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1-deoxysphingolipids to mitochondria induces mitochon-
drial dysfunction. J. Lipid Res. 2017. 58: 42–59.
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Abstract 1-Deoxysphingolipids (deoxySLs) are atypical 
sphingolipids that are elevated in the plasma of patients with 
type 2 diabetes and hereditary sensory and autonomic neu-
ropathy type 1 (HSAN1). Clinically, diabetic neuropathy and 
HSAN1 are very similar, suggesting the involvement of de-
oxySLs in the pathology of both diseases. However, very 
little is known about the biology of these lipids and the 
underlying pathomechanism. We synthesized an alkyne ana-
log of 1-deoxysphinganine (doxSA), the metabolic precursor 
of all deoxySLs, to trace the metabolism and localization of 
deoxySLs. Our results indicate that the metabolism of these 
lipids is restricted to only some lipid species and that they 
are not converted to canonical sphingolipids or fatty acids. 
Furthermore, exogenously added alkyne-doxSA [(2S,3R)-
2-aminooctadec-17-yn-3-ol] localized to mitochondria, caus-
ing mitochondrial fragmentation and dysfunction. The 
induced mitochondrial toxicity was also shown for natural 
doxSA, but not for sphinganine, and was rescued by inhibi-
tion of ceramide synthase activity.  Our findings therefore 
indicate that mitochondrial enrichment of an N-acylated 
doxSA metabolite may contribute to the neurotoxicity seen 
in diabetic neuropathy and HSAN1. Hence, we provide a po-
tential explanation for the characteristic vulnerability of pe-
ripheral nerves to elevated levels of deoxySLs.—Alecu, I., A. 
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PROVIDE฀VALUABLE฀INSIGHTS฀INTO฀THE฀BIOLOGY฀OF฀DEOXY3,
MEDI

ATED฀NEUROTOXICITY�฀/UR฀DATA฀ SHOW฀ THAT฀DEOXY3,S฀CANNOT฀
be recycled to canonical sphingolipids or fatty acids and 
THAT฀THE฀CLASS฀OF฀DEOXY3,S฀IS฀RESTRICTED฀TO฀ONLY฀A฀FEW฀LIPID฀
SPECIES�฀%XOGENOUSLY฀ADDED฀��S,3R	
�
AMINOOCTADEC
��
YN

�
OL฀�ALKYNE
DOX3!	฀PROMINENTLY฀LOCALIZES฀TO฀MITOCHONDRIA�฀
inducing changes in the organelle morphology such as 
SWELLING�฀ROUNDING฀UP�฀AND฀INCREASED฀FRAGMENTATION�฀%XOG

ENOUS฀ TREATMENT฀WITH฀NATURAL฀ DOX3!�฀ BUT฀ NOT฀ 3!�฀ ALSO฀
INDUCED฀THE฀OBSERVED฀CHANGES฀IN฀THE฀MITOCHONDRIAL฀PHE

notype, in particular, loss of internal cristae structures, and 
inhibited normal mitochondrial function in situ. Cotreat

MENT฀ WITH฀ DOX3!฀ AND฀ THE฀ #ER3฀ INHIBITOR฀ &UMONISIN฀ "�฀
�&"�	฀ FULLY฀ RESCUED฀ MITOTOXICITY฀ CAUSED฀ BY฀ DOX3!฀ TREAT

MENT฀ IN฀ CULTURED฀ lBROBLASTS�฀ )N฀ ADULT฀ SENSORY฀ NEURONS�฀
DOX3!
INDUCED฀CHANGES฀IN฀MITOCHONDRIAL฀PHENOTYPE฀PRE

CEDED฀ AXONAL฀ DEGENERATION�฀ ARGUING฀ THAT฀ MITOTOXICITY฀
COULD฀UNDERLIE฀DEOXY3,
INDUCED฀NEUROTOXICITY฀IN฀(3!.��฀
but potentially also in diabetic neuropathy.

-!4%2)!,3฀!.$฀-%4(/$3

Lipid and chemical probes

4HE฀SYNTHESIS฀OF฀ALKYNE
DOX3!฀IS฀DESCRIBED฀IN฀DETAIL฀IN฀THE฀SUP

plemental material to this study and depicted in supplemental 
&IG�฀3��฀3YNTHESIS฀OF฀��S,3R	
�
AMINOOCTADEC
��
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DIOL฀�ALKYNE

3!	฀AND฀ALKYNE
OLEATE฀ARE฀PUBLISHED฀IN฀2EFS�฀��฀AND฀���฀RESPECTIVELY�฀
3YNTHESIS฀ OF฀ AZIDO
SULFO
TETRAMETHYL
"/$)09฀ �!34-
"/$)09	฀
WAS฀PUBLISHED฀IN฀2EF�฀���฀4HE฀SPHINGOID฀BASE฀PROBES฀D�
DOX3!�฀
D�
3!�฀ AND฀ D�
3/฀ AND฀ THE฀ CERAMIDE฀ PROBES฀ D���������฀ AND฀
M���������฀WERE฀PURCHASED฀FROM฀!VANTI฀0OLAR฀,IPIDS�

Cell lines and general cell culture procedures

4HE฀FOLLOWING฀CELL฀LINES฀WERE฀USED฀IN฀THIS฀STUDY�฀(U(�฀�HUMAN฀
HEPATOCARCINOMA�฀ *#2"����	�฀ (EP'�฀ �HUMAN฀ HEPATOCARCI

NOMA�฀!4##
("����	�฀(#4���฀�HUMAN฀COLORECTAL฀ CARCINOMA�฀
!4##
##,���	�฀ !���฀ �HUMAN฀ EPIDERMOID฀ CARCINOMA�฀ !4##

#2,����	�฀"���฀�MOUSE฀NEUROBLASTOMA�฀!4##
#2,����	�฀AND฀
!���฀�HUMAN฀GLIOBLASTOMA�฀!4##
#2,����	�฀'ENERATION฀OF฀THE฀
MOUSE฀EMBRYONIC฀lBROBLAST฀�-%&	฀CELL฀LINES�฀-%&฀WILD
TYPE฀AND฀
-%&฀3�0฀LYASE
DElCIENT฀�-%&฀3'0,��/�	�฀WERE฀DESCRIBED฀PREVI

OUSLY฀���	�฀(U(�฀CELLS฀WERE฀CULTURED฀IN฀20-)฀MEDIUM฀�'IBCO	฀
CONTAINING฀���฀FETAL฀CALF฀SERUM฀�'IBCO	฀AND฀��฀PENICILLIN�STREP

TOMYCIN฀�'IBCO	�฀!LL฀OTHER฀CELL฀LINES฀WERE฀CULTURED฀IN฀$-%-฀ME

DIUM฀�'IBCO	฀CONTAINING฀���฀FETAL฀CALF฀SERUM฀�'IBCO	฀AND฀��฀
PENICILLIN�STREPTOMYCIN฀�'IBCO	�

Cell culture for LC/MS analysis

-%&฀ CELLS฀ WERE฀ CULTURED฀ UNTIL฀ �70% confluent and then 
TREATED฀WITH฀�฀«-฀LABELED฀LIPID฀PROBES฀�ALKYNE
DOX3!�฀D�
DOX3!�฀
ALKYNE
3!�฀OR฀D�
3!	฀ FROM฀ETHANOLIC฀ STOCK฀ SOLUTIONS�฀#ELLS฀WERE฀
HARVESTED฀AFTER฀VARIOUS฀INCUBATION฀TIMES�฀)F฀NEEDED�฀THE฀MEDIUM฀
was collected, lyophilized, and then stored at �20°C until lipid 
EXTRACTION�฀5PON฀HARVESTING�฀CELLS฀WERE฀lRST฀WASHED฀WITH฀0"3฀AND฀
THEN฀TRYPSINIZED�฀#ELLS฀WERE฀COUNTED฀AND฀WASHED฀WITH฀0"3�฀AND฀
cell pellets were stored at ���ª#฀UNTIL฀LIPID฀EXTRACTION�

Analysis of sphingoid and deoxy-sphingoid backbones by 
LC/MS

&ROZEN฀ CELL฀ PELLETS฀ AND฀ LYOPHILIZED฀MEDIUM฀ WERE฀ lRST฀ RESUS

PENDED฀IN฀���฀«L฀OF฀0"3�฀4HEN�฀���฀«L฀METHANOL�฀INCLUDING฀���฀

AUTONOMIC฀NEURONS฀��	�฀4O฀DATE�฀EIGHT฀DIFFERENT฀MUTATIONS฀
IN฀304฀HAVE฀BEEN฀REPORTED฀TO฀CAUSE฀(3!.�฀��n�	�฀AND฀THE฀
SEVERITY฀OF฀THE฀DISEASE฀CORRELATES฀WITH฀THE฀TYPE฀OF฀MUTATION฀
���	฀ AS฀ WELL฀ AS฀ WITH฀ THE฀ DEOXY3,฀ LEVELS฀ IN฀ THE฀ PATIENTS�฀
PLASMA฀���	�฀$OX3!฀IS฀NEUROTOXIC฀IN฀VITRO฀��	�฀AND฀SUPPRES

SION฀OF฀DOX3!฀GENERATION฀BY฀OVEREXPRESSION฀OF฀THE฀WILD
TYPE฀
enzyme or by L
SERINE฀SUPPLEMENTATION฀PREVENTED฀THE฀ONSET฀
AND฀IMPROVED฀THE฀CLINICAL฀SIGNS฀OF฀THE฀DISEASE฀IN฀(3!.�฀MU

TANT฀MICE฀ ����฀ ��	�฀ -ORE฀ RECENTLY�฀ SIMILAR฀ lNDINGS฀ HAVE฀
BEEN฀REPORTED฀FROM฀AN฀(3!.�฀Drosophila฀MODEL฀���	�฀(ENCE�฀
THE฀INCREASED฀DOX3!฀LEVELS฀IN฀(3!.�฀PATIENTS฀ARE฀THOUGHT฀
to be causal of neuronal degeneration in this disease.
4OTAL฀PLASMA฀LEVELS฀OF฀DEOXY3,S฀CAN฀BE฀AS฀HIGH฀AS฀���฀«-฀

IN฀(3!.�฀PATIENTS฀��	฀COMPARED฀WITH฀���n���฀«-฀FOUND฀IN฀
HEALTHY฀INDIVIDUALS฀���	�฀0LASMA฀LEVELS฀ARE฀ALSO฀SIGNIlCANTLY฀
ELEVATED฀ IN฀ PATIENTS฀ SUFFERING฀ FROM฀ METABOLIC฀ SYNDROME฀
AND฀ TYPE฀ �฀ DIABETES฀ ���n��	�฀ &URTHERMORE�฀ THE฀ NEURO

PATHOLOGICAL฀ CHARACTERISTICS฀ OF฀ (3!.�฀ CLOSELY฀ RESEMBLE฀
those of diabetic peripheral neuropathy, and the reduction 
OF฀PLASMA฀DEOXY3,฀LEVELS฀BY฀DIETARY฀L
SERINE฀SUPPLEMENTA

TION฀SIGNIlCANTLY฀IMPROVES฀CLINICAL฀SIGNS฀OF฀NEUROPATHY฀IN฀
DIABETIC฀RATS฀���	�฀4AKEN฀TOGETHER�฀THESE฀lNDINGS฀SUGGEST฀
THAT฀DOX3!�฀OR฀ONE฀OF฀ITS฀DOWNSTREAM฀METABOLITES�฀ALSO฀CON

tributes to neuronal degeneration in diabetic neuropathy. 
4HE฀EXACT฀PATHOMECHANISM฀OF฀DOX3!
MEDIATED฀NEUROTOX

ICITY�฀HOWEVER�฀STILL฀REMAINS฀UNKNOWN�
3O฀FAR�฀LITTLE฀IS฀KNOWN฀ABOUT฀THE฀METABOLISM฀OF฀DEOXY3,S฀

�SUPPLEMENTAL฀&IG�฀3�	�฀$OX3!฀IS฀N
ACYLATED฀TO฀�
DEOXYDI

HYDROCERAMIDES฀ �DOX$(#ERS	฀ BY฀ CERAMIDE฀ SYNTHASES฀
�#ER3S	฀����฀��	�฀AND฀DESATURATED฀DOWNSTREAM฀METABOLITES฀
OF฀ DOX$(#ERS�฀ I�E��฀ �
DEOXYCERAMIDES฀ �DOX#ERS	฀ ���฀ ��n
��	฀AND฀�
DEOXYSPHINGOSINE฀�DOX3/	฀���	�฀HAVE฀BEEN฀DE

TECTED�฀"ECAUSE฀DEOXY3,S฀LACK฀THE฀HYDROXYL฀GROUP฀AT฀THE฀#�฀
POSITION�฀IT฀APPEARS฀UNLIKELY฀THAT฀THEY฀ARE฀USED฀FOR฀THE฀SYN

THESIS฀OF฀COMPLEX฀SPHINGOLIPIDS฀OR฀THAT฀THEY฀ARE฀DEGRADED฀
VIA฀ SPHINGOSINE
�
PHOSPHATE฀ �3�0	฀ BY฀ 3�0฀ LYASE฀ ���	�฀ AL

THOUGH฀THIS฀HAS฀NEVER฀BEEN฀EXPERIMENTALLY฀ADDRESSED�

In contrast to canonical sphingolipids, the transport and/
OR฀LOCALIZATION฀OF฀DEOXY3,S฀IN฀CELLS฀REMAINS฀UNKNOWN�฀4HE฀
LOCALIZATION�฀TRANSPORT฀ROUTES�฀AND฀PROTEIN
LIPID฀INTERACTIONS฀
OF฀DEOXY3,S฀COULD฀BE฀THE฀SAME฀AS฀FOR฀CANONICAL฀SPHINGOLIP

ids, but this has not been shown yet. Indeed, the study of the 
LOCALIZATION฀AND฀TRAFlCKING฀OF฀LIPIDS฀HARBORS฀SOME฀EXPERI

MENTAL฀ CHALLENGES�฀4HEIR฀ SUBCELLULAR฀ LOCALIZATION฀ IS฀MOST฀
often detected by directly fluorescently labeling the lipids. 
(OWEVER�฀THE฀CONJUGATION฀OF฀A฀mUOROPHORE฀CAN฀ALTER฀THE฀LIPID฀
characteristics substantially, affecting its downstream trans

PORT฀AND฀METABOLISM�฀&OR฀EXAMPLE�฀NITROBENZOXADIAZOLE
฀OR฀
"/$)09
CERAMIDES฀ARE฀TRAPPED฀IN฀THE฀'OLGI฀AND฀DO฀NOT฀SHOW฀
THE฀EXPECTED฀DISTRIBUTION฀IN฀THE฀ENDOPLASMIC฀RETICULUM฀�%2	฀
AND฀PLASMA฀MEMBRANE฀���	�฀4HUS�฀TO฀REDUCE฀THE฀RISK฀OF฀ARTI

FACTS�฀THE฀STRUCTURAL฀MODIlCATION฀OF฀THE฀LIPID฀SHOULD฀BE฀AS฀
MINIMAL฀AS฀POSSIBLE฀TO฀AVOID฀CHANGING฀ITS฀SIZE฀AND฀POLARITY�
(ERE�฀WE฀DEVELOPED฀A฀NOVEL฀DOX3!฀PROBE�฀WHICH฀IS฀HIGHLY฀

similar to its natural counterpart, with the aim of answering 
THE฀FOLLOWING฀FUNDAMENTAL฀QUESTIONS�฀#AN฀DEOXY3,S฀BE฀RE

CYCLED฀TO฀CANONICAL฀SPHINGOLIPIDS฀OR฀FATTY฀ACIDS�฀!RE฀THERE฀
MAJOR�฀ SO฀ FAR฀ UNKNOWN�฀ DOWNSTREAM฀DOX3!฀METABOLITES�฀
7HERE฀DO฀DEOXY3,S฀LOCALIZE฀IN฀CELLS�฀!ND฀CAN฀THESE฀RESULTS฀
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THE฀MOST฀ ABUNDANT฀ FRAGMENT฀ OF฀ ALKYNE
DOX3!฀ �ALKYNE
DOX3!฀ n฀
WATER฀�฀���������฀$A	฀IS฀EQUAL฀TO฀THE฀MASS฀OF฀A฀SPHINGOSINE฀MINUS฀
two water molecules, whereas the mass of the most abundant al

KYNE
DOX3/฀FRAGMENT฀�ALKYNE
DOX3/฀n฀WATER฀�฀���������฀$A	฀IS฀
EQUAL฀TO฀THE฀MASS฀OF฀A฀3!฀BACKBONE฀MINUS฀TWO฀WATER฀MOLECULES�฀
4HEREFORE�฀ IN฀ ORDER฀ TO฀ DISTINGUISH฀ EXACTLY฀ WHICH฀ SPECIES฀ AROSE฀
FROM฀THE฀ALKYNE
DOX3!�฀ THE฀ SELECTED฀ ION฀CHROMATOGRAM฀FOR฀ THE฀
MASSES฀OF฀���������฀AND฀���������฀$A฀FOR฀THE฀ALKYNE
DOX3!
TREATED฀
cells was compared with that of untreated cells and unlabeled 
DOX3!
TREATED฀CELLS�฀ )F฀A฀PEAK฀ONLY฀EXISTED฀ IN฀ THE฀ALKYNE
DOX3!

