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General Introduction

Molecular imaging allows for the visualization algdantification of biological
processes at the cellular and subcellular levelhinviintact living organisms. This
biomedical research discipline is gaining greagrest to address frontier issues related
to pathology and physiolody.Several common imaging techniques have been
developed for such applications including: computemography (CT), magnetic
resonance imaging (MRI), positron emission tomolgya{PET), single photon emission
computer tomography (SPECT), ultrasound, photodanimaging, and novel optical
small animal imaging techniques such as fluoresemoaging (FLI) and ,
bioluminescence imaging (BLf)The main area of utility of bioluminescence useté
in in vitro gene-reporter assay measurements, however sattifiteaps in the
development of more sensitive CCD-camera technokagydiversified the use of BLI
in the life sciences. The use of bioluminescencagimg and analysis have some
distinctive advantages such as low background, siigial-to-noise (S/N) ratio profiles,
generally wider range of signals, flexible in theletular design, allows for extended
period of measurement, and also highly suitabléniaging of small animal modefs.

The relative sensitivity will depend on the emisswavelength of the light emitted and
also the sensitivity of the camera system. Exampfeapplications of BLI include:
monitoring of protein-protein interactiohsn vivo andin vitro drug screenirfy sensing
bioactive small moleculésassessing protein stability and funcfidgm vivo imaging of
animal model§ imaging of organ , imaging of disease progression such as cancer
and their metastasis and 3D BLI of cerebral ischenifao name a few.

Bioluminescence is the product of certain photogrst (luciferases) which catalyze
oxidation of small molecular substrates (lucifeyjnghich results in the generation of
light in the form of bioluminescence. Bioluminestspecies can be found across many
phyla such as insects, marine organisms, and protes. Although a number of
luciferase-luciferin pairs have been discoveredature, only a selected few have been
sufficiently characterized for use as tools in cluain biology (Table 1.). The
bioluminescence system based on firefly and béatieerases together with-luciferin
has been the most reported system. Especiallyuidiest involvingin vivo imaging
because of the emission spectra of firefly andledatiferases (~560-610 nii) The
D-luciferin is relatively stable and can diffuse Wween tissues. The reaction between
D-luciferin and its luciferases requires ATP and megjum ions, which limits its use to
intracellular monitoring. The other commonly usedtiferases all utilize various
luciferin substrates which all share a imidazopyraae core structure (Table 1). Unlike



Table 1. Characteristics of luciferase-luciferin pairs commonly used in BLI
Adapted from (19) and (20).

Luciferase Luciferin (substrate) Peak emission| Size Comments Reference
(nm) (kDa)
N N-_sCOOH _ o
North American /@ — ]’ 565 1 |Requires ATP and Mg
firefly (FLuc) HO S S Codon optimized 13
D-Luciferin
Renilla reniformis i
U l U 480 36 Can be used in extracellular 14

(native RLuc) environments, codon-optimized

Gaussia princeps Mutant enzyme with red-shifted
(Monsta) Coelenterazine 503 20 | emission spectrum

o\}’(—QOH
A\
Gaussia princeps NN Naturally secreted enzyme
(GLuc) | 480 20 |cell-anchored versions available 15
N
HO

16

o)

o (M
A
N__N
. . (] Stabile mutant enzyme with
Oplophorus gracilirostris : ,[ H 460 20 increased light output 17

(NanoLuc)

Furimazine

0 )
\
.y . N N
Cyp nd(:gfagct:luca | L\/H NH, 465 62 | Naturally secreted enzyme 18
T N hs
HN NH

Cypridina luciferin

D-luciferin, these luciferases do not require anlyeotco-factor other than molecular
oxygen, which allows for extracellular as well agracellular applications. The general
emission spectrum with imidazopyrazinone compouraisge from ~460-480 nm,
limiting their use inin vivo imaging due to poor penetration. However, red-stift
mutants have been developed: and also it is possible to obtain a red-shiftexseion
by utilizing bioluminescence resonance energy fEngBRET)?? In addition
coelenterate luciferases suchGaissia luciferase (GLuc) has been shown to have over
1000-fold stronger signal output over firefly lumifse (FLuc}? whilst the recent
NanoLuc has been shown to have 100-fold strongmakihan FLuc. As each substrate
is quite specific for its respective luciferase yane it has been possible to monitor
multiple parameters by utilizing a combination @f @ 3 luciferases im vitro andin
vivo monitoring of cellular processés.

Derivatization and functionalization of luciferin substrates

The three most common types of derivatization sidfD-luciferin substrates have
been focused on: 1) increasing the luminescenceuguR) red-shifted emission



spectrum, and 3) activatable-luciferins. Severgromed and red-shifted analogues of
D-luciferin and aminoluciferin have been reportedf. In addition, red-shifted
aminoluciferin-BRET acceptor conjugates have alseenb reported.” Several
D-luciferin derivatives for the specific monitoringf enzyme and bioactive small
molecules have been reported (Figuré®IFpr coelenterate luciferin substrates, most
studies have focused on modification of coelenteeazto obtain an improved
luminescence outpdfin most cases any modification of coelenterazinle nesult in a
significant decrease in bioluminescence output. éi@x in two instances an
improvement in signal output was obseed’® Unlike the p-luciferin substrates,
modification of coelenterazine greatly affectsstability, thus in addition to retaining
the luminescence output; the overall stability e tnolecule also has to be taken into
account’® Therefore it is not surprising thatluciferin has been favored due to the
high substrate specificity of coelenterate lucisesatogether with its stability issues.

Enzyme
Bioacti Oru lecul N, N~ pCO0H
ioactive small-molecule
o <Y
Rand \> R s s
[e]
N N 0 ATP, Mg%*, O
— Lok
luciferase
R S S

o \/(%\a\
Se
Activatable-luciferins

Figure 1. Concept behind activatable-luciferins. Adopted from (26).

Purpose of research

The work presented herein is based around the etymthmodification of
coelenterazine together with the use Gdussia luciferase, due to its much higher
luminescence output over other luciferases suchhas of Renilla reniformis. The
immediate difficulty however is related to the dhilto predict the impact on
luminescence output based on the position of neatibn on coelenterazine. There are
several reasons for this: i) high substrate spetifof GLUc’® ii) little to no homology
with other coelenterate luciferases; iii) no exigtk-ray crystal structure of GLuc; and
iv) probably cooperativity between proposed twoabdic sites GLué® As this
dissertation is divided into two major chapters tietailed research aim of each
respective differ in the type of modification ofatenterazine. In chapter 1 the major
concern is loss in luminescence output, whilsthapter 2 the focus is more on stability.
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Chapter 1 Development of Cell-Impermeable

Coelenterazine Derivatives

Gaussia luciferase (GLuc) is the brightest among all repdriuciferases and
displays a flash-type luminescence profilEhese lucifereases have mostly been used as
a reporter to monitor dynamic changes in gene esfyr and transcription.
Monitoring of single exocytotic events in living llisehas mostly employed methods
such as total internal reflection fluorescence @H)Rand two-photon laser scanning
microscopy’® However, these methods are confined to monitceitignited section of
the cells and the use of fluorogenic dyes for aateulocalization can be difficult due to
diffusion. In addition, fluorescence methods reguiontinuous irradiation, causing cell
damage and photobleaching. Moreover due to thenpdeal resolution properties,
confocal and twophoton laser scanning microscogiiesnore suitable when monitoring
membrane fusion of vesicles with slower kinefics.

BLI can offer distinct advantages over fluorescemmaging in monitoring of
protein secretion and other exocytotic eventsvimd cells. Visualization of luciferase
secretion in living mammalian cells was first reatl withCypridina luciferase (CLuc)
in CHO cells® and in live mouse embryos to monitor transcripioactivation of
genes. CLuc was also utilized for imaging of neurotranseni releasé® Recently
secretion of the brighter GLuc in PC12D cells wasnitored in real-timé* However,
in general BLI has suffered from poor resolutioredo low luminescence intensity.
Using an electron multiplying charge coupled de\iEd-CCD) camera, video-rate
BLI was employed in the studying of secretory dyi@nof MMP-2 with GLuc at much
improved resolution¥ In another study, the same group also demonstrttet
video-rate BLI could be used for quantitative asayof insulin oscillations in
pancreatic MING cells, which could have potential drugscreeningliaptions®?
Recently, in an effort to monitor exocytosis in ggtic boutons via BLI, a mutant GLuc
with enhanced luminescence output was fused topHme of a vesicle-associated
membrane protein (VAMP) located within the interiof the synaptic vesicle
(unpublished data). Hence, when the vesicle fusts tive cell membrane undergoing
exocytosis the luciferase would react with its $xaie coelenterazine, generating a
bioluminescent response. However, a very poor bigaaoise was observed which
was attributed to the high cell-membrane permeagbibf coelenterazine,i.e.
coelenterazine could diffuse across the synaptit\aesicle membranes and react with
the luciferase before the exocytotic event, giviisg to high background luminescence



(Figure 1a). Miesenboad#t al. also observed a similar issue wilgpridina luciferin

when imaging patterns of synaptic activity in hippmpal neuronal celf§. Therefore a
modified coelenterazine substrate with decreaskdanesnbrane permeability is desired
(Figure 1b-1c). However modifying the bioluminogersubstrate without having a
negative impact on the bioluminescence activityasy difficult. This is especially true
in the case of GLuc, which has very high substspeificity. Hence, even the smallest
modification of the coelenterazine substrate wilsult in a significant drop in
bioluminescence activit}’*® Therefore it is not surprising that only one coédeazine
derivative (s-CTZ) with improved bioluminescencetiaty with GLuc has been
reported-’ The compound structure has yet to be publishedeter, the published data
strongly implies that s-CTZ is highly cell-permeabHence we sought to design and
synthesize a cell-membrane impermeable coelenteraderivative with retained
bioluminescence activity.

a)

Natural Substrate

Coelenterazine
GlLuc

Highly cell-permeable

Anionic-Derivative
c

Cellimpemeable

<)

Anionic-Derivative

@EEm  (cox)

CellHimpemeable

Exocytosis

Figure 1. Monitoring membrane fusion events via BLI; Concéa} coelenterazine
readily penetrates the cell-membrane, giving resddckground noise prior to fusion
taking place; (b) coelenterazine derivative Coelds la negative charge, making it
highly cell-impermeable and unable to react withuGL(c) following fusion of the
secretory vesicle with the cell-membrane CoelX caact with GLuc, generating a
bioluminescence signal.



Results and Discussion: Design and Synthesisof 2-BnO-TEG-CTZ and

6-BNnOTEG-CTZ

When conceiving of a proper rational substrategtesirategy, it is very useful to
perform docking simulations of substrate derivasiieefore undertaking actual
experimental work. Uranet al. constructed near-infrared-emitting firefly lucifiesi by
initially performing docking simulations with lugfase fromPhotinus pyralis.*®
However, as there is no existing x-ray crystal dtrire of Gaussia luciferase (GLuc),
lack of homology with other coelenterate lucifesgsi®r which crystal-structures are
available, rational design and modification of emérazine remains a difficult task in
terms of being able to predict the effect of anydification of the coelenterazine
substrate on bioluminescence activity. Modificat@nthe coelenterazine substrate has
mostly been focused on increasing light outputshéting the emission spectrum of
coelenterazine and increasing the stability of emé¢érazine to decrease
autoluminescence background noi5&* As mentioned above coelenterate luciferases
share very little homology and hence any modifaratof coelenterazine, that might
have an advantageous impact on the luminesencetoftpne luciferase, might have
the reverse effect on another. This is especialig for GLuc which has been shown to
have an extremely narrow substrate specifi¢fty® In order to construct a
cell-impermeable derivative of coelenterazine, veeided to attach a flexible linker
with a terminal anionic phosphonate group. Inijialle synthesized two coelenterazine
derivatives with a highly flexible polyethylene ghl (PEG) linker with terminal
benzyl-protecting groups installed at the 2 ana$&itpns of coelenterazine (Scheme 1)
to investigate the effect on bioluminescence astiof GLuc. We preparedl from

Ry R, Name
OH_Q‘ORz H H Coelenterazine (1)
\
NN sl O o8 H 6-0Bn-TEG-CTZ (2)
| i
I
N /““?PO\%\ 2-0Bn-TEG-CTZ (3
H H 5 OBn -OBn-TEG- (3)
R,0 New
N
H H \%K/o\/g\/oe CoelPhos (4)
' 0o

Figure 2. Structures of native coelenterazine and synthesleedatives.
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Scheme 1. (a) PhCHMgCI, ZnCL, Pd(PPK).Cl,, THF, rt, 72 h, 83%; (b)
4-(TBDMS-O)Ph-B(OH), bddp, (GHsCN),PdChL, N&CO; (1M (aq)), EtOH, Toluene,
reflux, 24 h, 83%; (c) TBDMSCI, imidazole, DMF, 2 h; (d) NaBH, MeOH, 0 °C, 2
h, 86% over 2 steps; (e) SQCCH,ClI,, 0°, 2 h, 81%; (f) Mg, EtBr THF, sonication;
ethyl diethoxyacetate, THF, -78, 6 h, 47%; (g) BANF, THF, 0 °C, 30 min, 93%.

tetraethylene glycol (TEG) by mono-benzylation wiitbnzyl bromide, followed by
were synthesized as previously described (Schemg&>%113 was synthesized via
bromination tal2 via the Apple reaction (Scheme S2). Synthetic mestiatess and10
standard alkylation of coelenterami@&vith 12. Following acid-catalyzed condensation
reaction of 13 and the o-ketoacetal 9 under reflux the desired compound
6-BnO-TEG-CTZ B) was synthesized (Figure 2). Synthesis of 2-Bn@IETZ (3)
was accomplished by initial alkylation of deprotstti-ketoacetallO with the TEG
linker 12 to give 14. Acid-catalyzed condensation reaction betwéeand 14 under
reflux generated the desired product, 2-BnO-TEG-CJ)Z
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Scheme 2. Synthesis of 6-OBn-TEG-CTZ and 2-OBn-TEG-CTZ. (éaH, BnBr,

THF/DMF, 0 °C to rt. 5 h, 67%; (b) PRHCBIr, CH.Cl,, reflux, 12 h, 91%; (c) BiNF,

THF, 0 °C, 2 h; (d12, NaH, DMF, 0 °C, 5 h, 55% over 2 steps, 9e,4-dioxane / 6N
HCI (10:1), 24 h, 49%; f12, C$COs, MeCN, reflux, 3 h, 73%; (&, 1,4-dioxane / 6N
HCI (10:1), reflux, 14 h, 17%

Next the luminescent properties of 2- and 6-BnO-TETZ were evaluated with GLuc
in comparison with native coelenterazine. Both #albss 2-BnO-TEG-CTZ and
6-BNnOTEG-CTZ showed more than 200- and 950-fold ucédn in total
bioluminescence activity, respectively (Table Ijtetestingly, Urancet al. observed
similarly poor bioluminescence activity when attiach flexible PEG linkers to
aminoluciferin*® Installing rigid alkyl linkers also resulted inlaw bioluminescence
output. The poor observed activity was attributethiit these linkers may be linear and
adopt conformations that hinder access of theducifsubstrate to the active site of the
luciferase enzyme. Hence, it was concluded thag BBEG linkers conjugated near the
luminophore are unsuitable. This conclusion alsenseto be valid in the case of
installing PEG linkers on coelenterazine as well.

10



Table 1. Relative and maximum luminescence of 2- and 6-BE®-CTZ, and
CoelPhos.

Compound Gaussia luciferase
ol (% lyiax (%)°
Coelenterazinel) 100 100
2-BnO-TEG-CTZ ) 0.45 0.17
6-BnO-TEG-CTZ B) 0.10 0.14
CoelPhos4) 3.23 2.70

aIT(,H,“: total luminescence integrating for 60 s in 1tefwals.

® | ax: Maximum observed intensity at any 1 s interval.

Design and Synthesis of CoelPhos

Due to detrimental effect on bioluminescence afgtiviof PEGmModified
coelenterazines we decided to change to more aiig linkers. Although our initial
results suggested that both 2- and 6-positionsoefeaterazine were both sensitive to
modification, we decided to focus on modificatidntloe 2- position of coelenterazine.
We synthesized a phosphonate alkyne, dimethyl(@rgpyloxy)methylphospho-nate
16 in two steps (Scheme S3). Alkylation d® with 1,3-dibromopropane resulted in
formation of 17, which was converted into the propyl azit®® Copper(l)-catalyzed
azide-alkyne Huisgen cycloadditidrgave the desired 1,2,3-triazdl@. In the final step
acid-catalyzed condensation reactior6@nd19 was conducted, generating the desired
product CoelPhos (Figure 2) (See supporting infoionafor further description and
details). Next, we evaluated the luminescent ptoggenf CoelPhos with GLuc (Table
1) andRenilla luciferase (RLuc) comparison with coelenterazinab(€ 2). CoelPhos
yielded a much stronger luminescence with GLuc tRémc and also a significant
improvement in bioluminescence activity comparethwioth 2- and 6-BnO-TEG-CTZ,
although CoelPhos still showed about a 30-fold cédn in luminescence intensity in
comparison with coelenterazine. With the exceptiérs-CTZ!’ the highest reported
bioluminescence activity of any coelenterazine \dgive with GLuc was that of
MeO-CTZ (methylation of the 2-hydroxy group) (13.6%Wde8iso-CTZ (replacement of
2-hydroxy group with 3-isopropylbenzene), (14.3%).

11
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Scheme 3. Synthesis of CoelPhos. (a) paraformaldehyde, TEA, 130 °C, 3 h. 12%; (b)
propargyl bromide, NaH, THF, -7GC. 35%; (c) 1,3-dibromopropane, £L;, MeCN,
reflux, 3 h. 35%; (d) Napy DMF, 50 °C, 12 h, 76%; (&6, CuSQ, Sodium Ascorbate,
H,O/CHClx(1:1), rt, 12 h, 88%; (f§, 1,4-dioxane/6N HCI (10:1), 110 °C, 5-6 h, 9%.

Table 2. Relative and maximum luminescence of
CoelPhos withrenilla luciferase cell lysate.

Compound Renilla luciferase
ITotal (%)a IMax (%)b

Coelenterazine 100 100
CoelPhos 0.14 0.09

?l1oat total luminescence integrating for 20 s in 1tsivals.

®|uax. Maximum observed intensity at any 1 s interval.

2.3 Bioluminescence I maging with CoelPhos

Recently GLuc mutants with improved luminescencetpatu and stable
luminescence profiles have been repoffed We utilized a recently developed mutant
GLuc (GLucM23) with roughly 10-fold improvement ilminescence intensity in
living cells, and a glow-type kinetic profile (Figu). We evaluated CoelPhos by
measuring bioluminescence activity with a chargepted device (CCD) camera in

12



HelLa cells expressing outer-membrane localized -ty GLuc or GLucM23
(GLucM23yenm) to determine if the improved mutant GLuc had gatire or positive
impact on the luminescence intensity of CoelPhagufeé 3). We determined the
relative intensities of coelenterazine and CoelPbpscomparing the relative mKO
fluorescence and luminescence intensities of 5scofigure 4). CoelPhos showed
similar relative bioluminescence activity with theitant GLucM23 in comparison with
the wild-type GLuc relative to coelenterazine (4 3%). Hence the GLuc mutant did
not affect the bioluminescence activity of CoelPhektive to coelenterazind he
contrast observed in HelLa cells expressing outeniongne bound GLuc was very poor
in comparison with GLucM23. This is related to flesh-type luminescence of GLuc,
together with the luminescence sensitivity of auaging system. The stable glow-type
luminescence of GLucM23 and its higher luminescemaput makes it more suitable
for BLI in living cells. This was especially truerfour derivative CoelPhos which could
CTz CoelPhos

Figure 3. Bioluminescence imaging with coelenterazine (CTZ) &oelPhos in HeLa
cells expressing outer-membrane bound GLuc or Gl2&Ma, d, g, j) Fluorescence
images of MKO Ax = 548 nm /lem = 559 nny 200 ms) before addition of
bioluminogenic substrate. CTZ with GLu, exposure time: 2 s (b) and 20 s (c); CTZ
with GLUCM23em, exposure time: 2 s (e) and 20 s (f); CoelPhos$ V@LUGem,
exposure time: 2 s; (h), 20 s (i) CoelPhos with @UA3yem, exposure time: 2 s (k) and
20 s (l). Concentration of CTZ and CoelPhos: 28 Objective lens: 6& . Scale bar:
40 um.
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be imaged with much improved signal-to-noise withuGM23Mem (Figure 3k, 3l)

over GLugem (Figure 3h, 3i).

a) b)
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Figure 4. Relative activity of CoelPhos with GLuc and GLucM23ersus
Coelenterazine (CTZ) in HelLa cells. (a) CTZ and IRbes with GLuc; (b) CTZ and
CoelPhos with GLucM23. (n = 5 cells); Signal wasugfified using ImageJ. (2 or 20 s)

= exposure time.

Finally, we evaluated the relative cell-membraner@ability of our probe CoelPhos in

comparison with coelenterazine. We transfected Hekls with an endoplasmic

reticulum (ER)-localizing GLuc construct (GlLgg. The construct also contained
Venus fluorescent protein as a control for expms$evels as well as confirmation of
localization. We reasoned that whilst coelentemzuould give a strong signal due to
its high cell-permeability, CoelPhos would not gaey bioluminescence signal due to
its inability to cross the cell membrane (Figure 5)

,_/‘ \/bo\,ko
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.m NTED (CoelPhos)
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AN Inside ER
o Mo X
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Figure 5. lllustration of cell-
permeability of CoelPhos. Because of
the attached anionic phosphonate
CoelPhos does not penetrate the
cell-membrane as readily as native
coelenterazine. Therefore a
bioluminescent signal will be observed
with outer-membrane bound
GLucM23viem but not with
intracellularly localized GLug.



When coelenterazine was added, strong bioluminésigmals were observed in HelLa
cells expressing GLgg. On the other hand, when CoelPhos was addedgnalsiould
be detected, even after extending the exposurettihi@0 s (20-fold) (Figure 6).

CTZ CoelPhos

Figure 6. Fluorescence and
bioluminescence images of HelLa
cells expressing GLgg with
coelenterazine (CT2) and
CoelPhos. (a) Venus FL; (b) CTzZ
(22.7 uM); exposure time: 5 s; (c)
Venus FL; (d) CoelPhos (22.7
uM); exposure time: 100 s.
Objective lens: 60 x. Scale bar: 40
um.

The observed data seem to suggest that attachrarteoninal phosphonate moiety is
enough to significantly decrease cell-membrane peahitity of the coelenterate
substrate. It has been shown that GLuc produce8-fidd higher BL signal than RLuc
or FLuc in mammalian cells.1,30 GLucM23 has roughlytimes higher BL intensity
over wild-type GLuc in mammalian cells, suggestingt this novel mutant GLuc could
have 10000-fold higher BL signal over RLuc and Flimegnammalian cells. Although
there was over 30-fold decrease in BL activity oePhos with GLuc and GLucM23 in
comparison with native coelenterazine, it seemsamable to assume that CoelPhos
together with GLucM23 would show stronger BL intéynpsover RLuc with
coelenterazine. Further investigation is requiredi¢ver, in order to be able to make a
direct comparison. Not only does the substrate ipieg of GLuc differ from other
coelenterate luciferases such Renilla and Oplophorus luciferase. GLuc has been
shown to contain two catalytic domains; both wittmikrly narrow substrate
specificities® Significant differences are also observed in tinetic properties. Unlike
other marine luciferases (RLuc, CLuc) which resptmdheir respective coelenterate
luciferin concentration in a linear non-cooperatianner, it was recently shown that
Gluc operates in a cooperative manner, possibly ariaallosteric mechanis.
Previous studies utilizing bioluminescence imadimgmonitoring of real-time protein
secretion showed the importance of the type of cameed. Exocytotic events of native
GLuc in CHO-K1 cells were visualized in real timettwa time resolution of 10 s.
However, the resolution of luminescence spots wa&g Which made if difficult to
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identify single exocytotic spots of luminescence ¢ the low luminescence sensitivity
of the camera us€d.In more recent studies the same group utilizedoserpowerful
EM-CCD which resulted in a 60-fold increase in &y which allowed for the
real-time monitoring of localization and dynamidspooteins on the surface of cells
with millisecond temporal resolutidi** Notwithstanding the fact that the CCD camera
employed in our imaging studies was inferior to eems utilized in the above
references in terms of quantum efficiency and sigmaoise, we were able to visualize
CoelPhos with GLucM23Mem at a sampling rate of Bence it is plausible to venture
that utilization of EM-CCD cameras with improved nsivity will allow for
bioluminescence imaging of CoelPhos with much impdbtemporal resolution and
luminescence sensitivity.

3 Conclusions

In conclusion, we have developed a cell-membrangeimeable coelenterazine
derivative, CoelPhos, as a potential tool for manmig membrane fusion events in
living cells. The derivative was constructed byyédking the phenolic hydroxyl group
at the 2-position of coelenterazine with an alkytkér containing a terminal
phosphonate group. While displaying 30-fold lessvdg with GLuc compared with
native coelenterazine, CoelPhos showed a high fspgcior GLuc over RLuc with a
30-fold higher activity. By utilizing a new mutafLuc, GLucM23, we were able to
image membrane-localized GLucM23 despite the loweninescence intensity of
CoelPhos. We demonstrated that CoelPhos has dedreal-membrane permeability
in comparison with native coelenterazine. Our prdbeelPhos, has the potential to be
used as a cell-impermeable bioluminescent toaifonitoring of exocytotic events.

Experimental
Materialsand I nstruments

General reagents and chemicals were purchasedSrgma-Aldrich Chemical Co. (St.
Louse, MO), Tokyo Chemical Industries (Tokyo, Jgpand Wako Pure Chemical
(Osaka, Japan) and were used without further patibn. Silica gel chromatography
was performed using BW-300 (Fuji Silisia Chemicatd.l. Greenville, NC).
pcDNA4™/TO/myc-His/lacZ was purchased from Life Maologies Corporation
(Japan) NMR spectra were recorded on a JEOL JNMeALiAstrument at 400 MHz for
'H and 100.4 MHz fol*C NMR, using tetramethylsilane as an internal statidMass
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spectra were measured on a Waters LCT-Premier Xds s@ectrometer for ESI or on a
JEOL JMS-700 for FAB. UV-visible absorbance specivare measured using a
Shimadzu UV1650PC spectrometer. High pressure digqtiromatography (HPLC)
analysis was performed with an Inertsil ODS3 colu@e x 250 mm, GL Science, Inc.
Torrance, CA) using an HPLC system that comprispdrap (PU2080, JASCO) and a
detector (MD2010 and FP2020, JASCO). PreparativeCGHas performed with an
Inertsil ODS3 column (10.0 x 250 mm)(GL Sciences)lmsing an HPLC system with
a pump (PU-2087, JASCO) and a detector (UV-20755G@). Bioluminescence was
measured in 96-optiplate multiwell plates (PerkmEt Co., Ltd.) using a Wallac ARVO
mx / light 1420 Multilabel / Luminescence countethnan auto-injector (PerkinElmer
Co., Ltd.). Bioluminescence imaging was performalizing an Olympus DP30 Cooled
Monochrome CCD Microscope Camera with a 60 x ohjedens. Coelenterazine was
synthesized as previously described and storeddaaM MeOH/HCI (<1%) solution
aliquotes in sealed glass ampulles at -86°¢!

Mutant GLuc

The cDNA for Gaussia luciferase (GLuc) was purchased from New Englamal&bos
Inc. The DNA sequence coding for GLuc without semaefor signal peptide (dspGLuc,
aal8- ) was amplified by PCR with primers contagrime sequence encoding Ndel site,
a bacterial periplasm localization signal (pelBYl athol site at the send and Pstl site
at the 3end. The entire cDNA of pelB-dspGLuc was clondd iNdel and Pstl sites of
PRSET; (Invitrogen), yielding pRSET-pelB-dspGLuc. For ot GLuc, The sequences
corresponding to dspGLuc were randomly mutatedrbyr@rone PCR, The sequence
for dspGLuc in pRSET-pelB-dspGLuc was replaced wittose PCR products
containing mutant dspGLuc. These plasmids werestoamed into JM109(DE3)
competent cells, then, spread on LB ampicillin gdatAfter each bacterial colony was
visible, each colony was picked and transferredwo new LB ampicillin plates,
sequentially. After colonies were grown, we pouB€duM coelenterazine containing
PBS solution on top of the plate. The colonies Whehowed bright luminescence were
picked and and evaluated by sequencing analysisbféned two mutants that showed
bright luminescence. Mutl contained K50E, M60L, MLZnutations, and Mut2
contained A36V, V113D mutations. We analyzed eatlthese mutations and found
these mutations showed additive effects. A contlwnaf these mutations resulted in
an even brighter GLuc mutant, which had K50E, M69IL13D, M1271 and G184D
mutations (GLucM23).
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Example of E.coli plate assay for gluc mutants screening
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gluc mutants used in this study
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Figure S1. Displaying types of mutant variations of GLuc gexted and their
respective activities.

Mammalian cell expression constructs

To make pCDNA3- GLuc-Venus-KDEL, the entire sequeatGLuc was amplified by
PCR with primers containing BamHI site, kozak semge(ccacc) before start codon at
the B end and BspEl site, KDEL for endoplasmic reticullacalization signal sequence,
stop codon and EcoRI site at theeBd. This PCR product was cloned into BamHI and
EcoRl site of pcDNAS3 vector (Invitrogen). This phaisl was then cut by BspEl and the
cDNA of Venus fluorescent protein containing BspEl site and '3Agel site was
inserted. To make pDisplay-mKO-GLucM23, the entireequence of
mKusabira-Orange (mKO) was amplified by PCR witimar containing BamHI site at
the B end and Bglll site at the 8nd. The sequence of dspGLucM23 was also amplified
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by PCR with primers containing Bglll site at theeid and Pstl site at the 3'end. Two
PCR products were ligated and cloned into Bglll &wsdl sites of pDisplay vector
(Invitrogen). pDisplay-mKO-GLuc was constructedaisimilar fashion.

General experimental detailsfor cell-cultures

HelLaS3 cells were maintained in Dulbecco’s Modifieagle Medium (DMEM)
(Invitrogen), supplemented with 10% fetal bovineuse (FBS) at 37°C under 5% GO
Transfection: Optimem (Invitrogen) solutions containing lipof@mine 2000
(Invitrogen) and plasmid DNA were added to HeLa®8 cultures and incubated at
37°C under 5% Cg&for 24 h. Cells were then washed three times RBIS, trypsinized,
washed with Leibovitz's L-15 medium, then resuspmehth black 96-well optiplates
(PerkinElmer) and incubated at 37 °C in luminomégarkinElmer).

Preparation of secreted Gaussia luciferase

HEK293T cells maintained in DMEM (no phenol redpplemented with 10% FBS and
transfected with pCM-GLuc (New England Biolabs) gv@rcubated at 37 °C under 5%
CO, for 24 h. The cell-medium was carefully transfdri® a separate tube, and
centrifuged. The supernatant was aliquoted an@dtatr —80 °C.

Preparation of Renilla luciferase cell lysate

HEK293T cells transfected with pRL-TK at 37 °C un8&6 CQ for 24 h were washed
with PBS (0.1 M, pH 7.4). 80QL lysate buffer (20 mM Tris buffer (pH 7.4) 150 mM
NacCl), containing a mixture of protease inhibitPSMF (1 mM), Leupeptin (~ g /
ml), and Pepstatin (~ &g / ml). The suspension was frozen in liquid nigngand
dethawed 3 times, followed by centrifugation atA®@pm at 4 °C for 30 min. Protein
concentration was determined by Bradford assag74ig / mL.

Determination of Relative and Maximum Luminescence of Coelenterazine
Derivativeswith GLuc

To a solution of 1L GLuc in 90uL PBS (pH 7.4, 20 mM EDTA, 0.02% Tween20)
was added a buffer solution of coelenterate sules(d®OuL, 10 uM) via auto-injector
(Final concentration fM). Luminescence was measured for 60 s at 1 svialter

Determination of Redative and Maximum Luminescence of Codenterazine

Derivativeswith RLuc
To a solution of Rluc (12.5g / mL) in 100uL Tris buffer (20 mM , pH 7.6), 10 mM
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EDTA) was added a buffer solution of coelenteratbstrate (10QuL, 10 uM) via
auto-injector (Final concentrationBM). Luminescence was measured for 20 s at 1 s
intervals.

Bioluminescence Imaging

HeLaS3 cells in glass-bottom dishes were transfected with pDisplay-mKO-GLuc,
pDisplay-mKO-GlucM23, or pcDNA3-GLuc-Venus-KDEL and incubated at 37°C under
5% COq for 20 h. Cells were washed with Hank’s balanced salt solution (HBSS) and
suspended in 100 pL. HBSS (covering the central glass bottom part of the dish).
Coelenterazine or CoelPhos in HBSS (1000 pL, 25 uM) was added to the glass-bottom
dish (final concentration 22.7 uM) and luminescence was recorded at set exposure times.
Fluorescence microscopic images were obtained before addition of coelenterate
substrate (mKO: ex/em: 548/561; 200 ms; Venus Ex/Em: 515/528; 300 ms).

2. Syntheses of Compounds

1. Synthesis of coelenteramine and a-ketoacetal.

3-benzyl-5-bromo-2-pyrazinamine (5)

To a solution of benzylmagnesium chloride (2.0 My L, 5.20 mmol) in THF (10
mL) was added zinc chloride inZ&t (1.0 M, 5.7 mL, 5.70 mmol) at room temperature
under argon. The resulting turbid mixture was stirrfor 30 min, after which
bis(triphenyl phosphine)palladium (II) dichloride83 mg, 0.12 mmol) and
2-amino-3,5-dibromo-pyrazine (600 mg, 2.37 mmol)swadded. The reaction was
stirred for 3 days at room temperature. The reaatixture was poured into water and
extracted with EtOAc. The combined organic layeswaashed with brine, dried over
anhydrous sodium sulfate, and concentraitedvacuo. Purification by silica gel
chromatography (25% EtOAc / hexane) afforded 525 (h@®9 mmol, 84%) of
3-benzyl-5-bromo -2-pyrazinaminé)( *H-NMR (400 MHz, DMSO-¢) & 7.96 (s, 1H)
7.26-7.14 (m, 5H) 4.01 (s, 2H) ESI-MS: calc: 264 fa2ind: 264.00 [M+H].

