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Abstract

Colchicine analogues in which an azo group istipe@ted into a molecule containing the key
pharmacophore of colchicine, have found particutdity as switchable tubulin binding
chemotherapeutics. Combretastatin is a relateghoarmd containing a stilbene fragment that shows
different bioactivity for thecis andtrans isomers. We have performed cell assays on 17 newpounds
structurally related to a previously reported amalague of combretastatin. One of these compounds
showed enhanced potency against HeLgy@#®.11uM) and H157 cells (16 = 0.20uM) for cell studies
under 400 nm irradiation and the highest photoagt{iCs, with irradiation/IG, in dark = 550). We
have performed docking and physicochemical studfiésis new compound?]. Kinetic studies in water
reveal a longer half-life for thesisomer of7 which may be one factor responsible for the bé@gy
values in cell assays and the improved photorespmbghavior.

Introduction

Photopharmacology is a unique and potentially pbwéwol of use for creating more selective
cancer-targeting compounds. Biological functioas be controlled by localized application of lighét
selectively excites photoswitches.[1-3] Light i@n-invasive control element where deleteriousctoxi
effects can be minimized in a qualitative and qainte manner by adjusting wavelength and intgnsit
respectively.[4-7] One of the chief advantagedgtftlis that it can be supplied with very high $pleind
temporal accuracy in biological systems and thiesa@me the poor specificity of drug activity.

While this type of dynamic molecular system hasgpharmaceutical potential, there are a host
of additional considerations inherent to such &sgghat must be considered when evaluating a paken
new therapy. For example, for photopharmaceutit@ghe difference between the biological activof
the excited and unexcited photoswitch that is fumelatal to obtaining target selectivity, rather thiza
absolute potency of the excited photoswitch. dditoon, proper evaluation of new photopharmaceigic
requires physicochemical studies to evaluate @atdlubilities of active and inactive isomersthar
half-life of the excited state. Both of these pmjgs can impact the observed biological activitd a
utility of a potential photopharmaceutical.

[Figurel]
[Figure?2]

One promising area for application of photopharr@ppis tubulin polymerization inhibitors.[8]
Microtubules are dynamic heterodimeric cytoskelstalctures that are made by self-assembbyarfid
B-tubulin protein and participate in many cellulanétions.[9] The key role of microtubules is i th
formation of mitotic spindles during mitotic ceivision. Tubulin is the most validated protein tatrépr



small molecules as anti-proliferative and anticafigands, which interact with tubulin and disturb
microtubule dynamics.[10] In anticancer drug disry, these ligands are classified into two major
categories, first are those that inhibit the polsimsion of the mitotic spindle such as vinca abkas$[11]
and colchicine [12,13]1( Figure 1) and second are those that inhibit the depolyrataaz of the mitotic
spindle once it has formed, such as paclitaxel.[Cémbretastatin A-4 (CA-4), a stilbene naturaldorct
isolated from the stem wood of the South Africae€ombretum caffrum (2, Figure 1),[15] has been
investigated extensively for its tubulin polymetipa inhibitor activity and was found to possessepb
anticancer activity against a number of human cagelelines including multidrug resistance canceit
lines.[16] The X-ray structure of a tubulin compleound by CA-4 shows that this molecule bindshto t
colchicine site in tubulin.[17] One disadvantageC#-4 is its low solubility (0.35 mM),[18] which lsa
prompted the synthesis of the water-soluble phdsptr@drug, combretastatin A-4-phosph&e (
fosbretabulin disodiuntrigure 1)[19,20] and amino acid prodrug émbrabulinFigure 1).[21] Both3
and4 are in clinical trials.

CA-4 (2) and its prodrugs3(and4) have been found to be effective anti-angiogeragisnts that
inhibit new vascular system development withingalimors.[22,23] The anti-angiogenic activityf
has been widely reported and this activity has losgnonstrated to arise from binding to the saneeisit
pS-tubulin as colchicine.[22,24] However, stilberempounds are well-known to photoisomerize, and
while thetransisomer is more stable, tloesisomer of CA-4 is orders of magnitude more potent f
anticancer activity.[16,25,26] This isomerizatlamits the stability and shelf-life of CA-4, so muc
effort has been dedicated to developing conformatip restricted analogues &fin which thecis-
double bond o? is substituted with a heterocyclic ring to previsoimerization. Some examples of these
compounds are azetidinone,[Zflactum,[28] heteroarylcumarin,[29] benzoxepine][&@ylindole,[31]
furazane,[32] imidazole,[33] pyrazole,[34] and @jBxolane.[35] Although these non-isomerizable
molecules show better activity against cancer gglisvth, drug specificity problems persist because
these ligands are also toxic to both normal andtineeells.