TREATED฀CELLS�฀THEN฀THIS฀CONlRMED฀THAT฀THIS฀SPECIES฀WAS฀AN฀ALKYNE

DOX$(#ER฀OR฀ALKYNE
DOX#ER฀SPECIES�฀4HE฀ALKYNE
DEOXY3,฀SPECIES฀
WERE฀FURTHER฀CONlRMED฀THROUGH฀CHECKING฀THE฀MASS฀SPECTRUM฀OF฀
EACH฀PEAK�฀)F฀A฀PEAK฀SHOWED฀THE฀LOSS฀OF฀TWO฀WATERS฀IN฀THE฀SPECTRUM�฀
THIS฀INDICATED฀THAT฀IT฀WAS฀A฀CERAMIDE�฀AND฀NOT฀AN฀ALKYNE
DOX$(#ER฀
OR฀ALKYNE
DOX#ER�
1UANTIlCATION฀WAS฀PERFORMED฀IN฀8#ALIBUR฀�4HERMO	฀AND฀WAS฀

BASED฀ ON฀ SPIKING฀ THE฀ CELL฀ EXTRACTS฀ WITH฀ INTERNAL฀ STANDARDS฀
�D����������฀M���������	�฀4HIS฀QUANTIlCATION฀IS฀ONLY฀RELATIVE�฀FOR฀
ABSOLUTE฀QUANTIlCATION�฀ONE฀WOULD฀NEED฀AN฀INTERNAL฀STANDARD฀FOR฀
EACH฀SPECIES�฀INCLUDING฀ALL฀OF฀THE฀ALKYNE฀SPECIES�

Analysis of the metabolism of alkyne lipids by TLC

4HIS฀METHOD฀HAS฀BEEN฀DESCRIBED฀PREVIOUSLY฀���	�฀)N฀BRIEF�฀CELLS฀
WERE฀INCUBATED฀WITH฀ALKYNE฀LIPIDS฀ADDED฀TO฀THE฀GROWTH฀MEDIUM฀
FROM฀ETHANOLIC฀STOCK฀SOLUTIONS�฀&OR฀PULSE
CHASE฀EXPERIMENTS�฀THE฀
ALKYNE฀ LIPID
CONTAINING฀ MEDIUM฀ WAS฀ REMOVED�฀ AND฀ CELLS฀ WERE฀
washed once with growth medium and then further cultured in 
FRESH฀GROWTH฀MEDIUM�฀(ARVESTED฀CELLS฀WERE฀WASHED฀ONCE฀WITH฀0"3฀
AND฀ SUBJECTED฀ TO฀METHANOL�CHLOROFORM฀EXTRACTION�฀$RIED฀ LIPIDS฀
WERE฀REDISSOLVED฀IN฀CHLOROFORM฀AND฀��฀«L฀CLICK
REACTION฀MIX฀���฀«L฀
OF฀�฀MG�ML฀�
AZIDO
�
HYDROXYCOUMARIN�฀���฀«L฀OF฀��฀M-฀;ACETO

nitrile]4 CuBF4฀IN฀ACETONITRILE�฀AND฀���฀«L฀OF฀ETHANOL	฀WAS฀ADDED�฀
4HE฀CLICK฀REACTION฀WAS฀PERFORMED฀AT฀��ª#฀FOR฀�฀H�฀AND฀THEN฀THE฀
CLICK
REACTED฀ LIPIDS฀ WERE฀ APPLIED฀ TO฀ 4,#฀ SILICA฀ PLATES฀ AND฀ SEPA

RATED฀ IN฀ SOLVENT฀ �฀ �CHLOROFORM�METHANOL�WATER�ACETIC฀ ACID฀
����������฀ TWO
THIRDS฀OF฀ THE฀PLATE	�฀4,#S฀WERE฀DRIED฀AND฀THEN฀
DEVELOPED฀IN฀SOLVENT฀�฀�HEXANE�ETHYL฀ACETATE฀����฀WHOLE฀PLATE	�฀
3ATURATED฀ VERSUS฀ DESATURATED฀ LIPIDS฀ SUCH฀ AS฀ 3!�3/�฀ DOX3!�
DOX3/�฀OR฀DIHYDROCERAMIDE฀�$(#ER	�CERAMIDE฀WERE฀NOT฀ SEPA

RATED฀FROM฀EACH฀OTHER฀BY฀USING฀THIS฀4,#฀METHOD�฀$IRECTLY฀BEFORE฀
mUORESCENCE฀ DETECTION�฀ 4,#S฀ WERE฀ BRIEmY฀ SOAKED฀ IN฀ ��฀ �V�V	฀
N,N�
DIISOPROPYLETHYLAMINE฀IN฀HEXANE�฀&LUORESCENT฀IMAGES฀OF฀THE฀
4,#฀PLATES฀WERE฀ACQUIRED฀BY฀USING฀A฀���฀NM฀,%$฀�2OITHNER฀,A

SERTECHNIK�฀6IENNA�฀!USTRIA	฀lLTERED฀THROUGH฀A฀COLORED฀GLASS฀lLTER฀
�(%"/฀6���฀(EBO฀3PEZIALGLAS	฀FOR฀EXCITATION฀AND฀AN฀ELECTRON฀
MULTIPLYING฀CHARGE฀COUPLED฀DEVICE฀CAMERA฀�2OLERA
-'I฀0LUS฀&AST฀
�����฀1
IMAGING	�฀EQUIPPED฀WITH฀������฀�CHANNEL฀FOR฀DETECTION฀
OF฀THE฀COUMARIN฀SIGNAL	฀AND฀������฀�CHANNEL฀FOR฀DETECTION฀AND฀
CORRECTION฀ OF฀ BACKGROUND฀ mUORESCENCE	฀ BANDPASS฀ EMISSION฀ lL

TERS�฀ ,IPID฀ BANDS฀ WERE฀ IDENTIlED฀ ACCORDING฀ TO฀ THEIR฀ RUNNING฀
HEIGHTS฀COMPARED฀WITH฀CHEMICALLY฀SYNTHESIZED฀ALKYNE฀STANDARDS฀OF฀
DIFFERENT฀LIPID฀CLASSES�฀3YNTHESIS฀OF฀ALKYNE฀LIPID฀4,#฀STANDARDS฀HAS฀
BEEN฀PREVIOUSLY฀DESCRIBED฀���	�฀1UANTIlCATION฀WAS฀PERFORMED฀BY฀
USING฀THE฀'EL0RO฀ANALYZER฀SOFTWARE�

Analysis of subcellular localization of alkyne lipids by 
fluorescence microscopy

#ELLS฀WERE฀ INCUBATED฀WITH฀ ALKYNE฀ LIPIDS฀ ADDED฀ TO฀ THE฀ GROWTH฀
MEDIUM฀FROM฀ETHANOLIC฀STOCK฀SOLUTIONS�฀#ELLS฀WERE฀WASHED฀ONCE฀
WITH฀0"3฀AND฀lXED฀IN฀����฀FORMALIN฀IN฀0"3฀FOR฀��฀MIN�฀4HEY฀WERE฀
THEN฀WASHED฀SEQUENTIALLY฀WITH฀���฀M-฀AMMONIUM฀ACETATE�฀0"3�฀
AND฀���฀M-฀(EPES
+/(฀P(฀����฀&OR฀THE฀CLICK฀REACTION�฀�����฀«L฀
PREWARMED฀ ���฀M-฀(EPES
+/(�฀ P(฀ ����฀ CONTAINING฀ ��฀ NMOL฀
!34-
"/$)09�฀WAS฀ADDED฀PER฀WELL�฀4HE฀REACTION฀WAS฀INITIATED฀BY฀
ADDITION฀OF฀��฀«L฀OF฀���฀M-฀#U�)	4&"฀ IN฀ACETONITRILE�฀AND฀ THE฀

PMOL฀ INTERNAL฀ STANDARD฀ �D�
3!฀ AND฀D�
3/	�฀WAS฀ ADDED฀ TO฀ EACH฀
sample. Samples were agitated for 1 h at 37°C and centrifuged at 
16,000 g for 5 min to pellet precipitated protein, and the superna

TANT฀WAS฀TRANSFERRED฀TO฀A฀NEW฀TUBE฀BEFORE฀ACID
BASE฀HYDROLYSIS฀WAS฀
PERFORMED฀AS฀DESCRIBED฀EARLIER฀���฀��	�
,IPIDS฀WERE฀ REDISSOLVED฀ IN฀ ��฀«L฀ OF฀ DERIVATIZATION฀MIX฀ ;��฀«L฀

�����฀METHANOL�฀�����฀ETHANOL�฀AND฀���฀WATER฀�฀�฀«L฀OF฀ORTHO

PHTHALDIALDEHYDE฀WORKING฀SOLUTION฀����฀«L฀��฀BORATE฀�฀��฀«L฀OF฀
50 mg/ml o
PHTHALALDEHYDE฀IN฀ETHANOL�฀�฀���฀«L฀�
MERCAPTOETHA

NOL	=฀FOR฀ANALYSIS฀BY฀,#�-3�฀!฀#��฀COLUMN฀�5PTISPHERE฀���฀±�฀
�฀«M�฀���฀�฀�฀MM�฀)NTERCHIM�฀-ONTLU ON�฀&RANCE	฀AND฀A฀BINARY฀
SOLVENT฀SYSTEM฀WERE฀USED�฀WITH฀SOLVENT฀!฀AS฀���฀METHANOL��฀M-฀
AMMONIUM฀ACETATE฀IN฀WATER฀AND฀SOLVENT฀"฀AS฀METHANOL�฀4HE฀COL

UMN฀WAS฀EQUILIBRATED฀BY฀USING฀A฀MIXTURE฀OF฀���฀SOLVENT฀!฀AND฀
���฀SOLVENT฀"�฀AND฀��฀«L฀SAMPLE฀WAS฀INJECTED�฀4HE฀GRADIENT฀THEN฀
RAMPED฀TO฀����฀SOLVENT฀"฀OVER฀��฀MIN�฀ FOLLOWED฀BY฀A฀RAMPING฀
BACK฀ DOWN฀ TO฀ ���฀ SOLVENT฀ !����฀ SOLVENT฀ "฀ FOR฀ �฀MIN�฀ AND฀
COLUMN฀EQUILIBRATION฀FOR฀�฀MIN฀WITH฀THE฀SAME฀MIXTURE฀BEFORE฀
LOADING฀OF฀ THE฀NEXT฀ SAMPLE�฀!N฀ATMOSPHERIC฀PRESSURE฀ CHEMICAL฀
IONIZATION฀�!0#)	฀SOURCE฀WAS฀USED฀FOR฀IONIZATION�฀AND฀DETECTION฀
OF฀ IONS฀WAS฀PERFORMED฀ IN฀ FULL฀ SCAN฀MODE฀BY฀USING฀A฀1
%XACTIVE฀
HYBRID฀QUADRUPOLE฀/RBITRAP฀MASS฀SPECTROMETER฀�4HERMO�฀2EINACH�฀
",�฀3WITZERLAND	�฀4HE฀DETECTION฀PARAMETERS฀WERE฀AS฀FOLLOWS�฀SCAN฀
range of m/z฀ ���n������฀MASS฀ RESOLUTION฀ OF฀ ��������฀MAXIMUM฀
INJECTION฀TIME฀���฀MS�
,ABELED฀�
DEOXYSPHINGOID฀AND฀SPHINGOID฀BASE฀BACKBONES฀WERE฀

IDENTIlED฀BASED฀ON฀THEIR฀ACCURATE฀MASS฀�WITHIN฀�฀PPM	฀AND฀RETEN

TION฀TIMES฀AS฀COMPARED฀WITH฀EXTERNAL฀STANDARDS฀�EXCEPT฀FOR฀ALKYNE

DOX3/�฀FOR฀WHICH฀A฀STANDARD฀DOES฀NOT฀EXIST	�฀0EAKS฀WERE฀QUANTIlED฀
IN฀8#ALIBUR฀ �4HERMO	฀ BY฀ INTEGRATING฀ THE฀ AREA฀ UNDER฀ THE฀ PEAK฀
and normalizing to the added internal standards.

Extraction and analysis of ceramides and doxCers  
by LC/MS

&ROZEN฀CELL฀PELLETS฀WERE฀RESUSPENDED฀IN฀���฀«L฀OF฀0"3�฀4HEN�฀
666 µl methanol and 333 µl chloroform, including 200 pmol in

TERNAL฀STANDARDS฀�D����������฀M���������	�฀WERE฀ADDED�฀4HE฀SAM

ples were then agitated at 1,000 rpm and 37°C for 1 h, followed  
BY฀THE฀ADDITION฀OF฀���฀«L฀CHLOROFORM฀AND฀���฀«L฀ALKALINE฀WATER฀
���฀M-฀ AMMONIA฀ IN฀ WATER	�฀ 4HE฀ SAMPLES฀ WERE฀ CENTRIFUGED฀ AT฀
16,000 g฀AND฀THE฀WATER฀PHASE฀WAS฀REMOVED�฀4HE฀ORGANIC฀PHASE฀
WAS฀THEN฀WASHED฀THREE฀TIMES฀WITH฀�฀ML฀OF฀ALKALINE฀WATER�฀,IPIDS฀
were dried under a steady stream of nitrogen, resuspended in 
METHANOL�฀AND฀ANALYZED฀BY฀,#�-3�
4HE฀SAME฀BINARY฀SOLVENT฀SYSTEM฀AND฀,#฀COLUMN฀AS฀ABOVE฀WERE฀

USED฀FOR฀THE฀LIQUID฀CHROMATOGRAPHY�฀(OWEVER�฀IN฀THIS฀CASE�฀A฀RATIO฀
OF฀ ���฀ SOLVENT฀!฀ AND฀���฀ SOLVENT฀"฀WAS฀USED฀ FOR฀ LOADING�฀ FOL

LOWED฀BY฀THE฀GRADIENT฀RAMPING฀TO฀����฀SOLVENT฀"฀UNTIL฀��฀MIN�฀
WHICH฀REMAINED฀UNTIL฀��฀MIN�฀4HE฀GRADIENT฀THEN฀RAMPED฀DOWN฀TO฀
���฀SOLVENT฀!฀AND฀���฀SOLVENT฀"฀FOR฀THE฀NEXT฀�฀MIN�฀AND฀REMAINED฀
AT฀THIS฀RATIO฀FOR฀THE฀LAST฀�฀MIN฀FOR฀COLUMN฀EQUILIBRATION�฀!N฀!0#)฀
source was used for ionization, and the MS was run in full scan 
and all ion fragmentation modes. All other method parameters 
WERE฀THE฀SAME฀AS฀FOR฀THE฀ACID
BASE฀HYDROLYZED฀SAMPLE฀METHOD�

Identification of alkyne- and d3-labeled doxDHCer and 
doxCer species

4HE฀ALKYNE฀AND฀DEUTERIUM฀LABELED฀N
ACYL
�
DEOXY3,
DERIVATIVES฀
WERE฀ IDENTIlED�฀ AND฀ THE฀ lNDINGS฀ CONlRMED�฀ IN฀ MULTIPLE฀ WAYS฀
�SUPPLEMENTAL฀&IG�฀3��฀SUPPLEMENTAL฀4ABLE฀3�	�฀)DENTIlCATION฀WAS฀
PERFORMED฀BASED฀ON฀ACCURATE฀MASS฀�WITHIN฀�฀PPM	฀OF฀ THE฀NON

fragmented molecular ions, as well as the appropriate fragments, 
including the loss of one water molecule, but not two, and the 
�
DEOXYSPHINGOID฀ BASE฀ BACKBONE�฀ &OR฀ THE฀ ALKYNE
CERAMIDE฀ SPE

CIES�฀ IDENTIlCATION฀WAS฀BASED฀ON฀FULL฀MASS�฀ THE฀LOSS฀OF฀ TWO฀WATER฀
MOLECULES�฀AND฀THE฀LABELED฀SPHINGOID฀BASE฀BACKBONE�฀4HE฀MASS฀OF฀



Analyzing 1-deoxysphingolipid biology using click chemistry 45

per well. After attachment, cells were treated for the indicated 
TIMES฀WITH฀LIPID฀AND฀INHIBITOR฀FROM฀ETHANOLIC฀STOCK฀SOLUTIONS�฀4HE฀
ASSAY฀WAS฀PERFORMED฀ IN฀ TRIPLICATE฀MEASUREMENTS฀ IN฀BICARBONATE

FREE฀20-)฀MEDIUM฀SUPPLEMENTED฀WITH฀��฀M-฀GLUCOSE�฀�฀M-฀PY

RUVATE�฀ AND฀�฀M-฀GLUTAMINE�฀4HREE฀CONSECUTIVE฀MEASUREMENTS฀
were performed under basal conditions and after the sequential 
ADDITION฀OF฀�฀«-฀OLIGOMYCIN�฀�฀«-฀mUORO
CARBONYL฀CYANIDE฀PHEN

YLHYDRAZONE฀�&##0	�฀�฀«-฀ROTENONE�฀AND฀�฀«-฀ANTIMYCIN�฀RESPEC

TIVELY�฀ !LL฀ REAGENTS฀ WERE฀ PURCHASED฀ FROM฀ 3IGMA�฀ EXCEPT฀ &##0�฀
WHICH฀WAS฀PURCHASED฀FROM฀4OCRIS�

Ultrastructural analysis of mitochondria by transmission 
electron microscopy

-%&฀CELLS฀WERE฀ SEEDED฀ONTO฀POLY
L
LYSINE
COATED฀GLASS฀BOTTOM฀
dishes. After attachment, cells were incubated for 24 h with 1 µM 
DOX3!฀ADDED฀TO฀THE฀GROWTH฀MEDIUM฀FROM฀AN฀ETHANOLIC฀STOCK฀SOLU

tion. Control cells were treated with the same amount of pure 
ETHANOL฀ �lNAL฀ CONCENTRATION฀����	�฀&IXATION฀WAS฀PERFORMED฀BY฀
ADDITION฀ OF฀ THE฀ lXATIVE฀ ;��฀ PARAFORMALDEHYDE�฀ ��฀ GLUTARALDE

HYDE฀ IN฀ #"฀ BUFFER฀ ���฀M-฀ CACODYLATE฀ BUFFER�฀ P(฀ ���	=฀ TO฀ THE฀
GROWTH฀MEDIUM฀AT฀A฀���฀VOL฀RATIO�฀!FTER฀PRIMARY฀lXATION฀�ROOM฀
TEMPERATURE�฀�฀H	�฀WASHING฀WITH฀#"�฀POSTlXATION฀�����฀GLUTARAL

