7868 J. Med. Chem. 2009, 52, 7868-7872
DOI: 10.1021/jm900576g

Journal of

Medicinal

Chemistry
Brief Article

High Lipophilicity of meta Mn(III) N-Alkylpyridylporphyrin-Based Superoxide Dismutase Mimics
Compensates for Their Lower Antioxidant Potency and Makes Them as Effective as Ortho Analogues
in Protecting Superoxide Dismutase-Deficient Escherichia coli
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Lipophilicity/bioavailibility of Mn(III) N-alkylpyridylporphyrin-based superoxide dismutase (SOD)
mimics has a major impact on their in vivo ability to suppress oxidative stress. Meta isomers are less
potent SOD mimics than ortho analogues but are 10-fold more lipophilic and more planar. Enhanced
lipophilicity contributes to their higher accumulation in cytosol of SOD-deficient Escherichia coli,
compensating for their lower potency; consequently, both isomers exert similar-to-identical protection
of SOD-deficient E. coli. Thus meta isomers may be prospective therapeutics as are ortho porphyrins.

Introduction

Positively charged Mn(IIl) N-alkylpyridylporphyrins
(Figure 1) display electrostatic and thermodynamic facilita-
tion for the dismutation of superoxide (O, ) and reduction of
peroxynitrite (ONOO™).' ™ Some members of the series are
among the most potent catalytic scavengers of these reactive
species with activity toward O," nearly the same as that of the
superoxide dismutase (SOD) enzymes,* and reactivity toward
ONOO™, kyeq exceeding 10" M~ s7'.3 Reactive species are
widely viewed as signaling molecules controlling cellular
transcriptional activity.” Thus, inhibition of the activation of
redox-active transcription factors such as AP-1,° NF-«B,”®
and HIF-10,” ! presumably via scavenging of reactive spe-
cies by some members of the series was detected. Mn porphyr-
ins, such as MnTE-2-PyP, MnTnHex-2-PyP, and MnTDE-2-
ImP,“ effectively attenuate oxidative stress in animal models of
cancer,*’ ! central nervous system disorders,® radiation in-
jury,'? diabetes,”'* morphine tolerance,'* ischemia/reperfu-
sion injuries,16 etc. Recent data, however, has hinted that
factors other than redox-based antioxidant potency such as
lipophilicity, size, and the overall geometry and conforma-
tional flexibility of the Mn porphyrins (MnP) should play also
a significant role in their design and activity.*'>!7

