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ARTICLE 

Fluorogenic Substrate Ala-Pro-Cresyl Violet But Not 
Ala-Pro-Rhodamine 110 Is Cleaved Specifically by DPPIV activity: 
A Study in Living Jurkat Cells and CD26/DPPIV-transfected 
Jurkat Cells 

Emil Boonacker, Sjoerd Elferink, Abdennasser Bardai, Bernard Fleischer, 
and Cornells J.F. Van Noorden 

Academic Medical Center, University of Amsterdam, Department of Cell Biology and Histology, Amsterdam. 
The Netherlands (EB,SE,AB,CJFVN), and Bernhard Nocht Institute for Tropical Medicine, Hamburg, Germany'(BF) 

SUMMARY Fluorogenic substrates [Ala-Pro]2-cresyl violet and Ala-Pro-rhodamine 110 
have been tested for microscopic detection of protease activity of dipeptidyl peptidase IV 
(DPPIV) in living cells. DPPIV activity is one of the many functions of the multifunctional or 
moonlighting protein CD26/DPPIV. As a model we used Jurkat cells, which are T-cells that 
lack CD26/DPPIV expression, and CD26/DPPIV-transfected Jurkat cells. Ala-Pro-rhodamine 
110 is not fluorescent, but after proteolytic cleavage rhodamine 110 fluoresces. [Ala-Pro]2-
cresyl violet is fluorescent by itself but proteolytic cleavage into cresyl violet induces a shift 
to longer wavelengths. This phenomenon enables the simultaneous determination of local 
(intracellular) substrate and product concentrations, which is important for analysis of ki- KEY WORDS 
netics of the cleavage reaction. [Ala-Pro]2-cresyl violet, but not Ala-Pro-rhodamine 110, ap- living cell cytochemistry 
peared to be specific for DPPIV. When microscopic analysis is performed on living cells dur- protease 
ing the first minutes of the enzyme reaction, DPPIV activity can be precisely localized in metabolic mapping 
cells with the use of [Ala-Pro]2-cresyl violet. Fluorescent product is rapidly internalized into biocomplexity 
submembrane granules in transfected Jurkat cells and is redistributed intracellular^ via in- CD26/DPPIV 
ternalization pathways that have been described for CD26/DPPIV. We conclude that [Ala- Jurkat cells 
Pro]2-cresyl violet is a good fluorogenic substrate to localize DPPIV activity in living cells confocal scanning laser 
when the correct wavelengths are used for excitation and emission and images are cap- microscopy 
tured in the early stages of the enzyme reaction, (j Histochem Cytochem 5 1 : H - H . 2003) fluorescence microscopy 

Now that genomes of species are becoming elucidated 
and proteomic analyses in health and disease are un
der way, analysis of functions of proteins is becoming 
more important than ever (Jessani et al. 2002). Bio
complexity demands functional analysis in living cells 
and tissues because interactions between macromole-
cules and post-translational modifications regulate 
functions of many macromolecules. This is especially 
true for enzymes, because their activity and/or their ki-
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netic parameters often depend on the microenviron-
ment of the enzyme (Swezey and Epel 1986; Jonges et 
al. 1992; Van Noorden et al. 1997a,2002; Bleeker et 
al. 2000). Therefore, metabolic mapping in living cells 
and tissues and especially of proteolytic enzymes has 
gained enormous attention in recent years (Haagland 
1995; Perham 2000; Sameni et al. 2000; Boonacker 
and Van Noorden 2002; N4iklos and Maleszka 2001; 
Hahn and Toutchkine 2002; Patton and Becchem 
2002). 

Various types of synthetic fluorogenic substrates 
are available for detection of activity of proteases in 
living cells (for review see Boonacker and Van 
Noorden 2001). Usually the substrate consists of one 
or more sequences of amino acids and a leaving 
group. The amino acid sequence(s) in the substrate de-
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termine(s) to a large extent the specificity for a pro
tease on the basis of interactions between the amino 
acid sequence and the active site of the enzyme. Speci
ficity of synthetic substrates is obtained by studying 
variations in the specificity constant on substitutions 
or alterations of single amino acids in the substrate 
(Leytus et al. 1983b). Figure 1 shows two examples of 
fluorogenic substrates to detect dipeptidyl peptidase 
IV (DPPIV) activity. Substrate specificity is based on 
the amino acid sequence alanine-proline (Ala-Pro) 
(Demutb and Heins 1995) and the leaving groups are 
either rhodaminc 110 (Figure 1A) or cresyl violet (Fig
ure IB). Rhodamine 110 is not fluorescent when 
amino acids are attached, as it is completely quenched 
(Leytus et al. 1983a) and becomes fluorescent after 
proteolytic release, whereas cresyl violet is always flu
orescent even when amino acid sequences are attached 
but fluorescence is shifted to a longer wavelength 
when the amino acid sequences are removed (Boon-
acker and Van Noorden 2001). However, the amino 
acid sequence does not completely determine substrate 
specificity because intrinsic chemical properties of flu-
orophores in synthetic substrates may also affect the 
reactivity of the substrate with the protease (Chase 
and Shaw 1969; Boonacker and Van Noorden 2001; 
Lorey et al. 2002). This phenomenon can be due to 
steric hindrance or to particular chemical properties of 
the fluorophore. Assay conditions also determine reac
tivity of a synthetic substrate with the enzyme. When 
intact cells or tissues are used, homologous proteases 

may interfere with the cleavage of the synthetic sub
strate. 

