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Fig. 2 MR imaging result of an opened porcine aorta strip stained with 10 mM agueous EB-DTPA-Gd
solution. (a) Schematic illustration of the blood vessel sample. (k) Photograph of the blood vessel stained
with EB-DTPA-Gd. (c) and (d) MR images of the surface of the inner wall and the cross section of the blood
vessel sample, respectively, of the sample (TR/TE = 400/14 ms). The signal intensity profile is also shown in (d).

desired product was obtained as a pale-yellow solid (1.91 g,
43%). The chemical structure was determined with 'H-NMR
and elemental analysis.

Synthesis of 2,2'-dimethylbenzidine-DTPA (DMB-DTPA)

N-tert.butoxycarbonyl-2,2"-dimethylbenzidine (0.281 g, 0.899
mmol) and DTPA anhydride (0.481 g, 1.33 mmol) were
dissolved in dry DMSO (15 ml). The mixture was stirred at
40°C. After 3 h, the reaction mixture was poured into cold
water (500 ml). The precipitate was collected by filtration. The
collected solid was put into water (2.8 ml), and the pH of the
suspension was then adjusted to 7 with sodium carbonate. After
neutralization, the solid was dissolved completely and then
puriied by ODS column  chromatography  using
water-acetonitrile (3:1). The desired fraction was collected and
then freeze-dried. The obtained solid was redissclved in TFA
(5 ml), followed by stirring at r.t. for 1 h. This solution was
poured into cold ether. The deposited solid was collected by
filtration and dried under reduced pressure to obtain a colorless
solid {(0.133 g, 14%). The chemical structure was characterized
as TFA salts (DMB-DTPA-4TFA} by 'H-NMR and elemental
analysis.

Synthesis of EB-DTPA

All reactions were performed in an ice bath. DMB-
DTPA-4TFA (51.1 mg, 49.0 mmol) was dissolved in water (I
mi) containing HCI (147 pmol). Sodium nitrite (3.38 mg, 49.0
pmol) was then added in small portions, followed by stirring for
20 min. A diazonium salt sclution was added dropwise into 1
m! of an aqueocus l-amino-8-naphtol-2.4-disulfonic acid (16.7
mg, 49.9 pmol) solution containing sodium bicarbonate (16.5
mg, 196 umol), and then stirred for 3 h. The reaction mixture
was lyophilized. The concentrate was redissolved in water (1
mi), and the desired product was precipitated by conc.
hydrochloric acid (36.5 mg, 81%). The precipilate was
collected and dried under reduced pressure. The chemical
structure was determined by '"H-NMR and elemental analysis.

MRI experimental procedure

An agueous MRI contrast agent solution was prepared as
follows. EB-DTPA was dissolved in deionized water to be
1-15mM, and a 1| M aqueous gadolinium chloride solution
containing equimolar gadolinium ion to EB-DTPA was added.
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The pH of the solution was adjusted tp 7 with 2 1 M aqueous
sodium hydroxide solution.

An extracted porcine aorta was opened to a flat sheet. The
endothelium in the left-half area from the center axis was then
removed with a scalpel, while the right-half area was allowed to
remain intact (Fig. 2a). The aorta section was dipped with the
MRI contrast agent solution for 10 s, and then washed with
saline. The aorta section was evaluated by MR Imaging (1.5T
MAGNETOM VISION system (SIEMENS, Germany), T1-
weighted Spin Echo, TR/TE=40(/14 ms, 3 mm slice thickness,
field-of-view 50 mm and dot matrix 128*256). The obtained
MRI image was analyzed with the NIH image.

Results and Discussion

The MRI contrast agent was successfully obtained as a pure
compound by the preparation protocol described in the
experimental section. We therefore investigated whether the
molecule selectively bound to an endothelium-broken site in a
blood-vessel sample.

A photograph of the porcine aorta stained with 10 mM
aqueous MRI contrast agent, EB-DTPA-Gd, is shown in Fig.
2b, Although a slight nonspecific binding of the agent was
observed in the intact endothelium region, a clear accumulation
of the synthesized contrast agent was observed in the
endothelium-removed region. Figure 2¢ shows an MRI image,
giving a top view. The endothelium-intact area and the
damaged area can be distinguished by TI-weighted MR
imaging. Figure 2d shows an MRI image of the same aorta
section, but a side view, and a histogram of the MR signal
intensity on the inner-surface region of the aorta section. The
stained section shows that the MRI signal enhancement can
only be seen in the inner-surface area of the aorta wall, which
means that EB-DTPA-Gd did not permeate the tissue from the
endothelium barrier-injured site. This result is quite important
because the MR imaging agent for blood vessels should be
excreted rapidly after the MR image is taken; otherwise, an
undesired effect might result. In the localization of the agent at
the surface area, the polar group in the Evans Blue-related
structure may be requisite. Actually, the MR-signal using
DMB-DTPA-Gd, which lacked the 24-disulfonyl-1-amino-8-
naphtol unit from EB-DTPA-Gd, was seen even in the smooth
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Fig. 3 Structural effects of the tissue absorption in the DTPA-type
MRI contrast agents (10 mM). (a) Schematic illustration of the aorta
section in the side view. (b) MRI signa! was measured from four
areas indicated by area 1 - 4 in the figure, separately. The error bars
represent the standard deviation.