In our seminal work published in 1998.'® the magnitude
and the importance of the lipophilicity for the in vivo SOD-
like efficacy of MnP as well as the remarkable gain in
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“ Abbreviations (charges are omitted throughout text): MnTalkyl-
2(or 3)-PyP>*, Mn(I1I) meso-tetrakis(N-alkylyridinium-2 or 3-yl)por-
phyrin, alkyl being methyl (M, AEOL10112), ethyl (E, AEOL10113),
n-propyl (nPr), n-butyl (nBu), n-hexyl (nHex), n-heptyl (nHep), n-octyl
(nOct), 2 and 3 relate to ortho and meta isomers, respectively; MnTDE-
2-ImP, Mn(III) tetrakis(N,N’-diethylimidazolium-2-yl)porphyrin, AE-
OL10150; Ry = porphyrin path/solvent path, thin-layer chromatogra-
phic (TLC) retention factor.
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lipophilicity (at the expense of activity) by the mere shift of
the alkyl group from an ortho onto a meta position could
only have been retrospectively speculated. Recently, we were
able to overcome the methodological difficulties associated
with the determination of the partition coefficients between
n-octanol and water, Pow. The Pow, as opposed to TLC
retention factor, Ry, is a common and practical indicator
of drug lipophilicity that allows comparison of MnP to
other drugs of similar target (Table 1)."” We observed that,
whereas Ry is linearly related to log Pow, small differences
in Ry translate into considerable difference in log Pow.!’
We further showed that a ~10-fold gain in lipophilicity is
achieved by either (1) moving the alkyl groups on meso
pyridyl substituents from ortho to meta positions, or (2) by
increasing the length of alkyl chains by one CH, group
(Table 1).'” Thus, MnTnHex-2-PyP and MnTnOct-2-PyP
are, respectively, ~13000- and ~460000-fold more lipophilic
than MnTE-2-PyP. Whereas these compounds share roughly
the same antioxidant capacity (as given by their log key
values), the 120- and 3000-fold increase in in vivo efficacy of
MnTnHex-2-PyP!%16:20-2223 y nd MnTnOct-2-PyP**?! (rela-
tive to MnTE-2-PyP) in animal and cellular models of
oxidative stress seems to be due, at least in part, to
their increased lipophilicity and therefore increased cellular
accumulation. Among several different classes of metal
compounds studied (Mn cyclic polyamines, Mn salens,
different MnP and MnCl, as a control), only MnTnHex-2-
PyP protects ataxia telangiectasia cells against radiation
damage in a first study to show that both bioavailability
and antioxidant capacity are essential for in vivo
drug efficacy.” In a rabbit model of cerebral palsy
MnTnHex-2-PyP, and not MnTE-2-PyP, rescued puppies.?
Due to the exceptional antioxidant potential of ortho
isomeric Mn N-alkylpyridylporphyrins in dismuting O,"~
and reducing ONOO™, we! “* and others®* have been exten-
sively studying them and analogues of ortho-substituted
corroles.”

© 2009 American Chemical Society
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Figure 1. Structures of meta and ortho Mn(I11) N-alkylpyridylporphyrins and the relationships between the log ke, (O2°) [at (25 £ 1) °C, keat
in M~ 's™"] and Eip (Mn"P/Mn"P redox couple) and E) > and the number of carbon atoms (nC) in the alkyl groups (R) of isomers.

Table 1. Lipophilicity Expressed as TLC Retention factor, Ry (Sigma/
Aldrich Silica Gel Plates with KNOs-Saturated H,O:H»O:acetonitrile =
1:1:8)"7 and Partition between n-Octanol and Water, Pow,'” key for 05"~
Dismutation (at (25 £1)°C, 0.05 M Phosphate Buffer, pH 7.8) (Refs 2, 18,
19, and This Work) and the Metal-Centered Reduction Potential for
Mn'"P/Mn"P Redox Couple, E,pp, in mV vs NHE (in 0.05 M Phosphate
Buffer, pH 7,8,0.5mM MnP, 0.1 M NaCl) (Refs 2, 18, 19, and This Work)

porphyrin Ry log Pow Eip log kecaq
MnTM-2-PyP 0.03 —7.86 +220 7.79
MnTE-2-PyP 0.06 —6.89 +228 7.76
MnTnPr-2-PyP 0.11 —5.93 +238 7.38
MnTnBut-2-PyP 0.19 —5.11 +254 7.25
MnTnHex-2-PyP 0.38 —2.76 +314 7.48
MnTnHep-2-PyP 0.46 —2.10 +342 7.65
MnTnOct-2-PyP 0.49 —1.24 +367 7.71
MnTM-3-PyP 0.05 —6.96 +52 6.61
MnTE-3-PyP 0.10 —5.98 +54 6.65
MnTnPr-3-PyP 0.22 —5.00 +62 6.69
MnTnBut-3-PyP 0.40 —4.03 +64 6.69
MnTnHex-3-PyP 0.55 —2.06 +66 6.64

The ~10-fold increase in the lipophilicity of the meta as
compared to ortho isomers may compensate for their inferior
antioxidant potency, making them prospective therapeutics.
Further, the rotational flexibility of the meta isomers when
compared to conformational rigidity of the ortho isomers may
affect favorably their cellular uptake and subcellular biodis-
tribution. We thus decided to revisit meta isomers to better
describe the factors that contribute to the in vivo efficacy
of these seemingly different MnP. For in vivo studies, we
employed our simple and convenient O," -specific model that
relies on the aerobic growth of SOD-deficient Escherichia coli.
Thus far, it has always been a reliable predictor of a prospec-
tive drug candidate.'®%