Proline is a unique amino acid because of its cyclic 
structure. This specific conformation of proline im
poses many restrictions on cleavage of peptides and 
proteins that contain proline. A large series of physio
logically important biomolecules contain proline in 
the penultimate position and their biological proper
ties are highly regulated by this proline motif. Only a 
limited number of proteases can cleave proline-con-
taining peptides (Yaron and Naider 1993; Demuth 
and Heins 1995). Until recently, it was believed that 
CD26/DPPIV was one of the very few proteases that 
can cleave off a terminal dipeptide from proteins with 
proline in the penultimate position, but it has been re
cently shown that this is not the case (Boonacker and 
Van Noorden 2003). It appeared that a series of DP
PIV homologues exist. For example, DPPII acts prefer
entially at acidic pH (Lojda et al. 1976) and prolyl 
carboxypeptidase shows similar activity as CD26/DP-
PIV (Rawlings and Barrett 1996; Sedo and Malik 
2001). Recently, it was found that specific inhibitors 
ot post-proline-cleaving proteases cause apoptosis in 
quiescent lymphocytes independently of CD26/DPP1V. 
These results lead to the discovery of another proline-
specific peptidase, quiescent cell proline dipeptidase 
(Chiravuri et al. 1999; Underwood et al. 1999). Qui
escent cell proline dipeptidase was cloned from a Jur-
kat T-cell line that lacks CD26/DPPIV expression. The 
putative active site residues serine, aspartate, and his-

Ala-Pro— C— NH NH —C — Pro-Ala 

CD26/DPPIV 

[Ala - Pro]2 - cresyl violet cresyl violet 

NH —C — Pio-Ala H-C 

CD26/DPPIV 

• Ala-Pro 

B 
A l a - P r o - rhodamine 110 rhodamine 110 

F igure 1 S t ruc tu ra l f o rmu las o f t h e m o n o s u b s t i t u t e d A l a - P r o - r h o d a m i n e 110 (A) and b i subs t i t u ted |A la-Prop-cresy l v i o l e t (B) syn the t i c sub

strates a n d t h e reac t i on scheme o f the i r c leavage by DPPIV ac t i v i t y i n t o t h e p roduc ts A la-Pro a n d r h o d a m i n e 110 (A) a n d cresyl v io le t (B). re

spect ive ly . 
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t idine of quiescent cell proline dipeptidase shows an 
order ing of the catalytic triad similar to that in the 
posr-proline-cleaving exopeptidases prolyl earboxypep-
t idase and CD26/DPPIV (David et al . 1993 ; Hoope r et 
al . 2001) . DPPIV homologues are listed in Sedo and 
Malik (2001) and in Boonacker and Van Noorden 
(2003) . T o study activity of DPPIV and its homo
logues in a specific manner , the characteristics of fluo-
rogenic subst ra te have to be k n o w n . 

In this s tudy we compared the reactivity of two syn
thetic substra tes tha t contain the same amino acid se
quence but different fluorogenic leaving groups , cresyl 
violet (Van N o o r d e n et al . 1997b) and rhodamine 110 
(Leytus et al . 1983a ,b ; Figure 1), in the analysis of 
DPPIV activity after purification and in living Jurkat 
cells lacking CD26/DPPIV and CD26/DPPIV-t rans-
fected J u r k a t cells (Hegen et al . 1993a,h; Tanaka et al . 
1993) to establish to w h a t extent the Ala-Pro-contain-
ing substra tes are specific for DPPIV. We found that 
the t w o substrates show different specificities towards 
DPPIV-like proteases , depending on the leaving g roup . 
|Ala-Pro|2-cresyl violet is specific for DPPIV activity 
whereas Ala-Pro- rhodamine 110 is no t . We concluded 
tha t |Ala-Pro]2-cresyl violet is the preferred substrate 
for microscopic analysis of DPPIV activity in living 
cells. Because of the highly dynamic character of (en
zymatic) processes in living cells and to avoid diffu
sion of cresyl violet from sites in cells where it is 
formed, microscopic images have to be taken during 
the first few minutes of incubat ion of cells. 

Mater ia ls and Methods 

Jurkat Cell Lines 

Jurkat cells (clone F.6-1; American Type Culture Collection, 
Manassas, VA), which lack CD26/DPPIV expression, were 
used as well as Jurkat cells transfected with CD26/DI'1'IV 
(Hegen et al. 1993a,bl. This model system enables the deter
mination of specificity of substrates for DPPIV. Clone 1:6-1 
was cultured in Iscove's modified Dulbccco's medium 
(IMDM; Bio-Whitaker, Walkcrsville, MDl supplemented 
with 10% fetal calf serum (FCS), whereas the CD26/DPPIV 
transfectants were grown in Dulbecco's modified medium 
supplemented with 10% FCS. containing glutamine (1 miYi) 
and Geneticin G418 (1 mg/ml; lnvitrogen, Carlsbad CA) to 
maintain the selection for the CD26/DPPIV construct 
(Hegen et al. 1993a,b; Tanaka et al. 1993). Before DPPrv' 
activity measurements, cells were washed twice in cold PBS. 
Intact cells were kept on ice before mixing with the incuba
tion media. Suspensions of 4 x 10'' cells/ml were used. Per-
mcabilization of cells was performed by ultrasonic treatment 
(three times, 5 sec each). 

