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ARTICLE INFO ABSTRACT
Article history Epoxide 2b is an analog of the synthetic intermedi@ten route to the polyketidgerivec
Received antitumoral naphthoquinone dioncoquinonell {solated from cell culies of the tropical liar
Received in revised form Triphyophyllum peltatum(Dioncophyllaceae). Compoungb was found to induce stro
Accepted apoptosis in multiple myeloma cells at a conceimmaEGs, = 3.5uM), distinctly lower tha
Available online that of 1 and any related analog, without exerting signifidaxicity against normal blood cel
Preliminary studies showed th&b follows different SAR rules as compared to
Keywords naphthoquinones. Among the series of synthesizedidgs,2b was the most activene an
Epoxides was thus, after biotinylation, subjected to masrspmetrybased affinity capture experime
Naphthoquinone aiming at the identification of target proteins.eTMS data revealezb to address proteins tl
Multiple myeloma are associated with stress regulation processeshvene critical for multiple myeloma ¢
Target identification survival.
Biotinylation 2018 Elsevier Ltd. All rights reserved
1. Introduction INA-6'>** have been used during that work, which showed that

dioncoquinone B 1) exerts a pronounced cytotoxicity towards

Multiple myeloma (MM), the second most prevalent MM cells (EG, = 11 pM), without any noticeable toxic effects
hematological malignancy, is caused by an excessbobrmal  against normal peripheral mononuclear blood cd®BMCs)™
plasma cells forming tumors in multiple locationsthin the  For more in-depth investigations on the anti-MM epdtal of
bone marrow, thus leading to osteolytic bone destmic those naphthoquinones, a synthetic pathway (Scheime 1
impaired hematopoiesis and renal faillife.Several novel affording 1 in larger quantities and simultaneously providimg
therapies have substantially improved patient autover the  small library of related compounds, has been dpezit
past decade. However, with a five-year survival ofycf®%?

cure still remains elusive. In particular, once Mpatients OH 0 75

become refractory to the major classes of anti-Mikras HO OH T

(proteasome inhibitors, immunomodulatory drugs, antibodies O‘ Ve mﬂ e %

against SLAMF7 and CD38), their median overall stavis less 0 4 @

than twelve month&? Therefore, therapy-refractory patients

have the most urgent unmet clinical need for ndliefrapeutic 1. conc. H,S0;, from callus cultures

appro;_;lches_ . . _ ) g';; CHyGh of T. peltatum
Solid callus cultures of the tropical lianBriphyophyllum

peltatum (Dioncophyllaceae) have previously been found to OMe o 0

produce structurally unique polyketide-derived MeO MeO
naphthylisoquinoline alkaloids along with a seriefs highly - P 0
oxygenated, previously unknown naphthoquinones, gntioem o o
dioncoquinone B %) (Scheme 13 This naphthoquinone is by 2a 2b
structurally related to the naphthalene part of al@loids. To

study more closely the tumor-specific activitieslodnd related

naphthoquinones, malignant cells of the human MM loge Scheme 1. Preparation of dioncoquinone B) (by isolation and by total
_— synthesis via the epoxida, and structure of its optimized analf2iy

Total synthesis
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2 Tetrahedron
Table 1. Synthesis of epoxideZa-h from their respective naphthoquinone precur8efrk under basic conditions.
X' o X' o
LA V'S Ha0z, b XA\ 1
SO ;
X377 2> Me solvent X377 72 Ve
e} o}
3a-h 2a-h
Entry Starting Product ® X2 X3 Reaction conditions Yield (%)
material

1 3a™ 2a™ OMe OMe H KCO;,, THF 97
2 3b 2b* H OMe H K.COs, THF 99
3 3c® 2¢* H Me H NaOH, MeOH/HO 93
4 3d* 2d* H OH H KCO,, THF 92
5 3e 2e H COMe H NaOH, MeOH/HO 72
6 3 2 H OMe OMe KCO,, THF 87
7 3g" 2g™ OMe OMe OMe NaOH, MeOH/A® 99
8 3h* 2h OMe cl H NaOH, MeOH/KD 71

In the course of these investigations, we also detfte anti-
MM potential of selected synthetic precursors, agntrem the

standard therapy of MKf'*’ Epoxide2e possessing a carboxylate
function at C-6, was found to be the most potentpmumd (EG,

intermediate epoxid@a, which can easily be prepared from the = 0.6 uM) — yet combined with an even stronger opiuity

respective naphthoquinone precursor and can theroleerted
into the target molecul& under acidic conditions (Scheme 1).
These investigations revealed tlzatand some related epoxides
of the general structur2 showed a distinctly better activity than
the naphthoquinond, combined with a significantly reduced
cytotoxicity.

In this paper, we report on the synthesis2afand on the
SAR-guided preparation of a whole series of relaeadxides of
type 2. Among them, the oxygen-poorer anakigwas found to
induce strong apoptosis in MM cell lines at a caonidion (3.5
uM), lower than that of any of the tested dioncoques and
their related synthetic analotfs-!

We further describe the labeling 2i6 by biotinylation for the
identification of the target protein and ensuing sma
spectrometry-based capture experiments aiming aé
identification of the target proteins.

2. Results and discussion

2.1. Synthesis and biotesting of the epoxides

The synthesis of the required naphthoquindesc, 3d, 3f-
3h was done according to known experimental procedtf&s
or, in the case d3b and3e, to analogous protocols, following in
principle three different approaches, either byt@bBe strategy,
via a Grignard route, or by a Diels-Alder pathway.

Likewise in analogy to previous protocdls? epoxidation of

the naphthoquinonéga-h succeeded by using hydrogen peroxide

under different optimized conditions, nearly alltbé compounds
were obtained in very good yields and purity (Table

The epoxides were tested for their growth-retardiotyvigy
against MM cells according to a protocol establiskarlier;"™*
by determination of the viability of INA-6 cells 3 dfter
treatment. The results (Table 2) showed that athefepoxides
(except for compoun@d, which was the only one with an EC
value of > 10 uM) exhibited significant antitumorattivities
against INA-6 cells in a low micromolar range, simila that of
the DNA-alkylating agent melphalan, which is utilized the

against the non-malignant PMBCs (& 0.4 uM). The overall
best anti-MM activity was displayed 2, with an EG, value of
3.5 uM, while lacking any cytotoxic effects in nodn®PMBCs.

In total, the structure-activity relationship (SARYudies
showed that for a good anti-MM activity (and low dgixcity),
C-5 and C-7 should be unsubstituted, and C-6 shbalt an
alkoxy group, and there should be no free hydraxycfions.
This SAR profile clearly distinguished the epoxiddte general
structure 2 from naphthoquinones of typ& where we had
previously found that there should be free OH graaipS-3, C-
5, and/or C-6, evidencing that such epoxi@e®llow a clearly
different mode of action as compared to the preslipdescribed
naphthoquinones.

th

Table 2. EGso values (uM) of INA-6 multiple myeloma cells and
peripheral mononuclear blood cells (PMBCs) treatét epoxides2a-h.

Entry Compound ECso (uM)
INA-6 PBMC
1 2a 238 7.4
2 2b 35 NR
3 2c 2.0 2.0
4 2d 13.0 37.0
5 2e 0.6 0.4
6 2f 5.0 11.0
7 29 22 3.8
8 2h 3.0 45
9 1 11.0 NR
10 melphalan 2 3

NR: not reached.

#Activity against the multiple myeloma cell line IN&\

P Cytotoxicity against normal peripheral mononucletaod cells (PBMC).
2.2. Biotinylation of the epoxidb



The high anti-MM activity of the epoxides, in pattiar of2b,
made it rewarding to launch first investigationstbe mode of
action.

Despite the growing number of successful
identification of molecular targets still remains @mplex

challenge®*® One of the most powerful and frequently used

methods is the derivatization of a bioactive molecto a
pulldown probe to determine the cellular bindingtpers by a
protein affinity isolation combined with mass-spentetric
analysis of the captured proteins. Biotin as suoheHicient
affinity tag, which enables a target enrichmentizitig the
strong non-covalent interaction with streptavitfiff; was chosen
for the labeling of the anti-MM active epoxi@b.

