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Abstract
Vildagliptin (NVP-LAF237/(2S)-{[(3-hydroxyadamantan-1-yl)amino]acetyl}-pyrrolidine-2-carbonitrile) was described as a potent,

selective and orally bio-available dipeptidyl-peptidase IV (DPP IV, EC 3.4.14.5) inhibitor [Villhauer EB, Brinkman JA, Naderi GB,

Burkey BF, Dunning BE, Prasad K, et al.1-[[(3-Hydroxy-1-adamantyl)amino]acetyl]-2-cyano-(S)-pyrrolidine: a potent, selective, and

orally bioavailable dipeptidyl peptidase IV inhibitor with antihyperglycemic properties. J Med Chem 2003;46:2774–89]. Phase III clinical

trials for the use of this compound in the treatment of Type 2 diabetes were started in the first quarter of 2004. In this paper, we report on (1)

the kinetics of binding, (2) the type of inhibition, (3) the selectivity with respect to other peptidases, and (4) the inhibitory potency on the

DPP IV catalyzed degradation of glucagon-like peptide-1 (GLP-1), glucose-dependent insulinotropic polypeptide (GIP) and substance P.

Vildagliptin behaved as a slow-binding DPP IV inhibitor with an association rate constant of 1.4 � 105 M�1 s�1 and a Ki of 17 nM. It is a

micromolar inhibitor for dipeptidyl-peptidase 8 and does not significantly inhibit dipeptidyl-peptidase II (EC 3.4.11.2), prolyl

oligopeptidase (EC 3.4.21.26), aminopeptidase P (EC 3.4.11.9) or aminopeptidase M (EC 3.4.11.2). There was no evidence for substrate

specific inhibition of DPP IV by Vildagliptin or for important allosteric factors affecting the inhibition constant in presence of GIP and

GLP-1.

# 2005 Elsevier Inc. All rights reserved.
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1. Introduction

Dipeptidyl-peptidase IV/CD26 (DPP IV/CD26; EC

3.4.14.5) belongs to the prolyl oligopeptidase family of

serine proteases. It cleaves off the N-terminal dipeptide

from peptides with proline or alanine in the second posi-

tion. Although DPP IV is an extracellular membrane

protein it is also found in human plasma in a soluble form

lacking the transmembrane region. The expression of DPP
Abbreviations: DPP, dipeptidyl-peptidase; GLP-1, glucagon-like pep-

tide-1; GIP, glucose-dependent insulinotropic polypeptide; PO, prolyl oli-

gopeptidase; pNA, para-nitroaniline; DTT, dithiothreitol
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IV on the surface of differentiated cell types in endothelia,

epithelia, and the hematopoietic system has been reviewed

[1].

The disease cluster known as the ‘metabolic syndrome’

comprises a number of disorders including type 2 diabetes,

arterial hypertension, dyslipidemia and obesity. The cur-

rent treatments of type 2 diabetes are unsatisfactory in

terms of prevention of complications and preservation of

quality of life. The sulfonylureas and the newer class of

glinides (e.g. repaglinide) both suffer from inducing hypo-

glycemia. The stimulation of insulin secretion induced by

prolonging the half-life of endogenous GLP-1 (as achieved

with DPP IV inhibitors) is a more physiological approach

to increase insulin secretion. The only therapeutic agent
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that has been demonstrated to reduce macrovascular events

in type 2 diabetes, is metformin. As in several conditions,

e.g. decreased renal or hepatic function, it is advised to stop

metformin treatment, there is a need for new approaches to

prevent the prolonged exposure of tissue to elevated glu-

cose concentrations. Only this will limit the formation of

advanced glycation end products that are thought to induce

many of the vascular abnormalities [2].

Type 2 diabetes, also known as non-insulin dependent

diabetes mellitus, is the most common form of diabetes.

Incretins, such as glucagon-like peptide-1 (GLP-1) and

glucose-dependent insulinotropic polypeptide (GIP), play

an important role in normal and pathological blood glu-

cose homeostasis. They are released from the gut in

response to nutrient ingestion and promote nutrient assim-

ilation via potentiation of glucose-dependent insulin

secretion [3]. GLP-1 stimulates insulin secretion and

biosynthesis and inhibits glucagon release when blood

glucose levels are high. In addition, it appeared to regulate

the growth and differentiation of the insulin-producing

beta cells in the pancreatic islets in rodents [4]. In vitro

and in vivo studies, using DPP IV and DPP IV-inhibitors,

suggest that for GLP-1 and GIP, DPP IV truncation is the

main degradation route [5]. One way by which the phy-

siological effects of GLP-1 can be enhanced, is the use of

DPP IV-inhibitors that will delay the degradation of this

incretin [6,7].

