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Abstract The insulin-sensitizing effect of vanadium

complexes has been linked to their ability to inhibit

protein tyrosine phosphatases (PTPs). Considering

that vanadium complexes may exchange in vivo with

amino acids, forming in situ vanadium–amino acid

complexes, we have synthesized and characterized an

oxovanadium glutamate complex, Na2[V(IV)O(Glu)2

(CH3OH)]H2O (1�H2O). The complex showed potent

inhibition against four human PTPs (PTP1B, TCPTP,

HePTP, and SHP-1) with IC50 in the 0.21–0.37 lM

ranges. Fluorescence titration studies suggest that the

complex binds to PTP1B with the formation of a 2:1

complex. Enzyme kinetics analysis using Linewe-

aver–Burk plots indicates a typical competitive inhi-

bition mode.
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Introduction

Protein tyrosine phosphatases (PTPs) are a family of

diverse enzymes that regulate various cellular pro-

cesses by a common dephosphorylation catalytic

mechanism (Andersen et al. 2004). Dysregulation of

PTP activities contributes to the pathogenesis of

several human diseases, including diabetes, obesity,

cancer, and immune disorders (Andersen et al. 2004;

Arena et al. 2005; Zhang 2001). Among various

members in the PTP superfamily, protein tyrosine

phosphatase 1B(PTP1B) has been demonstrated as a

key negative regulator of insulin signaling and

emerged as an attractive target for the treatment of

type II diabetes. PTP1B directly inactivates the

insulin receptor (IR) by dephosphorylating tyrosine

residues in the regulatory domain (Kenner et al. 1996;

Saltiel and Kahn 2001). Overexpression of PTP1B

inhibits insulin signaling (Byon et al. 1998). PTP1B

gene knockout or antisense studies in normal and

diabetic mice have shown lowered blood glucose

levels and improved insulin responsiveness through
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enhanced IR signaling in peripheral tissues (Elchebly

et al. 1999; Klaman et al. 2000; Zinker et al. 2002).

Therefore, PTP1B inhibitors have been pursued to

develop novel anti-diabetic drugs (Xie and Seto 2007;

Na et al. 2006; Alal et al. 2006; Shrestha et al. 2007;

Sparks et al. 2007; Maccari et al. 2007; Winter et al.

2005).

Inorganic salts of the trace element vanadium have

been demonstrated to imitate actions of insulin

(Heyliger et al. 1985). Comparing to inorganic

vanadium salts, complexes of vanadium with appro-

priate organic ligands can improve absorption, tissue

uptake, potency, and decrease toxicity of the metal

(McNeill et al. 1995). An organic vanadyl derivative

[bis(maltolato)oxovanadium(IV)] (BMOV) is cur-

rently on phase II clinical trials as an anti-diabetic

drug (Mukherjee et al. 2008). The mechanism of

action for vanadium’s insulin-sensitizing effects has

not been well understood but association with

inhibition of protein tyrosine phosphatases has been

implicated (Peters et al. 2003; Crans et al. 2004).

Vanadium compounds have been shown to directly

inhibit some PTPs including PTP1B (Posner et al.

1994; Huyer et al. 1997; Nxumalo et al. 1998; Peters

et al. 2003; Yuan. et al. 2009, 2010; Gao et al. 2009;

Lu et al. submitted). When vanadium salts or

vanadium complexes enter the body, they may

undergo ligand exchange with other biologically

available small ligands such as amino acids, forming

in situ vanadium complexes with these bioligands.

The inhibitory effects of vanadium complexes with

small bioligands on PTPs thus attracted our interest.

In this paper, we investigated the inhibitory effects of

Na2[VO(Glu)2(CH3OH)]�H2O (1�H2O) on four human

PTPs and the more detailed interactions between the

vanadium complex and PTP1B.

Materials and methods

Materials

L-Glutamic acid (H2Glu) was purchased commer-

cially without further purification. Other chemicals

and solvents are AR grade and were purchased

commercially and used without further purification.