3-benzyl-5-(4-tert-butyldimethylsilyloxyphenyl)-2-pyr azinamine (6)

To a suspension of bis(benzonitrile)dichloro paliad (44 mg, 0.11 mmol) in toluene
(5 mL) was added 1,4-bis(diphenyl- phosphino)butés® mg, 0.12 mmol) and the
mixture was stirred for 30 min under argon at rodemperature. 5-benzyl-
5-bromo-2-pyrazinamine 5§(519 mg, 1.97 mmol), 4tdrt-butyldimethylsilyloxy)-
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phenylboronic acid (656 mg, 2.60 mmol), toluene (bQ), ethanol (1 mL), and
aqueous sodium carbonate (1 M) were added seqlieaia the mixture was refluxed
for 24 h. After cooling down to room temperature tleaction mixture was poured into
water and extracted with EtOAc. The combined orgdayer was washed with brine,
dried over anhydrous sodium sulfate, and concesttiatvacuo. Purification by silica
gel chromatography (20-30% EtOAc / hexane) affor688 mg (1.63 mmol, 83%)
3-benzyl-5-(4tert-butyldimethyl- silyloxyphenyl)-2-pyrazinaminé)(as a pale yellow
solid. '"H-NMR (400 MHz, (CR).C0O) & 8.36 (s, 1H) 7.88 (d) = 8.0 Hz, 2H) 7.35
(d, 3J = 8.0 Hz, 1H) 7.28 (m, 2H) 7.20 (d¥l = 8.0 Hz, 2H) 6.93 (d’J = 8.0 Hz, 2H)
4.16 (s, 2H) 1.00 (s, 9H) 0.23 (s, 6H); ESI-MStc&92.22; found: 392.18 [M+H]

4-(tert-butyldimethylsilyloxy)phenylmethanol (7)

To a solution of 4-hydroxybenzaldehyde (5.75 g,14mmol) and imidazole (6.45 g,
94.8 mmol) in anhydrous GBI, (60 mL) was added TBDMSCI (7.88 g, 52.28 mmol)
and was stirred overnight at room temperature uadeargon atmosphere. The reaction
mixture was poured into water washed with water kride. The organic layer was
dried over anhydrous sodium sulfate and the solweag removedn vacuo and the
residue was dried over nightt To a solution of thaude 4-{ert-
butyldimethylsilyloxy)benzaldehyde in methanol wadded sodium borohydride (2.24
g, 59.1 mmol) at 0 °C. The ice-bath was removed thedsolution was stirred under
argon for 2 h. Reaction was quenched by additiobrioie. MeOH was evaporated and
water was added. The aqueous layer was extractbdBs®Ac. The organic layer was
washed with brine, dried over sodium sulfate andceatratedn vacuo, followed by
purification by silica gel chromatography (30% Et©Ahexane) to afford 9.709 g (86%
for 2 steps) of 4tért-butyldimethylsilyloxy)phenylmethanol7) as a pale yellow
viscous oil.*H-NMR (400 MHz,CDC}) & 7.22 (d,*J = 8.6 Hz, 2H) 6.82 (fJ = 8.6 Hz,
2H) 4.60 (s, 2H) 0.99 (s, 9H) 0.20 (s, 6H).

4-(tert-butyldimethylsilyloxy)benzyl chloride (8)

To solution of 44ert-butyldimethylsilyloxy)phenylmethanol7§(10.6 g, 41.3 mmol) in
CH.Cl;(~50 mL) at 0 °C under argon was added thionyl ritiéo(4.6 mL, 63.0 mmol)
dropwise. The reaction mixture was stirred for @rd poured into water. The organic
layer was washed with water ample times, followgdbbne. The organic layer was
dried over sodium sulfate and evaporated vacuo. Purification by silica gel
chromatography (10% EtOAc / hexane) to afford 8681 %) of 4-{ert-butyl-
dimethylsilyloxy)benzyl chloride8). *H-NMR (400 MHz,CDC}) & 7.26 (d,2J = 8.6 Hz,
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2H) 6.83 (d,*J = 8.6 Hz, 2H) 4.57 (s, 2H) 1.00 (s, 9H) 0.22 (d).6°C-NMR (100
MHz, CDCL) 5 155.89, 130.29, 129.96, 120.26, 46.29, 25.64,9184144.

3-(4-(tert-butyldimethylsilyloxy)phenyl)-1,1-diethoxyacetone (9)

To magnesium turnings (4.29 g, 176.5 mmol) (vigstguwstirred under argon for 3
days) was added 4eft-butyldimethyl- silyloxy)benzyl chloride8}(8.60 g, 33.5 mmol)
in anhydrous THF, followed by additional THF (~ BL), and 1,2-dibromo- ethane (50
uL, 0.58 mmol). The reaction mixture was sonicat@dsf mins, and heated at 50 °C for
1 h. The dark grey reaction mixture was allowedcdol to room temperature. To a
separate reaction flask was added ethyl diethoxsec€3.0 mL, 44.7 mmol) and THF
(~10 mL) and cooled to -78 °C (dry ice / acetonejler argon. The Grignard reagent
was added via syringe over 30 mins and the reaatiature was allowed to stir for 6 h,
followed by addition of water (25 mL) and the reactmixture allowed to warm to
room temperature. Additional water was added aricheted with EtOAc. The organic
layer was washed with brine, dried over sodiumagelfand concentratéd vacuo. The
crude pale yellow oil was purified by silica gelroatography (10% EtOAc / hexane)
to afford 554 g (157 mmol, 47%) of 3-(dt-butyldimethylsilyloxy)-
phenyl)-1,1-diethoxy aceton®)(as a pale yellow oiH-NMR (400 MHz, CDC}) &
7.07 (d,%3 = 8.0 Hz, 2H) 6.78(cfJ = 8.0 Hz, 2H) 4.62 (s, 1H) 3.80 (s, 2H) 3.70-3(&1

2 x 2H) 1.24 (t33 = 7.0 Hz, 6H) 0.97 (s, 9H) 0.18 (s, 6HIC-NMR (100 MHz, CDG))

6 203.6, 154.5, 130.7, 126.3, 120.1, 102.1, 63.31,4%.7, 18.2, 15.1, -4.5. ESI-MS:
calc: 370.2408; found: 370.3069 [M+N.

3-(4-hydroxyphenyl)-1,1-diethoxyacetone (10)

To 0 °C cooled solution of 3-(4eft-butyldimethylsilyloxy)phenyl)-1,1- diethoxy
acetone 9(1.50 g, 4.25 mmol) in THF (10 mL) under argon waslded
tetran-butylammonium fluoride (1.0 M in THF, 2.2 mL, 2n2mol). After 30 min, the
reaction was quenched with saturated aqueous sodhlaride and extracted with
CH.Cl,. The combined organic layer was dried over anhysireodium sulfate and
concentratedn vacuo. Purification by silica gel chromatography affodd®4 mg, (3.96
mmol, 93%) of 3-(4-hydroxyphenyl)-1,1-diethoxyaaeo'H-NMR (400 MHz, CDC})

§ 7.26 (d,°J = 8.0 Hz, 2H) 6.78 (J = 8.0 Hz, 2H) 4.69 (s, 1H) 4.63 (s, 2H) 3.82 (s,
2H) 3.72-3.53 (m, 2 x 2H) 1.25 (t, 6H). ESI-MS: cak56.1543; found: 256.1663
[M+NH4]".

2. Synthesisof 2 and 6-OBn-TEG-CTZ.
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.13-bromo-1-phenyl-2,5,8,11-tetr aoxatridecane (12)

Sodium hydride (60% in mineral 0il)(839 mg, 20.98nol) was added to a cooled
reaction flask containing anhydrous DMF under argdme mixture was stirred for 10
minutes, after which the ice-bath was removed d@dmixture was stirred at rt for
another 15 min. The mixture was cooled with an atiebfollowed by dropwise addition
of benzyl bromide (2.3 mL, 19.34 mmol). Reactiorximie was concentrated vacuo,
followed by silica gel chromatographyEtOAc to affdd (3.34 g, 11.61 mmol, 67%) as
a colorless oil. To a solution of triphenylphos@hif856 mg, 3.26 mmol) and carbon
tetrabromide (1088 mg, 3.28 mmol) in anhydrousClkunder argon was add&d592
mg, 2.08 mmol). The reaction mixture was refluxed I8 h. Reaction mixture was
concentratedn vacuo. silica gel chromatography ((1:1) EtOAc / hexatefford 12
(483 mg, 15.7 mmol, 79% over two steps) as a amdsrloil. 1H-NMR (400 MHz,
CDCl) & 7.35-7.34 (m, 5H) 4.57 (s, 2H) 3.72-3.59 (m, 16HAB: Calculated:
540.0879; Found: 540.0887 [M+Na] ESI-MS: Calculated: 540.0879; Found:
540.1243[M+Nal.

3-benzyl-5-(4-(1-phenyl-2,5,8,11-tetr aoxatr idecan-13-yloxy)phenyl)pyrazin-2-amin

e (13)

To an ice-cooled solution of
3-benzyl-5-(4tert-butyldimethylsilyloxyphenyl)-2-pyrazinamine 6 (80 mg, 0.20
mmol) in anhydrous THF under argon was adachbutylammonium fluoride (166L,
0.16 mmol) in THF. After 1 stirring for 1 h the ategn was quenced with brine, poured
into water and extracted with EtOAc. The combinedaaic layer was washed with
brine, dried over anhydrous sodium sulfate, andceotratedin vacuo. The resulting
residue was subjected to silica gel chromatogrghyl) EtOAc / Hexane), affording
crude coelenteramine (~56 mg, 0.2 mmol). To a a&ed solution of sodium hydride
(60% in mineral oil)(18 mg, 0.45 mmol) in anhydrol8MF (5 mL) was added
coelenteramine (55 mg, 0.2 mmol) and the reactioxture was stirred for 30 min.
12-bromo-1-benzyl-tetraethylene glycol (170 mg,90mmol) in DMF (5 mL) was
added dropwise. The ice-bath was removed and Hutioe mixture was stirred at rt for
4.5 h, after which the reaction was quenched wiito 2NH,Cl. The reaction mixture
was diluted with water and extracted with EtOAceTdombined organic layers were
washed with brine, dried over anhydrous sodiumaselfand concentratad vacuo.
The resulting residue was subjected to silica coluwhromatography (2% MeOH /
CH,CL,) to afford the desired produt8 (58 mg, 55% over two stepsH-NMR (400
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MHz, CDCk) & 8.31(s, 1H) 7.85 (d, 2HJ = 8.0 Hz) 7.33-7.25 (m, 10H) 6.98 (,=
8.0 Hz, 2H) 4.55 (s, 2H) 4.46 (s, 2H) 3.86 (t, Z4J4-3.61 (m, 14H)"C-NMR (100
MHz, CDCk) 6 158.90, 151.29, 142.38, 140.40, 138.22, 136.82,753 130.10, 128.91
128.55, 128.32, 127.71, 127.56, 126.96, 126.90,8¥14r3.18, 70.81, 70.61, 69.68,
69.39, 67.44, 41.15. ESI-MS: Calculated: 544.280&)nd: 544.2834 [M+H] FAB:
Calculated: 543.2733; Found: 543.2722 [M]
1,1-diethoxy-3-(4-(1-phenyl-2,5,8,11-tetr aoxatr idecan-13-yloxy)phenyl)propan-2-on
e(14)

A solution of 3-(4-hydroxyphenyl)1,1-diethoxyace¢orflO) (100 mg, 0.42 mmol),
CsC0O5(202 mg, 0.62 mmol), ant (217 mg, 0.62 mmol) in anhydrous MeCN (5 mL)
was refluxed under argon for 3 h. The reaction unxtwas poured into water and
extracted with EtOAc. The combined organic layeswashed with brine and dried
over anhydrous sodium sulfate. The mixture was eotmatedin vacuo, followed by
purification by silica gel chromatography (40% Et©AHexane) to yield4 (154 mg,
0.31 mmol, 73%)*H-NMR (400 MHz, CDC}) § 7.34-7.33 (m, 5H) 7.11 (d) = 8.4 Hz,
2H) 6.85 (d,2J = 8.4 Hz, 2H) 4.62 (s, 1H) 4.56 (s, 2H) 4.10 ) 3.83 (t, 2H) 3.81 (s,
2H) 3.73-3.67 (m, 12H) 3.68-3.52 (m, 4H) 1.243¢= 7.2 Hz, 6H).*C-NMR (100
MHz,CDCk) 6 203.47, 157.69, 138.21, 130.65, 128.30, 127.68,522 125.83, 114.60,
102.14, 73.16, 70.75, 70.59, 69.66, 69.37, 67.1326 42.80, 15.11. ESI-MS:
Calculated: 522.3061; Found: 522.2361 [M+JH

6-OBn-TEG-CTZ (2)

A solution of13 (55 mg, 0.10 mmoland9 (73 mg, 0.21 mmol) in 1,4-dioxane (5 mL)
and 6N HCI (0.5 mL) was refluxed under argon forl24The reaction was allowed to
cool to rt and concentrateish vacuo. Silica gel chromatography, (3-6 % MeOH /
CH,Cl,) afforded the desired produtOBn-TEG-CTZ (2) as a dark red solid (14 mg,
0.02 mmol, 20 %)'*H-NMR (400 MHz, CROD) & 7.67 (s, 1H) 7.38 (m, 2H) 7.31-7.15
(m, 10H) 6.78 (d3J = 8.4 Hz, 2H) 6.72 (£J = 8.0 Hz, 2H) 4.52 (s, 2H) 4.41 (s, 2H)
4.13 (m, 2H+2H) 3.85 (t, 2H) 3.70-3.61 (m, 12#JC-NMR (100 MHz, CDCJ) &
160.77, 156.27, 138.76, 136.92, 131.35, 130.90,453@29.85, 129.48, 129.33, 128.93,
128.81, 128.44, 128.28, 127.81, 125.91, 115.87,68]1573.78, 73.12, 71.29, 71.11,
70.25, 70.05, 68.18, 61.78, 30.25. ESI-MS: Calenlat90.3174; Found: 690.3279
[M+H] "
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2-OBn-TEG-CTZ (3)

A solution of2 (51 mg, 0.13 mmoland10 (124 mg, 0.25 mmol) in 1,4-dioxane (5 mL)
and 6N HCI (0.5 mL) was refluxed under argon forhl4The reaction was allowed to
cool to rt and concentrateish vacuo. Silica gel chromatography, (5-10 % MeOH /
CH.Cl,) afforded the crude desired product (38.5 mg). i#sedue was further purified
via RP-HPLC (HO (0.1 % formic acid) / MeCN (0.1 % formic acid$(:40 — 70:30,
4.7 mL/min; column: ODS-3). The combined fractiomsre lyophilized, yielding the
desired produc2-OBn-TEG-CTZ (3) as a red solid (15 mg, 0.02 mmol, 17%).
'H-NMR (400 MHz, CDC}) 6 7.64 (s, 1H) 7.32 (m, 2H) 7.25-7.07 (m, 10H) 6(68
2H,%J=8.4 Hz) 6.72 (d®J = 8.0 Hz, 2H) 4.54 (s, 2H) 4.41 (s, 2H) 4.02 (iH, 2 2H)
3.84 (t, 2H) 3.68-3.58 (m, 12HJC-NMR (100 MHz, CDGJ) & 158.77, 155.35, 137.56,
134.92, 129.64, 130.40, 130.25, 129.85, 129.68,262928.73, 128.51, 128.34, 128.26,
127.14, 125.68, 115.41, 114.55, 73.67, 73.08, 712401, 70.04, 70.01, 68.28, 60.75,
30.15. ESI-MS: Calculated:690.3174; Found: 690.24M%H]*. FAB: Calculated:
689.3101; Found: 689.3088 [K]

3. Synthesis of CoelPhos

Comment: Initially installing of a propylphosphoeadt the 2-position of coelenterazine
was perceived as a suitable candidate compound. eHaw alkylation of the
a-ketoacetall0 with 3-bromopropylphosphonate proved difficult kviformation of
several side products (data not shown). Interdstinglkylation of 10 with
1,3-dibromopropane gav& which could be separated from the undesired sideéucts
more easily. Alkylation ofl0 with ethyl 4-bromobutyrate has been reported presly}
which also resulted in a poor yield. On the othend alkylation oflO with PEG linker
12 gaveld in a satisfactory yield, suggesting stereochemistrige an important factor
in the general alkylation df0.. Hence we modified our synthetic route by consnde
converting the propyl bromid&7 into the propyl azidel8, which would allow for
diversification via copper(l)-catalyzed azide-alkyrHuisgen cycloaddition. In our
initial attempt to form the 1,2,3-triazole betwesh and 18, we utilized the common
solvent system pOABUOH (1:1)? however in our hands hardly any product was
formed. When we applied a two-phase solvent sygtés®/CH,Cl, (1:1)), which has
been shown to improve reaction kineficgave the desired 1,2,3-triazal® in very
good vyield.

Dimethyl hydroxymethylphosphonate (15)

To a solution of paraformaldehyde (1.27 g, 42.4 Mnmotrimethyl phosphite (5 mL,
42.3 mmol) was added triethylamine (0.6 mL, 4.30 oh)nunder argon and was
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refluxed at 130 °C for 3 h. Volatiles were removadvacuo. The crude residue was
purified by silica gel chromatography (4-5% MeOMtOACc) to afford 697 mg (4.98
mmol, 12%) of dimethyl hydroxyl- methylphophonatel5y *H-NMR (400
MHz,CDCk) & 3.96 (m, 2H) 3.81 (d®J = 8 Hz, 6H);"*C-NMR (100 MHz, CDG)) 5
56.4 (d, J = 162.1 Hz) 53.1 (d, J = 6.6 HZP-NMR (162 MHz, CDG)) single peak.
ESI-MS: calc: 141.0311, found: 141.0473 [M+H]

Dimethyl (prop-2-ynyloxy)methylphosphonate (16)

To -78 °C cooled solution of dimethyl hydroxymetblypbsphonatel6)(172 mg, 1.23
mmol) in THF (2 mL) was added sodium hydride (96, g0 mmol) and allowed to
stir for 1.5 h. A solution of propargyl bromide Z0nL, 1.85 mmol) in THF (1 mL) was
added dropwise via syringe. The reaction was kiftirey for 14 h. The reaction was
guenched with ammonium chloride and the solvent exagporated. Water was added
and extracted with C}€l,. The combined organic layer was washed with brinesd
over anhydrous sodium sulfate, and concentrateehcuo. Purification by silica gel
chromatography (3-4% MeOH / EtOAc) afforded 76 agt8 mmol, 35%) of dimethyl
(prop-2-ynyloxy)methylphosphonateld) as a colorless oil'H-NMR (400 MHz,
CDCly) & 4.28 (m, 2H) 3.92 (& = 12Hz, 2H) 3.82 (d®J = 8 Hz, 6H) 2.51 (m, 1H);
3C-NMR (100 MHz, CDCJ) 5 78.1, 76.0, 63.2 (d, J = 167.1 Hz) 60.1 (d, J O Hg)
53.1 (d, J = 6.5 Hz)''P-NMR (162 MHz, CDG)) single peak. ESI-MS: calc: 179.0468,
found: 179.0625 [M+H].

3-(4-(3-bromopropoxy)phenyl)-1,1-diethoxyacetone (17)

To a solution of 3-(4-hydroxyphenyl)-1,1-diethoxgémne 10) (952 mg, 4.00 mmol)
and CsCQO; (1411 mg, 4.33 mmol) in anhydrous acetonitrile (@0) under argon was
added 1,3-dibromopropane (2 mL, 19.7 mmol) by g&inThe solution was heated at
100 °C for 3 h. After cooling to room temperatune teaction mixture was filtered and
washed with EtOAc and evaporated to dryness. Theltneg residue was partitioned
between water and EtOAc and the aqueous layer whacted with EtOAc. The
combined organic layer was washed with brine, doedr anhydrous sodium sulfate
and concentratén vacuo. Purification by gradual silica gel chromatograp(®yl10%
EtOAc / hexane) afforded 510 mg (1.42 mmol, 35%) & (4-(3-
bromopropoxy)phenyl)-1,1-diethoxyacetonkr)( as a pale yellow oil'H-NMR (400
MHz, CDCk) & 7.12 (d,%J = 8.0 Hz, 2H) 6.86 (®J = 8.0 Hz, 2H) 4.63 (s, 1H) 4.09 (t,
3)=8.0 Hz, 2H) 3.83 (s, 2H) 3.70 (m, 2H) 3.60 (H) 3.55 (m, 2H) 2.31 (m, 2H) 1.25
(t, %3 = 8.0 Hz, 6H);"*C-NMR (100 MHz, CDCJ) & 203.5, 157.6, 130.8, 126.0, 114.6,
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102.3, 65.2, 63.4, 42.8, 32.4, 30.1, 15.2.

3-(4-(3-azidopropoxy)phenyl)-1,1-diethoxyacetone (18)

To a solution of 3-(4-(3- bromopropoxy)phenyl)-Hiethoxyacetone 1) (268 mg,
0.75 mmol) in anhydrous DMF, (~2 mL) was added sodium azi@enfg, 1.20 mmol)
and the reaction was heated at 50 °C for 12 h.r&hetion was allowed to cool to room
temperature, poured into water, and extracted &iAc. The combined organic layer
was washed with brine and dried over anhydroususodiulfate, and concentrateu
vacuo. Purification by silica gel chromatography (10%0Btc / hexane) afforded 187
mg (0.58 mmol, 76%) of 3-(4-(3-azidopropoxy)pherl|]l-diethoxyacetone 18).
'H-NMR (400 MHz,CDC}) & 7.12 (d,2J = 8.0 Hz, 2H) 6.85 (cfJ = 8.0 Hz, 2H) 4.62 (s,
1H) 4.03 (s, 2H) 3.70 (8 = 7.2 Hz, 2H) 3.54 (m, 4H) 2.04 {] = 5.6 Hz, 2H) 1.25 (t,
%) = 6.6 Hz, 6H)."*C-NMR (100 MHz, CDGCJ) 5 203.5, 157.6, 130.8, 126.0, 114.6,
102.3, 64.5, 63.4, 48.3, 42.8, 28.8, 15.2. ESI-M&c: 339.2027; found: 339.2164
[M+NH4]".

Dimethyl((1-(3-(4-(3,3-diethoxy-2-oxopropyl)phenoxy)propyl)-1H-1,2,3-triazol-
4-yl)methoxy)methylphosphonate (19)

To a solution of 3-(4-(3-azidopropoxy)phenyl)-1jettioxyacetonel8) (94 mg, 0.29
mmol), dimethyl (prop-2-ynyloxy) methylphosphongtt) (61 mg, 0.34 mmol) in
water (1 mL) and dichloromethane (1 mL) was addmaper (I) sulfate (2.8 mg, 0.02
mmol), and sodium ascorbate (13.6 mg, 0.09 mmobhe Teaction mixture was
vigorously stirred for 12 h, poured into water andracted with dichloromethane, dried
over sodium sulfate, and concentrated vacuo. Purification by silica gel
chromatography afforded 129 mg (0.26 mmol, 88%) dimethyl
((1-(3-(4-(3,3-diethoxy-2-oxopropyl)phenoxy)propytiH- 1,2,3-triazol-
4-yl)methoxy)methylphosphonat&9) as a viscous oitH-NMR (400 MHz, CDC}) &
7.60 (s, 1H) 7.12 (3 = 8.4 Hz, 2H) 6.83 (d’J = 8.4 Hz, 2H) 4.75 (s, 2H) 4.63 (s, 1H)
458 (t,) = 7.2 Hz, 2H) 3.96 (£J = 5.6 Hz, 2H) 3.88-3.83 (m, 4H) 3.78 {d,= 10.8
Hz, 6H) 3.71 (m, 2H) 3.56 (m, 2H) 2.39 (m, 2H) 1@5%] = 6.8 Hz, 6H);"*C-NMR
(100 MHz, CDC}) & 203.4, 157.3, 143.8, 130.9, 126.3, 123.5, 105683, 63.2 (d>J

= 167.0 Hz) 63.9, 63.4, 53.0, 47.1, 42.6, 29.91 18P-NMR (162 MHz, CDG)) single
peak. ESI-MS: calc: 500.2156; found: 500.1754 [M*%H]

((1-(3-(4-((8-benzyl-6-(4-hydroxyphenyl)-3-oxo-3,7-dihydroimidazo[ 1,2-a] pyr azin-2
-yl)methyl)phenoxy)propyl)-1H-1,2,3-triazol-4-yl)methoxy)methylphosphonate
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CoelPhos

To a solution of19 (80 mg, 0.16 mmol) in 1,4-dioxane (1 mL) was adée®3 mg,
0.16 mmol). To this mixture was added 6 N Hg&(100 pub) and the solution was
thoroughly flushed and kept under an argon atmaspfde reaction mixture was then
heated to 110 °C and stirred for 5-6 h. The darktuné was allowed to cool to room
temperature and the solvent was evaporated. Reactixture was purified by
reverse-phase HPLC (100 mM triethylammonium acetatetonitrile; 90:10- 40:60,
4.7 mL/min; column: ODS-3). Collected fractions wesoncentrated, combined, and
lyophilized to give produc€oelPhosas the triethylammonium salt (11 mg, 9% vyield).
'H-NMR (400 MHz, CRQOD) & 7.94 (s, 1H) 7.70 (s, 1H) 7.50 @,= 8.8 Hz, 2H) 7.35
(d, 3J = 7.6 Hz, 2H) 7.23-7.11 (m, 7H) 6.82 {d,= 8.8 Hz, 2H) 6.75 (¢J = 9.0 Hz,
2H) 4.62 (s, 2H) 4.53 (£J = 7.0 Hz, 2H) 4.34 (s, 2H) 4.04 (s, 2H) 3.891t= 6.0 Hz,
2H) 3.56 (d,3J = 9.6 Hz, 2H) 2.28 (m, 2H}°*C-NMR (100 MHz, CROD) & 159.52,
158.50, 146.07, 139.17, 133.63, 130.82, 129.85,512929.14, 128.57, 127.73, 125.44,
125.40, 116.84, 115.45, 108.48, 69.43, 67.85, 6&6&4, 65.57, 47.53, 36.71, 33.02,
31.09, 29.43, 23.85, 9.26. HRMS:ESI-MS: calc: 6322 found: 657.3062 [M+H]
3P NMR (162 MHz, CROD, single peak. H-H COSY (400 MHz, @DD)(Figure S2)

15
3
0

Figure S2. H-H-COSY diagram of CoelPhos
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Chapter 2.1. Development of Luminescent
Coelenterazine Derivatives Activatable [alactosidase

for Monitoring Dual Gene Expression
(Chem. Eur. J. 2013)

BLI with coelenterate substrates suffers from salvadrawbacks, including a
blue-shifted emission spectrum which is unfavordbltewhole animal imaging due to
light attenuation by tissues. In addition it hagmehown that MDR1 P-glycoprotein
can actively transport coelenterazine out of c8lioelenterazine is also very
unstabld? with a half-life of 15 min at 37 °€ Its utility is further compromised by its
proneness to bind to serum albumin and other Bitriproteins, which have been shown
to catalyze the oxidation of coelenterazine, givirsg to background noise, BLI with
cellular assay¥’

It has been shown that the substituent at the GRipo of coelenterazine plays a
major role in its stability and auto-oxidatidh® Introduction of —CF at the para
position of the C2-benzyl group increased the Btgabof coelenterazine against
auto-oxidation, but also resulted in a significdatrease in bioluminescence actitty.
Coelenterazine can also be stabilized by introduprotecting groups at the 3-carbonyl
position of the imidazpyrazinone ring of coelenzéma®® The protecting groups are
then cleaved by intracellular esterases and lipesssting in a longer half-life and a
lower rate of auto-oxidation. However, it has besiggested that different cell lines
may give different results as the type and leveadsiérases vary with each cell line, thus
leading to a lower or higher light outgtt.In addition, as cellular esterases are
ubiquitous in most cells, undesired non-selectil@avage of the ester groups in
non-targeted cells could lead to background noise.
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Figure 1. Chemical structures of coelenterazine, Diaphus Preluciferin and the two

galactose-conjugated coelenterazine derivatives reported herein.

OH OH

@i /@i jgj

Caged-Coelenterazine Coelenterazine

(/c’fe

795,
e Luciferase

~470-490 nm
Scheme 1. The concept of Sequential Reporter-enzyme Lumimesc€SRL) applied to
coelenterazine. SRL allows monitoring the actifya separate enzyme by making the
luminescence generated from the oxidation of caetamine by its luciferase dependent
on the activity of that enzyme. By installing a iteggroup on coelenterazine it cannot
react with its luciferase, but in the presenceeplasate enzyme, the caging group can be
cleaved and free coelenterazine is generated, wbkidubsequently oxidized by its
luciferase to generate light.

To capitalize on the advantages of coelenterate luciferases, while addressing their
limitations, we adopted sequential reporter-enzyme luminescence (SRL) imaging
technology.'0) SRL allows imaging of another enzyme by making luminescence

dependent on the activity of that enzyme thorugh the use of a caged luciferin substrate
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(Scheme 1). SRL has been used to image B-galactosidase (B-Gal) activity, a widely used
reporter enzyme, using the D-luciferin-B-galactose derivative, Lugal.ll Herein we
report two new coelenterazine-B-galactose conjugates as new potential tools for wide
array of applications including monitoring of dual-gene expression, enzyme activity, and
high-throughput screening. It has also been suggested that SRIL could enable
applications in toxicology, pharmacology, and in organ and tissue physiology and

pathology.[12]

Design, Synthesisand Properties of bGalCoel

Initial probe design strategy was based on theipusly reported natural Diaphus
Preluciferin (3-enol glucuronide from figh¥ by conjugating #-galactose molecule to
coelenterazine at the 3-position. bGalCoel was h&gited in four steps from
coelenterazine (Scheme 2). Following per-acetybatad coelenterazine, selective
deacetylation at the 3-position of the Imidazo pyrane ring was accomplished by
addition of 1% NH in MeOH to2 in CH,Cl, at 0 °C* Subsequently, 2,3,4,6-teté-
acetyla-D-galactopyranosyl bromide was added3tan DMF to give4 as the main
product. After standard deacetylation with sodiustimoxide in MeOH, bGalCoel was
purified via reverse phase-HPLC.

H—Q AcO. H_©70AC e} OAc
— A\
N_N NN
(] B b ]
— N
A H
AcO AcO
2 ;

OAc
(0]
AcO o ﬂom
| NN _N
AcO
4

bGaICoeI
Scheme 2. Synthesis of bGalCoel. a) A8, DMAP, 76%; b) 1% Nkl in MeOH,

CH.Cl,, quant.; c) 2,3,4,6-tetr@-acetyla-D-galactopyranosyl bromide, &30;, DMF,
48%; d) NaOMe, MeOH, 44%.

Next, the luminescent properties of bGalCoel weraliated in comparison with
native coelenterazine. bGalCoel displayed glow-tioetics in presence @Gal and
GLuc (Figure 2a) with an average signal half-life/@ min (Figure 3). GLuc is known
to exhibit flash-type kinetics with coelenterazingith a half-life of only a few
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second$'® The luminescent signal of bGalCoel did not returasal levels even after
3 h, making a direct comparison with native coedeatine very difficult in terms of
relative signal output. Relative bioluminescencivay of bGalCoel was 11% of that

of coelenterazine after a photoncount of ~10 mimgi& luminometer (Figure 2c).
The observed glow-type luminescence of bGalCoejjssigd slow cleavage kinetics of
B-galactosidase. HPLC studies further showed tleatldgavage reaction of
B-galactosidase with bGalCoel was very slow, withstmof the substrate remaining
intact even after 8 h (Figure 4).

o
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Figure 2. Kinetic profile and relative bioluminescence adinof bGalCoel (a) cleavage
by B-galactosidase measured by light outpuGafissia luciferase; Reaction conditions:
5 uM bGalCoel, 2 UB-galactosidase, 3 mM Mgg lGaussia luciferase, 0.1 M PBS (pH
7.4); Total light output measured in luminomete? E.x 100). (b) Relative light output
of bGalCoel versus native coelenterazine (CTZ).

bGalCoel coelenterazine
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Figure 3. (Left) Extended kinetic luminescence profile of bGalCoel; cleavage by
B-galactosidase measured by light output of GLuc (left); Reaction conditions: 5 pM
bGalCoel, 2U B-gal, 3 mM MgCls, Gaussia luciferase, 0.1 M PBS (pH 7.4); Total light
output measured in luminometer (100 s for 100 repeats). (Right) Cleavage reaction of
bGalCoel with B-gal, monitored by HPLC. Reaction conditions: 100 pM bGalCoel, 8U
B-gal, 3 mM MgCls, 1% DMSO in PBS buffer (0.02% Tween) (pH 7.4) at 37°C.
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Design, Synthesis and Properties of bGalNoCoel

Due to slow kinetics in the cleavage of bGalCoelhvi-Gal we re-designed our
substrate by incorporating a self-immolative nigobyl linker between the
coelenterazine and3-galactose moiety as previously described (Schem€&® 3

OH OH :@AF(_Q
NN

bGalNoCoel
/(ji Scheme 3. Cleavage of bGalNoCoel

by B-galactosidase generates free
"Ga'# I)/ coelenterazine that is oxidized by

a Gaussia luciferase in a light
/@/[Ej Gluc, O N:é’\;

producing reaction.
Coelenterazine COy, light Coelenteramide

We named this new substrate as bGalNoCoel (Figure@alNoCoel was synthesized
in 6 steps (Scheme 4). Initially, compoun@® was synthesized from
4-hydroxy-3-nitrobenzaldehyde and 2,3,4,6-t€éracetylo-D- galactopyranosyl

bromide (Scheme S2). The primary alcohol was tleacted with thionyl chloride to
give 9, followed by alkylation with 3 to give the pef-acetylated

galactonitrobenzylcoelenterazine derivatit®. Deacetylation of10 with sodium

methoxide in methanol, followed by purification vieverse phase-HPLC gave
bGalNoCoel.

OAc
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O @f%‘*@@a%m

NO,

HO,
o J;i f< }OAC f\vi O
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d 0 a4

9. e
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NO,
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9 bGalNoCoel

Scheme 4 Synthesis of bGalNoCoel. a) HNOs, AcOH, MeCN, 90%; b)
2,3,4,6-tetra-O-acetyl-a-D-galactopyranosyl bromide, Ag20, MeCN, 66%; ¢) NaBHu,
MeOH, 78%; d) SOClz, DMAP, CH:Clz, 85%; e) 3, K2COs, KI, MeCN, 29%; f) NaOMe,
MeOH, 20%.