Vildagliptin (NVP-LAF237/(2S)-{[(3-hydroxyadaman-

tan-1-yl)amino]acetyl}-pyrrolidine-2-carbonitrile, struc-

ture in Scheme 1) [8] was described as a potent, selective

and orally bio-available DPP IV-inhibitor. The compound

was developed as a potential once daily therapeutic agent

for type 2 diabetes [9]. In a phase I clinical study, Vilda-

gliptin was administered to dietary-controlled type 2 dia-

betes patients, where it caused an increase in post-prandial

active GLP-1 levels, a decrease in glucose levels and a

reduction in the glucagon response to breakfast. Phase II

clinical studies indicated that Vildagliptin was well toler-

ated. Liver enzymes were not changed; there was no

significant change in body weight and a low incidence

of hypoglycemic symptoms. Phase III safety and efficacy

clinical trials were started in the first quarter of 2004 [10].

Because of its advanced state of development, Vildagliptin

has become a reference compound against which new DPP

IV inhibitors will need to be measured. Within this context

we started the in vitro mechanistic study that is the subject

of this paper.
Scheme 1. Chemical structure of Vildagliptin.
Knowledge of the mechanism, the kinetics and the

selectivity of an inhibitor may contribute significantly to

a correct interpretation of its pharmacological properties

and potential side effects. Tight binding inhibitors are

important from a pharmacological point of view, because

once bound to their target they inhibit the enzyme function

even after the free drug has been cleared from the circula-

tion or the specific site of action. Another important feature

of an inhibitor is its selectivity. At least two human

postproline dipeptidyl-peptidases, DPP 8 and DPP 9,

whose functions are still unknown, are structurally closely

related to DPP IV [11,12]. Lankas et al. [13] reported that

the inhibition of DPP 8 in rats by an isoindoline containing

compound gave rise to profound toxicity, including ane-

mia, multiple histological pathologies and mortality. Mind-

ing these results, selective inhibition of DPP IV might be

required for an acceptable safety and tolerability level of

future antihyperglycemic agents of this type.

Screening and mechanistic investigation of DPP IV

inhibitors is usually done by means of chromogenic or

fluorogenic substrates, such as Gly-Pro-p-nitroanilide,

Gly-Pro-4-methoxy-2-naphthylamide and Gly-Pro-amino-

methylcoumarin. In these experiments, the S2–S1 substrate

binding sites are occupied by the dipeptide part of the

substrate. The leaving groups ( p-nitroaniline, 4-methoxy-

2-naphthylamine, aminomethylcoumarin) locate close to

the S’1 site. Inhibitor binding sites apart from S2–S1 and S’1

are not probed using synthetic substrates. Peptidomimetic

DPP IV-inhibitors are generally fairly small compounds

which presumably interact in or close to the catalytic site.

If long distance interactions with peptide substrates alter

the conformation or the accessibility of the active site, the

inhibition constants of certain inhibitors may be different

when they are measured with a long peptide substrate

rather than a peptide-derived synthetic substrate.

In this study, we addressed the interaction between

Vildagliptin and purified human DPP IV, investigating

the kinetics of binding and the type of inhibition. The

selectivity with respect to other peptidases was explored.

We determined the inhibitory potency on the DPP IV-

catalyzed degradation of natural peptide substrates.
2. Materials and methods

2.1. Materials

Glycyl-prolyl-p-nitroanilide (Gly-Pro-pNA), alanyl-

prolyl-p-nitroanilide (Ala-Pro-pNA), N-benzyloxycarbo-

nyl-glycyl-prolyl-p-nitroanilide (Z-Gly-Pro-pNA), lysyl-

prolyl-p-nitroanilide (Lys-Ala-pNA), GLP-1 and sub-

stance P were obtained from Bachem (Bubendorf, Switzer-

land). GIP, Tris, dithiothreitol (DTT) and EDTA were

obtained from Sigma (St. Louis, MO), DMSO, acetonitrile,

Hepes and potassium phosphate from Acros Organics

(Geel, Belgium). Tween20 and sodium azide were from
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Merck (Darmstadt, Germany). Vildagliptin was custom

synthesized by GLSynthesis Inc. (Worcester, MA,

USA).

2.2. Enzymes

Soluble DPP IV was purified from human seminal fluid

as described before [14]. Porcine prolyl oligopeptidase was

expressed in E. coli and purified using published methods

[15]. Recombinant human DPP8 was expressed and pur-

ified as described [16]. Natural human DPP II was purified

as reported [17]. Aminopeptidase N was enriched from

human seminal plasma using DEAE-Sepharose FF anion-

exchange, Sephacryl S300 HR gelfiltration, Q-sepharose

Hiload ion exchange and (negative) anti-CD26 mAb-

affinity chromatography. The specific activity of the

aminopeptidase N preparation used in the experiments

was 1 U/mg. Aminopeptidase P activity was measured

in human platelet lysates without purification.