DEHYDE฀IN฀#"�฀�ª#�฀��฀H	�฀TWICE฀WASHING฀WITH฀#"฀CONTAINING฀���฀
mM sucrose and twice with CB, the samples were contrasted by 
USING฀��฀OSMIUMTETROXIDE฀ IN฀#"฀ON฀ ICE฀ FOR฀�฀H�฀!FTER฀WASHING฀
with CB and water, the samples were incubated with 2% uranium 
ACETATE฀IN฀WATER฀AT฀�ª#฀FOR฀�฀H฀BEFORE฀lNAL฀WATER฀WASHES�฀3AMPLE฀
DEHYDRATION฀USING฀ETHANOL฀AND฀%PON฀EMBEDDING฀AND฀POLYMERIZA

TION฀ FOLLOWED�฀ #OVERSLIPS฀ WERE฀ REMOVED�฀ AND฀ SECTIONS฀ ���฀ NM฀
THICKNESS	฀ORIENTED฀IN
PLANE฀TO฀THE฀CELL฀GROWTH฀SUPPORT฀WERE฀PRO

DUCED฀AND฀MOUNTED฀ONTO฀ SLOT฀GRIDS�฀%LECTRON฀MICROGRAPHS฀AND฀
TOMOGRAPHY฀TILT฀SERIES฀WERE฀ACQUIRED฀ON฀A฀*%/,฀*%-
����&3฀MI

CROSCOPE฀ OPERATED฀ AT฀ ���฀ K6�฀ EQUIPPED฀ WITH฀ A฀ 4EM#AM
&���฀
CAMERA฀�46)03�฀-UNICH�฀'ERMANY	฀AND฀USING฀A฀��฀E6฀ENERGY฀lL

TER฀SLIT�฀4HE฀MICROSCOPE฀WAS฀CONTROLLED฀BY฀THE฀3ERIAL%-฀SOFTWARE�฀
5NDER฀ FOCUS฀ WAS฀ ADJUSTED฀ TO฀ �����฀ NM�฀ -ICROGRAPHS฀ WERE฀ AC

QUIRED฀�
FOLD฀BINNED�฀"EFORE฀TOMOGRAPHY฀DATA฀ACQUISITION�฀AREAS฀
OF฀ INTEREST฀WERE฀PREEXPOSED฀ FOR฀AT฀ LEAST฀��฀MIN�฀4ILT฀ SERIES�฀ COL

LECTED฀OVER฀A฀TOTAL฀ANGULAR฀TILT฀RANGE฀FROM฀�72° to +72° at 2.0° in

CREMENTS�฀WERE฀lRST฀ALIGNED฀WITH฀ONE฀ANOTHER฀BY฀CROSS
CORRELATION฀
AND฀ SUBSEQUENTLY฀ BY฀ PATCH฀ TRACKING฀ USING฀ THE฀ )-/$฀ SOFTWARE฀
PACKAGE฀�VER�฀����฀HTTP���BIO�D�COLORADO�EDU�IMOD	�฀!฀SINGLE฀
RECONSTRUCTED฀VOLUME฀WAS฀COMPUTED฀FROM฀EACH฀TILT฀SERIES฀BY฀RA

DIALLY฀WEIGHTED฀BACK฀PROJECTION�

Isolation of mitochondria and analysis of mitochondrial 
membrane potential

-%&฀CELLS฀WERE฀GROWN฀TO฀��n���฀CONmUENCE฀IN฀���฀�฀��฀MM฀
CULTURE฀ PLATES�฀4HE฀MEDIUM฀WAS฀ ASPIRATED�฀ AND฀ CELLS฀ WERE฀ THEN฀
WASHED฀TWO฀TIMES฀WITH฀0"3�฀4HE฀CELL฀MONOLAYER฀WAS฀RESUSPENDED฀
IN฀�฀ML฀OF฀COLD฀ISOLATION฀BUFFER฀�)"�฀���฀M-฀MANNITOL�฀��฀M-฀SU

CROSE�฀�฀M-฀+(�0/��฀�฀M-฀-/03�฀����฀FATTY฀ACID฀FREE฀"3!�฀AND฀
�฀M-฀%'4!�฀ P(฀ ����	฀ AND฀ TRANSFERRED฀ TO฀ A฀ 3ORVALL฀ CENTRIFUGE฀
TUBE�฀4HE฀PLATE฀WAS฀THEN฀WASHED฀WITH฀ANOTHER฀�฀ML฀COLD฀)"�฀WHICH฀
WAS฀ ALSO฀ TRANSFERRED฀ TO฀ THE฀ CENTRIFUGE฀ TUBE�฀ 4HREE฀ PLATES฀ WERE฀
POOLED฀TOGETHER�฀4HE฀CELLS฀WERE฀THEN฀CENTRIFUGED฀FOR฀��฀MIN฀AT฀
4°C and 478 g฀ IN฀AN฀33
��฀ROTOR฀�3ORVALL�฀4HERMO฀&ISHER฀3CIEN

TIlC	�฀ 4HE฀ SUPERNATANT฀ WAS฀ REMOVED�฀ AND฀ THE฀ CELL฀ PELLET฀ WAS฀
retained.

Cell pellets were resuspended in 3.5 ml cold IB and homoge

NIZED฀BY฀��฀STROKES฀WITH฀THE฀TIGHT฀PLUNGER฀AT฀�����฀RPM�฀AND฀THE฀
homogenate was centrifuged for 3 min at 1,075 g฀AND฀�ª#�฀4HE฀
SUPERNATANT฀WAS฀COLLECTED฀AND฀SPUN฀FOR฀��฀MIN฀AT฀������฀g and 
�ª#�฀.EXT�฀THE฀SUPERNATANT฀WAS฀DECANTED�฀AND฀THE฀INNER฀WALLS฀OF฀
THE฀ CENTRIFUGE฀ TUBE฀ WERE฀ DRIED�฀ 4HE฀ MITOCHONDRIAL฀ PELLET฀ WAS฀ 

DISH฀WAS฀INCUBATED฀FOR฀�฀H฀AT฀��ª#�฀4HE฀SAMPLES฀WERE฀THEN฀WASHED฀
SEQUENTIALLY฀WITH฀��฀M-฀%$4!�฀���฀M-฀AMMONIUM฀ACETATE�฀AND฀
0"3�฀#OVERSLIPS฀WERE฀MOUNTED฀IN฀-OWIOL฀�
��฀�#ALBIOCHEM	�
-ITOTRACKER฀#-82OS฀�-OLECULAR฀0ROBES฀-����	฀STAINING฀WAS฀

performed according to the manufacturer’s instructions. In brief, 
CELLS฀WERE฀INCUBATED฀WITH฀��฀N-฀-ITOTRACKER฀PROBE฀IN฀GROWTH฀ME

DIUM฀FOR฀��฀MIN฀BEFORE฀CELL฀lXATION�฀&OR฀ IMMUNOmUORESCENCE�฀
antibody staining was performed before submitting the samples 
TO฀THE฀CLICK฀REACTION�฀4HE฀ANTIBODIES฀USED฀IN฀THIS฀STUDY฀WERE฀AS฀FOL

LOWS�฀ ANTI
4OM��฀ �3ANTA฀ #RUZ�฀ SC
������฀ �������	�฀ ANTI
'IANTIN฀
�!BCAM฀������฀�����	�฀ANTI
PROTEIN
DISULlDE
ISOMERASE฀�ANTI
0$)�฀
3TRESSGEN฀30!����฀ �����	�฀ AND฀ ANTI
,AMP�฀ �!BCAM฀AB������฀
�������	�฀!LL฀ANTIBODIES฀WERE฀DILUTED฀ IN฀��฀COLD฀lSH฀GELANTIN� 
�����฀SAPONIN฀IN฀0"3�฀EXCEPT฀ANTI
0$)�฀WHICH฀WAS฀DILUTED฀IN฀��฀
COLD฀ lSH฀ GELANTIN�����฀ SAPONIN฀ IN฀ 0"3�฀ 3ECONDARY฀ ANTIBODIES฀
WERE฀LABELED฀WITH฀!LEXA฀����฀!LEXA฀����฀OR฀!LEXA฀���฀�)NVITROGEN	�฀
!CTIN฀ lLAMENTS฀ WERE฀ STAINED฀ WITH฀ �฀ «-฀ 0HALLOIDIN
TETRAMETHYL

RHODAMINE฀ ISOTHIOCYANATE฀ �0HALLOIDIN
42)4#	฀ �3IGMA฀ 0����	฀
AND฀THE฀CELL฀NUCLEI฀WITH฀����
DIAMIDINO
�
PHENYLINDOLE฀�$!0)	�
%PImUORESCENCE฀MICROSCOPY฀ WAS฀ PERFORMED฀ BY฀ USING฀ A฀ :EISS฀

/BSERVER�:�฀MICROSCOPE฀EQUIPPED฀WITH฀A฀0LAN
!POCHROMAT฀���฀
;����฀NUMERICAL฀APERTURE฀�.!	=฀AND฀A฀0HOTOMETRICS฀#OOLSNAP฀+�฀
CAMERA�฀)MAGES฀WERE฀PROCESSED฀BY฀USING฀&IJI฀SOFTWARE฀���	�

Quantification of mitochondrial fragmentation in 
fibroblasts

-%&฀ CELLS฀ WERE฀ TREATED฀ FOR฀ THE฀ INDICATED฀ TIMES฀ WITH฀ LIPID฀
�DOX3!�3!�฀!VANTI฀0OLAR฀,IPIDS	฀AND฀ INHIBITOR฀�&"��฀3IGMA฀!L

DRICH	฀FROM฀ETHANOLIC฀STOCK฀SOLUTIONS�฀#ELLS฀WERE฀lXED�฀AND฀MITO

CHONDRIA฀WERE฀STAINED฀BY฀USING฀ANTI
4OM��฀ANTIBODY�฀#ELLS฀WERE฀
ADDITIONALLY฀ STAINED฀WITH฀$!0)฀AND฀0HALLOIDIN
42)4#�฀&OUR฀ IM

ages of 250 µm × 250 µm were acquired per condition and ran

domly numbered. In a blinded fashion, cells were counted and 
assigned as either displaying tubular or fragmented mitochondria 
OR฀JUDGED฀TO฀BE฀CLOSE฀TO฀DETACHMENT฀AND฀CELL฀DEATH�

X-box binding protein 1 splicing assay

8
BOX฀BINDING฀PROTEIN฀�฀�8"0�	฀SPLICING฀ASSAY฀WAS฀PERFORMED฀
ACCORDING฀TO฀THE฀PROTOCOL฀OF฀)WAKOSHI฀ET฀AL�฀���	�฀)N฀BRIEF�฀2.!฀
WAS฀ ISOLATED฀WITH฀1)!ZOL฀2EAGENT฀�1IAGEN	�฀AND฀C$.!฀WAS฀SYN

THETIZED฀BY฀USING฀RANDOM฀PRIMER฀�)NVITROGEN�฀��������	฀AND฀-O

LONEY฀MURINE฀ LEUKEMIA฀ VIRUS฀2EVERSE฀4RANSCRIPTASE฀ �0ROMEGA	�฀
1UALITATIVE฀0#2฀WAS฀PERFORMED฀BY฀USING฀PRIMERS฀SURROUNDING฀THE฀
8"0�฀ SPLICING฀ SITE฀ ��′
!#!#'#44'''!!4''!#!#
�′ and 
5′
##!4'''!!'!4'44#4'''
�′	�฀ 0RODUCTS฀ WERE฀ SEPARATED฀
BY฀A฀��฀AGAROSE฀GEL฀ELECTROPHORESIS฀AND฀VISUALIZED฀BY฀39"2
'REEN฀
STAINING฀ �4HERMO฀ &ISHER฀ 3CIENTIlC	�฀ 1UANTIlCATION฀ WAS฀ PER

FORMED฀BY฀USING฀THE฀'EL0RO฀ANALYZER฀SOFTWARE�

Quantification of cellular ATP levels

-%&฀ CELLS฀ WERE฀ TREATED฀ FOR฀ THE฀ INDICATED฀ TIMES฀ WITH฀ LIPID฀
�DOX3!�3!�฀!VANTI฀0OLAR฀,IPIDS	฀ AND฀ INHIBITOR฀ �&"��฀ 3IGMA
!L

DRICH	฀FROM฀ETHANOLIC฀STOCK฀SOLUTIONS�฀#ELLS฀WERE฀LYSED฀IN฀BUFFER฀
CONTAINING฀���฀M-฀(EPES�฀P(฀����฀�฀M-฀%$4!�฀AND฀����฀4RITON฀
8
����฀4HE฀!40฀CONTENT฀WAS฀QUANTIlED฀BY฀USING฀THE฀#ELL4ITER
'LO฀
,UMINESCENT฀6IABILITY฀!SSAY฀�0ROMEGA	�฀ACCORDING฀TO฀THE฀MANU

FACTURERS�฀ INSTRUCTIONS�฀4HE฀PROTEIN฀ CONTENT฀WAS฀ DETERMINED฀BY฀
USING฀ "RADFORD฀ 2EAGENT฀ �3IGMA
!LDRICH	�฀ !40฀ LEVELS฀ WERE฀ NOR

malized to protein content.

Quantification of oxygen consumption rate and glycolytic 
flux evaluation

2EAL
TIME฀OXYGEN
CONSUMPTION฀RATE฀AND฀EXTRACELLULAR฀ACIDIl

CATION฀RATE฀WERE฀DETERMINED฀BY฀USING฀A฀8&
��฀%XTRACELLULAR฀&LUX฀
!NALYZER฀�3EAHORSE฀"IOSCIENCE	�฀!฀TOTAL฀OF฀�฀�฀��4 cells were seeded 
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Uptake, N-acylation, and desaturation of doxSA differs 
greatly from that of the canonical variant SA

4O฀ ANSWER฀ BASIC฀ QUESTIONS฀ REGARDING฀ DEOXY3,฀BIOLOGY�฀
WE฀SYNTHESIZED฀AN฀ALKYNE฀ANALOG฀OF฀DOX3!฀THAT฀STRUCTURALLY฀
DIFFERS฀FROM฀THE฀NATURAL฀VERSION฀ONLY฀BY฀THE฀PRESENCE฀OF฀AN฀
ALKYNE฀MOIETY฀�TRIPLE฀BOND	฀BETWEEN฀#��฀AND฀#���฀!LL฀AL

KYNE฀LIPIDS฀USED฀IN฀THIS฀STUDY฀ARE฀DEPICTED฀IN฀SUPPLEMENTAL฀
&IG�฀3�!�฀4HE฀ALKYNE฀GROUP฀DOES฀NOT฀ALTER฀THE฀POLARITY฀AND฀
only minimally changes the size of the lipid, while facilitat

ING฀A฀HIGHLY฀SPECIlC฀AND฀SENSITIVE฀TRACKING฀OF฀THE฀PROBE฀VIA฀
A฀COPPER�)	
CATALYZED฀AZIDE฀ALKYNE฀CYCLOADDITION฀CLICK฀REAC

TION฀���	�฀4HE฀CLICK฀REACTION฀COVALENTLY฀ATTACHES฀AN฀AZIDO

REPORTER฀MOLECULE฀ �MOST฀ OFTEN฀ AN฀ AZIDO
mUOROPHORE	฀ TO฀
THE฀ALKYNE฀GROUP฀OF฀THE฀PROBE�฀AND�฀IN฀RECENT฀YEARS�฀ROBUST฀
PROTOCOLS฀HAVE฀BEEN฀DEVELOPED฀THAT฀ALLOW฀THE฀USE฀OF฀ALKYNE฀
LIPIDS฀TO฀ANSWER฀BIOLOGICAL฀QUESTIONS฀���	�฀4HESE฀METHODS฀
INCLUDE฀TRACKING฀THE฀METABOLISM฀OF฀ALKYNE฀LIPIDS฀BY฀mUORES

CENCE฀4,#฀���	฀AND฀THE฀DETERMINATION฀OF฀THEIR฀LOCALIZATION฀
WITHIN฀CELLS฀BY฀mUORESCENCE฀MICROSCOPY฀����฀��n��	฀�SUP

PLEMENTAL฀ &IG�฀ 3�"	�฀(ERE�฀WE฀ CHEMICALLY฀ SYNTHESIZED฀ AL

KYNE
DOX3!฀�SUPPLEMENTAL฀&IG�฀3�	�฀ )TS฀CANONICAL฀ SIBLING�฀
ALKYNE
3!�฀WAS฀PREVIOUSLY฀USED฀FOR฀IN฀VITRO฀#ER3฀ASSAYS฀���	฀
AND฀LOCALIZATION฀STUDIES฀���	�
4O฀ VERIFY฀ THE฀ SUITABILITY฀ OF฀ THE฀ ALKYNE฀ PROBES�฀ WE฀ lRST฀

COMPARED฀THE฀UPTAKE�฀DESATURATION฀�SUPPLEMENTAL฀&IG�฀3�	฀
and N
ACYLATION฀PROlLES฀ �Fig. 1	฀OF฀ ALKYNE
DOX3!฀AND฀ AL

KYNE
3!฀ WITH฀ THAT฀ OF฀ THEIR฀ DEUTERATED฀ VARIANTS฀ D�
DOX3!฀
AND฀D�
3!�฀RESPECTIVELY�฀IN฀-%&S�฀/UR฀DATA฀SHOWED฀A฀COM

PARABLE฀RATE฀OF฀UPTAKE฀ FOR฀ THE฀ALKYNE฀COMPARED฀WITH฀ THE฀
RELATED฀DEUTERATED฀PROBES฀AND฀A฀ FASTER฀CELLULAR฀UPTAKE฀OF฀
DOX3!฀COMPARED฀WITH฀3!฀�SUPPLEMENTAL฀&IG�฀3�!�฀"	�฀$E

