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Supported by DFT calculations, formation of stablenonuclearN1,, N1y, N1m)
coordinated complexes was found in the fiReg-cym)(H,0)s]*~Ac-HAHH-NH, or —Ac-
HAHAH-NH ; systems in slow processes to model the metal ity capabilities of
surface-accessible histidyl imidazoles of alburmd &ransferrin.
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Abstract

In order to model the metal ion binding capalastiof high molecular mass
components of blood the interaction between’-f-cym)Ru(HO)s)?" and terminally
protected oligopeptides containing three histidgieties (Ac-HHH-NH, Ac-HAHH-NH,
Ac-HAHAH-NH, and Ac-H*AH*AH*-NH ,, where A = L-alanyl, H = L-histidyl, H* &N3-
methyl-L-histidyl) were studied by pH-potentiometrESI-TOF-MS, circular dichroism and
NMR methods at an ionic strength of 0.20 M KCI| dd®; as well as using density functional
theory(DFT) calculations. Protonation constants of the novetiges are reported. Although
for Ac-HHH-NH. the immediate formation of precipitation withn{{p-cym)Ru(H0)s]**
hindered any further solution investigations reswf the detailed NMR and MS studies
revealed that the other three ligands coordinatiaéaometal ion in rather slow processes via
the imidazole moieties forming{-p-cym)RuLF* (L = oligopeptide) type species in the
slightly acidic, neutral pH-range. At pH ~ 7.5 idieal binding mode of Ac-HAHH-NK and
Ac-HAHAH-NH, in the [{°-p-cym)RuLF* via three imidazole nitrogens was found
hindering completely the hydrolysis of the metal mven at 1:1 metal ion to ligand ratio. At
elevated pH MS evidences support the involvemeiinatie-N donor(s) in metal ion binding
too beside partial hydrolysis. 0.20 M KCI mediumswiund to hinder effectively the
hydrolytic processes of the metal ion in the basierange without altering the coordination
of the imidazole side chains. Both NMR and DFT hassupport the imidazol® (,far” or
,17) over the N3 (,near” or ,i") coordination of the histidyl side chains of dhese

oligopeptides to the organometallic ruthenium(Hjion.

1. Introduction

The biologically active low oxidation state of wars platinum metals with
antiproliferative potential can be stabilized inffsandwich type [i{°-arene)M(XY)Z] (M =
Ru(ll), Os(I1)) and [§>-Cp)M(XY)Z] (Cp = substituted cyclopentadienyl; MRh(IIl), Ir(ll1),



XY = chelator, Z = monodentate ligand) organomaatbmplexes. In blood serum these
compounds may undergo various biotransformatiorctias. As the histidyl residue of
peptides possesses a very efficient, either .far,©™ (N1) as well as ,near” or1y’ (N3)
nitrogen donor (see Scheme 1) in its side chaidaavle ring [1], surface-accessible histidyl
imidazoles of albumin and transferrin (e.g. 38 itidtresidues available in apo-Tf) are
important metal ion sites. It is widely acceptedtitinese proteins have determining role in the
uptake of platinum compounds therefore these ioteras will determine the overall drug
distribution and excretion and differences in effig, activity and toxicity [2]. Studies,
therefore, involving the binding of imidazole, dshe or histidyl side chains to various metal
ions are in the focus of intensive research [3-9].

Scheme 1.

Ruthenium compounds as a possible alternativentwaacer platinum complexes
often selectively coordinate histidyl imidazoleragens on proteins and tiN site on the
imidazole ring of purine nucleotides, and so c&e tadvantage of the properties of proteins,
oligonucleotides and nucleic acids to target spetigsues [10,11]. As expected on the basis
of the relative K, of the ligands, ruthenium binding to imidazoles motein surfaces is
greater than to guanind7 on DNA [1]. Such interactions could be responsifde drug
inactivation (related to resistance) or activati@g. in the case of prodrugs) and drug
delivery.

For a better understanding of the interaction betworganometallic, half-sandwich
type platinum metals and surface-accessible histidydazoles of peptides in serum,
previously the [§®-p-cym)Ru(H0)s]** binding strength of N-methylimidazole was studied
[12]. In particular, by the combined use of potemtetry, NMR and mass spectrometry (MS)
we have shown that even this simple model ligamch$ocomplexes with high stability with
[(n®-p-cym)Ru(HO)s]** and can hinder its hydrolysis under physiologicatelevant
conditions at 1:3 metal ion to ligand ratio [12].

Due to tautomerization in the imidazole ring of thistidyl side chain both tH¢1 and
N3 nitrogen donors can coordinate to the metal iomsler special conditions imidazolato-
bridged dinuclear complexes can also be obtdib@d4]. In reactions of palladium(ll) with
histidyl peptides having free N-terminus, imidazbdlg@ coordination is preferred due to the
[NH2, N3] ,histamine-type” binding of the ligands [14,15Dn the contrary, previously
reported oligopeptides with protected N-terminus-A®AAH-NH, and Ac-HARAH-NH)
can bind to metal ions (M = [Pd(en}®),]*" andcis-[Ru(NHs)4]*") through imidazoléN1 or



N3 of either histidine, thereby potentially formingkage isomers, [M{1,5-Ac-H{1)-(Xaa)-
H(N1)-NH}] %%, [M{1,5-Ac-H(N1)-(Xaak-H(N3)-NH2}] **, [M{1,5-Ac-H(N3)-(Xaa)-H(N1)-
NH.}]?* and [M{(1,5-Ac-H(N3)-(Xaak-(N3)-NH,}] ", resulting in 20-22-membered
macrocycles [16-18]. UsinfC NMR spectroscopy for assignment, the differertmetsveen
Oc for each imidazole-C atoms (C2, C4 and C5) of ¢chenplexed and those of the free
peptide assisted in identifying the structure afhepossible isomers [19]. To simplify the
chemistry, the number of linkage isomers was redigeusingN3-methylated histidines too,
leaving onlyN1 for binding. It was shown b}’C NMR thatN1 coordination of both of the
His residues resulted in negati&é for C4 and positivéd values for the C5 atoms [16-19].