To address issues of tissue selectivity, a photopaeological azologue of CA-4 in which the
stilbene unit of CA-4 is replaced by azobenzenebeas reported by Borowjak al.[36] (photostatins),
Engdahlet al.[37] (azo-combretastatin A4), and later by Sheleoai.[38] (Figure 2). Both groups
utilized a photopharmacology approach to contrellioactivity of5 in spatiotemporal manner by
substituting azobenzene for the stilbene fragme@A-4 (substitution of N=N bond for C=C).
Compared to stilbene photochemistry, azobenzenadwglgible side-reactions during
photoisomerization, has lower isomerization actbraenergy, and abundant literature exists on strat
modifications to tune photochemical response. u®limedia are irradiated with ultraviolet light\(U
395-400 nm) to convert the inactitrans isomer of5 into the bioactivesis-5.

These promising results prompted our group to itgate these systems, and their
physiochemical properties in more detail. Many&ture-activity studies on CAHave been
reported.[31,32] We note that there are recgrurte on pharmacophore features for the colchicine
binding site[39] and properties of isocombretaglings as tubulin inhibitors.[40] It has been
demonstrated that the 3,4,5-trimethoxy substitétethg of colchicine is required for bioactivity $2
The principle focus of this study is therefore gitbsnt changes to the B-ring. A key functionalgwdn
the B-ring is either a hydrogen bond donating abdt@n amine at the 3-position which gives potent
bioactivity and good water solubility.[25] We hasynthesized and tested a library of 17 derivatives
against two cancer cell lines (HeLa-cervical carmcet H157-lung cancer) in the dark and in presefice



UV light. For the subset with the most promisingibitory activity, we used a combination of
physicochemical analysis and ligand docking sinmestto investigate inhibitory differences.

Results and Discussion
Synthesis

We synthesized 17 compound@s2?) for biological testing (see Table 1 alRidjure 3 for
structures). Of these, only compourdsand22 have structural changes to the A-ring. These comg®u
were synthesized by a combination of three primciphctions: 1) azo-coupling of the diazonium salt
from either 3,4,5-triemthoxyaniline or 3,4-dimetlyaxline, 2) alkylation of phenol groups, and 3) Pd-
catalyzed deprotection of allyl ether protectingugr. Details of all synthetic procedures and full
characterization'd NMR, **C NMR, IR, mp, ESI-HRMS) of all new compounds avaitable in the
supplementary material.

[Figure 3]

Photochemistry

The photoresponsiveness of all new compounds wdgest by UV-visible spectroscopy prior to
cellular assay. The photoisomerization of azobeexempounds is easily monitored by changes inthe n
* and -nt* transitions. UV irradiation converted thr@nsisomer to a photostationary state (PSS)
within 3-7 min for all compounds. Representatiwé-ds spectra are shown Figures4 andS1. All
compounds showed spectral changes consistentnafifito-cis isomerization as evidenced by distinct
spectra for the two isomers. Compoufds6, 20 and21 do not display spectral changes upon irradiation
because they fall into a class of azobenzenes krewWpsedostilbenes.”[41] These four compounbds al
possess para-phenol substituent that participates in a tautoecreguilibrium characterized by extremely
fast thermal relaxation of the photoinduagslisomer.[42]

[Figure4]

Cancer Cdl Viability Assays

Seventeen azo-analogues of Azo-Cwere tested for their antiproliferative activitien
HelLa cells as a model for human cervical adenogancd and H157 cells as a model for lung cancer.
Series dilutions (from 125 uM to 0.1 nM) of indivia azo-compounds were incubated with HeLa and
H157 cells for four days in a 96-well plate. Theubated cells in one plate were grown in the datkia
another plate grown in the presence of UV lighO¢390 nm, 10 sec irradiation every 34 min). An
automated UV light switch system uploaded with htodies on an Arduino boarBifure S2) was used
for the experiment. The UV light switch setup (Ailuboard, 51 LED flash light, bread board, eleetri
components and power source) was developed asreaiorted.[36]

