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s Under physiologically relevant conditions, cis-bis(2,2'- OH O. OH
bipyridine)dichlororuthenium(ll), [ cis-Ru(2,2’-bipy),Cl,] was NS O %-/
observed to bind to folic acidvia replacement of the two s | : 0
chloride ligands. This binding was shown to be pH ebendent HN" N HW
and afforded diastereomers, the structures of whichwere 0 HN OH
10 determined by 1- and 2D NMR spectroscopic techniqee We 10
propose that when studying the cytotoxicity of labe HN 74 ’;|\
ruthenium complexes in cells, folate coordination tould be )\ I
considered. H,N \N N/

The orthogonal phemlstry of the _comp!exes of hefa.lvmsmop- Figure 1The structure of folic acid highlighting possibleetating sites

15 metals has received much attention with respethd potential nitrogensN5 and N10 and the4 oxygen, which can be considerec
to yield novel drug candidaté$.Such complexes offer a possible either a carbonyl or iminol depending on which ¢meric state
spectrum of activity which extends beyond organimals  relevant (inset)
molecules, simply because of the propensity forateeto form
strong coordinate bonds to Lewis bad&ecent advances in the accommodate mono or bidentate ligands whilst ritgirthe

20 field have seen ruthenium-based compounds emeagisgme of s, chelating bipyridine ligands and hence providesdaal centre to
the most promising drug candidafe®.Two such compounds, explore the reaction with folate, including comfpieti with
KP1019 and NAMI-A, have now entered clinical trigfsassing  monodentate ligands. The potential for polydenthtading
phase 1 stagés’ However, their precise mode of action and their allows for tight, biologically irreversible chelafermation.
preferredin vivo target or targets have yet to be unequivocally A solution of 5.0 mM §is-Ru(2,2’-bipy)Cl,-2H,0] and 5.0

2 established and this is a barrier to their furtevelopment®™? s mM folate was stirred at 37 °C in phosphate buffesaline. MS
The potential for DNA binding of such compounds heeen of the reaction mixture shows no sign of free faiid with all
shownin vitro,****however, there is also evidence for binding to major ruthenium containing signals correspond tatéo bound
proteins as well as DNX Indeed, the cytotoxicity of ruthenium species within a day (m/z =427.6gigRu(2,2-bipy)(folic
complexes may be as a result of binding to multipigets'? acid)F*, 854.4; Eis-Ru(2,2-bipy)(folic acid — H)]* following

a0 including small molecules, such as metabolites eoffictors, e the deprotonation of the folic acid). Attempts teolate the
which are yet to have been considered. Without Berfu product of this reaction for further analysis weoemplicated by
understanding of the interaction of ruthenium coors with all the high salt content of the buffer. In order twestigate the
biomolecules, large and small, a strategic appréadmproving folate bound species more fullyci§Ru(2,2’-bipy)Cl,-2H,0]
metal-based drugs will remain challenging. In ttositext folates  was reacted with stoichiometric folic acid at 65 §@rnight in

sare relevant biomolecules; whilst they are not iighh e aqueous solution with no added salts and then toelupt
concentration they are ubiquitous cofactiorsivo and central to  isolated as the [RF salt in a 59 % vyield. The MS data of the
metabolite biosynthesis. Hence, folates are likdty be compound as synthesiseth this route was consistent with the
encountered by any metal complex administered. Wétheral  folate bound species formed under more physiolbgizaditions.
Lewis basic functional groups available, folate®eiof range of  The reaction in water can easily be monitored byl-MS

40 potential binding motifs to a metal. worevealing  ruthenium  species such ascisRu(2,2'-

We have investigated the products formed betwegs [ bipy),(H,O)(OH)]" and [is-Ru(2,2’-bipyp(H,0)CI]* (m/z =

Ru(2,2-bipy)Cl;] and folic acid in vitro. Whilst ruthenium  449.0, 467.0 respectively) immediately upon sadvatThis may
compounds of clinical interest have one or moreildab precede folate binding, however, it is worth notitltat the
monodentate ligands, we expect the interactionotdtés with  unsubstituted dis-Ru(2,2'-bipy)Cl,] is a neutral species and is

4 these complexes to yield numerous products sudhdiiailed s less easily detected by this method.
structural characterisation would be precluded.hWinly two The structure of the isolated product was deteethioy 1- and
labile ligands and relatively limited conformatidfi@eedom, fis- 2D, *C and'H NMR spectroscopic techniques (APT, HSQC,
Ru(2,2-bipy)Cl,] offers a ruthenium centre that can HMBC, COSY and NOESY.) Thé®C NMR spectrum was
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Figure 2 Section of the homonuclear NOESY spectrum illtatg the
two clearly distinguishable diastereomers.