In continuation of our work, further studies one tinteraction between rf-p-
cym)Ru(HO)s]** and model peptides containing histidyl residuesdrious positions were
undertaken. His-rich peptides e.g. HRP2 may be itapb targets for the development of
novel antimalarial tests while histidine triad mios (HIT) containing highly conserved
HXHXH sequence by binding purine mono-nucleotides ahown to be involved in
proapoptotic tumor suppression [20,21]. In the @nésvork we report on the synthesis and
results obtained with the ruthenium(ll) complexéseominally protected peptides containing
three histidyl residues in different sequences tH-NH,, Ac-HAHH-NH,, Ac-HAHAH-
NH, and Ac-H*AH*AH*-NH ,, where H* =N3-methyl-L-histidyl, Fig. 1). Beside the detailed
equilibrium study carried out by the combined ugetd-potentiometric, NMR, CD and ESI-
MS techniques in aqueous solution, DFT methods &k used to calculate the optimized
structures and the most stable isomers of the aoraplformed at physiological pH. To
model the biologically more relevant conditions Htedies were also extended to a medium
containing 0.20 M KClI ionic strength.

Fig. 1

2. Materials and methods
2.1. Chemicals

RuCk-xH0, a-terpinene, AgCESQO;, AgNO;, KNO; and KCl were commercial
products of the highest purity available (Sigma+Add, Merck or VWR), and used as
received. Solvents were dried and distilled acemdio standard methods [22]n{¢p-
cym)RuC}], was synthesized and purified according to a liteeprotocol [23]. Aqueous
solution of [(1%-p-cym)Ru(H0)s](NOs), was obtained from fiP-p-cym)RuCh, by removal

of chloride ion using equivalent amount of AghNf24]. The N- and C-terminally protected



peptides with the sequence of Ac-His-His-His-NKHHH), Ac-His-Ala-His-His-NH
(HAHH), Ac-His-Ala-His-Ala-His-NH, (HAHAH) and Ac-His(N3-Me)-Ala-His(N3-Me)-
Ala-His(N3-Me)-NH, (H*AH*AH*) (see Fig. 1) were obtained by solid-pba peptide
synthesis using the Fmoc strategy. Rink Amide AMimre TBTU and Fmoc-protected L-
amino acids (Fmoc-L-His(Trt)-OH, Fmoc-L-Ala-OH) veempurchased from Novabiochem
(Switzerland) and from Chem-Impex International.I(dSA). N,N-diisopropyl-ethylamine
(DIPEA), trifluoroacetic acid and analytical gradenethylformamide (DMF) were Merck
products. 3,6-dioxa-1,8-octanedithiol (DODT), N-imgtpyrrolidone (NMP), 1-
hydroxybenzotriazole hydrate (HOBtO), triisopropylsilane (TIS), 2-methyl-2-butanoldan
HPLC grade trifluoroacetic acid were supplied bgrga-Aldrich. Dichloromethane (DCM),
diethyl ether (BXO), acetic acid, piperidine, acetic anhydride andtenitrile (ACN) were
purchased from Molar or VWR.

2.2. Synthesis and physical measurements
2.2.1. Peptide synthesis and purification

The histidine-containing oligopeptides were synitexs by solid-phase peptide
synthesis in a microwave-assisted Liberty 1 Pe@gahesizer (CEM, Matthews, NC), using
the TBTU/HOBt/DIPEA activation strategy on Rink Adei AM resin (substitution 0.71
mmolg™, 0.25 mmolg scale, 352 mg of resin). Removal of the Fmoc greas carried out
by means of 20% piperidine/0.1 M HOB}O in DMF at 75 °C with 35 watts microwave
power for 180 s. 0.5 M HOB4,0/0.5 M TBTU in DMF and 2 M DIPEA in NMP were used
for coupling at 75 °C with 25 watts microwave power 300 s, adding 4-fold excess of
amino acids (except for the coupling of Fmoc-L-Ni3(Me)-OH, where 2.5 equivalents of
amino acid was used). The N-terminal Fmoc group wssoved as described above. N-
terminal acetylation was achieved by treating thley fassembled peptide resin with capping
reagents (5% A©, 6% DIPEA in DMF). Histidines were protected wittityl (Trt) groups
during the peptide assembly. Cleaving from thenrasid removal of the side chain protective
groups were carried out by treatment with a mixtemntaining TFA/TIS/HO/DODT
(94/2.5/2.5/1 viv %) at room temperature for 1.5Alfter cleaving, the free peptide was
separated from the resin by filtration. Coldo@&twas used to precipitate the crude peptides
from the solution and to wash from the contaminaftshe reagents of the synthesis and
cleaving agents. After filtering, the product waged under argon, redissolved in water and

lyophilized.