2.3. Caco2 cell culture

Human carcinoma colon (Caco2) cells provide a rich

source of membrane bound DPP IV. The cells were main-

tained in Dulbecco’s modified Eagle’s essential medium

supplemented with 1% nonessential amino acids, 20%

foetal calf serum, 2 mM glutamine, penicillin (100 U/

ml), streptomycin (100 mg/ml) and gentamycin sulfate

(50 mg/ml) (GIBCO-BRL, Invitrogen, Carlsbad, CA).

Cells from passage 30 were seeded in a 175 cm2 flask

and grown in 5% CO2 at 37 8C. Medium was changed

every 2 days until confluence was reached (6 days), from

then on the medium was changed every day. Cells were

harvested 10 days past confluence and lysed for 1 h in

100 mM Tris–HCl pH 7.5, 10 mM EDTA, 1/100 aprotinin

and 1% octylglucopyranoside at 4 8C.

2.4. Activity measurements and IC50 determination

One unit of DPP IV activity is the amount of enzyme

required to catalyze the conversion of 1 mmol of substrate

per minute in presence of 0.5 mM Gly-Pro-pNA and

50 mM Tris buffer, pH 8.3 at 37 8C.

The IC50 is defined as the concentration of inhibitor

required to obtain 50% reduction of the activity under

specific assay conditions. The assay conditions for DPP IV

were 50 mM Tris–HCl pH 8.3, 1 mM EDTA and 100 mM

Gly-Pro-pNA; for DPP 8 the conditions were 50 mM

Hepes pH 7.4, 0.1% Tween 20 and 300 mM Ala-Pro-

pNA; for DPP II the conditions were 50 mM Cacodylic

acid/NaOH pH 5.5 and 500 mM Lys-Ala-pNA. For PO the

assay buffer was 0.1 M potassium phosphate pH 7.5, 1 mM

DTT, 1 mM EDTA, 1 mM NaN3 and 250 mM Z-Gly-Pro-

pNA. Aminopeptidase N activity was measured using

300 mM Ala-pNA in 50 mM phosphate buffer pH 7.4.

Aminopeptidase P activity was measured using 500 mM
H-Lys(Abz)-Pro-Pro-pNA in 100 mM Tris–HCl, pH 7.5

containing 4 mM MnCl2 [18].

The substrate concentrations were chosen near the Km.

Enzymes were preincubated with the inhibitor for 15 min

at 37 8C. The reactions were started by addition of the

appropriate substrate. Initial rates were measured by mon-

itoring the absorbance at 405 nm in a final volume of

200 ml using the Spectramax340 (Molecular Devices,

Sunnyvale, CA) microtiterplate reader, at 37 8C.

2.5. Slow-tight-binding inhibition curves and

dissociation kinetics

The time dependency of DPP IV inhibition by Vilda-

gliptin was measured under pseudo-first-order conditions

by adding 160 ml DPP IV to 40 ml of a mixture of inhibitor

and substrate and recording the release of free pNA at

405 nm using a Molecular Devices SpectraMax340 micro-

titerplate spectrophotometer. Progress curves were

recorded using 2 U/l of DPP IV in 50 mM Tris–HCl,

1 mM EDTA, pH 8.3, at 37 8C. The final Gly-Pro-pNA

concentrations ranged between 1 and 0.05 mM, the inhi-

bitor concentrations were 250, 200, 150, 100, 50, 25 and

0 nM. The absorbance was measured every 5 or 10 s during

30 min or 1 h and blank absorbance values were subtracted

from the data prior to subsequent calculations. Care was

taken that no more than 10% of the substrate was converted

during the reaction time. Data were exported into Micro-

soft Excel and curve fitting was performed using GraFit5

[19]. Data were fitted to the equation for slow binding

inhibition [20]

A ¼ Ao þ ðvo � vsÞ
1 � exp ð�kobstÞ

kobs

� �
þ vst (1)

where A is the absorbance; vo and vs, the initial and final

steady-state rates (expressed in A/time); t, time and kobs,

the observed pseudo first order rate constant of inhibitor

binding.

Steady-state rates obtained from each progress curve

were fitted against substrate and inhibitor concentrations

using the rate equation for competitive inhibition

vs ¼ Vmax

½S�
ðKmð1 þ ½I�=KiÞÞ þ ½S� (2)

and for mixed inhibition

vs ¼
Vmax½S�

Kmð1 þ ½I�=KiÞ þ ½S�ð1 þ ½I�=K 0
iÞ

(3)

by non-linear regression analysis. An F-test was preformed

in order to determine the type of inhibition and the

corresponding inhibition constants. The Km for Gly-Pro-

pNA was 100 mM.