The design of a functionalized derivative 2§ (Scheme 2)
was planned to be based on the attachment of biotithe
known'! epoxide2d through a triazol linker, by applying the
Cu(l)-catalyzed Huisgen reaction (CUAAC, ‘click reantj3* %
This mild method seemed to be well suited in ordeaivoid any
ring opening reaction of the epoxide function 2uf, although

examples,

l Biotinylation

(e} (e}
S )z /\M/\/O 6
a I 0
Heo—{ o H Ho =N y
e
HNYNH o)
o) Biotin Linker Anti-MM active
4a: n=1 epoxide
4b: n=3

Scheme 2. General approach to a biotinylated derivativehef époxide
2d.

to the monoethefO in acceptable yields (Scheme 3), but the
following substitution of the remaining bromine byorganic
azide unfortunately resulted in a ring cleavageth&f epoxide
function. For this reason, the dibromi@ewas first substituted
with azide to give a mixture of the desired 1-aztdbromo-
hexane along with unreacte8 This mixture was directly

epoxides of type2 had previously been found to be relatively submitted to the etherification @&, which succeeded without

stable towards nucleophilé.

As the site for the attachment of a linker-tethet@dtin
molecule, the oxygen function at C-6 was addresseduse the
above-described structure-activity studies had shdwat this
position should bear an alkoxy function, as giverhe tethered
compound4. This seemed better than any derivatization atdZ-5

ring cleavage reaction, leading to the mixture loé desired
azido-functionalized epoxid® and the undesired bromidk.
Despite the unsatisfying yield thus overall obtaingtis
sequence was acceptable due to the small quantitgbefed
compound 4 finally needed. The copper(l)-catalyzed [3+2]
cycloaddition of9 with the different biotin alkyne3a and 7b

C-7. A molecule of typet should also permit easy variation of gave the functionalized epoxide4a and 4b, respectively

the chain length within the central linker part.

As starting material for the click reaction, the tiiioresidue
was chosen to contain the alkyne part, while the dbica
epoxide was planned to constitute the azide pag.praparation

(Scheme 3).

2.3. Synthesis of shorter, less functionalized @ysbf4

of the known alkyn&a (Scheme 3) was achieved according to a

established procedure from literatdfélhe synthesis of the new
analog7b, bearing a longer chain, followed the same protocol

In addition to the biotinylated analogé& and 4b, we also
prepared biotin-free, less functionalized derivedivto make sure

Desymmetrization of the commercially available 1,6-thatthe linker had no influence on the anti-MMiwity. Because

dibromohexane8) by reaction with the phenol function 2d led

of the increased chain length, with a simultaneousiger
number of functional groups #has compared to the epoxide,
analogs of typed2 and 14 were synthesized (Scheme 4). The

S Br/\/\/\/Br
H ON§> + HZNA\ 8
He) ‘H 4 6a: n=1
HN_ _NH 5 6b: n=3 1. NaN3, DMF Cs,CO3, 2d,
Y 2. Cs,COg3, 2d, acetone
e} 1it.37 acetone
’ 71%
21%
O
S
T Br/\(\/\)z\/o
(0]
Heo—f+H "
HNYNH 10 X e
X \//_/
NaNg, DMF
n=1 279 | CuSO,5H,0,
n=3319% | _NaAsc
CH,Cly/H,0
O O
S.
- N,W\N/\/\/\/O
‘H H / (@]
He—H N=N y
e
HNYNH ra et 0
o 4b: n=3

Scheme 3. Synthesis of the azido-functionalized epox@dand its click reaction with the biotin alkynéa and7b to give the target moleculds and

4b, respectively.
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o] o)
CuSO0,5H,0,
Me% " N3/\/\/\/0 . NaAsc, CHyCly/H,0 MEM!\I/\/\/\/O -
= N=N
1Ma: n=1 Me 2_;3‘;3’ 12a: n=1 Me
1b: n=2 9 o) - ° 12b: n=2 0
0
i NN CuSO0,-5H,0 j\ 0
Mé N A + N3 0 _NaAsc, CHyClpH,0 = 1o Nk\)n\(\!\,/\/\/\/o o
138 =1 Me n=133% H o N=N
130 m=3 9 o) n=322% 14a: n=1 Me
: 14b: n=3 0

Scheme 4. Analogous synthesis of biotin-free derivative®lof

commercially available alkynesla and 11b and the likewise Table 3. EGsy values (uM) of INA-6 multiple myeloma cells and
knowr® alkynyl acetamide$3a and13b were submitted to click Peripheral mononuclear blood cells (PMBCs) treataith the
reactions with10 applying the same conditions as for the biotinylated derivativedla/b, or with their biotin-free derivative8, 10,
preparation of the target moleculgdeading to similar yields. 12a/b, and14a/b.

2.4. Antitumoral activities and drug target identition Entry  Bompotind EC0 (M)
INA-6 PBMC
In contrast to the highly active epoxi@®, its biotinylated 1 2b 35 NR
analogsd4a and4b showed no anti-MM activity anymore (Table 2 9 33 55
3), probably as a consequence of decreased cetiepdility due ' '
to the large lipophilicity or the increased molesusize’®*" This 3 10 7.2 6.8
assumption was confirmed by the already decreasedtyof 4 12a 16.2 NR
the synthesized smaller, biotin-free anal@gsand14 (Figure 1). 2 12b 25 9 NR
The azido and bromo derivativesand10 showed good anti-MM )
activity, with EGy values of 3.3 uM and 7.2 uM respectively, 6 14a NR NR
similar to that of the epoxid&b, yet accompaniecby an 7 14b NR NR
increased cytotoxicity towards PMBCs. The more Iipbp
derivatives 12a and 12b, by contrast, exerted their anti-MM 8 4a NR NR
activities at higher concentrations only. The cioaealogsl4a 9 4b NR NR

and14b, with only biotin missing, and the labeled compaahal
and4b themselves did not even reach measurablg Zf@ues in  NR: not reached.
the whole-cell assay. 2 Activity against the multiple myeloma cell line IN&

P Cytotoxicity against normal peripheral mononucletaod cells (PBMC).
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Figure 1. Anti-MM effect of the highly active epoxidgb, thederivatives9, 10, 12b and14b, and the biotinylated epoxidib (data ofl2a and14a are
not shown). INA-6 multiple myeloma cells were tegheither with DMSO as the solvent control or witbreasing concentrations 2b, 9, 10, 12b,
14b, and4b for 3 d. The viable fractions of the treated cellre determined by annexin V-FITC/PI staining gsflow cytometry. Shown are mean
values and standard deviations of three indeperedgriments.
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Figure 2. Identification of potential protein targets frommetaffinity capture experiment witdh and INA-6 cell lysate (foda not shown). Proteins
significantly enriched over the control are repntésé by closed circles. Outliers are shown in gresdreme outliers in red. Protein ratios and

intensities are median values from three biologieplicates (n replicates

>1). The size of thelegcorrelates with the number of identified raand

unique peptides. Carboxylases were enriched spaltyfiwith the streptavidin control beads as thayehbiotin as the prosthetic group.

These results were not discouraging, because thdy onsuch as p53, c-Myc and N& and can modulate their anti-

showed that the biotinylated molecussand4b were not active
in the whole-cell test system, certainly due to lif@in residue,
which should prevent the permeation through

thel celdiscovered endoplasmic

apoptotic activity® Another significantly enriched protein,
thioredoxin domain-containing 5 (TXNDC5), is a redent
reticulum (ER) resident [figk

membrané”®" Thus, it seemed obvious that the mechanistidsomerase, which has been implicated in oxidativesst

investigations should inevitably be performed il lysate.
For the target identification, the biotinylated quoonds4a

associated diseases including cancer. Thus, TXND®S axc a
chaperon-mediating protein folding and correct fation of

and 4b were subjected to mass spectrometry-based affinitgisulfide bonds through its thioredoxin domafhsRecently,

capture experiments. The magnetic bead preparatih]ysis,
drug target enrichment and in-solution digestiorilofeed
previously published experimental procedufe3herefore, the
biotinylated inhibitorsda and4b loaded on streptavidin magnetic
beads and empty beads as the control were incubétedNA-6
cell lysate under the same condition (3 h at 4 AGer washing
the precipitate, the captured proteins were eluteth Vithium
dodecyl sulfate (LDS) sample buffer, precipitatedhwacetone,
and digested in solution with trypsin. The protesese analyzed
by nanoLC-MS/MS and label-free quantification (LFQJ)o
achieve reliable results, three biological repbsabf each biotin-
labeled compound were investigated.