Western Blott ing and Zymography of DPPIV Activity 

To test specificity of substrates, samples containing soluble 
CD26/DPPIV (sCD26/DPPIV) derived from human seminal 
fluid were run on polyacrylamide gels and submitted to 

Western blotting or were incubated in the presence of a se
ries of synthetic DPPIV substrates. sCD26/DPPIV was en
riched by isolating prostasomes from human seminal fluid, 
as described by Ronquist and Brody (1985). The pelleted 
prostasome fraction was resuspended in 20 m.Vl Tris-HCI 
(pH 7.4) containing 1% Triton X-100 for 1 hr at 4C. Sam
ples were treated ultrasonically three times for 5 sec each. 
Subsequently, 3 X Laemmli buffer, consisting of 150 m,Vl 
Tris-HCI (pH 6.8), 30% glycerol, 6% SDS, and 0 .3% brom-
phenol blue, was added and the samples were heated to 37C 
for 5 min. Equal amounts of proteins were transferred onto 
the gels. After electrophoresis at 20 mA per gel at 4C, gels 
were washed twice at room temperature (RT| with PBS con
taining 2 .5% Triton X-100 for 30 min to remove SDS. 

DPPIV activity was detected with the following sub
strates: 20 |AM |Ala-Prop-cresyl violet (Enzyme Systems 
Products and Prototek, Livermore, CA; Van Noorden et al. 
1997b). 20 |xM Ala-Pro-AFC (Enzyme Systems Products; 
Smith et al. 1997), or 20 p-M Ala-Pro-MNA (Enzyme Sys
tems Products; Smith et al. 1997) in 100 mM cacodylate 
buffer (pH 7.4), or 20 u.M Ala-Pro-rhodamine 110 (Molecu
lar Probes, Eugene, OR; Leytus et al. 1983a,b;) in 10 mM 
Tris-HCI buffer (pH 7.5). In the case of Ala-Pro-MXA. a 
coupling agent was added as well, either 1 mM nitrosalicyl-
aldehyde (Merck, Darmstadt, Germany; Van Noorden and 
Frederiks 1992) or Fast Blue B (FBBJ; Serva, Heidelberg, 
Germany; Van Noorden and Erederiks 1992). After 20 min 
of incubation, DPPIV activity was determined using a 
STORM Fluor-imager (Molecular Dynamics; Sunnyvale, 
CA) and Image Quant Software Package (Molecular Dy
namics) or, in the case of the chromogenic substrates, 
scanned on a flatbed scanner using white light. 

Samples were also subjected to Western blotting to deter
mine CD26/DPPIV protein expression. Proteins were blotted 
at 4C and 100 V to nitrocellulose paper for 1 hr. After 
washing in PBS containing 0.05% Tween, blots were 
blocked overnight with 5 % BSA in PBS. Blots were incu
bated with anti-CD26 antibody T a l (Central Laboratory for 
Blood Transfusion; Amsterdam, The Netherlands) at a dilu
tion of 1:100 in the blocking buffer containing 0.05% 
Tween for 1 hr, then washed twice in PBS containing 0.05% 
Tween. followed by 1-hr incubation with monoclonal horse
radish peroxidase-conjugated goat anti-mouse IgG (Nordic; 
Tilburg, The Netherlands) in a dilution of 1:200 in blocking 
buffer. Then blots were washed again in PBS. Finally, after 
10 min of incubation with Lumi-Light Western blotting sub
strate (Roche Diagnostics; Mannheim, Germany), chemilu-
minescence was detected by the Lumi-Imager (Roche Diag
nostics). 

Fluorescence Spectra of [Ala-Pro]2-Cresyl Violet 
Substrate and Cresyl Violet Product 

Fluorometric analysis of concentrations of [Ala-Prop-cresyl 
violet and cresyl violet acetate (Enzyme Systems Products) 
was performed on a LS 50 fluorescence spectrometer (Per-
kin-Elmer; Gouda. The Netherlands). |Ala-Pro|'-cresyl vio
let (20 U.M) and cresyl violet acetate (20 u,M) were mea
sured separately and mixed in 1:1 and 1:4 ratios. Excitation 
was performed at 496 nm and 591nm and fluorescence 
emission was monitored at wavelengths ranging from 500 
nm to 700 nm. 
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Thin-Layer Chromatography of [Ala-Pro]2-Cresyl 
Violet Substrate and Cresyl Violet Product 

To demonstrate fluorescent components in batches of sub
strate and product, separation by thin-layer chromatog
raphy (TLC) was performed, using silica gel-coated TLC 
plates (Merck; Darmstadt, Germany) as the stationary phase 
and methanol as the mobile phase. F.qual amounts of sub
strate and product molecules were dissolved in methanol 
and applied to TLC plates. The plates were placed upright in 
running fluid and ran until the front of the running fluid had 
reached the end of the plate. The plates were dried and 
stored for further analysis. Images of the plates were made 
using white light and a digital camera (Coolpix; Nikon, To
kyo, Japan) to demonstrate the color change from orange to 
violet as is also observed with the naked eye when living 
cells are incubated with the substrate in a cuvette. Then the 
plates were illuminated with UVA light (320-380 nm), and 
photographed with a UV-blocking filter (>500 nm) using 
the same camera. 