In one binding mode AS/AR) folate environment 10 shows NOEs
2,2’-bipyridine environments 6 and 6in the other binding mor
(AR/AS) an NOE is only observed between folate envirarini® anc
2,2-bipyridine 6’. The unlabelledcross peaks are due to fo
environments 12/16 (5.90 ppm), 18 (8.15 ppm) and(4.84 ppm)
Residual water (3.33 ppm) is also evident. See$at3, S-4 and Sfor

acid i.e. predominantly protonated at the pterinietyo and
therefore positively charged, neutral, and the @eylate anion,
respectively®?° Coordinate bond formation between the

40 ruthenium complex and folic acid was observed at&®l and
9.9, however, at pH 2.5 no binding was evidentneafter 3 days
of heating. This shows that significant protonatifrfolate atom
N5 inhibits binding to the ruthenium centre, consisteith the
nitrogen lone pair at this site being integral helation.

45 The proposed binding motif through the N5 and Nitfbgens
was investigated further by reaction of 10-fornolid acic?* with
[cis-Ru(2,2’-bipy)Cl,.2H,0]. No adduct formation was observed
at 37 °C, so the reaction was repeated at 65 °Cniglg in
aqueous solution but yielded only starting materidlhis lends

so further weight to the importance of Nidadduct formation.

Ruthenium (II) complexes of flavins, pterins artbxazines
have been synthesised and studied from an eleetntchl point
of view. 222*Whilst an adduct betweeni§Ru(2,2'-bipy}]?* and
folic acid has been reportéda limited analysis of the product
ss led to the conclusion that folic acid had chelatedthe metal
through the O4 and N5 in a motif analogous to flavi
coordination. Such binding would produce a singksr pof
enantiomers (indiscernible by NMR spectroscopy).
replication of the experimental conditions outlifféd our

On

collected on a 500 MHz spectrometer and'tispectrum and all + subsequent NMR spectral analysis of the complesaated once

2D spectra on a 700 MHz spectrometer (see supptenyen

information) and the product further characteriégdESI-MS,
UV-Vis spectroscopy and elemental analysis.: TheR\dpectra

s are consistent with a bidentate binding motif odstiéreomers

again supports chelation to the ruthenium ceviteeN5 and N10
with the same diastereomeric products being obderve
Interestingly, these more energetic conditions apxkto favour
the AS/AR isomers further as the NMR spectra suggested

with coordinatiorvia sites N5 and N10 (see Figure 2), forming & formation of these in a ~4:1 ratio relative to tiR/AS isomers.

5 membered
coordination bonds. The main evidence supportinchsh, N
coordination includes the observation of two digtiishable
10 Species in the NMR spectra, which we assign tawloepairs of
diastereomers. The largest shift difference betwésn two
diastereomers is observed at N10 (6.08 and 6.23 pmeh the

intensity of these signals indicate that the diastmers are

ring containing two new ruthenium-nitog

Analysis of the isolated, synthetic product formaid 65°C
allowed us to interpret the NMR spectra of the more
physiologically relevant mixture. Integration ofetiN10 proton
signals suggest ~2:3 ratio AS/AR: AR/AS and, by comparison

70 to the N10 signal of free folate present, ~90 %veosion of fis-
Ru(2,2-bipy)Cl,] to the folate coordinated complex. The
physiological relevance of such reactivity was exgdl further by

present in a ~2:1 ratiocAG/AR: AR/AS). In both cases the N10 following a solution of 4.8 mMdis-Ru(2,2'-bipy}Cl,-2H,0] and

15 signals show coupling to two distinct protic envineents on the

4.8 mM dihydrofolate (DHF) at 37 °C under aqueoasditions

adjacent C9 atom (one diastereomer showing a doulfle 7 by ESI-MS. DHF was observed to bind within 2 dags/z( =

doublets and the other a triplet). This is in castrto a broad

singlet observed at 6.90 ppm for the N10 envirortnma@nfree
folic acid. The constrained environment at C9, iegdo the loss
20 Oof degeneracy of the two C9 protons (3.20, 3.87 ppmAS/AR

isomers; 3.23, 3.90 ppm foAR/AS isomers), suggests thisg,

methylene group is now part of the chelating riligese shifts

also contrast to those of free folic acid wher@alst is observed
at 4.48 ppm for the C9 protons. Further key evidezmmes from

2s the NOEs highlighted in Figure 2 including the NO&sm

428.7; Fis-Ru(2,2"-bipyy(DHF)]*") followed by the formation
and binding of folic acid in solution (m/z = 427[¢isRu(2,2'-
bipy)(folic acid)?*, miz = 442.1; [folic acid + B") after a
further 24 hours.

