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The reaction of vanadate(V) with a series of dipeptides (Val-Gln, Ala-Gln, Gly-Gln, Gly-Glu, and Ala-Gly) was
investigated by UV-visible spectroscopy and multinuclear (3'V, N, **C) NMR spectroscopy in solution. It was
possible to evaluate the formation constants of the corresponding complexes for which a molecular structure was
proposed. Complex formation is favored by the presence of a functionalized or a sterically demanding side chain.
The Val-GIn dipeptide which combines both properties exhibits one of the highest formation constant reported so
far for dipeptides.

Introduction albuming:® and transferrin€1° Moreover, as vanadium has

The biodistribution and biological and pharmacological & good propensity to change its coordination environment
activity of vanadium have attracted much attention, and a and its oxidation state, vanadates may be easily reduced
great deal of work has been devoted to different aspects ofunder physiological conditions. This biometal can replace
the coordination chemistry of vanadium relevant to its other metal ions in enzymes and be involved in some
presence and activity in biological systen§.This trace ~ complexation reactions with biological liganti$:* Among
element may be involved in biological processes in both its the different biological functions of vanadium recognized
cationic form (mainly as V(IV)@" and sometimes as V(Ill)) ~ so far, there is the catalytic activity of vanadium in the
and its anionic form (mainly as vanadate(V)). The inhib- hitrogenase system of a special strairAabtobacter chroo-
itory, stimulatory, and regulatory functions of vanadates coccun¥’and in the vanadate(V)-dependent halide peroxidase
[HVO4] @~ toward phosphohydrolases and phosphotrans- of several marine brown algaéSince 1977, vanadium has
ferases should be related to their structural analogy with been also known to inhibit the Na, K ATPase (soditm
phosphates [HPQ;]¢ 13 Vanadium behaves like a typical ~potassium pump): Although numerous biochemical and
transition metal ion, and both vanadate(V) and vanadyl(lV) physiological functions of vanadium were evidenced, its

bind tightly to a number of proteins, particularly serum biological role in some higher organisms still remains
unclear. In particular, the nature of the vanadium interactions
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range of vanadium species in aqueous solutions. DependingChart 1.

on pH and vanadium concentration, aqueous solutions
containing vanadium(V) will give rise to a large family of
vanadate oligoanions including monomers\(B,~, HVO4"),
dimers (HV.0/4", HV,0;%"), tetramer (MO12*"), pentamer
(VsO:£7), and decamer (MO.¢®). They are known to
exhibit different affinities for proteins and consequently
different inhibitory or stimulatory propertiéd Therefore, the
reaction of vanadate with selected amino acids, peptides,
proteins, and different biomolecules was studied to determine
the nature of these interactioh®¥ 2> The complexes formed

between vanadate and several amino acids and small peptides

were investigated mainly b%V NMR spectroscopy? 2*
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Structure of the Dipeptides Val-GlIn, Ala-GIn, Ala-Gly, Gly-

GIn, and Gly-Glu
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Dipeptides appear to react more strongly with vanadates tharhydroxyl group to vanadium was possibly present for some

amino acids. Most of the dipeptides studied so far do not
bear any functionalized side chain, and a large number of
them bear a glycine N-terminal amino acid such as Gly-
Gly, Gly-Ser, Gly-Val, and Gly-Asp. The major-Wipeptide
complexes were evidenced by?®% NMR signal between
—510 and—520 ppm!?292225 The terminal amino, terminal
carboxylate, and peptide nitrogen are presumably involved

in these complexes. Some molecular structures were pro-

posed, but except for theMGly-Tyr, V—Ala-His, V—Ala-
Ser, and +-His-Ser complexes, they were mainly based on
51/ NMR analyseg?.20.22:24.25

The role of functionalized side chains in the formation of
V —dipeptide complexes was investigated mainly for aromatic
(His, Tyr, Trp) and seryl or threonyl side chait?€%2425The
results showed that, in histidine-containing compounds, the
protonation state of the imidazole ring of the free ligand
strongly influences product formation. No vanadium-to-
imidazole bond was formed for any of the histidine-
containing complexes studié¥?*In addition, no vanadium-
to-tyrosyl bond was evidenced in the complex@ly-Tyr.?
On the other hand, if a side chain contains a hydroxy group
as in serine or threonine, an additional coordination of the
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V—dipeptide complexes such as-Gly-Ser? but not for
V—Ala-Ser?® Apparently, dipeptides containing other ali-
phatic side chains, such as those of asparagine or glutamic
acid, do not appear to react much differently with vanadate
than do nonfunctionalized peptid&sdowever, no detailed
spectroscopic study was performed on thesed\peptide
complexes. Moreover, the side chain carboxylate group of
glutamate or aspartate is supposed to react with vanadium
to form an anhydride similar to those formed with acetate
and other carboxylic acid.

Therefore in an attempt to develop the understanding of
the interactions between dipeptides bearing aliphatic or
functionalized side chains and vanadate, we have studied the
reaction of vanadate with a series of five dipeptides Val-
GIn, Ala-GlIn, Gly-GIn, Gly-Glu, and Ala-Gly. These dipep-
tides were chosen to estimate the role of the peptide sequence
in the nature and strength of the interactions with vanadium.
In addition to the presence of carbonyl functions on C-
terminal amino acids (amide group for GIn and carboxylate
group for Glu), most of the dipeptides studied exhibit an
aliphatic side chain (Val and Ala) on the N-terminal amino
acid, allowing us to evaluate the effect of the steric hindrance
induced by this group in the stability of the complexes. All
the vanadium(V)-peptide complexes were fully character-
ized in solution by UV~visible and multinuclears{V, °C,
¥N) NMR spectroscopy. UMvisible spectroscopy was
complementary to NMR to evidence vanadium complexation.
N NMR spectroscopy was found to be particularly efficient
to detect the nitrogen sites interacting with vanadium.

Experimental Section

Starting Compounds. The dipeptides L-bEN-alanine-glycine-

OH (L-Ala-Gly), H.N-alanine-glutamine-OH (Ala-GlIn), #\-
valine-glutamine-OH (Val-GIn), bN-glycine-glutamine-OH (Gly-
GIn), and BN-glycine-glutamic acid-OH (Gly-Glu) were purchased
from Sigma. Their structure is presented in Chart 1. The vanadium
solutions were prepared from sodium metavanadate Ngu@®
chased from Prolabo. All the reagents were used without further
purification.

