min. The cell
pellets were extracted with 100 mL of 1:1 methanol:ethylacetate. The organic phase was separated and
filtered. The halosulfolipid fraction was purified by flash chromatography with 10-30%
methanol/dichloromethane. Fractions containing halosulfolipids (as judged by TLC) were pooled and
concentrated, yielding a semi-pure green paste. The semi-pure halosulfolipid fractions from cells grown in
each medium were then analyzed with LC-MS. Analysis was performed on a Waters Acquity UPLC
system equipped with a C8 column and Waters SQD2 with ESI ion source. Halosulfolipid fractions were
dissolved in 500 puL methanol, filtered, and 5 pL was injected into the LC-MS instrument. The
chromatogram peak corresponding to halosulfolipids was identified via the selected ion chromatogram
generated for the danicalipin A (1) [M+H] ion. Halosulfolipid mass spectra displayed the characteristic
isotope distributions. Relative halosulfolipid amounts were estimated by taking the ratio of ion counts of
each halosulfolipid species to that of the most abundant species in the mass spectrum.

Supplementary Figure 2 shows the regions of mass spectra containing halosulfolipids for cells
grown in each of the different media. The predominant ion in the rich medium is the molecular anion of
danicalipin A (1). In the chloride-defined medium, the pentachloride analogue is the most abundant. This
medium has a lower chloride concentration than the defined medium. In the bromide-defined medium, the
pentabromo analogue is the most abundant, with the fully brominated analogue also being detectable. In
the iodide-defined medium, no iodinated analogues are observed, and the tetrachloro analogue is the
most abundant. These results indicate that the level of chlorination of danicalipin A is somewhat
dependent on the chloride concentration in the medium, but that the deschloro analogue is never the
most abundant, suggesting a selection pressure for the halogenation. Finally, consistent with the
NanoSIMS data, we directly show that brominated analogues of danicalipin A are synthesized by O.

danica while iodinated analogues are not.
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Supplementary Figure 2. Halosulfolipid compositions of cells grown in different media as measured by
LC-MS. a) halosulfolipids from cells grown in a rich medium. b) halosulfolipids from cells grown in a CI-
defined medium. c) halosulfolipids from cells grown in a Br-defined medium. d) halosulfolipids from cells
grown in an I-defined medium. [M] in (a), (b), and (d) is the molecular ion for danicalipin A (1). [M] for (c) is
molecular ion for the fully brominated analogue of danicalipin A. In each of the halide-defined media, the
concentration of added halide is 9.4 mM. Chloride concentration in (c) and (d) is from trace
contamination. The chloride concentration is (a) > (b) > (c) = (d). The approximate average mass of each

species is indicated below its formula.
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8. GUV formation and phase behavior of DPTS-sulfolipids GUVs

Supplementary Figure 3. Phase separation in DPTS GUVs containing danicalipin A (1) and
deschlorodanicalipin A ((-)-1B). a-g) Domains that exclude TR-DHPE with complex shapes ranging from
round to needle-like are observed across a wide variety of DPTS (3):danicalipin A (1) ratios. The
microscope focal plane was adjusted so that either the top or bottom face of the GUV was in focus.

Giant unilamellar vesicles (GUVs) of mammalian or algal lipids were formed as previously
described using the gentle hydration method.2526 To form GUVs by gentle hydration, 20 nmol of lipids
were mixed in the desired ratios in 2 mL Teflon-capped glass vials. The solvent was evaporated under a
gentle stream of argon while rotating the vial. The resulting lipid film was then re-dissolved in chloroform
and dried into a film under argon again. Residual solvent was removed by placing the vials in a vacuum
desiccator for at least 2 hours. 500 pL of 500 mM sucrose in water was gently added to each vial, and the
vial was tightly sealed. The sealed vials were placed in an oven at 60 °C overnight to form GUVs. The
vials were then cooled to room temperature, and GUVs were imaged by adding 20 pL of GUV solution to
200 pL of 500 mM glucose in a PDMS well bonded to a glass coverslip. Once the GUVs had sunk, a
Nikon Ti-U inverted epifluorescence microscope with a 100X oil immersion objective (Nikon Instruments)
equipped with an Andor iXon 897 camera (Andor Technology, Belfast, United Kingdom) was used to
image them. Standard emission and excitation filters for Texas Red (ex = 562/40 nm, bs = 593 nm, em =
624/40 nm) were used (Chroma Technology Corp.). The microscope and camera were controlled via
Metamorph software (Molecular Devices), and images were processed with ImagedJ (National Institutes of
Health).