The data set showed a clear enrichment of seveoatips
(Figure 2). Of note, the proteins targeted by thetifylated

TXNDC5 has been shown to act as a super-enhancer to
dysregulate c-Myc expression, and thus contributmmgumor
progression in MM? Like TXNDCS5, the protein disulfide
isomerase A6 (PDIA6) acts as an ER-resident chapeaon,
regulates UPR signaling, and thus contributes totepro
homeostasi§’*® A recent study has identified a group of protein
homeostasis-relevant genes including PDIA6 which are
significantly regulated in therapy-resistant MM Isel
underscoring the critical role of ER-stress asgediprocesses in
MM.“*® Accordingly, further ER-associated proteins werentbu
to be enriched: i) thioredoxin-related transmeméranotein 1
(TMX1), another ER-resident PDI family member, which
catalyzes protein folding and thiol-disulfide intkange reactions
and which is known to be involved in ER stress reipia and

epoxidesda and4b were similar to each other. One of the mostii) Sec23B and SEC24C (Sec23 homolog B, coat camfile

prominent hits was peroxiredoxin(RRDX1), a redoxegulating
protein that has been reported to eliminate reactixygen
species (ROS) and regulate cell growth, differemtimtiand
apoptosis® PRDX1 has been found to be overexpressed
human cancer including MM, and to functionally playumor-
promoting role in progression and metasta%f5 Thus, PRDX1
mediates antapoptotic effects through

component and SEC24 homolog C, COPIl coat complex
component), both are components of the coat praiinplex I
(COPIl) and promote formation of transport vesiclesn the
iER" Although all these enriched proteins indicate acfiomal
link of compound2b to ER stress response mechanisms, which
are considered to be critical for tumor cell suatiin MM,

interactions with further investigation on the potential target i®thed and will be

several ROSlependent effectors such as ASK1 and JNK. Inreported in due coursg.

addition, PRDX1 can associate to key cancer trartgmmifactors



6

3. Experimental section
3.1.General experimental procedures

All melting points were measured on a Reichert Kofet-
stage microscope and are uncorrected. IR spectra reeorded
on a Jasco FT/IR-410 spectrometer by the ATR tegleniThe
signal intensity is assigned using the following raviations: s
(strong), m (medium), w (weak)H and °C spectra were

Tetrahedron

portion of KMnGQ, (840 mg, 5.32 mmol, 2.0 equiv) was added.
After 0.5 h the reaction mixture was cooled to roemperature
and 1N aqueous NaOH was added. The solution was filteed
Celite and the solvent was concentrated in vacu@ ditude
product was purified by column chromatographyn- (
hexane/EtOAc 10:1) to give the naphthoic athd403 mg, 2.16
mmol, 81%) as a white solid; mp 2287 °C; IR (ATR)Vpnax
3400 (m), 2980 (w), 2916 (w), 2830 (w), 1670 (s), 159,

recorded at room temperature on a Bruker Avance-408475 (m), 1415 (w), 1383 (m), 1290 (m), 1244 (m)94dIm),

instrument (400 MHz forH and 100 MHz for®C). They are
internally referenced to residual solvent signald are expressed
in parts per million (ppm). All coupling constand® ére reported
in Hertz (Hz) and the following notations
multiplicity of the signals: b (broad), s (singlet) (doublet), dd
(doublet of doublet), t (triplet), g (quartet), myltiplet). MS and
HRMS measurements were performed on a Finnigan MAJG-82
instrument (ElI) and a Bruker
spectrometer (ESI). Thin-layer chromatography wadopmed
on Merck precoated silica gel aluminum plates (66 Fand
visualized by exposure to ultraviolet light at 2%# and 365 nm
or by staining with a potassium permanganate se@lut@plumn
chromatography was performed using silica gel @®.06m,
Machery-Nagel). All solvents were either purchasedmfro
commercial suppliers or purified by standard tegbes.
Reactions sensitive to air or moisture were caroedin flame-

indicate the

Daltonics micrOTOF-mass

1099 (m), 958 (w), 906 (w), 877 (w), 800 (m), 764 (@)2 (m),
637 (m) cm’; '"H NMR (400 MHz, CDCJ) 4 8.66 (s, 1H, H),

8.08 (dd,J = 8.7, 1.2 Hz, 1H, k), 7.88 (d,J = 8.5 Hz, 1H, H),

7.82 (d,J = 8.7 Hz, 1H, H), 7.67 (s, 1H, H), 7.40 (ddJ = 8.5,

1.2 Hz, 1H, H), 2.56 (s, 3H, 2-Ck ppm;*°*C NMR (100 MHz,
CDCly) 4 171.4 (CQH); 139.0 (G), 136.4 (G), 132.0 (G),

130.8 (G), 129.5 (G), 129.2 (@), 127.8 (Q), 127.0 (Q),

125.7 (&), 125.7 (G), 22.1 (2-CH) ppm; MS (EI, 70 eV)n/z
(rel int) 186 [M] (100), 169 [M-OH] (30), 141 [M-CQH]" (57);

HRMS (ESI) calcd for ¢H;0,Na [M+Na]" 209.0573, found
209.0572.

3.2.2.2. Methyl-6-methyl-2-naphthoafé)

K,CO; (162 mg, 1.18 mmol, 3.0 equiv) was added to a
solution of 6-methyl-2-naphthoic acid5) (73.0 mg, 392umol,
1.0 equiv) in acetone (10 mL) at O °C. After stigithe mixture

dried glassware under nitrogen using standard Skhlenfor 30 min, dimethyl sulfate (83.8 mg, 1.22 mmog &, 3.1
techniques. 1-Pentyne and 1-hexyne were purchaseah fr €duiv) was added and the solution was refluxed fdr. The

commercial suppliers. The syntheses of the bioliynes and
acetamides were carried out according to
procedures’*The naphthoquinones en route to the epoxdes
3c, 3d, 3f-h and the epoxide2a, 2c, 2d, 2f, 2g were prepared as
reported in earlier papets®*#

3.2. Synthesis of the naphthoquinones for epoxX3tesnd 3e

3.2.1. 6-Methoxy-2-methyl-1,4-naphthoquinoBia) (

K,CO; (20.6 mg, 149umol, 5.0 equiv) was added to a
solution of 6-hydroxy-2-methyl-1,4-naphthoquinong.6( mg,
29.8umol, 1.0 equiv) in acetone (2 mL) at 0 °C. Afterrstg the
mixture for 10 min, dimethyl sulfate (18.8 mg, 1géol, 14.1
pL, 5.0 equiv) was added and the reaction solutionstiaed for
3 h. Then water was added and the mixture was neagtdadvith
IN aqueous HCI and extracted with £H. The combined
organic layers were dried over J$©, concentrated in vacuo
and the residue was resolved by column chromatogrdph
hexane/EtOAc 10:1) to give the naphthoquin8b€5.9 mg, 29.2
pmol, 98%) as a yellow solid; mp 142 °C; IR (ATR)., 2924
(w), 2851 (w), 1661 (m), 1592 (s), 1438 (w), 1361 (ABO5 (s),
1243 (m), 1076 (m), 1027 (m), 946 (w), 896 (w), 880 ¢m™;
'H NMR (400 MHz, CDCJ) 38.04 (d,J = 8.6 Hz, 1H, H), 7.49
(d,J=2.7 Hz, 1H, H), 7.18 (ddJ = 8.6, 2.7 Hz, 1H, K), 6.80
(q,J = 1.5 Hz, 1H, CH), 3.94 (s, 3H, OGH2.18 (dJ = 1.5 Hz,
3H, 2-CH) ppm;*C NMR (100 MHz, CDGJ)) 4 185.3 (C=0),
184.8 (C=0), 164.1 (C-6), 148.7 (C-2), 135.4 (C134.5 (GQ),
129.2 (GQ), 125.9 (G), 120.4 (G), 109.4 (G), 56.1 (OCH),
16.7 (2-CH) ppm; MS (EI, 70 eV)n/z(rel int.) 202 [M] (100),
174 [M-COT (22), 134 (26); HRMS (ESI) calcd foryfEi;,0;
[M+H]"* 203.0703, found 203.0702.