Syntheses of Vanadate Complexes with Dipeptide#. repre-
sentative sample containing 50 mntol! vanadate and 50 mmal?
Ala-GlIn (vanadium/peptide, V/B= 1) at pH 7 is described. A 50
mmol-L 1 vanadate solution was prepared by dissolution of NaVO

(26) Tracey, A. S.; Li, H.; Gresser, M. [horg. Chem.199Q 29, 2267
2271.



Interactions between Dipeptides and Vanadate(V)

(122 mg) in 20 mL of distilled water. The solution was heated at
323 K to speed up the process. After dissolution, the pH of the
solution was close to 7.6. The vanadate solution was cooled at room
temperature, and Ala-GIn (217 mg, 1 mmol) was then added as a

powder directly to the solution under magnetic stirring. After the c
A\

addition of the dipeptide to the vanadate solution, the pH decreased. e C

It was then measured and adjusted to a final value close to 7 with d A

0.1 or 1 moiL~1 NaOH. For the samples whose final pH is higher ¢ ,A/L

than 7, the solutions were not acidified to avoid the formation of b c

decavanadates. Indeed, decavanadates, once formed a6 31 °l S — JI“'/L ———
take several hours at room temperature to dissociate to vanadates -400 -450 -500 -550 -600
of lower nuclearities as the pH is adjusted to 7 or above. For the Chemical shift (ppm)

different vanadate/dipeptide solutions, the final pH was adjusted Figure 1. 51V solution NMR spectra of vanadate/dipeptides solutions with
to a constant value in the range #D.5. Equilibration of the VIP = 1, [V]tor = 50 mmotL =%, pH 7, 298 K,5V Larmor frequency=
solutions required a few hours. Solutions were normally stored 78.9 MHz, and NS (number of scans)6000: (a) Gly-Gln; (b) Ala-Gin;
overnight, and the pH was then checked before starting spectro-(©) Val-GIn; (d) Gly-Glu; (€) Ala-Gly. C: V-dipeptide complex.

scopic experiments. For all the vanadate/dipeptide solutions, the
ionic strength was kept constant (50 mnrkol* Na© from the
vanadium precursor NaV4D

To determine the complex stoichiometry, a series of solutions
was prepared for each dipeptide by varying the dipeptide concentra-
tion from 10 to 200 mmoL ! (V/P from 5 to 0.25) and keeping
the vanadium concentration constant (50 nrinot). The study of
the vanadate/dipeptide solutions over a pH range9j2was per-
formed with a peptide concentration of 25 mnrtoi! and a van-
adium concentration of 10 mmal~! (V/P = 2/5). The complexes
of vanadium(V) with the dipeptides were designed as follows:
V—Val-GIn; V—Ala-GIn; V-Gly-GIn; V-Gly-Glu; V—Ala-Gly.

UV —Visible Spectroscopy UV —visible spectra were recorded
on a Uvikon XS spectrometer between 350 and 420 nm. The
stability of the solutions was checked by recording the spectra 15
min after adding the peptide to the 50 mniol! vanadate solution
with the desired V/P ratio. The solutions were transferred to 0.2

mm quartz cells. tion?® and proton-detecteH—13C HMQC (heteronuclear multiple

*V NMR Spectroscopy.®V NMR spectra were recorded at quantum coherence) correlatirspectra using &%C decoupling
78.9 MHz on a Bruker AC 300 MHz NMR spectrometer and at 504 g gradient-adapted pulse sequences were acquired on the
105.2 MHz on a Bruker Avance 400 MHz NMR spectrometer. The \anadate/dipeptide solutions at 298 K. For HMBC correlations,

chemical shifts were measured relative to the external Sta”dardtypically 32-160 transients and 5121024 experiments were
VOClz at 0 ppm. For the spectra recorded at 78.9 MHz, 6000 trans- nacessary to achieve reasonable signal-to-noise ratios. These two

ients were accumulated at 298 K. A spectral width of 31250 Hz, a sequences were used to assignf@esignals of the free dipeptides
pulse width of 1lus (€ ~ 90°), an accumulation time of 0.13 s, and 41 the dipeptides bound to vanadium.

no relaxation delay were used. The 5 mm NMR tubes were filled
with 500 uL of the vanadate/dipeptide solutions, prepared from Results

250 uL of D,O and 250uL of H0. For the spectra recorded at 51y NMR and UV —Visible Spectroscopic Studies:
t105i.2|||\/le, iSG trans;fqtjv%;re :‘gi”ﬂ;'?_ﬁid at 2?8 Ovz%fﬁ’ Kf 1V\;e Evidence of the Vanadium Complexation by Dipeptides.
ypically used a spectral widh o - apuise 9" ~' The reaction of vanadate with the different dipeptides at a
us (@ ~ 90°), an accumulation time of 500 ms, and no relaxation . .

pH close to 7 was investigated B¥% NMR spectroscopy.

delay. The 10 mm NMR tubes were filled with 3 mL of the vana- o1 . ) )
date/dipeptide solutions, prepared from 1.5 mL e®©and 1.5 mL The *V NMR spectra of the vanadate/dipeptide solutions

of H,O. The spectra were simulated with the WIN-FIT progrdm. With [V]tor = 50 mmotL~*and V/P= 1 di_5P|ay the Signa_ls
14N NMR Spectroscopy.N NMR spectra were recorded on  typical of vanadates present at pH 7 (Figure 1). The signal

the sole dipeptides and on the vanadate/dipeptide solutions at 28.5¢lose to —560 ppm can be assigned to the diprotonated

MHz on a Bruker Avance 400 MHz NMR spectrometer with a monovanadate [VO,]~ (H2V1), and the signal near573

spectral width of 100 kHz. The spectra were recorded at 298 and ppm, to the diprotonated divanadate,YHO;]?>~ (H.V>).3!

323 K with a spir-echo sequencé—7—20—7 (6 ~ 90°, which Two signals at—577 and —585 ppm can be assigned

corresponds to a pulse width of 3@) to avoid the baseline  respectively to the cyclic metavanadatesQy;]*~ (V4) and

distortion due to the acoustic ringing. Chemical shifts were

referencedd a 8 motL. ~* NaNG; solution ¢(*“NOz) = —3.7 ppm (28) Mason, J. IMultinuclear NMR Mason, J., Ed.; Plenum Press: New

compared to CekNO; (6 = 0 ppm))28 The number of transients York, 1987; p 336.

per spectrum varied from 6400 to 26 000 depending on the solution. (29) Bax, A.; Summers, M. K. Am. Chem. S0d.986 108 2093-2094.
(30) (a) Bax, A.; Subramanian, 3. Magn. Reson1986 67, 565-569.
(b) Garbow, J. R.; Wietekamp, D. P.; Pines, @hem. Phys. Lett.
(27) Massiot, D.; Thiele, H.; Germanus, A. Winfit, a Windows-based 1982 93, 504-508. (c) Shaka, A. J.; Barker, P. B.; FreemanJR.
program for line shape analysBruker Rep.1994 140, 43—46. Magn. Reson1985 64, 547-552.