As shown in Supplementary Figure 3, DPTS GUVs containing either danicalipin A (1) or

deschlorodanicalipin A ((-)-1B) at a wide range of concentrations displayed phase separation, as
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visualized by TR-DHPE fluorescence. The morphologies of these phases ranged from thin needle-like
shapes to round. There was no obvious correlation between the concentration or the chlorination of the
sulfolipid and the morphology of the domains. TR-DHPE-excluding domains were observed at all
sulfolipid concentration where GUVs were formed. The dark domains usually were of smaller surface
areas than the surrounding bright phase. As the sulfolipid was the minor component of the GUVs, we
assume that the dark domains are enriched in sulfolipid. However, we have no other information about
the composition of domains in DPTS/sulfolipid GUVs at this time. On the other hand, no phase separation

was observed for GUVs composed of POPC (2) and danicalipin A (1) (Supplementary Figure 4).

Supplementary Figure 4. GUVs formed from 80:20 POPC (2):danicalipin A (1) appear uniform when
imaged with TR-DHPE.
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9. Cryogenic transmission electron microscopy

SUVs were prepared as described for SAXS analysis. Cryogenic transmission electron
microscopy was performed at the Stanford-SLAC CryoEM Facility. 3 yL of a solution of SUVs was applied
to a Quantifoil holey carbon grid (Quantifoil Micro Tools GmbH) that was previously glow discharged,
blotted for 1-2 seconds, and plunge frozen in liquid ethane using a Leica GP plunge freezer (Leica
Microsystems). The frozen grids were imaged with an FEI Tecnai F20 electron microscope (FEI
Company) equipped with a Gatan K2 Summit direct detection device (Gatan Inc) with a dose rate of 6-10
e-/px/s. A low pass filter of 0.1 and mean shrink of 4 were applied to the raw images for visualization only.
The raw images were processed with RELION 3.0 (Sjors H.W. Scheres, MRC Laboratory of Molecular
Biology).?” Overlapping regions of the bilayers were picked with the manual picking tool, extracted, CTF-
corrected, and 2D averaged. The 2D classes with good alignment were reclassified into a single 2D class.
The electron scattering profile of the bilayer was calculated by taking a line profile of the 2D classes in
ImageJ.®®

Supplementary Figure 5 shows that at 10 and 30 mol% danicalipin A (1) in POPC (2), vesicles
remain unilamellar and maintain their gross morphology. Averaging of segments of the bilayers
(Supplementary Figure 6) reveals subtle differences between the vesicles with different concentrations of
halosulfolipids. Consistent with the SAXS data, cryoEM averages show the bilayer thinning when
danicalipin A (1) is present (Supplementary Figure 7). We did not collect enough micrographs to quantify
the bilayer thicknesses with high precision, but the trend agrees with the higher-precision SAXS data

qualitatively.
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Supplementary Figure 5. Representative micrographs of a) POPC (2), b) POPC (2) + 10% danicalipin A
(1), and c) POPC (2) + 30% danicalipin A (1) SUVs in vitreous ice. Scale bars, 50 nm.

