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The studies on Pd(II) complexes with Gly-SMC,
SMC-Gly and SMC-SMC have shown that S-methyl-L-
cysteine as a residue in dipeptide ligands binds palla-
dium ions by {N.S} donor set, creating a new
chirality center on sulfur atom. The conformation
of SMC in the formed complexes seems to be differ-
ent when it acts as a dipeptide residue, as compared
to that found in PASMC complex. The presence of
vicinal N-terminal residue (e.g. Gly in PdGly-SMC)
stablizes the & conformer of the SMC chelate ring,
as well as changing the kinetics of the sulfur inversion
in palladium complexes. The formation of the metal
thioether sulfur bond enriches considerably the UV
region of the CD spectra where the S = Pd(II) charge
transfer (as well as intra sulfur transition) could be
observed.

Introduction

Recent studies on metal ion coordination to S-
methyl-L-cysteine have shown very interesting stereo-
chemical implications of the metal—sulfur bond
formation 1n various complexes [1-8]. In this
communication we present further NMR and CD
studies of the Pd(Il) inteaction with small peptides
containing S-methyl-L-ysteine as a residue. The aim
of this study is to find whether the specific binding
of sulfur donor to metal may be influenced by the
vicinal amino acid residues of peptide molecule,
and vice versa. It 1s also of interest to study the
relation between the formation of the new churality
center on sulfur and the CD spectra of the formed
complexes,

*All correspondence should be addressed to Prof. H.
Kozlowski.
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Experimental

Glycyl-S-methyl-L-cysteine Gly-SMC, S-methyl-
L-cysteyl-glycine SMC-Gly, and S-methyl-Lcysteyl-
S-methyl-L-cysteine SMC-SMC  dipeptides were
synthesized by coupling of two amino acids via
N-hydroxy succinimide [9]

'"H NMR spectra were recorded on 80 (WP 80)
and 250 MHz (WM 250) Bruker spectrometers with
peptide concentration 0.05 M at 300 * 2 K. !3C
NMR spectra were recorded on a JEOL JMN.PS-
100 spectrometer at 25 MHz with ligand concentra-
tion 0.1 M. The temperature effect on 'H NMR
spectra was measured on a 60 MHz Bruker spectro-
meter model WP 60 in the 276—350 K range.
Analysis and simulation of the proton ABC spectra of
the SMC residue were carried out on a JEC-6
computer.

CD spectra were recorded on a Mark III Jobin-
Yvon Dichrographe in the 800—200 nm region, with
metal fon concentration 5 X 107> M.

Results and Discussion

'H NMR parameters for Gly-SMC, SMC-Gly and
SMC-SMC are presented in Table I. The distribution
of the rotamer population in SMC residue around the
Co—Cg bond (Fig. 1) is more or less similar to that
found in S-methyl-L-cysteine [10], except for some
stabilization of isomer II1 at higher pH observed
for SMC residue on the C-terminal of the peptide
molecule (Table IT).

In CD spectra of SMC containing peptides it is
possible to observe the absorption of the thioether
chromophore in the 190—-250 nm region [11]. In
the peptides studied in this work we observed for
some pH values a broad positive band around 225

© Elsevier Sequoia/Printed in Switzerland
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Pd(Il) Peptide Complexes
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Fig. 1. Rotamer notation of SMC residue.

nm for SMC-SMC and SMC-Gly, which can be tenta-
tively assigned as the transition on sulfur atom dis-
symmetrically perturbed by the asymmetric center
Cq. In the absorption spectra of those peptides the
intrasulfur transitions are usually overlapped with
the other intraligand transitions centered at 210
nm, except for Gly-SMC where the 257 nm band
(e ~ 300-500 M cm!) is well resolved. This
band is observed as a shoulder for SMC-SMC at 250
nm.

The variation of the proton chemical shift in
Gly-SMC molecules upon the Pd(II) ion coordination
(Table I) clearly shows that the binding sites of
Pd(IT) in ligand molecules in pH range 2—13 are two
nitrogens (NH,, N7) and sulfur donor (vide infra
for '3C NMR data). At pH below 9, strongly low field
shifted S-CH; proton resonances (0.369—0.387 ppm)
give two signals at 2.53 and 2.512 ppm, which derive
from two diastereoisomers formed after Pd(II)
coordination to sulfur (slow inversion at sulfur
center). These two signals coalesce when the pH
increases above 10. The interesting region of the
proton spectrum in Pd(II) Gly-SMC complex is that
of the CH, glycine protons (Fig. 2). In this complex,
glycine methylene protons exhibit three different
spectra: one of A, and two of AB type. All these
proton resonances are upfield shifted (0.1-0.25 ppm)
as compared to the zwitterionic form of Gly-SMC
(Table I) due to Pd(II) coordination to the NH,
group. These different types of spectra may suggest
that glycine chelate ring may be present in more than
one conformation in the formed PdGly-SMC com-
plex. On the other hand, however, the unequivalence
of glycine protons may derive from different confor-
mations of the SMC chelate ring (vide infra).

