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Abstract

Fluorinated analogues of methionine such as L-S-(difluoromethyl)homocysteine (L-difluoromethionine; DFM) and L-S-(trifluoromethyl)ho-
mocysteine (L-trifluoromethionine; TFM) have been demonstrated to be interesting analogues for incorporation into peptides and proteins. The
presence of the fluorine nucleus adjacent to the sulfur atom in the side chain not only serves to alter the nucleophilicity and electron density of the
sulfur atom but it can function as an important NMR spectroscopic ('°F) probe. Additional information on the properties of these fluorinated amino
acid analogues was obtained by studying their interactions with dipotassium tetrachloroplatinate (K,PtCl,). The resulting complexes, dichloro(L-
difluoromethionine-N,S)platinum(Il) and dichloro(L-trifluoromethionine-N,S)platinum(II) were investigated with respect to their sulfur inversion
rates utilizing dynamic NMR methods. Inversion barriers for the DFM- and TFM—platinum complexes were experimentally determined to be
16.4 £ 0.2 and 18 £ 1 kcal/mol, respectively. Density functional calculations at the BALYP/SDD level were also performed to model the structures
and energies of the ground and transition states for these complexes.

© 2006 Elsevier B.V. All rights reserved.

Keywords: Difluoromethionine; Trifluoromethionine; Platinum complexes; Dynamic NMR; B3LYP/SDD

1. Introduction

Fluorinated amino acids have recently attracted much
attention for their potential in imparting unique physical and
chemical characteristics to protein and peptide molecules [1].
Fluorinated amino acids have been shown to dramatically
increase thermal stability in a 4-helix bundle protein [2] and
leucine zipper coiled coil structures [3,4] and also permit self-
sorting of peptides containing these modified residues, which
may have implications in the design of protein folding
pathways. Incorporation of fluorinated methionine analogues
into the chemotactic fMet—Leu—Phe tripeptide enhance the
ability of this peptide to attract neutrophils [5]. Additionally,
fluorinated amino acids have been utilized extensively in '°F
NMR investigations into the structural and dynamic properties
of proteins in solution [6-8].
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Methionine (Met) residues in proteins are able to coordinate
metal centres, often in redox proteins such as cytochrome c,
where they assist in defining the enzyme redox potential [9].
Thus, it may be possible to alter the catalytic properties of these
redox proteins by perturbing the electronic features of the
methionine thioether group. We have previously demonstrated
that the fluorinated Met analogues L-difluoromethionine
(S-difluoromethyl-L-homocysteine; L-DFM) and vL-trifluoro-
methionine (S-trifluoromethyl-L-homocysteine; L-TFM) can be
biosynthetically incorporated into recombinant proteins without
diminishing catalytic activity [10-14]. Ab initio modeling
experiments with these compounds suggest that the strongly
electron-withdrawing effect of the fluorine atoms on the methyl
group should significantly decrease the nucleophilicity of the
sulfur atom, which could alter some aspects of the interaction
between this atom and a metal ligand [5].

In order to increase our understanding of the interactions of
fluorinated methionine analogues with metal centers, we have
chosen the well-known reaction of Met with K,PtCl, as a model
system [15-18]. In solution, methionine acts as a bidentate
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chelator of K,PtCl,, with initial attack by a lone pair on the
sulfur atom, followed by ring closure, as shown in Scheme 1.
The resulting cyclic complex exhibits chirality at the sulfur
atom, yielding two diastereomeric products. These diaster-
eomers are prone to interconversion through pyramidal
inversion at the sulfur atom, similar to that observed for
tertiary amines (Scheme 2) [19,20]. The simplicity of the
system permits the measurement of reaction rates for formation
of the complex by UV—vis spectroscopy and the investigation of
changes in the dynamic properties of the complex with
increasing fluorination using dynamic nuclear magnetic
resonance (NMR) methods. Additionally, changes in structural
and bonding features were investigated by ab initio computa-
tional methods. The results of these studies indicate that
fluorination of the methionine methyl group decreases the
reactivity of the thioether toward metals but does not contribute
to the dynamic properties of the resulting complex.