In order to check the purity of the peptides aredywere performed using a Jasco
analytical RP-HPLC instrument, equipped with a dabtD-2010 plus multi-wavelength
detector on a Vydac C18 chromatographic column (2206 mm, 300 A pore size, |im
particle size). By eluting A solvent (0.1% TFA irater) and B solvent (0.1% TFA in ACN)
at a flow rate of 1 ml/min the absorbance at 222was monitored. Method A: 30 min 98%
A and 2% B (isocratic), method B: 3 min 100% A &% B (isocratic), 15 min 90% A and
10% B (gradient), 18 min 90% A and 10% B (isocpat2® min 100% A and 0% B (gradient).
Purity of the peptides (> 95%) was checked by amalyRP-HPLC and the protonation sites
were identified by pH-potentiometric measuremefSI-TOF MS analysis in the positive
mode was carried out on a Bruker micrOTOF-Q ins&min The measurements were
performed in water, in the absence or presence hidride ions at 1.0 mM {f-p-
cym)Ru(HO)s]** concentration using different pH values. Tempesbf drying gas (})
was 180°C. The pressure of the nebulizing gas)(Was 0.3 bar. The flow rate wagiB/min.
The spectra were accumulated and recorded by taltigr at a sampling rate of 2 GHz.
DataAnalysis (version 3.4) was used for the catouta

[Ac-HHH-NH;] (CF3COO0)s: R; = 3.89 min (method A). Yield: 20.7%. ESI-MS (pos.)
m/z: 157.744 [M — 3 C£OO}", calc. for [M — 3 CECOO}": 157.745; 236.108 [M — 3
CR:COO — Hf*, calc. for [M — 3 CECOO — Hf": 236.114; 471.219 [M — 3 GEOO — 2 Hf,
calc. for [M — 3 CRCOO — 2HJ: 471.221.

[Ac-HAHH-NH,] (CF3CO0)s: R; = 4.24 min (method A). Yield: 46.5%. ESI-MS (pos.)
m/z: 181.425 [M — 3 CEE£OO}, calc. for [M — 3 CECOOF": 181.424; 271.632 [M — 3
CRCOO — Hf*, calc. for [M — 3 CECOO — Hf": 271.633; 542.263 [M — 3 GEOO — 2 HJ,
calc. for [M — 3 CECOO — 2 HJ: 542.258.

[Ac-HAHAH-NH;] (CFsCOO)s: R; = 5.54 min (method A). Yield: 57.4%. ESI-MS
(pos.) m/z: 205.104 [M — 3 GEOOF", calc. for [M — 3 CECOOF": 205.103; 307.151 [M —
3 CRCOO - Hf*, calc. for [M — 3 CECOO — Hf*: 307.151; 613.297 [M — 3 GEOO - 2
H]*, calc. for [M — 3 CECOO — 2 HJ: 613.295.

[Ac-H* AH* AH*-NH,] (CF3COO)s: R; = 11.1 min (method B). Yield: 39.5%. ESI-MS
(pos.) m/z: 219.116 [M — 3 GEOOF", calc. for [M — 3 CECOOF": 219.119; 328.171 [M —
3 CRCOO - Hf*, calc. for [M — 3 CECOO — Hf*: 328.175; 655.341 [M — 3 GEOO - 2
H]*, calc. for [M — 3 CECOO — 2 HJ: 655.343.

2.2.2. pH-potentiometry



For solution studies doubly deionised and ultreefédd water was obtained from a
Milli-Q RG (Millipore) water purification system. Hb-potentiometric measurements were
carried out at an ionic strength of 0.20 M KNOr 0.20 M KCI and at 25.& 0.1 °C.
Carbonate-free KOH solutions of known concentratiq@ga. 0.2 M) were used as titrant.
HNO;3; or HCI stock solutionsch. 0.2 M) were prepared from concentrated nitric or
hydrochloric acids, respectively, and the exact ceotrations were determined by
potentiometric titrations using the Gran's meth2is] [ A Mettler Toledo T50 titrator equipped
with a Metrohm double junction electrode (type &®200) or a combined glass electrode
(type 6.0234.100) was used for the pH-metric measants. The electrode system was
calibrated according to Irving et al. [26], the ph&tric readings could therefore be converted
into hydrogen ion concentrations. The water iomwatonstant, pk, was 13.76 + 0.01. For
the metal ion containing samples automatic titregiovith a maximum waiting time of 30
minutes in every step were performed in the pH ea&@—11.0 using samples of 6.00 mL. In
all cases the samples were completely deoxygermatdalibbling purified argon foca. 20
min before the measurements. Owing to slow eqiulibr processes individual samples
containing the metal ion and ligand in 1:1 ratiorevalso prepared in vials under an
atmosphere of argon using 0.20 M KpiOnic strength. The samples were left to standrfor
days and the pH values were measured in the absd#n@®, from the air. Metal ion
concentrations in all cases were varied in the gabh@-5.0 mM. Concentration stability
constants,Boqr = [MpLqHJ/[M] P[L]9[H]" (where “M” stands for {®-p-cym)Ru(HO)s]*")
were calculated with the aid of the SUPERQUAD arsEQUAD computer programs
[27,28]. During the calculations hydrolysis ofn{{p-cym)Ru(H0)s]** was taken into
consideration and the formation of the followingsies was assumed: f§{p-cym)Rub(p?-
OH)a]" (logBz0-3= —9.16) [29].

2.2.3. Spectroscopic measurements

A JASCO J-810 spectropolarimeter was used to red¢bed CD spectra of the
complexes in the wavelength range of 200 to 800usmg a 10 mm cell. Individual Ru-
containing samples atg¢ = 1.0 mM were equilibrated in B for 7 days before
measurements.