PTP1B, T-cell protein tyrosine phosphatase (TCPTP),

Src homology phosphatase 1 (SHP-1), and hemato-

poietic tyrosine phosphatase (HePTP) were expressed

and purified as described previously (Yuan et al. 2009;

Lu et al. submitted).

Physical measurements

Elemental analyses were carried out with a VARI-EL

elemental analyzer. IR spectra (4000–400 cm-1)

were recorded using a Shimadzu Fourier transform

IR-8300 spectrometer in KBr disks. The kinetic

studies of the PTP1B inhibition were recorded with a

Hewlett-Packard HP-8453 Chemstation spectropho-

tometer. Electrospray ionization mass spectra were

recorded with a Quattro Micro API instrument

(Waters, USA) in methanol solution. Fluorescence

emission spectra were recorded on a Cary Eclipse

Spectrophotometer (Varian, USA). Bioactivity assays

of the compounds were carried out on a Bio-RAD

model 550 microplate reader.

Preparation of the vanadyl complex

Na2[VO(Glu)2(CH3OH)]H2O (1�H2O)

VOSO4�3H2O (2.0 mmol) was added slowly to an

aqueous/methanol (3:1) solution of glutamic acid

(40.0 mmol) with a constant stirring. A 2 M NaOH

solution was then added dropwise to maintain pH of the

reaction mixture to *7. After being refluxed for 3 h,

the reaction mixture was cooled down to room

temperature and subjected to rotary evaporation.

Absolute methanol was then added and dark green

precipitates were separated by filtration. The products

were washed with absolute ethanol and ether, respec-

tively, and then dried in a vacuo desiccator overnight.

Element analysis: calcd. (%) for 1�H2O: C 29.15,

H 4.45, N 6.18; found (%): C 29.17, H 4.96, N 6.27;

formula weight (1, Na2[C11H18N2O10V]: 435.02.

Electrospray ionization mass spectrometry in positive

ion mode (ESI–MS, m/z): found: 261.17 (100%),

305.17 (76%), 393.25 (12%), 437.25 (22%); calcd:

([1-2Na??2H?]2 ? 3H?) 261.71, ([1]2 ? 2Na??H?)

305.68, ([1-2Na??2H?]2 ? 1H?) 393.07, ([1] ? H?)

437.03. IR: see Table 1.

Potentiometric titrations

pH-potentiometric titrations were performed to probe

the species formed in aqueous solution. The proton-

ation constants of glutamic acid and the stability

constants of the complexes of VOSO4 with ligands
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were determined by pH-potentiometric titrations of

40-ml samples. High-purity nitrogen gas was used to

remove carbon dioxide and molecular oxygen from

samples and to provide an inert gas atmosphere during

all measurements. Measurements of the pH values

were carried out at 298 ± 0.1 K and at a constant ionic

strength of 0.1 M NaCl on a PHS-3TC pH meter with a

combined glass electrode. The electrode was cali-

brated by standard buffer solutions. The titrations were

performed with a carbonate-free NaOH solution of

known concentration (0.0967 M) by using a microsy-

ringe under a nitrogen atmosphere in a jacketed vessel.

The protonation constants of glutamic acid and the

equilibrium constants of the complexes were calcu-

lated with the aid of the SUPERQUAD program (Gans

et al. 1985). The overall formation constant of the

complex is denoted as the logarithm of bpqr = [VOp-

GluqHr]/[VO]p[Glu]q[H]r. The conventional notation

has been used: negative indices for H in the formulas

indicate either the dissociation of groups which do not

deprotonate in the absence of VO2? coordination or

hydroxo ligands. The following hydroxo species of

VO2? were taken into account in the calculations:

[VO(OH)]? (log b10-1 = -5.94) and [(VO)2(OH)2]2?

