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INTRODUCTION

Natural products provide some of the most promising and effective known anti-cancer
agents. Even if not used directly, they offer a template to derivatize and/or mimic. Non-
synthetically derived small molecules account for almost 75% of all clinically used anti-
cancer agents since 1940 with almost 50% being either natural products or their direct
derivatives (1-3). However, natural products are often not optimized for human diseases and
can in turn interact with many normal cells causing unwanted side effects. Biosynthetic and
chemical modifications of natural products offer a great opportunity to improve the anti-
cancer properties of natural product drugs while reducing their non-specific interactions.

Mithramycin (MTM) is an example of how such modifications can yield improved anti-
cancer agents. MTM is an aureolic acid type anti-cancer agent produced by various soil
bacteria of the genus Streptomyces. MTM exhibits compelling anti-cancer activity and a
unique mode of action. MTM acts by cross-linking GC-rich DNA thereby shutting down the
transcription of several proto-oncogenes, particularly pathways regulated by transcription
factors Spl and Sp3 (4-7). The Spl transcription factors are important as they have been
linked to the control of cell growth, survival, and differentiation and their over expression
has been observed in several cancers (8-10). MTM does have a clinical history, e.g.,
applications for the treatment testicular cancer, Paget bone disease, and hypercalcemia, but
has been limited by side effects such as hepatic, gastrointestinal, bone marrow, and renal
toxicities (11-15). MTM has shown promise with respect to treating neurological diseases,
glioblastomas, and other tumors in addition to showing the ability to inhibit the multi-drug
resistance efflux pump MDR1 for which smaller, less toxic doses are required (16—21). Most
recently MTM was identified as the lead compound against the Friend leukemia virus
integration 1 (EWS-FLI1) transcription factor and in a combinational approach with
betulinic acid to treat pancreatic cancer (19, 22). It is clear that MTM has high potential in
the fight against cancer and new and improved analogues would find clinical relevance.

To that end, extensive combinatorial biosynthesis has been performed on the drug
biosynthesis pathway to produce altered MTM analogues with hopes to improve the toxicity
profiles. This has resulted in several novel compounds with intriguing characteristics. The
inactivation of the mtmWW gene, which is the gene encoding the last acting enzyme in the
MTM biosynthetic pathway, produced the analogues MTM SK and MTM SDK (Figure 1)
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(23, 24). Both of these analogues possess shorter side chains at the 3-position. The 3-side
chain has been identified previously as important, since it is in part responsible for MTM’s
interaction with the DNA phosphate backbone (6, 25). Both MTM SK and MTM SDK
showed increased activity against several cancer cell lines compared to the parent MTM (23,
24, 26). These results indicate that the 3-side chain is important for the activity of MTM and
offers a base for further molecular manipulations. As an unwanted side product along with
the production of the desired MTM SK and MTM SDK analogues, MTM SA also
accumulated in the MtmW-minus-mutant, but showed — in contrast to MTM SK and MTM
SDK - significantly decreased activity compared to MTM (26, 27). One of the discussed
reasons for MTM SA’s decreased activity might be that its 3-side chain is too short and its
negatively charged carboxylic acid is disadvantageous to interact with naturally negatively
charged DNA. It is hypothesized that by modifying the 3-side chain of MTM SA via a semi-
synthetic approach the unique carboxylic acid moiety of MTM SA can be chemically
modified to introduce new functionalities into the 3-side chain. The modifications to the side
chain may improve the biological activity of MTM SA resulting in new MTM analogues.
Recent work by Preobrazhenskaya et al. (28-30) on olivomycin derivatizations showed that
introduction of N-atoms can improve aureolic acid type anticancer drugs. Thus reaction of
MTM SA with primary amines would create amides thereby elongating the 3-side chain and
simultaneously incorporating one or more N-atom/s which could enhance the interaction
with the DNA-phosphate backbone and result in improved MTM analogues.

MATERIALS AND METHODS

Materials

N, N -diisopropylcarbodiimide (DIC), N-hydroxysuccinimide (NHS), dimethylformamide
(DMF), dichloromethane (DCM), O-(Benzotriazol-1-yl)-N,N,N’, N -tetramethyluronium
tetrafluoroborate (TBTU), (1-Cyano-2-ethoxy-2-oxoethylidenaminooxy)dimethylamino-
morpholino-carbenium hexafluorophosphate (COMU), diphenyl phosphoryl azide (DPPA),
N, N-diisopropylethylamine (DIPEA), methyl hydrazine, benzotriazol-1-yl-
oxytripyrrolidinophosphonium hexafluorophosphate (PyBOP), L-cysteine methyl ester
hydrochloride, L-glycine methyl ester hydrochloride, L-alanine methyl ester hydrochloride,
L-valine methyl ester hydrochloride, cystamine, DMSO (molecular biology grade, 299.9 %),
dimethylsulfoxide-dg (DMSO-dg), resazurin sodium salt, were purchased from Sigma-
Aldrich (USA). N, N-dimethylethylenediamine was purchased from TCI America (USA). 1-
amino-2-propanone was purchased from Waterstone Tech (USA). Methanol (MeOH),
acetonitrile (ACN), celite, C18 RP silica gel, tryptic soy broth (TSB), LB broth, Difco agar,
sucrose, potassium sulfate, magnesium chloride, glucose, casamino acids, yeast extract,
MOPS, and trace elements were purchased from Fisher Scientific (USA). Steptomyces
argillaceus ATCC 12956, A549 tissue culture cells, F-12K media, fetal bovine serum (FBS)
were purchased from ATCC (USA).