3.2.2. Methyl-6-carboxylate-2-methyl-1,4-naphthoquia Ge)

3.2.2.1. 6-Methyl-2-naphthoic acidg)

A mixture of 2,6-dimethylnaphthalene (416 mg, 2.66ah
1.0 equiv) and KMn®(2.10 g, 13.3 mmol, 5.0 equiv) in pyridine
(35 mL) and water (12 mL) was refluxed for 2 h. Trerother

reaction mixture was cooled down to room temperadmc HO

publishedas added. After evaporation of acetone, the rengiagqueous

mixture was extracted with GBl,. The combined organic layers
were dried over N&O,, concentrated in vacuo and the residue
was resolved by column chromatographshéxane/EtOAc 10:1)
to give the estefl6 (66.0 mg, 330umol, 84%) as a colorless
solid; mp 119-120 °C; IR (ATRY1ax2954 (w), 2926 (w), 2851
(w), 1707 (s), 1628 (w), 1473 (w), 1435 (m), 1336 (¥986 (s),
1190 (s), 1124 (m), 1093 (s), 972 (m), 897 (m), B4R 810 (s),
777 (m), 750 (m), 723 (w) chm *H NMR (400 MHz, CDC)) J
8.57 (s, 1H, H), 8.02 (ddJ = 8.6, 1.7 Hz, 1H, k), 7.85 (d,J =
8.4 Hz, 1H, H), 7.79 (d,J = 8.6 Hz, 1H, H), 7.65 (s, 1H, H),
7.38 (dd,J = 8.4, 1.7 Hz, 1H, K), 3.97 (s, 3H, OCH), 2.54 (s,
3H, 2-CHy) ppm;**C NMR (100 MHz, CDGJ)) 5167.6 (CQMe),
138.5 (G), 135.9 (G), 131.0 (G), 130.9 (G), 129.3 (G).
129.1 (Q), 127.6 (G), 126.9 (G), 126.7 (G), 125.5 (G), 52.3
(OCHg), 22.1 (2-CH) ppm; MS (El, 70 eV)m/z (rel int) 200
[M]* (78), 169 [M-OCH]" (100), 141 (32); HRMS (ESI) calcd
for Cy3H1,0,Na [M+Na] 223.0730, found 223.0730.

3.2.2.3. Methyl -2-methyl-1,4-naphthoquinone-6-caytate Be)
To a mixture of HIOg (299 mg, 1.31 mmol, 4.0 equiv) and
CrG; (3.3 mg, 33.umol, 0.1 equiv) in MeCN (7 mL)16 (66.0
mg, 330umol, 1.0 equiv) in MeCN (7 mL) was added dropwise.
After stirring at 0 °C for 4 h, the reaction mixtunas filtered
over a short pad of Celite and washed with,ClkHl The solvent
was concentrated in vacuo and the residue was resdlye
column chromatographyn{hexane/EtOAc 9B) to give the
naphthoquinon&e (30.0 mg, 13Qumol, 40%) as a yellow solid;
mpl149-152 °C; IR (ATRVmax 2950 (W), 2929 (w), 2852 (w),
1716 (s), 1660 (s), 1603 (m), 1439 (m), 1356 (whaAs), 1120
(m), 972 (m), 939 (m), 912 (m), 874 (m), 766 (MBBEmM) cm";
'H NMR (400 MHz, CDCJ) 68.70 (ddJ = 1.7, 0.5 Hz, 1H, b,
8.37 (dd,J = 8.1, 1.7 Hz, 1H, k), 8.18 (dd,J = 8.1 Hz, 0.5 Hz,
1H, H,), 6.91 (q,J = 1.6 Hz, 1H, H), 3.98 (s, 3H, OC}H), 2.22
(d, J = 1.6 Hz, 3H, 2-Ch ppm;**C NMR (100 MHz, CDG))
185.1 (C=0), 184.2 (C=0), 165.6 (g}@e), 148.6 (G), 136.2



(Ca), 134.9 (G), 134.8 (G), 134.3 (G), 132.4 (G, 127.7 (G,

127.0 (G), 52.9 (OCH), 16.7 (2-CH) ppm; MS (El, 70 eVn/z
(rel int) 230 [M] (100), 199 [M-OCH]" (95), 171 (47); HRMS
(ES)) calcd for GgH,,0, [M+H] " 231.0652, found 231.0645.

3.3.5. 6-Chloro-5-methoxy-2-methyl-1,4-naphthoquirdyse
epoxide 2h)

According to the general procedure 3.3.2., compdmavas
synthesized starting from the naphthoquingh& (41.0 mg, 173
pmol, 1.0 equiv). The residue was purified by column
chromatographynthexane/EtOAc 9:1) to give the epoxi@a

3.3. General procedure for the epoxidation of the(zgl0 mg, 122 pmol, 71%) as a yellow solid; mp 85 MR

naphthoquinones

3.3.1. Epoxidation with D, and K,CO; in THF

Aqueous HO, (30%, 90 equiv) was added with stirring to a

mixture of the naphthoquinone (1.0 equiv) in THB (2L pmol
) at room temperature. After addition of 1N aqueousQOdg
until the mixture had turned colorless, the reacsolution was
stirred for 3 h at room temperature. Saturated agsi®NaCl was
added and the mixture was extracted with EtOAc. Tdrelined
organic layers were dried over J$©, and concentrated in
vacuo.

3.3.2. Epoxidation by 0, and NaOH in MeOH/ED

To a mixture of naphthoquinone (1.0 equiv) irOAMeOH
(2:4, 50 pL/umol) 1IN aqueous NaOH solution (0.5 equigks
added at room temperature. After the mixture wasestifor 10

(ATR) Vpax 2923 (w), 2853 (w), 1699 (s), 1572 (m), 1467 (m),
1404 (m), 1330 (m), 1289 (m), 1240 (s), 1141 (N7 (M),
1029 (m), 965 (s), 851 (m), 750 (m), 717 (s)'critd NMR (400
MHz, CDCL) & 7.71 (s, 1H, H), 7.70 (s, 1H, H), 3.97 (s, 3H,
OCH), 3.86 (s, 1H, CH), 1.72 (s, 3H, 2-QHpm; °*C NMR
(100 MHz, CDCJ) § 191.8 (C=0), 190.8 (C=0), 155.5 (C-5),
136.6 (G), 135.5 (G), 132.4 (G), 127.0 (G), 123.9 (G), 62.8
(OCHs), 62.0 (C-2), 61.7 (C-3), 14.6 (2-GHppm; MS (EI, 70
eV) m/z (rel int) 254 [M] (33), 252 [M] (91), 239 [M-CH]"
(17), 237 [M-CH]" (52), 211 (36), 209 (100); HRMS (ESI) calcd
for C;,-HoCINaQ, [M+Na]* 275.0082, found 275.0081.

3.4. Synthesis of the biotin-labeled analdg# and biotin-free
compoundd2a/b and14a/b by ‘click reaction'

minutes, aqueous B, solution (30%, 1.5 equiv) was added and 3.4.1. Biotinamido-4-pentyn&k)

stirred for 3 h. The mixture was neutralized with Iqu@ous HCI

To a solution 06" (100 mg, 320 umol. 1.0 equiv.) in DMF (8

and extracted with ED. The combined organic layers were driedmL), amino alkyne6b* (53.2 mg, 640 pmol, 2.0 equiv.) and

over NaSQ,, and the solvent was removed in vacuo.

3.3.3. 6-Methoxy-2-methyl-1,4-naphthoquinone-2, 3xijgoRb)
According to the general procedure 3.3.1., compdmavas
synthesized starting from the naphthoquin8be(6.0 mg, 29.7
pmol, 1.0 equiv). Purification by column chromataghy 6-
hexane/EtOAc 10:1) gave the epoxide (6.4 mg, 29.4 pumol,
99%) as yellow solid; mp 89 °C; IR (ATR}),ax 1684 (s), 1592
(s), 1494 (m), 1433 (m), 1294 (s), 1232 (s), 1182, 057 (M),
1026 (m), 948 (m), 856 (s), 780 (m), 740 (s)’citd NMR (400
MHz, CDCk) 67.99 (dJ = 8.7 Hz, 1H, H), 7.38 (d,J = 2.7 Hz,
1H, H,), 7.22 (ddJ = 8.7, 2.7 Hz, 1H, k), 3.92 (s, 3H, OC}},
3.84 (s, 1H, CH), 1.72 (s, 3H, 2-QHppm;**C NMR (100 MHz,
CDCly) 4192.0 (C=0), 190.8 (C=0), 164.7 (C-6), 134.2,)C
130.1 (G, 125.4 (G), 121.7 (G), 109.9 (G), 61.5 (C-2), 61.4
(C-3), 56.1 (OCH), 14.9 (2-CH) ppm; MS (El, 70 eVm/z(rel
int) 218 [M]" (100), 203 [M-CH]" (82), 119 (51); HRMS (ESI)
calcd for G.H;NaQ, [M+Na]* 241.0471, found 241.0470.