2. Results and discussion
2.1. Complexation of K,PtCl,; by Met analogues

To obtain a preliminary estimate of the reactivity of the
various methionine analogues, initial rates for their reaction
with K,PtCl, were determined by UV-vis spectroscopy,
monitoring the disappearance of the absorbance at 390 nm
arising from K,PtCl, (Table 1). These results indicated a
decrease in the reaction rate with increasing fluorination, which
is likely attributable to the decreasing nucleophilicity of the
sulfur atom [5] although it should be noted that the
trifluoromethyl moiety is thought to be similar in size to an
isopropyl group [21]. A comparison of the reactivities of TFM
compared to 2-amino-4-(isopropylthio)butanoic acid towards
K,PtCl, would aid in analyzing the extent of the contribution of
steric versus electronic factors to the reduced reactivity of
TFM. Another analogue of methionine, selenomethionine 7,
was found to be more reactive with K,PtCl, than Met, DFM and

Table 1

Reaction rates for coordination of K,PtCl, by various methionine analogues
Amino acid Rate (mM s~ 1)
L-Selenomethionine (7) 129 +4
L-Methionine (1) 32+2
L-Ethionine (8) 26.1 £0.9
L-Difluoromethionine (2) 0.50 + 0.02
L-Trifluoromethionine (3) 0.18 +0.04
L-Norleucine (9) 0.053 + 0.001
Control 0.021 £ 0.001

TFM, which may be due in part to its larger and more diffuse
electron shell [22]. Ethionine 8 was also investigated and its
observed rate was quite similar to that of Met. The very low
reaction rate observed for norleucine 9, which lacks a
chalcogen in the side chain, supports the suggestion that the
decrease in absorbance during the course of the reaction is
primarily attributable to formation of the Pt—S bond with
minimal contributions from Pt—N coordination.

-ozc\QlH; -Ozc\QNHg -0,C._NH,+

Sesgu, S-CH,CH, CH,
7 8 9

2.2. Sulfur inversion rates for DFM— and TFM—-platinum
complexes

Because the sulfur atom possesses two lone pairs available
for coordination, two products result from the reaction of Met
with K,PtCl, which differ in the stereochemistry at the sulfur
position [17]. These two diastereomers are in dynamic
equilibrium via a thermally controlled inversion of the sulfur
configuration [19,20,23]. The temperature dependence for the
rate of this interconversion between stereoisomers in the Met,
DFM, and TFM complexes was determined by NMR spectro-
scopy using lineshape analysis [24,25]. A plot of inversion rate

Rin(kh/kyT) (cal mol” K1
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Fig. 1. Eyring plot for sulfur inversion in complexes 4-6: (O) complex 4, (@)
complex 5, ((J) complex 6. Thermodynamic parameters obtained from this plot
are given in Table 2.
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versus temperature yields a sigmoidal curve, as the spectra
become insensitive to exchange rates at temperatures sig-
nificantly higher or lower than the coalescence temperture (data
not shown). This rate information was used to create Eyring
plots for these three complexes, shown in Fig. 1 (because the
inversion is a zero-order kinetic process, the rate and rate
constant are equal). From these curves, the enthalpy (A*H°) and
entropy (A*$°) of activation for this inversion in each complex
was determined. These parameters were then used to obtain
A*G® for each process (Table 2).

Unlike the observed reaction rates for complex formation,
there is no direct correlation between the number of fluorine
atoms present on the methyl position and the inversion rate. The
three coordination compounds show very similar results, with
the activation barriers observed for the Met, DFM and TFM
complexes being 17 &1, 16.4 £0.2 and 18 % 1 kcal/mol,
respectively. These results suggest that steric and electronic
effects associated with Met fluorination have surprisingly little
net effect on the inversion parameters in the cyclic complex.

The barrier for sulfur inversion in N-acetyl-Met-PtCl; has
previously been evaluated at 15.9 kcal/mol (at 335 K) [20].
This value is in good agreement with the results obtained
herein, the ~1 kcal/mol difference within the error associated
with these experiments. As an interesting note, the value
obtained for N-acetyl-Met-PtCl; was determined by '*°Pt NMR
using the temperature coalescence method. This result lends
support to our findings as the two experiments show good
agreement despite the use of different experimental methods. A
survey of the available literature accounts detailing the
thermodynamics of sulfur inversion in various platinum(II)-
thioether compounds reveals that the inversion barrier typically
falls between 15 and 20 kcal/mol [23,26-29], an observation
which is supported by our results.

In theory, the entropy of activation for a process which does
not involve bond scission or formation should be near zero, as
the overall order of the system remains relatively unchanged
throughout the process [26]. The values for A*S° observed in
this experiment deviate significantly from zero; however,
previous studies have shown that the error in A!S° determined
by dynamic NMR methods is often quite large [30-32] and can
be solvent-dependent as well [33].