Biosynthesis of MTM SA

MTM SA was produced by a procedure reported previously (31). S. argillaceus M7W1 was
plated on R5A agar and allowed to grow for four days or until spores formed. The spores
were then used to seed a culture in 100 mL of tryptic soy broth (TSB) and grown for 24 hr in
an orbital shaker at 28 °C, 250 rpm. After 24 hrs 4 mL of the TSB culture was used to start a
culture in R5A media in 40, 100 mL flasks. The cultures in RSA media were grown for 3
days at 28 °C, 250 rpm while the production of SA was monitored by HPLC. After 3 days
the cells were collected with 50 g/L of celite and removed by filtration. The cell pellet was
then re-dissolved in MeOH and sonicated for 1 hr to lyse the cells. Following the cell lysis
the cellular debris was filtered off and the MeOH was evaporated from the filtrate. The dried
cellular extract was then reconstituted in water and loaded onto a 5 x 12 cm C18 RP column
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equilibrated with 10 column volumes of water. The column was washed with 10% ACN in
water, followed by a fractionation of ACN in water from 20-50%, followed by 100% ACN.
The filtrate removed from the cells in step one was added to the C18 column and eluted by
the same fractionation procedure. The samples were dried and re-constituted in 80% MeOH
and water. SA was then completely isolated from the mixture of a few compounds by semi-
preparative HPLC.

Synthetic Modification of MTM SA 3 Side Chain

MTM SA was modified by converting the terminal carboxylic acid group with a primary
amine through a coupling reaction. Several different protocols were investigated to discover
the optimal reaction conditions. For all of the exploratory reactions 2 mg of MTM SA was
used. The initial reaction was completed by reacting MTM SA with the desired side chain
modifying molecule in a 3x molar ratio, 3x DIPEA and 1x TBTU in 500 pL DCM starting
at 4 °C. The reaction was monitored at 2 h by HPLC-MS and allowed to proceed a total 24 h
with the products analyzed by HPLC-MS. For HPLC-MS analysis a small aliquot was
removed from the reaction mixture, the solvent dried off, and then reconstituted in methanol
for analysis. The reaction was then repeated with 3x DIPEA, 10x of the side chain
modification molecule, and 2x of the coupling agent DPPA in DMF, starting at 4 °C and
monitored at 24 and 36 h. The protocol was modified and optimized by returning to 3x of
the desired side chain modification molecule and while substituting the coupling agents
COMU or PyBOP and the solvent DCM or DMF in different combinations. The reactions
were checked at 24 and 48 h. After the reactions were completed the solvent was removed
and the product mixture was reconstituted in methanol. The mixture was analyzed by
HPLC-MS using a combination of the mass and UV absorbance to identify the elution peaks
corresponding to the expected products. HPLC was then used to isolate the individual
compounds. The organic solvents were removed from the samples followed by the freeze
drying of the compounds. To scale up the production of the compounds showing favorable
in vitroresults 10 mg of SA was reacted with 3x of the side chain molecule, 3x DIPEA, 2x
PyBOP in DCM, starting at 4 °C, for 24 h. The solvent was removed and the products were
reconstituted in methanol and isolated by HPLC. The side chain modification molecules
included methyl hydrazine (1), N,N-dimethylethylenediamine (2), cystamine (3), 1-amino-2-
propanone (4), L-alanine methyl ester (5), L-glycine methyl ester (6), L-valine methyl ester
(7), and L-cysteine methyl ester (8) (Figure 2). (Reaction products labeled as MTM
SA(number of side chain modifier), ex MTM SA-(1) for the reaction product of MTM SA
and methyl hydrazine). For the reactions that were scaled up with MTM SA and (5), (6), and
(7) the reaction yields were 74 %, 66%, and 81%, respectively.

Structure Confirmation

The structures of the most active derivatives from the reactions with MTM SA and (5), (6),
and (7) were confirmed through H! and C13 NMR along with MALDI-TOF mass
spectrometry. Mass spectrometry was performed by the University of Kentucky Mass
Spectrometry Facility. 1H and 13C spectra were recorded using Agilent instruments (1H
frequencies 500 MHz, corresponding 13C frequencies 125 MHz). Chemical shifts are
quoted in parts per million (ppm) relative to TMS. Jvalues are recorded in Hz.