The activity of azo-compounds on cancer cells waasuared via a colorimetric MTT assay
(Figure5). The intensity of color correlates to the vialilbf remaining HeLa and H157 cells; the
relative cell viability versus concentration oftteempounds were plotted ands§@alues determined by
curve fitting and statistical analysiBigure 6). Many results have relatively large standardat@ns of
the mean value. For every MTT assay a new batckltsf (HeLa or H157) was grown and treated with
the compounds at the same culture conditions, dimaducell culture medium, temperature and treatment
time. Therefore, the replicates of our MTT assayseasent the true biological replicates. Given the



intrinsic heterogeneity of cell populations wid&lyown in cancer cell lines, the large variations in
response to compound treatment in different andpgaddent batches of cells are expected, even though
the culture condition was strictly controlled. 3lé an explanation for large standard deviatidhs.
observed variations, however, is of particular inigace since it can be used as an estimation of the
possible minimum and maximum responses of the cdimesto the compounds that may occur in real
biological environments. After analysis of thed@alues of 17 compounds (sEable 1) we observed a
good structure-activity-relationship (SAR) for cooymds5, 7 and8. Only compounds that displayed
activity are included in Table JFigure 3 displays the structure of tested compounds tlsmialyed no
detectable activity. Compourtdwith the ethoxy group is the most active ligandhia series and shows
600-fold and 550-fold greater activity in the pmese of UV light for HeLa and H157 cells respectyvel
This is an improvement upon the previously repoaea-CA-4 b) that displays 250-fold and 5-fold
enhanced activity following UV light irradiatiorBorowjaket al.[36] reported 74-fold enhanced activity
for 5 for HelLa cell assays, which is comparable to osulte These assay results are supported by white
light microscopy of compounds 7 and8 (Figure 7). Similar results were observed for HeLa and H157
cells where a lower cell count is observed at 26040 nM for compoundsand? under UV irradiation.

[Table 1]
[Figure5]
[Figure 6]
[Figure7]

Physicochemical and Docking Studies

We performed docking and physicochemical studiesuestigate the origin of increased potency
and increased photochemical effect; i.e., increasta of IGy(dark)/ 1G(light). We hypothesized that
several factors may be playing a role in explainhmgydifference betweehand7: 1) stronger binding to
the tubulin active site, 2) differential solubilitf cis andtrans isomers and/or 3) different half-lives o6
isomer.

To address the question of tubulin binding, we qrenkd ligand binding simulations using
AutoDock Vina (version 4.2).[43] The tubulin-conabastatin complex (PBD accession number: 5LYJ(
[17] were converted to required PDBQT files usinGMTools (version 1.5.6).[44] The default search
box size was calculated using the protocol outlimgthe authors of Vina. The radius of gyration fo
ligandscis-5, 7 and8 was calculated from optimized structures from dgrfsinctional theory (B3LYP/6-
311+G(d) as implemented in Gaussian 09[45]) and tsestimate box sizd-igure 8 shows an overlay
of 2 in the bound state and the lowest energy bindimfocmations o6 and7. Azo compound$ and7
have nearly identical binding conformations andelg overlap the X-ray binding structure of
combretastatin. The RMSD for comparison of dockinge of combretastatin versus the X-ray structure
was 0.14 nm. The distance between the stilbenbleduond and the azo group is 0.1 nm for best
docking poses d versuss and7. One difference between combrestastatin A4 andcampound and
7 is the orientation of thpara-methoxy group on the A-ring. The calculated birgdaffinity obtained via
Vina was -8.1, -7.6, and -7.1 kcal/mol f§r7 and8 for the lowest energy conformer. Visualization of
the binding conformations and binding energies atanmdicate a significant difference in the binding
affinity of 5 versusy.

[Figure 8]



The aqueous solubility of azobenzene compoungerisrally sub-mM and theésisomer can be
50-times more soluble tharans.[46] Aqueous solubility will decrease with an isasing number of
carbon atoms so it is expected that(®ater solubility) will decrease in the order 7 > 8. However, we
could not predictig/trans differential solubility nor the half-lives of tresisomers o, 7 and8. Table
2 contains kinetic data on the thermgto-trans isomerization and,Svalues forcis andtrans isomers.
Both of these physicochemical characteristics cpoléntially affect the effective concentrationttod
bioactivecisisomer. The values for,cis) correspond to photostationary states (PSS) argl th
represent lower limits for,S To put the data fds, 7 and8 into perspective, several literature examples
are included in th& able 2. From the data ifiable 2, we observed the expected order of aqueous
solubility where5 possesses the highegtf8r both isomers. The modest differenceisdtrans solubility
for 5, 7 and8 is not general for less substituted azobenzengtsambe understood by comparison of
calculated dipole moments. We calculated dipole emds{ able S2, supplementary material) using
density functional theory and have observed theretis a correlation betweam andAS,, as
exemplified by 4-trifluoroazobenzene wheg is negative and this is reflected in equivalealsitity
for the geometric isomers. The activity of thesmpounds is related to concentration of active iggec
and binding affinity to tubulin. Sparingly soluldempounds in water potentially have stronger
hydrophobic interactions with the protein so it tenargued the lower solubility @frelative to5 may be
associated with stronger binding to active site.