In order to follow the dissociation of the Vildagliptin–

DPP IV complex, aliquots of DPP IV were incubated

without inhibitor and in the presence of 2.25 mM Vilda-

gliptin at 37 8C. After 15 min the aliquots were diluted
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Table 1

Selectivity of Vildagliptin for various enzymes

Enzyme source IC50 (mM)

Dipeptidyl-peptidase IV

Purified from human seminal fluid 0.120 
 0.011

Caco2 cell lysate 0.117 
 0.005

Human EDTA-plasma 0.102 
 0.001

Recombinant human dipeptidyl-peptidase 8 9.0 
 0.1

Dipeptidyl-peptidase II purified from

human seminal fluid

>1000

Prolyl oligopeptidase >1000

Aminopeptidase P in human platelet lysate >100

Aminopeptidase N purified from human seminal plasma >1000

The kinetic assays were performed as described in Section 2. Results are

expressed as mean 
 S.E.M (n = 3).
100-fold into 0.5 mM Gly-Pro-pNA in 50 mM Tris–HCl,

1 mM EDTA, pH 8.3. The dissociation of the enzyme–

inhibitor complex was monitored by substrate hydrolysis

by measuring the absorbance every 10 s during 30 min.

2.6. Substrate decay curves

2.6.1. Gly-Pro-pNA

The time course of the complete degradation of Gly-Pro-

pNA by DPP IV was measured in 50 mM Tris–HCl, 1 mM

EDTA, pH 7.5, at 37 8C. The final substrate concentration

was 5 mM. The inhibitor concentrations were 200, 150,

100, 50, 25, 10 and 2.5 nM. The reaction was started by

adding 100 ml of DPP IV to 100 ml of a mixture of Gly-

Pro-pNA and inhibitor. The final DPP IV concentration

was 29 U/l. The release of pNA was followed at 405 nm

every 10 s during 60 min. Blank absorbance values were

subtracted from the data prior to subsequent calculations.

2.6.2. Substance P, GIP and GLP-1

To study the decay curves of peptide substrates (sub-

stance P, GIP and GLP-1), 70 ml of DPP IV was mixed with

70 ml of a solution containing substrate and inhibitor and

incubated at 37 8C in presence of 50 mM Tris–HCl buffer,

pH 7.5, 1 mM EDTA. The final DPP IV concentration was

29 U/l. The substrate concentration was 5 mM and Vilda-

gliptin concentrations varied between 10 and 200 nM. At

certain time intervals, 20 ml samples were withdrawn and

quenched in 0.2% trifluoroacetic acid. C18 ZipTips (Milli-

pore Corp., Bedford, MA) were used to desalt the samples.

Elution was performed step-wise with 10 ml of 30 and 50%

acetonitrile in 0.1% acetic acid. The composition of the

mixture was determined with an Esquire ESI Ion Trap mass

spectrometer (Bruker, Bremen, Germany). The instrument

was used in a normal range, normal resolution setting,

optimized on an m/z value near the most abundant ion of

the intact peptide. The spectra were deconvoluted and

the concentrations of the intact and truncated peptides

were calculated from their relative abundance. The con-

centration of intact peptide was plotted against time.

Peptide decay data were analyzed as a single exponential

decrease and the in vitro t1/2 was determined as described

[21].
Fig. 1. Progress curves of Vildagliptin binding to DPP IV in presence of

0.1 mM Gly-Pro-pNA. The Vildagliptin concentrations were 0 (A), 50 (B)

and 250 nM (C). The inset shows the dissociation of the Vildagliptin–DPP

IV complex (D) after dilution to a final inhibitor concentration of 22.5 nM in

presence of 0.5 mM Gly-Pro-pNA. Curve E is the control reaction in

absence of inhibitor.
3. Results

3.1. Selectivity

In Table 1, we report the IC50 values of Vildagliptin

obtained in standard conditions (see Section 2) using

several sources of DPP IV and a number of potentially

interfering proteases.

The IC50 of Vildagliptin for DPP IV was in the 100 nM

range, irrespective whether purified DPP IV, human

EDTA-plasma or Caco2-cell homogenates were used. Only
DPP 8 was inhibited in this in vitro selectivity screening

(IC50 of 9.0 
 0.1 mM); the activity of DPP II, prolyl

oligopeptidase, aminopeptidase P and aminopeptidase

N was not significantly affected by Vildagliptin in the

0.1–1 mM concentration range.