In Vitro Cytotoxicity Assays

The cytotoxic effects of the side chain modifications of SA were investigated in order to
determine whether the modifications were beneficial to the activity of the derivatives. All
cytotoxicity assays were performed with A549, human non-small cell lung cancer cells.
A549 cells were cultured as specified from ATCC at 37 °C, 5% CO». The cells were added
to a 96 well plate (5,000 cells/well) and permitted to attach for 24 h. After 24 h culture
media were replaced with the side chain modified MTM SA derivative containing media at
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differing concentrations ranging from 10 UM to 1 x10™* pM. The cells were incubated with
the drug containing media for 72 hrs total (n=8). Cell viability was determined using a
resazurin assay that signifies mitochondrial metabolic activity in living cells (32). 10 pL of a
1 mM resazurin solution in phosphate buffered saline (PBS) was added to the control and
analogue-treated cells at the end of the treatment period. Cell viability was determined three
hours later by reading the fluorescence at 560 nm (Ex)/ 590 nm (Em). The fluorescence
signals were quantified using a Spectramax M5 plate reader (Molecular Devices) equipped
with a SoftMaxPro software. Cytotoxicity was determined by calculating the half maximal
inhibitory concentration (1Csp) of each sample.

Biotechnological production of MTM SA

MTM SA was successfully produced by the S. argillaceus M7W1, and isolated through a
previously developed procedure (23, 31). Spores of S. argillaceus were formed by plating of
the cells of the M7W1 mutant strain on R5A agar and allowing them to grow until spores
were formed. Colonies of the S. argillaceus cells began to appear after incubation for two
days and after three days spores were observed. The cells were allowed to incubate for one
more day to allow the majority of the cells to exist as spores and then added to TSB media.
Once transferred to TSB the cells grew quickly and after 24 h the TSB culture was used to
inoculate multiple flasks of R5A media to produce SA. The pH of the R5A media was
adjusted to pH 6.85. HPLC was used to monitor the culture for the production of SA. After
72 h the culture production was primarily composed of the end products including MTM SK
and MTM SDK in addition to MTM SA, and the culture was terminated. A large portion of
the MTM SA production is excreted into the culture media so once the culture process was
stopped the media and the cells were separated. Celite cell binding resin was used to bind
the cells and allow the culture to more easily be separated through filtration. C18 RP silica
gel was able to successfully collect MTM SA from the complex culture mixture. Other
compounds were also collected by the column so initial washes of 10% and 20% ACN were
used to remove many of the byproducts from the sample. Further fractionation of the culture
on the C18 RP column in addition to the loading and subsequent fractionation on a new,
smaller C18 RP column did not aid in the isolation of MTM SA from the other MTM
analogues so all compounds were eluted to together with 100% ACN to minimize dilution.
There was also still some MTM SA contained inside the cells removed in the initial filtration
step so the cells were lysed by sonication in methanol to release the intracellular content
including all the MTM SA. Filtration removed the cellular debris, followed by the removal
of the methanol. The same procedure as with the culture media then resulted in a relatively
simple mixture of MTM SA along with the other MTM analogues and a few other
impurities. Since the fractionation of the sample on the C18 RP silica gel did not completely
isolate MTM SA from the other analogues the final purification steps were performed by
using semi-preparative HPLC. The individual peak corresponding to MTM SA was
collected and analyzed for purity using HPLC-MS. MTM SA was collected at >95% purity
and was stored at —20 °C until further use.