SATURATION฀OF฀DOX3!฀WAS฀SLOWER฀THAN฀THAT฀FOR฀3!�฀AND฀THE฀
RATE฀OF฀DESATURATION฀FOR฀BOTH฀ALKYNE฀PROBES฀LAGGED฀BEHIND฀
THAT฀ OF฀ THE฀DEUTERATED฀ONES฀ �SUPPLEMENTAL฀ &IG�฀ 3�#�฀$	�฀
7E฀ALSO฀ANALYZED฀THE฀DOWNSTREAM฀N
ACYLATION฀PATTERNS฀OF฀
ALL฀ PROBES฀ AFTER฀ AN฀ INCUBATION฀ TIME฀OF฀ ��฀H�฀,ABELED฀DE

OXY3,S฀WERE฀FOUND฀IN฀SUBSTANTIAL฀QUANTITIES฀AS฀FREE฀SPHIN

GOID฀BASES�฀DOX$(#ERS�฀AND฀DOX#ERS฀�&IG�฀�!	�฀7E฀FURTHER฀
OBSERVED฀ GREAT฀ DIFFERENCES฀ IN฀ THE฀N
ACYLATION฀ PATTERN฀ OF฀
�
DEOXY3,S฀ VERSUS฀ CANONICAL฀ SPHINGOLIPIDS�฀ 7HEREAS฀ LA

BELED฀DOX$(#ERS฀WERE฀FOUND฀WITH฀A฀VARIETY฀OF฀N
ACYL฀FATTY฀
ACIDS฀�#����
#����	฀ATTACHED฀�&IG�฀�"	�฀THE฀MAJORITY฀OF฀LA

BELED฀ DOX#ERS฀ CONTAINED฀ LIGNOCERIC฀ OR฀ NERVONIC฀ ACID฀
�#����฀AND฀#����	฀�&IG�฀�#	�฀ )N฀CONTRAST�฀ THE฀MAJORITY฀OF฀
labeled ceramides were N
ACYLATED฀ WITH฀ PALMITIC฀ ACID฀
�#����	฀�&IG�฀�$	�฀.OTABLY�฀THESE฀N
ACYLATION฀PROlLES฀WERE฀
OBTAINED฀FROM฀-%&฀CELLS�฀AND�฀AS฀ESTABLISHED฀FOR฀CANONICAL฀
sphingolipids, the produced ceramide species will most 
LIKELY฀DEPEND฀ON฀THE฀EXPRESSION฀LEVELS฀OF฀THE฀DIFFERENT฀#ER3฀
ENZYMES฀IN฀THE฀SPECIlC฀CELL฀TYPE฀UNDER฀INVESTIGATION�฀(OW

EVER�฀ OUR฀ DATA฀ AND฀ EARLIER฀ MEASUREMENTS฀ OF฀ �
DEOXY3,S฀
COMPARED฀WITH฀CANONICAL฀CERAMIDE฀SPECIES฀IN฀,,#
0+฀��	฀
AND฀-%&฀CELLS฀���	฀CLEARLY฀SUGGEST฀THAT฀MAMMALIAN฀#ER3S฀
ARE฀DISCRIMINATORY�฀NOT฀ONLY฀FOR฀THE฀ACCEPTED฀ACYL
#O!�฀BUT฀
ALSO฀ FOR฀ THE฀PREFERRED฀ SPHINGOID฀BASE฀ SUBSTRATE�฀4HIS฀NO

TION฀IS฀IN฀CONCORDANCE฀WITH฀THE฀FACT฀THAT฀WE฀OBSERVED฀A฀RE

duced amount of desaturated metabolites and a slight 

RESUSPENDED฀ IN฀���฀«L฀OF฀ COLD฀ RESPIRATION฀BUFFER฀ �2"�฀ ���฀M-฀
+#L�฀�฀M-฀+2(0/4q�฀WATER�฀��฀M-฀-/03�฀���฀M-฀%'4!�฀�฀M-฀
SUCCINATE�฀����฀"3!�฀P(฀����	฀AND฀SPUN฀AT฀�����฀g฀FOR฀��฀MIN�฀4HE฀
supernatant was again decanted, and the mitochondrial pellet was 
RESUSPENDED฀ IN฀ ��฀«L฀2"�฀-ITOCHONDRIA฀ AND฀ ALL฀ EQUIPMENT฀WERE฀
KEPT฀ON฀ICE฀FOR฀THE฀DURATION฀OF฀THE฀ISOLATION฀AND฀THE฀ASSAY�
!฀ SOLUTION฀OF฀2"฀CONTAINING฀��฀«-฀RHODAMINE฀���฀WAS฀PRE


PARED�฀AND฀MITOCHONDRIA฀WERE฀ADDED฀TO฀A฀WORKING฀DENSITY฀OF฀���฀
MG�ML�฀4HE฀mUORESCENCE฀VALUES฀WERE฀READ฀AT฀EXCITATION฀���n���฀
NM฀AND฀EMISSION฀���n���฀NM฀�6ARIAN฀#ARY฀%CLIPSE฀mUORESCENCE฀
SPECTROPHOTOMETER�฀!GILENT	฀UPON฀ADDITION฀OF฀DOX3!฀�!VANTI฀0O

LAR฀ ,IPIDS	�฀ 3!฀ �!VANTI฀ 0OLAR฀,IPIDS	�฀ AND฀ &"�฀ �3IGMA
!LDRICH	฀
FROM฀ ETHANOLIC฀ STOCK฀ SOLUTIONS�฀ 3ODIUM฀ SALICYLATE฀ ��฀ M-	฀ WAS฀
USED฀AS฀A฀POSITIVE฀CONTROL�฀&LUORESCENCE฀VALUES฀WERE฀READ฀EVERY฀�฀S฀
up to 2.5 min.

Analysis of doxSA-mediated toxicity on primary dorsal 
root ganglia neurons

!LL฀ANIMAL฀EXPERIMENTS฀WERE฀PERFORMED฀IN฀ACCORDANCE฀TO฀THE฀
!NIMAL฀ 7ELFARE฀ !CT฀ AND฀ THE฀ GUIDELINES฀ OF฀ THE฀ ,ANDESAMT฀ FàR฀ 
.ATUR�฀5MWELT฀UND฀6ERBRAUCHERSCHUTZ�฀&EMALE฀#��",��*฀MICE฀
��฀WEEKS฀OLD�฀#HARLES฀2IVER	฀WERE฀USED฀FOR฀ALL฀PRIMARY฀NEURONAL฀
CULTURE฀EXPERIMENTS�
!DULT฀ LUMBAR฀DORSAL฀ ROOT฀ GANGLIA฀ �$2'	฀WERE฀DISSECTED฀ AND฀

COLLECTED฀IN฀ICE
COLD฀(ANK�S฀BALANCED฀SALT฀SOLUTION฀�("33�฀'IBCO	�฀
4HE฀GANGLIA฀WERE฀TRANSFERRED฀INTO฀A฀STERILE฀TUBE�฀WASHED฀TWICE฀WITH฀
("33�฀AND฀INCUBATED฀IN฀.EUROBASAL
!฀MEDIUM฀�'IBCO	฀CONTAIN

ING฀COLLAGENASE฀TYPE฀)฀������฀5�ML�฀7ORTHINGTON	฀AT฀����ª#฀FOR฀
��฀MIN�฀FOLLOWED฀BY฀��฀MIN฀WITH฀TRYPSIN฀�������฀'IBCO	�฀3ERUM฀
WAS฀THEN฀ADDED฀TO฀STOP฀TRYPSIN฀DIGESTION�฀'ANGLIA฀WERE฀DISSOCIATED฀
BY฀GENTLY฀PIPETTING฀UP฀AND฀DOWN�฀4HE฀CELL฀SUSPENSION฀WAS฀lLTERED฀
BY฀USING฀A฀NYLON฀CELL฀STRAINER฀���฀�M�฀"$฀&ALCON	฀AND฀CENTRIFUGED฀
at 76 g฀FOR฀�฀MIN�฀$ISSOCIATED฀NEURONS฀WERE฀RESUSPENDED฀IN฀.EU

ROBASAL
!฀ MEDIUM฀ SUPPLEMENTED฀ WITH฀ "
��฀ �'IBCO	฀ AND฀ WERE฀
PLATED฀ AT฀ LOW฀ DENSITY฀ ON฀ LAMININ
COATED฀ ��฀ �G�ML�฀ 2OCHE	฀
COVERSLIPS�
4HE฀CULTURE฀WAS฀MAINTAINED฀IN฀A฀HUMIDIlED฀ATMOSPHERE฀CON


TAINING฀��฀#/2฀IN฀AIR฀AT฀����ª#�฀6EHICLE฀�����฀ETHANOL	฀OR฀SPHIN

golipids in ethanol were added 2 h after plating, when neurons 
were already attached to the substrate.
$2'฀NEURONS฀WERE฀lXED฀WITH฀��฀PARAFORMALDEHYDE฀AND฀��฀

SUCROSE�฀ #ELLS฀ WERE฀ IMMUNOSTAINED฀ FOR฀ 4UJ�฀ �3IGMA�฀ 4�����฀
�������	฀AND฀4OM��฀�3ANTA฀#RUZ�฀SC
������฀�������	�฀7HEN฀NECES

SARY�฀ THE฀ ALKYNE
MOIETY฀ WAS฀ SUBSEQUENTLY฀ REACTED฀ WITH฀ !34-

"/$)09�฀ AS฀ DESCRIBED฀ ABOVE฀ FOR฀ THE฀ STAINING฀ OF฀ lBROBLASTS�฀
3ECONDARY฀ANTIBODIES฀WERE฀LABELED฀WITH฀!LEXA฀����฀!LEXA฀����฀OR฀
!LEXA฀ ���฀ �)NVITROGEN	�฀ %PImUORESCENCE฀ MICROSCOPY฀ WAS฀ PER

FORMED฀BY฀USING฀A฀:EISS฀/BSERVER�:�฀MICROSCOPE฀EQUIPPED฀WITH฀A฀
0LAN
!POCHROMAT฀���฀�����฀.!	฀AND฀A฀0HOTOMETRICS฀#OOLSNAP฀+�฀
CAMERA�฀/PTICAL฀SECTIONING฀WAS฀PERFORMED฀BY฀USING฀THE฀APOTOME฀
MODE�฀ )F฀APPLYING�฀MAXIMUM฀PROJECTIONS฀OF฀Z
STACKS฀WERE฀CALCU

LATED฀ BY฀ SUMMARIZING฀ CORRESPONDING฀ PIXEL฀ VALUES�฀ )MAGES฀ WERE฀
PROCESSED฀BY฀USING฀&IJI฀SOFTWARE�
1UANTIlCATION฀ WAS฀ CARRIED฀ OUT฀ FOR฀ lVE฀ INDEPENDENT฀ EXPERI


MENTS�฀&OR฀QUANTIlCATION฀OF฀MITOCHONDRIAL฀MORPHOLOGY�฀IMAGES฀
WERE฀RANDOMLY฀TAKEN฀WITH฀AN฀!XIOVERT฀MICROSCOPE฀�:EISS	�฀)N฀A฀
blinded setup, cells with neurite outgrowth were assigned to dis

PLAY฀NORMAL฀OR฀DISTURBED฀MITOCHONDRIAL฀MORPHOLOGY�฀$ISTURBED฀
mitochondrial morphology was assigned for swollen or irregu

larly distributed mitochondria in at least three neurites. For 
QUANTIlCATION฀ OF฀ NEURITE฀ LENGTH�฀ IMAGES฀ WERE฀ RANDOMLY฀ TAKEN฀
WITH฀AN฀!XIOVERT฀MICROSCOPE฀�:EISS	฀AND฀ANALYZED฀BY฀USING฀)M

AGE*฀SOFTWARE฀�.)(	�฀-ORE฀THAN฀���฀NEURONS฀FOR฀EACH฀CONDITION฀
WERE฀ QUANTIlED฀ FOR฀ MITOCHONDRIAL฀ MORPHOLOGY฀ AND฀ NEURITE฀
LENGTH�฀RESPECTIVELY�
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Fig. 1.฀ !LKYNE
�DEOXY	SPHINGOID฀BASES฀ARE฀CONVERTED฀TO฀THE฀SAME฀DOWNSTREAM฀METABOLITES฀AS฀THEIR฀DEUTERATED฀COUNTERPARTS�฀,#�-3฀ANALY

SIS฀OF฀THE฀DOWNSTREAM฀METABOLISM฀OF฀THE฀SPHINGOID฀BASE฀PROBES฀IS฀SHOWN�฀-%&฀CELLS฀WERE฀TREATED฀FOR฀��฀H฀EITHER฀WITH฀ALKYNE
DOX3!฀AND฀D�

DOX3!฀OR฀WITH฀ALKYNE
3!฀AND฀D�
3!�฀4HE฀PROPORTION฀OF฀EACH฀LABELED฀DOWNSTREAM฀LIPID฀IS฀SHOWN฀AS฀THE฀PERCENTAGE฀OF฀THE฀TOTAL฀AMOUNT฀OF฀THE฀
LABELED฀LIPID฀SPECIES฀IDENTIlED�฀!�฀!LKYNE
฀AND฀D�
LABELED฀DEOXY3,
CLASSES฀DETECTED�฀0LEASE฀NOTE฀THAT฀DOX#ERS฀COMPRISE฀ONLY฀PART฀OF฀THE฀DE

OXY3,S฀MADE฀DOWNSTREAM฀OF฀THE฀DOX3!฀PRECURSORS฀AFTER฀A฀��฀H฀INCUBATION�฀4HE฀REST฀OF฀THE฀LABEL฀IS฀PRESENT฀IN฀THE฀SATURATED฀FORMS฀DOX$(#ER฀
AND฀THE฀FREE฀DOX3!฀AND฀DOX3/฀SPHINGOID฀BASES�฀"�฀N
ACYLATION฀PATTERNS฀OF฀ALKYNE
DOX3!฀AND฀D�
DOX3!
DERIVED฀DOX$(#ER฀SPECIES�฀#�฀N

ACYLATION฀PATTERNS฀OF฀ALKYNE
DOX3!฀AND฀D�
DOX3!
DERIVED฀DOX#ER฀SPECIES�฀$�฀N
ACYLATION฀PATTERNS฀OF฀ALKYNE
3!฀AND฀D�
3!
DERIVED฀CERAMIDE฀
SPECIES�฀0LEASE฀NOTE฀THAT฀NO฀LABELED฀$(#ER฀SPECIES฀WERE฀DETECTABLE฀AFTER฀A฀��฀H฀INCUBATION฀WITH฀EITHER฀ALKYNE
3!฀OR฀D�
3!�฀#ERAMIDE฀NOMEN

CLATURE�฀D฀�DIHYDROXY
SPHINGOID฀BASE	฀OR฀M฀�MONOHYDROXY
SPHINGOID฀BASE	�฀NUMBER฀OF฀#
ATOMS฀IN฀SPHINGOID฀BASE�฀�NUMBER฀OF฀DOUBLE฀BONDS฀
IN฀SPHINGOID฀BASE�฀�฀NUMBER฀OF฀#
ATOMS฀IN฀.
ACYL฀FATTY฀ACID�฀�฀NUMBER฀OF฀DOUBLE฀BONDS฀IN฀.
ACYL฀FATTY฀ACID�

TENDENCY฀FOR฀LONGER฀FATTY฀ACIDS฀TO฀BE฀ATTACHED฀TO฀THE฀ALKYNE฀
SPHINGOID฀BASES฀COMPARED฀WITH฀THE฀RESPECTIVE฀DEUTERATED฀
SPHINGOID฀BASES�฀(ENCE�฀THE฀RESPONSIBLE฀DIHYDROCERAMIDE฀
DESATURASE฀ AND฀#ER3S฀ SEEM฀ TO฀BE฀ SENSITIVE฀ TO฀ THE฀ SLIGHTLY฀
SHORTER฀SPHINGOID฀BACKBONE฀;TRIPLE฀BONDS฀BETWEEN฀TWO฀CAR

BONS฀ARE฀��฀PM฀SHORTER฀THAN฀SINGLE฀BONDS฀���	=�฀EMPHASIZ

ING฀ THE฀ IMPORTANCE฀ THAT฀ THE฀ STRUCTURAL฀MODIlCATION฀ OF฀ A฀
probe should be as minimal as possible.