Results and Discussion

Two new meta isomers, MnTE-3-PyP and MnTnPr-3-PyP,
were synthesized and characterized by elemental analysis,
UV/vis spectroscopy, ESI-MS, electrochemistry (E)»), lipo-
philicity (Rr and Pow) and SOD-like activity (k) (Table 1
and Table 1S of the Supporting Information). There are no
significant differences in the UV/vis spectral properties of new
compounds (see Experimental Section and Table 1S of the

Supporting Information) relative to other meta analogues.'”
The ESI-MS spectral pattern, given in the Experimental
Section, was similar to that described previously for the ortho
methyl and ethyl analogues. Elemental analyses (Experimental
Section) are consistent with the hydrated species.

Dependence of the Mn"™P/Mn"'P Reduction Potential (E; 12)
and the SOD Activity (k.,;) on the Number of C Atoms in the
N-Alkylpyridyl Chains. The lengthening of the ortho alkyl
groups influences dramatically solvation and stericity of the
porphyrin, which, in turn, affects £}, and k¢, as previously
discussed in detail."” Briefly, as the alkyl chain grows from one
to eight carbon atoms, due to the increasingly less solvated,
thus more exposed positive charges on pyridyls, the E} , grows
approximately linearly from 4220 to +367 mV vs NHE
(Table 1). However, the dependence of k., on the number
of carbons reveals a delicate balance between two antagonistic
factors: the increase of steric hindrance, i.e., crowding near the
Mn site, which would decrease k., and the increase of the
Mn""P/Mn"'P reduction potential (E; 12), which is a surrogate
for the driving force of the electron transfer and would
increase k... Accordingly, k., first decreases from methyl to
butyl as the steric hindrance to the approach of O,*~ to the Mn
site increases but then increases as the favorable thermody-
namics for the dismutation reaction (£),) predominates
(Table 1, Figure 1)."” The maximum change in E, 1 is 147 mV
and in kg, 0.54 log units (Table 1).

When the alkyl side chains are located in the meta posi-
tions, farther from the porphyrin core, free rotation of the
pyridyl groups is allowed and the steric and the solvation
effects are thus much less pronounced. Consequently, the
maximum change in £, for the meta series is only 14 mV
and for k., only 0.08 log units (Figure 1). As the alkyl chain
lengthens, E;, continuously increases (Table 1, Figure I).
For small alkyl side chains, the favorable thermodynamics
dominates and an initial small increase in k, is observed. As
the alkyl chains lengthen further (from n-butyl on), the steric
hindrance prevails over the increase in £} > and k¢, starts to
decrease. As a result of such trends, the SOD activity of some
members of the meta series is close to the respective analo-
gues in the ortho series; this happens for example for the
n-propyl and n-butyl compounds where the SOD activities of
the respective ortho and meta isomers approach each other



7870 Journal of Medicinal Chemistry, 2009, Vol. 52, No. 23

A0S 1M 5 pM 10 pM 20 uM DM
05
04
E
03 —
g
<
02 i
&

01

D |

s_-‘ - == * - o )= = . 5 [ == - = g . = g3
zz..lumgg{; EER ngg;;g Hmiumag‘:__‘,; zznl‘n.n.éé;é FERERT H

BUB
1 5 pM 10 M 20 UM 30
05
sl N |
E
c
2 03
=2
‘02 —{Ht
01 “:.
1]

¥ IEs 55 Solboagy Sulbagagy "‘*""“‘;“3@§ = laisRgy

Figure 2. Aecrobic growth of SOD-deficient E. coli JI 132 in five-
amino-acid minimal medium (absorbance at 700 nm) in the presence
of ortho (2) and meta (3) analogues shown here at 14 (A) and 18 h
(B) of growth. The growth of SOD-proficient E. coli AB1157 is
shown also. Bars represent mean + SE.