Products from the Synthetic Modification of MTM SA 3-Side Chain

Once produced, MTM SA was modified chemically by taking advantage of the terminal
carboxylic acid on the 3-side chain of the molecule. Several different protocols were
attempted in order to discern the most favorable reaction conditions. The reactions were
monitored by HPLC and the ratio of the signal corresponding to MTM SA was compared to
the appearance of any new peaks following the reaction. MTM SA eluted with a retention
time of 16.5 min, showing absorption of ~410 nm and a mass to charge ratio of m/z1026.
The initial reaction with (1) and TBTU as a coupling agent in DCM only displayed SA as
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the major component of the mixture after 2 h with only very minor other peaks appearing.
After 24 h the MTM SA peak was gone and several broad peaks with shorter retention times
appeared. The initial attempt to separate the products by ethyl acetate extraction did not
result in favorable results and thus was not repeated. The reaction was then repeated with
methyl hydrazine with the DPPA coupling agent in DMF. The reaction was also performed
with (4) under the same conditions. After 24 h a new peak at 14.0 min appeared equal in
intensity to that of the MTM SA peak. The expected product had a m/z of 1054.4, the same
as the 14.0 min peak of 1054.4. The absorption of the peak was shifted however to ~440 nm.
The reaction was then repeated using the coupling agent COMU in DMF with the side
chains (6) and N,N-dimethylethylenediamine. For the reaction with (2) a new product
appeared with a retention time of 11.25 min, a UV-Vis absorption of ~410 nm and a m/z
matching that of the calculated product of 1096.6 (1096.5 expected). For the reaction with
(6) three new products were formed with retention times of 14.4, 15.6, and 17.0 min. The
UV-Vis absorption for the peaks were ~455 nm, 455 nm, and 410 nm with a m/z of 1097.3,
1168.4, and 1097.3 my/z, respectively. The calculated m/z for the correct product of the
reaction with (6) is 1097.4 m/z. There was still also a small peak corresponding to MTM
SA. The reaction of MTM SA with (3) was performed in DMF with COMU and resulted in
the formation of a new peak at 9.0 min with absorption of ~455 nm and /m/z1160.6. This
matches the theoretical /m/z of the expected product but the UV/vis absorption is shifted. The
reaction solvent was then switched to DCM and (5) was used as the side chain modification
molecule. This reaction resulted in the formation of one new peak with a retention time of
18 min at roughly equal intensity to that of the MTM SA peak and a UV-Vis of ~410 nm
and a m/zof 1111.3. The calculated //z of the expected molecule was 1111.4 m/z. The
same conditions were used with (7) as well which resulted in a new molecule with a
retention time of 20.6 min, a UV-Vis absorption of ~410 nm and a m/z of 1139.5. The peak
was the major product compared to the SA peak. The calculated /m/z of the expected product
was 1139.5. The reactions with (6) and (2) were then repeated with DCM as the solvent and
PyBOP as the coupling agent. These reactions resulted in the formation of one new product
with a retention time of 11.0 min for the (2) reaction and 17.0 min for the (6) reaction. Both
products had an UV-Vis absorption of ~410 nm and the m/z of the expected products
identified previously. The individual peaks were collected from HPLC, the ACN removed,
and freeze dried for use with the /n vitro cytotoxicity assays.

Structure Confirmation by NMR

The structures of MTM SA-(6), MTM SA-(5), and MTM SA-(7) were confirmed by H! and
C13 NMR and are summarized in Table 1. The mass of the derivatives was also confirmed
by mass spectrometry. For MTM SA-(6) the expected mass + Na was 1120.45 and the
observed mass was 1120.45, the expected MTM SA-(5) product had a calculated mass + Na
of 1134.47 and the observed mass was 1134.47, and the expected MTM SA-(7) product had
a calculated mass of 1162.50 with an observed mass was 1162.50.

In Vitro Cell Toxicity Assays

The cytotoxicity of the MTM SA analogues was tested against the A549 non-small cell lung
cancer cell line (Figure 3). Each analogue was checked individually with a range of
concentrations to determine the 1Csq of the molecule. For comparison sake the cytotoxicity
of MTM SA, and MTM SK, an analogue discovered previously and found to be more active
than the regular MTM were also investigated (23). MTM SA showed an ICgq of 8.7 + 0.37
UM, and MTM SK an ICsq of 0.28 uM. The ICgq of the synthetically modified MTM SA
analogues are as follows: MTM SA-(1): 8.8 + 1.69 uM; MTM SA-(2): 2.7 £ 0.22 uM; MTM
SA-(3): N/A; MTM-SA-(4): N/A; MTM SA-(8): 1.0 £ 0.19 uM; MTM SA-(6): 0.55 + 0.11
UM; MTM SA-(5): 0.36 £ 0.12 uM; MTM SA-(7): 0.80 + 0.20 uM (Table 2). MTM-SA-(3)
and MTM-SA-(4) did not show significant cytotoxicity.
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DISCUSSION

The biosynthesis of MTM SK and MTM SDK is accomplished through a genetically
engineered S. argillaceus strain, M7W1, which contains an inactivated m#mlV/gene coding
for the MtmW enzyme. Both the MTM SK and MTM SDK analogues have been shown to
be improved analogues compared to the parent MTM compound, thus it would be optimal if
these were the only two compounds produced by the M7W1 strain (23, 24). However, this is
not the case, and two other major compounds are produced alongside of MTM SK and
MTM SDK (24). One of these compounds, MTM SA, has previously been regarded as not
useful due to the lack of biological activity compared to the parent compound (26, 27). This
is unfortunate as MTM SA is produced in many fermentations in higher amounts than MTM
SK or MTM SDK, and the production yield can be shifted even further in favor of the
production of MTM SA by altering the pH of the culture media (33). Since MTM SK and
MTM SDK are separated chromatographically MTM SA is easily collected and isolated
alongside MTM SK and MTM SDK during the normal isolation procedure.