3.2. Kinetics of binding and dissociation

As illustrated in Fig. 1, the reaction progress curves in

the presence of varied concentrations of Vildagliptin show

a clear time and concentration dependent approach to the

steady-state which is a characteristic of slow binding

inhibition kinetics. The slow recovery of the enzymatic

activity, after dilution of the pre-formed enzyme–inhibitor

complex, proved that Vildagliptin was a reversible DPP IV

inhibitor (Fig. 1, inset). The progress curves were fitted to
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Fig. 2. Kinetic analysis of Vildagliptin binding to DPP IV. The observed

pseudo-first order rate constants (kobs) show a hyperbolic dependency upon

the inhibitor concentration, indicative of a two step binding mode. The Gly-

Pro-pNA concentrations were (~) 0.05, (~) 0.1, (&) 0.2, (&) 0.3, (*) 0.4,

and (*) 0.5 mM. The dependency of the apparent second order rate

constant (kapp) on the substrate concentration is shown in the inset. This

behavior is typical for a competitive inhibitor.

Table 2

Comparison of the kinetic parameters for DPP IV inhibition by Vildagliptin

and NVP-DPP728

Vildagliptin NVP-DPP728

Ki (nM) 17 
 2 11 
 4

kon (105 M�1 s�1) 1.4 
 0.5 1.3 
 0.3

koff (10�3 s�1) 2.5 
 0.7 1.3 
 0.2

Parameters were determined as in Figs. 2 and 3 from two independent

experiments, each performed in duplicate. The errors are the S.E.M. koff

could not be accurately determined from the intercepts of the plots in Fig. 2,

it was calculated using the Ki = koff/kon equation. Parameters for NVP-

DPP728 are from Hughes et al. [27].

Fig. 3. Vildagliptin is a competitive inhibitor. The steady-state rates were

measured in function of the substrate concentration at different Vildagliptin

concentrations. The Ki was determined by fitting the data with the equation

for competitive inhibition using a non-linear least squares program but here

the data are shown as a Dixon plot. The Ki corresponds to the negative

X-axis value of the intersection of the lines obtained at various substrate

concentrations: (*) 0.05, (&) 0.1, (&) 0.2, (~) 0.3, (~) 0.4, and (5)

0.5 mM.
Eq. (1) to obtain values for kobs, the observed pseudo first

order rate constant for inhibitor binding. As shown in

Fig. 2, there was a linear relationship between kobs and

the inhibitor concentration only at the higher substrate

concentrations. At the lower substrate concentrations the

dependency was hyperbolic. This behavior is often

observed with slow-tight binding inhibitors and reflects

a two-step binding mode.

E þ @
K1

EI@
k2

koff

EI�

In the first step, the inhibitor forms a rather weak

complex with the enzyme (EI) that is converted to the

final high affinity EI* complex in a rate limiting first order

step. The hyperbolic curves of Fig. 2 reflect the saturation

of the initial equilibrium. Because there was competition

between the substrate and the inhibitor for the free enzyme,

the apparent affinity of step 1 decreased when the substrate

concentration increased. The expression for kobs as a

function of the inhibitor concentration is given by Eq. (4).

kobs ¼ koff þ k2

½I�
K1app þ ½I� (4)

koff is the overall dissociation rate constant; k2, the first order

rate constant of the slow second step; K1app, the apparent

dissociation equilibrium constant of the first step and [I], the

total inhibitor concentration. The value of koff could only be

determined from the data points at 0.3–0.5 mM substrate,

which lie on a straight line in Fig. 2. It is independent of the

substrate concentration and was kept constant for the fitting

of the hyperbolic curves with Eq. (4).

When K1app � [I], Eq. (4) becomes linear. This allows

us to define an apparent second order rate constant, kapp.
For a competitive inhibitor the expression of this apparent

second order rate constant is

kapp ¼ k2

K1app

¼ k2

K1ð1 þ ½S�=KmÞ
(5)

where K1 is the dissociation equilibrium constant of the

first step; Km, the Michaelis constant of Gly-Pro-pNA and

[S], the total substrate concentration. K1app (>200 nM) and

k2 (approximately 0.02 s�1) were difficult to determine

from the plots in Fig. 2 because there were no data at

saturating inhibitor concentrations. On the other hand, kapp

could be determined more accurately from the slope or the

tangent to the initial part of the hyperbolic plots. The

substrate dependency of kapp was compatible with compe-

titive inhibition (inset in Fig. 2). The substrate-independent

second order rate constant (kon = k2/K1) was obtained from

the relationship expressed in Eq. (5).

The kinetic constants derived from experiments, such as

in Fig. 2 are summarized in Table 2.