The NMR spectra’d, *°C, *H-'H COSY, 'H-'H NOESY, 'H-*C HSQC, *H-*C
HMBC) were recorded on a Bruker Avance DRX 49D-NMR instrument. 2D NOESY

experiment was carried out with a standard puls@esgce combined with gradient pulses in



mixing time. In the experiments 800 ms mixing tir@8) was used to allow time for
magnetization exchange to occur for the NOE intevas. Chemical shifts are reported in
ppm ©y) from sodium 3-(trimethylsilyl)-propionate (TSP mternal reference. NMR studies
were carried out in BD (99.8%) at g, = 5.0-10.0 mM in order to register the pH*
dependence of the chemical shifts of the nuclevarious species. pH* was set up with
NaOD, DNQ or DCI in D;O. Individual Ru-containing samples were equilibcafor 7 days
before measurements. pH* values (direct pH-metdings in a RO solution of a pH-meter
calibrated in HO according to Irving et al. [26] were convertegtd values measurable at an
ionic strength of 0.20 M using the following equati pH = pH* + 0.40 [30].

2.3. Density functional theory (DFT) calculations

Geometries were fully optimized by DFT using theu&saan 09 (revision C.01)
software [31]. According to previous studies [32,88 functional B3P86 was used which
ensures a high degree of accuracy in the prediaifothe structures of transition metal
complexes [34]. The relativistic small-core ECPsD5@he Stuttgart-Dresden ECP) [35] and
LANL2DZ [36] with the corresponding valence basis sets wereaaglon the ruthenium,
and 6-311g on the ligand. For all the structuresimma were verified through a frequency
calculation. The closed-shell Ru species were dteatith the restricted formalism. The
relative free energy of the several isomers andocorations of the ML complexes were
calculated at the level of theory B3P86/6-311g tmynputing the solvent (in this study, water)
effect using the SMD model available in Gaussiars@®ware. The SMD model is based on
the quantum mechanical charge density of a soluikgule interacting with a continuum
description of the solvent, which takes into acdaime full solute electron density without
defining partial atomic charges and representssthigent not explicitly but rather as a
dielectric medium with surface tension at the sskdlvent boundary. This model has been
demonstrated to give good results in the predictibsolvation free energy [37]. The total
value ofAG‘Otaq can be separated into the electronic plus nuctsarsion energyAE®"), the
thermal contribution AG™™) and the solvation free energh(pG™™")): AG®,, = AE®® +
AG™®™ + AAG™). The thermal contribution was estimated by ushegideal gas model and
the calculated harmonic vibrational frequenciegdtermine the correction arising from zero
point energy and the thermal population of theatibnal levels. The theory was described in
the literature [38-42].



3. Results and discussion
3.1. Characterization of the peptide ligands

As it was detailed in the Experimental section rilogel oligopeptides were obtained
via conventional solid-phase peptide synthesis. dilugle products were purified via RP-
HPLC. A typical chromatogram is shown in Fig. SHandicated (as for the other ligands
too) > 95% purity. Identity of the peptides was essed by HR-ESI-MS and pH-
potentiometry. Evaluation of the titration curvésr(a representative example, see Fig. S2)
resulted in protonation constants of the ligandarsarized in Table 1. The number and the
numerical value of thep data are both consistent with the presence ottimedazole
moieties in each of the peptides providing thushier proof for the identity of them. The
values are in the range 5.6—7.0 characteristidHerprotonation of the histidyl moieties of
small peptides [43]. The slightly increasing vabigK; in the direction of HHH— HAHAH
may be interpreted with the decreasing strengti-bbnding between the imidazole units due
to the increasing size of the chelate that is farimehe doubly protonated ligands.

Table 1.

pH-dependentH NMR study of peptide ligands (as an example sé¢iAH in Fig. 2)
indicates that the & (o) and H, (o) protons of the imidazolyl moieties exhibit thegest
upfield shift with increasing pH of the samples. ®0and HMBC experiments (Fig. S3)
assisted in identifying the corresponding resonsutb@tonging to thé, ande; protons of the
imidazole rings. The chemical shift values regetiefor the fully protonated and fully
deprotonated forms of HAHH and HAHAH are summarizedable 2.

Fig. 2

Table 2

3.2. Complex formation of the ligands with [§°-p-cym)Ru(H20)4]**

Interaction between the His-containing novel megi and ®-p-cym)Ru(H0)s]**
was studied using pH-potentiometry. For HHH therfation of a yellow precipitate as low as
pH = 2.0 and the very limited solubility of the cplex(es) even at elevated pH hindered
subsequent solution equilibrium studies with tigahd. For the tetrapeptide and pentapeptide
slow complex formation processes were detectednid@tes waiting time being not enough

to reach pH eqilibrium as it is shown in Fig. S@rve b. Nevertheless, the titration curve in
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Fig. S2 clearly shows that in the presence of thetamion the complex formation is
significant by pH 4 as cooperative deprotonatiod aoordination of two imidazole units is
detectable. A further base consumption processHb$ s consistent with the binding of the
third imidazole group of the ligand while above pHiydrolysis of the complex(es) present is
indicated. Due to the non-equilibrium processesydwer, no attempts were made to calculate
stability constants for the metal complex(es) pnese solution from the pH-potentiometric

curves in neither of the systems.

pH-dependence of the aromatic region'ldf NMR spectra of equilibrated samples
containing 1:1 metal ion to ligand ratio for the HAH system are presented in Fig. 3. As it
can be seen in Fig. 3 at pH 2.17 beside the twbldtsi(A, 5.73 and 5.98 ppm) belonging to
the ring protons of thg@-cymene unit of the aqua complexnf{p-cym)Ru(H0)s]** (for
notation see Scheme 1) [29], resonances otihpotons @, 8.63 ppm) and those of tlde
protons ¢, 7.32 ppm) of the uncomplexed ligand are present.increasing the pH, small
new signals as low as pH 2.6 are detectable nexthéoabove mentioned resonances
indicating complex formation. This becomes morenpumnced around pH 4 (suggesting
binding isomers) and at pH 7.82 all the signals@né unambiguously support the formation
of a single complex (H: e, Hd,: m, p-cymene: A). Beside this species at more basic pH
minor hydrolysis of the metal ion resulting in tfeemation of [{(n°-p-cym)Rub(p>OH)s]"*
(A, 5.17 and 5.38 ppm) [29] and presence of somemplexed ligandd, 7.64 ando, 6.90

ppm) are also detected.
Fig. 3

It is also worth mentioning that the solution éduium studies carried out under
biologically more relevant conditions, i.e. in tpeesence of 0.20 M KCI ionic strength,
indicated that chloride ions are capable of hinggsignificantly the hydrolysis of the metal
ion. To illustrate this, comparison of the pH-depemce of théH NMR spectra for the -
p-cym)Ru(H0)s]* ~HAHH system at 0.20 M KNgor KCl are shown in Fig. S4.