The 10 mm NMR tubes were filled with 3 mL of the vanadate/
dipeptide solutions, prepared from 1.5 mL of@and 1.5 mL of
H,O. The spectra were simulated with the WIN-FIT progrém.
13C NMR Spectroscopy.3C NMR spectra were recorded at
298 K on the vanadate/dipeptide solutions and on the sole dipeptides
at 100.6 MHz on a Bruker Avance 400 MHz NMR spectrometer.
The number of transients pEC NMR spectrum varied from 16 000
to 84 000 depending on the solution. For the dipeptides Ala-Gin
and Ala-Gly, 5 mm NMR tubes were filled with 500L of the
vanadate/dipeptide solutions (V#1 and [Vlror = 50 mmotL %)
prepared from 25@L of D,O and 250uL of H,O. For Val-GIn,
Gly-Glu, and Gly-GIn, 5 mm NMR tubes were filled with 5@@Q
of the vanadate/dipeptide solutions (V# 5 and [Vlor = 50
mmokL~Y) prepared from 25@L of D,O and 250uL of H,0.
TMSP-2,2,3,3d, (sodium 3-(trimethylsilyl)propionate) was used
as external referencé® (= —2 ppm). In addition proton-detected
1H-13C HMBC (heteronuclear multiple bond correlation) correla-

Inorganic Chemistry, Vol. 43, No. 6, 2004 2023
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Table 1. 5% NMR Data, Formation Constants, and Isosbestic Points at 05*:\
pH 7 of the \\-Peptide Complexes 1%
- - 057 & V/p=1
1071 x isosbestic 1\ —e—\/P=1/2
complexes o (ppm) Awip(Hz) formation consts  pts (nm) 8 o4 ——V/P=1/5
V-Va-Gln  —511 600 21t 2 N ——V/P=1/10
V—Ala-GIn  —517 460 16+ 2 386+ 3 £ 03] ——V/P=1/20
V—Gly-GIn  —509 390 6+ 2 373+ 3 3
V-Gly-Glu  —508 460 5 £ o2l
V—Ala-Gly —513 340 =+2 383+ 3 e
. . 0.17
[VsO15]>~ (Vs).3! For some dipeptides, the spectrum also
displays the resonances-a#27,—502, and—518 ppm due L N S R A e
370 380 390 400 410 420

to the decavanadate polyanion,jHO,g®¢~"~.32 An addi- Wavelength (am)
tional NMR ?'gnal near-510 ppm Caﬁ be as§|gned toa _Vana' Figure 2. UV -—visible absorption spectra of vanadate/Ala-GIn solutions
date-dipeptide complex. The chemical shifts of the signals for different V/P ratios: [V}or = 50 mmotL~%; pH 7; 298 K.

corresponding to the different Vpeptide complexes are ) S .
given in Table 1. Such chemical shifts are consistent with absorption of decavanadates tailing in from the ultraviolet.

those reported for Wdipeptide complexe¥:2022253334|n Deconvplution techniques were used to obtain. the UV
particular, the®’V NMR chemical shift of the -Ala-Gly absprpuon spectra of the various vanadat.e spétigigure .
complex is quite close to the one reported in the literature 2 displays a series of spectra corresp_c;ndlng .to the solutions
for this complex in an aqueous 0.6 mniot! NaCl solu- NaVOy/Ala-Gln for [V]ror = 50 mmotL "*and different V/P
tion3 The 53V NMR chemical shift provides information molar ratios. This study was not possible for the peptide Val-

about the local environment around the metal center as it " _due to its poor S(.)IUb'“ty' No 5|gn|f|gant re_sult_s were
depends on the electronegativity of the atoms bound to Vana_obtamed with the peptide Gly-Glu as its dissolution in water

dium 33 The five V—dipeptide complexes are characterized leads to a solution with a pH 7, which therefore contains
by a5V NMR signal between-508 and—517 ppm. This a large quantity of decavanadates. The spectra obtained for

chemical shift range is consistent with a six-coordinate or a the peptides Ala-Gly and Gly-GIn show a similar behavior.

five-coordinate vanadium atom. Indeed, it is known thaVO These spectrq are available as Supportin_gllnfor.mation. )
and VO, environments of polyoxovanadate species are typ- The UV-—visible spectra of Flgu_rg 2 exhlplt an.|sosbestlc
ically observed in the range400 and—500 ppm:’ How- point close to' 386 nm. By addition of Q|peptlde to the
ever, as the electronegativities of oxygen and nitrogen arevanadate solution (decrease of the V/P rajuo), the absorbance
close, the vanadium atom may also be coordinated by ni-mc the band afl < 38.6 nm decreases while the one of the
trogen ligands. Therefore, coordination spheres such abl\vVO band at > 386 nm Increases. The_refore, the band at

or VO,N; are also possible. Actually, the chemical shift of 386 nm can be assigned to the different vanadateé,H

the V—dipeptide complexes are quite close to the one of the H2V2, V4, and \6 present at pH 7 and the band}at 386
[VO,(EDTA),]>~ complex (519 ppm), which exhibits a nm to a V\-Ala-Gln complex. The presence of the isosbestic

VO.N, environments For each complex, the resonance is point is consistent with an equilibrium .between.theMa—
rather broad: half-height widths\g1) are typically in the ~ CIN Comg_'ex a_r(‘jd thel Vf"‘”ad?jt,es- T_;‘; 'S?Sbﬁs“c lpo'”lt of the
340-600 Hz range (see Table 1). This is not unexpected NIaVOf— Ipeptide sodu.tlons éllpeptl Gly-Gln, Ala-GIn,

for a vanadium center with a low-symmetry site. Indeed, Ala-Gly) are reported in Table 1.

ol ] o
when the vanadium coordination is tetrahedral, then the room thMR Spect&o;:fopy. fDTetermlnatlon of t:e S%mplhex
temperature line widths are typically 5@00 Hz. They are  >toichiometry and Effect of Temperature and pH.By the

generally larger when the coordination number is higher. variation of peptide conce_zntrations (from 10to 200 m-rlnd
The complexation of vanadium with the different dipep- corresponding to V/P ratios from 5 to 0.25) and maintenance

tides at a pH close to 7 was also evidenced by-Wisible of a constant vanadium concentration ¢fygJ= 50 mmotL3),

. : y 5V NMR spectra were recorded on equilibrated solutions.
spectroscopy. Vanadium(V), lacking d-electrons, does not Therefore [ihe stoichiometry of the—\pqeptide complexes
exhibit any d-d transition in the visible spectruff.The L : . :
yellow color observed with some vanadium(V) solutions (pH fa:] b(:nob\t/alr?egifrr%m reactlggsﬂ arf] dleicgz?gispreV|ously
< 7) is due to a strong oxygen-to-metal charge-transfer or some vanadium (V}peptide complexes.