DeoxySLs are not converted to canonical sphingolipids or 
fatty acids

#ANONICAL฀SPHINGOLIPIDS฀CAN฀BE฀DEGRADED฀VIA฀3�0฀BY฀3�0฀
LYASE฀�3'0,�	฀ TO฀ FATTY฀ALDEHYDES฀AND�฀ CONSEQUENTLY�฀ FATTY฀
ACIDS�฀4HIS฀FACT฀WAS฀RECAPITULATED฀BY฀TREATMENT฀OF฀-%&฀CELLS฀
WITH฀ALKYNE
3!฀ THAT฀ RESULTED฀ IN฀ THE฀APPEARANCE฀OF฀ THE฀AL

KYNE฀LABEL฀IN฀CERAMIDES฀AND฀MORE฀COMPLEX฀SPHINGOLIPIDS�฀
SUCH฀ AS฀ SPHINGOMYELIN฀ AND฀ GLYCOSPHINGOLIPIDS฀ �Fig. 2A, 
RIGHT฀LANES	�฀)N฀ADDITION�฀THE฀ALKYNE฀LABEL฀WAS฀DETECTABLE฀IN฀
PHOSPHATIDYLCHOLINE฀ �0#	�฀ PHOSPHATIDYLETHANOLAMINE฀
�0%	�฀AND฀TRIACYLGLYCEROL฀�4!'	�฀AS฀THE฀ALKYNE฀LABEL฀IS฀TRANS

ferred from SA to fatty acids. In concordance with this, 
lBROBLASTS฀WITHOUT฀FUNCTIONAL฀3'0,�฀CANNOT฀CONVERT฀ALKYNE

3!฀TO฀ALKYNE฀FATTY฀ACIDS�฀AS฀CONCLUDED฀FROM฀A฀LACK฀OF฀LABEL

ING฀IN฀THE฀0#�฀0%�฀OR฀4!'฀BANDS฀FOR฀THESE฀CELLS฀�&IG�฀�!�฀LEFT฀
LANES	�

(ENCE�฀TRACKING฀THE฀METABOLISM฀OF฀LIPIDS฀BY฀USING฀THEIR฀
ALKYNE
PROBES฀ AND฀ DETECTION฀ BY฀ CLICK
mUORESCENCE฀ 4,#฀
PROVIDES฀A฀GOOD฀OVERVIEW฀OF฀THE฀DOWNSTREAM฀METABOLISM฀
OF฀ THE฀ RESPECTIVE฀ LIPID�฀7E฀ THEREFORE฀ SCREENED฀ DIFFERENT฀
cell types with a particularly interesting canonical sphingo

LIPID฀METABOLISM฀FOR฀POTENTIAL฀CELL฀TYPE
SPECIlC฀DOX3!฀ME

TABOLISM�฀4HE฀SCREEN฀INCLUDED฀A฀GLIA฀CELL฀LINE฀�!���	฀AND฀A฀
NEURONAL฀CELL฀ LINE฀�"���	�฀BECAUSE฀OF฀ THE฀STRONG฀PERIPH

ERAL฀NEURODEGENERATION฀SEEN฀IN฀(3!.�฀AND฀DIABETIC฀NEU

ROPATHY�฀ BUT฀ ALSO฀ BECAUSE฀ OF฀ THE฀ REPORTED฀ NEUROTOXIC฀
EFFECTS฀OF฀DOX3!฀ON฀#.3฀NEURONS฀IN฀VIVO฀���n��	�฀7E฀FUR

THER฀TESTED฀LIVER฀CELL฀LINES฀�(UH�฀AND฀(EP'�	฀BECAUSE฀DE

OXY3,S฀ ARE฀MOSTLY฀ TRANSPORTED฀ ON฀ 6,$,฀ AND฀ ,$,฀ ���	฀
AND฀THEREFORE฀MAY฀BE฀OF฀HEPATIC฀ORIGIN฀���	�฀&IBROBLASTS฀
�-%&S	�฀EPIDERMAL฀�!���	�฀AND฀EPITHELIAL฀�(#4���	฀CELLS฀
WERE฀CHOSEN฀BECAUSE฀THE฀SKIN฀IS฀ALSO฀AFFECTED฀IN฀(3!.��฀
AND฀ THE฀ DERMAL฀ BARRIER฀ STRONGLY฀ DEPENDS฀ ON฀ A฀ WELL
BAL

ANCED฀SPHINGOLIPID฀SYNTHESIS�฀.ONE฀OF฀THE฀INVESTIGATED฀CELL฀
LINES฀ SHOWED฀ ANY฀ TRANSFER฀ OF฀ THE฀ ALKYNE฀ LABEL฀ OF฀ ALKYNE

DOX3!฀ TO฀ CANONICAL฀ SPHINGOLIPIDS฀ OR฀ GLYCEROLIPIDS�฀ 4HE฀
RESULTS฀FROM฀HUMAN฀EPITHELIAL฀CELLS฀ARE฀SHOWN฀AS฀AN฀EXAM

PLE฀�&IG�฀�"	�฀)N฀DETAIL�฀WHEREAS฀INCUBATION฀WITH฀ALKYNE
3!฀
ALWAYS฀ RESULTED฀ IN฀ LABELING฀ OF฀ DIVERSE฀ SPHINGOLIPIDS฀ AND฀
GLYCEROLIPIDS�฀AFTER฀TREATMENT฀WITH฀ALKYNE
DOX3!�฀DOX$(

#ER�DOX#ER฀ WERE฀ THE฀ ONLY฀ LIPIDS฀ LABELED�฀ EVEN฀ AFTER฀
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secretion by analyzing the culture medium used during 
THE฀CHASE�฀ )N฀ADDITION�฀WE฀ SEARCHED฀ FOR฀CELL฀ TYPE
SPECIlC฀
DOX3!฀METABOLITES฀IN฀THE฀VARIOUS฀CELL฀LINES฀�-%&�฀(#4����฀
!����฀(U(��฀(EP'��฀"����฀AND฀!���	�฀)N฀SOME฀CELL฀LINES�฀
A฀MINOR฀METABOLITE฀ OF฀ ALKYNE
DOX3!฀ WAS฀ DETECTED฀ RUN

NING฀ON฀THE฀4,#S฀AT฀THE฀POSITION฀OF฀3!฀�&IG�฀�$	�฀4HIS฀IN

DICATES฀ A฀ DOX3!฀ HYDROXYLATION฀ AT฀ A฀ POSITION฀ DIFFERENT฀
FROM฀#�฀IN฀THESE฀CELLS�฀!฀#�฀HYDROXYLATION฀WAS฀RULED฀OUT฀
BECAUSE฀NO฀CANONICAL฀ALKYNE฀SPHINGOLIPIDS฀OR฀ALKYNE฀GLYC

EROLIPIDS฀WERE฀GENERATED฀FROM฀ALKYNE
DOX3!฀VIA฀THE฀3'0,�฀
pathway.

Alkyne deoxySLs localize to mitochondria

4O฀ STUDY฀ THE฀ SUBCELLULAR฀ LOCALIZATION฀OF฀DEOXY3,S�฀WE฀
TREATED฀-%&฀CELLS฀WITH฀ A฀NONTOXIC฀ CONCENTRATION฀OF฀ ���฀

PROLONGED฀INCUBATION฀�&IG�฀�"	฀OR฀CHASE฀TIMES฀�&IG�฀�#	�฀
(ENCE�฀ALTHOUGH฀SUSPECTED฀PREVIOUSLY�฀OUR฀TRACING฀DATA฀AL

LOW฀US฀TO฀CONCLUDE฀THAT฀DOX3!฀IS฀NOT฀SUBJECTED฀TO฀HYDROX

YLATION฀AT฀#�฀FOR฀CONVERSION฀TO฀CANONICAL฀SPHINGOLIPIDS฀IN฀
ALL฀CELL฀TYPES฀TESTED�฀4HE฀ABSENCE฀OF฀LABELED฀GLYCEROLIPIDS฀
SUCH฀AS฀0#�฀0%�฀OR฀4!'฀ALSO฀SUGGESTS฀THAT฀NO฀OTHER฀META

BOLIC฀PATHWAY฀CONVERTS฀DEOXY3,S฀DIRECTLY฀TO฀FATTY฀ACIDS฀IN฀
appreciable amounts. In addition, the detailed analysis of 
PULSE
CHASE฀ EXPERIMENTS฀ WITH฀ ALKYNE
DOX3!฀ REVEALED฀ A฀
CONTINUOUS฀ REDUCTION฀ OF฀ THE฀ TOTAL฀ ALKYNE฀ SIGNAL฀ DURING฀
THE฀CHASE฀TIMES฀FOR฀ALL฀CELL฀TYPES฀TESTED�฀4HE฀LOSS฀OF฀THE฀LA

BEL฀WAS฀FASTEST฀IN฀(#4���฀CELLS�฀WHERE�฀AFTER฀A฀��฀H฀CHASE�฀
ONLY฀���฀OF฀THE฀SIGNAL฀REMAINED฀�&IG�฀�#	�฀)N฀THESE฀EX

PERIMENTS�฀ WE฀ OBSERVED฀ NO฀ APPARENT฀ CELL฀ TOXICITY฀ OR฀ DE

TACHMENT฀OF฀THE฀CELLS฀AND฀EXCLUDED฀A฀SIGNAL฀LOSS฀DUE฀TO฀

Fig. 2.฀ $EOXY3,S฀ARE฀NOT฀RECYCLED฀TO฀CANONICAL฀SPHINGOLIPIDS฀OR฀FATTY฀ACIDS�฀-ETABOLIC฀TRACING฀OF฀ALKYNE
DOX3!฀AND฀ALKYNE
3!฀BY฀CLICK฀mUO

RESCENCE฀4,#�฀!�฀-%&฀74฀OR฀-%&฀3�0฀LYASE�/� cells were treated with 1 �-฀ALKYNE
3!�฀.OTE฀THAT฀THE฀ALKYNE฀SIGNAL฀IS฀RESTRICTED฀TO฀SPHINGO

LIPIDS฀IN฀-%&฀3�0฀LYASE�/�฀CELLS�฀BUT฀ALSO฀APPEARS฀IN฀GLYCEROLIPIDS฀IN฀-%&฀74฀CELLS�฀"�฀(#4���฀CELLS฀WERE฀TREATED฀WITH฀�฀�-฀ALKYNE
3!฀OR฀
1 �-฀ALKYNE
DOX3!�฀.OTE฀THAT฀THE฀ALKYNE฀SIGNAL฀OF฀ALKYNE
DOX3!฀WAS฀NOT฀DETECTED฀IN฀ANY฀CANONICAL฀SPHINGOLIPIDS฀OR฀GLYCEROLIPIDS�฀#�฀(#4���฀
CELLS฀WERE฀GIVEN฀A฀SHORT฀PULSE฀OF฀�฀�-฀ALKYNE
DOX3!฀FOR฀�฀H�฀FOLLOWED฀BY฀A฀CHASE฀UP฀TO฀��฀H฀IN฀NONSUPPLEMENTED฀GROWTH฀MEDIUM�฀.OTE฀THAT฀
THE฀TOTAL฀ALKYNE฀SIGNAL฀DECREASED฀WITH฀PROLONGED฀CHASE฀TIMES�฀$�฀-%&฀AND฀"���฀CELLS฀WERE฀TREATED฀WITH฀�฀�-฀ALKYNE
DOX3!฀FOR฀�฀H�฀FOLLOWED฀
BY฀A฀CHASE฀UP฀TO฀��฀H฀IN฀NONSUPPLEMENTED฀MEDIUM�฀4HE฀ARROWS฀INDICATE฀AN฀ALKYNE฀SIGNAL฀THAT฀RUNS฀IN฀A฀BAND฀AT฀THE฀HEIGHT฀OF฀3!฀AFTER฀A฀��฀H฀
CHASE�฀INDICATING฀A฀POSSIBLE฀HYDROXYLATED฀DERIVATE฀OF฀DOX3!�฀"ECAUSE฀OF฀THE฀LACK฀OF฀ALKYNE฀SIGNAL฀APPEARING฀IN฀CANONICAL฀SPHINGOLIPIDS฀OR฀
GLYCEROLIPIDS�฀IT฀CAN฀BE฀EXCLUDED฀THAT฀THE฀HYDROXYLATION฀WOULD฀BE฀AT฀THE฀#�฀POSITION�฀0LEASE฀NOTE฀THAT฀SPHINGOLIPID฀CLASSES฀SUCH฀AS฀CERAMIDES�฀
GLUCOSYLCERAMIDES�฀AND฀SPHINGOMYELINS฀RUN฀ON฀THE฀4,#฀ACCORDING฀TO฀THE฀N
ACYL฀FATTY฀ACID฀ATTACHED�฀(ENCE�฀MOST฀OFTEN�฀TWO฀BANDS฀�LONG

CHAIN฀VERSUS฀VERY
LONG
CHAIN฀N
ACYL฀METABOLITES	฀CAN฀BE฀SEPARATED฀ON฀THE฀4,#�฀"'�฀BACKGROUND�฀#�฀CONTROL�฀#%�฀CHOLESTEROLESTER�฀#ER�฀CE

RAMIDE�฀'LU#ER�฀GLUCOSYLCERAMIDE�฀/RI�฀ORIGIN�฀3-�฀SPHINGOMYELIN�
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Fig. 3.฀ %XOGENOUS฀ALKYNE
DOX3!฀LOCALIZES฀TO฀MITOCHONDRIA�฀3UBCELLULAR฀TRACKING฀OF฀ALKYNE
DOX3!฀BY฀mUORESCENCE฀MICROSCOPY�฀-%&฀CELLS฀
WERE฀TREATED฀WITH฀A฀NONTOXIC฀CONCENTRATION฀OF฀���฀�-฀ALKYNE
DOX3!฀FOR฀�฀MIN฀�!	�฀�฀H฀�"	�฀OR฀��฀H฀�#	�฀!FTER฀TREATMENT฀FOR฀THE฀INDICATED฀
TIMES�฀CELLS฀WERE฀lXED฀AND฀IMMUNOSTAINED฀FOR฀ORGANELLE฀PROTEIN฀MARKERS฀�MAGENTA	�฀THE฀ALKYNE฀MOIETY฀WAS฀REACTED฀WITH฀!34-
"/$)09฀
�GREEN	�฀AND฀THE฀CELLS฀ANALYZED฀BY฀mUORESCENCE฀MICROSCOPY�฀3CALE฀BARS�฀��฀�M�฀$�฀!NALYSIS฀OF฀THE฀METABOLIC฀FATE฀OF฀THE฀ALKYNE฀PROBE฀BY฀CLICK

mUORESCENCE฀4,#�฀"'�฀BACKGROUND�



50 Journal of Lipid Research Volume 58, 2017

��฀AND฀��฀H	�฀COINCIDING฀WITH฀THE฀CONVERSION฀OF฀ALKYNE

DOX3!฀TO฀DOX$(#ER฀AND฀DOX#ER฀SPECIES฀�&IG�฀�$	�฀4HIS฀
WAS฀ EXPECTED�฀ BECAUSE฀ THE฀ ENZYMES฀ RESPONSIBLE฀ FOR฀ THE฀
SYNTHESIS฀ OF฀ DOX$(#ER฀ AND฀ DOX#ER฀ ARE฀ LOCATED฀ IN฀ THE฀
%2�฀ALTHOUGH฀A฀#ER3฀ACTIVITY฀HAS฀ALSO฀BEEN฀REPORTED฀FOR฀
MITOCHONDRIA฀���	�฀!S฀SHOWN฀BY฀COSTAINING฀AGAINST฀A฀LYSO

SOMAL฀MARKER฀PROTEIN฀ �,AMP�	�฀NO฀PROMINENT฀ COLOCAL

IZATION฀OF฀THE฀ALKYNE
SIGNAL฀WAS฀SEEN฀FOR฀LYSOSOMES฀WITHIN฀
THE฀ANALYZED฀TREATMENT฀TIME฀��฀MIN฀TO฀��฀H	�฀)N฀CONTRAST฀
TO฀ THE฀ EXOGENOUS฀ TREATMENT฀ WITH฀ ALKYNE
DOX3!�฀ EXOGE

NOUS฀ TREATMENT฀ OF฀ CELLS฀ WITH฀ ALKYNE
OLEATE�฀ A฀ FATTY฀ ACID฀
PROBE฀ THAT฀ IS฀ MOSTLY฀ INCORPORATED฀ INTO฀ 0#฀ ���	�฀ DOES฀
SHOW฀ A฀ VERY฀ BROAD฀ STAINING฀ OF฀ ALL฀ CELLULAR฀ MEMBRANES฀
�SUPPLEMENTAL฀&IG�฀3�!	�฀)N฀ADDITION�฀INCUBATION฀OF฀CELLS฀

«-฀ALKYNE
DOX3!฀FOR฀UP฀TO฀��฀H฀AND฀ANALYZED฀THE฀DISTRI

BUTION฀OF฀ALKYNE฀LIPIDS฀BY฀mUORESCENCE฀MICROSCOPY�฀&IVE฀
MINUTES฀AFTER฀TREATMENT�฀WE฀OBSERVED฀PROMINENT฀LABELING฀
OF฀MITOCHONDRIA�฀AS฀CONlRMED฀IN฀COSTAINING฀EXPERIMENTS฀
using an antibody against the mitochondrial protein 
4OM��฀�Fig. 3A	�฀)N฀ADDITION�฀OUR฀DATA฀SHOWED฀COLOCAL

IZATION฀OF฀PERINUCLEAR฀ALKYNE฀STAINING฀WITH฀IMMUNOmUO

RESCENCE฀STAINING฀AGAINST฀THE฀'OLGI฀PROTEIN฀MARKER฀GIANTIN�฀
!FTER฀ �฀ H฀ �&IG�฀ �"	฀ AND฀ ��฀ H฀ OF฀ TREATMENT฀ �&IG�฀ �#	�฀ 
mitochondrial labeling remained the most prominent, 
WHEREAS฀ THE฀ INTENSITY฀ OF฀ THE฀ LABELING฀ INCREASED฀ OVER฀ 
TIME�฀!PART฀ FROM฀MITOCHONDRIA�฀ THE฀ALKYNE฀DEOXY3,S฀ RE

MAINED฀DETECTABLE฀IN฀'OLGI฀AND�฀TO฀A฀MINOR฀DEGREE�฀WERE฀
DETECTABLE฀ IN฀ OTHER฀ CELLULAR฀ STRUCTURES฀ SUCH฀ AS฀ THE฀ %2฀ 

Fig. 4.฀ %XOGENOUS฀ALKYNE
DOX3!�฀BUT฀NOT฀ALKYNE
3!�฀TREATMENT฀INDUCES฀MITOCHONDRIAL฀FRAGMENTATION�฀3UBCELLULAR฀TRACKING฀OF฀TOXIC฀CONCEN

TRATIONS฀OF฀ALKYNE
DOX3!฀BY฀mUORESCENCE฀MICROSCOPY฀IS฀SHOWN�฀3CALE฀BARS�฀��฀�M�฀!�฀-%&฀CELLS฀WERE฀TREATED฀WITH฀�฀�-฀ALKYNE
DOX3!฀FOR฀ 
�฀MIN�฀�฀H�฀OR฀��฀H�฀-ITOCHONDRIA฀WERE฀STAINED฀BY฀USING฀MITOTRACKER฀#-82OS฀�MAGENTA	�฀CELLS฀WERE฀lXED�฀AND฀THE฀ALKYNE฀MOIETY฀WAS฀REACTED฀
WITH฀!34-
"/$)09฀�GREEN	�฀"�฀-%&฀CELLS฀WERE฀INCUBATED฀FOR฀��฀H฀WITH฀�฀�-฀ALKYNE
DOX3!�฀#ELLS฀WERE฀lXED฀AND฀COSTAINED฀FOR฀THE฀MITOCHON