35



Evaluation of the luminescent properties of bGaldelCshowed a much faster
response than bGalCoel (Figure 4a) and comparainiénéscence output to that of
native coelenterazine, 78% (Figure 4b). Unlike @, bGalNoCoel displayed
flash-kinetics with a signal half-life of less tha@ s (Figure 4a).
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Figure 4. Kinetic profile and relative bioluminescence adiivof bGalNoCoel (a)

cleavage byB-galactosidase measured by light outpuGalissia luciferase; Reaction
conditions: 5uM bGalNoCoel, 2 U3-galactosidase, 3 mM MgglGaussia luciferase,

0.1 M PBS (pH 7.4); Total light output measuredluminometer (12 s x 100). (b)
Relative light output of bGalNoCoel versus natieelenterazine (CTZ).
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Figure 5. Cleavage reaction of bGalNoCoel wjkgalactosidase, monitored by HPLC.
Reaction conditions: 10QM bGalNoCoel, 8UB-galactosidase, 3 mM Mgg&l 1%
DMSO in PBS buffer (0.02% Tween) (pH 7.4) at 37&Euent: (A) HO (0.1% TFA);
(B) acetonitrile (0.1% TFA). The percentage of Aiased linearly from 60% at 0 min
to 30% at 15 min, followed by a decrease to 1098Gamin. The flow rate was 1.0
ml/min and was monitored at 254 (a) and 430 nnalisprbance.
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Monitoring via HPLC indicated a very fast cleavagaction with the majority of
the substrate cleaved after 5 min (Figure 5). Nermediates were detected in the
HPLC cleavage reaction. This suggested that trevalge of th@-galactoside bond was
the slowest step in the enzyme-catalyzed hydrobassade.
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Figure 6. Stability and enzyme specificity of bGalCoel ar@datNoCoel. a) Substrate
stability in 2 x 18 non-transfected HEK293T cell cultures. Stabilitgsnevaluated by
directly adding substrate (48V) and the resulting light output was measuredifor
min at 37 °C. Experiments were performed in trgiec b) Substrate stability in
presence of BSA. Substrate (final concentrationul2l) was added to wells containing
BSA (final concentration 2%w/v) in 50 mM HEPES buffer (pH 7.5); c¢) Relative
enzyme specificity of bGalCoel and bGalNoCoel vdthifferent glycoside hydrolases.
Reaction conditions: bGalCoel or bGalNoCoel (fioahcentration uM) was added to
a well containingGaussia luciferase and 2 U op-galactosidasep-glucosidase or
B-glucuronidase in 0.1 M PBS (pH 7.4) and the lightput was measured for 30 min.
Each experiment was repeated three times.
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Stability of bGalNoCoel and bGalCoel in non-tramséel HEK293T cells was
evaluated in comparison with coelenterazine by tamdiof bGalNoCoel, bGalCoel or
coelenterazine to HEK293T cell-cultures, followedy bmeasurement of
autoluminescence for 10 min (Figure 6a). Both galbst showed very low levels of
autoluminescence under these conditions. It haskelen reported that coelenterazine is
extremely unstable in presence of serum albumidiyng as a mono-oxygenase that
catalyzes the oxidation of coelenterazine, givisg to background chemiluminescence.

Thus we evaluated the relative stability of bGaldeCand bGalCoel against
coelenterazine by measuring the autoluminescenedsldor 2 min after addition of
bGalNoCoel, bGalCoel or coelenterazine to solutmorgtaining bovine serum albumin
(BSA)(Figure 6b). Both bGalNoCoel bGalCoel wererfduo be highly stable in the
presence of BSA, whilst coelenterazine displayegh Hevels of autoluminescence,
which agrees with previous publicatidfis.

The relative substrate specificity of bGalNoCoeld anGalCoel top-Gal was
compared with two other glycoside hydrolaseB;glucosidase [-Glc) and
B-glucuronidasef(-Glu). Relative cleavage was measured as totallestence over 30
min in the presence of GLuc. bGalNoCoel and bGdlGhewed over 20000 and
1000-fold higher selectivity towardisGal respectively. (Figure 6c).

Next, we evaluated the relative bioluminescenciviagcin 2 x 1¢ living HEK293T
cells expressing a mutant GL{GLucM23) with a KDEL, endoplasmic reticulum
localization peptide sequence (GLucM23er). GLucMfties not display the same
flash-type kinetics, rather a more stable glow-tggnal. In addition, GLucM23 has
roughly 10 times higher luminescence output over wild-type luciferase in the
context of BLI with living cells. bGalCoel or bGati€oel was added to cells expressing
GLucM23er ang-Gal or just the luciferase (Figure 4a). Maximuminescence signal
intensity was obtained approximately 2 min aftediaion of bGalNoCoel. bGalNoCoel
showed a high signal-to-noise ratio (S/N = 524)iFég 7a). The bioluminescent
emission from cells expressifigGal and GLucM23er was proportionally dependent on
the cell numbers, and as few as ~300 intact calledetected in the presence ofu®b
bGalNoCoel (Figure 7b). The observed contrast @imnoise ratio) was also
proportionally dependent on the cell numbers (Fgic). These results demonstrate
that bGalNoCoel is cell-permeable and able to detfee -galactosidase activity in
living mammalian cells. bGalCoel on the other hasitbwed very poor relative
bioluminescence activity compared with coelenterazwith a 100-fold weaker output.
Initially this was attributed to poor cell-membrgomermeability of the substrate.
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Figure 7. Bioluminescence assays of HEK293T cells transtewtgth GLucM23 with
bGalCoel and bGalNoCoel a) Relative bioluminesearfdoGalCoel and bGalNoCoel
versus native coelenterazine (CTZ) in ~ 2 % HEK293T cells transfected with
GLucM23-Venus-KDEL and in the presence (+) andha absence (-) db-Gal. b)
Bioluminescence output dependence on cell numbir bGalNoCoel in the presence
(@) and in the absenc®] of B-Gal and GLucM2ak c) Dependence of contrast (S/N)
on cell number with bGalNoCoel. Reaction conditio®s uM substrates, 37 °C; total
light output measured in luminometer every 10 sifad repeats.

However, significant luminescence was also obseiuetthe absence di-Gal which

suggested that free coelenterazine was generaied dGalCoel independently of the
expression of}-Gal. The relative signal-to-noise ratio (S/N) wast above 1. In a
separate experiment, we evaluated the relativeimiolescent activity of bGalCoel with
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HEK293T cells expressingrenilla luciferase, another commonly used coelenterate
luciferase. In this case the signal-to-noise nai@ even lower (data not shown). Hence
the instability of bGalCoel itself seemed to beatedl to the expression of GLucM23
itself. However, as bGalCoel was shown to be stabtbe presence of secreted GLuc
under cell-free assay conditions, with a signahtise ratio of over 2300, the
non-specific luminescence of bGalCoel does not sketme related to the luciferase
itself. Interestingly it was also shown that bGaCwaas highly stable in non-transfected
HEK293T cell cultures (Figure 6a). In addition, also investigated whether the nature
of the transfection agent could have any influece the stability of bGalCoel.
Luminescence was measured after addition of bGaltdosolutions containing GLuc
and one of the following transfection agents: Lgmiamine 2000™, Lipofectamine
LTX™, FuGene™, and Xtreme Gene™. No significanfedtdnce could be observed
between the experimental or control groups (FigkeTherefore, we are currently
uncertain about the cause of the observed indiabilbf bGalCoel in
luciferase-expressing cells. From the available,détseems to suggest that the poor
bioluminescence response of bGalCoel observedriimglicells is the result of several
factors including slow cleavage Kkinetics, poor -teimbrane permeability and
auto-cleavage due to instability of the substrate.

2 -

1l

Control LPF 2000 LPFLTX Xtreme Gene FuGene

Relative BL signal to control (a.u.)

Figure 8. Showing influence of various transfection agemsstability of bGalCoel.
Reaction conditions: M bGalCoel, GLuc, 0.1 M PBS (pH 7.4), with of witltol pl
transfection agent.

Dual Gene-Reporter Assay

Finally we investigated whether coelenterazine, egated after cleavage of
bGalNoCoel byp-Gal-expressing cells, would readily diffuse outtbé cells or be
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retained inside. We excluded bGalCoel on the preitiat it was earlier shown to have
poor S/N in living cells (Figure 7a). In addition thelacZ gene, we also utilized two
different GLucM23-expressing plasmid vectors, lagafy GLucM23 to cell membrane
surface (mem) or endoplasmic reticulum (er) respelgt (Figure 8). The luminescence
profiles of HEK293T cells expressing the luciferésgether with3-Gal were compared
against the luciferase arfidGal being independently expressed and combinedréef
addition of bGalNoCoel. We combined 2 sets of Txidlls where GlucM23 ang-Gal
expressed seperately, giving a cell ratio of If:toklenterazine could freely diffuse out
of cells, we hypothesized that the average timeach maximum luminescencB_{ax)
should be related to the relative distance betwten sites of expression of the
luciferase ang-Gal, i.e. the shortest distance would be the set of ceHexqwessing
GLucM23erB-Gal whilst the longest distance would be betwebkae set of cells
independently expressing GLucM23ep-&al. Therefore, the following trend in terms

a | GLucM23er/g-Gal b | GLucM23er + p-Gal
s 3 -
@lﬁjé; [\f—\ f__% DD Lucuzso

Sy o O
5%

OH
GLucM23mem + g-Gal
bGalNoCoel
N

Ié})})}}» - ]ED a“:\él

C | GLucM23mem/p-Gal

OH

Figure 8. Showing the concept of dual-gene reporter ass&LoicM23 and3-Gal with
bGalNoCoel in living cells. bGalNoCoel diffusesantells and gets cleaved ByGal.
The generated coelenterazine will readily diffusd become oxidized by GLucM23 to
generate luminescence: a) Cells co-expressing BRug andp-Gal; b) Mixture of 2
cell populations expressing GLuclMRand B-Gal separately; c) Cells co-expressing
GLucM23em and B-Gal; Mixture of 2 cell populations expressing GM&iem and
B-Gal separately. Orange broken arrows indicatesraesfiular diffusion of
coelenterazine.
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of Timax Wwould be expected: GLucM23prGal < GLucM23meng-Gal <
GLucM23mem #3-Gal < GLucM23er #-Gal. Statistical analysis of the observed data
however, indicated the following trend: GLucM23e@al < GLucM23menp-Gal <<
GLucM23mem +B-Gal = GLucM23er +3-Gal (Figure 6). We could not observe a
significant difference between the means of GLucM&/ +B-Gal and GLucM23er +
B-Gal. However we could show from our data that raftee f-galactose moiety of
bGalNoCoel gets cleaved B3+Gal, the resulting coelenterazine diffused frone th
cytosol to the extracellular environment. Hence IDl@€oel could potentially function
as a dual-gene reporter in two different cell-pagiohs, where th@-Gal-expressing
cells could be thought of as ‘producers' of coelazine from bGalNoCoel, whilst the
GLucM23- expressing cells could be labeled as tiets'.

GLucM23er / B-Gal (@) GLucM23er + B-Gal ()
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Figure 9. (Ieft) Representative mean ya values of bGalNoCoel (28M) with 2 x 1d
HEK293T cells co-transfected (/) or independentignsfected (+) with GLucM23
(mem = surface membrane bound; er = endoplasmaubetn localization) ang-Gal.
Luminescence was measured in luminometer at 37 V&yel0 s for 100 repeats.
Statistical analyses were performed with a tweethibtudent’s t-test. *P < 0.01 (n=4),
and errors bars indicate standard error of méaght) Representative luminescence
profiles of bGalNoCoel (25uM) with HEK293T cells co-transfected (/) or
independently transfected (+) with GLucM23 (memurface membrane bound; er =
endoplasmic reticulum localization) an@tGal. Luminescence was measured in
luminometer at 37 °C every 10 s for 100 repeatseN®hese curves are not mean
values, they are from single experiments that &sest to the mean yiax shown in
Table 1.
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Table 1. Average time to reach maximum luminescence forldG@oel in HEK293T
cells expressing; GLucM23 (Mem = Membrane bound;=ERndoplasmic Reticulum
localized) ang-Gal. (n = 4)

GLucyen/p-Gal  GLucyentp-Gal GLucer/p-Gal  GLucer+p-Gal

Tima (S 157.5&7.5s)  694.25422.6s) 101.542.7s) 689£6.1s)
[al

[a] Time to reach relative maximum luminescencealg

Conclusions

We have designed and synthesized two caged coeleimte derivatives, bGalCoel
and bGalNoCoel. The probes were cleaved [bgalactosidase to generate free
coelenterazine which can then go on to react Va#ussia luciferase to generate a
bioluminescent signal. Our aim was to create biahagenic coelenterate substrates
that could detect B-galactose activity. Both substrates showed very lo
autoluminescence in living cell cultures and higiedficity for p-galactosidase over
other glycoside hydrolases. However, bGalCoel skloaeery slow cleavage reaction
profile with B-galactosidase, and poor signal to noise ratio whmeeasuring
B-galactosidase activity in living cell cultures. Weund that incorporation of a
4-hydroxy-3-nitrobenzyl linker between tlfiegalactose and the coelenterazine moiety
(bGalNoCoel) greatly improved the kinetic profileyerall stability, luminescence
output, and signal to noise ratio when detecflrgplactosidase activity in living cells
compared with our first generation substrate bGalCo

Using bGalNoCoel, we could also show that coelexziee, generated frof+Gal
expressing cells, could readily diffuse to othéelscafter uncaging by-galactosidase.
Thus bGalNoCoel could be used as a dual-reportéwan different cell-populations
where the ‘producer’ cells, expresspigalactosidase, generate free coelenterazine by
cleavage of bGalNoCoel, the coelenterazine can thinse to neigboring ‘detector’
cells, expressing GLUcM23, generating a luminesggmanse.

Existing caged coelenterazine derivatives suchrakiEen™ and ViviRen™ were
conceived in part to lower the autoluminescencekdpauind signal of the natural
substrate and increase the signal-to-noise ratavener, it has been shown that both of
these substrates display similar background silgwals to that of native coelenterazine
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in vivo.?! It is known that reporter gene assays such adlyFiheciferase, used in
screening applications can suffer from artifactg do inhibition by small-molecular
weight compounds, many found in typical screenibgaties!*® In a recent study many
commonly used reporter gene assays were evalugéiasaa library of compounds!
Reporters such as firefly luciferadgenilla luciferase, and Nanoluc™ all displayed an
increase in bioluminescence output caused by idntbased enzyme stabilization.
Interestingly few inhibitors were indentified f@rgalactosidase an@aussia-Dura (a
mutated form ofGaussia luciferase). Hence our bGalNoCoel substrate cdidda
suitable dual-reporter for screening applicationg. also hope to further evaluate our
dual-reporter substrate for vivo imaging applications in the near future.

Experimental

Materials and I nstruments

General reagents and chemicals were purchasedSmgma-Aldrich Chemical Co. (St.
Louse, MO), Tokyo Chemical Industries (Tokyo, Jgpand Wako Pure Chemical
(Osaka, Japan) and were used without further patitn. Silica gel chromatography
was performed using BW-300 (Fuji Silisia Chemicaltd.l. Greenville, NC).
pcDNA4™/TO/myc-His/lacZ was purchased from Life Meologies Corporation
(Japan). NMR spectra were recorded on a JEOL JNM@ALinstrument at 400 MHz
for 'H and 100.4 MHz for®*C NMR, using tetramethylsilane as an internal saatd
Mass spectra were measured on a Waters LCT-Prethianass spectrometer for ESI
or on a JEOL JMS-700 for FAB. UV-visible absorbaspectra were measured using a
Shimadzu UV1650PC spectrometer. High pressure digqtiromatography (HPLC)
analysis was performed with an Inertsil ODS3 colu@e x 250 mm, GL Science, Inc.
Torrance, CA) using an HPLC system that comprispdrap (PU2080, JASCO) and a
detector (MD2010 and FP2020, JASCO). PreparativeCGHas performed with an
Inertsil ODS3 column (10.0 x 250 mm)(GL Sciences)lmsing an HPLC system with
a pump (PU-2087, JASCO) and a detector (UV-20755Q@). Bioluminescence was
measured in 96-optiplate multiwell plates (Perkme&t Co., Ltd.) using a Wallac ARVO
mx / light 1420 Multilabel / Luminescence countethnan auto-injector (PerkinElmer
Co., Ltd.). Coelenterazine was synthesized as pusiy described and stored as 10 mM
MeOH/HCI (<1%) solution aliquots in sealed glasattes at -80°C"?

General experimental detailsfor cell-cultures
HEK293T cells were maintained in Dulbecco’s Modifi€agle Medium (DMEM)
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(Invitrogen), supplemented with 10% fetal bovineuse (FBS) at 37°C under 5% GO
Transfection: Optimem (Invitrogen) solutions containing lipof@mine 2000
(Invitrogen) and plasmid DNA were added to HEK23&Il cultures and incubated at
37°C under 5% C&for 24 h. Cells were then washed three times RBIS, trypsinized,
washed with Leibovitz's L-15 medium, then resusmehth black 96-well optiplates
(PerkinElmer) and incubated at 37 °C in luminomégarkinElmer).

Preparation of secreted Gaussia luciferase

HEK293T cells maintained in DMEM (no phenol redpplemented with 10% FBS and
transfected with pCM-GLuc (New England Biolabs) gv@rcubated at 37 °C under 5%
CO, for 24 h. The cell-medium was carefully transfdrte a separate tube, centrifuged
to remove any cells. The supernatant was aliquaneldstored at —80 °C.

1. Synthesis of bGalCoel

Imidazo[1,2-a]pyrazin-3-ol,6-[4-(acetyloxy)phenyl]-2-[[4-(acetyloxy)phenyl]methyl
]-8-(phenylmethyl)-3-acetate (1). To a solution of coelenterazine ( 480 mg, 1.13 hmo
in acetic anhydride (5 ml) was added 4-dimethylapyridine (367 mg, 3 mmol) and
the reaction was stirred at room temperature uaggon over night. Excess acetic
anhydride was removeth vacuo and the remaining residue was subjected to flash
column silica chromatography, EtOAC/@E1: (1:9), yielding the product (1) as a dark
red sticky solid (323 mg, 76%H NMR (400 MHz, CDCJ) § 2.19, 2.29, 2.32 (s, 3H x

3 (AcO x 3)) 4.16 (s, 2H) 4.18 (s, 2H) 7.02 (d, 2Bi= 8.4 Hz ) 7.17 (d, 2HJ = 8.4

Hz ) 7.31-7.21 (m, 5H) 7.58 (d, 280 = 8.0 Hz ) 7.74 (s, 1H) 7.89 (d, 2&3,= 8.0 Hz).
ESI-MS [M+H]" Calc: 550.2045; Found: 550.1038.

Imidazo[1,2-a]pyrazin-3(7H)-one,6-[4-(acetyloxy)phenyl]-2-[[4-(acetyloxy)phenyl]
methyl]-8-(phenylmethyl) (2) (Inoue, S., Sugiura, S., Kakoi, H., Murata, M., GOL..
Tetrahedron Lett. 1977, 31, 2685-2688.) To an ice-cooled solution of
Imidazo[1,2a]pyrazin-3(H)-one,6-[4-(acetyloxy)phenyl]-2-[[4-(acetyloxy)phgh
methyl]-8-(phenylmethyl) (201 mg, 0.37 mmol) in &F, (3 ml) was added 1% NHn
MeOH (3 ml) and the reaction was stirred at 0°Ceunan argon atmosphere. The
reaction was monitored by TLC until no more staytmaterial remained (~ 30 min),
after which the solution was evaporated to dryrmesbdriedn vacuo and used without
further purification.
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2-(4-((2-(4-acetoxybenzyl)-6-(4-acetoxyphenyl)-8-benzylimidazo[ 1,2-a] pyrazin-3-yl
oxy)-2,3,4,6-tetr a-O-acetyl-p-D-galactopyranoside (3). To an ice-cooled solution of
imidazo[1,2a]pyrazin-3(H)-one,6-[4-(acetyloxy)phenyl]- 2-[[4-(acetyloxy)ping]
methyl]-8-(phenylmethyl) (50 mg, 0.09 mmol) in gk, (2 ml) was added 1% NHn
MeOH (1 ml) and the reaction was stirred at 0°Ceureth argon atmosphere for 1 h.
The solution was evaporated to dryness and dnegcuo and used without further
purification. To a solution of3 (~0.09 mmol) in anhydrous DMF was added
2,3,4,6-tetra@-acetyl$-D-galactopyranosyl bromide (106 mg, 0.26 mmol) assCO;
(47 mg, 0.14 mmol). The reaction was degassed lling argon for 30 mins and
stirred at room temperature over night. The reactioxture was filtered and solvent
was evaporatedn vacuo. The residue was extracted with ethyl acetate, #red
combined organic layers were washed with brineeddmvith NaSQO,, filtered, and
concentratedn vacuo. Silica gel flash chromatography (MeOH/&Hp,; 1:99) gave3 as

a dark red solid (36 mg, 48%HL NMR (400 MHz, CDCJ) §2.01, 2.04, 2.11. 2.17, 2.30,
2.33 (6s, 18H, AcO x 6) 4.06°04sa 5= 6.8, 0.8 Hz) 4.19-4.04 (m, 2H, H5, H6b) 4.26
(dd, 2Jnsaren= 11.4,334ea s = 6.8 HZ,*Ju1 12, 1H, HBQ) 4.24-4.11 (m, 4H, H6a/b, QH
4.58 (s, 2H, Ch) 4.91 (d,2Jn1 2 = 8.0 Hz, 1H, H1) 5.07 (ddJusn= 10.4,%Juz e = 3.4
Hz, 1H, H3) 5.44 (d*Jys s = 3.6,1H, H4) 5.50 (ddfJuz ns = 10.0,°Jhp1 = 7.6 Hz, 1H,
H2) 6.89 (d, 2H3J = 8.0 Hz) 7.01 (d, 2HJ = 8.0 Hz) 7.33-7.16 (m, 5H) 7.76 (d, 2H,

= 8.0 Hz) 7.57 (d, 2HJ = 8.0 Hz) 8.17 (s, 1HPC NMR (100 MHz, CDGJ) § 170.43,
170.32, 170.11, 169.91, 169.57, 169.32, 156.91,385249.27, 138.75, 137.77, 136.45,
135.05, 133.36, 132.60, 129.62, 129.55, 128.87,222827.58, 126.42, 121.74, 115.90,
108.92, 104.41, 90.56, 71.50, 70.49, 68.36, 6668210, 39.29, 31.99, 21.03, 20.75,
20.65, 20.61, 20.48, 20.16.ESI-MS [M+H]+ Calc:83.8; Found: 838.1728.

2-(4-((2-(4-hydroxybenzyl)-6-(4-hydroxyphenyl)-8-benzylimidazo[ 1,2-a] pyr azin-3-y
loxy)-p-D-galactopyranoside (bGalCoel) To an ice-chilled solution & (40 mg, 0.048
mmol) in dry MeOH (2 ml) was added a methanoliagoh (1 ml) of NaOMe (15 mg,
0.28 mmol) and stirred under argon for 4.5 h. Té&ction was quenched with acetic
acid (20ul) and the solution was evaporated to dryness.rélelue was dissolved in
acetonitrile/water (0.1% HC@®) and purified via reverse phase HPLC;
acetonitrile/water (30:70- 70:30). The collected fractions were lyophilizexl give
bGalCoel as a red/orange solid (12 mg, 44%)NMR (400 MHz, (CR).CO) &
3.85-3.46 (m, 10H) 4.35 (s, 2H) 4.67 (d, 8= 7.6 Hz) 6.62 (d, 2H,) = 8.8 Hz) 6.80
(d, 2H,%J = 8.8 Hz) 7.16-7.09 (m, 5H) 8.56 (s, 1H) 7.452H, *J = 8.8 Hz) 7.79 (d, 2H,
%) = 8.8Hz);**C NMR (100 MHz, CDGJ) & 159.25, 156.77, 152.75, 140.17, 139.34,
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137.30, 135.90, 133.67, 131.64, 130.79, 130.37.482929.27, 128.81, 127.45, 116.46,
116.10, 110.84, 108.88, 77.13, 74.74, 72.23, 6938678, 32.15ESI-MS [M+H]+
Calc: 586.2184; Found: 586.1821; FAB [M+Halc: 586.2184; Found: 586.2174.

2. Synthesis of bGalNoCoel

4-hydroxy-3-nitrobenzaldehyde (6) A solution of 4-hydroxybenzaldehyde (2.46 g,
20.1 mmol) in acetonitrile (40 ml), with acetic @¢R0 ml) and concentrated nitric acid
(1.5 ml) was refluxed for 3 h. The solution wasledao room temperature, poured into
water, and extracted with EtOAc (x3). The orgamiger was washed with brine, dried
with sodium sulfate, filtered, and concentraiiedacuo to give4 as a brown solid (3.03
g, 90%), and used without further purification.

1-(4-for myl-2-nitrophenyl)-2,3,4,6-tetr a-O-acetyl-p-D-galactopyranoside (7) To a
solution of 2,3,4,6-tetr®-acetyla-D- galactopyranosyl bromide (2.0 g, 4.86 mmol) in
dry acetonitrile (40 ml) was added 4-hydroxy-3-olitenzaldehyde (0.93 g, 5.54 mmol)
and silver oxide (1.32 g, 5.71 mmol). The solutwas stirred overnight in the dark at
room temperature under argon. The solution wasrditt through a pad of celite and
concentratedn vacuo. The residue was dissolved in ethyl acetate anchedhsvith
saturated NaHC@®and brine. The organic layer was dried undesS@, filtered, and
concentratedn vacuo. Purification by flash chromatography with ethytate/hexane
(2:3) gave5 as a white solid (1.61 g, 66%H-NMR (400 MHz, CDC}) § 2.03, 2.08,
2.13, 2.20 (4 s, 12H, AcO x 4) 4.29-4.10 (m, 3H,, #B) 5.14 (dd,Jysp= 10.2,
3z nae= 3.4 Hz, 1H, H3) 5.22 (dJh112 = 8.0 Hz, 1H, H1) 5.50 (dJhans = 2.8 Hz, 1H,
H4) 5.59 (dd 232 n3 = 10.4,33o41 = 8.2 Hz, 1H, H2 ) 7.49 (&) = 8.4 Hz, 1H, ArH)
8.07 (dd,*J = 2.0 Hz%J =8.4 Hz, 1H, ArH) 8.31 (d'J = 2.0 Hz,1H, ArH) 9.98 (s, 1H,
CHO). ESI(+) [M+Na] Calculated: 520.1062; Found: 520.0409.

1-(hydroxymethyl-2-nitrophenyl)-2,3,4,6-tetr a-O-acetyl-p-D-galactopyranoside (8)
To a solution of NaBR (100 mg, 2.64 mmol) in MeOH/CEI,(1:1, 5 ml) was added
1-(4-formyl-2-nitrophenyl)-2,3,4,6-tetr@-acetyl$-D-galactopyranoside (650 mg, 1.31
mmol) dropwise over 5 mins at 0°C. The reaction masitored via TLC and quenched
after 2 h with 20% NELCI (3 ml) and evaporated to dryness. The residue dissolved
and extracted with ethyl acetate. The organic layas washed with brine, dried under
NaSO,, filtered, and concentrated vacuo. Purification by flash chromatography, ethyl
acetate/hexane (3:2), vieldedl as a white solid, (509 mg, 78%)H-NMR (400
MHz,CDCk) 6 2.19, 2.13, 2.07, 2.02 (4s, 12H, OAc x 4) 4.1%4%, 2H, H5, H6b)
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4.26 (d,2Jnsaney= 11.2,36ars = 6.8 Hz,*Jn1mz, 1H, H6a) 4.73 (s, 2H, benzylic) 5.06
(d, *Jnzp2 = 8.0 Hz, 1H, H1) 5.11 (ddJys =10.6,3331s = 3.4 Hz, 1H, H3) 5.45 (d,
3Jans = 3.2Hz, 1H, H4) 5.54 (dd)u2ns = 10.0,°0o11 = 7.6 Hz, 1H, H2) 7.36 (d) =
8.4 Hz, 1H, ArH) 7.52 (dd%J = 2.2 Hz*J = 8.6 Hz, 1H, ArH) 7.81 (d’J = 2.4 Hz, 1H,
ArH). ESI(+) [M+Na] Calculated: 522.1218; Found: 522.0551.

1-(chloromethyl-2-nitrophenyl)-2,3,4,6-tetr a-O-acetyl-p-D-galactopyranoside (9) To

a solution of 1-(hydroxymethyl-2-nitrophenyl)-2,H4etraO-acetyl$-D-galacto-
pyranoside (160 mg, 0.32 mmol) in dry &H, (5 ml) was added thionyl chloride (50
ul, 0.69 mmol) and a catalytic amount of DMAP (4 ntg03 mmol) at 0°C. The
solution was stirred at 0 °C under an argon atmespfor 5 hrs and poured into water.
The organic layer was amply washed with water,ofedld by brine, drying under
NaSO,, filtered, and concentrateeh vacuo. The product7, a white solid (141 mg,
85%) was used without further purificatiofti-NMR (400 MHz, CDC}) § 2.02, 2.08,
2.13, 2.19 (4s, 12H, AcO x 4) 4.08 (m, H5) 4.17, @dep He= 11.2,°ep.ns = 6.0 Hz,
1H, H6b) 4.26 (dd?Juearen= 11.4,°J6ars = 6.8 Hz, 1H, H6a) 4.58 (s, 2H, benzylic)
5.06 (d,*Jy1n2 = 7.6 Hz, H1) 5.11 (dfJuznzo= 10.6,33s 1a= 3.4 Hz, 1H, H3) 5.45 (d,
3Juans = 3.4Hz, 1.0 Hz, 1H, H4) 5.55 (Wl 13 = 10.4,3J4o 11 = 7.6 Hz, 1H, H2 ) 7.37
(d, 1H,%J = 8.8 Hz, ArH) 7.56 (dd, 1H) = 8.8, Hz,*J = 2.4 Hz, ArH) 7.84 (d, 1HJ =

2.4 Hz, ArH)**C-NMR (100 MHz, CDCJ) §20.57, 20.65, 20.68, 44.18, 61.33, 66.68,
67.79, 70.50, 71.50, 100.70, 120.07, 125.24, 133183.67, 141.18, 149.15, 169.38,
170.13, 170.16, 170.30. ESI(+) [M+NaFalculated:540.0879; Found: 540.1243. ESI(-)
[M+HCO,]" Calculated: 562.0969; Found: 562.1071. HRMS (FAB(fM+Na]"
Calculated: 540.0879; Found: 540.0887.

2-(4-((2-(4-acetoxybenzyl)-6-(4-acetoxyphenyl)-8-benzylimidazo[ 1,2-a] pyr azin-3-yl
oxy)methyl)-2-nitrophenoxy)-2,3,4,6-tetr a-O-acety-I-p-D-galactopyranoside (10) To

a solution of 2-(4-Hydroxybenzyl)-6-(4-hydroxyphd&n8-(phenylmethyl)-
imidazo[1,2-a]pyrazin-3(7H)-one (151 mg, 0.30 mmiol)dry acetonitrile (2 ml) was
added 1-(chloromethyl-2-nitrophenyl)- 2,3,4,6-telracetylf-D-galactopyranoside
(300 mg, 0.58 mmol), potassium carbonate (15 nif, 6imol), potassium iodide (57
mg, 0.34 mmol). Argon was bubbled through the smfufor 30 mins and the solution
was stirred at room temperature under argon fdr. MYater was added and the solution
was extracted with ethyl acetate. The organic layas washed with brine, dried under
NaSQO,, filtered, and concentrateoh vacuo. Purification by flash chromatography,
0.1% MeOH — 1% MeOH/C}LI,, yielded8 as a red/brown gummy solid (87 mg,
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29%)H-NMR (400 MHz, CDC}) § 2.01, 2.04, 2.11. 2.17, 2.30, 2.33 (6s, 18H, AcO x
6) 4.06 (*Juears= 6.8, 0.8 Hz) 4.19-4.04 (m, 2H, H5, H6b) 4.26, (@hisa ner = 11.4,
3Ju6ars = 6.8 Hz,2Ju1 12 , 1H, H6a) 4.24-4.11 (m, 4H, H6a/b, §HL.58 (s, 2H, Ch)
4.84 (s, 2H, Ch) 4.91 (d,2Jn1 2 = 8.0 Hz, 1H, H1) 5.07 (ddJusn= 10.4,%Jnz e = 3.4
Hz, 1H, H3) 5.44 (d*Jys s = 3.6,1H, H4) 5.50 (ddJuz ns = 10.0,°Jhp1 = 7.6 Hz, 1H,
H2) 7.19 (d3J = 8.8 Hz, 2H, ArH) 7.32-7.21 (m, 7H, ArH ) 7.58 fd = 6.4 Hz, 1H,
ArH) 7.64 (s, 1H, ArH) 7.77 (s, 1H, ArH) 7.86 (] = 8.4 Hz, 1H, ArH).**C-NMR
(100 MHz,CDC}) $20.57, 20.61, 20.66, 21.11, 21.15, 32.94, 39.99,.8%156.72, 67.73,
70.35, 71.28, 75.10, 75.10, 100.40, 108.63, 119129.69, 122.05, 124.95, 126.50,
127.24, 128.29, 129.63, 129.67, 131.16, 132.31,263333.55, 134.35, 136.36, 136.56,
137.82, 141.03, 149.28, 149.66, 150.98, 152.99,3069.69.49, 169.66, 170.04, 170.17,
170.23. ESI(+) [M+H]+ Calculated: 989.3087; FourB9.3397. HRMS (FAB(+))
[M+H] " Calculated: 989.3087; Found: 989.3073.