3.3.4. Methyl-2-methyl-1,4-naphthoquinone-2,3-epe:tetar-
boxylate 2e)

According to the general procedure 3.3.2., comp@&edias
synthesized starting from the naphthoquin8eg62.0 mg, 269

NEt; (160 mg, 219 pL, 1.6 mmol, 5.0 equiv.) was addederAf
stirring for 14 h the reaction mixture was concetetlan vacuo.
Purification by column chromatography (gH,/MeOH 8:1)
gave the biotin alkynerb (82.5 mg, 270 pmol, 84%) as a
colorless solid; mp 124 °C (GBI/MeOH); [a]> +50.9
(MeOH; c 0.1); IR (ATR)Vynax 3288 (w), 2927 (w), 2853 €, 1696
(s), 1637 (s), 1546 (m), 1460 (m), 1426 (m), 1323, (L1265 (M),
1210 (m), 1153 (w), 1074 (m), 1044 (w), 997 (w), 989, 857
(W), 815 (w), 758 (m), 713 (m), 648 (s) ¢mH NMR (400
MHz, CDCk) 04.49 (ddJ = 3.9, 3.1 Hz, 1H, NHCH), 4.30 (dd,
J=7.9, 4.4 Hz, 1H, NHCH), 3.27 {d,= 6.9 Hz, 2H, NHCH),
3.24 - 3.17 (m, 1H, SCH), 2.93 (dbs= 12.8, 5.0 Hz, 1H, SCH
2.71 (d,J = 12.8 Hz, 1H, SC}), 2.27 — 2.14 (m, 5H, C=OGH
CH, CH,), 1.80 — 1.55 (m, 6H, Ci 1.49 — 1.39 (m, 2H, CH
ppm; °C NMR (100 MHz, CDGJ)) J 176.2 (NHC=0), 166.1
(((NH),C=0), 84.1 (), 70.0 (CH), 63.4 (NHCH), 61.6 (NHCH),
57.0 (SCH), 41.0 (SCH| 39.4 (NHCH), 36.8 (CHC=0), 29.8
(CH,), 29.5 (CH), 29.4 (CH), 26.9 (CH), 26.3 (CH) ppm;
HRMS (ESI) calcd for GH,sN;NaO,S [M+Na] 332.1403,
found 332.1405.

3.4.2. 1-Azido-6-bromohexantrj
To a solution of 1,6-dibromohexane (45.0 g, 185 mr28.2

pmol, 1.0 equiv). The residue was purified by columnmL, 1.0 equiv) in DMF (51 mL) and # (12 mL), NaN (13.3 g,

chromatography nthexane/EtOAc 9:1) to give the epoxi@e
(48.0 mg, 193 umol, 72%) as a yellow solid; mp I85 IR

204 mmol, 1.1 equiv) was added. After the reactioxtumné was
heated at 60 °C for 28 h, the solution was coolasindand then

(ATR) Vimax 2954 (W), 2929 (w), 1716 (s), 1691 (s), 1606 (m),extracted with CECl,. The combined organic layers were dried

1444 (m), 1400 (w), 1338 (w), 1263 (s), 1184 (m),21®), 974
(W), 947 (m), 876 (w), 850 (w), 795 (w), 759 (m), 7(5}, 640
(w) cmi®; '"H NMR (400 MHz, CDCJ) §8.57 (d,J = 1.7 Hz, 1H,
H.), 8.36 (ddJ = 8.1, 1.7 Hz, 1H, k), 8.07 (d,J = 8.1 Hz, 1H,
Ha), 3.97 (s, 3H, OCH), 3.90 (s, 1H, CH), 1.74 (s, 3H, 2-GH
ppm; **C NMR (100 MHz, CDCJ) §191.6 (C=0), 191.1 (C=0),
165.2 (CQMe), 135.6 (G), 135.2 (G), 135.0 (G), 132.2 (G),
128.3 (G), 127.97 (@), 61.9 (C-2), 61.6 (C-3), 53.0 (OGH
14.7 (2-CH) ppm; MS (El, 70 eV)n/z (rel int) 246 [M] (36),
231 [M-CHJ]" (100), 218 [M-CO] (87), 215 [M-OCH]" (35),
187 (27); HRMS (ESI) calcd for ,¢4,,05 [M+H]" 247.0601,
found 247.0603.

over NaSQ, and concentrated in vacuo to give the prodirct
(37.5 g, 182 mmol, 98 %) as a colorless liquid;(lRR) Viax

2953 (m), 2860 (w), 2089 (s), 1724 (w), 1456 (m), &3w),

1249 (s), 897 (w), 728 (m), 642 (m) ¢mH NMR (400 MHz,
CDCly) 03.40 (t,J = 6.8 Hz, 2H, CKBr), 3.26 (t,J = 6.8 Hz, 2H,
CHyN3), 1.86 (m, 2H, CHCH,Br), 1.62 (m, 2H, CHCH,Ny),

1.47 (m, 2H, CHCH,),Br), 1.39 (m, 2H, CKHCH,),Ns) ppm;

*C NMR (100 MHz, CDGJ) §51.4 (CHN,), 33.8 (CHBr), 32.6
(CH,CH,Br), 28.8 (CHCH,Nj3), 27.4 (CH(CH,),Br), 26.4
(CH,(CH,),N3) ppm; MS (El, 70 eVm/z (rel int) 163 [M-N]*

(2), 83 [M-BrN;]* (37), 55 (47), 41 (100).
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3.4.3. 6-[(6-Bromohexyl)oxy]-2-methyl-1,4-naphthoquinone-2,3-gel (CHCI,/MeOH 50:1-10:1) to give producta (8.34 mg,

epoxide 10)

13.7 umol, 17 %) as a yellow oil; IR (ATR)ax 2925 (M), 2854

CsCO; (79.8 mg, 245 pmol, 5.0 equiv) was added with(m), 2158 (w), 2027 (m), 1978 (m), 1699 (s), 1653 1593 (m),

stirring to a mixture of epoxided™ (10.0 mg, 49.0 pmol, 1.0
equiv) in acetone (2 mL) at room temperature. A&€d.20 g,
750 pL, 4.90 mmol, 100 equiv) was added, the mixtwes
stirred for 30 min at room temperature. Then theitem was
filtered through a short pad of celite and washed &@tOAC.
The solvent was removed in vacuo and the residuepwafed
by column chromatographynthexane/EtOAc 250:1) to give

1560 (m), 1543 (m), 1523 (m), 1508 (m), 1459 (Y84 (s),
1045 (m), 731 (m), 650 (w) cm'H NMR (400 MHz, MeOD)d
7.96 (d,J = 8.7 Hz, 1H, H), 7.85 (s, 1H, NCH), 7.36 (d,= 2.7
Hz, 1H, H,), 7.29 (ddJ = 8.7, 2.7 Hz, 1H, i), 4.48 (ddJ = 7.9,
4.4 Hz, 1H, NHCH), 4.43-4.38 (m, 4H, NGHNHCH,), 4.28
(dd,J =7.9, 4.4 Hz, 1H, NHCH), 4.11 (,= 6.4 Hz, 2H, OCH),

3.88 (s, 1H, CH), 3.21-3.15 (m, 1H, SCH), 2.92 (#ld,12.7, 4.9

product10 (12.8 mg, 34.8 umol, 71 %) as a colorless oil; IRHz, 1H, SCH), 2.72-2.66 (m, 3H, SCHCH,), 2.23 (t,J = 7.3
(ATR) Vpax 2927 (m), 2858 (w), 1738 (s), 1693 (s), 1597 (s),Hz, 2H, C=0OCH), 1.98-1.89 (m, 2H, C§), 1.85-1.77 (m, 2H,