In the spectra of the SMC residue the CH proton
exhibits one broad quartet in the whole pH region
studied. The methylene resonances consist of two (or
three when C,H proton is decoupled) AB multiplets
at pH > 10 (Table I, Fig. 3). At pH <9, the methyl-
ene proton region is difficult to analyse even in 250
MHz spectrum due to overlapping of probably more
than two poorly-resolved AB multiplets. The
complication of low pH spectra 1s most likely caused
by the slow exchange between two diastereoisomers
i.e. in NMR scale, slow inversion at the sulfur center
[2].

The variety of the observed spectra in the Pd Gly-
SMC complex seems to be derived from the presence
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Fig. 2. NMR spectra of CH,Gly protons at pH 4.76 (a) and
12.2 (b).

Il
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Fig. 3. NMR spectra of SMC residue CH,CH protons for
non-decoupled (a) and decoupled at C,, H proton (b).

34 32

of the SMC residue and metal—sulfur coordination.
In the similar Pd(IT) dipeptide complexes without
SMC, the glycine residue protons usually exhibit
one spectrum of A, type if dipeptide is tridentately
bound to metal ions or one spectrum of AB type
if peptide is bidentately bound to metal [12—-15].

As has been already found earlier [1-8, 30], the
metal 10n coordination to thioether sulfur creates a
new chirality center on the sulfur donor. At pH <
9 (slow inversion on sulfur) both diastereoisomers
formed due to such binding may lead to two different
spectra of SMC protons [1]. The presence of three
different glycine signals (as well as several SMC
methylene proton signals even for fast inversion
at sulfur) suggest, however, that chelate rings may
assume different conformations not necessarily
related to the absolute configuration at the sulfur
center.

Another interesting structural feature found
in Gly-SMC molecules after metal ion coordination
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TABLE III. '®C NMR Chemical Shifts of Gly-SMC and Pd Gly-SMC? in D50 Solutions. The values are given in ppm in relation

to dioxane standard.

Compound pH VCH,GIY Vca VCﬁ Yco Ycoo— VSCH,
Gly-SMC 7.1 -25.8 -12.4 -30.8 100.6 110.2 —51.8
Pd(II) Gly-SMC 6.4(1) -15.5(10.3) -3.2(9.2) -18.4(12.4) 114.9 (14.3) 111.0 (0.8) ~45.6 (6.2)
1:1 ) -16.0 (5.8) ~4.7(7.6) -21.6 (9.2) 114.4 (13.8) 109.9 (-0.2) —-474 (44)
124 (1) —15.8 (10.0) -4.4(8.0) -19.0(11.8) 113.7 (13.1) 111.3 (1.1) -46.2 (5.6)
(2) -16.1 (9.7) -5.5(6.9) -22.2 (8.6) 113.3 (12.7) —-474 (4.4)

#The chemical shift changes upon Pd(lI) coordination are given in parentheses.
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CH
3
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Fig. 4. A and & conformer equilibrium of SMC chelate ring.

15 a strong increase in population of the SMC
rotamer III (Table II, Fig. 1). Stabilization of the
‘gauche’ isomer in the Pd Gly-SMC complex may
suggest equilibrium between A and 6 conformations
[16—18] of {NS} bonded SMC chelate rings (Fig.
4).

Very high population of rotamer III 1n the studied
complex (~0.6) means that 8 conformer of the SMC
chelate ring with axial carboxylate could predomi-
nate, Our earlier study of PdSMC complexes has
shown that in this case metal ion coordination via
NS donors does not stabilize rotamer III, and rota-
mer II predominates considerably over the two other
ones [1]. If our assumption about A = § equilibria
in NS bonded SMC residue is reasonable, in PASMC
complexes the A conformer with equatorial carbo-
xylate should be predominant with only a minor (if
any & isomer population. X-ray studies of metal
SMC or SMC derivative complexes have shown that
in fact the A conformation is usually found when
SMC amino acid is NS bonded to metal [3, 8, 19, 20,
30]. It should be noted, however, that envelope-like
conformations are also possible in metal complexes
with simple derivatives of SMC [4]. It should be
noted that the X-ray studies of metal complexes
with SMC and its derivatives also revealed that the
dihedral angle x around C,—C; bond is near to the
‘normal’ values found for free amino acids and lies
within the limits 52—60° [4, 19, 30, 33]. These
values of x angle show that the analysis presented
above of rotamer populations derived from vicinal
proton coupling constants may be treated as semi-
quantitative, especially in solutions where S-member-
ed rings become flexible.