2.3. Computational studies
To develop a better understanding of the molecular changes

possibly induced in the Met-PtCl, complex by fluorination, ab
initio geometry optimizations at the B3LYP/SDD level were

performed on the ground state R and S structures of compounds
4-6 (note: R and S are used throughout to denote configurations
at the sulfur atom. In all cases, the stereochemistry at the amino
acid C,, is exclusively S). Initial coordinates were obtained from
the crystal structure of 4 [17], and the corresponding fluorinated
compounds were constructed by replacement of the appropriate
number of protons with fluorine atoms. The optimized ground
state geometries were then utilized to model a transition state
for the inversion using the quadratic synchronous transit
approach. Energy calculations for the ground states and
transition states permitted the calculation of the activation
barriers for R — S and S — R inversion in each complex,
summarized in Table 2.

Calculated Pt—S bond lengths are quite similar in the ground
state structures of the three complexes, with a decrease in bond
length of 0.01-0.02 A with increasing fluorination. Crystal-
lographic structures of compounds 10 and 11 [34,35] show the
opposite trend, the bis-trifluoromethylated compound incor-
porating longer Pt—S bonds as indicated, which might suggest
inadequacies in the ability of the B3LYP/SDD computational
level to model the fluorinated Met complexes.

CH, CF,

B

S S S _S
F.C7 O pr’ CF, HC” Spt” U CH,
N Y
A/ (N /CI/ CN
2.240 A 2260 A 2230A 2.240 A

10 11

Transition state structures for sulfur inversion (Fig. 2) were
modelled using the quadratic synchronous transit approach
[36,37], with an initial guess for the transition state generated
manually by placing the methyl group coplanar with the
platinum coordination plane. The results of these calculations
predict that the inversion barriers in the three complexes should
be quite similar (Table 2). Structurally, the calculated transition
state conformations for the three compounds are very similar
overall, with the ring assuming a half-chair conformation and
the C,—S—Pt-N dihedral angles deviating only 1-3° from
planarity.

The trend in the computational results agrees well with that
observed experimentally, with the calculated free energies of
inversion showing no significant sensitivity to the degree of
fluorination. However, these calculated values underestimate
the experimental values by 3-5 kcal/mol. Moreover, the
calculated ground state structure of the non-fluorinated

Table 2

Experimentally and computationally” determined thermochemical parameters for sulfur inversion in compounds 4-6

Compound Ail_lgxp Aiszxp Ai ngp AiGzalc (R - S) AI Gzalc (S - R)
(kcal /mol) (cal/mol K) (kcal/mol) (keal/mol) (keal/mol)

4 14.0+0.7 11£2 17+1 13.70 13.50

5 11.9+£0.1 —-15.0£05 164 +£0.2 13.26 14.44

6 19.7+£0.7 5+2 18+1 13.12 14.36

* Data were obtained using Gaussian 98, revision A.9, with geometry optimizations and frequency calculations performed at the B3LYP/SDD level.
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Fig. 2. B3LYP/SDD optimized geometries for R, S,

methionine complex was found to deviate significantly from the
reported crystallographic structure. Taken together, these
results illustrate that the B3LYP/SDD computational level is
subject to significant limitations in handling platinum-contain-
ing compounds [38].

3. Conclusions

Fluorination substantially decreases the reactivity of
methionine toward K,PtCly, yet does not have substantive
effects on the dynamic properties of the resulting cyclic
complex. This is consistent with density functional calculations
at the B3LYP/SDD level. These results may have important
implications in the design of metalloproteins with altered
chemical properties, particularly with regard to the structure of
the metal-binding site.

4. Experimental
4.1. General experimental procedures

K,PtCl, (99.9%) was purchased from Alfa Aesar (Ward Hill,
MA). L-Methionine, L-selenomethionine, L-ethionine, and L-
norleucine were obtained from Sigma (St. Louis, MO) and were
of the highest purity available. L-Difluoromethionine and L-
trifluoromethionine were prepared as previously described
[10,12,39]. All other chemicals were reagent grade and used
without further purification. FT-IR spectra were recorded on a
Perkin-Elmer Spectrum RX I FT-IR spectrophotometer.
Samples were prepared as KBr pellets. Data are expressed in
wavenumbers (cm_l). High resolution mass spectra were
acquired using a Kratos Concept 1S double focusing mass
spectrometer with FAB ionization and negative ion detection.
Masses reported represent the major isotopic species

%P Ay

and transition state structures of complexes 4-6.