The Ki was calculated from the steady-state rates using

the equation for competitive inhibition (Fig. 3, Table 2).
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Fig. 4. Inhibition of DPP IV-catalyzed truncation of GIP and GLP-1. Decay

of GLP-1 (A) and GIP (B) in presence of increasing concentrations of

Vildagliptin: 0, 10, 25, 50 and 100 nM with GLP-1 and 0, 10, 25, 100 and

250 nM with GIP.
At first glance a Ki of 17 nM seems to be incompatible

with the observed IC50 for DPP IV. However, as Vilda-

gliptin is a slow binding inhibitor, special attention must be

paid to how the IC50 value was obtained. As described in

the experimental section, the enzyme was incubated with

the inhibitor for 15 min prior to activity measurements.

This time period is too short for the lower concentrations of

inhibitor to equilibrate with the enzyme. The slow-binding

kinetics might also explain the inconsistencies in the

reported IC50 values [9,22].

3.3. Substrate decay curves

The reaction between DPP IV and natural peptides, and

its inhibition by Vildagliptin, was followed by determining

the composition of the reaction mixture at several time

points using mass spectrometry. It was necessary to quan-

tify the amount of peptide converted at various time points

[21]. To achieve this the abundance signal of the mass

spectrometer must be proportional to the concentration and

this proportionality factor must be the same for the intact

and truncated peptides. This was the case for GIP, with a

mass of 4984.6 for the intact and 4750.4 for the truncated

peptide. For GLP-1 masses of 3298.7 and 3089.9 were

observed for the intact and the truncated peptide, respec-

tively. The data from the decay of GIP and GLP-1 were

analyzed as a single exponential decrease, where the

concentration of intact peptide was plotted against the

incubation time (Fig. 4).

The substance P mass spectra were less straightforward,

mainly due to fragmentation of the peptides during analysis.

For the intact peptide the native mass of 1347 was observed

and also a fragment of mass 1200. The first truncation (SP-2)

was characterized by molecules with mass of 1094 and 947,

while the second truncation (SP-4) was characterized by

masses 869 and 722. In addition, the reaction products and

their fragments carried different charges as both truncations

removed a dipeptide with a positive side chain (Arg-Pro,

Lys-Pro) from substance P. Because an electron spray

ionization type mass spectrometer was used, the various

substance P fragments and degradation products were dif-

ferently distributed in the mass spectra as 3+, 2+ and 1+ ions.

Whereas it was relatively easy to calibrate the mass spectro-

metric abundance with mixtures of intact and fully truncated

(SP-4) substance P, this was problematic with the inter-

mediate form that does not accumulate during the reaction.

The substance P decay curves were analyzed as consecutive

reactions (Fig. 5). The decay of the intact form was described

by a single exponential decrease. In absence of inhibitor the

intermediate (SP-2) form was only transiently observed and

the fully truncated (SP-4) form appeared after a typical lag

time.

The effect of Vildagliptin on the in vitro truncation of the

peptides is summarized in Table 3.

In absence of inhibitor the in vitro half-life is inversely

proportional to the kcat/Km value of the peptide substrate (at
a given enzyme concentration). The selectivity of DPP IV

for substance P compared to GLP-1 and GIP can thus be

deduced from the data in Table 3. The amount of inhibitor

required to double the half-life of the peptide may be

considered as an empirically defined IC50. This experi-

mental parameter may differ from the theoretical Ki due to

the slow binding kinetics of Vildagliptin and competition

with the substrate. Kinetic factors were important, cer-

tainly at the lower concentrations of the inhibitor. At

10 nM, the time required to reach equilibrium was approxi-

mately 25 min. This was obvious from the IC50 of the first

truncation of substance P (25–100 nM range) compared to

that of the second truncation (10–25 nM range). Competi-

tion with the substrate was probably not very important

since the substrate concentration used (5 mM) was sub-

stantially lower than the reported Km values for GIP, GLP-1

and substance P [23–26]. This is illustrated by the IC50

values determined with GIP and GLP-1, that were in the

10–25 nM range, similar to the Ki of 17 nM determined

from the kinetic experiments using the chromogenic sub-

strate.
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Fig. 5. Inhibition of DPP IV-catalyzed truncation of substance P. Truncation of substance P with 29 U/l DPP IV in presence of 0 nM (A), 25 nM (B), 100 nM (C)

and 250 nM (D) Vildagliptin: (*) full-length substance P, (*) substance P after first truncation, (&) substance P after second truncation. The relative

abundance is the abundance of the specified peptide divided by the sum of the abundances of all the observed peptides.
Also the time course of the conversion of the chromo-

genic substrate was followed in conditions identical to

those used with the peptide substrates (Table 3). The

decay curves of Gly-Pro-pNA in presence of Vildagliptin

proved to be well suited to illustrate the effect of the slow-

binding kinetics. The half-life of the chromogenic sub-

strate is shorter than that of the peptides and the time

required for the enzyme to equilibrate with the inhibitor is
Table 3

Half-life of substrates in the presence of DPP IV and Vildagliptin

N-terminus t1/2 (min)