The total concentration of folate species in cisllow, and of
these, >90 % are polyglutamylated at the glutareat of the
molecule®® As with the 10-formyl folic acid complex above,tno
all of these folate species have available lonesiN5 and N10
for coordination. Nonetheless, the total ruthenieontent of

bipyridine environments 6 and 6’ to folate enviramts N10 and & cultured cellé® can be >40 fold higher than folate in molar terms

12/16. These assignments are consistent with allerot

spectroscopic  assignments made  (see
information). This motif of N,N chelation is alsortsistent with
3o What has been described to be the thermodynamiduptoof
folate metalation with cobalt(ll) and nickel(f§:*®
The reaction was repeated at 65 °C at pH 2.5 add®th
citrate buffer) and at pH 9.9 (CAPS buffer) and #mecies
formed followed by ESI-MS in order to follow therfoation of
35 the ruthenium species over a range of pH. Theseetpoints
were chosen to reflect the possible protonatiotestaf the folic

and hence the potential for complexation and thg Idetime of

supplementare resulting species will interfere with enzymading and the

one-carbon carrying role of folates in cells.
The timescale of our results is consistent withgloev ligand
% exchange rates that are typical of ruthenium-basedpound¥
including those that are being investigated forirtlogtotoxic
properties®* Indeed it is these slow ligand exchange rates that
are likely to be more important than the absoldfieity of folate
for the metal centre.
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Conclusions 60 6.

The various fates of organometallic compouimigvo present 7.
a challenge in terms of elucidating their mechasisof
cytotoxicity. One current strategy focuses on idginig protein
and DNA targets of relatively simple complexes gsmodern
bioanalytical method$.*2 The importance of smaller molecules 9
alongside macromolecules should not, however, lee@vked.

We have shown that ruthenium can form a kinetycathble
complex with folates under physiologically relevamnditions
and have characterised the binding mode as exelysita N5
and N10 coordination. This binding mode is observeth at 37
°C and at raised temperatures and is contrary taesiqus

65

75

proposal based on the similarity of folates toifiaf” carried out 12

at raised temperatures. Both oxidised and reduotatet can
complex to ruthenium. Exposure of labile transitionetal
complexes to Lewis bases in cells in such greatoguspresents

a challenge when attempting to deconvolute the &etive 15.

species, especially when the generation of steyewss further
complicates any analyses. It is likely that anyemium complex

with multiple labile sites would similarly form gie complexes . 17

with potentially chelating biomolecules such asfes. Given the

low concentration of folates in cells, any divertégto a 18.

ruthenium complex by the presence of excess rutineni

complexes with labile ligands, will alter the cddiubalance of

this cofactor. Folate metabolism has long beengeised as a  20.
key target for cancer therapy and folate uptake fnmour cells  21.

is significantly stimulated®3® Understanding how ruthenium

complexes interact with the folate pool may beigfigicance. o5

Nonetheless, the tight binding and slow exchargfesrof  23.

precious metal complexes are attractive propettigacorporate
into a medicinal compound in general. To selecyiverness the

potential of organometallic complexes as metallgdrsuitable | 55

targets need to be established and rationalisedaasélective
delivery strategy must be adopted to enable spet@fgeting to
molecules of choice.
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m/z = 854.3; §is-Ru(2,2'-bipy}(folic acid-H’)]". 34.

1. C. G. Hartinger, N. Metzler-Nolte, and P. J. @ys 35.
Organometallics, 2012,31, 5677-5685.

2. C. X. Zhang and S. J. Lippar@urr. Opin. Chem. Bial., 2003,
7,481-489.

3. I. D. Kuntz, K. Chen, K. a Sharp, and P. a KalimProc. Natl.
Acad. Sci. U. S A, 1999,96, 9997-10002.

4. E. S. Antonarakis and A. EmadiCancer Chemother.
Pharmacoal., 2010,66, 1-9.

5. A. Bergamo, C. Gaiddon, J. H. M. Schellens, .JBéljnen, and

G. Sava,. Inorg. Biochem., 2012,106, 90-9.

70 10.

11.

13.

16.

22.

24.

S. M. Page, S. R. Boss, and P. D. Barketure Med. Chem,,
2009,1, 541-559.

J. M. Rademaker-lakhai, D. Van Den Bongard, BndPluim,
Clin. Cancer Res., 2004, 3717-3727.

C. G. Hartinger, M. a Jakupec, S. Zorbas-SeifrM. Groessl,
A. Egger, W. Berger, H. Zorbas, P. J. Dyson, andKB.
Keppler,Chem. Biodivers., 2008,5, 2140-55.

F. Lentz, A. Drescher, A. Lindauer, M. Henke Higer, C. G.
Hartinger, M. Scheulen, C. Dittrich, B. K. Keppleand U.
JaehdeAnticancer Drugs, 2009,20, 97-103.