2-(4-((2-(4-hydroxybenzyl)-6-(4-hydroxyphenyl)-8-benzylimidazo[ 1,2-a] pyr azin-3-y
loxy)methyl)-2-nitrophenoxy)-p-D-galactopyranoside (bGalNoCoel) To a cooled
solution of 2-(4-((2-(4-acetoxybenzyl)-6-(4-acetpkgnyl)-8-benzylimidazo-
[1,2-a]pyrazin-3-yloxy)methyl)-2-nitrophenoxy)-2436-tetraO-acetylf-D-galactopyra
noside (69 mg, 0.07 mmol) in dry MeOH (2 ml) wasled sodium methoxide in MeOH
(0.2 M, 1.4 ml, 4 eq.) and the solution was stirsedler argon and monitored via TLC
and ESMS and additional sodium methoxide was adoieill all acetate groups had
been cleaved. Dowex 50w Hesin was added and the solution was filtereduthinca
cotton plug and evaporated to dryness. The resigedissolved in acetonitrile/water
and purified via reverse phase HPLC; acetonitridgén (30:70- 70:30). The collected
fractions were lyophilized to give bGalNoCoel asred sticky solid (10 mg,
20%)*H-NMR (400 MHz, CDC}) 83.45 (dd,*Jusnz =10.0,333 s = 4.0 Hz, 1H, H3)
3.57 (m, 1H, H5) 3.63 (M, 2H, H6a/b) 3.71 (Al 13 = 10.0,%Jnz,n1 = 8.0 Hz, 1H, H2)
3.88 (s, 2H, Ch) 3.79 (d,%J4n3 = 4.0 Hz, 1H, H4) 4.37 (s, 2H, GH4.82 (d, 1H,
3312 = 8.0 Hz, 1H, H1) 4.86 (s, 2H, GH6.59 (d,2) = 8.6 Hz, 2H, ArH) 6.74 (fJ =
8.4 Hz, 2H ArH) 6.94 (d3J = 8.6 Hz, 2H, ArH) 7.15-7.04 (m, 3H, ArH) 7.24 (@, %)

= 8.8 Hz, ArH) 7.35-7.29 (m, 3H, ArH) 7.59 @, = 8.4 Hz, 2H, ArH) 7.62 (d, 1H) =
1.2 Hz, ArH) 7.89 (d, 1H3J = 1.6 Hz, ArH).**C-NMR (100 MHz, CDCJ) § 32.91,
39.75, 62.29, 70.05, 71.90, 74.74, 76.27, 77.38,0H) 109.56, 116.34, 116.57, 118.92,
126.54, 127.49, 128.87, 129.13, 129.33, 130.31,663030.86, 131.46, 133.22, 135.30,
135.48, 138.00, 139.26, 140.40, 141.80, 152.03,0857159.31. ESI(+) [M+H]
Calculated; 737.2453; Found: 737.2450FAB(+) [M+H]® Calculated:737.2453;
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Found: 737.2406

Determination of relative bioluminescence activity of GLucM?23 compared to
wild-type GLuc (Figure S1). HelLa cells in glass-bottom dishes, transfected with
pDisp-mKO-GLuc or pDisp-mKO-GLucM23 were maintain@dDulbecco’s Modified
Eagle Medium (DMEM)(Invitrogen), supplemented witb% fetal bovine serum (FBS)
at 37°C under 5% CfOfor 24 hours. Cells were washed with Hank’s batahsalt
solution (HBSS) (pH ~ 7.4). 10QuL HBSS was then carefully added. mKO
fluorescence was measured (4861, 200 ms), after which a solution of HBSS,
containing 25uM of coelenterazine was added. We then measureduthmescence
with an Olympus DP30 Cooled Monochrome CCD Micrggc@amera; obj. x 60; with
an exposure time of 20 seconds at an open filtdinge Obtained images were
processed in imageJ. The average BL/FL was obtafneat 5 cells from each
respective image.

Figure S2. Showing Fluorescence images of GLucM23-Venus-KDEd) (r
mKO-GLucM23 (b) in HelLa cells. (a) Venus localizéal endoplasmic reticulum
(515£4/528km, 300 ms) Scalebar: 1om; (b) mKO localized to outer cell membrane
(548« /561 em; 200 ms)Scalebar: 5@m.

Cleavage reaction of bGalCod and bGalNoCoe by beta-galactosidase monitor ed

by HPLC. To a solution containing bGalCoel or bGalNoCoel Q4M), MgCly,
DMSO (1%) in PBS buffer (0.1 M, pH 7.4,Tween 0.02%as added 8 units of
B-galactosidase, and the solution was incubated &C3Samples were taken at specific
time intervals (bGalCoel: 0, 1, 4, and 8 h; (bGalwel: O, 1, 5, 15, 30, and 60 min.)
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diluted with acetonitrile (0.1% TFA), filtered amdhalyzed by HPLC, or stored in liquid
nitrogen until HPLC analysis. Absorbance was maoeidaat 254 nm.
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Figure $4 a) Absorbance spectrum of bGalCoel (3@ in MeOH; b) Absorbance
spectrum of bGalNoCoel (5M) in MeOH.
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Chapter 2.2 Development of Hydrogen Peroxide
Activatable Coelenterazine Derivatives

(In preparation)

In chapter 2.1, | demonstrated that blocking of l@oierazine with an enzymatic

substrate is a viable strategy to effectively dizbi native coelenterazine. The

dual-enzyme substrate, bGalNoCoel, could detecgreazactivity across two separate
cell populations. To further expand the scope tifatable-coelenterazines | designed a
coelenterazine-boronate derivative that could b&vated by hydrogen peroxide, a

reactive oxygen species implicated in a varietplofsiological phenomena.

I ntroduction, probe design, and synthesis.

Reactive oxygen species (ROS) like hydrogen peeokale been implicated in playing
a major role in various diseases including carcioutar disorders diabete$
neurodegenerative diseaieand cancér Hydrogen peroxide has also been shown to
have significance in events related to inflammatioaging, post-translational
modifications of proteins and various signalingozaes. An large array of various
luminescent molecular probes for the detectionyalrbgen peroxide has been reported.
8 An ample fraction of these are fluorescent praltéizing caging boronic acid esters
as selective switch for the detection of hydrogenopide. Nucleophilic addition of
reactive species to electron-deficient boronatebgsohas prompted their use as
effective traps of ROS and RNS in biological systerducleophilic addition of
hydrogen peroxide to the boron results in a chargdhedral boronate complex,
which undergoes a 1,2-insertion featuring a boronokygen migration of the
ipso-carbon (Scheme 1). The resulting borate éstdren hydrolyzed by water to the
phenol®

HO_ OH
o HO.,.OH oS
NS Y
—_—

Scheme 1. Reaction mechanism of hydrogen peroxide with bicranid.

HO-0O

(IDH
O'B\OH OH

B(OH);
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Compound ©

PBA CBA FIAmBE PCL-1

Figure 1. Structures of boronic acid and ester probadopted from reference [10].

Changet al. created a bioluminescent reporter (PCL-1)(Figyreboronate-luciferin
conjugate for measuring of,8, fluxes in living animals! More recently the same
group also reported the PCL-2, a pre-bioluminogeniastrate that forns-luciferin in
situ and reports on both hydrogen peroxide and caspaséty in vivo.*?In addition to
the limitations of using FLuc mentioned in chagdteand 2 it was recently reported that
FLuc activity can be altered when hydrogen peroxelels become elevated, which
can potentially lead to ambiguous or misleadinglifigs®Interestingly the same study
also reported that a variant Bénilla luciferase, RLuc8, was far less sensitive to ROS.
We reasoned that by utilizing an activatable boremaelenterazine probe together with
GLuc, the brightest of known luciferases, it woblel possible to obtain an even better
SIN as the reaction of 8, with boronic acid is extremely slovk ¢ 1-2 M* s1).1°
Hence in a similar vein to that of the design ofab®Coel described in Chapter 2.1,
we designed a coelenterazine-boronate derivatitte avself-immolative benzyl linker,
naming it Coel-BeBA (Scheme 2). The phenolic baramid group will upon reacting
with hydrogen peroxide result in the generatiortt@ phenol, which will trigger the
self-elimination of the linker and generation oketanterazine which can then undergo
subsequent reaction with its coelenterate luciteri@sgive a bioluminescence signal
(Scheme 2).

A

B(OH)3
Coel-BeBA Coelenterazine

Scheme 2. Design strategy for HD,-mediated release of coelenterazine from
Coel-BeBA
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Coel-BeBA was synthesized in a similar fashion@alNoCoel described in chapter 2.
2 was obtained by halogen-lithium exchange reactwn 4-iodotoluene with
bis(pinacolato)diboron as the electrophile, followey the apple-reaction to gener8te
(Scheme 3.). The di-(CTZ(OA9) and tri-acetylated coelenterazine (CTZ(OAc)
starting materials were prepared as describedapteh 2.1. Alkylation of CTZ(OAg)

with 3 was conducted in DMF and cesium carbonate in daletinimize C-alkylation

at the 2 position of coelenterazine (see appendix).

CHj Br
e a _5 . o
05 )
| A;é 0
2 3

OAc HO, OH
B
H

NN Lo NN
| _ cde,f |
P
N - N
AcO [6)
4

Coel-BeBA (1
Scheme 3. Synthesis of Coel-BeBA. &)BulLi, B,Pin,, THF, -40 °C, 4.5 h, 40%; b)
AIBN, NBS, MeCN, reflux, 20 h, 69%; c) 1% Nkh MeOH, CHClI,, 0 °C, 75 min; d)
3, CsCOs;, DMF, rt, 12 h; e) NaOMe, MeOH, 0 °C, 45 h; f) ®d / H,O (0.1 %
HCOH), 12 h, rt, 9% over 4 steps.

Sensitivity and selectivity of Coel-BeBA for hydrogen peroxide.

First the relative responsiveness of Coel-BeBA hanges in hydrogen peroxide
concentrations was evaluated. Coel-BeBA and GLureviecubated with alternating
concentrations of hydrogen peroxide (0-10M) and the total photon flux was
measured for 1 h (Figure 2.). It was possible tdaiob physiologically relevant

=
[=]

Figure 2. 10 uM Coel-BeBA and
GLuc with various concentrations
of H,O, in 0.1 M PBS (pH 7.4).

—
—
] L ' Total photon count was measured
| — over 1 h. Statistical analysis was
1m W . ' performed with a two-tailed
) a I 5 I 10 I 25 I 50 I 100

Student’s t-test. » < 0.05, and
H20 concentration / M error bars areSEM; n = 3.

Relative Luminescence f a.u.

L= e Y - L ]
TR
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low-micromolar detection of hydrogen peroxide. Heyiestablished that Coel-BeBA
could detect changes in .8, levels in a dose-dependent fashion down to
physiologically relevant concentrations we next esigated the selectivity of
Coel-BeBA over other ROS (Figure 3). Coel-BeBA aatuc were incubated with
various ROS, including #D- in the presence and absence of catalaseDa-tegrading
enzyme. Total photon flux was then measured for. Litlle to no relative signal
increase was observed when Coel-BeBA was reactéd ather ROS or kO, in the
presence of catalase.

oo - Figure 3. 10 uM Coel-BeBA
1800 |- with various reactive oxygen
1600 species (10uM) and GLuc in
0.1 M PBS (pH 7.4). Total
photon count measured over an
hour in luminometer. Cat: 0.4
mg / mL catalase. HO* and
t-BuO* radicals were generated
from 1 mM FeC} solution and
100 uM H,0; or 100 uM
t-BuOOH respectively. Solid K&n DMSO (final concentration: 100M) was used as
a source for @ ; and error bars asEeSEM; n = 3.
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Figure 4. Detection of exogenous,B, with Coel-BeBA in HEK293T cells expressing
GLucM23-Venus-KDEL. Bar graph representation (leftinear correlation graph
(right). Upon addition of Coel-BeBA (26M) and HO, (0-100uM) total photon flux
was measured for 2 h. Statistical analysis wasopedd with a two-tailed Student’s
t-test. < 0.01, and error bars atSEM; n = 3.
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Next it was determined whether the performance aél<BeBA could be translated to
living cell culture (Figure 4.). Coel-BeBA and vaumis concentrations of . (0-100
uM) were added to HEK293T cells expressing GLUcM281-KDEL (ER-localizing).
Photon flux was measured for 2 h. Experiments detnated that exogenous addition
of H,O, to live-cell assays did not interfere with prodact of the HO,-dependent
bioluminescent signal of Coel-BeBA and demonstraelihear response to,8, in
cellulo. Subsequently we moved on to investigate the pitisgito detect endogenously
generated kD, in living cells with Coel-BeBA. RAW264 cells exmsng
GLucM23-Venus-KDEL were incubated with phorbol 1¥etate 13-acetate (PMA)
because PMA activates protein kinase ¢ (PKC) inromwages which results in the
subsequent activation of NADPH-oxidase (NOX) ane theneration of bD,.*
Following incubation with PMA for 1 h, Coel-BeBA wadded and after incubation for
10 min the total photon flux was measured for 1@.nfFigure 5.) PMA-treated cells
showed statistically significantlyp(< 0.05) higher bioluminescent signal derived from
Coel-BeBA compared to non-stimulated cell$ience it was possible to detect®d
generation in living cells with Coel-BeBA, which menstrates that this probe is
sensitive enough to changes in biologically reléWy®, concentrations.

7 Figure 4. Showing relative
25 bioluminescence and relative
bioluminescence/fluorescence (venus)
ratio for RAW264 cells transfected
with  GLucM23-Venus-KDEL and
incubated with PMA (3.Qug / ml) for
1 h. Coel-BeBA was added incubated
for 10 min after which total photon
Control PMA count was measured for 10 min.
Statistical analysis was performed with
a two-tailed Student'stest. < 0.05, and error bars atSEM; n = 4.

1.5 1

BL/FL{a.u.

05 +

Conclusions
A coelenterazine-boronic acid conjugate probe veagldped for the selective detection

of hydrogen peroxide. In a similar method usedyttttsesize bGalNoCoel, Coel-BeBA
was synthesized with only minor formation of thalkylated product (see appendix). It
could be established that Coel-BeBA had high spésiffor H,O, over other ROS

tested. Coel-BeBA, with GLucM23, was able to detexbgenous and endogenous
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H.O. in living cells. Thus it was demonstrated thativettble-coelenterazines, in
addition to the detection of enzyme activity, cam dhesigned to detect bioactive
molecules such as B, in living systems. For further improvement it mighe
appropriate to replace the free boronic acid mowith a boronate ester. In a recent
patent from Promega, detection ob@4 with various D-luciferin-boronic acid and
boronate ester derivatives was investigatdtiwas shown that not only is the reaction
between the boronate and,® pH-dependent, but also the type of buffer had
significant impact on the luminescence output. regéngly it was also shown that
while derivatives containing the free boronic abat an overall higher luminescence
output over the boronate ester derivatives, howexguoorer signal-to-noise profile.
Thus similar  structure-activity relationships  mightbe observed  with
coelenterazine-boronate conjugates as well andresgiurther investigation.

Experimental

Materials and I nstruments

General reagents and chemicals were purchasedSmgma-Aldrich Chemical Co. (St.
Louse, MO), Tokyo Chemical Industries (Tokyo, Jgpand Wako Pure Chemical
(Osaka, Japan) and were used without further patitn. Silica gel chromatography
was performed using BW-300 (Fuji Silisia Chemicdl.l. Greenville, NC). NMR
spectra were recorded on a JEOL JNM-AL400 instruraed00 MHz for'H and 100.4
MHz for *C NMR, using tetramethylsilane as an internal stashdMass spectra were
measured on a Waters LCT-Premier XE mass specteoniet ESI or on a JEOL
JMS-700 for FAB. UV-visible absorbance spectra wereasured using a Shimadzu
UV1650PC spectrometer. High pressure liquid chrograiphy (HPLC) analysis was
performed with an Inertsil ODS3 column (4.6 x 25hGL Science, Inc. Torrance,
CA) using an HPLC system that comprised a pump (B02JASCO) and a detector
(MD2010 and FP2020, JASCO). Preparative HPLC wasopeed with an Inertsil
ODS3 column (10.0 x 250 mm)(GL Sciences Inc.) usingHPLC system with a pump
(PU-2087, JASCO) and a detector (UV-2075, JASC@luBninescence was measured
in 96-optiplate multiwell plates (PerkinElmer Catd.) using a Wallac ARVO mx /
light 1420 Multilabel / Luminescence counter with auto-injector (PerkinElmer Co.,
Ltd.) or ImageQuant LAS 4000 mini (GE Healthcaréel$ciences).
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In vitro H,O, experiments

To black 96-well plates containing |3 Gluc, 180uL PBS (0.1 M, pH 7.4), 1QL
Coel-BeBA (final concentration 10M) was added TuL aqueous solution of #D;
(final concentration 0-10@M). Total luminescence output was recorded for Tlne
relative luminescence was determined using Image J.

Specificity against other ROS

Fig.10 10 uM Coel-BeBA with various reactive oxygen specie8Q(tM) and GLuc in
0.1 M PBS (pH 7.4). Total photon count measured @vehour in luminometer. Cat:
0.4 mg / mL catalase. HO* arneBuO* radicals were generated from 1 mM FeCl
solution and 10QuM H,O, or 100 uM t-BuOOH respectively. Solid KOin DMSO
(final concentration: 10Q0M) was used as a source fog Qexperiments were repeated
in triplicate.

Measuring extragenous H.0, in HEK293T cells expressing
GLucM 23-Venus-KDEL

HEK293T cells grown in Dulbecco’s modified Eaglefsedium, supplemented with
10% fetal bovine serum, were transfected with pcBNALucM23-Venus-KDEL and
incubated at 37 °C, 5% G@r 24 h. Cells were washed with PBS (0.1 M, pH),7athd
trypsinized. 2 x 19cells were suspended in black microplates contgihieibovitz’s
L15 medium (no phenol red). Coel-BeBA in PBS (fim@ncentration 25u:M) and
aqueous solutions of A, (0-100 uM) were added. Total luminescence output was
recorded for 2 h. The relative luminescence wasrdehed using Image J.

RAW264 with PM A

RAW264 cells were grown in minimum essential medaupplemented with 10% fetal
bovine serum and 100 mg / mL non-essential amimsaCells were washed with PBS
(0.1 M, pH 7.4), trypsinized, and scraped. 1 ¥ t6lls were suspended in black
microplates Leibovitz's L15 medium (no phenol red@horbol 12-myristate 13-acetate
(PMA)(final concentration 3ug / uL) in DMSO was added, or DMSO was added and
incubated for 1 h (37 °C, 5% G Coel-BeBA in PBS (final concentration gM) was
added and cells were further incubated for 10 denus fluorescence was measured
and total luminescence was recorded for 10 min.
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Synthesis of Coel-BeBA

4,4,5,5-tetramethyl-2-par a-tolyl-1,3,2-dioxabor olane (1)

To a solution of 4-iodotoluene (1 g, 8.06 mmolamhydrous THF (10 mL) cooled to
-40 C° under an argon atmosphere was add@aa i (12 mL, 19 mmol). The solution
was stirred for 1 h under argon, after which bisépplato)diboron (2.25 g, 8.87 mmol)
in anhydrous THF (5 mL). After 3.5 h the reactiomsmquenched with an aqueous
solution of NHCI (20%). The solution was extracted with EtOAc ahd combined
organic layer was washed with brine, dried overydnbus NaSQ,, and concentrateith
vacuo. The residue was subjected to silica gel chromafyy with EtOAc / Hexane
(1:4), yieldingl (702 mg, 3.2 mmol, 40 %H-NMR (400 MHz,CDC}) 6 = 7.70 (d,*J

= 8.0 Hz, 2H, ArH) 7.18 (fJ = 8.0 Hz, 2H, ArH, b) 2.36 (s, 3H, GHL.34 (s, 12H, 4 x
CHs). *C-NMR (100 MHz,CDGJ) 6 = 141.30, 134.80, 128.50, 83.60, 24.85, 21.71.

2-(4-bromomethylphenyl)-4,4,5,5-tetramethyl-1,3,2-dioxabor olane (2)

A solution of 4,4,5,5-tetramethyl-2-para-tolyl-23jioxaborolane (517 mg, 2.37 mmol),
NBS (550 mg, 3.09), and AIBN (19 mg, 0.12 mmolrimhydrous MeCN (17 mL) was
refluxed for 24 h. The reaction mixture was concedin vacuo, dissolved in EtOAc,
filtered and concentrated vacuo. The residue was subjected to a short silica g p
(5 % EtOAc / Hexane). The combined fractions wesmlgsined and concentrated and
driedin vacuo, yielding2 as a white powder (488 mg, 1.64 mma-NMR (400 MHz,
CDCly) 6 = 7.78 (d,2J = 8.0 Hz, 2H, ArH) 7.38 (d®J = 8.0 Hz, 2H, ArH) 4.47 (s, 2H,
CH,) 1.33 (s, 12H, 4 x CH *C-NMR (100 MHz, CDGJ) & = 140.38, 134.83, 128.03,
125.44, 83.55, 33.04, 24.65.

Coel-BeBA

To a solution ofCTZ(OAc)s (100 mg, 0.18 mmol) in Ci€l, (2 mL) was added 1%
NH3 in MeOH (2 mL) at O °C under an argon atmosph&feer 75 min the solution was
evaporated to dryness and driedracuo. The dark residue was dissolved in anhydrous
DMF and CsCO; was added (53 mg, 0.16 mmol). To this solution added (56 mg,
0.19 mmol) in DMF (1.45 mL) dropwise over 30 mimder argon flush. The reaction
was stirred at rt under argon for 24 h. The sotuti@s poured into ¥ and extracted
with EtOAc. The organic layer was washed with brimkied over NgSO, and
concentratedn vacuo. The crude residue was dissolved in anhydrous Mesobled in
an ice-bath under an argon atmosphere. To thigieolwas added NaOMe (15 mg,
0.28 mmol) and the solution was stirred at 0 °CZdr. Additional NaOMe was added
(45 mg, 0.83 mmol) and after 2 h the reaction wasnghed with Dowex 50W Hesin,
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filtered, and concentrateith vacuo. The crude residue was dissolved in a solution of
MeCN (10 mL) and KO (10 mL)(0.1 % formic acid) and stirred at rt fi2 h. The
solution was filtered and subjected to preparatexerse-phase HPLC; gradient: 45 to
70 % MeCN (0.1 % formic acid) (0O to 25 min). Thendmned fractions were
lyophilized giving Coel-BeBA as a dark sticky red solid (9 mg, 9 % over 4 gteps
'H-NMR (400 MHz, CROD) 6 = 7.66 (s, 1H, ArH, a) 7.53-7.38 (m, 6H, ArH)
7.19-7.06 (m, 5H, ArH) 7.06 (d) = 8.8 Hz, 2H, ArH) 6.76 (d®J = 8.0 Hz, 2H, ArH)
6.66 (d,% = 8.4 Hz, 2H, ArH) 4.86 (s, 2H, GH4.41 (s, 2H, Ch) 3.96 (s, 2H, Ch);
3C-NMR (100 MHz, CROD) ¢ = 157.14, 154.91, 151.09, 137.19, 133.43, 131.17,
129.12, 128.98, 128.62, 127.57, 127.36, 127.15,7528.14.84, 114.65, 48.00, 37.99,
31.37; ESMS: Calc: 558.2195; found: 558.1752 [M*H]
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Conclusions and Per spective

This thesis has described development of celermeable coelenterazine derivatives
for monitoring of exocytotic events and the devebept of activatable coelenterazine
derivatives.

In the first chapter | demonstrated that coeleziee can be modified with a
flexible linker, containing a terminal phosphonicida by alkylating the phenol in the
2-position of coelenterazine (CoelPhos). CoelPhmsved higher activity with GLuc
over RLuc. Despite CoelPhos having lower lumineseeoutput compared to native
coelenterazine with GLuc it was possible to visealmembrane bound GLucM23
mutant in HelLa cells with CoelPhos. The derivat@eelPhos also showed low
cell-membrane permeability, which was demonstratecklls expressing ER-localized
GLuc. These results indicated that CoelPhos coutd potentially used as a
bioluminescent tool for the monitoring of exocytogvents in real-time. It should be
emphasized that improvements in luminescence oulgutoptimizing the linker
composition and length are expected. Thus furtikploeation of the chemical space is
desired. Notwithstanding, employing CCD-camera$wigh luminescence sensitivity
should also facilitate improvements in the appliliigtof CoelPhos.

In Chapter 2, | designed and synthesized activatabélenterazine derivatives for
specific detection of enzyme or bioactive small-ecole activity, and stabilization of
the coelenterazine substrate. | expected that ipigclof the 3-position of the
imidazopyrazinone ring would effectively stabilizeelenterazine. In subchapter 2.1 |
designed and synthesized two probes, bGalCoptgalactose-coelenterazine hybrid,
and bGalNoCoel, #3-galactose-nitrobenzyl-coelenterazine derivativeathB probes
showed high stability and specificity however bGalel greatly outperformed
bGalNoCoel in cell assays and | demonstrated tGaioCoel could be used to detect
enzyme activity in two separate cell populationgak also able to demonstrate for the
first time that coelenterazine readily diffuses ofitells. In subchapter 2.2 | described
the design and synthesis of a boronic acid-coelernitee derivative for the selective
detection of hydrogen peroxide in living cells; GBeBA. This probe had adequate
sensitivity and selectivity for hydrogen peroxide. addition | could show that this
probe could be used to detect endogenously gederhyelrogen peroxide in
macrophage cells. Having demonstrated that in ba#ies, blocking of the 3-position
leads to a stabilization of the coelenterazine wates is seems very straightforward
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what the future holds for this type of technololgly concept can easily be expanded to
incorporate many other types of enzymes and biacmall-molecules, especially
with the recent availability of coelenterate luciéfees which display more glow-type
luminescence profiles (GLucM23, NanoLuc). Combinthg technology with BRET,
protein-fragment complementation assays etc a vadge of applications are possible.
Thus | venture that overall my work has helped exioag the bioluminescence toolbox.
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Appendix
M odification of the 2- and 3-positions of the imidazopyrazinone ring of

codlenterazine

In chapter 2.1 and 2.2 | described the synthesiEGalNoCoel and CoelBeBA. Both
of these compounds were obtained by O-alkylatiothefcarbonyl at the 3-position of
the imidazopyrazinone ring of CTZ(OAc)However, | discovered that under certain
conditions a certain amount of C-alkylation at Baposition also took place (Scheme 1).
C-alkylation of coelenterazine has not been replarie¢he literature thus far.

"
R
o OAc o _ One o MOAC
] N NN N_N
| A~ l P2 + |
Qi” R N N
H
Jos X=Cl,Br, | AcO ACO

Scheme 1.

This was first observed during the synthesis ofING&oel where a significant amount
of the c-alkylated product was also obtained (s&h&n Attempted deacetylation of
Per-OAc-bGalNoCoel(C) with sodium methoxide, litmuhydroxide among others
resulted in nucleophilic addition to the 3-carbogsdup.
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Per-OAc-bGalNoCoel(C)

29 % 22%

Scheme 2. Showing the relative yields of O- and C-alkylatiogspectively in the
synthesis of bGalNoCoel.

Interestingly in the synthesis of Coel-BeBA O-alyjdbn was almost exclusively
obtained (Chapter 2.2). It is common knowledge thatand C-alkylation is largely
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influenced by reaction conditions such that aprasiglvents, bases with large
counter-ions, and hard leaving groups tend to faDealkylation whilst conducting
reactions with protic solvents, bases with smailnter-ions, and soft leaving groups
tends to favor C-alkylation.

In another instance | attempted to synthesize &eotaazine probe, Coel-BePA for
the monitoring of alkaline phosphatase (SchemeBg@)changing the conditions as to
favor C-alkylation a slightly higher proportion ofC-alkylated product
(Pro-Coel-BeBA(C)) was observed. Separation of@heand C- alkylated products is
highly difficult with very similar rf values, dedpgi extensive flash silica gel
chromatography (Figure 1).

%/%{
ol \\O

3

OO Lo
P — OAc
dP O N__N 0

| _ + NN

N | _

AcO N
AcO

11% 13%
Scheme 3. Synthesis of bGalCoel. a), CBrs, EtsN, THF, 80%; b) NaBHy,
MeOH, 87%; ¢) CBrs, PPhs, CH2Cls, 90%; d) 1% NHjs in MeOH / CH2Cls; e) 5,
Na2COs, Nal, THF.

CTZ(OAc);

It became clear that the C-alkylated coelenterazare highly unstable in the presence
of base and readily decomposes to coelenteraziméstweing more stable under acidic
conditions. The opposite is true for the O-alkytat®welenterazines. Only one method
for selective deprotection of the 3-carbonyl haserbereported, selective

deacetylatioh? However, in order to obtain C-alkylated coelent@res it would be

more suitable to utilize protecting groups whicn aasily be cleaved under acidic
conditions. This area of research is seriouslyitariand needs to be explored further.
Although, other substrates such as bisdeoxycoekente (BDC), which does not have
any phenolic groups, does not suffer from this fgwb Even if deprotected C-alkylated
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coelenterazines could be readily obtained, it rem&o be seen how stable they are
under biological conditions in the presence of ratnucleophiles such as glutathione.

1] gl%;@

W/ b\ LA / WY
AU C L VI, WY L PRSP, VEE, S Pro- Coel BePA (O O O-iPr
%

| P\O .
O -iPr
C A R B

@%

Pro- Coel BePA (C

Figure 1. Showing comparison of
'H-NMR of O-alkylated (blue) vs C-alkylated (red)

Experimental
Materials and I nstruments

General reagents and chemicals were purchasedSrgma-Aldrich Chemical Co. (St.
Louse, MO), Tokyo Chemical Industries (Tokyo, Jgpand Wako Pure Chemical
(Osaka, Japan) and were used without further patibn. Silica gel chromatography
was performed using BW-300 (Fuji Silysia Chemicatl.l. Greenville, NC). NMR
spectra were recorded on a JEOL JNM-AL400 instruraed00 MHz for'H and 100.4
MHz for *C NMR, using tetramethylsilane as an internal stashdMass spectra were
measured on a Waters LCT-Premier XE mass specteoniet ESI or on a JEOL
JMS-700 for FAB.

Synthesis

4-formylphenyl diisopropyl phosphate (2)

To an ice-cooled solution of 4-hydroxybenzaldehyie (123 mg, 1.01 mmol) and
carbon tetrabromide (998 mg, 3.01 mmol) in anhydrdtiF (10-11 mL) under an

argon atmosphere was added anhydroudl £0.42 mL, 3.01 mmol), followed by
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dropwise addition of diisopropylphosphite (0.33 niL99 mmol). After 5 min the
ice-bath was removed and the reaction was stirted #@r 24 h. The reaction was
quenched with water. The aqueous solution was artlawith EtOAc, washed with
brine, dried under N&Q,, filtered, and concentrateich vacuo. Purification by flash
chromatography (EtOAc / Hexane; 1:1) yielded theireéel product (2) as a clear yellow
oil (231 mg, 0.81, 80%):H-NMR (400 MHz,CDC})$ 9.97 (s, 1H, CHO) 7.89 (d) =
8.0 Hz, 2H, ArH) 7.39 (d®J = 8.0 Hz, 2H, ArH) 4.78 (m, 2H, 2 x CH) 1.38 {d,= 6.2
Hz, 6H, 2 x CH) 1.34 (d,%J = 6.2 Hz, 6H, 2 x C); *C-NMR (100 MHz,CDC)) 5
190.76, 155.67, 133.02, 131.56, 120.43, 100.5498733.61, 23.56, 23.51, 23.45;
ESI-MS: calc: 287.1043; found: 287.1467 [M+H]

4-(hydroxymethyl)phenyl diisopropyl phosphate (3)

To an ice-cooled solution &in MeOH (2 mL) was added sodium borohydride (53 mg
1.40 mmol). After 1 h the reaction mixture was malinto water and extracted with
EtOAc, washed with brine, dried under JS&, filtered and concentrated and dried
vacuo. Purification by flash chromatography gave theiréesproduct3 as a clear oill
(198 mg, 0.69 mmol, 87%JH-NMR (400 MHz,CDC}) 6 7.12 (d,3J = 8.0 Hz, 2H,
ArH) 6.96 (dJ = 8.0 Hz, 2H, ArH) 4.52 (m, 2H, 2 x CH) 4.38 ($),2H,) 1.16 (d,*J

= 6.0 Hz, 6H, 2 x Ch 1.11 (d,3J = 6.0 Hz, 6H, 2 x CH; *C-NMR (100 MHz,
CDCl) & 149.18, 137.74, 127.37, 119.06, 72.82, 62.91,8222.73, 22.70, 22.64;
ESI-MS: calc: 289.1199; found: 289.1836 [M+H]

4-(bromomethyl)phenyl diisopropyl phosphate (4)

To an ice-cooled solution & (197 mg, 0.68 mmol) in anhydrous gE,was added
carbon tetrabromide (345 mg, 1.04 mmol) and trighgrhosphine (284 mg, 1.08
mmol) under argon. The reaction was stirred abrt20 h. The reaction mixture was
concentratedn vacuo. The residue was dissolved in a minimal amountid$Cl, and
loaded onto a silica gel column. Flash chromatdgyajEtOAc / Hexane; 1:1) yielded
the desired produe as a colorless liquid (214 mg, 90%Hi-NMR (400 MHz,CDC}) &
7.35 (d,23=8.0 Hz, 2H, ArH) 7.19 (£J = 8.0 Hz, 2H, ArH) 4.73 (m, 2H, 2 x CH) 4.45
(s, 2H, CH, d) 1.32-1.24 (m, 12H, 6 x GH *C-NMR (100 MHz,CDC}) & 150.32,
133.96, 130.08, 119.98, 73.23, 32.39, 23.22.

Prot-Coel-BeBA(0)/(C)
To an ice-cooled solution of CTZ(OAc56 mg, 0.10 mmol) in CKl, (1 mL) under
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an argon atmosphere was added 1% MHVIeOH (1 mL) and the solution was stirred
for 2.5 h. The reaction mixture was concentrated @medin vacuo and used without
further purification. The residue was dissolvedamhydrous THF (5 mL) under an
argon atmosphere. To this solution was addef£L®a (4.5 mg, 0.04) Nal (15 mg, 0.10),
and4 (47 mg, 0.13) in anhydrous THF. The reaction wasbibed with argon gas for 30
min. The reaction was stirred over night at rt. Teaction was diluted with water and
extracted with CHCl,. The organic layer was washed with water, brimregeddunder
NaSQO,, filtered, and concentratad vacuo. Purification via flash chromatography (0
- 3% MeOH / CHCIl,) yielded two major products: The O-alkylated prod(®) (8.6
mg, 0.011 mmol, 11%) and the C-alkylated proddg(9.8 mg, 0.013 mmol, 13%)

Prot-Coel-BeBA(O)

'H-NMR (400 MHz,CDC}) 5 7.84-7.79 (m, 3H, ArH) 7.56 (dJ = 8.0 Hz, 2H, ArH)
7.33-7.15 (m, 11H, ArH) 7.01 (d) = 8.0 Hz, 2H, ArH) 4.90 (s, 2H, GH4.72 (m, 2H,
2xCH) 4.56 (s, 2H, CB) 4.11 (s, 2H, CH) 2.31 (s, 3H, CHCO) 2.27 (s, 3H, CECO)
1.34 (d,3) = 6.4 Hz, 6H, 2xCh 1.27 (d,3J = 6.4 Hz, 6H, 2xCh); *C-NMR (100
MHz,CDCk) §169.42, 169.29, 152.69, 151.59, 151.52, 150.83,1849.37.90, 137.68,
137.07, 136.55, 134.58, 133.14, 132.26, 131.96,06301.29.66, 129.64, 128.17, 127.24,
126.36, 121.84, 121.47, 120.39, 120.35, 108.93647339.31, 32.79, 23.57, 23.52,
23.46, 23.41, 21.08, 21.08SIMS: Calc: 779.2961; found: 779.1447 [M+2H]
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General Introduction

Molecular imaging allows for the visualization algdantification of biological
processes at the cellular and subcellular levelhinviintact living organisms. This
biomedical research discipline is gaining greagrest to address frontier issues related
to pathology and physiolody.Several common imaging techniques have been
developed for such applications including: computemography (CT), magnetic
resonance imaging (MRI), positron emission tomolgya{PET), single photon emission
computer tomography (SPECT), ultrasound, photodanimaging, and novel optical
small animal imaging techniques such as fluoresemoaging (FLI) and ,
bioluminescence imaging (BLf)The main area of utility of bioluminescence useté
in in vitro gene-reporter assay measurements, however sattifiteaps in the
development of more sensitive CCD-camera technokagydiversified the use of BLI
in the life sciences. The use of bioluminescencagimg and analysis have some
distinctive advantages such as low background, siigial-to-noise (S/N) ratio profiles,
generally wider range of signals, flexible in theletular design, allows for extended
period of measurement, and also highly suitabléniaging of small animal modefs.