Fluorospectrometr ic Analysis of DPPIV Activity 
Living Jurkat cells and CD26/DPPIV-transfected Jurkat cells 
were harvested and DPPIV activity was determined by fluo-
rospcctrometry. Before DPPIV activity measurements, cells 
were washed twice in cold PBS. Intact cells were kept on ice 
before mixing with the enzyme incubation media. Parts of 
the cells were lysed by ultrasonic treatment three times for 5 
sec. Incubations were started at t = 0 by suspending Jurkat 
cells or transfected Jurkat cells in prewarmed PBS supple
mented with 1.7 mM CaCL and 1 mM MgCL at 37C con
taining 0-40 u-M of the DPPIV substrate |Ala-Prop-cresyl 
violet or Ala-Pro-rhodamine 110. Actual amounts of ester 
bonds that are cleaved are twice as high as that of the free 
fluorochrome in the case of |Ala-Pro]2-crcsyI violet, because 
two amino acid sequences are spliced off per cresyl violet 
fluorochrome (Figure 1). Incubations were carried out at 
37C by using prewarmed PBS to which the substrate was 
added just before the start of the incubation. The cell sus
pension was kept on ice before the incubation and added 30 
sec after the start of recording. For each measurement, 4 X 
10h living cells, or its equivalent in cell lysates, were in
cubated in a final volume of 1200 u.1 prewarmed PBS 
containing 0-40 u.M of |Ala-Pro|2-cresyl violet or Ala-Pro-
rhodamine 110 substrate. Fluorometric analysis was per
formed on an LS 50 fluorescence spectrometer under contin
uous magnetic stirring to keep cells in suspension. Cuvettes 
with an excitation light path of I cm and an emission light 
path of 4 mm were used. Excitation for cresyl violet was per
formed at 591 nm with a slit width of 10 nm and emission 
was detected at 628 nm with a slit width of 10 nm (Boon-
acker and Van Noorden 2001). Rhodamine 110 was excited 
at 491 nm with a slit width of 10 nm and emission was de
tected at 529 nm with a slit width of 10 nm (Boonacker and 
Van Noorden 2001). Fluorescence was measured continu
ously during the first 4 min of incubation. Because both syn
thetic substrates are not completely stable in aqueous so
lution, a spontaneous small but continuous increase of 
fluorescence is detected when the substrates are incubated in 
an aqueous solution. By starting the incubation with the me
dium containing the substrate only, fluorescence of Ala-Pro-

cresyl violet and due to spontaneous formation of product 
(both cresyl violet and rhodamine 110) was measured. These 
values were subtracted from fluorescence values obtained af
ter the cells were added to the medium, thus correcting for 
the spontaneous nonspecific increase in fluorescence. Fluo
rescence values were plotted against time. 

Confocal Microscopic Analysis of DPPIV Activity 
in Living Cells 

Confocal analysis was performed to localize DPPIV-like ac
tivity in living Jurkat and transfected Jurkat cells on a Leica 
SPi AOBS confocal microscope (Leica Microsystems; Mann
heim, Germany). In case of the use of |Ala-Pro|2-cresyl vio
let, fluorescence of both substrate and product was analyzed 
with settings of the AOBS for 488-nm excitation of the sub
strate and 594-nm for excitation of the product. Fluores
cence was measured at 515-576 nm and 613-734 nm for 
substrate and product, respectively. Each focal plane was 
scanned in a sequential manner in time, xyt, or in volume, 
xyz, for end-point images. In case of the use of Ala-Pro-
rhodamine 110, excitation was performed at 496 nm and 
emission was measured at 550-580 nm. Living Jurkat cells 
were incubated on the stage of a confocal microscope in 
Dulbecco's modified medium containing 0.1 mg/ml Geneti-
cin G418 and 1 mM glutamine and 10% FCS. This medium 
allowed prolonged incubations for longer periods of time 
without any significant cell damage. The suspended cells 
were incubated in 1 ml incubation medium on the micro
scope stage on a 7-irradiatcd glass bottom in a poly-L-lysine-
coated petri dish (MatTek; Ashland, MA). The nonadherent 
blood cells tend to stick after a certain period of time to the 
poly-L-lysine-coated glass bottom. After allowing the cells to 
adhere for a few minutes, cells were selecred in the transmis
sion image mode using white light and brought into focus, 
and transmission images were made to check whether cells 
were not moving any more. Then substrate was added by 
carefully dropping the substrate on top of the cells, prevent
ing the cells to drift out of focus or the field of observation. 
Then the substrate was added as 10 u.1 of a 100 X concen
trated stock solution to the medium. The petri dishes were 
mounted in the specimen clamp on the stage of the mi-
croscpe with the use of a circular rubber self-constructed 
O-ring. This enables the administration of the substrate di
rectly on top of the cells, while the cells can be imaged con
tinuously. The first fluorescence images were captured at 30 
sec after the substrate was added in a single focal plane at a 
rate of 1.8 sec per scan. In total, 200 images were made in 
6 min. Sequential scanning was performed to minimize 
crosstalk. 

Results 

Reactivity of' the various Ala-Pro-containing synthetic 
substrates with CD26/DPPIV was demonst ra ted with 
the use of an enriched fraction of sCD26/DPPIV that 
was submit ted to native gel electrophoresis and West
ern blott ing. Figure 2 demons t ra tes a similarly stained 
banding pat terns with t w o major bands of DPPIV ac
tivity obta ined with all substra tes tested. Western 
blott ing after staining with the ant i -CD26/DPPIV anti-
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-205 kD 

-120 kD 

85 kD 

Figure 2 DPPIV activity as detected after gel electrophoresis of 
SCD26/DPPIV enriched from prosteasomes in human seminal fluid 
with different synthetic substrates for DPPIV (Lanes 1-5) and CD26/ 
DPPIV protein after Western blotting (Lane 6). DPPIV activity is de
tected in Lane 1 with [Ala-ProP-cresyl violet (CV). in Lane 2 with 
Ala-Pro-AFC (AFC), in Lane 3 with Ala-Pro-rhodamine 110 (R 110), 
in Lane 4 with Ala-Pro-MNA in combination with NSA as coupling 
agent (MNA-NSA), in Lane 5 with Ala-Pro-MNA in combination 
with FBB* as coupling agent (MNA-FBB,:), and CD26/DPPIV is de
tected in Lane 6 with an anti-CD26 monoclonal antibody (Tal). Mo
lecular weight markers are presented at right. Native CD26/DPPIV is 
located just above the arrow of 120 kD, which is in agreement with 
the molecular weight of 140 kD of the native protein. Due to the 
limited number of excitation wavelengths on the storm scanner, 
emission intensities cannot be directly compared with respect to re
activity. 

body shows a similar banding pattern as well (Figure 
2). These findings indicate that all substrates identify 
DPPIV activity and demonstrate the different isoforms 
of DPPIV/CD26 as they occur in proteosomes. It 
should be noted that intensities cannot be compared 
directly due to the limited number of excitation wave
lengths available on the scanner used and thus to the 
more or less optimal excitation of the fluorophores. 