(log b20-2 = -6.95) (Gyurcsik et al. 2001), [VO

(OH)3]- (log b10-3 = -18.0) and [(VO)2(OH)5]-

(log b20-5 = -22.0) (Chruscinska et al. 2008). For

Glu, more than 160 data points in the pH range of

2.70–11.50 were used for subsequent analysis; and for

VO-Glu, more than 260 data points in the pH range of

2.72–11.29 were used.

Protein tyrosine phosphatase inhibition assays

Kinetics analysis and the inhibitory effects of the

vanadium complex against the four PTPs were mea-

sured similarly as described previously, using

p-nitrophenol phosphate (pNPP) as the substrate (Yuan

et al. 2009; Wang et al. 2010). Briefly, the assays were

performed on a 96-well plate in 20 mM MOPS buffer,

pH 7.2, containing 50 mM NaCl and 2 mM GSH. The

PTPs were diluted to final concentrations of 60, 250,

180, and 200 nM for PTP1B, TCPTP, HePTP, and

SHP-1, respectively. 10 ll of the complex at various

concentrations was mixed with an enzyme solution

(83 ll) for 5 min. Then 2 ll of pNPP (0.1 M) substrate

was added. After incubation for 30 min at room

temperature, the assays were terminated by the addi-

tion of 5 ll of 2 M NaOH. The A405 was measured on a

microplate reader. IC50 values were obtained by fitting

the concentration-dependent inhibition curves using

the Origin program (OriginLab, Northampton, MA).

Table 1 IR peaks (cm-1)

and assigns of complex 1,

H2Glu and VOSO4�3H2O

Modes 1 H2Glu VOSO4�3H2O

tO–H – 3566(-COOH) 3471–3363(H2O)

tN–H 3412 3266 –

tC–H 3005 2930, 2892 –

tO–H(-COOH) H-bond – 2636 –

t-NH3(?) – 2438, 2306 –

d-NH3(?) – 2225, 2115, 2065 –

dCOO- – 1906, 1857 –

tC=O in -COOH – 1752 –

tC=O in -COO(-) 1713 1711 –

tC–C, dN–H 1636 – 1634(dH2O)

tasCOO(-), d-NH3(?) 1553 1534, 1492 –

dC–H, dO–H 1416 1426 –

tsCOO-,dCOO- 1362 1334 –

tC–N 1223 1219, 1117 –

tsSO4(2-) – – 1136, 1050, 608

tV=O 972 – 993

dNH2 807, 710 678, 611 –

tV–N 532 – –

tV–O 421 – –
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All data points were carried out in triplicates. Solutions

of the oxovanadium complexes were all freshly

prepared before each experiment.

The inhibiting kinetic analysis were carried out

according to the Lineweaver–Burk plot analysis.

Phosphatase activities were measured at a fixed

enzyme (PTP1B) concentration while concentrations

of the substrate (pNPP) and the inhibitor (complex 1)

were varied. The data were fitted using Origin

program to generate the Lineweaver–Burk plot.

Fluorescence spectroscopy

Fluorescence emission spectra were recorded on a

Cary Eclipse spectrophotometer (Varian, USA) with

slit widths 5 nm and excitation wavelength 282 nm.

For titration experiments, aliquots of the vanadyl

complex (1) were added to a PTP1B solution (2 ml,

in 20 mM MOPS, 500 mM NaCl, pH 7.2). The

mixture was left to equilibrate for 5 min at 298 or

310 K. Fluorescence emission spectra were recorded

over the range 290–600 nm.

Results and discussion

Synthesis and characterization of complex 1

Excessive ligand was employed in the starting

materials for the preparation of complex 1. The

element analysis data suggest a chemical formula of 1

as Na2[VO(Glu)2(CH3OH)]. The composition was

further supported by the electrospray ionization mass

spectrometry data (see experimental section) which

indicate the presence of monomer and dimer species

of complex 1 in solution. Crystallization trials for 1

were not successful. To probe the coordination mode

in complex 1, IR experiments were carried out. The

IR spectra for the starting materials, VOSO4�3H2O

and glutamic acid, were also measured for compar-

ison (see Table 1). The assignments of the tV=O,

tN–H, tC–H, tC=O, tC–C, dN–H, tasCOO(-), d-NH3(?),

dC–H, dO–H, tsCOO(-), dCOO(-), tC–N, dNH2, tV–N, tV–O

vibrations were made according to published work

(SDBS 2010; Yuan et al. 2009; Gao et al. 2009;