[Vildagliptin] (nM)

0 10 25

GIP YAEGTFISD- 15 
 1 35 
 2 58 


GLP-1 HAEGTFTSD- 7 
 1 11 
 1 18 

12 
 1a

Substance-P RPKPQQFFGLM 9 
 1 11 
 2 14 


SP-2 KPQQFFGLM 11 
 3 12 
 1 26 

Gly-Pro-pNAb 2.3 
 0.2 3.4 
 0.4 6 

Half-lives were obtained from substrate decay curves, such as in Figs. 4–6. For GIP,

curves with a single exponential decay. For Gly-Pro-pNA the errors are the S.E.
a Inhibitor was preincubated with the enzyme for 15 min at 37 8C prior to add
b t1/2 calculated from the time points where the inhibitor is in equilibrium wit
not at all negligible compared to t1/2. In presence of

Vildagliptin, the time course of pNA formation had

two distinct phases: (1) the initial phase reflecting the

disappearance of free enzyme into the EI* complex and

(2) the final phase where the substrate decayed exponen-

tially as the free enzyme concentration remained constant

(Fig. 6). When the t1/2 was based only on the second

phase, the IC50 value was 17 
 1 nM, similar to the
50 100 150 200 250

6 217 
 20 462 
 31

165 
 27a

1 36 
 2 67 
 5

1 30 
 2 42 
 1

45 
 2a

4 >60 >60

1 11 
 1 23 
 3 36 
 1 38 
 6

GLP-1 and substance P the errors represent the standard error on the fit of the

M. of two to five determinations.

ition of substrate.

h the enzyme.
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Fig. 6. Decay curve of 5 mM Gly-Pro-pNA in presence of 25 nM Vilda-

gliptin. The absorbance increase due to pNA release occurs in two phases.

Initially little inhibitor is bound and the reaction proceeds fairly fast. After

approximately 10 min the equilibrium between DPP IV and Vildagliptin is

reached and the substrate decay becomes exponential. In the lower panel the

difference between the observed and fitted data points are plotted as a

function of time. The closed circles represent the fit with a single expo-

nential using all time points. The systematic deviation in the initial phase is

large. The open circles represent the fit with a single exponential using only

the time points of the second phase (curve shown in the top panel). In

absence of inhibitor the substrate decay curves are exponential (data not

shown).
values obtained with GIP, GLP-1 and the second cleavage

of substance P.

In a separate experiment, GLP-1 and GIP were com-

bined and incubated together with enzyme and inhibitor
Fig. 7. Inhibition of the simultaneous truncation of GLP-1 and GIP by DPP

IV. Decay curves are shown for GLP-1 (filled symbols) and GIP (open

symbols) simultaneously incubated with 29 U/l DPP IV without inhibitor

(circles) and in the presence of 25 nM Vildagliptin (squares).
(25 nM). As shown in Fig. 7, the peptides were converted at

different rates, consistent with their kcat/Km values. The

relative increase in t1/2 was the same for both substrates and

similar to what was observed when they were incubated

separately.
4. Discussion

Vildagliptin was developed following a transition-state

mimetic approach [9]. It belonged to a class of potent

cyanopyrrolidine inhibitors in which a glycyl Xaa moiety

was substituted with aliphatic and aromatic substituents.

Hughes et al. [27] called these inhibitors remarkably

specific for inhibition of DPP IV relative to other post-

proline or post-alanine cleaving enzymes. The nitrile group

on the pyrolidide ring of Vildagliptin proved to be very

important for the high potency. Moreover, it turned out to

be compatible with oral administration. The essential

adamantyl group reduced the ability of the compound to

cyclisize to its corresponding less active imidine deriva-

tive, an intermediate that could be formed by its prede-

cessor, the less stable NVP-DPP728 [10,27,28]. As a

candidate drug for a chronic illness, NVP-DPP 728 suf-

fered from a short duration of action in vivo [9].

Vildagliptin is a slow-binding inhibitor, which inhibits

DPP IV in a two step mechanism, as was reported for NVP-

DPP728 [27]. We showed that Vildagliptin is a reversible,

competitive inhibitor with association and dissociation rate

constants similar to those published for NVP-DPP728 [27].

The K 0
is of both inhibitors were also in the same range

(Table 2).