In order to assign all the resonances for the ocemplex at pH 7.82H-'H COSY
(Fig. 4),*H-"C HSQC (Fig. 5) andH-'H NOESY (Fig. S5) experiments were carried out.
Fig. 4 clearly indicates the correlation betwees ¢hrresponding; signals @) andd, signals
(e); the assigned resonances together with chemidfihv@lues are summarized in Table 2.
As Fig. 5 demonstrates, the signals in the ppmeaafhd—5.6 involve thg-cymene ring
carbons at 85-90 ppm while two C5 imidazole rindboas out of the three ones appear at ~



128 ppm. The third C5-84 crosspeak can be seen at 7.2 pprfiNMR spectrum, while the
three C2 signals are detectable in the range 14Dpp in the’>C NMR spectrum. The
NOESY spectrum (Fig. S5) also shows that theretlw@gh-space correlation between all
the Im protonsg;, &) andp-cym ring protons revealing the coordination oftak three Im
units. All these data together with the absencangfuncomplexed ligand clearly support that
at pH 7.8 a single species withygNNim, Nim) coordination is present with HAHAH and with
HAHH (Fig. S4) too.

Fig. 4.
Fig. 5.

As itis seen in Fig. 3, above pH 7.8 upfield shffthe aromatic resonances belonging
to the complex can be seen (similar trends are albservable for the Hf-p-
cym)Ru(H0)s]*~HAHH system) that indicates change in the cootibnasphere of the
metal ion. This can either be partial hydrolysisiniy which the imidazole(s) are replaced by
hydroxide ions or metal ion assisted deprotonadiot coordination of the amide group(s) of
the peptides. Although the high field region of 8pectra (not shown) are less informative
due to the presence of numerous overlapping &l CH signals and the disturbing water
signal, comparison of these resonances in the ebsard presence of the metal ion may also
indicate some shift in accordance with literatua¢ad44-47] suggesting amide coordination.
Furthermore, the fact that even above pH 11 in bg#hems a significant amount of the metal
ion can be found in complexed form may also sugtest hydrolysis can be ruled out. In

order to obtain more information CD spectroscopy B61-MS techniques were also applied.

Selected CD spectra aquired in the range 2.2 < pH.5 for the [§°%p-
cym)Ru(H0)s]**~tetrapeptide and —pentapeptide systems are shoviigi 6/A. As it is
expected (not shown in Fig. 6nftp-cym)Ru(H0)s)?* or [{(n®-p-cym)Rulb(u>OH)s" ions
do not exhibit CD activity. Since coordination ofchiral ligand to the half-sandwich type
metal core results in the formation of a sterecgemetal center CD activity in the VIS part of
the spectrum can also be expected [48]. Spectadielg to the two metal ion containing
systems already at pH 2.2 show a positive Cottéecefat ~ 400 nm indicating complex
formation in agreement with the NMR results. Aroystd 4 an increase of the CD activity
together with a bathochromic shift is detected (FE{A spectra ¢ and d) in both systems
providing support for the likely formation of bimdj isomers (see Fig. 3, pH = 4.26; Fig.
S4B, pH 4.67). Around physiological pH where a Bngomplex was detected in both

10



systems by NMR the CD spectra (Fig. 6/A spectracfahave positive Cotton-effect at ca.
300 and 370 nm different from those observed adpHhe similar pairs of CD spectra at
various pH values support very similar binding nodeth the HAHH and HAHAH ligands.
Above pH 8.3, however, the aquired spectra foreghas systems are rather different (Fig.
6/B) indicating significant change in the structofehe corresponding metal complexes with
the two peptides. While for the HAHH on increasthg pH an increase of the intensity of the
band at 385 nm can be seen for HAHAH decrease apdrallel hypsochromic shift is
observable (Fig. 6/B).

Fig. 6

To provide further proof on the composition of tmmplexes, mass spectrometry was
also used. The m/z values of the major specieseptes solution at various pH values are
summarized in Table 3. All the detected ions inl&@&bwere also simulated and an excellent
agreement was found regarding observed and catclilsbtope patterns and m/z values. As a
representative example, MS spectrum of tmg-f-cym)Ru(HO)s]*~HAHH system at 1:1
ratio and at pH = 6.5 is shown in Fig. 7. It canseen that, beside [Mt]with an m/z value
of 388.630 (its simulation is presented in Fig. 8pother species with high intensity at
776.257 m/z is detectable. This second one corngispto a complex with monopositive
charge and one hydrogen less than [MLJhese findings can be rationalized by assuming
that in the latter species deprotonation and coat@in of one of the amide nitrogens occurs
(formation of a mixed hydroxido species with [ML(¢JHstoichiometry would result in a m/z
value of 792 but this is not detectable in meadileseoncentration in the spectra). In contrast
with the CD information obtained in the basic pthga, identical behaviour of thenftp-
cym)Ru(H0)3]**~HAHH and —HAHAH systems was found by MS. In parg, increasing
hydrolysis resulting in the formation of [Hf-p-cym)Rub(u?-OH)s]" (523.038 m/z) and
parallel formation of [MLH4]" or [MLH_;] type species (Table 3) are detected.