muscle layer of the aorta strip due to infiltration of the
compound (Fig. 3b). In contrast, an ordinary MRI-contrast
agent, DTPA-Gd, which had no hydrophobic unit, did not
adsorb on the inner surface of the aorta sample. These results
indicate that the endothelium lesion-selective contrast agent
should have a chemical structure that is hydrophobic, but that at
the same time has some hydrophilic groups.

For the next experiment, the concentration dependency of the
MRI signal of the EB-DTPA-Gd of endothelium lesion was
evaluated to determine the minimal dose. First, the contrast
agent was evaluated (Fig. 4). The MRI signal intensity was
gradually increased in the endothelium-damaged area along
with increases in the EB-DTPA-Gd concentrations. In contrast,
the MRI signals of the endothelinm-intact area were found to be
independent of the agent concentrations. The increment of the
signal intensity was nearly saturated at agent concentrations of
10 mM on the lesional area. Thus, we determined that 10 mM
is sufficient to detect the target area. The signal increment
when using of 10 mM EB-DTPA-Gd was nearly 1.5-times that
of the intact area.

Endothelium lesions often cause vascular diseases. For the
diagnosis of such an endothelium-damaged site, we tried to
design an MRI-contrast agent that can bind to such a vascular
injury site.

After a wide range of screening, we finally found some
organic azo-dyes that could potentially be used as a probing unit
for endothelium lesions, and Evans Blue was found to be the
best candidate among these dyes. Thus, we designed a new
MRI contrast agent, EB-DTPA-Gd, having an Evans Blue-
related structure. Newly synthesized EB-DTPA-Gd showed
endothelium lesion-specific adsorption in an in  vitro
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Fig. 4 Dose dependence of the MRI-signal in the endothelium
lesion and the intact region using EB-DTPA-Gd or DTPA-Gd. The
error bars represent the standard deviation.

experiment. The reagent was also able to detect the lesional site
using Tl-weighted MR-imaging. This compound would
potentially be able to be used as an MR imaging probe to detect
vascular damage. We are now investigating the use of this
compound in ex vive and in vivo trials. These results will be
reported in due course,
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Abstraci—Monitoring of intracellular protein kinase activity is very important for fields involving diagnosis and drug screening.
However. current methods, such as radiometry using **P. or ELISA. are laborious and time-consuming. We¢ have developed high-
throughput assay system of protein kinase activity using mass-tagped substrate peptide probes and mass spectrometry. This assay
sysiem can easily evaluate target kinase activity and will potentially be able 10 simultancously profile many protein kinasc activitics.

« 2003 Elsevier Ltd. All rights reserved.

Cells possess an intracellufar signal transduction system
with which they can precisely respond to their outer
environment. The system consists of many chemical
reaction cascades, and many proteins are associated
with these reactions. Intracellular signals are primarily
transduced by protein activation (or inactivation)
caused by the conformation changes in proteins. Protein
phosphorylation is one of the most versatile reactions in
cells that can cause protein-conformational change.
This reaction is catalyzed by protein kinases and con-
trols various cellular functions, including gene expres-
sion,! cellular proliferation,? and cell death.? Therefore,
if the enzymatic activity of a protein kinase rises
abnormally, this rise can be directly related to various
diseases.#® It will therefore be useful to develop an
assay system for protein kinases activities in cellular
samples for fields involving diagnosis, evaluation of
gene-functions, and drug development. Radiometry’
using 2P, or ELISA®-'0 well known as such an assay
system. Although these assays are quite sensitive, they
are laborious and time-consuming. Thercfore, the
development of high-throughput assay systems is
required to profile all the protein kinase activity of
many samples.

Keywerds: Protein kinases; Protein phosphorylation: High-throughput

screening: Mass spectrometry.
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We report herein the vuse of a mass-tag strategy in an
assay system for protein kinase activity using mass
spectrometry. Figure 1{a) shows the basic concept of
this detection system. Two cellular samples representing
two different states are homogenated, respectively, and
1wo types of peptide probes are separately added to
each cell lysate. These probes possess the same substrate
peptide sequences for the target protein kinase, while
one of these peptide probes is isotopically heavier than
the other due to the incorporation of deuterium into
acetyl groups in the peptide probe. Therefore, two
peptides can be distinguished in the mass spectrum. The
mfz values of these probes increase by +80 with
phosphorylation by the target protein kinase, so that
protein kinase activities between diflerent cellular
stales can be compared directly by calculating the
phosphorylated ratio in each probe using the peak
tntensity in the mass spectrum after the both probe
solutions were combined.