DRIAL฀MARKER฀4OM��฀�MAGENTA	฀AND฀THE฀ALKYNE฀MOIETY฀WAS฀REACTED฀WITH฀!34-
"/$)09฀�GREEN	�฀#�฀-%&฀CELLS฀WERE฀TREATED฀FOR฀�฀OR฀��฀H฀WITH฀
either 1 �-฀ALKYNE
DOX3!฀OR฀�฀�-฀ALKYNE
3!฀BEFORE฀lXATION฀AND฀DETECTION฀OF฀THE฀ALKYNE฀LABEL฀WITH฀!34-
"/$)09�
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Prolonged incubation with alkyne-doxSA at toxic 
concentrations causes the appearance of dense  
alkyne-positive ER structures

7E฀FURTHER฀NOTICED฀THAT฀PROLONGED฀EXPOSURE฀OF฀CELLS฀TO฀
TOXIC฀CONCENTRATIONS฀OF฀ALKYNE
DOX3!฀NOT฀ONLY฀RESULTED฀IN฀
fragmented mitochondria, but also led to changes in al

KYNE
DOX3!฀ LOCALIZATION฀AND฀ IN฀ THE฀MORPHOLOGY฀OF฀OTHER฀
ORGANELLES฀ IN฀ THE฀ CULTURED฀-%&฀CELLS�฀ )N฀DETAIL�฀ LARGE�฀ IN

TENSELY฀STAINED฀STRUCTURES฀BECAME฀VISIBLE฀UPON฀LONG฀INCUBA

TION฀WITH฀�฀«-฀ALKYNE
DOX3!฀�Fig. 6A�฀WHITE฀ARROWS	�฀4HESE฀
structures only appeared after prolonged incubation, and 
THE฀ALKYNE฀LABELING฀DID฀NOT฀COINCIDE฀WITH฀EITHER฀THE฀MEM

BRANE฀POTENTIAL
SENSITIVE฀STAINING฀OF฀-ITOTRACKER฀#-82OS฀
�&IG�฀�!	฀OR฀THE฀MITOCHONDRIAL฀MARKER฀4OM��฀�&IG�฀�"	�฀
HENCE฀EXCLUDING฀A฀MITOCHONDRIAL฀ORIGIN฀FOR฀MOST฀OF฀THESE฀
STRUCTURES�฀(OWEVER�฀A฀SMALL฀FRACTION฀MAY฀REPRESENT฀MITO

CHONDRIA฀THAT฀HAVE฀LOST฀MEMBRANE฀POTENTIAL�฀AS฀TRIPLE฀STAIN

ING฀REVEALED฀�&IG�฀�#	�฀&URTHER฀COSTAININGS฀SUGGESTED฀THAT฀
THE฀MAJORITY฀ OF฀ THE฀ OBSERVED฀ STRUCTURES฀ ARE฀ ENLARGED฀ %2฀
DOMAINS�฀AS฀CONCLUDED฀FROM฀THE฀OVERLAPPING฀SIGNAL฀OF฀THE฀
ALKYNE฀STAINING฀WITH฀THE฀%2฀PROTEIN฀0$)฀�&IG�฀�$�฀WHITE฀AR

ROW	�฀ 4HESE฀ lNDINGS฀ INDICATE฀ THAT฀ PROLONGED฀ TREATMENT฀
WITH฀ ALKYNE
DOX3!฀ AT฀ TOXIC฀ CONCENTRATIONS฀ LEADS฀ TO฀MOR

PHOLOGICAL฀CHANGES฀OF฀THE฀%2�฀FROM฀A฀NET
LIKE฀APPEARANCE฀
TO฀ ENLARGED฀ AND฀DENSE
APPEARING฀ SHEETS�฀ 4O฀DETERMINE฀
WHETHER฀%2฀STRESS฀IS฀OCCURRING฀UPON฀DOX3!฀TREATMENT�฀WE฀
ANALYZED฀THE฀ALTERNATIVE฀SPLICING฀PRODUCT฀OF฀THE฀8"0��฀THAT฀
IS฀KNOWN฀TO฀OCCUR฀WHEN฀%2฀STRESS฀TRIGGERS฀THE฀UNFOLDED฀PRO

TEIN฀ RESPONSE฀ ���	�฀/UR฀DATA฀ SHOWED฀ THAT฀8"0�฀ SPLICING฀
WAS฀ SIGNIlCANTLY฀ INDUCED฀ AFTER฀ ��฀ H฀ OF฀ EXOGENOUS฀ TREAT

MENT฀WITH฀DOX3!฀�&IG�฀�%	�

DoxSA treatment induces mitochondrial dysfunction  
in situ

(YPERFRAGMENTATION฀ OF฀ MITOCHONDRIA฀ LEADS฀ TO฀ A฀ RE

DUCED฀CAPACITY฀FOR฀!40฀PRODUCTION฀BY฀MITOCHONDRIAL฀RES

PIRATION฀ ���	�฀ 7E฀ THEREFORE฀ HYPOTHESIZED฀ THAT฀ DOX3!฀
TREATMENT฀COULD฀LEAD฀TO฀A฀REDUCTION฀OF฀TOTAL฀CELLULAR฀!40฀
LEVELS�฀)NDEED�฀DOX3!฀TREATMENT฀OF฀-%&฀CELLS฀AT฀TOXIC฀CON

CENTRATIONS฀ LED฀ TO฀ A฀ SIGNIlCANT฀ INCREASE฀ IN฀ CELLULAR฀ !40฀ 
AFTER฀�฀H฀AND฀A฀PRONOUNCED฀REDUCTION฀IN฀CELLULAR฀!40฀LEV

ELS฀AFTER฀��฀AND฀��฀H฀OF฀TREATMENT฀�Fig. 7A	�฀4HIS฀DROP฀IN฀
CELLULAR฀ !40฀ WAS�฀ LIKE฀ THE฀ MITOCHONDRIAL฀ FRAGMENTATION฀
�&IG�฀�#	�฀RESCUED฀BY฀COTREATMENT฀WITH฀��฀«-฀&"��฀-EA

surement of mitochondrial function by using a Seahorse 
!NALYZER฀SHOWED฀AN฀APPROXIMATELY฀���฀REDUCTION฀IN฀BASAL฀
AS฀WELL฀AS฀MAXIMAL฀RESPIRATION฀IN฀-%&฀CELLS฀TREATED฀FOR฀��฀H฀
WITH฀�฀«-฀DOX3!฀�&IG�฀�"	�฀4HIS฀EFFECT฀WAS฀AGAIN฀RESCUED฀
by cotreatment with FB1, whereas no differences in the 
EXTRACELLULAR฀ACIDIlCATION฀RATE�฀AS฀A฀FUNCTION฀OF฀GLYCOLYSIS�฀
were detectable. Ultrastructural analysis of the hyperfrag

mented mitochondria by electron microscopy showed 

WITH฀ALKYNE
DOX3!฀AFTER฀lXATION฀DID฀NOT฀LEAD฀TO฀ANY฀AP

PRECIABLE฀CELLULAR฀STAINING฀�SUPPLEMENTAL฀&IG�฀3�"	�

DoxSA induces mitochondrial fragmentation

.EXT�฀WE฀EVALUATED฀THE฀CYTOTOXIC฀EFFECTS฀OF฀DOX3!฀TREAT

MENT�฀4REATMENT฀OF฀-%&฀CELLS฀WITH฀A฀CYTOTOXIC฀CONCENTRA

TION฀OF฀�฀«-฀ALKYNE
DOX3!฀FOR฀ONLY฀�฀MIN฀ALSO฀ALLOWED฀FOR฀
the detection of the lipid in mitochondria, and the stain

ING฀ INTENSITY฀ INCREASED฀ WITH฀ INCUBATION฀ TIME฀ �Fig. 4A	�฀
(OWEVER�฀ IN฀CONTRAST฀ TO฀TREATING฀CELLS฀WITH฀A฀ LOW฀ALKYNE

DOX3!฀CONCENTRATION฀�I�E��฀���฀«-�฀&IG�฀�	�฀TREATMENT฀OF฀
-%&฀CELLS฀WITH฀�฀«-฀ALKYNE
DOX3!฀RESULTED฀IN฀CHANGES฀IN฀
MITOCHONDRIAL฀ MORPHOLOGY�฀ 7HEREAS฀ MITOCHONDRIA฀ OF฀
NONTREATED฀CELLS฀WERE฀MOSTLY฀TUBULAR฀WITH฀ONLY฀SOME฀lS

SIONING฀MITOCHONDRIA�฀�฀«-฀ALKYNE
DOX3!฀TREATMENT฀LED฀
TO฀SWOLLEN฀AND฀HYPERFUSED฀MITOCHONDRIA฀��฀H	�฀AND฀PRO

longed presence resulted in fragmented mitochondria in 
APPROXIMATELY฀���฀OF฀ALL฀CELLS฀�&IG�฀�"	�฀4O฀VALIDATE฀THE฀
SPECIlCITY฀OF฀THE฀EFFECT�฀WE฀COMPARED฀THE฀MITOCHONDRIAL฀
MORPHOLOGY฀UPON฀ALKYNE
DOX3!฀OR฀ALKYNE
3!฀TREATMENT฀
�&IG�฀�#	�฀4REATMENT฀WITH฀�฀«-฀ALKYNE
3!฀ALSO฀LED฀TO฀LA

BELING฀OF฀MITOCHONDRIA�฀BUT฀WITH฀A฀COMPARATIVELY฀STRON

ger staining of other organelles. Most importantly, we did 
NOT฀OBSERVE฀ANY฀INCREASE฀IN฀MITOCHONDRIAL฀FRAGMENTATION฀
UPON฀ TREATMENT฀ WITH฀ ALKYNE
3!�฀ 4O฀ CORROBORATE฀ THESE฀
lNDINGS฀AND฀TO฀EXCLUDE฀ANY฀POTENTIAL฀EFFECT฀OF฀THE฀ALKYNE฀
MOIETY�฀ ADDITIONAL฀ EXPERIMENTS฀ USING฀ UNTAGGED฀ NATURAL฀
DOX3!฀AND฀3!฀WERE฀PERFORMED฀�Fig. 5	�฀(ERE�฀CELLS฀WERE฀
treated for the indicated times with 1 µM SA, with in

CREASING฀CONCENTRATIONS฀OF฀DOX3!฀�����฀����฀AND฀�฀«-	�฀OR฀
WITH฀ �฀ «-฀ DOX3!฀ IN฀ THE฀ PRESENCE฀ OF฀ A฀ #ER3฀ INHIBITOR฀
�&"�	�฀ RESPECTIVELY�฀ #ELLS฀ WERE฀ THEN฀ lXED�฀ STAINED�฀ AND฀
ASSIGNED฀ AS฀ DISPLAYING฀ TUBULAR
SHAPED฀ MITOCHONDRIA�฀
fragmented mitochondria, or being collapsed, meaning 
BEING฀CLOSE฀TO฀DETACHMENT฀AND฀CELL฀DEATH฀�SEE฀&IG�฀�!฀FOR฀
REPRESENTATIVE฀PICTURES	�฀#ONTINUOUS฀TREATMENT฀WITH฀���฀
OR฀�฀«-฀DOX3!฀FOR฀��฀H฀WAS฀CYTOTOXIC฀TO฀THE฀CELLS�฀AS฀INDI

CATED฀BY฀A฀SIGNIlCANT฀REDUCTION฀ IN฀AVERAGE฀CELL฀NUMBER฀
PER฀ IMAGE฀ �&IG�฀ �"	�฀ -ITOCHONDRIAL฀ FRAGMENTATION฀ WAS฀
SIGNIlCANTLY฀INCREASED฀AFTER฀��฀H฀WITH฀���฀OR฀�฀«-฀DOX3!�฀
BUT฀NOT฀WITH฀���฀«-฀DOX3!฀OR฀�฀«-฀3!฀TREATMENT฀�&IG�฀
�#	�฀!LSO�฀COTREATMENT฀WITH฀��฀«-฀&"�฀IN฀COMBINATION฀
WITH฀�฀«-฀DOX3!฀FULLY฀PREVENTED฀MITOCHONDRIAL฀FRAGMEN

TATION�฀ 4O฀ FURTHER฀ DECIPHER฀ THIS฀ lNDING�฀ WE฀ QUANTIlED฀
THE฀ CELLULAR฀UPTAKE฀OF฀ ALKYNE
DOX3!฀ IN฀ THE฀PRESENCE฀OR฀
ABSENCE฀OF฀&"�฀�SUPPLEMENTAL฀&IG�฀3�	�฀#OTREATMENT฀WITH฀
&"�฀DID฀NOT฀CHANGE฀THE฀UPTAKE฀OF฀ALKYNE
DOX3!�฀WHEREAS฀
IT฀SIGNIlCANTLY฀INHIBITED฀ITS฀N
ACYLATION฀BY฀#ER3S�฀(ENCE�฀
we conclude that an N
ACYL฀DOWNSTREAM฀PRODUCT�฀AND฀NOT฀
THE฀ �
DEOXYSPHINGOID฀ BASE฀ ITSELF�฀ IS฀ RESPONSIBLE฀ FOR฀ THE฀
OBSERVED฀MITOCHONDRIAL฀CHANGES฀UPON฀DOX3!
MEDIATED฀
TOXICITY�

Fig. 5.฀ -ITOCHONDRIAL฀FRAGMENTATION฀UPON฀DOX3!฀TREATMENT฀DEPENDS฀ON฀FUNCTIONAL฀#ER3S�฀-%&฀CELLS฀WERE฀TREATED฀FOR฀THE฀INDICATED฀TIMES฀
WITH฀DIFFERENT฀CONCENTRATIONS฀OF฀UNLABELED฀DOX3!฀OR฀3!฀BEFORE฀lXATION฀AND฀STAINING฀OF฀MITOCHONDRIA฀�4OM���฀GREEN	�฀ACTIN฀lLAMENTS฀�0HAL

LOIDIN�฀ORANGE	�฀AND฀NUCLEUS฀�$!0)�฀BLUE	�฀$ATA฀ARE฀PRESENTED฀AS฀AVERAGE฀¢฀3$�฀
฀P < 0.05; ** P < 0.01; *** P฀�฀������฀!�฀2EPRESENTATIVE฀IMAGES฀
OF฀CELLS฀SHOWING฀NORMAL฀MITOCHONDRIAL฀MORPHOLOGY�฀FRAGMENTING฀�GREEN฀ARROWS	฀AND฀FRAGMENTED฀�WHITE฀ARROWS	฀MITOCHONDRIA�฀OR฀A฀COL

LAPSED฀CELLULAR฀PHENOTYPE฀WITH฀LITTLE฀VISIBLE฀CYTOPLASM฀AROUND฀THE฀NUCLEUS฀�RED฀ARROW	�฀3CALE฀BAR�฀��฀�M�฀"�฀!VERAGE฀CELL฀NUMBER฀PER฀IMAGE�฀
#�฀1UANTIlCATION฀OF฀CELLS฀WITH฀NORMAL฀MITOCHONDRIA�฀FRAGMENTED฀MITOCHONDRIA�฀OR฀CELLS฀WITH฀COLLAPSED฀ACTIN฀lLAMENTS�฀N�S��฀NOT฀SIGNIlCANT�
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Fig. 6.฀ ,ONG
TERM฀INCUBATION฀WITH฀ALKYNE
DOX3!฀AT฀TOXIC฀CONCENTRATIONS฀LEADS฀TO฀PROMINENT฀ALKYNE
POSITIVE฀%2฀STRUCTURES฀AND฀%2฀STRESS�฀-%&฀
cells were treated for 24 h with 1 �-฀ALKYNE
DOX3!�฀!FTER฀lXATION�฀THE฀ALKYNE฀MOIETY฀WAS฀REACTED฀WITH฀!34-
"/$)09฀�GREEN	�฀3CALE฀BARS�฀��฀�m. 
0LEASE฀NOTE฀THAT฀UNIDENTIlED฀ALKYNE
POSITIVE฀STRUCTURES฀�WHITE฀ARROWS	฀APPEAR฀�AFTER฀THE฀LONG฀DOX3!฀INCUBATION฀AT฀A฀TOXIC฀CONCENTRATION	�฀WHICH฀
DO฀NOT฀COLOCALIZE฀WITH฀MITOCHONDRIAL฀MEMBRANE
DEPENDENT฀-ITOTRACKER฀ STAINING฀�MAGENTA	฀�!	฀OR฀WITH฀ THE฀MITOCHONDRIAL฀MARKER฀PROTEIN฀
4OM��฀�MAGENTA	฀�"	�฀#�฀4RIPLE฀STAININGS฀SHOW฀SOME฀MITOCHONDRIA฀�4OM��
POSITIVE�฀MAGENTA	฀THAT฀WERE฀ALKYNE
POSITIVE฀�GREEN	�฀BUT฀DID฀NOT฀TAKE฀
UP฀THE฀-ITOTRACKER฀STAIN฀�RED	�฀INDICATING฀TOTAL฀LOSS฀OF฀THE฀MEMBRANE฀POTENTIAL฀�RED฀ARROWS	�฀)N฀CONTRAST�฀A฀BLUE฀ARROW฀MARKS฀A฀MITOCHONDRIUM฀
�4OM��
POSITIVE�฀MAGENTA	�฀THAT฀TOOK฀UP฀NEITHER฀THE฀ALKYNE฀LIPID฀�GREEN	฀NOR฀THE฀-ITOTRACKER฀STAIN฀�RED	�฀WHEREAS฀GREEN฀ARROWS฀INDICATE฀ALKYNE