Table 3
Fig. 7
Fig. 8

Since the imidazole side chain of the His residam ia principle coordinate to a given metal
ion at elevated pH via both of ti¢l and N3 donors (due to tautomerization) it was also
interesting to study what is the donor atom prefeeefor these half-sandwich type Ru(ll)
complexes. Inspired by literature data on'tf@NMR behaviour of the square planar binding
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isomers in the Pd(ll)-Ac-HAAAH-NH system [19] we have also undertaken @ NMR
study of the [§°-p-cym)Ru(H0)s]**~HAHH, and —HAHAH systems to clarify the most
likely (N1 vs. N3) binding mode of the imidazole units. Based on s$pectra, as it was
detailed in the Introduction, th&d values for the [ML]" complexes in these systems were
calculated. As it is also indicated in Fig. 9, thasitive Ad for the C5 and the negativ®
value for the C4 carbons in our systems show idahtrend with those obtained for the
(N1,N1) binding isomer of the Pd(I)-HAAAH system andetéfore, strongly supports the
identicalN1 coordination of imidazolyl moieties of the liganidsthe [ML]** complexes with
both HAHH and HAHAH.

Fig. 9

In order to obtain further proof on this bindingode a model pentapeptide, Ac-
H*AH*AH*-NH , with threeN3-methylated His units was also synthesized andiftding to
[(n%-p-cym)Ru(H0)s]** was studied. MS results were consistent again thighformation of
[ML] ?* (obs.: 445.173, calcd.: 445.174 m/z) as majorispeat pH ~ 7.4 with this ligand too.
Furthermore, based on thi€ NMR data, the calculate values showed an identical trend
in their sign as for the non-methylated oligopegsidHAHH and HAHAH (Fig. 9), providing
thus clear evidence for the identichl( N1, N1) coordination mode.

3.3. DFT results

Over the last years, DFT methods were used witl gesults to calculate the relative
stability of several metal complexes (see Secti@). 2n this study, the solvent £8) effect
was simulated using the SMD model, based on thetgomamechanical charge density of a
solute molecule interacting with a continuum desteyn of the solvent; this model has been
demonstrated to give good results in the prediadiosolvation free energy [37]. In particular,
two the conformers of ML (L = Ac-HAHAH-NH indicated with ML® and ML? with a
different orientation of the isopropyl and methylbstituents on benzene) [49] and two
coordinations of His residues (throulyth andN3 nitrogen donors) were examined: fN1),
ML*(N3), ML?(N1) and ML*(N3), see Fig. S6.

The geometry of the four species was optimizedidensig the relativistic effects due
to the presence of a heavy atom such as Ru. Thepuopslar approximation to account for
these effects is the pseudo-potential or effectiwee potential (ECP) approach, where the

innermost electrons are not treated explicitly suibsumed into a specially designed, mean
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potential acting upon the outer electrons. Receltitig approximation was used to predict the
geometry of the complexes formed by second-rowstt@am-metal ions [32,50-52]; it has
been shown that the use of ECP with the valencs bats SDD (the Stuttgart-Dresden ECP)
[35] and LANL2DZ [36] on the metal gives good rdsuh the geometry optimisation [32,50-
52]. Among the functionals, hybrid ones are showbé superior to GGAs and meta-GGAs,
and B3P86 is highly recommended [50].

The relative stability of the four species was daiaed in terms of the value &iG*,, for

the reactions (1)-(3):

MLY(N1) 2 ML*(N1) 1)
MLY(N1) 2 ML*(N3) 2)
MLY(N1) 2 ML?(N3) (3)

The value ofAG*,, can be separated into three parts: the electidoi nuclear repulsion
energy AE®®), the thermal contributio!MG™™) and the solvation free energd(AG**")), as
given in eq. (4). The thermal contribution was restied using the ideal gas model and the
calculated harmonic vibrational frequencies to keiee the correction due to zero point

energy (ZPE) and to thermal population of the wibral levels:
AGtOtaq - AEeIe+AGtherm+ A(AGSOIV) (4)

The Gibbs free energy in the gas phas®'{y.9, instead, can be found by neglecting the term
(BAGM)):
AGtOtgas: AEeIe+ AGtherm (5)

DFT methods indicate that the two conformers withordination of N1, MLY(N1) and
ML%(N1), are the most stable. The difference of free gnés very small, 5.7 kJ/mol. In
contrast, the isomer with Ru binding bi3 donor, ML(N3), is significantly less stable, and
almost 240 kJ/mol separates it from MI1). An examination of the data in Table 4 indicates
that the value oG ys (in the range 325-330 kJ/mol) favours N1) over ML(N3); the
more favorableAG**" for ML(N3) (89-93 kJ/mol) is not enough to compensate theevaf
AGtOtgas

The reason of this result resides in a highernsici stability of MLN1) than ML(N3).
The coordination oN1 results in a more relaxed structure with an optivatue of the Ru—N

distances, Ct—Ru—N and N-Ru-N angles, where Gtng@d of the arene ligand (Table 5).
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The optimized structures of the most stable conévsnof ML(N1) (Fig. 10) and MLN3) are
shown in Fig. S7.
Fig. 10