To characterize the shift in fluorescence that occurs 
after proteolytic cleavage of |Ala-Pro|2-cresyl violet 
into cresyl violet and Ala-Pro dipeptides, emission and 
excitation spectra were determined for both [Ala-
Pro |--cresyl violet substrate and cresyl violet product 
separately (Figures 3A and 3B), and in mixtures with 
different ratios (1:1, 1:4; Figure 3'C). Solutions of 20 
U.M were made of both substrate and product, and 
emission spectra were determined. When light of 480, 
500, 520, or 540 nm was used for excitation, [Ala-
Pro|2-crcsyl violet showed one emission peak at 570 
nm (Figure 3A). When excitation light of 560 or 580 
nm was used, emission was at a higher wavelength but 
insignificant. When light of 480, 500, 520, 540, 560, 
or 580 nm was used for excitation, the proteolytic 
product cresyl violet was fluorescent with one emis-

£.200 -

600 
Wavelength in nm 

600 
Wavelength in nm 

A 

Ala-Pro-
cresyl violet 

Cresyl violet 

Figure 3 Emission spectra of |Ala-
Pro]2-cresyl violet (A) and its cleavage 
product cresyl violet (B). [Ala-Pro];-
cresyl violet shows maximal absor-
bance at 488 nm and an emission 
maximal at 570 nm (A). Cresyl violet 
shows an absorbance maximum at 
591 nm and an emission maximum at 
628 nm (B). Both in A and B, spectra 
were collected using excitation light 
of 480, 500, 520. 540, 560, and 580 
nm. Excitation stray light peaks are 
present in both figures. Although the 
spectra are not corrected for excita
tion light energy, maxima of emission 
were consequently found at 570 nm 
for substrate and at 628 nm for prod
uct. (C) Mixtures of substrate and 
product in 1:1 and 1:4 ratios at subop-
timal excitation of wavelengths of 
480 nm and 540 nm that are available 
on commercial confocal microscopes. 
It shows that specific product fluores
cence is hard to detect when the 
wrong excitation is used. 1, Emission 
spectrum of 20 [iM [Ala-ProP-cresyl 
violet when excited at 480 nm. 2, 
Emission spectrum of 20 |a.M cresyl vi
olet when excited at 540 nm. 3, Emis
sion spectrum of [Ala-Pro]2-cresyl vio
let when excited at 540 nm. 4, Emission spectrum of cresyl violet when excited at 480 nm. 5, Emission spectrum of a 1:1 mixture of (Ala-
ProP-cresyl violet and cresyl violet when excited at 480 nm. 6, Emission spectrum of a 1:4 mixture of [Ala-Pro]2-cresyl violet and cresyl violet 
when excited at 540 nm. 7, Emission spectrum of a 1:4 mixture of (Ala-Pro]2-cresyl violet and cresyl violet when excited at 480 nm. (D) TLC 
analysis of [Ala-ProF-cresyl violet and cresyl violet. Lane 1 shows the orange-red color of [Ala-Prop-cresyl violet substrate as detected by il
lumination with white light. Lane 2 shows fluorescence of [Ala-Pro]'-cresyl violet substrate as detected with UVA light of 320-380 nm and a 
longpass filter of >50O nm. Lane 3 shows the deep red color of cresyl violet as detected by illumination with white light. Lane 4 shows fluo
rescence of cresyl violet as detected with UVA light illumination and a longpass filter. 

Wavelength (nm) 

D 
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Lysis of [Ala-Pro]z-cresyl violet Lysis of [Ala-Pro]2-cresyl violet F igure 4 (A) Increase in f luorescence 
in t i m e at 628 nm a f t e r exc i t a t i on at 
594 n m as a measure o f p r o d u c t i o n o f 
cresyl v io le t in a so lu t i on o f 20 u.M 
[Ala-Prop-cresyl v io le t in t h e presence 
or absence o f in tact l i v ing Jurka t cells 
lack ing CD26/DPPIV a n d CD26/DPPIV-
t rans fec ted Jurka t cells. The subs t ra te 
is n o t stable in the aqueous m e d i u m 
a n d cresyl v io le t is g e n e r a t e d in t h e 
m e d i u m w i t h subst ra te a lone ( l ine 3). 
Jurka t cells p roduce a simi lar increase 
in f luorescence as t h e m e d i u m w i t h 
substrate a l one ( l ine 2), w h e r e a s 
CD26/DPPIV-transfected Jurka t cells 
p roduce s ign i f i cant ly h i ghe r a m o u n t s 
o f f luorescence at 628 n m ( l ine 1). (B) 
Produc t ion of f luorescence in t i m e a t 
628 n m in in tac t ( l ine 5) a n d p e r m e -
ab i l i zed CD26/DPPIV-t ransfected Jur
ka t cells ( l ine 4). Pe rmeab i l i za t i on 
does n o t a f fec t t he ra te o f f l uo res 
cence p r o d u c t i o n (compare s lopes o f 
l ines 4 and 5). (C) Increase in f l uo res 
cence in t i m e a t 529 n m a f te r exc i ta 
t i o n a t 488 n m as a measure o f p r o 
d u c t i o n of r h o d a m i n e 110 i n a 