V,+p=V,—p K=[V,—pJ[V 1
(31) Heath, E.; Howarth, O. W.. Chem. Soc., Dalton Tran981, 1105~ 1TPTVATP V=PIV JiP] @)
1110.
(32) Howarth, O. W.; Jarrold, Ml. Chem. Soc., Dalton Trank978 503~ 2V, +pe=(V),—p K=[(V),—plIV]Ipl (2
506.
(33) Fritzsche, M.; Elvingson, K.; Rehder, D.; PetterssonAtta Chem. )
Scand.1997, 51, 483-491. Vi+2p=Vi—(p), K=[V,—ERVie® @)

(34) Elvingson, K.; Fritzsche, M.; Rehder, D.; PetterssonAtta Chem.
Scand.1994 48, 878-885. 2 12
(35) Priebsch, W.; Rehder, Mnorg. Chem 1985 24, 3058-3062. 2V, +2p=(V),—(p), K=[V),—(P):IIV ITp]° (4)
(36) Rehder, D.; Weidemann, C.; Duch, A.; Priebsch, IWarg. Chem.
1988 27, 584-587. v ts th trati f dat d
(37) Howarth, O. WProg. Nucl. Magn. Reson. Spectro$69Q 22, 453— [V4] represents the concentration of monovanadate, and [p],

485. the concentration of the peptide in solution. Equationg 1
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Figure 3. Plot of the concentration of W¥Ala-GIn complex as a function -480 -500 520 540 _5;0 _5;0 1;'00
of V1 concentration multiplied with Ala-GIn concentration. This series was c
conducted using constant vanadium concentrationrs\60 mmotL 1, pH hemical shift (ppm)
7, and 298 K. Figure 4. 5 solution NMR spectra of vanadate/Val-GIn solutions at 298

and 323 K, V/P= 1, [V]tor = 50 mmoltL 1, pH 7,5V Larmor frequency

only provide the number of peptides and the number of = 105-2 MHz, and NS=256.
vanadium atoms per complex. No information is given about exchange paths responsible for the formation of various
the loss of water or protons. Figure 3 shows the relationship oligomers were identified and were quantified by 2D EXSY
of complex concentration to the product of sbncentration 51 NMR.% In particular, M, V2, V4, and \& are in rapid
and Ala-GIn concentrations. The stoichiometry of the other and complex equilibriurd In the presence of Val-GIn at
V—peptides complexes (except-\Gly-Glu) was also de- 323 K (Figure 4), thé’V NMR spectrum shows a broadening
termined in a similar approach, and the corresponding graphsof the resonances associated withand \s, as well as the
are available as Supporting Information. Figure 3 shows a coalescence of the Mand Vs resonances which merge into
good linear relationship which is also obtained for the other a single peak as already descri&deconvolution and
dipeptides studied in this work in agreement with literature integration of the signals show a modification of the Val-
dat&>2*%5and consistent with a 1:1 peptide:vanadate stoi- GIn complex and vanadate {VV-, Vi, and \s) popula-
chiometry for the complexes. Formation constattéor the tions: from 20-80% at 298 K to 56-50% at 323 K,
complexes could be deduced from the slope of the curves.respectively. This feature indicates that the increase in
They are listed in Table 1 for the different-\peptide temperature favors the formation of the complex. Similar
complexes. The formation constant for-¥Ala-Gly (K; = results were obtained for the vanadate/Ala-Gly solution. The
70) is slightly larger than the one reported in the literature V—Ala-Gly complex and vanadate (VV,, Vi, and \k)
(Ks = 52)3 Nevertheless, this discrepancy between both populations are changed from-82% at 298 K to 26-80%
formation constants may be due to the experimental condi- at 323 K.
tions. Measurements reported in the literature were performed The effect of temperature on the equilibria between
in an aqueous 0.6 mdl~* NaCl medium and therefore ata  vanadate and ¥dipeptide complexes was confirmed by a
larger ionic strength when compared to the aqueous mediumseries of5vV NMR spectra recorded on vanadate/Ala-GIn
of the present study (a 50 mmbl! Na" medium). It was solutions for V/P= 1 and [V] tor = 0.2 motL~! and at
previously shown that the equilibria of such vanadate/ different temperatures (296, 306, 316, and 326 K). This
dipeptides solutions depend on the ionic strength and thatseries, available as Supporting Information, shows a signifi-
the formation of some dipeptides complexes is favored cant increase of the concentration of-¥Xla-GIn complex
at low ionic strengtt#? For the same reasons, the formation from 19% at 296 K to 33% at 326 K.
constant for V-Gly-Glu (K; = 50) is also larger than the The vanadate/dipeptide solutions were studied>hy
one reported in the literatur&(= 23 in a 1.0 molL"* KClI NMR spectroscopy over a wide pH range. For each dipeptide,
medium)2* Moreover, the value reported in the present study one set of spectra was recorded at a ratio ¥/R/5 and at
is not accurate as it could only be determined from two [V];or = 10 mmotL~L The distribution of vanadium-
solutions with the largest peptide concentration. containing species from pH 2 to 9 in a solution containing

The spectra of the vanadate/Val-Gln solution for R Ala-GlIn is shown in Figure 5. The corresponding distribu-
at pH 7 were recorded at 298 and 323 K (Figure 4). The tions for the other dipeptides and the formation constants
spectra of the vanadate/Ala-Gly solution for \V#P1 at pH for V—Val-GIn and \\-Ala-GIn complexes in the range 4
7 were also recorded at those temperatures. It was previously< pH < 9 are available as Supporting Information. For the
shown that the vanadate oligomers observed at a pB 7  other V—P complexes, it was not possible to estimate these
(V1, V2, V4, and \k) exchange with each oth&3°The major constants as the-vP complexes are obtained in a very small
amount. The large change in relative resonance integration