Supplementary Figure 6. 2D class averages of a) POPC (2), b) POPC (2) + 10% danicalipin A (1), and
c) POPC (2) + 30% danicalipin A (1) bilayers. Scale bars, 5 nm.
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Supplementary Figure 7. Electron scattering profiles from the 2D class averages in Supplementary
Figure 6.
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10. Pressure-area isotherms of DPPC and cholesterol

Pressure-area isotherms of Langmuir monolayers were recorded using standard techniques with
a KSV NIMA KN 2002 (Biolin Scientific) Langmuir trough equipped with a 273 cm? Teflon trough and
symmetric Delrin barriers.2° A Wilhelmy plate made of a piece of Whatman #1 filter paper was used to
monitor the surface pressure. Water was added to the clean Langmuir-Blodgett trough, and a vacuum line
was used to remove any contaminants from the surface before lipid addition. The desired mixtures of
lipids and chlorosulfolipids (1 mM in chloroform) were spread onto the surface of the water slowly with a
glass microsyringe, and solvent was allowed to evaporate for 10 min. Note that we observed that it was
necessary to use chloroform to disperse the lipids at the air-water interface. When methanol was used,
much of the lipid was lost to the subphase, generating falsely small mean molecular areas (MMAs). The
barriers were then compressed at a rate of 10 mm/min until the isotherm showed that the monolayer had
collapsed.

We compared the pressure-area isotherms for monolayers of DPTS (3) and halosulfolipds to
those of a more conventional lipid mixture, DPPC and cholesterol (Supplementary Figure 8). When
cholesterol is included in DPPC monolayers, the MMAs shift to lower values due to the smaller size of
cholesterol relative to DPPC. Additionally, the phase transition disappears between 20 and 40 mol%
cholesterol. These trends reflect the changes to the phase behavior of the monolayer, as the added
cholesterol disorders gel phase DPPC to form a liquid ordered phase. This behavior contrasts with that of

DPTS (3) and the halosulfolipids analyzed in this work.
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Supplementary Figure 8. Pressure-area isotherms of mixtures of DPPC and cholesterol.

Supplementary Figure 9 shows the monolayer compressibilities calculated from the isotherms in
Supplementary Figure 8 at 32 mN/m. The compressibility rises with increasing cholesterol concentrations
up to 20 mol% as the cholesterol fluidizes the gel phase DPPC. After the phase transition to the liquid
ordered phase, adding more cholesterol rigidifies the monolayer and decreases the compressibility.

Again, this behavior stands in contrast to DPTS (3) and danicalipin A (1), which continuously increase the
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compressibility as its concentration is increases. This suggests that danicalipin A (1) disorders and

fluidizes gel phase DPTS (3) monolayers without causing a first order phase transition.
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Supplementary Figure 9. Compressibility of mixtures of DPPC and cholesterol.

S34



11. NanoSIMS imaging of POPC SLBs containing danicalipin A

(1) contain both sulfur and chloride. Scale bar, 5 ym.

In order to directly show that danicalipin A (1) was incorporated into lipid bilayers, we used
NanoSIMS to image the atomic composition of supported lipid bilayers formed from a lipid mixture
containing danicalipin A (1). GUVs were formed as described in the text from d31-POPC (2) + 30 mol%
danicalipin A (1). The GUVs were added to plasma cleaned NanoSIMS substrates and allowed to rupture
to form isolated SLB patches. After 15 min., the substrates were rinsed with water several times to
remove sucrose, salt, and unruptured vesicles. Substrates were flash frozen and freeze dried to remove
vitreous ice.3® SLB patches were then imaged with a 20 um box and 256 x 256 px. The images were
binned 2x to facilitate visualization. The ion images show that in addition to containing 2H from the POPC
(2), the SLBs contain both S and Cl, indicating that danicalipin A (1) is associated with the bilayers.
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12. Small angle X-ray scattering data

SAXS data for small unilamellar vesicles with and without sulfolipids were collected and fit as
previously described.3'32 A thin film of 1 ymol of POPC (2) + sulfolipid was hydrated with 250 L water,
vortexed, and then extruded through a 100 nm-pore membrane 31 times. The resulting suspension was
then extruded through a 50 nm-pore membrane 31 times to ensure unilamellarity.3® 30 pL of the resulting
suspensions were aliquoted into small centrifuge tubes for SAXS analysis.