The relative sensitivity will depend on the emisswavelength of the light emitted and
also the sensitivity of the camera system. Exampfeapplications of BLI include:
monitoring of protein-protein interactiohsn vivo andin vitro drug screenirfy sensing
bioactive small moleculésassessing protein stability and funcfidgm vivo imaging of
animal model§ imaging of organ , imaging of disease progression such as cancer
and their metastasis and 3D BLI of cerebral ischenifao name a few.

Bioluminescence is the product of certain photogrst (luciferases) which catalyze
oxidation of small molecular substrates (lucifeyjnghich results in the generation of
light in the form of bioluminescence. Bioluminestspecies can be found across many
phyla such as insects, marine organisms, and protes. Although a number of
luciferase-luciferin pairs have been discoveredature, only a selected few have been
sufficiently characterized for use as tools in cluain biology (Table 1.). The
bioluminescence system based on firefly and béatieerases together with-luciferin
has been the most reported system. Especiallyuidiest involvingin vivo imaging
because of the emission spectra of firefly andledatiferases (~560-610 nii) The
D-luciferin is relatively stable and can diffuse Wween tissues. The reaction between
D-luciferin and its luciferases requires ATP and megjum ions, which limits its use to
intracellular monitoring. The other commonly usedtiferases all utilize various
luciferin substrates which all share a imidazopyraae core structure (Table 1). Unlike



Table 1. Characteristics of luciferase-luciferin pairs commonly used in BLI
Adapted from (19) and (20).

Luciferase Luciferin (substrate) Peak emission| Size Comments Reference
(nm) (kDa)
N N-_sCOOH _ o
North American /@ — ]’ 565 1 |Requires ATP and Mg
firefly (FLuc) HO S S Codon optimized 13
D-Luciferin
Renilla reniformis i
U l U 480 36 Can be used in extracellular 14

(native RLuc) environments, codon-optimized

Gaussia princeps Mutant enzyme with red-shifted
(Monsta) Coelenterazine 503 20 | emission spectrum

o\}’(—QOH
A\
Gaussia princeps NN Naturally secreted enzyme
(GLuc) | 480 20 |cell-anchored versions available 15
N
HO

16

o)

o (M
A
N__N
. . (] Stabile mutant enzyme with
Oplophorus gracilirostris : ,[ H 460 20 increased light output 17

(NanoLuc)

Furimazine

0 )
\
.y . N N
Cyp nd(:gfagct:luca | L\/H NH, 465 62 | Naturally secreted enzyme 18
T N hs
HN NH

Cypridina luciferin

D-luciferin, these luciferases do not require anlyeotco-factor other than molecular
oxygen, which allows for extracellular as well agracellular applications. The general
emission spectrum with imidazopyrazinone compouraisge from ~460-480 nm,
limiting their use inin vivo imaging due to poor penetration. However, red-stift
mutants have been developed: and also it is possible to obtain a red-shiftexseion
by utilizing bioluminescence resonance energy fEngBRET)?? In addition
coelenterate luciferases suchGaissia luciferase (GLuc) has been shown to have over
1000-fold stronger signal output over firefly lumifse (FLuc}? whilst the recent
NanoLuc has been shown to have 100-fold strongmakihan FLuc. As each substrate
is quite specific for its respective luciferase yane it has been possible to monitor
multiple parameters by utilizing a combination @f @ 3 luciferases im vitro andin
vivo monitoring of cellular processés.

Derivatization and functionalization of luciferin substrates

The three most common types of derivatization sidfD-luciferin substrates have
been focused on: 1) increasing the luminescenceuguR) red-shifted emission



spectrum, and 3) activatable-luciferins. Severgromed and red-shifted analogues of
D-luciferin and aminoluciferin have been reportedf. In addition, red-shifted
aminoluciferin-BRET acceptor conjugates have alseenb reported.” Several
D-luciferin derivatives for the specific monitoringf enzyme and bioactive small
molecules have been reported (Figuré®IFpr coelenterate luciferin substrates, most
studies have focused on modification of coelenteeazto obtain an improved
luminescence outpdfin most cases any modification of coelenterazinle nesult in a
significant decrease in bioluminescence output. éi@x in two instances an
improvement in signal output was obseed’® Unlike the p-luciferin substrates,
modification of coelenterazine greatly affectsstability, thus in addition to retaining
the luminescence output; the overall stability e tnolecule also has to be taken into
account’® Therefore it is not surprising thatluciferin has been favored due to the
high substrate specificity of coelenterate lucisesatogether with its stability issues.

Enzyme
Bioacti Oru lecul N, N~ pCO0H
ioactive small-molecule
o <Y
Rand \> R s s
[e]
N N 0 ATP, Mg%*, O
— Lok
luciferase
R S S

o \/(%\a\
Se
Activatable-luciferins

Figure 1. Concept behind activatable-luciferins. Adopted from (26).

Purpose of research

The work presented herein is based around the etymthmodification of
coelenterazine together with the use Gdussia luciferase, due to its much higher
luminescence output over other luciferases suchhas of Renilla reniformis. The
immediate difficulty however is related to the dhilto predict the impact on
luminescence output based on the position of neatibn on coelenterazine. There are
several reasons for this: i) high substrate spetifof GLUc’® ii) little to no homology
with other coelenterate luciferases; iii) no exigtk-ray crystal structure of GLuc; and
iv) probably cooperativity between proposed twoabdic sites GLué® As this
dissertation is divided into two major chapters tietailed research aim of each
respective differ in the type of modification ofatenterazine. In chapter 1 the major
concern is loss in luminescence output, whilsthapter 2 the focus is more on stability.
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Chapter 1 Development of Cell-Impermeable

Coelenterazine Derivatives

Gaussia luciferase (GLuc) is the brightest among all repdriuciferases and
displays a flash-type luminescence profilEhese lucifereases have mostly been used as
a reporter to monitor dynamic changes in gene esfyr and transcription.
Monitoring of single exocytotic events in living llisehas mostly employed methods
such as total internal reflection fluorescence @H)Rand two-photon laser scanning
microscopy’® However, these methods are confined to monitceitignited section of
the cells and the use of fluorogenic dyes for aateulocalization can be difficult due to
diffusion. In addition, fluorescence methods reguiontinuous irradiation, causing cell
damage and photobleaching. Moreover due to thenpdeal resolution properties,
confocal and twophoton laser scanning microscogiiesnore suitable when monitoring
membrane fusion of vesicles with slower kinefics.

BLI can offer distinct advantages over fluorescemmaging in monitoring of
protein secretion and other exocytotic eventsvimd cells. Visualization of luciferase
secretion in living mammalian cells was first reatl withCypridina luciferase (CLuc)
in CHO cells® and in live mouse embryos to monitor transcripioactivation of
genes. CLuc was also utilized for imaging of neurotranseni releasé® Recently
secretion of the brighter GLuc in PC12D cells wasnitored in real-timé* However,
in general BLI has suffered from poor resolutioredo low luminescence intensity.
Using an electron multiplying charge coupled de\iEd-CCD) camera, video-rate
BLI was employed in the studying of secretory dyi@nof MMP-2 with GLuc at much
improved resolution¥ In another study, the same group also demonstrttet
video-rate BLI could be used for quantitative asayof insulin oscillations in
pancreatic MING cells, which could have potential drugscreeningliaptions®?
Recently, in an effort to monitor exocytosis in ggtic boutons via BLI, a mutant GLuc
with enhanced luminescence output was fused topHme of a vesicle-associated
membrane protein (VAMP) located within the interiof the synaptic vesicle
(unpublished data). Hence, when the vesicle fusts tive cell membrane undergoing
exocytosis the luciferase would react with its $xaie coelenterazine, generating a
bioluminescent response. However, a very poor bigaaoise was observed which
was attributed to the high cell-membrane permeagbibf coelenterazine,i.e.
coelenterazine could diffuse across the synaptit\aesicle membranes and react with
the luciferase before the exocytotic event, giviisg to high background luminescence



(Figure 1a). Miesenboad#t al. also observed a similar issue wilgpridina luciferin

when imaging patterns of synaptic activity in hippmpal neuronal celf§. Therefore a
modified coelenterazine substrate with decreaskdanesnbrane permeability is desired
(Figure 1b-1c). However modifying the bioluminogersubstrate without having a
negative impact on the bioluminescence activityasy difficult. This is especially true
in the case of GLuc, which has very high substspeificity. Hence, even the smallest
modification of the coelenterazine substrate wilsult in a significant drop in
bioluminescence activit}’*® Therefore it is not surprising that only one coédeazine
derivative (s-CTZ) with improved bioluminescencetiaty with GLuc has been
reported-’ The compound structure has yet to be publishedeter, the published data
strongly implies that s-CTZ is highly cell-permeabHence we sought to design and
synthesize a cell-membrane impermeable coelenteraderivative with retained
bioluminescence activity.

a)

Natural Substrate

Coelenterazine
GlLuc

Highly cell-permeable

Anionic-Derivative
c

Cellimpemeable

<)

Anionic-Derivative

@EEm  (cox)

CellHimpemeable

Exocytosis

Figure 1. Monitoring membrane fusion events via BLI; Concéa} coelenterazine
readily penetrates the cell-membrane, giving resddckground noise prior to fusion
taking place; (b) coelenterazine derivative Coelds la negative charge, making it
highly cell-impermeable and unable to react withuGL(c) following fusion of the
secretory vesicle with the cell-membrane CoelX caact with GLuc, generating a
bioluminescence signal.



Results and Discussion: Design and Synthesisof 2-BnO-TEG-CTZ and

6-BNnOTEG-CTZ

When conceiving of a proper rational substrategtesirategy, it is very useful to
perform docking simulations of substrate derivasiieefore undertaking actual
experimental work. Uranet al. constructed near-infrared-emitting firefly lucifiesi by
initially performing docking simulations with lugfase fromPhotinus pyralis.*®
However, as there is no existing x-ray crystal dtrire of Gaussia luciferase (GLuc),
lack of homology with other coelenterate lucifesgsi®r which crystal-structures are
available, rational design and modification of emérazine remains a difficult task in
terms of being able to predict the effect of anydification of the coelenterazine
substrate on bioluminescence activity. Modificat@nthe coelenterazine substrate has
mostly been focused on increasing light outputshéting the emission spectrum of
coelenterazine and increasing the stability of emé¢érazine to decrease
autoluminescence background noi5&* As mentioned above coelenterate luciferases
share very little homology and hence any modifaratof coelenterazine, that might
have an advantageous impact on the luminesencetoftpne luciferase, might have
the reverse effect on another. This is especialig for GLuc which has been shown to
have an extremely narrow substrate specifi¢fty® In order to construct a
cell-impermeable derivative of coelenterazine, veeided to attach a flexible linker
with a terminal anionic phosphonate group. Inijialle synthesized two coelenterazine
derivatives with a highly flexible polyethylene ghl (PEG) linker with terminal
benzyl-protecting groups installed at the 2 ana$&itpns of coelenterazine (Scheme 1)
to investigate the effect on bioluminescence astiof GLuc. We preparedl from

Ry R, Name
OH_Q‘ORz H H Coelenterazine (1)
\
NN sl O o8 H 6-0Bn-TEG-CTZ (2)
| i
I
N /““?PO\%\ 2-0Bn-TEG-CTZ (3
H H 5 OBn -OBn-TEG- (3)
R,0 New
N
H H \%K/o\/g\/oe CoelPhos (4)
' 0o

Figure 2. Structures of native coelenterazine and synthesleedatives.
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Scheme 1. (a) PhCHMgCI, ZnCL, Pd(PPK).Cl,, THF, rt, 72 h, 83%; (b)
4-(TBDMS-O)Ph-B(OH), bddp, (GHsCN),PdChL, N&CO; (1M (aq)), EtOH, Toluene,
reflux, 24 h, 83%; (c) TBDMSCI, imidazole, DMF, 2 h; (d) NaBH, MeOH, 0 °C, 2
h, 86% over 2 steps; (e) SQCCH,ClI,, 0°, 2 h, 81%; (f) Mg, EtBr THF, sonication;
ethyl diethoxyacetate, THF, -78, 6 h, 47%; (g) BANF, THF, 0 °C, 30 min, 93%.

tetraethylene glycol (TEG) by mono-benzylation wiitbnzyl bromide, followed by
were synthesized as previously described (Schemg&>%113 was synthesized via
bromination tal2 via the Apple reaction (Scheme S2). Synthetic mestiatess and10
standard alkylation of coelenterami@&vith 12. Following acid-catalyzed condensation
reaction of 13 and the o-ketoacetal 9 under reflux the desired compound
6-BnO-TEG-CTZ B) was synthesized (Figure 2). Synthesis of 2-Bn@IETZ (3)
was accomplished by initial alkylation of deprotstti-ketoacetallO with the TEG
linker 12 to give 14. Acid-catalyzed condensation reaction betwéeand 14 under
reflux generated the desired product, 2-BnO-TEG-CJ)Z
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Scheme 2. Synthesis of 6-OBn-TEG-CTZ and 2-OBn-TEG-CTZ. (éaH, BnBr,

THF/DMF, 0 °C to rt. 5 h, 67%; (b) PRHCBIr, CH.Cl,, reflux, 12 h, 91%; (c) BiNF,

THF, 0 °C, 2 h; (d12, NaH, DMF, 0 °C, 5 h, 55% over 2 steps, 9e,4-dioxane / 6N
HCI (10:1), 24 h, 49%; f12, C$COs, MeCN, reflux, 3 h, 73%; (&, 1,4-dioxane / 6N
HCI (10:1), reflux, 14 h, 17%

Next the luminescent properties of 2- and 6-BnO-TETZ were evaluated with GLuc
in comparison with native coelenterazine. Both #albss 2-BnO-TEG-CTZ and
6-BNnOTEG-CTZ showed more than 200- and 950-fold ucédn in total
bioluminescence activity, respectively (Table Ijtetestingly, Urancet al. observed
similarly poor bioluminescence activity when attiach flexible PEG linkers to
aminoluciferin*® Installing rigid alkyl linkers also resulted inlaw bioluminescence
output. The poor observed activity was attributethiit these linkers may be linear and
adopt conformations that hinder access of theducifsubstrate to the active site of the
luciferase enzyme. Hence, it was concluded thag BBEG linkers conjugated near the
luminophore are unsuitable. This conclusion alsenseto be valid in the case of
installing PEG linkers on coelenterazine as well.

10



Table 1. Relative and maximum luminescence of 2- and 6-BE®-CTZ, and
CoelPhos.

Compound Gaussia luciferase
ol (% lyiax (%)°
Coelenterazinel) 100 100
2-BnO-TEG-CTZ ) 0.45 0.17
6-BnO-TEG-CTZ B) 0.10 0.14
CoelPhos4) 3.23 2.70

aIT(,H,“: total luminescence integrating for 60 s in 1tefwals.

® | ax: Maximum observed intensity at any 1 s interval.

Design and Synthesis of CoelPhos

Due to detrimental effect on bioluminescence afgtiviof PEGmModified
coelenterazines we decided to change to more aiig linkers. Although our initial
results suggested that both 2- and 6-positionsoefeaterazine were both sensitive to
modification, we decided to focus on modificatidntloe 2- position of coelenterazine.
We synthesized a phosphonate alkyne, dimethyl(@rgpyloxy)methylphospho-nate
16 in two steps (Scheme S3). Alkylation d® with 1,3-dibromopropane resulted in
formation of 17, which was converted into the propyl azit®® Copper(l)-catalyzed
azide-alkyne Huisgen cycloadditidrgave the desired 1,2,3-triazdl@. In the final step
acid-catalyzed condensation reactior6@nd19 was conducted, generating the desired
product CoelPhos (Figure 2) (See supporting infoionafor further description and
details). Next, we evaluated the luminescent ptoggenf CoelPhos with GLuc (Table
1) andRenilla luciferase (RLuc) comparison with coelenterazinab(€ 2). CoelPhos
yielded a much stronger luminescence with GLuc tRémc and also a significant
improvement in bioluminescence activity comparethwioth 2- and 6-BnO-TEG-CTZ,
although CoelPhos still showed about a 30-fold cédn in luminescence intensity in
comparison with coelenterazine. With the exceptiérs-CTZ!’ the highest reported
bioluminescence activity of any coelenterazine \dgive with GLuc was that of
MeO-CTZ (methylation of the 2-hydroxy group) (13.6%Wde8iso-CTZ (replacement of
2-hydroxy group with 3-isopropylbenzene), (14.3%).

11
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Scheme 3. Synthesis of CoelPhos. (a) paraformaldehyde, TEA, 130 °C, 3 h. 12%; (b)
propargyl bromide, NaH, THF, -7GC. 35%; (c) 1,3-dibromopropane, £L;, MeCN,
reflux, 3 h. 35%; (d) Napy DMF, 50 °C, 12 h, 76%; (&6, CuSQ, Sodium Ascorbate,
H,O/CHClx(1:1), rt, 12 h, 88%; (f§, 1,4-dioxane/6N HCI (10:1), 110 °C, 5-6 h, 9%.

Table 2. Relative and maximum luminescence of
CoelPhos withrenilla luciferase cell lysate.

Compound Renilla luciferase
ITotal (%)a IMax (%)b

Coelenterazine 100 100
CoelPhos 0.14 0.09

?l1oat total luminescence integrating for 20 s in 1tsivals.

®|uax. Maximum observed intensity at any 1 s interval.

2.3 Bioluminescence I maging with CoelPhos

Recently GLuc mutants with improved luminescencetpatu and stable
luminescence profiles have been repoffed We utilized a recently developed mutant
GLuc (GLucM23) with roughly 10-fold improvement ilminescence intensity in
living cells, and a glow-type kinetic profile (Figu). We evaluated CoelPhos by
measuring bioluminescence activity with a chargepted device (CCD) camera in

12



HelLa cells expressing outer-membrane localized -ty GLuc or GLucM23
(GLucM23yenm) to determine if the improved mutant GLuc had gatire or positive
impact on the luminescence intensity of CoelPhagufeé 3). We determined the
relative intensities of coelenterazine and CoelPbpscomparing the relative mKO
fluorescence and luminescence intensities of 5scofigure 4). CoelPhos showed
similar relative bioluminescence activity with theitant GLucM23 in comparison with
the wild-type GLuc relative to coelenterazine (4 3%). Hence the GLuc mutant did
not affect the bioluminescence activity of CoelPhektive to coelenterazind he
contrast observed in HelLa cells expressing outeniongne bound GLuc was very poor
in comparison with GLucM23. This is related to flesh-type luminescence of GLuc,
together with the luminescence sensitivity of auaging system. The stable glow-type
luminescence of GLucM23 and its higher luminescemaput makes it more suitable
for BLI in living cells. This was especially truerfour derivative CoelPhos which could
CTz CoelPhos

Figure 3. Bioluminescence imaging with coelenterazine (CTZ) &oelPhos in HeLa
cells expressing outer-membrane bound GLuc or Gl2&Ma, d, g, j) Fluorescence
images of MKO Ax = 548 nm /lem = 559 nny 200 ms) before addition of
bioluminogenic substrate. CTZ with GLu, exposure time: 2 s (b) and 20 s (c); CTZ
with GLUCM23em, exposure time: 2 s (e) and 20 s (f); CoelPhos$ V@LUGem,
exposure time: 2 s; (h), 20 s (i) CoelPhos with @UA3yem, exposure time: 2 s (k) and
20 s (l). Concentration of CTZ and CoelPhos: 28 Objective lens: 6& . Scale bar:
40 um.
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be imaged with much improved signal-to-noise withuGM23Mem (Figure 3k, 3l)

over GLugem (Figure 3h, 3i).

a) b)
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CTZ(25)
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Figure 4. Relative activity of CoelPhos with GLuc and GLucM23ersus
Coelenterazine (CTZ) in HelLa cells. (a) CTZ and IRbes with GLuc; (b) CTZ and
CoelPhos with GLucM23. (n = 5 cells); Signal wasugfified using ImageJ. (2 or 20 s)

= exposure time.

Finally, we evaluated the relative cell-membraner@ability of our probe CoelPhos in

comparison with coelenterazine. We transfected Hekls with an endoplasmic

reticulum (ER)-localizing GLuc construct (GlLgg. The construct also contained
Venus fluorescent protein as a control for expms$evels as well as confirmation of
localization. We reasoned that whilst coelentemzuould give a strong signal due to
its high cell-permeability, CoelPhos would not gaey bioluminescence signal due to
its inability to cross the cell membrane (Figure 5)

,_/‘ \/bo\,ko
N N
.m NTED (CoelPhos)

Extracellular

Gluceg Venus KDEL

AN Inside ER
o Mo X
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Figure 5. lllustration of cell-
permeability of CoelPhos. Because of
the attached anionic phosphonate
CoelPhos does not penetrate the
cell-membrane as readily as native
coelenterazine. Therefore a
bioluminescent signal will be observed
with outer-membrane bound
GLucM23viem but not with
intracellularly localized GLug.



When coelenterazine was added, strong bioluminésigmals were observed in HelLa
cells expressing GLgg. On the other hand, when CoelPhos was addedgnalsiould
be detected, even after extending the exposurettihi@0 s (20-fold) (Figure 6).

CTZ CoelPhos

Figure 6. Fluorescence and
bioluminescence images of HelLa
cells expressing GLgg with
coelenterazine (CT2) and
CoelPhos. (a) Venus FL; (b) CTzZ
(22.7 uM); exposure time: 5 s; (c)
Venus FL; (d) CoelPhos (22.7
uM); exposure time: 100 s.
Objective lens: 60 x. Scale bar: 40
um.

The observed data seem to suggest that attachrarteoninal phosphonate moiety is
enough to significantly decrease cell-membrane peahitity of the coelenterate
substrate. It has been shown that GLuc produce8-fidd higher BL signal than RLuc
or FLuc in mammalian cells.1,30 GLucM23 has roughlytimes higher BL intensity
over wild-type GLuc in mammalian cells, suggestingt this novel mutant GLuc could
have 10000-fold higher BL signal over RLuc and Flimegnammalian cells. Although
there was over 30-fold decrease in BL activity oePhos with GLuc and GLucM23 in
comparison with native coelenterazine, it seemsamable to assume that CoelPhos
together with GLucM23 would show stronger BL intéynpsover RLuc with
coelenterazine. Further investigation is requiredi¢ver, in order to be able to make a
direct comparison. Not only does the substrate ipieg of GLuc differ from other
coelenterate luciferases such Renilla and Oplophorus luciferase. GLuc has been
shown to contain two catalytic domains; both wittmikrly narrow substrate
specificities® Significant differences are also observed in tinetic properties. Unlike
other marine luciferases (RLuc, CLuc) which resptmdheir respective coelenterate
luciferin concentration in a linear non-cooperatianner, it was recently shown that
Gluc operates in a cooperative manner, possibly ariaallosteric mechanis.
Previous studies utilizing bioluminescence imadimgmonitoring of real-time protein
secretion showed the importance of the type of cameed. Exocytotic events of native
GLuc in CHO-K1 cells were visualized in real timettwa time resolution of 10 s.
However, the resolution of luminescence spots wa&g Which made if difficult to
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identify single exocytotic spots of luminescence ¢ the low luminescence sensitivity
of the camera us€d.In more recent studies the same group utilizedoserpowerful
EM-CCD which resulted in a 60-fold increase in &y which allowed for the
real-time monitoring of localization and dynamidspooteins on the surface of cells
with millisecond temporal resolutidi** Notwithstanding the fact that the CCD camera
employed in our imaging studies was inferior to eems utilized in the above
references in terms of quantum efficiency and sigmaoise, we were able to visualize
CoelPhos with GLucM23Mem at a sampling rate of Bence it is plausible to venture
that utilization of EM-CCD cameras with improved nsivity will allow for
bioluminescence imaging of CoelPhos with much impdbtemporal resolution and
luminescence sensitivity.

3 Conclusions

In conclusion, we have developed a cell-membrangeimeable coelenterazine
derivative, CoelPhos, as a potential tool for manmig membrane fusion events in
living cells. The derivative was constructed byyédking the phenolic hydroxyl group
at the 2-position of coelenterazine with an alkytkér containing a terminal
phosphonate group. While displaying 30-fold lessvdg with GLuc compared with
native coelenterazine, CoelPhos showed a high fspgcior GLuc over RLuc with a
30-fold higher activity. By utilizing a new mutafLuc, GLucM23, we were able to
image membrane-localized GLucM23 despite the loweninescence intensity of
CoelPhos. We demonstrated that CoelPhos has dedreal-membrane permeability
in comparison with native coelenterazine. Our prdbeelPhos, has the potential to be
used as a cell-impermeable bioluminescent toaifonitoring of exocytotic events.

Experimental
Materialsand I nstruments

General reagents and chemicals were purchasedSrgma-Aldrich Chemical Co. (St.
Louse, MO), Tokyo Chemical Industries (Tokyo, Jgpand Wako Pure Chemical
(Osaka, Japan) and were used without further patibn. Silica gel chromatography
was performed using BW-300 (Fuji Silisia Chemicatd.l. Greenville, NC).
pcDNA4™/TO/myc-His/lacZ was purchased from Life Maologies Corporation
(Japan) NMR spectra were recorded on a JEOL JNMeALiAstrument at 400 MHz for
'H and 100.4 MHz fol*C NMR, using tetramethylsilane as an internal statidMass
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spectra were measured on a Waters LCT-Premier Xds s@ectrometer for ESI or on a
JEOL JMS-700 for FAB. UV-visible absorbance specivare measured using a
Shimadzu UV1650PC spectrometer. High pressure digqtiromatography (HPLC)
analysis was performed with an Inertsil ODS3 colu@e x 250 mm, GL Science, Inc.
Torrance, CA) using an HPLC system that comprispdrap (PU2080, JASCO) and a
detector (MD2010 and FP2020, JASCO). PreparativeCGHas performed with an
Inertsil ODS3 column (10.0 x 250 mm)(GL Sciences)lmsing an HPLC system with
a pump (PU-2087, JASCO) and a detector (UV-20755G@). Bioluminescence was
measured in 96-optiplate multiwell plates (PerkmEt Co., Ltd.) using a Wallac ARVO
mx / light 1420 Multilabel / Luminescence countethnan auto-injector (PerkinElmer
Co., Ltd.). Bioluminescence imaging was performalizing an Olympus DP30 Cooled
Monochrome CCD Microscope Camera with a 60 x ohjedens. Coelenterazine was
synthesized as previously described and storeddaaM MeOH/HCI (<1%) solution
aliquotes in sealed glass ampulles at -86°¢!

Mutant GLuc

The cDNA for Gaussia luciferase (GLuc) was purchased from New Englamal&bos
Inc. The DNA sequence coding for GLuc without semaefor signal peptide (dspGLuc,
aal8- ) was amplified by PCR with primers contagrime sequence encoding Ndel site,
a bacterial periplasm localization signal (pelBYl athol site at the send and Pstl site
at the 3end. The entire cDNA of pelB-dspGLuc was clondd iNdel and Pstl sites of
PRSET; (Invitrogen), yielding pRSET-pelB-dspGLuc. For ot GLuc, The sequences
corresponding to dspGLuc were randomly mutatedrbyr@rone PCR, The sequence
for dspGLuc in pRSET-pelB-dspGLuc was replaced wittose PCR products
containing mutant dspGLuc. These plasmids werestoamed into JM109(DE3)
competent cells, then, spread on LB ampicillin gdatAfter each bacterial colony was
visible, each colony was picked and transferredwo new LB ampicillin plates,
sequentially. After colonies were grown, we pouB€duM coelenterazine containing
PBS solution on top of the plate. The colonies Whehowed bright luminescence were
picked and and evaluated by sequencing analysisbféned two mutants that showed
bright luminescence. Mutl contained K50E, M60L, MLZnutations, and Mut2
contained A36V, V113D mutations. We analyzed eatlthese mutations and found
these mutations showed additive effects. A contlwnaf these mutations resulted in
an even brighter GLuc mutant, which had K50E, M69IL13D, M1271 and G184D
mutations (GLucM23).
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Example of E.coli plate assay for gluc mutants screening
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gluc mutants used in this study
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Figure S1. Displaying types of mutant variations of GLuc gexted and their
respective activities.

Mammalian cell expression constructs

To make pCDNA3- GLuc-Venus-KDEL, the entire sequeatGLuc was amplified by
PCR with primers containing BamHI site, kozak semge(ccacc) before start codon at
the B end and BspEl site, KDEL for endoplasmic reticullacalization signal sequence,
stop codon and EcoRI site at theeBd. This PCR product was cloned into BamHI and
EcoRl site of pcDNAS3 vector (Invitrogen). This phaisl was then cut by BspEl and the
cDNA of Venus fluorescent protein containing BspEl site and '3Agel site was
inserted. To make pDisplay-mKO-GLucM23, the entireequence of
mKusabira-Orange (mKO) was amplified by PCR witimar containing BamHI site at
the B end and Bglll site at the 8nd. The sequence of dspGLucM23 was also amplified

18



by PCR with primers containing Bglll site at theeid and Pstl site at the 3'end. Two
PCR products were ligated and cloned into Bglll &wsdl sites of pDisplay vector
(Invitrogen). pDisplay-mKO-GLuc was constructedaisimilar fashion.

General experimental detailsfor cell-cultures

HelLaS3 cells were maintained in Dulbecco’s Modifieagle Medium (DMEM)
(Invitrogen), supplemented with 10% fetal bovineuse (FBS) at 37°C under 5% GO
Transfection: Optimem (Invitrogen) solutions containing lipof@mine 2000
(Invitrogen) and plasmid DNA were added to HeLa®8 cultures and incubated at
37°C under 5% Cg&for 24 h. Cells were then washed three times RBIS, trypsinized,
washed with Leibovitz's L-15 medium, then resuspmehth black 96-well optiplates
(PerkinElmer) and incubated at 37 °C in luminomégarkinElmer).

Preparation of secreted Gaussia luciferase

HEK293T cells maintained in DMEM (no phenol redpplemented with 10% FBS and
transfected with pCM-GLuc (New England Biolabs) gv@rcubated at 37 °C under 5%
CO, for 24 h. The cell-medium was carefully transfdri® a separate tube, and
centrifuged. The supernatant was aliquoted an@dtatr —80 °C.

Preparation of Renilla luciferase cell lysate

HEK293T cells transfected with pRL-TK at 37 °C un8&6 CQ for 24 h were washed
with PBS (0.1 M, pH 7.4). 80QL lysate buffer (20 mM Tris buffer (pH 7.4) 150 mM
NacCl), containing a mixture of protease inhibitPSMF (1 mM), Leupeptin (~ g /
ml), and Pepstatin (~ &g / ml). The suspension was frozen in liquid nigngand
dethawed 3 times, followed by centrifugation atA®@pm at 4 °C for 30 min. Protein
concentration was determined by Bradford assag74ig / mL.

Determination of Relative and Maximum Luminescence of Coelenterazine
Derivativeswith GLuc

To a solution of 1L GLuc in 90uL PBS (pH 7.4, 20 mM EDTA, 0.02% Tween20)
was added a buffer solution of coelenterate sules(d®OuL, 10 uM) via auto-injector
(Final concentration fM). Luminescence was measured for 60 s at 1 svialter

Determination of Redative and Maximum Luminescence of Codenterazine

Derivativeswith RLuc
To a solution of Rluc (12.5g / mL) in 100uL Tris buffer (20 mM , pH 7.6), 10 mM
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EDTA) was added a buffer solution of coelenteratbstrate (10QuL, 10 uM) via
auto-injector (Final concentrationBM). Luminescence was measured for 20 s at 1 s
intervals.

Bioluminescence Imaging

HeLaS3 cells in glass-bottom dishes were transfected with pDisplay-mKO-GLuc,
pDisplay-mKO-GlucM23, or pcDNA3-GLuc-Venus-KDEL and incubated at 37°C under
5% COq for 20 h. Cells were washed with Hank’s balanced salt solution (HBSS) and
suspended in 100 pL. HBSS (covering the central glass bottom part of the dish).
Coelenterazine or CoelPhos in HBSS (1000 pL, 25 uM) was added to the glass-bottom
dish (final concentration 22.7 uM) and luminescence was recorded at set exposure times.
Fluorescence microscopic images were obtained before addition of coelenterate
substrate (mKO: ex/em: 548/561; 200 ms; Venus Ex/Em: 515/528; 300 ms).

2. Syntheses of Compounds

1. Synthesis of coelenteramine and a-ketoacetal.

3-benzyl-5-bromo-2-pyrazinamine (5)

To a solution of benzylmagnesium chloride (2.0 My L, 5.20 mmol) in THF (10
mL) was added zinc chloride inZ&t (1.0 M, 5.7 mL, 5.70 mmol) at room temperature
under argon. The resulting turbid mixture was stirrfor 30 min, after which
bis(triphenyl phosphine)palladium (II) dichloride83 mg, 0.12 mmol) and
2-amino-3,5-dibromo-pyrazine (600 mg, 2.37 mmol)swadded. The reaction was
stirred for 3 days at room temperature. The reaatixture was poured into water and
extracted with EtOAc. The combined organic layeswaashed with brine, dried over
anhydrous sodium sulfate, and concentraitedvacuo. Purification by silica gel
chromatography (25% EtOAc / hexane) afforded 525 (h@®9 mmol, 84%) of
3-benzyl-5-bromo -2-pyrazinaminé)( *H-NMR (400 MHz, DMSO-¢) & 7.96 (s, 1H)
7.26-7.14 (m, 5H) 4.01 (s, 2H) ESI-MS: calc: 264 fa2ind: 264.00 [M+H].