(38) Egiggg,}%:s gllahmoud, M. R.; Skauvik,Acta Chem. Scand.977, of the V—dipeptide complexes with changing pH was clearly
(39) Crans, D. C, i?ithner, C. D.; Theisen, L. A.Am. Chem. S0d.99Q deplctgd. The V-Ala-GIn complex has its m.aX'_mum con-
112, 2901-2908. centration at a pH between 7 and 8, where it binds ca. 30%
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Figure 5. Diagram showing the distribution of vanadates species in the
vanadate/Ala-GIn solutionk,, versus pH at V/IP= 2/5, [V]ror = 10
mmokL~1. F, is defined as the percentage of [V] in a species and total
[V]. The symbols represent experimental NMR data points.

of the total vanadium. It does however exist in a wide pH
range from 3 to 9. Similar distributions were obtained for
the other dipeptides. The amount of-dipeptide complexes

at pH 7 is however particularly low for Gly-Glu, Gly-Gln,
and Ala-Gly (almost 10%) and larger for Val-GIn (almost
55%). Increasing pH leads to a decreasing amount of the
V—dipeptide complexes. Such an observation is in good
agreement with the reportedKp of the V—dipeptide
complexes. They are between 8 and 10 for dipeptides with
aliphatic side chains such as Gly-Gly, Gly-Ser, and Ala-
Ser2022

For all V—dipeptide complexes, thdV NMR chemical
shift is pH invariant. Since the resonance resolution gives
no indication of overlapping peaks, this signal arises probably
from one single V-dipeptide complex whose chemical
environment (nature of oxo and OH ligands) and charge is
about the same in the pH range- 2.

Characterization of the V-Peptide Complexes by*“N
NMR Spectroscopy.*N NMR spectra were recorded in
solution to get more information about the molecular
structures of the VWdipeptide complexes. The nitrogen
nucleus possesses two magnetic nucfi, and “N. Both
have a rather low magnetogyric ratig) @nd therefore a poor
NMR sensitivity, about 1/10 that dfC. >N has a spin =
1/2 but a low natural abundance (0.365%) and negative NOE
factors § being negative). Moreover it may be slow to
relax®® Therefore, observation ofN sites requirest>N-
enriched molecules. In contrast, tH& nucleus [ = 1) is
quite attractive as it is nearly 100% abundant. Its quadrupole
moment is relatively small@ = 0.017 x 10°2® m?), and
the line broadening not too largéHowever, an interference
phenomenon (acoustic ringing) occurs between the resonanc
probe and the low resonance frequency®f, giving rise
to an important distortion of the baseline that strongly
modifies the signals. This drawback was overcome by
recording a spirrecho sequence (see Experimental Section).

The N NMR spectra of the vanadate/Val-Gln and
vanadate/Ala-Gly (V/P= 1) solutions were recorded at pH
7 and at 298 K. As a comparison, tF& NMR spectra of

the sole dipeptides in solution were recorded in the same

(40) Mason, J. I'Multinuclear NMR Mason, J., Ed.; Plenum Press: New
York, 1987; pp 335-367.
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Figure 6. (a) 1N solution echo NMR spectra of Ala-Gly and vanadate/

Ala-Gly with V/P = 1, pH 7, [Vlror = 50 mmotL %, 323 K, NS= 6400,

14N Larmor frequency= 28.9 MHz, and LB (line broadeningF 30 Hz.

(b) Experimental and simulaté¢N solution echo NMR spectra of vanadate/
Ala-Gly.

conditions. In the presence of vanadate, no additional signal
is present but a decrease in intensity is observed which may
be due to the complexation of vanadium by dipeptides. This
effect is more pronounced for the terminalHy" site.
However, the resolution of the spectra is not good enough
to determine which nitrogen site interacts with vanadium.
Therefore, "N NMR spectra of the vanadate/dipeptide
solutions (V/P= 1, pH 7) were also recorded at 323 K to
favor complexation as shown By¥V NMR spectroscopy
(vide supra). Moreover for quadrupolar nucleus suctfis
increasing the temperature leads to sharper lines and a better
resolution. Figures 6 and 7 show th# NMR spectra of
vanadate/Ala-Gly and vanadate/Val-GlIn solutions at 323 K.
The'N NMR spectra corresponding to the other dipeptides
and other vanadate/dipeptide solutions are available as

%upporting Information. The chemical shifts and the line

width of the signals observed for the five vanadate/dipeptide
solutions are listed in Table 2. They were deduced from the
simulation of the spectra made with the Winfit program.
Figure 6 displays thé*N NMR spectra of the vanadate/
Ala-Gly solution and the sole Ala-Gly dipeptide at 323 K.
The spectrum of the sole dipeptide Ala-Gly displays two
signals at-265 ppm and at-340 ppm that can be assigned
to the peptide nitrogen ¥ and to the terminal 5" site
(Chart 1)** In the presence of vanadium, both signals are
still present but their intensity decreases. Moreover, the
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a 7. Three signals are evidenced for the sole peptide while
E——— § only two signals could be distinguished at 298 K. The sharp
——— ValGin-NavO3 i i peak at—346 ppm corresponding to the terminaHy" site

is still present. However, two components-&t47 and—269
ppm are clearly evidenced in the broad peak-a60 ppm.
These resonances correspond respectively to ghernitro-
gen and to the amide N, of the glutamine side chain. In
the presence of vanadate, five signals are observed (see
Figure 7b). The signals of the sole peptide are present. The
integration of the NH3z™ and N,H signals decreases strongly
in the presence of vanadium while the integration of the
amide NH; signal does not change. Moreover, the spectrum
a0 %0 200 280 00 aen aon aso displays tvvp broad S|gngls atl85 and—362 ppm, which

Chomical shift (ppm) can be ass.|gned respectively to the peptide nltrogequ

to the terminal NH, group that are both bound to vanadium.
Similar spectra were obtained for the other-jpeptides
complexes. These experiments indicate a possible coordina-
tion of the vanadium center by the terminajHy" group
and the peptide nitrogen N. Such a coordination mode
was previously evidenced BN NMR spectroscopy for the
V—Gly-Tyr complex?® For the peptides with glutamine, it
seems that the amide NHhiitrogen of the side chain is not
directly involved in complexation as no difference was
observed for this nitrogen site between ¢ NMR signal
of the complex and the one of the sole dipeptidé3@NMR
study was undertaken to confirm these results and to evidence
additional complexing functions.
Characterization of the V—Dipeptide Complexes by**C

[ e LA B B R S e e e e

U
400 150  .200 250 -300 350 400  -450 NMR Spectroscopy.The3C NMR spectra of the vanadate/
Chemical shift (ppm) dipeptide solutions (V/R= 1, [V]tor = 50 mmotL 1) were
Figure 7. (a) 1N solution echo NMR spectra of Val-GIn and vanadate/ recorded at pH 7 and at 298 K. They are available as
Val-Gln with V/P= 1, pH 7, [Vlror = 50 mmotL ™%, 323 K, NS= 6400, Supporting Information. Chemical shifts of all carbon atoms