According to this concept, the peptide probes, PKA-Hg
and PKA-D¢. which possessed the substrate sequence of
protein kinase A (PKA) and the His-Tag sequence.
R.-KHHHHHGLRRASLKC-NH; (R=CH;CO- or
CD,CO-), were designed and synthesized. In these
probes, two normal acetyl groups or deuterated acctyl
groups were incorporated into the lysine residue at the
amino-terminus. Thus. the difference between the mass
numbers of these probes is 6. We chose protein kinase A
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Figure 2. The time-dependent decrease in the absorbance at 340 nm
based on the oxidation of NADH, which was led by the phesphoryl-
ation of the peptide probes by PKA in the coupled enzyme assay. The
experiment was performed with 10 or 30 pM of euch peptide probe
in PBS{-) (pH 7.2) conlaining 0.2 mM ATP, {0 mM MgCl.. | mM
phosphoenolpyruvate. 0.3 mM NADH. 12 wunis of laciawe
dehydrogenase. 4 units of pyruvate kinase, and 60 units of PKA C-
subunil a1 24°C.

{PKA) as the first target protein kinase because the
enzyme is one of the most important protein kinases
and controls many cellular functions such as gene
expression,'!' hormone secretion,'? and cell differentia-
tion.'* Meanwhile, the His-Tag sequence was intro-
duced in peptide probes to purify them from the cell
lysate in case pre-purification of the probes was
required. Acetylated peptide probes were synthesized
with automatic peptide synthesizer by Fmoc chemistry
using corresponding Fmoc-amino acids and Fmoc-
Lys(Fmoc)-OH as the N-terminal amino acid [Fig.
(b)) In the case of deuterated peptide synthesis, acetic

anhydride-d, was used as the N-terminal acetylation
reagent.

We first investigated whether deuterium labeling of the
peptide influenced the kinetics of phosphorylation with
PKA. The phosphorylation of these probes was mon-
itored spectrophotometrically with a coupled enzyme
assay reported by Cook et al.’ In this assay, the pro-
duction of ADP, which is derived from ATP as a
byproduct of the phosphorylation, finally brings about
an oxidation of NADH using pyruvate kinase and lac-
tate dehydrogenase. The phosphorylation can therefore
be monitored as the decrease in absorbance at 340 nm.
As shown in Figure 2, the profile of the absorbance-
decrease accompanying phosphorylation of the heavy
probe (PKA-D;) showed good agreement with that
of the light probe (PKA-Hg), meaning that neither of
the peptides differed in their ability to function as a
substrate to PKA.

For the next experiment, we examined whether the mass
spectra arising from both the peptide probes could be
differentiated from each other. Phosphorylated or non-
phosphorylated peptide probe solution was prepared
separately and mixed together, then analyzed by
MALDI-TOF MS. As a result, four peaks were dis-
tinctly observed. The following experiment was then
performed to confirm that the phosphorylation pro-
cesses of the peptide probes could be monitored by mass
spectrometry. Two sample solutions of PBS{-) con-
taining 4 U/mL PKA, 0.2 mM ATP, and 10 mM MgCl,
were prepared. PKA-H, and PKA-D, were added
separately Lo each sample to a final concentration of 2
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adding the PKA C-subunit. (d) The time-dependent increase in the
phosphoryluation ratio calculated from the intensities of the mass peaks
{open ciecle: PKA-H,, closed circle: PKA-Dg).

pM, and the sample was then incubated at 37°C. Next,
1 pL of each probe solution was taken in every 5 min
after addition of the peptide probe, and the two solu-
tions were combined, followed by analysis with
MALDI-TOF MS. Figure 3 shows the typical mass
spectra and time-dependence of the phosphorylation
ratio caiculated from the intensities of these mass peaks.
The intensities of the mass peaks arising from nonpho-
sphorylated probes (m/z: 1900.99 for PKA-H, and
1906.03 for PKA-D,) gradually decreased with the
reaction time, and those from phosphorylated probes
(mfz: 1980.43 and 1986.44 for PKA-H, and PKA-D,,
respectively) increased at the same time. The time course
of the phosphorylations showed good coincidence in the
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Figure 4. The mass spectrum [rom the mixture of two samples that
contained different PKA aciivitics. The concentration of PKA in
PKA-H6 and PKA-D6 solutions were 30 U and 6 U, respeclively.
Each solution wis combined 1o measure MALDI-TGF MS. afler 3 h
incubation at 37°C.

two probes. These results sugpgested that the phosphor-
ylation processes with PKA could be evaluated by the
assay syslem using mass spectrometry.