In an effort to develop a useful molecule from the previously unfortunate side product, the
3-side chain of the molecule was targeted (23). It is known that the 3-side chain of the MTM
structure is responsible for an interaction with the DNA-phosphate backbone (23). Thus by
altering the functionality of the 3-side chain we hoped to enhance and/or increase the
specificity for the DNA of diseased cells. The 3-side chain of MTM SA is terminated by a
carboxyl acid functional group which is likely ionized at a physiological pH, repulsing from
the negative charge of the DNA-phosphate backbone thereby weakening MTM SA’s ability
to bind to DNA. Side chain functionalizations were rationally selected to contain amine
residues capable of positively charged ionization in order to enhance the interaction with
DNA-phosphate backbone. Both MTM SK and MTM SDK have shorter side chains than
MTM. It was unclear whether modifications adding an N-atom but also chain length would
have an overall positive effect. To test this several different side chain modification were
investigated with differing lengths and additional functionalities (Figure 2).

Various reaction conditions were examined before discovering the optimal protocol. The
mass, UV absorptions and retention times of the products separated by HPLC were used to
identify the products. Initial reactions were performed in DMF with the different coupling
agents. These reactions tended to result in multiple product peaks. The products typically
had the expected mass or the expected mass plus one additional side chain. MTM, MTM
SK, and MTM SDK have a chromophore which absorbs light at roughly 410 nm. The UV-
absorption maxima of the different products was typically either ~410 nm as expected, or
near 450 nm range, which was not expected. The products that had a mass corresponding to
two side chains being attached also showed the ~450 nm absorption. This led us to believe
that a second side chain was being attached somewhere on or in the proximity of the
chromophore, although it was not clear as to exactly where or how this was happening. It
could be possible that DMF and excess side chain promoted conditions capable of allowing
the carbonyl group of the A-ring to be attacked by the amine side chain, however this was
not confirmed. These reactions also typically had one product that did match the expected
mass and UV absorption profile although it was not always the major product. Once DCM
was substituted as the reaction solvent the number of reaction products was typically
reduced to one with the correct mass and UV. The retention times also matched with the
product from the DMF reaction also having the correct mass and UV absorption. PyBOP
outperformed the other coupling agents (COMU, DPPA, and TBTU) in terms of product
yield and reaction time. With COMU, DPPA, and TBTU there was unreacted MTM SA left
in the product mixture even with excess side chain molecules and coupling reagents.
However when PyBOP was used in combination with DCM only minute traces of MTM SA
were observed in the production chromatograph. Initially reactions were allowed to proceed
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for up to 48 h before stopping the reaction, which still contained unreacted MTM SA at the
time of reaction termination. However when PyBOP was used reactions were complete
within 12 h. All initial reactions were done on a small scale of only 2 mg MTM SA in order
to optimize the reaction conditions without wasting precious reagents. For these reasons
DCM and PyBOP were chosen as the optimal solvent and coupling reagent for the
subsequent reactions and scaled up production.

To test the effectiveness of the side chain modifications cytotoxicity assays were performed
against the human non-small cell lung cancer cell line (A549). The least effective side chain
modification was with (3) as it eliminated all cytotoxicity effects against the cell line. The
modification of the side chain with (1) did not improve the cytotoxicity of the molecule
compared to MTM SA, but it should be noted that it also did not decrease the activity either.
A modest 3—4 fold increase in cytotoxicity activity of was observed with the (2)
functionalization. The increase in activity was still well below the value of MTM SK. The
modification of the side chain with O-methyl protected amino acids residues yielded much
better results. L-Ala showed the greatest activity with >23-fold improvement over MTM SA
and an ICgq value very near to that of MTM SK. L-Gly and L-Val also showed promising
results with a 15- and 10-fold improvement, respectively. L-Cys did also show an 8-fold
improvement over MTM SA.

The cytotoxicity improvement with L-Cys is not as impressive as some of the other
analogues, however this and similar modifications have the potential to be of value for a
different reason. Producing a potent anti-cancer molecule is only half of the battle in the
fight of cancer. The other half is being able to get the drug to the area of interest in high
enough concentrations to be effective without damaging the rest of the body and healthy
tissues. We have reported previously the development of a nanoparticle delivery system
compatible with MTM SK and MTM SDK to complement the potency of these molecules
and enhance the cytotoxicity (31). The unique thiol group introduced with the L-Cys side
chain offers the potential to load this molecule through a disulfide bond into a compatible
delivery system. This bond would be stable throughout the blood stream with low
glutathione concentrations, however once the delivery system was internalized by the cancer
cells and the system was exposed to the increased intracellular glutathione concentrations
(up to the millimolar concentration) which would reduce the disulfide bond and release the
L-Cys functionalized MTM analogue. Several drug delivery systems have previously shown
the ability to take advantage of the increased intracellular glutathione concentration to
modulate drug release (34, 35). The fact that less drug would be circulating systemically and
interacting with normal tissue may allow a higher dose of drug to be administered without
affecting the normal tissue and overcome the lower cytotoxicity of the molecule compared
to MTM SK. The L-Cys modified MTM SA is still a very active compound compared to
other anti-cancer agents.