At pH < 9 the increase of temperature of the
sample causes a coalescence of methyl SCH; protons
as a result of the inversion on sulfur center as found
earlier for Pd(II) SMC complexes [1, 10]. The coales-
cence point in Pd(IT) Gly-SMC complex strongly
depends on pH (315 K for pH =4.5,290K for pH =
9.7, 276 K for pH) 10) and it is considerably lower
than that in PASMC molecules (347.5 K [10]). The
latter difference derives most likely from stronger
trans effect caused by NH; groups in PdGly-SMC, as
compared to that caused by CI” or H,O molecule in
PdSMC complexes. The influence of pH on inversion
kinetics may suggest an important role of OH in
such process.

No such discussion could be present for the other
two peptide complexes since both 'H and *C NMR
spectra were poorly resolved. The only conclusion
which could be reached is that sulfur donor 1s a bind-
ing site in all palladium complexes formed with SMC-
Gly and SMC-SMC peptides.

The !3C NMR spectra (Table IIT) generally support
conclusions reached from 'H NMR studies. PdGly-
SMC complex exhibits two sets of 3C signals which
could derive either from the formation of two
diastereoisomers [2] or from the different chelate
ring conformations.

The C chemical shift changes upon the metal
ion coordination show (in agreement with 'H NMR
data) that coordination sites of metal ion 1in Gly-
SMC molecule are NH,, N~ and S donors (see
considerable downfield chemical shifts of the vicinal
carbons, Table III). The slight change of **C chemical
shift of carboxylate indicates no involvement of this
group in a direct coordination to metal ion (Table
IIT and ref. 2).

An increase of pH or temperature has some slight
effect on 3C chemical shifts of the formed com-
plex. The increase of pH from 6.4 to 12.4 mostly
affects signals of S-CHj carbon resonances. The two
S-CH; signals derived from both isomers become
closer when pH increases and the difference
decreases from 1.8 to 1.2 ppm, due mostly to faster
exchange on sulfur atoms at higher pH. Similar
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Fig. 5. CD spectra of PASMC complex at pH 1.3 (dotted line)
and 6.7 (solid line).

variations (though slightly smaller) are observed also
for C, carbon resonances (Table III).

The considerable differences between Cg carbon
signals observed in the whole pH range for both
isomers (3.2 ppm) seem to support the conclusion
reached from 'H NMR spectra that the SMC chelate
ring may be present in at least two different con-
formations e.g. A and & (see above).

The comparison of the NMR data obtained for
PdSMC complex [1, 2, 10] with those obtained in
this work clearly shows the important influence
of vicinal amino acid (even so simple as glycine)
on conformation of coordinated SMC residue. In
PdGlySMC  complexes, glycine residue also
influences the population ratio of two diastereo-
isomers which varies from 2°1 in PdSMC to 1.2:1
1n PdGly-SMC.

In CD spectra of the systems studied one can
distinguish two regions: 600—300 nm and 300-200
nm,

Spectral Region 600300 nm

In this range of wavelengths, the complex displays
Cotton effects due to d—d transition within a metal
ion [21-25]. In the CD spectrum of PASMC com-
plexes, one observes at pH < 2 two extrema at 395
nm {(Ae = —0.48,A) and 350 nm (Ae = +0.76,E),
and at pH 5-7 three Cotton effects at 400 nm
(Ae = +0.52), 365 nm (Ae = +0.76) and 327 nm
(Ae = —0.27) (Fig. 5). The latter two bands could
derive from the splitting of E transitions due to Dy
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Fig. 6. CD spectra of Pd Gly-SMC complex at pH 6—12.

symmetry lowering in the PdSMC complex in the
higher pH range. The absorption spectra exhibit only
one d—d band, at 380 nm (e = 860 M! cm™), in the
pH range 1.5—-70.

In the PdGly-SMC complex, the CD spectrum in
d—d region is simpler and in the whole pH range
one observed a negative Cotton effect at 340 nm
(Ae = —0.12; pH < 6) or 324 nm (Ae = -0.16, pH
> 7) (Fig. 6). Whatever the pH one observes a
considerable broadening due to the overlapping
of A and E d-d transitions. The increase of pH shifts
the CD band but does not change the value of Ae.
The shifting of the d—d band with the pH increase
is also observed in the absorption spectra from
335 nm (¢ = 1040 M ' cm™!, pH < 6) to 312 nm
(e =954 M cm™, pH = 12.0). The d—d transition
shift derives from the variation on the fourth coordi-
nation site of PdGly-SMC complex occupied by CI™,
H,;0 or OH™ [26, 31].