1439 (w), 1366 (m), 1328 (m), 1297 (m), 1230 (SEAQw), 949
(W), 748 (m) crit; '"H NMR (400 MHz, CDCJ) 67.98 (d,J = 8.7
Hz, 1H, H,), 7.35 (d,J = 2.6 Hz, 1H, H), 7.20 (ddJ = 8.7, 2.6
Hz, 1H, H,), 4.16-4.01 (m, 2H, OCH}, 3.83 (s, 1H, CH), 3.43 (t,
J = 6.7 Hz, 2H, BrCH), 1.97-1.77 (m, 4H, C}, 1.72 (s, 3H,
CHs), 1.56-1.44 (m, 4H, CHl ppm;**C NMR (100 MHz, CDGCJ)
0192.1 (C=0), 190.8 (C=0), 164.24;134.2 (G), 130.1 (GQ),
125.3 (G), 122.0 (Q), 110.4 (G), 68.7 (CHO), 61.6 (GCHs),
61.4 (CH), 33.9 (CkBr), 32.8 (CH), 29.0 (CH), 28.0 (CH),
25.3 (CH), 15.0 (CH) ppm; MS (El, 70 eV)m/z (rel int) 367
[M]* (4), 69 [GHq" (17), 57 (24); HRMS (ESI) calcd for
Cyi7H14BrNaQ, [M+Na]* 389.0359, found 389.0352.

CH,), 1.75-1.66 (m, H, CH, 1.65 (s, 3H, Ck), 1.55-1.52 (m,
2H, CHy), 1.45-1.35 (m, 4H, CH ppm; **C NMR (100 MHz,
MeOD) 193.0 (C=0), 192.1 (C=0), 176.0 (NHC=0), 166.1 (C-
6), 165.4 ((NH)C=0), 146.3 (QCH,), 135.5 (G), 130.7 (G),
126.4 (GQ), 124.3 (NCH), 122.1 (§), 111.6 (G), 69.7 (OCH),
62.7 (C-2), 62.4 (NHCH), 62.3 (CH), 61.6 (NHCH), 57.0 (SCH)
51.3 (NCH), 41.1 (SCH), 36.5 (NHCH), 35.6 (C=OCH), 31.2
(CH,), 29.8 (CH), 29.7 (CH), 29.4 (CH), 27.1 (CH), 26.7
(CH,), 26.4 (CH), 14.9 (2-CH) ppm; MS (El, 70 eVIm/z (rel
int) 551 (5), 523 (5), 367 (5), 97 (17), 71 (199, @3), 57 (33);
HRMS (ESI)m/z calcd for GoHsgNgNaQsS [M+Na] 633.2466,
found 633.2474.

3.4.4. 6-[(B-Azidohexyl)oxy]-2-methyl-1,4-naphthoquinone-2,3-3.4.7. Biotinylated epoxidéh

epoxide 9)

According to the general procedure 3.6.3., compaimavas

CsCO; (2.71 g, 8.20 mmol, 5.0 equiv) was added withsynthesized from azid®(23.3 mg, 70.7 umol, 1.0 equiv) a6

stirring to a mixture of epoxided' (335 mg, 1.64 mmol, 1.0
equiv) in acetone (500 mL) at room temperature. rAf#e(33.8
g, 164 mmol, 100 equiv) was added, the mixture wiagdtfor 4
h at room temperature. Then the solution was filtelgough a
short pad of celite and washed with EtOAc. The solweas
removed in vacuo and the residue was purified byroal
chromatographyrnthexane/EtOAc 500:1) to give produi112
mg, 0.34 mmol, 21 %) as a yellow oil; IR (ATR)a2937 (W),
2861 (w), 2094 (m), 1691 (s), 1596 (s), 1495 (w),7146), 1438
(w), 1327 (m), 1295 (s), 1236 (m), 1195 (w), 1090 @D60 (w),
1016 (w), 948 (m), 879 (w), 856 (w), 783 (w), 742 (my'c'H
NMR (400 MHz, CDCJ) 57.97 (d,J = 8.7 Hz, 1H, H), 7.35 (d,
J=2.6 Hz, 1H, B), 7.20 (ddJ = 8.7, 2.6 Hz, 1H, k), 4.11-4.04
(m, 2H, OCH), 3.83 (s, 1H, CH), 3.29 (i) = 6.8 Hz, 2H,
Ns;CH,), 1.87-1.79 (m, 2H, C§), 1.71 (s, 3H, Ch), 1.68-1.58
(m, 2H, CH), 1.54-1.42 (m, 4H, CH ppm;**C NMR (100 MHz,
CDCly) 0192.1 (C=0), 190.8 (C=0), 164.2 4 134.2 (Q),
130.1 (GQ), 125.3 (G), 122.0 (G), 110.4 (G), 68.7 (CHO),
61.6 (C-2), 61.4 (C-3), 51.5 (GN3), 29.0 (CH), 28.9 (CH),
26.6 (CH), 25.7 (CH), 15.0 (2-CH) ppm; MS (El, 70 eVm/z
(rel int) 329 [MT (4), 258 [M-GH11]" (5), 204 (19), 189 (53), 98
(70); HRMS (ESI) calcd for GH;oNsNaQ, [M+Na]" 352.1268,
found 352.1264.

3.4.5. General procedure for the 'click reaction’
The reaction was carried out under light exclusidn. a
solution of azide9 (1.0 equiv) in CHCI/H,O (1:1, 170

pL/umol) CuS@5H,0 (1.0 equiv), sodium ascorbate (1.0 equiv)

and the respective alkyne in excess were added. stiteng for
2 d at room temperature, the solvent was evaporated.

3.4.6. Biotinylated epoxidéa

According to the general procedure 3.6.3., compotmdias
synthesized from azid® (27.0 mg, 82.0 umol, 1.0 equiv) and
6a®’ (27.7 mg, 98.4 pmol, 1.2 equiv). The residue wagipdrby
column chromatography on deactivated gNHA.5% w/w) silica

(26.2 mg, 84.8 umol, 1.2 equiv). The residue wasfipdrby
column chromatography on deactivated gNRA.5% w/w) silica
gel (CHCI,/MeOH 50:1-30:1) to give productdb (14.2 mg,
22.2 pmol, 31 %) as an orange oil; IR (ATR),2925 (s), 2858
(m), 1697 (m), 1596 (w), 1459 (m), 1290 (m), 1127 {859 (s),
896 (w), 817 (w) cnt; 'H NMR (400 MHz, MeOD)d 1.40-1.48
(m, 4H, CH), 1.52-1.61 (m, 4H, C}), 1.65 (s, 3H, 2-C}J, 1.66-
1.73 (m, 2H, CH), 1.78-1.88 (m, 4H, Ch, 1.90-1.99 (m, 2H,
CHy), 2.20 (t,J = 7.3 Hz, 2H, C=0C}H, 2.67-2.74 (m, 3H,
SCH,, CH,), 2.91 (ddJ = 12.7, 5.0 Hz, 1H, SCH 3.20 (t,J =
6.9 Hz, 3H, NHCH, SCH), 3.89 (s, 1H, CH), 4.11 @~ 6.3 Hz,
2H, OCH), 4.29 (dd,J = 7.8, 4.5 Hz, 1H, NHCH), 4.39 (3, =
7.0 Hz, 2H, NCH), 4.48 (ddJ = 7.9, 4.2 Hz, 1H, NHCH), 7.29
(dd,J = 8.7, 2.7 Hz, 1H, ), 7.37 (d,J = 2.6 Hz, 1H, H), 7.77
(s, 1H, NCH), 7.97 (dJ = 8.7 Hz, 1H, H) ppm;**C NMR (100
MHz, MeOD) J 14.9 (2-CH), 23.6 (CH), 26.4 (CH), 26.9
(CHp), 27.1 (CH), 29.5 (CH), 29.8 (CH), 30.2 (CH), 30.7
(CH,), 31.2 (CH), 36.8 (C=0CH), 39.6 (NHCH), 41.1 (SCH),
51.2 (NCH), 57.0 (SCH), 61.6 (NHCH), 62.3 (CH), 62.4
(NHCH), 62.7 (C-2), 69.7 (OCHi 111.5 (G), 122.1 (G,), 123.4
(NCH), 126.4 (&), 130.7 (G), 135.5 (G), 147.0 (GCH,), 164.6
((NH),C=0), 165.4 (C-6), 176.1 (NHC=0), 191.7 (C=0), 193.0
(C=0) ppm; MS (El, 70 eV)n/z (rel int) 180 (4), 98 (12), 57
(13), 55 (22); HRMS (ESI)m/z calcd for GyHsNgNaGsS
[M+Na]* 661.2779, found 661.2788.