For the last experiment, we investigated whether the
difference in the PKA activities of the two samples,
which contained different amounts of activated PXA,
could be evaluated using this assay system. Thus, PKA-
H, or PKA-D {each 100 uM at a final concentration)
was added to the PBS(—) containing 0.2 mM ATP znd
10 mM MgCl; and activated PKA. The PKA activity in
each probe solution was 6 U/mL and 30 U/mL for
PKA-Hg and PKA-D,, respectively. After incubating
for 3 h at 37°C, these solutions were combined and
analyzed by MALDI-TOF MS. The obtained mass
spectrum (Fig. 4) shows that PKA-D, which was added
to the sample with higher PKA activity, was more
phosphorylated than the PKA-He. The peak height of
the nonphosphorylated PKA-Hg was nearly 5 times
higher than that of nonphosphorylated PKA-D¢. On
the other hand, the peak height of phosphorylated
PKA-D, was approximately 5 times higher. These
results reflect the differences in PKA activity between
the two sample solutions quite well, Thus, this assay
system was found to be potentially useful for evaluating
PKA activity.

We are now attempting 1o apply this system to the
measurement of PKA activity in cellar lysates. More-
over, the mass-tag strategy reported here can easily be
applied to the probe peptides for monitoring other pro-
tein kinase activities. In this assay system, dozens of
peptide probes can be detected simultaneously if cach
probe is designed to have a distinct mass number. As
such, this system will potentially be able to simulta-
neously profile many protein kinase activities.
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Fig. 1 Enzymatic labeling of stable isotope coding of proteomics
Proteins from two distinct proteome are digested with protease in
normal water or isotopically labeled water. Isotope code is labeled
in every C-terminus of the digested peptides. Then, two samples
are combined and analyzed by LC-MS/MS, Expression level of
proteins between two states can be estimated. Amino acid
sequence of selected peptide fragment can be identified, too.
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Fig: 2 N-terminus chemical labeling of stable isotope coding of proteomics
Proteins from two distinct proteome are digested with protease,
then the digested peptides in each sample are labeled with H4-
reagent or Dd-reagent, respectively. Then, two samples are
combined and analyzed by MALDLMSMS, Expression level of
proteins between two states can be estimated. Amino acid
sequence of selected peptide fragment can be identified, too.
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Fig. 3 in vivo stable isclope labeling of proteome sample
Cells are grown in normal media or isotopically labeled media. Mass
tags are incorporated into every protein. An equivalent number of
cells for each sample are combined and processed for MS.
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Fig. 4 1ICAT-strategy

(@) Structure of ICAT-reagent, and strategy for quantifying differential
protein expression.
Two proteomes representing two different cell states have been
treated with isotopically light and heavy ICAT-reagents, respectively.
ICAT-reagent are introduced into cystein-contained peptide fragment.
These cysteinpeptide can be isolated by avidine-column.

{t) Example of solid phase ICAT-reagent
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Fig.5 Strategies for evaluation of protein interaction
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a)  General strategy for investigating infracellutar protein interaction using MS analysis.

b)  Sfructure of stable isotope-coded crossfinker.

¢} Structure of ubiquitin derivative that can covalently bind to deubiquitination enzyme through the cystein in the catalytic center, and the strategy to

explore unknown deubiquitination enzyme.
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Fig.6 a) Scheme of isolating phosphorylated peplides.
b) Reaction scheme of the chemica! conversion of phosphoserine
residue to a biotinylated moiety.
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a) Phosphoryaltion site
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Substrate sequence for PKA
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Fig.7 a) Structure of Mass-tagged probe for Protein kinase A.

b)
Ll
i <
6000 € 8 g
2 P
» 4000 &
£ Z
: |
© 2000 &I
P ’)'J-Vn‘w" \hw“"‘-\-ﬂ‘ '%.‘M_-g&&-“
1800 1856 1900 1950 2000 2050 2100
c) Mass(m/z)
Eal)
2
E .l ®FskD)
5 @ Control (H) *
s .
= 40
5 . °
g
£ * ®
o o

b

(-]
o

02 04 Q06 4] 1
Time/hour

b} Mass spectrum of cell lysate containing mass-tagged probes. In this case, H-type probe and D-type-probe were added 1o two lysates from
different cell sample, respectively. After 2h, two lysale were combined, and analyzed with MALDI-TOF MS.
) Development of mass signal for phosphorylated probe in cell lysate in the presence of or absent from forskofin.
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