(containing '**Pt and *>Cl). The remaining isotopic distribution
pattern was as expected based on the natural abundance of each
Pt and Cl isotope (Pt isotopic distribution: '**Pt 32.9%, '*>Pt
33.8%, '"°Pt 25.3%, '**Pt 7.21%; Cl distribution: *>Cl 75.5%,
*7C1 24.5%) [40].

4.1.1. NMR spectroscopy

The 300 MHz 'H and 282.2 MHz '°F spectra were recorded
on a Bruker Avance 300 spectrometer with a 5 mm quadrupole
nucleus probe (QNP). The 400 MHz 'H and 376.3 MHz '°F
NMR spectra were recorded using a Bruker Avance spectrometer
fitted with a 5 mm inverse broadband probehead. For 376.3 MHz
F measurements, the proton coil was tuned to fluorine.
Standard undecoupled 3763 MHz '’F parameters were
18,832 Hz sweep width, 0.877 s acquisition time, and a 1.0 s
relaxation delay. A 3 Hz line broadening was applied. '°F Spectra
were referenced to an external sample of CFCl; in methanol-d,
and 'H spectra to tetramethylsilane (TMS), each set to 0.00 ppm.
All samples were prepared in D,O or 1N HCI in D,0.

Conformational exchange rates for inversion of sulfur
configuration in the Met and DFM complexes were determined
by acquiring 400 MHz 'H NMR spectra at various tempera-
tures. The signals for the methyl and difluoromethyl protons at
various temperatures (25-70 °C for Met, 20-50 °C for DFM,
5 °Cintervals) were simulated using MEX lineshape simulation
software [24] and exchange rates were obtained from the
simulated spectral parameters. For an example of a typical
experimental spectrum and corresponding simulated spectrum,
please refer to Fig. S1 in the supplementary information.

TFM exchange rates were evaluated using selective
inversion-recovery in the 376.3 MHz 'F NMR spectrum at
various temperatures (40-60 °C, 5 °C intervals), with data
analysis performed using the CIFIT program [25]. In this
experiment, one of the two '°F resonances arising from the two
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sulfur configurations is irradiated with a 180° x’ pulse.
Following a time interval 7, the system is irradiated with a
90° y pulse for detection. When 7 = 0, the spectrum consists of
two resonances of equal intensity and opposite orientation, the
resonance irradiated with the 180° ,, pulse appearing as a
negative signal. During the delay time 7, the intensities of the
two signals are altered due to 7 relaxation and chemical
exchange. An initial guess for the 7| of each signal can be
obtained using a non-selective inversion-recovery by formulat-
ing an estimate for the exchange rate and using the CIFIT
program to generate a hypothetical T, value. These T ’s are then
used to fit the data for the selective inversion recovery
experiment to generate a better guess for the exchange rate.
This new rate is then used for a second round of fitting of the
non-selective inversion recovery data to generate improved
Ty’s. This process is repeated iteratively until a consistent value
is obtained for the exchange rate. Spectra from a typical
experiment are shown in Fig. S2 and experimental and
calculated magnetization for these spectra are shown in Fig. S3
in the supplementary information. For additional detail
regarding this approach, please refer to the CIFIT manual,
available on the web [41]. Rates for sulfur inversion for
complexes 4-6 at various temperatures are presented in
Table S1 in the supplementary information.

4.1.2. Synthesis of methionine—platinum complexes

4.1.2.1. Dichloro(L-methionine-N,S)platinum(Il) (4). Methio-
nine—platinum complexes were prepared according to the
method of McAuliffe [16]. L.-Methionine (46 mg, 0.308 mmol)
was added to a stirred solution of potassium tetrachloropla-
tinate(Il) (145 mg, 0.35 mmol) in 0.8 ml distilled, deionized
water. This solution was heated to 40 °C for 30 min, during
which time a copious yellow precipitate formed. After cooling
to 0 °C, the precipitate was isolated by centrifugation, washed
with cold water (3x 1 ml), and dried in vacuo. To protect the
compound from photolytic degradation, manipulations were
performed under low lighting whenever possible. Yield was
quantitative (139 mg). mp (uncorrected): 219-220 °C (dec.),
darkens at 214 °C (lit. mp: 230 °C (darkens) [16]); '"H NMR
(300 MHz, IN HCl in D,0): § 2.41 (s, CH3, epimer a), § 2.39 (s,
CHs;, epimer b), integration ratio ~1:1; IR (KBr): 3257, 3164,
3100, 2896, 1709, 1572, 1436, 1250, 1101, 975 cm™'; HRMS
(FAB): exact mass calculated for CsH;yCI,NO,Pt: 413.94572,
found 413.95117 (M, '°Pt, 3°CI).