The CD pattern for the d—d transitions of the
PdSMC-Gly complexes is similar to that observed
for the low pH PdSMC complex. It consists of two
extrema, a negative at about 400 nm and a positive
at about 350 nm (Table IV). Increase of pH n the
solutions containing Pd(II) and SMC-Gly causes a
decrease of both Ae and energy of the negative
Cotton effect at 400 nm (A transition) and an
increase of Ae and energy of E transition. Thus,
the CD spectra of the latter system show that at pH
< 4, Pd(II) ion binds SMC residue in SMC-Gly ligand
in the same way as it does in the PASMC complex,
i.e. vig {NS} donors. The d—d band observed at 377
nm (€ =660 M ' cm™!, pH < 4) in absorption spectra
seems to support {NS} coordination of this ligand
in low pH region. At higher pH this band becomes
much broader and is centered at ~360 nm for pH >
6 (¢ =900 M' cm™'). The energy increase of E band
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TABLE 1V. CD Spectra of Pd(1I) Complexes with SMC Containing Ligands.

Compound pH A, nm Ae Compound pH A, nm Ae
PA(II)SMC 1.34 395 -0.48 PANSMC-Gly 3.14 395 -0.22
349 +0.76 1-1 352 +0.67
277 +0.42 277 +0.7
256 -1.03 247 ~3.2
236 +3.58 228 -2.7
210 +3.33 200 +1‘.2
6.77 400 +0.52 7.15 408 -0.35
365 +0.76 348 +1.45
327 -0.27 295 +0.65
276 +1.51 256(sh) -9.1
246 -5.54 241 -11.0
220(sh) -3.94 208 +0.6
205 -6.67
Pd(II) SMC-SMC 1.69 411 +1.1
PA(IDGly-SMC 5.35 340 -0.12 1:1 346 -6.2
1:1 269 -0.14 289 +1.82
232 -0.07 259 ~17.2
12.26 323 -0.16 235 -22.2
259 -0.11 207 +9.6
221 —0.64 10.07 410 -0.17
360 +0.57
318 -1.81
261 -14.8
230 +9.84
207 -8.0

from 350 to about 335 nm could suggest that the
metal ion also coordinates to a nitrogen donor from
another SMC-Gly, and its stronger ligand field effect
leads to more splitting in the d orbital system [27].
Although the species formed in the latter solutions
are difficult to define, it seems that the main differ-
ence between Gly-SMC and SMC-Gly ligands could
be similar to those found in analogous methio-
nine containing systems [28] (i.e. formation of
polymeric species). The very broad 'H and *C NMR
spectra at all temperatures, could also suggest the
formation of polymeric complexes at higher pH, and
their more detailed description seems to be quite
difficult with the results obtained in this work.

For the 1:1 PdSMC-SCM system, the CD spectra
of low pH (<4) exhibit maxima near 410 nm (A)
(Ae = +1—40.4) and minima near 345 nm (E).
Though the Cotton effects are of opposite sign, these
spectra resemble those of PASMC and PdSMC-Gly
involving NS coordination of SMC residue. The
increase of pH shifts E signal to 320 nm, i.e. to the
energy found for E transition in PdGly-SMC com-
plex with {NNS} coordination mode. In absorption
spectra the d—d transition at pH > 6 shifts to 329
nm and its molar absorbance is considerably higher
than that observed for other studied solutions i.e.

€ = 1950 M ! cm™. It strongly suggests the mvolve-
ment of two sulfur donors in metal ion coordination.
"H NMR data show that sulfur donors of both SMC
residues are involved in metal coordination over the
whole pH range, hence it seems very likely that at
higher pH each metal 10n binds two sulfur and two
nitrogen donors. This coordination mode should
lead to the formation of polymeric planar com-
plexes.

Spectral Region 300—-200 nm

This region seems to be very complicated for the
assignment of the CD bands observed in the studied
systems. Besides the intra ligand #—7* and n—n*
transitions in amide chromophore, one observes most
likely S — metal charge transfer transitions [23, 24,
34] as well as the transitions induced on sulfur atom
by C, center and/or metal ion coordination, since the
Pd(II)-S bond formation creates a new chirality
center at sulfur (see e.g. [32]).