Synchrotron SAXS data were collected at beamLine 4-2 of the Stanford Synchrotron Radiation
Lightsource (SSRL), Menlo Park, CA.3* The sample to detector distance was set to 1.1 m and the X-ray
wavelength to A = 1.127 A (11 keV). Using a Pilatus3 X 1M detector (Dectris Ltd, Switzerland) the setup
covered a range of momentum transfer q = 0.017 — 1.17 A" where q is the magnitude of the scattering
vector defined as q = 411 sinB /A, with 8 the scattering angle and A the wavelength of the X-rays. Aliquots
of 30 uL of freshly extruded vesicles were loaded onto the automated sample loader at the beam line.3%
Consecutive series of sixteen 2 s exposures were collected first from the buffer blank followed by the
vesicle samples. Solutions were oscillated in a stationary quartz capillary cell during data collection to
maximize the exposed volume in order to reduce the radiation dose per exposed sample volume. The
collected data was radially integrated, analyzed for radiation damage, and the buffer was subtracted
using the automated data reduction pipeline at the beam line. To improve statistics and check for
repeatability the measurements were repeated with different aliquots 8 to 10 times per sample.

The buffer-subtracted and averaged data were fit using the model for unilamellar vesicles,3' which is
based on approximating the electron density of the bilayer by three Gaussian peaks corresponding to the
inner and outer phosphate peak and a negative trough at the hydrophobic bilayer center. The following
Equation 1 was used for the fits:

1(@) = Ly 2 X773 (Ro + ) (Ro + ) pip;0:0; expl-q*(af + a7)/2] cosq(e; — €;)] + ap + arqg (1)

where Ry is the mean radius of the vesicle measured at the center of the bilayer, € is the peak
displacements from the bilayer center, o the Gaussian width of the peak and p its amplitude. /y is the
overall intensity of the measured profile. A background term was added, consisting of a constant ap and a
linear term a1, to take into account the contribution from possible lateral correlations. The measured data
were fit in the g-region between g = 0.02 — 0.6 A-'. First the data were fit using a simulated annealing
routine and the results were then further optimized using a non-linear least square algorithm, both by

using code from the open source GNU scientific library project (https://www.gnu.org/software/gsl/).
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Supplementary Figure 11. Small angle X-ray scattering curves for mixtures of POPC (2) and a)

danicalipin A (1) and b) deschlorodanicalipin A ((<)-1B). The fits to the experimental data are shown in

black.

Results From Fitting of SAXS Data

Lipid P1 €1 o1 P2 (o) P3 €3
1.43 -18.8 3.53 -1.00 6.16 1.52 18.4
POPC
+0.03 04 +0.07 *0.02 +0.12 +0.03 04
POPC +
10 1.30 -18.2 4.28 -1.00 6.11 1.89 16.8
° +0.03 04 +0.09 *0.02 +0.12 +0.04 0.3
DanA
POPC +
30% 1.52 -17.6 4.03 -1.00 5.42 1.59 13.2
° *0.03 0.3 +0.08 *0.02 *0.11 *0.03 0.3
DanA
POPC +
10% 1.32 -18.4 3.87 -1.00 6.52 1.55 17.6
DesCI- *0.03 *04 +0.08 *0.02 +0.13 +0.03 0.3
DanA
POPC +
30% 1.30 -16.9 4.24 -1.00 6.93 1.60 16.3
DesClI- +0.02 0.3 +0.08 *0.02 +0.14 +0.03 0.3
DanA
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Lipid O3 lo [X1 07 ] Ro OR ao a1 X2 D=¢g;3-¢
49.2
1.66 16.1 0.22 0.67 0.00 37.2
POPC 1.76
+0.03 +0.3 1.0 +0.01 +0.01 +0.00 +0.6
POPC + 49.9
1.65 14.4 0.18 0.76 0.22 35.0
10% 0.14
+0.03 +0.3 +0.003 +0.02 +0.004 +0.5
DanA 1.0
POPC + 50.6
2.75 5.48 0.18 0.50 0.18 30.8
30% 21.0
+0.05 +0.11 +0.004 +0.01 +0.004 04
DanA 1.0
POPC +
49.9
10% 1.95 11.8 0.18 0.65 0.00 0.53 36.0
DesCIl- *0.04 +0.2 1.0 + 0.004 +0.01 +0.00 ' 0.5
DanA |
POPC +
50.2
30% 2.16 10.1 0.18 0.78 0.00 0.29 33.2
DesCIl- *0.04 +0.2 1.0 +0.004 +0.02 +0.00 ' 04
DanA ’