Similar DFT calculations were also carried outtbe ML complex with Ac-HAHH-
NH,. Since for the pentapeptide a very small eneréfgrénce for ML and ML? (regarding
the position of the isopropyl and methyl groupshaf benzene ring to the coordinating ligand)
was found with the tetrapeptide only th& vs. N3 coordination of the imidazoles of the
ligand was studied. Considering eg. (2), the resultTable 4 clearly support the preference
of N1 coordination of this ligand too in the optimizedusture. The calculated bond lengths

and angles for both systems are summarized in Table
Table 4

Table 5

4. Conclusions

Results of this study indicate that terminally paed oligopeptides containing three histidyl
side chains are efficient binders ofij{p-cym)Ru(H0)s]?*, a model cation for studying
biotransformation reactions of half-sandwich typegamometallic complexes with
antiproliferative potential. Although the ratheowl complex formation processes in these
systems prevented the estimation of stability comtst for the various species present in
agueous solution the results of the combined us&iMR, MS and CD techniques are
consistent with the formation of 1:Inf¢p-cym)RuLF" (L = oligopeptide) type complexes as
major species under biologically relevant condsiofNm, Nim, Nim) binding mode of both
HAHH and HAHAH in [(°-p-cym)RuLF" is evidenced from the NMR and MS results. Both
comparative NMR and DFT results support thie over N3 coordination of the imidazole
rings of the ligands to the metal ion. On coordoraf the ligands having the imidazole N
donors in different chemical environment the mébal also becomes a stereogenic center
beside thex-carbon atoms of the L-amino acid building blodi&nitoring the CD activity of
samples with 1:1 metal ion to ligand ratio in thege 2.0 < pH < 8.0 reveals almost identical
behaviour both with HAHH and HAHAH. This suggestsittin the physiological pH range
the position of the histidyl residues in the seaqaechas little effect on the stability of the
[ML] ?* complexes with N1m, N1, N1m) binding mode. In the more basic pH range,
however, the different CD spectra suggest diffetentling mode and/or arrangement of the

two ligands in the appropriate half-sandwich comeseand this might be connected to the

14



position of the His moieties in the peptides. Namaéh HAHH it is more likely that the
peptide bond between the adjacent His residuesnies@ metal ion binding site than for
HAHAH. To understand fully this behaviour furthetudies are in progress in our

laboratories.

Abbreviations

A, Ala — L-alanyl

AcOH — acetic acid

CD - circular dichroism

COSY - correlation spectroscopy

DCM - dichloromethane

DFT — density functional theory

DIPEA — N,N-diisopropyl-ethylamine

DMF — N,N-dimethylformamide

DODT - 3,6-dioxa-1,8-octanedithiol

ESI-TOF-MS - electrospray ionization time-of-flighiass spectrometry
Fmoc — N-fluorenylmethoxycarbonyl

H, His — L-histidyl

H*, His* — N3-methylated histidyl, Hi${3-Me)

HHH — Ac-His-His-His-NH

HAHH — Ac-His-Ala-His-His-NH

HAHAH — Ac-His-Ala-His-Ala-His-NH,

H*AH*AH* — Ac-His( N3-Me)-Ala-His(N3-Me)-Ala-His(N3-Me)-NH,
HMBC — heteronuclear multiple-bond correlation

HOBt-H,O — 1-hydroxybenzotriazole hydrate

HSQC - heteronuclear single quantum coherence

Im — imidazole

NMP — N-methyl-pyrrolidone

p-cym — 1-methyl-4-isopropylbenzenecymene

R; — retention time

RP-HPLC - reversed-phase high-performance liquidroatography
TBTU — 2-(1-H-benzotriazole-1-yl)-1,1,3,3-tetramg@tironium tetrafluoroborate
TIS — triisopropylsilane

TFA — trifluoroacetic acid
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Table 1. Overal protonation (I and stepwise deprotonationK(pconstants of histidine-
containing oligopeptides at 25.0 °C and | = 0.2&NIOs.

Ac-HHH-NH, Ac-HAHH-NH, Ac-HAHAH-NH.
[HL® 6.95(1) 6.94(1) 7.02(1)
[HoL]? 13.27(1) 13.28(1) 13.35(1)
[Hal]® 18.88(1) 18.99(1) 19.15(1)

pKs 5.61 5.71 5.80

oK 6.32 6.34 6.33

DK 6.95 6.94 7.02



Table 2. Chemical shift valueg)(assigned in the aromatic region for the liganuts thep-
cymene unit of §°-p-cym)Ruf* in free and complexed form at various pH values.

5 (opm) Ac-HAHH-NH, Ac-HAHAH-NH,
PP Hel Hd2  p-cymene Hl1  H62 p-cymene

uncomplexed 8.61 7.29 8.69 7.33

pH=20 | 861 729 I3 J8eo 732 73
8.61 7.28 ' 8.68 7.30 '

uncomplexed 7.65 6.91 765 6.94

pH=11.0 7.64 6.88 gég 7.64 691 gég
7.63 6.87 ' 7.64 6.90 '

com_plexed 851 — 4.72 6.01 —5.70 8.24 — 5.77 6.01 — 5.64

pH=7.8 8.19 — 551 590_578 8.17 — 5.87 587 _577
8.17 — 6.38 ™ ' 7.02 — 717 7 '




Table 3. Observed major cationic species in th&ptcym)Ru(H0)s]**—peptide (L) systems

together with their calculated m/z values givepamenthesis (A = Ala, H = His).

L = Ac-HAHH-NH,

pH 218  2.84 5.72 8.59 10.3
[(n®-p-cym)Ru(L)f* 388.630(388.632)

[(n®-p-cym)Ru(LHy)]* . 776.255776.257)
hpomRue s - - ity
(n®-p-cymRub(2-OH)* - i . 523.038523.037)

L =Ac-HAHAH-NH,

pH 1.98  3.36 6.47 8.95 10.9
[(n®-p-cym)Ru(L)f* - 424.152424.151)
[(n®-p-cym)Ru(LH)]" - - 847.204847.204)
[(n®-p-cym)Ru(LH,)] + 2K* : © — 462.104462.108)
[(n®p-cym)Ru(LH,)] + K* - . . © 885.247(885.250)

[{(n%-p-cym)Ruk(p>-OH)4]* - - 523.038523.037)



Table 4. AG* vaues in the gas phase and in agueous solution for the reaction of formation of
the isomers ML?(N1), MLY(N3), ML?(N3) from MLY(N1).