PdSMC solutions exhibit mostly three CD signals
(Table 1V, Fig. 5), near 275 (+), 250 (—) and 235 (+)
nm, and a group of peaks above 220 nm. The latter
signal bands seem to correspond to intraligand amide
transitions [11]. The other three signals result from
the formation of the Pd(II) complexes with SMC
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ligand, It is clear that 275 nm (i.e. lowest energy
band) corresponds to 7S - PA(II) charge transfer
transition [23, 24, 34]. Even if the origin of the 235
nm band is also the S = Pd(II) charge transfer transi-
tion from o orbitals centered on sulfur donor [23,
24], the 250 nm signal could probably be derived
from the intraligand transition centered on sulfur
atoms. Intrasulfur transition in free Gly-SMC and
SMC-SMC is observed very close to 250 nm in
their absorption spectra (see above). In absorption
spectra of PASMC complexes the strong band consist-
ing of both S = Pd(IT) and intrasulfur transitions
are observed at ~250 nm and 228 nm (e ~ 10000
M, pH = 2.6). It should be mentioned that no such
transition was observed in PdAla complex with
{NO} coordination set. The lowest energy band in the
latter case was centered at 210 nm (Ae = —2.4).
The assignment of the 275 and 235 nm bands as the
CT transitions from 7 and oS orbitals to Pd(IT) metal
1ons, respectively, agrees well with that proposed
recently by Miskowski and Schugar [34] for the
copper thioether complexes, if one takes into account
the larger splitting of d orbitals in palladium ion.

Much simpler CD spectra are found in 1:1 PdGly-
SMC complex solutions (Fig. 6). In the considered
region only two additional bands come into sight
when metal ion coordinates dipeptide molecule (i.e.
near 260 (—) and 223 nm (—): Table IV)). The shift
of S - Pd(II) CT band from 275 (PdSMC) to 260
nm (PdGly-SMC) is caused by stronger ligand field
splitting in the latter case ({NNS} as compare to
{N,S).

The 1:1 PdSMC-Gly complex spectra solutions at
pH < 4 display three bands which could be assigned
to complex molecule, i.e. near 275 (+), 245 (-) and
230 nm (—). This spectrum is similar again to that
of the PASMC complex (Table IV), and its assignment
could be the same.

The spectra of low pH PASMC-SMC solutions are
similar to those of PASMC and PdSMC-Gly, though
Ae values for corresponding extrema are very dif-
ferent (Table 1V). The latter change is caused by the
fact that two sulfur donors are present in a ligand
molecule. Increase of pH complicates the coordina-
tion equilibria but the CD spectrum becomes some-
what simpler. It consists of two bands derived from
Pd(II)-S bond formation at 260 (—) and 230 nm (+)
(Table IV).

Thus, the metal ion coordination to thioether
sulfur leads to the creation of several important
transitions in the UV region, which is extremely
important in the studies of the biomolecules (includ-
ing those containing metal ions). For this reason the
more detailed description of the spectral features of
metal—thioether sulfur bond, especiaily the rela-
tion between the creation of a new chirality center
on sulfur and its optical activity, seems to be neces-

sary.
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Conclusions

S-methyl-L-cysteine as a residue binds palla-
dium ion by {NS} donor set, as was found for this
ligand acting as a simple amino acid. The coordina-
tion of thioether sulfur to metal ions leads to crea-
tion of a new chirality center on the sulfur atom,
which leads to formation of two diastereoisomers
observed in complex solutions.

The conformation of SMC in the formed com-
plexes is very different when it acts as a residue in
peptide ligand as compared to that found in M-SMC
(M-metal ion) complexes. The vicinal N-terminal
amino acid (e.g. Gly in PdGly-SMC complex) stabi-
lizes considerably the & conformer of the SMC
chelate ring, and also changes the kinetics of the
sulfur inversion in the palladium complex. Also,
SMC residue influences the conformation features
of the chelate ring formed by the vicinal amino acid
residue.,

The formation of the metal—thioether bond
enriches considerably the UV region of the CD
spectra which are extremely important in the
study of the biomolecules. The coordination of
metal ion to thioether sulfur creates a new chirality
center on the sulfur atom, which may influence
the optical activity of the ligand molecule e.g. the
CD active transition within sulfur donor. Also
charge transfer transitions from 7 and ¢ orbitals
of sulfur to metal ions may play an important role
in the interpretation of the spectral data of the
biomolecules containing metal ions. The problem of
the CD spectra of the systems with the metal—
thioether sulfur bonds is still open, and needs further
detailed studies to be solved in a more unambiguous
manner.
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