14N Larmor frequency= 28.9 MHz, and LB= 30 Hz. (b) Experimental

and simulated“N solution echo NMR spectra of vanadate/Val-GIn. in the complexes as well as the sole Ilgands are reported n

Table 3.13C chemical shifts of the dipeptides bound to

spectrum displays two additional broad signals (Figure 6b). vanadium were assigned according'tb-**C HMBC and

A signal whose line width is close to that of theHNsole ~ H—"°C HMQC experiments. Four carbon resonances in the
peptide is observed at202 ppm. It can be assigned to the complexes show significant shifts from the free ligand: the
N,~ nitrogen bound to vanadium in the\Ala-Gly complex. first carbon C(1) linked to the terminaltﬂlf (betwegn 4.2
The OCN~ group is formed upon the reaction of vanadium @and 6.4 ppm), the carbonyl carbon C(2) in the peptide group
with the OCNH peptide function. Actually, the replacement ~ (Petween 10.8 and 13.3 ppm), the carbon C(3) linked to the
of peptide hydrogen by an alkyl group prevents complex Peptide group (between 9.5 and 11.7 ppm), and the terminal
formation22 As a consequence, a deprotonated secondarycarboxylate carbon C(4) (between 6.6 and 9.5 ppm). On the
amide OCN- is probably the coordination site. A broad ~Dasis of these data, we can suggest that the termifaf'N
signal at—344 ppm is slightly shifted toward high field the peptide nitrogen CON and the terminal carboxylate
compared to the sole peptidaHN* nitrogen (Figure 6b).  are all dlrectly linked to the vanqd|um center, in agreement
The line width of the NHs™nitrogen signal is larger than ~ With the previoustN NMR experiments. Moreover, |t.has
the one of the sole dipeptide (see Table 2). This may resultbeen reported that for peptides that do not contain any
from the interaction of this nitrogen site with vanadium, functionalized side chains, protection of either the N-terminal
which leads to a change in the local electronic symmetry of OF C-terminal position or replacement of the peptide hydro-
the nitrogen nucleus. Therefore, this signal can be assignedden by an alkyl group prevents complex formatfé# On

to a terminal NH, site bound to vanadium resulting from the other hand, thEC shift of the terminal carboxylate C(4)

the coordination reaction of the vanadium by the terminal iS duite small compared to tH&C shift of the peptide carbon
N{Hs* group of the peptide. C(2). As a consequence, the interaction between the terminal

carboxylate and vanadium should be fairly weak and we may
assume that they could be induced by the trans effect of the
oxo ligand. Such a coordination mode was previously

(41) Richards, R. E.; Thomas, N. A. Chem. Soc., Perkin Trans.1873 proposed for the ¥Gly-Tyr and V—AIa-Sg-r (isomer
368-374. [V —Ala-Serf~) complexes whos&C NMR shifts are also

The “N NMR spectra of the vanadate/Val-GIn solution
and the sole Val-GIn peptide at 323 K are presented in Figure

Inorganic Chemistry, Vol. 43, No. 6, 2004 2027



Durupthy et al.

Table 2. N NMR Chemical Shiftsp (ppm), and Line WidthsAv12 (Hz) (in Parentheses), of the-\WPeptide Complexes at 323 K (VR 1, [V] =
50 mmotL =1, pH 7)

Val-Gin Ala-GIn Ala-Gly
N peptide complex peptide complex peptide complex
N2 —247 (730) —247 (730) —252 (880) —252 (890) —265 (730) —265 (730)
Np—VP —185 (731) —191 (880) —202 (730)
£ —269 (343) —270 (348) —269 (350) —270 (320)
N —346 (263) —346 (340) —340 (207) —340 (203) —340 (114) —341 (130)
N—Ve —362 (558) —343 (620) —344 (500)
Gly-GIn Gly-Glu
peptide complex peptide complex
Np —254 (810) —254 (810) —254 (997) —254 (1044)
Np—V —188 (810) —189 (512)
Ns —270 (320) —270 (320)
Ni —354 (160) —357 (250) —356 (238) —353(148)
N—V —365 (520) —361 (456)

aPeptide nitrogen? Peptide nitrogen bound to vanadiufitrogen of the side chairf. Terminal nitrogen® Terminal nitrogen bound to vanadium.

Table 3. 13C NMR Chemical Shifts (ppm) of ¥Dipeptide Complexes and Sole Dipeptides wit(*3C) upon Complexation for the ¥Dipeptide
Complexes ([V]= 50 mmotL~L, pH 7)

Val-Gin Ala-GIn Ala-Gly
atont peptide complex AP peptide complex A peptide complex Ad
Ci 59.8 64.0 4.2 50.1 55.1 5.0 50.2 54.8 4.6
C, 170.7 181.5 10.8 171.3 182.4 11.1 171.8 183.7 11.9
Cs 55.9 65.4 9.5 55.9 65.5 9.6 44.2 55.9 11.7
Cs 178.4 185.0 6.6 178.5 185.1 6.6 177.2 186.7 9.5
Cs 28.5 29.2 0.7 28.4 29.1 0.7
Cs 325 30.9 —1.6 325 31.0 —-1.5
C; 179.5 179.5 =i 179.5 179.7 0.2
Cs 31.1 30.9 —-0.2 17.4 19.3 1.9 17.4 18.4 1.0
Co 17.7/18.7 15.3/19.0
Ala-Sef

atont peptide complex 4. AO peptide complex® A0

C 59.6 64.6 5.0 59.2 71.8 12.6

C 173.2 183.8 10.6 178.4 182.0 3.6

Cs 64.1 70.2 6.1 64.2 7.7 13.5

Cq 178.1 185.3 7.2 180.0 185.2 5.2

Cs

Ce® 51.5 56.3 4.8 52.4 57.0 4.6

Cr

Cs 18.9 20.6 1.7 21.8 19.0 -2.8

Co

Gly-GIn Gly-Glu Gly-Tyr

aton? peptide complex AO peptide complex AO peptide complex AO
Cy 41.5 47.9 6.4 41.9 48.0 6.1 43.3 49.5 6.2
Cy 167.5 180.8 13.3 168.6 180.5 11.9 169.2 181.1 11.9
Cs 55.7 65.5 9.8 56.2 65.8 9.6 59.5 69.4 9.9
Cs 178.8 185.2 6.4 179.5 185.5 6.0 180.6 183.6 3.0
Cs 28.5 29.1 0.6 29.2 30.2 1.0
Cs 325 31.0 —-15 34.9 33.1 -1.8
C; 179.5 179.5 ~0 182.9 183.3 0.4