(Figure 1,Table 1). It is worthwhile noting, however, that
while the k., of the ortho n-propyl and ortho n-butyl
compounds are only about 4.9- and 3.6-fold higher than that
of their meta analogues, the lipophilicity of the meta isomers
remains 10-fold bigger throughout the series (Table 1).!”
Therefore, due to the interplay of antioxidant potency and
lipophilicity, some members of the meta series may be of
identical or higher efficacy than ortho isomers in in vivo
models of oxidative stress. To explore such an assumption,
we studied here the accumulation and the efficacy of both
isomeric series in protecting SOD-deficient E. coli.
SOD-Deficient E. coli (JI132) Growth. Efficacy of MnP.
The J1132 strain lacks two cytoplasmic SODs, FeSOD and
MnSOD, and thus displays phenotypic defects attributable
to the damage of important cellular components by super-
oxide.”’ *® Among those phenotypic deficiencies is the
inability to grow aerobically in minimal glucose medium.?
Only compounds that are potent, cell-permeable SOD mi-
mics, can exert protection, thus restoring the aerobic growth
in minimal medium.*' Our data show that ortho and meta
isomers protect SOD-deficient E. coli with nearly equal
efficacy (Figure 2). The meta and ortho ethyl, n-propyl,
and n-butyl porphyrins appear of nearly identical efficacy
at higher concentrations (10 and 20 M), but meta analogues
and the more lipophilic #-propyl and n-butyl porphyrins
are more efficacious than ortho analogues at lower concen-
trations (1 and 5 uM), presumably due to their faster cellu-
lar uptake (Figure 2 and Figure 1S of the Supporting
Information). The structural flexibility of the meta isomers,
which allows them to change their shape and size while
crossing the membranes, is difficult to quantify but likely
contributes to their high efficacy. Our data suggest that the
shorter and the more planar methyl analogue, MnTM-3-
PyP, becomes somewhat less efficient at 10—30 uM levels

Kos et al.

presumably due to the enhanced unfavorable interactions
with nucleic acids.'® The more lipophilic MnTnBu-3-PyP,
which also possesses significant surfactant character and can
thus disturb the cell membranes, becomes toxic at concen-
trations =20 uM. MnTnHex-3-PyP of even stronger surfac-
tant character is toxic at all concentrations studied; its ortho
analogue is only slightly less toxic (Figure 2A); this is in
agreement with our previous E. coli study on ortho Mn(III)
N-alkylpyridylporphyrins.'®

Toxicity of MnP to Wild-Type E. coli, AB1157. Further
assessment of MnP toxicity was accomplished by monitoring
their effect on the growth of AB1157, in complete, MICA
medium. None of the Mn porphyrins exerted toxicity at
concentrations at which they protected the SOD-deficient
JI132 strain (Supporting Information Figure 2S). At higher
concentrations, however, the same trend in toxicity, as
observed with the growth of J1132, was seen with AB1157
in MO9CA medium. MnTM-3-PyP, and more so MnTnBu-3-
PyP, exerted toxicity at =100 uM (Figure 2AS). Both hexyl
analogues accumulate to the highest degree in cytosol and
membranes (Figure 3) and exert toxicity at concentrations
>1 uM (Figure 2BS). No toxicity of Mn porphyrins to
AB1157 (alkyl = methyl to n-butyl) was observed in five-
amino-acid minimal medium at 20 uM levels (Supporting
Information Figure 3S).