4.1.2.2. Dichloro(L-difluoromethionine-N,S)platinum(II)
(5). Compound 5 was prepared similarly to 4 using L-
difluoromethionine (57 mg, 0.308 mmol) in place of L-Met,
giving 131 mg (87%) of a yellow solid. mp: 208-209 °C (dec.);
"H NMR (400 MHz, IN HCl in D,0) § 7.32 (t, Jur = 53.77 Hz,
epimer a) § 7.28 (t, Jur=53.85Hz, epimer b) '’F NMR
(282.2 MHz, IN HCI in D50, '"H decoupled): § —97.8 (m,
Jer =196 Hz, Jpg=74.1 Hz, CHF,, epimer a); —97.1 (m,
Jer =196 Hz, Jpg=61.4 Hz, CHF,, epimer b), integration
ratio ~1:1; HRMS (FAB): exact mass calculated for
CsHgCLF,NO,Pt: 449.92686, found 449.91491 (M~, '*5Pt,
3Qn.

4.1.2.3. Dichloro(L-trifluoromethionine-N,S)platinum(II)
(6). vL-Trifluoromethionine (61 mg, 0.300 mmol) was added to
a stirred solution of potassium tetrachloroplatinate(Il) (145 mg
in 0.8 ml 0.1N aqueous HCI) and heated to 80 °C for 30 min.
The product was isolated as described for 4, yielding 113 mg
(72%) of a yellow solid. mp: 200-201 °C (dec.), shrinks at
134 °C. "F NMR (282.2 MHz, IN HCI in D,0): § —46.6
(pseudo-triplet, Jpr = 69.2 Hz, CF;, epimer a); —46.2 (pseudo-
triplet, Jpe = 65.7 Hz, CF3, epimer b), integration ratio ~1:1;
IR (KBr) 3196, 2934, 1731, 1582, 1431, 1166, 1094, 754 cm ™ ';
HRMS (FAB): exact mass calculated for CsH;CI,FzNO,Pt:
467.91744, found 467.91790 (M, '*°Pt, °CI).

4.1.3. Measurement of K,PtCl,~methionine reaction rates

To obtain an estimate of the initial rates for the complexation
of K,PtCl, by the series of methionine analogues (Table 1)
equimolar quantities of K,PtCl, and the appropriate analogue
(5 mM each in 1 ml 50 mM potassium phosphate buffer, pH
7.0, containing 0.2 M KCI) were combined and the decrease in
absorbance at 390 nm was monitored using a Varian Cary3
UV-vis spectrophotometer. The linear regions of the resulting
curves (i.e. the region over which the absorbance changed by
<5% relative to the initial absorbance) were fitted by linear
regression analysis (Grafit 3.01, Erithacus Software Ltd.), and
the slopes were converted to approximate reaction rates of
mM s~ (g390 for K,PtCl, was experimentally determined to be
5.56 x 107*M ' cm™ ). All kinetic analyses were carried out
at 25 £ 0.5 °C.

4.1.4. Computational details

Calculations were performed using Gaussian 98W,
Revision A.9 (Gaussian Inc. Pittsburgh, PA) [42]. Computa-
tional parameters are expressed using standard notations.
Methionine complex geometries were optimized by RHF/
LANL2DZ ab initio calculations starting with the crystal
structures for 4 reported by Freeman and Golomb [17]. These
structures were further optimized using the hybrid density
functional theory (DFT)/Hartree—-Fock functional B3LYP
[43] and the SDD basis set, which uses the Dunning/
Huzinaga full double zeta basis set on the first-row elements
and Stuttgart/Dresden effective core potentials (ECPs) on the
remaining elements [44,45]. For each optimized structure, a
frequency calculation was also performed using these
parameters. Zero point energies calculated from these
frequency calculations were used to correct free energy
values obtained for each structure. No negative frequencies
were found for ground state structures. Transition structures
were determined using the quadratic synchronous transit
approach, with an initial guess for the transition state
generated by adjusting the C.—S—Pt—N torsion angle such that
the methyl group was coplanar with the platinum plane. The
identity of the resulting structure as a transition state was
confirmed by the presence of a single negative frequency.
Animation of this negative frequency in GaussView
(Gaussian Inc., Pittsburgh, PA) verified that the transition
corresponded to sulfur inversion and linked the two ground
state structures.
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