3-benzyl-5-(4-tert-butyldimethylsilyloxyphenyl)-2-pyr azinamine (6)

To a suspension of bis(benzonitrile)dichloro paliad (44 mg, 0.11 mmol) in toluene
(5 mL) was added 1,4-bis(diphenyl- phosphino)butés® mg, 0.12 mmol) and the
mixture was stirred for 30 min under argon at rodemperature. 5-benzyl-
5-bromo-2-pyrazinamine 5§(519 mg, 1.97 mmol), 4tdrt-butyldimethylsilyloxy)-
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phenylboronic acid (656 mg, 2.60 mmol), toluene (bQ), ethanol (1 mL), and
aqueous sodium carbonate (1 M) were added seqlieaia the mixture was refluxed
for 24 h. After cooling down to room temperature tleaction mixture was poured into
water and extracted with EtOAc. The combined orgdayer was washed with brine,
dried over anhydrous sodium sulfate, and concesttiatvacuo. Purification by silica
gel chromatography (20-30% EtOAc / hexane) affor688 mg (1.63 mmol, 83%)
3-benzyl-5-(4tert-butyldimethyl- silyloxyphenyl)-2-pyrazinaminé)(as a pale yellow
solid. '"H-NMR (400 MHz, (CR).C0O) & 8.36 (s, 1H) 7.88 (d) = 8.0 Hz, 2H) 7.35
(d, 3J = 8.0 Hz, 1H) 7.28 (m, 2H) 7.20 (d¥l = 8.0 Hz, 2H) 6.93 (d’J = 8.0 Hz, 2H)
4.16 (s, 2H) 1.00 (s, 9H) 0.23 (s, 6H); ESI-MStc&92.22; found: 392.18 [M+H]

4-(tert-butyldimethylsilyloxy)phenylmethanol (7)

To a solution of 4-hydroxybenzaldehyde (5.75 g,14mmol) and imidazole (6.45 g,
94.8 mmol) in anhydrous GBI, (60 mL) was added TBDMSCI (7.88 g, 52.28 mmol)
and was stirred overnight at room temperature uadeargon atmosphere. The reaction
mixture was poured into water washed with water kride. The organic layer was
dried over anhydrous sodium sulfate and the solweag removedn vacuo and the
residue was dried over nightt To a solution of thaude 4-{ert-
butyldimethylsilyloxy)benzaldehyde in methanol wadded sodium borohydride (2.24
g, 59.1 mmol) at 0 °C. The ice-bath was removed thedsolution was stirred under
argon for 2 h. Reaction was quenched by additiobrioie. MeOH was evaporated and
water was added. The aqueous layer was extractbdBs®Ac. The organic layer was
washed with brine, dried over sodium sulfate andceatratedn vacuo, followed by
purification by silica gel chromatography (30% Et©Ahexane) to afford 9.709 g (86%
for 2 steps) of 4tért-butyldimethylsilyloxy)phenylmethanol7) as a pale yellow
viscous oil.*H-NMR (400 MHz,CDC}) & 7.22 (d,*J = 8.6 Hz, 2H) 6.82 (fJ = 8.6 Hz,
2H) 4.60 (s, 2H) 0.99 (s, 9H) 0.20 (s, 6H).

4-(tert-butyldimethylsilyloxy)benzyl chloride (8)

To solution of 44ert-butyldimethylsilyloxy)phenylmethanol7§(10.6 g, 41.3 mmol) in
CH.Cl;(~50 mL) at 0 °C under argon was added thionyl ritiéo(4.6 mL, 63.0 mmol)
dropwise. The reaction mixture was stirred for @rd poured into water. The organic
layer was washed with water ample times, followgdbbne. The organic layer was
dried over sodium sulfate and evaporated vacuo. Purification by silica gel
chromatography (10% EtOAc / hexane) to afford 8681 %) of 4-{ert-butyl-
dimethylsilyloxy)benzyl chloride8). *H-NMR (400 MHz,CDC}) & 7.26 (d,2J = 8.6 Hz,
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2H) 6.83 (d,*J = 8.6 Hz, 2H) 4.57 (s, 2H) 1.00 (s, 9H) 0.22 (d).6°C-NMR (100
MHz, CDCL) 5 155.89, 130.29, 129.96, 120.26, 46.29, 25.64,9184144.

3-(4-(tert-butyldimethylsilyloxy)phenyl)-1,1-diethoxyacetone (9)

To magnesium turnings (4.29 g, 176.5 mmol) (vigstguwstirred under argon for 3
days) was added 4eft-butyldimethyl- silyloxy)benzyl chloride8}(8.60 g, 33.5 mmol)
in anhydrous THF, followed by additional THF (~ BL), and 1,2-dibromo- ethane (50
uL, 0.58 mmol). The reaction mixture was sonicat@dsf mins, and heated at 50 °C for
1 h. The dark grey reaction mixture was allowedcdol to room temperature. To a
separate reaction flask was added ethyl diethoxsec€3.0 mL, 44.7 mmol) and THF
(~10 mL) and cooled to -78 °C (dry ice / acetonejler argon. The Grignard reagent
was added via syringe over 30 mins and the reaatiature was allowed to stir for 6 h,
followed by addition of water (25 mL) and the reactmixture allowed to warm to
room temperature. Additional water was added aricheted with EtOAc. The organic
layer was washed with brine, dried over sodiumagelfand concentratéd vacuo. The
crude pale yellow oil was purified by silica gelroatography (10% EtOAc / hexane)
to afford 554 g (157 mmol, 47%) of 3-(dt-butyldimethylsilyloxy)-
phenyl)-1,1-diethoxy aceton®)(as a pale yellow oiH-NMR (400 MHz, CDC}) &
7.07 (d,%3 = 8.0 Hz, 2H) 6.78(cfJ = 8.0 Hz, 2H) 4.62 (s, 1H) 3.80 (s, 2H) 3.70-3(&1

2 x 2H) 1.24 (t33 = 7.0 Hz, 6H) 0.97 (s, 9H) 0.18 (s, 6HIC-NMR (100 MHz, CDG))

6 203.6, 154.5, 130.7, 126.3, 120.1, 102.1, 63.31,4%.7, 18.2, 15.1, -4.5. ESI-MS:
calc: 370.2408; found: 370.3069 [M+N.

3-(4-hydroxyphenyl)-1,1-diethoxyacetone (10)

To 0 °C cooled solution of 3-(4eft-butyldimethylsilyloxy)phenyl)-1,1- diethoxy
acetone 9(1.50 g, 4.25 mmol) in THF (10 mL) under argon waslded
tetran-butylammonium fluoride (1.0 M in THF, 2.2 mL, 2n2mol). After 30 min, the
reaction was quenched with saturated aqueous sodhlaride and extracted with
CH.Cl,. The combined organic layer was dried over anhysireodium sulfate and
concentratedn vacuo. Purification by silica gel chromatography affodd®4 mg, (3.96
mmol, 93%) of 3-(4-hydroxyphenyl)-1,1-diethoxyaaeo'H-NMR (400 MHz, CDC})

§ 7.26 (d,°J = 8.0 Hz, 2H) 6.78 (J = 8.0 Hz, 2H) 4.69 (s, 1H) 4.63 (s, 2H) 3.82 (s,
2H) 3.72-3.53 (m, 2 x 2H) 1.25 (t, 6H). ESI-MS: cak56.1543; found: 256.1663
[M+NH4]".

2. Synthesisof 2 and 6-OBn-TEG-CTZ.
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.13-bromo-1-phenyl-2,5,8,11-tetr aoxatridecane (12)

Sodium hydride (60% in mineral 0il)(839 mg, 20.98nol) was added to a cooled
reaction flask containing anhydrous DMF under argdme mixture was stirred for 10
minutes, after which the ice-bath was removed d@dmixture was stirred at rt for
another 15 min. The mixture was cooled with an atiebfollowed by dropwise addition
of benzyl bromide (2.3 mL, 19.34 mmol). Reactiorximie was concentrated vacuo,
followed by silica gel chromatographyEtOAc to affdd (3.34 g, 11.61 mmol, 67%) as
a colorless oil. To a solution of triphenylphos@hif856 mg, 3.26 mmol) and carbon
tetrabromide (1088 mg, 3.28 mmol) in anhydrousClkunder argon was add&d592
mg, 2.08 mmol). The reaction mixture was refluxed I8 h. Reaction mixture was
concentratedn vacuo. silica gel chromatography ((1:1) EtOAc / hexatefford 12
(483 mg, 15.7 mmol, 79% over two steps) as a amdsrloil. 1H-NMR (400 MHz,
CDCl) & 7.35-7.34 (m, 5H) 4.57 (s, 2H) 3.72-3.59 (m, 16HAB: Calculated:
540.0879; Found: 540.0887 [M+Na] ESI-MS: Calculated: 540.0879; Found:
540.1243[M+Nal.

3-benzyl-5-(4-(1-phenyl-2,5,8,11-tetr aoxatr idecan-13-yloxy)phenyl)pyrazin-2-amin

e (13)

To an ice-cooled solution of
3-benzyl-5-(4tert-butyldimethylsilyloxyphenyl)-2-pyrazinamine 6 (80 mg, 0.20
mmol) in anhydrous THF under argon was adachbutylammonium fluoride (166L,
0.16 mmol) in THF. After 1 stirring for 1 h the ategn was quenced with brine, poured
into water and extracted with EtOAc. The combinedaaic layer was washed with
brine, dried over anhydrous sodium sulfate, andceotratedin vacuo. The resulting
residue was subjected to silica gel chromatogrghyl) EtOAc / Hexane), affording
crude coelenteramine (~56 mg, 0.2 mmol). To a a&ed solution of sodium hydride
(60% in mineral oil)(18 mg, 0.45 mmol) in anhydrol8MF (5 mL) was added
coelenteramine (55 mg, 0.2 mmol) and the reactioxture was stirred for 30 min.
12-bromo-1-benzyl-tetraethylene glycol (170 mg,90mmol) in DMF (5 mL) was
added dropwise. The ice-bath was removed and Hutioe mixture was stirred at rt for
4.5 h, after which the reaction was quenched wiito 2NH,Cl. The reaction mixture
was diluted with water and extracted with EtOAceTdombined organic layers were
washed with brine, dried over anhydrous sodiumaselfand concentratad vacuo.
The resulting residue was subjected to silica coluwhromatography (2% MeOH /
CH,CL,) to afford the desired produt8 (58 mg, 55% over two stepsH-NMR (400
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MHz, CDCk) & 8.31(s, 1H) 7.85 (d, 2HJ = 8.0 Hz) 7.33-7.25 (m, 10H) 6.98 (,=
8.0 Hz, 2H) 4.55 (s, 2H) 4.46 (s, 2H) 3.86 (t, Z4J4-3.61 (m, 14H)"C-NMR (100
MHz, CDCk) 6 158.90, 151.29, 142.38, 140.40, 138.22, 136.82,753 130.10, 128.91
128.55, 128.32, 127.71, 127.56, 126.96, 126.90,8¥14r3.18, 70.81, 70.61, 69.68,
69.39, 67.44, 41.15. ESI-MS: Calculated: 544.280&)nd: 544.2834 [M+H] FAB:
Calculated: 543.2733; Found: 543.2722 [M]
1,1-diethoxy-3-(4-(1-phenyl-2,5,8,11-tetr aoxatr idecan-13-yloxy)phenyl)propan-2-on
e(14)

A solution of 3-(4-hydroxyphenyl)1,1-diethoxyace¢orflO) (100 mg, 0.42 mmol),
CsC0O5(202 mg, 0.62 mmol), ant (217 mg, 0.62 mmol) in anhydrous MeCN (5 mL)
was refluxed under argon for 3 h. The reaction unxtwas poured into water and
extracted with EtOAc. The combined organic layeswashed with brine and dried
over anhydrous sodium sulfate. The mixture was eotmatedin vacuo, followed by
purification by silica gel chromatography (40% Et©AHexane) to yield4 (154 mg,
0.31 mmol, 73%)*H-NMR (400 MHz, CDC}) § 7.34-7.33 (m, 5H) 7.11 (d) = 8.4 Hz,
2H) 6.85 (d,2J = 8.4 Hz, 2H) 4.62 (s, 1H) 4.56 (s, 2H) 4.10 ) 3.83 (t, 2H) 3.81 (s,
2H) 3.73-3.67 (m, 12H) 3.68-3.52 (m, 4H) 1.243¢= 7.2 Hz, 6H).*C-NMR (100
MHz,CDCk) 6 203.47, 157.69, 138.21, 130.65, 128.30, 127.68,522 125.83, 114.60,
102.14, 73.16, 70.75, 70.59, 69.66, 69.37, 67.1326 42.80, 15.11. ESI-MS:
Calculated: 522.3061; Found: 522.2361 [M+JH

6-OBn-TEG-CTZ (2)

A solution of13 (55 mg, 0.10 mmoland9 (73 mg, 0.21 mmol) in 1,4-dioxane (5 mL)
and 6N HCI (0.5 mL) was refluxed under argon forl24The reaction was allowed to
cool to rt and concentrateish vacuo. Silica gel chromatography, (3-6 % MeOH /
CH,Cl,) afforded the desired produtOBn-TEG-CTZ (2) as a dark red solid (14 mg,
0.02 mmol, 20 %)'*H-NMR (400 MHz, CROD) & 7.67 (s, 1H) 7.38 (m, 2H) 7.31-7.15
(m, 10H) 6.78 (d3J = 8.4 Hz, 2H) 6.72 (£J = 8.0 Hz, 2H) 4.52 (s, 2H) 4.41 (s, 2H)
4.13 (m, 2H+2H) 3.85 (t, 2H) 3.70-3.61 (m, 12#JC-NMR (100 MHz, CDCJ) &
160.77, 156.27, 138.76, 136.92, 131.35, 130.90,453@29.85, 129.48, 129.33, 128.93,
128.81, 128.44, 128.28, 127.81, 125.91, 115.87,68]1573.78, 73.12, 71.29, 71.11,
70.25, 70.05, 68.18, 61.78, 30.25. ESI-MS: Calenlat90.3174; Found: 690.3279
[M+H] "
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2-OBn-TEG-CTZ (3)

A solution of2 (51 mg, 0.13 mmoland10 (124 mg, 0.25 mmol) in 1,4-dioxane (5 mL)
and 6N HCI (0.5 mL) was refluxed under argon forhl4The reaction was allowed to
cool to rt and concentrateish vacuo. Silica gel chromatography, (5-10 % MeOH /
CH.Cl,) afforded the crude desired product (38.5 mg). i#sedue was further purified
via RP-HPLC (HO (0.1 % formic acid) / MeCN (0.1 % formic acid$(:40 — 70:30,
4.7 mL/min; column: ODS-3). The combined fractiomsre lyophilized, yielding the
desired produc2-OBn-TEG-CTZ (3) as a red solid (15 mg, 0.02 mmol, 17%).
'H-NMR (400 MHz, CDC}) 6 7.64 (s, 1H) 7.32 (m, 2H) 7.25-7.07 (m, 10H) 6(68
2H,%J=8.4 Hz) 6.72 (d®J = 8.0 Hz, 2H) 4.54 (s, 2H) 4.41 (s, 2H) 4.02 (iH, 2 2H)
3.84 (t, 2H) 3.68-3.58 (m, 12HJC-NMR (100 MHz, CDGJ) & 158.77, 155.35, 137.56,
134.92, 129.64, 130.40, 130.25, 129.85, 129.68,262928.73, 128.51, 128.34, 128.26,
127.14, 125.68, 115.41, 114.55, 73.67, 73.08, 712401, 70.04, 70.01, 68.28, 60.75,
30.15. ESI-MS: Calculated:690.3174; Found: 690.24M%H]*. FAB: Calculated:
689.3101; Found: 689.3088 [K]

3. Synthesis of CoelPhos

Comment: Initially installing of a propylphosphoeadt the 2-position of coelenterazine
was perceived as a suitable candidate compound. eHaw alkylation of the
a-ketoacetall0 with 3-bromopropylphosphonate proved difficult kviformation of
several side products (data not shown). Interdstinglkylation of 10 with
1,3-dibromopropane gav& which could be separated from the undesired sideéucts
more easily. Alkylation ofl0 with ethyl 4-bromobutyrate has been reported presly}
which also resulted in a poor yield. On the othend alkylation oflO with PEG linker
12 gaveld in a satisfactory yield, suggesting stereochemistrige an important factor
in the general alkylation df0.. Hence we modified our synthetic route by consnde
converting the propyl bromid&7 into the propyl azidel8, which would allow for
diversification via copper(l)-catalyzed azide-alkyrHuisgen cycloaddition. In our
initial attempt to form the 1,2,3-triazole betwesh and 18, we utilized the common
solvent system pOABUOH (1:1)? however in our hands hardly any product was
formed. When we applied a two-phase solvent sygtés®/CH,Cl, (1:1)), which has
been shown to improve reaction kineficgave the desired 1,2,3-triazal® in very
good vyield.

Dimethyl hydroxymethylphosphonate (15)

To a solution of paraformaldehyde (1.27 g, 42.4 Mnmotrimethyl phosphite (5 mL,
42.3 mmol) was added triethylamine (0.6 mL, 4.30 oh)nunder argon and was
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refluxed at 130 °C for 3 h. Volatiles were removadvacuo. The crude residue was
purified by silica gel chromatography (4-5% MeOMtOACc) to afford 697 mg (4.98
mmol, 12%) of dimethyl hydroxyl- methylphophonatel5y *H-NMR (400
MHz,CDCk) & 3.96 (m, 2H) 3.81 (d®J = 8 Hz, 6H);"*C-NMR (100 MHz, CDG)) 5
56.4 (d, J = 162.1 Hz) 53.1 (d, J = 6.6 HZP-NMR (162 MHz, CDG)) single peak.
ESI-MS: calc: 141.0311, found: 141.0473 [M+H]

Dimethyl (prop-2-ynyloxy)methylphosphonate (16)

To -78 °C cooled solution of dimethyl hydroxymetblypbsphonatel6)(172 mg, 1.23
mmol) in THF (2 mL) was added sodium hydride (96, g0 mmol) and allowed to
stir for 1.5 h. A solution of propargyl bromide Z0nL, 1.85 mmol) in THF (1 mL) was
added dropwise via syringe. The reaction was kiftirey for 14 h. The reaction was
guenched with ammonium chloride and the solvent exagporated. Water was added
and extracted with C}€l,. The combined organic layer was washed with brinesd
over anhydrous sodium sulfate, and concentrateehcuo. Purification by silica gel
chromatography (3-4% MeOH / EtOAc) afforded 76 agt8 mmol, 35%) of dimethyl
(prop-2-ynyloxy)methylphosphonateld) as a colorless oil'H-NMR (400 MHz,
CDCly) & 4.28 (m, 2H) 3.92 (& = 12Hz, 2H) 3.82 (d®J = 8 Hz, 6H) 2.51 (m, 1H);
3C-NMR (100 MHz, CDCJ) 5 78.1, 76.0, 63.2 (d, J = 167.1 Hz) 60.1 (d, J O Hg)
53.1 (d, J = 6.5 Hz)''P-NMR (162 MHz, CDG)) single peak. ESI-MS: calc: 179.0468,
found: 179.0625 [M+H].

3-(4-(3-bromopropoxy)phenyl)-1,1-diethoxyacetone (17)

To a solution of 3-(4-hydroxyphenyl)-1,1-diethoxgémne 10) (952 mg, 4.00 mmol)
and CsCQO; (1411 mg, 4.33 mmol) in anhydrous acetonitrile (@0) under argon was
added 1,3-dibromopropane (2 mL, 19.7 mmol) by g&inThe solution was heated at
100 °C for 3 h. After cooling to room temperatune teaction mixture was filtered and
washed with EtOAc and evaporated to dryness. Theltneg residue was partitioned
between water and EtOAc and the aqueous layer whacted with EtOAc. The
combined organic layer was washed with brine, doedr anhydrous sodium sulfate
and concentratén vacuo. Purification by gradual silica gel chromatograp(®yl10%
EtOAc / hexane) afforded 510 mg (1.42 mmol, 35%) & (4-(3-
bromopropoxy)phenyl)-1,1-diethoxyacetonkr)( as a pale yellow oil'H-NMR (400
MHz, CDCk) & 7.12 (d,%J = 8.0 Hz, 2H) 6.86 (®J = 8.0 Hz, 2H) 4.63 (s, 1H) 4.09 (t,
3)=8.0 Hz, 2H) 3.83 (s, 2H) 3.70 (m, 2H) 3.60 (H) 3.55 (m, 2H) 2.31 (m, 2H) 1.25
(t, %3 = 8.0 Hz, 6H);"*C-NMR (100 MHz, CDCJ) & 203.5, 157.6, 130.8, 126.0, 114.6,
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102.3, 65.2, 63.4, 42.8, 32.4, 30.1, 15.2.

3-(4-(3-azidopropoxy)phenyl)-1,1-diethoxyacetone (18)

To a solution of 3-(4-(3- bromopropoxy)phenyl)-Hiethoxyacetone 1) (268 mg,
0.75 mmol) in anhydrous DMF, (~2 mL) was added sodium azi@enfg, 1.20 mmol)
and the reaction was heated at 50 °C for 12 h.r&hetion was allowed to cool to room
temperature, poured into water, and extracted &iAc. The combined organic layer
was washed with brine and dried over anhydroususodiulfate, and concentrateu
vacuo. Purification by silica gel chromatography (10%0Btc / hexane) afforded 187
mg (0.58 mmol, 76%) of 3-(4-(3-azidopropoxy)pherl|]l-diethoxyacetone 18).
'H-NMR (400 MHz,CDC}) & 7.12 (d,2J = 8.0 Hz, 2H) 6.85 (cfJ = 8.0 Hz, 2H) 4.62 (s,
1H) 4.03 (s, 2H) 3.70 (8 = 7.2 Hz, 2H) 3.54 (m, 4H) 2.04 {] = 5.6 Hz, 2H) 1.25 (t,
%) = 6.6 Hz, 6H)."*C-NMR (100 MHz, CDGCJ) 5 203.5, 157.6, 130.8, 126.0, 114.6,
102.3, 64.5, 63.4, 48.3, 42.8, 28.8, 15.2. ESI-M&c: 339.2027; found: 339.2164
[M+NH4]".

Dimethyl((1-(3-(4-(3,3-diethoxy-2-oxopropyl)phenoxy)propyl)-1H-1,2,3-triazol-
4-yl)methoxy)methylphosphonate (19)

To a solution of 3-(4-(3-azidopropoxy)phenyl)-1jettioxyacetonel8) (94 mg, 0.29
mmol), dimethyl (prop-2-ynyloxy) methylphosphongtt) (61 mg, 0.34 mmol) in
water (1 mL) and dichloromethane (1 mL) was addmaper (I) sulfate (2.8 mg, 0.02
mmol), and sodium ascorbate (13.6 mg, 0.09 mmobhe Teaction mixture was
vigorously stirred for 12 h, poured into water andracted with dichloromethane, dried
over sodium sulfate, and concentrated vacuo. Purification by silica gel
chromatography afforded 129 mg (0.26 mmol, 88%) dimethyl
((1-(3-(4-(3,3-diethoxy-2-oxopropyl)phenoxy)propytiH- 1,2,3-triazol-
4-yl)methoxy)methylphosphonat&9) as a viscous oitH-NMR (400 MHz, CDC}) &
7.60 (s, 1H) 7.12 (3 = 8.4 Hz, 2H) 6.83 (d’J = 8.4 Hz, 2H) 4.75 (s, 2H) 4.63 (s, 1H)
458 (t,) = 7.2 Hz, 2H) 3.96 (£J = 5.6 Hz, 2H) 3.88-3.83 (m, 4H) 3.78 {d,= 10.8
Hz, 6H) 3.71 (m, 2H) 3.56 (m, 2H) 2.39 (m, 2H) 1@5%] = 6.8 Hz, 6H);"*C-NMR
(100 MHz, CDC}) & 203.4, 157.3, 143.8, 130.9, 126.3, 123.5, 105683, 63.2 (d>J

= 167.0 Hz) 63.9, 63.4, 53.0, 47.1, 42.6, 29.91 18P-NMR (162 MHz, CDG)) single
peak. ESI-MS: calc: 500.2156; found: 500.1754 [M*%H]

((1-(3-(4-((8-benzyl-6-(4-hydroxyphenyl)-3-oxo-3,7-dihydroimidazo[ 1,2-a] pyr azin-2
-yl)methyl)phenoxy)propyl)-1H-1,2,3-triazol-4-yl)methoxy)methylphosphonate
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CoelPhos

To a solution of19 (80 mg, 0.16 mmol) in 1,4-dioxane (1 mL) was adée®3 mg,
0.16 mmol). To this mixture was added 6 N Hg&(100 pub) and the solution was
thoroughly flushed and kept under an argon atmaspfde reaction mixture was then
heated to 110 °C and stirred for 5-6 h. The darktuné was allowed to cool to room
temperature and the solvent was evaporated. Reactixture was purified by
reverse-phase HPLC (100 mM triethylammonium acetatetonitrile; 90:10- 40:60,
4.7 mL/min; column: ODS-3). Collected fractions wesoncentrated, combined, and
lyophilized to give produc€oelPhosas the triethylammonium salt (11 mg, 9% vyield).
'H-NMR (400 MHz, CRQOD) & 7.94 (s, 1H) 7.70 (s, 1H) 7.50 @,= 8.8 Hz, 2H) 7.35
(d, 3J = 7.6 Hz, 2H) 7.23-7.11 (m, 7H) 6.82 {d,= 8.8 Hz, 2H) 6.75 (¢J = 9.0 Hz,
2H) 4.62 (s, 2H) 4.53 (£J = 7.0 Hz, 2H) 4.34 (s, 2H) 4.04 (s, 2H) 3.891t= 6.0 Hz,
2H) 3.56 (d,3J = 9.6 Hz, 2H) 2.28 (m, 2H}°*C-NMR (100 MHz, CROD) & 159.52,
158.50, 146.07, 139.17, 133.63, 130.82, 129.85,512929.14, 128.57, 127.73, 125.44,
125.40, 116.84, 115.45, 108.48, 69.43, 67.85, 6&6&4, 65.57, 47.53, 36.71, 33.02,
31.09, 29.43, 23.85, 9.26. HRMS:ESI-MS: calc: 6322 found: 657.3062 [M+H]
3P NMR (162 MHz, CROD, single peak. H-H COSY (400 MHz, @DD)(Figure S2)

15
3
0

Figure S2. H-H-COSY diagram of CoelPhos
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Chapter 2.1. Development of Luminescent
Coelenterazine Derivatives Activatable [alactosidase

for Monitoring Dual Gene Expression
(Chem. Eur. J. 2013)

BLI with coelenterate substrates suffers from salvadrawbacks, including a
blue-shifted emission spectrum which is unfavordbltewhole animal imaging due to
light attenuation by tissues. In addition it hagmehown that MDR1 P-glycoprotein
can actively transport coelenterazine out of c8lioelenterazine is also very
unstabld? with a half-life of 15 min at 37 °€ Its utility is further compromised by its
proneness to bind to serum albumin and other Bitriproteins, which have been shown
to catalyze the oxidation of coelenterazine, givirsg to background noise, BLI with
cellular assay¥’

It has been shown that the substituent at the GRipo of coelenterazine plays a
major role in its stability and auto-oxidatidh® Introduction of —CF at the para
position of the C2-benzyl group increased the Btgabof coelenterazine against
auto-oxidation, but also resulted in a significdatrease in bioluminescence actitty.
Coelenterazine can also be stabilized by introduprotecting groups at the 3-carbonyl
position of the imidazpyrazinone ring of coelenzéma®® The protecting groups are
then cleaved by intracellular esterases and lipesssting in a longer half-life and a
lower rate of auto-oxidation. However, it has besiggested that different cell lines
may give different results as the type and leveadsiérases vary with each cell line, thus
leading to a lower or higher light outgtt.In addition, as cellular esterases are
ubiquitous in most cells, undesired non-selectil@avage of the ester groups in
non-targeted cells could lead to background noise.
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Figure 1. Chemical structures of coelenterazine, Diaphus Preluciferin and the two

galactose-conjugated coelenterazine derivatives reported herein.

OH OH

@i /@i jgj

Caged-Coelenterazine Coelenterazine

(/c’fe

795,
e Luciferase

~470-490 nm
Scheme 1. The concept of Sequential Reporter-enzyme Lumimesc€SRL) applied to
coelenterazine. SRL allows monitoring the actifya separate enzyme by making the
luminescence generated from the oxidation of caetamine by its luciferase dependent
on the activity of that enzyme. By installing a iteggroup on coelenterazine it cannot
react with its luciferase, but in the presenceeplasate enzyme, the caging group can be
cleaved and free coelenterazine is generated, wbkidubsequently oxidized by its
luciferase to generate light.

To capitalize on the advantages of coelenterate luciferases, while addressing their
limitations, we adopted sequential reporter-enzyme luminescence (SRL) imaging
technology.'0) SRL allows imaging of another enzyme by making luminescence

dependent on the activity of that enzyme thorugh the use of a caged luciferin substrate
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(Scheme 1). SRL has been used to image B-galactosidase (B-Gal) activity, a widely used
reporter enzyme, using the D-luciferin-B-galactose derivative, Lugal.ll Herein we
report two new coelenterazine-B-galactose conjugates as new potential tools for wide
array of applications including monitoring of dual-gene expression, enzyme activity, and
high-throughput screening. It has also been suggested that SRIL could enable
applications in toxicology, pharmacology, and in organ and tissue physiology and

pathology.[12]

Design, Synthesisand Properties of bGalCoel

Initial probe design strategy was based on theipusly reported natural Diaphus
Preluciferin (3-enol glucuronide from figh¥ by conjugating #-galactose molecule to
coelenterazine at the 3-position. bGalCoel was h&gited in four steps from
coelenterazine (Scheme 2). Following per-acetybatad coelenterazine, selective
deacetylation at the 3-position of the Imidazo pyrane ring was accomplished by
addition of 1% NH in MeOH to2 in CH,Cl, at 0 °C* Subsequently, 2,3,4,6-teté-
acetyla-D-galactopyranosyl bromide was added3tan DMF to give4 as the main
product. After standard deacetylation with sodiustimoxide in MeOH, bGalCoel was
purified via reverse phase-HPLC.

H—Q AcO. H_©70AC e} OAc
— A\
N_N NN
(] B b ]
— N
A H
AcO AcO
2 ;

OAc
(0]
AcO o ﬂom
| NN _N
AcO
4

bGaICoeI
Scheme 2. Synthesis of bGalCoel. a) A8, DMAP, 76%; b) 1% Nkl in MeOH,

CH.Cl,, quant.; c) 2,3,4,6-tetr@-acetyla-D-galactopyranosyl bromide, &30;, DMF,
48%; d) NaOMe, MeOH, 44%.

Next, the luminescent properties of bGalCoel weraliated in comparison with
native coelenterazine. bGalCoel displayed glow-tioetics in presence @Gal and
GLuc (Figure 2a) with an average signal half-life/@ min (Figure 3). GLuc is known
to exhibit flash-type kinetics with coelenterazingith a half-life of only a few
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second$'® The luminescent signal of bGalCoel did not returasal levels even after
3 h, making a direct comparison with native coedeatine very difficult in terms of
relative signal output. Relative bioluminescencivay of bGalCoel was 11% of that

of coelenterazine after a photoncount of ~10 mimgi& luminometer (Figure 2c).
The observed glow-type luminescence of bGalCoejjssigd slow cleavage kinetics of
B-galactosidase. HPLC studies further showed tleatldgavage reaction of
B-galactosidase with bGalCoel was very slow, withstmof the substrate remaining
intact even after 8 h (Figure 4).

o
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Figure 2. Kinetic profile and relative bioluminescence adinof bGalCoel (a) cleavage
by B-galactosidase measured by light outpuGafissia luciferase; Reaction conditions:
5 uM bGalCoel, 2 UB-galactosidase, 3 mM Mgg lGaussia luciferase, 0.1 M PBS (pH
7.4); Total light output measured in luminomete? E.x 100). (b) Relative light output
of bGalCoel versus native coelenterazine (CTZ).

bGalCoel coelenterazine
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Figure 3. (Left) Extended kinetic luminescence profile of bGalCoel; cleavage by
B-galactosidase measured by light output of GLuc (left); Reaction conditions: 5 pM
bGalCoel, 2U B-gal, 3 mM MgCls, Gaussia luciferase, 0.1 M PBS (pH 7.4); Total light
output measured in luminometer (100 s for 100 repeats). (Right) Cleavage reaction of
bGalCoel with B-gal, monitored by HPLC. Reaction conditions: 100 pM bGalCoel, 8U
B-gal, 3 mM MgCls, 1% DMSO in PBS buffer (0.02% Tween) (pH 7.4) at 37°C.
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Design, Synthesis and Properties of bGalNoCoel

Due to slow kinetics in the cleavage of bGalCoelhvi-Gal we re-designed our
substrate by incorporating a self-immolative nigobyl linker between the
coelenterazine and3-galactose moiety as previously described (Schem€&® 3

OH OH :@AF(_Q
NN

bGalNoCoel
/(ji Scheme 3. Cleavage of bGalNoCoel

by B-galactosidase generates free
"Ga'# I)/ coelenterazine that is oxidized by

a Gaussia luciferase in a light
/@/[Ej Gluc, O N:é’\;

producing reaction.
Coelenterazine COy, light Coelenteramide

We named this new substrate as bGalNoCoel (Figure@alNoCoel was synthesized
in 6 steps (Scheme 4). Initially, compoun@® was synthesized from
4-hydroxy-3-nitrobenzaldehyde and 2,3,4,6-t€éracetylo-D- galactopyranosyl

bromide (Scheme S2). The primary alcohol was tleacted with thionyl chloride to
give 9, followed by alkylation with 3 to give the pef-acetylated

galactonitrobenzylcoelenterazine derivatit®. Deacetylation of10 with sodium

methoxide in methanol, followed by purification vieverse phase-HPLC gave
bGalNoCoel.