POSITIVE฀STRUCTURES฀OF฀UNKNOWN฀ORIGIN฀THAT฀ARE฀NOT฀HYPERFRAGMENTED฀MITOCHONDRIA�฀$�฀&URTHER฀IMMUNOmUORESCENCE฀COSTAININGS฀SHOW฀COLOCALIZA

TION฀OF฀THE฀UNIDENTIlED฀ALKYNE
POSITIVE฀�GREEN	฀STRUCTURES฀�WHITE฀ARROW	฀WITH฀THE฀%2฀PROTEIN฀0$)฀�MAGENTA	�฀0LEASE฀NOTE฀THAT�฀BECAUSE฀OF฀THE฀VERY฀
PROMINENT฀ALKYNE฀STAINING฀IN฀MITOCHONDRIA�฀ALKYNE฀STAINING฀IN฀%2฀APPEARS฀LESS฀BRIGHT�฀ALTHOUGH฀HIGHLY฀SPECIlC�฀%�฀4O฀PROBE฀FOR฀INDUCTION฀OF฀%2฀
STRESS�฀-%&฀CELLS฀WERE฀TREATED฀FOR฀��฀H฀WITH฀�฀�-฀DOX3!�฀AND฀ALTERNATIVE฀SPLICING฀OF฀THE฀%2฀STRESS฀MARKER฀8"0�฀WAS฀ANALYZED�฀SHOWING฀THAT�฀APART฀
FROM฀MITOCHONDRIAL฀HYPERFRAGMENTATION�฀DOX3!฀TOXICITY฀LEADS฀TO฀%2฀STRESS�฀$ATA฀ARE฀PRESENTED฀AS฀AVERAGE฀¢฀3$�฀


฀P < 0.001. 
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CONCENTRATIONS฀ ����฀ AND฀ �฀ «-฀ DOX3!	�฀ BUT฀ NO฀ SIGNIl

cant effect on neurite outgrowth for treatment with  
�฀«-฀3!฀OR฀���฀«-฀DOX3!฀�&IG�฀�$	�฀ INDICATING฀THAT฀ THE฀
OBSERVED฀MITOCHONDRIAL฀DISTURBANCES฀ARE฀LIKELY฀TO฀PRECEDE฀
AXONAL฀DEGENERATION�฀(OWEVER�฀COTREATMENT฀OF฀�฀«-฀DOX3!฀
WITH฀&"�฀DID฀NOT฀RESCUE฀THE฀INHIBITORY฀EFFECT฀OF฀DOX3!฀
ON฀NEURITE฀LENGTH�฀POINTING฀TOWARD฀AN฀ADDITIONAL฀TOXIC฀EF

FECT฀ THAT฀ THE฀DOX3!฀SPHINGOID฀BASE฀EXHIBITS฀ON฀AXONAL฀
outgrowth.

$)3#533)/.

"ECAUSE฀OF฀ THEIR฀ONLY฀ RECENT฀ IDENTIlCATION฀ IN฀HUMANS�฀
VERY฀LITTLE฀IS฀KNOWN฀ABOUT฀EFFECTS฀AND฀FUNCTIONS฀OF฀DEOXY3,S฀
���	�฀)N฀THIS฀STUDY�฀WE฀ADDRESSED฀SOME฀FUNDAMENTAL฀QUES

tions about the cellular metabolism and localization of de

OXY3,S�฀ POTENTIALLY฀ LEADING฀ TO฀ NOVEL฀ INSIGHTS฀ ABOUT฀ THEIR฀
PATHOMECHANISM฀IN฀DISEASES฀LIKE฀DIABETIC฀NEUROPATHY฀AND฀
(3!.��฀ 4O฀ ENABLE฀ THESE฀ EXPERIMENTS�฀ WE฀ SYNTHESIZED฀ A฀
NOVEL฀TRACEABLE฀DOX3!฀PROBE�฀ALKYNE
DOX3!�฀WITH฀SUPERIOR฀
SIMILARITY฀TO฀NATURALLY฀FORMED฀DOX3!฀AND฀ALLOWING฀FOR฀EASY฀
DETECTION฀VIA฀CLICK
CHEMISTRY฀METHODS฀���n���฀��	�
&IRST�฀BY฀COMPARING฀ THE฀UPTAKE฀AND฀METABOLISM฀OF฀ THE฀

NOVEL฀AND฀CHEMICALLY฀SYNTHESIZED฀ALKYNE
DOX3!฀WITH฀THAT฀OF฀
ITS฀DEUTERATED฀COUNTERPART�฀WE฀COULD฀VERIFY฀IT฀BEING฀A฀HIGHLY฀
SUITABLE฀ PROBE฀ FOR฀ THE฀ STUDY฀ OF฀ DEOXY3,S฀ IN฀MAMMALIAN฀
CELLS�฀4HE฀ ACQUIRED฀DATA฀ ALSO฀UNDERLINE฀ THAT�฀WHEREAS฀ CA

nonical sphingolipids are mainly desaturated and hence 
RARELY฀PRESENT฀AS฀$(#ERS�฀A฀SMALLER฀PROPORTION฀OF฀DEOXY3,S฀
ARE฀DESATURATED�฀4HIS฀NOTION฀WAS฀ ALSO฀DEPICTED฀ IN฀ EARLIER฀
STUDIES฀THAT฀FOUND฀APPROXIMATELY฀ONE
THIRD฀OF฀THE฀TOTAL฀DE

OXY3,S฀IN฀HUMAN฀PLASMA฀TO฀BE฀DOX$(#ER฀AND฀TWO
THIRDS฀
AS฀DOX#ER฀ ��	�฀ )N฀ AGREEMENT฀WITH฀ A฀PREVIOUS฀ STUDY฀ ���	�฀
our results also indicate profound differences in the N
ACYL

ATION฀ PATTERN฀ OF฀ DOX$(#ERS฀ VERSUS฀ DOX#ERS�฀ )N฀ DETAIL�฀
WHEREAS฀ IN฀ THE฀ -%&฀ CELLS฀ STUDIED฀ HERE�฀ DOX$(#ERS฀ ARE฀
FOUND฀ WITH฀ A฀ VARIETY฀ OF฀N
ACYL฀ FATTY฀ ACIDS฀ ATTACHED฀ �#��

#��	�฀ DOX#ER฀ WERE฀ DETECTABLE฀ ONLY฀ WITH฀ VERY฀ LONG฀ CHAIN฀ 
N
ACYL฀FATTY฀ACIDS฀�#��n#��	�฀4HIS฀ARGUES฀FOR฀A฀SELECTIVITY฀OF฀
THE฀RESPONSIBLE฀DIHYDROCERAMIDE฀DESATURASE฀FOR฀VERY฀LONG

chain N
ACYLATED฀DOX$(#ERS฀OR฀FOR฀AN฀EXCHANGE฀OF฀N
ACYL฀
FATTY฀ACIDS฀SUBSEQUENT฀TO฀DESATURATION�฀!LTHOUGH�฀JUST฀LIKE฀
FOR฀ CANONICAL฀ SPHINGOLIPIDS�฀ #ER3฀ EXPRESSION฀ LEVELS฀ IN฀ A฀
GIVEN฀CELL฀WILL฀LIKELY฀AFFECT฀THE฀SPECIlC฀N
ACYL฀PATTERN฀OF฀THE฀
DEOXY3,S�฀ BUT฀ THE฀ PRESENCE฀ OF฀ DIFFERENT฀N
ACYLATION฀ PAT

TERNS฀ BETWEEN฀ DEOXY3,S฀ AND฀ CANONICAL฀ CERAMIDES฀ ALSO฀
highly indicates that CerSs may discriminate between their 
SPHINGOID฀BASE฀SUBSTRATES�฀!CCORDING฀TO฀THE฀'ENEVESTIGATOR฀
DATABASE฀���	�฀WHICH฀IS฀BASED฀ON฀A฀LARGE฀SET฀OF฀QUALITY
CON

trolled microarrays, CerS5, CerS6, and CerS2 are the most 
HIGHLY฀EXPRESSED฀#ER3฀ISOFORMS฀IN฀-%&S�฀)N฀CONCORDANCE฀
WITH฀THEIR฀KNOWN฀SUBSTRATE฀SPECIlCITY�฀WE฀DETECTED฀THE฀MOST฀
ABUNDANT฀DOX$(#ERS฀TO฀BE฀N
ACYLATED฀WITH฀#�����฀#�����฀
and C24:1 fatty acids. Furthermore, CerS2 is also one of the 
MOST฀HIGHLY฀EXPRESSED฀#ER3฀ENZYMES฀IN฀THE฀$2'฀OF฀BOTH฀
HUMANS฀ AND฀MICE฀ �ALONG฀WITH฀#ER3�฀ AND฀#ER3��฀ RESPEC

TIVELY	฀ ���	�฀ INDICATING฀ THAT฀ CERAMIDE฀ AND฀ DOX�$(	#ER฀
SPECIES฀FOUND฀IN฀PERIPHERAL฀NERVES฀ARE฀LIKELY฀BE฀SIMILAR฀TO฀

mitochondria that were spherical and had largely lost inter

NAL฀CRISTAE฀STRUCTURES฀�&IG�฀�#	�฀)N฀CONTRAST฀TO฀THE฀OBSERVED฀
MITOCHONDRIAL฀DYSFUNCTION฀AFTER฀DOX3!฀TREATMENT฀ IN฀SITU�฀
DIRECT฀DOX3!฀TREATMENT฀OF฀ ISOLATED฀MITOCHONDRIA฀DID฀NOT฀
LEAD฀TO฀LOSS฀OF฀MITOCHONDRIAL฀MEMBRANE฀POTENTIAL฀IN฀VITRO฀
�&IG�฀�$	�฀(ERE�฀FUNCTIONAL฀MITOCHONDRIA฀FROM฀-%&฀CELLS฀
WERE฀ INCUBATED฀ WITH฀ �฀ «-฀ DOX3!฀ AND฀ SUBSEQUENTLY฀ THE฀
MEMBRANE฀POTENTIAL฀DEPENDED฀UPTAKE฀OF฀THE฀mUORESCENT฀
DYE฀RHODAMINE฀�2(
���	฀���	฀WAS฀ANALYZED�

Exogenous doxSA treatment leads to swollen spherical 
mitochondria in primary sensory neurons

!LTHOUGH฀CHANGES฀IN฀%2฀MORPHOLOGY฀APPEARED฀ONLY฀AT฀
LATE฀ STAGES฀ OF฀ DOX3!
INDUCED฀ CELLULAR฀ TOXICITY�฀ WHEN฀ THE฀
CELL฀WAS฀CLOSE฀TO฀CELL฀DEATH�฀WE฀OBSERVED฀THAT฀THE฀CHANGES฀
in mitochondrial morphology, such as swelling, were an 
EARLY฀CHARACTERISTIC฀AFTER฀DOX3!฀TREATMENT฀AND฀DID฀NOT฀PER฀
SE฀ RESULT฀ IN฀ CELL฀ DEATH�฀4O฀ EVALUATE฀WHETHER฀MITOTOXICITY฀
COULD฀ BE฀ A฀ COMMON฀MECHANISM฀ UNDERLYING฀ THE฀ KNOWN฀
DOX3!
INDUCED฀ NEURONAL฀ DEGENERATION�฀ WE฀ TREATED฀ PRI

MARY฀$2'฀NEURONS฀WITH฀A฀MIXTURE฀OF฀DOX3!฀AND฀ALKYNE

DOX3!฀�RATIO฀���	฀AND฀CONlRMED฀UPTAKE฀AND฀MITOCHONDRIAL฀
LOCALIZATION฀OF฀ THE฀ LIPIDS฀ALSO฀ IN฀ THESE฀CELLS฀�Fig. 8A	�฀!L

KYNE
DOX3!฀PROMINENTLY฀STAINED฀THE฀MITOCHONDRIA฀WITHIN฀
THE฀CELL฀BODY฀AND฀ALONG฀THE฀NEURITES�฀4O฀PROBE฀FOR฀THE฀EF

FECT฀OF฀DOX3!฀ON฀MITOCHONDRIA฀IN฀NEURONS�฀WE฀THEN฀TREATED฀
$2'฀NEURONS฀FOR฀��฀H฀WITH฀DOX3!฀AND฀STAINED฀FOR฀MITO

CHONDRIA฀ �4OM��	฀ AND฀ THE฀ NEURON
SPECIlC฀ CLASS฀ )))฀ 
�
TUBULIN฀�TUJ�	฀���	฀�&IG�฀�"	�฀7HEREAS฀MITOCHONDRIA฀IN฀
CONTROL฀SAMPLES฀WERE฀EVENLY฀DISTRIBUTED฀ALONG฀THE฀NEURITES฀
AND฀APPEARED฀lNE฀AND฀STREAK
LIKE�฀IN฀DOX3!
TREATED฀CELLS�฀
we noticed the occurrence of swollen, more spherical, and 
LESS฀EVENLY฀DISTRIBUTED฀MITOCHONDRIA฀IN฀NEURITES฀AND฀ACCU

mulation of mitochondria in the cell body already at the 
LOWEST฀CONCENTRATION฀TESTED฀����฀«-	�฀4HIS฀PHENOTYPE฀WAS฀
MORE฀PRONOUNCED฀AT฀HIGHER฀CONCENTRATIONS�฀3PECIlCALLY�฀
AFTER฀ TREATING฀ NEURONS฀ WITH฀ ���฀ «-฀ DOX3!�฀ WE฀ OBSERVED฀
GROSSLY฀ SWOLLEN฀MITOCHONDRIA฀�GREEN฀ARROWS	฀AND฀ IRREGU

LARLY฀DISTRIBUTED฀MITOCHONDRIA฀�BLUE฀ARROWS	฀IN฀DEGENERAT

ING฀ NEURITES฀ COMPARED฀ WITH฀ UNAFFECTED฀ NEURITES฀ �WHITE฀
ARROWS	�
4O฀QUANTIFY฀OUR฀OBSERVATIONS�฀WE฀ISOLATED฀$2'฀NEURONS฀

FROM฀lVE฀DIFFERENT฀MICE฀AND฀TREATED฀THEM฀SEPARATELY฀ FOR฀
��฀H฀WITH฀3!�฀DIFFERENT฀CONCENTRATIONS฀OF฀DOX3!�฀OR฀A฀COM

BINATION฀OF฀DOX3!฀AND฀&"��฀RESPECTIVELY�฀!LTHOUGH฀THE฀INI

TIALLY฀OBSERVED฀APPARENT฀ACCUMULATION฀OF฀MITOCHONDRIA฀IN฀
CELL฀BODIES฀WAS฀NOT฀ STATISTICALLY฀ SIGNIlCANT�฀DIFFERENCES฀ IN฀
the number of neurons showing mitochondrial abnormal

ITIES฀IN฀SHAPE฀�SWOLLEN฀OR฀SPHERICAL	฀OR฀DISTRIBUTION฀ALONG฀
THE฀NEURITES฀�NONREGULAR฀DISTRIBUTION฀WITH฀GAPS฀IN฀BETWEEN	฀
WERE฀SIGNIlCANT฀ALREADY฀AT฀THE฀LOWEST฀CONCENTRATION฀TESTED฀
����฀«-฀DOX3!	฀AND฀INCREASED฀WITH฀HIGHER฀CONCENTRATIONS฀
�&IG�฀�#	�฀4REATMENT฀WITH฀�฀«-฀3!฀LED฀TO฀A฀SLIGHT�฀ALBEIT฀
NOT฀ SIGNIlCANT�฀ INCREASE฀ IN฀ NEURONS฀ SHOWING฀ MITOCHON

DRIAL฀ABNORMALITIES�฀)N฀CONTRAST฀TO฀lBROBLASTS�฀COTREATMENT฀
OF฀�฀«-฀DOX3!฀WITH฀��฀«-฀&"�฀ONLY฀PARTIALLY฀RESCUED฀THE฀
EFFECT฀OF฀DOX3!฀ TREATMENT฀ON฀MITOCHONDRIAL฀MORPHOL

OGY฀ �&IG�฀ �#	�฀1UANTIlCATION฀OF฀NEURITE฀ LENGTH฀ REVEALED฀
SIGNIlCANT฀DIFFERENCES฀FOR฀TREATMENT฀WITH฀HIGHER฀DOX3!฀
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Fig. 7.฀ -ITOCHONDRIAL฀FRAGMENTATION฀UPON฀DOX3!฀TREATMENT฀IS฀CHARACTERIZED฀BY฀A฀REDUCTION฀OF฀CELLULAR฀!40฀LEVELS�฀REDUCED฀MITOCHONDRIAL฀
RESPIRATORY฀CAPACITY�฀AND฀LOSS฀OF฀INTERNAL฀MITOCHONDRIAL฀CRISTAE฀STRUCTURES�฀!�฀-%&฀CELLS฀WERE฀TREATED฀FOR฀THE฀INDICATED฀TIMES฀WITH฀DIFFERENT฀
DOX3!฀CONCENTRATIONS฀AND฀&"�฀BEFORE฀LYSIS฀AND฀MEASUREMENT฀OF฀CELLULAR฀!40฀LEVELS�฀$ATA฀ARE฀PRESENTED฀AS฀AVERAGE฀¢฀3$�฀"�฀-%&฀CELLS฀WERE฀
treated for 24 h with 1 �-฀DOX3!�฀�฀�-฀DOX3!฀�฀��฀�M FB1, or 1 �-฀3!�฀RESPECTIVELY�฀BEFORE฀ANALYSIS฀OF฀GLYCOLYSIS฀RATE�฀MITOCHONDRIAL฀RES