Supplementary Table 2. Parameters from fitting of small angle X-ray scattering data.
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13. Comparison of (+)- and (-)-deschlorodanicalipin A

In order to examine the effects of the stereochemistry at the C14 sulfate, we synthesized (+)- and (-)-
deschlorodanicalipin A, (+)-1B and (-)-1B, respectively. We examined the interaction of the two
enantiomers with lipid monolayers and lipid bilayers. First, we examined pressure-area isotherms of
mixtures of (+)-deschlorodanicalipin A ((+)-1B) and DPTS (3) as described in the main text for other
mixtures of sulfolipids and DPTS. As shown in Supplementary Figure 12a-b, the isotherms for mixtures of
(+)-1B and 3 are virtually the same as for mixtures of (—)-1B and 3. Both enantiomers show very little
binding to monolayers of DPTS 3, indicating that the chlorination and stereochemistry of chlorines in
danicalipin A (1) are responsible for membrane interaction. As demonstrated previously for diastereomers
of 1, enantiomers have the same behavior while diastereomers behave differently due to gauche

interactions between vicinal chlorines.36:37

DPTS + (+)-Deschlorodanicalipin A

a 7 b
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Supplementary Figure 12. Incorporation of danicalipin A (1), monochlorodanicalipin A (1A), (-)-
deschlorodanicalipin A ((-)-1B), and (+)-deschlorodanicalipin A ((+)-1B) into monolayers of DPTS (3). a)
Pressure-area isotherms of DPTS (3) (red), 1:1 DPTS (3):danicalipin A (1) (green), 1:1 DPTS (3):(-)-
deschlorodanicalipin A ((-)-1B) (blue), and 1:1 DPTS (3):(+)-deschlorodanicalipin A ((+)-1B). b) Pressure-
area isotherms of mixtures of danicalipin A (1) and (+)-deschlorodanicalipin A ((+)-1B). DPTS (3) makes

up the rest of the mol% of the mixture for the indicated sulfolipid mol%.

We also repeated the GUV formation experiments in the presence of (+)-deschlorodanicalipin A ((+)-1B),
according to the procedure previously described. As with (—)-deschlorodanicalipin A (1B), (+)-1B induced
the formation of fluid GUVs at 10-15 mol% (Supplementary Figure 13). This result indicates that the two

enantiomers of deschlorodanicalipin A ((+)-1B and (-)-1B) interact with lipid bilayers in the same way and
that the stereochemistry of the sulfate at C14 is inconsequential in the absence of vicinal chlorines to bias

the molecular conformation.
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97% DPTS 5% DPTS 90% DPTS O% DPTS 0% DPTS

Supplementary Figure 13. Incorporation of (+)-deschlorodanicalipin A ((+)-1B) into GUVs of DPTS (3)
and their influence on DPTS (3) phase behavior. (+)-DesCIDanA = (+)-deschlorodanicalipin A ((+)-1B).
Scale bar, 25 um.
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