Ligand / Reaction AE®®  AG™™MP AGYL ABGTY) S AG™,

L = Ac-HAHAH-NH;,

MLY(N1) 2 ML?(N1) -1.0 4.0 3.0 2.7 5.7
MLY(N1) 2 MLY(N3) 314.1 11.7 325.8 -89.3 236.5
MLY(N1) 2 MLA(N3) 319.4 11.0 330.4 -93.2 237.2
L = Ac-HAHH-NH,

MLY(N1) 2 ML*(N3) 2475 8.1 255.6 -75.3 180.3

2 All the values reported in kJ mol™. ® Thermal contribution at 298 K with the zero-point
energy included in the calculations. © SMD model used with water as the solvent. @ M = [(n®-
p-cym)Ru]**



Table 5. Optimized bond lengths (A) and ang®$of the most stable MIN1) and ML(N3)

isomers. M = [§®-p-cym)Ruf", * Ct indicates the centroid of the arene ring.

Length / Ac-HAHH-NH, Ac-HAHAH-NH,
#
angle ML (N1) ML(N3) ML (N1) ML(N3)
2.074 2.107 2.100 2.149
Ru-N 2.080 2.122 2.123 2.180
2.091 2.232 2126 2.222
Ru-C 2250-2318 2.258-2.461) 2.216-2.263 2.185-2.323
Ru-Ct 1.767 1.749 1.723 1.740
1233 116.0 124.8 120.9
Ct-Ru-N 130.1 123.0 130.0 121.2
1305 1345 130.9 133.8
83.2 79.7 795 79.3
N-Ru-N 86.3 88.9 87.6 81.4
88.8 106.2 88.7 109.4
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Scheme 1. Structure of the imidazole ring of the histidyl side chain and that of the [(n®-p-
cym)Ru(H-0)3]*" together with the labeling of the protons. In subsequent Figures resonances
belonging to uncomplexed entities are marked with open while those of complexed ones with

filled symbols.
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Figure 2. Dependence on pH of the low-field region of the 'H NMR spectra of Ac-HAHAH-
NH; at 298 K in DO (I =0.20 M KNOg). For notation of the hydrogens see Scheme 1.
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Figure 3. Dependence on pH of the low-field region of the *H NMR spectra of [(n°-p-
cym)Ru(H20)3]* — Ac-HAHAH-NH; system at 1:1 ratio in D,O (T = 298 K, | = 0.20 M
(KNO3), cry = 5.00 mM). For notation of the resonances see Scheme 1; resonances belonging
to uncomplexed entities are marked with open while those of complexed ones with filled
symbols.
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Figure 4. Low-field region of the *H-"H COSY spectrum of [(n®-p-cym)Ru(H.0)s]*" — Ac-
HAHAH-NH; at pH = 7.82in D,O (T =298 K, | = 0.20 M (KNOs). For notation see Scheme
1
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Figure 5. Low-field region of the *H-*C HSQC spectrum of [(n°-p-cym)Ru(H.0)s]*" — Ac-

HAHAH-NH; at pH = 7.82in D,O (T = 298 K, | =0.20 M (KNOg). For notation see Scheme
1
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Figure 6. Effect of the increasing pH on the CD spectra of [(n°-p-cym)Ru(H,0)3]*" — Ac-
HAHH-NH, (A, pH: a 2.32; ¢: 3.74; e 7.45) and [(n°-p-cym)Ru(H-0)3]** — Ac-HAHAH-
NH, (A, pH: b: 2.23; d: 3.91; f: 7.54) systems and [(n°®-p-cym)Ru(H,0)3]*" — Ac-HAHH-NH;
(B, pH: g: 8.31; i: 8.81; k: 9.68) and [(n°-p-cym)Ru(H-0)3]** — Ac-HAHAH-NH, (B, pH: h:
8.49; j: 9.23; |: 10.2) systemsin H,O (T = 298 K).
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Figure 7.ESI-TOF-MS spectrum of therf-p-cym)Ruf* — Ac-HAHH-NH, system at 1:1
metal ion to ligand ratio, pH = 6.5.
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Figure 8. Representative observed and calculated ESI-TOF-MS spectra of [ML]*" complex,
whereM = [(n°-p-cym)Ru]?" and L = Ac-HAHH-NH,.
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Figure 9. Deviation of chemical shifts of imidazokrbon atoms (C2, C4, C5) relative to
those in the corresponding free peptifi@ = dCin(complex) -0Cin(free peptide) in BO.
®Taken from Ref. 18.



Figure 10. Optimized DFT structures of ML(N1) isomers, where L = Ac-HAHH-NH (@) and
L = AccHAHAH-NH> (b). Hydrogen atoms have been omitted for clarity.



Solid-phase peptide synthesis of three histidine containing oligopeptides

Solution equilibrium studies on the interaction between [(n°-p-cym)Ru(H-0)3]** and the Ac-
HAHH-NH; and Ac-HAHAH-NH; ligands

Formation of (Njm,Nm,Nim) coordinated 1:1 complexes with Ac-HAHH-NH; and Ac-HAHAH-
NH;

DFT and NMR evidence for the N1 over N3 coordination of the imidazole moietiesin the
complexes