3.4.8. Biotin-free derivativé2a

According to the general procedure 3.6.3., compdiadvas
synthesized from azide (10.0 mg, 30.4 pmol, 1.0 equiv) and 1-
pentyne(690 mg, 10.1 mmol, 1.0 mL, 332 equiv). The residue
was purified by column chromatography on deactivafetis,
7.5% wiw) silica gel (CKCl/MeOH 500:1-50:1) to give
product12a (2.88 mg, 7.25 pmol, 24 %) as a yellow oil; IR
(ATR) Vinax 2917 (s), 2852 (m), 1694 (m), 1596 (m), 1465 (s),
1289 (s), 1087 (w), 1058 (w), 737 (m) ¢miH NMR (400 MHz,
MeOD) §7.96 (d,J = 8.7 Hz, 1H, H), 7.73 (s, 1H, NCH), 7.36



(d,J=2.6 Hz, 1H, H), 7.29 (ddJ = 8.7, 2.6 Hz, 1H, §), 4.38
(t, J=7.0 Hz, 2H, NCH), 4.11 (t,J = 6.3 Hz, 2H, OCH), 3.88
(s, 1H, CH), 2.65 (tJ = 7.4 Hz, 2H, GCH,), 1. 89-1.89 (m, 2H,
CH,), 1.86-1.77 (m, 2H, Ch), 1.72-1.65 (m, 2H, CH), 1.65 (s,
3H, 2-CH), 1.58-1.49 (m, 2H, C}), 1.43-1.35 (m, 2H, C}),

0.95 (t,J = 7.4 Hz, 3H, Ck) ppm;**C NMR (100 MHz, MeOD)
4193.0 (C=0), 192.1 (C=0), 165.4 (C-6), 149.1QH,), 135.5
(Ca), 130.7 (GQ), 126.4 (G), 123.2 (NCH), 122.1 (§), 111.5
(Ca), 69.7 (OCH), 62.7 (GCHs), 62.4 (CH), 51.1 (NC}), 31.2
(CH,), 28.8 (CH), 28.3 (CH), 27.1 (CHC,), 26.4 (CH), 23.8
(CH,), 14.9 (2-CH), 14.0 (CH) ppm; MS (EIl, 70 eV)m/z (rel

int) 396 [M-H]" (23), 381 [M-Of (14), 369 [M-COJ (21), 194
(19), 96 (26), 83 (42), 55 (84); HRMS (ES#)/z calcd for
C,H,7:NsNaQ, M+Na]™ 420.1894, found 420.1888.

3.4.9. Biotin-free derivativ&2b
According to the general procedure 3.6.3., compdizidwas

synthesized from azide (27.0 mg, 82.0 pmol, 1.0 equiv) and 1-

According to the general procedure 3.6.3., compdiiidwas
synthesized from azid® (23.3 mg, 70.7 pmol, 1.0 equiv) and
13b** (10.6 mg, 84.8 pmol, 1.2 equiv). The residue waiipd
by column chromatography on deactivated (NM.5% w/w)
silica gel (CHCI/MeOH 500:1-100:1) to give productl4b
(7.19 mg, 15.8 pmol, 22 %) as a yellow oil; IR (ATR), 2938
(w), 2862 (w), 1691 (s), 1592 (m), 1437 (w), 1371 (2830 (m),
1230 (m), 1174 (m), 1058 (w), 856 (W), 742 (w), 613 6my";
'H NMR (400 MHz, MeOD)J7.95 (d,J = 8.7 Hz, 1H, H), 7.80
(s, 1H, NCH), 7.34 (d) = 2.7 Hz, 1H, H), 7.27 (ddJ = 8.7, 2.7
Hz, 1H, H,), 4.39 (t,J = 6.9 Hz, 2H, NCH), 4.10 (t,J = 6.3 Hz,
2H, OCHp), 3.88 (s, 1H, CH), 3.73-3.66 (m, 2H, NHgH2.72
(t, J=7.4 Hz, 2H, CH,), 2.33 (s, 3H, Ck), 1.98-1.88 (m, 4H,
CH,), 1.85-1.77 (m, 2H, C}), 1.64 (s, 3H, 2-Ck), 1.58-1.49 (m,
2H, CH,), 1.42-1.35 (m, 2H, CH ppm; *C NMR (100 MHz,
MeOD) ¢193.0 (C=0), 192.1 (C=0), 175.2 (NHC=0), 165.4 (C-
6), 148.1 (GCH,), 135.5 (G), 130.7 (G), 126.4 (G), 123.4
(NCH), 122.1 (@), 111.5 (G), 69.6 (OCH), 62.7 (GCH), 62.4

hexyne (720 mg, 1.0 mL, 8.77 mmol, 107 equiv). The residue(CH), 51.2 (NCH), 45.3 (NHCH), 31.1 (CH), 29.8 (CH), 29.4

was purified by column chromatography on deactivaietis,
7.5% w/w) silica gel (CECl,/MeOH 500:1-100:1) to give

(CHy), 27.1 (CH), 26.4 (CH), 26.4 (CH), 23.6 (CHC,), 14.9
(2-CH,) ppm; MS (El, 70 eVm/z (rel int) 83 (70), 55 (71), 41

product12b (5.80 mg, 14.1 pmol, 17 %) as a yellow oil; IR (100); HRMS (ESIm/zcalcd for G,HaN,Os [M+H]" 455.2289,
(ATR) Vinax 2933 (M), 2860 (w), 1692 (s), 1596 (s), 1494 (w),found 455.2293.

1439 (m), 1328 (s), 1295 (s), 1229 (s), 1137 (WR9LON), 1059
(m), 948 (m), 856 (w), 743 (m) cin'H NMR (400 MHz,

MeOD) §7.96 (d,J = 8.7 Hz, 1H, H), 7.72 (s, 1H, NCH), 7.36
(d,J=2.6 Hz, 1H, H), 7.28 (dd,J = 8.7, 2.6 Hz, 1H, ), 4.37

(t, J = 7.0 Hz, 2H, NCH), 4.10 (t,J = 6.3 Hz, 2H, OCH), 3.88

(s, 1H, CH), 2.67 () = 7.4 Hz, 2H, QCH,), 1.98-1.88 (m, 2H,
CH,), 1.87-1.77 (m, 2H, Cp), 1.64 (s, 3H, 2-Ch), 1.68-1.59 (m,
2H, CH), 1.58-1.49 (m, 2H, C}), 1.44-1.32 (m, 4H, C}), 0.93

(t, J = 7.4 Hz, 3H, Ck) ppm;C NMR (100 MHz, MeOD)J

193.0 (C=0), 192.1 (C=0), 165.4 (C-6), 149.2@6,), 135.5

(Ca), 130.7 (G), 126.4 (G), 123.1 (NCH), 122.1 (), 111.5

(C.), 69.7 (OCH), 62.7 (C-2), 62.4 (CH), 51.1 (NGH 32.8

(CH,), 31.2 (CH), 29.8 (CH), 27.1 (CH), 26.4 (CH), 26.0

(CH,C,), 23.2 (CH), 14.9 (2-CH), 14.2 (CH) ppm; MS (EIl, 70
eV) m/z(rel int) 98 (3), 73 (4), 57 (8); HRMS (ESt)/zcalcd for

C,aH,ogNsNaO, [M+Na]™ 434.2050, found 434.2053.