Accumulation of Porphyrins. Accumulation of MnPs in
cytosolic (Figure 3) and membrane fractions (Figure 5S of
the Supporting Information) was assessed in both AB 1157
and JI132 E. coli. Both strains show similar MnP accumula-
tion profile, but on average, the absolute uptake of MnPs is
higher in the JI132 strain; this is clearly visible with the hexyl
analogues and may be driven by a general E. coli attempt to
accumulate nutrients or biologically relevant compounds
that are neither produced within nor readily available.
Because the SOD-deficient E. coli strain lacks two cytosolic
superoxide dismutases, accumulation of SOD mimics in the
cytosol is essential for protecting SOD-deficient mutant. The
levels of porphyrins within cytosol and membrane (Figure 3
and Figure 5S of the Supporting Information) were quanti-
fied by using calibration curves for ortho and meta isomeric
porphyrins, where area below the porphyrin Soret band
was plotted vs porphyrin concentration (Figure 4S of the
Supporting Information). Two major findings, depicted
in Figure 3, are: (1) Compared to ortho analogues, meta
isomers accumulate to significantly higher levels in the
cytosol of both strains; due to the more planar structure
(conformationally flexible) and higher lipophilicity they
cross membrane more easily, which apparently overcomes
the inferior thermodynamics of meta isomers for O," dis-
mutation, contributing at least in part to their high efficacy in
substituting for deficiency in both cytosolic SODs. Conse-
quently, the efficacy of meta and ortho ethyl and n-propyl
analogues in E. coli study are nearly identical. (2) Ortho and
meta hexyl analogues, which possess strong micellar char-
acter, accumulate much more than any other porphyrin in
cytosol and membranes (Figure 3 and Figure 5S of the
Supporting Information), which seems to compromises
membrane structure and its functions.

Although meta and para isomers have similar E;, and
SOD activity, the systematic experimentation with the para
isomers has remained on hold. Because of their conforma-
tional flexibility, para isomers adopt planar structures and
thus interact extensively with nucleic acids,' which not only
results in high toxicity but also prevents the approach of



Brief Article

5.0

3 T
4o | wmm ortho-cytosol

3.5 ] | =1 meta-cytosol
3.0 -
25 3
2.0 ]

1.0 4 m

0.2 4

[MnP], nmol/mg protein

0.1 1

NI N N

1 2 3 4 6
nC

[MnP], nmol/mg protein

Journal of Medicinal Chemistry, 2009, Vol. 52, No. 23 7871

12.0 4
10.0 4
8.0
6.0 4
4.0 -

= ortho-cytosol
1 meta-cytosol

@

0.4
0.3 4

0.2 4
0.1 4 I
& n - |

nC

Figure 3. Accumulation of isomeric Mn(III) N-alkylpyridylporphyrins in cytosolic fractions of wild AB1157 (A) and SOD-deficient JI132
strain of E. coli (B). E. coli was incubated for 1 h with 5 uM MnP in M9CA medium. Bars represent mean & SE. Accumulation in membranes is

shown in Supporting Information, Figures 6S—9S.

superoxide to the Mn site; > this in turn suppresses their effects in
protecting SOD-deficient E. coli.'> The bulkiness of the ortho
and meta isomers prevents such associations to a greater
degree.'® In light of the findings in the ortho and meta series
described here, longer alkyl para analogues may be bulky
enough to overcome possible nucleic acid intercalation and
further studies with bulkier para isomers may thus be warranted.

Experimental Section

Experimental details are given in Supporting Information.

General. All chemicals are of highest purity and obtained
from same commercial sources as indicated before.

Porphyrins. Elemental Analysis. (Atlantic MicroLab, Nor-
Cross, GA) HQTE-?)-PyPCL;' 1 leo (C48H72N801 ]C14) found:
C,53.82;H,6.21; N, 10.89; Cl, 13.44; calcd: C, 53.43; H, 6.73; N,
1039, Cl, 13.14. HzTnPr-3-PyPCI4- 16H20 (C52H90N80]6C14)
found: C, 50.98; H, 5.78; N, 9.32; CI, 11.75; calcd: C, 50.98; H,
7.40; N, 9.15; Cl, 11.58. MnTE-3-PyPCls-8.5H,0 (MnCyg-
Hg1NgOg 5sCls) found: C, 51.74; H, 5.13; N, 9.93; Cl, 16.53; calc:
C, 51.56; H, 5.50; N, 10.02; Cl, 15.85. MnTnPr-3-PyPCls- 10H,O
(MHC52H76N8010C15) found: C, 5139, H, 601, N, 922, Cl,
14.31; calc: C, 51.05; H, 6.43; N, 9.16; Cl, 14.49. Compounds
are 299% pure.