O. Démétor, C. G. Hartinger, A. K. Bytzek, Tisk, B. K.
Keppler, and E. a Enyedy, Biol. Inorg. Chem,, 2013,18, 9—
17

S. K. Stevens, A. P. Strehle, R. L. MillerH5.Gammons, K. J.
Hoffman, J. T. McCarty, M. E. Miller, L. K. Stultand P. K.
HansonMol. Pharmacol., 2013,83, 225-34.

J. B. Aitken, S. Antony, C. M. Weekley, B. Lhi, Spiccia, and
H. H. Harris,Metallomics, 20124, 1051-6, 1007.

S. Fruhauf and W. J. Zell&@ancer Res., 1991,51, 2943—-2948.
V. Brabec and O. Novakov®rug Resist. Updat., 2006, 9,
111-22.

O. Novakova, H. Chen, O. Vrana, A. Rodger,.FSatller, and
V. Brabec Biochemistry, 2003,42, 11544-54.

B. Wu, M. S. Ong, M. Groessl, Z. AdhireksanGC.Hartinger,
P. J. Dyson, and C. a Dave&hem. Eur. J., 2011,17, 3562-6.
A. Thomas, M. R. Feliz, and A. L. Capparellransit. Met.
Chem.,, 1996,21, 317-321.

A. Thomas, E. Wolcan, M. R. Feliz, and A. L.pparelli,
Transit. Met. Chem,, 1997,22, 541-544.

M. J. Akhtar, M. a Khan, and |. Ahmadl, Pharm. Biomed.
Anal., 1999,19, 269-75.

S. J. Benkoviddnnu. Rev. Biochem.,, 1980,49, 227-51.

M. D’'Urso-Scott, J. Uhoch, and J. R. BertiRogc. Natl. Acad.
Sci. U. S A, 1974,71, 2736-9.

W. Kaim, B. Schwederski, O. Heilmann, and F. H&rnung,
Coord. Chem. Rev., 1999,182, 323-342.

B. Schwederski and W. Kainmorganica Chim. Acta, 1992,
195, 123-126.

M. J. Clarke, M. G. Dowling, A. R. Garafalo, darT. F.
BrennanJ. Biol. Chem. , 1980,255, 3472-3481.

D. S. Rosenblatt, B. A. Cooper, S. Lue-Shingy\W\? Wong, S.
Berlow, K. Narisawa, and R. Baumgartnér, Clin. Invest.,
1979,63, 1019-1025.

A. E. Egger, C. Rappel, M. A. Jakupec, C. GitiHger, and B.
K. Keppler, 2009, 51-61.

J. ReedijkPlatin. Met. Rev., 2008,52, 2-11.

A. Casini, C. Gabbiani, E. Michelucci, G. Pwmai, G.
Moneti, P. J. Dyson, and L. Messodi, Biol. Inorg. Chem,,
2009,14, 761-70.

F. Wang, H. Chen, J. a Parkinson, P. D. S. btthidand P. J.
Sadler,Inorg. Chem,, 2002,41, 4509-23.

F. Wang, J. Xu, K. Wu, S. K. Weidt, C. L. Magk®. R. R.
Langridge-Smith, and P. J. Sadl&alton Trans., 2013,42,
3188-95.

M. Groessl and C. G. Hartingémal. Bioanal. Chem., 2013,
405, 1791-808.

J. Will, A. Kyas, W. S. Sheldrick, and D. WaleJ. Biol.
Inorg. Chem., 2007,12, 883—-94.

M. A. Kane, P. C. Elwood, R. M. Portillo, A. @ntony, V.
Najfeld, A. Finley, S. Waxman, and J. F. Kolhoude(Clin.
Invest., 1988,81, 1398—406.

L. E. Kelemenlnt. J. Cancer, 2006,119, 243-50.

H. Matsue, K. G. Rothberg, A. Takashima, BKamen, R. G.
Anderson, and S. W. Lacelroc. Natl. Acad. Sci., 1992,89,
6006—6009.

This journal is © The Royal Society of Chemistry [year]

Journal Name, [year], [vol], 00-00 | 3



HO

Dalton Transactions Page 4 of 4

ToC Text and Graphics for Scrase et al.
Folates are potential ligands for ruthenium compounds in vivo.

JPEG format graphics file can be provided when the manuscript is accepted.

A ruthenium (Il) complex with labile ligands has been observed to chelate to folates
under physiologically relevant conditions. The diastereomeric complexes formed are
likely to interfere with the one-carbon carrying role of folates in vivo. This highlights the

importance of considering small molecules alongside macromolecules when
determining the chemical origins of the cytotoxicity of metallodrug candidates.
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