OAc
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O @f%‘*@@a%m

NO,

HO,
o J;i f< }OAC f\vi O
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9 bGalNoCoel

Scheme 4 Synthesis of bGalNoCoel. a) HNOs, AcOH, MeCN, 90%; b)
2,3,4,6-tetra-O-acetyl-a-D-galactopyranosyl bromide, Ag20, MeCN, 66%; ¢) NaBHu,
MeOH, 78%; d) SOClz, DMAP, CH:Clz, 85%; e) 3, K2COs, KI, MeCN, 29%; f) NaOMe,
MeOH, 20%.
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Evaluation of the luminescent properties of bGaldelCshowed a much faster
response than bGalCoel (Figure 4a) and comparainiénéscence output to that of
native coelenterazine, 78% (Figure 4b). Unlike @, bGalNoCoel displayed
flash-kinetics with a signal half-life of less tha@ s (Figure 4a).
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Figure 4. Kinetic profile and relative bioluminescence adiivof bGalNoCoel (a)

cleavage byB-galactosidase measured by light outpuGalissia luciferase; Reaction
conditions: 5uM bGalNoCoel, 2 U3-galactosidase, 3 mM MgglGaussia luciferase,

0.1 M PBS (pH 7.4); Total light output measuredluminometer (12 s x 100). (b)
Relative light output of bGalNoCoel versus natieelenterazine (CTZ).
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Figure 5. Cleavage reaction of bGalNoCoel wjkgalactosidase, monitored by HPLC.
Reaction conditions: 10QM bGalNoCoel, 8UB-galactosidase, 3 mM Mgg&l 1%
DMSO in PBS buffer (0.02% Tween) (pH 7.4) at 37&Euent: (A) HO (0.1% TFA);
(B) acetonitrile (0.1% TFA). The percentage of Aiased linearly from 60% at 0 min
to 30% at 15 min, followed by a decrease to 1098Gamin. The flow rate was 1.0
ml/min and was monitored at 254 (a) and 430 nnalisprbance.
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Monitoring via HPLC indicated a very fast cleavagaction with the majority of
the substrate cleaved after 5 min (Figure 5). Nermediates were detected in the
HPLC cleavage reaction. This suggested that trevalge of th@-galactoside bond was
the slowest step in the enzyme-catalyzed hydrobassade.

a)

~
[
(=)
—
)

-~

w
[
o

w
-~

N
o

[N]
w

[
N

Luminescence/Log, au. —>

Luminescence/Log, au. —>

o
[

Il_Jlll

cTZ bGalCoel bGalNoCoel CTZ(-) CTZ(+) bGalCoel(+) bGalNoCoel (+)

o

o

c)

mbGalCoel

*5 1 =bGaNoCael

3.5

2.5

1.5

Signal-To-Noise/log, a.u.

0.5

0 i
B-Glucuronidase p-Glucosidase p-Galactosidase

Figure 6. Stability and enzyme specificity of bGalCoel ar@datNoCoel. a) Substrate
stability in 2 x 18 non-transfected HEK293T cell cultures. Stabilitgsnevaluated by
directly adding substrate (48V) and the resulting light output was measuredifor
min at 37 °C. Experiments were performed in trgiec b) Substrate stability in
presence of BSA. Substrate (final concentrationul2l) was added to wells containing
BSA (final concentration 2%w/v) in 50 mM HEPES buffer (pH 7.5); c¢) Relative
enzyme specificity of bGalCoel and bGalNoCoel vdthifferent glycoside hydrolases.
Reaction conditions: bGalCoel or bGalNoCoel (fioahcentration uM) was added to
a well containingGaussia luciferase and 2 U op-galactosidasep-glucosidase or
B-glucuronidase in 0.1 M PBS (pH 7.4) and the lightput was measured for 30 min.
Each experiment was repeated three times.
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Stability of bGalNoCoel and bGalCoel in non-tramséel HEK293T cells was
evaluated in comparison with coelenterazine by tamdiof bGalNoCoel, bGalCoel or
coelenterazine to HEK293T cell-cultures, followedy bmeasurement of
autoluminescence for 10 min (Figure 6a). Both galbst showed very low levels of
autoluminescence under these conditions. It haskelen reported that coelenterazine is
extremely unstable in presence of serum albumidiyng as a mono-oxygenase that
catalyzes the oxidation of coelenterazine, givisg to background chemiluminescence.

Thus we evaluated the relative stability of bGaldeCand bGalCoel against
coelenterazine by measuring the autoluminescenedsldor 2 min after addition of
bGalNoCoel, bGalCoel or coelenterazine to solutmorgtaining bovine serum albumin
(BSA)(Figure 6b). Both bGalNoCoel bGalCoel wererfduo be highly stable in the
presence of BSA, whilst coelenterazine displayegh Hevels of autoluminescence,
which agrees with previous publicatidfis.

The relative substrate specificity of bGalNoCoeld anGalCoel top-Gal was
compared with two other glycoside hydrolaseB;glucosidase [-Glc) and
B-glucuronidasef(-Glu). Relative cleavage was measured as totallestence over 30
min in the presence of GLuc. bGalNoCoel and bGdlGhewed over 20000 and
1000-fold higher selectivity towardisGal respectively. (Figure 6c).

Next, we evaluated the relative bioluminescenciviagcin 2 x 1¢ living HEK293T
cells expressing a mutant GL{GLucM23) with a KDEL, endoplasmic reticulum
localization peptide sequence (GLucM23er). GLucMfties not display the same
flash-type kinetics, rather a more stable glow-tggnal. In addition, GLucM23 has
roughly 10 times higher luminescence output over wild-type luciferase in the
context of BLI with living cells. bGalCoel or bGati€oel was added to cells expressing
GLucM23er ang-Gal or just the luciferase (Figure 4a). Maximuminescence signal
intensity was obtained approximately 2 min aftediaion of bGalNoCoel. bGalNoCoel
showed a high signal-to-noise ratio (S/N = 524)iFég 7a). The bioluminescent
emission from cells expressifigGal and GLucM23er was proportionally dependent on
the cell numbers, and as few as ~300 intact calledetected in the presence ofu®b
bGalNoCoel (Figure 7b). The observed contrast @imnoise ratio) was also
proportionally dependent on the cell numbers (Fgic). These results demonstrate
that bGalNoCoel is cell-permeable and able to detfee -galactosidase activity in
living mammalian cells. bGalCoel on the other hasitbwed very poor relative
bioluminescence activity compared with coelenterazwith a 100-fold weaker output.
Initially this was attributed to poor cell-membrgomermeability of the substrate.
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Figure 7. Bioluminescence assays of HEK293T cells transtewtgth GLucM23 with
bGalCoel and bGalNoCoel a) Relative bioluminesearfdoGalCoel and bGalNoCoel
versus native coelenterazine (CTZ) in ~ 2 % HEK293T cells transfected with
GLucM23-Venus-KDEL and in the presence (+) andha absence (-) db-Gal. b)
Bioluminescence output dependence on cell numbir bGalNoCoel in the presence
(@) and in the absenc®] of B-Gal and GLucM2ak c) Dependence of contrast (S/N)
on cell number with bGalNoCoel. Reaction conditio®s uM substrates, 37 °C; total
light output measured in luminometer every 10 sifad repeats.

However, significant luminescence was also obseiuetthe absence di-Gal which

suggested that free coelenterazine was generaied dGalCoel independently of the
expression of}-Gal. The relative signal-to-noise ratio (S/N) wast above 1. In a
separate experiment, we evaluated the relativeimiolescent activity of bGalCoel with
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HEK293T cells expressingrenilla luciferase, another commonly used coelenterate
luciferase. In this case the signal-to-noise nai@ even lower (data not shown). Hence
the instability of bGalCoel itself seemed to beatedl to the expression of GLucM23
itself. However, as bGalCoel was shown to be stabtbe presence of secreted GLuc
under cell-free assay conditions, with a signahtise ratio of over 2300, the
non-specific luminescence of bGalCoel does not sketme related to the luciferase
itself. Interestingly it was also shown that bGaCwaas highly stable in non-transfected
HEK293T cell cultures (Figure 6a). In addition, also investigated whether the nature
of the transfection agent could have any influece the stability of bGalCoel.
Luminescence was measured after addition of bGaltdosolutions containing GLuc
and one of the following transfection agents: Lgmiamine 2000™, Lipofectamine
LTX™, FuGene™, and Xtreme Gene™. No significanfedtdnce could be observed
between the experimental or control groups (FigkeTherefore, we are currently
uncertain about the cause of the observed indiabilbf bGalCoel in
luciferase-expressing cells. From the available,détseems to suggest that the poor
bioluminescence response of bGalCoel observedriimglicells is the result of several
factors including slow cleavage Kkinetics, poor -teimbrane permeability and
auto-cleavage due to instability of the substrate.

2 -

1l

Control LPF 2000 LPFLTX Xtreme Gene FuGene

Relative BL signal to control (a.u.)

Figure 8. Showing influence of various transfection agemsstability of bGalCoel.
Reaction conditions: M bGalCoel, GLuc, 0.1 M PBS (pH 7.4), with of witltol pl
transfection agent.

Dual Gene-Reporter Assay

Finally we investigated whether coelenterazine, egated after cleavage of
bGalNoCoel byp-Gal-expressing cells, would readily diffuse outtbé cells or be
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retained inside. We excluded bGalCoel on the preitiat it was earlier shown to have
poor S/N in living cells (Figure 7a). In addition thelacZ gene, we also utilized two
different GLucM23-expressing plasmid vectors, lagafy GLucM23 to cell membrane
surface (mem) or endoplasmic reticulum (er) respelgt (Figure 8). The luminescence
profiles of HEK293T cells expressing the luciferésgether with3-Gal were compared
against the luciferase arfidGal being independently expressed and combinedréef
addition of bGalNoCoel. We combined 2 sets of Txidlls where GlucM23 ang-Gal
expressed seperately, giving a cell ratio of If:toklenterazine could freely diffuse out
of cells, we hypothesized that the average timeach maximum luminescencB_{ax)
should be related to the relative distance betwten sites of expression of the
luciferase ang-Gal, i.e. the shortest distance would be the set of ceHexqwessing
GLucM23erB-Gal whilst the longest distance would be betwebkae set of cells
independently expressing GLucM23ep-&al. Therefore, the following trend in terms

a | GLucM23er/g-Gal b | GLucM23er + p-Gal
s 3 -
@lﬁjé; [\f—\ f__% DD Lucuzso

Sy o O
5%

OH
GLucM23mem + g-Gal
bGalNoCoel
N

Ié})})}}» - ]ED a“:\él

C | GLucM23mem/p-Gal

OH

Figure 8. Showing the concept of dual-gene reporter ass&LoicM23 and3-Gal with
bGalNoCoel in living cells. bGalNoCoel diffusesantells and gets cleaved ByGal.
The generated coelenterazine will readily diffusd become oxidized by GLucM23 to
generate luminescence: a) Cells co-expressing BRug andp-Gal; b) Mixture of 2
cell populations expressing GLuclMRand B-Gal separately; c) Cells co-expressing
GLucM23em and B-Gal; Mixture of 2 cell populations expressing GM&iem and
B-Gal separately. Orange broken arrows indicatesraesfiular diffusion of
coelenterazine.
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of Timax Wwould be expected: GLucM23prGal < GLucM23meng-Gal <
GLucM23mem #3-Gal < GLucM23er #-Gal. Statistical analysis of the observed data
however, indicated the following trend: GLucM23e@al < GLucM23menp-Gal <<
GLucM23mem +B-Gal = GLucM23er +3-Gal (Figure 6). We could not observe a
significant difference between the means of GLucM&/ +B-Gal and GLucM23er +
B-Gal. However we could show from our data that raftee f-galactose moiety of
bGalNoCoel gets cleaved B3+Gal, the resulting coelenterazine diffused frone th
cytosol to the extracellular environment. Hence IDl@€oel could potentially function
as a dual-gene reporter in two different cell-pagiohs, where th@-Gal-expressing
cells could be thought of as ‘producers' of coelazine from bGalNoCoel, whilst the
GLucM23- expressing cells could be labeled as tiets'.

GLucM23er / B-Gal (@) GLucM23er + B-Gal ()
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Figure 9. (Ieft) Representative mean ya values of bGalNoCoel (28M) with 2 x 1d
HEK293T cells co-transfected (/) or independentignsfected (+) with GLucM23
(mem = surface membrane bound; er = endoplasmaubetn localization) ang-Gal.
Luminescence was measured in luminometer at 37 V&yel0 s for 100 repeats.
Statistical analyses were performed with a tweethibtudent’s t-test. *P < 0.01 (n=4),
and errors bars indicate standard error of méaght) Representative luminescence
profiles of bGalNoCoel (25uM) with HEK293T cells co-transfected (/) or
independently transfected (+) with GLucM23 (memurface membrane bound; er =
endoplasmic reticulum localization) an@tGal. Luminescence was measured in
luminometer at 37 °C every 10 s for 100 repeatseN®hese curves are not mean
values, they are from single experiments that &sest to the mean yiax shown in
Table 1.
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Table 1. Average time to reach maximum luminescence forldG@oel in HEK293T
cells expressing; GLucM23 (Mem = Membrane bound;=ERndoplasmic Reticulum
localized) ang-Gal. (n = 4)

GLucyen/p-Gal  GLucyentp-Gal GLucer/p-Gal  GLucer+p-Gal

Tima (S 157.5&7.5s)  694.25422.6s) 101.542.7s) 689£6.1s)
[al

[a] Time to reach relative maximum luminescencealg

Conclusions

We have designed and synthesized two caged coeleimte derivatives, bGalCoel
and bGalNoCoel. The probes were cleaved [bgalactosidase to generate free
coelenterazine which can then go on to react Va#ussia luciferase to generate a
bioluminescent signal. Our aim was to create biahagenic coelenterate substrates
that could detect B-galactose activity. Both substrates showed very lo
autoluminescence in living cell cultures and higiedficity for p-galactosidase over
other glycoside hydrolases. However, bGalCoel skloaeery slow cleavage reaction
profile with B-galactosidase, and poor signal to noise ratio whmeeasuring
B-galactosidase activity in living cell cultures. Weund that incorporation of a
4-hydroxy-3-nitrobenzyl linker between tlfiegalactose and the coelenterazine moiety
(bGalNoCoel) greatly improved the kinetic profileyerall stability, luminescence
output, and signal to noise ratio when detecflrgplactosidase activity in living cells
compared with our first generation substrate bGalCo

Using bGalNoCoel, we could also show that coelexziee, generated frof+Gal
expressing cells, could readily diffuse to othéelscafter uncaging by-galactosidase.
Thus bGalNoCoel could be used as a dual-reportéwan different cell-populations
where the ‘producer’ cells, expresspigalactosidase, generate free coelenterazine by
cleavage of bGalNoCoel, the coelenterazine can thinse to neigboring ‘detector’
cells, expressing GLUcM23, generating a luminesggmanse.

Existing caged coelenterazine derivatives suchrakiEen™ and ViviRen™ were
conceived in part to lower the autoluminescencekdpauind signal of the natural
substrate and increase the signal-to-noise ratavener, it has been shown that both of
these substrates display similar background silgwals to that of native coelenterazine
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in vivo.?! It is known that reporter gene assays such adlyFiheciferase, used in
screening applications can suffer from artifactg do inhibition by small-molecular
weight compounds, many found in typical screenibgaties!*® In a recent study many
commonly used reporter gene assays were evalugéiasaa library of compounds!
Reporters such as firefly luciferadgenilla luciferase, and Nanoluc™ all displayed an
increase in bioluminescence output caused by idntbased enzyme stabilization.
Interestingly few inhibitors were indentified f@rgalactosidase an@aussia-Dura (a
mutated form ofGaussia luciferase). Hence our bGalNoCoel substrate cdidda
suitable dual-reporter for screening applicationg. also hope to further evaluate our
dual-reporter substrate for vivo imaging applications in the near future.

Experimental

Materials and I nstruments

General reagents and chemicals were purchasedSmgma-Aldrich Chemical Co. (St.
Louse, MO), Tokyo Chemical Industries (Tokyo, Jgpand Wako Pure Chemical
(Osaka, Japan) and were used without further patitn. Silica gel chromatography
was performed using BW-300 (Fuji Silisia Chemicaltd.l. Greenville, NC).
pcDNA4™/TO/myc-His/lacZ was purchased from Life Meologies Corporation
(Japan). NMR spectra were recorded on a JEOL JNM@ALinstrument at 400 MHz
for 'H and 100.4 MHz for®*C NMR, using tetramethylsilane as an internal saatd
Mass spectra were measured on a Waters LCT-Prethianass spectrometer for ESI
or on a JEOL JMS-700 for FAB. UV-visible absorbaspectra were measured using a
Shimadzu UV1650PC spectrometer. High pressure digqtiromatography (HPLC)
analysis was performed with an Inertsil ODS3 colu@e x 250 mm, GL Science, Inc.
Torrance, CA) using an HPLC system that comprispdrap (PU2080, JASCO) and a
detector (MD2010 and FP2020, JASCO). PreparativeCGHas performed with an
Inertsil ODS3 column (10.0 x 250 mm)(GL Sciences)lmsing an HPLC system with
a pump (PU-2087, JASCO) and a detector (UV-20755Q@). Bioluminescence was
measured in 96-optiplate multiwell plates (Perkme&t Co., Ltd.) using a Wallac ARVO
mx / light 1420 Multilabel / Luminescence countethnan auto-injector (PerkinElmer
Co., Ltd.). Coelenterazine was synthesized as pusiy described and stored as 10 mM
MeOH/HCI (<1%) solution aliquots in sealed glasattes at -80°C"?

General experimental detailsfor cell-cultures
HEK293T cells were maintained in Dulbecco’s Modifi€agle Medium (DMEM)
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(Invitrogen), supplemented with 10% fetal bovineuse (FBS) at 37°C under 5% GO
Transfection: Optimem (Invitrogen) solutions containing lipof@mine 2000
(Invitrogen) and plasmid DNA were added to HEK23&Il cultures and incubated at
37°C under 5% C&for 24 h. Cells were then washed three times RBIS, trypsinized,
washed with Leibovitz's L-15 medium, then resusmehth black 96-well optiplates
(PerkinElmer) and incubated at 37 °C in luminomégarkinElmer).

Preparation of secreted Gaussia luciferase

HEK293T cells maintained in DMEM (no phenol redpplemented with 10% FBS and
transfected with pCM-GLuc (New England Biolabs) gv@rcubated at 37 °C under 5%
CO, for 24 h. The cell-medium was carefully transfdrte a separate tube, centrifuged
to remove any cells. The supernatant was aliquaneldstored at —80 °C.

1. Synthesis of bGalCoel

Imidazo[1,2-a]pyrazin-3-ol,6-[4-(acetyloxy)phenyl]-2-[[4-(acetyloxy)phenyl]methyl
]-8-(phenylmethyl)-3-acetate (1). To a solution of coelenterazine ( 480 mg, 1.13 hmo
in acetic anhydride (5 ml) was added 4-dimethylapyridine (367 mg, 3 mmol) and
the reaction was stirred at room temperature uaggon over night. Excess acetic
anhydride was removeth vacuo and the remaining residue was subjected to flash
column silica chromatography, EtOAC/@E1: (1:9), yielding the product (1) as a dark
red sticky solid (323 mg, 76%H NMR (400 MHz, CDCJ) § 2.19, 2.29, 2.32 (s, 3H x

3 (AcO x 3)) 4.16 (s, 2H) 4.18 (s, 2H) 7.02 (d, 2Bi= 8.4 Hz ) 7.17 (d, 2HJ = 8.4

Hz ) 7.31-7.21 (m, 5H) 7.58 (d, 280 = 8.0 Hz ) 7.74 (s, 1H) 7.89 (d, 2&3,= 8.0 Hz).
ESI-MS [M+H]" Calc: 550.2045; Found: 550.1038.

Imidazo[1,2-a]pyrazin-3(7H)-one,6-[4-(acetyloxy)phenyl]-2-[[4-(acetyloxy)phenyl]
methyl]-8-(phenylmethyl) (2) (Inoue, S., Sugiura, S., Kakoi, H., Murata, M., GOL..
Tetrahedron Lett. 1977, 31, 2685-2688.) To an ice-cooled solution of
Imidazo[1,2a]pyrazin-3(H)-one,6-[4-(acetyloxy)phenyl]-2-[[4-(acetyloxy)phgh
methyl]-8-(phenylmethyl) (201 mg, 0.37 mmol) in &F, (3 ml) was added 1% NHn
MeOH (3 ml) and the reaction was stirred at 0°Ceunan argon atmosphere. The
reaction was monitored by TLC until no more staytmaterial remained (~ 30 min),
after which the solution was evaporated to dryrmesbdriedn vacuo and used without
further purification.
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2-(4-((2-(4-acetoxybenzyl)-6-(4-acetoxyphenyl)-8-benzylimidazo[ 1,2-a] pyrazin-3-yl
oxy)-2,3,4,6-tetr a-O-acetyl-p-D-galactopyranoside (3). To an ice-cooled solution of
imidazo[1,2a]pyrazin-3(H)-one,6-[4-(acetyloxy)phenyl]- 2-[[4-(acetyloxy)ping]
methyl]-8-(phenylmethyl) (50 mg, 0.09 mmol) in gk, (2 ml) was added 1% NHn
MeOH (1 ml) and the reaction was stirred at 0°Ceureth argon atmosphere for 1 h.
The solution was evaporated to dryness and dnegcuo and used without further
purification. To a solution of3 (~0.09 mmol) in anhydrous DMF was added
2,3,4,6-tetra@-acetyl$-D-galactopyranosyl bromide (106 mg, 0.26 mmol) assCO;
(47 mg, 0.14 mmol). The reaction was degassed lling argon for 30 mins and
stirred at room temperature over night. The reactioxture was filtered and solvent
was evaporatedn vacuo. The residue was extracted with ethyl acetate, #red
combined organic layers were washed with brineeddmvith NaSQO,, filtered, and
concentratedn vacuo. Silica gel flash chromatography (MeOH/&Hp,; 1:99) gave3 as

a dark red solid (36 mg, 48%HL NMR (400 MHz, CDCJ) §2.01, 2.04, 2.11. 2.17, 2.30,
2.33 (6s, 18H, AcO x 6) 4.06°04sa 5= 6.8, 0.8 Hz) 4.19-4.04 (m, 2H, H5, H6b) 4.26
(dd, 2Jnsaren= 11.4,334ea s = 6.8 HZ,*Ju1 12, 1H, HBQ) 4.24-4.11 (m, 4H, H6a/b, QH
4.58 (s, 2H, Ch) 4.91 (d,2Jn1 2 = 8.0 Hz, 1H, H1) 5.07 (ddJusn= 10.4,%Juz e = 3.4
Hz, 1H, H3) 5.44 (d*Jys s = 3.6,1H, H4) 5.50 (ddfJuz ns = 10.0,°Jhp1 = 7.6 Hz, 1H,
H2) 6.89 (d, 2H3J = 8.0 Hz) 7.01 (d, 2HJ = 8.0 Hz) 7.33-7.16 (m, 5H) 7.76 (d, 2H,

= 8.0 Hz) 7.57 (d, 2HJ = 8.0 Hz) 8.17 (s, 1HPC NMR (100 MHz, CDGJ) § 170.43,
170.32, 170.11, 169.91, 169.57, 169.32, 156.91,385249.27, 138.75, 137.77, 136.45,
135.05, 133.36, 132.60, 129.62, 129.55, 128.87,222827.58, 126.42, 121.74, 115.90,
108.92, 104.41, 90.56, 71.50, 70.49, 68.36, 6668210, 39.29, 31.99, 21.03, 20.75,
20.65, 20.61, 20.48, 20.16.ESI-MS [M+H]+ Calc:83.8; Found: 838.1728.

2-(4-((2-(4-hydroxybenzyl)-6-(4-hydroxyphenyl)-8-benzylimidazo[ 1,2-a] pyr azin-3-y
loxy)-p-D-galactopyranoside (bGalCoel) To an ice-chilled solution & (40 mg, 0.048
mmol) in dry MeOH (2 ml) was added a methanoliagoh (1 ml) of NaOMe (15 mg,
0.28 mmol) and stirred under argon for 4.5 h. Té&ction was quenched with acetic
acid (20ul) and the solution was evaporated to dryness.rélelue was dissolved in
acetonitrile/water (0.1% HC@®) and purified via reverse phase HPLC;
acetonitrile/water (30:70- 70:30). The collected fractions were lyophilizexl give
bGalCoel as a red/orange solid (12 mg, 44%)NMR (400 MHz, (CR).CO) &
3.85-3.46 (m, 10H) 4.35 (s, 2H) 4.67 (d, 8= 7.6 Hz) 6.62 (d, 2H,) = 8.8 Hz) 6.80
(d, 2H,%J = 8.8 Hz) 7.16-7.09 (m, 5H) 8.56 (s, 1H) 7.452H, *J = 8.8 Hz) 7.79 (d, 2H,
%) = 8.8Hz);**C NMR (100 MHz, CDGJ) & 159.25, 156.77, 152.75, 140.17, 139.34,
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137.30, 135.90, 133.67, 131.64, 130.79, 130.37.482929.27, 128.81, 127.45, 116.46,
116.10, 110.84, 108.88, 77.13, 74.74, 72.23, 6938678, 32.15ESI-MS [M+H]+
Calc: 586.2184; Found: 586.1821; FAB [M+Halc: 586.2184; Found: 586.2174.

2. Synthesis of bGalNoCoel

4-hydroxy-3-nitrobenzaldehyde (6) A solution of 4-hydroxybenzaldehyde (2.46 g,
20.1 mmol) in acetonitrile (40 ml), with acetic @¢R0 ml) and concentrated nitric acid
(1.5 ml) was refluxed for 3 h. The solution wasledao room temperature, poured into
water, and extracted with EtOAc (x3). The orgamiger was washed with brine, dried
with sodium sulfate, filtered, and concentraiiedacuo to give4 as a brown solid (3.03
g, 90%), and used without further purification.

1-(4-for myl-2-nitrophenyl)-2,3,4,6-tetr a-O-acetyl-p-D-galactopyranoside (7) To a
solution of 2,3,4,6-tetr®-acetyla-D- galactopyranosyl bromide (2.0 g, 4.86 mmol) in
dry acetonitrile (40 ml) was added 4-hydroxy-3-olitenzaldehyde (0.93 g, 5.54 mmol)
and silver oxide (1.32 g, 5.71 mmol). The solutwas stirred overnight in the dark at
room temperature under argon. The solution wasrditt through a pad of celite and
concentratedn vacuo. The residue was dissolved in ethyl acetate anchedhsvith
saturated NaHC@®and brine. The organic layer was dried undesS@, filtered, and
concentratedn vacuo. Purification by flash chromatography with ethytate/hexane
(2:3) gave5 as a white solid (1.61 g, 66%H-NMR (400 MHz, CDC}) § 2.03, 2.08,
2.13, 2.20 (4 s, 12H, AcO x 4) 4.29-4.10 (m, 3H,, #B) 5.14 (dd,Jysp= 10.2,
3z nae= 3.4 Hz, 1H, H3) 5.22 (dJh112 = 8.0 Hz, 1H, H1) 5.50 (dJhans = 2.8 Hz, 1H,
H4) 5.59 (dd 232 n3 = 10.4,33o41 = 8.2 Hz, 1H, H2 ) 7.49 (&) = 8.4 Hz, 1H, ArH)
8.07 (dd,*J = 2.0 Hz%J =8.4 Hz, 1H, ArH) 8.31 (d'J = 2.0 Hz,1H, ArH) 9.98 (s, 1H,
CHO). ESI(+) [M+Na] Calculated: 520.1062; Found: 520.0409.

1-(hydroxymethyl-2-nitrophenyl)-2,3,4,6-tetr a-O-acetyl-p-D-galactopyranoside (8)
To a solution of NaBR (100 mg, 2.64 mmol) in MeOH/CEI,(1:1, 5 ml) was added
1-(4-formyl-2-nitrophenyl)-2,3,4,6-tetr@-acetyl$-D-galactopyranoside (650 mg, 1.31
mmol) dropwise over 5 mins at 0°C. The reaction masitored via TLC and quenched
after 2 h with 20% NELCI (3 ml) and evaporated to dryness. The residue dissolved
and extracted with ethyl acetate. The organic layas washed with brine, dried under
NaSO,, filtered, and concentrated vacuo. Purification by flash chromatography, ethyl
acetate/hexane (3:2), vieldedl as a white solid, (509 mg, 78%)H-NMR (400
MHz,CDCk) 6 2.19, 2.13, 2.07, 2.02 (4s, 12H, OAc x 4) 4.1%4%, 2H, H5, H6b)
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4.26 (d,2Jnsaney= 11.2,36ars = 6.8 Hz,*Jn1mz, 1H, H6a) 4.73 (s, 2H, benzylic) 5.06
(d, *Jnzp2 = 8.0 Hz, 1H, H1) 5.11 (ddJys =10.6,3331s = 3.4 Hz, 1H, H3) 5.45 (d,
3Jans = 3.2Hz, 1H, H4) 5.54 (dd)u2ns = 10.0,°0o11 = 7.6 Hz, 1H, H2) 7.36 (d) =
8.4 Hz, 1H, ArH) 7.52 (dd%J = 2.2 Hz*J = 8.6 Hz, 1H, ArH) 7.81 (d’J = 2.4 Hz, 1H,
ArH). ESI(+) [M+Na] Calculated: 522.1218; Found: 522.0551.

1-(chloromethyl-2-nitrophenyl)-2,3,4,6-tetr a-O-acetyl-p-D-galactopyranoside (9) To

a solution of 1-(hydroxymethyl-2-nitrophenyl)-2,H4etraO-acetyl$-D-galacto-
pyranoside (160 mg, 0.32 mmol) in dry &H, (5 ml) was added thionyl chloride (50
ul, 0.69 mmol) and a catalytic amount of DMAP (4 ntg03 mmol) at 0°C. The
solution was stirred at 0 °C under an argon atmespfor 5 hrs and poured into water.
The organic layer was amply washed with water,ofedld by brine, drying under
NaSO,, filtered, and concentrateeh vacuo. The product7, a white solid (141 mg,
85%) was used without further purificatiofti-NMR (400 MHz, CDC}) § 2.02, 2.08,
2.13, 2.19 (4s, 12H, AcO x 4) 4.08 (m, H5) 4.17, @dep He= 11.2,°ep.ns = 6.0 Hz,
1H, H6b) 4.26 (dd?Juearen= 11.4,°J6ars = 6.8 Hz, 1H, H6a) 4.58 (s, 2H, benzylic)
5.06 (d,*Jy1n2 = 7.6 Hz, H1) 5.11 (dfJuznzo= 10.6,33s 1a= 3.4 Hz, 1H, H3) 5.45 (d,
3Juans = 3.4Hz, 1.0 Hz, 1H, H4) 5.55 (Wl 13 = 10.4,3J4o 11 = 7.6 Hz, 1H, H2 ) 7.37
(d, 1H,%J = 8.8 Hz, ArH) 7.56 (dd, 1H) = 8.8, Hz,*J = 2.4 Hz, ArH) 7.84 (d, 1HJ =

2.4 Hz, ArH)**C-NMR (100 MHz, CDCJ) §20.57, 20.65, 20.68, 44.18, 61.33, 66.68,
67.79, 70.50, 71.50, 100.70, 120.07, 125.24, 133183.67, 141.18, 149.15, 169.38,
170.13, 170.16, 170.30. ESI(+) [M+NaFalculated:540.0879; Found: 540.1243. ESI(-)
[M+HCO,]" Calculated: 562.0969; Found: 562.1071. HRMS (FAB(fM+Na]"
Calculated: 540.0879; Found: 540.0887.

2-(4-((2-(4-acetoxybenzyl)-6-(4-acetoxyphenyl)-8-benzylimidazo[ 1,2-a] pyr azin-3-yl
oxy)methyl)-2-nitrophenoxy)-2,3,4,6-tetr a-O-acety-I-p-D-galactopyranoside (10) To

a solution of 2-(4-Hydroxybenzyl)-6-(4-hydroxyphd&n8-(phenylmethyl)-
imidazo[1,2-a]pyrazin-3(7H)-one (151 mg, 0.30 mmiol)dry acetonitrile (2 ml) was
added 1-(chloromethyl-2-nitrophenyl)- 2,3,4,6-telracetylf-D-galactopyranoside
(300 mg, 0.58 mmol), potassium carbonate (15 nif, 6imol), potassium iodide (57
mg, 0.34 mmol). Argon was bubbled through the smfufor 30 mins and the solution
was stirred at room temperature under argon fdr. MYater was added and the solution
was extracted with ethyl acetate. The organic layas washed with brine, dried under
NaSQO,, filtered, and concentrateoh vacuo. Purification by flash chromatography,
0.1% MeOH — 1% MeOH/C}LI,, yielded8 as a red/brown gummy solid (87 mg,
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29%)H-NMR (400 MHz, CDC}) § 2.01, 2.04, 2.11. 2.17, 2.30, 2.33 (6s, 18H, AcO x
6) 4.06 (*Juears= 6.8, 0.8 Hz) 4.19-4.04 (m, 2H, H5, H6b) 4.26, (@hisa ner = 11.4,
3Ju6ars = 6.8 Hz,2Ju1 12 , 1H, H6a) 4.24-4.11 (m, 4H, H6a/b, §HL.58 (s, 2H, Ch)
4.84 (s, 2H, Ch) 4.91 (d,2Jn1 2 = 8.0 Hz, 1H, H1) 5.07 (ddJusn= 10.4,%Jnz e = 3.4
Hz, 1H, H3) 5.44 (d*Jys s = 3.6,1H, H4) 5.50 (ddJuz ns = 10.0,°Jhp1 = 7.6 Hz, 1H,
H2) 7.19 (d3J = 8.8 Hz, 2H, ArH) 7.32-7.21 (m, 7H, ArH ) 7.58 fd = 6.4 Hz, 1H,
ArH) 7.64 (s, 1H, ArH) 7.77 (s, 1H, ArH) 7.86 (] = 8.4 Hz, 1H, ArH).**C-NMR
(100 MHz,CDC}) $20.57, 20.61, 20.66, 21.11, 21.15, 32.94, 39.99,.8%156.72, 67.73,
70.35, 71.28, 75.10, 75.10, 100.40, 108.63, 119129.69, 122.05, 124.95, 126.50,
127.24, 128.29, 129.63, 129.67, 131.16, 132.31,263333.55, 134.35, 136.36, 136.56,
137.82, 141.03, 149.28, 149.66, 150.98, 152.99,3069.69.49, 169.66, 170.04, 170.17,
170.23. ESI(+) [M+H]+ Calculated: 989.3087; FourB9.3397. HRMS (FAB(+))
[M+H] " Calculated: 989.3087; Found: 989.3073.