While working on the modifications of MTM SA, Preobrazhenskaya et al. published the side
chain derivatives of another aureolic acid antibiotic, olivomycin A (36). Here the side chain
of olivomycin A was chemically shortened, to achieve olivomycin SA, and additionally
functionalized as amides with selected amines. The authors observed favorable results when
the modifications of the side chain were achieved using (2) and O-methyl alanine. As
described above, the latter modification also improved MTM SA. However, the reported
methods are not compatible with MTM, because an oxidative sodium periodate cleavage
was used to cut the side chain to olivomycin SA. Applying that periodate cleavage to MTM
would also destroy the two terminal sugar residues (sugars B and E), thereby interfering
with two structural elements important for the MTM bioactivity. We circumvented the
problem by using biotechnologically produced MTM SA followed by synthetic
modifications similar to those reported by Preobrazhenskaya et al (29).
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CONCLUSIONS

Natural products are not always optimized for human purposes. Combining biosynthetic
derivatization with chemical synthesis offers to produce unique molecules unattainable by
either method individually. Here we combined these methods to modify the previously
useless (since biologically inactive) MTM SA that is accumulated alongside the biologically
improved MTM analogues MTM SK and MTM SDK. The latter two molecules, which are
both considerably more active and significantly less toxic than the natural product MTM
itself, pointed the way that 3-side chain modifications can be advantageous. The
modification of the 3-side chain of MTM SA with amino acid derivatives yielded several
active compounds with the O -methyl-alanine showing the most potent activity. Although
none of the so far synthesized MTM SA derivatives are as active as MTM SK or MTM
SDK, the O-methyl-alanine and the O-methyl-glycine derivatives show activities
comparable to MTM SK, and are clearly improved derivatives compared to the rather
inactive MTM SA. Furthermore, this type of modification also allows the incorporation of
important drug loading moieties for combination with specialized drug delivery systems. It
is envisioned that the modified MTM SA analogues will give us more insight into the MTM
mode of action and allow us to better tailor future generations of drug molecules towards
more effective anti-cancer drugs.
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MTM Biosynthesis
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Figure 1.

A schematic representation of the accumulation of MTM SK, MTM SDK, and MTM SA by
the inactivation of the mtmWW gene in the MTM biosynthetic pathway.
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Figure 2.
The functionalization of MTM SA was achieved through a reaction with a primary amine
containing compound. Representative compounds investigated are shown.
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Figure 3.
The Jn vitro cytotoxicity assays are shown of the three most active MTM SA derivatives
compared to MTM SA itself.
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Summary of the 1H and 13C NMR Data

Table 1

MTM SA-Glycine methyl ester

Position | 8H (Jin Hz) 8C, mult. | HMBC
1 216.2,C
2 4.36 (bs, 1H) 78.7, CH
3 2.44 —2.58 (m, 2H) 45.2,CH
4 2.44 —2.58 (m, 2H) 28.1, CH,
2.82,d (11.0)
4a 136.9,C
5 6.22,s 102.0, CH
6 159.8,C
7 111.6,C
7-CH, 2.10, bs 8.9, CHs
8 156.7,C
8a 108.6, C
9 164.1,C
9a 109.1,C
10 6.48, s 118.2, CH | 102.0, 108.6, 109.1
10a 139.5,C
1 4.13 (bs, 2H) 81.2, CH 28.1,45.2,60.4, 175.2
1'-OCHj3 | 3.56 (bs, 4H) 60.4,CH; | 81.2
2' 175.2,C
4 3.99,d (17.5) 41.8,CH 175.2
4.13 (bs, 2H)
5' 1719,C
5-OCH; | 3.80 (bs, 5H) 52.9,CH; | 171.9
1A 4.87 (overlap, 1H) 97.3,CH
2A 1.74-1.82 (m, 2H) 2.36, bs | 38.3,CH, | 100.0
3A 3.80 (bs, 5H) 80.9, CH
4A 3.07,t(8.5), 2H 76.5,CH | 73.3,80.9
5A 3.36 —3.48 (m, 3H) 73.3,CH
6A 1.32,d (6.0), 2H 18.8,CH; | 73.3,7655
1B 4.63-4.80 (m, 2H) 100.0, CH
2B 1.53-1.68 (m, 3H) 40.9, CH,
2.22 (m, 1H)
3B 3.56 (bs, 4H) 72.2,CH
4B 2.98,1(8.8) 78.2,CH 18.4,72.2,73.9
5B 3.36 —3.48 (m, 3H) 73.9,CH
6B 1.35, d (6.0) 18.4,CH; | 73.9,78.2
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MTM SA-Glycine methyl ester

Position | 8H (J in Hz) 8C, mult. | HMBC
1C 497 -5.15 (m, 2H) 102.5, CH
2C 1.53 - 1.68 (m, 3H) 38.4, CH,