Zamian et al. 1995). Complex 1 exhibits the charac-

teristic peak for VO2? stretch vibration at approxi-

mately 972 cm-1, which was shifted by 21 cm-1

compared to that of VOSO4�3H2O, suggesting that

the vanadium atom was in a hexacoordinated envi-

ronment (Mondal et al. 1998). The 532 and 421 cm-1

regions belong mainly to ‘‘metal–ligand’’ vibrations,

namely, assigned to mV–N and mV–O modes (Marques

et al. 2007; Zamian et al. 1995). Compare to those in

the free Glu, major changes occurred for the stretches

and vibrations associated with the amino group (tN–H,

t-NH3(?), and d-NH3(?)), suggesting a coordination

involving the amino group in Glu. Major perturba-

tions also occurred for the stretching frequencies of

C=O in the carboxylate group of Glu, suggesting the

coordination of the carboxylic group oxygen to

vanadium or sodium cations. Thus, the coordination

of the center ion V(IV) in 1 is likely to be VN2O4 in a

distorted octahedron geometry with two nitrogen

atoms and two oxygen atoms from the chelating Glu

ligands, one double bond VO and one more oxygen

atom from methanol. Taking together, the proposed

structure of complex 1 is shown in Scheme 1.

Speciation in aqueous solution

To obtain information about the species of complex 1

formed in aqueous solution, which is relevant to their

bioactivities, potentiometric titrations were per-

formed for the system of VO2? cation and glutamic

acid at an ionic strength of 0.1 M NaCl. As a

preliminary step for studying the VO2?–Glu system,

the protonation constants of glutamic acid were

determined and the estimated pKa values were

3.92(5) and 9.67(3). Both values were in agreement

with previous reports (Lide 2008; Patel et al. 2003).

The stability constants of the hydroxo complexes of

VO2? were cited from the literatures (Henry et al.

1973; Davis 1938; Chruscinska et al. 2008). Then the

titration curves for the binary systems of VO2?–Glu

(1:2) were analyzed. The fitted curve is tallied well

with the titration curve (Fig. 1A). The species distri-

bution diagram as a function of pH is shown in Fig. 1B

and Table 2. The distribution curves suggest that

the oxovanadium species [(VO)(Glu)2H-1] is the

Scheme 1 The schematic structure of complex 1
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predominant species over pH 5–8, with a small amount

of [(VO)(Glu)2H-2]. The two species are totally about

98% in the pH range of 7.0–7.4. This result is consistent

with the conclusion of a previous report that the

[(VO)(Glu)2H-1] species was dominant near neutral

pH at high molar ratio of Glu/V([30) studied by ESR,

CD, and potentiometric titration (Costa Pessoa et al.

1992).

PTP inhibition studies

The inhibitory effects of complex 1 against the four

PTPs (PTP1B, TcPTP, HePTP, and SHP-1) were

investigated (Fig. 2). As seen, complex 1 potently

inhibits all the PTPs tested, with IC50 of 0.29, 0.24,

0.37, 0.21 lM for PTP1B, TCPTP, HEPTP, and

SHP-1, respectively. Little selectivity for the 4 PTPs

was observed for complex 1. This is in contrast to that

of the ternary oxovanadium(IV) complexes of ONO

donor Schiff base and polypyridyl derivatives which

show good selectivity to PTP1B (Yuan et al. 2009,

2010). These results indicate that the structure of the

ligands associated with vanadium has an effect on the

selectivity of the vanadium complex for different

PTPs.