aSee numbering in Chart ®.Coordination shiftAd = d(complex)— d(peptide).c NMR data according to Gorzsas et?&ld Complex 1 corresponds to
[V —Ala-Ser], and complex 2, to [V-Ala-Serf~. The maximum amounts are obtained respectively at pH 6.5 arid 8.5he G carbon corresponds to the
methylene carbon linked to the hydroxyl groéiNMR data according to Crans etZl.
reported in Table 3%25 |t was also observed for oxovana- that the carbonyl group (amide or carboxylate) of the side
dium(V) triethanolamine, oxovanadium(V)S(S,¥tri-2- chain is involved in coordination with vanadium as all the
propanolamine, and oxotris(pivalato)vanadium that were carbons of the side chain show small carbon shifts ppm
characterized in solution and in solid stéteAccording to for carbon C(7)). The assignment of the C(7) carbon in the
the above arguments, we can propose a possible moleculacomplexes is mainly based on the HMBC experiment which
structure of the V-dipeptide complexes, which is presented reveals, for all the Vdipeptides complexes, a cross-peak

in Scheme 1a (42) (a) C D. C.; Chen, H.; And 0. P.; Miller, M. B1.A
: . a rans, D. i en, H.; Anderson, . P ller, . WILAM.,
Dipeptides Ala-GlIn, Gly-GIn, Gly-Glu, and Val-Glin also Chem. Soc1993 115, 6769-6776. (b) Rehder, D.; Priebsch, W.; von

exhibit a functionalized side chain. However, it is not obvious Oeynhausen, MAngew. Chem., Int. Ed. Endl989 28, 12211222,
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Scheme 1. Proposed Chemical Structure of the-Dipeptide oxovanadium(V) complex [VOG({Hpycan)] {Hpycan =
Complexes N-(2-nitrophenyl)pyridine-2-carboxamiflevhich exhibits a
a b distorted octahedral coordination with a—Damige boONd
Q .x'H—l " Q .3;,—| " oriented trans to the oxo ligartiHowever, isomer b exhibits
}Tf 7 9 { a six-membered ring while a five-membered one is definitely
- Nv\/{',( Nty -ooc, "’\/‘(N‘"’ more stable for vanadium. Interactions of both terminal
{%’r‘, OH T Ty mon, on carboxylate and the carbonyl group (amide or carboxylate)
6 x of the side chain with vanadium is only possible in the case
of a fast exchange between two isomers a and b (Scheme 1)
Gln:R=CHyCH-CO-NH,  Gin :X=NH, on the time scale of thEC NMR experiment. Therefore, as
Glu : R = CH,-CH,-COO Glu:X=0 the carbon shift is the average over two positions, it is
Val : R’= CH(CH,), expected to be small especially as the terminal carboxylate
Ala : R’=CH, and the carbonyl group of the side chain are both trans

sR? = . . .
Gy :R°=H ligands in the isomers.

n =1 for the five V-dipeptide complexes
except n = 2 for the V-Gly-Glu complex Discussion

between the CK{5) and CH(6) protons and a carbon whose Vanadate tends to react with dipeptides Ala-Glin, Ala-Gly,
chemical shift is quite close to the one of the C(7) carbon of Val-GIn, Gly-Gln, and Gly-Glu to form complexes with
the free dipeptide. This observation is in agreement with the characteristi¢'v NMR chemical shifts of about-510 ppm.
dipeptides Gly-Tyr, Ala-Ser, and Ala-His as no evidence for Such a chemical shift was already observed ferdipeptides
complexation of vanadium by the side chain could be complexes such as VGly-Tyr and V—Ala-Ser!920.2225
established by3C NMR spectroscop$2°2543|n contrast, Actually, vanadium(V) has a versatile coordination geometry
for the His-Ser dipeptide, a largéC shift observed for the and coordination numbers ranging between 4 and 7. For the
hydroxymethyl carbon supports a coordination of vanadium V—dipeptide complexes, it is reasonable that the vanadium
by CH,O~ while no large coordination shifts are observed center is 6- or 5-fold-coordinated with oxygen or nitrogen
for the imidazole carbons, reinforcing the view that no ligands.
vanadium-imidazole bond is formed upon complexatiin. According to N and **C NMR experiments and in
TheIH—13C HMBC experiment was crucial for the assign- agreement with the previous works reported in littera-
ment of the carbonyl carbons in the complexes as their ture!20.22253% molecular structure can be proposed for the
chemical shifts are all in the same range +185 ppm. V —dipeptide complexes (see Scheme 1a). Dipeptides behave
Detection of cross-peaks for the carbonyl carbons (C(2), C(4), as multidentate ligands as three functionalities are required
and C(7)) permits unambiguously the assignment3af for complex formation!*N and '3C NMR spectra clearly
signals of the dipeptides bound to vanadium. However in pointed out the involvement of the terminal amingH)
some vanadate/dipeptide (dipeptide: Gly-GIn and Gly-Glu) group, the terminal carboxylate group, and the peptide
solutions, an additional signal close to 186 ppm is present hitrogen CON~ in the complex. A similar structure was
in the 1D13C spectrum, while no cross-peak was detected proposed for the complexes\Gly-Ser, V-Gly-Tyr, V—Ala-
in the HMBC experiment. Moreover as its presence is His, and \V-Ala-Ser (isomer [\-Ala-Serf~).1920.2225Thijs
randomly observed in samples which were prepared in thestructure has both a deprotonated peptide (9 ¢Nitrogen
same way, this signal can be assigned to an impurity. and a deprotonated amine (l) nitrogen. Indeed, solid-
Nevertheless, the interaction of the side chains with State and solution studies have shown the loss of the peptide
vanadium cannot be ruled out on the basis of differences inproton in several other metal complexé4® It was also
chemical shifts. Indeed th€C chemical shift of ligands in ~ reported that protonation of the peptide nitrogen can lead to
metal complexes depends on a wide range of parameters suckhe dissociation of some metgbeptide complexe¥. Fur-
as metat-ligand bond lengths, metaligand bond energies, thermore, we can guess that the deprotonation of these
and the geometry of the complex. A lack of chemical shift nitrogen atoms increases their nucleophilic power and
change may be the result of opposite contributions to the promotes complexation with vanadium. However, the pres-
13C chemical shift. ence of a terminal NH nitrogen cannot be ruled out. Actually,
Therefore, isomer b (see Scheme 1) may also be presenthe protonation state of nitrogen depends on the nature of
in solution in a small amount. The presence of a sifée the V—N bond. One can expect a NH group in the case of
NMR peak can be explained since the coordination spherean electrostatic interaction while a Ngroup should be more
(geometry of the metal center and the nature of the ligands)appropriate in the case of a coordinative bond between the
at the vanadium is almost the same in both complexes a andone pair of the terminal amino group and the vanadium
b. The5V chemical shift difference is expected to be small
and would contribute to the line width of several ppm. The (44) Kabanos, T. A.; Keramidas, A. D.; Papaioannou, A.; Terzisnétg.