so lu t ion of 20 | i M us ing A l a - P r o - r h o d a m i n e 110 in the presence o r absence o f i n tac t l i v ing Jurka t cells lack ing CD26/DPPIV a n d CD26/DPPIV-
t rans fec ted Jurka t cells. A l a - P r o - r h o d a m i n e 110 a lone produces l i t t l e f luorescence, i nd i ca t i ng l i t t l e ins tab i l i ty o f t h e subst ra te in PBS ( l ine 3). 
but in tac t Ju rka t cells s h o w a d is t inc t a d d i t i o n a l increase in f luorescence ( l ine 2), i nd i ca t i ng t h a t t h e r h o d a m i n e 110-con ta in ing subst ra te is 
cleaved by proteases o t h e r t h a n DPPIV. CD26/DPPIV-transfected Jurkat cells s h o w a d is t inc t ly h i ghe r increase in f luorescence ( l ine 1). (D) Pro
d u c t i o n of f luorescence in in tac t ( l ine 5) a n d pe rmeab i l i zed CD26/DPPIV- t ransfected Jurka t cells ( l ine 4) a n d in tac t ( l ine 7) a n d p e r m e a b i -
l ized Jurka t cells ( l ine 7) us ing A l a - P r o - r h o d a m i n e 110 subst ra te . Permeab i l i zed cells s h o w h i g h e r rates of f luorescence p r o d u c t i o n t h a n in 
tact cells ( compare slopes o f l i ne 4 a n d l i ne 5, a n d slopes o f l ine 6 a n d l i ne 7). 
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sion peak only at 628 nm (Figure 3B). Because the 
broad fluorescence spectrum of the substrate |Ala-
Prop-cresyl violet, fluorescence of the product could 
not be detected specifically when excitation light was 
used at a wavelength <570 nm because the substrate 
caused too high levels of background fluorescence 
(Figure 3 Q . In practice, substrate concentrations are 
much higher than product concentrations in cells 
when initial stages of enzyme reactions are measured. 
On the other hand, the 570-nm fluorescence of [Ala-
Prop-cresyl violet substrate can be used to determine 
amounts of substrate present in both cells and/or incu
bation medium to enable the determination of kinetics 
of |Ala-Pro|2-cresyl violet cleavage on the basis of lo
cal substrate concentrations and production of cresyl 
violet. The spectra illustrate that for specific measure
ment of fluorescence of the cresyl violet product at 
628 nm, excitation at 591 nm must be used to avoid 
interference by fluorescence of [Ala-Pro]2-cresyI violet 
(Figure 3C). In conclusion, when an excitation wave
length of 591 nm is used, fluorescence at 628 nm is 
specific for the product. The substrate concentration 
can be measured using excitation at 488 nm and emis
sion at 570 nm. 

Ala-Pro-rhodamine 110 substrate is not fluores
cent, whereas the DPPIV reaction product, rhodamine 
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3B). Because the 110, has an excitation peak at 491 nm and an emis-
: substrate | Ala- sion peak at 529 nm (Leytus et al. 1983a,b). 
ie product could Comparison of | Ala-Pro|2-cresyl violet and cresyl 
itation light was violet bands after TLC shows the color shift in both 
use the substrate absorbance and fluorescence when the substrate is 
md fluorescence proteolytically cleaved (Figure 3D). A similar color 
mccntrations are change is observed when CD26/DPPIV is incubated 
trations in cells with the substrate. Specificity of |Ala-Pro|2-cresyl 
ns are measured. violet and Ala-Pro-rhodamine 110 as substrates for 
rescence of [Ala- CD26/DPPIV was demonstrated in intact and perme-
sed to determine abilized wild-type Jurkat cells and CD26/DPPIV-
cells and/or incu-
lation of kinetics 
a the basis of lo- Table 1 Kinetic parameters of cleavage of [Ala-Pro]2-cresyl 

duction of cresvl violet (CV) and [Ala-Pro]-rhodamine 110 (Rho 110) by intact 

• r- and permeabilized Jurkat cells and CD26/DPPIV-transfected 
specif ic measure- , , 
T . , Jurkat eels 

Intact cells 

Jurkat cells 

CV Rho 110 

K,„ (^M) r\& 7.5 

Vm« nd 3516 

(units1) 

Transfected 
Jurkat cells 

CV Rho 110 

3.7 10.0 

1743 3857 

Permeab 

Jurkat cells 

CV Rho 110 

nd 5.8 

nd 8530 

ized cells 

Transfected 
Jurkat cells 

CV Rho 110 

npb 6.2 

np 8416 

(ip, fiui (jei luiuitru. 
UCt, r h o d a m i n e 'Units, arbitrary fluorescence units per 4 x 10f cells/ml. 
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DPPIV Activity in Living Jurkat Cells 