In order to evaluate the inhibition mode of

complex 1 on PTP, further kinetic analysis using

Lineweaver–Burk plot was carried out as described in

the experimental section. The Lineweaver–Burk plot

(Fig. 3) give a family of lines intercepting on the

1/v axis, suggesting a typical competitive inhibition.

Fluorescence study on the interaction

between PTP1B and complex 1

We further investigated the interactions between

PTP1B and 1 by fluorescence spectroscopy. As

shown in Fig. 4a, with the addition of 1, the

Fig. 1 A Titration and

fitted curves of VO–Glu

system in aqueous solution,

B Species distribution as a

function of pH for the

VO–Glu system

[H2Glu] = 1.5 9 10-3 M,

[VO2?] = 0.75 9 10-3 M

Table 2 pKa values of H2Glu and stability constants for the

complexes

Species pKa or log(b)

H2Glu 3.92(5), 9.67(3)

(VO)(Glu)2H2 29.04(9)

(VO)(Glu)2H 24.07(17)

(VO)(Glu)H-1 6.06(16)

(VO)(Glu)2H-1 14.72(8)

(VO)(Glu)2H-2 6.29(9)

(VO)(Glu)2H-4 -13.07(9)

(VO)(Glu)2H-6 -34.21(9)

(VO)2(Glu)4H-6 -4.12(23) -11 -10 -9 -8 -7 -6 -5 -4 -3 -2

0

20

40

60

80

100

lg 1

Enzyme (IC
50

/ µM)

 SHP-1  (0.21)
 PTP1B (0.29)
 HEPTP (0.37)
 TCPTP (0.24)

A
ct

iv
it

y 
(%

)

/(M)

Fig. 2 Concentration-dependent inhibitions of four tyrosine

phosphatases by complex 1. The inset shows IC50 values
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fluorescence emission peak of PTP1B at 331 nm was

gradually quenched, accompanied by a red shift to

339 nm. These spectroscopic changes suggest a

specific binding between 1 and PTP1B. The plot of

the fluorescent intensity at 331 nm versus the molar

ratio of [1]/[PTP1B] (Fig. 4b) suggests a stoichiom-

etry of 2:1 when complex 1 binding to PTP1B. This

implies that PTP1B has 2 binding sites for 1. It is

known that PTP1B contains two phosphate binding

sites, both being able to bind inhibitors of phosphate

analogues (Puius et al. 1997; Salmeen et al. 2000).

Thus it is possible that both the phosphate binding

sites on PTP1B may bind 1.

The fluorescence quenching data were further

analyzed by the well known Stern–Volmer equation:

F0

F
¼ 1þ kq � s0 � ½Q� ¼ 1þ ksv � ½Q� ð1Þ

where F0 and F are the fluorescence intensities of

PTP1B in the absence and presence of complex 1,

respectively, kq the bimolecular quenching rate con-

stant in M-1�s-1, s0 the lifetime of the fluorophore in

the absence of a quencher, ksv the Stern–Volmer

quenching constant in M-1, and [Q] the molar

concentration of the respective quencher. Generally,

s0 is about (10-8 s) for biopolymer (Ding et al. 2009).

As shown in Fig. 5, the Stern–Volmer plots show that

the Stern–Volmer quenching constant (the slope, ksv)

decreases with increasing temperature; and the values

of kq (1.6 9 1013 l mol-1 s-1 and 9.7 9 1012

l mol-1 s-1 at 298 and 310 K, respectively) are much

greater than 2.0 9 1010 l mol-1 s-1, indicating that

the quenching mechanism of PTP1B by complex 1 is

not initiated by dynamic collision but by static

quenching interactions, i.e., the formation of complex

between 1 and PTP1B (Guo et al. 1996; Ding et al.

2009).