We studied the half-life for theis isomer of compounds and? via 500 MHz'H NMR. We
attempted to use UV-Vis spectroscopy to measur&ittetics of the thermailis-to-trans isomerization.
However, we obtained inconsistent results dueegipitation of these sparingly soluble compounde
have previously studiedigtrans ratios of azobenzene compounds in water,[46] hadaw solubility of
such derivatives requires long acquisition timeginthese experiments difficult and prone to trace
impurities. Kinetics studies in metharshl+evealed nearly identical isomerization ratessfof and8.
Kinetics studies in water were replicated and kaiito5 and7. The first-order rate plots are provided in
the supplementary materidldbles S5 andS6). Surprisingly, the rate of isomerization tors 3-fold
greater thair when measured in water, which corresponds to hed&lof 138 and 46 h, respectively for
5and7. This rate difference is unexpected given theomémd remote structural difference betw&en
and7. Density functional theoryT@ble S3) and rate measurements in methatha@upport equivalent
reactivity for all three compounds. The half-lifes 5 and7 may be a reflection of differential solubility
for thecis andtransisomers. This effect has been reported recentlyimpronounced for the parent
azobenzene compound whergds)/S,(trans) = 40 leading to longer-liveds populations. Regardless
of the origin of the experimentally observed raféedence, the resulting difference in half-livesdne
potential factor that explains the different poteaad photoresponsive behavior of compounead?.

Conclusion

In summary, we have synthesized a library of phwitthable anologues of the known tubulin-
binding photoswitctb, measured their photoisomerization, and evaludteid light induced cytotoxicity
in two human cancer cell lines. These studieslgittla novel compound)(that demonstrates a greater
biological activity and relative improvement iniaity upon irradiation than the previously reported
compound%) in both HeLa and H157 cells. Molecular modelinggests that this compound binds
within the colchicine binding pocket of tubulin.o Tharacterize the physiochemical behavior,a&nd in
an attempt to explain its improved bioactivity upoadiation, the thermatlis-to-trans half-life, as well



as the dipole moments and water solubility ofdiseandtransisomers were measured. The reduced
water solubility ofcis-7 with respect t@is-5 may explain its improved potency, as desolvatiporu
binding tubulin would be predicted to be energdiijdavored for the less water soluble compound.
Additionally, an experimentally observed longerfHifé for cis-7 relative tocis-5 has been identified as
one potential factor for the observed differencadtivity.
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FIGURE CAPTIONS

Figure 1. Natural product and synthetic tubulin polymeriaatinhibitors: colchicinel), cis- andtrans-
forms of combretastatin A-£) and related compounds, CA-4 phosph8jeafid amino-acid derivative of
CA-4 (4).

Figure 2. Tubulin polymerization inhibition profile for azoembretastatin A-45) and analogue§, 7, 8.

Figure 3. Structures of compounds that showed no detectahigtg in MMT cell assays.

Figure 4. UV-Visible photo-isomerization of compoun8@iga), 6 (b), 7 (c) and8 (d) in DMSO at
0.01mg/mL concentration.

Figure5. MTT assay of HelLa (left) and H157 (right) cellstie preence of 200 nM (a) and 40 nM (b)
compound®, 7 and8 in dark and in the presence of 400 nm isomeriligid.

Figure 6. Relative cell viability vs. concentration graphsfao-CA45 and analogues, 7, and8 for two
cancer cell lines, HelLa (left column) and H157 £@élight column).

Figure7. White light microscopy (phase contrast images usonfluence mask of gold color) of HeLa
cells incubated 72 h with DMSO and compoubds and8 at concentrations of (a) 200 nM and (b) 40
nM. Images are shown for samples in the dark ge4€0 nm irradiation.

Figure8. AutoDock 4.2 Vina results for the most stable bimgconformation of combretastatin A4 (a),
5 (b) and7 (c).



Table 1. ICs, value$ (uM) and dark vs UV ratio of I of Azo-CA4 and analogues that display
bioactivity in dark and/or in UV (395 nm) from MTassay (ND=not detected).