Figure 5 Galleries of confocal im
ages of fluorescence in time in optical 
sections of CD26/DPPIV-transfected 
intact living Jurkat cells using 20 |i.M 
[Ala-Pro)2-cresyl violet synthetic sub
strate to localize DPPIV activity. The 
three galleries are sets of images of 
the same cells captured at every 30 
sec after substrate was added to the 
incubation medium. (A) Accumula
tion of [Ala-Pro]2-cresyl violet fluores
cence (excitation at 494 (iM, emission 
at 550-580 nm) is shown in green and 
generation of cresyl violet fluores
cence (excitation at 594 nm, emission 
at -620 nm) in red. Co-localization of 
substrate and product is shown in yel
low. (B) Fluorescence images in A are 
superimposed on transmission images 
of cells to demonstrate cellular sites 
of substrate accumulation and prod
uct formation. Note that substrate ac
cumulates especially in cells that do 
not show product formation. These 
cells are most likely dead cells. (C) 
Fluorescence of cresyl violet only is 
superimposed on transmission images 
of cells to show exact localization of 
DPPIV activity. Bar = 20 ( im. 
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transfected Jurkat cells by incubating the cells for 4 
min in the presence of both substrates (Figure 4). A 
small increase in fluorescence over time was observed 
when both synthetic substrates, but particularly [Ala-
Pro]--cresyl violet, were incubated in the aqueous me
dium in the absence of cells, indicating spontaneous 
disintegration of the substrates. The increase in fluo
rescence over time in wild-type Jurkat cells was similar 
to the spontaneous disintegration of |Ala-Pro|2-cresyI 
violet, indicating that other DPPIV-like proteases did 
not cleave the substrate. CD26/DPPIV-transfected Jur
kat cells produced significantly higher amounts of 
fluorescence at 628 nm in the presence of [Ala-Pro|2-
crcsyl violet. Figure 4B shows a similar production of 
fluorescence at 628 nm in intact and permeabilized 
transfected Jurkat cells against 20 u.M |Ala-Pro|--cre-
syl violet, again indicating that intracellular DPPIV-
like proteases do not cleave the substrate. 

Wild-type Jurkat cells lacking CD26/DPPIV process 
Ala-Pro-rhodamine 110 at a considerable rate, but the 
reaction velocity in CD26/DPPIV-transfected Jurkat 
cells against 20 u,M Ala-Pro-rhodamine 110 was con
siderably higher than in Jurkat cells lacking the en
zyme (Figure 4C). Permeabilization increases the reac
tion rate in both wild-type Jurkat cells and transfected 
Jurkat cells, indicating that intracellular DPPIV-like 
proteases cleave the rhodamine 110-containing sub
strate (Figure 4D). Please note that inner filter effects 
did not play a significant role because all plots are lin
ear with time, showing that saturation does not occur 
due to inner filter effects. Km values of cleavage of 
|Ala-Pro|2-cresyl violet and Ala-Pro-rhodamine 110 
by intact living and permeabilized wild-type Jurkat 
cells and CD26/DPPIV-transfected Jurkat cells were 
similar in the range of 3-10 u.M (Table 1). Remark
ably, Vmax values of Ala-Pro-rhodamine cleavage were 
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similar in wild-type Jurkat cells and transfected Jurkat 
cells, and permeabilization of the cells increased Vmax 

almost threefold (Table 1). Please note that Vmax values 
are given in arbitrary fluorescence values, so the values 
for rhodamine 110 can be directly compared but not 
rhodamine 110 values with cresyl violet values. 

Confocal microscopical analysis of cleavage of 
[Ala-Pro]--cresvl violet and Ala-Pro-rhodamine 110 in 
living wild-type Jurkat cells and CD26/DPPIV-trans-
fected Jurkat cells is shown in Figures 5 and 6. Accu
mulation of cresyl violet in time was observed only in 
transfected Jurkat cells (Figure 5) and not in Jurkat 
cells lacking CD26/DPPIV (Figure 6) in small vesicles 
near the plasma membrane during the first few min
utes of incubation. After longer incubation periods, 
the fluorochrome was transported to other organelles 
in transfected Jurkat cells (Figure 7), mimicking 
the pathways of internalization that have been de
scribed for CD26/DPP1V (Boonacker and Van Noorden 
2003). 

When Ala-Pro-rhodamine 110 was used as sub
strate, fluorescence occurred in both transfected and 
wild-type living Jurkat cells. Although fluorescence 
appeared to be more diffuse, accumulation was also 
observed in small vesicle-like structures near the 
plasma membrane (Figure 7). 

Discussion 
For visualization of specific enzyme reactions in living 
cells in general and activity of CD26/DPPIV in partic-
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Figure 6 Galleries of confocal im
ages of fluorescence in time in optical 
sections of intact living Jurkat cells us
ing 20 (iM [Ala-Prop-cresyl violet syn
thetic substrate to localize DPPIV ac
tivity. The two galleries are sets of 
images of the same cells captured at 
every 30 sec after substrate was 
added to the incubation medium. (A) 
Same as in Figure 5A. Note that only 
accumulation of substrate in green is 
present and formation of product in 
red or co-localization of substrate 
and product in yellow are completely 
absent, indicating that [Ala-ProP-cre-
syl violet is specifically cleaved by 
DPPIV activity. (B) Fluorescence im
ages in A are superimposed on 
transmission images of cells to dem
onstrate cellular sites of substrate ac
cumulation as in Figure 5B, but prod
uct formation is completely lacking. 
Bar = 20 | im. 

ular, it has to be established whether other enzymes 
interfere in the reaction and whether substrate is avail
able at all sites of the enzyme (Boonacker and Van 
Noorden 2001). Therefore, we compared synthetic 
fluorogenic substrates that are considered to be spe
cific for DPPrV activity (Lojda et al. 1976). These syn
thetic substrates differ in fluorochrome and the num
ber of peptides attached. The rhodamine-containing 
substrate is monosubstituted, whereas the cresyl vio
let-containing substrate is bisubstituted. 