2.62,d (7.5)
3C 3.80 (bs, 5H) 81.2, CH
4C 3.07,t(8.5), 2H 76.7, CH 81.2
5C 3.36 —3.48 (m, 3H) 73.6, CH
6C 1.42, bs 18.9,CH;3 | 73.6
1D 4.63-4.80 (m, 2H) 100.3, CH
2D 1.74-1.82 (m, 2H) 33.3, CH,

1.89 - 2.01 (m, 2H)
3D 3.89,d (11.5) 77.5,CH
4D 3.71 (bs, 2H) 70.6,CH | 775
5D 3.63-3.68 (m, 1H) 72.2,CH
6D 1.32,d (6.0), 2H 17.3,CH; | 706, 72.2
1E 4.97 - 5.15 (m, 2H) 99.1, CH 775
2E 1.53 - 1.68 (m, 3H) 45.4,CH, | 99.1

1.89 - 2.01 (m, 2H)

71.9,78.1

3E 71.9,C
3E-CH3 1.25s 27.4,CH3 | 45.4,71.9,72.0,78.1
4E 2.93,d (9.5) 78.1,CH | 18.9,72.0
5E 3.71 (bs, 2H) 72.0,CH
6E 1.27,d (6.5) 18.9,CH | 71.9,72.0,78.1
MTM SA-alanine methyl ester
Position | 8H (J in Hz) 8C, mult. | HMBC
1 204.2,C
2 4.42,d (11.5) 78.5,CH
3 2.45-256 (m, 2H) | 45.0,CH
4 2.45-2.56 (m, 2H) | 28.3, CH,

2.60 - 2.73 (m, 1H)
4a 136.4,C
5 6.34,s 102.1,CH | 108.5,111.8,118.1
6 160.1,C
7 111.8,C
7-CH, 2.09, s 8.9, CH,
8 156.7, C
8a 108.5,C
9 164.9,C
9a 109.0,C
10 6.45, s 118.1, CH | 28.3,102.1, 108.5, 109.0
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MTM SA-alanine methyl ester

Position | 8H (Jin Hz) 8C, mult. | HMBC
10a 139.6,C
1 4.13,s 81.0,CH 28.3,45.0,60.4,78.5,174.1
1-OCHj | 3.59 (bs, 4H) 60.4,CH; | 81.0
2 174.1,C
4 4.56, m (7.0) 49.8, CH 17.8,174.1,174.4
4-CH; | 152,d(7.0) 17.8,CH; | 49.8,174.4
5' 1744,C
5-OCHj | 3.75,s 53.1,CH;3 | 174.4
1A 494-513(m,3H) | 97.6,CH
2A 1.75-1.87 (m, 2H) | 38.2,CH, | 100.1

2.36 - 2.45 (m, 1H)
3A 3.77-3.84(m, 2H) | 81.0,CH
4A 3.03-3.12(m,2H) | 76.5,CH 18.8,73.4,81.0
5A 3.44-352(m,1H) | 73.4,CH
6A 1.33,d (6.5) 18.8,CH; | 734,765
1B 4.65-4.78 (m, 2H) | 100.1, CH
2B 1.55-1.66 (m, 3H) | 40.9, CH,

2.18-2.26 (m, 1H) 72.2,78.3
3B 3.59 (bs, 4H) 72.2,CH
4B 2.98,1(9.0) 78.3, CH 18.4,72.2,73.8
5B 3.36-3.44(m,2H) | 73.8,CH
6B 1.34,d (6.5) 18.4,CH; | 73.8,78.3
1C 494 -513(m, 3H) | 102.4,CH
2C 1.55-1.66 (m, 3H) | 38.5,CH, | 100.3

2.60 - 2.73 (m, 1H)
3C 3.77-3.84(m, 2H) | 81.2,CH
4C 3.03-3.12(m,2H) | 76.7,CH 19.0, 73.6, 81.2
5C 3.36-3.44 (m, 2H) | 73.6,CH
6C 1.39, d (5.5) 19.0,CH; | 736,76.7
1D 4.65-4.78 (m, 2H) | 100.3,CH | 81.2
2D 1.75-1.87 (m, 2H) | 33.3, CH,

1.96 — 2.02 (m, 1H)
3D 3.86-3.93(m, 1H) | 77.4,CcH
4D 3.68—3.72 (bs, 2H) | 70.6,CH 17.3,33.3,77.4
5D 3.65 (m, 1H) 72.2,CH 70.6
6D 1.31,d (6.5) 17.3,CH; | 706
1E 494-513(m,3H) | 99.1,CH | 77.4
2E 1.55-1.66 (m, 3H) | 45.4,cH, | 99.1

1.93,d (13.0)