For static quenching interactions, the cumulative

binding constant is calculated from the following

Eq. 2 (Wang et al. 2009):

Fig. 3 Lineweaver–Burk plot of 1/m (min lM-1) versus

1/[pNPP] (mM-1) at five fixed concentrations of complex 1

Fig. 4 A Fluorescence emission spectra of the titration of

PTP1B with 1 in 20 mM MOPS, 500 mM NaCl, pH 7.2 at

298 K. [PTP1B] = 1.0 lM, [1]/[PTP1B] = 0 (a), 0.25 (b), 0.5

(c), 0.75 (d), 1.0 (e), 2.0 (f), 4.0 (g), 5.0 (f), 6.0 (g), 7.0 (h), 8.0

(i). B A plot of the intensities of emission at 331 nm against the

ratio [1]/[PTP1B] at 298 K
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log
½CPTP1B�b
½CPTP1B�u

¼ log K þ n log½C1�u ð2Þ

where [CPTP1B]b is molar concentration of PTP1B

with a quencher bound and [CPTP1B]u is molar

concentration of free PTP1B (with no quencher

bound), K the cumulative binding constant, n the

number of binding sites on PTP1B, and [C1]u the

molar concentration of free compound 1. The calcu-

lated cumulative binding constants from the data

were K = 5.13 9 1011 at 298 K and K = 3.28 9

1011 at 310 K, respectively.

Usually, thermodynamic parameters, enthalpy

change (DH) and entropy change (DS) are significant

for confirming the action force. When the tempera-

ture changes at a modest range, DH could be

considered as a constant. The thermodynamic param-

eters can be determined from Eq. 3 which is deduced

from Van’t Hoff equation

ln
K2

K1

¼ DH

R

T2 � T1

T1 � T2

� �
: ð3Þ

Gibbs free energy change (DG) can be obtained from

Eq. 4

DG ¼ �RT ln K ¼ DH � T � DS ð4Þ

where R is the gas constant.

The thermodynamic parameters of this binding

interaction are shown in Table 3. The negative DH,

DG and positive DS values indicate that the formation

of PTP1B-1 complex was a spontaneous and

exothermic reaction. Ross and Subramanian (1981)

have characterized the sign and magnitude of the

thermodynamic parameter associated with various

individual kinds of interactions that may take place in

protein association processes. A positive DS value is

frequently taken as typical evidence for hydrophobic

interactions. Negative DH values indicate that there are

hydrogen bonds and van der Waals force in the

binding.

Conclusion

In summary, we have synthesized and character-

ized an oxovanadium complex of glutamic acid,

Na2[VO(Glu)2(CH3OH)]�H2O (1�H2O), and investi-

gated its inhibitory effects on 4 PTPs (PTP1B, TCPTP,

HePTP, and SHP-1). At physiological relevant pH

values, (VO)(Glu)2 species are the dominant species of

complex 1 in aqueous solution. Complex 1 displayed

potent inhibition against the four PTPs with IC50 from

0.21 to 0.37 lM with little selectivity. The complex

binds to PTP1B with the formation of a 2:1 complex

and inhibits PTP1B competitively, with cumulative

binding constants of 5.13 9 1011 and 3.28 9 1011 at

298 and 310 K, respectively. The data presented here

suggest that biologically available small ligands such

as glutamic acid may form stable complexes with

vanadium(IV) under physiological relevant condi-

tions. These complexes may inhibit PTPs potently

and thus are relevant to the bioactivities of vanadium-

based drugs. When vanadium complexes enter the

body, ligand exchanging with biologically available

small ligands may occur and this process may alter the

bioactivity (e.g., PTP inhibition potency) of the

original complexes. Therefore the interactions with

bioavailable small ligands with vanadium need to be

considered when designing vanadium-based anti-dia-

betic drugs and evaluating in vivo data.

Fig. 5 Stern–Volmer plots for the quenching of PTP1B by 1 at

298 and 310 K

Table 3 Thermodynamic parameters of PTP1B complexing

with compound 1

T(K) 298 310

K 5.13 9 1011 3.28 9 1011

DG (kJ mol-1) -66.80 -68.34

DH (kJ mol-1) -28.63 -28.63

DS (J K-1 mol-1) 128.1 128.1
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