Structuré Hela Cell: H157 Cell:
Entry Arg Dark uv Dark/UV Dark uv Dark/UV
5 OH 50+20 0.16+0.07 310+20 50+40 0.16 +0.03 0 340
OMe
6 OH 30+30 034+0.16 80+30 102 19+14 542
OH
7 OH 60+30 0.11+003 550+30 110+60 02+0.1 58D
OEt
8 OH ND 3+2 ND 242
OOnPr
=N-on
9 oM 23%16 3625 ~9 ND ND ]
OMe
13 Y ND ND ; 90+60 100+ 70 ~°1
O OMe
16 O__ 60+20 ND - ND ND ;
OH
17 O—_ ND 53+ 14 ; ND ND ;
OMe
20 —0 14+7 12+5 -9 18+1 5.3+0.3 3+1
OH
OMe
21 OH 21+15 15+ 10 -9 ND ND ;
OH
OMe
22 =0 9+7 13+3 ~1 10 + 10 3.6+0.3 ~°1
OMe
1 OME " Colchicene  0.003 +0.001 (dark) 0.010 + 0.003 (dark)

® Reported numbers are mean values + standard idevibtAr,-N=N-Arg where structure of the A-Ring
(Ar,) = 3,4,5-trimethoxyphenyl® Ratio can only be expressed as an order of matpheacause standard
deviation was larger than the mean.



ACCEPTED MANUSCRIPT



Table 2. Solubility and half-life data for azobenzene compasiin water at 23°C.

S,(cis)/

Compound Sv, MM S,(trans Tys h

Cis Trans
Azobenzen® 2 0.0t 40 48
4-methoxyazobenze 2 0.0¢ 22 6
4-trifluoromethylazobenzel 0.0z 0.0z 1 na
Azobenzen-L-Leu-L-Prc® 14 0.2 47 24
5 0.07 0.0 2 46 (7°
7 .04 .02 2 138 (8
8 .02 .01 2 nd” (9)°
Colchiciné® 41.€
Combretastatii2® 0.3t

aReference 46° Reference 47.Reference 18 Not determined®Half-life in methanol.
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Colchicine 1 cis (bioactive) trans (inactive)

2: R=0H; Combretastatin A-4 (CA-4)
3: R=0PO3Nay; Fosbretabulin (CA-4P)
4: R=NH-CO-CH(NH5)(CH,0OH); Ombrabulin
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OH OH

ll\ll A=390-400 nm lhl

(R

MeO N —~ N OMe
@ %=500-530 nm
MeO:’/ or thermal OMe
OMe OMe
trans (inactive) c/s (bioactive)
trans—cis bioactivity increase
5: R=Me 5: ¢is 310x more active
6: R=H 6: cis 5-80x more active
7: R=Et 7: cis 550x more active
8: R=n-Pr 8: no dark activity detected
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Compound 5 (nM)

HeLa cells H157 cells
z12 o] 212
2 oLight| & 1
> 0.8 5 0.8
3 31
&)
3 0.4 ‘.:, 0.4
2 0.0 200l
5 0. ’ ’ ; 5 0.0 : ’ .
%7102 10° 102 10 10° %102 10° 10 10° 10°
Compound 6 (nM) Compound 6 (nM)
212 5er 212 <
:é 1 oLight ;'-; 1 oLight
5 0.8 £ 0.8
i \ i
O O 4]
s 0.4 Y s 0.4
kS g °®
3 0.0 . —eRe2 0.0 —
#7002 100 102 10° 100 % 102 10° 102 10° 108

Compound 5 (nM)

o
kg

Relative Cell Viability

e
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Compound 8 (nM)

HeLa cells H157 cells
aDark é‘ 1.2 aDark
- ] oLight | .. oLight
? S 0.8 \\i
> N
4- §\&_°__°__§__§_X 2 0.4 3
b= O a0
—— : n 2 0.0+ : n
0% 10° 102 10* 10° 102 10° 10> 10* 10°
Compound 7 (nM) Compound 7 (nM)
é‘ 1.2 aDark
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Highlights

e Seventeen analogs of azocombretastatin A-4 were tested for photopharmacol ogica activity
against HelLaand H157 cell lines

» Compound 7 displayed ~2x improved activity relative to previously reported A-4 (compound 5)

» Thestructura difference between 7 and 5 is an ethoxy substitution for methoxy on the A-ring

» Thehypothesisto account for thisimproved activity is based on differential aqueous solubility of
cis and transisomers