71.9,78.1,99.1

3E 71.9,C
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MTM SA-alanine methyl ester
Position | 8H (Jin Hz) 8C, mult. | HMBC
3E-CH3 1.25s 27.4,CH3 | 45.4,71.9,78.1,99.1
4E 2.93,d (10.0) 78.1,CH 18.9,27.4,71.9,72.0
5E 3.68-3.72 (bs, 2H) | 72.0,CH
6E 1.27,d (6.5) 18.9, CH 72.0,78.1
MTM SA-valine methyl ester
Position | 8H (J in Hz) 8C, mult. | HMBC
1 202.8,C
2 453, d (10.0) 78.2,CH
3 2.37-258(m,3H) | 45.0,CH
4 2.37-2.58 (m, 3H) | 28.5, CH,
2.81-2.90 (m, 1H)
4a 136.3C
5 6.42 (bs, 2H) 102.0, CH
6 160.2,C
7 111.9,C
7-CH, 2.08 (bs, 3H) 8.9, CH,
8 156.8, C
8a 108.7,C
9 150.5,C
9a 109.0,C
10 6.42 (bs, 2H) 118.0, CH
10a 139.6,C
T 4.17,s 81.3,CH 28.5,45.0,60.4
1-OCHj | 3.60 (bs, 5H) 60.4,CH; | 81.3
2 174.3,C
4 4.44,d (3.5) 59.1,CH | 173.4
5' 173.4,C
5-OCH; | 3.77 (bs, 5H) 52.9,CH; | 1734
6 2.32 (m, 1H) 31.8,CH 19.2,20.1,59.1
v 1.05, d (6.5) 20.1,CH3 | 19.2,31.8,59.1
8’ 1.05, d (6.5) 19.2,CH; | 20.1,31.8,59.1
1A 5.17,d (7.0) 97.6, CH
2A 1.74-1.88 (m, 2H) | 38.2, CH,
2.37 - 2.58 (m, 3H)
3A 3.77 (bs, 5H) 81.0, CH
4A 3.03-3.13(m,2H) | 76.5,CH 18.8
5A 3.47-353(m,1H) | 73.4,CH
6A 1.26-1.44 (m,5H) | 18.8,CH; | 73.4,76.5
1B 4.65-4.75(m, 2H) | 100.2, CH
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MTM SA-valine methyl ester

Position | 8H (Jin Hz) 8C, mult. | HMBC
2B 1.52-1.65 (m, 3H) | 40.9, CH,

2.17 - 2.24 (m, 1H)
3B 3.60 (bs, 5H) 72.2,CH
4B 2.97,t(9.3) 78.3,CH 18.3,72.2,73.8
5B 3.34-3.42 (m,2H) | 73.8,CH
6B 1.26 —1.44 (m,5H) | 18.3,CH; | 73.8,78.3
1Cc 5.06 (bs, 1H) 102.2, CH
2C 1.52-1.65 (m, 3H) | 38.4, CH,

2.58 - 2.67 (m, 1H)
3C 3.77 (bs, 5H) 81.2, CH
4C 3.03-3.13(m,2H) | 76.7,CH 18.8,73.6
5C 3.34-3.42(m,2H) | 73.6,CH
6C 1.26 —1.44 (m, 5H) | 18.8, CHy
1D 4.65-4.75(m, 2H) | 100.2, CH
2D 1.74-1.88 (m, 2H) | 33.3,CH,

1.95 - 2.02 (m, 1H)
3D 3.85-3.93(m,1H) | 77.5,CH
4D 3.68 -3.73 (bs, 2H) | 70.6, CH
5D 3.60 (bs, 5H) 72.2,CH
6D 1.26 -1.44 (m,5H) | 17.3,CH; | 70.6
1E 4.99,d (9.0) 99.1, CH
2E 1.52-1.65 (m, 3H) | 45.4,CH, | 99.1

1.92, d (13.0)

71.9,78.1

3E 719,C
3E-CH3 1.25,s 27.4,CH3 | 45.4,78.1,99.1
4E 2.93,d (9.5) 78.1,CH 18.9,72.0
5E 3.68—3.73 (bs, 2H) | 72.0,CH
6E 1.26-1.44 (m,5H) | 18.9,CcH [ 72.0,78.1
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The calculated ICsq values of the derivatives 7n vitro against the A549 cell line.

Side Chain Modifying Agent + MTM SA | ICgq (UM)
MTM SK 0.28+0.11
MTM SA 8.7+0.37
Methyl hydrazine (1) 8.8+ 1.69
N,N-dimethylethylenediamine (2) 2.7+0.22
Cystamine (3) N/A
1-amino-2-propanone (4) N/A
L-alanine methyl ester (5) 0.36 £0.12
L-glycine methyl ester (6) 0.55+0.11
L-valine methyl ester (7) 0.80+£0.20
L-cysteine methyl ester (8) 1.0+0.19

Chem Biol Drug Des. Author manuscript; available in PMC 2014 May 01.

Table 2

Page 19