Surprisingly, the two substrates behaved in rather 
different ways with respect to specificity. Ala-Pro-
rhodamine appeared to react with other DPPIV activ
ity homologues, such as lysosomal DPPII, DPPVIII, 
and attracktin, whereas [Ala-Pro]2-cresyl violet re
acted with DPPIV only. The most likely explanation is 
that the catalytic cleft of DPPIV only is suitable to give 
access to cresyl violet. The 3D configuration of the 
tunnel in the molecule of CD26/DPPIV and activity 
homologues that gives access to the active site is rather 
tight (Brandt 1997; Gorrell et al. 2000) and must pro
vide steric hindrance for the cresyl violet-based sub
strate in the DPPIV activity homologues. As both sub
strates are built up rapidly in T-helper cells, it is 
unlikely that differences in permeability of the cells for 
the substrates cause the differentiation in specificity 
(Boonacker and Van Noorden 2001). 

Excitation and emission spectra of cresyl violet and 
rhodamine 110 are not the same. Therefore, differ
ences in absolute amounts of product formation on 
the basis of increases in fluorescence cannot be com-
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DPPIV Activity in Living Jurkat Cells 

Figure 7 Higher magnification of 
CD26/DPPIV-transfected intact living 
Jurkat cells incubated for 5 min in a 
medium containing 20 \xM [Ala-Pro]2-
cresyl violet to demonstrate DPPIV ac
tivity. (A) Accumulation of substrate 
in the cells in green (excitation at 494 
nm, emission at 550-580 nm). (B) 
Product formation in the cells in red 
(excitation at 594 nm, emission at 
-620 nm). (C) Combination of images 

in A and B to show granular intracel
lular localization of cresyl violet in 
yellow. Bar = 10 nm. m 

'-••t-Bfc' *^*iki 

pared. Probably, rhodamine 110 is excited more in
tensely than cresyl violet, because light of' 488 nm is 
more intense than light at 591 nm. The illumina
tion source is not similarly intense throughout the 
spectrum, as light (lasers) does not produce similar 
amounts of photons at each wavelength. Furthermore, 
hydrolysis of monosubstituted and bisubstituted fluo-
rochromes is not comparable either, especially when 
over 15% of the substrate is hydrolyzed during an as
say (Leytus et al. 1983b). Lastly, fluorescence gener
ated during incubation can differ on the basis of the 
microcnvironment of the fluorophore. 

With respect to cytotoxicity, it can be stated that 
low amounts of excitation light should be used to 
avoid damage to the cells. Preferentially, laser power 
lower than 10 mW/cm' should be used (Manders, per
sonal communication). Illumination by laser light is 
more toxic for cells containing fluorochromes than 
cells without fluorochromes. Because of the lower en
ergy of light at longer wavelengths, | Ala-Pro |--crcsyl 
violet is also to be preferred over Ala-Pro-rhodamine 
because cresyl violet has to be excited at 594 nm and 
rhodamine at 4S8 nm. 

A disadvantage of the cresyl violet-based substrate 
over the rhodamine-based substrate is the rather high 
instability of the former in aqueous solutions. How
ever, the great advantage of |Ala-Pro|2-cresyl violet is 
its specificity for DPPrV activity. Wild-type Jurkat 
cells do not produce more fluorescence than incuba
tion medium only, whereas CD26/DPPlV-transfectcd 
Jurkat cells produce distinctly more fluorescence. The 
same incubations were also performed on permeabi-
lized cells. After sonification, cells were incubated as 
described above. Permeabilization of wild-tvpe Jurkat 
cells and of CD26/DPPlV-transfected Jurkat cells did 
not lead to an additional increase in fluorescence. Ap
parently, [Ala-Prop-cresyl violet does not react with 
other DPPIV activity homologues. 

In intact cells, green fluorescence of the |Ala-Pro|2-

cresyl violet substrate is converted into red fluores
cence of the liberated cresyl violet. Strikingly, dam
aged or apoptotic cells showed hardly any enzymatic 
activity but did accumulate |Ala-Prop-cresyl violet 
rapidly, as if the enzyme was already inactivated. 

Although [Ala-Prop-cresyl violet is specific for DP
PIV, localization of the cleavage product is another 
matter. Accumulation of the fluorochrome at first in 
small submembranous granules and later in larger in
tracellular compartments may be due to lipophilicity, 
the charge of cresyl violet, or transport in intact 
CD26/DPPIV-expressing cells, because intracellular 
localization patterns are in agreement with the recy
cling pathway of the M6P receptor, which can bind 
CD26/DPPIV and molecules associated with it (Boon-
acker and Van Noorden 2003). 

Ala-Pro-rhodamine 110 also shows some spontane
ous hydrolysis when dissolved in incubation medium. 
When incubations were performed with intact living 
Jurkat cells lacking CD26/DPPIV, hydrolysis of Ala-
Pro-rhodamine 110 was distinctly higher, demonstrat
ing its lack of specificity. CD26/DPPIV-positive trans-
fected Jurkat cells produced an additional increase of 
fluorescence over time. Permeabilization of cells al
most doubled the production of fluorescence, indicat
ing that diffusion into the cells of the rhodamine 110-
based substrate is a limiting step in the accessibility of 
this substrate for intracellular proteases other than 
CD26/DPPIV. Therefore, we conclude that the nature 
of the fluorophore significantly affects interactions of 
these synthetic substrates with the active site of DPPIV 
as has been demonstrated before (Chase and Shaw 
1969; Wong and Shaw 1976; Castillo ct al. 1979; Lo-
rey et al. 2002). 
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