Electrospray lonization Mass Spectrometric Analyses. (ESI-
MS) of 5 uM MnP in a HyO—acetonitrile (1:1, vév; containing
0.1% v/v HFBA) were done as described elsewhere.?® The m/z peak
assignments are consistent with the following species in the given
order: [MnT(alkyl)-3-PyP>" + 2HFBA |°"/3), [MnT(alkyl)-
3-PyP>* +HFBA -2H*]**/2, [MnT(alkyl)-3-PyP°* +2HFBA -
H*?"/2, and [MnT(alkyl)-3-PyP°>* + 3HFBA ]*"/2. MnTE-
3-PyPCls: found 404.7 499.3, 606.3, 713.6; caled 404.6, 499.3,
499.3, 606.3, 713.5. MnTnPr-3-PyPCls: found 423.7, 527.5, —,
741.5; caled 423.4, 527.6, 634.6, 741.6.

UV/Vis Spectra. Spectra were recorded in H,O at room
temperature (25 £ 1 °C). The A(nm) of Soret bands and the
corresponding molar absorptivities, € (log values in parentheses)
are: H,oTE-3-PyP 417.0(5.52); H,TnPr-3-PyP 417.0(5.55);
MnTE-3-PyP 460.0(5.19); MnTnPr-3-PyP 460.0 (5.14). Other
absorption maxima and related € are in Table 1S.

Cyclic Voltammetrgf. Cyclic voltammetry was performed as
described elsewhere.”

SOD-Like Activity. Determination of the k.,,(O," ) using cyt
¢ assay was performed as previously described in detail."'®

In Vivo Studies. E. coli Growth. E. coli studies on SOD-
deficient JI132 and wild type SOD-proficient strain AB1157
were performed as described.”!

Accumulation of Mn Porphyrins in E. coli. The wild type
AB1157 and JI132 were grown in flasks in 10 mL of M9CA
medium to a density corresponding to A9 ~ 0.6. Five uM Mn
porphyrins were then added, and the cells were kept on a shaker
for additional 60 min. Cells were then rapidly washed with ice-
cold PBS, resuspended to a total volume of 1.0 mL, and
disrupted by sonication. Cytosolic and membrane fractions
were separated by centrifugation. The membrane fractions were
solubilized in 10% sodium dodecylsulfate for 24 h and then
centrifuged at high speed to remove the unsolubilized material.
Spectra were recorded and the absorbances of MnP in cytosolic
and membrane fractions measured at their Soret bands.'
Protein levels were measured by the Lowry method.* Details
on the calculations of the accumulation of porphyrins in cyto-
solic and membrane fractions are given in Supporting Informa-
tion along with related Figures 4S—9S.
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Supporting Information Available: Experimental section; UV/
vis characteristics of MnTE-3-PyP and MnTnPr-3-PyP; SOD-
deficient E. coli growth as a function of MnP concentration;
toxicity of MnP to AB1157 in MOCA medium; toxicity of MnP
to ABI1157 in five-amino-acid medium; calibration curve for
calculation of MnP accumulation in E. coli; accumulation of
MnP in membranes of E. coli; accumulation of MnTnPr-2(or 3)-
PyP in cytosol and membranes of E. coli; accumulation of
MnTnBu-2(or 3)-PyP in cytosol and membranes of E. coli;
accumulation of MnTnPr-2(or 3)-PyP in cytosol and mem-
branes E. coli; accumulation of MnTnPr-2(or 3)-PyP in whole
E. coli. This material is available free of charge via the Internet at
http://pubs.acs.org.
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