2-(4-((2-(4-hydroxybenzyl)-6-(4-hydroxyphenyl)-8-benzylimidazo[ 1,2-a] pyr azin-3-y
loxy)methyl)-2-nitrophenoxy)-p-D-galactopyranoside (bGalNoCoel) To a cooled
solution of 2-(4-((2-(4-acetoxybenzyl)-6-(4-acetpkgnyl)-8-benzylimidazo-
[1,2-a]pyrazin-3-yloxy)methyl)-2-nitrophenoxy)-2436-tetraO-acetylf-D-galactopyra
noside (69 mg, 0.07 mmol) in dry MeOH (2 ml) wasled sodium methoxide in MeOH
(0.2 M, 1.4 ml, 4 eq.) and the solution was stirsedler argon and monitored via TLC
and ESMS and additional sodium methoxide was adoieill all acetate groups had
been cleaved. Dowex 50w Hesin was added and the solution was filtereduthinca
cotton plug and evaporated to dryness. The resigedissolved in acetonitrile/water
and purified via reverse phase HPLC; acetonitridgén (30:70- 70:30). The collected
fractions were lyophilized to give bGalNoCoel asred sticky solid (10 mg,
20%)*H-NMR (400 MHz, CDC}) 83.45 (dd,*Jusnz =10.0,333 s = 4.0 Hz, 1H, H3)
3.57 (m, 1H, H5) 3.63 (M, 2H, H6a/b) 3.71 (Al 13 = 10.0,%Jnz,n1 = 8.0 Hz, 1H, H2)
3.88 (s, 2H, Ch) 3.79 (d,%J4n3 = 4.0 Hz, 1H, H4) 4.37 (s, 2H, GH4.82 (d, 1H,
3312 = 8.0 Hz, 1H, H1) 4.86 (s, 2H, GH6.59 (d,2) = 8.6 Hz, 2H, ArH) 6.74 (fJ =
8.4 Hz, 2H ArH) 6.94 (d3J = 8.6 Hz, 2H, ArH) 7.15-7.04 (m, 3H, ArH) 7.24 (@, %)

= 8.8 Hz, ArH) 7.35-7.29 (m, 3H, ArH) 7.59 @, = 8.4 Hz, 2H, ArH) 7.62 (d, 1H) =
1.2 Hz, ArH) 7.89 (d, 1H3J = 1.6 Hz, ArH).**C-NMR (100 MHz, CDCJ) § 32.91,
39.75, 62.29, 70.05, 71.90, 74.74, 76.27, 77.38,0H) 109.56, 116.34, 116.57, 118.92,
126.54, 127.49, 128.87, 129.13, 129.33, 130.31,663030.86, 131.46, 133.22, 135.30,
135.48, 138.00, 139.26, 140.40, 141.80, 152.03,0857159.31. ESI(+) [M+H]
Calculated; 737.2453; Found: 737.2450FAB(+) [M+H]® Calculated:737.2453;
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Found: 737.2406

Determination of relative bioluminescence activity of GLucM?23 compared to
wild-type GLuc (Figure S1). HelLa cells in glass-bottom dishes, transfected with
pDisp-mKO-GLuc or pDisp-mKO-GLucM23 were maintain@dDulbecco’s Modified
Eagle Medium (DMEM)(Invitrogen), supplemented witb% fetal bovine serum (FBS)
at 37°C under 5% CfOfor 24 hours. Cells were washed with Hank’s batahsalt
solution (HBSS) (pH ~ 7.4). 10QuL HBSS was then carefully added. mKO
fluorescence was measured (4861, 200 ms), after which a solution of HBSS,
containing 25uM of coelenterazine was added. We then measureduthmescence
with an Olympus DP30 Cooled Monochrome CCD Micrggc@amera; obj. x 60; with
an exposure time of 20 seconds at an open filtdinge Obtained images were
processed in imageJ. The average BL/FL was obtafneat 5 cells from each
respective image.

Figure S2. Showing Fluorescence images of GLucM23-Venus-KDEd) (r
mKO-GLucM23 (b) in HelLa cells. (a) Venus localizéal endoplasmic reticulum
(515£4/528km, 300 ms) Scalebar: 1om; (b) mKO localized to outer cell membrane
(548« /561 em; 200 ms)Scalebar: 5@m.

Cleavage reaction of bGalCod and bGalNoCoe by beta-galactosidase monitor ed

by HPLC. To a solution containing bGalCoel or bGalNoCoel Q4M), MgCly,
DMSO (1%) in PBS buffer (0.1 M, pH 7.4,Tween 0.02%as added 8 units of
B-galactosidase, and the solution was incubated &C3Samples were taken at specific
time intervals (bGalCoel: 0, 1, 4, and 8 h; (bGalwel: O, 1, 5, 15, 30, and 60 min.)
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diluted with acetonitrile (0.1% TFA), filtered amdhalyzed by HPLC, or stored in liquid
nitrogen until HPLC analysis. Absorbance was maoeidaat 254 nm.
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Figure $4 a) Absorbance spectrum of bGalCoel (3@ in MeOH; b) Absorbance
spectrum of bGalNoCoel (5M) in MeOH.
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Chapter 2.2 Development of Hydrogen Peroxide
Activatable Coelenterazine Derivatives

(In preparation)

In chapter 2.1, | demonstrated that blocking of l@oierazine with an enzymatic

substrate is a viable strategy to effectively dizbi native coelenterazine. The

dual-enzyme substrate, bGalNoCoel, could detecgreazactivity across two separate
cell populations. To further expand the scope tifatable-coelenterazines | designed a
coelenterazine-boronate derivative that could b&vated by hydrogen peroxide, a

reactive oxygen species implicated in a varietplofsiological phenomena.

I ntroduction, probe design, and synthesis.

Reactive oxygen species (ROS) like hydrogen peeokale been implicated in playing
a major role in various diseases including carcioutar disorders diabete$
neurodegenerative diseaieand cancér Hydrogen peroxide has also been shown to
have significance in events related to inflammatioaging, post-translational
modifications of proteins and various signalingozaes. An large array of various
luminescent molecular probes for the detectionyalrbgen peroxide has been reported.
8 An ample fraction of these are fluorescent praltéizing caging boronic acid esters
as selective switch for the detection of hydrogenopide. Nucleophilic addition of
reactive species to electron-deficient boronatebgsohas prompted their use as
effective traps of ROS and RNS in biological systerducleophilic addition of
hydrogen peroxide to the boron results in a chargdhedral boronate complex,
which undergoes a 1,2-insertion featuring a boronokygen migration of the
ipso-carbon (Scheme 1). The resulting borate éstdren hydrolyzed by water to the
phenol®

HO_ OH
o HO.,.OH oS
NS Y
—_—

Scheme 1. Reaction mechanism of hydrogen peroxide with bicranid.

HO-0O

(IDH
O'B\OH OH

B(OH);
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B

Compound ©

PBA CBA FIAmBE PCL-1

Figure 1. Structures of boronic acid and ester probadopted from reference [10].

Changet al. created a bioluminescent reporter (PCL-1)(Figyreboronate-luciferin
conjugate for measuring of,8, fluxes in living animals! More recently the same
group also reported the PCL-2, a pre-bioluminogeniastrate that forns-luciferin in
situ and reports on both hydrogen peroxide and caspaséty in vivo.*?In addition to
the limitations of using FLuc mentioned in chagdteand 2 it was recently reported that
FLuc activity can be altered when hydrogen peroxelels become elevated, which
can potentially lead to ambiguous or misleadinglifigs®Interestingly the same study
also reported that a variant Bénilla luciferase, RLuc8, was far less sensitive to ROS.
We reasoned that by utilizing an activatable boremaelenterazine probe together with
GLuc, the brightest of known luciferases, it woblel possible to obtain an even better
SIN as the reaction of 8, with boronic acid is extremely slovk ¢ 1-2 M* s1).1°
Hence in a similar vein to that of the design ofab®Coel described in Chapter 2.1,
we designed a coelenterazine-boronate derivatitte avself-immolative benzyl linker,
naming it Coel-BeBA (Scheme 2). The phenolic baramid group will upon reacting
with hydrogen peroxide result in the generatiortt@ phenol, which will trigger the
self-elimination of the linker and generation oketanterazine which can then undergo
subsequent reaction with its coelenterate luciteri@sgive a bioluminescence signal
(Scheme 2).

A

B(OH)3
Coel-BeBA Coelenterazine

Scheme 2. Design strategy for HD,-mediated release of coelenterazine from
Coel-BeBA
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Coel-BeBA was synthesized in a similar fashion@alNoCoel described in chapter 2.
2 was obtained by halogen-lithium exchange reactwn 4-iodotoluene with
bis(pinacolato)diboron as the electrophile, followey the apple-reaction to gener8te
(Scheme 3.). The di-(CTZ(OA9) and tri-acetylated coelenterazine (CTZ(OAc)
starting materials were prepared as describedapteh 2.1. Alkylation of CTZ(OAg)

with 3 was conducted in DMF and cesium carbonate in daletinimize C-alkylation

at the 2 position of coelenterazine (see appendix).

CHj Br
e a _5 . o
05 )
| A;é 0
2 3

OAc HO, OH
B
H

NN Lo NN
| _ cde,f |
P
N - N
AcO [6)
4

Coel-BeBA (1
Scheme 3. Synthesis of Coel-BeBA. &)BulLi, B,Pin,, THF, -40 °C, 4.5 h, 40%; b)
AIBN, NBS, MeCN, reflux, 20 h, 69%; c) 1% Nkh MeOH, CHClI,, 0 °C, 75 min; d)
3, CsCOs;, DMF, rt, 12 h; e) NaOMe, MeOH, 0 °C, 45 h; f) ®d / H,O (0.1 %
HCOH), 12 h, rt, 9% over 4 steps.

Sensitivity and selectivity of Coel-BeBA for hydrogen peroxide.

First the relative responsiveness of Coel-BeBA hanges in hydrogen peroxide
concentrations was evaluated. Coel-BeBA and GLureviecubated with alternating
concentrations of hydrogen peroxide (0-10M) and the total photon flux was
measured for 1 h (Figure 2.). It was possible tdaiob physiologically relevant

=
[=]

Figure 2. 10 uM Coel-BeBA and
GLuc with various concentrations
of H,O, in 0.1 M PBS (pH 7.4).

—
—
] L ' Total photon count was measured
| — over 1 h. Statistical analysis was
1m W . ' performed with a two-tailed
) a I 5 I 10 I 25 I 50 I 100

Student’s t-test. » < 0.05, and
H20 concentration / M error bars areSEM; n = 3.

Relative Luminescence f a.u.

L= e Y - L ]
TR
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low-micromolar detection of hydrogen peroxide. Heyiestablished that Coel-BeBA
could detect changes in .8, levels in a dose-dependent fashion down to
physiologically relevant concentrations we next esigated the selectivity of
Coel-BeBA over other ROS (Figure 3). Coel-BeBA aatuc were incubated with
various ROS, including #D- in the presence and absence of catalaseDa-tegrading
enzyme. Total photon flux was then measured for. Litlle to no relative signal
increase was observed when Coel-BeBA was reactéd ather ROS or kO, in the
presence of catalase.

oo - Figure 3. 10 uM Coel-BeBA
1800 |- with various reactive oxygen
1600 species (10uM) and GLuc in
0.1 M PBS (pH 7.4). Total
photon count measured over an
hour in luminometer. Cat: 0.4
mg / mL catalase. HO* and
t-BuO* radicals were generated
from 1 mM FeC} solution and
100 uM H,0; or 100 uM
t-BuOOH respectively. Solid K&n DMSO (final concentration: 100M) was used as
a source for @ ; and error bars asEeSEM; n = 3.
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Figure 4. Detection of exogenous,B, with Coel-BeBA in HEK293T cells expressing
GLucM23-Venus-KDEL. Bar graph representation (leftinear correlation graph
(right). Upon addition of Coel-BeBA (26M) and HO, (0-100uM) total photon flux
was measured for 2 h. Statistical analysis wasopedd with a two-tailed Student’s
t-test. < 0.01, and error bars atSEM; n = 3.
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Next it was determined whether the performance aél<BeBA could be translated to
living cell culture (Figure 4.). Coel-BeBA and vaumis concentrations of . (0-100
uM) were added to HEK293T cells expressing GLUcM281-KDEL (ER-localizing).
Photon flux was measured for 2 h. Experiments detnated that exogenous addition
of H,O, to live-cell assays did not interfere with prodact of the HO,-dependent
bioluminescent signal of Coel-BeBA and demonstraelihear response to,8, in
cellulo. Subsequently we moved on to investigate the pitisgito detect endogenously
generated kD, in living cells with Coel-BeBA. RAW264 cells exmsng
GLucM23-Venus-KDEL were incubated with phorbol 1¥etate 13-acetate (PMA)
because PMA activates protein kinase ¢ (PKC) inromwages which results in the
subsequent activation of NADPH-oxidase (NOX) ane theneration of bD,.*
Following incubation with PMA for 1 h, Coel-BeBA wadded and after incubation for
10 min the total photon flux was measured for 1@.nfFigure 5.) PMA-treated cells
showed statistically significantlyp(< 0.05) higher bioluminescent signal derived from
Coel-BeBA compared to non-stimulated cell$ience it was possible to detect®d
generation in living cells with Coel-BeBA, which menstrates that this probe is
sensitive enough to changes in biologically reléWy®, concentrations.

7 Figure 4. Showing relative
25 bioluminescence and relative
bioluminescence/fluorescence (venus)
ratio for RAW264 cells transfected
with  GLucM23-Venus-KDEL and
incubated with PMA (3.Qug / ml) for
1 h. Coel-BeBA was added incubated
for 10 min after which total photon
Control PMA count was measured for 10 min.
Statistical analysis was performed with
a two-tailed Student'stest. < 0.05, and error bars atSEM; n = 4.

1.5 1

BL/FL{a.u.

05 +

Conclusions
A coelenterazine-boronic acid conjugate probe veagldped for the selective detection

of hydrogen peroxide. In a similar method usedyttttsesize bGalNoCoel, Coel-BeBA
was synthesized with only minor formation of thalkylated product (see appendix). It
could be established that Coel-BeBA had high spésiffor H,O, over other ROS

tested. Coel-BeBA, with GLucM23, was able to detexbgenous and endogenous
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H.O. in living cells. Thus it was demonstrated thativettble-coelenterazines, in
addition to the detection of enzyme activity, cam dhesigned to detect bioactive
molecules such as B, in living systems. For further improvement it mighe
appropriate to replace the free boronic acid mowith a boronate ester. In a recent
patent from Promega, detection ob@4 with various D-luciferin-boronic acid and
boronate ester derivatives was investigatdtiwas shown that not only is the reaction
between the boronate and,® pH-dependent, but also the type of buffer had
significant impact on the luminescence output. regéngly it was also shown that
while derivatives containing the free boronic abat an overall higher luminescence
output over the boronate ester derivatives, howexguoorer signal-to-noise profile.
Thus similar  structure-activity relationships  mightbe observed  with
coelenterazine-boronate conjugates as well andresgiurther investigation.

Experimental

Materials and I nstruments

General reagents and chemicals were purchasedSmgma-Aldrich Chemical Co. (St.
Louse, MO), Tokyo Chemical Industries (Tokyo, Jgpand Wako Pure Chemical
(Osaka, Japan) and were used without further patitn. Silica gel chromatography
was performed using BW-300 (Fuji Silisia Chemicdl.l. Greenville, NC). NMR
spectra were recorded on a JEOL JNM-AL400 instruraed00 MHz for'H and 100.4
MHz for *C NMR, using tetramethylsilane as an internal stashdMass spectra were
measured on a Waters LCT-Premier XE mass specteoniet ESI or on a JEOL
JMS-700 for FAB. UV-visible absorbance spectra wereasured using a Shimadzu
UV1650PC spectrometer. High pressure liquid chrograiphy (HPLC) analysis was
performed with an Inertsil ODS3 column (4.6 x 25hGL Science, Inc. Torrance,
CA) using an HPLC system that comprised a pump (B02JASCO) and a detector
(MD2010 and FP2020, JASCO). Preparative HPLC wasopeed with an Inertsil
ODS3 column (10.0 x 250 mm)(GL Sciences Inc.) usingHPLC system with a pump
(PU-2087, JASCO) and a detector (UV-2075, JASC@luBninescence was measured
in 96-optiplate multiwell plates (PerkinElmer Catd.) using a Wallac ARVO mx /
light 1420 Multilabel / Luminescence counter with auto-injector (PerkinElmer Co.,
Ltd.) or ImageQuant LAS 4000 mini (GE Healthcaréel$ciences).
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In vitro H,O, experiments

To black 96-well plates containing |3 Gluc, 180uL PBS (0.1 M, pH 7.4), 1QL
Coel-BeBA (final concentration 10M) was added TuL aqueous solution of #D;
(final concentration 0-10@M). Total luminescence output was recorded for Tlne
relative luminescence was determined using Image J.

Specificity against other ROS

Fig.10 10 uM Coel-BeBA with various reactive oxygen specie8Q(tM) and GLuc in
0.1 M PBS (pH 7.4). Total photon count measured @vehour in luminometer. Cat:
0.4 mg / mL catalase. HO* arneBuO* radicals were generated from 1 mM FeCl
solution and 10QuM H,O, or 100 uM t-BuOOH respectively. Solid KOin DMSO
(final concentration: 10Q0M) was used as a source fog Qexperiments were repeated
in triplicate.

Measuring extragenous H.0, in HEK293T cells expressing
GLucM 23-Venus-KDEL

HEK293T cells grown in Dulbecco’s modified Eaglefsedium, supplemented with
10% fetal bovine serum, were transfected with pcBNALucM23-Venus-KDEL and
incubated at 37 °C, 5% G@r 24 h. Cells were washed with PBS (0.1 M, pH),7athd
trypsinized. 2 x 19cells were suspended in black microplates contgihieibovitz’s
L15 medium (no phenol red). Coel-BeBA in PBS (fim@ncentration 25u:M) and
aqueous solutions of A, (0-100 uM) were added. Total luminescence output was
recorded for 2 h. The relative luminescence wasrdehed using Image J.

RAW264 with PM A

RAW264 cells were grown in minimum essential medaupplemented with 10% fetal
bovine serum and 100 mg / mL non-essential amimsaCells were washed with PBS
(0.1 M, pH 7.4), trypsinized, and scraped. 1 ¥ t6lls were suspended in black
microplates Leibovitz's L15 medium (no phenol red@horbol 12-myristate 13-acetate
(PMA)(final concentration 3ug / uL) in DMSO was added, or DMSO was added and
incubated for 1 h (37 °C, 5% G Coel-BeBA in PBS (final concentration gM) was
added and cells were further incubated for 10 denus fluorescence was measured
and total luminescence was recorded for 10 min.
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Synthesis of Coel-BeBA

4,4,5,5-tetramethyl-2-par a-tolyl-1,3,2-dioxabor olane (1)

To a solution of 4-iodotoluene (1 g, 8.06 mmolamhydrous THF (10 mL) cooled to
-40 C° under an argon atmosphere was add@aa i (12 mL, 19 mmol). The solution
was stirred for 1 h under argon, after which bisépplato)diboron (2.25 g, 8.87 mmol)
in anhydrous THF (5 mL). After 3.5 h the reactiomsmquenched with an aqueous
solution of NHCI (20%). The solution was extracted with EtOAc ahd combined
organic layer was washed with brine, dried overydnbus NaSQ,, and concentrateith
vacuo. The residue was subjected to silica gel chromafyy with EtOAc / Hexane
(1:4), yieldingl (702 mg, 3.2 mmol, 40 %H-NMR (400 MHz,CDC}) 6 = 7.70 (d,*J

= 8.0 Hz, 2H, ArH) 7.18 (fJ = 8.0 Hz, 2H, ArH, b) 2.36 (s, 3H, GHL.34 (s, 12H, 4 x
CHs). *C-NMR (100 MHz,CDGJ) 6 = 141.30, 134.80, 128.50, 83.60, 24.85, 21.71.

2-(4-bromomethylphenyl)-4,4,5,5-tetramethyl-1,3,2-dioxabor olane (2)

A solution of 4,4,5,5-tetramethyl-2-para-tolyl-23jioxaborolane (517 mg, 2.37 mmol),
NBS (550 mg, 3.09), and AIBN (19 mg, 0.12 mmolrimhydrous MeCN (17 mL) was
refluxed for 24 h. The reaction mixture was concedin vacuo, dissolved in EtOAc,
filtered and concentrated vacuo. The residue was subjected to a short silica g p
(5 % EtOAc / Hexane). The combined fractions wesmlgsined and concentrated and
driedin vacuo, yielding2 as a white powder (488 mg, 1.64 mma-NMR (400 MHz,
CDCly) 6 = 7.78 (d,2J = 8.0 Hz, 2H, ArH) 7.38 (d®J = 8.0 Hz, 2H, ArH) 4.47 (s, 2H,
CH,) 1.33 (s, 12H, 4 x CH *C-NMR (100 MHz, CDGJ) & = 140.38, 134.83, 128.03,
125.44, 83.55, 33.04, 24.65.

Coel-BeBA

To a solution ofCTZ(OAc)s (100 mg, 0.18 mmol) in Ci€l, (2 mL) was added 1%
NH3 in MeOH (2 mL) at O °C under an argon atmosph&feer 75 min the solution was
evaporated to dryness and driedracuo. The dark residue was dissolved in anhydrous
DMF and CsCO; was added (53 mg, 0.16 mmol). To this solution added (56 mg,
0.19 mmol) in DMF (1.45 mL) dropwise over 30 mimder argon flush. The reaction
was stirred at rt under argon for 24 h. The sotuti@s poured into ¥ and extracted
with EtOAc. The organic layer was washed with brimkied over NgSO, and
concentratedn vacuo. The crude residue was dissolved in anhydrous Mesobled in
an ice-bath under an argon atmosphere. To thigieolwas added NaOMe (15 mg,
0.28 mmol) and the solution was stirred at 0 °CZdr. Additional NaOMe was added
(45 mg, 0.83 mmol) and after 2 h the reaction wasnghed with Dowex 50W Hesin,
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filtered, and concentrateith vacuo. The crude residue was dissolved in a solution of
MeCN (10 mL) and KO (10 mL)(0.1 % formic acid) and stirred at rt fi2 h. The
solution was filtered and subjected to preparatexerse-phase HPLC; gradient: 45 to
70 % MeCN (0.1 % formic acid) (0O to 25 min). Thendmned fractions were
lyophilized giving Coel-BeBA as a dark sticky red solid (9 mg, 9 % over 4 gteps
'H-NMR (400 MHz, CROD) 6 = 7.66 (s, 1H, ArH, a) 7.53-7.38 (m, 6H, ArH)
7.19-7.06 (m, 5H, ArH) 7.06 (d) = 8.8 Hz, 2H, ArH) 6.76 (d®J = 8.0 Hz, 2H, ArH)
6.66 (d,% = 8.4 Hz, 2H, ArH) 4.86 (s, 2H, GH4.41 (s, 2H, Ch) 3.96 (s, 2H, Ch);
3C-NMR (100 MHz, CROD) ¢ = 157.14, 154.91, 151.09, 137.19, 133.43, 131.17,
129.12, 128.98, 128.62, 127.57, 127.36, 127.15,7528.14.84, 114.65, 48.00, 37.99,
31.37; ESMS: Calc: 558.2195; found: 558.1752 [M*H]
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Conclusions and Per spective

This thesis has described development of celermeable coelenterazine derivatives
for monitoring of exocytotic events and the devebept of activatable coelenterazine
derivatives.

In the first chapter | demonstrated that coeleziee can be modified with a
flexible linker, containing a terminal phosphonicida by alkylating the phenol in the
2-position of coelenterazine (CoelPhos). CoelPhmsved higher activity with GLuc
over RLuc. Despite CoelPhos having lower lumineseeoutput compared to native
coelenterazine with GLuc it was possible to visealmembrane bound GLucM23
mutant in HelLa cells with CoelPhos. The derivat@eelPhos also showed low
cell-membrane permeability, which was demonstratecklls expressing ER-localized
GLuc. These results indicated that CoelPhos coutd potentially used as a
bioluminescent tool for the monitoring of exocytogvents in real-time. It should be
emphasized that improvements in luminescence oulgutoptimizing the linker
composition and length are expected. Thus furtikploeation of the chemical space is
desired. Notwithstanding, employing CCD-camera$wigh luminescence sensitivity
should also facilitate improvements in the appliliigtof CoelPhos.

In Chapter 2, | designed and synthesized activatabélenterazine derivatives for
specific detection of enzyme or bioactive small-ecole activity, and stabilization of
the coelenterazine substrate. | expected that ipigclof the 3-position of the
imidazopyrazinone ring would effectively stabilizeelenterazine. In subchapter 2.1 |
designed and synthesized two probes, bGalCoptgalactose-coelenterazine hybrid,
and bGalNoCoel, #3-galactose-nitrobenzyl-coelenterazine derivativeathB probes
showed high stability and specificity however bGalel greatly outperformed
bGalNoCoel in cell assays and | demonstrated tGaioCoel could be used to detect
enzyme activity in two separate cell populationgak also able to demonstrate for the
first time that coelenterazine readily diffuses ofitells. In subchapter 2.2 | described
the design and synthesis of a boronic acid-coelernitee derivative for the selective
detection of hydrogen peroxide in living cells; GBeBA. This probe had adequate
sensitivity and selectivity for hydrogen peroxide. addition | could show that this
probe could be used to detect endogenously gederhyelrogen peroxide in
macrophage cells. Having demonstrated that in ba#ies, blocking of the 3-position
leads to a stabilization of the coelenterazine wates is seems very straightforward
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what the future holds for this type of technololgly concept can easily be expanded to
incorporate many other types of enzymes and biacmall-molecules, especially
with the recent availability of coelenterate luciéfees which display more glow-type
luminescence profiles (GLucM23, NanoLuc). Combinthg technology with BRET,
protein-fragment complementation assays etc a vadge of applications are possible.
Thus | venture that overall my work has helped exioag the bioluminescence toolbox.
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Appendix
M odification of the 2- and 3-positions of the imidazopyrazinone ring of

codlenterazine

In chapter 2.1 and 2.2 | described the synthesiEGalNoCoel and CoelBeBA. Both
of these compounds were obtained by O-alkylatiothefcarbonyl at the 3-position of
the imidazopyrazinone ring of CTZ(OAc)However, | discovered that under certain
conditions a certain amount of C-alkylation at Baposition also took place (Scheme 1).
C-alkylation of coelenterazine has not been replarie¢he literature thus far.

"
R
o OAc o _ One o MOAC
] N NN N_N
| A~ l P2 + |
Qi” R N N
H
Jos X=Cl,Br, | AcO ACO

Scheme 1.

This was first observed during the synthesis ofING&oel where a significant amount
of the c-alkylated product was also obtained (s&h&n Attempted deacetylation of
Per-OAc-bGalNoCoel(C) with sodium methoxide, litmuhydroxide among others
resulted in nucleophilic addition to the 3-carbogsdup.

OAc
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Per-OAc-bGalNoCoel(C)

29 % 22%

Scheme 2. Showing the relative yields of O- and C-alkylatiogspectively in the
synthesis of bGalNoCoel.

Interestingly in the synthesis of Coel-BeBA O-alyjdbn was almost exclusively
obtained (Chapter 2.2). It is common knowledge thatand C-alkylation is largely
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influenced by reaction conditions such that aprasiglvents, bases with large
counter-ions, and hard leaving groups tend to faDealkylation whilst conducting
reactions with protic solvents, bases with smailnter-ions, and soft leaving groups
tends to favor C-alkylation.

In another instance | attempted to synthesize &eotaazine probe, Coel-BePA for
the monitoring of alkaline phosphatase (SchemeBg@)changing the conditions as to
favor C-alkylation a slightly higher proportion ofC-alkylated product
(Pro-Coel-BeBA(C)) was observed. Separation of@heand C- alkylated products is
highly difficult with very similar rf values, dedpgi extensive flash silica gel
chromatography (Figure 1).

%/%{
ol \\O

3

OO Lo
P — OAc
dP O N__N 0

| _ + NN

N | _

AcO N
AcO

11% 13%
Scheme 3. Synthesis of bGalCoel. a), CBrs, EtsN, THF, 80%; b) NaBHy,
MeOH, 87%; ¢) CBrs, PPhs, CH2Cls, 90%; d) 1% NHjs in MeOH / CH2Cls; e) 5,
Na2COs, Nal, THF.

CTZ(OAc);

It became clear that the C-alkylated coelenterazare highly unstable in the presence
of base and readily decomposes to coelenteraziméstweing more stable under acidic
conditions. The opposite is true for the O-alkytat®welenterazines. Only one method
for selective deprotection of the 3-carbonyl haserbereported, selective

deacetylatioh? However, in order to obtain C-alkylated coelent@res it would be

more suitable to utilize protecting groups whicn aasily be cleaved under acidic
conditions. This area of research is seriouslyitariand needs to be explored further.
Although, other substrates such as bisdeoxycoekente (BDC), which does not have
any phenolic groups, does not suffer from this fgwb Even if deprotected C-alkylated
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coelenterazines could be readily obtained, it rem&o be seen how stable they are
under biological conditions in the presence of ratnucleophiles such as glutathione.

1] gl%;@

W/ b\ LA / WY
AU C L VI, WY L PRSP, VEE, S Pro- Coel BePA (O O O-iPr
%

| P\O .
O -iPr
C A R B

@%

Pro- Coel BePA (C

Figure 1. Showing comparison of
'H-NMR of O-alkylated (blue) vs C-alkylated (red)

Experimental
Materials and I nstruments

General reagents and chemicals were purchasedSrgma-Aldrich Chemical Co. (St.
Louse, MO), Tokyo Chemical Industries (Tokyo, Jgpand Wako Pure Chemical
(Osaka, Japan) and were used without further patibn. Silica gel chromatography
was performed using BW-300 (Fuji Silysia Chemicatl.l. Greenville, NC). NMR
spectra were recorded on a JEOL JNM-AL400 instruraed00 MHz for'H and 100.4
MHz for *C NMR, using tetramethylsilane as an internal stashdMass spectra were
measured on a Waters LCT-Premier XE mass specteoniet ESI or on a JEOL
JMS-700 for FAB.

Synthesis

4-formylphenyl diisopropyl phosphate (2)

To an ice-cooled solution of 4-hydroxybenzaldehyie (123 mg, 1.01 mmol) and
carbon tetrabromide (998 mg, 3.01 mmol) in anhydrdtiF (10-11 mL) under an

argon atmosphere was added anhydroudl £0.42 mL, 3.01 mmol), followed by
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dropwise addition of diisopropylphosphite (0.33 niL99 mmol). After 5 min the
ice-bath was removed and the reaction was stirted #@r 24 h. The reaction was
quenched with water. The aqueous solution was artlawith EtOAc, washed with
brine, dried under N&Q,, filtered, and concentrateich vacuo. Purification by flash
chromatography (EtOAc / Hexane; 1:1) yielded theireéel product (2) as a clear yellow
oil (231 mg, 0.81, 80%):H-NMR (400 MHz,CDC})$ 9.97 (s, 1H, CHO) 7.89 (d) =
8.0 Hz, 2H, ArH) 7.39 (d®J = 8.0 Hz, 2H, ArH) 4.78 (m, 2H, 2 x CH) 1.38 {d,= 6.2
Hz, 6H, 2 x CH) 1.34 (d,%J = 6.2 Hz, 6H, 2 x C); *C-NMR (100 MHz,CDC)) 5
190.76, 155.67, 133.02, 131.56, 120.43, 100.5498733.61, 23.56, 23.51, 23.45;
ESI-MS: calc: 287.1043; found: 287.1467 [M+H]

4-(hydroxymethyl)phenyl diisopropyl phosphate (3)

To an ice-cooled solution &in MeOH (2 mL) was added sodium borohydride (53 mg
1.40 mmol). After 1 h the reaction mixture was malinto water and extracted with
EtOAc, washed with brine, dried under JS&, filtered and concentrated and dried
vacuo. Purification by flash chromatography gave theiréesproduct3 as a clear oill
(198 mg, 0.69 mmol, 87%JH-NMR (400 MHz,CDC}) 6 7.12 (d,3J = 8.0 Hz, 2H,
ArH) 6.96 (dJ = 8.0 Hz, 2H, ArH) 4.52 (m, 2H, 2 x CH) 4.38 ($),2H,) 1.16 (d,*J

= 6.0 Hz, 6H, 2 x Ch 1.11 (d,3J = 6.0 Hz, 6H, 2 x CH; *C-NMR (100 MHz,
CDCl) & 149.18, 137.74, 127.37, 119.06, 72.82, 62.91,8222.73, 22.70, 22.64;
ESI-MS: calc: 289.1199; found: 289.1836 [M+H]

4-(bromomethyl)phenyl diisopropyl phosphate (4)

To an ice-cooled solution & (197 mg, 0.68 mmol) in anhydrous gE,was added
carbon tetrabromide (345 mg, 1.04 mmol) and trighgrhosphine (284 mg, 1.08
mmol) under argon. The reaction was stirred abrt20 h. The reaction mixture was
concentratedn vacuo. The residue was dissolved in a minimal amountid$Cl, and
loaded onto a silica gel column. Flash chromatdgyajEtOAc / Hexane; 1:1) yielded
the desired produe as a colorless liquid (214 mg, 90%Hi-NMR (400 MHz,CDC}) &
7.35 (d,23=8.0 Hz, 2H, ArH) 7.19 (£J = 8.0 Hz, 2H, ArH) 4.73 (m, 2H, 2 x CH) 4.45
(s, 2H, CH, d) 1.32-1.24 (m, 12H, 6 x GH *C-NMR (100 MHz,CDC}) & 150.32,
133.96, 130.08, 119.98, 73.23, 32.39, 23.22.

Prot-Coel-BeBA(0)/(C)
To an ice-cooled solution of CTZ(OAc56 mg, 0.10 mmol) in CKl, (1 mL) under
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an argon atmosphere was added 1% MHVIeOH (1 mL) and the solution was stirred
for 2.5 h. The reaction mixture was concentrated @medin vacuo and used without
further purification. The residue was dissolvedamhydrous THF (5 mL) under an
argon atmosphere. To this solution was addef£L®a (4.5 mg, 0.04) Nal (15 mg, 0.10),
and4 (47 mg, 0.13) in anhydrous THF. The reaction wasbibed with argon gas for 30
min. The reaction was stirred over night at rt. Teaction was diluted with water and
extracted with CHCl,. The organic layer was washed with water, brimregeddunder
NaSQO,, filtered, and concentratad vacuo. Purification via flash chromatography (0
- 3% MeOH / CHCIl,) yielded two major products: The O-alkylated prod(®) (8.6
mg, 0.011 mmol, 11%) and the C-alkylated proddg(9.8 mg, 0.013 mmol, 13%)

Prot-Coel-BeBA(O)

'H-NMR (400 MHz,CDC}) 5 7.84-7.79 (m, 3H, ArH) 7.56 (dJ = 8.0 Hz, 2H, ArH)
7.33-7.15 (m, 11H, ArH) 7.01 (d) = 8.0 Hz, 2H, ArH) 4.90 (s, 2H, GH4.72 (m, 2H,
2xCH) 4.56 (s, 2H, CB) 4.11 (s, 2H, CH) 2.31 (s, 3H, CHCO) 2.27 (s, 3H, CECO)
1.34 (d,3) = 6.4 Hz, 6H, 2xCh 1.27 (d,3J = 6.4 Hz, 6H, 2xCh); *C-NMR (100
MHz,CDCk) §169.42, 169.29, 152.69, 151.59, 151.52, 150.83,1849.37.90, 137.68,
137.07, 136.55, 134.58, 133.14, 132.26, 131.96,06301.29.66, 129.64, 128.17, 127.24,
126.36, 121.84, 121.47, 120.39, 120.35, 108.93647339.31, 32.79, 23.57, 23.52,
23.46, 23.41, 21.08, 21.08SIMS: Calc: 779.2961; found: 779.1447 [M+2H]
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