3.4.10. Biotin-free derivativida

According to the general procedure 3.6.3., compddledvas
synthesized from azid@ (23.3 mg, 70.7 umol, 1.0 equi¥Ba®®
(8.24 mg, 84.8 umol, 1.2 equiv). The residue wasfipdrby
column chromatography on deactivated gNHA.5% w/w) silica
gel (CHCI,/MeOH 500:1-50:1) to give producida (10.0 mg,
23.5 pumol, 33 %) as a yellow oil; IR (ATR).ax 2939 (w), 2862
(w), 1691 (s), 1660 (m), 1596 (s), 1548 (w), 1438 @29 (m),
1294 (s), 1230 (s), 1058 (w), 948 (w), 856 (w), 742 ¢m); 'H
NMR (400 MHz, MeOD)J7.95 (d,J = 8.7 Hz, 1H, H), 7.86 (s,
1H, NCH), 7.35 (dJ = 2.6 Hz, 1H, H), 7.28 (dd,J = 8.5, 2.5
Hz, 1H, H,), 4.40 (tJ = 3.5 Hz, 4H, NCH, NHCH,), 4.10 (tJ =
6.3 Hz, 2H, OCH), 3.88 (s, 1H, CH), 1.96 (s, 3H, 2-QH1.95-
1.89 (m, 2H, CH), 1.85-1.76 (m, 2H, C}), 1.64 (s, 3H, CH),
1.58-1.48 (m, 2H, C}, 1.43-1.33 (m, 2H, CH ppm;**C NMR
(100 MHz, MeOD) 6 193.0 (C=0), 192.1 (C=0), 173.2
(NHC=0), 165.4 (C-6), 146.2 (CH,), 135.5 (G), 130.7 (G).
126.4 (G), 124.2 (NCH), 122.1 (), 111.5 (G), 69.6 (OCH),
62.7 (C-2), 62.4 (CH), 51.2 (NGH 35.7 (NHCH), 31.2 (CH),
29.8 (CH), 27.1 (CH), 26.4 (CH), 22.4 (CH), 14.9 (2-CH)
ppm; MS (El, 70 eV)m/z(rel int) 398 M-COJ" (5), 343 (2), 83
(17), 55 (29); HRMS (ESlin/zcalcd for GH,gN,NaQ; [M+Na]*
449.1795, found 449.1804.

3.4.11. Biotin-free derivativé4b

3.5. Cell culture

The human MM cell line INA-6 was a gift from Dr. Matrti
Gramatzki (Kiel, Germany). Cells were cultured in anidified
incubator at 37°C and 5% GQOn RPMI-1640 medium (Sigma,
Deisenhofen, Germany) supplemented with 2 ng/mL ietdih
6, 10% FBS (PAA part of GE Healthcare, Pasching, Aystria
100 U/ml penicillin, 100ug/mL streptomycin (Sigma Aldrich
GmbH), 1 mM sodium pyruvate (Sigma Aldrich), and 2 raM
glutamine (Sigma).

3.6. Viability assessment

Viability was determined by staining with propidiumdide
(Pl) and annexinV labelled with fluoresceinisothiacgte
(FITC) as described beforé Briefly, 8,000 INA-6 cells were
seeded and treated with the respective drug comtiems for 3
days INA-6 cells were washed with PBS buffer, incebdain
binding buffer (10 mM HEPES/NaOH, pH 7.4, 140 mM NacCl,
and 2.5 mM CaG) containing 2.5 mL annexin V-FITC and 1
mg/mL  PI, and analyzed by flow cytometry
(FACSCalibur/CELLQuest; Becton Dickinson, Heidelberg,
Germany). Thereby, Annexin V was prepared following a
knowr™* protocol and coupled to FITC (Sigma, Deisenhofen,
Germany; F725). Whereas the early apoptotic stageonyy be
detected by binding of annexin V to translocated
phosphatidylserine residues at the external cethbmane, later
apoptotic stages, in which cellular membrane integsilost, can
additionally be visualized by incorporation of tB&A-binding
agent PI. Thus, the cell fraction that is negaftweboth annexin
V-FITC and Pl is considered viable. On the basis lvé t
respective INA-6 viable cell fractions, the meangndard
deviations, dose-response curves, ands,E®alues for
compounds2a-h, 4a, 4b, 9, 10, 12a, 12b, 14a and 14b were
calculated using GraphPad Prism software version @pi@tad
Software Inc., La Jolla, USA).

3.7. Drug target identification

3.7.1. Magnetic bead preparation
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Pierce streptavidin magnetic beads (catalog no.1®88
Thermo) and biotinylated inhibitor in DMSO were eduiéited to
room temperature. For each sample, &0of bead slurry was
washed with 50QuL of a 1:1 mixture of DMSO and 50 mM
borate buffer at pH 8.5. To saturate the beads thighinhibitor,
we used 500 nmol of the biotinylated inhibitor iMd44Q. of a 1:1

Tetrahedron

linear gradients from 3% to 32% acetonitrile/0.18fic acid.
In-solution digests were analyzed with 50 cm anadytic
columns and a 180 min gradient (MS scan resolutfo0,000,
MS/MS scan resolution 7,500, HCD fragmentation, aod t
speed method with a maximum 3 s cycle time).
Singly charged precursors were excluded from selectind a

mixture of DMSO and 50 mM borate buffer at pH 8.5.dynamic exclusion list was applied. EASY-IC was used f

Streptavidin beads and biotinylated inhibitor wereubated
(under rotation) overnight at room temperature. t@dnbeads
were prepared without inhibitor accordingly. The supé&nt
was discarded, and the beads were washed twice with dfm

internal calibration for all runs.

L 3.9. MS data analysis

50% DMSO. After a second wash, the bead slurry was For MS raw data file processing, database searched

transferred to a new reaction tube and was washed agaie
with 500 pL of Pierce IP lysis buffer (catalog no. 87787
Thermo).

3.7.2. Cell lysis

INA-6 cells (5 x 107) were lysed with 2 mL of IP Pierysis
buffer together with 2QuL of Halt protease inhibitor cocktail
(catalog no. 78430, Thermo Fisher Scientific, Mabsaetts,
USA). Cells were incubated on ice for 10 min with peito
mixing. Lysates were cleared by centrifugation g0@6g at 4 °C
for 5 min, and protein concentration was determifBCA
Protein Assay, Thermo Fisher Scientific).

3.7.3. Drug target enrichment

Inhibitor-loaded beads and control beads were inecbaith
cleared INA-6 cell lysate (5 mg total protein) h at 4 °C and
overhead rotation. Beads were washed four times withL lof
20 mM HEPES buffer at pH 7.5, 115 mM NacCl, 1.2 mM GaCl
1.2 mM MgC}, 2.4 mM KHPQ, and 0.5% NP-40. Proteins
were eluted with 36QL of 1x lithium dodecyl sulfate (LDS)
sample buffer (Invitrogen) and reduced by addingid(f 500
mM DTT and boiling the sample for 10 min at 70 ®&mples

quantification, MaxQuant version 1.5.3.30 was U¥¢&earches
»were performed against thel. sapiensreference proteome
database (UniProt) and additionally, a database agodny
common contaminants. The search was performed wjfhticr
cleavage specificity with three allowed miscleavages.

Protein identification was under the control of tfese-
discovery rate (<1% FDR on protein and peptide vl
addition to MaxQuant default settings, the search pesformed
against the following variable modifications: proteil-terminal
acetylation, GIn to pyro-Glu formation (N-term. Glnand
oxidation (Met). For protein quantification, LFQ émisities were
used>’ Protein groups with less than two identified razoidue
peptides were dismissed. Experiments for which Int&m and
in-gel digests were performed were combined as teahni
replicates during analysis.

For further data analysis, in-house developed kptscwvere
used. Missing LFQ intensities in the control samplesre
imputed with values close to the baseline, i.e., witlues from a
standard normal distribution with a mean of the q&antile of
the loglO-transformed LFQ intensities (of inhibitcaind
corresponding control sample) and a standard demiatf 0.05.
Significantly enriched proteins were identified bging robust

were alkylated with a final concentration of 120 mM statistics based on intensity binned boxplotseast 200 proteins

iodoacetamide at room temperature in the dark.€lbates were

per bin), proteins outside the 1.5- or 3-fold ingtertile range

separated from the beads with a magnet. Proteinse wWe[IQR) of the distribution were classified as sigrafit (1) or

precipitated by adding the 4-fold sample volume asktone.
Precipitation was performed overnight at —20 °C.Idelwere
washed three times with 1 mL of acetone.

3.7.4. In-solution digestion
Precipitated proteins were dissolved

in 0.5% sodium This

extreme significant (2) outliers, respectively.
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