) . . . Chem.1994 33, 845-846.
structure of isomer b is consistent with the one of an (45) Pagenkopf, G. K.: Margerum, D. W. Am. Chem. Sod968 90,

6963-6967.
(43) Fritzsche, M.; Vergopoulos, V.; Rehder, Dorg. Chim. Actal993 (46) Pagenkopf, G. K.; Margerum, D. W. Am. Chem. Sod 968 90,
211, 11-16. 501-502.
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atom. To complete the vanadium coordination, three oxygenthat an ambiguity remains regarding the complexation of
atoms (2 OH and #0) not bound to the ligand could appear vanadium by the GIn and Glu side chains substituents. It is
in any configurational arrangement, but only one form was also difficult to explain how the functionalized side chains
illustrated in Scheme 1. Moreover the terminal carboxylate play a role in the formation of the complexes, and it has to
is located in the axial position as can be assumedgy be determined.
NMR analysis. It appears that the presence of a side chain on each amino
The experiments performed in this work allow us to acid favors the formation of a stable complex. Indeed Val-
estimate the role in complex formation of the complexing GIn which exhibits a sterically demanding side chain on
or sterically demanding side chain. The formation constants valine as well as a bulky functionalized side chain on
increase respectively from Gly-Gin (60), Ala-GIn (160), and glutamine binds more efficiently to vanadat& & 210).
Val-GIn (210), and these dipeptides can only be distinguished )
by the nature of the side chains. For valine and alanine, this Conclusion

effect should be related either to the increasing steric \We have studied the complexation of vanadium(V) by five
hindrance induced by the alkyl group or to its donor effect. dipeptides differing by the nature of the side chains. These
We may assume that the donor effect of the alkyl groups is v —dipeptide complexes were characterized in solution by
not significant. Indeed among the three dipeptides, no Uv—visible spectroscopy and multinucle&#\(, 24N, 13C)
significant difference it*C chemical shift is evidenced for  NMR spectroscopy. These experiments show that all com-
the coordinative sites that are the peptide group and theplexes exhibit a 1:1 stoichiometry and that the terminal amino
terminal carboxylate (see Table 3). Therefore, complexation NH,, the terminal carboxylate, and the peptide nitrogen-OC
should be promoted by the steric hindrance of the alkyl N;- are involved in the coordination with vanadium. It seems
group. A sterically demanding alkyl group may favor a that the presence of a sterically demanding side chain (Val
peptide conformation that more readily complexes vanadate.or Ala) as well as a bulky functionalized side chain (GIn)
The arrangement around the carbarfe valine is supposed  are two important requirements for a fairly stable complex
to be quite bent compared to that of glycine. Such an (v—val-Gln and \*-Ala-GIn).
assumption was previously proposed for the bulky dipeptides  This work shows that peptides or proteins cannot interact
Val-Asp and Leu-Leu since there is no decrease in the with vanadium by random binding at any peptide linkages
formation of the corresponding complexes compared to small ags terminal amino and terminal carboxylate may be both
dipeptides? required for a vanadium complexation. Moreover, as shown
For glutamine, the complexing side chain also promotes in this study, it seems that the nature of the side chains
V—dipeptide complex formation since the formation con- strongly modifies the stability of the vanaditrdipeptide
stants for Ala-Gly and Ala-GIn are respectively 70 and 160. complexes. As a consequence, side chains of amino acids
The formation constant of Val-GlrK¢ = 210) is also higher differing by their complexing functions, their hydrophobicity,
than the one of Val-GlyK; = 60) already reported in the  their charge, or their steric hindrance may impose different
literature?? It is in agreement with the increased constant constraints on Comp|ex formation. This is a topic of
formation observed for the ¥YGly-GIn complex K; = 60) continuing interest, and this work could be extended to more
compared to the one of ¥Gly-Gly (Ks =19)? However it complex peptides to provide a better understanding of the

was not possible to evidence the interaction of the carboxy- mechanism by which vanadate interacts with polypeptides
late (Glu) or the amide (GIn) group of the side chain with or proteins.

vanadium by*C andN NMR spectroscopy. Therefore, the )

role of the glutamine side chain could also be related to steric Acknowledgment. We are grateful to Dr. F. Ribot for
effects. Actually, the complexation of vanadium by the side Nis help on the U¥-visible and NMR spectra and to Dr. C.
chain substituents was only reported for dipeptide-containing Bonhomme for helpful discussions on NMR spectroscopy.
seryl or threonyl amino acid&:* Indeed, two products are Supporting Information Available: Figures showing UV
obtained with Gly-Ser and they are retained when Gly-Ser vis and NMR spectra, formation constant data, and distribution of
is replaced by Gly-Ser ethyl ester showing that there is no species data. This material is available free of charge via the Internet
necessity for the carboxylate functionality to be present if at http://pubs.acs.org.

the peptide bears a complexing side chain kk&H,OH in 1C0301019

glycylserine ethyl este® Nevertheless, the absence of any

complexation of vanadium by dipeptides containing car- (47) Scheidt, W. R.; Tsai, C.; Hoard, J. . Am. Chem. Sod.971, 93,

boxylate or amide groups in the side chains remains quite _ 3867~3872.
y 9 P q (48) Drew, R. E.; Einstein, F. W. Bnorg. Chem.1973 12, 829-835.

surprising as different carbonyl groups are known to interact (49) kustin, K.; McLeod, G. CJ. Am. Chem. S0d973 95, 3564-3568.
strongly with vanadium(V) and (IV) as established for (50) Cornman, C. R.; Zovinka, E. P.; Boyajian, Y. D.; Geiser-Bush, K.

acetate, dicarboxylic acid§,oxalate!” picolinate, dipicoli- 5y “éorﬁr%ﬁﬁ e 86'2%2’r_'3813‘s’r29'fﬁ'?‘§i?%?1 f’é’)ézllcaggﬁfg%
nate!®4EDTA ligand{® and amide ligand®->' This shows 33, 4621-4622.
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