PIRATION�฀AND฀MAXIMAL฀RESPIRATION฀CAPACITY�฀/#2�฀OXYGEN฀CONSUMPTION฀RATE�฀$ATA฀ARE฀PRESENTED฀AS฀AVERAGE฀¢฀3$�฀#�฀-%&฀CELLS฀WERE฀TREATED฀
for 24 h with 1 �-฀DOX3!�฀BEFORE฀lXATION฀AND฀ANALYSIS฀OF฀MITOCHONDRIAL฀STRUCTURES฀BY฀ELECTRON฀MICROSCOPY�฀3CALE฀BARS�฀���฀NM�฀$�฀-ITOCHON

DRIA฀WERE฀ISOLATED฀FROM฀-%&฀CELLS฀AND฀INCUBATED฀IN฀VITRO฀WITH฀�฀�-฀DOX3!�฀�฀�-฀DOX3!฀�฀&"��฀OR฀�฀�-฀3!�฀5PTAKE฀OF฀RHODAMINE฀���฀WAS฀
analyzed to measure mitochondrial membrane potential. * P < 0.05; ** P < 0.01; *** P < 0.001.
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thors detected swollen, perinuclear mitochondria with en

larged cristae and a discontinuous outer membrane in 
these cells by electron microscopy. In the present study, we 
show that the same mitochondrial disturbances are also in

DUCED฀BY฀EXOGENOUS฀TREATMENT฀WITH฀DOX3!฀AND฀THAT฀DOX3!฀
CAUSES฀MITOCHONDRIAL฀DYSFUNCTION฀ IN฀ RESPIRATION฀AND฀!40฀
GENERATION฀IN฀SITU�฀)NTERESTINGLY�฀IN฀lBROBLASTS�฀INHIBITION฀OF฀
#ER3฀ACTIVITY฀WITH฀&"�฀COMPLETELY฀RESCUED฀DOX3!
INDUCED฀
MITOTOXICITY�฀ INDICATING฀ THAT฀NOT฀ THE฀PRESENCE฀OF฀ THE฀ FREE฀
sphingoid base, but of one of its N
ACYLATED฀ DOWNSTREAM฀
products, is responsible for the mitochondrial dysfunction. 
4HIS฀IS฀ALSO฀SUPPORTED฀BY฀A฀RECENT฀PAPER฀SHOWING฀THAT฀��฀H฀
TREATMENT฀WITH฀���฀«-฀DOX3!฀REDUCED฀CELLULAR฀METABOLIC฀
ACTIVITY฀;�
����
DIMETHYLTHIAZOL
�
YL	���
DIPHENYLTETRAZO

LIUM฀BROMIDE฀�-44฀TEST	=฀TO฀APPROXIMATELY฀���฀IN฀CORTI

CAL฀NEURONS�฀BUT฀DID฀NOT฀LEAD฀TO฀A฀SIGNIlCANT฀INCREASE฀OF฀CELL฀
DEATH฀ �LACTATE฀ DEHYDROGENASE฀ TEST	฀ ���	�฀ (ERE�฀ REDUCED฀
METABOLIC฀ACTIVITY฀�-44฀TEST	฀UPON฀DOX3!฀TREATMENT฀WAS฀
also rescued in the cortical neurons by preincubation of 
THE฀CELLS฀WITH฀&"��฀AGAIN฀INDICATING฀THAT฀DOX3!฀NEEDS฀TO฀BE฀
N
ACYLATED฀ TO฀DOX�$(	#ERS฀ TO฀AFFECT฀MITOCHONDRIAL฀ FUNC

TION�฀)N฀OUR฀HANDS�฀&"�฀COTREATMENT฀HAD฀NO฀POSITIVE฀EFFECT฀
ON฀ LENGTH฀OF฀ AXONAL฀ OUTGROWTH�฀ IMPLYING฀ THAT฀ THE฀ SPHIN

GOID฀BASE฀ITSELF฀POSSESSES฀AN฀ADDITIONAL฀TOXIC฀EFFECT฀THAT฀LIM

ITS฀AXONAL฀GROWTH฀IN฀PERIPHERAL฀NEURONS�฀(OWEVER�฀IN฀LINE฀
WITH฀OUR฀RESULTS฀IN฀lBROBLASTS�฀&"�฀COTREATMENT฀SIGNIlCANTLY฀
reduced the percentage of peripheral neurons that showed 
disturbed mitochondrial morphology.
4OGETHER�฀OUR฀RESULTS฀SUGGEST฀THAT฀ELEVATED฀DEOXY3,฀LEV


els impair mitochondrial function and lead to an energy 
DElCIT฀IN฀AFFECTED฀CELLS�฀ESPECIALLY฀IN฀THOSE฀THAT฀HIGHLY฀DEPEND฀
ON฀ RESPIRATION฀ FOR฀ !40฀ PRODUCTION�฀ )NDEED�฀ PERIPHERAL฀
NERVES฀HAVE฀VERY฀HIGH฀AND฀SPECIlC฀ENERGY฀REQUIREMENTS฀BE

CAUSE฀OF฀ THE฀ SUBSTANTIAL฀ LENGTH฀OF฀ THE฀ AXONS�฀4HIS฀MAKES฀
THEM฀PARTICULARLY฀VULNERABLE฀TO฀ENERGY฀DElCITS�฀!฀CHRONIC฀
ENERGY฀DElCIT฀DUE฀TO฀MITOTOXICITY฀HAS฀BEEN฀PROPOSED฀AS฀THE฀
underlying cause for a wide range of distal painful sym

metrical peripheral neuropathies, including diabetic neu

ROPATHY฀ ���	�฀ &URTHERMORE�฀ SEVERAL฀ INHERITED฀ PERIPHERAL฀
neuropathies are caused by mutations in genes responsible 
FOR฀MITOCHONDRIAL฀FUSION�฀lSSION�฀OR฀TRANSPORT฀���	�฀3PECIl

CALLY�฀IT฀IS฀KNOWN฀THAT฀MUTATIONS฀IN฀MITOFUSIN฀�฀�-&.�	�฀A฀
protein that controls mitochondrial fusion, cause heredi

TARY฀MOTOR฀AND฀ SENSORY฀NEUROPATHY฀#HARCOT
-ARIE
4OOTH฀
DISEASE฀ TYPE฀ �!฀ ���	�฀ A฀ DISEASE฀WITH฀ SIMILAR฀ SYMPTOMS฀ TO฀
(3!.��฀"ALOH฀ET฀AL�฀SHOWED฀THAT฀EXPRESSION฀OF฀THE฀-&.�฀
MUTANTS฀IN฀CULTURED฀$2'฀NEURONS฀RESULTED฀IN฀FRAGMENTED฀

THOSE฀FOUND฀IN฀THE฀lBROBLASTS�฀(OWEVER�฀TO฀CLEARLY฀DECIPHER฀
THE฀ACTIVITY฀OF฀ THE฀DIFFERENT฀#ER3S฀WITH฀DEOXY3,S�฀ IN฀VITRO฀
assays with single CerSs present in the assay buffer would be 
needed.

In addition to the metabolic data and, although often 
ASSUMED�฀THIS฀STUDY฀IS฀THE฀lRST฀TO฀SHOW฀THAT฀THERE฀IS฀NO฀CON

VERSION฀OF฀DEOXY3,S฀TO฀CANONICAL฀SPHINGOLIPIDS฀�VIA฀A฀#�

HYDROXYLASE	฀OR฀DIRECTLY฀TO฀FATTY฀ACIDS฀IN฀ANY฀OF฀THE฀CELL฀TYPES฀
TESTED�฀/UR฀TRACING฀STUDIES฀FURTHER฀CONlRM฀THAT฀DEOXY3,S฀
are metabolized to only few downstream lipid species, 
when compared with canonical sphingolipids.
/UR฀ EXPERIMENTS฀ WITH฀ EXOGENOUS฀ ALKYNE
DOX3!฀ TREAT


MENT฀OF฀CULTURED฀CELLS฀ SHOWED฀A฀VERY฀PROMINENT฀ LOCALIZA

TION฀OF฀THE฀ALKYNE฀SIGNAL฀IN฀MITOCHONDRIA฀AS฀EARLY฀AS฀�฀MIN฀
AFTER฀ADMINISTRATION�฀!LTHOUGH฀ALSO฀COLOCALIZING฀WITH฀'OLGI฀
AND฀%2฀MARKERS�฀THE฀SIGNAL฀IN฀MITOCHONDRIA฀REMAINED฀THE฀
most prominent at all time points analyzed. Furthermore, 
WE฀FOUND฀A฀STRIKING฀CHANGE฀IN฀MITOCHONDRIAL฀MORPHOLOGY฀
UPON฀CELLULAR฀TREATMENT฀WITH฀ALKYNE
DOX3!฀OR฀DOX3!�฀BUT฀
NOT฀WITH฀ALKYNE
3!฀OR฀3!�฀ALTHOUGH฀EXOGENOUSLY฀ADDED฀AL

KYNE
3!฀ALSO฀PARTIALLY฀LOCALIZED฀TO฀MITOCHONDRIA฀IN฀CULTURED฀
lBROBLASTS�฀)N฀DETAIL�฀UPON฀LONG฀INCUBATIONS฀���n��฀H	�฀AT฀
TOXIC฀ LEVELS฀ ����n���฀ «-฀ DOX3!	�฀ THE฀ MAJORITY฀ OF฀ CELLS฀
showed completely spherical, hyperfragmented mitochon

DRIA�฀!T฀TOXIC฀CONCENTRATIONS฀AND฀LONG฀INCUBATION฀TIMES�฀WE฀
ALSO฀OBSERVED฀A฀PROMINENT฀STAINING฀OF฀ALKYNE
DEOXY3,S฀IN฀
THE฀%2฀THAT฀HAD฀UNDERGONE฀MORPHOLOGICAL฀CHANGES�฀LEAD

ING฀ TO฀ ENLARGED฀ AND฀ HIGHLY฀ VISIBLE฀ PERINUCLEAR฀ %2฀ STRUC

tures. Furthermore, our analysis showed that the cells were 
UNDERGOING฀%2฀STRESS�฀AND�฀ INDEED�฀%2฀STRESS฀HAS฀ALREADY฀
BEEN฀LINKED฀TO฀DOX3!฀TOXICITY฀IN฀A฀FORMER฀STUDY฀THAT฀ANA

LYZED฀DOX3!฀UNDER฀ITS฀PHARMACEUTICAL฀CODE฀%3
���฀AS฀A฀PO

TENTIAL฀ ANTICANCER฀DRUG฀ ���	�฀ )T฀WAS฀ REPORTED฀ THAT฀ DOX3!฀
INDUCED฀APOPTOSIS฀IN฀CANCER฀CELLS฀VIA฀AN฀%2
STRESS฀MEDIATED฀
PATHWAY฀AND฀CASPASE฀�฀AND฀��฀ACTIVATION�฀(ENCE�฀INDUCTION฀
OF฀%2฀STRESS฀MAY฀BE฀PART฀OF฀THE฀GENERAL฀CYTOTOXICITY฀MECHA

NISM฀OF฀DOX3!฀AND฀MAY฀BE฀WHAT฀lNALLY฀LEADS฀TO฀APOPTOSIS�
)N฀ADDITION฀TO฀THE฀%2฀STRESS�฀WE฀OBSERVED฀THAT฀DOX3!฀CON


centrations, which are not high enough to induce cell 
death, still resulted in changes in mitochondrial morphol

OGY�฀-OST฀ IMPORTANTLY�฀WE฀ FOUND฀ THAT฀PRIMARY฀$2'฀NEU

rons displayed changes toward mitochondrial swelling and 
abnormal mitochondrial distribution already at the lowest 
DOX3!฀ CONCENTRATION฀ ����฀ «-	฀ TESTED�฀ )N฀ LINE฀ WITH฀ THIS�฀
CHANGES฀IN฀MITOCHONDRIAL฀MORPHOLOGY฀HAVE฀BEEN฀OBSERVED฀
BEFORE฀IN฀LYMPHOBLASTS฀FROM฀(3!.�฀PATIENTS฀THAT฀HAVE฀AN฀
INCREASED฀ ENDOGENOUS฀ DOX3!฀ GENERATION฀ ���	�฀ 4HE฀ AU


Fig. 8.฀ %XOGENOUS฀DOX3!
TREATMENT฀LEADS฀TO฀SWOLLEN฀SPHERICAL฀MITOCHONDRIA฀IN฀PRIMARY฀$2'฀NEURONS�฀!�฀$2'฀NEURONS฀WERE฀CULTURED฀FOR฀
�฀H฀AND฀TREATED฀FOR฀FURTHER฀��฀H฀WITH฀A฀MIXTURE฀OF฀ALKYNE
DOX3!฀AND฀UNLABELED฀DOX3!฀�TOTAL฀���฀�-	�฀!FTER฀lXATION�฀THE฀CELLS฀WERE฀STAINED฀
FOR฀MITOCHONDRIA฀�4OM���฀MAGENTA	฀AND฀THE฀ALKYNE฀MOIETY฀WAS฀REACTED฀WITH฀!34-
"/$)09฀�GREEN	�฀!LKYNE
DOX3!฀WAS฀TAKEN฀UP฀BY฀THE฀
NEURONS฀AND฀LOCALIZED฀TO฀MITOCHONDRIA�฀"�฀$2'฀NEURONS฀WERE฀CULTURED฀FOR฀�฀H฀AND฀TREATED฀FOR฀FURTHER฀��฀H฀WITH฀THE฀INDICATED฀CONCENTRATIONS฀
OF฀UNLABELED฀DOX3!�฀#ELLS฀WERE฀lXED฀AND฀STAINED฀FOR฀MITOCHONDRIA฀�GREEN	฀AND฀THE฀NEURON
SPECIlC฀�฀)))
TUBULIN฀VARIANT฀TUJ�฀�MAGENTA	�฀
7HEREAS฀MITOCHONDRIA฀IN฀CONTROL
TREATED฀$2'฀NEURITES฀APPEARED฀lNE฀AND฀hSTREAK
LIKE�v฀TREATMENT฀WITH฀AS฀LITTLE฀AS฀���฀�-฀DOX3!฀INDUCED฀
SWELLING฀OF฀THE฀MITOCHONDRIA�฀(IGHER฀CONCENTRATIONS฀LED฀TO฀GROSSLY฀SWOLLEN฀SPHERICAL฀MITOCHONDRIA฀�GREEN฀ARROWS	฀AND฀IRREGULARLY฀DISTRIBUTED฀
MITOCHONDRIA฀AND฀AXONAL฀DEGENERATION฀IN฀AFFECTED฀NEURITES฀�BLUE฀ARROWS	฀VERSUS฀NOT
AFFECTED฀NEURITES฀�WHITE฀ARROWS	�฀0LEASE฀NOTE฀THAT฀IM

AGES฀IN฀THIS฀lGURE฀ARE฀OPTICAL฀SECTIONS฀PERFORMED฀USING฀THE฀APOTOME฀MODE฀OR�฀IF฀INDICATED�฀MAXIMUM฀PROJECTIONS฀OF฀Z
STACKS฀OF฀OPTICAL฀SEC

TIONS�฀#฀AND฀$�฀$2'฀NEURONS฀WERE฀CULTURED฀FOR฀�฀H฀AND฀TREATED฀FOR฀A฀FURTHER฀��฀H฀WITH฀THE฀INDICATED฀LIPIDS�฀#ELLS฀WERE฀lXED฀AND฀STAINED฀FOR฀
MITOCHONDRIA฀AND฀THE฀NEURON
SPECIlC฀�฀)))
TUBULIN฀VARIANT฀TUJ�฀AND฀QUANTIlED฀FOR฀MITOCHONDRIAL฀MORPHOLOGY฀�#	฀AND฀AXONAL฀OUTGROWTH฀
�$	�฀$ATA฀ARE฀PRESENTED฀AS฀AVERAGE฀¢฀3$�฀
฀P < 0.05; ** P < 0.01; *** P฀�฀������฀N�S��฀NOT฀SIGNIlCANT�
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AND฀ ABNORMALLY฀ CLUSTERED฀MITOCHONDRIA฀ ���	�฀(ENCE�฀ AL

THOUGH฀ SPECULATIVE�฀ A฀ DECREASED฀ MITOCHONDRIAL฀ FUNCTION฀
may also be the underlying cause of the neurodegenera

TION฀SEEN฀IN฀(3!.��฀!฀PATHOMECHANISM฀BASED฀ON฀DOX3!

INDUCED฀ MITOTOXICITY฀ COULD฀ FURTHERMORE฀ EXPLAIN฀ THE฀
LANCINATING฀PAIN฀ATTACKS฀SEEN฀IN฀(3!.��฀(ERE�฀THE฀CHRONIC฀
ENERGY฀ DElCIT฀ WOULD฀ LEAD฀ TO฀ INEFlCIENT฀ REPOLARIZATION฀ OF฀
the neuronal membrane and spontaneous discharges that 
ARE฀EXPERIENCED฀AS฀PAINFUL฀ATTACKS฀���	�
)N฀CONCLUSION�฀WE฀HAVE฀DEVELOPED฀AND฀VALIDATED฀A฀NOVEL฀

AND฀ USEFUL฀ PROBE฀ TO฀ ADDRESS฀ DEOXY3,฀ LOCALIZATION฀ AND฀ 
METABOLISM�฀5SING฀THIS฀PROBE�฀WE฀HAVE฀GATHERED฀DATA฀THAT฀
SHEDS฀LIGHT฀ONTO฀THE฀ENIGMATIC฀BIOLOGY฀OF฀DEOXY3,S�฀SHOW

ING฀THAT฀LOCALIZATION฀OF฀DEOXY3,S฀TO฀MITOCHONDRIA฀DISRUPT฀
mitochondrial integrity, whereas the subsequent reduction 
IN฀MITOCHONDRIAL฀FUNCTION฀MAY฀LIKELY฀PROVIDE฀AN฀EXPLANA

TION฀FOR฀THE฀OBSERVED฀PARTICULAR฀VULNERABILITY฀OF฀PERIPHERAL฀
NERVES฀TO฀DEOXY3,S฀IN฀DISEASES฀SUCH฀(3!.�฀OR฀DIABETES�
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