During structure-activity relationship studies of large

series of compounds, IC50 values are an excellent way of

comparing the relative inhibitory potency. When IC50

values are reported, no assumptions are made concerning

the mechanism of inhibition. The values usually depend

upon the assay conditions which limits interlaboratory

comparison. IC50 values between 2 and 4 nM were

reported in the original study of NVP-LAF237 for DPP

IV of different sources [9]. This is in the range of the Ki

value determined in this study. In a counter-screening for

DPP8 inhibitors, Jiaang et al. [22] published an IC50 of

51 nM for DPP IVand 14 mM for DPP8, similar to our data

(Table 1).

The choice of peptidases for the selectivity studies was

based on similarities with DPP IV concerning substrate

selectivity and/or catalytic mechanism. The dipeptidyl

peptidases II and 8 share with DPP IV a preference for

substrates with a penultimate proline residue and prolyl

oligopeptidase cleaves after a proline residue within a

peptide chain. These three enzymes all belong to the prolyl

oligopeptidase family within the clan SC of peptidases

with serine type mechanism. Another peptidase included in

the selectivity study was aminopeptidase N also known as

CD13 which is, like DPP IV, a membrane bound enzyme.
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Aminopeptidase P is a metalloproteinase that removes the

N-terminal amino acid when there is a proline in second

position.

The affinity of Vildagliptin for DPP8 was low compared

to DPP IV. It is not known whether in vivo DPP8 is

inhibited upon administration of therapeutic doses of

Vildagliptin. Acute toxicity in animal models was reported

for at least one compound with strong DPP8/9 inhibitory

potency [13]. To date no in vivo effects of Vildagliptin were

reported that point to a pharmacological impact of the

inhibition of other peptidases.

First reports on the safety profile of Vildagliptin are very

promising but as is the case for all new pharmacological

agents, additional studies are needed to obtain a thorough

insight in the in vivo effects of DPP IV inhibition [4,10].

The involvement of DPP IV in the in vivo metabolism of

different peptides may open new pharmaceutical opportu-

nities for DPP IV inhibitors or may form the basis for side-

effects. Many peptides have been described as DPP IV

substrates in vitro; for only a few this role has been

confirmed in vivo (reviewed in [1]). For the in vitro study

of Vildagliptin action in presence of natural peptides we

chose GLP-1 and GIP since they are the physiological

target and their catalytic parameters (with DPP IV) were

previously reported [23–25]. GLP-1 and GIP are somewhat

atypical DPP IV substrates, as they are cleaved after an

alanine instead of a proline. In vivo effects (unrelated to

glucose homeostasis) of DPP IV truncation have been

reported for a number of peptides that are cleaved after

proline, including several chemokines, neuropeptide Y and

substance P [21,26]. Substance P was chosen in the present

study as a representative of Xaa-Pro containing peptide

substrates. Preliminary results with SDF-1alpha indicated

that the truncation of this chemokine is also efficiently

inhibited by Vildagliptin in vitro (data not shown). The

methods described here may be used to investigate hypoth-

eses of substrate specific inhibition by other inhibitors in

presence of other interesting DPP IV substrates, such as

glucagon.

The crystal structures of DPP IV in complex with

substrates and inhibitors provide some insight in how

relatively short peptides bind in the active site [29–33].

However, there is only limited information on how larger

peptides, for example incretins and chemokines, interact

with the enzyme. This has led to some speculation con-

cerning, for example, the role of the beta-propeller domain

in controlling the access to the active site and the exact

route of entry to the active site. From kinetic experiments

with natural peptide substrates, inhibition experiments

with oligopeptides and equilibrium binding experiments

with GLP-1, there is some evidence for long-range inter-

actions between peptides and DPP IV [21,34–37]. For

example, the great efficiency of cleavage after the penul-

timate alanine by DPP IV of peptides, such as GLP-1 and

GIP compared to dipeptide-derived alanine containing

chromogenic substrates may be an indication that extended
substrate interactions are used to stabilize the transition

state of the hydrolysis of these peptide substrates. These

considerations and rumors of half-of-the-site activity and

allosteric interactions by peptide sequences have fuelled

the concern that screening of lead compounds with small

chromogenic or fluorogenic substrates may be insufficient

to develop an efficient and ‘‘substrate-selective’’ DPP IV

inhibitor. In the results presented in this paper there was no

evidence for substrate specific inhibition of DPP IV by

Vildagliptin or of important allosteric factors affecting the

inhibition constant in presence of GIP and GLP-1. When

GIP and GLP-1 are presented simultaneously to DPP IV,

they are degraded at rates proportional to their kcat/Km

values as expected for competing substrates. The trunca-

tion of both peptides is inhibited to the same extent. These

observations are in full agreement with the competitive

behavior of Vildagliptin: it acts by reducing the amount of

free enzyme available for substrate hydrolysis.
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